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Abstract

BACKGROUND—The high incidence of and few identified risk factors for prostate cancer
underscore the need to further evaluate markers of prostate carcinogenesis. The aim of this pilot
study was to evaluate urinary estrogen metabolites as a biomarker of prostate cancer risk.

METHODS—Using a liquid chromatography-tandem mass spectrometry method, urinary
concentrations of 15 estrogen metabolites were determined in 77 prostate cancer cases, 77 healthy
controls, and 37 subjects who had no evidence of prostate cancer after a prostate biopsy.

RESULTS—We observed an inverse association between the urinary 16-ketoestradiol (16-KE2)
and 17-epiestriol (17-epiE3)- metabolites with high estrogenic activity- and prostate cancer risk.
Men in the lowest quartile of 16-KE2, had a 4.6-fold risk of prostate cancer (OR= 4.62, 95% CI
=1.34-15.99), compared with those in the highest quartile.

CONCLUSIONS—We observed modest differences in estrogen metabolite concentrations
between prostate cancer patients and subjects without cancer. Larger studies with both androgen
and estrogen measurements are needed to confirm these results to clarify further whether estrogen
metabolites are independent biomarkers for prostate cancer risk and whether androgen/estrogen
imbalance influences prostate cancer risk.
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INTRODUCTION

Prostate cancer is the most common non-skin cancer and the second leading cause of cancer
death among men in the United States. The etiology of the disease is not well understood;
the only established risk factors are age, family history of prostate cancer, ethnicity, and,
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more recently, variants in the 8924 regions from genome wide association studies [1]. The
prostate gland is an androgen-dependent organ [2] but it has been suggested that estrogens
and their receptors (ERa and ERp) may also be involved in the growth of the prostate [3-6].
Some estrogens and their metabolites bind to ERa or ERP selectively [7]. ERa has been
associated with the etiology of benign prostatic hyperplasia (BPH) and with cancer
progression [8]. Data on ERp signaling suggest a protective role; ERp has an anti-
proliferative function in the prostate and there is frequent loss of this receptor in prostate
cancer [9;10].

The effects of estrogens on the prostate are mediated by systemic endocrine pathways that
involve the pituitary gland or locally within the prostate gland via conversion of testosterone
to 17B-estradiol (E2) by aromatase [2]. Although biologically estrogens may play a role in
prostate cancer, data from epidemiological studies are limited and conflicting [1;11-16].
Recently, a large collaborative analysis of 18 prospective studies on serum hormones and
prostate cancer risk found no associations [17]. Most of these studies investigated estrone
and estradiol only, and have not examined the entire spectrum of estrogen metabolites.

The two main pathways for metabolism of estrogens are 16a-hydroxylation and 2-
hydroxylation. The major estrogen metabolites excreted in urine are the parent estrone (E1)
and 17B-estradiol (E2), 2-hydroxy products [2-hydroxyesterone (2-OHE1), 2-
hydroxyestradiol (2-OHE2), 2-methoxyesterone (2-MeOE1)] and 16a-hydroxy products
[estriol (E3) and 16a-hydroxyestrone (16a-OHEZL)] [18] (Figure 1). The 16a-metabolites are
considered the dominant biologically active metabolites, while the 2-OHEL1 is less
estrogenic. The ratio of 2-OHE1/16a-OHELX has been linked to reduced risk of breast cancer
[19]. In a recent prostate cancer study, participants with elevated urinary 2-OHE1/16a-
OHEL ratio (highest tertile) had a 40% non-significant reduction in prostate cancer risk
when subjects with a prostate-specific antigen (PSA) value higher than 4 ng/ml were
excluded from the control group [20]. PSA concentrations are closely related to advanced
age and prostate size [21] and larger prostate size also correlates with estrogen
concentrations [22]. A later case-control study, with a wider estrogen metabolite profile of
only 14 prostate cancer cases, did not find differences in the concentration of estrogen
metabolites but suggested that the oxidative pathway that leads to DNA adduct formation is
more active in the prostate cancer group than in the control group [23].

To help clarify the role of estrogen in prostate cancer etiology, we designed a study to
evaluate the association of 15 urinary estrogen metabolites with prostate cancer risk by mass
spectrometric isotope dilution method [24] in 77 prostate cancer cases, 77 healthy controls,
and 37 men who had a biopsy but did not have cancer.

METHODS
Study Population

The 77 prostate cancer cases were recruited between 2004 and 2007 at the Georgetown
University Medical Center, Departments of Urology and Radiation Oncology and the
Veterans Administration (VA) Hospital, Department of Urology, Washington DC. All
prostate cancer cases were confirmed by biopsy and enrolled prior to initiation of treatment.
Forty cases (52%) presented with Gleason score 6, and 24 (31%) with Gleason score 7 and
higher. Information on Gleason score was not available for 13 cases (17%). By design, the
study had two control groups. Biopsy controls (n=37) were patients who were confirmed
prostate cancer free at biopsy. These controls typically had BPH (n=27) or other urologic
conditions that were likely responsible for their elevated PSA. Healthy controls (n=77) were
prostate disease free patients and visitors not related to prostate cases. These participants
accompanied other patients (n=10), visited for routine checkups, non-prostate issues (e.g.
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testicular pain, erectile dysfunction, bladder stone analysis) (h=11); or participated in the
National Lung Screening Trial (NLST; a multicenter study of lung cancer risk sponsored by
the NCI) (n=52) [25]. Eligible subjects had to be able to speak English well enough to be
interviewed and have no prior history of cancer. After informed consent, cases and controls
received a structured, in-person interview assessing prior medical history, tobacco and
alcohol use, current medications, family medical history and socioeconomic characteristics.
All participants provided a urine sample at enrollment and the time of urine collection was
recorded. Samples were frozen immediately at —80 °C until analysis; all analyses were
carried out at second thaw. Protocols were approved by the Georgetown University
Institutional Review Board.

Sample handling and Estrogen Metabolite Measurements

All urine samples were handled, as described previously, by laboratory personnel blinded to
the case-control status [24]. Briefly, estrogen metabolites were measured in 0.5 ml of urine
using a liquid chromatography-mass spectrometry method quantifying the absolute
abundance of the following 15 urinary estrogen metabolites: 16-ketoestradiol (16-KE2),
estriol (E3), 16a-hydroxyestrone (160-OHE1), 16-epiestriol (16-epiE3), 17-epiestriol (17-
epiE3), 2-hydroxyestrone-3-methyl ether (3-MeOE1), 2-methoxyestrone (2-MeQEL), 4-
methoxyestrone (4-MeOE1), 2-methoxyestradiol (2-MeOE2), estrone (E1), 4-
methoxyestradiol (4-MeOE?2), 17B-estradiol (E2), 2-hydroxyestrone (2-OHE1), 2-
hydroxyestradiol (2-OHE?2), 4-hydroxyestrone (4-OHEL) (Figure 1). The measurement
represents total estrogen concentrations (glucuronidated + sulfated + unconjugated) and all
the estrogen values were corrected for urinary creatinine concentration. There was
insufficient urine volume for 5 participants (1 case, 3 healthy controls, 2 biopsy controls) to
assay for creatinine; accordingly the estrogen results obtained for these subjects were
excluded from the analysis. The laboratory assays were done in batches of 60 samples
including the following: 14 calibration samples (2 at each concentration), 6 quality control
samples (2 at each concentration), and 40 participant samples. The quantification limit of the
assay for the estrogen metabolites was 2 pg as described previously [24]. Accuracy of the
assay, calculated as the measured percentage of a weighed amount of an estrogen metabolite
added to urine samples, was 96-108 %. Precision, including the hydrolysis, extraction and
derivatization steps was less than 5% relative standard deviation (RSD) for samples
prepared in the same batch and less than 12% RSD for samples prepared in separate batches
[24]. The assay is sufficiently sensitive and reproducible to quantify the estrogen metabolites
in the urine of men; the range of estrogen metabolite concentrations among men is large
relative to assay variability [26].

Statistical Analysis

The Chi-square goodness-of-fit or Student t test were used to examine the distributions of
age, smoking status, presence of BPH and other parameters of interest among cases and
controls. Smoking status was stratified into three categories: never smokers, individuals who
smoked less than 100 cigarettes in their life; former smokers, individuals who had smoked
more than 100 cigarettes and have not smoked for a year or longer; and current smokers.
Positive family history of prostate cancer was defined as having a father, brother, uncle or
cousin diagnosed with prostate cancer. Information on presence of BPH was self reported
based on whether the subject responded positive to any of the following questions: “Have
you ever been diagnosed with enlarged prostate? Do you wake up 2 times or more every
night to urinate?” Presence of BPH diagnosis as described above was in 100% concordance
with presence of BPH based on pathology reports. However, as there were no medical
records available for 35% of the study population, primarily the healthy control group, we
chose to define BPH based on the criteria described above.
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Non-parametric statistics were used to compare case and control groups with respect to
urinary estrogen metabolite concentrations. Median values as well as 25™ and 751
percentile values are presented; medians proved to be better descriptors of the data
compared to means due to the non normal distribution of the measurements. Multivariate
analysis of variance (MANOVA) was used to identify interactions among estrogen
metabolites and their association to the case control status while adjusting for age. The p-
values were obtained using 1,000 permutations. Spearman correlation was used to estimate
correlations among estrogen metabolites and/or PSA. For risk estimations only one estrogen
metabolite was included in each logistic regression model at each analytical session to
calculate odds ratios (OR) for estrogen metabolite concentrations and prostate cancer risk,
adjusted for age, race, time of urine collection, smoking status and the presence of BPH. To
denote high versus low estrogen concentrations, the median concentration for each estrogen
metabolite in the healthy control group was used as a cutoff. Urine collection time was
introduced to the model as a dichotomous variable using 12 pm as a cutoff; this cutoff would
capture subjects before and/or after a main meal which may directly alter estrogen
concentrations via insulin dependent pathways [27]. All P values were two-sided. All
analyses were performed using SAS software, version 9 (SAS Institute Inc., Cary, NC).

Selected characteristics of study participants are presented in Table 1. Cases were well
matched to controls by age. The population was primarily of Caucasian race. Healthy
controls were more likely to be smokers compared to both cases and biopsy controls
(p=0.01), possibly due to inclusion of participants from the NLST. Cases did not differ from
controls in frequency of diabetes diagnosis or in how often they reported using non steroidal
anti-inflammatory drugs (NSAIDs). Healthy controls were less likely to be diagnosed with
BPH compared to both cases (p=0.02) and biopsy controls (p<0.01). Cases reported a
positive family history of prostate cancer more often than healthy controls (p=0.04).
Socioeconomic characteristics of cases and controls as judged by household income were
comparable among the groups. 75% of cases and same percentage of biopsy controls had
abnormally high PSA (>4 ng/ml) while only 8% of healthy controls belonged to the high
PSA category.

Results showed that in all groups, the ranking of the estrogen metabolites based on median
concentration in urine was similar. 4-OHEL ranked higher in abundance among cases than in
either of the control groups however the median concentration was comparable among the 3
groups studied (Table Il). Concentrations of E3, E1, 16-KE2, 2-OHE1 and E2 were the
highest among all groups, accounting for approximately 60-70% of the total urinary
estrogen metabolites with E3 being the dominant estrogen in all study groups. The methoxy
estrogen 4-MeOE2, on the other hand, was the least abundant metabolite detected in the
urine of all the groups followed by other methoxy estrogens. Results from MANOVA with
Pillai’s trace statistics showed that, the age adjusted interactions among estrogen metabolites
were comparable among the 3 subject groups (data not shown). Univariate analysis showed
that 16-KE2 and 17-epiE3 were significantly lower in cases compared to healthy controls.
17-epiE3 was also found to be lower among biopsy controls compared to healthy controls
(p=0.01). There was no significant correlation between either 17-epiE3 or 16-KE2 and PSA,
16-KE2 and 17-epiE3 were highly correlated (r=0.75, p<0.0001). The 2-OHE1/16a-OHE1
ratio was comparable among groups as was the total amount of estrogen metabolites found
in urine. Interestingly, biopsy controls tended to have more protein in their urine (8.5mg/dL)
compared to the healthy control (7.0 mg/dL) and prostate cancer group (7.0 mg/dL).

To identify factors that affect estrogen metabolite concentrations we performed correlation
analyses in the healthy control group. Being a current smoker was associated with a
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significant increase in 2-OHEL and 2-MeOE1 and a marginal increase in the 2-OHE1/16a-
OHEL1 ratio (p=0.0001, 0.02, 0.07, respectively; Table II). Using a cutoff of greater than 0.2
to determine normal versus high protein-to-creatinine ratio [28], we observed that estrogen
metabolites containing a methoxy group (2-MeOE1, 4-MeOE1, 2-MeOE2, 4-MeOE?2) tend
to be present in higher concentrations in the urine of individuals with high protein-to-
creatinine ratio. In our population, there was no apparent difference in any estrogen
metabolites by age category (<60, 61-66, >66) (data not shown). Body Mass Index (BMI),
use of NSAIDs, presence of diabetes, family history of prostate cancer or presence of BPH
did not affect estrogen concentrations. We did not assess race due to the small number of
samples from non-Caucasian subjects.

Table IV shows the association between two estrogen metabolites and prostate cancer risk.
As shown, lower levels of urinary 16-KE2 were associated with an increased risk of prostate
cancer risk in a dose dependent manner (p trend = 0.02), after adjustment for age, race,
smoking status, presence of BPH and time of urine collection (Table V). Men in the lowest
quartile had a 4.6-fold risk of prostate cancer (OR= 4.62 95% C1=1.34-15.99), compared
with those is the highest quartile. 17-epiE3 did not show a significant association in the fully
adjusted model. No association was observed with any of the other estrogen metabolites
examined (data not shown). Further adjustment for protein in urine did not alter the risk
estimations.

DISCUSSION

In this pilot study we evaluated the association of 15 urinary estrogen metabolites,
quantified by LC-MS, with prostate cancer risk. We observed a suggestive trend toward
decreased urinary concentration of metabolites with high estrogenic activity, namely16-KE2
and 17-epiE3, among prostate cancer patients. Our analysis confirms that smoking is a
modifier of urinary estrogen levels. Although needing confirmation in larger studies, our
study shows that it is possible to detect a multitude of estrogen metabolites as well as
differences in estrogen metabolites in urine between prostate cancer cases and controls.

Urine contains both biologically active estrogens, which includes unconjugated parent
estrogens, their phase | metabolites, and O-methylated catechol estrogens, as well as
biologically inactive estrogens, which includes sulfate and/or glucuronide conjugates.
Because estrogen metabolites are mostly present in urine as glucuronide or sulfate
conjugates, we measured total estrogen metabolites in men which is the sum of the
glucuronidated, sulfated and unconjugated forms of each estrogen metabolite [29].

Both 16-KE2 and 17-epiE3 are products of the 16a-hydroxylation pathway and derive from
the biologically active 16a-OHE1 metabolite (Figure 1). One of the leading hypotheses that
explains the role of estrogens in breast carcinogenesis contradicts our observations of a
potential protective effect of 16-KE2 and 17-epiE3 in prostate cancer. According to the
breast cancer hypothesis, 16a-hydroxylated estrogens induces breast carcinogenesis due to
their much stronger hormonal and mitogenic activity as compared to the catechol estrogens
[30]. However, it is possible that estrogen metabolites differentially affect different organs
and thus extending results from breast to prostate may be misleading. For instance, both 16-
KE2 and 17-epiE3 have shown a preferential binding capacity for ERB [7] which was shown
to have a protective role within the prostate [9]. We should also note that although 17-epiE3
retains close to 75% of the estrogenic activity of the E2, 16-KE2 has a significantly reduced
binding affinity to ERa receptor and to a lesser extend to the ERp receptor [7]. Furthermore,
we cannot rule out the possibility that the observed protective effects of these estrogen
metabolites could be by chance. This may be particularly true for the low abundance 17-
epiE3 for which the case control differences did not persist in our adjusted multivariate
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analysis. In this study we did not examine the androgen to estrogen balance and its potential
association with prostate cancer risk. Androgens and estrogens are transported in the
circulation by the sex hormone-binding globulin (SHBG). As shown previously [31],
controlling for serum SHBG levels may be necessary in order to find the relevant
association between sex hormone levels and prostate cancer risk. Thus, larger studies that
measure androgens as well as SHBG are needed to confirm our findings.

The 2-OHE1/16a-OHEL ratio has been used as an index of the relative strengths of the two
competing oxidative pathways in breast cancer with higher ratios having been associated
with a reduced risk for the disease [32]. Our observation that smoking alters the
concentrations of the less estrogenic 2-OHE1 metabolite and marginally increases the 2-
OHE1/16a-OHEL1 ratio in urine suggests the anti-estrogenic effects of smoking [33] and
raises the issue of the role of smoking in prostate cancer development. Our finding
contradicts that of Muti et al. who did not observe an association between smoking status
and urinary 2-OHE1 but reported increased levels of urinaryl6a-OHEL among current
smokers compared to never/former smokers [20]. The different methodologies used in our
study compared to that by Muti and colleagues could explain partly the contradictory
findings. Additionally, while only patients with clinically apparent disease (stage B and
higher) were included in the study by Muti and colleagues, most of the prostate cancer cases
in the current study were of early disease stages.

In this study, the ranking of estrogens and its metabolites with respect to urinary
concentrations was similar among the study groups. The estrogen metabolite 4-OHE1
ranked slightly higher among cases than the 2 control groups; however, there was no
difference in the median concentration of the metabolite among the 3 groups. Given the
rapid metabolic clearance of catechol estrogens, it is hard to estimate the contribution of 4-
OHEL1 to cancer risk. Animal studies have shown that exposure to 4-OHE1 and 4-OHE2
leads to formation of catechol estrogen quinones (CEQ) and subsequently depurinating
DNA adducts, a process that is a putative tumor initiating event [34;35]. In humans, CEQ-
derived DNA adducts are present in urine samples from subjects with prostate cancer in
higher amounts compared to controls [23;36]. Based on this principle, low concentrations of
4-OHE1 would result in less adduct formation and would be protective against prostate
cancer. However, it has also been postulated that 2-pathway catechol estrogens may actually
be protective since their formation precludes 16-hydroxylation [37].

Of interest is our observation that there was higher (abnormal) protein-to-creatinine ratio in
the biopsy control group compared to both the healthy and prostate cancer groups. Increased
protein-to-creatinine ratio is associated with proteinuria which is subsequently associated
with renal function. Urinary excretion of endogenous and exogenous compounds is
determined by glomerular filtration and tubular secretion. Although we could not confirm
renal abnormalities as a diagnosis for the subjects that are in the biopsy control group, our
observations prompted us to investigate abnormal protein-to-creatinine ratio in relation to
estrogen concentrations. Analysis among the healthy control group with signs of proteinuria
revealed an association with elevated 2-and 4- methoxyestrogens (2-MeOE1, 4-MeOEL1, 2-
MeOE2, 4-MeOE?2). Methoxyestrogens are considered as potential therapeutic agents due to
their antitumor activity via induction of apoptosis and inhibition of angiogenesis [38—40].
The anti-proliferative effect of methoxyestrogens has not yet been demonstrated in relation
to the prostate but it was shown that in breast cancer cells the effect can occur independently
of ERa and ERp [41]. Similar observations were made in other cells such as pancreas,
leukemia and lung [42;43].

It is difficult to establish a temporal relation between urinary concentration of estrogens and
prostate cancer risk in a cross-sectional study. The mean preclinical duration for prostate
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cancer has been estimated at least as a decade [44]. A limitation of our study is that urine
samples were collected throughout the day; a 24-hour urine collection would be ideal.
Although circadian variations of plasma testosterone and estrogens have been demonstrated
among younger men [45], a recent study showed that testosterone concentrations in older
men (mean age 60 years) are stable throughout the morning and early afternoon, declining
modestly thereafter [46]. The results imply that the diurnal variation of androgens in our age
group (mean age 63 years) is a minor concern. We are not aware of a similar study of
estrogens but similarity of the pathways would suggest that they might follow the same
trends. We adjusted for time of collection in our final model but residual confounding could
bias the study towards the null.

In summary, we evaluated the association between 15 estrogen metabolites and prostate
cancer risk in a small case-control study. The results show only modest differences. We
observed a tendency for lower urinary concentration of the 16-KE2 and 17-epiE3,
metabolites with high estrogenic activity, among prostate cancer patients. Larger studies are
needed to confirm these findings that also account for androgen levels and SHBG. In
addition, a longitudinal study would likely be a better design to improve the assessment of
the potential long term effects of estrogen metabolites on prostatic carcinogenesis.
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Table IV

Odds ratios and 95% CI for prostate cancer in relation to 16-KE2 and 17-epiE3 estrogen metabolites
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Cases/Healthy controls

OR (95% ClI)

16-KE2
By Median
High (=1.16) 31/37 1.00
Low (<1.16) 45/37 1.97 (0.86-4.52)
By Quartiles
4t (>2.19) 10/19 1.00
3rd (1.16-2.18) 21/18 1.81 (0.58-5.62)
2"d (0.84-1.15) 14/21 1.71 (0.53-5.52)
15t (<0.83) 31/16 4.62 (1.34-15.99)
P trend 0.02
17-epiE3
By Median
High (20.16) 27/36 1.00
Low (<0.16) 49/38 1.34 (0.54-3.37)
By Quartiles
4t (20.29) 14/19 1.00
34 (0.16-.28) 13/17 1.10 (0.34-3.63)
2nd (0.10-.16) 19/19 1.28 (0.42-3.91)
15t (<0.09) 30/19 1.63 (0.54-4.92)
P trend 0.37

OR=0dds Ratio, adjusted for age, race, smoking status, presence of benign prostatic hyperplasia and time of urine collection
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