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Effect of dehydroepiandrosterone on central and
peripheral levels of allopregnanolone and
�-endorphin
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Objective: To evaluate the effects of dehydroepiandrosterone (DHEA) oral administration on neuroendocrine
function by investigating the modulation exerted by DHEA administration on allopregnanolone and �-endorphin
(�-EP) central and peripheral levels in ovariectomized rats.
Design: Prospective study.
Setting(s): Experimental research environment.
Animal(s): Female Wistar rats (n � 48).
Intervention(s): Forty rats were ovariectomized and received an oral treatment with either placebo or 0.5, 1, or
2 mg/kg/day of DHEA. After euthanization, �-EP levels were measured in hippocampus, hypothalamus, anterior
pituitary, neurointermediate pituitary, and plasma. Allopregnanolone and DHEAS levels were measured in
hippocampus, hypothalamus, anterior pituitary, adrenal glands, and serum. Serum E2 concentration was also
measured.
Main Outcome Measure(s): Dehydroepiandrosterone sulfate ester (DHEAS), E2, �-EP, and allopregnanolone
levels.
Result(s): Dehydroepiandrosterone administration increased DHEAS content in all organs and serum, except for
anterior pituitary, where no significant changes occurred. DHEA administration in ovariectomized animals did not
significantly increase E2 circulating levels. DHEA administration induced an increase in allopregnanolone and
�-EP content in hippocampus, hypothalamus, and anterior pituitary and in serum or plasma.
Conclusion(s): Dehydroepiandrosterone administration in ovariectomized animals increased allopregnanolone
and �-EP central and peripheral levels, which suggests that this compound may play a role as a neuroendocrine
mediator, possibly substantiating the beneficial effects of postmenopausal DHEA therapy on the central nervous
system. (Fertil Steril� 2005;83(Suppl 1):1161–8. ©2005 by American Society for Reproductive Medicine.)
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ecently, attention has been focused on hormonal replace-
ent therapies alternative to the classic estrogen-progestin

ne. In particular, dehydroepiandrosterone (DHEA) has been
tudied in view of its ability to improve sexual and mood
isorders, neuroendocrine dysfunction, and metabolic and
one mass changes in postmenopausal women (1–5). DHEA
nd its sulphate ester (DHEAS) are the major circulating
roducts of adrenals, which is the principal source of these
teroids; 20% of circulating DHEA is also produced by
varian thecal cells under the control of LH and by the
entral nervous system (CNS), as indicated by the data
btained in ovariectomized and adrenalectomized rats (6–8).
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HEA levels rise progressively from prepuberty to the 3rd
ecade of life; then they start to decrease independently from
he menopausal transition, reaching 20% of the maximum
lasma concentration after 70 years of age (9).

Experimental data suggest that DHEA exerts its effects on
he CNS through an antagonist action on �-aminobutyric
cidA (GABAA) receptor in a dose-dependent manner, with
consequent increase in neuronal excitability (10). In this
ay, DHEA is able to improve physical and psychological
ell-being and memory performances in the elderly (11). In

act, in experimental animals, DHEA treatment induces a
emory-enhancing effect, and in vitro studies suggest a

eurotrophic effect on neurons and glial cells (12). Recent
tudies have investigated the endocrine and neuroendocrine
mpact of 6-month 50-mg and 12-month 25-mg daily DHEA
dministration in early and late postmenopausal women.
hese results have reported, respectively, increased concen-
rations of supraphysiological and physiological values in

1161Fertility and Sterility� Vol. 83, Suppl 1, April 2005
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oung women of estrogens, �-4 androgens, and �-5 andro-
ens, but also of P, allopregnanolone, and �-endorphin (�-
P) (5, 13), indicating a possible role of DHEA as a mod-
lator of neuroendocrine function.

Allopregnanolone is a 3-�, 5-� reduced metabolite of P
14), and its major sources are the gonads and adrenal cortex,
nd, to a lesser extent, the CNS (15, 16). Allopregnanolone
cts as an agonist of GABAA receptor, modulating stress,
ood, and behavior (17, 18). Gonadal steroids may modu-

ate allopregnanolone levels, as suggested by several exper-
mental studies on animal models. In fact, female rats show
ignificantly higher hippocampal allopregnanolone concen-
rations on the morning and afternoon of proestrous than at
iestrous or estrous, reaching the lowest levels at estrous
15). Moreover, ovariectomy determines an increased adre-
al allopregnanolone content and a reduction in allopreg-
anolone levels in brain and serum; this may be due to an
strogen-mediated enzymatic induction in the synthesis of
llopregnanolone (19–21).

A direct effect of allopregnanolone on ovulatory function
as also been demonstrated in rats by the inhibitory action of
ntracerebroventricular administration of allopregnanolone
n ovulation (22). In addition, recent data seem to confirm
hat the effects of allopregnanolone on GABAA receptors are
nfluenced by ovarian hormones (23); estrogen and P may
egulate GABA responses, that is, the synthesis and the
urnover of GABAA receptors, through a long-term genomic
ction (24, 25).

�-endorphin is the most important and biologically active
ndogenous opioid peptide; it has behavioral, analgesic,
hermoregulatory, and neuroendocrine properties. A de-
rease in central and peripheral �-EP levels in ovariecto-
ized rats and in circulating �-EP levels in postmenopausal
omen has been shown (26, 27). This postmenopausal re-
uction in circulating �-EP has been suggested to have a role
n the mechanisms of hot flashes and sweats episodes and in
he pathogenesis of mood, behavior, and nociceptive distur-
ances. Indeed, a positive effect of hormone therapy on
asomotor and subjective psychobehavioral symptoms may
e mediated by acting on the opiatergic pathway (26). In
ostmenopausal women, transdermal E2, independently
rom the type of progestin associated, induces a significant
ncrease in plasma �-EP levels to premenopausal values and
estores the �-EP response to naloxone and clonidine tests,
hich is impaired in postmenopausal women (20).

In the animal model, estrogens (17�-E2, conjugated
quine, estrone sulphate, and E2 valerate) (28) and selective
strogen receptors modulators (LY-117018 and EM-652)
21, 29) are able to change central and peripheral levels of
llopregnanolone and �-EP, reversing the modifications in-
uced by ovariectomy in female rats. These data have sug-
ested that the effects of estrogenic therapy on the neuroen-
ocrine milieu may also be mediated by the neurosteroid and

pioidergic pathways. p

1162 Bernardi et al. DHEA effect on allopregnanolone and �
The aim of the present study was to evaluate the effects of
HEA oral administration on neuroendocrine function by

nvestigating the modulation exerted by DHEA administra-
ion on allopregnanolone and �-EP central and peripheral
evels in ovariectomized (ovx) rats.

ATERIALS AND METHODS
nimals
emale Wistar rats (48 healthy cycling 16-week-old rats
eighing 155–200 g) were included in the present study.
ne group of eight cycling rats were included as controls.
ll rats had 14 hours per day of illumination (light on at 6
.M. and off at 8 P.M.) and free access to standard rat chow
nd tap water. Cycling rats were all housed together, and
aginal smears were performed in two cycles; 40 rats were
hen ovariectomized at the same estrous cycle stage, as
ssessed by vaginal smears. Ovx rats were treated for 14
ays with three different doses of DHEA (according to the
ollowing protocol).

rotocol
variectomized animals were housed for 14 days for accli-
atization and were then divided into four groups of eight

ats each, receiving a 14-day oral treatment with either
lacebo or 0.5, 1, or 2 mg/kg/day of DHEA.

Twenty-four hours after the last treatment, each animal
as euthanized by decapitation (on the same day) under
eep pentobarbital anesthesia (30 mg/kg IP), as described
lsewhere (26, 30). Cycling control rats were sacrificed on
he proestrous morning, as verified by a vaginal smear.

A blood specimen was drawn from each rat in heparinized
nd nonheparinized tubes, as reported elsewhere (26, 30).
lood collected in heparinized and nonheparinized tubes
as centrifuged at 3,500 rpm for 10 minutes, and plasma/

erum was stored at �20°C until assay. The following or-
ans were carefully dissected using the optic microscope:
nterior pituitary, neurointermediate pituitary, hypothala-
us, hippocampus, and adrenal glands. All organs were
eighed, collected in a 2.5-mL solution of 4% acetic acid,

nd homogenized at ice-cold temperature. The homogenate
as centrifuged at 1,200 rpm for 15 minutes at 4°C, and the

upernatant was divided in two aliquots (1.25 mL each) and
ssayed in duplicate for allopregnanolone and �-EP. �-EP
evels were measured in hippocampus, hypothalamus, ante-
ior pituitary, neurointermediate pituitary, and plasma, while
llopregnanolone levels were measured in hippocampus, hy-
othalamus, anterior pituitary, adrenal glands, and serum
ithin 60 days from sacrifice.

The protocol was approved by the local Institutional Re-
iew Board.

-Endorphin Assay
he supernatant of tissue homogenates and plasma was

assed through a C-18 Sep-Pak cartridge, which was previ-

-EP Vol. 83, Suppl 1, April 2005
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usly equilibrated with 50% aqueous methanol, and the
nconjugated fraction was eluted with absolute methanol
nd brought to dryness under vacuum. �-EP levels were
easured by a previously described specific radioimmuno-

ssay (26, 28), using camel �-EP as a standard (Sigma, St.
ouis).

The antiserum (supplied by Dr. P. Sacerdote, Milan, Italy)
as used at the final dilution of 1:130.000. Analytical grade

olvents were purchased from Merck (Darmstadt, Germany);
-18 Sep-Pak cartridges were obtained from Waters Corpo-

ation (Milford, MA). The sensitivity of this assay is 10
g/mL; the recovery after acetic acid extraction and chro-
atography corresponded to 85% � 11% of the total

mount, and the intra- and interassay coefficients of variation
ere 6% and 8%, respectively. The protein content was
etermined on the whole homogenate by the Bradford meth-
d; the protein content and the weights of the organs of each
roup of rats were not significantly different. In accordance
ith previously reported data, �-EP levels were expressed in
anograms/organ in all tissues and in nanograms/milliliter in
lasma (28, 31–33).

llopregnanolone Assay
he supernatant of tissue homogenates and serum was
assed through a C-18 Sep-Pak PLUS cartridge, which was
reviously equilibrated with homogenizing buffer. The car-
ridge was sequentially washed with homogenizing buffer
nd 50% aqueous methanol, and the unconjugated steroid
raction was eluted with absolute methanol and brought to
ryness under nitrogen. Analytical grade solvents were pur-
hased from Merck; C-18 Sep-Pak PLUS cartridges were
btained from the Waters Corporation. Allopregnanolone
ontents were measured by a radioimmunoassay (RIA)
ethod described elsewhere, using an antiserum kindly pro-

ided by Dr. R. H. Purdy (San Diego, CA) (29, 34). The
ensitivity of this assay was 15 pg/mL, the recovery after
xtraction and chromatography was 86.5 % � 12.7% (mean

SEM), and the intra- and interassay coefficients of varia-
ion were 7% and 9%, respectively (34). In accordance with
reviously reported data, allopregnanolone levels were ex-
ressed in picograms/milligram of tissue in each tissue and
n picograms/milliliter in serum (15, 16, 34).

HEAS Assay
he supernatant of tissue homogenates and serum was
assed though a C18 Sep-Pak cartridge, which was previ-
usly equilibrated with homogenizing buffer. The DHEAS
ontents were measured by specific RIA. The sensitivity of
he assay was 0.16 ng/mL, and the intra- and interassay
oefficients of variation were 6.2% and 8.5%, respectively.

stradiol Assay
he serum was passed through a C18 Sep-Pak cartridge, which

as previously equilibrated with homogenizing buffer. E2 con- i

ertility and Sterility�
ents were assayed by a specific commercially available RIA
it. The sensitivity of the assay was 10 pg/mL, and the intra-
nd interassay coefficients of variation were 2.5% and 3.5%,
espectively.

tatistical Analysis
ata are reported as mean � SD. Comparison among dif-

erent treatment groups was performed by means of one-way
nalysis of variance or the Kruskal-Wallis test, as appropri-
te. Differences between single pairs of groups were ana-
yzed by means of the paired Student’s t-test.

ESULTS
HEAS
ehydroepiandrosterone administration increased DHEAS

ontent in a dose-dependent manner in hippocampus, hypo-
halamus, and serum (Fig. 1). In hippocampus and hypothal-
mus, only the 2.0 mg/kg/day dose induced an increase in
HEAS levels with respect to fertile rats, while at the lowest
oses, DHEAS levels did not differ from those of fertile rats
Fig. 1). At the highest DHEA dose, DHEAS levels were
igher than in fertile animals in all organs (P�.05), except
or the anterior pituitary, where no significant changes oc-
urred (Fig. 1). DHEA administration at 0.5 mg/kg/day
nduced a decrease in adrenal DHEAS levels in comparison
ith fertile (P�.01), ovx (P�.05), 1.0 mg/kg/day (P�.01),

nd 2.0 mg/kg/day (P�.001) (Fig. 1).

stradiol
ehydroepiandrosterone administration in ovx animals at all
oses did not significantly increase E2 circulating levels
12.0 �1.6 pg/mL in ovx animals; 12.8 � 2.6 pg/mL in ovx
nimals treated with DHEA 0.5 mg/kg/day, P � NS vs. ovx;
3.4 � 2.3 pg/mL in ovx animals treated with DHEA 1
g/kg/day, P � NS vs. ovx; 14.2 � 1.8 pg/mL in ovx

nimals treated with DHEA 2 mg/kg/day, P � NS vs. ovx).

-Endorphin
ehydroepiandrosterone administration induced an increase

n �-EP content in hippocampus, hypothalamus, anterior and
eurointermediate pituitary (P�.01), and plasma in a dose-
ependent manner (Fig. 2). At the highest dose, DHEA
dministration induced an increase in �-EP plasma levels
P�.001 vs. ovx), to those observed in fertile animals, and
n even greater increase in the hypothalamus (P�.001 vs.
vx and fertile) (Fig. 2).

llopregnanolone
ehydroepiandrosterone administration induced an increase

n hypothalamus (P�.01), anterior pituitary (P�.001), and
erum (P�.001) allopregnanolone content in a dose-dependent
anner (Fig. 3). DHEA administration at the highest dose
ncreased hippocampus allopregnanolone content (P�.001),
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estoring allopregnanolone levels to levels similar to those
bserved in fertile rats (Fig. 3). Adrenal allopregnanolone
ontent did not change in response to DHEA therapy (Fig. 3).

ISCUSSION
n the last 20 years, the increase in human life expectancy
as stimulated numerous research groups to investigate the
athophysiology of brain senescence and to find pharmaco-
ogical compounds able to counteract these processes (35).
everal studies have been performed to evaluate whether
strogens are involved in the aging process (36, 37). On the

FIGURE 1

Dehydroepiandrosterone sulfate ester (DHEAS) centr
and after DHEA (three doses) and placebo treatment
pituitary; (D) adrenal; (E) serum. Column 1, fertile rats
DHEA (0.5 mg/kg/day); column 4, ovx rats treated wi
with DHEA (2.0 mg/kg/day); column 6, ovx rats treate

Bernardi. DHEA effect on allopregnanolone and �-EP. Fertil Steril 2005.
ther hand, there is an increasing awareness of the significant i

1164 Bernardi et al. DHEA effect on allopregnanolone and �
ctivity of endogenous or exogenous androgens because in
omen middle age is characterized by the coexistence of
enopause and adrenopause.

Among androgen molecules, only a few studies have been
onducted to investigate the physiological function of
HEA(S) and the possible role of this molecule on the CNS

n humans and in animals. DHEA administration at 50 mg/
ay induced an improvement in psychological and physical
ell-being in postmenopausal women (38, 39), thus suggest-

ng a specific role for DHEA supplementation on CNS
unctions. Recently, it has been shown that the oral admin-

d peripheral levels in fertile and ovx rats before
Hippocampus; (B) hypothalamus; (C) anterior
lumn 2, ovx rats; column 3, ovx rats treated with
HEA (1.0 mg/kg/day); column 5, ovx rats treated
ith placebo. *P�.05; **P�.01; ***P�.001.
al an
. (A)
; co
th D
d w
stration of DHEA (50 mg/day) tends to determine an in-

-EP Vol. 83, Suppl 1, April 2005
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rease in well-being and mood only in women (40). Moreover,
nother study described DHEA(S) as having an antidepressant
unction (30–90 mg/day for 4 weeks) in middle-aged and
lderly patients with major depression and low basal DHEA(S)
evels (3). DHEA administration, like estrogen, has been
eported to revert postmenopausal changes on opiatergic,
drenergic, and serotoninergic pathways, restoring the �-EP
esponse to clonidine, naloxone, and fluoxetine tests and
ncreasing circulating �-EP levels (4, 20, 41–43).

The present study evaluated the effects of DHEA admin-
stration on central and peripheral �-EP and allopreg-
anolone content in ovx rats. According to previous exper-
mental evidence, estrogen deprivation induces a decrease in
entral and peripheral �-EP levels in ovx rats (26, 28, 31,

FIGURE 2

�-endorphin (�-EP) central and peripheral levels in fe
dehydroepiandrosterone (DHEA) (three doses) and pl
(C) neurointermediate lobe; (D) anterior pituitary; (E) p
***P�.001.

Bernardi. DHEA effect on allopregnanolone and �-EP. Fertil Steril 2005.
3). The ovariectomy-induced �-EP decrease varies in the t

ertility and Sterility�
ifferent examined tissues, in agreement with previous
ata (28, 31, 33). This is probably related to a different
ensitivity of the examined areas to estrogens or to a
ifferent expression of estrogen receptor subtypes (� and
) (44 – 46).

Dehydroepiandrosterone administration induces an in-
rease in �-EP content in anterior and neurointermediate
ituitary and hippocampus in a dose-dependent manner.
igh-dose DHEA administration induces an increase in
-EP circulating levels to those observed in fertile animals
nd an even greater increase in the hypothalamus. Compar-
ng these results with those assessed administering E2 in ovx
ats, we can observe several similarities. In all the examined
rgans, the effect of DHEA on �-EP levels closely reflects

and ovx rats before and after
o treatment. (A) Hippocampus; (B) hypothalamus;
a. For explanation, see Figure 1. *P�.05; **P�.01;
rtile
aceb
lasm
hat of E2 valerate, with the exception of the neurointerme-
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iate pituitary, where DHEA induces a lower increase in
-EP.

Dehydroepiandrosterone administration induces an in-
rease in allopregnanolone content in the hypothalamus,
nterior pituitary, serum, and hippocampus, where DHEA
dministration restores allopregnanolone levels to those ob-
erved in fertile rats. Similar data have been observed at the
entral level when administering E2 valerate in ovx rats.
owever, DHEA does not determine a decrease in allopreg-
anolone adrenal content, as observed with E2. Moreover,
he serum allopregnanolone levels reached in response to
HEA therapy are lower than those obtained with E2 ad-

FIGURE 3

Allopregnanolone central and peripheral levels in fert
dehydroepiandrosterone (DHEA) (three doses) and pl
(C) anterior pituitary; (D) adrenal; (E) serum. For expla

Bernardi. DHEA effect on allopregnanolone and �-EP. Fertil Steril 2005.
inistration. r

1166 Bernardi et al. DHEA effect on allopregnanolone and �
The mechanisms of action of DHEA are not clear. Part of
he effects of DHEA depends on its conversion to estrogens
nd androgens and on the recruitment of their receptors. In
act, at the vascular level, a reduction of atherosclerotic
esions by DHEA in rabbits was reported, partially through
onversion to estrogens (47). However, there is evidence that
HEA may have a specific receptor. This has been demon-

trated in blood vessels, where DHEA binds with high af-
nity to nonhuman endothelial cell membranes without be-

ng displaced by structurally related steroids (48).

In the brain, DHEA and DHEAS are produced by glial
ells, and experimental evidence suggests that their CNS
ffects may be mediated by a specific binding to the GABAA

nd ovx rats before and after
o treatment. (A) Hippocampus; (B) hypothalamus;

ion, see Figure 1. *P�.05; **P�.01; ***P�.001.
ile a
aceb
nat
eceptor, thus blocking the GABA-induced chloride trans-
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ort or current in synaptoneurosomes and neurons, in a
ose-dependent manner, with an increase in the neuronal
xcitability (10). Moreover, a potentiating effect of DHEA
n N-methyl-D-aspartate and sigma receptors has been re-
orted in the rat brain (49).

The present data seem to indicate that the effect of DHEA
dministration may not be entirely ascribed to the conversion
n estrogenic metabolites. In fact, the E2 levels reached in
HEA-treated ovx animals were not significantly different

rom those observed in untreated ovx animals and signifi-
antly lower than those obtained in ovx animals in response
o E2 valerate administration. Similar levels of �-EP and
llopregnanolone, obtained in various organs, were observed
n response to the two different therapies. Therefore, DHEA
ay act directly or through its local metabolites on neuros-

eroidogenesis and the opioidergic pathway.

In conclusion, the changes of central and peripheral allo-
regnanolone and �-EP levels in response to DHEA in ovx
nimal models suggest that this compound may play an
mportant role as a neuroendocrine mediator. This evidence
epresents a biologic basis to substantiate the beneficial
ffects of DHEA on climacteric symptoms, memory, cogni-
ion, and well-being in postmenopausal women.

cknowledgment: The authors thank Patrizia Monteleone, M.D., for English
evision.
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