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The detection of the performance-enhancing drug testosterone (T) remains a significant challenge in doping
control analysis. Longitudinal monitoring through the steroidal Athlete Biological Passport (ABP) is a valuable
tool for T detection, but further research is needed to enhance its efficacy. Phase II metabolites of endogenous
anabolic androgenic steroids (EAAS), including glucuronides and sulfates, have gained increasing interest as
potential new biomarkers for the steroidal ABP. Notably, sulfate metabolites have demonstrated higher sensi-
tivity to oral, transdermal, and intramuscular T administration, with extended detection windows compared to
traditional biomarkers. However, before incorporating these promising biomarkers into urinary steroid profiling,
it is essential to address the metabolic variations associated with different T administration methods, as well as
differences related to ethnicity and sex. In this part of the study, we investigate the effects of oral and transdermal
T administration on conventional biomarkers and phase II EAAS metabolites in male participants. Sulfate ratios
indicated higher sensitivity to multiple administrations of testosterone undecanoate (TU) tablets and T gel,
significantly prolonging detection times compared to conventional steroid profile biomarkers. Specifically, sul-
fate ratios such as androsterone sulfate (AS)/testosterone sulfate (TS) and epiandrosterone sulfate (EpiAS)/TS
enabled detection for an average of 20 days following the last oral TU dose and at least 16 days after the last
transdermal T application. These findings provide further evidence that incorporating sulfate EAAS metabolites
into steroid profiling enhances detection capabilities. For advanced T doping detection, sulfate metabolites
should be considered essential biomarkers in the steroid profile.

Glucuronides
Sulfates

Endogenous steroids
Combined ratio

stability and sensitivity, their concentrations are combined into specific
ratios. Ratios included in the steroid profile as biomarkers are T/E,

1. Introduction

The implementation of the steroidal module in the Athlete Biological
Passport (ABP) in 2014 enabled more sensitive detection of doping with
testosterone (T) and other endogenous anabolic androgenic steroids
(EAAS) [1-3]. The steroid profile comprises T, its epimer epitestosterone
(E), and key metabolites such as androsterone (A), etiocholanolone
(Etio), 5a-androstane-3a,17p-diol (5a-Adiol), and 5f-androstane-3a,
17p-diol (5b-Adiol). These metabolites are quantified after enzymatic
hydrolysis of glucuronidated EAAS and derivatization using gas chro-
matography — mass spectrometry (GC-MS) methods. To enhance

A/Etio, 5a-Adiol/E, 5a-Adiol/5b-Adiol, and A/T [4]. These urinary
biomarkers and their individually calculated reference ranges are
monitored longitudinally, allowing reliable discrimination between
naturally elevated biomarkers and potential doping scenarios [2].
Samples indicating exogenous administration of T by suspicious fluc-
tuations of the biomarkers are then further analyzed with gas chroma-
tography — combustion — isotope ratio mass spectrometry (GC-C-IRMS)
for the unambiguous confirmation of T misuse. Although the steroid
profile improves T doping detection capabilities in sports drug testing, it
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still faces several challenges [2,5-7]. The detection window after oral
administration of EAAS is short, while the sensitivity of the biomarkers
to transdermal administration of EAAS is relatively low. Additionally,
the sensitivity of the steroidal module is diminished for female athletes
and individuals bearing the del/del genotype for the UGT2B17 enzyme.
This deletion polymorphism, responsible for the glucuronide conjuga-
tion of T, leads to low urinary T levels obtained by GC-MS, which
severely hinders the response of T/E to T administration [8].

These unresolved issues have contributed to the expansion of
research on the urinary steroid profile toward the analysis of intact
phase II metabolites of EAAS, comprising glucuronidated and sulfated
steroids, by liquid chromatography-mass spectrometry (LC-MS). As the
current steroidal ABP only incorporates glucuronidated and free forms
of the EAAS, the investigation of sulfated metabolites of EAAS adds new
insights into metabolic reactions. This complementary approach has
aided in the discovery of new urinary biomarkers, focusing on sulfated
metabolites of conventional and alternative EAAS metabolites [9-17].
Also, combined ratios of sulfated and glucuronidated metabolites have
been investigated, showing great potential for expanding detection ca-
pabilities [18-21]. Various administration studies examining phase II
metabolites after the administration of T have been conducted to assess
the suitability of these alternative biomarkers. Studies from the last few
years show promising but mixed results, highlighting high
intra-individual variability among participants and strong dependence
on the drug administration route and dose.

Several studies [9,12,20] investigating oral administration of
testosterone undecanoate (TU), have proposed sulfate ratios, including
testosterone sulfate (TS), epitestosterone sulfate (ES), androsterone
sulfate (AS), and epitestosterone sulfate (EpiAS), as suitable biomarkers
and have demonstrated significantly prolonged detection times (DTs)
compared to the conventional T/E ratio [22,23]. Another study [21]
could, however, not confirm these results after oral TU administration,
pointing out differences in the administration dose.

Comparing different T administration routes, transdermal adminis-
tration has shown generally lower sensitivity of conventional bio-
markers [24,25]. T gel is often administered in even intervals, and low
doses are absorbed, resulting in relatively stable steroid profiles. First
investigations of phase II metabolites, especially sulfates, have shown
moderate results regarding increased sensitivity and additional value
compared to established biomarkers [9,21]. Nevertheless, a recent study
[26] has proposed sulfate ratios of EAAS as sensitive biomarkers after
multiple doses of T gel. The study has been evaluated in Caucasian and
Asian male volunteers, gaining valuable information and prolonged DTs.

Phase II metabolites of EAAS have also been evaluated after intra-
muscular administration of different T esters. Sulfate ratios, for example,
AS/TS, have significantly prolonged the DT after T cypionate adminis-
tration in Caucasian and Asian male participants [27]. Another study
has been investigating alternative biomarkers after T cypionate admin-
istration, focusing on glucuronidated phase II metabolites of EAAS [28].
Also, ratios between glucuronides and sulfates were investigated [21],
showing similar or longer DT than conventional biomarkers. Two
studies [18,19] proposed the “combined ratio” (CR) of testosterone
glucuronide/testosterone  sulfate  to  epitestosterone  glucur-
onide/epitestosterone sulfate ((TG/TS)/(EG/ES)) as a promising
biomarker for detecting various intramuscular T ester administrations,
independent of UGT2B17 gene polymorphism. The authors have sug-
gested further studies to prove the applicability of the CR for a wider
application range to detect T doping, including different T administra-
tion forms and female steroid profiles.

Results of these various studies propose a great potential for
including phase II metabolites in future steroid profiling. However,
before implementing their quantification in routine doping control
analysis, further research needs to be conducted. The applicability has to
be tested for parenteral (transdermal, intramuscular) and enteral (oral)
administration forms to gain insight into different metabolic pathways.
Also, besides the comparison of Caucasian and Asian participants,
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female participants have to be included in further studies to build a
robust monitoring system for T misuse. This work aimed to add value to
the ongoing investigations by assessing the applicability of the CR and
other ratios of phase II metabolites of EAAS as biomarkers for oral and
transdermal T administration. The effect on the conventional steroid
profile, glucuronidated, and sulfated metabolites of EAAS was evaluated
and compared. The presented clinical study included 12 male and 6
female participants. In this first part, results for male participants are
described.

2. Materials and methods
2.1. Chemicals and reagents

Methanol (HPLC grade) used to prepare standard solutions and for
sample preparation was supplied by Chem-Lab (Zedelgem, Belgium).
Water used for sample preparation was provided by a Milli-Q water
purification system (Millipore, Reference A+, Burlington, Massachu-
setts, USA). Water and acetonitrile (ULC/MS-CC/SFC grade) as well as
formic acid (99 %, ULC/MS-CC/SFC grade) used for HPLC analysis, were
purchased from Bisolve (Valkenswaard, The Netherlands). Oasis HLB
cartridges (60 mg/3 ml, 30 um particle size) for solid phase extraction
were obtained from Waters (Milford, MA, USA). Chemicals for the
preparation of artificial urine and buffers were obtained as follows:
potassium dihydrogen phosphate, sodium chloride, di-sodium hydrogen
phosphate, and ammonium chloride, were obtained from Merck
(Darmstadt, Germany). Urea was provided by GE Healthcare Life Sci-
ences (Uppsala, Sweden) and creatinine was purchased from Sigma
Aldrich (St. Louis, MI, USA). Further, methyl-t-butyl-ether, ammonium
iodide (NH4I), and ethanethiol (97 %) were purchased from Sigma
Aldrich (St. Louis, MI, USA). B-Glucuronidase (E. coli) for enzymatic
hydrolysis was supplied by Roche (Mannheim, Germany). N-Methyl-N-
trimethylsilyltrifluoroacetamide = (MSTFA) was purchased from
Macherey-Nagel (Diiren, Germany). For silylation, a derivatization stock
solution was prepared by dissolving 200 mg of NH4I in a mixture of
10 ml MSTFA and 600 pl ethanethiol. A derivatization working solution
was prepared by mixing the stock solution with MSTFA (1:4, v/v)
directly before sample preparation.

Testosterone glucuronide (TG; Batchnr.: 16S02), Epitestosterone
glucuronide (EG; Batchnr.: 15510), Androsterone glucuronide (AG;
Batchnr.: 09S11), Etiocholanolone glucuronide (EtioG; Batchnr.:
15S14), Testosterone sulfate (TS; Batchnr.: 97000340), Epitestosterone
sulfate (ES; Batchnr.: 97000341), Androsterone sulfate (AS; Batchnr.:
06S05), Etiocholanolone sulfate (EtioS; Batchnr.: 97001741) and the
deuterated substances used as internal standard (ISTD) d3-TG (Batchnr.:
15S06), d4-EG (Batchnr.: 13S07), d5-EtioG (Batchnr.: 24S06), d3-5a-
Dihydrotestosterone glucuronide (d3-DHTG; Batchnr.: 10S06), d3-TS
(Batchnr.: 20S02), d3-ES (Batchnr.: 97000059), d4-AS (Batchnr.:
98000501), d5-EtioS (Batchnr.: 97001744) and d3-5a-Dihy-
drotestosterone sulfate (d3-DHTS; Batchnr.: 98001909) were purchased
from National Measurement Institute (New South Wales, Australia). d5-
AG was provided by synthesis from the Technical University of Vienna
(Vienna, Austria). Epiandrosterone glucuronide (EpiAG; Batchnr.: C259)
and Epiandrosterone sulfate (EpiAS; Batchnr.: B2387) were purchased
from Steraloids (Newport, RI, USA). d5-EpiAS (Batchnr.: 2RRK261) was
purchased from Toronto Research Chemicals Inc (Vaughan, Canada).
The purity of all reference standards was 98 % or greater. In all cases,
stock standard solutions of the analytes were prepared in methanol
(100-200 ug/ml) and stored at —20 °C.

2.2. Clinical studies

Ethical approval of the studies was granted by the corresponding
local Research Ethical Committees (Sports Medicine Association of
Serbia, Belgrade, Serbia; Decision_0221). The studies were conducted in
accordance with the Declaration of Helsinki.
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All participants provided written informed consent before inclusion
and underwent a general physical examination, blood test, urinalysis,
and a 12-lead electrocardiogram with results within normal values. The
medical evaluation was conducted again following the completion of the
study. All participants declared not to consume any over-the-counter
drugs or prescription drugs within 2 weeks before the start of the
study. Participants were allowed to moderately consume alcoholic
beverages. Twelve healthy male volunteers, aged between 18 and 40,
with body weight not more than 10 % above or below the ideal weight
for their height and frame, were included in the administration studies.
Most of the participants were either medical students or practicing
physicians, which contributed to high compliance with the sampling
protocol and overall study procedures. Each participant received an oral
T formulation in the first study period, and six participants, randomly
assigned, received additionally a gel formulation in the second study
period.

The oral formulation of T (Andriol® Testocaps, 10 times 40 mg TU,
multiple dosing) was administered as follows: 4 capsules on day 1, 2 in
the morning and the evening, respectively. Two capsules were admin-
istered in the morning on day 2, 3 and 4, resulting in a total T intake of
253 mg (400 mg TU). Six urine samples were collected during the week
before administration to create baseline values. Urine samples were
collected in the following periods, starting after the first T administra-
tion: all urine samples during week 1, one urine sample per day during
week 2, and 2 urine samples per week for weeks 3 and 4. Four partici-
pants expanded the sample collection by one week.

2 months after the first period of the clinical study, six participants
received a gel formulation in the second study part. The topical
formulation of T (Testavan® gel, 5 times 46 mg of T (2 pumps each),
multiple dosing) was applied to the upper arm in the morning on day
1-5, resulting in a total T administration of 230 mg. 3 urine samples
were collected during the week before administration to create baseline
values. Urine samples were collected in the following periods, starting
after the first T administration: all urine samples during week 1, one
urine sample per day during week 2, and 2 urine samples per week for
weeks 3 and 4.

2.3. Determination of the conventional steroid profile

2.3.1. Sample preparation

The urinary steroid profile was measured according to the validated
routine laboratory procedure compliant with World Anti-Doping Agency
(WADA) guidelines [29,30], including hydrolysis of the glucur-
oconjugated part and derivatization before injection [31]. If the con-
centration was outside the calibration range using 1 ml of urine, a 100 pul
urine aliquot was used.

2.3.2. GC-MS/MS analysis

Gas chromatography — tandem mass spectrometry (GC-MS/MS)
analysis of the trimethylsilyl steroids was conducted on a Trace 1300 gas
chromatograph coupled to a TSQ 8000 triple quadrupole mass spec-
trometer (Thermo Fisher, Waltham, MA, USA) according to the
accredited procedure for quantifying the steroid profile in urine, as
described elsewhere [31].

2.4. Determination of phase II metabolites

2.4.1. Sample preparation

To cover the broad concentration range of sulfates and glucuronides
from sub-ng/ml to several pg/ml, two aliquots of urine were prepared.
To cover lower concentration ranges, one aliquot was prepared using
solid phase extraction (SPE), which was performed on Oasis HLB car-
tridges (60 mg, 30 um) as follows: the cartridges were conditioned with
2ml of methanol and equilibrated with 2 ml of water. The loading so-
lution was prepared by the addition of 20 ul of ISTD solution (40 ng/ml
d3-TG, 40 ng/ml d4-EG, 400 ng/ml d5-AG, 400 ng/ml d5-EtioG, 100 ng/
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ml d3-DHTG, 10ng/ml d3-TS, 10ng/ml d3-ES, 100ng/ml d4-AS,
100 ng/ml d5-EtioS, 100 ng/ml d5-EpiAS and 100 ng/ml d3-DHTS) to
2 ml of urine and loaded onto the cartridges, followed by washing with
2ml of water. Finally, the analytes were eluted with 2 ml of methanol.
Samples were evaporated to dryness and reconstituted in loading sol-
vent H20: ACN (80:20) + 0.1 % FA. 2 pl were injected into the LC-High
Resolution Mass Spectrometry (LC-HRMS) system. To cover the high
concentration range for certain target substances, a second aliquot using
40 ul of urine was diluted with 360 ul aqueous ISTD solution (600 ng/ml
d3-TG, 6000ng/ml d5-AG, 6000 ng/ml d5-EtioG, 1500 ng/ml d4-AS,
1500 ng/ml d5-EtioS, 1500 ng/ml d5-EpiAS and 1500 ng/ml d3-DHTS
in 96-deep well plates. 2l of the mixture was directly injected into
the LC-HRMS system. If the concentration was outside the calibration
range, a 10 ul urine aliquot was used.

2.4.2. LC-HRMS analysis

Analysis was carried out on a Q Exactive Focus Orbitrap MS analyzer
coupled to a Vanquish Horizon UHPLC System (Thermo Fisher, Wal-
tham, MA, USA). The LC system was equipped with a cooled sample tray
(20 °C), a high-pressure binary pump, and a column oven set at 25 °C.
Chromatographic separation was carried out using an InfinityLab
Poroshell 120 EC-C18 column (150 x2.1 mm i.d., 1.9 um particle size,
Agilent Technologies). To reduce non-defined adsorption, shielded fused
silica nanoViper™ tubing sheathed in polyetheretherketone (PEEK)
from Thermo Fisher was employed in the entire system. The mobile
phase consisted of water containing 0.1 % formic acid (solvent A) and
acetonitrile containing 0.1 % formic acid (solvent B). For the samples
prepared with SPE (SPE method), a gradient elution program was
employed at a constant flow rate of 0.3 ml/min with solvent B increasing
over 10.5 min from 25 % to 39 %. Solvent B increased further to 98 %
over 1 min. It was held there for 1.5 min before returning to 25% B
within 0.1 min. The column was re-equilibrated at 10 % B for 2.9 min,
resulting in a total runtime of 16 min. Samples prepared by dilution and
direct injection (dilute and shoot (DS) method) were analyzed on the
same system with the same settings, only using a shorter gradient elution
program. At a constant flow rate of 0.3 ml/min, solvent B increased from
10 % to 40 % in 0.2 min, followed by an increase to 51 % over 3.8 min. In
0.5 min, solvent B increased to 98 %, where it was held for 1.5 min,
before returning to 10 % within 0.1 min. The column was re-equilibrated
at 10 % B for 1.9 min, resulting in a total runtime of 8 min.

The mass spectrometer was equipped with a heated electrospray
ionization (HESI) source, operated in negative mode. Source parameters
were as follows: spray voltage 3.7 kV, capillary temperature 320 °C,
sheath gas, and auxiliary gas (nitrogen): 30 and 10 arbitrary units,
respectively. The instrument was operated in single ion monitoring
(SIM) mode at 70,000 resolving power.

2.5. Method validation

For accurate quantification of the target substances TG, EG, EtioG,
AG, EpiAG, TS, ES, EtioS, AS, EpiAS, the methods were validated ac-
cording to WADA guidelines [30]. For all target substances, their cor-
responding deuterated standards were used as ISTD. For EpiAG, where
no deuterated standard was available, d3-DHTG was used as an internal
standard. EpiAS was evaluated with its corresponding deuterated stan-
dard d5-EpiAS for participants O1-O6. Due to availability problems,
EpiAS was quantified with the deuterated standard d3-DHTS for the rest
of the samples. Artificial urine, prepared in the laboratory (2.5 g/L po-
tassium dihydrogen phosphate, 9.0 g/L sodium chloride, 2.5 g/L diso-
dium hydrogen phosphate, 3.0 g/L. ammonium chloride, 25 g/L urea,
and 2 g/L creatinine, prepared in water), was used as the matrix for
method validation and preparation of calibration curves. To generate six
different artificial urine samples, the amount of each ingredient was
increased by 50 % from the standard protocol, once at a time. 10 urine
samples from the laboratory’s external quality assessment scheme
(EQAS), allocated during the last 5 years, were used in method
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validation.

The validation protocol included the determination of SPE extraction
recovery, selectivity, linear range, limit of quantification (LOQ),
repeatability, intermediate precision (IP), bias, measurement uncer-
tainty (MU), robustness, extract stability, and carryover. All validation
parameters were determined in compliance with the laboratory’s stan-
dard procedures. The extraction recovery of the SPE method was
calculated as the ratio of responses of 20 ul of ISTD solution, which was
spiked in artificial urine before and after the extraction. Samples were
prepared in triplicate. Selectivity was evaluated by analyzing 10 EQAS
samples and the same set of samples spiked with a standard mixture of
approximately 40 exogenous steroids (free forms and glucuronidated) to
evaluate the presence of chromatographic interferences in the selected
mass for all target analytes. Additionally, concentrations for AG, EtioG,
TG, and EG were compared with the assigned value for A, Etio, T, and E
from conventional steroid profile determination by GC-MS/MS. Samples
were accepted if the deviation from the assigned value for the four target
analytes was less than 20 %, and no notable interferences were detected
in the elution region of each target analyte. Calibration curves were
prepared by spiking six different artificial urine samples at seven
different calibration levels. Samples were analyzed in triplicate. The
linear range of the calibration curves was calculated from the peak area
ratio of the analyte to that of the corresponding ISTD using a 1/x2
weighted regression. The calibration curves were accepted if the coef-
ficient of determination (R2) > 0.99, and the concentration for all cali-
bration levels did not differ more than +-20% from the nominal
concentrations. For LOQ determination, 6 additional calibration curves
were prepared in the lower linear range and was determined according
to DIN 32645 [32]. IP and repeatability were assessed by preparing
three different batches, each consisting of six different artificial urines
spiked with two different calibration levels (LOQ and 10xLOQ). Samples
were prepared by two different analysts on three different days and
analyzed in triplicate. The bias was evaluated as the difference from the
assigned value of 10 EQAS samples for AG, EtioG, TG, and EG. For
substances with no certified reference material available, bias was
determined as the mean absolute percentage difference between the
concentrations measured in the samples for linearity determination and
their nominal concentration, taken as the reference. The MU was
determined in accordance with the TD2022DL [33] by a quadratic
combination of the IP and the root mean square of the bias. The
acceptance criteria were set at 20 % of the mean result at 10xLOQ and at
30 % at LOQ [29]. The bias for AG, EtioG, TG, and EG determined with
EQAS samples was used in the relevant MU calculation. Robustness was
assessed by evaluating minor changes in the analytical measurement (e.
g., fresh mobile phase preparation, SPE cartridges lot, LC column lot)
during the three days of the quantitative validation protocol. Carryover
was determined by the injection of blank water samples after the highest
calibration sample and was regarded as negligible if it was less than 1 %.
Extract stability was assessed by re-injection of samples from bias
determination.

2.6. Data evaluation

The software Xcalibur Quan Browser (Thermo Fisher) was used to
process raw data and for quantitation. Quantitative analysis was per-
formed using an external calibration curve consisting of at least 5 points.
For better comparison, urinary concentrations of endogenous steroids
were corrected by specific gravity (SG) [33]. Samples that showed signs
of extensive Dbacterial degradation (5a-Androstandione/A or
5p-Androstandione/Etio > 0.1, determined by GC-MS/MS) and ethyl
glucuronide (ETG, determined by LC-HRMS) higher than 5 ug/ml were
excluded [29]. Values below the LOQ of the analytical method were not
considered. Ratios between endogenous steroid sulfate and glucuronide
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metabolites, which showed the highest sensitivity to T administration,
were calculated and longitudinally evaluated. From the conventional
steroid profile determined by GC-MS/MS, T/E was chosen as reference
biomarker for oral administration, T/E and 5a-Adiol/E were chosen for
transdermal administration. The ratios’ average values obtained from
the baseline samples before administration of the respective study
phase, plus three times the standard deviation, which correspond to a
99 % confidence interval, were used to define the individual threshold
(IT) limits [1]. The ratios obtained during administration and in the
post-administration samples were compared with the calculated IT.
Ratios outside the IT limits were considered as affected by the T
administration. DT was calculated in post-administration samples from
the last administration (t=0). The last value outside the IT in the
post-administration samples was defined as DT. If 5 consecutive values
were below the IT, followed by a single value above the IT, this elevated
value was considered an outlier and was not considered for further
evaluation. As baseline values were determined again before the second
study phase, a return to basal values of the ratios was ensured.

Of the 12 male participants receiving oral TU (01-012), one (011)
was excluded from further analysis due to labelling inconsistencies
during the sampling process. All participants receiving T gel (D7-D12)
were included in the data analysis.

3. Results and discussion
3.1. Method validation

Validation results for the two procedures for LC-HRMS analysis of
phase II metabolites of EAAS are presented in Table A.1 (Supporting
information). Both the SPE method and the DS method fulfilled the
criteria according to WADA guidelines [30]. Regarding selectivity, no
chromatographic interferences were observed in the elution region of
the target analytes. Additionally, the concentrations for AG, EtioG, TG,
and EG were compared with the assigned value for A, Etio, T, and E from
conventional steroid profile determination by GC-MS/MS and met the
acceptance criteria. The quantitative validation parameters were satis-
factory for all target analytes. Repeatability and IP ranged from 2.7 % to
6.1 % and 2.8-6.2 %, respectively. The MU, combining random and
systematic error, was calculated at LOQ and 10xLOQ with results below
the acceptance criteria of 30 % and 20 %, respectively. Both procedures
were linear (r2 > 0.99) for all target analytes in the concentration ranges
described. Regarding the SPE method, the LOQ of TS and ES was 0.06
and 0.05 ng/ml, respectively. The LOQ for TG and EG was 0.1 ng/ml.
The method was considered robust due to the minor variations during
the three days of validation measurements, and negligible carry-over
was observed for all target analytes, with values below 0.1 %. Extracts
were stable after reinjection of bias samples 3 days later (stored at 10
°C), where values did not differ more than + 20 % from the nominal
concentrations. As substances TG, AG, EtioG, AS and EpiAS were present
at high concentrations in many samples, they were evaluated with the
DS method above the following concentrations: 400 ng/ml for TG and
EpiAS, and 1000 ng/ml for AG, EtioG, and AS. To ensure consistent and
accurate quantification of all target analytes, an in-house quality control
(QC) sample was evaluated in each analytical batch. The QC for routine
determination of the conventional steroid profile by GC-MS/MS, pre-
pared in compliance with WADA guidelines [29,30], was used. Before
the analysis of the clinical study samples, QC samples were prepared and
measured 10 times for the determination of the concentration of the
target analytes. TG, EG, AG, and EtioG were compared with target
values for T, E, A, and Etio obtained from the routine GC-MS/MS anal-
ysis, which are monitored with control charts, and were within their
acceptance criteria. The mean of the 10 measurements for each target
analyte was set as the target value. The results were considered
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acceptable if they were within a 20 % range of the target value. Results
were consistent and reliable for the monitored compounds.

3.2. Oral administration

3.2.1. General

The steroid profile determined by GC-MS/MS and phase II metabo-
lites, including glucuronides and sulfates, determined by LC-HRMS,
were measured in urine samples collected from eleven male partici-
pants before, during, and after oral TU administration.

In general, for oral TU administration, a fast and notable increase in
the conventional T/E ratio is expected [2,34]. As T/E is the most sen-
sitive biomarker of the conventional steroid profile, it was selected for
comparison to phase II metabolite ratios.

The phase II metabolite target substances TG, EG, EtioG, AG, EpiAG,
TS, ES, EtioS, AS, and EpiAS were present mainly with concentrations
above the LOQ and could be quantified in all samples. A small number of
samples of participants 02, O5, and O8 showed interferences or con-
centrations < LOQ for TS. A few samples of participant 010 showed
EpiAG < LOQ. These substances were excluded from further evaluation
in the affected samples. Possible ratios between the target substances
were calculated and evaluated regarding their sensitivity to oral TU
administration. After exclusion of ratios, without sensitivity, the
following ratios were selected for further evaluation: the CR ((TG/TS)/
(EG/ES)), and all combinations with EpiAS, AS, or EtioS in the numer-
ator and EG, ES, or TS in the denominator. The glucuronides AG and
EtioG were not considered further, as their applicability is already
demonstrated by the conventional steroid profile, and no ratio
combining AG or EtioG with sulfates exceeded the results obtained by
conventional steroid profiling. Also, the glucuronide EpiAG was not
evaluated further, as the substance was not affected by oral TU admin-
istration, and no ratio including this substance was suitable for
monitoring.

3.2.2. Comparison of conventional and novel steroid profile biomarkers
In Table A.2 (Supporting information), the mean of the basal values
and the corresponding relative standard deviation (RSD) used to
determine the IT for the investigated ratios are presented. High intra-
individual variability obtained from basal values could be observed
for all phase II metabolite ratios, including the CR. RSD varied from

Table 1

Journal of Steroid Biochemistry and Molecular Biology 255 (2026) 106870

4.6 % to 89 %, leading to a high IT for certain substances. The variability
differed for each participant, with different ratios affected. Conventional
T/E showed similar variability as some of the more stable sulfate ratios,
such as AS/TS or EtioS/ES.

In our study, TU was administered orally multiple times over 4
consecutive days. Samples were collected for four to five weeks. In
Table 1, the number of samples affected by oral TU administration
(values above the IT) is presented as a percentage of the total number of
samples since the first administration. For each participant, the two
ratios showing the most samples above the IT are highlighted. The ratios
showing the greatest response to oral T administration among most
participants are also highlighted.

All participants showed higher sensitivity of sulfate ratios compared
to the conventional steroid profile biomarker T/E and combined ratios
between sulfates and glucuronides. The CR was similar to or less affected
by oral TU administration than T/E. Participant O10 generally shows a
steroid profile different from other participants, as the basal T/E value is
very low (0.12), corresponding to an Asian profile, which is most
probably correlated to a UGT2B17 gene polymorphism [5,8]. Although
the sensitivity of T/E and the CR is very low for this participant, the
other investigated ratios do not show any differences from those of other
participants. These results suggest that ratios without TG do not show
reduced sensitivity to T administration in Asian steroid profiles, sup-
porting the findings in similar studies [11,12,20]. However, as our study
only included one participant with low T/E and no genotyping of the
UGT2B17 deletion was conducted, differences compared to other par-
ticipants cannot be related to this condition with certainty.

Most values above the IT were achieved by the ratios AS/TS, AS/ES,
EpiAS/TS, EpiAS/ES, and EtioS/ES. No ratio could clearly be selected as
a superior biomarker. However, sulfate ratios were found to be more
affected by oral TU administration compared to conventional steroid
profile biomarkers and the CR.

As examples, the ratios T/E, CR, EpiAS/TS, and AS/TS are displayed
in Figs. 1 and 2 during the administration phase and the first week after
administering TU orally for participants O7 and 010, respectively.

For participant O7 with a basal T/E ratio of 2.2, a sharp increase in
T/E after administration of oral TU, followed by a fast decline after the
last administration, can be observed, as expected [2]. Also, in the 24 h
interval between TU capsule intake, ratios fall back below the IT,
demonstrating the short DT for oral TU administration. The CR follows

Number of samples affected by oral TU administration. All samples since the first administration were considered and are presented in % of the total number of
samples. The overall mean of the detection sensitivity of each biomarker is calculated at the end of the table.

Ratio 01 02 03 04 05 06
T/E 46 % 69 % 40 % 54 % 48 % 33%
CR 29 % 28 % 43% 36 % 20 % 24 %
EpiAS/EG 56 % 75 % 32% 52% 15% 52%
EpiAS/ES 53 % 78 % 53% 60 % 65 % 65 %
EpiAS/TS 65 % 65 % 66 % 52% 17 % 76 %
AS/EG 60 % 78% 45% 48 % 7 % 46 %
AS/ES 65 % 83% 64 % 66 % 65 % 67 %
AS/TS 78% 71% 83% 66 % 10 % 70 %
EtioS/EG 60 % 74 % 49 % 44 % 28 % 52%
EtioS/ES 75 % 55% 68 % 72% 62 % 69 %
EtioS/TS 26 % 2% 60 % 24 % 25% 50 %
Ratio 07 08 09 o010 012 Overall detection sensitivity
T/E 44 % 68 % 36 % 10% 24 % 43%
CR 38% 49 % 33% 6% 25% 30%
EpiAS/EG 66 % 82% 39% 65 % 69 % 55 %
EpiAS/ES 75% 90 % 48 % 69 % 76 % 67 %
EpiAS/TS 81% 63 % 48 % 79 % 75 % 62 %
AS/EG 63 % 88 % 27 % 63 % 73% 54 %
AS/ES 66 % 95 % 30% 63 % 76 % 67 %
AS/TS 75 % 63 % 42% 62 % 86 % 64 %
EtioS/EG 31% 91 % 27 % 54 % 58 % 52%
EtioS/ES 50 % 95 % 30% 48 % 68 % 63 %
EtioS/TS 38% 55% 18% 31% 76 % 37%
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this behavior, although the increase is less prominent than for the T/E.
The sulfate ratios EpiAS/TS and AS/TS show a less rapid increase
compared to T/E and CR. Ratios exceed the IT continuously during the
administration phase and stay elevated after the last administration. The
same general trends were observed for all other participants with
Caucasian steroid profiles.

In comparison, the T/E ratio for participant 010, with a basal T/E
ratio of 0.12, demonstrates the poor sensitivity of this biomarker for T
administration for individuals showing an Asian profile [2]. Only 10 %
of all samples were affected by the oral TU administration, only slightly
exceeding the IT. One sample, directly collected after oral intake of the
last capsules, resulted in a sharp increase in T/E, still far less prominent
than in other participants, and the ratio came back below the IT after
6 h. The CR depicts the same behaviour as the T/E ratio, with even fewer
values exceeding the IT (6 % of all samples). In contrast, sulfate ratios,
demonstrated on EpiAS/TS and AS/TS, did not show any differences
compared to participants with higher basal T/E ratios.

One of the most interesting parameters in evaluating the suitability
of a biomarker for T misuse is the DT. The DT describes the timeframe in
which a ratio would be highlighted as suspicious in the steroidal ABP
and could therefore lead to further analysis and confirmation of a doping
scenario. DTs were calculated after the last administration of TU on day
4. In Fig. 3, the DT for T/E, the CR, and the two sulfate ratios, which
demonstrated the longest DT for most participants, are displayed. For
participant O5, who showed very low sensitivity of ratios with TS in the
denominator, the ratio EpiAS/ES providing the longest DT is depicted
for comparison.

The ratio AS/TS showed the longest DT, longer than 22 days (530 h),
for 7 out of 11 participants. In all cases, sulfate ratios expanded the DT
compared to T/E many times over. 010 showed the shortest DTs for T/E
and the CR, with sulfate ratios expanding the DT from 2 h to 23 days
(555 h). The CR showed the same or shorter DTs compared to T/E for
most participants; only for O6 and 012, the DT could be expanded.
However, the CR was exceeded by other sulfate ratios in any case.

In general, EG and ES are known to decrease after oral T adminis-
tration [16,35]. EG is secreted mainly by the testis, and its excretion rate
is repressed by negative feedback of the hypothalamus-pituitary-gonadal
axis exerted by the exogenous T administration. Even bigger proportions
of ES, as well as TS, are secreted by the testis and are therefore expected to
be suppressed as well [36]. Nevertheless, compared to parenteral
administration forms of T (intramuscular and transdermal), enteral
administration, as oral administration, is known to display no decrease in
TS [12,37]. A possible explanation for this behavior is first-pass

012
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metabolism, occurring in the liver after oral drug intake. Although TU is
known to bypass first-pass metabolism to a certain extent, the effect of
extensive biotransformation in the liver is still observed [38,39]. Due to
the high concentration of the orally administered drug, metabolism is
most likely switching from glucuronidation to sulfation in the liver due to
enzyme saturation [12,37,40]. In our study, no decrease in TS was
observed, supporting the theory of sulfation occurring in the liver. Still,
EpiAS/TS and AS/TS are the best biomarkers in our study, probably
caused by the lower RSD of basal values for TS compared to ES and EG.
Enzymes responsible for the sulfation of steroids in the liver are
cytosolic sulfotransferases (SULT), with dehydroepiandrosterone SULT
conjugating 3-hydroxysteroids and T. The activity of the enzyme has
been investigated by Falany et al. [41,42] and showed significantly
higher activity towards A, Etio, and EpiA compared to T. This could be a
reason why a higher increase in AS, EtioS, and EpiAS was observed
compared to other sulfates, and therefore explains the valuable contri-
bution of these substances for the detection of T administration.

3.3. Transdermal administration

3.3.1. General

Urine samples collected from six male participants before, during,
and after transdermal T gel administration were evaluated by determi-
nation of the conventional steroid profile by GC-MS/MS, and phase II
metabolites, including glucuronides and sulfates, by LC-HRMS.

In general, conventional steroid profile determination has proved to
show low sensitivity for transdermal administration of T, leading to a
low increase in concentrations and a short DT [9,24,43]. However, T/E
and 5a-Adiol/E ratios are proposed as best biomarkers, showing low but
noticeable sensitivity to T gel administration [16,44]. Also, 5a-Adiol/5-
b-Adiol or A/Etio can be affected, as 5a-metabolites are produced
favorably after transdermal T administration, caused by high levels of
5a-reductase in the skin [2,45].

In our study, participants D7 and D11 showed the expected increase
in 5a-Adiol/5b-Adiol or A/Etio, demonstrating the favored 5a-metabo-
lite pathway. Others only showed an increase in 5a-Adiol/E and T/E, but
stable 5a-Adiol/5b-Adiol and A/Etio ratios. As T/E and 5a-Adiol/E were
most affected for all participants, these two ratios were selected for
comparison to phase II metabolites and their ratios.

All phase II metabolite target substances TG, EG, EtioG, AG, EpiAG,
TS, ES, EtioS, AS, and EpiAS were present with concentrations above the
LOQ and could be quantified in all samples. Ratios between these sub-
stances were calculated and evaluated regarding their sensitivity to T
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Fig. 3. DT after the last administration of TU tablets. Comparison of T/E, CR, and the sulfate ratios AS/TS and EpiAS/TS (EpiAS/ES for participant 0O6) for all eleven

participants.
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Table 2
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Number of samples affected by transdermal T gel administration. All samples since the first administration were considered and are presented in % of the total number
of samples. The overall mean of the detection sensitivity of each biomarker is calculated at the end of the table.

Ratio D7 D8 D9 D10 D11 D12 Overall detection sensitivity
T/E 71 % 49 % 39 % 67 % 27 % 56 % 51 %
5a-Adiol/E 50 % 70 % 39 % 38% 37 % 67 % 50 %
CR 88 % 5% 39 % 21 % 77 % 27 % 43 %
EpiAS/EG 0% 65 % 11 % 31% 7 % 13 % 21 %
EpiAS/ES 0% 81 % 0% 44 % 37 % 31 % 32%
EpiAS/TS 67 % 86 % 5% 18 % 90 % 62 % 55 %
AS/EG 4% 70 % 13 % 33 % 23 % 4% 25 %
AS/ES 8% 78 % 0% 51 % 53 % 15 % 34 %
AS/TS 92 % 57 % 3% 0% 83 % 21 % 43 %
EtioS/EG 8% 68 % 13% 28 % 0% 85 % 34 %
EtioS/ES 25 % 92 % 5% 33 % 37 % 79 % 45 %
EtioS/TS 96 % 27 % 3% 0% 83 % 42 % 42 %

administration. After exclusion of ratios without sensitivity, the same
ratios as for oral administration were selected for further evaluation: the
CR ((TG/TS)/(EG/ES)), and all combinations with EpiAS, AS, or EtioS in
the numerator and EG, ES, or TS in the denominator. As already
described for the oral administration phase, the glucuronides AG, EtioG,
and EpiAG were not considered further for the same reasons.

3.3.2. Comparison of conventional and novel steroid profile biomarkers

In Table A.3 (Supporting information), the mean of the basal values
and the corresponding RSD used to determine the IT for the investigated
ratios are presented. Like the basal values collected before oral TU
administration, high intra-individual variability was observed for all
phase II metabolite ratios (RSD between 2.6 % and 69 %). In compari-
son, the conventional T/E ratio was more stable, with an overall intra-
individual variability of 11 % (&5 %).

In our study, multiple administration of T gel was carried out over 5
days. Samples were collected over a four-week period following the first
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administration. In Table 2, the number of samples affected by the
transdermal T administration (values above the IT) is presented as a
percentage of the total number of samples since the first administration.
For each participant, the two ratios showing the most samples above the
IT are highlighted. The ratios showing the greatest response to trans-
dermal T administration among most participants are also highlighted.

Participants D7, D8, D11, and D12 showed higher sensitivity of
sulfate ratios compared to the conventional steroid profile. Participant
D9 showed no sensitivity of sulfate ratios in post-administration sam-
ples, including EpiAS and AS. The high variability of these ratios in
baseline values (RSD 31 — 69 %) leads to a high IT, which contributes to
the poor sensitivity. However, ratios including EtioS in the numerator
showed lower RSD, but still, not many values exceeded the IT. The ratios
5a-Adiol/E and CR showed the lowest RSD (13 %, 14 %, respectively)
for this participant, leading to a moderate number of samples exceeding
the IT. Participants D10 showed moderate sensitivity of sulfate ratios.
No different behavior is expected for Asian steroid profiles, as Bressan
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Fig. 4. Comparison of conventional T/E, CR, and two sulfate ratios for participant D7 (basal T/E = 1.8). The administration phase (grey) and the first week after the
last administration of T gel (t = 0-168 h) are displayed. The mean of baseline values (black) and the IT (red) are displayed horizontally; administration of T gel is

displayed vertically (black, dotted).
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et al. [26] investigated sulfate ratios of Caucasian and Asian participants
after transdermal T administration, showing no differences in sensitivity
between ethnicities.

Most values above the IT were achieved by the ratios AS/TS, EpiAS/
TS, EtioS/TS, and EtioS/ES. There was no ratio that could clearly be
selected as a superior biomarker. However, sulfate ratios were found to
be more affected by transdermal T administration compared to

D12

D11

conventional steroid profile biomarkers and the CR.

As examples, the ratios T/E, CR, EpiAS/TS, and AS/TS are displayed
in Figs. 4 and 5 during T gel administration and the first week after the
last administration for participants D7 and D10, respectively.

For participant D7 with a basal T/E ratio of 1.8, a moderate increase
in T/E could be observed after multiple T gel administrations. Compared
to oral administration of TU, the increase is moderate, and values
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Fig. 6. DT after the last administration of T gel. Comparison of T/E, CR, and the sulfate ratios AS/TS and EpiAS/TS (EtioS/ES for D10) for all six participants.
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continue to be elevated after the last administration. This behavior is
expected [2], caused by the low absorption of T and the even diffusion
through the skin of the administration form [24]. The other three ratios
containing sulfates also showed a moderate increase during the
administration phase, reaching the highest value after the last admin-
istration, up to 2.5 days later. Values stayed elevated for a longer period
compared to the T/E ratio. The same general trends were observed for
participants D7, D8, D11, and D12. Participant D9 showed very low
sensitivity to transdermal T administration in post-administration
samples.

Participant D10, with a basal T/E ratio of 0.10, also shows a mod-
erate increase in the T/E ratio as observed in other participants. The
increase is moderate, and values continue to be elevated after the last
administration. However, the other ratios, including sulfates, show a less
prominent increase of 1.5-2.5 x compared to other participants, which
show approximately a 3-4 x increase in ratios.

For further evaluation of the applicability of the biomarkers, DTs
were calculated after the last administration of T gel on day 5. In Fig. 6,
the DT for T/E, the CR, and the two sulfate ratios, which demonstrated
the longest DT for most participants, are displayed. For D9, only the T/E
and the CR are displayed, as other sulfate ratios showed no sensitivity in
post-administration samples. For participants D10, who showed low
sensitivity of ratios with TS in the denominator, the ratio EtioS/ES
providing the longest DT is depicted for comparison.

The ratio EpiAS/TS showed the longest DT for all participants except
D9 and D10. Compared to T/E, EpiAS/TS increased the DT threefold for
D7 and 20-40 times for participants D8, D11, and D12. Participant
D10’s DT was extended by the ratio EtioS/ES by six times compared to
T/E. AS/TS also increased DT for most participants. The CR resulted in
longer DTs for D7, D8, D9, and D11 compared to T/E (2x, 3x, 27x, and
42x longer, respectively), but other sulfate ratios exceeded it in all cases
except for D9. The longest DT for T/E was observed in participant D7 at
4.5 days (111 h after the last administration). In contrast, the DT ach-
ieved with a sulfate ratio was a minimum of 16 days (345 h after the last
administration, participant D7). This demonstrates the significant
extension of the DT after transdermal administration of T.

Enzymes responsible for sulfation (SULT) are not only present in the
liver, but also widely distributed in other tissues such as the adrenal
glands, prostate, and small intestine, and are released directly into the
bloodstream [46]. Drugs administered by parenteral routes reach sys-
temic circulation before extensive hepatic metabolism, explaining the
moderate and slow increase in ratios. Sulfation likely occurs at various
sites, with DHEA-SULT, which has higher activity toward A, Etio, and
EpiA compared to T, being responsible for sulfation. This explains the
higher increases in AS, EtioS, and EpiAS [41,42]. EG and ES remained
stable or slightly decreased during T gel administration, as expected.
Similar to intramuscular administration, TS is expected to decrease via
negative feedback. Sulfation of T mainly occurs in the testis, and for
parenteral routes like intramuscular or transdermal, the slow-release
kinetics result in minimal additional sulfation. However, a decrease in
TS was only confirmed in one participant (D7). In other participants, TS
did not follow a clear trend after T gel administration, showing only
fluctuations. Nonetheless, the CR, which includes sulfates TS and ES,
showed better sensitivity to transdermal T administration than the T/E
ratio. Unlike oral administration, the CR prolonged DT in most partici-
pants, supporting the idea that the CR is a better biomarker for paren-
teral T administration compared to the conventional T/E ratio. Still,
other sulfate ratios demonstrated higher sensitivity.

3.4. Overall applicability

The representation of values above the IT and the calculation of DTs
provide valuable insights into the sensitivity and consistency of the
proposed biomarkers. By combining these parameters, ratios obtained
from combining EpiAS, AS, and EtioS in the numerator and TS and ES in
the denominator demonstrated a significant improvement in detection
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compared to the conventional steroid profile biomarker T/E. Especially,
the ratios AS/TS and EpiAS/TS showed great potential to be included in
future steroid profiling. The CR did not show great improvements in
sensitivity, as it was proposed after intramuscular administration of T
[18,19], which differs from the administration routes examined in this
study. The evaluation of phase II metabolites of EAAS after oral and
transdermal administration of T revealed important metabolic differ-
ences between enteral and parenteral administration methods. Specif-
ically, the enteral administration of TU as tablets resulted in a rapid
increase in drug concentration, with liver metabolism playing a signif-
icant role. In contrast, the parenteral administration of T gel demon-
strated a slower, more sustained drug release through the skin, leading
to lower peak concentrations and a more systemic metabolic pattern.
Despite the higher intra-individual variability of the phase II metabolite
biomarkers —and consequently a higher IT—the described ratios have
shown clear advantages over conventional steroid profile biomarkers.
Interestingly, each participant exhibited some ratios with low variability
and others with high variability. Although this variability is highly
individual-dependent, monitoring a diverse set of biomarkers enhances
the reliability of this novel approach. The results of this T administration
study confirm the findings of recent studies [20,26], where ratios con-
taining the biomarkers AS, EpiAS, and EtioS in the numerator are also
proposed to be monitored in the steroidal ABP. These results underscore
the potential of these novel biomarkers to improve the detection and
monitoring of steroid use in sports.

4. Conclusions

In this study, conventional steroid profile biomarkers were compared
with the CR and various ratios of phase II metabolites of EAAS for
detecting oral and transdermal T administration. Sulfate ratios, partic-
ularly EpiAS/TS and AS/TS, showed their potential for inclusion in
future steroid profiling. Also, other ratios, including AS, EpiAS, and
EtioS in the numerator and TS, ES, and EG in the denominator, are
proposed to be monitored in the steroidal ABP. Although the CR did not
reveal significant improvements like those observed for intramuscular
administration in other studies, it was shown that the CR is more sen-
sitive to parenteral T administration, as it extended the DT for more
participants after transdermal administration compared to oral TU
administration. Results indicate high variability in sulfate concentra-
tions among most participants and no clear indication of a universal
biomarker, confirming previous findings and highlighting the hetero-
geneity in metabolism among participants. Until now, phase II metab-
olites of EAAS, particularly sulfates, have been studied in male
participants of different ethnicities and after various administration
forms. However, additional data is needed before these promising bio-
markers can be implemented in urinary steroid profiling. A key area for
further research is investigating phase II metabolites of EAAS after T
administration in female participants. The second part of this study will
describe oral and transdermal T administration in women. Incorporating
these biomarkers into the steroidal ABP could provide an additional
layer of evidence in challenging T doping cases. In particular, for cases
with inconclusive results, these novel biomarkers could enhance the
interpretation of conventional steroid profiles, potentially triggering
further sample analysis, additional testing, or deeper investigations into
athletes.

Funding

This work was supported by the World Anti-Doping Agency (WADA),
grant number 20C09GG.

CRediT authorship contribution statement

Giinter Gmeiner: Writing — review & editing, Supervision, Project
administration, Methodology, Investigation, Funding acquisition,



S. Pfeffer et al.

Conceptualization. Sandra Pfeffer: Writing — original draft, Visualiza-
tion, Validation, Methodology, Investigation, Formal analysis, Data
curation. Marija Andjelkovic: Resources, Project administration,
Methodology, Investigation, Conceptualization. Nenad Dikic: Re-
sources, Project administration, Methodology, Investigation, Concep-
tualization. Guro Forsdahl: Writing — review & editing, Supervision,
Project administration, Methodology, Investigation, Funding acquisi-
tion, Conceptualization.

Declaration of Competing Interest

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests:
Gmeiner, Giinter reports financial support was provided by World Anti-
Doping Agency. If there are other authors, they declare that they have no
known competing financial interests or personal relationships that could
have appeared to influence the work reported in this paper.

Acknowledgments

We gratefully acknowledge the financial support of the World Anti-
Doping Agency. Additionally, we thank all volunteers of the study for
their participation.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.jsbmb.2025.106870.

Data availability

Data will be made available on request.

References
[1] T. Piper, H. Geyer, N. Haenelt, F. Huelsemann, W. Schaenzer, M. Thevis, Current
insights into the steroidal module of the athlete biological passport, Int J. Sports
Med. 42 (10) (2021) 863-878, https://doi.org/10.1055/a-1481-8683.
F. Ponzetto, N. Baume, C. Schweizer, M. Saugy, T. Kuuranne, Steroidal module of
the athlete biological passport, Curr. Opin. Endocr. Metab. Res. 9 (2019) 14-21,
https://doi.org/10.1016/j.coemr.2019.05.006.
A.R. Vernec, The athlete biological passport: an integral element of innovative
strategies in antidoping, Br. J. Sports Med. 48 (10) (2014) 817-819, https://doi.
0rg/10.1136/bjsports-2014-093560.
P. Van Renterghem, P. Van Eenoo, H. Geyer, W. Schanzer, F.T. Delbeke, Reference
ranges for urinary concentrations and ratios of endogenous steroids, which can be
used as markers for steroid misuse, in a caucasian population of athletes, Steroids
75 (2) (2010) 154-163, https://doi.org/10.1016/j.steroids.2009.11.008.
T. Kuuranne, M. Saugy, N. Baume, Confounding factors and genetic polymorphism
in the evaluation of individual steroid profiling, Br. J. Sports Med. 48 (10) (2014)
848-855, https://doi.org/10.1136/bjsports-2014-093510.
D.J. Handelsman, S. Bermon, Detection of testosterone doping in female athletes,
Drug Test. Anal. 11 (10) (2019) 1566-1571, https://doi.org/10.1002/dta.2689.
J. Elings Knutsson, A. Andersson, L.V. Baekken, A. Pohanka, L. Ekstrom, A.
L. Hirschberg, Disposition of urinary and serum steroid metabolites in response to
testosterone administration in healthy women, J. Clin. Endocrinol. Metab. 106 (3)
(2021) 697-707, https://doi.org/10.1210/clinem/dgaa904.
P. Martin-Escudero, J.A. Munoz-Guerra, S.V. Garcia-Tenorio, et al., Impact of the
UGT2B17 polymorphism on the steroid profile. Results of a crossover clinical trial
in athletes submitted to testosterone administration, Steroids 141 (2019) 104-113,
https://doi.org/10.1016/j.steroids.2018.11.009.
F. Badoud, J. Boccard, C. Schweizer, F. Pralong, M. Saugy, N. Baume, Profiling of
steroid metabolites after transdermal and oral administration of testosterone by
ultra-high pressure liquid chromatography coupled to quadrupole time-of-flight
mass spectrometry, J. Steroid Biochem. Mol. Biol. 138 (2013) 222-235, https://
doi.org/10.1016/j.jsbmb.2013.05.018.
T. Piper, M. Putz, W. Schanzer, et al., Epiandrosterone sulfate prolongs the
detectability of testosterone, 4-androstenedione, and dihydrotestosterone misuse
by means of carbon isotope ratio mass spectrometry, Drug Test. Anal. 9 (11-12)
(2017) 1695-1703, https://doi.org/10.1002/dta.2291.
A. Esquivel, E. Alechaga, N. Monfort, R. Ventura, Direct quantitation of
endogenous steroid sulfates in human urine by liquid chromatography-electrospray
tandem mass spectrometry, Drug Test. Anal. 10 (11-12) (2018) 1734-1743,
https://doi.org/10.1002/dta.2413.

[2]

[3]

[4]

[5]

[6]

[7

—

(8]

[91

[10]

[11]

11

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

Journal of Steroid Biochemistry and Molecular Biology 255 (2026) 106870

A. Esquivel, E. Alechaga, N. Monfort, R. Ventura, Sulfate metabolites improve
retrospectivity after oral testosterone administration, Drug Test. Anal. 11 (3)
(2019) 392-402, https://doi.org/10.1002/dta.2529.

K. Saad, A. Vonaparti, I. Athanasiadou, et al., Population reference ranges of
urinary endogenous sulfate steroids concentrations and ratios as complement to
the steroid profile in sports antidoping, Steroids 152 (2019) 108477, https://doi.
org/10.1016/j.steroids.2019.108477.

L. De Wilde, K. Roels, P. Van Renterghem, P. Van Eenoo, K. Deventer, Steroid
profiling in urine of intact glucuronidated and sulfated steroids using liquid
chromatography-mass spectrometry, J. Chromatogr. A 1624 (2020) 461231,
https://doi.org/10.1016/j.chroma.2020.461231.

V.S. Nair, C.E. Doman, M.S. Morrison, et al., Evaluation of epiandrosterone as a
long-term marker of testosterone use, Drug Test. Anal. 12 (11-12) (2020)
1554-1560, https://doi.org/10.1002/dta.2903.

V.S. Nair, J. Husk, G.D. Miller, P. van Eenoo, A. Crouch, D. Eichner, Evaluation of
longitudinal steroid profiling with the ADAMS adaptive model for detection of
transdermal, intramuscular, and subcutaneous testosterone administration, Drug
Test. Anal. 12 (10) (2020) 1419-1431, https://doi.org/10.1002/dta.2885.

F. Ponzetto, M. Parasiliti-Caprino, I. Gesmundo, et al., Single-run UHPLC-MS/MS
method for simultaneous quantification of endogenous steroids and their phase II
metabolites in serum for anti-doping purposes, Talanta 255 (2023) 124218,
https://doi.org/10.1016/j.talanta.2022.124218.

G. Forsdahl, K. Zanitzer, D. Erceg, G. Gmeiner, Quantification of endogenous
steroid sulfates and glucuronides in human urine after intramuscular
administration of testosterone esters, Steroids 157 (2020) 108614, https://doi.org/
10.1016/j.steroids.2020.108614.

J. Schulze, K. Pettersson-Bohlin, J.O. Thorngren, L. Ekstrom, Re-evaluation of
combined ((ES/EG)/(TS/TG)) ratio as a marker of testosterone intake in men, Drug
Test. Anal. 13 (8) (2021) 1576-1579, https://doi.org/10.1002/dta.3045.

S. Coll, S. Shiomura, E. Alechaga, et al., Detection of oral testsosterone
undecanoate administration in UGT2B17 del/del and del/ins individuals. Part II:
urinary endogenous steroid sulfate markers, Drug Test. Anal. (2024), https://doi.
org/10.1002/dta.3845.

L. De Wilde, P. Van Renterghem, P. Van Eenoo, Long-term stability study and
evaluation of intact steroid conjugate ratios after the administration of endogenous
steroids, Drug Test. Anal. 14 (5) (2022) 851-863, https://doi.org/10.1002/
dta.3096.

S. Coll, S. Shiomura, E. Alechaga, et al., Detection of oral testosterone undecanoate
administration in UGT2B117 del/del and del/ins individuals. Part I: urinary steroid
profile and IRMS markers, Drug Test. Anal. (2024), https://doi.org/10.1002/
dta.3846.

A. Fabregat, O.J. Pozo, J. Marcos, J. Segura, R. Ventura, Alternative markers for
the long-term detection of oral testosterone misuse, Steroids 76 (12) (2011)
1367-1376, https://doi.org/10.1016/j.steroids.2011.07.005.

J. Mullen, A. Borjesson, O. Hopcraft, et al., Sensitivity of doping biomarkers after
administration of a single dose testosterone gel, Drug Test. Anal. 10 (5) (2018)
839-848, https://doi.org/10.1002/dta.2341.

O. Salamin, R. Nicoli, T. Langer, et al., Longitudinal evaluation of multiple
biomarkers for the detection of testosterone gel administration in women with
normal menstrual cycle, Drug Test. Anal. 14 (5) (2022) 833-850, https://doi.org/
10.1002/dta.3040.

C. Bressan, E. Alechaga, N. Monfort, R. Ventura, Evaluation of sulfate metabolites
as markers of topical testosterone administration in caucasian and asian
populations, Drug Test. Anal. 16 (9) (2024) 903-914, https://doi.org/10.1002/
dta.3615.

A. Esquivel, E. Alechaga, N. Monfort, et al., Evaluation of sulfate metabolites as
markers of intramuscular testosterone administration in caucasian and asian
populations, Drug Test. Anal. 11 (8) (2019) 1218-1230, https://doi.org/10.1002/
dta.2598.

A. Kotronoulas, A. Gomez-Gomez, A. Fabregat, et al., Evaluation of markers out of
the steroid profile for the screening of testosterone misuse. Part II: intramuscular
administration, Drug Test. Anal. 10 (5) (2018) 849-859, https://doi.org/10.1002/
dta.2342.

World_Anti_Doping Agency. TD2021EAAS. (https://www.wada-ama.org/en/res
ources/lab-documents/td2021eaas). Accessed 15.6, 2025.
World_Anti_Doping_Agency. International Standard for Laboratories (ISL). (https:
//www.wada-ama.org/sites/default/files/resources/files/isl_2021.pdf). Accessed
15.6, 2025.

L. Goschl, G. Gmeiner, P. Gartner, M. Steinacher, G. Forsdahl, Detection of DHCMT
long-term metabolite glucuronides with LC-MSMS as an alternative approach to
conventional GC-MSMS analysis, Steroids 180 (2022) 108979, https://doi.org/
10.1016/j.steroids.2022.108979.

A.S. Institute, Chemical analysis — decision limit, detection limit and determination
limit under repeatability conditions — terms, methods, evaluation, Austrian
Standards Institute, 2011. ONORM DIN 32645.

(WADA) W.A.D.A. TD2022DL. (https://www.wada-ama.org/sites/default/files/
2022-01/td2022d1_v1.0_final eng 0.pdf). Accessed 25.6, 2025.

U. Mareck, H. Geyer, G. Opfermann, M. Thevis, W. Schanzer, Factors influencing
the steroid profile in doping control analysis, J. Mass Spectrom. 43 (7) (2008)
877-891, https://doi.org/10.1002/jms.1457.

E. Strahm, J.E. Mullen, N. Garevik, et al., Dose-dependent testosterone sensitivity
of the steroidal passport and GC-C-IRMS analysis in relation to the UGT2B17
deletion polymorphism, Drug Test. Anal. 7 (11-12) (2015) 1063-1070, https://doi.
org/10.1002/dta.1841.


https://doi.org/10.1016/j.jsbmb.2025.106870
https://doi.org/10.1055/a-1481-8683
https://doi.org/10.1016/j.coemr.2019.05.006
https://doi.org/10.1136/bjsports-2014-093560
https://doi.org/10.1136/bjsports-2014-093560
https://doi.org/10.1016/j.steroids.2009.11.008
https://doi.org/10.1136/bjsports-2014-093510
https://doi.org/10.1002/dta.2689
https://doi.org/10.1210/clinem/dgaa904
https://doi.org/10.1016/j.steroids.2018.11.009
https://doi.org/10.1016/j.jsbmb.2013.05.018
https://doi.org/10.1016/j.jsbmb.2013.05.018
https://doi.org/10.1002/dta.2291
https://doi.org/10.1002/dta.2413
https://doi.org/10.1002/dta.2529
https://doi.org/10.1016/j.steroids.2019.108477
https://doi.org/10.1016/j.steroids.2019.108477
https://doi.org/10.1016/j.chroma.2020.461231
https://doi.org/10.1002/dta.2903
https://doi.org/10.1002/dta.2885
https://doi.org/10.1016/j.talanta.2022.124218
https://doi.org/10.1016/j.steroids.2020.108614
https://doi.org/10.1016/j.steroids.2020.108614
https://doi.org/10.1002/dta.3045
https://doi.org/10.1002/dta.3845
https://doi.org/10.1002/dta.3845
https://doi.org/10.1002/dta.3096
https://doi.org/10.1002/dta.3096
https://doi.org/10.1002/dta.3846
https://doi.org/10.1002/dta.3846
https://doi.org/10.1016/j.steroids.2011.07.005
https://doi.org/10.1002/dta.2341
https://doi.org/10.1002/dta.3040
https://doi.org/10.1002/dta.3040
https://doi.org/10.1002/dta.3615
https://doi.org/10.1002/dta.3615
https://doi.org/10.1002/dta.2598
https://doi.org/10.1002/dta.2598
https://doi.org/10.1002/dta.2342
https://doi.org/10.1002/dta.2342
https://www.wada-ama.org/en/resources/lab-documents/td2021eaas
https://www.wada-ama.org/en/resources/lab-documents/td2021eaas
https://www.wada-ama.org/sites/default/files/resources/files/isl_2021.pdf
https://www.wada-ama.org/sites/default/files/resources/files/isl_2021.pdf
https://doi.org/10.1016/j.steroids.2022.108979
https://doi.org/10.1016/j.steroids.2022.108979
http://refhub.elsevier.com/S0960-0760(25)00198-0/sbref30
http://refhub.elsevier.com/S0960-0760(25)00198-0/sbref30
http://refhub.elsevier.com/S0960-0760(25)00198-0/sbref30
https://www.wada-ama.org/sites/default/files/2022-01/td2022dl_v1.0_final_eng_0.pdf
https://www.wada-ama.org/sites/default/files/2022-01/td2022dl_v1.0_final_eng_0.pdf
https://doi.org/10.1002/jms.1457
https://doi.org/10.1002/dta.1841
https://doi.org/10.1002/dta.1841

S. Pfeffer et al.

[36]

371

[38]

[39]

[40]

L. Dehennin, Secretion by the human testis of epitestosterone, with its
sulfoconjugate and precursor androgen 5-Androstene-3b,17a-Diol, J. Steroid
Biochem. Mol. Biol. 44 (2) (1993) 171-177.

J.J. Schulze, J.O. Thorngren, M. Garle, L. Ekstrom, A. Rane, Androgen sulfation in
healthy UDP-glucuronosyl transferase 2B17 enzyme-deficient men, J. Clin.
Endocrinol. Metab. 96 (11) (2011) 3440-3447, https://doi.org/10.1210/jc.2011-
0521.

A.Y. Yin, M. Htun, R.S. Swerdloff, et al., Reexamination of pharmacokinetics of oral
testosterone undecanoate in hypogonadal men with a new self-emulsifying
formulation, J. Androl. 33 (2) (2012) 190-201, https://doi.org/10.2164/
jandrol.111.013169.

1. Goldstein, N. Chidambaram, A. Dobs, et al., Newer formulations of oral
testosterone undecanoate: development and liver side effects, Sex. Med. Rev. 13 (1)
(2025) 33-40, https://doi.org/10.1093/sxmrev/qeae062.

J. Boccard, F. Badoud, E. Grata, et al., A steroidomic approach for biomarkers
discovery in doping control, Forensic Sci. Int. 213 (1-3) (2011) 85-94, https://doi.
org/10.1016/j.forsciint.2011.07.023.

12

[41]

[42]

[43]

[44]

[45]

[46]

Journal of Steroid Biochemistry and Molecular Biology 255 (2026) 106870

C.N.W. Falany, James Oh, Tae Sung Falany, L. Josie, Steroid sulfation by expressed
human cytosolic sulfotransferases, J. Steroid Biochem. Mol. Biol. 48 (4) (1994)
369-375.

C.N. Falany, Enzymology of human cytosolic sulfotransferases, FASEB J. 11 (4)
(1997) 206-216, https://doi.org/10.1096/fasebj.11.4.9068609.

A. Kotronoulas, A. Gomez-Gomez, A. Fabregat, et al., Evaluation of markers out of
the steroid profile for the screening of testosterone misuse. Part I: transdermal
administration, Drug Test. Anal. 10 (5) (2018) 821-831, https://doi.org/10.1002/
dta.2338.

H.F.U. Geyer, U. Mareck, P. Platen, T. Piper, A. Schmechel, Y. Schrader, M. Thevis,
W. Schénzer, The detection of the misuse of testosterone gel, Recent Adv. Doping
Anal. (15) (2007) 133.

A.E. Thigpen, R.I Silver, J.M. Guileyardo, M.L. Casey, J.D. McConnell, D.

W. Russell, Tissue distribution and ontogeny of steroid 5 alpha-reductase isozyme
expression, J. Clin. Invest. 92 (2) (1993) 903-910, https://doi.org/10.1172/
JCI116665.

N. Gamage, A. Barnett, N. Hempel, et al., Human sulfotransferases and their role in
chemical metabolism, Toxicol. Sci. 90 (1) (2006) 5-22, https://doi.org/10.1093/
toxsci/kfjo61.


http://refhub.elsevier.com/S0960-0760(25)00198-0/sbref33
http://refhub.elsevier.com/S0960-0760(25)00198-0/sbref33
http://refhub.elsevier.com/S0960-0760(25)00198-0/sbref33
https://doi.org/10.1210/jc.2011-0521
https://doi.org/10.1210/jc.2011-0521
https://doi.org/10.2164/jandrol.111.013169
https://doi.org/10.2164/jandrol.111.013169
https://doi.org/10.1093/sxmrev/qeae062
https://doi.org/10.1016/j.forsciint.2011.07.023
https://doi.org/10.1016/j.forsciint.2011.07.023
http://refhub.elsevier.com/S0960-0760(25)00198-0/sbref38
http://refhub.elsevier.com/S0960-0760(25)00198-0/sbref38
http://refhub.elsevier.com/S0960-0760(25)00198-0/sbref38
https://doi.org/10.1096/fasebj.11.4.9068609
https://doi.org/10.1002/dta.2338
https://doi.org/10.1002/dta.2338
http://refhub.elsevier.com/S0960-0760(25)00198-0/sbref41
http://refhub.elsevier.com/S0960-0760(25)00198-0/sbref41
http://refhub.elsevier.com/S0960-0760(25)00198-0/sbref41
https://doi.org/10.1172/JCI116665
https://doi.org/10.1172/JCI116665
https://doi.org/10.1093/toxsci/kfj061
https://doi.org/10.1093/toxsci/kfj061

	Evaluation of endogenous steroid sulfates and glucuronides in urine after oral and transdermal administration of testostero ...
	1 Introduction
	2 Materials and methods
	2.1 Chemicals and reagents
	2.2 Clinical studies
	2.3 Determination of the conventional steroid profile
	2.3.1 Sample preparation
	2.3.2 GC-MS/MS analysis

	2.4 Determination of phase II metabolites
	2.4.1 Sample preparation
	2.4.2 LC-HRMS analysis

	2.5 Method validation
	2.6 Data evaluation

	3 Results and discussion
	3.1 Method validation
	3.2 Oral administration
	3.2.1 General
	3.2.2 Comparison of conventional and novel steroid profile biomarkers

	3.3 Transdermal administration
	3.3.1 General
	3.3.2 Comparison of conventional and novel steroid profile biomarkers

	3.4 Overall applicability

	4 Conclusions
	Funding
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgments
	Appendix A Supporting information
	Data availability
	References


