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Abstract

6-OX0P®, a new nutritional supplement commercially available on the internet, is sold as an aromatase-inhibitor and contains androst
ene-3,6,17-trione as active ingredient. This anabolic steroid is a prohibited substance in sports. Androst-4-ene-3,6,17-trione is metabolise
androst-4-ene<6-0l-3,17-dione and androst-4-ene;&73-diol-3-one. A fast, sensitive and accurate LC/MS method was developed and validated
for the quantification of androst-4-ene-3,6,17-trione and its metabolites in urine. The method is capable of determining the stereochesnical posi
of the hydroxy-group at C-6 of the metabolites and consists of a liquid—liquid extraction step with diethylether after enzymatic hydrolysid, follow
by separation on a reversed phase column. lonisation of the analytes is carried out using atmospheric pressure chemical ionisation. The
of quantification of the method was 5 ng/mL for all compounds. The accuracy ranged from 14.8 to 1.3% for androst-4-ene-3,6,17-trione, 9.4
1.6% for androst-4-enee60l-3,17-dione and 4.1 to 3.2% for androst-4-eneifB-diol-3-one in the range of 5-1000 ng/mL. Using this method
androst-4-ene<6-0l-3,17-dione was identified as a major urinary metabolite, whereas androst-4:drii@-@iol-3-one as a minor metabolite.
While the parent compound is predominantly excreted in conjugated form, both metabolites are solely excreted as conjugates.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction to put a ban on these substances. Global distribution via the
internet has resulted in a huge international commercial suc-

Anabolic steroids are widely used by athletes to increase musess for products including androst-4-ene-3,17-dione (AD), 19-
cle masg[1]. In most cases anabolic steroids are intensivelynorandrostenedione and dehydroepiandrosterone. The use of
metabolised2] and hence the elucidation of the metabolism ofthese substances constitutes a doping offence according to the
an anabolic steroid is necessary to detect its misuse. regulationg4] of the World Anti-Doping Agency (WADA).

Over the last decade a number of certain type of anabolic The target analyte of this study, androst-4-ene-3,6,17-trione,
steroids, so-called prohormones, have become available in th& a new anabolic steroid that has shown aromatase-inhibiting
United States as nutritional supplemef@®$. The term “pro-  properties in several in vitro experimenfs—7]. Presently,
hormone” is used because initially these substances were priis steroid is advertised as an anti-estrogenic agent, to be
cursors of testosterone (T) or nortestosterone. These produaised by athletes to treat gynecomastia. A recent qualitative
are sold as over-the-counter products under the 1994 Dieta@C/MS method has revealed that androst-4-ene-3,6,17-trione
Supplement Health and Education Act, although the recentlys metabolised to androst-4-ene-61-3,17-dione and androst-
signed “Anabolic steroid Control Act of 2004” is intended 4-ene- &, 173-diol-3-one[8]. Using this GC/MS method an

additional derivatisation step was needed to determine the posi-
tion of the hydroxyl function at the C-6.
* Corresponding author. Tel.: +32 9 3313295; fax: +32 9 3313299, Until now, quantitative data is lacking and no method has

E-mail address: peter.vaneenoo@ugent.be (P. Van Eenoo). been described for the direct detection of 6-hydroxy-steroids that
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retains the stereochemical information at the C-6 atom, althougand the samples were hydrolysed for 2.5h atG6 After
these steroids have been reported previously as metabolites afoling, 100 mg of a solid buffer containing sodium hydro-

several steroid-12]. gen carbonate and potassium carbonate (2:1, w/w) was added
to the hydrolysate. Liquid-liquid extraction was performed by

2. Experimental rolling for 20 min with 5 mL diethylether. After centrifugation
(2500 rpm) the organic layer was separated and evaporated under

2.1. Chemicals and reagents oxygen free nitrogen. The residue was dissolved in200f

the initial mixture of the mobile phase.

Androst-4-ene-3,6,17-trione (6-0x0-AD), androst-4-ene-6 For the determination of the percentage of nonconjugated
ol-3,17-dione (&-OH-AD), androst-4-enefbo0l-3,17-dione  metabolites, the samples were analysed similarly, except for the
(6B-OH-AD), androst-4-ene-J¥ol-3,6-dione, androst-4-ene- exclusion of hydrolysis step.
6a, 173-diol-3-one (&x-OH-T) and androst-4-ene36l73-diol-
3-one (@-OH-T) were purchased from Steraloids (Newport, 2.4. Method validation
RI, USA). The internal standard (desoximetasone) and3the
glucuronidase preparation (type HP-27500 Units/mL sul- A six-point calibration curve was established between 5 and
phatase,>92,500 Units/mL glucuronidase) were purchased1000ng/mL (5, 10,50, 100,500 and 1000 ng/mL)for 6-ox0-AD,
from Sigma (Bornem, Belgium). Analytical grade sodium 6a-OH-AD and @x-OH-T. Therefore, blank urine was spiked
acetate, potassium carbonate, sodium hydrogen carbonateith the appropriate amount of standards. Each concentration
glacial acetic acid and diethylether were from Merck (Darm-was analyzed in triplicate, the averages were used to construct
stadt, Germany), HPLC grade acetonitrile was from Biosolvethe calibration curve. The area ratio of the protonated molecules
(Geel, Belgium) and HPLC grade water was from Fischerof the compounds of interest and the protonated molecular ion
(Loughborough, UK) The nutritional supplement 6-OX@as  m/z 377 of the internal standard were plotted versus the concen-
bought from Ergopharm (Champaign, USA) via the internet. Theration.
content of one capsule was 100 mg androst-4-ene-3,6,17-trione The precision and accuracy of the method were tested at
(6-ox0-AD). The manufacturer's recommended daily dosagehree levels (5, 100 and 1000 ng/mL). Precision was assessed

was three to six capsules in cycles of 4-6 weeks. as the percentage relative standard deviation (%R.S.D.) of
both repeatability (within-day) and reproducibility (between-
2.2. Excretion study day and different analysts) for a selected compound and

level. Maximum allowed tolerances for reproducibility and

The study was performed with six healthy male volunteersrepeatability can be calculated from the Horowitz-equation
The study protocol was reviewed and approved by the ethicaR.S.Dmax= 21 ~0-5109C) (€ = concentration {g/mL) x 10~9).
committee of Ghent University Hospital. In agreement with theThe maximum allowed tolerances for repeatability and
conditions of such ethical committee approval, each volunteereproducibility are 2/3R.S.Rax and R.S.Dnax respectively
signed a statement of informed consent. Two volunteers tooKL3].
the recommended daily dose of three capsules for 3 consecu- Accuracy (expressed as mean error) was defined as the differ-
tive days in the morning. Urine samples were collected beforence between the calculated amount and the specified amount for
(0 h) and quantitatively 2, 4, 6, 8, 10 and 12 h after intake durthe selected compound and expressed as a percentage. The limit
ing the administration period. Additional samples were takerof quantification (LOQ) of the method was defined as the low-
24, 30, 36 and 48 h after the last capsule. The other four volurest concentration where acceptable reproducibility and accuracy
teers took one capsule in the morning. Samples were collectembuld be guaranteed. Selectivity was tested by analysing several
quantitatively before (O h) and 2, 4, 6, 8, 10 and 12 h after adminstructurally related and other routinely screened doping agents,
istration. Additional samples were taken after 24, 30, 36 andhcluding corticosteroids and anabolic steroids. Concentrations
48h. of these mixtures weredg/mL.

All urine samples were either analyzed directly or stored at Specificity was tested during the validation procedure in
—20°C awaiting analysis. Urinary pH, volume and density werewhich ten blank urines were extracted and analysed as described
measured and all samples were analyzed in duplicate. Wheabove.
necessary, urine samples were diluted with blank urine in order Blank urine sample, system blank and a quality control sam-
to obtain concentrations in the range of the calibration curve. ple (spiked at 100 ng/mL) were analyzed concurrently in each

batch of samples.
2.3. Sample treatment Extraction recovery of all compounds was calculated. For
this purpose negative urine samples ) were spiked at three

Sample clean-up was kept to a minimum and a previouslyevels (5, 100 and 1000 ng/mL) and extracted together with non
described method for the extraction of anabolic steroids andpiked negative urine samples<6). The extracts of the non
analysis by GC/MS was us¢8]. spiked urine samples were then spiked at the three differentlevels

After the addition of the internal standard solution (B0  simulating a 100% recovery. Both sets of samples were then
desoximetasone, 3y/mL) to 3mL of urine, 1mL sodium evaporated and analysed with the described LC/MS method. The
acetate buffer (pH 5.2) and %0 B-glucuronidase were added obtained peak areas of the two sets of samples were compared.
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2.5. Instrumentation All compounds were tested in full scan MS/MS as well

and similar fragmentation patterns were observEd).(1).
Separation of the compounds was performed on a NucleFor all compounds consecutive loss of two water molecules
osil C18 column (100 mnx 3 mm, 5um; Chrompack, Antwerp, [M+H —H,OJ]* and [M +H— 2H,0]*, a very common frag-

Belgium) using a P4000 pump and a model AS3000 autosampl@nentation pattern, was observed. The intensive fragmentation

(TSP, San Jose, USA). The mobile phase consisted of acetorihr MS/MS substantially reduces the signal-to-noise ratio for

trile and 1% acetic acid in water. Gradient elution at a flow rate othe characteristic ions compared to the protonated molecu-

0.3 mL/min was as follows: 70% acetic acid (1%) for 2 min, fol- lar ion in full scan MS. Moreover the most abundant product

lowed by a linear decrease to 30% in 3 min, isocratic for 5minjons [M +H— H20]* and [M + H— 2H,QO]* lack specificity in

followed by anincrease in 0.5 minto 70% acetic acid (1%) whichthe hydrolysed samples, a phenomenon previously noticed for

was maintained for 8 min before the next injection (equilibra-beclomethasongl6]. Hence better sensitivity was observed in

tion time). The total run time of the method was 18 min. Thefull scan MS. Consequently quantification was done in full scan

injection volume was 5Q.L. APCIl+-mode and MS/MS was only used for qualitative pur-
lonization of the analytes was carried out on a LCQ-Decgoses.

instrument (Thermo, San Jose, USA) using atmospheric pres-

sure chemical ionisation (APCI) in the positive ionisation mode 3.2. Extraction and chromatography

The corona discharge current was set@h5 The capillary tem-

perature and evaporator temperature were maintained at 150 andFor chromatography a reversed phase column was preferred,

300°C, respectively. The drying gas (nitrogen, LASAL2001, Air since these columns show good selectivity for the separation

Liquide, Belgium) was maintained at 80 units while the auxil- of steroids[17,18] 6a-OH-T (retention timer =4.754+0.13,

iary gas (nitrogen) was set to 10 units. The capillary voltage was = 396), Gx-OH-AD (retention timer =6.3240.10, n=396)

maintained at 10 V. and 6-0x0-AD (retention timg =7.83+ 0.06,n = 396) exhib-

For the MS/MS experiments the collision energy (CE) wasited well separated peaks under the chromatographic conditions
set at 35%. The isolation width was set at 3.0 and an activatiodescribed.

q of 0.250 was applied. Usually, hydrolysis of urine samples leads to an increase in
matrix background. As a consequence an isocratic step of 2 min
was included into the gradient program allowing non-retained

3. Results and discussion and/or poorly retained matrix compounds, resulting from the
hydrolysis, to elute in the early stage of the run.

3.1. Mass spectrometry
3.3. Method validation

Flow injection analysis was performed to determine (the pres-

ence of) diagnostic ions for all the compounds. For each tested Using a least square fit, good linearity’ & 0.998) was

compound a solution of pg/mL was infused at a flow rate observed for all compounds in the range 5-1000 ng/mL. None

of 10uL/min. In general, APCI is less susceptible to matrix of the calibration curves was forced through the origin and for
effects[14,15] and hence this ionisation technique was pre-the regression calculation a weighing factor of was used for
ferred asinterface. Nevertheless the presence of these effects vadisdata points.

examined. For this purpose the blank urine samples from every The results for precision and accuracy are summarised in

volunteer collected before administration (0 h) were extractedable 1

together with a blank (aqua bidest). Analysis was performed As shown inTable 1, these values were never exceeded for

while a dilute solution of the analytes was infused at a coneither repeatability or reproducibility (5, 100 and 1000 ng/mL).

stant rate in the effluent flowing from the LC systems to theDeviation of the mean measured concentration from the the-
mass spectrometer. The obtained chromatograms did not shawetical concentration (accuracy) for all compounds and were
any fluctuation (positive or negative) in baseline at the retentiobelow the acceptable threshold of 1$%8] for all the levels in

times of the analytes. the range of calibration curve.

Positively charged [M + H] ions were observed for all com- Regarding the selectivity, interference from other monitored
pounds in full scan MS. doping agents could not be found. In addition analysis of 10
Table 1

Accuracy (between-day), repeatability, reproducibility and tolerance limits of the LC/MS method at three concentrations including the thwésteoalibration
curve for 6-oxo-androstenedione (6-o0xo-AD-®H-androstenedione §6OH-AD), 6a-OH-testosterone (6OH-T)

Concentration Accuracy (%), =18 Repeatability (%); =6 Reproducibility (%) =18 R.S.Dmax  2/3R.S.Dmax
(ng/mL) (%) (%)
6-0x0-AD 6x-OH-AD 6a-OH-T 6-0x0-AD @-OH-AD 60-OH-T 6-0x0-AD &x-OH-AD 6a-OH-T
5 -14.8 9.4 —-4.1 9.0 145 14.9 11.8 14.9 13.3 35 23
100 11.3 -5.7 24 35 6.1 4.1 7.4 8.2 7.1 22 15

1000 -13 -1.6 -3.2 6.1 8.5 5.2 8.4 9.5 7.4 16 10
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Fig. 1. Extracted ion chromatograms and mass spectra of 6oxos{283), Gx-OH-AD (m/z 285) and &-OH-T (m/z 287) in a reference mixture (100 ng/mL).

different blank control urine samples did not result in the3.4. Excretion studies
detection of background noise, proving the specificity of the
method. 3.4.1. Qualitative results

The limit of quantification (LOQ) ofthe methodwas5ng/mL.  Separation of isomers is unpredictable in both GC/MS
The limit of detection (2.5ng/mL) was arbitrarily set at 1/2 and LC/MS and must be tested experimentally. Moreover
of the LOQ. Extraction recoveries of the different compoundscomparison between both techniques is difficult because
are given inTable 2 Although the original extraction method well separated compounds on GC/MS, e.g. can co-elute on
was developed as a general screening method for anabolicC/MS and vice versa. Derivatisation with a mixture of
agents[2], moderate to good recovery was observed for allMSTFA/NHsl/ethanethiol is most frequently used in doping
compounds. analysis as this mixture results in the in situ formation of

trimethylsilyliodide, the strongest trimethylsilylating agent, and

T in the formation of enol-TMS-ether-derivativg20]. Unfor-
able 2 . . h . .
The recoveries of 6-oxo-androstenedione (6-oxo-AR}3H-androstenedione tunately, for 3-keto-4-ene-steroids, trimethylsilylation by this
(6a—OH-AD), 6a-OH-testosterone (OH-T)2 mixture results in 3,5-dienol formation and consequently loss of
stereochemical integrity at C{81]. Hence, a different derivati-
sation procedure was applied for the GC/MS determination of

Concentration (ng/mL) Recovery (%)= 6

6-0x0-AD 6x-OH-AD 6a-OH-T the stereochemical configuration of the 6-hydroxy metabolites
5 92.4+ 16.3 83.6+ 18.6 82.8+ 9.6  0f6-0x0-AD[8]. By using the described LC/MS method, the iso-
100 97.3+ 0.9 84.8+ 4.8 66.0+ 5.2 mers of 6-OH-AD and 6-OH-T were well separated. Hence the
1000 78.0+ 2.0 90.0+ 6.4 69.9+ 3.8  g-hydroxy isomers of androstenedione and testosterone, previ-

2 Values are presented as meastandard deviatiom(= 6). ously detected as metabolites of 6-oxo-fd), could be readily
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0 6-0x0-AD
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5 400
(@]
O 0
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(a) time [h]
6-ox0-AD
2
o 500 -
OH o 400 4 —— volunteer 3
=) 300 - —o— volunteer 4
OH § —— volunteer 5
g 200 - —{0— volunteer 6
©
100
0t T T T T T T 1
3 0 2 4 6 8 10 12 14
0 . (b) time [h]
OH Fig. 3. Urinary concentrations (a) and cumulative excretion (b) of 6-oxo-AD

. L . __after administration of one capsule of 6-OX0O
Fig. 2. Suggested in vivo metabolic pathway from androst-4-ene-3,6,17-trione

(1) to androst-4-ene-og 173-diol-3-one (3) via androst-4-enexél-3,17-dione
). The major metabolite of 6-o0xo-AD was identified as®H-
AD and maximum urinary concentrations were detected 2—4 h

identified as &-isomers. Taking into account the previously aftereveryintakeKig. 4a). The concentrations ranged from 32 to

described metabolism of androst-4-ene-3,17-dione to testo§9prg/mL. 6a-OH-AD could only be detected in the conjugated

terone in humanid 1,22,23Jand the in vivo &-hydroxylation of ~ fraction up to 30 h post administration and it was also rapidly
androst-4-ene-3,17-dioffiel,12], the metabolic pathway shown cleared from the body.

in Fig. 2is suggested for 6-0x0-AD. Using the described method,

no 63-hydroxy isomer of these metabolites were detected in any
urine sample, similar as for androst-4-ene-3,17-dione where the
6B-hydroxy isomers were only detected as in vitro metabolites

[12].

60-OH-AD

]

—&—volunteer 3
—<o—volunteer 4
——volunteer 5
—{—volunteer 6

3.4.2. Quantitative results

The concentrations in the urine samples were adjusted to a
standard urinary density of 1.020 kg/L.

For all volunteers the parent compound 6-o0xo-AD could be
detected in postadministration urine samples. The urinary excre- ,
tion profiles of the four volunteers who ingested 1 capsule are
shown inFig. 3a. The volunteers who took a single dose of three 60-OH-AD
capsules during 3 successive days, show a maxima every time ¢ 20 -
new dose was ingested. Maximum urinary concentrations of 6-
0x0-AD were obtained 2—4 h after every administration for both
groups. The concentrations ranged from 470to 1900 ng/mL. The

Concentration [ng/ml

0 10 20 30
time [h]

~—

16

—e—volunteer 3
—o—volunteer 4
—&—volunteer 5

12 1

ount [mg]

detection time after ingestion of the last dose were similar for g . —0—volunteer 6
both test-groups and 6-0xo-AD was no longer detectable 30h §
post administration. 41
6-Ox0-AD was excreted mainly in the conjugated fraction. o . . . ‘ ; . ‘
Only 12.6+ 2.8% 1 = 6) of 6-0x0-AD was excreted nonconju- o o 2 4 ‘:_ [:] 10 12 14
ime

gated. Cumulative excretion data for the total fraction (conju-

gated and free) are shown kig. 3b. This data shows a rapid Fig. 4. Urinary concentrations (a) and cumulative excretion (b)e8-AD
clearance after oral intake of one capsule of 6-0xo-AD. after administration of one capsule of 6-OXO
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60-OH-T Using the described method, misuse of 6-o0xo-AD can be
= 500 detected until 30h post administration of a single dose of
2 400 o= voluniser 3] 100mg.
c
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