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ARTICLE INFO ABSTRACT

Am'clf? history: Early epidemiologic studies of estrogen metabolism measured only 2-hydroxyestrone and 16a-hy-
Received 21 December 2014 droxyestrone and relied on direct enzyme immunoassays without purification steps. Eight breast cancer
Accepted 29 December 2014 studies have used these assays with prospectively collected blood or urine samples. Results were incon-

Available online 26 February 2015 sistent, and generally not statistically significant; but the assays had limited specificity, especially at the

low concentrations characteristic of postmenopausal women. To facilitate continued testing in pop-
Keywords: ulation-based studies of the multiple laboratory-based hypotheses about the roles of estrogen metabo-
ggf:;;if;ncer lites, a novel liquid chromatography-tandem mass spectrometry (LC-MS/MS) assay was developed to
Estrogen metabolites measure concurrently all 15 estrogens and estrogen metabolites in human serum and urine, as unconju-
Hormonal carcinogenesis gated and total (glucuronidated + sulfated + unconjugated) concentrations. The assay has high sensitivity
2-hydroxyestrone (lower limit of quantitation ~1-2 pmol/L), reproducibility (coefficients of variation generally <5%), and
160-hydroxyestrone accuracy. Three prospective studies utilizing this comprehensive assay have demonstrated that enhanced
2-hydroxylation of parent estrogens (estrone + estradiol) is associated with reduced risk of post-
menopausal breast cancer. In the Prostate, Lung, Colorectal, and Ovarian Cancer Screening Trial (PLCO)
cohort, the serum ratio of 2-hydroxylation pathway metabolites to parent estrogens was associated with
a 28% reduction in breast cancer risk across extreme deciles (p-trend = .05), after adjusting for unconju-
gated estradiol and breast cancer risk factors. Incorporating this ratio into a risk prediction model already
including unconjugated estradiol improved absolute risk estimates substantially (by >14%) in 36% of the
women, an encouraging result that needs replication. Additional epidemiologic studies of the role of
estrogen metabolism in the etiology of hormone-related diseases and continued improvement of estro-
gen metabolism assays are justified.

Published by Elsevier Inc.
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1. Endogenous estrogen and breast cancer risk

It is widely recognized that endogenous estrogen is associated
with increased risk of postmenopausal breast cancer. Persuasive
evidence comes from a pooled analysis of individual participant
data from nine prospective studies [1]. Included were 663 breast
cancer cases and 1765 matched controls, all postmenopausal and
not taking exogenous hormones at cohort entry. Breast cancer risk
was statistically significantly increased, by 30-50%, with a dou-
bling of circulating estradiol, bioavailable estradiol [estradiol not
bound to sex hormone-binding globulin (SHBG)], free estradiol
(estradiol not bound to SHBG or albumin), estrone, or estrone
sulfate. Across extreme quintiles of circulating estradiol, relative risk
(RR) doubled [RR = 2.00; 95% confidence interval (CI) = 1.47-2.71;
p-trend <.001]. This strong positive association had been sus-
pected, but not demonstrated in epidemiologic studies until the
1990s, because of the limited sensitivity and accuracy of estradiol
assays at the low concentrations characteristic of postmenopausal
women.

More recently, in a pooled analysis including seven prospective
studies, 767 premenopausal breast cancer cases and 1699 matched
controls, none of whom were taking exogenous hormones at
cohort entry, endogenous estrogen was associated with increased
risk of premenopausal disease, though not as strongly as with post-
menopausal disease [2]. Breast cancer risk was statistically signifi-
cantly increased, by 20-30%, with a doubling of circulating
estradiol, free estradiol, or estrone, Across extreme quintiles of
circulating estradiol, relative risk increased by 40% (RR=1.41;
95% Cl=1.02-1.95; p-trend =.004). The ongoing pooled analysis
of postmenopausal breast cancer now includes more than 5000
cases, practically all the data available worldwide. Nonetheless,
while statistical power has become less of a problem, achieving
adequate accuracy and specificity for the estradiol assays remains
a challenge [3].

Endogenous i

2. Early research on estrogen metabolism

The contribution of estrogen metabolism to the development of
breast cancer is much more ambiguous than that of estradiol and
estrone, the parent estrogens. The parent estrogens can be irrever-
sibly hydroxylated at the 2-, 4-, or 16-position of the steroid ring
(Fig. 1). Reactive catechol estrogen metabolites, metabolites with
adjacent hydroxyl groups on the steroid ring, are formed through
2-hydroxylation and 4-hydroxylation, but can be converted to less
reactive compounds by methylation. Estradiol, estrone, and estro-
gen metabolites can exist in conjugated forms, which are cova-
lently linked to glucuronide, sulfate, or glutathione residues, or
unconjugated forms. The conjugated forms are believed to be
important in bioavailability, specifically estrogen storage, cellular
transport, and excretion. Almost always, when circulating estradiol
is assayed for an epidemiologic study, only the unconjugated form
is measured.

Multiple hypotheses, based on laboratory experiments, exist
about the role of specific estrogen metabolites and estrogen meta-
bolism profiles in the etiology of breast cancer [4-6]. Both estrogen
receptor-mediated mechanisms involving increased mitosis and
proliferation and estrogen receptor-independent mechanisms
involving direct DNA damage have been proposed. However, estro-
gen metabolism remained largely unexplored in epidemiologic
studies until recently because no robust analytic methods were
available to accurately and reproducibly characterize estrogen
metabolism in large population-based studies.

More than 30 years ago, Jack Fishman and Leon Bradlow pub-
lished one of the first epidemiologic studies of estrogen metabo-
lism and breast cancer [7]. Included were 33 breast cancer cases
and 10 controls; all the women were postmenopausal or peri-
menopausal. Estrogen metabolism was measured retrospectively,
after breast cancer diagnosis. A novel in vivo radiometric method
had been developed in order to measure the total oxidative
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Fig. 1. Estrogen metabolism pathways. The parent estrogens, estrone and estradiol, can be irreversibly hydroxylated at the C-2, C-4, or C-16 positions of the steroid ring. The
relative abundance of the estrogen or estrogen metabolite in serum from postmenopausal women is indicated by the relative size of the chemical structure. The structures are

for the unconjugated forms of the estrogens and estrogen metabolites.
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metabolism of estrogen, independent of further biotrans-
formations and conjugation pathways. Radioactive forms of estra-
diol, labeled with tritium in the 17a-, 2-, or 16a-positions of the
steroid ring, were injected into the women; and the rate and extent
of oxidation - at the 17-position, which converts estradiol to
estrone, and at the 2- and 16-positions, which, respectively, esti-
mate the 2-hydroxylation and 16a-hydroxylation pathways - were
measured in serial bloods. Oxidation at the 16-position was
statistically significantly increased, by 60%, among the cases, but
essentially the same at the 17- and 2-postions. These results indi-
cated that increased formation of 16a-hydroxyestrone and its
downstream metabolites was positively associated with breast
cancer. This positive association was provocative since clinical, lab-
oratory, and epidemiologic studies had previously suggested that
enhanced formation of estriol, the most abundant 16-pathway
metabolite, from estrone and estradiol, might be inversely associ-
ated with breast cancer risk [8,9].

Extensive laboratory research over the next decade led to the
hypothesis, promoted by Leon Bradlow and collaborators, that
the ratio of 2-hydroxyestrone to 16a-hydroxyestrone measures
the balance between these two competing estradiol oxidation
pathways and is a biomarker of reduced breast cancer risk [10].
This hypothesis could be tested in epidemiologic studies once
inexpensive, high throughput enzyme immunoassays (EIA) that
could measure 2-hydroxyestrone and 160-hydroxyestrone in
stored urine and blood samples became available [11]. The urinary
and serum/plasma EIA that were developed were direct assays and
did not involve extraction or other purification steps [11-15].
The correlation between urinary and plasma measures of
2-hydroxyestrone, 16a-hydroxyestrone, and the 2:16 ratio, in con-
currently collected samples from 511 premenopausal women, was
fair to moderate (Spearman r=0.60, 0.22, and 0.52, respectively;
all p<.0001) [15]. Since practically all the estrogens and estrogen
metabolites in urine are conjugated, the urinary EIA for both
metabolites enzymatically hydrolyzed glucuronide and sulfate
residues with Helix pomatia extract; the serum/plasma EIA for 2-
hydroxyestrone, but not 16c-hydroxyestrone, also included an
enzymatic hydrolysis [12,15].

3. Prospective studies of 2-hydroxyestrone, 16o-hydroxyestrone,
and breast cancer

Eight cohort studies, using serum, plasma, or urine collected
and stored at study baseline, prior to cancer diagnosis, have

investigated whether breast cancer risk is associated with the
2-hydroxyestrone:16a-hydroxyestrone ratio (Table 1) [16-23].
All studies used the EIA described above for the two metabolites.
None of the women were taking exogenous hormones, either oral
contraceptives or menopausal hormone therapy, at study baseline.
Results were not consistent, in either premenopausal or post-
menopausal women. In general, neither the relative risks across
extreme quantiles nor the tests for trend reached statistical signifi-
cance. Though the more recent studies were relatively large,
including over 300 cases [20-23], only the largest study, the analy-
sis in the Women'’s Health Initiative - Hormone Trials, which
included 793 breast cancer cases and 1685 controls, showed a sta-
tistically significant association, a 28% increase in risk comparing
the highest to lowest quintile of the 2:16 ratio (95% CI=1.00-
1.63; p-trend =.03) [22].

Since breast cancer is now viewed as a heterogeneous disease,
the most recent studies of the 2:16 ratio explored associations by
steroid hormone receptor status [19-23]. Results continued to be
inconsistent. In the New York University Women’s Health Study
(NYUWHS) cohort, the positive association with the ratio was
noticeably stronger for estrogen receptor-positive (ER+) tumors
in premenopausal women but became inverse for ER+ tumors in
postmenopausal women (in premenopausal women, adjusted RR
across extreme quartiles of ratio =2.15; 95% CI=0.9-5.3 for ER+
and 1.18; 95% CI=0.2-6.5 for estrogen receptor-negative (ER—)
tumors; in postmenopausal women, adjusted RR for doubling of
ratio=0.81; 95% CI=0.6-1.1 for ER+ and 1.17; 95% Cl=0.5-2.6
for ER— tumors) [21,23]. In the Nurses’ Health Study (NHS) cohort
also, adjusted relative risk across extreme quartiles of the ratio
became inverse for postmenopausal ER+ progesterone receptor-
positive (PR+) breast cancer (RR =0.88; 95% Cl=0.5-1.5) [20]. In
the Women'’s Health Initiative - Hormone Trials (WHI-HT) study,
adjusted relative risks across extreme quartiles remained positive
for postmenopausal ER+PR+ and ER—PR— breast cancer, but lost
statistical significance (RR=1.24; 95% CI=0.9-1.7 and RR=1.10;
95% Cl = 0.6-2.0, respectively) [22].

All of these analyses relied on direct EIA to measure 2-hy-
droxyestrone and 16a-hydroxyestrone, which may be problematic.
Urine samples from 530 women were used to compare state-of-
the-art EIA kits [13,14], run at an experienced laboratory, with a
liquid chromatography-tandem mass spectrometry (LC-MS/MS)
assay for 15 estrogens/estrogen metabolites [24]. For absolute con-
centrations of each metabolite, the ranking of the women agreed
quite well in premenopausal women, with Spearman correlation

Table 1
Prospective studies of 2-hydroxyestrone and 160-hydroxyestrone and breast cancer risk.
Cohort® - country Publication Cases/controls Menopausal status Assay RR (95% CI)" for 2:16 p-trend®
year at time of specimen ratio: high vs. low quantile®
collection
Guernsey - UK [16] 1998 60/184 Premenopausal Urine EIA 0.75 (0.35-1. 62) -
42/139 Postmenopausal 0.71 (0.29-1.75) -
ORDET - Italy [17] 2000 67/264 Premenopausal Urine EIA 0.55 (0.23-1.32) -
71/274 Postmenopausal 1.31 (0.53-3.18) -
SOF - USA [18] 2003 272291 Postmenopausal Serum EIA 1.17 (0.73-1.87) -
Diet, Cancer, and Health - 2005 197/197¢ Postmenopausal Urine EIA 0.94 (0.69-1.26) for doubling NS
Denmark [19]
NHS - USA [20] 2008 340/675 Postmenopausal Plasma EIA 1.30 (0.87-1.95) 35
NYUWHS - USA [21] 2009 377/377 Premenopausal Serum EIA 1.13 (0.68-1.87) 51
WHI-HT - USA [22] 2012 793/1685 Postmenopausal Serum EIA 1.28 (1.00-1.63) .03
NYUWHS - USA and NSMSC - 2014 499/499 Postmenopausal Serum/plasma EIA 1.13 (0.74-1.73) .88

Sweden [23]

@ Guernsey: Guernsey III cohort; ORDET: Hormones and Diet in the Etiology of Breast Tumors; SOF: Study of Osteoporotic Fractures; NHS: Nurses’ Health Study; NYUWHS:
New York University Women’s Health Study; WHI-HT: Women’s Health Initiative-Hormone Trials; NSMSC: Northern Sweden Mammary Screening Cohort.
b RR: relative risk. Relative risks are adjusted for study design matching factors and breast cancer risk factors as in the original manuscript. 95% CI: 95% confidence interval.

¢ Statistically significant RR and trends are in bold. NS: not statistically significant.
9 Includes only those women not on menopausal hormone therapy at study entry.
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Table 2

Comparison of enzyme immunoassay (EIA) and liquid chromatography-tandem mass spectrometry (LC-MS/MS) measures of urinary 2-hydroxyestrone and 160~

hydroxyestrone.®

Estrogen metabolite Premenopausal luteal women N = 264

Premenopausal non-luteal women N = 98

Postmenopausal women N = 168

Spearman correlation coefficient

2-Hydroxyestrone 0.81 0.89 0.37
160-Hydroxyestrone 0.86 0.89 0.62
2:16 ratio” 0.68 0.60 0.17
Geometric mean concentration, in pmol/mg creatinine EIA reading/LC-MS/MS reading

2-Hydroxyestrone 48/25 31/14 19/2.9
160-Hydroxyestrone 32/11 24/6.5 14/1.2

2 12-h overnight urines from controls participating in a population-based case-control study of breast cancer among Asian-American women, aged 20-55 years [25].

b Ratio of 2-hydroxyestrone to 16a-hydroxyestrone.

coefficients of 0.8-0.9, but only moderately well in post-
menopausal women, with correlation coefficients of 0.4-0.6
(Table 2) [25]. For the 2-hydroxyestrone:16a-hydroxyestrone
ratio, the correlation was 0.6-0.7 in premenopausal women, but
only 0.2 in postmenopausal women. Absolute concentrations for
both metabolites were consistently higher with the EIA than the
LC-MS/MS assay, with mean concentrations 2-4 times as high in
premenopausal women and 7-12 times as high in postmenopausal
women (Table 2) [25]. These results suggested that the EIA for 2-
hydroxyestrone and 16a-hydroxyestrone were not as specific as
hoped, and might detect additional steroids or other interfering
compounds, especially at the low estrogen levels characteristic of
postmenopausal women. Although this comparison of EIA with
LC-MS/MS was performed with urine samples, it is likely that in
serum and plasma, which are more complex matrices, EIA would
perform even less well, relative to LC-MS/MS.

4. Comprehensive assessment of estrogen metabolism by LC-
MS/MS

To facilitate further exploration of the contribution of individual
differences in estrogen metabolism to cancer etiology, Regina
Ziegler, Larry Keefer, Xia Xu, and Timothy Veenstra developed a
novel LC-MS/MS method for measuring concurrently the approxi-
mately 15 endogenous estrogens and estrogen metabolites (Fig. 1;
all 15 referred to as EM) in human urine and serum [24,26]. The
method is accurate, reproducible, sensitive enough to quantify
the low levels of EM in many postmenopausal women, and simple
and robust enough to be used in large epidemiologic studies. The
procedure includes an optional enzymatic hydrolysis, extraction,
a single chemical derivatization, and LC-MS/MS. If the sample is
enzymatically hydrolyzed with Helix pomatia extract, glucuronide
and sulfate residues are cleaved from the EM and the assay mea-
sures total (glucuronidated + sulfated + unconjugated) concentra-
tions of each EM. If the sample is not hydrolyzed, the assay
measures only unconjugated concentrations of each EM. Since
practically all EM in urine are conjugated, only total EM is mea-
sured in urine samples; in serum samples, both total and unconju-
gated EM are measured, and conjugated EM is calculated by
subtraction. The derivatization step adds a bulky, positively
charged dansyl [5-(dimethylamino)naphthalene-1-sulfonyl] moi-
ety to the reactive phenolic hydroxyl characteristic of all estrogens
and estrogen metabolites. Dansylation, an especially clever part of
the technique, improves sensitivity substantially since mass spec-
trometry cannot effectively separate uncharged, lipophilic com-
pounds, such as unconjugated steroids. These assays rely on
stable isotope dilution to correct for loss or degradation. Six to nine
isotopically labeled unconjugated EM are added at the start of the
assay procedure, prior to enzymatic hydrolysis or extraction. To
ensure stability while optimizing assay conditions, '3C isotopes
have been substituted for the 2H isotopes originally used. Over

time, volume requirements have been reduced. A total of 0.3 mL
of serum or urine is now required for assaying either total EM or
unconjugated EM.

With improved technique and equipment, the reproducibility
and sensitivity of the EM assays have become better. In serum
samples from postmenopausal women, total laboratory coeffi-
cients of variation, based on blinded quality control samples,
including all steps of the procedure, and combining within- and
between-batch variation, were <5% for each EM, in total or uncon-
jugated form, and <3% for estrone and estradiol [27]. Laboratory
variability for the serum and urine assays has been substantially
less than variation within a population. Intraclass correlation coef-
ficients, a measure of the percent of total variability due to
interindividual differences, were >95% (except for urinary 17-
epiestriol) in premenopausal women, in postmenopausal women,
and in men [28,29]. In serum the lower limit of quantitation,
defined as the lowest concentration at which reproducible, reliable
readings can be obtained, was 1-2 pmol/L (e.g. for estradiol, 0.27-
0.54 pg/mL) [27].

Assay accuracy is difficult to assess objectively. Results from
additivity experiments in which known amounts of each of the
15 unconjugated EM were added to charcoal-stripped urine and
serum samples have been published [24,26]. At 8 pg of each EM
per mL of serum, “accuracy”, defined as the percent of the quantity
added that was actually measured, was reasonable and ranged
from 91% to 113% [26]. However, charcoal would have removed
steroids and other interfering compounds from the serum and
improved “accuracy”. In addition, “accuracy” may deteriorate at
lower concentrations. Participation in the Centers for Disease
Control and Prevention Hormone Standardization Program (HoSt)
for estradiol [30,31] is providing the bias of the serum assay over
time in measuring absolute concentrations of unconjugated estra-
diol. However, the accuracy of the assay in measuring total estra-
diol or any of the other EM is not provided. Ultimately,
confidence in the accuracy of the assay is based on peak resolution,
signal-to-noise ratio, and absolute recovery, at physiologically
meaningful concentrations. The EM assay is being optimized for
heparin-plasma samples, and will eventually be extended to breast
tissue. In both situations, additional purification step(s) beyond the
dichloromethane extraction currently practiced will be necessary
to ensure accurate, reproducible, sensitive measurement. At pre-
sent, EM assays using improved versions of the published tech-
niques [24,26] are being conducted at the Frederick National
Laboratory for Cancer Research (Frederick, MD) and Craft
Technologies, Inc. (Wilson, NC).

Although this LC-MS/MS assay was developed to assess estro-
gen metabolism, its sensitivity enables circulating unconjugated
estradiol to be measured at the low concentrations characteristic
of postmenopausal women. An assay that reliably distinguishes
serum estradiol concentrations in the low postmenopausal range
(<110 pmol/L; <30 pg/mL), and at the even lower concentrations
found in women being treated for breast cancer with aromatase
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inhibitors (~4 pmol/L; ~1 pg/mL), can be an important prognostic
tool in the management of breast cancer, osteoporosis and bone
fracture, cardiovascular disease, and possibly cognitive dysfunction
[32,33]. In addition, sensitive, accurate measurement of circulating
estradiol is critical for epidemiologic studies of endogenous estro-
gen and disease risk and survival, as well as studies of the lifestyle,
environmental, and genetic determinants of endogenous estrogen
exposure [32]. Historically, epidemiologic and clinical studies of
estradiol have relied on radioimmunoassays and EIA, which could
include extraction and/or chromatography (indirect methods) or
no purification (direct methods). These methods, particularly the
direct assays, are generally not accurate or sensitive enough to
measure circulating estradiol at low postmenopausal levels
[32,33].

5. Prospective studies of estrogen metabolism and
postmenopausal breast cancer

Four cohort studies of estrogen metabolism and breast cancer
have been published; another has been submitted; and a sixth is
in progress (Table 3) [27,34-36]. Each has utilized serum, plasma,
or urine collected at study baseline, prior to cancer diagnosis, and
assayed the 15 EM found in blood and urine with the LC-MS/MS

Table 3
Prospective studies of estrogen metabolism and breast cancer risk.

technique described above. None of the women were using oral
contraceptives or menopausal hormone therapy at study baseline.
In each study, molar concentrations of individual EM were
summed to form metabolic pathway groups, based on biochem-
istry, metabolism, and prior hypotheses. All 15 EM were summed
as a measure of overall estrogen exposure. To compensate for the
moderate-to-high correlation among individual EM and metabolic
pathway groups, ratios of metabolic groups were emphasized in
analyses. The initial US studies [27,34], as well as that in
Shanghai women, who have breast cancer incidence rates 35%
those in the United States [37], were agnostic and comprehensive
in evaluating hypotheses. None of the four published studies has
analyzed results by steroid hormone receptor status.

In the Prostate, Lung, Colorectal, and Ovarian Cancer Screening
Trial (PLCO) cohort, relative risks of postmenopausal invasive
breast cancer were calculated for individual EM, EM grouped by
metabolic pathway, and pathway ratios, comparing the highest
to lowest deciles, with multivariate Cox proportional hazards mod-
els [27]. Nearly all individual EM and metabolic groups were
associated with increased risk of breast cancer (Table 4).
Unconjugated estradiol was strongly associated with risk
[RR =2.07; 95% Cl=1.19-3.62; p-trend = .01), a finding consistent
with the pooled analysis of prospective data available worldwide

Cohort® - country Publication year

Cases/controls

Menopausal status at time
of specimen collection

Assay

NHS II - USA [34] 2012 247(485
PLCO - USA [27] 2012 277/423
Columbia MO - USA [35] 2014 215/215
B-FIT - USA [36] 2014 407/496
SWHS - China Submitted 402/402
NHS - USA In progress 346/692
NHS II - USA® In progress 188/385

Premenopausal
Postmenopausal
Mostly postmenopausal

Urine LC-MS/MS
Serum LC-MS/MS
Serum LC-MS/MS

Postmenopausal Serum LC-MS/MS
Postmenopausal Urine LC-MS/MS
Postmenopausal Plasma LC-MS/MS
Premenopausal Urine LC-MS/MS

2 NHS II: Nurses’ Health Study II; PLCO: Prostate, Lung, Colorectal, and Ovarian Cancer Screening Trial; Columbia MO: Columbia, Missouri Serum Bank; B-FIT: Breast and
Bone Follow-up to the Fracture Intervention Trial; SWHS: Shanghai Women'’s Health Study; NHS: Nurses’ Health Study.

b Expansion of 2012 NHS II study.

Table 4

Relative risk (RR) of postmenopausal invasive breast cancer by serum estrogens/estrogen metabolites (EM) in the PLCO cohort.

EM measure Adjusted for breast cancer risk factors® Also adjusted for unconjugated estradiol”
RR across deciles® p-trend® RR across deciles® p-trend®
All EM 1.76 0.02 1.35 0.38
Parent estrogens 1.73 0.02 1.38 0.30
Conjugated estrone 1.62 0.02 1.32 0.29
Unconjugated estrone 1.77 0.03 1.02 0.97
Conjugated estradiol 1.28 0.20 1.12 0.59
Unconjugated estradiol 2.07 0.01 - -
2-Hydroxylation pathway 1.73 0.08 1.08 0.85
4-Hydroxylation pathway 1.81 0.04 1.31 0.46
16-Hydroxylation pathway 1.74 0.02 1.33 0.39
2-Pathway:4-pathway 0.86 0.34 0.85 0.27
2-Pathway:16-pathway 0.62 0.005 0.69 0.07
4-Pathway:16-pathway 0.90 0.26 0.97 0.76
2-Pathway:parent estrogens 0.66 0.003 0.72 0.05
4-Pathway:parent estrogens 0.87 0.12 0.94 0.52
16-Pathway:parent estrogens 0.52 0.07 0.64 0.23
2-Catechols:methylated 2-catechols 1.15 0.32 1.06 0.69
4-Catechols:methylated 4-catechols 1.34 0.02 1.31 0.03

2 Adjusted for study design matching factors (age at study entry, date of blood collection) and breast cancer risk factors (age at menarche, parity/age at birth of first child,
age at natural menopause, type of menopause, family history of breast cancer, personal history of benign breast disease, previous use of menopausal hormone therapy) [27].

b Adjusted for unconjugated estradiol, as well as the study design matching factors and breast cancer risk factors listed above.

¢ RR correspond to a unit increase in the log-transformed EM measure with the logarithmic bases chosen so that a unit increase in the logarithm corresponds approxi-
mately to an increase in the EM measure from the 10th to the 90th percentile in study controls. Statistically significant RR are in bold.

d p for trend is based on a two-sided Wald test of the coefficient associated with a unit increase in the log-transformed EM measure. Statistically significant trends are in

bold.
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[1]. No parent estrogen, estrogen metabolite, or metabolic group
remained statistically significantly associated with breast cancer
risk after adjusting for unconjugated estradiol (Table 4).
However, three ratios remained statistically significantly associ-
ated with risk. The 2-pathway:parent estrogens ratio (RR = 0.66;
95% CI=0.51-0.87; p-trend=.003) and 2-pathway:16-pathway
ratio (RR = 0.62; 95% CI = 0.45-0.86; p-trend = .005) were each associ-
ated with decreased risk, and the 4-pathway catechols:4-pathway
methylated catechols ratio (RR = 1.34; 95% CI = 1.04-1.72; p-trend =
.02) was associated with increased risk (Table 4). The first and third
of these ratios remained statistically significantly associated with
risk even after adjustment for unconjugated estradiol. In fact, when
these two ratios and unconjugated estradiol were all included in a
single model, the two ratios remained statistically significantly
associated with risk, and the estradiol association lost statistical
significance [27].

An intriguing question was whether information about estrogen
metabolism profiles, if added to information about circulating
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Fig. 2. Comparison of estimated absolute risks of breast cancer (expressed as
incidence rates, in cases per 10° person-years) for each control subject in the PLCO
cohort. Estimated risks were based on Cox proportional hazards models for the
estrogen metabolism profile of each control. One model included unconjugated
estradiol only (x-axis), and the other model included both unconjugated estradiol
and an additional estrogen metabolism measure (y-axis): (a) the ratio of the 2-
pathway to parent estrogens; (b) the ratio of 4-pathway catechols to 4-pathway
methylated catechols. Absolute risk estimates were calibrated using breast cancer
incidence rates for white women, aged 60-64 years, in the 2004-2006 Surveillance,
Epidemiology, and End Results population (357 cases per 10° person-years) [27].
Each dot represents the two estimated absolute risks for one control. If the two risks
are equal, they will fall on a diagonal line. Upper and lower dashed lines demarcate
risk predictions that differ by at least 50 cases per 10° person-years (14%). For the
Cox models, unconjugated estradiol and metabolic pathway ratios were log-
transformed and the following covariates were included: age at study entry, period
of blood collection, age at menarche, combined parity and age at birth of first child,
age at natural menopause, type of menopause, first-degree family history of breast
cancer, personal history of benign breast disease, and previous use of menopausal
hormone therapy [27].

concentrations of unconjugated estradiol, would alter estimates
of absolute risk of breast cancer for individual women. A
hypothetical population of postmenopausal women with estrogen
metabolism profiles similar to those observed in the PLCO cohort
was considered [27]. Addition of the 2-pathway:parent estrogens
ratio to a model containing unconjugated estradiol increased or
decreased, by at least 14%, the absolute breast cancer risk estimate
for 36% of the women (Fig. 2a). Addition of the 4-pathway cate-
chols:4-pathway methylated catechols ratio to a model containing
unconjugated estradiol changed, by at least 14%, the absolute risk
estimate for 30% of the women (Fig. 2b). Addition of all EM, the
sum of all 15 parent estrogens and estrogen metabolites, to a
model containing unconjugated estradiol changed the absolute risk
estimate by at least 14% for only 14% of the women [27]. If these
ratios of estrogen metabolism pathways are confirmed as predic-
tors of breast cancer risk, they might provide clues to mechanisms
of breast carcinogenesis and suggest targets for preventive
interventions.

In the Columbia, Missouri Serum Bank cohort, risk of post-
menopausal breast cancer was also calculated for individual EM,
metabolic pathway groups, and pathway ratios and compared
the highest to lowest quartiles [35]. All EM combined and parent
estrogens were associated with increased risk, but each of the
three hydroxylation pathways was associated with reduced risk
(Table 5). None of these relative risks or tests for trend was sta-
tistically significant. Of the pathway ratios, moderately strong,
but statistically nonsignificant, inverse associations (RR = 0.6-0.7
across extreme quartiles) were noted for 2-pathway:parent estro-
gens, 2-pathway:16-pathway, and 2-pathway:4-pathway, largely
because of the 29% (95% CI=0.40-1.27) reduction in risk across
extreme quartiles of the 2-pathway (p-trend =0.10) (Table 5).
Whether these relationships were independent of unconjugated
estradiol was not explored because unconjugated estradiol was
only weakly associated with risk (RR = 1.06). However, including
unconjugated estrone in the models did not attenuate risk by
>10% [35]. No clear patterns in risk were reported for the

Table 5
Relative risk (RR) of postmenopausal breast cancer by serum estrogens/estrogen
metabolites (EM) in the Columbia, Missouri cohort.

EM measure Adjusted for breast cancer risk
factors®
RR across quartiles” p-trend®
All EM 1.34 NS
Parent estrogens 1.46 NS
Conjugated estrone 1.35 NS
Unconjugated estrone 1.57 NS
Conjugated estradiol 1.48 NS
Unconjugated estradiol 1.06 NS
2-Hydroxylation pathway 0.71 0.10
4-Hydroxylation pathway 0.89 NS
16-Hydroxylation pathway 0.94 NS
2-Pathway:4-pathway 0.60 0.10
2-Pathway:16-pathway 0.63 0.10
4-Pathway:16-pathway 1.00 NS
2-Pathway:parent estrogens 0.72 0.11
4-Pathway:parent estrogens 0.84 NS
16-Pathway:parent estrogens 0.94 NS

¢ Adjusted for study design matching factors (age at blood collection, years from
blood collection to menopause, time of day at blood collection) and breast cancer
risk factors identified as confounders (age at menarche, parity/age at birth of first
child, type of menopause, family history of breast cancer, body mass index) [35].

® RR compare women in the highest quartile of the EM measure to women in the
lowest quartile, with quartiles based on the distribution among the study controls.
None of the RR is statistically significant.

¢ None of the p-values for trend is statistically significant. Low p-values are
presented, even though statistically nonsignificant. Method for calculating p-trend
not presented in [35].
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Table 6
Relative risk (RR) of postmenopausal breast cancer by serum estrogens/estrogen
metabolites (EM) in the B-FIT cohort.

EM measure Not adjusted for breast cancer risk
factors®
RR across quintiles” p-trend®
All EM - -
Parent estrogens 1.80 0.01
Total estrone’ 1.48 0.04
Unconjugated estrone® - -
Total estradiol” 1.86 0.04
Unconjugated estradiol® - -
2-Hydroxylation pathway 1.54 0.14
4-Hydroxylation pathway 1.40 0.12
16-Hydroxylation pathway 1.88 0.02
4-Pathway:2-pathway*® 0.83 0.44
2-Pathway:16-pathway 0.60 0.002
4-Pathway:16-pathway 0.57 0.002
2-Pathway:parent estrogens 0.69 0.01
4-Pathway:parent estrogens 0.61 0.004
16-Pathway:parent estrogens 0.73 0.18
2-Catechols:methylated 2-catechols 0.68 0.05
4-Catechols:methylated 4-catechols 0.89 0.28

2 Adjusted for study design matching factors (clinical center, trial participation
status). Not adjusted for breast cancer risk factors since none were identified as
confounders. Race, education, age at menarche, parity/age at birth of first child,
breast feeding, years since menopause, family history of breast cancer, prior use of
menopausal hormone therapy, body mass index, and alcohol consumption, as well
as year of blood draw and time since blood draw, did not change RR estimates by
>10% [36].

> RR compare women in the highest quintile of the EM measure to women in the
lowest quintile, with quintiles based on the distribution in the study cohort.
Statistically significant RR are in bold.

¢ p for trend is based on models including the EM measure quintiles as an ordinal
variable. Statistically significant trends are in bold.

4 Only total concentrations of individual EM were assayed so unconjugated
estrone and unconjugated estradiol were not measured. Similarly, conjugated
estrone and conjugated estradiol could not be estimated. All EM was not calculated.

€ Ratio is inverted, compared to Tables 4 and 5.

catechols:methylated catechols ratio. Nonetheless, risk was
increased at high catechol concentrations and reduced at high
methylated catechol concentrations. For both 2-pathway catechols
and the single 4-pathway catechol, breast cancer risk was elevated
in the fourth quartile, compared to the first, and reduced for two of
the three 2-pathway methylated catechols and both 4-pathway
methylated catechols [35].

In the Breast and Bone Follow-up to the Fracture Intervention
Trial (B-FIT) cohort also, risk of postmenopausal breast cancer
was calculated for individual EM, metabolic pathway groups, and
pathway ratios and compared the highest to lowest quintiles
[36]. Invasive and in situ disease were included. As in the PLCO
cohort, parent estrogens, 2-pathway, 4-pathway, and 16-pathway
were all positively associated with risk, with statistically signifi-
cant trends for parent estrogens (p-trend =.01) and the 16-path-
way (p-trend =.02) (Table 6). As in the PLCO analysis, the 2-
pathway:parent estrogens ratio and the 2-pathway:16-pathway
ratio were statistically significantly associated with reduced risk
(RR=0.69; 95% CI=0.46-1.05; p-trend =.01 and RR=0.60; 95%
CI=0.40-0.90; p-trend=.002, respectively). Similarly strong,
inverse, statistically significant trends were also observed in
B-FIT for the 4-pathway:parent estrogens ratio and the 4-pathway:
16-pathway ratio, which suggested that enhanced hydroxylation at
the 2- or 4-position might lower risk. Contrary to the PLCO
findings, the ratios of catechols to methylated catechols in the
2-pathway and 4-pathway were each associated with reduced risk
(RR=0.68; 95% CI=0.45-1.02; p-trend =.05 and RR=0.89; 95%
Cl =0.57-1.38; p-trend = .28, respectively). Whether these associa-
tions of estrogen metabolism profiles with breast cancer risk were

independent of the recognized strong relationship of unconjugated
estradiol with risk could not be evaluated. Only total concentra-
tions of each EM were assayed, and thus unconjugated estradiol
was not measured. However, adjustment of the models for total
estradiol did not change estimates by >10% [36].

In summary, each of these three prospective studies of post-
menopausal breast cancer suggests that enhanced 2-hydroxylation
is associated with reduced risk. This consistent finding does not
support the laboratory-based hypothesis that 2-pathway catechols
produce semiquinones and quinones which through redox cycling
generate reactive oxygen species that damage DNA [38,39].
However, this finding does agree with the hypothesis that 2-pathway
catechols, in contrast to estradiol and 16-pathway estrogen
metabolites, do not increase estrogen receptor-mediated signaling
and cell proliferation in the breast since they bind weakly to
the receptor [39-41]. The reduced risk associated with enhanced
2-hydroxylation is also consistent with several experiments
suggesting that 2-pathway catechols are preferentially excreted,
relative to parent estrogens [42,43]. Thus, 2-hydroxylation could
reduce breast cancer risk simply by decreasing the concentration
of bioactive unconjugated estradiol in circulation and in the breast.

The increased breast cancer risk associated with the ratio of 4-
pathway catechols to 4-pathway methylated catechols in the PLCO
cohort supports the laboratory-based hypothesis that DNA adducts
derived from 4-pathway catechols are unstable, depurinating, and
highly mutagenic but this reactivity of 4-pathway catechols is
blocked by methylation [39,44]. While the Columbia, MO analysis
also provides modest evidence for this hypothesis, the B-FIT analy-
sis does not.

All three epidemiologic studies, especially the PLCO analysis,
suggest that the associations with estrogen metabolism profiles,
as measured by pathway ratios, are independent of the strong
positive associations of unconjugated estradiol and estrone with
postmenopausal breast cancer risk [1]. In other words, these
biomarkers of estrogen metabolism may provide new information
about mechanisms of breast carcinogenesis.

6. Prospective studies of estrogen metabolism and
premenopausal breast cancer

One prospective study of estrogen metabolism and breast can-
cer has focused on premenopausal, not postmenopausal, breast
cancer (Table 3). Conducted in NHS II, this nested case-control
study measured total (glucuronidated + sulfated + unconjugated)
concentrations of the 15 EM, adjusted for creatinine, in carefully
timed mid-luteal phase urines from premenopausal women [34].
Most of the cases (89%) were still premenopausal at diagnosis;
both invasive and in situ disease were included. None of the partici-
pants had used exogenous hormones or been pregnant or lactating
within the 6 months prior to urine collection. Urinary estrone and
estradiol levels were each strongly, statistically significantly, and
inversely associated with risk in multivariate models [top vs. bot-
tom quartile RR: estrone = 0.52; 95% CI = 0.30-0.88; p-curvature
for non-linear trend=.01; estradiol =0.51; 95% CI=0.30-0.86;
p-trend =.005]. Inverse, although statistically nonsignificant,
trends were also observed with the 2- and 4-pathways, but not
the 16-pathway, which was not associated with risk at all. Both
the 2-pathway:parent estrogens ratio and the 2-pathway:16-pathway
ratio were inversely, but statistically nonsignificantly, associated
with risk; while the 16-pathway:parent estrogens ratio was
marginally statistically significantly positively associated (p-trend =
.06). Thus this cohort study of estrogen metabolism and breast
cancer in premenopausal women concurs with the three cohort
studies in postmenopausal women and also suggests that
enhanced 2-hydroxylation may be protective.
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7. Modulating estrogen metabolism

If enhanced 2-hydroxylation of parent estrogens really does
reduce the risk of breast cancer, we will want to know how genet-
ics and lifestyle determine individual estrogen metabolism pro-
files, and whether we can modify the profiles. To begin to
address this question, the luteal phase urinary EM data for the
controls in the NHS II study [34] were combined with comparable
data from a biomarker reproducibility study in NHS II [45] in
order to explore correlates and possible determinants of estrogen
production and metabolism in 603 premenopausal women. One
of many potential determinants evaluated was physical activity.
Total recreational physical activity was assessed periodically by
interview in NHS II; the activity estimates preceding and follow-
ing the urine collection, which were separated by 4 years, were
combined to estimate adult physical activity. High physical
activity [42+ metabolic equivalent-hours (MET-hours)/week vs.
<3 MET-hours/week| was associated with an 11% lower level of
urinary parent estrogens (p-trend =.16) and a 15% lower level of
urinary estradiol (p-trend =.03) [46], which is consistent with
the inverse relationships reported by cohort studies of luteal
phase circulating parent estrogens and physical activity [47].
High physical activity was also associated with increases in the
2-pathway:parent estrogens ratio (27% higher for 42+ MET-
hours/week vs. <3 MET-hours/week; p-trend=.05) and 2-path-
way:16-pathway ratio (31% higher; p-trend = .09). No associations
with the 4-pathway:parent estrogens (p-trend =.43) or 16-path-
way:parent estrogens ratios (p-trend=.49) were apparent
(Fig. 3) [46]. While these results, derived from the most compre-
hensive cross-sectional examination of estrogen metabolism and
physical activity to date, suggest that vigorous physical activity
might increase 2-hydroxylation, they need to be replicated and
should be cautiously interpreted.

2-pathway: 4-pathway: 16-pathway:
parent estrogens  parent estrogens  parent estrogens
2.04 p-trend = 0.05 p-trend = 0.43 p-trend = 0.49

1.51

Metabolic pathway ratio
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Physical activity, in metabolic-equivalent hours
(MET-hours) / week

Fig. 3. Geometric means for the 2-pathway:parent estrogens ratio, 4-pathway:
parent estrogens ratio, and 16-pathway:parent estrogens ratio by level of adult
recreational physical activity. Total concentrations of the 15 estrogens/estrogen
metabolites (EM) were measured in luteal phase urines from 603 premenopausal
control participants in NHS II [46]. Total recreational physical activity was assessed
periodically by interview in NHS II; and estimates at two points of time, preceding
and following the urine collection and separated by 4 years, were combined.
Generalized linear models were used to calculate geometric means and included as
covariates age at urine collection, actual luteal day at collection, first morning urine,
body mass index, alcohol consumption, and usual menstrual cycle length. P for
trend was calculated by modeling the medians of the physical activity categories as
a continuous variable.

8. Summary

Experimental, epidemiologic, and clinical research demonstrate
convincingly that endogenous estrogens are involved in the etiol-
ogy of breast cancer. However, until recently the contribution of
estrogen metabolism remained largely unexplored in epidemio-
logic studies despite multiple hypotheses, based on laboratory
experiments, about the roles of specific estrogen metabolites and
metabolic pathways. No robust analytic methods were available
to accurately characterize estrogen metabolism profiles in large
population-based studies. The first cohort studies of estrogen
metabolism and breast cancer measured only 2-hydroxyestrone
and 16a-hydroxyestrone and relied on direct enzyme immunoas-
says without purification steps. Results were inconsistent, and gen-
erally not statistically significant; but the assays had limited
specificity, especially at the low concentrations characteristic of
postmenopausal women. Recently a novel LC-MS/MS assay was
developed to measure concurrently all 15 estrogens and estrogen
metabolites in human serum and urine, in conjugated and uncon-
jugated forms, with high sensitivity, reproducibility, and accuracy.
Three prospective studies utilizing this comprehensive assay have
now demonstrated that enhanced 2-hydroxylation of parent estro-
gens is associated with reduced risk of postmenopausal breast can-
cer. A similar pattern was also noted in a prospective study of
premenopausal breast cancer. In the postmenopausal breast cancer
studies, the associations with ratios of estrogen metabolism path-
ways appeared independent of the recognized association of
unconjugated estradiol with increased risk. If these biomarkers of
estrogen metabolism are confirmed as reliable predictors of breast
cancer risk, they might not only provide clues to mechanisms of
breast carcinogenesis but also become useful clinically in preven-
tion and treatment. Additional epidemiologic studies of the role
of estrogen metabolism in the etiology of breast cancer and other
hormone-related diseases and continued improvement of assays
that accurately and comprehensively assess estrogen metabolism
are justified.
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