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Abstract

The identification of the in vitro metabolites of dehydroepiandrosterone formed from human prostate homogenate was
investigated by hyphenated techniques using the stable-isotope dilution method. A mixture of dehydroepiandrosterone and

2[ H ]dehydroepiandrosterone was incubated with hypertrophied human prostate tissue homogenate in the presence of NAD,4

NADH and NADPH. The metabolites were extracted with AcOEt–hexane, purified by solid-phase extraction, and then
analyzed by LC–atmospheric pressure chemical ionization MS and/or GC–MS. Androst-5-ene-3b,17b-diol (major product),
androst-4-ene-3,17-dione, testosterone, 5a-dihydrotestosterone, androsterone, and 7a-hydroxydehydroepiandrosterone were
identified in comparison with authentic samples based on their chromatographic behavior and mass spectra. 2002
Elsevier Science B.V. All rights reserved.

Keywords: Androsterones; Steroids; Dehydroepiandrosterone; Testosterones

1. Introduction terone (DHEA). It is known that DHEA is converted
into androst-4-ene-3,17-dione (AD) or androst-5-ene-

During the last decade, prostate cancer has be- 3b,17b-diol (A-diol) and then into T, and further
come a commonly diagnosed malignancy in males. It metabolized into the potent androgen DHT in
is well known that prostate cancer is an androgen- peripheral tissues, including the prostate. DHT is
dependent cancer, the growth of which is promoted further metabolized to androsterone (A), as shown in
by androgens [1]. The major circulating androgen in Fig. 1 [1–4]. Therefore, a combination therapy of
the blood of males is testosterone (T) secreted from surgical or medical castration using luteinizing hor-
the testis, and converted into the potent androgen mone-releasing hormone agonist with antiandrogen,
5a-dihydrotestosterone (DHT) in the prostate. In the so-called ‘‘total androgen blockade’’ therapy, has
humans, the adrenal glands secrete a large amount of been used as a treatment for this disease. However,
the inactive precursor steroid dehydroepiandros- subsequent to this therapy, prostate cancer recurs and

progresses to a terminal stage despite reduced circu-
lating T. Although the mechanism of recurrence of*Corresponding author. Tel. / fax:181-76-234-4459.
the cancer, which is androgen independent, stillE-mail address: shimada@dbs.p.kanazawa-u.ac.jp (K.

Shimada). remains unclear, it was found recently that A-diol,
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Fig. 1. Biosynthetic pathway of androgens.

without conversion to T, can activate androgen AD, T, DHT, A andO-methylhydroxylamine hydro-
receptor target genes and that some antiandrogens chloride were purchased from Tokyo Kasei Kogyo

2fails to block completely the androgenic activity of (Tokyo). [2,2,4,6- H ]DHEA [10,11], A-diol, 7a-,4

A-diol in human prostate cancer cells [5,6]. These 7b-hydroxydehydroepiandrosterone (7aOH-, 7bOH-
data show that it is important to clarify the metabo- DHEA) [12] were synthesized in our laboratories.
lites of DHEA, especially A-diol, in the human 7-Oxodehydroepiandrosterone (7-oxoDHEA) and the
prostate. Although the in vitro metabolites of DHEA other authentic androgens were purchased from
formed with mammalian prostate homogenate have Steraloids (Newport, RI, USA).N,O-Bis(trimethyl-
been investigated using HPLC or GC [7–9], the silyl)trifluoroacetamide (BSTFA) was purchased
obtained metabolites, such as A-diol, AD, T and from Wako (Osaka, Japan). Bond Elut C cartridges18

DHT, were identified only by theirt values in (500 mg) were obtained from Varian (Harbor, CA,R

comparison with those of authentic samples, and USA).
therefore ambiguity still remains as to their struc-
tures. 2.2. Incubation and extraction

In this study, the in vitro metabolites of DHEA
formed from human prostate homogenate were in- The prostate tissues were obtained from patients
vestigated by stable-isotope dilution LC–atmospheric with prostatic hypertrophy, who gave informed con-
pressure chemical ionization MS (LC–APCI-MS) sent, at Kanazawa University Hospital. The tissues
and GC–MS to confirm the structures of these (27.8 g) were crushed under liquid nitrogen,
metabolites. homogenized in 0.1M Tris–HCl buffer (pH 7.4)

(110 ml) and then centrifuged at 400g at 4 8C for 5
min. The obtained supernatant (100 ml) was mixed

22. Experimental with substratehDHEA (1 mg) and [ H ]DHEA (14

mg) in 2 ml of EtOHj and cofactors [NADH (70
2.1. Materials and reagents mg), NADPH (70 mg), NAD (70 mg)], and incu-

bated at 378C for 2 h in air. The homogenate of rat
DHEA, NAD, NADPH and NADH were pur- prostate (Wistar, male, 10 weeks) (SLC, Hamamatsu,

chased from Sigma–Aldrich Japan (Tokyo, Japan). Japan) in 0.1M Tris–HCl buffer (pH 7.4) was
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deactivated with heat (808C, 5 min) and then used as ions,m /z 200–350 (total-ion monitoring mode). The
a deactivated enzyme source. chromatographic conditions were as follows: col-

Substrate and its metabolites were extracted with umn, YMC-Pack ODS-AQ (5mm, 15036.0 mm
hexane–AcOEt (1:4) from the incubation mixture. I.D.) (YMC, Kyoto, Japan); mobile phase, MeOH–
After successive washings with 5% aqueous water (13:7); flow-rate, 1.0 ml /min; temperature, 40
NaHCO and water, the organic layer was dried over 8C.3

Na SO and evaporated in vacuo. The obtained2 4

residue was dissolved in methanol (3 ml) and diluted 2.4. Preparative HPLC
with water (7 ml), and the resulting solution was
divided and applied to 10 cartridges of Bond Elut HPLC was performed on a LC-6A chromatograph
C . After washing with water (1 ml), the eluates (Shimadzu, Kyoto) equipped with a J’sphere ODS-18

with 70% MeCN (2.5 ml) were combined and H80 (4mm, 15034.6 mm I.D.) (YMC) column and
evaporated under a nitrogen gas stream. an SPD-10A UV detector (220 nm) (Shimadzu). The

flow-rate and the temperature were set at 1.0 ml /min
2.3. LC–MS analysis and 40 8C, respectively. MeOH–water (3:2 or 4:3)

was used as the mobile phase.
LC–MS was performed on a LCQ liquid

chromatograph–ion trap mass spectrometer (Ther- 2.5. GC–MS analysis
moQuest, San Jose, CA, USA) connected to a PU-
980 chromatograph (Jasco, Tokyo), and APCI O-Methylhydroxylamine hydrochloride in pyridine
(positive-ion mode) was used. The ionization con- (2%, 0.2 ml) was added to the obtained fraction and
ditions were as follows. Ion source current, 5mA; the mixture was heated at 608C for 1 h. The entire
vaporizer temperature, 5758C; capillary temperature, solution was extracted with AcOEt and the organic
240 8C; capillary voltage, 15 V; sheath gas flow-rate, layer was successively washed with 5% aqueous HCl
80 units; tube lens offset voltage, 15 V; monitoring and water, and the solvent was then evaporated

Table 1
aLC–MS data for the authentic androgens

Compound M t (min) Ion (m /z)r R

1 b 17bOH-DHEA 304 5.6 287 [M1H2H O] (50) , 269 [M1H22H O] (100)2 2
1 17-OxoDHEA 302 6.0 303 [M1H] (20), 285 [M1H2H O] (100)2

1 17aOH-DHEA 304 6.1 287 [M1H2H O] (50), 269 [M1H22H O] (100)2 2
111-Oxoetiocholanolone 304 9.9 287 [M1H2H O] (100)2

11b-Hydroxyetio-
1 1cholanolone 306 10.3 271 [M1H22H O] (100), 253 [M1H23H O] (30)2 2

1AD 286 11.5 287 [M1H] (100)
1T 288 14.2 289 [M1H] (100)

1 1A-diol 290 14.8 273 [M1H2H O] (95), 255 [M1H22H O] (100)2 2
1 1DHEA 288 15.7 271 [M1H2H O] (100), 253 [M1H22H O] (50)2 2

5a-Androstane-
1 13b,17b-diol 292 18.1 275 [M1H2H O] (25), 257 [M1H22H O] (100)2 2
1 1Epiandrosterone 290 18.9 273 [M1H2H O] (80), 255 [M1H22H O] (100)2 2
1 1Epietiocholanolone 290 19.4 273 [M1H2H O] (100), 255 [M1H22H O] (60)2 2
1 1DHT 290 21.1 273 [M1H2H O] (100), 255 [M1H22H O] (40)2 2
1 1Etiocholanolone 290 26.1 273 [M1H2H O] (100), 255 [M1H22H O] (60)2 2

5a-Androstane-
13a,17b-diol 292 27.4 257 [M1H22H O] (100)2

1 1A 290 29.1 273 [M1H2H O] (100), 255 [M1H22H O] (45)2 2

a The conditions are cited in the Experimental section.
b Relative abundance.
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under a nitrogen gas stream and dried in vacuo. 8C for 4 min, ramped to 2808C at 40 8C/min and
BSTFA (20 ml) was added to the obtained residue held at 2808C for 10 min. The injector temperature
and the mixture was heated at 608C for 30 min. The was set at 608C for 1 min, ramped to 2808C at 180
solvent was evaporated under a nitrogen gas stream8C/min and held at 2808C for 17 min. In the case of
and dried in vacuo. The residue was dissolved in GC–MS–MS analysis of the methyloxime–tri-
hexane and an aliquot was applied to a GC–MS methylsilyl ether (MO–TMS) derivatives of DHT,
system. the precursor ion was selected atm /z 286 [M2

1GC–MS was performed on a GCQ gas chromato- TMSOH2CH ] , and the collision energy was set3

graph–ion trap mass spectrometer (ThermoQuest) at 1.0 V. Assignment of the used monitoring ion (m /z
equipped with a 5% diphenyl–95% dimethyl- 254) was not done.
polysiloxane capillary column (Rtx-5MS, 30 m3
0.25 mm I.D., 0.25mm d ) (Restex, Bellefonte, PA,f

USA), and used with the following conditions: 3. Results
ionization method, electron ionization (70 eV); car-
rier gas, helium; linear flow-rate, 40 cm/s; transfer 3.1. LC–MS analysis
line temperature, 2758C; ion source temperature,
200 8C. The column oven temperature was set at 60 In the first place, our effort was directed to

Fig. 2. Typical LC–MS chromatograms of the extract from the incubation mixture. (a) Authentic samples, (b) extract from incubation
mixture with heated rat prostate homogenate (deactivated enzyme), (c) extract from incubation mixture with human prostate homogenate.
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identify the metabolites using LC–APCI-MS without which were identified as the dehydrated ions of
2any derivatization. Thet values and the predomi- A-diol / [ H ]A-diol (Fig. 3). All these data confirmR 4

nant ions of authentic potential metabolites are listed the existence of A-diol in the incubation mixture.
in Table 1. Although the peaks corresponding to AD and T

The incubation mixture with homogenate of were not observed in the total-ion chromatogram,
human prostate or heated rat prostate (deactivated these were detected in the mass chromatograms
enzyme) was pre-treated as described in the Ex- monitored with their protonated molecular ions at
perimental section and then subjected to LC–APCI- m /z 287 and 289, respectively (Fig. 4a and b). The
MS analysis. Chromatograms obtained in total-ion mass spectra of the peaks corresponding to AD and
(m /z 200–350) detection mode are shown in Fig. 2b T showed predominantly the ions corresponding to
and c, together with those of authentic samples (Fig. the protonated molecular ions, together with ions
2a). As a consequence, three peaks (1–3) together 1–3 mass units higher, depending on the substrate
with that corresponding to the substrate (DHEA/

2[ H ]DHEA; m /z 271/275520/11) were detected4

in the chromatogram of the extract from the incuba-
tion mixture using the deactivated enzyme (Fig. 2b).
Peaks 1–3 were identified as 7bOH-DHEA (1),
7-oxoDHEA (2) and 7aOH-DHEA (3) by com-
parison with authentic samples based on the chro-
matographic behavior and the mass spectra with twin
peaks which have 4 mass unit differences depending

2on the substrate used (DHEA/[ H ]DHEA). Al-4

though DHEA is enzymatically hydroxylated at the
C-7 position in the human body [13,14], it is well
known that DHEA is oxidized non-enzymatically at
the C-7 position (allyl position), so these peaks may
arise from the allylic oxidation of the substrate with
atmospheric oxygen and the cofactors used. On the
contrary, six peaks (1–6) together with that corre-
sponding to the substrate were detected in the
chromatogram of the extract from the incubation
mixture using human prostate homogenate (Fig. 2c).
Peak 3 increased compared with peaks 1–3 obtained
from the incubation mixture using the deactivated
enzyme. It is recognized that an enzyme that cata-
lyzes the 7a-hydroxylation of DHEA is present in
the prostate gland [9]. These data show that 7a-
hydroxylation also occurs enzymatically in the incu-
bation mixture using human prostate. The mass
spectra of peaks 4 and 5 show twin ions (m /z
255/259, 273/277 and 253/257, 271/275, respec-
tively) which indicates that the compounds arose
from the substrate used, but we could not find the
corresponding androgen having the samet asR

shown in Table 1. The major product (peak 6) had
the samet as the A-diol of an authentic sample.R

Furthermore, the mass spectrum of peak 6 gave theFig. 3. Mass spectra of A-diol. (a) Authentic sample, (b) extract
predominant twin ions atm /z 255/259 and 273/277, from incubation mixture (peak 6).
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Fig. 4. LC–MS chromatograms (top), mass spectra of the peaks corresponding to AD, T and A (middle) and those of authentic samples
(bottom). (a) AD, (b) T, (c) A.

used. The peak corresponding to A was also detected3.2. Preparative HPLC and GC–MS analysis
in the mass chromatogram monitored as the sum of
m /z 273 and 255 (Fig. 4c). The mass spectrum of the In order to confirm the existence of DHT and
peak showed ions also resulting from the deuterated characterize the unknown peaks (peaks 4 and 5), the
substrate used. Although DHT is a potent androgen extract from the incubation mixture was subjected to
in the prostate, it was not detected in this LC–MS preparative HPLC with UV detection (220 nm) using
analysis. methanol–water (3:2) as the mobile phase. The
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peaks corresponding to peak 4, AD, peak 5, T and DHT obtained from the incubation mixture showed
A-diol were detected att 8.0, 9.3, 10.1, 11.1 and ions also resulting from the deuterated substrateR

12.9 min, respectively, and the respective fraction used.
(t 60.5–1 min) was collected. The fractions eluted The obtained fractions corresponding to peaks 4R

at 4.0–6.0, 19.3–21.2 and 21.2–30.0 min contained and 5 were further separated into several peaks by
7aOH-DHEA, DHT and A, respectively. The frac- HPLC using a MeCN–water system as mobile phase.
tion eluted at 2.0–4.0 min was further purified with Therefore, it is difficult to characterize these prod-
methanol–water (4:3) as the mobile phase and gave ucts at this time.
eluates corresponding to 7bOH-DHEA (t 4.0–4.7 The fractions corresponding to A-diol, AD, T,R

min) and 7-oxoDHEA (t 4.7–5.5 min), which were 7aOH-DHEA, 7bOH-DHEA, 7-oxoDHEA and AR

collected. After evaporation of the solvent, the were also identified using GC–MS and comparison
residue obtained was subjected to derivatization with with authentic samples.
O-methylhydroxylamine–BSTFA and then to GC–
MS analysis. Thet values and the predominant ionsR

of authentic androgens are listed in Table 2. The 4. Discussion
production of DHT was confirmed by GC–MS–MS
using m /z 286 as the precursor ion andm /z 254 as We have confirmed A-diol, AD, T, DHT, 7aOH-
the monitoring ion. The MO–TMS derivative of the DHEA and A as the metabolites of DHEA by using
fraction corresponding to DHT gave two peaks stable-isotope dilution LC–MS and/or GC–MS. The
resulting from E- and Z-isomers, which was the stable-isotope dilution method was used to obtain
same as that of the authentic DHT (Fig. 5a and b). information concerning the origin of the detected
The mass spectra of the MO–TMS derivative of androgens or the metabolized position of a steroid

Table 2
aGC–MS data for the authentic androgens

Compound Derivatization M t (min) Ion (m /z)r R

1 b 17bOH-DHEA MO–bisTMS 477 13.12 477 [M] (2) , 387 [M2TMSOH] (100),
1356 [M2TMSOH2OCH ] (10)3

1 17-OxoDHEA bisMO–TMS 432 14.30 432 [M] (40), 401 [M2OCH ] (90),3
1386 [M2OCH 2CH ] (100)3 3

1 17aOH-DHEA MO–bisTMS 477 12.38 477 [M] (2), 387 [M2TMSOH] (100),
1356 [M2TMSOH–OCH ] (10)3

1 1AD bisMO 344 13.02, 344 [M] (65), 313 [M2OCH ] (100)3
c13.05

1 1T MO–TMS 389 12.92, 389 [M] (100), 358 [M2OCH ] (40),3
112.97 268 [M2TMSOH2OCH ] (60)3

1 1A-diol bisTMS 434 12.28 434 [M] (25), 344 [M2TMSOH] (100),
1254 [M22TMSOH] (85)

1 1DHEA MO–TMS 389 12.37 389 [M] (5), 358 [M2OCH ] (70),3
1268 [M2TMSOH2OCH ] (100)3

1 1DHT MO–TMS 391 12.65, 391 [M] (85), 360 [M2OCH ] (50),3
1 d12.73 286 [M2TMSOH2CH ] (100), 254 (100)3

1 1A MO–TMS 391 11.92 391 [M] (2), 360 [M2OCH ] (50),3
1270 [M2TMSOH2OCH ] (100)3

a The conditions are described in the Experimental section.
b Relative abundance.
c Two peaks resulting fromE- and Z-isomers were detected.
d Product ion of MS–MS (precursor ion,m /z 286).
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The other unknown products (peaks 4 and 5)
could not be identified and further purification is
necessary to obtain additional structural information.
We could not detect etiocholanolone or its deriva-
tives with the 5b-configuration, which indicates that
5b-reductase is not present in the prostate.

It should be noted that A-diol was the major
metabolite of DHEA in human prostate. It has been
demonstrated that A-diol has activity for prostate and
breast cancer cell growth [18,19] and androgen
receptor transcription [5]. This might raise significant
interest in the prostate or serum concentration of
A-diol in a patient with prostate cancer which is
expected to contribute to the elucidation of the
mechanism of recurrence of prostate cancer and to
the development of new and better treatments.

Acknowledgements

Part of this work was supported by grants from the
Ministry of Education, Science, Sports and Culture
of Japan.

References
Fig. 5. GC–MS–MS chromatograms of DHT as the MO–TMS
derivative. (a) Authentic sample, (b) fraction obtained corre-

[1] J.T. Isaacs, in: G. Litwack (Ed.), Steroids, Vitamins andsponding to DHT.
Hormones, Vol. 49, Academic Press, New York, 1994, p.
433.

[2] D.B. Gower, in: H.L.J. Makin, D.B. Gower, D.N. Kirk
skeleton. A-diol and 7aOH-DHEA gave corre- (Eds.), Steroid Analysis, Blackie, London, 1995, p. 268,
sponding twin ions in their LC–MS spectra, which Chapter 5.
indicates that they originate from the substrate used [3] K. Shimada, K. Mitamura, T. Higashi, J. Chromatogr. A 935

2 (2001) 141.(DHEA/[ H ]DHEA). On the contrary, in the case4
[4] A. Marwah, P. Marwah, H. Lardy, J. Chromatogr. A 935of the metabolites where conversion occurred at or

(2001) 279.
near the deuterated position (C-2, -4 or -6), such as [5] H. Miyamoto, S. Yeh, H. Lardy, E. Messing, C. Chang, Proc.
AD, T, DHT and A, 1–3 mass units higher ions Natl. Acad. Sci. USA 95 (1998) 11083.
together with the normal ions were observed in the [6] H.-C. Chang, H. Miyamoto, P. Marwah, H. Lardy, S. Yeh,

K.-E. Huang, C. Chang, Proc. Natl. Acad. Sci. USA 96mass spectra depending on the deuterated substrate
(1999) 11173.used. DHT was detected only in the GC–MS chro-

[7] M.E. Harper, A. Pike, W.B. Peeling, K. Griffiths, J. Endo-
matogram, which may be due to the low sensitivity crinol. 60 (1974) 117.
of LC–MS compared with that of GC–MS in [8] W.D. Booth, J. Endocrinol. 96 (1983) 457.
measuring androgens in biological fluids [3,15,16]. [9] C. Martin, R. Bean, K. Rose, F. Habib, J. Seckl, Biochem. J.

355 (2001) 509.The existence of DHT in the incubation medium
[10] R.H. Shapiro, J.M. Wilson, C. Djerassi, Steroids 1 (1963) 1.supports the hypothesis proposed by Labrie et al.
[11] J. Iriarte, C. Djerassi, H.J. Ringold, J. Am. Chem. Soc. 81

[17] that DHEA is converted into T and then DHT in (1959) 436.
the prostate, which is responsible for the recurrence [12] Y. Akwa, R.F. Morfin, P. Robel, E.-E. Baulieu, Biochem. J.
of the cancer. 288 (1992) 959.



961 (2002) 97–105 105K. Mitamura et al. / J. Chromatogr. A

ˇ´ ´ ´[13] M. Hill, O. Lapcık, H. Havlıkova, R. Morfin, R. Hampl, J. [16] M.K. Choi, K.R. Kim, B.C. Chung, Steroids 65 (2000) 54.
Chromatogr. A 935 (2001) 297. [17] F. Labrie, A. Belanger, J. Simard, C.D. Labrie, A. Dupont,

[14] J.L. Fitzpatrick, S.L. Ripp, N.B. Smith, W.M. Pierce Jr., R.A. Cancer (Suppl. 71) (1993) 1059.
Prough, Arch. Biochem. Biophys. 389 (2001) 278. [18] J. Adams, M. Garcia, H. Rochefort, Cancer Res. 41 (1981)

[15] P. Liere, Y. Akwa, S. Weill-Engerer, B. Eychenne, A. Pianos, 4720.
¨P. Robel, J. Sjovall, M. Schumacher, E.-E. Baulieu, J. [19] R. Poulin, F. Labrie, Cancer Res. 46 (1986) 4933.

Chromatogr. B 739 (2000) 301.


