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a  b  s  t  r  a  c  t

Prostate  cancer  is  the  most  frequently  diagnosed  form  of  cancer  in  males  in  the United  States.  The disease
is  androgen  driven  and  the  use of orchiectomy  or chemical  castration,  known  as  androgen  deprivation
therapy  (ADT)  has  been  employed  for the  treatment  of  advanced  prostate  cancer  for  over 70  years.  Agents
such  as  GnRH  agonists  and  non-steroidal  androgen  receptor  antagonists  are  routinely  used in the  clinic,
but  eventually  relapse  occurs  due  to  the  emergence  of castration-resistant  prostate  cancer.  With  the
appreciation  that  androgen  signaling  still  persists  in these  patients  and  the  development  of  new  ther-
apies  such  as abiraterone  and  enzalutamide  that  further  suppresses  androgen  synthesis  or  signaling,
there  is  a renewed  need  for sensitive  and  specific  methods  to quantify  androgen  precursor  and  metabo-
lite  levels  to  assess  drug  efficacy.  We  describe  the development,  validation  and  application  of  a stable
isotope  dilution  liquid  chromatography  electrospray  ionization  selected  reaction  monitoring  mass  spec-
trometry  (SID-LC/ESI/SRM/MS)  method  for quantification  of  serum  keto-androgens  and  their sulfate  and
glucuronide  conjugates  using  Girard-T  oxime  derivatives.  The  method  is  robust  down  to  0.2–4  pg  on  col-
umn,  depending  on  the  androgen  metabolite  quantified,  and  can  also  quantify  dehydroepiandrosterone

sulfate  (DHEA-S)  in only  1  �L of  serum.  The  clinical  utility  of  this  method  was  demonstrated  by  analyz-
ing  serum  androgens  from  patients  enrolled  in a  clinical  trial assessing  combinations  of  pharmacological
agents  to maximally  suppress  g
TAPS  clinical  trial).  The  metho
derivatization  procedure  coup
that  was  conducted  in an  inde
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. Introduction

Huggins and Hodges first demonstrated that orchiectomy was
n effective treatment for advanced prostate cancer [1]. A num-
er of drugs that suppress the gonadal–pituitary axis have since
een approved for the treatment of advanced prostate cancer, e.g.

euprolide and goserelin, which can be combined with androgen
eceptor (AR) antagonists, e.g. bicalutamide [2]. The evolution of
ndrogen deprivation therapy (ADT) has resulted in significant
mprovement in the overall survival of patients diagnosed with
igh risk prostate cancer [3]. However, patients on ADT often
elapse and despite castrate levels of serum androgens the tumor
ecurs as castration resistant prostate cancer (CRPC). The success
f new agents in the treatment of CRPC, e.g. abiraterone (Zytiga, a
450 17�-hydroxylase/17,20-lyase (P450 17) inhibitor that blocks
ndrogen synthesis) and MDV3100 or enzalutamide (Xtandi, a
otent AR antagonist) indicates that the disease remains hormon-
lly driven [4–6]. Currently, CRPC patients are administered these
rugs without assessing the efficacy of ADT on suppressing the
ndrogen metabolites of interest. Resistance to abiraterone and
DV3100 is now being reported, suggesting that adaptation of

he androgen axis occurs to surmount the effect of the drug. The
linical challenge is to select the appropriate drug for each patient
nd to understand mechanisms of drug resistance. To this end, a
pecific and sensitive method to measure serum and intratumoral
ndrogens is required.

The biosynthesis of the potent AR ligand, 5�-
ihydrotestosterone (DHT), can be achieved by several routes
nd include: the classical pathway via T [dehydroepiandrosterone
DHEA) → �4-androstene-3,17-dione (�4-AD) → T → DHT];
he backdoor pathway to DHT [5�-pregnane-3,20-dione
DHP) → allopregnanolone → 3�,17�-dihydroxy-5�-pregnane-
0-one → A → 3�-androstanediol → DHT] [7]; and an alternative
athway that by-passes T [DHEA → �4-AD → 5�-androstane-3,17-
ione (Adione) → DHT] (Scheme 1) [8]. Furthermore, the adrenal
land produces DHEA-S, which is secreted and can be converted to
nconjugated DHEA by tissues that possess steroid sulfatase activ-

ty. The DHEA can then be converted to T and DHT. DHEA-S may  be
 ‘precursor pool’ for intratumoral androgen production in CRPC,
s these tumors up-regulate enzymes mediating the synthesis of T
nd DHT from DHEA [9,10]. The androgen precursors, downstream
etabolites and androgen conjugates are collectively referred to

s the ‘androgen metabolome’. Quantification of the androgen
etabolome would provide endpoints for disease surveillance,

herapeutic monitoring, and ultimately, personalized treatment of
dvanced prostate cancer.

Levels of T and DHT are measured in clinical laborato-
ies by competitive radioimmunoassay (RIA) or enzyme-linked
mmunosorbent assay (ELISA). These assays are quick, economi-
al and relatively high throughput. However, RIAs and ELISAs rely
n the specificity of antibodies, which may  cross-react with other
ndrogen metabolites or components of the biological matrix, lead-
ng to an overestimate of T and DHT levels, particularly under
onditions of ADT [11,12]. In addition, antibody based methods
nly detect one analyte at a time and there is no panel of anti-
odies to detect all of the androgens of interest. Finally, these
ethods provide no structural validation of the analyte being
easured.
Gas chromatography– and liquid chromatography–mass spec-

rometry (GC– and LC–MS) have been successfully applied to
he quantification of select androgens [13,14]. Derivatization
trategies with Girard T reagent [15,16] and picolinic acid [17,18]

ave been employed to increase sensitivity and afford a reliable
S/MS  fragmentation pattern for identification of T and DHT and a

ew other androgens, but have not been employed in a systematic
ashion for all of the androgens of interest. Quantification of
 Molecular Biology 138 (2013) 281– 289

the conjugated androgens is critical, but it is complicated by
contamination of commercial �-glucuronidase and arylsulfatase
with each other and by cholesterol oxidase [19–21]. As such,
there remains a need for a comprehensive and reliable method-
ology for the quantification of both conjugated and unconjugated
androgens.

Liquid chromatography-electrospray ionization/selected reac-
tion monitoring/mass spectrometry (LC/ESI/SRM/MS) in conjunc-
tion with stable isotope dilution methodology is the gold standard
for the quantification of small molecule metabolites [22–24]. The
use of pre-ionized derivatives such as the Girard oximes provide
an extremely sensitive method, which allows for the detection of
analytes using a minimal amount of valuable human specimen
and is exquisitely specific. Specificity is achieved based on three
criteria, retention time on LC, detection of the intact molecule,
and product-precursor selected ion transitions specific to each
analyte. The inclusion of stable isotope internal standards allows
for accurate quantification based on the ratio of unlabeled to
labeled analyte and corrects for losses during sample preparation.
Herein, we  describe the development, validation and application
of a SID-LC/ESI/SRM/MS method for the quantification of the keto-
androgens as Girard T derivatives and their conjugates in human
serum samples. We demonstrate its clinical utility by quantify-
ing conjugated and unconjugated keto-androgens in serum from
prostate cancer patients enrolled on the TAPS clinical trial which
evaluated combinations of agents to maximally suppress androgen
signaling. The agents used in this clinical trial include the GnRH ago-
nist, goserelin acetate, the AR antagonist, bicalutamide and the dual
5�-reductase type 1 and type 2 inhibitor, dutasteride which are all
routinely used in ADT for treatment of advanced prostate cancer.
Ketoconazole has also found an application in the ADT arena as
the efficacy of the anti-fungal agent is attributed to its non-specific
P450 17 inhibitory activity.

2. Methods

2.1. Chemicals and reagents

T, Epi-T, Adione, �4-AD, androsterone, DHEA, DHEA-S and
DHEA-G were from Steraloids (Wilton, NH, USA). DHT, trifluo-
roacetic acid, Escherichia coli �-glucuronidase Type VII A (Cat.
No. G-7646), Helix pomatia arylsulfatase/�-glucuronidase Type H-
5 (Cat. No. G-1512), Abalone entrails arylsulfatase/�-glucuronidase
(Cat. No. S-9754), p-nitro-catechol sulfate dipotassium salt,
Girard’s reagent T, sodium acetate, ammonium acetate and
phenolphthalein-�-glucuronide were from Sigma–Aldrich (St.
Louis, MO,  USA). [13C3]-T and [13C3]-DHT were from C/D/N Isotopes
(Point-Claire, Quebec, Canada) and Cambridge Isotopes (Andover,
MA,  USA). Optima grade methanol and anhydrous diethyl ether
from Fisher Scientific (Fair Lawn, NJ, USA). Ethanol was  from Decon
Laboratories (King of Prussia, PA, USA). Charcoal dextran stripped
fetal bovine serum was  from Atlanta Biologicals (Lawrenceville, GA,
USA).

2.2. Extraction and derivatization of keto-androgen standards

Stock solutions were made using commercially available stan-
dards for T, DHT, Epi-T, �4-AD, Adione, A and DHEA in ethanol for
calibration curves and quality control standards. CD-FBS was used
as the matrix for calibrators and quality control standards. CD-FBS
was aliquoted into glass tubes (200 �L), followed by the addition of

0, 2, 5, 10, 20, 50, 100, 500 and 1000 pg of unlabeled standards along
with 200 pg each of [13C3]-T/-DHT. The standards were extracted
with 2 mL  of anhydrous diethyl ether in glass tubes. Extraction
was facilitated by mild agitation on a horizontal shaker for 15 min,
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Scheme 1. The androgen metabolome is critical for male development and is therapeutically targeted in advanced prostate cancer. The metabolites in black represent the
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ollowed by centrifugation on a SVC-100H at 1725 rpm (Savant,
armingdale, NY, USA) for 1 h to separate the phases. The organic
raction was transferred to a new set of glass tubes and dried under
itrogen in a VisiPrep 24DL manifold (Supelco, Bellefonte, PA, USA).
he dried extract was derivatized with freshly prepared Girard T
eagent (20 mM)  in 1% trifluoroacetic acid (TFA) in methanol (v/v)
or 30 min, dried under vacuo on a vacuum centrifuge SPD121P with
acuum engaged (Thermo Scientific, San Jose, CA, USA) and stored
t −80 ◦C until analysis by LC/ESI/SRM/MS.

.3. Titration of enzyme preparations for the deconjugation of
eto-androgens

The E. coli �-glucuronidase enzyme (25,000 U) and the Abalone
ntrails sulfatase extract (1000 U) were re-suspended separately
n 2 mL  of 100 mM sodium acetate, pH 7.0 and aliquoted into cryo-
ials for storage at −80 ◦C until use. The E. coli �-glucuronidase
as titrated using phenolphthalein glucuronide where one unit of

nzyme activity is defined as the amount that will liberate 1 �g
f phenolphthalein/h from phenolphthalein glucuronide at pH 6.8
nd 37 ◦C. Similarly, Abalone entrails sulfatase activity was titrated
sing a standard p-nitrocatechol-sulfate assay in which one unit
f enzyme activity is defined as 1 �mole p-nitrocatechol-sulfate
ydrolyzed/h at pH 5.0 and 37 ◦C. These assays were conducted
sing reagents and protocols obtained from the manufacturer,
igma–Aldrich.

.4. Extraction and derivatization of conjugated and
nconjugated androgens from human patient serum

Human patient serum was shipped on dry ice and stored at
80 ◦C until extraction, derivatization and analysis were con-

ucted. A 200 �L aliquot of the human serum was spiked with
00 pg of [13C3]-T/-DHT and extracted as described above. The
rganic fraction contained the unconjugated androgens and was
erivatized as described above. The aqueous fraction contained
 receptor. The metabolites in green represent the “backdoor pathway” for T and DHT
ivatization, SID-LC-ESI-MS/MS method described in this paper. (For interpretation
of this article.)

the conjugated androgens and was  subjected to two  separate
enzymatic hydrolysis reactions to quantify the glucuronidated
and sulfated androgen metabolites. The first reaction was  con-
ducted in a glass tube for 24 h at 37 ◦C and contained 200 mM
sodium acetate, pH 5.0, 200 pg of [13C3]-T/-DHT, 90 U of E. coli
�-glucuronidase and 40 �L of the aqueous fraction. This first
reaction affords the quantification of all of the glucuronidated
keto-androgens. The second reaction was conducted in a glass
tube for 24 h at 37 ◦C and contained 200 mM sodium acetate, pH
5.0, 200 pg of [13C3]-T/-DHT, 90 U of E. coli �-glucuronidase, 30 U
of Abalone entrails sulfatase and 1 �L of the aqueous fraction, a
fresh aliquot of 30 U of Abalone entrails sulfatase was  added at the
12 h time point. This second reaction affords the quantification
of the sulfated and glucuronidated keto-androgens. Following the
enzymatic hydrolysis of the conjugated androgens, a second round
of diethyl ether extraction and derivatization was conducted
as described above and the dried samples stored separately at
−80 ◦C until analyzed by LC/ESI/SRM/MS. The difference between
the �-glucuronidase and �-glucuronidase plus sulfatase treat-
ments provided a quantitative estimate of the sulfate conjugates
(Scheme 2).

2.5. Liquid chromatography separation of keto-androgen
derivatives

Chromatography was  conducted on a Waters 2690 Alliance
HPLC system (Waters Corp., Milford, MA,  USA) equipped with a
Kinetex XB-C18, 100 mm × 2.1 mm,  2.6 �m,  100 Å column with a
matching C18 guard column, a Security Guard Ultra 2.1 mm inter-
nal diameter (Phenomenex, Torrance, CA, USA). The mobile phase
was comprised of 10 mM ammonium acetate in 0.01% TFA in water
(v/v, A) and 0.01% TFA in methanol (v/v, B). The binary gradient was

delivered at a flow rate of 0.2 mL/min (0–2 min, 10% B, 2–37 min,
10–80% B, 37–38 min, 80–100% B, 38–45 min  100% B, 45–47 min
100–10% B 47–62 min, 10% B). All samples, calibrators and quality
control standards were resuspended in 100 �L of 9:1 (v/v) 10 mM
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cheme 2. The work flow describing the quantification of conjugated and unconju

mmonium acetate in 0.01% TFA in water: 0.01% TFA in methanol
nd placed into glass vials with deactivated glass inserts (Waters
orp.).

.6. Electrospray ionization tandem mass spectrometry of
eto-androgen derivatives

MS  analysis was performed using a TSQ Quantum triple
uadrupole mass spectrometer (Thermo Scientific, San Jose, CA,
SA). The injection volume was 20 �L. The Girard T oximes were

ntroduced into the mass spectrometer via the ESI source and ana-
yzed in the positive ion mode. The pre-ionized Girard T oximes
M+) were detected in the SRM mode using the following tran-
itions: m/z  400.4–341.2 for �4-AD; m/z  402.4–343.2 for DHEA,
, Adione and EpiT; m/z  404.4–345.2 for DHT, A and epiandros-
erone; and m/z  405.4–346.2 for [13C3]-T and m/z  407.4–348.2 for
13C3]-DHT. The ESI-MS/MS conditions were as follows: spray volt-
ge: 4.5 kV; sheath gas: nitrogen, 30 (arbitrary units, gas pressure);
uxiliary gas pressure, 10; ion transfer capillary temperature: 270;
ollision gas: Ar; and capillary offset voltage: 35 V.

.7. Validation of LC/ESI/SRM/MS quantification of keto-androgen
erivatives

Quantification of androgens was validated using quality con-
rol standards of low, middle and high levels of quantification.
he method was held to the bioanalytical methods standards set
orth by the U.S. Food and Drug Administration. Matrix effects were
ssessed for T and DHT and no significant difference was  observed
etween methanol:water and CD-FBS, in which all calibrators are
repared (Fig. S2). Quality controls (QCs) were run with appropriate

inear range of calibrators, 1–100 pg in sample for lower level QCs
nd 100–10,000 pg in sample for higher level QCs. The lowest limit

f quantification (LLOQ) was defined as the level at which quality
ontrol standards fell within 20% of the expected value and had a
V (or precision) of 20% or less. Inter- and intra-day accuracy and
recision values are shown in Table 1.
keto-androgens using the Girard T derivatization and SID-LC-ESI-MS/MS method.

2.8. Validation of enzymatic hydrolysis for quantification of the
conjugated keto-androgens

The enzymatic hydrolysis was validated using DHEA-S and
DHEA-G standards as substrates followed by quantification of
liberated DHEA by mass spectrometry. DHEA-S (1000 pg) was co-
incubated with 1 �L of CD-FBS and 30 U of H. pomatia sulfatase or
Abalone entrails sulfatase in 200 mM sodium acetate, pH 5.0 with
200 pg of [13C3]-T/-DHT at 37 ◦C for 24 h. DHEA-G (1000 pg) was  co-
incubated with 40 �L of CD-FBS and 90 U of E. coli �-glucuronidase
in 200 mM sodium acetate, pH 5.0 with 200 pg of [13C3]-T/-DHT at
37◦ C for 24 h. After hydrolysis, samples were extracted, derivatized
and analyzed as described above.

A subset of the samples was processed prior to the optimization
of the glucuronidase reaction and this is the reason for the smaller
‘n’ for DHEA-G measurements compared to DHEA-S measurements
in TAPS Arm 1 (Table 2). Further, androsterone glucuronide was
detected in some of the samples, but at lower levels compared to
DHEA-G. In future studies, a larger sampling volume of the aqueous
fraction for the glucuronidase reaction will yield informative data
on the levels of androsterone glucuronide.

2.9. Human subjects research

All serum samples from human prostate cancer patients were
recruited to the TAPS clinical trial of neo-adjuvant androgen depri-
vation therapy (NCT00298155). Informed consent for the use of
these specimens was  obtained from the donor and all samples
were de-identified to protect patient privacy. The human subject
protocol was approved by the respective IRB at the participating
institutions.

2.10. Statistical analysis
The Mann–Whitney test, one-tailed, with 95% confidence inter-
vals was  used to determine the p-values for TAPS data (Table 2),
when comparing analyte concentrations before and after treat-
ment. The null hypothesis is that therapy does not lower androgen
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Table  1
Inter-day and intra-day accuracy and precision for keto-androgen quantification.

T DHT

Theoretical (pg) 0.2 40 400 1 40 400
Inter-day

Mean  (pg) 0.22 ± 0.04 43.3 ± 3.2 448 ± 16 0.96 ± 0.18 42.7 ± 2.6 383 ± 16
Accuracy (%) 109 108 110 96 107 96
Precision (%) 20 7 5 18 6 4

Intra-day
Mean  (pg) 0.12 ± 0.01 41.2 ± 0.5 428 ± 3 0.87 ± 0.07 41.1 ± 0.7 392 ± 7
Accuracy (%) 105 103 107 87 103 98
Precision (%) 7 1 1 7 2 2

�4-AD EpiT

Theoretical (pg) 1 40 400 1 40 400
Inter-day

Mean  (pg) 1.05 ± 0.18 40.1 ± 2.8 440 ± 21 0.98 ± 0.20 42.3 ± 3.5 438 ± 18
Accuracy (%) 105 100 110 98 106 110
Precision (%) 17 7 5 20 8 4

Intra-day
Mean  (pg) 1.00 ± 0.06 37.7 ± 2.0 414 ± 8 0.99 ± 0.08 39.8 ± 1.1 421 ± 9
Accuracy (%) 100 94 103 99 100 105
Precision (%) 6 5 2 8 3 2

A  DHEA

Theoretical (pg) 1 40 400 4 40 400
Inter-day

Mean  (pg) 1.09 ± 0.20 43.4 ± 6.5 393 ± 31 3.86 ± 0.62 40.2 ± 2.5 447 ± 25
Accuracy (%) 109 109 98 96 100 112
Precision (%) 19 15 8 16 6 6

Intra-day
Mean  (pg) 0.88 ± 0.05 40.2 ± 0.3 432 ± 1 4.01 ± 0.45 39.1 ± 1.6 428 ± 23
Accuracy (%) 88 101 108 100 98 107
Precision (%) 6 1 0 11 4 5

All data is presented as a mean with standard deviation in pictograms on column. All measurements were done with three replicates per day, three separate days. �4-
androstene-3,17-dione (�4-AD), testosterone (T), dehydroepiandrosterone (DHEA), epitestosterone (EpiT), 5�-dihydrotestosterone (DHT) and androsterone (A) are presented
here.

Table  2
Serum keto-androgen levels from patients enrolled in the Targeted Androgen Pathway Suppression (TAPS) clinical trial.

Goserelin + bicalutamide Goserelin + dutasteride

Before (n = 5) After (n = 6) p-Valuea Before (n = 7) After (n = 7) p-Valuea

Analyte (ng/dL)
A 11 ± 4 11 ± 8 NS 23 ± 16 9 ± 8 <0.05
DHEA  169 ± 86 201 ± 147 NS 211 ± 100 242 ± 203 NS
�4-AD 52 ± 13 72 ± 50 NS 93 ± 51 123 ± 124 NS
T  349 ± 138 17 ± 16 <0.005 511 ± 186 21 ± 28 <0.0005
DHT  22 ± 13 13 ± 11 NS 44 ± 25 4 ± 4 <0.005
DHEA-G 507, 348 ND, ND, 357 507 ± 143 557 ± 200 NS
DHEA-S 127,410 ± 39,507 87,389 ± 48,433 291,494 ± 112,489 236,205 ± 61,637 NS

Goserelin + bicalutamide + dutasteride Goserelin + dutasteride + ketoconazole

Before (n = 10) After (n = 10) p-Valuea Before (n = 11) After (n = 13) p-Valuea

Analyte (ng/dL)
A 24 ± 19 11 ± 9 NS 16 ± 6 6 ± 4 <0.005
DHEA  126 ± 90 102 ± 65 NS 182 ± 79 181 ± 238 NS
�4-AD 76 ± 40 60 ± 27 NS 91 ± 43 72 ± 71 NS
T  508 ± 261 9 ± 3 <0.0001 634 ± 520 8 ± 7 <0.0001
DHT  49 ± 28 11 ± 6 <0.005 54 ± 45 8 ± 6 <0.0001
DHEA-G 5353 ± 12,985 2082 ± 3422 NS 2398 ± 3737 478 ± 136 <0.05
DHEA-S 97,679 ± 81,579 68,398 ± 66,636 NS 169,826 ± 161,716 49,166 ± 53,517 <0.05

All values represent the mean and standard deviation of the sample size denoted, except for the DHEA-G in the goserelin and bicalutamide arm where the individual values
are  listed. Patients enrolled in the clinical trial had localized advanced prostate cancer Gleason grade 3/4. Before and after 12 weeks of therapy serum samples were taken for
androgen measurement. Men  who would have met  eligibility, but were already initiated on combined androgen blockade with an LHRH agonist and bicalutamide were accrued
into  arm 1 if they agreed to undergo prostatectomy within 3 months. Doses of drugs were as follows: (1) Men  in arm 1 received 10.8 mg goserelin once and bicalutamide
(50  mg  daily). (2) Men  in arm 2 received goserelin 10.8 mg  once with high dose dutasteride 3.5 mg, once daily until prostatectomy. (3) Men  in arm 3 received one dose of
goserelin (10.8 mg), dutasteride (3.5 mg,  once daily) and bicalutamide (50 mg,  daily), which was initiated 7 days prior to goserelin and continued until prostatectomy. (4)
Men  in arm 4 received one dose of goserelin (10.8 mg), dutasteride (3.5 mg,  once daily), bicalutamide (50 mg,  daily) ketoconazole (200 mg, three times daily) and prednisone
(5  mg, daily) until prostatectomy.

a One-tailed Mann–Whitney with 95% confidence intervals was  used to derive p-values comparing analyte levels before and after treatment.
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Fig. 1. Representative ion-chromatograms of androgen standards 100 pg on col-
umn. Channels (from top to bottom) correspond to mass transition 400.4–341.2 for
�4-AD Girard T derivative (the chemical structure of which is depicted in the figure);
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ass transition 402.4–343.2 for DHEA, T, Adione and Epi-T Girard T derivatives;
ass transition 404.4–345.2 for DHT and A Girard T derivatives; mass transition

05.4–346.2 for 13C3-T and mass transition 407.4–348.2 for 13C3-DHT.

evels. Statistics were done using the software, Prism (GraphPad,
a Jolla, CA, USA).

. Results

.1. Separation and detection of unconjugated keto-androgens as
irard-T oximes

The detection and quantification of key keto-androgens that
omprise the androgen metabolome poses several technical chal-
enges. First, many of the androgens of interest are regio- or
tereoisomers and have exactly the same molecular weight. For
xample, T, Epi-T, Adione and DHEA all have the same molecu-
ar weight. Similarly, DHT and A have the same molecular weight.
hus, it is critical that these androgens are chromatographically
eparated. Second, androgen metabolites do not ionize uniformly,
ecessitating their derivatization with Girard T to produce pre-

onized oxime derivatives. The LC conditions employed achieved
aseline resolution of all androgen metabolites (Fig. 1). However,

n some instances, namely T, a mixture of both syn- and anti-Girard
 oxime derivatives was observed and separated, in which case the
ajor product peak was used as the reference ion. The ratio of the
ajor to minor product peaks is consistent from run to run and

etween samples. ESI mass spectra were produced on the Girard
 oxime derivatives in the positive ion mode and subjected to
ollision induced dissociation. They gave intense positive ions cor-
esponding to the intact pre-ionized molecule and a major product
on resulting from the characteristic neutral loss of 59, which was
mployed in the SRM transition as described above.

.2. Calibration curves and quantification of unconjugated
eto-androgens

Commercially available androgen standards were spiked with
he stable isotope internal standards [13C3]-T (for T, Epi-T, �4-AD
nd DHEA, since they all contain either a �4- or �5-ene) or with
13C3]-DHT (for DHT, Adione and A, since they are 5�-reduced

ndrogens). Linear regression analysis from 2 to 1000 pg in sample
ielded regression coefficients of 0.999 for all analytes except for
, which gave a regression coefficient of 0.991 (Fig. 2). The signal

o noise ratio of the peaks for the lowest level standard on the
 Molecular Biology 138 (2013) 281– 289

calibration curve was  greater than 3 to 1. At the LLOQ, accuracy
and precision values fell within 20%, Table 1.

3.3. Deconjugation and quantification of conjugated
keto-androgens

The quantification of conjugated steroids was  accomplished by
way of enzymatic hydrolysis of the conjugates, followed by extrac-
tion, derivatization and analysis by LC/ESI/SRM/MS. Quantitative
hydrolysis was ensured using commercially available DHEA-S and
DHEA-G. Digestion with recombinant E. coli �-glucuronidase was
straightforward and yielded quantitative recovery for 1000 pg of
DHEA-G (see Table S1 in Supplemental material). However, initial
results with H. pomatia extract, widely used for its sulfatase activ-
ity, resulted in total conversion of DHEA-S to unconjugated �4-AD.
This suggested that H. pomatia extract is contaminated with 3�-
HSD or cholesterol oxidase activity and could confound studies,
such as ours, in which the analytes of interest are 3�-HSD sub-
strates. This problem has been previously addressed by addition of
sodium ascorbate to the enzymatic hydrolysis reaction [25]. How-
ever, we  found that this problem could be avoided by switching to
Abalone entrails sulfatase. We conducted a DHEA-S digest with the
Abalone entrails sulfatase, which yielded quantitative recovery of
1000 pg DHEA-S and no conversion to �4-AD (Table S1). However,
Abalone entrails sulfatase contains some �-glucuronidase activity,
as indicated by the manufacturer. We  therefore employed a dual
digest strategy to quantify the high levels of DHEA-S (�g/dL) and
the lower levels of circulating glucuronide conjugates (ng/dL) in
human serum. In one digest, only 1 �L of the 200 �L aqueous frac-
tion from serum was taken for dual digest with Abalone entrails
sulfatase/�-glucuronidase and E. coli �-glucuronidase. In a second
digest, 40 �L of the aqueous fraction of the serum sample was taken
for digest with E. coli �-glucuronidase alone. The second digest
quantifies the glucuronide conjugates in the sample and was sub-
tracted from the results of the first digest to yield the quantity of the
sulfated conjugates in the sample. During post-MS data processing,
the concentrations were adjusted for molecular weight and samp-
ling volume.

3.4. Application of method to clinical specimens

The SID-LC/ESI/SRM/MS method was applied to the quantifi-
cation of conjugated and unconjugated keto-androgens in human
serum samples. The serum was  collected from patients with local-
ized high risk prostate cancer before and after their participation
in a neoadjuvant TAPS clinical trial designed to maximally sup-
press androgen signaling. A complete data set is presented here
to demonstrate the clinical utility of the assay and whether the
profile of androgens differed based on the therapy administered.
In patients from Arm 1 of the TAPS clinical trial, goserelin acetate
and bicalutamide significantly reduced the mean concentration of
serum T, but there were no significant reductions in the other
analytes, but there is a modest increase in the mean serum con-
centration of unconjugated DHEA and �4-AD (Table 2 and Fig. S1A,
B in Supplemental material). In patients from Arm 2 of the trial,
goserelin acetate and dutasteride significantly reduced the mean
amount of serum T, DHT and A, but again, a modest increase in was
observed in DHEA and �4-AD (Table 2 and Fig. S1C, D). In patients
from Arm 3 of the trial, administration of goserelin acetate, bicalu-
tamide and dutasteride significantly reduced the mean amount of
serum T and DHT (Table 2 and Fig. S1E, F). In patients undergoing
total androgen pathway suppression, Arm 4 of the trial, goserelin

acetate, bicalutamide, dutasteride and ketoconazole significantly
reduced the mean amount of serum T, DHT, A, DHEA-G and DHEA-
S (Table 2 and Fig. S1G, H). Percentage declines in these analytes in
paired samples are shown in Fig. S3. A complete analysis of the TAPS
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ig. 2. Calibration curves for quantifying each androgen metabolite using calibrato
isplayed along with r2 values for each analyte.

erum and prostatic tissue androgens, and their correlation with
linical and pathological data has been submitted for publication
lsewhere.

A robust bioanalytical method is a reproducible one. To that
nd, we have compared the keto-androgen measurements from
he TAPS serum samples with measurements made by an inde-
endent analyst using a different, hydroxylamine derivatization
trategy and different mass spectrometer. Despite differences
n methodology (Girard T vs. hydroxylamine derivatization) and
nstrumentation, the percent changes in keto-androgen levels fol-
owing drug treatment showed good concordance (Fig. S4) [32].

. Discussion

We  have described the development and validation of an SID-
C/ESI/SRM/MS method for the quantification of conjugated and
nconjugated serum keto-androgens. Existing RIAs and ELISAs suf-
er from inaccuracy in quantification of androgens at low levels
hen compared to LC/ESI/SRM/MS methods [11,12]. Our method

s robust down to a LLOQ of 0.2 pg on column for T (0.5 ng/dL in
ample) and 1 pg on column for DHT (2.5 ng/dL in sample) Table 1.

e have also validated an enzymatic hydrolysis protocol for the
eliable quantification of androgen conjugates. We  recapitulated

arlier findings that H. pomatia extract leads to the conversion of
HEA-S to �4-AD [20,21]. By using a dual digest procedure of E. coli
-glucuronidase and Abalone entrails sulfatase/�-glucuronidase,
e can accurately quantify sulfated and glucuronidated androgens.
he range from 2 to 1000 pg using CDS-FBS as a matrix. Formulas for each slope are

Measurements of DHEA-S could be performed on as little as 1 �L of
serum.

The efficacy of abiraterone acetate in CRPC patients confirms
the Geller hypothesis that these prostate tumors are still androgen
dependent [26]. In CRPC, the tumor either acquires the ability to
conduct de novo androgen biosynthesis from cholesterol or utilizes
the circulating depot of adrenal androgens as precursors for T and
DHT to drive tumor proliferation and metastasis [9,10,27–29]. The
efficacy of ADT and the molecular mechanism of resistance to those
therapies can be better assessed if sensitive methods such as those
described here were applied to the patient. It is noteworthy that
in the published clinical trials for treatment of CRPC patients with
P450 17 inhibitors, rigorous SID-LC/ESI/SRM/MS methods were not
used in their entirety and in some instances mixed methods were
used including immunoassays for DHEA-S. Thus, the bioassays for
assessing the clinical efficacy of new agents could be improved, and
the concept that more effective suppression of the pool of DHEA-
S might provide additional benefit could then be tested with our
method [30,31].

The clinical utility of the SID-LC/ESI/SRM/MS method for the
quantification of keto-androgens was validated by its application
to human serum samples from patients enrolled in the TAPS clin-
ical trial. The data showed significant differences in the reduction
of androgen metabolites when the four arms of the TAPS trial

were compared. Especially notable is the ketoconazole arm of
the clinical trial, in which we  observed a significant reduction
in the DHEA-S levels. Ketoconazole is a non-specific inhibitor of
cytochrome P450s, including P450 17. However, due to its effects on
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ownstream glucocorticoid and mineralocorticoid metabolism,
hese patients are also administered prednisone. In patients receiv-
ng ketoconazole and prednisone, unconjugated DHEA levels actu-
lly increased, suggesting a possible inhibition of adrenal steroid
ulfotransferase activity due to off-target effects of one of the
gents. These studies show that a significant depot of DHEA and the
ulfate conjugate remain unless ketoconazole is included. It is note-
orthy that in the ketoconazole arm, patients received ketocona-

ole and prednisone. Whereas ketoconazole can lower DHEA levels
y inhibition of P450 17, prednisone could have a similar effect
y feedback inhibition of the adrenal–hypothalamic–pituitary axis.
ur studies also indicate that measurements of unconjugated DHEA

o assess the clinical efficacy of new P450 17 inhibitors may  be unre-
iable since unconjugated DHEA represents 0.1–0.2% of the total
HEA. The TAPS trial was initiated before abiraterone acetate was
vailable, it will therefore be interesting to compare the efficacy of
etoconazole with abiraterone, which is a much more potent and
pecific inhibitor of P450 17.

Other arms of the TAPS trial also deserve comment. All arms
ontained goserelin and T levels were reduced to castrate levels as
xpected for a GnRH agonist. The arms that contained dutasteride
esulted in a significant decrease in serum 5�-reduced steroids, e.g.
HT and a downward trend in androsterone levels. When the arms
ontaining goserelin and dutasteride are compared with the arms
hat contained goserelin, dutasteride and bicalutamide, the effect
f these drug combinations were similar. These data would suggest
hat the addition of bicalutamide has no beneficial effect on serum
etoandrogens as might be expected with an AR antagonist. Only
he arm that contained ketoconazole reduced DHEA-S. Our study
hows that measurement of serum androgens provides insight into
rug response.

With regard to the quantification of conjugated androgens, a
ajor concern during the development of this method was that the

evels would saturate the MS  detector, as baseline levels of DHEA-S
re at least three orders of magnitude higher than unconjugated
ndrogens. Therefore, we took the precaution of only sampling

 fraction of the aqueous fraction for analysis to maintain levels
ithin the linear range: 1 �L for sulfatase and glucuronidase dual
igestion and 40 �L for the glucuronidase digestion. A reduced
ample volume ensured that the DHEA released from the serum
amples, upon enzymatic de-conjugation, were within the linear
ange of the calibration curve and also did not saturate the MS
etector. This allowed for quantification of the conjugated and
nconjugated keto-androgens using a single MS  protocol. Using
his methodology, serum DHEA-S concentrations from the TAPS
atients were found to be within the reference range of age-
atched individuals [33]. Furthermore, the blinded study found

he ketoconazole arm to be the only treatment group to confer a
tatistically significant (p < 0.05) reduction in serum DHEA-S. These
ndings and the exquisite sensitivity of the assay for DHEA conju-
ates suggest that our assay could have widespread utility.

Quantification of the androgen metabolome, which is our aim,
ay  facilitate personalized medicine in CRPC patients and iden-

ify mechanisms of drug resistance. Androgen metabolite profiles
ould be used in conjunction with transcriptomic analysis of tumor
iopsy material to identify the upregulation of steroidogenic path-
ays that may  have adapted to ADT in a specific tumor and
ay  ultimately inform the clinician as to which pharmacological

nhibitors to use for a given patient.
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