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a b s t r a c t

Boldenone (17-hydroxy-androsta-1,4-diene-3-one, Bol) and boldione (androst-1,4-diene-3,17-dione,
ADD), are currently listed as exogenous anabolic steroids by the World Anti-Doping Agency. However,
it has been reported that these analytes can be produced endogenously. Interestingly, only for Bol a com-
ment is included in the list on its potential endogenous origin. In this study, the endogenous origin of ADD
in human urine was investigated, and the potential influence of phytosterol consumption was evaluated.

We carried out a 5-week in vivo trial with both men (n = 6) and women (n = 6) and measured �-
boldenone, �-boldenone, boldione, androstenedione, �-testosterone and �-testosterone in their urine
using gas chromatography coupled to multiple mass spectrometry (GC–MS–MS). The results demon-
strate that endogenous ADD is sporadically produced at concentrations ranging from 0.751 ng mL−1 to
1.73 ng mL−1, whereas endogenous Bol could not be proven. We also tested the effect of the daily consump-
tion of a commercially available phytosterol-enriched yogurt drink on the presence of these analytes in

human urine. Results from this study could not indicate a relation of ADD-excretion with the consumption
of phytosterols at the recommended dose. The correlations between ADD and other steroids were con-
sistently stronger for volunteers consuming phytosterols (test) than for those refraining from phytosterol
consumption (control). Excretion of AED, bT and aT did not appear to be dependent on the consumption
of phytosterols.

This preliminary in vivo trial indicates the endogenous origin of boldione or ADD in human urine,
nce o
independent on the prese

. Introduction

In 2006, 2% of all human urine samples analysed worldwide
y World Anti-Doping Agency (WADA)-accredited laboratories
ested positive for prohibited substances. Forty five percent of
ll these adverse findings were due to the presence of anabolic
teroids [1]. This class of drugs contains the male hormone testos-
erone (T) and several substances structurally related to it, such as
oldione (androst-1,4-diene-3,17-dione, ADD) and boldenone (17-

ydroxy-androsta-1,4-diene-3-one, Bol) [2] (Fig. 1). Their capability
f improving muscle mass and strength has increased the use of
nabolic steroids as performance enhancers in human sports [1,3,4].
owever, this doping has led to a strict ban on exogenous as well

∗ Corresponding author. Fax: +32 9 264 7492.
E-mail address: Karolien.Verheyden@UGent.be (K. Verheyden).

960-0760/$ – see front matter © 2009 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jsbmb.2009.06.001
f any structural related analytes such as phytosterols.
© 2009 Elsevier Ltd. All rights reserved.

as endogenous anabolic steroids in human sports [2]. Although
sophisticated analytical techniques to distinguish between exoge-
nous and endogenous targeted analytes are available [4,5], doping
with endogenous steroids remains a serious issue facing doping
control agencies [6].

In this context, knowledge on the origin of an analyte is of
paramount importance. Boldenone, for example, has long been
considered a marker of illegal treatment when detected in urine.
However, in extremely rare individual cases, boldenone of endoge-
nous origin can consistently be found at very low nanograms
per milliliter levels in urine [2,7]. In contrast, to the best of our
knowledge no such evidence exists on the endogenous origin of

boldione, the precursor of boldenone [8].

These and other anabolic steroid hormones are characterised
by an androstane nucleus consisting of four fused ring struc-
tures, three hexane rings and one pentane ring [7,9]. This
cyclopentanophenanthrene is also typical of sterols, such as

http://www.sciencedirect.com/science/journal/09600760
http://www.elsevier.com/locate/jsbmb
mailto:Karolien.Verheyden@UGent.be
dx.doi.org/10.1016/j.jsbmb.2009.06.001
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ig. 1. Chemical structure of different steroid hormones: left, �-testosterone (bT);
enter, boldione (ADD); right, �-boldenone (bBol).

hytosterols as well as cholesterol, which is the precursor molecule
f several anabolic steroids [10–12] (Fig. 2). Phytosterols only dif-
er from cholesterol by their side chain configuration [13–15],
llowing them to compete with cholesterol for absorption from
he gastro-intestinal tract [15–17]. This characteristic of compe-
ition forms the basis for the cholesterol-lowering properties of
hytosterols. At a daily concentration of 2–3 g, phytosterols have
een shown to reduce plasma cholesterol levels in humans, improv-

ng blood lipid profiles and reducing the risk of coronary heart
isease [13–15,18,19]. As a result phytosterols, natural constituents
f several food products, are also supplemented to food items which
re termed functional food [20,21].

In the food industry functional food constitutes the single fastest
rowing segment [21], but consumers seem to have become more
ware of potential food risks such as genetical modification, bacte-
ial contamination, incidence of mad cow disease and the presence
f growth hormone residues [22]. Tucker et al. [23] also reported
hat, already in 2001, the majority of the population in 19 out of
4 countries studied felt that their food is less safe than 10 years
arlier. This statement was confirmed in a recent study on the con-
umers’ uncertainty about the safety and quality of their food [24].
pecifically, the potential presence of hormone and veterinary drug
esidues in food remains one of the major causes of concern to both
merican [23] and European consumers [24].

Biotransformation of phytosterols to steroid hormones has thus
ar not been demonstrated in humans while microbial conver-
ion of phytosterols to steroids has been frequently reported
25–31]. In addition, a number of studies has been devoted to
he ability of invertebrate organisms to convert phytosterols into
nabolic steroids [32–34]. Recently Ros et al. [35] have performed a
uman study on the excretion of boldenone upon consumption of
hytosterol-enriched margarine, however, none of the urine sam-
les tested positive for this anabolic steroid.

The purpose of our investigation was to determine the
ndogenous origin of several anabolic steroids in human urine,
specially boldenone and its precursor boldione. Furthermore,
e hypothesized that urinary excretion of these anabolic steroids

ut also of the main anabolic steroid �-testosterone (17�-
ydroxy-androst-4-ene-3-one, bT), its isomer �-testosterone
17�-hydroxy-androst-4-ene-3-one, aT) and its precursor
ndrostenedione (androst-4-ene-3,17-dione, AED) could be

ssociated with phytosterol consumption. In the present study
olunteers were asked to consume a phytosterol-enriched yogurt
rink at the recommended dose equalling 2 g a day. Subsequently,
he influence of the phytosterols on the steroidic excretion was

ig. 2. Chemical structure of the phytosterol �-sitosterol (left) and of cholesterol
right).
try & Molecular Biology 117 (2009) 8–14 9

evaluated using gas chromatographic–multiple mass spectrometric
(GC–MSn) analyses of the urine samples.

2. Materials and methods

2.1. Experimental setup

A small-scale 5-week study was performed with healthy female
(n = 6) and male volunteers (n = 6), aged 22–48 years old. Volun-
teers were randomly divided in a control and test group so that both
groups consisted of 3 women and 3 men each. It was established
that in daily life, these volunteers did not use phytosterol-enriched
food products. During the study no restrictions on the normal diet
were imposed. But, the control group was asked to keep on refrain-
ing from using any phytosterol-enriched food products during the
study. The test group was asked to consume a selected commer-
cially available yogurt drink every morning during the first 3 weeks
of the study. This drink contained 2 g of phytosterols which is the
daily intake recommended by the manufacturer. The last 2 weeks of
the study the test group continued their normal diet and refrained
from eating or drinking any additional phytosterol-enriched food
products.

2.2. Reagents and chemicals

All solvents and reagents were of analytical grade and were
purchased from VWR International (Merck, Darmstadt, Germany).
�-Zearalanol (3,4,5,6,7,8,9,10,11,12-decahydro-7,14,16-trihydroxy-
3-methyl-1H-2-benzoxacyclotetradecin-1-one, bZ, purity >98%),
boldione (androst-1,4-diene-3,17-dione, ADD, purity ≥98%) and �-
testosterone (17�-hydroxy-androst-4-ene-3-one, bT, purity ≥98%)
were obtained from Sigma–Aldrich Corp. (St. Louis, MO, USA).
Androstenedione (androst-4-ene-3,17-dione, AED, purity ≥96%),
�-boldenone (17�-hydroxy-androsta-1,4-diene-3-one, bBol, purity
≥98%), �-testosterone (17�-hydroxy-androst-4-ene-3-one, aT,
purity ≥98%) and equilenin (3-hydroxy-estra-1,3,5,7,9-pentaene-
17-one, EQ, purity ≥98%) were purchased from Steraloids
(Newport, USA). �-Boldenone (17�-hydroxy-androsta-1,4-diene-
3-one, aBol, purity >95%) was provided by The National Institute
for Public Health and the Environment (RIVM, Bilthoven, The
Netherlands). Methyl-19-nortestosterone (4-estren-17�-methyl-
17�-ol-3-one, MeNT, purity >98%) and androsterone ((3�,5�)-3-
hydroxy-androstan-17-one, And, purity ≥98%) were obtained from
the Scientific Institute of Public Health (IPH, Brussels, Belgium).

Standard stock solutions were prepared in absolute ethanol at a
concentration of 200 ng �L−1. Working standard solutions for spik-
ing were prepared by appropriate dilution of the stock solutions
in ethanol. All standard solutions were stored at 4 ◦C following the
quality assurance instructions of Belac accreditation (EN17025).

�-Glucuronidase, Type HP-2, from Helix pomatia was purchased
from Sigma–Aldrich Corp. and is stored at 4 ◦C in the laboratory.
This preparation contains glucuronidase (≥100 000 units mL−1) as
well as sulfatase activity (≤7500 units mL−1).

The derivatisation reagent, MSTFA++, was prepared using
N-methyl-N-trimethylsilyl-trifluoracetamid (MSTFA, FilterService,
Eupen, Belgium), ammonium iodide (Sigma–Aldrich Corp.) and
ethanethiol (Acros Organics, Fairlawn, NU, USA) as described by
Impens et al. [36].

2.3. Sampling
Volunteers were asked to collect 50 mL urine samples once a
day, preferably in the morning before any consumption of drinks
or food. Samples were taken at 11 sampling times, one prior to
the imposed consumption of phytosterols (period 0) followed by
two samples each week during the subsequent 5 weeks. Week
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through week 3 corresponded to the phytosterol consumption
eriod (period 1), and week 4 through week 5 represented the wash
ut period (period 2). Immediately after collection, samples were
tored at −20 ◦C until analysis.

.4. Extraction and clean-up

Extraction was based on the method described by De Brabander
t al. [37]. In short, urine pH was adjusted to 4 ± 0.5 before analy-
is. Analytes were extracted from 25 mL of urine with diethyl ether
fter enzymatic hydrolysis with �-glucuronidase from Helix poma-
ia. Extracts were dried and resolved in ethanol before filtration and
ubsequent separation with HPLC. Final analysis was performed
ith GC–MS–MS after derivatisation with MSTFA++.

.5. GC–MS–MS analysis

All chromatographic and spectrometric analyses were per-
ormed using a Trace Gas Chromatograph 2000 fitted with a Polaris
on trap mass spectrometer (Thermo Fisher, Austin, TX, USA) with
Carlo Erba AS2000 Autosampler (Thermo Fisher). Helium (99.99%
urity, Air Liquide, France) was used as carrier gas at a flow rate
f 1 mL min−1 and perfluorotributylamine (FC43) was used as
alibration gas. A sample volume of 1 �L was injected (split flow
0 mL min−1, splitless time 1 min).

Gas chromatographic parameters are based on the method
escribed by Impens et al. [36]. Chromatographic separation of
he targeted analytes was performed on a BPX5 capillary column
25 m × 0.22 mm ID) with 5% phenyl-polysilphenylene-siloxane
hase (0.25 �m film) (SGE Analytical Science Pty. Ltd., Victoria,
ustralia). Injector, ion source and transfer line temperature were
50 ◦C, 200 ◦C and 275 ◦C, respectively. The temperature program
pplied started at an initial temperature of 100 ◦C. Temperature was
ncreased to 250 ◦C applying a ramp of 17 ◦C min−1. Subsequently,
n increase to 270 ◦C was assessed using a ramp of 2 ◦C min−1. A
nal ramp of 30 ◦C min−1 was applied to reach 300 ◦C, holding this

emperature for 1.30 min.
Spectra were obtained in positive electron impact ionisation (EI)

ode MS full scan and MS–MS scan. Mass range depended on the
elected precursor ion, and the collision energy ranged from 0.80 V
o 1.20 V.

.6. Quality assurance

Prior to sample analysis, standard mixtures of the targeted
nalytes were injected to check the operation conditions of the
C–EI-MS–MS apparatus. Prior to extraction, EQ, MeNT and bZ were
dded to every sample as procedure internal standards (I.S.) at a
oncentration of 5.00 ng mL−1. Different internal standards were
sed so that in each HPLC-fraction one I.S. was present. Different
argeted analytes were identified by their retention time, relative
o the appropriate I.S., and by the ion ratio of their product ions
ased on the performance criteria for analytical residue methods
s defined in Commission Decision 2002/657/EC [38]. After extrac-
ion, And was added to every sample to check the derivatisation
fficiency. For quantitative analysis, analyte/internal standard peak
rea ratios versus spiked concentrations of the analyte were fitted in
calibration curve. Eight point calibration curves were constructed

or every single targeted analyte by spiking standard solutions in
ltrapure water at a concentration of 0.500–10.0 ng mL−1 for ADD,
ED, aBol and bBol, and of 0.500–50.0 ng mL−1 for aT and bT. For

oth testosterone isomers (T) extrapolation was allowed for quan-
ification in case this range was exceeded. The limit of quantification
LOQ) was set at the lowest calibration point, 0.500 ng mL−1. Cor-
elation coefficients (R2) were higher than 0.90 for all targeted
nalytes.
try & Molecular Biology 117 (2009) 8–14

Since this study entailed the intake of a commercially available
yogurt drink at doses recommended by the manufacturer, no autho-
rization from the UGhent Ethics Committee was required to carry
out this experiment (as described in Section 2.1).

2.7. Data analysis

Data processing was performed using XcaliburTM 2.0 software
(Thermo Fisher). All data were statistically interpreted using the
statistical software package R [39]. To fulfil criteria of normality,
concentration data of AED, bT and aT were log transformed. To
overcome any problems with missing or zero values, a constant
of 1 was added to the concentrations before log transforma-
tion. For each analyte, normality of the log transformed data was
verified by generating normal quantile–quantile (Q–Q) plots of the
residuals.

Correlations between all targeted analytes present in urine (AED,
bT, aT and ADD) were assessed computing Spearman’s rank corre-
lation coefficients. These correlations were computed for the total
dataset, but also for data of the female group, the male group, the
control group and the test group separately. Consequently, conclu-
sions at group level could be formulated. The null hypothesis that
the Spearman correlation is zero was verified using a permutation
test in which permutations were only considered within sample
times. All hypothesis tests were performed at the 5% level of signif-
icance so that at a p-value less than the significance level of 0.05,
the null hypothesis was rejected. This procedure is consistent with
the design of the study.

To examine any effects of: (1) phytosterol consumption (person-
type: control or test persons), (2) different consumption periods
(period: period 0, period 1 or period 2) and (3) gender (male or
female) on urinary excretion of AED, bT and aT, a linear mixed
model with a first order autocorrelation (AR(1)) structure in time
and with person as random effect was used. Analysis started with
the most complex model one is willing to consider, including the
main effects, person-type, period and gender, and their two-factor
interactions. The final model was selected using a backward-
elimination model selection procedure. Since the main research
questions on the influence of phytosterol consumption are related
to differences in hormone excretion of control and test persons,
and between the three periods, the factors person-type and period
were never eliminated from the model. All hypothesis tests were
performed at the 5% level of significance using Wald tests. The
restricted maximum likelihood (REML) method was chosen for
parameter estimation. The most parsimonious models for log AED,
log bT and log aT are reported and further discussed.

To statistically interpret data of ADD, their conversion into
binary-model-type data, representing either the absence (0) or the
presence (1) of ADD in urine, was required. As indicator variable
ADD was analysed similarly as log AED, log bT and log aT, except that
a generalised linear mixed model was used. This model was further
characterised by the binomal distribution, the logit link and also a
random effect for person. The Laplace approximation to the likeli-
hood was considered for parameter estimation. Since the logit link
is used, the effect sizes are expressed in terms of odds ratios, which
are the ratios of the odds of the presence of ADD in one group (e.g.
gender, period, etc.) as compared to the odds in another group. The
odds of the presence of ADD is defined as the probability that ADD is
present divided by the probability that ADD is absent. All hypothesis
tests were performed at the 5% level of significance using Wald tests.
3. Results

Urine samples were screened for aBol, bBol, ADD, AED, bT and aT.
As presented in Table 1, boldenone (Bol) was not detected in any of
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Table 1
Urinary concentrations of ADD, AED, bT and aT (mean ± SD) for female and male control and test persons in period 0, period 1 and period 2.

Female Male

Period 0 Period 1 Period 2 Period 0 Period 1 Period 2

ADD (ng mL−1) Control persons nda (0/2)b nd (0/17) nd (0/12) 1.33 (1/2) nd (0/17) nd (0/11)
Test persons nd (0/1) nd (0/17) 0.909 (1/12) 0.769 ± 0.0254 (2/3) 1.34 ± 0.557 (2/18) nd (0/11)

AED (ng mL−1) Control persons 1.28 ± 1.00 (2/2) 5.69 ± 5.50 (15/17) 6.81 ± 5.34 (12/12) 1.35 (1/1) 5.87 ± 3.94 (17/17) 7.96 ± 4.31 (11/11)
Test persons 0.729 (1/2) 5.05 ± 4.62 (15/17) 12.4 ± 22.9 (11/12) 1.30 ± 0.235 (3/3) 2.77 ± 1.72 (17/18) 9.79 ± 14.0 (10/11)

bT (ng mL−1) Control persons 1.67 ± 0.175 (2/2) 2.14 ± 0.328 (7/17) 1.91 ± 0.463 (7/12) 13.7 (1/1) 12.1 ± 10.1 (16/17) 14.4 ± 20.4 (10/11)
Test persons 3.02 ± 0.941 (2/2) 3.96 ± 2.63 (14/17) 2.47 ± 0.855 (10/12) 2.86 ± 2.11 (3/3) 10.1 ± 6.83 (16/18) 10.7 ± 11.6 (11/11)

aT (ng mL−1) Control persons 1.71 ± 0.244 (2/2) 4.52 ± 4.88 (14/17) 3.65 ± 2.10 (11/12) 36.8 (1/1) 40.7 ± 44.9 (16/17) 74.7 ± 108 (10/11)
3.17 ±
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Test persons 3.70 ± 1.39 (2/2) 5.33 ± 4.33 (16/17)

a nd, not detected.
b (x/n) with x = number of samples in which the analyte was detected, n = total nu

he urine samples. The presence of boldione (ADD), the direct pre-
ursor of Bol, was demonstrated sporadically in period 0, 1 and 2 in
ome male and female volunteers of both the control and test group
Table 1). In Fig. 3 chromatogram and spectrum of ADD detected in
rine of a male volunteer are compared with those of a standard
olution of this analyte. ADD could be detected in urine samples
n concentrations ranging from 0.751 ng mL−1 to 1.73 ng mL−1. It
hould be noted that the detected ADD concentrations were close to
he limit of quantification (0.500 ng mL−1). All other targeted ana-
ytes were frequently present in the urine of both male and female
olunteers (Table 1).

Table 2 presents the correlations between the urinary analytes
stablished using the non-parametric Spearman’s rho correlation
oefficient. A positive correlation indicates a tendency that both
ariables decrease or increase simultaneously, whereas a negative
orrelation indicates that when one variable increases, the other
ends to decrease, and vice versa.

Between bT and its precursor AED, a significantly positive corre-
ation could be established (p = 0.0006) and this correlation could
e totally attributed to men (pmale = 0.0000 versus pfemale = 0.2580).
lso aT was significantly positively correlated to AED (p = 0.0000).
ut this correlation was not gender dependent, although it was
tronger in male than in female volunteers (pmale = 0.0000 versus
female = 0.0080). bT and aT appeared to be positively correlated
p = 0.0000). In contrast, the significant negative correlation found
etween ADD and aT (p = 0.0066) could be only attributed to male
olunteers (pmale = 0.0100 versus pfemale = 0.3340). A slightly neg-
tive but non-significant relation could be established between
DD and AED and between ADD and bT. Moreover, these correla-

ions were stronger in male than in female volunteers (ADD–AED:
male = 0.3380 versus pfemale = 1.0220, and ADD–bT: pmale = 0.01600
ersus pfemale = 1.0400).

No influence of phytosterol consumption could be attributed
o the observed positive correlations between bT and AED, aT
nd AED and bT and aT (pcontrol = 0.0000 versus ptest = 0.0580,

control = 0.0020 versus ptest = 0.0080, and pcontrol = 0.0000 ver-
us ptest = 0.0000, respectively). Remarkably, all correlations in
hich ADD is considered, were stronger in the test group

han in the control group (ADD–AED: pcontrol = 0.9780 versus
test = 0.1540, ADD–bT: pcontrol = 0.9480 versus ptest = 0.3260, and

able 2
pearman’s rank correlation coefficients for the total dataset between concentrations of A

AED bT

ED 1.00 (n = 132) 0.329a (n = 132)
T 0.329a (n = 132) 1.00 (n = 132)
aT 0.471a (n = 132) 0.800a (n = 132)
DD −0.110 (n = 132) −0.218 (n = 132)

a Correlation is significant at the 5% significance level.
1.66 (12/12) 3.53 ± 2.74 (2/3) 10.3 ± 7.51 (15/18) 12.0 ± 12.0 (11/11)

of samples analysed over that period.

ADD–aT: pcontrol = 0.9400 versus ptest = 0.0300). Based on these
results, it cannot be excluded that the latter correlations experi-
enced an influence of phytosterol consumption.

No statistically significant effect of phytosterol consumption on
the excretion of the anabolic steroids could be established.

The effect of period on the mean log AED, however, was found
significant (p = 0.0034), but, this was true for both the control and
the test group. No significant effect of person-type on the mean
log AED could be established (p = 0.3555). Pair-wise comparisons
of the mean log AED between the three periods revealed that the
mean log AED in period 2 proved to be 0.744 larger than in period
0 (95% CI: [0.224, 1.26], p = 0.0050) and 0.368 larger than in period
1 (95% CI: [0.107, 0.629], p = 0.0058). However, the mean difference
in log AED between periods 1 and 0, was not significant. This differ-
ence was estimated to be 0.376 (95% CI: [−0.130, 0.882], p = 0.1457).

The model selection for log bT resulted in a model with a signifi-
cant gender effect (p = 0.0003) but a non-significant effect of period
(p = 0.9045) and person-type (p = 0.3254). The mean difference in
log bT between males and females was estimated to be 1.19 (95%
CI: [0.780, 1.60]).

Log aT also exhibited a significant effect of gender (p = 0.0012)
and of the interaction of gender and person-type (p = 0.0157). The
effect of period and of person-type on the mean log aT was not
significant (respectively, p = 0.3419 and p = 0.0598). The mean log aT
for males in the control group was 1.93 (95% CI: [1.26, 2.61]) larger
than for females in the control group. In the test group the mean
difference was estimated to be as low as 0.454 (95% CI: [−0.213,
1.12]). For males, the mean log aT in the test group was expected to
be 1.29 (95% CI: [−1.96, −0.62]) smaller than in the control group.
For females, the mean difference in log aT between test and control
persons was estimated to be 0.188 (95% CI: [−0.482, 0.858]).

The presence of ADD was significantly affected by the period
(p = 0.0060). In particular, the odds ratio of the presence of ADD
in period 2 as compared to period 0 was estimated to amount
0.0219 (95% CI: [0.00124, 0.393], p = 0.0094). For period 1 as com-

pared to period 0, the estimated odds ratio equalled 0.0282 (95%
CI: [0.00266, 0.298], p = 0.0030). The presence of ADD in period 2 in
comparison with period 1 was not significant (odds ratio equalled
0.782, p = 0.8651). Also the effect of person-type on the presence of
ADD was not significant (p = 0.1324).

ED, bT, aT and ADD detected in urine.

aT ADD

0.471a (n = 132) −0.110 (n = 132)
0.800a (n = 132) −0.218 (n = 132)
1.00 (n = 132) −0.288a (n = 132)

−0.288a (n = 132) 1.00 (n = 132)
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ig. 3. Chromatogram and spectrum (inset) of boldione (ADD): (up) standard solutio

. Discussion

In this human in vivo trial ADD, the direct precursor of Bol, was
poradically detected in urine samples of both male and female
olunteers. The detection of this anabolic steroid in the control

roup as well as in the test group who had consumed phytosterols
oints to its endogenous origin. Influences of oral phytosterol con-
umption on this natural production and consequently the urinary
xcretion of ADD and other anabolic steroids could not be univocally
emonstrated.
0 ng on column) and (under) urine sample of a male test person (1.33 ng on column).

The most striking observation of the present study was the
occurrence of ADD positive urine samples in the control group.
For doping control agencies this finding may be of considerable
importance because ADD is still listed as a prohibited exogenous
anabolic steroid [2]. However, a comment has been included

in this list indicating that in rare cases the production of these
anabolic steroids listed as exogenous, may be endogenous. In case
of a positive urine sample, microbial activity after sampling has
frequently been mentioned as the cause of false positive results
[10,40,41]. In our study however, special care has been taken not
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o contaminate the samples with gastro-intestinal flora during
ollection. Moreover, degradation of the samples owing to inaccu-
ate storage conditions was prevented by immediately storing the
amples at −20 ◦C after collection.

As studied by Kim et al. [3], administration of ADD leads to Bol
n humans. In their study, the urinary excretion profile of a healthy

ale volunteer was evaluated over 48 h after oral administration of
ne tablet of ADD (100 mg tablet−1). Bol was the main metabolite
xcreted in urine. From their experiment it was also concluded that
he excreted amount of Bol reached its maximum (971 ng mL−1)
.6 h after administration of ADD and decreased to 486 ng mL−1

fter 48 h. However, the exact pathway describing human ADD
etabolism to Bol has not been elucidated and no long-term data

n Bol excretion by humans are available.
Since ADD, the direct precursor of Bol, was occasionally detected

n urine in this study, detection of Bol was also expected. However,
ompared to an administered ADD concentration of 100 mg [3], nat-
rally occurring concentrations of this analyte might have been too

ow to allow for Bol formation. Sub-optimal enzymatic conditions in
he human intestinal tract of our subjects might also explain the lack
f Bol production. The importance of the environmental conditions
or ADD and Bol incidence has been discussed by Mareck et al. [40].
n this review, a study was reported in which the human gastro-
ntestinal tract was simulated to establish optimal conditions for
he formation of ADD, Bol and its metabolites. In simulations with
nhanced oxygen conditions, the increased redox-potential in the
ut led to large quantities of ADD while Bol could not be detected.
his observation may explain the occasional detection of ADD as
stablished in our study.

Next to Bol and ADD, the urinary excretion of AED and of bT
nd aT, two stereoisomers of testosterone (T), was also measured in
ur study. These anabolic steroids are relevant for human steroido-
enesis and are metabolically linked. For this reason, specific
nteractions between these analytes were investigated. Between
ED and both T isomers a positive correlation was established,
hich can be explained by the fact that AED is the direct precursor

f T [12,18]. An increase in AED will therefore lead to increased T
roduction and excretion. ADD is a metabolite of T [9], and this is
eflected in our study by the negative correlation between both T
tereoisomers and ADD. Metabolism of T, and thus a decrease in
concentration, will result in an increase of its metabolite ADD.

ED can also be considered an important metabolite of T [9]. How-
ver, a positive correlation between AED and T was observed in our
tudy. This may be explained by AED being of higher importance as
recursor of T than as its metabolite. Not unexpectedly, all corre-

ations described here were more obvious in the male than in the
emale volunteers and some can be totally attributed to males. An
xplanation for these results may be that all anabolic steroids under
onsideration were male sex hormones [1,7].

Urinary excretion of hydroxylated metabolites of T generated by
ifferent isoenzymes of cytochrome P450, such as AED and ADD,
ppears to be relatively low [7]. Although ADD concentrations were
lose to the limit of detection, in our study bT, aT, and AED could
e detected at concentrations well above their limits of detection
sing GC–MS–MS. Since 1972 mass spectrometry (MS) is used to
nalyse urine samples for doping control purposes [4]. Combined
ith gas or liquid chromatography (GC or LC) and various ionisa-

ion methods, mass spectrometry enables reliable screening and
onfirmation of anabolic steroids in different matrices. Up till now,
ts specificity and sensitivity have made GC–MSn the method of
hoice for detection of anabolic steroids in urine [4,42,43]. How-

ver, mainly due to reduced sample pre-treatment, particularly by
he lack of derivatising, LC–MS–MS is gradually becoming more
mportant for doping analyses purposes [5].

Within this research framework, it was attempted to relate the
rinary excretion of anabolic steroids to phytosterol consump-
try & Molecular Biology 117 (2009) 8–14 13

tion. The success of phytosterols as functional-food ingredients
is related to their cholesterol-lowering activity. The competi-
tion of phytosterols and cholesterol for absorption from the
gastro-intestinal tract has been described extensively [13,14,16,17].
Moreover, it has been demonstrated that absorption of phytosterols
is limited compared to that of cholesterol [15–17]. Consequently,
phytosterols spend a longer time in the gastro-intestinal tract, pos-
sibly allowing their microbial conversion into androgenic products
[8]. Therefore it was assumed that short-term increased intake
of phytosterols by humans could alter their urinary excretion of
anabolic steroids. Based on our 5-week in vivo trial, no significant
effect of phytosterol consumption on anabolic steroids’ excretion
could be demonstrated. More particularly, no relation between the
incidence of ADD and phytosterol consumption could be estab-
lished. ADD was, however, more related to other anabolic steroids
following phytosterol consumption. The lack of a significant influ-
ence of phytosterols on ADD excretion is inconsistent with reports
on the microbial transformation of phytosterols into ADD [44–46].
These in vitro experiments demonstrated that ADD production was
positively correlated to the presence of phytosterols. Although in
vitro experiments can give good indications, the present compari-
son indicates that this approach does not always reflect what may
occur in the in vivo situation. Previous in vivo research conducted
by Ros et al. [35] corroborates the results of our study. It must be
emphasised that in both studies phytosterols were consumed at the
doses recommended by the manufacturers.

Considerable individual variation in concentrations of urinary
steroids’ excretion was observed in our study (Table 1). How-
ever, the wide intra- and inter-individual variability in excreted
testosterone concentrations has been previously demonstrated by
several studies [10,47,48]. To accurately perform steroid profiling,
the ratio of testosterone (T) to epitestosterone (E) should have been
investigated [10]. Under natural circumstances, the endogenous
T/E ratio is not intra-individually variable but remains constant [6].
Although this ratio is sensitive to variations between individuals,
inter-individual comparison of this ratio would probably be more
reliable than comparing absolute steroid concentrations. However,
within the scope of our study, especially for analysis of ADD and
Bol, steroid profiling was not specifically required. But it might be
of particular interest for any long-term evaluation of the potential
effects of phytosterol consumption on human steroidogenesis.

5. Conclusion

Particularly prominent in this study was the detection of
endogenous boldione or ADD, the direct precursor of boldenone,
in human urine using GC–MS–MS. Urinary boldenone excretion
could not be proven, whereas other anabolic steroids such as AED,
aT and bT were frequently excreted by both males and females.
No evidence of phytosterol related anabolic steroids’ excretion was
observed after consumption of phytosterol containing functional
food at the recommended dose. Considering the relatively short-
term duration of this in vivo trial and the small sample size, it is
recommended to conduct more extensive long-term studies to fur-
ther explore the potential interferences of phytosterols with human
steroidogenesis and excretory steroid patterns.
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