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a b s t r a c t

19-Norandrosterone (19-NA) as its glucuronide derivative is the target metabolite in anti-doping testing
to reveal an abuse of nandrolone or nandrolone prohormone. To provide further evidence of a doping with
these steroids, the sulfoconjugate form of 19-norandrosterone in human urine might be monitored as well.
In the present study, the profiling of sulfate and glucuronide derivatives of 19-norandrosterone together
with 19-noretiocholanolone (19-NE) were assessed in the spot urines of 8 male subjects, collected after
administration of 19-nor-4-androstenedione (100 mg). An LC/MS/MS assay was employed for the direct
quantification of sulfoconjugates, whereas a standard GC/MS method was applied for the assessment of
glucuroconjugates in urine specimens. Although the 19-NA glucuronide derivative was always the most
oping control prominent at the excretion peak, inter-individual variability of the excretion patterns was observed for
both conjugate forms of 19-NA and 19-NE. The ratio between the glucuro- and sulfoconjugate derivatives
of 19-NA and 19-NE could not discriminate the endogenous versus the exogenous origin of the parent
compound. However, after ingestion of 100 mg 19-nor-4-androstenedione, it was observed in the urine
specimens that the sulfate conjugates of 19-NA was detectable over a longer period of time with respect to
the other metabolites. These findings indicate that more interest shall be given to this type of conjugation

g wit
to deter a potential dopin

. Introduction

Nandrolone, or 19-nortestosterone, is a synthetic anabolic-
ndrogenic steroid (AAS) part of the norsteroids family and derived
rom the testosterone molecule, the main sex steroid hormone
roduced in man [1]. The small chemical modification on the car-
on atom 19 provides more anabolic than androgenic properties
o nandrolone. This feature is important regarding medical use
nd is at the origin of the widespread misuse of nandrolone in
ports [2]. The first synthesis of nandrolone was reported in 1950.
ince then, the pharmaceutical industry has produced norsteroids
or humans and animals, for substitutive (hypogonadism), comple-
entary (osteoporosis and haematological diseases), contraceptive
nd growth stimulating treatment. Exogenous application can be
chieved either by intramuscular injection or through oral ingestion
f nandrolone esters or precursors such as 19-norandrostenedione

∗ Corresponding author at: Laboratoire Suisse d’Analyse du Dopage, Centre Uni-
ersitaire Romand de Médecine Légale, Chemin des Croisettes 22, 1066 Epalinges,
witzerland. Tel.: +41 21 314 7330; fax: +41 21 314 7095.
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039-128X/$ – see front matter © 2008 Elsevier Inc. All rights reserved.
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h norsteroids.
© 2008 Elsevier Inc. All rights reserved.

or 19-norandrostenediol. These two components were employed
until January 2005 by nutritional supplements manufacturers to
produce prohormones supplements [3–5].

Nandrolone is transformed in the organism into several degra-
dation products [6]. Two urinary metabolites, 19-norandrosterone
(19-NA) and 19-noretiocholanolone (19-NE) are mostly glucurocon-
jugated, while the third isomer 19-norepiandrosterone (19-NEA)
appears to be almost exclusively sulfoconjugated [7]. The find-
ing of a potential doping with nandrolone is reported when the
total of free 19-NA and its glucuronide fraction expressed as mass
concentration of 19-NA in urine is significantly higher than the
threshold level set at 2 ng/mL in both males and females by the
World Anti-Doping Agency (WADA) [8]. This concentration cut-off
was implemented to consider possible endogenous production of
nandrolone metabolites in human. However, it may be expected
that endogenous 19-NA levels of 15 ng/mL could be measured in
urine specimens collected during pregnancy [9]. Some authors

reported that a substantial amount of boar edible tissue containing
endogenous 17�-nandrolone may generate several ppb of urinary
19-norandrosterone and 19-noretiocholanolone in the following
hours after consumption [10]. As reported recently, endogenous 19-
norsteroids could also be formed at levels above the threshold value

http://www.sciencedirect.com/science/journal/0039128X
http://www.elsevier.com/locate/steroids
mailto:Christophe.Saudan@chuv.ch
dx.doi.org/10.1016/j.steroids.2008.11.005
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selected as the acceptance threshold [16]. Comparable analytical
60 E. Strahm et al. / Ste

f 2 ng/mL by in situ demethylation of endogenous androsterone
nd etiocholanolone in stored urine samples [11]. For all potential
ource of 19-NA, a reliable analysis of urinary 19-norandrosterone
y gas chromatography/combustion/isotope ratio mass spectrom-
try (GC/C/IRMS) might directly support the endogenous origin of
9-norsteroids [2,12].

Several studies were dedicated to the possible use of the sulfo-
nd glucuroconjugates concentrations of both nandrolone metabo-
ites in urine specimen to identify the administered norsteroid
erivatives [13] or to discriminate between the endogenous and
xogenous origin [14]. Usually, sulfoconjugates levels of 19-NA and
9-NE may be assessed indirectly by means of GC/MS assays. Typi-
ally, the amount of sulfoconjugates is derived from the difference
f the total concentration of sulfo- and glucuroconjugates deter-
ined from a methanolysis procedure and the concentration of

lucuroconjugates obtained independently after �-glucuronidase
ydrolysis [7]. Alternatively, sulfate derivatives are assessed by
eans of a methanolysis reaction on the residue obtained after �-

lucuronidase hydolysis [15]. The use of Helix pomatia mixtures as
n alternative to sulfoconjugates deconjugation has been debated
ince these preparations may lack of activity towards sulfate sub-
trates [15].

In the present study, we conducted direct determination of
9-NA and 19-NE sulfoconjugates in male human specimens by
eans of LC/MS/MS. This assay requiring no chemical modifi-

ation of the sulfate forms was used to investigate the ratio
f sulfate conjugates as a metabolic marker for discrimination
etween endogenous production and a doping with 19-norsteroids.
or that purpose, a series of urine specimens containing endoge-
ous 19-norandrosterone and 19-noretiocholanolone formed by

n situ 19-demethylation were analyzed in parallel with urine
amples collected after oral administration of a xenobiotic 19-
orsteroid.

. Materials and methods

.1. Administration studies

Administration studies were conducted at the Swiss Laboratory
or Doping Analyses in Lausanne (Switzerland) after the approval of
he protocol by the ethics committee from the Faculty of Medicine
University of Lausanne). Participants (n = 8) were healthy male vol-
nteers from Caucasian origin, aged between 20 and 30, mainly
rom the Institute of Sports Sciences and Physical Education (Uni-
ersity of Lausanne, Switzerland). The subjects provided informed
onsent for the participation in the study. These volunteers were
ot physically dependent on drugs and were instructed not to take
ny nutritional supplements or steroids one year before and dur-
ng the study, which could affect their metabolism and steroid
rofile. Volunteers who were prone to hormonal dysfunction, car-
iovascular disease, or have used controlled substances or any
edication known to affect steroid metabolism were excluded from

he study.
Spot urines were collected before administration and subse-

uently 4, 8, 24 and 200 h after one pill intake of 19-nor-4-
ndrostenedione. A maximum standard deviation of 30 min may
e considered for the collection time of all spot urines. Urines
ere kept at 4 ◦C until their delivery to the laboratory and each
rine sample was divided into 20 mL flasks prior to storage at

20 ◦C.

Each pill was composed of 100 mg of 19-nor-4-androstenedione
nd 127 mg of mannitol. The standard compound 19-nor-4-
ndrostenedione (Sigma, St. Louis, MO, USA) was analytically tested
y the Pharmacy of the University Hospital (Hospice CHUV, Lau-
anne, Switzerland) prior to pill production.
4 (2009) 359–364

2.2. Routine controls

The selection of urine specimens containing low levels of
exogenous 19-NAG or endogenous 19-NAG formed by in situ 19-
demethylation was based on the routine doping procedure carried
out in the doping control laboratories of Lausanne (Switzerland)
and Montreal (Canada). All specimens were stored at −20 ◦C until
quantitative analyses of sulfate and glucuronide derivatives of 19-
NA and 19-NE.

2.3. Analytical methods

For the determination of the urinary concentration levels of
19-NE and 19-NA conjugates, a referenced protocol was fol-
lowed [16]. Assay validation of that protocol demonstrated good
performances in terms of trueness (92.0–104.9%), repeatability
(0.6–7.2%) and intermediate precision (1.3–10.8%) over the range
from 1 to 2500 ng/mL. Using this method, sulfate and glucuronide
norsteroids were selectively separated in two fractions after load-
ing of the urine specimens (5 mL) on weak anion exchange
SPE cartridges. The concentration levels of 19-NA and 19-NE
sulfoconjugates were directly assessed by means of LC/MS/MS
methodology without chemical modification, whereas 19-NAG and
19-NEG were quantified after cleavage of the glucuronide moi-
ety using GC/MS. Each batch analyzed by this assay included a
maximum of 30 samples together with duplicate injections of
two QC samples (5, 250 ng/mL) and three calibrators (1, 150,
300 ng/mL).

2.4. Statistical method

All statistical analyses were performed using S-PLUS® 7.0 for
Windows. The non-parametric Kolgomorov–Smirnov test was used
for group comparison. Significant increase above the basal levels
was considered with P < 0.05.

3. Results and discussion

3.1. Quantification of glucuro- and sulfoconjugated metabolites

The procedure used in this study was based on the selective
separation of the sulfo- and glucuroconjugates in two different frac-
tions after loading 5 mL urine sample on a weak anion exchange SPE.
To reach a lowest limit of quantification (LLOQ) of 1 ng/mL in real
urine samples, sulfoconjugates were assessed directly by means
of a LC/MS/MS assay [16]. Owing to a unique MS/MS transition
(m/z 355 → 97) in negative ESI mode for both 19-NES and 19-NAS
species, the assay required a complete chromatographic resolution
of these diastereoisomers. Fig. 1 shows a LC/MS/MS chromatogram
of 19-NES and 19-NAS extracted from a urine specimen at the con-
centration of 1 ng/mL (2.8 nmol/L). A maximum relative error of
23% was obtained with respect to the nominal concentration at
5 ng/mL in 19-NES and 19-NAS of a urine-based quality control (QC)
introduced in each batch analyzed in that study. For the quality con-
trol containing the analytes at 250 ng/mL, relative errors lower than
13% were determined. These findings were in agreement with the
assay validation of the method for which a relative error of 30% was
performances were obtained on the QC samples containing 19-NEG
and 19-NAG at 5 and 250 ng/mL. In that case, the quantification of
both glucuroconjugates in human urine was achieved by means
of GC/MS after hydrolysis with �-glucuronidase [16]. This method
reached 1 ng/mL (2.2 nmol/L) LLOQ for 19-NEG and 19-NAG in urine
specimens.
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fotransferase will be affected [24,25]. Thus, it appears in our case
ig. 1. LC/MS/MS chromatogram of 19-NES (RT = 20.35 min) and 19-NAS
RT = 22.67 min) in negative ESI mode. Sulfoconjugates were extracted from a
rine specimen at a concentration of 1.0 ng/mL (2.8 nmol/L) and injected into the
C/MS/MS system.

.2. Excretion studies of 19-nor-4-androstenedione

Metabolism of xenobiotic nandrolone or nandrolone pro-
ormone in man results mainly in the urine excretion
f 19-norandrosterone, 19-noretiocholanolone and 19-
orepiandrosterone as phase I metabolites [17,18]. In the particular
ase of 19-nor-4-androstenedione, the prohormone is converted in
he liver to nandrolone by 17�-hydroxysteroid dehydrogenase and
hen metabolized via an oxidative pathway involving the enzyme
roups of 5�- and 5�-reductases together with 5�- and 5�-
ydroxysteroid dehydrogenase [6]. Due to the extensive first-pass
etabolism of 19-nor-4-androstenedione, 19-norandrosterone

nd 19-noretiocholanolone are rapidly excreted in the urine. Glu-
uronide levels up to 100 �g/mL (expressed as mass concentration
f 19-NA) were detected in the initial hours after oral administra-
ion of 50 mg [17]. The elimination process of the steroids from the
ody is initiated by phase II reactions in which specific enzymes
ouple the anabolic steroid or its metabolite with glucuronide acid
r sulfate [19].

The time–concentration profile of sulfo- and glucuroconju-
ates of 19-NA and 19-NE were evaluated in the 19-nor-4-
ndrostenedione treated volunteers. The concentration of nan-
rolone metabolites were systematically corrected when the spe-
ific gravity was greater than 1.020 [8]. For all time–concentration
rofiles depicted in Fig. 2, the metabolites were excreted as
lucuronides and sulfates with maximum concentration values fol-
owing 4 h after 19-nor-4-androstenedione administration. At that
xcretion time, the levels of 19-NAG was the most prominent with
oncentrations ranging from 44 to 774 �mol/L (20–350 �g/mL) for
he 8 subjects. Significant variability in the excretion of 19-NAG at
he excretion peak was already observed in a study investigating the
nter-individual variability in nandrolone metabolism [20]. Regard-
ng the sulfate form of 19-NA, the concentration levels ranging from
0 to 135 �mol/L (11–48 �g/mL) were less subject to variability

n the excretion pattern. Except for subject S3, the levels of 19-
AS were greater than the glucuronide derivative 24 h following
dministration of the nandrolone prohormone. It is worth noting
hat the concentrations of 19-NAS in the range of 0.62–23.0 �mol/L
0.22–8.2 �g/mL) at that time of excretion were in the same order

f magnitude than the values reported after an excretion study of
00 mg 19-nor-4-androstenedione [13]. Similarly, the prominent
xcretion of 19-NAS compared to 19-NAG was also observed at
= 200 h for 7 subjects (S2–S8). However, for subject S1, the amount
4 (2009) 359–364 361

of 19-NAG was of 8.8 nmol/L (4 ng/mL) while 19-NAS could not be
quantified (<LLOQ). Based on a previous report [13], we collected a
spot urine 200 h after administration to evaluate the most promi-
nent metabolites at the end of 19-nor-4-androstenedione metabolic
clearance. As it was the unique conjugate to display a concentration
equal or greater than 2.8 nmol/L (1 ng/mL) in four of the subjects
(S4–S7), the timed urinary excretion profiles indicate that 19-NAS
might be considered as a marker for long-term detection of 19-nor-
4-androstenedione doping with respect to the other metabolites
determined herein. However, 19-NAG was found to be the unique
marker of the prohormone administration for subject S1. Discrepan-
cies in the production of 19-NA and 19-NE conjugates at the end of
19-nor-4-androstenedione elimination are likely caused by a differ-
ence in metabolism among the subjects [20]. As demonstrated by a
recent study, the metabolic profile in urine after oral administration
of 19-nor-4-androstanediol to male subjects is also characterized
by important fluctuations with time of the 19-NA and 19-NE con-
jugates levels [21]. Notably, all the subjects excreted more 19-NA in
the sulfate than in the glucuronide fraction 24 h after administra-
tion.

Inspection of the timed concentration profiles of sulfo- and glu-
curoconjugates of 19-NA and 19-NE in terms of molar concentration
ratios revealed that the 19-NAG/19-NEG was generally decreas-
ing from 4 to 24 h post-administration (Fig. 3). In the spot urine
collected at t = 24 h, the 19-NAG/19-NEG ratio remained <1 for 5
subjects (S1–S5) whereas it was clearly >1 for all the subjects at
the excretion peak. The inversion of the ratio during the elimina-
tion period of nandrolone and nandrolone precursors has already
been established in literature [20,22]. Based on these findings,
therefore, it appears that this ratio may neither allow the differ-
entiation between endogenous and exogenous origin nor identify
the substance administered. Regarding the corresponding ratio of
sulfate conjugates (19-NAS/19-NES), the values were >1 at t = 4 h fol-
lowing administration of 100 mg 19-nor-4-androstenedione, except
for subject S3 for whom the concentration of 19-NES was preva-
lent over 19-NAS (Fig. 3). Then, the ratios were systematically
increased in the two subsequent spot urines collected at t = 8 and
24 h post-administration. For instance, at t = 24 h, the values of 19-
NAS/19-NES were ranging from 2.4 to 80. At the excretion time
of 200 h, both sulfoconjugates could be quantified in subjects S2
and S3, only (Fig. 2). Remarkably, the 19-NAS/19-NES ratio for sub-
ject S2 experienced a significant drop from 29 to 1.2, whereas
the value remained stable for subject S3. Despite of the number
of ratios that could be determined at low concentrations of sul-
fates, these findings tend to demonstrate a marked variability of
this parameter during the excretion period. As noted previously
for the 19-NAG/19-NEG profiles, the 19-NAS/19-NES ratio provides
evidence of prominent inter-individual variability.

The proportion of 19-NA glucuronide and sulfate assessed by
calculating the ratios between 19-NAG and 19-NAS exhibited an
inversion in the spot urine collected at t = 4, 8 and 24 after treat-
ment (Fig. 3). These results are consistent with a previous report [7],
which suggested that a delay may occur in the metabolism of phase
II or/and phase III of 19-NA conjugates. Pharmacokinetic studies
have demonstrated that sulfate conjugation is predominant at low
substrate concentration whereas glucuronidation is the major con-
jugation process at high substrate levels because of a saturation
in the sulfation reaction [23]. The lower concentrations of sulfate
donor (3′-phosphoadenosine-5′-phosphosulfate, PAPS) in the liver
with respect to uridine diphosphate-glucuronic acid may result in a
more rapid depletion of PAPS and consequently the velocity of sul-
that the rapid metabolism of 19-nor-4-androstenedione during the
first-pass produced a rapid rise in the levels of phase I metabolites
which where predominantly glucuroconjugated in the first hours
after administration. When 19-NA fell to low concentrations in the
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ig. 2. Time–concentration profiles of 19-NAS (�), 19-NES (©), 19-NAG (�) and 19-N
f 19-nor-4-androstenedione (100 mg) at t = 0. The concentration levels of sulfate
espectively, were not indicated. These levels correspond to the lower limit of quan

ater stage of drug metabolism, the 19-NAS levels exceeded those of
9-NAG (Fig. 3). Besides the mechanism of conjugation which pro-
ides possible explanation in the difference of conjugates recovered
hroughout the excretion studies, it is important to emphasize that
he hepatic transport of conjugates and elimination from the kidney
ould lead to a delay in the excretion stage [7].

.3. Endogenous and exogenous origin: variability in the
oncentration ratios

Additional investigations should be conducted to determine
race levels of 19-NA above the threshold of 2 ng/mL (7.2 nmol/L)
o ascertain that the phase I metabolite of nandrolone is of exoge-
ous origin in urine samples of male athletes [8]. Table 1 lists
he levels of exogenous 19-NA and 19-NE conjugates contained in
rine specimens of different male individuals (X1–X14). Interest-

ngly, only one of a series of specimens displayed a concentration
f 19-NAS lower than the performance of the assay, whereas 19-
ES could be quantified in only 6 of them. For those specimens,
he concentrations of 19-NES were systematically lower than 19-
AS. Regarding the glucuroconjugate 19-NAG, the levels of the
nalyte were above 2.2 nmol/L (1 ng/mL) in ten of the specimens
xtracted. Comparable and greater levels of this metabolites may
e endogenously released in urine samples due to consumption
) in urine specimens of 8 subjects (S1–S8) collected after a single oral administration
lucuronide conjugates lower than 2.8 nmol/L (1 ng/mL) and 2.2 nmol/L (1 ng/mL),
ion of the assay.

of non-castrated pig offal or in situ 19-demethylation of endoge-
nous androsterone (3�-hydroxy-5�-androstan-17-one). Although
the first endogenous source is highly improbable, the formation
of 19-norsteroids by demethylation of free and glucuroconjugated
androsterone and etiocholanolone (3�-hydroxy-5�-androstan-17-
one) in stored urine samples may occur in particular conditions
[11]. To exclude this phenomenon, whose origin remains to be
determined, stability tests have to be performed according to a lab-
oratory procedure [26]. The levels of conjugates in several urine
samples (E1–E6) exhibiting the common feature of demethylation
reactions are reported in Table 1. Interestingly, the concentra-
tions for 19-NAG and 19-NEG were quantified for all specimens,
while 19-NES were almost constantly below 2.8 nmol/L (1 ng/mL).
Nevertheless, the data relative to 19-NAS provide evidence for
the first time that the in situ demethylation process also occurs
for sulfate conjugate of androsterone (Table 1, samples E1–E5).
The use of the concentrations available for 19-NAS together with
19-NAG and 19-NEG allowed to derive the 19-NAG/19-NEG and
19-NAG/19-NAS ratios. The comparison of these ratio with the cor-

responding values obtained from the series of exogenous samples
did not result in a significant difference (P > 0.15). Therefore, it
appears that these parameters are not discriminative enough to
assess the origin of 19-NA in the urine specimens of male sub-
jects.
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Fig. 3. Time–molar concentration ratio profiles of 19-NAS/19-NES (solid line), 19-NAG/19-NEG (dashed line) and 19-NAG/19-NAS (dotted line) in urine specimens of 8 subjects
collected after a single oral administration of 19-nor-4-androstenedione (100 mg) at t = 0.

Table 1
Human urine specimens containing 19-NAS, 19-NES, 19-NAG and 19-NEG of endogenous and exogenous origin at low concentration levels.

Sample ID Concentrations (nmol/L) Molar concentration ratios

19-NAS 19-NES 19-NAG 19-NEG NAS/NES NAG/NEG NAG/NAS

Samples containing exogenous 19-norsteroids
X1 778 21 41 5.5 38 7.4 0.05
X2 660 15 23 40 44 0.6 0.04
X3 638 22 72 135 29 0.5 0.1
X4 10 n.d. <2 n.d. – – –
X5 5.1 n.d. <2 n.d. – – –
X6 1907 26 63 38 75 1.7 0.03
X7 3.1 <2.8 <2.2 n.d. – – –
X8 4.5 <2.8 3.5 n.d. – – 0.8
X9 2.8 <2.8 15 n.d. – – 5.4
X10 13 <2.8 62 8.2 – 7.6 4.9
X11 <2.8 <2.8 13 3.5 – 3.6 –
X12 12 <2.8 15 2.2 – 6.7 1.3
X13 20 17 <2.2 4.2 1.2 – –
X14 11 3.1 2.7 n.d. 3.5 – 0.3

Samples containing endogenous 19-norsteroids formed by in situ 19-demethylation
E1 20 <2.8 15 11.1 – 1.3 0.7
E2 12 <2.8 7.1 4.2 – 1.7 0.6
E3 6.7 4.2 12 17 1.6 0.7 1.8
E4 4.2 n.d. 8.8 4.9 – 1.8 2.1
E5 3.1 n.d. 12 11 – 1.2 4.0
E6 <2.8 <2.8 10 6.4 – 1.5 –

n.d.: non-detected.
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. Conclusion

The concentrations of sulfoconjugates of 19-NA and 19-NE
ere determined by LC/MS/MS without any chemical modification

f the conjugates. The administration studies of 19-nor-4-
ndrostenedione on Caucasian subjects revealed the presence of
9-NA sulfoconjugate in almost all the spot urines collected dur-
ng a period of 200 h. At low levels of conjugates, the ratios
xpressed as 19-NAS/19-NES, 19-NAG/19-NEG and 19-NAG/19-NAS
id not provide discrimination between endogenous and exoge-
ous nandrolone metabolites in urine specimens of male subjects.

nter-individual difference in the metabolism of 19-norsteroids may
ccount for the variability of the excreted amounts of sulfates versus
lucuronides.

Clearly, our study shows that trace levels of 19-NAS may exceed
hose of 19-NAG in urine specimens of male subjects. Therefore, it

ight be conceivable in these cases to isolate the sulfoconjugate
orm of 19-NA of urinary matrix for synthetic steroid detection by

eans of IRMS. Carbon isotope ratio could be measured either by
C/C/IRMS after hydrolysis of the sulfate moiety or by LC/IRMS,

equiring no chemical modification of the sulfoconjugate. Liquid
hromatography combined with mass spectrometry for 13C isotope
nalysis is an emerging technology in life science for non-volatile
nalytes (sugar, protein, glucose, amino acid) [27]. As the sulfate
roup do not contain any carbon atom, LC-IRMS analysis of 19-NAS
ould provide the direct 13C/12C ratio of the steroid moiety.
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