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Abstract

Castration resistant prostate cancer (CRPC), the fatal form of prostate cancer, remains androgen
dependent despite castrate levels of circulating testosterone (T) and 5a-dihydrotestosterone
(DHT). To investigate mechanisms by which the tumor can synthesize its own androgens and
develop resistance to abiraterone acetate and enzalutamide, methods to measure a complete
androgen profile are imperative. Here, we report the development and validation of a stable isotope
dilution liquid chromatography electrospray ionization tandem mass spectrometric (SID-LC-ESI-
MS/MS) method to quantify nine human hydroxy-androgens as picolinates, simultaneously with
requisite specificity and sensitivity. In the established method, the fragmentation patterns of all
nine hydroxy-androgen picolinates were identified, and [13C3]-5a-androstane-3a, 17p-diol and
[13C3]-5a-androstane-3@, 17p-diol used as internal standards were synthesized enzymatically.
Intra-day and inter-day precision and accuracy corresponds to the U.S. Food and Drug
Administration Criteria for Bioanalytical Method Validation. The lower limit of quantitation
(LLOQ) of nine hydroxy-androgens is 1.0 pg to 2.5 pg on column. Diols which have been
infrequently measured: 5-androstene-3, 17p-diol and 5a.-androstane-3a., 17p-diol can be
determined in serum at values as low as 1.0 pg on column. The method also permits the
quantitation of conjugated hydroxy-androgens following enzymatic digestion. While direct
detection of steroid conjugates by electrospray-ionization tandem mass spectrometry has
advantages the detection of unconjugated and conjugated steroids would require separate methods
for each set of analytes. Our method was applied to pooled serum from male and female donors to
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provide reference values for both unconjugated and conjugated hydroxy-androgens. This method
will allow us to interrogate the involvement of the conversion of 5-androstene-3p, 17p-diol to T,
the backdoor pathway involving the conversion of 5a-androstane-3a, 178-diol to DHT and the
inactivation of DHT to 5a.-androstane-3p, 17p-diol in advanced prostate cancer.
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1. Introduction

Prostate cancer (CaP) is the most frequently diagnosed cancer and the second leading cause
of cancer death in males in the United States [1]. Pathophysiological studies have shown that
the development of CaP is initially dependent on androgens and mediated by the androgen
receptor (AR) signaling axis [2-4]. Thus, androgen deprivation therapy (ADT) has been the
primary clinical treatment for localized advanced or metastatic CaP [5,6]. However,
progression of CaP occurs within 1-2 years in almost all patients receiving ADT despite
castrate levels of circulating androgens (e.g. T and DHT), and is defined as castration
resistant prostate cancer (CRPC), the fatal form of CaP [7,8]. CRPC is now treated with new
drugs that either target androgen biosynthesis or antagonize the AR. Abiraterone acetate,
which inhibits the activities of cytochrome P450 17a-hydroxylase/17,20-lyase (CYP17A1)
to block the conversion of pregnenolone to DHEA (Scheme 1), significantly reduces
circulating androgens, improves overall survival in CRPC patients and has been approved by
FDA [9-11]. Enzalutamide, a second generation of AR antagonist, also offers efficacious
treatment and survival benefit for patients with advanced prostate cancer [12,13]. The
positive results obtained with these two agents in clinical trials indicate that CRPC remains
androgen driven by the reactivation of AR signaling due in part to intratumoral androgen
biosynthesis [5,14,15]. However, resistance to abiraterone and enzalutamide has been
reported due to an elevated expression level of CYP17A1, AKRIC3, AR gene amplification
or the emergence of AR splice variants which are constitutively active etc. [15-18]. In order
to investigate the efficacy of new drug treatments, understand mechanisms of drug resistance
and create precision treatment for CRPC, clinical chemistry requires methods to measure
serum and intratumoral androgen levels with the requisite specificity, sensitivity, accuracy
and precision.

T and DHT can be synthesized via four different pathways, where the enzymes involved in
the prostatic androgen biosynthesis are shown in Scheme 1. The classical pathway involves
DHEA — A*-androstenedione — T — DHT. An alternative pathway bypasses the
formation of T and converts A%-androstenedione to 5a-androstanedione which is further
reduced to DHT. Another pathway to DHT, also known as the backdoor pathway, converts
androsterone to 3a.-androstanediol which is subsequently oxidized to DHT. In addition, a
potential route to testosterone involves the conversion of DHEA to 5-androstenediol and its
subsequent dehydrogenation and isomerization to T [19]. The central role of AKR1C3 is
also shown.
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Several analytical methods exist to measure T and DHT and their precursors involved in
intracrine androgen biosynthesis such as immunoassay, gas chromatography tandem mass
spectrometry (GC-MS/MS) and liquid chromatography tandem mass spectrometry (LC—
MS/MS) [20,21]. In comparison to traditional immuno-assays such as radioimmunoassay
(RIA) and enzyme-linked immunosorbent assay (ELISA), mass spectrometry does not suffer
from cross reactivity problems that can plague antibody based methods. In addition, LC—
MS/MS provides accurate structural information of analytes (e.g. it can distinguish between
different regio- and stereo-isomers), and can measure many analytes simultaneously using
the selected reaction monitoring (SRM) mode and thus reduces the sample size of the
biospecimen [21-29]. However, LC-MS/MS methods can be limited by insufficient
sensitivity from poorly ionized steroids using soft ionization sources (e.g. ESI) [30,31]. To
circumvent this problem, chemical derivatization techniques have been introduced to form
easily ionized analytes prior to LC-MS/MS analysis [32]. Girard-T/P reagents targeting
carbonyl groups (e.g. keto-androgens) have been successfully applied to improve detection
sensitivity. LC-ESI-MS/MS coupled with Girard-T derivatization has been used by us to
systematically quantify the keto-androgen profile in patients with CaP and CRPC [30,33-
35]. Steroids which contain both a keto group and a hydroxyl group can be detected by
either Girard-T derivatization of the keto group to form the oxime or by picolinic acid
derivatization of the hydroxyl group to form the picolinate ester. However, hydroxy-
androgens, which contain hydroxyl groups only (e.g. 5-androstenediol) cannot be measured
by Girard-T derivatization. Currently, T, DHT, hydroxy-estrogens and corticosteroids in
human saliva, serum, and tissue have been detected following picolinic acid derivatization
using LC-ESI-MS/ MS [36-38]. This derivatization method improves the ionization
efficiency of steroids with a hydroxyl group since the picolinic acid ester improves proton
affinity and minimizes interferences from biological matrices (see Scheme 3) [37]. However,
this method has not been systematically applied to a panel of hydroxy-androgens,
specifically for the measurement of androgen diols.

Herein, we report the development and validation of a new stable isotope dilution liquid
chromatography electrospray ionization tandem mass spectrometry (SID-LC-ESI-MS/MS)
method using picolinic acid derivatization that allows us to simultaneously quantify nine
human hydroxy-androgens and their glucuronide and sulfate conjugates, including a panel of
hydroxy-androgens involved in androgen metabolism in prostate (rectangle circled in
Scheme 1). While direct detection of steroid conjugates by electrospray-ionization tandem
mass spectrometry has advantages the detection of unconjugated and conjugated steroids
would require separate methods for each set of analytes. Moreover, our method can be
adapted to measure the conversion of hydroxy-androgen precursors to DHT by four
pathways including the canonical pathway, the alternative pathway from 5a.-androstane-
dione, the backdoor pathway from 3a-androstanediol and the conversion of 5-androstenediol
to T. We also used an enzymatic method to synthesize internal standards (1S) of [13C]-
labeled 3a.-androstanediol and 3p-androstanediol for the quantitation of androgen diols (5-
androstenediol, 3a.-androstanediol and 3p-androstanediol). This method was used to
determine nine hydroxy-androgens and their conjugates in pooled serum from male and
female donors. For the first time, 5-androstenediol (a precursor of T), 3a-androstanediol
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involved in the backdoor pathway to DHT and 3B-androstanediol involved in DHT
deactivation were determined simultaneously in human serum.

2. Materials and methods

2.1. Reagents and biological samples

Reagents were of ACS grade or higher and were purchased from Fisher Scientific
(Pittsburgh, PA, USA) and used without further purification. T (17p-hydroxy-4-androsten-3-
one), Epi-T (17a-hydroxy-4-androsten-3-one), DHEA (3p-hydroxy-5-androsten-17-one),
DHEA-sulfate sodium salt (DHEA-S), DHEA-glucuronide (DHEA-G), androsterone (3a-
hydroxy-5a-androstan-17-one), epi-androsterone (3p-hydroxy-5a-androstan-17-one), DHT
(17B-hy-droxy-5a.-androstan-3-one), 5-androstenediol (androst-5-ene-3p, 17p-diol), 3a-
androstanediol (5a.-androstane-3a.,17p-diol) and 3p-androstanediol (5a.-androstane-3p,
17p-diol) were purchased from Steraloids (Wilton, NH, USA). [2,3,4-13C5]-T ([*3C5]-T)
and [2,3,4-13C3]-DHT ([13C3]-DHT) were from C/DIN lIsotopes (Point-Claire, Quebec,
Canada) and Cambridge Isotopes (Andover, MA, USA), respectively. Nicotinamide adenine
dinucleotide, Grade | reduced form (NADH) and nicotinamide adenine dinucleotide
phosphate, reduced form (NADPH) were obtained from Roche Diagnostics (Indianapolis,
IN, USA). DHEA-S sodium salt in methanol (1 mg/mL), 4-dimethylaminopyridine (DAP),
2-methyl-6-nitrobenzoic anhydride (MNBAnN), picolinic acid (PA), triethyl-amine (TEA),
anhydrous tetrahydrofuran (THF), p-glucuronidase from £. coli and sulfatase from Abalone
entrails were from Sigma-Aldrich (St. Louis, MO, USA). Recombinant rat liver 3a.-
hydroxysteroid dehydrogenase (AKR1C9, E.C. 1.1.1.213) and human steroid 5p-reductase
mutant E120H (AKR1D1 E120H) were prepared and purified as previously described
[39,40]. Charcoal dextran stripped fetal bovine serum (CD-FBS) was from Atlanta
Biologicals (Lawrenceville, GA, USA). Pooled human serum collected from males and
females was obtained from BioreclamationlVT (Westbury, NY, USA), shipped on dry ice,
and stored at —80 °C until sample preparation. One pooled sample was purchased from male
donors and one pooled sample was purchased from female donors.

2.2. Enzymatic synthesis of [2,3,4-13C3]-3a-androstanediol and [2,3,4-13C3]-3p-
androstanediol

[2,3,4-13C3]-3a-Androstanediol ([13C3]-3a-androstanediol) and [2,3,4-13C5]-3p-
androstanediol ([13C3]-3p-androstanediol) were synthesized from [13C3]-DHT using rat liver
AKR1C9 and human AKR1D1 E120H mutant, respectively (Scheme 2). AKR1D1 E120H
mutant has been previously shown to be a soluble recombinant source of 33-HSD [40]. This
single point mutation in AKR1D1 is sufficient to eliminate the 5b-reductase activity of the
enzyme and generate an enzyme that only has 3p-HSD activity [40]. For the synthesis of
[13C3]-3a-androstanediol, the reaction contained 100 mM potassium phosphate buffer (pH
6.0), 4% acetonitrile (ACN, HPLC Grade), 651 mM NADH, AKR1C9 (9.3 ng/ L) and
[13C3]-DHT (4 pg/ uL). For the synthesis of [13C3]-3p-androstanediol, the reaction system
was composed of 100 mM potassium phosphate buffer (pH 6.0), 4% ACN, 1 mM NADPH,
AKR1D1 E120H mutant (14 ng/ mL) and [13C3]-DHT (4 pg/ uL). All the reactions were
incubated at 37 °C for 1 h. After incubation, the solution was extracted with 1.5 mL of ethyl
acetate by vortex followed by 20 min of centrifugation, and the ethyl acetate fraction was
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transferred into borosilicate tubes. The extraction step was repeated once. The extracts were
combined and dried by a Savant SPD121P SpeedVac™ Concentrator (Thermo Scientific,
San Jose, CA, USA). The products were reconstituted in 200-proof ethanol to ~50 pg/uL,
and the amount of [13C;3]-3a-androstanediol and [13C5]-3p-androstanediol were assessed by
LC-ESI-SRM-MS using Dionex UltiMate 3000 UHPLC coupled with TSQ Quantum Ultra
Triple Quadrupole mass spectrometer (Thermo Scientific, San Jose, CA, USA). For the
quantitation of [13C3]-3a-androstanediol and [13C3]-3B-androstanediol, three aliquots (5 uL
each) from [13C5]-3a-androstanediol and [13C3]-3B-androstanediol were analyzed after
picolinic acid derivatization as described below, and the concentration was estimated from
an external calibration curve constructed using a serial dilution of 3a.-androstanediol and 3p-
androstanediol picolinate solutions. The concentrations were then re-validated by combining
the same amounts of 3a.-androstanediol and [13C5]-3a.-androstanediol or 3@-androstanediol
and [13C3]-3B-androstanediol for derivatization and LC-ESI-SRM-MS analysis to check the
peak area ratios (see Data-in-Brief in Ref. [41]). After quantitation, the solution was diluted
to 20 pg/pL in ethanol and stored at —20°C until use. The methods were optimized by using
unlabeled DHT to ensure that the reactions went to completion before its application to
synthesize stable isotopically labeled internal standards (see Data-in-Brief in Ref. [41]).

2.3. Preparation of derivatization reagent, stock solutions and calibrators

To prepare 1 mL of picolinic acid derivatization reagent, DAP (20 mg) and PA (50 mg) were
first dissolved in anhydrous THF (1 mL). Next, MNBAn (40 mg) was added to the solution
and dissolved with gentle shaking for derivatization (Scheme 3).

A standard stock solution containing a mixture of T, EpiT, DHEA, DHT, androsteroneg,
epiandrosterone, 5-androstenediol, 3a-androstanediol and 3p-androstanediol in 200-proof
ethanol at a concentration of 1 ng/uL was made. The IS solutions of [13C3]-T, [13C3]-DHT,
[13C;]-3a-androstanediol and [13C5]-3p-androstanediol were also prepared in ethanol at a
concentration of 20 pg/uL Solutions were stored at —20 °C.

CD-FBS or ethanol was used as the matrix for calibrators and quality control (QC) samples.
An aliguot of CD-FBS (0.2 mL) in a borosilicate tube was mixed with a different amount of
the standard mixture and IS mixture ([13C3]-T, [13C3]-DHT, [*3C5]-3a-androstanediol and
[13C3]-3B-androstanediol, 100 pg each). The mixtures were extracted with 2 mL of
anhydrous diethyl ether by shaking for 15 min. The organic phase was separated by
centrifugation using SVC-100H at 1500 rpm (~176 x g, Savant, Farmingdale, NY, USA) for
1 h. The organic fraction was transferred to another tube and evaporated to dryness under
nitrogen in a VisiPrep 24DL manifold (Supelco, Bellefonte, PA, USA). The dried residue
was dissolved in the prepared derivatization reagent (100 uL each) as described above,
followed by the addition of 40 pL of TEA and incubated at room temperature with mild
agitation for 90 min. The reaction was quenched by adding 1% aqueous acetic acid (1 mL,
v/v) and the derivatives were further purified using Strata C18-E cartridge (Phenomenex,
Torrance, CA, USA) coupled onto VisiPrep 24DL manifold for vacuum extraction (Scheme
3). The cartridges were first pre-conditioned with 2 mL of methanol followed by addition of
2 mL of water. After preconditioning, a solution of derivatives (~1.1 mL) was loaded onto
the cartridge. After binding, the cartridges were washed with 2 mL of water and 3 mL of
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30% (v/v) ACN in water. The derivatives were eluted with 3 mL of ACN and the eluent was
dried on a Savant SPD121P SpeedVac™ Concentrator. The dried residues were stored at
—20 °C until analysis by LC-ESI-SRM-MS.

2.4. Sample preparation

Human serum (0.2 mL) was mixed with IS ([}3C3]-T, [*3C3]-DHT, [13C3]-3a-
androstanediol and [13C3]-3B-androstanediol, 100 pg each) and extracted, and the organic
fraction containing the unconjugated androgens was derivatized as described above, see Fig.
1. The aqueous solution containing the conjugated androgens was separated into two
aliquots for enzymatic digestion to quantify glucuronidated and sulfated androgen
metabolites using our published method with some slight modifications (Scheme S1 in Data-
in-Brief: Ref. [41]) [33]. For the quantitation of glucuronidated hydroxy-androgens, 100 pL
of the aqueous fraction was incubated with 100 mM (final concentration) sodium acetate
buffer at pH 5.0, IS ([13C3]-T, [13C3]-DHT, [13C3]-3a-androstanediol and [13C3]-3p-
androstanediol, 100 pg each) and 90 U of £. coli B-glucuronidase at 37 °C for 3-4 h. Then,
another 90 U of £.coli B-glucuronidase was added to continue the digestion for a total of 16—
18 h. For the quantitation of the combined sulfated and glucuronidated hydroxy-androgens, a
1 L of the aqueous fraction was incubated with 100 mM (final concentration) sodium
acetate buffer at pH 5.0, IS ([13C3]-T, [13C3]-DHT, [}3C3]-3a-androstanediol and [13C3]-3B-
androstanediol, 100 pg each), 30 U of Abalone entrails sulfatase and 90 U of £. coli p-
glucuronidase at 37 °C for 3—4 h. Then, another 30 U of Abalone entrails sulfatase and 90 U
of E. coli B-glucuronidase were added to continue the digestion for a total of 16-18 h. After
digestion, sample extraction and derivatization followed the same procedure as described
above. The dried residues were stored at —20 °C until analysis by LC-ESI-SRM-MS. The
difference between the digestion using p-glucuronidase and B-glucuronidase plus sulfatase
provided a quantitative estimate of the sulfate conjugates. Before digestion, both enzymes
were titrated based on the protocols provided by the manufacturer. The validation of the
digestion methods are described in the Data-in-Brief article (Tables S1-S3 in Ref. [41]).

2.5. LC-ESI-MS/MS

LC-ESI-MS/MS was performed on a TSQ Quantum Ultra Triple Quadrupole mass
spectrometer connected with Dionex UltiMate 3000 UHPLC. Kinetex C18 (Phenomenex,
Torrance, CA, USA) 100 mm x 2.1 mm, 2.6 um, 100 A column with a C18 guard column
(2.1 mm internal diameter) was used for the separation of hydroxy-androgen picolinates.
The flow rate was 0.25 mL/min. The column was eluted with 0.05% (v/v) formic acid in
water (mobile phase A) and 0.05% (v/v) formic acid in 40% acetonitrile: 60% methanol (v/v,
mobile phase B), starting at 20% B for 1 min, then increased to 60% B over 5 min and
maintained at 60% B for 20 min, then increased to 95% B over 15 min and maintained at
95% B for 5 min, and finally decreased to 20% B over 1 min and maintained at 20% B for
15 min. The mass spectrometer conditions were spray voltage, 4000 V; ion transfer capillary
temperature, 350 °C; capillary offset voltage: 35V, sheath gas (nitrogen) pressure, 40 psi;
auxiliary gas (nitrogen) pressure, 15 arbitrary units; collision gas: argon. All samples were
reconstituted with 100 pL of 60% acetonitrile in water (v/v) and 20 pL of analyte was
injected for mass spectrometric analysis. Data were analyzed by using the program Xcalibur
3.0.63 (Thermo Scientific).
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2.6. Method validation

The quantitation of nine hydroxy-androgens in serum was validated based on linearity of
calibration curves, matrix effects, detection specificity, determination of the lower limit of
quantitation (LLOQ), and intra- and inter-day precision and accuracy. The efficiency,
precision and accuracy of enzymatic digestion were also validated (see Table S3 and Data-
in-Brief in Ref. [41]).

2.6.1. Calibration curves, matrix effects and specificity—Serial dilutions from the
standard mixture were added into CD-FBS (0.2 mL) to yield concentrations of 5, 12.5, 25,
50, 125, 250, 500, 1250, 2500 and 5000 pg/0.2 mL, respectively. The IS mixture of [13C5]-T,
[13C3]-DHT, [*3C;]-3a-androstanediol and [13C5]-3p-androstanediol (100 pg each) was
then spiked into each sample. The ratio of peak areas of PA derivatives of the standards to
those of the corresponding IS versus amount of injected standards were plotted to yield
calibration curves. For the quantitation of T, EpiT and DHEA, [13C5]-T was used as the IS;
for the quantitation of DHT, androsterone and epiandrosterone, [13C3]-DHT was used as the
IS; for the quantitation of 5-androstenediol and 3a.-androstanediol, [3C3]-3a.-
androstanediol was used as the IS; for the quantitation of 3p-androstanediol, [13C3]-3p-
androstanediol was used as IS. The same calibration curves were also constructed using
ethanol (0.2 mL) as the matrix. The matrix effect from serum was evaluated by comparing
the slopes of calibration curves acquired from CD-FBS and ethanol. The specificity of the
method was tested by analyzing six individual blank CD-FBS samples.

2.6.2. Lower limit of quantitation, intra- and inter-day precision and accuracy
—LLOQ was defined as the lowest concentration which can be measured with a signal to
noise ratio = 5:1, and the determined amount has a precision that does not exceed 20% of the
coefficient of variation (CV) and accuracy is within 20% of the theoretical level. At least five
individual samples were analyzed to determine LLOQ. The intra-day precision of the
method was assessed by performing triplicate analysis of QC samples within one day. The
inter-day precision of the method was assessed by performing triplicate analysis of QC
samples on three consecutive days. Three CD-FBS samples (QC) spiked with low, medium
and high concentrations (5 or 12.5, 250, 2500 pg/0.2 mL) of the standard mixture were
prepared and analyzed, respectively. The accuracy of QC samples was calculated based on
the ratio of the determined amount to the theoretical amount.

3. Results

3.1. Derivatization by picolinic acid and separation of hydroxy-androgen picolinates

The derivatization of nine hydroxy-androgens by the picolinic acid reagent was optimized
(see Data-in-Brief in Ref. [41]). Hydroxy-androgens with mono-hydroxyl or dihydroxyl
groups were completely converted to the corresponding mono- or bis-picolinates,
respectively (Fig. 2 (text) and Fig. S8 in Ref. [41]). In addition, baseline separation for nine
hydroxy-androgen picolinates was achieved by optimizing RP-HPLC conditions (Fig. 3
(text) and Fig. S6 in Ref. [41]).
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3.2. Enzymatic synthesis of [13C3]-3a-androstanediol and [13C3]-3p-androstanediol from

[13C3]-DHT

Following enzymatic reduction, the [13C3]-DHT substrate could not be detected by mass
spectrometry (Fig. 4) and the synthesized [13C3]-3a-androstanediol and [13C3]-3p-
androstanediol showed little interference upon analysis with other targeted hydroxy-
androgen picolinates (Fig. S4 in Ref. [41]).

3.3. ESI-MS, ESI-MS/MS and LC-ESI-MS/MS of hydroxy-androgen picolinates

The precursor and product ions of nine hydroxy-androgen picolinates were characterized by
direct infusion ESI-MS and ESI-MS/MS in the positive-ion mode. Hydroxy-androgen
monopicolinates (T, EpiT, DHEA, DHT, androsterone and epiandroster-one) displayed the
predominant [M+H]* as the base peaks; however, hydroxy-androgen bis-picolinates (5-
androstenediol, 3a.- and 3B-androstanediol) showed the presence of [M+2H]2*, [M+H]* and
[M+Na]* (Fig. 2 (text) and Fig. S8 in Ref. [41]). The fragmentation of [M+H]* of hydroxy-
androgen picolinates gave a similar fragment pattern with relatively low collision energy
(14-21 eV), which consisted of [M+H-CgH5NO, (M+H-PA)]*, [M+H-CgHsNO,—H,0 (M
+H-PA-H50)]*, [M+H-C15H19N>04 (M + H-2PA from bis-picolinates)]*, [CeHgNO, (PA
+H)]* and [CgHgNO,—-H,0 (PA+H-H,0)]* (Fig. 2 (text) and Figs. S8 and S9 in Ref. [41]).
In order to achieve the maximum sensitivity, the collision energies for product ions were
further optimized by LC-ESI-MS/MS analysis. lon transitions of 7/2394.1 — 124.0 for T
and EpiT; m/z394.1 — 271.0 for DHEA; m/z396.1 — 124.0 for DHT, androsterone and
epiandrosterone; m/z501.1 — 255.1 for 5-androstenediol; m/2503.1 — 257.1 for 3a - and
3B -androstane-diol; 7/2397.1 — 124.0 and m/z397.1 — 274.0 for [13C3]-T; m/z399.1
— 124.0 for [13C3]-DHT; m/z506.1 — 260.1 for [13C3]-3a - and [13C3]-3B-androstanediol
were chosen for LC-ESI-SRM-MS in quantitation of nine hydroxy-androgen picolinates
(Fig. 3 (text) and Table S4 in Ref. [41]).

3.4. Method validation

3.4.1. Linearity of calibration curves, matrix effects and specificity—Calibration
curves of T, EpiT, DHEA, DHT, androsterone, epiandrosterone, 5-androstenediol, 3a- and
3p-androstanediol standards were constructed in CD-FBS (0.2 mL) or ethanol (0.2 mL)
based on the peak area ratios between targeted hydroxy-androgen picolinates and the
corresponding IS picolinates. At least six concentration levels in the range of 5-5000 pg/0.2
mL were analyzed, and the calibration curves were linear based on their slopes and gave
high correlation coefficients (/2) of 0.9988-0.9999 (Fig. 5 (text) and Fig. S10 in Ref. [41]).
Matrix effects were assessed for nine hydroxy-androgen picolinates, and no significant
difference was observed by comparing calibration curve slopes between CD-FBS and
ethanol (coefficient of variation < 20%, see Fig. 5 (text) and Fig. S10 in Ref. [41]).

In addition, CD-FBS (0.2 mL) and IS spiked CD-FBS (0.2 mL) as control samples were
analyzed to evaluate the specificity of detection. The mass spectrometric analysis indicated
that there was little interference from other compounds that co-eluted with the targeted
hydroxy-androgen picolinates or IS picolinates (Fig. S11 in Ref. [41]).
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3.4.2. Lower limit of quantitation, intra- and inter-day precision and accuracy
—LLOQ was defined as the lowest amount of targeted hydroxy-androgen picolinates which
could be determined with an accuracy within 20% of theoretical value and a precision less
than 20% of the CV. The determined LLOQs are listed in Table 1 (see SRM chromatograms
in Fig. 3 (text) and Fig. S12 in Ref. [41]). LLOQs of T, 5-androstenediol and 3a-
androstanediol in CD-FBS were 1.0 pg on column (Fig. S12 in Ref. [41]), and LLOQs of
EpiT, DHEA, DHT, androsterone, epiandrosterone and 3B-androstanediol in CD-FBS were
2.5 pg on column (Fig. 3). Since some analytes are at relatively high concentrations we all
estimated the Upper Limit of Quantification (ULOQ) for which DHEA was 15 ng on
column. QC samples were prepared and analyzed three times in one day and on three
consecutive days to assess the precision and accuracy of targeted analytes. Precision and
accuracy in CD-FBS were analyzed at three different QC concentration levels (LLOQ,
medium and high). The intra- and inter-day accuracy were within 15% of the theoretical
amount and the precision was less than 15% of CV, except at the LLOQ level, where values
still corresponded to U.S. Food and Drug Administration (FDA) Criteria for Bioanalytical
Method Validation (Table 1).

3.4.3. Measurement of hydroxyandrogens in human serum—The validated
method was applied to commercially available pooled serum from male and female donors
for the determination of unconjugated and conjugated hydroxy-androgens (Fig. 6 (text) and
Figs. S14-S17 in Ref. [41]). Interference from peaks in human serum that co-elute with the
IS picolinates could affect the accuracy of quantitation. By comparing with the control
samples without adding IS, a S/N value (>200) showed that the peaks coeluting with IS
picolinates had no significant interference in the method (Figs. S18 and S19 in Ref. [41]).
Unconjugated hydroxy-androgens, T, DHEA, DHT, androsterone, epiandrosterone, 5-
androstenediol were quantitated in serum from both males and females (Table 2).
Comparison by gender showed that levels of T (450 ng/dL) and DHT (35.2 ng/dL) were
higher (~15-fold and 3-fold) in serum from males than the levels of T (33.0 ng/dL) and DHT
(10.8 ng/dL) in serum from females respectively. The level of epiandrosterone (18.5 ng/dL)
in serum from females was 2-fold higher than its level (9.1 ng/dL) in serum from males.
DHEA, androsterone, 5-androstenediol showed comparable levels in serum from males and
females, respectively. 3a-Androstanediol was quantified in serum from males; however, it
was not quantifiable in serum from females, because its level was below the LLOQ. 3p-
Androstanediol was not quantifiable in serum from males, and was absent (or not detected)
in serum from females.

DHEA-S, epiandrosterone-S and 5-androstenediol-S were determined in serum from both
males and females. Almost no sex difference was observed in their levels indicating their
adrenal origin. Androsterone-S was quantified in serum from males and was not detected in
serum from females. The other hydroxy-androgen (T, DHT, 3a- and 3p-androstanediol)
sulfate conjugates were not detected.

T-G, DHEA-G, androsterone-G, epiandrosterone-G and 3a.-androstanediol-G were
determined in serum from males and females. Levels of T-G (123 ng/dL) and 3a-
androstanediol-G (520 ng/dL) in serum from males were higher than the levels of T-G (36.7
ng/dL) and 3a-androstanediol-G (242 ng/dL) in serum from females. Levels of DHEA-G,
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androsterone-G, epiandroster-one-G did not show differences between males and females. 5-
Androstenediol-G was not quantifiable and 3B-androstanediol-G was not detected in serum
from either males or females. EpiT and its conjugates (sulfate and glucuronide) were absent
(or not detected) in serum from males or females. Three unknown peaks at retention time of
37.1, 38.1 (ion transition /m/z 501.1 — 255.1) and 39.7 min (ion transition /7/z. 503.1 —
257.1) remain to be identified (Fig. 6).

Within each gender group, the level of DHEA-S observed was three orders of magnitude
higher than the level of unconjugated DHEA. Levels of androsterone-G, epiandrosterone-S
and -G, and 5-androstenediol-S were two orders of magnitude higher than their
unconjugated forms. 3a-Androstanediol-G showed a higher level in both male (520 ng/dL)
and female (242 ng/dL) when compared to their corresponding levels of unconjugated 3a.-
androstanediol, respectively. In addition, the level of androsterone-S (724 ng/dL) in serum
from males was thirty times higher than free androsterone (20.7 ng/dL).

4. Discussion

Measurement of clinically relevant androgens is necessary for the diagnosis and treatment of
CaP and CRPC patients. We developed and validated a SID-LC-ESI-MS/MS method for the
simultaneous determination of nine hydroxy-androgens and their conjugates following
picolinic acid derivatization. Thus we can potentially detect and quantify 27 analytes in all.
This method reliably quantifies 1 pg on column of T, 5-androstenediol and 3a-
androstanediol, and 2.5 pg on column of EpiT, DHEA, DHT, androsterone, epiandrosterone
and 3p-androstanediol in serum (Table 1).

4.1. Derivatization by picolinic acid and separation of hydroxy-androgen picolinates

Hydroxy-androgen picolinates have a maximum UV absorption at 265 nm, so the efficiency
of derivatization and separation of the derivatized hydroxy-androgens were investigated by
HPLC-UV/Vis at the beginning of methods development (see Data-in-Brief in Ref. [41]).
We found that hydroxy-androgens with two hydroxyl groups (e.g. 3a.-androstanediol) could
not be completely converted to hydroxy-androgen bis-picolinates by following the reported
derivatization conditions [37], which would compromise the quantitation of androgen diols.
As such, we optimized the conditions for the derivatization of hydroxy-androgens. Kinetic
assays (Figs. S1 and S2 in Ref. [41]) showed that 3a-androstanediol (10 pg) was completely
converted to 3a.-androstanediol bis-picolinate under the optimized conditions described in
Materials and Methods. Mass spectrometric analyses showed that all hydroxy-androgens
with mono- or di-hydroxyl groups were converted to one single mono-picolinate or bis-
picolinate, respectively (Fig. 2 (text) and Fig. S8 in Ref. [41]). Thus, this reaction condition
was used for the derivatization of the targeted hydroxy-androgen mixture.

Another critical consideration is the baseline separation for nine hydroxy-androgen
picolinates. Several hydroxy-androgen picolinates with the same molecular weight (e.g.T
and EpiT, DHT and androsterone) will share the same ion transitions during SRM mass
spectrometric analysis. An incomplete separation of these hydroxy-androgen picolinates will
affect the specificity of detection and the accuracy of quantitation. The LC-ESI-MS/MS
method coupled with picolinic acid derivatization for quantitation of T and DHT in human
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serum has been reported previously, with a LLOQ of 0.2 pg on column [37]. However, using
an identical chromatographic separation method we found that the isomeric T and EpiT
picolinates and the isomeric DHT and androsterone picolinates could not be separated [37],
and this would result in an overestimation of T and DHT. By optimizing the separation
conditions (Fig. 3 (text) and Fig. S6 in Ref. [41]), complete separation of nine hydroxy-
androgen picolinates was accomplished, which improved the specificity of detection and the
accuracy of quantitation in human serum.

4.2. Enzymatic synthesis of [13C3]-3a-androstanediol and [13C3]-3B-androstanediol

To accurately quantitate the androgen diols (5-androstenediol, 3a-androstanediol and 3p-
androstanediol), it is necessary to use stable isotope labeled internal standards. Deuterium
labeled internal standards are usually more cost-effective than [*3C] or [1°N]- labeled
internal standards; however, deuterium labeled internal standards can either cause hydrogen/
deuterium exchange during the ionization process or cause a shift in retention time during
separation, which affects the accurate quantitation and experimental reproducibility of a
method [42]. By comparison, standards containing [13C] or [15N] are more stable and
resistant to exchange. Since [13C]- labeled 3a.-androstanediol, 3p-androstanediol and 5-
androstenediol are not commercially available, we developed enzymatic methods to
synthesize [13C3]-3a-androstanediol and [13C5]-3p-androstanediol using the NAD(P)H-
dependent reduction of [13C3]-DHT catalyzed by selected recombinant aldo-kteo reductases
(Scheme 2). These reactions can be driven to > 99% completion and are highly selective for
the stereospecific reduction of DHT under mild acidic conditions (pH 6.0) (Fig. S3 in Ref.
[41]) [40,43]. The use of recombinant enzymes reduces the cost, and the synthesis is
performed in aqueous solution under ambient conditions with a low percentage of recycled
solvent, which is a good application of Green Chemistry for the production of stable isotope
labeled steroids. After a one-step extraction, mass spectrometric analysis showed that the
synthesized [13C3]-3a-androstanediol and [13C3]-3p-androstanediol did not display any
significant interference with either the analysis of targeted hydroxy-androgen picolinates or
the [13C3] T/DHT picolinates (Fig. S4 in Ref. [41]).

4.3. Enzymatic hydrolysis of conjugated hydroxy-androgens

The development of LC-Electrospray lonization (ESI)-MS/MS in the negative ion mode
permits androgen conjugates (glucuronide and sulfate) to be detected directly without
deconjugation and derivatization, and reduces the time and cost of sample preparation
[44,45]. It also allows the separation and detection of regioisomeric conjugates. However,
hydrolysis of conjugated androgen using enzymatic digestion is still commonly performed in
the laboratories equipped with GC-MS/MS because of the low volatility and low thermal
stability of the conjugated analytes [46]. In addition, ion suppression due to matrix effects
affects the direct quantitation of steroid conjugates (e.g. accuracy of measurement), as
reflected in the determination of steroid glucuronides by LC-MS/MS, and the effect of the
matrix on ion suppression and hence quantification can be exacerbated by the lack of the
corresponding conjugate internal standards [45,47]. Furthermore, in order to determine both
free and conjugated androgens, two or three separate LC-MS/MS methods must be
developed and validated, including optimization of separation methods and tuning protocols
etc. which could increase the time and cost for methods development [48]. Based on these
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considerations enzymatic hydrolysis of conjugated steroids was chosen by our group and
others to allow the quantitation of both unconjugated and conjugated androgens using a
single LC-MS/MS method [33,49-53]. One important factor that affects the quantitation of
conjugated androgens is the efficiency of enzymatic digestion, which was validated using
DHEA-S and DHEA-G glucuronide.

In order to apply the developed method to measure hydroxy-androgen conjugates, efficient
de-conjugation is a prerequisite for an accurate quantitation. The protocol for enzymatic
hydrolysis of conjugated androgens has been reported by us for the quantitation of keto-
androgen conjugates and was modified in the current method [33]. Method validation was
performed using DHEA-S and DHEA-G, and the precision (<15% of the CV) and accuracy
within 15% of theoretical value were also performed (Tables S2 and S3 in Ref. [41]). We
find it necessary to conduct a dual digestion procedure using both Abalone entrails sulfatase
and E.coli B-glucuronidase, since the commercial source of aryl sulfatase is contaminated
with B-glucuronidase, which can lead to an overestimate of sulfate conjugates.
Determination of hydroxy-androgen sulfate levels was performed by subtracting the amount
of hydroxy-androgen glucuronides obtained from the B-glucuronidase digestion alone.

Another consideration is the volume of the aqueous fraction for digestion. DHEA-S is the
most abundant androgen sulfate in human serum [54,55]. In order to prevent signal
saturation of the mass detector and maintain the values of de-conjugated DHEA from
DHEA-S within the linear range of the calibration curve, only 1 pL of the aqueous fraction
was used for the dual digestion procedure (sulfatase plus glucuronidase) [33]. However, this
low sample volume may affect the determination of other hydroxy-androgen sulfates which
are present at lower levels in serum and therefore larger volumes of the aqueous phase for
the dual digestion would provide more informative data in future studies.

4.4. Method application to human serum

This method was successfully applied to determine the level of nine hydroxy-androgens and
their conjugates in pooled serum from male and female donors, respectively (Table 2). This
method can simultaneously determine 5-androstenediol (a precursor of T), 3a.-
androstanediol involved in the backdoor pathway to DHT, and 3p-androstanediol involved in
DHT deactivation. Up until now, few LC-MS/MS methods have been developed for the
simultaneous quantitation of 5-androstenediol, 3a.-androstanediol and 3@-androstanediol in
human samples [19,56]. As shown in Scheme 1, AKR1C3 is required to make potent
androgens via several pathways including the little studied conversion of DHEA to 5-
androstenediol. The quantitation of 5-androstenediol, 3a-androstanediol and 3p-
androstanediol can thus determine the efficacy of new agents that target AKR1C3 or
HSD17B6 for inhibition [14]. In addition, although analytical methods for the quantitation
of 5-androstenediol have been developed, 5-androstenediol has not been determined in
human serum by LC-ESI-MS/MS [57]. By using picolinic acid derivatization, 5-
androstenediol was detected in the serum from both males and females (Table 2), which
indicates that 5-androstenediol could be an important source of T in prostate and breast.

Hydroxy-androgens undergoing phase 11 metabolism involving sulfotransferases or
glucuronosyltransferases will become either sulfate or glucuronide conjugates [58,59].
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These conjugates are usually considered to be inactive, but they can be converted back to
unconjugated androgens through enzymatic hydrolysis (e.g. steroid sulfatase), which can in
turn regulate androgen pools. Quantitation of androgen-conjugates will help interrogate the
role of the conjugates in androgen biosynthesis and elimination and the enzyme activities
involved in their interconversion. In comparison to the levels of unconjugated DHEA,
androsterone, epiandrosterone, 5-androstenediol and 3a.-androstanediol (Table 2), much
higher concentrations of conjugated androgens including DHEA-S, androsterone-G,
epiandrosterone-S and epiandrosterone-G, 5-androstenediol-S and 3a.-androstanediol-G
were observed in serum from males and females, which agrees with previous reports [60—
64]. Levels of conjugates showed no gender differences except for androsterone-S and 3a-
androstanediol-G. Conjugates that show gender independent levels likely result from adrenal
steroidogenesis while other sources of androsterone-S and 3a-androstanediol-G may exist.
Of the sulfate conjugates seen, serum levels of DHEA-S can remain at sufficiently high
levels to feed intratumoral synthesis of T and DHT in CaP after androgen deprivation
therapy. It has been proposed that the DHEA-S reservoir that remains after abirater-one
treatment contributes to drug resistance [34,35,65]. Serum levels of 5-androstenediol-S were
two orders of magnitude lower than the level of DHEA-S, but levels were reported to have a
strong correlation with DHEA-S, suggesting that either DHEA-S or DHEA is the source of
5-androstenediol-S [66,67]. Combined levels of androsterone and epiandrosterone-S were
the most abundant 5a.-reduced hydroxy-androgens in the circulation and have been reported
to be decreased in people who took finasteride, an inhibitor of 5a-reductase type 2. It has
been proposed that levels of androsterone and epiandrosterone-S could be used as
biomarkers of 5a.-reductase activity and its response to inhibitors [63,68].

So far, serum levels of androsterone-G and 3a-androstanediol-G have also been proposed as
good biomarkers to monitor the activity of 5a-reductase which catalyzes the conversion of T
to DHT and predict prostate volume in adult men [69-71]. In prostate, uridine glucuronsyl
transferase (UGT 2B15/B17) can catalyze glucuronidation of androsterone, 3a- and 3p-
androstanediol, which competes with the conversion of 3a.- or 3B-androstanediol to DHT
[8,58,72]. Low expression of UGT 2B15/17 could cause a significant increase in DHT levels
in CaP cell lines, so activities of UGT 2B15/17 are critical for the deactivation of androgens
[58,62,72,73]. Thus, quantitation of androsterone-G and 3a.-androstanediol-G in serum is
important to investigate the activities of 5a-reductase and UGT. However, 33-androstanediol
and its glucuronide and sulfate were not quantified in serum using our assay (below LOD or
LLOQ).

Interestingly, three unknown peaks (retention time: 37.15, 38.10 and 39.70 min) were
observed in serum from both males and females (Fig. 6). Glucuronide conjugates of these
unknown steroids were also detected at much higher levels (Figs. S14 and S16 in Ref. [41]).
Based on the ion transition pairs, these peaks could be the stereoisomers of 5-androstenediol
(retention time: 37.15 and 38.10 min) and 3a.- or 3p-androstanediol (retention time: 39.70
min). The structures of these unknown hydroxy-androgens will be further investigated by
analyzing some standard stereoisomers such as 5-androstene-3p, 17a.-diol, 5p-
androstane-3a., 17a(p)-diol, 5p-androstane- 3f, 17a(p)-diol [61,74-76].
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So far, no single method can measure all androgens of clinical relevance. We have
previously developed a SID-LC-ESI-MS/MS method coupled with Girard-T derivatization
to quantitate ketoandrogens with high sensitivity and specificity [33]. When this method is
combined with the quantitation of hydroxy-androgens with picolinic acid derivatization,
specifically androgen diols, the complete androgen metabolome shown in Scheme 1 can be
quantified.

5. Conclusions

We have developed a sensitive and specific LC-ESI-MS/MS method to simultaneously
quantify nine hydroxy-androgens and their corresponding conjugates in human serum.
Determination of accuracy and precision demonstrated that this method could provide
reliable and reproducible analyses for hydroxy-androgens in serum. More importantly, this
method can simultaneously determine the serum levels of 5-androstenediol, 3a.-
androstanediol and 3B-androstanediol, which can be used to interrogate the roles of each
androgen diol in androgen biosynthesis. The applicability of the method in human serum
suggests that it can be used for the diagnosis and investigation of treatment efficacy for CaP
and CRPC patients.
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Fig. 1.
Work-flow for the quantitation of conjugated and unconjugated hydroxy-androgens using
picolinic acid derivatization by LC-ESI-MS/MS.
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Fig. 2.

Rgpresentative mass spectra and tandem mass spectra of testosterone monopicolinate and
3a-androstanediol bis-picolinate. Testosterone mono-picolinate (A) and 3a.-androstanediol
bis-picolinate (B). No mono-picolinate ester with /m/z of 398.3 was detected upon 3a-
androstanediol derivatization. PA: picolinic acid; Na: sodium.
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Fig. 3.

Selective reaction ion-chromatograms of hydroxy-androgen picolinates and four [13C3]-
hydroxy-androgen picolinate internal standards. The sample is from a dilution of CD-FBS
serum (0.2 mL) containing 12.5 pg of standard mixture and 100 pg of IS mixture. On-
column injection is from: 2.5 pg of hydroxy-androgen picolinate and 20 pg of [13Cs]-
hydroxy-androgen picolinate prepared by extracting the unconjugated hydroxy-androgen
from the matrix. 3a-androstanediol: 5a-androstane-3a, 17p-diol; 3p-androstanediol: 5a-
androstane-3p, 17p-diol; 5-androstenediol: 5-androstene-3p, 17p-diol; DHEA:
dehydroepiandrosterone; DHT: 5a.-dihydrotestosterone; EpiT: epitestosterone; T:
testosterone.
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Fig. 4.
Selective reaction monitoring ion chromatograms for [13C3]-3a-androstanediol, and

[13C;]-3p-androstanediol picolinates obtained from enzymatic reactions. ~30 pg of
synthesized [13C3]-3a-androstanediol and [13C3]-3B-androstanediol picolinates were
injected onto column for analysis, respectively. The top panel shows the absence of the
[13C5]-DHT starting material.
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Fig. 5.

Calibration curves for nine hydroxy-androgens using charcoal dextran stripped fetal bovine
serum (CD-FBS) as matrix. S: unlabeled hydroxy-androgen standard. IS: stable isotope
labeled hydroxy-androgen standard. Curves were constructed following the extraction of
unconjugated hydroxy-androgens from the matrix. R2: correlation coefficient of linearity.
EpiT: epitestosterone; DHEA: dehydroepiandrosterone; DHT: 5a-dihydrotestosterone.
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Selective reaction monitoring (SRM) ion chromatograms of hydroxy-androgen picolinates of
unconjugated androgens obtained by organic extraction of human serum. lon chromatograms
for pooled male’s serum (A) and ion chromatogram for pooled female’s serum (B).
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Scheme 1.

Intracrine androgen biosynthesis. Intraprostatic androgen metabolism is shown in the
rectangle. Blue: classical pathway; Red: alternative pathway; Green: backdoor pathway. 3a.-
androstanediol: 5a.-androstane-3a, 17p-diol; 3p-androstanediol: 5a-androstane-3, 17p-
diol; 5-androstenediol: 5-androstene-3, 17p-diol; 5a-androstanedione: 5a-androstane-3,17-
dione; A*-androstenedione: A%-androstene-3,17-dione; AKR1CI: 20a.-hydroxysteroid
dehydrogenase; AKR1C2: type 3 3a-hydroxysteroid dehydrogenase; AKRIC3. type 5 17p-
hydroxysteroid dehydrogenase; CYP11AI: cytochrome P450 11A1; CYPI7AI: cytochrome
P450 17A1; DHEA-S: DHEA-sulfate; HSD3BI: type 1 33-hydroxysteroid dehydrogenase;
HSD17B6: type 6 17p-hydroxysteroid dehydrogenase; SRD5A: 5a-reductase. Enzymes are
identified by gene names in italics.
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Scheme 2.

Enzymatic synthesis of [13C3]-3a-androstanediol and [13C5]-3p-androstanediol from [13C3]-
DHT. *: 13C position.
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[0}
(o]
]
Acetic acid -
i
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Testosterone picolinate

Testosterone derivatization bypicolinic acid reagents. PA: picolinic acid; DAP: 4-
dimethylaminopyridine; MNBAn: 2-methyl-6-nitrobenzoic anhydride; SPE: solid phase
extraction; TEA: triethylamine; THF: tetrahydrofuran.
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