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Abstract

In order to assess the relative roles of the androgenic
and/or estrogenic components in the stimulatory effect of
dehydroepiandrosterone (DHEA) on bone mineral con-
tent (BMC) and density (BMD), ovariectomized (OVX)
female rats received DHEA administered alone or in
combination with the antiandrogen flutamide (FLU) or
the antiestrogen EM-800 for 12 months. We also evalu-
ated, for comparison, the effect of estradiol (E,) and
dihydrotestosterone (DHT) constantly released by Silastic
implants as well as medroxyprogesterone acetate (MPA)
released from poly(lactide-co-glycolide) microspheres.
Femoral BMD was decreased by 11% 1 year after OVX,
but treatment of OVX animals with DHEA increased
BMD to a value 8% above that of intact animals. The
administration of FLU reversed by 76% the stimulatory
effect of DHEA on femoral BMD and completely pre-
vented the stimulatory effect of DHEA on total body and
lumbar spine BMD. Similar results were obtained for
BMC. On the other hand, treatment with the antiestrogen
EM-800 did not reduce the action of DHEA on BMD or
BMC. At the doses used, MPA, E, and DHT increased
femoral BMD, but to a lesser degree than observed with
DHEA. Bone histomorphometry measurements were also
performed. While DHEA treatment partially reversed the
marked inhibitory effect of OVX on the tibial trabecular
bone volume, the administration of FLU inhibited by
51% (P<0-01) the stimulatory effect of DHEA on this

parameter. The addition of EM-800 to DHEA, on the
other hand, increased trabecular bone volume to a value
similar to that of intact controls. DHEA administration
markedly increased trabecular number while causing a
marked decrease in the intertrabecular area. The above
stimulatory effect of DHEA on trabecular number was
reversed by 54% (P<0-01) by the administration of FLU,
which also reversed by 29% the decrease in intertrabecular
area caused by DHEA administration. On the other hand,
the addition of EM-800, while further decreasing the
intertrabecular space achieved by DHEA treatment, also
led to a further increase in trabecular number to a value
not significantly different from that of intact control
animals, suggesting an additional effect of EM-800 over
that achieved by DHEA. Treatment with DHEA caused
a 4-fold stimulation of serum alkaline phosphatase, a
marker of bone formation, while the urinary excretion
of hydroxyproline, a marker of bone resorption, was
decreased by DHEA treatment. Treatment with DHEA
and DHEA+EM-800 decreased serum cholesterol levels
by 22 and 65% respectively, while the other treatments
had no significant effect on this parameter. The present
data indicate that the potent stimulatory effect of DHEA
on bone in the rat is mainly due to the local formation of
androgens in bone cells and their intracrine action in
osteoblasts.
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Introduction

Control of bone mass is a dynamic process achieved by
tightly coupled bone formation and resorption mechanisms
(Parfitt 1994). Multiple systemic and local factors, includ-
ing cytokines, growth factors, vitamin D and sex steroids,
are known to be involved in achieving and maintaining
normal bone balance (Centrella ef al. 1994). Androgens
are thought to act mainly through stimulation of bone
formation while estrogens are known to inhibit bone
resorption and, secondarily, turnover. Orchiectomy has
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been reported to increase bone turnover in a manner
similar to ovariectomy (OVX) and this change is pre-
vented by androgen replacement (Vanderschueren et al.
1992). It is generally believed that the reduction in
circulating estrogen levels at menopause is responsible
for the accelerated bone loss in women (Stevenson et al.
1989) with the resulting increased risk of osteoporotic
fractures (Ettinger et al. 1985). Estrogen replacement
therapy, commonly used to treat or prevent osteoporosis,
requires the addition of progestins to counteract the
endometrial proliferation induced by estrogens. However,
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epidemiological data indicate that both estrogens and
progestins increase the risk of breast cancer (Hunt et al.
1987, Colditz et al. 1995). It would thus be useful to
develop hormone replacement therapy that is free of such
risk.

Man is unusual, with other non-human primates, in
having adrenals that secrete large amounts of the precursor
steroids dehydroepiandrosterone (DHEA) and its sulfate
DHEA-S (Labrie 1991, Labrie et al. 1988, 1989, 1995,
1996b, 1997d). These inactive precursors are converted
into potent androgens and/or estrogens in the peripheral
intracrine tissues that possess the appropriate steroidogenic
enzymes (Labrie 1991, Labrie ef al. 1988, 1989, 1995,
19960, 1997¢,d). We recently demonstrated the stimu-
latory effect of percutaneous administration of DHEA on
bone mineral content (BMC) and density (BMD) in
postmenopausal women (Labrie ef al. 1997¢).

In order to assess the relative roles of the androgenic
and/or estrogenic components of DHEA action, we
studied the effect of 12 months of administration of
DHEA, alone or in combination with the antiandrogen
flutamide (FLU) or the antiestrogen EM-800 on BMC and
BMD, on bone histomorphometry as well as on other
parameters of bone formation and turnover in the rat. On
the basis of our recent data showing the high bioavailability
of DHEA administered percutaneously (Labrie ef al. 19964)
and in order to avoid the first passage of DHEA through
the liver and thus minimize inactivation of the steroid as
well as to reduce the potential impact on the liver metabo-
lizing enzymes, DHEA was administered percutaneously.
We also evaluated, for comparison, the effect of 17-
estradiol (E,), dihydrotestosterone (DHT) and medroxy-
progesterone acetate (MPA) on the same parameters.

Materials and Methods

Animals and treatment

Adult female Sprague—Dawley rats (Crl:CD(SD)Br)
(Charles River Laboratory, St-Constant, Canada) weigh-
ing 230-310 g (278 £ 10 g, mean £ s.e.M.) at the start of
dosing were used in this study. The age of the animals was
10-13 weeks at the start of dosing. The rats were
acclimatized to the environmental conditions (temperature
22 +£2°C; 14 h light/10 h darkness cycles; lights on at
0715 h) for 2 weeks before the start of the experiment.
The animals were housed two per cage and were allowed
free access to tap water and a pelleted commercial diet
(Agway ProlLab 4018 (Agway County Food, Syracuse,
NJ, USA) and Lab Diet no. 5002 (Ralston Purina, St
Louis, MO, USA). The experiment was conducted in a
Canadian Council on Animal Care (CCAC)-approved
facility in accordance with the CCAC Guide for Care and
Use of Experimental Animals.

A total of 112 rats were randomly distributed into
eight groups of 14 animals as follows: (1) intact control;
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(2) OVX control; (3) OVX+MPA; (4) OVX+E,; (5)
OVX+DHT; (6) OVX+DHEA; (7) OVX+DHEA+
FLU; (8) OVX+DHEA+EM-800. On the first day, the
animals of the appropriate groups were bilaterally ovariec-
tomized under isoflurane-induced anesthesia. One Silastic
implant of E, or DHT was inserted subcutaneously in the
dorsal area of each animal of the indicated groups in order
to deliver constant levels of steroids. Implants, chosen in
preliminary experiments to give low physiological levels
of E, and DHT, had the following size and steroid
concentration: E, (E,:cholesterol (1:250, w:w)), 0-5 cm
length, 0-125 inch (0-313 cm) outer diameter and 0-062
inch (0-155 c¢m) inner diameter; DHT (DHT:cholesterol
(30:100, w:w)), 2-5 cm length, 0-125 inch outer diameter
and 0-062 inch inner diameter. During the course of the
experiment, the E, and DHT implants were replaced
every 4 to 6 weeks.

MPA was released from poly(lactide-co-glycolide)
microspheres (30 mg) injected s.c. every 3 months in a
solution made up of 2% carboxymethylcellulose, 1%
Tween 80 and water (US patent no. 5,434,146). Treat-
ment with FLU  (4'-nitro-3'-trifluoromethylisobu-
tyranilide; 7-5 mg; injected s.c. in 0-5ml twice daily),
EM-800 ((+)-7-pivaloyloxy-3-(4'-pivaloyloxyphenyl)-4-
methyl-2-(4"-(2"-piperidinoethoxy)phenyl)-2 H-benzo-
pyran) (250 pg; orally; 0-5ml; once daily) (Gauthier
et al. 1997, Luo et al. 1997, Simard et al. 1997) and
DHEA (30 mg; 0-5 ml; applied twice daily on an approxi-
mately 3 cm X 3 cm shaved area of dorsal skin) was
initiated on the morning of day 1 of the study. FLU
and EM-800 were administered in a solution comprised of
4% ethanol, 4% polyethylene glycol 600, 1% gelatin
and 0-9% NaCl, and DHEA was administered in 50%
ethanol-50% propylene glycol. The sham intact, OVX
controls and animals from groups 3 to 5 received a
twice daily application of 0-5ml of the vehicle alone
(50% ethanol-50% propylene glycol).

Measurement of BMC and BMD

After 12 months of treatment, 10 rats per group were
anesthetized with diazepam (4 mg/kg) and ketamine
(40-45 mg/kg), and the whole body skeleton as well as the
right femur from each animal were scanned using
dual-energy X-ray absorptiometry (QDR 2000-7-10C;
Hologic, Waltham, MA, USA) and Regional High
Resolution Scan software (Hologic). The scan field size
used for the whole body was 28-110 X 17-805 cm, the
resolution was 0-1511 X 0-0761 cm and the scan speed was
0-3608 mm/s, and, for the femur, the scan field size was
5-080 X 1-902 cm, the resolution was 0-0254 X 0-0127 cm
and the scan speed was 0-0956 mm/s. The BMC and
BMD of the whole body skeleton, lumbar spine (scanned
at the levels of the vertebrae L1-L2-L3-1L4) and femur
were determined.
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Bone histomorphometry

At necropsy, the left tibia of five animals per group was
collected for histomorphometric analysis. The bone speci-
mens were freed from adhering soft tissue and fixed for 24 h
in ice-cold 10% phosphate-buffered formalin, before dehy-
dration in a series of increasing ethanol concentrations. The
fixed tissue samples were then washed in three changes of
toluene and finally embedded undecalcified in pure methyl
methacrylate, at low temperature, as previously described
(Baron et al. 1983, Chappard et al. 1983, 1987).

Four series of four consecutive sections were cut at
different levels of the proximal tibia of each animal using
a Jung-type K microtome equipped with HK3 tungsten
carbide knives. Longitudinal sections were cut at 4 mm
thickness and stained with slight modifications of the
modified Masson—Goldner trichrome method (Baron et al.
1983). Bone histomorphometric analysis was performed
using a semi-automated image analysis system, the
Bioquant Bone Morphometry System (Bioquant Meg IV
system, R&M Biometrics Corp., Nashville, TN, USA)
and a SummaSketch (Summagraphics, Anaheim, CA,
USA) digitalizing tablet in conjunction with a Leitz
Aristoplan microscope (Leica, Canada).

All measurements were performed, beginning at more
than 1-:2 mm from the growth plate—metaphysial junction
to exclude the primary spongiosa and thus restrict
measurements to the secondary spongiosa (Kimmel & Jee
1980). The bone parameters were calculated from two-
dimensional measurements of bone volume (bone area in
mm?), cancellous bone area and bone surface (in mm?), as
previously described (Parfitt et al. 1987, Ke et al. 1995).
Specifically, the following measurements were performed:
(1) trabecular bone volume (TBV) defined as the percent-
age of trabecular cancellous bone within the spongy space:
TBV=BV/TV) x 100 (Parfitt et al. 1987, Ke et al. 1995),
where BV is cancellous bone volume (in mm?), and TV is
tissue volume (in mm®); (2) trabecular bone thickness (in
pm) (TbTh) corresponding to the mean trabecular thick-
ness: TbTh=2/(BS/BV); (3) trabecular number (in
number per mm) (TrN); and (4) trabecular bone separ-
ation (in pm) (TrSp), which was calculated according to
the parallel plate model: TbON=(BV/TV)/10)/TbTh, and
TbSp=(1000/TrN) — (TbTh).

Urine and blood collection

Collections of 24-h urine were made from unfasted animals
a few days before necropsy in order to evaluate parameters
such as creatinine and hydroxyproline excretion. On the
day of necropsy, a blood sample was collected from the
abdominal aorta from fasted animals (approximately 18 h)
and serum was used to measure biochemical parameters.

Hormone measurements

Serum luteinizing hormone (LH) was measured by
double-antibody RIAs using rat hormones (LH-I-6 for

iodination; LH-RP-2 as standard) and the rabbit anti-
serum anti-rLH-S-8 generously supplied by the National
Pituitary Program (Baltimore, MD, USA).

Alkaline phosphatase measurement

Serum alkaline phosphatase was measured using the IL
Monarch Chemistry System.

Urinary hydroxyproline measurement

Urinary hydroxyproline was measured on frozen 24-h
urine samples collected from fed animals using the method
described by Podenphant ef al. (1984).

Measurement of levels of gonadotropin-releasing hormone
(GnRH) mRNA

Brains were fixed by vascular perfusion with 200 ml 4%
(w/v) paraformaldehyde in 0-1 M phosphate bufter (pH
7-4). They were then quickly frozen, and 10 pm thick
coronal sections were serially cut through an area extend-
ing from the preoptic area to the anterior hypothalamus.
The sections were then mounted on to gelatin/poly-1-
lysine-coated slides. In situ hybridization was performed as
described previously (Li & Pelletier 1992b). The probe
chosen was a synthetic deoxyribonucleotide complemen-
tary to the GnRH coding region of the rat cDNA (bases
102-149). This probe was synthesized in our laboratory
and was labeled at the 3’ end with [[**S]thio]dATP
(1000 Ci/mmol; Amersham Co., Oakvill, Ont., Canada)
and terminal deoxynucleotidyl transferase (Boehringer-
Mannheim, Montreal, Que., Canada) to a specific activity
of about 5000 Ci/mmol. After hybridization, the sections
were dehydrated and coated with liquid photographic
emulsion (Kodak NTB-2). After 7 days of exposure, the
sections were processed and stained with hematoxylin
and eosin. To assess the specificity of the hybridization
signal, consecutive sections were alternately hybridized
with sense and antisense labeled oligonucleotide probes
encoding rat GnRH (Li & Pelletier 19924,b). The count-
ing of grains per labeled neuron was performed using
a Zeiss optical system coupled to a Macintosh Computer
(power pc7500/100) and NIH Image software (Grain-
TEMP V1-1). A neuron was considered specifically
labeled if the number of grains overlying the cell exceeded
5 times the background level. For each experimental
group, the number of silver grains per cell was calculated
from 200 cells.

Statistical analysis

Data are expressed as mean =+ s.E.M. for data obtained from
9 to 14 animals per group. Statistical significance was
determined according to the multiple-range test of
Duncan—Kramer (Kramer 1956).
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Figure 1 Effect of 12 months of treatment with MPA, E,, DHT or DHEA alone or in combination with FLU
or EM-800 on femoral BMC (A) and BMD (B) in OVX rats. Intact animals are added as additional controls.
Data are presented as mean % SEM. *P<0-05; **P<0:01 vs OVX control (Duncan—-Kramer multiple-range

test).
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Figure 2 Effect of 12 months of treatment with MPA, E,, DHT or DHEA alone or in combination with FLU
or EM-800 on lumbar spine BMC (A) and BMD (B) in OVX rats. Intact animals are added as additional
controls. Data are presented as mean + sEm. *P<0-05; **P<0-01 vs OVX control (Duncan—Kramer

multiple-range test).

Results

One year after OVX, femoral BMC and BMD had
decreased by 10% (P<0-05) and 11% (P<0-01) respect-
ively (Fig. 1). Treatment with DHEA not only completely
reversed the inhibitory effect of OVX but led to femoral
BMC and BMD values 26% and 8% above those found
in intact animals. Simultaneous treatment with the pure
antiandrogen FLU reversed the stimulatory effect of
DHEA on both femoral BMC and BMD by 76%, while
treatment with the pure antiestrogen EM-800 had no
statistically significant inhibitory effect on the stimulation
by DHEA of femoral BMC and BMD. At the doses used,
treatment with MPA, E, and DHT completely reversed
the effect of OVX on BMC, and the same treatments
reversed the inhibitory effect of OVX on BMD by 58%
(P<0-01), 58% (P<0-01) and 54% (P<0-01) respectively.

When BMC and BMD were measured on the R1
(lumbar vertebrae 1-4) region of the lumbar spine, stimu-
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latory effects of DHEA similar to those observed for
femoral BMC and BMD were observed (Fig. 2). After 1
year of treatment, OVX had decreased lumbar BMC and
BMD by 7% (not significant) and 11% (P<0-01) respect-
ively. Treatment with MPA completely reversed the
inhibitory effect of OVX on both BMC and BMD, and E,
reversed the inhibitory effect of OVX on lumbar BMD by
69% (P<0-05). Treatment with DHEA, on the other
hand, not only completely reversed the effect of OVX but
led to lumbar BMC and BMD values 8% and 6% above
those found in intact animals. Simultaneous administration
of FLU completely reversed the stimulatory effect of
DHEA on both parameters, but EM-800 had no signifi-
cant effect on the stimulation by DHEA of lumbar BMC
or BMD.

When the same measurements were performed on the
total body skeleton, treatment with MPA, DHT and
DHEA increased BMD by 7% (P<0-01), 6% (P<0-05)
and 10% (P<0-01) respectively (Fig. 3). In agreement with
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Figure 3 Effect of 12 months of treatment with MPA, E,, DHT or DHEA alone or in combination with FLU
or EM-800 on total body BMC (A) and BMD (B) in OVX rats. Intact animals are added as additional
controls. Data are presented as mean = SEM. *P<0:05; **P<0-01 vs OVX control (Duncan—Kramer

multiple-range test).
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Figure 4 Effect of 12 months of treatment with MPA, E,, DHT or
DHEA alone or in combination with FLU or EM-800 on trabecular
bone volume in OVX rats. Intact animals are added as additional
controls. Data are presented as mean £ sEM. **P<0-01 vs OVX
control (Duncan—Kramer multiple-range test).

the results obtained on femoral and lumbar BMD, simul-
taneous administration of FLU completely reversed the
stimulation by DHEA of total body BMD whereas
EM-800 exerted no significant effect on the stimulatory
effect of DHEA on this parameter.

At 12 months after OVX, marked decreases of 74%
(P<0-01) and 69% (P<0-01) in trabecular bone volume
(Fig. 4) and trabecular bone number (Fig. 5) respectively
were observed. Simultaneously, a marked increase in
trabecular bone separation (Fig. 6) from a control value of
470 £50 to 1860 £32um (P<0-01) was measured.
Treatment with E,, DHT or DHEA, at the doses used, all
resulted in a partial reversal of the decrease in trabecular
bone volume (Fig. 4) caused by OVX, by 61:6%
(P<0-01), 47-5% (P<0-01) and 65-2% (P<0-01) respect-
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Figure 5 Effect of 12 months of treatment with MPA, E,, DHT or
DHEA alone or in combination with FLU or EM-800 on trabecular
number in OVX rats. Intact animals are added as additional
controls. Data are presented as mean £ SEM. **P<0-01 vs OVX
control (Duncan—Kramer multiple-range test).

ively. In fact, treatment with DHEA increased the
trabecular bone volume of the tibia to 11-9 £ 0-6% from a
control value of 41 £ 0-7% (P<0-01). The simultaneous
administration of FLU reversed by 51% (P<0-:01) the
stimulatory effect of DHEA on this parameter. EM-800,
on the other hand, not only did not reduce the stimulatory
effect of DHEA, but on the contrary, it further increased
the trabecular bone volume to 147 £ 1:4%, a value similar
to that found in intact controls.

A partial inhibition of the marked decrease in trabecular
bone number (Fig. 5), observed 12 months after OVX,
was achieved after treatment with E, and DHEA, result-
ing in 137% (from 0-57 £ 0-08 to 1-:35 £ 0-:09 per mm,
P<0-01) and 123% (from 0-57 £ 0-08 to 1-27 & 0-1 per
mm, P<0-01) higher values compared with OVX controls
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Figure 6 Effect of 12 months of treatment with MPA, E,, DHT or
DHEA alone or in combination with FLU or EM-800 on trabecular
bone separation in OVX rats. Intact animals are added as
additional controls. Data are presented as mean + sEMm. *P<0-05;
**P<0-01 vs OVX control (Duncan—Kramer multiple-range test).

respectively. Treatment with MPA and DHT had no
statistically significant effect on this parameter. On the
other hand, the administration of FLU inhibited by 54%
(P<0-01) the stimulatory effect of DHEA from 1-27 £ 0-1
to 0-89 £ 0:04 per mm, while simultaneous treatment
with EM-800, on the contrary, resulted in an additional
28% increase in trabecular bone number (P<0-01)
compared with that achieved by DHEA alone.

A partial reversal of the marked increase in trabecular
separation (Fig. 6), observed 12 months after OVX, was
achieved after treatment with MPA and DHT, which
resulted in 41-7% (to 1280 £ 185 pwm, P<0-05) and 46-7%
(to 1210 £ 135 pm, P<0-01) decreases in trabecular bone
separation compared with ovariectomized controls respect-
ively. On the other hand, treatment with E, or DHEA
reversed by 85% and 82:5% respectively the effect of OVX
on trabecular bone separation. Simultaneous admin-
istration of FLU reversed by 29% (P<0-01) the inhibitory
effect of DHEA on trabecular bone separation which thus
increased from 713 £+ 609 to 1045 £ 57-5 um (P<0-01).
In contrast, the addition of EM-800 to DHEA treatment
resulted in an additional 15% (P<0-05) decrease in
trabecular bone separation, compared with that achieved
with DHEA alone, leading to values not different from
those seen in intact controls.

Figure 7 illustrates the increase in trabecular bone
volume in the proximal tibia metaphysis induced by
DHEA in OVX treated animals (Fig. 7C) compared with
OVX controls (Fig 7B), as well as the partial inhibition
of the stimulatory effect of DHEA after the addition of
FLU to DHEA treatment (Fig. 7D). On the other
hand, administration of DHEA in combination with
EM-800 resulted in a complete prevention of the OVX-
induced osteopenia (Fig. 7E), the trabecular bone volume
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being comparable with that seen in intact controls
(Fig. 7A).

The importance of the androgenic component of the
stimulatory effect of DHEA on BMC and BMD is also
supported by the effect of DHEA on markers of bone
formation and resorption. The concentration of serum
alkaline phosphatase, a marker of bone formation
(Meunier et al. 1987, Lauffenburger et al. 1977), was
increased from 51+41U/1 in OVX controls to
201 £251U/1 in DHEA-treated animals, suggesting a
stimulatory effect of DHEA on bone formation (Table 1).
FLU reversed by 65% the stimulatory effect of DHEA on
this parameter while EM-800 had no significant effect. At
the doses used, E,, DHT and MPA had no significant
effect on serum alkaline phosphatase.

Since hydroxyproline released during collagen degrada-
tion is not reutilized in collagen synthesis, it is a useful
marker of collagen metabolism or osteoclastic bone resorp-
tion. In the present study, the urinary hydroxyproline/
creatinine ratio decreased from 11-7 & 1:2 pmol/mmol in
OVX controls to 7-:3 £ 10 pumol/mmol (P<0-05) in
DHEA-treated rats (Table 1). The administration of FLU
completely prevented the inhibitory effect of DHEA on
this parameter while EM-800 had no statistically signifi-
cant influence on the effect of DHEA. DHT decreased the
urinary hydroxyproline/creatinine ratio to 7-8 £ 0-7
(P<0-05) while E, and MPA had no significant effect.

Similarly, it can be seen in Table 1 that FLU reversed
by 68% the 100% inhibitory effect of DHEA on the serum
LH concentration in OVX animals while EM-800 had no
influence on the potent inhibitory effect of DHEA.
Treatment of OVX rats with MPA, E, and DHT, at the
doses used, caused 29, 33 and 56% decreases in serum LH
levels respectively. The effects on serum LH levels corre-
lated with the hypothalamic GnRH mRNA levels. Thus,
1 year after OVX, GnRH mRNA levels had increased by
23% (P<0-01). At the doses used, treatment with MPA,
E, and DHT reversed the effect of OVX by 83%, 35% and
50% respectively (all P<0-01). Treatment with DHEA
reversed by 92% the effect of OVX, while simultaneous
treatment with FLU prevented by 74% the inhibitory
effect of DHEA on GnRH mRNA levels.

Serum cholesterol was reduced by 22% from 2-29 &+
016 to 178 £0-16 mmol/1 (P<0-05) by DHEA treat-
ment, an effect neutralized by concomitant treatment with
the pure antiandrogen FLU. The addition of the pure
antiestrogen EM-800, on the other hand, decreased total
serum cholesterol further to 0:63 £+ 0-09 mmol/1 (P<0-01),
thus reaching a 65% inhibitory effect. No statistically sig-
nificant change was observed in serum triglyceride levels
with any of the treatments used (Table 1).

Discussion

The present study shows that the DHEA-induced stimu-
lation of femoral, lumbar spine and total body BMD and
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Figure 7 Proximal tibia metaphyses from intact control (A), OVX control (B) and OVX rats treated with DHEA alone (C) or in combination
with FLU (D) or EM-800 (E). Note the reduced amount of trabecular bone (T) in OVX control animals (B), and the significant increase in
trabecular bone volume (T) induced after DHEA administration (C). The addition of FLU to DHEA partially blocked the effect of DHEA on
the trabecular bone volume (D), whereas the combination of DHEA and EM-800 provided complete protection against the
OVX-associated bone loss. Modified Masson—-Goldner trichrome method; magnification X 80. T, trabeculae; GP, growth plate.

BMC is accompanied by an increase in serum alkaline
phosphatase concentration, a marker of bone formation,
and a decrease in urinary hydroxyproline excretion, a
marker of bone resorption. While the administration of the
antiestrogen EM-800 did not interfere with the stimu-

latory effect of DHEA, the administration of the pure
antiandrogen FLU partially or completely reversed,
depending upon the parameter studied, the stimulatory
effect of DHEA, thus supporting the predominant andro-
genic component of DHEA action. The present study also
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Table 1 Effect of 12 months of treatment with MPA, E,, DHT or DHEA alone or in combination with FLU or EM-800 on serum and urinary
parameters as well as on GnRH mRNA levels in the hypothalamus. Values are means & SEM.

Serum alkaline  Urinary hydroxy-

phosphatase proline/creatinine  LH GnRH mRNA levels Cholesterol Triglycerides

(1u/1 (umol/mmol) (ng/ml) (silver grains per cell) (mmol/l) (mmol/l)
Group
Intact control 30 £3** 154+ 13 0:09 £0:03**  33:7£0-7** 2:28£0-12 1-4+0-2
OVX control 51+4 11-7£12 3-55+0-50 44-0 £ 09 2:29+ 016 1-1+01
OVX+MPA 57+4 11-7+£12 2:51 £ 0-20* 355+ 0-7* 2:55+ 014 1-3+£01
OVX+E, 41+£5 9:24+09 2:37 £ 0-45* 40-4 £ 0-8** 2:02+ 015 0-8 £0-1
OVX+DHT 56+5 78+ 07" 1-55+0-27** 38:8 £ 0-7** 244+ 016 09+01
OVX+DHEA 201 £ 25** 7:3 £ 1-0% 0-:02 £0-01** 345+ 0-7** 1-78 £0-16* 0-:8 +£0-1
OVX+DHEA+FLU 103 £ 10** 145+12 1-13 £ 0-24** 415+ 0-7* 2:27 £ 015 0-8 £0-1
OVX+DHEA+EM-800 202 £ 17%* 64 £ 1-0%* LD** 392+ 07 063 £ 0-09** 1-0+0-2

LD, limit of detection: 0-01 ng/ml.
*P<0-05; **P<0-01 vs OVX control (Duncan—Kramer multiple-range test).

shows a significant decrease in serum cholesterol, suggest-
ing that DHEA treatment may exert positive effects on
serum lipids in addition to the important effects observed
on bone.

The bone loss observed at menopause in women is
believed to be related to an increase in the rate of bone
resorption which is not fully compensated for by the
secondary increase in bone formation. In fact, both bone
formation and bone resorption are increased in osteoporosis
and suppressed by estrogen replacement therapy. The
inhibitory effect of estrogen replacement on bone for-
mation is thus believed to result from a coupled mechanism
between bone resorption and bone formation, such that the
primary estrogen-induced reduction in bone resorption
entrains a reduction in bone formation (Parfitt 1984).

Cancellous bone strength and subsequent resistance to
fracture do not only depend upon the total amount of
cancellous bone but also on the trabecular microstructure,
as determined by the number, size and distribution of the
trabeculae. The loss of ovarian function in postmenopausal
women is accompanied by a significant decrease in total
trabecular bone volume (Melsen ef al. 1978, Vakamatsou
et al. 1985), mainly related to a decrease in the number
and, to a lesser degree, the width of the trabeculae
(Weinstein & Hutson 1987). On the other hand, Parfitt
et al. (1987) did not observe a significant reduction in
trabecular thickness associated with trabecular bone loss
during aging. The spatial arrangement of the trabeculae
described by trabecular density and separation also largely
affects the resistance of bone and provides information
about the possible risk of fractures among osteoporotic
patients (Parfitt et al. 1987).

Not all postmenopausal women suffer from
osteoporosis-related bone fractures, suggesting hetero-
geneity of sensitivity to estrogens and/or the involvement
of other hormones or estrogen-independent mechanisms
in bone pathophysiology especially osteoporosis (Davidson
et al. 1983, Nordin et al. 1985). The non-estrogenic
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component might well be related to the androgens syn-
thesized in the osteoblasts from DHEA (Labrie 1991,
Labrie et al. 1997a). There 1s, in fact, marked heterogen-
eity in the fall in serum DHEA levels during aging (Labrie
et al. 1997b). In the present study, the androgenic stimu-
latory effect of DHEA was observed on almost all the bone
histomorphometric  parameters studied. DHEA thus
resulted in a significant increase in trabecular bone volume
as well as trabecular number, while it decreased the
intertrabecular area. FLU reversed the above effects of
DHEA, indicating that DHEA exerts most of its action
through formation of androgens. However, incomplete
prevention by FLU of the effect of DHEA on the same
parameters may suggest an estrogen-like or another mech-
anism of DHEA action (Chesnut et al. 1983, Komm et al.
1988) or an insufficient dose of the antiandrogen.

It should be mentioned that the addition of EM-800 to
DHEA treatment, not only did not antagonize the stimu-
latory action of DHEA on bone, but even showed an
important additive effect on many parameters. These
additional effects pertain to trabecular bone volume,
trabecular number and trabecular separation. Such data
suggest a positive action of EM-800 on bone. In fact, our
preliminary data show that EM-800 prevents loss of BMD
in OVX rats. This stimulatory effect of EM-800 on bone
could explain the above observations of a positive effect of
EM-800 on the stimulatory effect of DHEA on many
parameters of bone metabolism.

The transformation of DHEA into estrogens by osteo-
blasts has also been reported (Nawata ef al. 1995), and the
presence of estrogen, androgen and progesterone receptors
has been described in osteoblasts (Eriksen et al. 1988,
Komm et al. 1988). DHEA administration significantly
reduced or totally prevented the OVX-induced cancellous
bone osteopenia in rats (Nawata et al. 1995), whereas a
non-estrogenic effect of DHEA-S on bone has also been
suggested following the observation of Miklos (1995) who
reported a more severe decrease in DHEA-S production in
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postmenopausal osteoporotic women than in those with
no evidence of osteoporosis.

Prolonged estrogen deficiency in rats is accompanied by
a decrease in bone formation after an initial compensatory
increase measured early after OVX (Turner ef al. 1987). In
addition, Tobias ef al. (1991) and Chow et al. (1992) found
that estrogen administration to OVX rats increased
trabecular bone formation. The present finding of an
increase in trabecular bone volume, associated with
increased trabecular number coupled with the knowledge
of the decreased trabecular thickness seen after estrogen
administration, suggests a DHEA-induced increase in
bone formation mediated by DHEA-derived androgens.
MPA also induced a significant decrease in trabecular
separation, although no final increase in cancellous bone
volume was observed, a finding that may be related to the
low dose of MPA administered.

The present data clearly suggest the potential of a new
approach using DHEA to prevent and treat problems
associated with menopause, especially osteoporosis. The
inhibition of serum cholesterol by DHEA treatment
suggests additional benefits on the serum lipid profile.
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