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Abstract

We have recently taken advantage of the unique power of DNA microarrays to compare the genomic expression profile of tetrahydrogestri-
none (THG) with that of dihydrotestosterone (DHT), the most potent natural androgen, thus clearly demonstrating that THG is an anabolic
steroid. In 2004, the U.S. Controlled Substances Act has been modified to include androstenedione (4-dione) as an anabolic steroid. However,
despite the common knowledge that dehydroepiandrosterone (DHEA) is the precursor of testosterone, DHEA has been excluded from the list
of anabolic steroids. We thus used the same DNA microarray technology to analyze the expression profile of practically all the 30 000 genes of
the mouse genome modulated by DHEA and DHT in classical androgen-sensitive tissues. Daily subcutaneous injections of DHT (0.1 mg) or
DHEA (3 mg) for 1 month in gonadectomized C57BL6/129 SV mice increased ventral prostate, dorsal prostate, seminal vesicle and preputial
gland weight (p <0.01 for all tissues). As early as 24 h after single injection of the two steroids, 878, 2681 and 14 probe sets were commonly
stimulated or inhibited (p <0.01, change > 30%), in the prostate (ventral + dorsal), seminal vesicles and preputial glands, respectively, com-
pared to tissues from gonadectomized control animals. After 7 days of daily treatment with DHEA and DHT, 629, 919 and 562 probe sets
were commonly modulated in the same tissues while after 27 days of treatment, 1195, 5127 and 2883 probe sets were modulated, respectively.
In analogy with the data obtained with THG, the present microarray data provide an extremely precise and unquestionable genomic signature
and proof of the androgenic/anabolic activity of DHEA. Such data add to the literature showing that DHEA is transformed into androgens in
the human peripheral tissues as well as in laboratory animal species, including the monkey, thus exerting potent androgenic/anabolic activity.
The present microarray approach to identify anabolic compounds is applicable to all potential androgenic/anabolic compounds.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Major efforts are being devoted by the World Anti-Doping
Agency (WADA) in collaboration with its national counter-
parts in most countries in order to eliminate doping from
sports. In addition to their performance-enhancing properties
prohibited by the International Olympic Committee (I0C),
these compounds carry serious health safety risks, even for
natural anabolic substances like testosterone, 4-dione and
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DHEA which are used at pharmacological or supraphysiolog-
ical doses by athletes and others for muscle building purposes.

Recently, the Anabolic Steroid Control Act of 2004 has
amended the U.S. Controlled Substances Act to include 4-
dione as an anabolic steroid. According to this bill, “the
term anabolic steroid means any drug or hormonal sub-
stance chemically and pharmacologically related to testos-
terone (other than estrogens, progestins, corticosteroids and
DHEA)”. DHEA was thus excluded “a priori” from the list
of anabolic steroids. This list includes androstanediol (3a-
diol and 3-diol), androstanedione (A-dione), androstenediol
(5-diol), 4-dione, dihydrotestosterone (DHT), testosterone
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Fig. 1. Pathways of androgen formation in the human.

(testo) which are all steroids of the androgenic steroido-
genic pathway (Fig. 1). A long series of chemically modified
steroids is also included. As illustrated in Fig. 1, despite the
well known steroidogenic pathway where DHEA is acting as
precursor of both 4-dione and 5-diol, two steroids directly
transformed into testosterone [1], DHEA has been some-
what surprisingly excluded from the list along with estrogens,
progestins and corticosteroids. The exclusion of these three
classes of steroids is scientifically justified by their well-
known lack of androgenic activity, except for some synthetic
progestins [2,3]. The situation, however, is completely dif-
ferent for DHEA which is an obligatory precursor of both
testosterone and DHT in peripheral tissues in both men and
women [4-6].

We have recently taken advantage of the unique sensitiv-
ity of DNA microarrays to compare the genomic expression
profile of THG with that of DHT, the most potent natural
androgen, thus clearly demonstrating that THG is an anabolic
steroid [7]. We use the same DNA microarray technique in
the present study to clearly demonstrate that DHEA exerts an
effect superimposable to that of DHT and THG, on a large
series of genes, thus showing that DHEA is, without any
doubt, an anabolic steroid like the other natural and chem-
ically derived androgens already included in the list of the
Anabolic Steroid Control Act of 2004.

2. Materials and methods
2.1. Animals and treatment

In the 24 h experiment, the male mice obtained from the
interbreeding of C57BL6 and 129SV mice were produced
in our animal facility. At the beginning of the study, mice
were 27-33 weeks old. The animals were housed individ-
ually in an environmentally controlled room (temperature:
22 £ 3 °C; humidity: 50 & 20%; 12-h light—12-h dark cycles,
lights on at07:15 h). The mice had free access to tap water and
a commercial rodent feed (Harlan Teklad, #2018 (pellets),

Madison, Wisconsin). The experiment was conducted in an
animal facility approved by the Canadian Council on Ani-
mal Care (CCAC) and the Association for Assessment and
Accreditation of Laboratory Animal Care (AAALAC). The
study was performed in accordance with the CCAC Guide
for Care and Use of Experimental Animals.

For the 24 h study, animals weighing between 24 and 60 g
(mean 42 g) were randomized according to their body weights
and were assigned to three groups of eight animals each as fol-
lows: (1) gonadectomized (GDX) control; (2) GDX + DHT
(0.1 mg/mouse); (3) GDX +DHEA (2 mg/mouse). On day
1 of the study, the animals were castrated (GDX) under
isoflurane anesthesia. On day 7 of the study, 24h prior
to necropsy, mice received a single subcutaneous injec-
tion (0.2 mL/mouse) of the vehicle alone (5% ethanol-0.4%
methylcellulose; group 1) or DHT (group 2) or DHEA (group
3) suspended in the same vehicle. DHT and DHEA were
obtained from Steraloids Inc. (Newport, USA) and Scheweiz-
erhall Inc. (New Jersey, USA), respectively. On day 8 of the
study, mice under isoflurane anesthesia were exsanguinated
at the abdominal aorta followed by cervical dislocation.
The prostate (ventral + dorsal), seminal vesicles and preputial
glands were collected and rapidly frozen in liquid nitrogen.
Tissues were kept at —80 °C until RNA extraction. The tis-
sues collected from the mice of the same group were pooled
for RNA extraction and analysis.

For the 4 weeks study, the male mice used were also pro-
duced in our animal facility and were obtained from the
interbreeding of C57BL6 and 129SV mice. At the begin-
ning of the study, mice were 17-22 weeks old. The mice
were housed and fed as described above. Animals weigh-
ing between 25 and 47g (mean 36g) were randomized
according to their body weights and were assigned to four
groups of 9-10 animals each as follows: (1) intact sham-
gonadectomized control; (2) gonadectomized (GDX) con-
trol; (3) GDX+DHT (0.1 mg/mouse); (4) GDX+ DHEA
(3 mg/mouse). On day 1 of the study, animals of groups
2—4 were castrated (GDX) under isoflurane anesthesia while
mice of group 1 were SHAM-operated. DHT and DHEA sus-
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pended in 5% ethanol-0.4% methylcellulose, were injected
subcutaneously once daily (0.2 mL/mouse) from day 2 to day
28 of the study while mice of groups 1 and 2 were injected
with the vehicle alone during the same time period. On day 29
of the study, 24 h after the last injection, mice under isoflurane
anesthesia were exsanguinated via cardiac puncture followed
by cervical dislocation. The ventral prostate, dorsal prostate,
right seminal vesicle, right preputial gland and gastrocnemius
muscle were collected, emptied of fluid (when applicable)
and weighed. Tissues were then rapidly frozen in liquid nitro-
gen and kept at —80 °C until RNA extraction. The tissues
collected from the mice of the same group were pooled for
RNA extraction and analysis. For the prostate, the ventral and
dorsal lobes were pooled. Tissue weights were expressed as
means £ S.E.M. The statistical significance was determined
according to the multiple range test of Duncan—Kramer [8].

In the 1-week study, C57BL6 male mice obtained from
Charles River (St-Constant, Que., Canada) were used. At
the beginning of the study, mice were 14 weeks old. The
mice were housed and fed as described above. Animals
weighing between 23 and 31 g (mean 27 g) were random-
ized according to their body weights and were assigned to
four groups of fifteen animals each as follows: (1) intact
sham-gonadectomized control; (2) gonadectomized (GDX)
control; (3) GDX + DHT (0.1 mg/mouse); (4) GDX + DHEA
(6.25 mg/mouse). On day 1 of the study, animals of groups
2—4 were castrated (GDX) under isoflurane anesthesia while
mice of group 1 were SHAM-operated. DHT and DHEA
were suspended in 5% ethanol-0.4% methylcellulose and
were administered from day 2 to day 8 of the study. DHEA
was administered by oral gavage once daily (0.2 mL/mouse)
while DHT, considering its low oral activity, was injected
subcutaneously once daily (0.2 mL/mouse) during the same
time period. Mice of groups 1 and 2 received the vehicle alone
orally during the same time period. On day 8 of the study,
6 h after the last treatment, mice under isoflurane anesthesia
were exsanguinated via cardiac puncture followed by cervical
dislocation. The prostate (ventral + dorsal), seminal vesicles
and preputial glands were collected, emptied of fluid (when
applicable) and rapidly frozen in liquid nitrogen. Tissues were
kept at —80 °C until RNA extraction and were processed as
described above.

2.2. RNA extraction and microarray analysis

Total RNA was isolated by Trizol (Invitrogen) and purified
with Rneasy Mini Kit columns (Qiagen). The quality of total
RNA, cDNA synthesis, cRNA amplification and cRNA frag-
mentation was monitored by micro-capillary electrophoresis
(Bioanalizer 2100, Agilent Technologies). Twenty micro-
grams of total RNA were converted to cDNA and transcribed
in vitro to produce biotinylated cRNA. Fifteen micrograms
of fragmented cRNA were hybridized for 16h at 45°C
with constant rotation (60 rpm). Microarrays were processed
using the Affymetrix GeneChip Fluidic Station 450. Stain-
ing was made with streptavidin-conjugated phycoerythrin

(SAPE) followed by an amplification with a biotinylated anti-
streptavidin antibody and by a second round of SAPE before
scanning using a GeneChip Scanner 3000 (Affymetrix). The
signal intensities for the 3-actin and GAPDH genes were used
as internal quality controls. The ratio of fluorescent intensi-
ties for the 5" end and the 3’ end of these housekeeping genes
was <2. Hybridization was performed in duplicate to the
GeneChip MOE 430v2.0 array (Affymetrix, Santa Clara, CA)
according to the Affymetrix protocols. Scanned images were
analyzed with Affymetrix GCOS v1.1 software as described
[9].

The R statistical framework [10] was used to normalize
the microarray data. The robust multi-array average (RMA)
expression measure, as implemented in the affy Bioconduc-
tor package [11], was used. The identification of potentially
modulated genes was carried out using the limma package
[12]. In this approach, stabilized standard errors are estimated
according to the empirical Bayes method used to calculate
significant fold changes. A multiple hypothesis testing cor-
rection was used to control the false discovery rate, with a
cutoff value of p=0.01. For the selected transcripts, an addi-
tional condition of a minimum fold change value of 30% was
applied. The chosen probe sets were clustered hierarchically
with the GeneSpring program version 7.2 (Silicon Genetics,
Redwood City, CA).

3. Results

As illustrated in Fig. 2, daily subcutaneous injection of
0.1 mg DHT for 1 month increased ventral prostate weight
from 3.6 +£0.7t0 16.2 + 1.2 mg (p <0.01) while 3 mg DHEA
increased ventral prostate weight to 10.9 £0.9 mg (p <0.01).
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Fig. 2. Effect of 27-day daily treatment with DHT or DHEA on ventral
prostate, dorsal prostate, preputial gland and seminal vesicle weight in GDX
male C57BL6/129SV mice. Data are expressed as the mean &+ S.E.M. of
9-10 animals per group. “*p <0.01, experimental versus GDX-control mice.
Intact sham-operated mice receiving the vehicle alone are added as reference.
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Fig. 3. Comparison of the gene expression profile 24 h following a single
subcutaneous administration of 0.1 mg DHT or 2 mg DHEA on the prostate
(A), seminal vesicles (B) and preputial glands (C). The probe sets selected
were those identified as modulated by 30% or more (all p <0.01 compared
with RNA from control gonadectomized animals) in tissues from DHEA-
and DHT-treated animals.

A value of 14.4 + 1.2 mg was observed in intact control ani-
mals. Comparable results were observed on dorsal prostate,
seminal vesicle and preputial gland weight (Fig. 2).

Taking advantage of the unique discriminatory power
of DNA microarrays, Fig. 3 illustrates comparison of the
changes of the genomic profiles in three tissues of the mice
24h following single subcutaneous injection of DHT or
DHEA. The similarity of the DHT and DHEA patterns can
be seen by the genes upregulated (red) and down-regulated
(blue) in the three tissues. In fact, 878 probe sets were differ-

(A)

Seminal Vesicles

Preputial Glands

Fig. 4. Comparison of the gene expression profile 7 days following daily
administration of 0.1 mg DHT or 6.25 mg DHEA in the prostate (A), seminal
vesicles (B) and preputial glands (C). Data are expressed as indicated in
legend to Fig. 3.
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Fig. 5. Comparison of the gene expression profile 27 days following daily
subcutaneous administration of 0.1 mg DHT or 3 mg DHEA in the prostate
(A), seminal vesicles (B), preputial glands (C) and gastrocnemius muscle
(D). Data are expressed as indicated in legend to Fig. 3.

Table 1

Probe sets commonly stimulated or inhibited by DHEA and DHT in the
androgen-sensitive prostate (ventral + dorsal), seminal vesicles and preputial
glands 24 h after single subcutaneous injection of DHT or DHEA or daily
administration of the two steroids for 7 and 27 days (p <0.01 for probe sets
modulated >30%)

Duration of Prostate Seminal Preputial
treatment (days) vesicles glands
1 878 2681 14
629 919 562
27 1195 5127 2883

entially expressed in the prostate by both DHT and DHEA.
In the seminal vesicles and preputial glands, the number of
probe sets commonly modulated by DHT and DHEA were
2681 and 14, respectively (Table 1).

When DHT and DHEA were administered daily for 7
days, it can be seen in Fig. 4 that 629 probe sets were com-
monly modulated in the prostate. In the seminal vesicles and
preputial glands, 919 and 562 probe sets were commonly
modulated by the two steroids, respectively. After 27 days of
treatment, on the other hand, 1195, 5127, 2883 and 140 probe
sets were similarly modulated by both DHEA and DHT in
the prostate, seminal vesicles, preputial glands and gastroc-
nemius muscle, respectively (Fig. 5 Table 1).

4. Discussion

The power of gene expression profiling is being well
demonstrated in clinical medicine, especially in acute
myeloid leukemia, diffuse large B-cell lymphoma, medul-
loblastoma, lung carcinoma and breast carcinoma. This tech-
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nology provides a molecular classification of diseases which
permits specific treatments and more accurate prognosis
[13-18]. The importance of genomic profiling is particu-
larly well demonstrated in acute myeloid leukemia which
can be divided into subgroups having different responses to
specific drugs [19,20]. The information obtained by genetic
profiling permits the choice of the best treatment for each
category of cancer while avoiding the serious side effects
of inefficient treatments and the vital time lost trying inap-
propriate therapy while the cancer continues to progress
[21,22].

Using this powerful technique of gene expression profil-
ing, we have previously shown that the anabolic steroid THG
modulated gene expression according to a pattern similar to
that of the most potent natural androgen DHT [7]. Similarly,
in the present study, we have shown that DHEA induces a
gene expression profile similar to DHT. In addition, more
than 500 genes that have been found modulated by THG and
DHT in the prostate [7] are also modulated by DHEA in the
present study. Moreover, most of the genes described previ-
ously [7] as modulated by both THG and DHT and validated
by quantitative real-time PCR, are also found to be modulated
by DHEA.

Among the 878 probe sets modulated by DHEA and
DHT at 24 h in the prostate, 467 genes are classified by the
Gene Ontology consortium while 411 genes are unclassified.
Among the classified genes, 43.5% correspond to enzymes,
25.1% to structural proteins, 16.9% to transport proteins,
13.1% to signal transducers, 8.6% to nucleic acid binding
proteins, 7.5% to proteins involved in immunity, 3.9% to
cell cycle regulation, while 3.4% are chaperones, 2.6% are
apoptosis regulators, 1.3% are related to cancer, 0.4% are
involved in storage and 8.4% are classified by Gene Ontol-
ogy as other groups. The present results clearly show that
mammals possess all the necessary enzymatic machinery to
convert DHEA into active androgens in peripheral target tis-
sues. The androgenic activities exerted by DHEA correspond
to the molecular functions controlled by DHT, thus clearly
demonstrating that exogenous DHEA is acting as an anabolic
steroid.

Humans, along with the other primates, are unique among
animal species in having adrenals that secrete large amounts
of the inactive precursor steroids DHEA and especially
DHEA-sulfate (DHEA-S), which are converted into potent
androgens and/or estrogens in peripheral tissues [23-30]
(Fig. 1). In fact, plasma DHEA-S levels in adult men and
women are 100-500 times higher than those of testosterone
and 1000-10,000 times higher than those of estradiol, thus
providing a large reservoir of substrate for conversion into
androgens and/or estrogens in the peripheral intracrine tissues
which naturally possess the enzymatic machinery necessary
to transform DHEA into active sex steroids. DHEA, like
4-dione, is not a hormone by itself but it is an essential
prehormone that is transformed into 4-dione and then into
testosterone and, finally, into DHT, the most potent natural
androgen (Fig. 1). This androgen precursor DHEA is secreted

by the adrenals in humans and other primates in quantities
larger than cortisol and is present in the blood at concentra-
tions only second to cholesterol.

It is thus remarkable that man, in addition to possess-
ing very sophisticated endocrine and paracrine systems, has
largely vested in sex steroid formation in peripheral tis-
sues [23,29-34]. The level of transformation of the adrenal
precursor steroid DHEA into androgens and/or estrogens
in peripheral target tissues thus depends upon the level of
expression of the various steroidogenic enzymes in each cell
of each tissue (Fig. 1) [5,23]. In fact, while the ovaries and
testes are the exclusive sources of androgens and estrogens
in lower mammals [33], the situation is very different in man
and higher primates, where active sex steroids are in large
part or wholly synthesized locally in peripheral tissues, thus
providing target tissues with the appropriate controls which
adjust the formation and metabolism of sex steroids to local
requirements.

This new field of endocrinology has been called
intracrinology [23,24]. In women, after menopause, all estro-
gens and almost all androgens are made locally in peripheral
tissues from DHEA that, indirectly exerts effects, among oth-
ers, on bone formation, muscle, adiposity, insulin and glucose
metabolism, skin, libido and well being [5,35]. In men, where
the secretion of androgens by the testicles continues for life,
the contribution of DHEA to androgens has been best mea-
sured in the prostate where about 50% of androgens are made
locally from DHEA [6,31]. In fact, a stimulatory effect of
DHEA on muscle mass has been observed in postmenopausal
women treated with DHEA [35]. Our previous study [1], as
well as the present data show a large series of genes modu-
lated by androgenic/anabolic steroids in the muscle.

The androgens testosterone and DHT made in peripheral
tissues from DHEA of adrenal or exogenous origin exert their
action locally in the same cells where synthesis takes place
with only minimal release as active androgens in the circu-
lation. It is thus reasonable to suggest that measurement of
the serum levels of testosterone is of questionable biological
and clinical significance. Following their formation and avail-
ability for local intracellular action, testosterone and DHT are
inactivated and transformed in the same cells into water solu-
ble glucuronide derivatives which diffuse quantitatively into
the general circulation where they can be measured before
their elimination by the kidneys (Fig. 1).

As illustrated in Fig. 2, DHEA, like DHT, causes a marked
stimulation of ventral prostate, dorsal prostate, seminal vesi-
cle and preputial gland weight. These parameters are well
recognized measures of androgenic and anabolic activity
[32,36,37]. Of major importance, the stimulatory effect of
DHEA on prostate weight and androgen-dependent growth
and gene expression is seen at plasma concentrations of
DHEA and 4-dione comparable to those found in adult men
and women. In fact, at a serum level of 3.4ng DHEA/mL
in the rat, intraprostatic DHT is increased to 2.7 ng/g tissue
[32]. That study demonstrated that DHEA is transformed into
DHT in the absence of the testicles, thus providing the evi-
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dence for the formation of DHT and its action in peripheral
tissues. This finding has been at the origin of intracrinology.
In fact, that study has demonstrated, for the first time, that
DHEA, at physiological concentrations, induces high lev-
els of intraprostatic DHT resulting in a marked stimulation
of ventral prostate weight and the increased expression of
androgen-sensitive genes [32,34].
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