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Abstract

Background—Valid and precise measures of androgen concentrations are needed for etiologic
studies of hormonally-related cancers. We developed a high-performance liquid chromatography-
tandem mass spectrometry (LC-MS/MS) method with two sample preparations to measure 11
androgens, including adrenal and gonadal androgenic precursors and their 5a-reduced metabolites.

Methods—Androgen levels were measured in serum from 20 healthy volunteers (5 men, 10
premenopausal women, 5 postmenopausal women). Two blinded, randomized aliquots per
individual were assayed in each of three batches. A fourth batch of samples was measured at an
external laboratory using comparable methodology to measure 9 of the 11 androgens. Coefficients
of variation (CV) and intraclass correlation coefficients (ICC) were calculated from the individual
components of variance. Comparability of 9 androgens across laboratories was assessed using
Spearman ranked correlations, Deming regression and bias plots.

Results—The laboratory CVs were <5% and ICCs were uniformly high (>95%) for all
androgens measured across sex/menopausal status groups. Spearman ranked correlations for 9
hormones measured in the comparison laboratory were high (>0.85), suggesting good agreement.

Conclusion—Our high-performance LC-MS/MS assays of 11 androgens, including adrenal and
gonadal androgenic precursors and their 5a-reduced metabolites demonstrated excellent
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laboratory reproducibility, and good comparability with an established method that measured 9 of
the 11 hormones tested. The serum androgen metabolite assays are suitable for use in
epidemiologic research.
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1. INTRODUCTION

Sex steroid hormones are hypothesized to play key roles in the development of many
cancers (e.g. breast, endometrial, ovarian, prostate, and testicular). Androgens are
hypothesized to be positively associated with prostate cancer and inversely associated with
testicular cancer [1-3]. In the study of female tumors, attention has shifted to androgens in
recent years as associations with estrogens have been increasingly well-delineated [4].
Prospective studies have linked circulating androgen levels to the risk of postmenopausal
breast, endometrial, and ovarian cancers; however, these studies have often focused on a
small number of androgens, typically testosterone and androstenedione, as existing assays
have required large amounts of serum [5-8]. At present, it is unclear whether these
androgens adequately capture underlying androgenic activity or reflect local tissue
production of bioactive androgens [9,10], and for women, whether they simply reflect a
reservoir of precursor substrates for estrogens.

In both men and women, metabolism of androgens and their precursors occurs in peripheral
target tissues [11], and the derived 5a-reduced metabolites (Figure 1), particularly
dihydrotestosterone (DHT), are the most potent local bioactive agents. However, serum
DHT does not adequately reflect increased 5a-reductase activity [12], probably due to its
high affinity to sex hormone binding globulin (SHBG), therefore studies of prostate cancer
as well as hirsutism in women have used androsterone glucuronide (ADT-G), a distal
metabolite of DHT, as a marker of 5a-reductase/peripheral androgen activity [13,14].
Recent studies suggest circulating levels of ADT-G and androstanediol glucuronide (found
as two isomers: 5a-androstane-3a,17p diol-3-glucuronide (3a-diol-3G) and 5a-
androstane-3a,17p diol-17-glucuronide (3a-diol-17G)) together are a better indicator of total
androgenicity than their precursors alone [9,11]. Another potentially important androgen
conjugate is dihydrotestosterone sulfate (DHTS), which may form an inactive reservoir for
the highly potent DHT. As such, all of the 5a-reduced metabolites are important and require
mass spectrometry assay methodology for accurate and reliable measurements. Further,
efforts to capture a panel of androgens including the adrenal androgens,
dehydroepiandrosterone (DHEA) and dehydroepiandrosterone sulfate (DHEAS), and the
adrenal and gonadal androgens, androstenedione (A) and testosterone (T), as well as their
5a-reduced metabolites, are needed to clarify the role of androgens in cancer etiology. We
have developed a stable isotope dilution high-performance liquid chromatography-tandem
mass spectrometry (LC-MS/MS) method that requires 0.6 mL of serum and two sample
preparations to measure 11 androgens, including the principal androgens secreted by the
adrenals and gonads, as well as their 5a-reduced metabolites. To demonstrate that our assays

J Steroid Biochem Mol Biol. Author manuscript; available in PMC 2017 January 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Trabert et al.

Page 3

are suitable to assess the role of endogenous androgens in epidemiologic studies of complex
disease, the purpose of this report is three-fold: 1) to evaluate laboratory variability of the
assays based on a formal reproducibility study in which blinded, randomized serum samples
from men, premenopausal women, and postmenopausal women were assayed over several
weeks; 2) to provide a comparison of hormone measurements using the current LC-MS/MS
method with an established assay from a laboratory that measures 9 of the 11 androgens
using either gas chromatography-mass spectrometry (GC-MS) or LC-MS/MS; and 3) to
assess the interindividual variability of androgen metabolite levels by sex and menopausal
status.

2. MATERIALS AND METHODS
2.1. Study Design

The 11 hormones measured in this study include: 1) adrenal androgens: DHEA and DHEAS;
2) adrenal and gonadal androgens: A and T; and 3) 5a-reduced peripheral androgen
metabolites: 5a-androstane-3,17-dione (androstanedione or 5a-A), DHT, androsterone
(ADT), DHTS, 3a-diol-3G, 3a-diol-17G, and ADT-G (Figure 1).

Hormone levels were measured in serum provided by 20 healthy volunteers who were
recruited from the Research Donor Program administered by the Frederick National
Laboratory for Cancer Research’s Occupational Health Services in Frederick, MD under an
approved protocol. Donors included 5 men ages 24 to 48 years, 10 premenopausal women
ages 27 to 38 years, and 5 naturally postmenopausal women ages 54 to 65 years. Donors
were identified only by code, and the specimens were further de-identified using laboratory
accession numbers. Donors reporting use of hormone supplements, oral contraceptives, or
menopausal hormone therapy within 3 months of blood draw were ineligible. Because the
purpose of this study was to assess the performance of the assays, we did not select donors
based on other characteristics suspected of modifying androgen profiles, such as age, race,
medication use, anthropometry, or thyroid status.

For each donor, 8 aliquots of 0.6 ml serum were prepared, with 2 aliquots randomly placed
within each of 4 batches. The Laboratory of Proteomics and Analytical Technologies,
Cancer Research Technology Program at the Frederick National Laboratory for Cancer
Research received 3 batches of 40 serum samples and assayed one batch at the start of each
of 3 consecutive weeks. Each batch contained two aliquots per subject for the 20 subjects as
described above; the 40 samples per batch were placed randomly without regard to sex or
menopausal status and labelled based on batch and position to mask sample identity. All
samples were stored at —80°C until assayed. A total of 6 measurements were obtained for
each subject in the reproducibility study. All steps of the assay procedures, including
enrichment and extraction, were done separately for each aliquot. A fourth batch of 40
blinded, randomly distributed samples was sent to the Pharmacogenomics laboratory at the
research center of CHU de Québec that measured 9 of the 11 androgens using GC-MS or
LC-MS/MS. The assays were developed by Dr. Alain Bélanger’s group at Laval University
[15,16]. The purpose of these measurements was to provide an external comparison for our
androgen measurements, as there is no current standard for these assays.
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Several sources of variability in serum hormones can be assessed in this study, including
differences among subjects, measurement variability over batches for a given subject,
variability among duplicate aliquots in a given batch, as well as across laboratory variability
in serum hormone measurements. Of note, the current study did not measure variability over
time for a given subject, as serum samples were collected from individuals at only one time
point.

2.2. Laboratory Methods

2.2.1. Assay procedures—Our assay procedures were designed to distinguish serum
unconjugated and conjugated androgens (Supplemental Figure 1). The steps for measuring
unconjugated serum androgens included extraction with hexane, derivatization with
hydroxylamine, and quantitation using stable isotope dilution LC-MS/MS. Unconjugated
serum androgens were oxime-labelled to improve their ionization efficiency and thus the
sensitivity of the assay. Briefly, 20 uL internal standard solution and 0.5 mL of freshly
prepared phosphate buffered normal saline solution was added to 0.4 mL human serum. The
sample underwent inverse extraction with 5 mL hexane.

After extraction the organic solvent was transferred to a clean glass tube and evaporated to
dryness at 60°C under a stream of nitrogen gas. The dried sample was then derivatized using
100 pL of 0.1 M hydroxylamine solution in methanol with 5% (v/v) glacial acetic acid [17].
After derivatization, the sample was dried and reconstituted with 80 pL 50% methanol/water
and analyzed by stable isotope dilution LC-MS/MS in positive ion mode using a Thermo
TSQ™ Vantage triple quadrapole mass spectrometer (Thermo Scientific, San Jose, CA)
coupled with a Prominence UFLC system (Shimadzu Scientific Instruments, San Jose CA),
and quantified using a Xcaliber™ Quan Browser (Thermo Scientific). During oxime
derivatization of ketosteroids, two geometric stereoisomers can be formed from a single
ketosteroid. To avoid undesirable twin peaks for a single steroid, the chromatography
conditions described in our manuscript ensure each unconjugated androgen is eluted as a
single oxime derivatized ketosteroid peak.

Given the excellent sensitivity and lower background noise obtained for androgen sulfate
and glucuronide conjugates during the negative ionization, conjugated androgen metabolites
were quantified in their latent form directly without hydrolysis or derivatization, employing
a one-step liquid-liquid extraction followed by quantitation using stable isotope dilution LC-
MS/MS. Briefly, 0.4 mL acetone containing stable isotopically-labeled standards was added
to 0.2 mL human serum. Following vortexing and centrifugation, 500 pL supernatant was
transferred to a clean glass vial for lyophilization. The dried sample was reconstituted in 80
pL 20% methanol/water and analyzed by stable isotope dilution LC-MS/MS in negative ion
mode using the same instrument as described above.

Calibration standards were prepared in double charcoal-stripped human serum
(Bioreclamation Inc., Westbury NY) and assayed in duplicate (concentration ranges are
provided in online supplement). The double charcoal-stripped human serum was tested
before use to ensure that no detectable levels of targeted androgens remained. Calibration
curves for each androgen were constructed by plotting peak area ratios (androgen/stable
isotope labeled androgen) obtained from calibration standards versus the amount of
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androgen and fitting these data using linear regression with 1/X weighting. The amount of
each androgen in the serum sample was then interpolated using this linear function. Based
on their similarity of structures and retention times, ds-DHEA was employed as internal
standard for DHEA; 13C3-A for A; 13C3-T for T and 5a-A; d3-DHT for DHT; and ds-ADT
for ADT. For the conjugated androgens, ds-DHEAS was employed as internal standard for
DHEAS; d3-DHTS for DHTS; d3-3a-diol-17G for 3a-diol-3G and 3a-diol-17G; and ds-
ADT-G for ADT-G. Additional details of our analytic methods are described in the online
supplement.

The methods for the quantification of androgens at Laval University have been described in
detail elsewhere [15,16,18]. Briefly, serum levels of DHEA, A, T, DHT, and ADT were
measured with gas chromotagraphy-MS/MS (GC-MS/MS) after derivatization by either
pentafluorobenzoylchloride (DHEA, T, DHT) or pentafluorobenzylhydroxylamine (A);
serum levels of DHEAS, ADT-G, 3a-diol-3G, and 3a-diol-17G were measured with LC-
MS/MS after C18 solid phase extraction. The primary difference in the two assays is that the
Laval University method quantifies the conjugated androgens using GC-MS/MS, while the
current assay quantifies both conjugated and unconjugated androgens using LC-MS/MS.
Further, the current assay also quantifies two additional androgens: 5a-A and DHTS.

2.2.2. Assay validation—The calibration curves for the unconjugated and conjugated
androgens measured in this study were linear over 500-1000 fold concentration range with
linear regression correlation coefficients greater than 0.998. The limit of quantitation (LOQ)
in the present assay was defined as the lowest concentration of an androgen in a sample that
could be determined with acceptable precision and accuracy [19] defined as intra- and inter-
batch CV within 15% and measured analyte values within 85% to 115% of known target
values under the condition of the described method. The LOQ for the unconjugated
androgens and conjugated androgens are as follows: 0.01 ng/mL for A and T; 0.05 ng/mL
for DHEA, DHT, and ADT; 0.1 ng/mL for 5a-A; 0.05 ng/mL for DHEAS and DHTS; 0.1
ng/mL for 3a-diol-3G, 3a-diol-17G, and ADT-G.

For the purposes of this reproducibility study, assay accuracy was measured as the percent
recovery of the known added amount of unconjugated and conjugated androgens in spiked
samples [19] (results are reported in the online supplement). High specificity of our assays
was achieved through selective reaction monitoring coupled with high resolution
chromatography.

2.3. Statistical Analysis

To quantify reproducibility of the androgen assays, estimates of the variability among

subjects (02) assay variability among batches for a given subject (05) and assay variability
associated with different aliquots in the same batch for the same subject (o) were obtained
using a nested component of variance analysis (SAS procedure VARCOMP). Hormone
values were log-transformed to stabilize variances. With ygx = i + @j + bj) + aj), Where a;,
bj() and &cij) are independent variables, each with mean 0 and corresponding variances o2,
oz and 2. Using the variance estimates we computed the total, intra- and inter-batch
coefficients of variation (CV) for each assay. We also computed the intraclass correlation

J Steroid Biochem Mol Biol. Author manuscript; available in PMC 2017 January 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Trabert et al.

Page 6

coefficient (ICCZU(QZ/ (02+05 +o 2) for each sex/menopausal status group. Paired t-tests
and Spearman’s rank correlation coefficients were used to compare results from the 9
hormones measured in both laboratories. To further evaluate the agreement between the
methods we conducted Deming regression and generated Bland-Altman plots to graphically
provide an assessment of bias. Interindividual differences in the distribution of androgen
measurements across sex/menopausal status groups were compared using box plots. The
analyses for this paper were generated using SAS/STAT software, Version 9.3 of the SAS
System for Windows (SAS Institute Inc., Cary, NC, USA). Bland-Altman plots were
generated using the MedCalc Statistical Software version 15.4 (Ostend, Belgium).

3. RESULTS

The serum levels of the principal androgens and their metabolites measured by LC-MS/MS
in 20 research donor samples are shown in Table 1. The ranges of serum androgen
concentrations, by sex/menopausal status group, are shown as box plots in Figure 2. The
concentrations of serum androgens were similar for the follicular and luteal phases of
premenopausal women and are presented as combined values. As expected, DHEA, DHT,
and ADT were found to largely circulate as their sulfated or glucuronidated metabolites:
DHEAS, DHTS, and ADT-G, respectively. DHEAS, ADT-G, DHEA, A, 3a-diol-3G and
3a-diol-17G were the most abundant androgens in the circulation of both men and women.
Testosterone levels were more than 10 times higher in men compared with women.
Concentrations of the adrenal precursors, DHEA and DHEAS, were highest in men, 16%
and 29% lower, respectively, in premenopausal women, and considerably lower among
postmenopausal women. Across every androgen measured, the average concentration in
postmenopausal women was the lowest of the three groups.

The reproducibility measures for each sex/menopausal status group are presented in Table 2.
Laboratory variability for each hormone across sex/menopausal status groups was very
similar. The overall laboratory CVs were <5% (within batch and between batch CVs were
also <5% (results not shown)). Further, the ICCs were uniformly high (>95%) for all
hormones measured across sex/menopausal status groups.

Spearman’s rank correlation, paired t-tests, Deming regression intercept and slope estimates,
and Bland-Altman estimates of bias comparing the 9 hormones measured in both
laboratories are presented in Table 3. The absolute levels for T and A were virtually
identical across laboratories [geometric mean of samples measured in current laboratory and
comparison laboratory: T = 0.49 ng/ml and 0.49 ng/mL, respectively; A = 1.03 ng/mL and
1.00 ng/mL, respectively]. For the remaining 7 hormones measured, the geometric means of
the absolute levels were significantly different across laboratories, however, ranked
correlations for all 9 hormones measured were high (>0.85), suggesting good agreement.
Deming regression showed no deviation from an intercept of 0 and slope of 1 for ADT and
DHEAS. For the remaining androgens compared there were statistically significant
systematic (intercept) and/or proportional (slope) differences in measurement across the two
laboratories; however, the overall magnitude of the statistically significant differences was
small (<1.2). The Bland-Altman estimates and plots (Supplemental Figure 2) suggest no
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statistically significant bias for 8 of the 9 hormones measured. The current laboratory
method measured ADT-G significantly higher than the comparison laboratory (Bland-
Altman bias = 0.61 (0.09, 1.13)).

4. DISCUSSION

Laboratory results were highly reproducible with overall CVs of <5% for each of 11
hormones measured. ICCs for all hormones measured were high, >95%, demonstrating that
interindividual variability in measurements was much greater than within laboratory
variation for all hormones measured. Further, the substantial interindividual variability of
circulating principal androgens as well as their 5a-reduced metabolites measured in serum
from men, premenopausal women, and postmenopausal women, suggests that these assays
are suitable to assess the role of endogenous androgens in a number of conditions, including
cancer, that are more common with aging in both men and women when androgen
concentrations are at their lowest [20,21].

Although absolute values were not identical, these findings compare favorably (Spearman’s
rank correlation, >0.85) with those obtained in the external laboratory in which 9 of the 11
hormones were measured via GC-MS or LC-MS/MS. Differences in the absolute values
across laboratories could be due to different sources of androgen reference compounds
employed in the laboratories, as well as potential lot-to-lot variability of the calibrators. The
complexity of human sera with possible co-eluting species during chromatography could
also contribute to the observed differences in absolute values. However, given the generally
small magnitude (Deming slopes and intercepts <1.2) of differences combined with the high
ranked correlations of measurements across the two laboratories the quantile categorization
of androgen levels employed in epidemiologic studies using either laboratory should be
comparable.

Several limitations should be noted. Given that our results are based on a small number of
participants (n=20), it is possible that the variance estimates may not adequately represent
the underlying population values and provide imprecise estimates of the relevant statistics.

However, the general agreement of results between the laboratories, as well as the
reproducibility and ICC findings for this novel method across sex/menopausal status groups,
especially among postmenopausal women where concentrations are lowest, is notable.
Further, the small number of subjects in each sex/menopausal status group limits our ability
to explore hormone profiles with clinical, demographic, and anthropometric characteristics
and argues for the need to further evaluate these associations in large population-based
studies. We did not measure androgens among individuals with exceptionally low levels; as
such the current assays may not be sensitive enough to measure androgen levels in select
cancer patients or individuals on androgen deprivation therapy. However, studies have
shown that only certain levels of androgens decrease in men taking the type 2 5a-reductase
inhibitor Finasteride (e.g. DHT decreases from an average of 0.5 ng/mL to 0.1 ng/mL over
the course of treatment), and our assay limit of detection (e.g. for DHT = 0.05 ng/mL) is
smaller than the lowest detected levels in those men [14]. Finally, the use of single blood
draw from research donors does not address intra-individual variation in androgen profiles.
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A notable strength of our study is the development of well validated LC-MS/MS assays that
measure a profile of clinically relevant principal androgens and their metabolites in a total
serum volume of 0.6 ml. A serious deficiency of conventional radioimmunoassays and
direct immunoassays of steroid hormones is their limitation in measuring multiple steroids
in a single aliquot of serum. The enormous progress made in developing MS assays for
quantifying patterns of steroid hormone metabolites can be seen in the methodology
established previously by Xu et al. [22,23]. This group developed a stable isotope dilution
LC-electrospray ionization-MS/MS assay that can measure concurrently a total of 15
estrogens (estriol and estrone and their metabolites) in 0.5 ml of serum or urine with high
validity. Thus, the measurement of 15 estrogens can be used concurrently with the present
MS assays developed to measure 11 androgens. This methodology will be especially
important in epidemiologic studies on effects of principal estrogens and androgens, together
with their metabolites, in complex diseases. Many challenges will be encountered in the
rapidly growing field of metabolomics, but the results are likely to provide a valuable
contribution to understanding different disease states [24].

Another strength of the study is that the five conjugated steroids in the profile were
quantified as entire molecules, without requiring prior hydrolysis. It is well recognized that
conjugated steroid assay methods requiring a hydrolysis procedure to split sulfates and
glucuronides are not only cumbersome and time-consuming but also lack precision due to
variability in the efficiency of the hydrolysis procedure.

In conclusion, the findings of our study including excellent laboratory reproducibility and
sensitivity of the androgen LC-MS/MS assays, comparability with an established technique,
and substantial interindividual variation in androgen concentrations, suggest that the serum
assays are suitable for use in epidemiologic research.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
e The role of androgen metabolites in cancer etiology remains largely unexplored.

e LC-MS/MS methods measured 11 androgens and androgen metabolites in
serum.

e Excellent reproducibility and comparability with an established method.

e Assays are suitable to measure endogenous androgens in epidemiologic studies.
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Figure 1.

Formation of 5a-reduced androgens from adrenal androgenic precursors, DHEA and

Page 12

DHEAS. The current assays measure 11 of these 12 metabolites, the only metabolite not

measured is 5a-androstane-3a,17f diol (3a-diol) due to very low abundance in serum.
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Concentration of serum androgens by sex/menopausal status.
Y-axis androgen concentration (ng/mL) plotted on a logarithmic scale. Box represents 25
and 75" percentile with center line at median value of distribution. Whiskers represent

minimum and maximum concentration.
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