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Abstract: The anabolic androgenic steroids (AAS) are the most frequently consumed performance
enhancing drugs (PED) in sports. In the anti-doping field, the detection of AAS is carried out by the
analysis of the athlete’s urine using methodologies based on liquid/gas chromatography-mass spec-
trometry. Unfortunately, the detection of unknown compounds is not possible. BDS’s AR CALUX®

bio detection technology was studied as an indirect method to detect the administration of a single
dose of testosterone (T). Twelve T and placebo single dose administered men volunteers underwent
a triple-blind crossover clinical trial. The UGT2B17 deletion was present among the volunteers and
evenly distributed in heterozygous (ins/del), wild-type homozygous (ins/ins), and mutated homozy-
gous (del/del) groups. A significant statistical difference in terms of bioluminescence was observed
after the testosterone (T) administration for the three types of polymorphic groups. The ratio of
means between the pre- and post-T administration periods, depending on the type of polymorphism,
was in group ins/ins 3.31 (CI. 95%: 2.07–5.29), group ins/del 4.15 (CI 95%: 3.05–5.67), and group
del/del 2.89 (CI 95%: 2.42–3.46). The results of the study are very promising, as they may offer
us the possibility of designing a detection approach that, based on intra-individual monitoring of
androgenic values, in the UGT2B17 deletion type.

Keywords: doping; UGT2B17 genotype; steroid profile; testosterone administration; sport; athlete
biological passport; AR CALUX®; androgenic activity

1. Introduction

Sport plays an important role in society due to the values of effort, dedication, and
excellence that it transmits. However, it is very often tainted by the fraudulent use of
doping substances to enhance athletic performance and to perform under the pressures of
success. This disrupts fair play and constitutes a serious health risk for athletes [1,2].

Today, steroids are the substances most widely detected by WADA accredited lab-
oratories [3]. The use of AAS in sports began in 1950 [4]. At present, approaches for
the detection of steroid abuse in the Anti-Doping field are standardized by the World
Anti-Doping Agency through technical documents and guidelines [5–7].
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The methods routinely used in the WADA accredited laboratories for steroid screening
mainly focus on substances that are excreted as parent compounds or their metabolites,
conjugated as glucuronides or sulphates. Common procedures of urine analysis include de-
conjugation using the β-glucuronidase enzyme, followed by extraction and concentration.
Finally, the target analytes are submitted to chromatography mass spectrometry analysis,
generally tandem MS–MS [8,9]. However, steroids of unknown composition will not be
detected by these target testing procedures [10].

In the fight against doping in sport, the detection of testosterone administration is
based on the quantification of a series of testosterone metabolites and their integration
into the biological passport of the athlete to carry out a longitudinal assessment of the
variations [11,12].

One of the factors that most affects the athlete’s steroid profile is the genetic deletion
of the UGT2B17 gene, with a prevalence of 9% in Caucasian populations and 67% in Asian
populations [13,14]. This makes it difficult to detect T-doping, especially when the steroid
module of the athlete’s biological passport (ABP) is in the first stage [2,15–20].

Several studies demonstrated that one of the most impacting factors on steroid profil-
ing is genetic deletion of the UGT2B17 gene that alters the glucuronidation of several T
target metabolites, and consequently, the urinary excretion of such compounds is signifi-
cantly reduced compared to the rest of the non-deleted sport population. Consequently, the
detection of T misuse becomes more difficult [14,15], a conclusion that was ratified in other
studies [16,17]. T administration detection is more complicated when the steroid module of
the athlete’s biological passport (ABP) is in the early days of athlete data processing [18–20].

Studies started in 2005 by Edwin Sonneveld et al., through assays with CALUX cell
lines (Chemically Activated LUciferase eXpression) and specifically for androgens (AR
CALUX)®, have shown a great potential for the detection of the abuse of steroids in urine,
even without knowing their chemical structure, through androgen receptors. This gives it a
competitive advantage over current chemical–analytical approaches that present difficulties
in detecting compounds with unknown structures, such as designer steroids [21–24].

Previous studies have examined in detail the efficacy of the AR-CALUX® bioassay
to detect the abuse of T and steroids [25–27]. The accuracy of AR CALUX® bioassay was
evaluated by comparing the androgen measurement against the measurement of T by
analytical methods in urine samples and by detailed characterization of the ability of AR
CALUX® bioassay to detect steroids and long-term steroid metabolites monitored in urine
by Anti-Doping laboratories.

The objective of this study was to evaluate the efficacy of the AR CALUX® bioassay to
detect the administration of a single dose of 250 mg of testosterone cypionate through a
triple-blind randomized trial and athletes with genetic deletion of UGT2B17. This research
allows us to observe the performance of the methodology and to know if it is also useful in
athletes with this genetic deletion.

2. Materials and Methods
2.1. Subjects

The study followed a triple-blind randomized placebo-controlled crossover design
with 12 volunteers. The athletes who agreed to take part were informed in detail about the
protocol to be followed, were submitted to a clinical evaluation, if they are suitable fit to
undertake the study, and were requested to sign the informed consent form.

The study was approved by the Ethics Committee of the Hospital Clínico San Carlos
and the Spanish Agency for Medicine and Health Products (AEMPS) and conducted
according to the Helsinki Declaration. This trial study was registered in the European
Clinical Trials Database (EudraCT) with the number 2013-005135-24. Details of the trial’s
design were previously published [17].

The mean age values of the twelve men athletes included in the study was 38.7 years
(±10.9), the age distribution among the three evenly distributed UGT2B17 deletion groups
was: x:42.25 (±9.77 SD) ins/ins, x:32 (±10.26 SD) ins/del, and x:45.5 (±11.26 SD) del/del.
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The volunteers who participated in the study were amateur athletes who trained for
about two hours a day at least five days a week; none were included in the population of
athletes who undergo doping controls in Spain.

2.2. Samples Collected

Initially 24 samples from each volunteer were planned to be collected, 10 of them
from the first period (coded C1, placebo administration), another 10 after T administration
(coded C2), and finally, four more samples from the period C3, that included samples
collected after 15, 20, 25, and 30 days of the T administration, so in total 288 samples were
expected to be collected. All the samples had to be collected daily in the early morning just
after the volunteer woke up. The final number of samples collected was 282, because in six
cases the sample needed to be rejected for insufficient volume.

For the androgen activity measurement, 5 mL aliquots from each sample were
prepared. Once the aliquots were packed, they were shipped under refrigeration and
temperature-controlled transport to the reference BioDetection Systems BV Laboratory,
Science Park 406, 1098XH Amsterdam, The Netherlands.

The androgenic signal level measured in the samples was not corrected according
to the urine specific gravity or creatine concentration. The mean specific gravity of the
samples was 1.022 (±0.005), and the specific gravity for each UGT2B17 deletion group was:
1.023 (±0.005) ins/ins, 1.022 (±0.005), ins/del, and 1.020 (±0.006) del/del.

Given the fact that the compounds under study, even being conjugated with glucuronic
acid in its sulphated form, have androgenic activity, although reduced, it was planned
to measure the androgenic activity modification before and after the T administration
with and without the hydrolysis. Avoiding hydrolysis may be simple in the future with
the development of a quick screening analysis method to apply “in situ” during sample
collection sessions.

2.3. Sample Preparation

Prior to the androgenic activity measurement, it was necessary to carry out a sample
preparation process that included acid hydrolysis, liquid–liquid phase extraction with
terbutyl methyl ether (MTBE), evaporation, and resuspension of the final extract in dimethyl
sulfoxide (DMSO). In summary, the process starts with the thawing of the urine samples
at room temperature and vortexing until completely resuspended. Each sample was split
into two aliquots of 2.5 mL. One of the aliquots was submitted to acid hydrolysis, the other
was reserved. For hydrolysis, 4 mL 0.25 M HCl (0.25 M in methanol containing 8% water)
were added and swirled carefully, followed by incubation of the tubes for one hour at
40 ◦C (heated water bath) under gentle shaking. The mild acidic pre-treatment conditions
used similar to [28–31] resulted in deconjugation of both androgen sulphates and androgen
glucuronides that are present in human urine.

After hydrolysis, the tubes were allowed to rest until they reached room temperature.
Then together with the non-hydrolyzed tubes, the extraction was continued by liquid
phase. Eight ml of MTBE were added, followed by vortexing for at least two minutes, and
then the organic phase was transferred to a new test tube. This process was repeated two
more times. The total of 24 mL of MBTE was evaporated under a gentle stream of nitrogen
at a maximum temperature of 45 ◦C until approximately 0.5 mL was left. The 0.5 mL were
transferred to a conical vial and further evaporated to dryness. The tubes were rinsed twice
with a small amount of MBTE, transferred to the conical vial and evaporated to dryness,
and the final residue was dissolved in 25 µL of DMSO [7,16,17].

2.4. AR CALUX®

The AR CALUX® bio-analyses were performed using human U2-OS cell lines stably
transfected with an androgen-controlled luciferase reporter gene construct, see Figure 1 [21–28].
AR CALUX® cells that are exposed to compound that bind to the androgen receptor (AR)
will result in induction (agonist) or suppression (antagonist) of AR-based gene expression.
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In the AR-CALUX® cells, the compound-AR complex binds to AR-specific response ele-
ments (RE), which are incorporated in the upstream regulatory regions of the firefly gene
luciferase. By addition of the appropriate substrate for the expressed luciferase, light is
emitted. The amount of light produced is proportional to the amount of ligand-specific
receptor binding, which is benchmarked against the relevant reference compound, dihy-
drotestosterone (DHT). AR CALUX® cells were cultured in a DMEM/F12-medium (with
phenol red) supplemented with 7.5% FCS, non-essential amino-acids, antibiotics (penicillin,
streptomycin), and G418 under standard conditions (37 ◦C, 5% CO2, 100% humidity). For
exposure, AR CALUX® cells were plated in 96-well plates (10,000 cells/well) in DMEM/F12
medium (without phenol red) supplemented with 5% dextran-coated charcoal-stripped
FCS (DCC-FCS), non-essential amino-acids and antibiotics (penicillin, streptomycin) at
a volume of 100 µL per well. After 24 h of incubation, the medium was refreshed, and
cells were exposed to serial dilution of the final extracts in DMSO and procedure blanks
in triplicate (0.1% DMSO). Each 96-well microtiter plate also contained the standard di-
hydrotestosterone (DHT) calibration range. After 24 h, the medium was removed, and
cells were lysed in 30 µL Triton-lysis buffer and measured for luciferase activity using a
luminometer. Validity of analysis results was checked (R2 calibration series >0.98; z-factor
calibration series >0.6; EC50 reference compound between present limits; SD triplicate
analysis <15%; recovery reference compounds >75%), after which sample analysis results
were interpolated in the DHT calibration curves and expressed in ng DHT equivalents per
ml of urine (EEQ: ng DHT eq./mL urine). AR CALUX® bioassay has been extensively
validated [23–25] and has been approved by the OECD [24,25] as an official method for
determination of natural, synthetic, and environmental (anti)androgens and compounds
with AR-like activity. The steroid activity of compound and its relationship with luciferase
activity is widely documented in different articles [26].
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androgen-controlled luciferase reporter gene construct.

2.5. Statistical Analysis

Qualitative variables are provided with their frequency distributions. Quantitative
variables are expressed as their mean and standard deviation (SD) and variables not
showing a normal distribution as medians and interquartile ranges (IQR = P25–P75).
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The AR-dependent induction of luciferase activity in AR CALUX® cells was selected as
the dependent variable. The luciferase enzymatic activity was measured in a luminometer
and expressed in relative light units (RLUs). The fold induction of luciferase activity was
calculated by dividing the mean value of RLUs obtained when cells were exposed to
the model substrate, dihydrotestosterone (DHT), and the mean value of RLUs generated
when the cells were exposed to the solvent control sample. The luciferase induction was
expressed as percentage of the maximal response induced by DHT in the AR CALUX®

cells. Polymorphism and the testosterone (T) administration were used as independent
variables in this study.

The effect of administration related with genotype was analyzed with multiple linear
regression models through generalized estimating equations (GEE). The results obtained
from the same individuals were grouped into clusters, the responses of which represent an
intra-group correlation, but are independent of the distinct groups. As the dependent vari-
ables (androgenic activity) were not normally distributed, the data were log-transformed.
To present the results the model coefficients and its 95% confidence intervals are displayed
in original scale by inverse transformation and interpreted as the ratio of means between
polymorphism groups in period C1 and also between post-pre administration values. To
assess whether the increase in androgenic activity after T administration differs between
the polymorphic groups the interaction term was introduced in the model.

A p-value of 5% was accepted for all tests. Processing and data analysis were per-
formed using the STATA 15.0 statistical package.

3. Results

As indicated above, 12 individuals participated in the study, but due to the incon-
sistency and dispersion of the results compared to the rest, it was found that most of the
samples of individual number 01 were seriously affected by degradation; therefore, they
were excluded. Therefore, finally, the total number of samples for the conjugated fraction
was 258. In the case of the samples that were not submitted to hydrolysis, due to the fact
that the androgenic response is always much weaker, six samples from two individuals
had to be discarded due to the practical absence of signal; thus, for the non-hydrolyzed
fraction, the total number of samples available was 252.

Table 1 shows the descriptive analysis of the medians and the Inter quartile range
(IQR) of the androgenic response (DHT equivalent), with and without hydrolysis, for the
samples collected during the periods C1, C2, and C3.

According to the results, the administration of T, independently of the polymorphic
group to which the volunteer belonged, increased the androgenic response; this effect was
observed with or without hydrolysis. Performing hydrolysis results in deconjugation of
the steroids and therefore permits increasing the signal, because more active steroids are
generated, leading to more efficient interaction so that more activity can be detected. For
example, in the case of the (ins/ins) group, the median value of the androgenic response
went from 0.2 to 0.6 without hydrolysis and from 0.9 to 3.2 with hydrolysis, during the
periods C1 and C2, respectively (see Table 1).

Figure 2 shows the descriptive distribution of androgen activity expressed in DHT
equivalents measured by AR CALUX® for each polymorphic population with and without
hydrolysis during period C1.
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Table 1. Descriptive analysis of the number of urine samples analyzed by AR CALUX®, including
median and the interquartile range (IQR) of the androgenic response (DHT equivalent), with and
without hydrolysis, for samples collected during the periods C1, C2, and C3.

c1 c2 c3

With Hydrolysis

ins/ins
n 30 30 10

median 0.9 3.2 1.0
IQR 0.6–1.5 2.3–4.4 0.4–1.7

ins/del
n 40 40 13

median 0.8 5.4 1.3
IQR 0.5–2.6 3.2–10 1.3–2.0

del/del
n 40 39 16

median 0.6 2.1 0.7
IQR 0.4–1.5 1.5–2.9 0.4–1.0

Without Hydrolysis

ins/ins
n 27 30 10

Median 0.2 0.6 0.2
IQR 0.1–0.4 0.5–1.3 0.2–0.5

ins/del
n 40 40 13

Median 0.3 0.8 0.3
IQR 0.1–1.7 0.3–1.8 0.1–0.8

del/del
n 37 39 16

Median 0.1 0.4 0.2
IQR 0.1–0.2 0.3–0.6 0.1–0.3
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Table 2 shows the androgen responses in urine, by AR CALUX®, with and without
hydrolysis, and expressed as the values of ratio of means. For the interpretation of the
ratio of means, the homozygous polymorphism wild type (ins/ins) group was taken as
the reference compared to the other two groups, heterozygous (ins/del) and homozygous
mutated (del/del).

According to the results (Table 2), there were no statistically significant differences in
DHT values in period C1 among the three groups of genetic polymorphisms.

Again, the fact of applying a hydrolysis step allows increasing the signal indepen-
dently of the polymorphic group. In general, a greater dispersion of the equivalent values
of DHT was observed when hydrolysis was applied.
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Table 2. Androgenic responses in urine, analyzed by AR CALUX® with and without hydrolysis presented as values of the
ratio of means. For the interpretation of the ratios of means, the homozygous polymorphism wild type (ins/ins) group has
been taken as the reference compared to the other two groups, heterozygous (ins/del) and homozygous mutated (del/del).
For the comparison, the ratio of means, the inter quartile range, and the p value are presented.

With Hydrolysis Ratio of Means Inter Quartile 95% Range p

(ins/del) vs. (ins/ins) 1.37 0.44 4.28 0.578
(del/del) vs. (ins/ins) 0.79 0.26 2.47 0.690
Without Hydrolysis

(ins/del) vs. (ins/ins) 2.21 0.41 12.03 0.355
(del/del) vs. (ins/ins) 0.53 0.10 2.89 0.464

To evaluate the impact of T administration in each of the three polymorphic groups the
ratio of means between pre-T (C1) and post-T (C2) administration was calculated. Table 3
shows that there was a significant increase in DHT values after T administration (both with
and without HCl), the ratio of means increased significantly after T administration. When
we evaluated the interaction, with and without HCl, to assess whether the increase in DHT
values that occurred after T administration was independent of the polymorphic group, we
observed that with HCl hydrolysis, there were no significant differences in signal increase
among the three polymorphisms (p = 0.2504). However, without HCl, the interaction term
was statistically significant (p = 0.0019). Differences were found in the pairwise comparison
between groups (ins/ins) vs. (ins/del), p = 0.003 and (ins/del) vs. (del/del), p = 0.002).

Table 3. Androgenic activity in urine of athletes measured by AR CALUX® with and without
hydrolysis for each of the three different types of genotypes expressed as the values of the ratio of
means between period C1 and C2 (pre and post T adm.), the inter quartile range, and the p value.

Ratio of Means Inter Quartile Range C 95% p

With Hydrolysis
ins/ins 3.31 2.07 5.29 <0.001
ins/del 4.15 3.05 5.67 <0.001
del/del 2.89 2.42 3.46 <0.001

Without Hydrolysis
ins/ins 4.10 2.96 5.67 <0.001
ins/del 2.02 1.43 2.84 <0.001
del/del 3.95 3.01 5.19 <0.001

Figure 3 shows the mean and standard deviation for the increase in androgenic activity
(ng DHT-eq mL−1) pre- and post-T administration to the volunteers, (A) without hydrolysis
and (B) with hydrolysis. According to the results, it was noted that the T administration
generated an important increase in androgenic activity, especially during the first 10 days
post-administration, in comparison with the basal values (placebo). The effect was more
evident when hydrolysis was used, in any case after 10 days the effect of a T single dose
administration was no longer detectable.
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4. Discussion

Steroids are the most commonly used doping substances among professional and
amateur athletes [3]. Their use has dramatically increased in recent years [27,31]. However,
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the use of steroids is hazardous, and can lead to serious health problems for the professional
or amateur athlete [29,31].

Detection in doping control laboratories has been based mainly on the testos-
terone/epitestosterone ratio (T/E) >4 in urine and the presence of other metabolites [28,29].
Nevertheless, in recent years it has been shown that in people who have a genetic dele-
tion of the UGT2B17 gene, which modifies glucuronidation, commonly present a T/E <2,
it could allow them to use micro dose steroids and avoid detection [28,32].

In contrast to common procedure among anti-doping laboratories, E. coli ß glu-
curonidase hydrolyzed with dilute HCl was applied in order to deconjugate the sulphate
metabolites together with glucuronide forms [30,31].

At present, additional approaches and markers are still required to detect exogenous
testosterone administration, especially in sports populations with UGT2B17 mutations,
where their determination at low doses is more difficult.

On the other hand, with the intention of strengthening the steroidal module of ABP,
through this project the hypothesis was proposed that longitudinal monitoring of andro-
genic activity in urine could obtain complementary and additional information [19].

Given our results, a great potential for using the androgen receptor as an indirect way
of detecting abuse of steroids in urine can be confirmed. Conducting bioluminescence
assays applied to modified mammalian cell lines with the receptor promises to be one
of the cornerstones of detecting the substances in urine. This detection method could be
utilized for any type of steroid, dosage, and route of administration [10,24–26,33–36].

Bioassays have an advantage compared to mass spectrometry, since they allow the
detection of any compound that includes new substances that interact with AR, regardless
of the chemical structure, route of administration, and dispensation [25,37–39].

These data support the fact that androgen receptor (AR) assays are useful as a comple-
ment to the doping detection as an indirect marker of any substance with an androgenic
character, and in this specific case, improve the detection of T administration based on
the measurement of the T/E ratio and steroid profile, which is highly influenced by the
polymorphism of the UGT2B17 gene [13,14,28,40].

As BDS’ CALUX® bioassays also respond to endogenous hormones, we envisage
determination of normal values within a specific population or sub-population followed
by screening for deviations from these normal values. A system consisting of screening
for unknown compounds using effect-based CALUX® bioassays in conjunction with more
specific sensitive and identifying chemical-analytical methods such as GC-MS is expected
to provide a robust protocol that can be useful for detecting the use of almost any chemical
compound that interferes with normal steroid hormone action [33].

The comparison of AR CALUX® bioassay activities with the main endogenous steroids
detected with GC-MS in human urine samples showed an excellent correlation, providing
proof of principle of the compatibility of both techniques [33], as has been observed in
previous experiments [21].

These results support the fact that the AR CALUX® bioassay, in addition to chemical–
analytical methods, can be a valuable tool for the analysis of steroids for doping control
purposes [27].

5. Conclusions

The results obtained allow us to conclude that the AR CALUX® bioassay analysis was
able to detect the exogenous administration of testosterone independently of the genotype
for the three types of polymorphism. A statistically significant change in bioluminescence
induced by anabolic androgenic steroids (p < 0.001) was observed after T intramuscular
administration.

The analysis method developed based on AR CALUX® bioassay allows measurement
of the variations of the androgenic signal in a reproducible and consistent way without the
need to carry out hydrolysis, although the signal without hydrolysis is always significantly
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weaker, which can facilitate the development of a simple and fast screening method for
the future.

With the results obtained, it is not possible to define a global cut-off value that allows
deducing that with a single measure there could have been administration of some com-
pound with androgenic activity, the method is effective with a longitudinal follow-up of
each individual.

Unlike what happens with the routine methods of analysis in anti-doping that are
based on the structure of the analytes, the developed method measures an effect and
therefore makes it capable of detecting the possible administration of compounds with
an unknown structure, this can be used for the development of rapid screening meth-
ods not only applicable to physiological samples, but also to the possible analysis of
nutritional supplements.
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