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bstract

Anabolic steroids with the 17�-methyl,17�-hydroxyl group, which were developed as oral formulations for therapeutic purposes, have been
bused in the field of human sports. These anabolic steroids are also used to enhance racing performance in racehorses. In humans, structurally related
7�-methyltestosterone (MTS) and mestanolone (MSL), which are anabolic steroids with the 17�-methyl,17�-hydroxyl group, have metabolites
n common. The purpose of this study was to determine metabolites common to these two steroids in horses, which may serve as readily available
creening targets for the doping test of these steroids in racehorses.

Urine sample collected after administering MTS and MSL to horses was treated to obtain unconjugated steroid, glucuronide, and sulfate
ractions. The fractions were subjected to gas chromatography/mass spectrometry (GC/MS), and 17�-methyl-5�-androstan-3�,17�-diol, 17�-
ydroxymethyl-5�-androstan-3�,17�-diol, 17�-methyl-5�-androstan-3�,16�,17�-triol, and 17�-methyl-5�-androstan-3�,16�,17�-triol were

etected as the common metabolites by comparison with synthesized reference standards. The urinary concentrations of these metabolites after
osing were determined by GC/MS. 17�-Methyl-5�-androstan-3�,16�,17�-triol was mainly detected in the sulfate fractions of urine samples
fter administration. This compound was consistently detected for the longest time in the urine samples after dosing with both steroids. The results
uggest that 17�-methyl-5�-androstan-3�,16�,17�-triol is a very useful screening target for the doping test of MTS and MSL in racehorses.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Anabolic steroids with the 17�-methyl,17�-hydroxyl group
ere mainly developed for oral administration, and 17�-
ethyltestosterone (MTS) and mestanolone (MSL) are

ommercially available in Japan. In comparison with intra-
enously administered steroids that tend to have a long excretion
ime, orally administered steroids have short-term effects and a
hort excretion time. Anabolic steroids were developed primar-
ly for therapeutic purposes. However, they have been abused to
mprove physical performance in human sports and horseracing.

ence, the use of anabolic steroids is now forbidden in athletes

nd racehorses. Drug testing laboratories have been requested to
evelop methods for the detection of misused anabolic steroids.

∗ Corresponding author. Tel.: +81 28 647 4471; fax: +81 28 647 4473.
E-mail address: m-yamada@lrc.or.jp (M. Yamada).
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n general, doping acts are confirmed based on the detection and
dentification of presumed drugs and their metabolites. However,

ost 17�-methyl,17�-hydroxy steroids are extensively metab-
lized, and the parent steroids persist only for a short time
fter administration. Therefore, knowledge of the metabolism
f these steroids is vital to establishing an appropriate method
or the doping test. Studies have shown that structurally related

TS and MSL yield metabolites in common in human [1,2].
here are also reports of the urinary metabolites of MTS in
orse; Stanley et al. [3] and Dumasia [4] used GC/MS to
dentify 17-hydroxymethyl metabolites, and McKinney et al.
xamined the stereochemistry of urinary metabolites by com-
aring with authentic reference standards [5]. The main steps
n the metabolism of MTS in horses are as follows: reduction

f A-ring 3-oxo and 4-ene groups; oxidation at C-6, C-15, and
-16; and epimerization at C-17 during phase I biotransforma-

ion, followed by sulfate and glucuronide conjugation during
hase II biotransformation [3,4]. However, we could not find

mailto:m-yamada@lrc.or.jp
dx.doi.org/10.1016/j.jpba.2007.06.020
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ny reports of the urinary metabolites of MSL and their relation
o the metabolites of MTS. To establish an appropriate method
or the doping test, it is important to know the major metabo-
ites and the length of time for which they are detectable. In
his study, we investigated the urinary metabolites of MTS and

SL to establish an appropriate method for the doping test in
acehorses. Using the MS data of urinary metabolites after MTS
nd MSL administration in horse, we determined the metabo-
ites in common. Then, we synthesized those metabolites and
sed them as reference standards for identification and quantifi-
ation. Based on the analytical data, we determined the target
ubstance for the doping test of MTS and MSL in racehorses.

. Experimental (materials and methods)

.1. Steroids

Authentic MTS and MSL were purchased from Sigma–
ldrich Japan (Tokyo, Japan). MTS and MSL tablets were
btained from Asuka Pharmaceutical (Tokyo, Japan) and
eikokuzouki (Tokyo, Japan), respectively. [16,16,17-D3]-5�-
ndrostane-3�,17�-diol used as internal standard was synthe-

ized in our laboratory according to the report of Dehennin et al.
6]. Androsterone sodium sulfate (ADS), nandrolone (NAD),
estosterone, 17�-methyl-5�-androstan-3�,17�-diol, and 5�-
ndrostan-3�-ol-17-one were purchased from Steraloids (New-
ort, RI, USA). 17�-Methyl-5�-androstan-3�,16�,17�-triol,
7�-hydroxymethyl-5�-androstan-3�,17�-diol, 17�-methyl-
�-androstan-3�,16�,17�-triol, and 17�-methyl-5�-androstan-
�,16�,17�-triol were synthesized in our laboratory.

.2. Chemicals

N-Methyl-N-trimethylsilyl-trifluoroacetamide (MSTFA),
rimethylchlorosilane (TMCS), and hexamethyldisilazane
HMDS) were purchased from GL Sciences (Tokyo, Japan).
ep-Pak Plus C18 360 mg/cartridge (Nihon Waters, Tokyo,
apan) was used as SPE column. �-Glucuronidase derived from
omacea canaliculata, Type A-I, 22,000 Fishman units/ml,
as purchased from Nihon Biotest (Tokyo, Japan), and 1 M
ydrogen chloride–methanol solution was obtained from Koku-
an Kagaku (Tokyo, Japan). All other reagents and solvents
ere of analytical or HPLC grade (purchased from Wako Pure
hemical Industries, Tokyo, Japan or Kanto Kagaku Reagent
ivision, Tokyo, Japan).

.3. Drug administration and sample collection

MTS and MSL tablets were administered at a dose
f 1.0 mg/kg to 3 gelding thoroughbreds (12–15-year-old,
50–600 kg) through a nasogastric tube. The interval between
dministrations of each drug to the same horse was more than 1
onth.

Urine samples were collected prior to administration and at

, 12, 24, 48, 72, 96, 120, 144, and 168 h post-administration
rom each horse. All urine samples were stored at temperatures
elow −40 ◦C until analysis.
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.4. Sample preparation for structure elucidation of
etabolites

.4.1. Unconjugated steroid fraction
The pH of the urine sample (5 ml) was adjusted to 5.0 with

cetate buffer, and the sample was loaded onto a Sep-Pak Plus
18 column preconditioned with methanol (5 ml) and deionized
ater (5 ml). The column was rinsed with deionized water (8 ml)

nd dried under vacuum, and the unconjugated steroid fraction
as eluted with diethyl ether (8 ml). The eluate was evaporated
nder nitrogen at temperatures below 40 ◦C, and the residue
as dissolved in diethyl ether (5 ml). Next, the solution was
ashed first with 1 M hydrochloric acid (2 ml) and then with 1 M

odium hydroxide (2 ml). The solvents were evaporated under
itrogen at temperatures below 40 ◦C. The residue was dissolved
n MSTFA/TMCS/pyridine (20:2:78) mixture and incubated for
0 min at 80 ◦C. After removal of excess reagent, the dried
esidue was reconstituted with 0.1 ml of n-undecane/HMDS
99:1, v/v), and 1 �l of this reconstituted solution was sub-
ected to gas chromatography/mass spectrometry (GC/MS) as
he unconjugated steroid fraction.

.4.2. Glucuronide fraction
After collecting the unconjugated steroid fraction, the glu-

uronide conjugates that remained in the column were eluted
ith 8 ml of ethyl acetate/methanol (4:1). After evaporating the

luate, the residue was dissolved in 5 ml of 0.2 M acetate buffer
pH 5.0) and hydrolyzed with �-glucuronidase (derived from P.
analiculata, 5500 Fishman units) for 2 h at 60 ◦C. This solution
as loaded onto another preconditioned Sep-Pak Plus C18 col-
mn. The column was rinsed with deionized water (8 ml), and
he unconjugated steroids derived from glucuronides were eluted
ith diethyl ether (8 ml). The eluate was evaporated under nitro-
en at temperatures below 40 ◦C, and the residue was dissolved
n diethyl ether (5 ml). Next, the solution was washed first with
M hydrochloric acid (2 ml) and then with 1 M sodium hydrox-

de (2 ml); subsequently, the solvents were evaporated under
itrogen at temperatures below 40 ◦C. The residue was treated
ith the same method as that for the unconjugated steroid frac-

ion for TMS derivatization, and analyzed with GC/MS as the
lucuronide fraction.

.4.3. Sulfate fraction
After collecting the glucuronide fraction, sulfate conjugates

hat remained in the column were eluted with 8 ml of ethyl
cetate/methanol (4:1). After evaporating the eluate, the residue
as dissolved in 1 M anhydrous hydrogen chloride–methanol

olution (0.5 ml) and incubated for 10 min at 60 ◦C. The reaction
ixture was evaporated under nitrogen at temperatures below

0 ◦C, and the residue was dissolved in diethyl ether (5 ml).
ext, the solution was washed first with 1 M hydrochloric acid

2 ml) and then with 1 M sodium hydroxide (2 ml). The sol-
ents were evaporated under nitrogen at temperatures below

0 ◦C, and the residue was treated with the same method as that
or the unconjugated steroid fraction for trimethylsilyl (TMS)
erivatization, and analyzed with GC/MS as the sulfate frac-
ion.
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.5. Sample preparation for quantification of metabolites

.5.1. Calibration curves
The calibration curves for quantification were constructed as

ollows. Blank urine was spiked with authentic reference stan-
ards and internal standards and quantified. The concentration
f spiked reference standards ranged from 0.05 to 5 �g/ml.

.5.2. Unconjugated steroids and glucuronides (U + G
raction)

Internal standards were added to 1 ml of urine sample
IS: NAD and ADS, 1 �g each) and pH was adjusted to 5.0
ith 1.0 ml of 0.2 M acetate buffer. After hydrolysis with �-
lucuronidase from P. canaliculata (4400 Fishman units) for 2 h
t 60 ◦C, the reaction mixture was loaded onto a Sep-Pak Plus
18 column (pretreated with 5 ml of methanol and 5 ml of deion-

zed water). The column was rinsed with 10 ml of deionized
ater and dried under vacuum. Then, the column was eluted with
0 ml of diethyl ether. The eluate was evaporated and reconsti-
uted with 5 ml of diethyl ether. The solution was purified twice
y liquid–liquid extraction with 2 ml of 1 M sodium hydroxide.
fter evaporating the solvent, the residue was dissolved in 100 �l
f NH4I/dithioerythritol/MSTFA (2 mg/4 mg/1 ml) and the reac-
ion was allowed to proceed at 80 ◦C for 30 min, and 1 �l of this
olution was injected into GC/MS as the U + G fraction.

.5.3. Sulfates (S fraction)
After collecting the U + G fraction, the Sep-Pak Plus C18

olumn was eluted with 8 ml of ethyl acetate/methanol (4:1,
/v). After evaporating the eluate, the residue was dissolved in
M anhydrous hydrogen chloride–methanol solution (0.5 ml)
nd incubated for 10 min at 60 ◦C. Then, the reaction mixture
as evaporated under nitrogen at temperatures below 40 ◦C.
he residue was dissolved in 5 ml of diethyl ether, and the
olution was purified twice by liquid-liquid extraction with
ml of 1 M sodium hydroxide. After evaporating the solvent,
he residue was dissolved in 100 �l of NH4I/dithioerythritol/
STFA (2 mg/4 mg/1 ml) and the reaction was allowed to pro-

eed at 80 ◦C for 30 min, and 1 �l of this solution was injected
nto GC/MS as the S fraction.

o
w
2
m

Fig. 1. Synthesis of 17�-methyl-5�-a
d Biomedical Analysis 45 (2007) 125–133 127

.6. GC/MS analysis

GC/MS was performed on an HP 5973 Mass Selective Detec-
or (Agilent Technologies, Tokyo, Japan) connected to an HP
890 series GC. The fused-silica capillary columns used were
B-1, DB-5ms, and DB-17 (J&W Scientific, CA, USA), each
aving 15 m × 0.25 mm diameter and 0.25 �m film thickness.
elium was used as the carrier gas (1.0 ml/min) and the col-
mn oven temperature was programmed to increase from 150
o 210 ◦C at 20 ◦C/min, then to 300 ◦C at 10 ◦C/min, and main-
ained at 300 ◦C for 1 min. The injector temperature was set
t 250 ◦C; the MS transfer line temperature, at 275 ◦C; and
onization energy, at 70 eV.

Structure elucidation of metabolites was carried out in the
ull-scan mode with m/z 50–650, and the capillary column used
as DB-5ms. Identification of urinary metabolites by compari-

on with synthesized reference standards was carried out in the
ull-scan mode with m/z 50–550, and the capillary columns used
ere DB-1, DB-5ms, and DB-17. Quantification was carried out

n the SIM mode using the characteristic ion of each metabolite,
nd the capillary column used was DB-1.

.7. Synthesis of reference standards

.7.1. 17α-Methyl-5β-androstan-3α,16β,17β-triol
The synthesis of 17�-methyl-5�-androstan-3�,16�,17�-

riol from 4-androstene-17�-ol-3-one (testosterone) is shown in
ig. 1 The product obtained after seven steps was recrystallized
epeatedly from ethyl acetate and methanol to obtain crystals
aving mp 232–235 ◦C, and the yield of the entire procedure
as approximately 11%.

.7.2. 17α-Hydroxymethyl-5α-androstan-3β,17β-diol
The synthesis of 17�-hydroxymethyl-5�-androstan-3�,17�-

iol was carried out using the method of Takeda et al. [7].
ig. 2 shows the synthesis that used 5�-androstan-3�-ol-17-

ne as the starting material. The product obtained after 2 steps
as recrystallized from methanol to obtain crystals having mp
10–212 ◦C, and the yield of the entire procedure was approxi-
ately 41%.

ndrostan-3�,16�,17-triol (M6).
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Fig. 2. Synthesis of 17�-hydroxymethyl-5�-androstan-3�,17-diol (M7).

.7.3. 17α-Methyl-5α-androstan-3β,16α,17β-triol
The synthesis of 17�-methyl-5�-androstan-3�,16�,17�-

riol from 5�-androstan-3�-ol-17-one is shown in Fig. 3.
rom GC/MS data, the product obtained at the final step
f the Grignard reaction was presumed to be a mixture of
7�-methyl-5�-androstan-3�,16�,17�-triol and 17�-methyl-
�-androstan-3�,16�,17�-triol. The mixture was dissolved in
cetone and p-toluenesulfonic acid monohydrate was added.
hen, it was refluxed and only 17�-methyl-5�-androstan-
�,16�,17�-triol (cis-16,17-diol) was obtained as acetonide.
fter that, 17�-methyl-5�-androstan-3�,16�,17�-triol (trans-
6,17-diol) was extracted with chloroform/methanol (4:1, v/v)
nd this was recrystallized repeatedly from ethyl acetate to
btain crystals having mp 205–208 ◦C. The yield of the entire
rocedure was approximately 4%.

.7.4. 17α-Methyl-5α-androstan-3β,16β,17β-triol
The synthesis of 17�-methyl-5�-androstan-3�,16�,17�-
riol from 5�-androstan-3�-ol-17-one is shown in Fig. 3. The
roduct obtained in the final step of the Grignard reaction was
eparated on silica gel using chloroform/methanol (9:1, v/v),
nd was recrystallized from methanol to obtain crystals having

3
m
[
M

Fig. 3. Synthesis of 17�-methyl-5�-androstan-3�,16�,17�-trio
d Biomedical Analysis 45 (2007) 125–133

p 247–250 ◦C. The yield of the entire procedure was approxi-
ately 46%.

. Results

.1. Structure elucidation and identification of MTS and
SL metabolites

The main metabolites of MTS and MSL were detected from
he total ion chromatograms of glucuronide and sulfate frac-
ions (Figs. 4 and 5). The metabolites were tentatively labeled

1–M9, and their mass spectra are shown in Fig. 6. M4, M7,
8, and M9 were detected in both glucuronide and sulfate frac-

ions, and were common to MTS and MSL. In contrast, M3, M5,
nd M6 were detected only in the glucuronide fraction after MTS
dministration. The electron impact (EI) mass spectrum of M2
nd M4 showed a molecular ion peak at m/z 450, which is indica-
ive of a di-TMS derivative, and fragment ions at m/z 143 and
30, which are indicative of D-ring cleavage of 17�-methyl,17�-
ydroxy steroids. From the MS data, M2 and M4 were presumed
o be the stereoisomers of 17-methyl-5-androstane-3,17-diol.
n contrast, the EI mass spectrum of M3 and M7 showed a
olecular ion peak at m/z 538, which is indicative of a tri-TMS

erivative, and a fragment ion at m/z 435 due to an initial loss of
03 mass units, indicating oxidation of the 17-methyl function in
he D ring. From these MS data, M3 and M7 were assumed to be
7-hydroxymethyl-5-androstane-3,17-diol. Meanwhile, the EI
ass spectrum of M5, M6, M8, and M9 showed a molecular ion

eak at m/z 538, which is indicative of a tri-TMS derivative, and
ragment ions at m/z 231 and 218, indicating C-16 hydroxylation
f the D ring. From these MS data, M5, M6, M8, and M9 were
resumed to be the stereoisomers of 17-methyl-5-androstane-

,16,17-triol. One study has reported that the above-mentioned
etabolites are stereoisomers of the equine metabolites of MTS

4]. Interestingly, M3, M5, and M6 were derived from only
TS. On the other hand, the EI mass spectrum of M1 showed

l (M8) and17�-methyl-5-androstan-3�,16,17-triol (M9).
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Fig. 4. Chromatograms of 17

molecular ion peak at m/z 360 and a weak fragment ion
t m/z 270 [M–90], but no characteristic ions (m/z 143 and
30) indicative of D-ring cleavage of 17�-methyl,17�-hydroxy
teroids. It has been suggested that 17�-methyl-17�-sulfate con-

ugates decomposed to 17,17-dimethyl-18-norandrost-13-ene
uring epimerization [8]. From these results, M1 was assumed
o be 17,17-dimethyl-5-androst-13-en-3-ol. After MTS admin-
stration, a small amount of unmetabolized MTS was identified

1
d
i
b

Fig. 5. Chromatograms of me
thyltestosterone metabolites.

n the unconjugated steroid fraction by comparing with the ref-
rence standard. A peak with a similar MS pattern was also
bserved at an earlier retention time than that of MTS, and the
etabolite corresponding to that peak was considered to be the
7�-epimer of MTS. In contrast, unmetabolized MSL was not
etected in the unconjugated steroid fraction after MSL admin-
stration. Several peaks in the total ion chromatograms could not
e assigned, such as the distinct peak appearing before the peak

stanolone metabolites.
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Fig. 6. Mass spectra

ssigned to M5 in Fig. 4 or small peaks in Figs. 4 and 5. As these
eaks also appeared in the chromatogram of the urine sample
ollected prior to MTS/MSL administration, it is presumed that
hese peaks originate in urinary components that are unrelated
o MTS/MSL administration.

After the structures were elucidated, the metabolites were
ompared with synthesized reference standards in terms of
C/MS patterns and retention times on three capillary columns,
B-1, DB-5ms, and DB-17. Furthermore, McKinney et al.
ave reported that all the isomers of M4, M6, M7, M8,

nd M9 have different GC retention data when derivatized
ith the combination of three kinds of derivatives, TMS,

yclic phenylboronate ester, and tert-butyldimethylsilyl ether
5]. Comparing our synthesized reference standards with the

l
o

mmon metabolites.

etabolites detected from horse urine in the report of McK-
nney et al., we found that they had the same retention times.
hus, we presumed that the identified metabolites of MSL and
TS were not isomers and M4, M6, M7, M8, and M9 are 17�-
ethyl-5�-androstan-3�,17�-diol, 17�-methyl-5�-androstan-

�,16�,17�-triol, 17�-hydroxymethyl-5�-androstan-3�,17�-
iol, 17�-methyl-5�- androstan-3�,16�,17�-triol, and 17�-
ethyl-5�-androstan-3�,16�,17�-triol, respectively.

.2. Determination of urinary metabolites
We quantified M4, M6, M7, M8, and M9, and the unmetabo-
ized MTS and MSL in horse urine samples after administration
f MTS and MSL. Prior to the determination, calibration curves
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Table 1
Recovery rates of metabolites

ADS (IS) NAD (IS) MSL MTS

U + G fraction 85.8 ± 3.6 78.8 ± 5.5 93.3 ± 3.2
S fractiona 114.9 ± 4.8 86.0 ± 3.7 72.0 ± 2.0 83.7 ± 6.3

M4 M6 M7 M8 M9

U + G fraction 82.3 ± 7.5 80.5 ± 8.9 79.7 ± 2.9 94.4 ± 4.8 72.4 ± 6.3
S fractiona 70.8 ± 7.7 87.9 ± 4.6 101.3 ± 2.0 97.1 ± 6.4 86.2 ± 3.3

Spiked concentration: 1 �g/ml, mean ± CV (%), n = 7.
a Eluates from Sep-Pak Plus C18 were spiked with standards, except for NAD (IS).

Fig. 7. Concentration of 17�-methyltestosterone metabolites in horse urine: (A) U + G fraction of 17�-methyltestosterone and (B) S fraction of 17�-
methyltestosterone.

(A) U

w
T
o
t
f
fi

r
d

T
I

M
M
M
M
M
M
M

n

Fig. 8. Concentration of mestanolone metabolites in horse urine:

ere prepared over the concentration range of 0.05–5 �g/ml.
he correlation coefficient was higher than 0.993, and the limit

f quantification (LOQ) was 0.05 �g/ml. The recovery rates of
he metabolites ranged from 72.4% to 94.4% (n = 7) in U + G
raction and 70.8% to 101.3% (n = 7) in S fraction, and their coef-
cients of variation were from 2.9% to 8.9% and 2.0% to 7.7%,

d
w
a
I

able 2
ntra-day accuracy and precision of quantification method

Nominal (�g/ml) U + G fraction

Actual (�g/ml) Accuracy (%) Precisi

SL 1 1.01 1.0 10.7
TS 1 0.93 −7.5 2.4
4 1 0.88 −13.6 5.5
6 1 0.88 −13.6 2.3
7 1 1.05 4.8 14.4
8 1 0.94 −6.4 7.1
9 1 1.12 10.7 4.8

= 3, accuracy = (nominal − actual)/nominal.
a Eluates from Sep-Pak Plus C18 were spiked with standards.
+ G fraction of mestanolone and (B) S fraction of mestanolone.

espectivery. Table 1 shows the recovery rates, and examples of
etermination results are shown in Figs. 7 and 8. Further, intra-

ay accuracy and precision of the quantification method, which
ere assessed by analyzing quality control samples spiked with

uthentic reference standards (1.0 �g/ml), are given in Table 2.
ntra-day accuracy varied from −13.6% to 10.7% in U + G frac-

S fractiona

on (CV, %) Actual (�g/ml) Accuracy (%) Precision (CV, %)

0.88 −13.6 10.3
0.99 −1.0 10.3
1.04 3.8 14.8
0.87 −14.9 7.8
0.98 −2.1 8.6
0.91 −9.9 6.7
0.90 −11.1 7.4
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ion and −14.9% to 3.8% in S fraction, and their precision were
etween 2.4–14.4% and 6.7–14.8%, respectively.

.2.1. MTS
M4 and M6 were detected mainly at 3 h in the U + G fraction.

he concentration of M4 decreased with time, while that of M6
as almost unchanged up to 12 h. The concentrations of M7,
8, and M9 were lower than 0.2 �g/ml from 3 to 12 h in the
+ G fraction. The concentrations of M4, M7, M8, and M9

n the S fraction were higher than those in the U + G fraction.
hereas M6 was the major metabolite detected in the U + G

raction, it was detected only at 3 h in the S fraction, and all
amples contained metabolites having concentrations lower than
OQ (0.05 �g/ml) after 6 h. Among the 5 metabolites in the S

raction, M7 and M9 were detected as the major metabolites, and
hey could be detected up to 24 or 48 h post-administration. The
etection time of M9 was longer than that of M7. Unmetabolized
TS was detected in the U + G fraction, but its concentration
as lower than LOQ.

.2.2. MSL
M4, M7, M8, and M9 were detected in both U + G and S

ractions. Among them, M4 was detected mainly at 3 h in the
+ G fraction, and the concentrations of M7, M8, and M9
ere lower than 0.5 �g/ml from 3 to 24 h in this fraction. In

he S fraction, whereas M4 was the major metabolite detected at
h post-administration, the concentrations of M4, M7, and M8
ere almost the same from 6 to 24 h. M9 was mainly detected
fter 6 h, and it was detectable up to 24 h post-administration.
he long detection time of M9 was similar to the results for
TS. Unmetabolized MSL and M6 were not detected in all the
+ G and S fractions from urine sampled from horses admin-

o
w
t
t

Fig. 9. Metabolism of 17�-methyltestosterone
d Biomedical Analysis 45 (2007) 125–133

stered MSL. The urinary concentrations of MSL metabolites
ended to be higher than those of MTS metabolites.

. Discussion

MTS and MSL were orally administered to horses, and
heir metabolites were investigated in urine samples. These two
teroids are closely related in terms of chemical structure, and the
xistence of metabolites common to them has been reported in
umans [1,2]. As a result of the structure elucidation of metabo-
ites, we confirmed that M4, M7, M8, and M9 were the common

etabolites mainly excreted in horse urine after administration
f MTS and MSL. The metabolic pathway of MTS and MSL
s presumed from the results of this study is shown in Fig. 9.
TS was metabolized to M4 by reduction of the 3-keto group

nd the C-4, C-5 double bond in the A ring. Subsequently, M4
as metabolized to M7, M8, and M9 by hydroxylation of the
7�-methyl group, 16�-hydroxylation, and 16�-hydoxylation,
espectively. MTS, but not MSL, was metabolized to M6 after
dministration. Since MSL is a 5�-H structural steroid, all of its
etabolites have only the 5�-H structure, and no 5�-H struc-

ural metabolites such as M6 were detected. MS data indicated
hat M3 and M5 are isomers of 17-hydroxymethylandrostane-
,17-diol and 17-methylandrostane-3,16,17-triol, respectively,
nd we presumed that they have 5�-H structures because they
ere not detected in the urine samples after administration of
SL. Therefore, M3 may be a 3-isomer of M7, and M5 may

e 3- or 16-isomer of M8 and M9. The results of investigation

f urinary metabolites after administration indicated that there
ere less metabolites in the urine samples after MSL adminis-

ration than after MTS administration. Therefore, we assumed
hat the urinary concentrations of the common metabolites were

and mestanolone (proposed pathway).
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igher after MSL administration than after MTS administra-
ion.

To quantify unconjugated metabolites in the U + G fraction,
e subjected the non-hydrolyzed U + G fraction to GC/MS, and

ound that unconjugated M4, M6, M7, M8, and M9 were hardly
etected from the urine samples after MTS and MSL adminis-
ration. From these results, we presumed that unconjugated M4,

6, M7, M8, and M9 were hardly present in the U + G fraction.
It is known that 3�-hydroxy metabolites are excreted as sul-

ates while 3�-hydroxy metabolites are excreted as glucuronides
2]. Furthermore, it has been reported that 3�-hydroxy com-
ounds are not metabolites of 17�-methyl,17�-hydroxy steroids
n human [1,2]. Interestingly, in horse urine, M4, M7, M8, and

9, which are 3�-hydroxy metabolites, and M6, a 3�-hydroxy
etabolite, were mainly excreted as sulfates and glucuronides,

espectively. The results indicate that the conjugation of 3-
ydroxy metabolites is the same in horse and human, but
ydroxylation of the 3-keto group in the A ring is very different
etween the two species.

Our quantification results showed that M9 could be detected

or the longest time. In addition, we investigated the detection
imes of M1, M2, M3, and M5, whose urinary concentrations
ould not be determined, and found that none of them had a
etection time longer than M9. Thus, M9 may be a very use-

[
[

d Biomedical Analysis 45 (2007) 125–133 133

ul screening target in the doping test for MTS and MSL in
acehorses.

It has been reported that anabolic steroids with the
7�-methyl,17�-hydroxyl group, such as MTS, MSL, methane-
ienone, and oxymetholone, have metabolites in common in
uman urine [9]. Therefore, it is necessary to investigate further
hether M4, M6, M7, M8, or M9 could be detected from horse
rine after the administration of structurally related steroids with
he 17�-methyl,17�-hydroxyl group.
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