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Abstract

We investigated the effect of two neurosteroids, pregnenolone and dehydroepiandrosterone sulfate on lipopolysaccharide-induced
tumor necrosis factor (TNF) production in vivo and in vitro. Dehydroepiandrosterone sulfate (0.3-30 mg /kg, i.p.) inhibited serum TNF
induced by lipopolysaccharide (2.5 ug/mouse, i.p.), without affecting the induction of serum corticosterone. Intracerebroventricular
(i.c.v.) administration of dehydroepiandrosterone sulfate (0.2-5 pg/mouse) also inhibited brain TNF induced by i.c.v. lipopolysaccharide
(2.5 ug/mouse). Dehydroepiandrosterone sulfate and pregnenolone (107 °-107* M) inhibited TNF production in vitro by lipopoly-
saccharide-stimulated human peripheral blood mononuclear cells or by the human THP-1 cell line, suggesting that this action might also
be relevant in humans. We obtained two lines of evidence that neurosteroids do not inhibit TNF via the glucocorticoid receptor. (1)
Dehydroepiandrosterone sulfate and pregnenolone did not activate the a-acid glycoprotein promoter, a typical effect of glucocorticoids
mediated by the glucocorticoid receptor, while strong activation of this promoter was observed with dexamethasone. (2) The inhibitory
effect of dehydroepiandrosterone sulfate and pregnenolone on TNF production was not reversed by the glucocorticoid receptor antagonist,
mifepristone (RU38486). On the contrary the inhibitory effect of dexamethasone, a classical glucocorticoid and inhibitor of TNF
synthesis, was completely reversed by RU38486.
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1. Introduction by the high sensitivity of adrenalectomized mice to these
agents (Bertini et al., 1988).

Glucocorticoids, including endogenous corticosterone, Inhibition of TNF is mediated by the classical gluco-

are among the most potent inhibitors of the synthesis of
tumor necrosis factor (TNF) and other pro-inflammatory
cytokines including interleukin-1 and TNF (Fantuzzi and
Ghezzi, 1993; Chrousos, 1995); they are protective in
animal models of cytokine-mediated pathologies such as
endotoxin (lipopolysaccharide)-induced lethal shock. Injec-
tion of lipopolysaccharide, interleukin-1 or TNF causes an
elevation of serum glucocorticoids due to activation of the
hypothalamus-pituitary-adrenal axis (Besedovsky et al.,
1986; Fantuzzi and Ghezzi, 1993). This constitutes an
important feedback mechanism that limits cytokine pro-
duction and lipopolysaccharide toxicity, as demonstrated
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corticoid receptor, since glucocorticoid inhibition of TNF
synthesis in vitro is reversed by the glucocorticoid receptor
antagonist, mifepristone (RU38486), which also increases
the lethal effect of lipopolysaccharide (Hawes et al., 1992;
Lazar et al., 1992).

The steroid hormones are all derived from cholesterol
and are converted through a series of biochemical modifi-
cations to a great number of metabolites only some of
which are biologically functional.

Steroids can also be synthetized de novo in the central
nervous system (CNS). The steroids produced in the CNS
are termed ‘neurosteroids’ reviewed in (Paul and Purdy,
1992; Majewska, 1992). These steroids include pregnen-
olone and dehydroepiandrosterone and their sulfates
(pregnenolone sulfate and dehydroepiandrosterone sulfate).
Not only can neurosteroids be produced and accumulate in
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the brain, but they also have a role as endogenous modula-
tors of the GABA, (y-aminobutyric acid) receptor (Paul
and Purdy, 1992; Majewska, 1992).

Although neurosteroids can be produced by the CNS
and are detected in the brain at higher concentrations than
in plasma (Corpéchot et al., 1983, 1981), they are also
synthetized by the adrenals and the gonads, and are inter-
mediates in the synthesis of sex hormones.

The purpose of this study was to investigate the effect
of two neurosteroids, dehydroepiandrosterone sulfate and
pregnenolone, on TNF production in vivo and in vitro. In
these experiments, the effect of the two steroids was
compared with that of dexamethasone phosphate, a refer-
ence glucocorticoid and well known inhibitor of TNF
synthesis (Beutler et al., 1986).

The in vivo effect of one neurosteroid on serum TNF
levels was studied in mice treated i.p. with lipopolysaccha-
ride. To investigate the possible inhibition of neurosteroids
on brain TNF production, in some experiments lipopoly-
saccharide and neurosteroids were injected intracere-
broventricularly (i.c.v.), since previous experiments had
indicated that central lipopolysaccharide administration is
required to induce detectable TNF levels in the brain
(Mengozzi et al., 1994). In these experiments we also
measured the serum levels of glucocorticoids, to evaluate a
possible interference of neurosteroids with the activation
of the hypothalamus-pituitary-adrenal axis, evaluated as
increase in plasma corticosterone. To better understand the
mechanism of the inhibition of TNF production, we stud-
ied the in vitro effect of neurosteroids on TNF production
by human peripheral blood mononuclear cells and by the
THP-1 human monocytic leukemia cell line. In some of
these experiments, we used mifepristone (RU38486) as a
tool to investigate whether the effect of neurosteroids was
mediated by the glucocorticoid receptor.

To further check whether the effect of dehy-
droepiandrosterone sulfate and pregnenolone was actually
independent of the glucocorticoid receptor, we studied the
effect of these two neurosteroids, and that of dexametha-
sone, using a construction in which a reporter gene, chlor-
amphenicol acetyltransferase (CAT), was under the control
of the «,-acid glycoprotein (AGP) promoter, which is
typically activated via the glucocorticoid receptor.

Also we used THP-1 cells, to investigate whether the
inhibitory effect of dehydroepiandrosterone sulfate takes
place at the transcriptional level. Measurement of TNF-a
mRNA was applied for the purpose.

2. Materials and methods
2.1. Materials
Lipopolysaccharide (phenol-extracted, from Es-

cherichia coli 055:B5) was from Sigma (St Louis, MO,
USA). Human recombinant TNFa (specific activity 0.6 X

107 U/mg) was a kind gift of BASF/Knoll, Lud-
wigshafen, Germany. Dexamethasone was a gift from Lab-
oratorio Farmacologico Milanese (Varese, Italy). Dehy-
droepiandrosterone sulfate (5-androsten-3-o0l-17-one sul-
fate sodium salt) and pregnenolone (5 a-pregnan-3 3-ol-20-
one) were from Sigma. Dehydroepiandrosterone sulfate
was dissolved in saline. Pregnenolone was dissolved in
dimethylsulfoxide (DMSO); for this reason, only dehy-
droepiandrosterone sulfate was used in vivo, due to aspe-
cific effects of DMSO, particularly in i.c.v. injections.
Mifepristone (RU38486) was a kind gift from Roussel
Uclaf, Roumainville, France.

2.2. Animals and treatments

Male CD-1 mice (25 g body weight) from Charles
River Italia, Calco, Como, Italy, were used. The mice were
housed five per cage and fed ad libitum. Lipopolysaccha-
ride was injected i.p. or intracerebroventricularly (i.c.v.) at
the dose of 2.5 ug/mouse. Lc.v. injections in a final
volume of 20 ul were made via a 28-gauge needle into
ether-anesthetized mice (Lipton et al., 1991; Haley and
McCormick, 1957). Dehydroepiandrosterone sulfate was
administered i.p. (in 0.2 m] of saline) or i.c.v. at the doses
indicated in the text, simultaneously with lipopolysaccha-
ride.

Blood was obtained from the retro-orbital plexus under
light ether anesthesia and serum was prepared. Blood was
collected at 1.5 h after treatment. When indicated, mice
were killed by cervical dislocation and brains were re-
moved 1.5 h after lipopolysaccharide for TNF determina-
tion, and homogenized with an Ultra Turrax in 4 volumes
(w/v) of ice-cold saline. The homogenate was then cen-
trifuged 10 min at 13000 rpm in a microfuge and the
supernatant was used for TNF assay (Mengozzi et al.,
1994). Preliminary experiments indicated that these were
the optimal time points for the determination of TNF in
lipopolysaccharide-treated mice (Mengozzi et al., 1994;
Gnocchi et al., 1992; Sironi et al., 1992).

Procedures involving animals and their care were con-
ducted in conformity with the institutional guidelines that
are in compliance with national and international laws and
policies (EEC Council Directive 86/609, OJ L 358, 1,
December 12, 1987; NIH Guide for the Care and Use of
Laboratory Animals, NIH Publication No. 85-23, 1985).

2.3. TNF determination

Serum or brain TNF was measured by the degree of
cytotoxicity on L929 cells in the presence of 1 pg/ml of
actinomycin D, as previously described (Aggarwal et al.,
1985), using human recombinant TNF as standard. The
sensitivity of the assay was about 50 pg/ml. An anti-
murine TNF antiserum was used to check the specificity of
the TNF bioassay.

When TNF was measured in human peripheral blood
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mononuclear cells and THP-1 cells, a sandwich ELISA
method was applied as described (Corti et al., 1992).
Anti-TNF monoclonal antibodies were from Pharmacia-
Farmitalia-Carlo Erba (Nerviano, Italy) and rabbit poly-
clonal antibodies anti-TNF were a gift from Sclavo (Siena,
Italy). Recombinant TNF (specific activity 6.6 % 10°
U/mg, kindly provided by BASF-Knoll, Ludwigshafen,
Germany) was used as a standard. The sensitivity of the
ELISA was 30 pg/ml.

2.4. TNF mRNA

Total RNA was extracted from 107 cells by centrifuga-
tion through 5.7 M CsCl as previously described (Chirg-
win et al., 1979). A 10-pg aliquot of each sample was
electrophoresed through denaturing gels (containing 1.7%
formaldehyde) in 3-morpholinopropane sulfonic acid
(MOPS) buffer (MOPS 40 mM, Na-acetate 10 mM, EDTA
1 mM, pH 8) for 5 h at 70 V. The Gels were blotted on
nylon membranes (Gene ScreenTM Plus, DuPONT, Drei-
eich, Germany) in 10 X standard saline citrate (SSC)
(NaCl 1.5 M, sodium citrate trisodium salt dihydrate 150
mM, pH 7). A cDNA fragment (kind gift of Dr. Emanuela
Palla, Siena, Italy) corresponding to nt 220-1003 of hu-
man TNFa sequence (Wang et al., 1985), was used as a
probe. Membrane hybridization was carried out with 106
cpm/ml in 50% formamide, 10% dextran sulfate, 1%
sodium dodecyl sulfate, and 250 pg/ml salmon sperm
DNA at 45°C for about 15 h. Membranes were washed to a
final stringency of 0.1 X SSC, 0.1% SDS at 65°C and
exposed to KODAK X-OMAT AR-5 film (Eastman Ko-
dak, Rochester NY) with an intensifying screen at —70°C
for 24 h.

2.5. Corticosterone determination

Serum corticosterone was measured by radioimmunoas-
say (RIA), using an antiserum obtained from Sigma (C-
8784) and following the manufacturer’s indications.
[*H]Corticosterone was purchased from Amersham.

2.6. Human peripheral blood mononuclear cell prepara-
tion

Human peripheral blood mononuclear cells were ob-
tained as previously described (De Boer et al., 1981) from
the buffy coats of blood donations from normal volunteers.
Cells were suspended in RPMI 1640 medium with 10%
FCS (HyClone, Logan, UT, USA) at the concentration of
2.5 X 10%/ml and plated (0.2 ml/well) in 96-well tissue
culture plates (Falcon, Lincoln Park, NJ) with 10 ng/ml of
lipopolysaccharide in the presence and absence of the test
compounds at the concentration indicated. Since pregne-
nolone was dissolved in DMSO, control samples with
DMSO alone were included. After a 4-h culture, cells were
lysed by two cycles of freezing and thawing and total

(secreted + cell-associated) TNF was determined with an
ELISA for human TNF (Corti et al., 1992) using a mono-
clonal anti-human TNFa antibody kindly donated by Phar-
macia-Farmitalia (Nerviano, Italy) and a rabbit polyclonal
antibody kindly donated by Sclavo (Siena, Italy).

2.7. THP-1 cells

THP-1 cells were maintained in a humidified incubator
under an atmosphere of 5% CO, in air, in RPMI 1640
(Seromed, Berlin, Germany) supplemented with 2 mM
L-glutamine, 100 U/ml penicillin G, 100 ug/ml strepto-
mycin sulfate (all from Gibco, Paisley, Scotland, UK),
10% fetal bovine serum (FBS, Hyclone Laboratory, Logan,
UT, USA), and 1.5 g/1 NaHCO,;, and 12 mM Hepes
buffer (Carlo Erba, Milano, Italy). THP-1 cells were used
for the TNF synthesis experiments at a density of 10°/ml
in fresh medium in 24-well plates, 1 ml/well (Falcon
Becton Dickinson, Lincoln Park, NJ, USA) and incubated
for 4 h in the presence of 1 ug/ml lipopolysaccharide and
concentrations of the test compounds as indicated.

2.8. Activation of the a,-acid glycoprotein promoter

HTC(JZ-1) cells were stably transfected with the — 215
+ 1 a,-acid glycoprotein promoter fragment inserted into
the vector pSVOCAT using the lipofectin method (Ingras-
sia et al., 1994). A single pootl of the transformed —215 + 1
AGP-HTC(JZ-1) cells (Ingrassia et al., 1994), was cultured
in RPMI with 1% glutamine and 10% fetal calf serum
(FCS). Before harvesting, three flasks of cells for each
treatment were incubated with the various steroids (dehy-
droepiandrosterone sulfate and pregnenolone; 10~% M) for
24 h. Cell lysis and CAT protein determination were
performed using the CAT-ELISA enzyme immunoassay
kit (Boehringer) (Ingrassia et al., 1994). Total protein
concentration in the nuclear extracts was determined by
the Bradford method.

3. Results

3.1. Dehydroepiandrosterone sulfate inhibits serum and
brain TNF production in mice

Fig. 1 shows the effect of i.p. administration of dehy-
droepiandrosterone sulfate (0.03, 0.3, 3 or 30 mg/kg) on
serum TNF levels induced by lipopolysaccharide (2.5
pg/mouse, i.p.). Significant inhibition of TNF production
was obtained with a dose as low as 0.3 mg/kg. At the
highest dose (30 mg/kg), 80% inhibition of TNF produc-
tion was observed. It should be noted that, in the same
model, dexamethasone inhibited TNF production by more
than 95% at a dose as low as 0.3 mg/kg (Sironi et al.,
1992).

Fig. 2 shows the effect of dehydroepiandrosterone sul-
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Fig. 1. Effect of dehydroepiandrosterone sulfate on serum TNF produc-
tion in mice. Mice were treated simultaneously with lipopolysaccharide
(LPS) (2.5 g /mouse, i.p.) and dehydroepiandrosterone sulfate (DHEAS)
at the doses indicated. Serum TNF was measured 90 min later. No TNF
was detectable in mice injected with saline or dehydroepiandrosterone
sulfate  without lipopolysaccharide. Data are means + S.E. (five
mice/group). = P <0.05; ** P <0.01 versus LPS alone by Dunnett’s
test.

fate on brain TNF production. In these experiments dehy-
droepiandrosterone sulfate (at the doses of 0.2, 1 and 5
g/ mouse) and lipopolysaccharide (2.5 ug/mouse) were
administered simultaneously i.c.v., and TNF was measured
in the brain homogenate 90 min later. Dehydroepiandros-
terone sulfate inhibited central TNF production at a dose
as low as 0.2 ug/mouse. In these experiments, dexa-
methasone also inhibited brain TNF production.

3.2. Effect of dehydroepiandrosterone sulfate and dexa-
methasone on serum corticosterone after lipopolysaccha-
ride in mice

As shown in Table 1, lipopolysaccharide (2.5
ug/mouse, i.p.) caused an 8-fold elevation of serum
corticosterone levels 90 min after treatment. Dehy-
droepiandrosterone sulfate, even at the highest dose of 30
mg/kg, i.p., did not affect this increase. On the contrary,
dexamethasone at the same doses completely suppressed
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Fig. 2. Effect of dehydroepiandrosterone sulfate on brain TNF production
in mice. Mice were treated simultaneously with lipopolysaccharide (LPS)
(2.5 ug/mouse, i.c.v.) and dehydroepiandrosterone sulfate (DHEAS) at
the doses indicated. The effect of dexamethasone (DEX) as a reference
inhibitor is also shown. Brain TNF was measured 90 min later. Data are
means + S.E. (five mice/group). * P <0.05;, ** P <0.01 versus LPS
alone by Dunnett’s test.

Table 1
Effect of dehydroepiandrosterone sulfate on serum corticosterone levels
in mice

Treatment CS (ng/mlb)
Control 35+ 5
LPS 2801 46°
LPS + DHEAS (3 mg/kg) 237434
LPS + DHEAS (30 mg /kg) 307+ 85
LPS+DEX (3 mg/kg) 20+ 4°
LPS + DEX (30 mg /kg) 43+ 5°

Mice were treated simultaneously with lipopolysaccharide (LPS) (2.5
pmg/mouse, i.p.) and dehydroepiandrosterone sulfate (DHEAS) at the
doses indicated. DEX = dexamethasone. Control mice received saline
alone. Serum corticosterone (CS) was measured 90 min later. Data are
means + S.E. (five mice /group). * P < 0.01; versus control by Dunneit’s
test. ° P < 0.01; versus LPS alone by Dunnett’s test.

the increase of serum corticosterone by lipopolysaccharide,
as previously described (Fantuzzi et al., 1994).

3.3. Inhibition of in vitro TNF production in human pe-
ripheral blood mononuclear cells by dehydroepiandros-
terone sulfate, pregnenolone and dexamethasone

Fig. 3 shows the effect of various doses of dehy-
droepiandrosterone sulfate, pregnenolone and dexametha-
sone on TNF production by human peripheral blood
mononuclear cells cultured for 4 h with 10 ng/ml of
lipopolysaccharide. All three steroids inhibited TNF pro-
duction. Dexamethasone and dehydroepiandrosterone sul-
fate had a comparable effect, but the maximal inhibition
obtained with dexamethasone was higher than that ob-
tained with dehydroepiandrosterone sulfate (76% and 63%
inhibition, respectively). Pregnenolone was the least active
of the three steroids (minimal inhibitory dose 10™* M;
maximal inhibition attained, 35%).
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Fig. 3. Effect of dehydroepiandrosterone sulfate, pregnenolone and dexa-
methasone on TNF production by human peripheral blood mononuclear
cells in vitro. Human peripheral blood mononuclear cells were cultured 4
h with lipopolysaccharide (LPS) (10 ng/ml) and various doses of dehy-
droepiandrosterone sulfate (DHEAS), pregnenolone (P) or dexamethasone
(DEX). Data are the means + S.E. from six independent experiments with
different donors. © P < 0.05; ** P < 0.01 versus LPS alone by Dunnett’s
test.
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Fig. 4. Effect of various concentrations of mefipristone (RU38486) on the
inhibition of TNF production in human peripheral blood mononuclear
cells by dehydroepiandrosterone sulfate or dexamethasone. Human pe-
ripheral blood mononuclear cells were cultured 4 h with lipopolysaccha-
ride (LPS) (10 ng/ml) and 10™° M dehydroepiandrosterone sulfate
(DHEAS) or dexamethasone (DEX). Mifepristone (RU38486) was added
at the concentrations indicated. A control group (LPS alone, open squares)
was included in which various doses of RU38486 were added to lipopoly-
saccharide-stimulated cells without dehydroepiandrosterone sulfate or
dexamethasone, to evaluate the effect of RU38486 alone. Data are the
means + S.D. (n=2) of TNF produced and are expressed as % of LPS
alone. Panels A and B show the results from two donors.

3.4. Inhibition of TNF production by dehydroepiandros-
terone sulfate or pregnenolone was not reversed by
mifepristone (RU38486)

Fig. 4 shows the effect of various doses (107°-1073
M) of RU38486 on the inhibition of TNF production by
107> M dexamethasone or dehydroepiandrosterone sulfate
in human peripheral blood mononucliear cells from two
different donors.

It can be seen that 107> M dexamethasone inhibited
TNF production by 75-80% for boths donors. Its in-
hibitory effect was reversed by increasing concentration of
RU38486 with an IC, of about 107% M. On the other
hand, the inhibitory effect of dehydroepiandrosterone sul-
fate was not reversed by RU38486 even at the highest
concentration tested (10~ M). RU38486 was not toxic (by
trypan blue exclusion) at these concentrations; however, at
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Fig. 5. Effect of mifepristone (RU38486) on the inhibition of TNF
production in human peripheral blood mononuclear cells by dehy-
droepiandrosterone sulfate, pregnenolone and dexamethasone. Peripheral
blood mononuclear cells (PBMC) were cultured 4 h with lipopolysaccha-
ride (LPS) (10 ng/ml) and 10~° M dehydroepiandrosterone sulfate
(DHEAS), pregnenolone (P) or dexamethasone (DEX). When indicated
(+), RU38486 was added at a concentration of 10™* M. Data are the
means + S.E. from four experiments with different donors. * P < 0.05;
** P <001 versus LPS alone by Dunnett’s test.

the highest concentrations tested it slighly inhibited TNF
production, so that it was impossible to use it at concentra-
tions higher than 10~ M.

The inhibitory effect of pregnenolone (107> M) also
was not modified by 10~* M RU38486, as shown in Fig.
5, showing results obtained from experiments with four
donors.

3.5. Dehydroepiandrosterone sulfate or pregnenolone did
not activate the a,-acid glycoprotein promoter

As shown in Fig. 6, dexamethasone (10~ M) markedly
activated the transcription of the CAT reporter gene indi-
cating that it activates the glucocorticoid receptor-depen-
dent o -acid glycoprotein promoter. On the other hand,
dehydroepiandrosterone sulfate or pregnenolone were inac-
tive in this model.
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Fig. 6. Effect of dehydroepiandrosterone sulfate, pregnenolone and dexa-
methasone on the a-acid glycoprotein promoter. The —215+ 1AGP-
HTC (JZ-1) cells were treated with 107 M dexamethasone (DEX),
dehydroepiandrosterone sulfate (DHEAS) or pregnenolone (P) for 24 h,
Data are expressed as pg of CAT produced /150 ug of total proteins
(means + S.E. of triplicate cultures).
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Fig. 7. Effect of dehydroepiandrosterone sulfate and dexamethasone on
TNF production (panel A) and mRNA levels (panel B) in THP-1 cells.
Cells were stimulated with 1 ug/ml lipopolysaccharide (LPS) as de-
scribed in Materials and methods. Panel A: dehydroepiandrosterone sul-
fate (DHEAS) or dexamethasone (DEX) was added at the concentrations
indicated; TNF production was expressed as ng/ml (means + S.D. from
triplicate assays). Panel B: DHEAS or DEX was added at 1073 M. Top,
TNF mRNA; bottom, ethidium bromide staining of the gel to show RNA
loading.

3.6. Effect of dehydroepiandrosterone sulfate on TNF pro-
duction and TNF mRNA levels in THP-1 cells

The effect of dehydroepiandrosterone sulfate and dexa-
methasone on TNF production and of its mRNA levels
was studied in THP-1 cells. As shown in Fig. 7, dehy-
droepiandrosterone sulfate and dexamethasone both inhib-
ited TNF production (evaluated by ELISA, panel A) and
reduced TNF mRNA levels (panel B).

4. Discussion

We now showed that administration of dehy-
droepiandrosterone sulfate inhibits the increase in serum

TNF levels in lipopolysaccharide-treated mice in a dose-
dependent fashion. Since neurosteroids are present in the
brain at concentrations up to 20-30-fold higher than in
plasma (Corpéchot et al., 1981, 1983), we also studied the
effect of centrally administered dehydroepiandrosterone
sulfate on local TNF production in the brain. The results
show that dehydroepiandrosterone sulfate also inhibits brain
TNF produced in response to a central injection of lipo-
polysaccharide. In both models, dexamethasone is also a
potent inhibitor of TNF production, as previously reported
(Beutler et al., 1986; Sironi et al., 1992), and is more
active than dehydroepiandrosterone sulfate. These data are
in agreement with the previous report of a protective effect
of dehydroepiandrosterone in endotoxic shock (Danenberg
et al., 1992).

On the other hand we showed that dehydroepiandros-
terone sulfate does not affect the lipopolysaccharide-
induced activation of the hypothalamus-pituitary-adrenal
axis. Thus, while dehydroepiandrosterone sulfate inhibits
TNF production, it does not interfere with the autocrine
inhibitory feedback represented by the hypothalamus-
pituitary-adrenal axis. On the contrary, dexamethasone
abolishes the increase of serum corticosterone induced by
lipopolysaccharide. This phenomenon was described ear-
lier (Fantuzzi et al., 1994) and is due to the well-known
inhibitory feedback by which glucocorticoids inhibit the
hypothalamus-pituitary-adrenal axis at the hypothalamic
level (Haynes, 1990). The lack of effect of dehy-
droepiandrosterone sulfate on post-lipopolysaccharide
serum corticosterone levels also indicates that endogenous
corticosterone does not mediate the inhibitory effect of
dehydroepiandrosterone sulfate. Together these data sug-
gest that dehydroepiandrosterone sulfate and hypothala-
mus-pituitary-adrenal axis-derived corticosterone represent
two independent pathways to inhibit TNF production.

The in vitro data for human peripheral blood mononu-
clear cells and THP-1 cells indicate that dehydroepiandros-
terone sulfate inhibits TNF production directly, and that
this effect is not restricted to mice. In the in vitro model,
we could also test the effect of a water-insoluble neuro-
steroid, pregnenolone, that also inhibited TNF production
in these cells, although at a lesser extent than dehy-
droepiandrosterone sulfate.

The use of the THP-1 cell line allowed us to study the
effect of dehydroepiandrosterone sulfate, which was the
neurosteroid that best inhibited TNF production, on the
induction of TNF mRNA. The results indicated that dehy-
droepiandrosterone sulfate also exerts its inhibitory effect
at the transcriptional level. In these experiments, dexa-
methasone also markedly inhibited TNF mRNA levels,
although its inhibitory effect was less marked than on TNF
protein levels. This is in agreement with previous data of
Beutler et al. (1986), and suggests that dexamethasone
inhibits TNF production at both the transcriptional and the
post-transcriptional level.

Since dehydroepiandrosterone sulfate was suggested not
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to interact with glucocorticoid receptor (Shafagoy et al.,
1992), we investigated the effect of the glucocorticoid
receptor antagonist, mifepristone (RU38486), on the in-
hibitory effect of dexamethasone, dehydroepiandrosterone
sulfate and pregnenolone. The complete reversal of dexa-
methasone inhibition of TNF production by RU38486
confirms previous reports indicating that inhibition of TNF
synthesis by glucocorticoids is mediated by glucocorti-
coids receptor (Hawes et al., 1992; Lazar et al., 1992). Our
data indicate that RU38486 does not reverse dehy-
droepiandrosterone sulfate inhibition of TNF production
even at concentrations 5 logs higher than those reversing
the effect of dexamethasone.

The fact that the effect of dehydroepiandrosterone sul-
fate and pregnenolone was not reversed by RU38486
supports the concept that they do not act through the
glucocorticoid receptor. The in vivo data showing that
dehydroepiandrosterone sulfate, unlike dexamethasone,
does not desensitize the hypothalamus-pituitary-adrenal
axis suggest further that dehydroepiandrosterone sulfate
does not act as a glucocorticoid. It should also be noted
that a related neurosteroid, dehydroepiandrosterone, not
only does not have an immunosuppressive action but was
reported to prevent immunosuppression induced by dexa-
methasone (May et al., 1990; Blauer et al., 1991). On the
other hand; dehydroepiandrosterone has some immuno-
stimulatory activity (Daynes et al., 1990).

The lack of effect of dehydroepiandrosterone sulfate
and pregnenolone on the glucocorticoid receptor-activated
a,-acid glycoprotein promoter (where dexamethasone had
a strong transcriptional activity) confirms the lack of func-
tional activation of the glucocorticoid receptor by these
two neurosteroids.

Thus, the mechanism by which neurosteroids (at least
dehydroepiandrosterone sulfate and pregnenolone) inhibit
TNF production remains to be elucidated. One possibility
is that this inhibitory effect is exerted through an interac-
tion with the GABA , (y-aminobutyric acid) receptor. In
fact, neurosteroids were shown to modulate the activity of
the GABA, receptor which is associated with a chloride
channel (Paul and Purdy, 1992; Majewska, 1992). In this
respect, it is of interest to note that benzodiazepines, which
also interact with the GABA , receptor (Schofield et al.,
1987), were reported to inhibit TNF production in mice
(Zavala et al., 1990).

Several mediators originating in the central nervous
system or the neuroendocrine system, such as glucocorti-
coids (through the hypothalamus-pituitary-adrenal axis)
(Besedovsky et al., 1986; Fantuzzi and Ghezzi, 1993) and
melanocyte stimulating hormone (Catania and Lipton,
1993), were shown to regulate cytokine production. These
data suggest that neurosteroids might be listed among
these mediators. The inhibitory effect of neurosteroids on
TNF production might be important under physiological
conditions such as stress and pregnancy, in which their
levels are elevated (Majewska, 1992).

Acknowledgements

Carried out in part under contract with the Commission
of European Communities, Biotech Project, BIO2-CT92-
0316, and supported by a grant from Ministero della
Sanita-Istituto Superiore di Sanita, Rome, Italy, within the
1993 AIDS Project.

References

Aggarwal, B.B., W.J. Khor, P.E. Hass, B. Moffat, S.A. Spencer, J.
Henzel, S. Bringman, G.E. Nedwin, D.V. Goeddel and R.N. Harkins,
1985, Human tumor necrosis factor. Production, purification and
characterization, J. Biol. Chem. 260, 2345.

Bertini, R., M. Bianchi and P. Ghezzi, 1988, Adrenalectomy sensitizes
mice to the lethal effects of interleukin 1 and tumor necrosis factor, J.
Exp. Med. 167, 1708.

Besedovsky, H., A. Del Rey and C.A. Dinarello, 1986, Immunoregula-
tory feedback between interleukin-1 and glucocorticoid hormones,
Science 233, 652.

Beutler, B., N. Krochin, I.W. Milsark, C. Luedke and A. Cerami, 1986,
Control of cachectin (tumor necrosis factor) synthesis: mechanisms of
endotoxin resistance, Science 232, 977.

Blauer, K.L., M. Poth, W.M. Rogers and E.W. Bemton, 1991, Dehy-
droepiandrosterone antagonizes the suppressive effects of dexametha-
sone on lymphocyte proliferation, Endocrinology 129, 3174.

Catania, A. and J.M. Lipton, 1993, Alpha-melanocyte stimulating hor-
mone in the modulation of host reactions, Endocrine Rev. 14, 564.

Chirgwin, J.H., AE. Prybyla, R.J. MacDonald and J. Rutter, 1979,
Isolation of biologically active ribonucleic acid from sources enriched
in ribonuclease, Biochemistry 18, 5294,

Chrousos, G.P., 1995, The hypothalamic-pituitary-adrenal axis and im-
mune-mediated inflammation, New Engl. J. Med. 332, 1351.

Corpéchot, C., P. Robel, M. Axelson, J. Sjovall and E.-E. Baulieu, 1981,
Characterization and measurement of dehydroepiandrosterone sulfate
in rat brain, Proc. Natl. Acad. Sci. USA 78, 4704.

Corpéchot, C., M. Singuelakis, S. Talha, M. Axelson, J. Sjovall, R.
Vihko, E.-E. Baulieu and P. Robel, 1983, Pregnenolone and its sulfate
ester in the rat brain, Brain Res. 270, 119.

Corti, A., G. Fassina, F. Marcucci, E. Barbanti and G. Cassani, 1992,
Oligomeric tumor necrosis factor a slowly converts into inactive
forms at bioactive levels, Biochem. J. 284, 905.

Danenberg, H.D., G. Alpert, S.G. Lustig and D. Ben-Nathan, 1992,
Dehydroepiandrosterone protects mice from endotoxin toxicity and
reduces tumor necrosis factor production, Antimicrob. Agents
Chemother. 36, 2275.

Daynes, R.D., D.J. Dudley and B.A. Araneo, 1990, Regulation of murine
lymphokine production in vivo. II. Dehydroepiandrosterone is a natu-
ral enhancer of interleukin 2 synthesis by helper T cells, Eur. J.
Immunol. 20, 793.

De Boer, M., R. Reijneke, R.J. Van de Griend, J.A. Loos and D. Roos,
1981, Large-scale purification and cryopreservation of human mono-
cytes, J. Immunol. Methods 43, 225.

Fantuzzi, G. and P. Ghezzi, 1993, Glucocorticoids as cytokine inhibitors:
role in neuroendocrine control and therapy of inflammatory diseases,
Mediat. Inflamm. 2, 263.

Fantuzzi, G., M.T. Demitri and P. Ghezzi, 1994, Differential effect of
glucocorticoids on tumor necrosis factor production in mice: upregu-
lation by early pretreatment with dexamethasone, Clin. Exp. Im-
munol. 96, 166.

Gnocchi, P., C. Losa, D. Trizio and AM. Isetta, 1992, Development and
application of a radioimmunoassay (RIA) for the in vitro and in vivo
quantification of murine IL-18, Lymphokine Cytokine Res. 11, 257.

Haley, T.J. and W.G. McCormick, 1957, Pharmacological effects pro-



186 E. Di Santo et al. / European Journal of Pharmacology 299 (1996) 179-186

duced by intracerebral injection of drugs in the conscious mice, Br. J.
Pharmacol. 12, 12,

Hawes, A.S., C.S. Rock, C.V. Keogh, S.F. Lowry and S.E. Calvano,
1992, In vivo effects of the antiglucocorticoid RU 486 on glucocorti-
coid and cytokine response to Escherichia coli endotoxin, Infect.
Immunol. 60, 2641.

Haynes, R.C., 1990, Adrenocorticotropic hormone, adrenocortical steroids
and their synthetic analogs: inhibitors of the synthesis and actions
adrenocortical hormones, in: The Pharmacological Basis of Therapeu-
tics, 8th edn., Vol. 8, eds. A. Goodman Gilman, T.W. Rall, A.S. Nies
and P. Taylor (Macmillan Publishing Co., New York) p. 1431,

Ingrassia, R., G.F. Savoldi, A. Caraffini, M. Tironi, C. Poiesi, P. Williams,
A. Albertini and D. Di Lorenzo, 1994, Characterization of a novel
transcription complex required for glucocorticoid regulation of the rat
alpha-1-acid glycoprotein gene, DNA Cell Biol. 13, 615.

Lazar, G.J., E. Duda and G. Lazar, 1992, Effect of RU 38486 on TNF
production and toxicity, FEBS Lett. 308, 137.

Lipton, J.M., A. Macaluso, M.E. Hiltz and A. Catania, 1991, Central
administration of the peptide a-MSH inhibits inflammation in the
skin, Peptides 12, 795.

Majewska, M.D., 1992, Neurosteroids: endogenous bimodal modulators
of the GABA, receptor. Mechanism of action and physiological
significance, Progr. Neurobiol. 38, 379.

May, M., E. Holmes, W. Rogers and M. Poth, 1990, Protection from
glucocorticoid induced involution by dehydroepiandrosterone, Life
Sci. 46, 1627.

Mengozzi, M., G. Fantuzzi, R. Faggioni, A. Marchant, M. Goldman, S.
Orencole, B.D. Clark, M. Sironi, F. Benigni and P. Ghezzi, 1994,
Chlorpromazine specifically inhibits peripheral and brain TNF pro-
duction, and up-regulates interleukin 10 production in mice, Im-
munology 82, 207.

Paul, SM. and R.H. Purdy, 1992, Neuroactive steroids, FASEB . 6,
2311.

Schofield, P.R., M.G. Darlinson, N. Fujita, D.R. Burt, F.A. Stephenson,
H. Rodriguez, L.M. Rhee, J. Ramachandran, V. Reale, J.A. Glen-
corse, P.H. Seeburg and E.A. Barnard, 1987, Sequence and functional
expression of the GABA , receptor shows a ligand-gated receptor
superfamily, Nature 328, 221.

Shafagoy, Y., J. Opoku, D. Qureshi, W. Regelson and M. Kalimi, 1992,
Dehydroepiandrosterone prevents dexamethasone-induced hyperthen-
sion in rats, Am. J. Physiol. 263, E210.

Sironi, M., M. Gadina, M. Kankova, F. Riganti, A. Mantovani, M.
Zandalasini and P. Ghezzi, 1992, Differential sensitivity of in vivo
TNF and IL-6 production to modulation by antiinflammatory drugs in
mice, Int. J. Inmunopharmacol. 14, 1045.

Wang, A.M., A.A. Creasey, M.B. Ladner, J. Srickler, J.N. Van Arsdell,
R. Yamamoto and D.F. Mark, 1985, Molecular cloning of the com-
plementary DNA for human tumor necrosis factor, Science 228, 149.

Zavala, F., V. Taupin and B. Descamps-Latscha, 1990, In vivo treatment
with benzodiazepines inhibits murine phagocyte oxidative metabolism
and production of interleukin 1, tumor necrosis factor and interleukin
6, J. Pharmacol. Exp. Ther. 255, 442.



