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Detection of formestane abuse by mass
spectrometric techniques
Xavier de la Torre,a* Cristiana Colamonici,a Davide Curcio,a Daniel Jardines,a

Francesco Molaioni,a Maria Kristina Parrc,d and Francesco Botrèa,b
Formestane (4-hydroxy-androstenedione) is an aromatase inhibitor prohibited in sports and included, since 2004, in the list of
prohibited substances updated yearly by theWorldAnti-Doping Agency (WADA). Since the endogenous production of formestane
has been described, it ismandatory for the anti-doping laboratories to use isotope ratiomass spectrometry (IRMS) to establish the
exogenous origin before issuing an adverse analytical finding. The described IRMS methods for formestane detection are time-
consuming, requiring usually two consecutive liquid chromatographic sample purifications in order to have final extracts of ade-
quate purity before the mass spectrometric analysis. After establishing a procedure for the determination of the origin of
formestane by IRMS without the need of derivatization, and integrated in the overall analytical strategy of the laboratory for
pseudo-endogenous steroids, a mass spectrometric analysis by gas chromatography–mass spectrometry (GC-MS) and gas
chromatography-tandem mass spectrometry (GC-MS/MS) of formestane metabolites was carried out in order to investigate
whether other biomarkers of formestane abuse could be integrated in order to avoid time-consuming and expensive IRMS confir-
mations for formestane. From the metabolic studies performed, the inclusion of 3β,4α-dihydroxy-5α-androstan-17-one (4α-
hydroxy-epiandosterone) in the routine GC-MS procedures has demonstrated to be diagnostic in order to reduce the number
of unnecessary confirmations of the endogenous origin of formestane. Copyright © 2014 John Wiley & Sons, Ltd.
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Introduction

Formestane (4-hydroxy-4-androstene-3,17-dione) is an anti-
estrogenic drug used for the treatment of breast cancer. It is a type
I aromatase inhibitor acting as a ‘suicide substrate’. In women it
suppresses the formation of estrogen and then can be used thera-
peutically in those pathologies that are estrogen dependent (i.e.,
breast cancer).[1] In humans, estrogens are strong pituitary inhibi-
tors of gonadotropin-releasing factors. The inhibition of estrogen
production causes an increase of luteinizing hormone in males,
and then a net increase of testosterone production is observed.[2,3]

In addition, the combined administration of testosterone and/or its
precursors (i.e., androstenedione) reduces the side effects linked to
androgens aromatization, like gynecomastia. For these reasons,
anti-estrogenic substances including aromatase inhibitors were in-
cluded, in 2004, in the World Anti-Doping Agency (WADA) List of
Prohibited substances in sports.[4]

The human metabolism of formestane has already been de-
scribed in treated patients[1,5] and in the context of anti-doping
analysis studied by Kohler et al.[6] in a single male volunteer. It
appears that among the high number of described metabolites,
3β,4α-dihydroxy-5α-androstan-17-one (4α-hydroxy-epiandrostero-
ne; 4OH-EA) presents the longest detection window.

The basic analytical methodologies developed so far, for their ap-
plication in sports drug testing, are based on gas chromatography–
mass spectrometry (GC-MS) or liquid chromatography-mass spec-
trometry (LC-MS), targeting formestane itself or 4-hydroxytestos-
terone (in horses[7]). It has been demonstrated that traces of
formestane can be produced endogenously in humans and found
in urine samples in concentrations as low as 0.5–20ng/mL[8,9] or as
a result of a pathological process.[10] Thus, since 2011, it is man-
Drug Test. Analysis 2014, 6, 1133–1140
datory according to WADA rules to perform a confirmation based
on isotope ratio mass spectrometry (IRMS) in order to assess the
synthetic origin of formestane for samples presenting a concentra-
tion below 150ng/mL before releasing an adverse analytical
finding.[4,11] Formestane has also been described as a good marker
of andostenedione abuse.[12]

Different IRMS methods have been already described in the
literature,[8,9] but not all laboratories are currently able to perform
such analyses for formestane, especially at low concentrations.
The published methods usually require two consecutive liquid
chromatographic purifications (HPLC) and/or the acylation of
formestane before obtaining an extract of adequate purity for the
subsequent IRMS analysis.[8,9]

We present here a method for the selective and specific detec-
tion of formestane abuse in sports based on both the metabolic
profile of formestane and the purification of urine samples without
Copyright © 2014 John Wiley & Sons, Ltd.
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Table 1. GC-MS(MS) method characteristics. Retention times, selected
ions or transitions and collision energy (CE) applied in the MS/MS
analyses

RT
(min)

GC-MS GC-MS/MS
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the need of the derivatization step for subsequent IRMS confirma-
tion of the origin of the detected formestane. This purification
procedure is included in our laboratory’s overall sample preparation
strategy for the confirmation of the origin of compounds with a
similar chemical structure.[13]
Selected
Ions (m/z)

MRM Transitions
(m/z)

CE (V)

MT (ISTD) 15.3 446 446/301 5

301 301/169 20

4OH-EA 16.1 391 393/213 10

393 391/211 10

522 522/507 10

Formestane 15.9 518 518/333 30

503 518/385 30

503/321 20
Experimental

Standards and reagents

The standard of pregnanediol (5α-pregnane-3α,20α-diol, PD) was
from Steraloids (Newport, RI, USA), 4-hydroxy-androst-4-ene-3,17-
dione (formestane; F) and 17α-methyltestosterone (MT) were from
Sigma-Aldrich (Milan, Italy) and 4-hydroxy-androst-4-ene-17β-ol-3-
one (4-hydrosxytestosterone, 4OH-T) was from (NMIA, Pymble,
Australia). 3β,4α-dihydroxy- 5α-androstane-17-one (4α-hydroxy-
epiandrosterone; 4OH-EA), 3α,4α-dihydroxy-5α-androstane-17-one
(4α-hydroxy-androsterone; 4OH-A), 1,2-dehydroformestane (1,2-
DHF) and 6,7-dehydroformestane (6,7-DHF) were synthesized in
the Institute of Biochemistry, German Sport University Cologne as
previously described.[6]

All reagents and solvents (sodium bicarbonate, potassium car-
bonate, sodium phosphate, sodium hydrogen phosphate, t-
butylmethyl ether, acetonitrile, methanol, n-pentane, cyclohexane
and isopropanol) were of analytical or HPLC grade and provided
by Carlo Erba (Milan, Italy). β-Glucuronidase from Escherichia coli
K12 was from Roche Diagnostic (Mannheim, Germany). Water was
from aMilli Q water purification system (Millipore S.p.A, Milan, Italy).
CO2 reference gas (Solgas, Monza, Italy) for the instrument cali-

bration was calibrated against underivatized steroids (CU/
USADA34-1) with δ13C values calibrated against NIST RM-8559, ob-
tained from Prof Brenna (Cornell University Ithaca, NY, USA).[14]

Urine samples

Three healthy male volunteers (44, 42, and 30 years old, respec-
tively, 82 ± 5 kg weight and normal BMI) were administered orally
(after informed consent approval) with a single capsule of the
prohormone dietary supplement Formastat® (Molecular Nutrition,
Cambridge, MA, USA) claiming to contain 50mg of 4-hydroxy-
androst-4-ene-3,17-dione (formestane). Before the administration,
the composition of the capsule was examined and the δ13C value
of the present formestane was determined. By using the instrumen-
tal conditions described in the next section, the presence of
formestane could be confirmed and the occurrence of other sub-
stances in the formulation could be excluded. Blank urine
samples were collected before administration and spot samples
were collected for the next three days. Samples were stored at
�20 °C until analysis.

Sample preparation

GC-MS analysis

For the urine samples preparation a method previously des-
cribed[15] with some minor changes, was followed. Briefly, to 2mL
of urine 750μL of phosphate buffer (0.8M, pH7), 50μL of β-
glucuronidase from E. coli and 50μL of ISTD (17α-methyltestoster-
one at a final concentration of 200 ng/mL) were added. The
samples were incubated for 1 h at 55 °C. After hydrolysis, to alkalin-
ize the sample 0.5mL of carbonate/bicarbonate buffer (20% w/w),
was added and liquid-liquid extraction was carried out with 5mL
of t-butylmethyl ether for 6min on a mechanical shaker. After
wileyonlinelibrary.com/journal/dta Copyright © 2014 Joh
centrifugation, the organic layer was transferred and evaporated
to dryness. The residue was then derivatized, at 70 °C for 20min,
using 50μL of the derivatizing mixture to form the trimethylsilyl
(TMS) derivatives and an aliquot of 1μL was injected directly into
the GC-MS. The analyses were performed in full scan mode (m/z
50–650) with a single quadrupole (GC-MS) and in multiple reaction
monitoring (MRM) with a triple quadrupole GC-MS/MS using the in-
strumental conditions described in Table 1.

GC-C-IRMS analysis

Urine samples (3 to 6mL for pseudo-endogens and 21mL (3x7 mL)
for formestane) were extracted with 10mL of t-butylmethyl ether
after the addition of 1mL of phosphate buffer (0.8M, pH7) to sep-
arate the free from the conjugated fraction. Once the free fraction
was discarded, the hydrolysis was initiated by the addition of
50μL of β-glucuronidase from E. coli. The hydrolysis was performed
at 55 °C during 60min; after cooling, pH was adjusted to 9–10 with
carbonate buffer (20%) and extraction performed with 10mL of t-
butylmethyl ether. Once the solvent was separated and taken to
dryness, the final residue was dissolved in 50μL of a mixture
water/methanol (50/50 V:V) containing 17α-methyltestosterone
(100μg/mL) for subsequent high performance liquid chromatogra-
phy (HPLC) purification of the extract.

HPLC sample purification. All separations were performed on an
Agilent 1100 Series liquid chromatograph (Agilent Technologies
SpA, Cernusco sul Naviglio, Milan, Italy) and the selected fractions
collected in an Agilent 1100 fraction collector. Separation condi-
tions were established by monitoring the signal of a UV lamp at
192nm (Agilent 1100 UV DAD detector). Fractions before and after
the fractions containing the substances of interest were collected
and analyzed in order to verify that all the peak of interest was
completely collected, otherwise an isotopic fractionation may oc-
cur and false δ13C values might be obtained during GC-C-IRMS
analysis.

Purification of pseudo-endogenous androgens. The purification of the
pseudo-endogens has been previously described.[13] Briefly, sample
purification was performed using a Discovery C18 column from
Supelco (Sigma-Aldrich Italia, Milan, Italy) (25 cm, 4.6mm, 5μm) at
38 °C. Separation was programmedwith a mobile phase composed
of water (solvent A) and acetonitrile (solvent B). For compounds
separation, an isocratic program was set up set up at 38% B for
26min then increasing to 55% B in 0.01min, then to 65% B in
4min and kept at 65% B for additional 4min. The column was
n Wiley & Sons, Ltd. Drug Test. Analysis 2014, 6, 1133–1140
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flushed for 6min at 100% B and finally re-equilibrated at 38% B for
5min for a total run time of 45min. The flow rate was set at
1mL/min. This procedure was also applied for the collection of pu-
rified extracts of the endogenous reference compounds (ERCs; i.e.,
PD), compounds which delta values are not modified by the exog-
enous administration of synthetic pseudo-androgens.

Purification of formestane. A first HPLC purification is performed fol-
lowing the same routine conditions for the normal routine
androgens analysis as described before. Since some interfering
peaks appeared from time to time in the initial fraction of the pre-
viously described procedure, a second purification, of the fraction
containing formestane, using an Ascentis phenyl column from
Supelco (Sigma-Aldrich, Milan, Italy) (15 cm, 4.6mm, 3μm) and a
Supelguard Ascentis phenyl precolumn Supelco (Sigma-Aldrich, Mi-
lan, Italy) (2 cm, 4mm, 5μm) at 60 °C was performed in the
following conditions: an isocratic program was set up at 38% B
for 15min then increasing to 100% B in 0.01min. The column was
flushed for 7min at 100% B and finally re-equilibrated at 38% B
for 8min for a total run time of 30min. The flow rate was set at
1mL/min.

After the HPLC procedures for sample purification were
applied, the collected fractions were taken to dryness under a ni-
trogen stream. Before their analysis by GC-C-IRMS or GC-MS, the
fractions were dissolved with an adequate volume of a mixture
cyclohexane/isopropanol (4/1) containing 5α-androstane-3β-ol
(20μg/mL), according to the estimated concentration in the orig-
inal sample, in order to get adequate signal for the IRMS analysis.
Instrumental analysis

GC-MS/MS conditions for formestane screening

For the mass spectrometric screening analysis of formestane and
4OH-EA, the chromatography was performed in a HP1MS (Agilent
J&W, CPS Analitica, Milano, Italy) methyl fused-silica capillary col-
umn (17m x 0.2mm i.d., 0.11μm film thickness). The Initial
temperature 188 °C for 2.5min, was increased at 3 °C/min to
211 °C maintained 2min, increased at 10 °C/min to 238 °C then at
40 °C/min to 320 °C and kept 3.2min at the final temperature.
Helium was used as carrier gas at 0.8mL/min and injection, 2μL
of extract, was performed in split (1:20) mode. The analyses were
carried out on an Agilent 7890A gas chromatograph coupled to
an Agilent 7000 triple quadrupole mass spectrometer (Agilent
Technologies SpA, Cernusco sul Naviglio, Milan, Italy). Both the in-
jector and transfer line operated at 280 °C. Specific MRM
transitions were selected as described in Table 1.
Figure 1. Formestane and metabolites detection time of the main
formestane metabolites excreted as glucuronides, analysed by GC-MS in
scan mode. Mean and SD of the detection observed in three male
volunteers.
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GC-C-IRMS conditions

GC-C-IRMS analyses were performed on an HP6890 gas chromato-
graph connected to a combustion furnace linked to a Thermo Delta
Advantage isotope ratio mass spectrometer through an Isolink-
Conflow IV interface (ThermoElectron, Bremen, Germany). The chro-
matography was performed in a HP5MS (Agilent J&W, CPS
Analitica, Milano, Italy) 5% phenylmethyl fused-silica capillary col-
umn (30m x 0.25mm i.d., 0.25μm film thickness).

The oven temperature programwas the following: initial temper-
ature 150 °C for 1min, increased at 25 °C/min to 260 °C maintained
4min, increased at 25 °C/min to 310 °C and kept 2.7min at the final
temperature. Helium was used as carrier gas at 2.1mL/min and in-
jection, 2μL of extract, was performed in splitless mode at 280 °C.
Drug Test. Analysis 2014, 6, 1133–1140 Copyright © 2014 John
The Thermo Isolink-Conflow IV interface was used with an oxida-
tion furnace at 960 °C. Generated CO2 was dried on a NafionTM

membrane before entering the mass spectrometer. High purity ox-
ygen gas was flushed trough the furnace for 3 s every single
injection of the analysis sequence.

The calibration of the CO2 tank gas was performed by the analy-
sis of traceable reference material (CU/USADA34-1), a value of
�23.3 ‰ was assigned.

GC-MS conditions for IRMS extracts confirmation

The purity of the extracts analyzed by GC-C-IRMS was verified by
their parallel analysis in a HP6890 gas chromatograph coupled
to HP5973 mass spectrometer (Agilent Technologies SpA,
Cernusco sul Naviglio, Milan, Italy) equipped with the same type
of column and under the same chromatographic conditions
used for IRMS analysis. The chromatographic profile was equiva-
lent to the one obtained for the isotopic analysis except for the
retention time lag due to the longer non chromatographic path
of the IRMS system. The extracts (1 to 2μL) were injected in
splitless mode and the analyses were performed in full scan
(range m/z 50–550).

GC-MS conditions for capsule content

For the capsule content identification the same instrumental condi-
tions described for the GC-MS/MS urinary screening were used,
except that the acquisition was performed in full scan (m/z 50–650).
Validation parameters

The parameters considered for the validation of formestane by GC-
C-IRMS were: instrumental linearity, selectivity, recovery, within and
between assay precision.

The instrumental linearity of formestane in the GC-C-IRMS sys-
tem was assessed by the analysis of serial dilution of standards
in triplicate in a range of 4 to 0.2 V response. A maximum stan-
dard deviation of 0.5 delta units for the three measurements was
accepted.
Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/dta
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The selectivity for formestanewas evaluated by the analysis of 10
different pools of blank urines samples (5 male and 5 female) on
both the GC-C-IRMS and GC-MS instruments. The recovery was
established by comparison of blank urine samples spiked at differ-
ent concentrations (n = 3) analyzed through the whole procedure
and the same blank urine samples once extracted added with the
Figure 2. Exctracted chromatograms at selected ions or transitions of two QC
detected by GC-MS (A) and GC-MS/MS (B); and Exctracted chromatograms at sel
additional six urine samples, detected by GC-MS (C) and GC-MS/MS (D).

wileyonlinelibrary.com/journal/dta Copyright © 2014 Joh
same amount of standards on the last evaporation step before
the GC-C-IRMS analysis.

The within assay precision was determined by the analyses of dif-
ferent blank male urine samples spiked at 150ng/mL (n=5). The
between assay precision was determined by repeating the previous
experiment in two additional experimental sessions on different days.
samples at 2 and 150 ng/mL of formestane and additional six urine samples,
ected ions or transitions of two QC samples at 5 and 30 ng/mL of 4OH-EA and

n Wiley & Sons, Ltd. Drug Test. Analysis 2014, 6, 1133–1140
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Results and discussion

GC-C-IRMS validation

The GC-C-IRMS instrument showed an acceptable linearity between
350mV and 4V (SD <0,5 ‰, n =3), corresponding to 30–160ng
injected on column (splitless mode). A limit of detection (LOD) ver-
ified in fortified urine samples of 30 ng/mL (starting from 21mL
Figure 2. (Continued).

Drug Test. Analysis 2014, 6, 1133–1140 Copyright © 2014 John
urine) was estimated as being the lowest concentration with a SD
<0,5 ‰ (n= 3). The first approach for the analysis of formestane
by GC-C-IRMS consisted of applying the previously developed
method for pseudo-endogenous steroids that is presently the
followed standard procedure in our laboratory.[13] Unfortunately
the obtained extracts of the HPLC purification required as in a pre-
viously published work[8] an additional purification step. A second
HPLC purification using a phenyl column, as in the case of
Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/dta
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Figure 4. Detection of 4OH-AED (Formestane) and of 4OH-EA urinary
concentrations after the oral administration of 50mg of formestane to a
healthy volunteer at time 0 h. Red lines indicate the concentration interval
of formestane in which IRMS confirmation is mandatory according to
WADA rules.

Table 2B. Summary of the analytical findings in four formestane cases

Table 2A. Summary of the analitycal results on samples showing con-
centrations of formestane below 150 ng/mL for the three volunteers

Sample Timea

(h)
Conc.
(ng/mL)

Ratio δ13C ‰ Δδ IRMS
Result b

F 4O
H-EA

4OH
-EA/F

F PD

VOL 1_11 44 130 1475 11.3 �28.4 �23.6 4.8 Positive

VOL 1_12 48 136 1067 7.8 �28.4 �23.1 5.3 Positive

VOL 2_8 38 62 424 6.8 �28.4 �22.2 6.2 Positive

VOL2_9 42 74 350 4.7 �28.4 �22.7 5.7 Positive

VOL3_8 30 113 237 2.1 �28.2 �21.8 6.4 Positive

VOL3_9 36 55 228 4.1 �28.1 �22.4 5.7 Positive

a Urine sample collection time after Formastat® (δ13C =�29.9 ± 0.2‰;

n = 3) administration.

b IRMS results evaluated according to WADA rules[11]
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boldenone,[16] permitted to obtain extracts of adequate purity for
the subsequent IRMS analysis. The purity of the extracts was con-
firmed by GC-MS analysis.
After the application of the procedure on fortified samples, no

significant differences (<0.5 ‰) were observed for the δ13C
values of formestane compared with the direct analysis of the
pure standard, confirming that no isotope fractionation was
produced during sample preparation. The overall recovery of
the method was 60±13% (n=9) measured at 50, 40, and
30ng/mL.
The within-assay precision estimated by the analyses of 5 control

samples spiked at 150ng/mL and analyzed through the whole pro-
cess on the same day was 0.09 ‰ expressed as the standard
deviation (SD) of the measurements (δ13C=�29.86 ‰, SD 0.09
‰). The application of the procedure over three independent ex-
perimental sessions showed an adequate precision (δ13C=�29.72
‰, SD 0.20 ‰, n = 15).
Previously published methods include the acetylation of

formestane before the HPLC purification. This certainly reduces
the reactivity of the hydroxy group on the C4 position and permits
to reach lower LODs. However, considering that the proposed
method fulfills the WADA requirements, that some disadvantages
linked to derivatization are avoided and that the overall strategy
in our laboratory for IRMS analysis circumvents the derivatization
step, we consider the proposedmethod as fit for purpose for the in-
vestigation of formestane origin.

Formastat® capsule analysis

The content of a Formastat® capsule was dissolved in methanol,
sonicated for 10min and then centrifuged. The GC-MS analysis of
the obtained solution demonstrated the presence of formestane.
The identification was based on the retention time on the chro-
matographic system and mass spectrum compared to a pure
standard. After the GC-C-IRMS analysis, a value of δ 13C (‰) of
�29.9±0.2 (n= 3) was assigned.

Excretion studies

The qualitative analyses of the urinary extracts by GC-MS in full
scan mode permitted the detection of several formestane
metabolites already described by Kohler et al.[6] and the results
for three volunteers are presented in Figure 1. The identification
Figure 3. Time course of 4OH-AED (Formestane) and of 4OH-EA urinary
concentrations after the oral administration of 50mg of formestane to a
healthy volunteer at time 0 h.

detected by the screening method and where IRMS confirmation was
applied

Case
#

Athlete’s
Sex

Conc.
(ng/mL)

δ13C ‰ Δδ IRMS
Result a

F 4OH-EA F PD

1 M 80 < 2 �21.9 �22.7 �0.8 Negative

2 F 55 ND �23.9 �23.4 0.5 Negative

3 M 40 ND �24.2 �23.5 0.7 Negative

4 M 40 < 2 �23.4 �22.7 0.7 Negative

a IRMS results evaluated according to WADA rules[11]

wileyonlinelibrary.com/journal/dta Copyright © 2014 Joh
was assigned based on the comparison of the retention times
and mass spectra with reference standards. The detected main
metabolites were formestane, 3β,4α-dihydroxy-5α-androstane-
17-one (4-hydroxy-epiandrosterone; 4OH-EA), 3α,4α-dihydroxy-
5α-androstane-17-one (4-hydroxy-androsterone; 4OH-A), 3β,17β-
n Wiley & Sons, Ltd. Drug Test. Analysis 2014, 6, 1133–1140
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dihydroxy-5α-androstane-4-one, 3β-hydroxy-5α-androstane-4,17-
dione, 4,17β-dihydroxy-4-androsten-3-one (4-hydroxy-testoster-
one; 4OH-T), 4-hydroxy-1,4-androstadiene-3,17-dione (1,2-
dehydroformestane; 1,2-DHF), 4-hydroxy-4,6-androstadiene-3,17-
dione (6,7-dehydroformestane; 6,7-DHF), and 5α-androstane-
3α,4α,17β-triol. In all three volunteers, the long lasting metabolite
was 4OH-EA and all subsequent investigations focused on the poten-
tial use of this metabolite as a specific marker of formestane intake.

The detection of formestane by GC-MS using a single quadrupole
is apparently an easy task and low detection limits can be reached,
since the mass spectrum of the per-TMS derivative shows an in-
tense peak at m/z 518 and low fragmentation is obtained.
However, the elution time on the GC system, an instrument fre-
quently used by the anti-doping community, overlaps with the
elution time of several other hydroxylated androgens metabolites
with the same molecular weight (i.e., 6β-hydroxy-androstenedione
or 16α-hydroxy-androstenedione) and other hydroxylated reduced
metabolites that may compromise the selectivity of the method.

To reach the required WADA performance levels for some
synthetic anabolic steroids of 2013,[17] most anti-doping laborato-
ries have moved their traditional GC-MS methods to GC triple
quadrupole instruments operating in MRM. By the use of such ana-
lyzers, and by selecting the appropriate transitions, it has been
possible to improve the selectivity of the detection of formestane
and 4OH-EA. As shown in Figure 2, peaks that could be
misinterpreted as belonging to formestane have been better iden-
tified after MS/MS analysis.

Since the beginning of 2013, 4OH-EA has been included in the
GC-MS/MS routine procedure and more than 10 000 samples have
been analyzed without the detection of any relevant signal,
confirming the selectivity of the method and the absence of 4OH-
EA at the detection level reached (ca. 2 ng/mL). This finding sup-
ports the potential use of 4OH-EA as a diagnostic marker to
disclose the origin of formestane detected in urine samples.

4OH-EA as a diagnostic marker

The urinary excretion profile of formestane and 4OH-EA after the
administration of Formastat is presented in Figure 3. The concentra-
tions of the analytes were estimated by comparison of the relative
responses with the ISTD obtained from a calibration sample pre-
pared by adding pure formestane and 4OH-EA to a blank urine at
a final concentration of 100 and 50ng/mL, respectively, and ana-
lyzed in every analytical batch.

It can be noticed, formestane shows a very rapid absorption with
a maximum peak concentration 5–6h after the administration it is
detectable for 60–75h, showing concentrations below 150ng/mL
after ca. 30 h. Formestane metabolite 4OH-EA shows a delayed
formation and excretion, presenting a maximum urinary
Table 3. Summary of the potential origins of formestane detection in u

Admini

Formestane

Finding Formestane +++++

4OH-T ++

4OH-EA +++++++

AED —

Other 4OH-EA/Formestane> 2

a Endogenous considering the current WADA rules[11]

Drug Test. Analysis 2014, 6, 1133–1140 Copyright © 2014 John
concentration peak at 20–24h and it is detectable for a longer time,
until 70–90h (Figure 3). During the time interval when formestane
concentrations are between 150ng/mL and 50ng/mL, the interval
when the IRMS confirmation is mandatory, the concentrations of
4OH-EA are 6–10 times higher (Figure 4 and Table 2A).

Samples collected from the laboratory routine analyses showing
formestane concentrations below 150ng/mL (n=4) were analyzed
by IRMS according to WADA rules in order to confirm the exoge-
nous origin of the formestane. After the application of the IRMS
method previously described all the samples confirmed the endog-
enous origin of the formestane detected. Interestingly, the 13C
value of formestane in the excretion studies samples (�28.4 until
�28.1‰) does not reach the 13C value of the administered prepa-
ration (�29.9 ‰) as was also reported previously.[7,8,12] It is
remarkable that in all the excretion studies samples the 13C values
of formestane are almost identical, independent of the volunteer
and the collection time, meaning that an almost identical kinetic
fractionation effect has had to be taken place. Additionally, in all
the samples where endogenous formestane was confirmed by
IRMS, and opposite to the observation made for the controlled ad-
ministrations, the presence of 4OH-EA was much lower than
formestane itself, or undetectable (Table 2B).
Potential sources of formestane detected in urine

Formestane can be detected in urine samples endogenously or
arising from the administration of formestane, 4-hydroxy-
testosterone, and/or androstenedione (and/or testosterone, given
the reversible nature of the androstenedione – testosterone con-
version). In order to evaluate the diagnostic capacity of 4OH-EA in
other circumstances where formestane is detectable, the detection
in samples obtained from previous excretion studies has been
reviewed. Table 3 summarizes the observations collected until
now. As mentioned before 4OH-EA permits clearly to distinguish
between an endogenous production of formestane and the one
excreted after formestane administration. In the case of an andro-
stenedione administration (AED; 100mg p.o., Androstenedione
ASN®, OR, USA), the )concentrations of 4OH-EA are lower than
those of the produced formestane and there are other biomarkers
(testosterone, T; epitestosterone, E; androsterone, A; or etiocholan-
olone, Et) with their excretion highly increased and easily
confirmable by IRMS, that permit to link the formestane finding
to an androstenedione administration. Finally, after the administra-
tion of 4OH-T (100mg p.o., Hydroxytest-Ester Gels®; Molecular
Nutrition, MA, USA) some is metabolized to formestane but only
trace amounts of 4OH-EA have been generated in the cases ana-
lyzed so far. Further excretion studies should be performed for a
definitive confirmation of these observations.
rine and the more relevant analytical finfings observed

strations Endogenous a

(<150 ng/mL)
4OH-T AED

++++ ++++ +

++ +++ —

+ + +/�?

— ++

A; Et, T; E 4OH-EA/Formestane< 0.1
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Conclusions

An IRMS method for the confirmation of formestane origin without
any additional derivatization step has been developed and vali-
dated fulfilling WADA requirements, and has been included in the
overall sample preparation strategy developed in our laboratory.
The method requires the application of two consecutive HPLC
clean-up steps in order to obtain extracts of adequate purity.
The detection of formestane and metabolites is drastically im-

proved using GC-MS/MS. The detection of formestane as TMS
derivative using a single quadrupole mass spectrometer may lead
to incorrect evaluation of the detected peaks due to co-elutions.
After formestane administration, and during the time interval
where IRMS should be applied according to WADA criteria, the
concentration of 4OH-EA is 2–10 times higher than formestane it-
self while in the cases of endogenous production found so far,
the concentration of 4OH-EA is much lower or irrelevant. So, we
propose the monitoring of 4OH-EA (and its ratio with formestane
itself) in routine screening analysis as a diagnostic biomarker able
to the number of samples that require confirmation by IRMS. By
doing so, we can reduce the application of a complex and time-
consuming confirmation method, and the analytical costs to the
Testing Authorities.
In all cases where IRMS is still considered necessary, targeting the

δ13C values of 4OH-EA is most likely an easier approach.
Acknowledgements

This study has been partially funded in part by a Research Grant of
the Italian National Antidoping Commission of the Italian Ministry
of Health. The technical assistance of Ms Anna Giulia Di Trana is also
appreciated.

References
[1] P.E. Lønning, J. Geisler, D.C. Johannessen, H.-P. Gschwind, F. Waldmeier,

W. Schneider, B. Galli, T. Winkler, W. Blum, H.-P. Kriemler, W.R. Miller, J.
W. Faigle. Pharmacokinetics and metabolism of formestane in breast
cancer patients. J. Steroid Biochem. 2001, 77, 39.

[2] G.J. van Londen, S. Perera, K. Vujevich, P. Rastogi, B. Lembersky,
A. Brufsky, V. Vogel, S.L. Greenspan. The impact of an aromatase
inhibitor on body composition and gonadal hormone levels in
women with breast cancer. Breast Cancer Res. Tr. 2011, 125, 441.

[3] D.S. Willoughby, C. Wilborn, L. Taylor, W. Campbell. Eight weeks
of aromatase inhibition using the nutritional supplement
Novedex XT: Effects in young, eugonadal men. Int. J. Sport Nutr.
Exe. 2007, 17, 92.
wileyonlinelibrary.com/journal/dta Copyright © 2014 Joh
[4] WADA. The World Anti-Doping Code-The 2014 Prohibited List
International Standard. Available at: http://www.wada-ama.org/Docu-
ments/World_Anti-Doping_Program/WADP-Prohibited-list/2013/WADA-
Prohibited-List-2013-EN.pdf.January [1st July 2014].

[5] G.K. Poon, M. Jarman, M.G. Rowlands, M. Dowsett, J. Firth.
Determination of 4-hydroxyandrost-4-ene-3,17-dione metabolism
in breast cancer patients using high-performance liquid
chromatography-mass spectrometry. J. Chromatogr. B 1991, 565, 75.

[6] M. Kohler, M.K. Parr, G. Opfermann, M. Thevis, N. Schlörer, F.J. Marner,
W. Schänzer. Metabolism of 4-hydroxyandrostenedione and 4-
hydroxytestosterone: Mass spectrometric identification of urinary
metabolites. Steroids 2007, 72, 278.

[7] G.N.W. Leung, W.H. Kwok, T.S.M. Wan, K.K.H. Lam, P.J. Schiff.
Metabolic studies of formestane in horses. Drug Test. Anal. 2013,
5, 412.

[8] T. Piper, G. Fußhöller, C. Emery, W. Schänzer, M. Saugy. Investigations
on carbon isotope ratios and concentrations of urinary formestane.
Drug Test. Anal. 2012, 4, 942.

[9] M. Polet, P. Van Renterghem, W. Van Gansbeke, P. Van Eenoo. Profiling
of urinary formestane and confirmation by isotope ratio mass
spectrometry. Steroids 2013, 78, 1103.

[10] G.K. Poon, M. Jarman, R. McCague, J.H. Davies, C.E.M. Heeremans, R.A.
M. van der Hoeven, W.M.A. Niessen, J. van der Greef. Identification of
4-hydroxyandrost-4-ene-3,17-dione metabolites in prostatic cancer
patients by liquid chromatography-mass spectrometry. J. Chromatogr.
B 1992, 576, 235.

[11] WADA. Technical Document – TD2014IRMS. Detection of Synthetic
Forms of Endogenous Anabolic Androgenic Steroids by GC-C-IRMS.
Available at: https://www.wada-ama.org/en/resources/science-medi-
cine/td2014-irms#.VFOhwPmG_ls [1st September 2014].

[12] A.T. Cawley, G.J. Trout, R. Kazlauskas, A.V. George. The detection of
androstenedione abuse in sport: A mass spectrometry strategy to
identify the 4-hydroxyandrostenedione metabolite. Rapid Commun.
Mass Spectrom. 2008, 22, 4147.

[13] X. de la Torre, C. Colamonici, D. Curcio, F. Molaioni, F. Botrè. A
comprehensive procedure based on gas chromatography-isotope
ratio mass spectrometry following high performance liquid
chromatography purification for the analysis of underivatized
testosterone and its analogues in human urine. Anal. Chim. Acta
2012, 756, 23.

[14] Y. Zhang, H.J. Tobias, J.T. Brenna. Steroid isotopic standards for gas
chromatography-combustion isotope ratio mass spectrometry (GCC-
IRMS). Steroids 2009, 74, 369.

[15] M. Mazzarino, M.G. Abate, R. Alocci, F. Rossi, R. Stinchelli, F. Molaioni,
X. de la Torre, F. Botrè. Urine stability and steroid profile: Towards a
screening index of urine sample degradation for anti-doping
purpose. Anal. Chim. Acta 2011, 683, 221.

[16] X. de la Torre, D. Curcio, C. Colamonici, F. Molaioni, F. Botrè.
Metabolism of boldione in humans by mass spectrometric
techniques: Detection of pseudoendogenous metabolites. Drug
Test. Anal. 2013, 5, 834.

[17] WADA.Technical document ; TD2013MRPL- Minimim required perfor-
mance levels for detection and identification of non-threshold
substances. Available at: http://www.wada-ama.org/Documents/
World_Anti-Doping_Program/WADP-IS-Laboratories/Technical_Docu-
ments/WADA-TD2013MRPL-Minimum-Required-Performance-Levels-
v1-2012-EN.pdf.July [1st July 2014].
n Wiley & Sons, Ltd. Drug Test. Analysis 2014, 6, 1133–1140

http://www.wada-ama.org/Documents/World_Anti-Doping_Program/WADP-IS-Laboratories/Technical_Documents/WADA-TD2013MRPL-Minimum-Required-Performance-Levels-v1-2012-EN.pdf.July
http://www.wada-ama.org/Documents/World_Anti-Doping_Program/WADP-IS-Laboratories/Technical_Documents/WADA-TD2013MRPL-Minimum-Required-Performance-Levels-v1-2012-EN.pdf.July
http://www.wada-ama.org/Documents/World_Anti-Doping_Program/WADP-IS-Laboratories/Technical_Documents/WADA-TD2013MRPL-Minimum-Required-Performance-Levels-v1-2012-EN.pdf.July
http://www.wada-ama.org/Documents/World_Anti-Doping_Program/WADP-IS-Laboratories/Technical_Documents/WADA-TD2013MRPL-Minimum-Required-Performance-Levels-v1-2012-EN.pdf.July

