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The effect of adrenalectomy on interleukin-1 release in
vitro and in vivo
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1 Peritoneal macrophages (M0) collected from adrenalectomized (ADX) rats released more

interleukin-1 (IL-1) activity and prostaglandin E2 (PGE2) than macrophages from sham-operated
(SHO) rats.
2 The increase in IL-1 activity in the supernatants was confirmed by the increase of the cell-
associated 33 kD IL-la precursor in ADX macrophages stimulated by lipopolysaccharide (LPS).
3 After the injection of Complete Freund's Adjuvant (CFA) to induce adjuvant arthritis, 60% of
the ADX rats died, while no deaths occurred in the SHO group.

4 The in vivo administration of dexamethasone inhibited both IL-1 and PGE2 release by macro-

phages as well as protecting ADX animals from CFA-induced death. Indomethacin and BW 755C
partially protected the animals from this lethal effect.
5 These results suggest that adrenalectomy induces an increased release of IL-1 both in vitro and
in vivo, and are consistent with a feedback mechanism between IL-1 and glucocorticoid hormones.

Introduction

The acute inflammatory response is an important
part of the body's defence mechanisms against injury
or infection. This response has as its main objectives
the neutralization and removal of pathogens, the
rebuilding of injured tissues and ultimately the resto-
ration of normal structure and function. Sometimes
the activation of defence reactions lasts well after the
removal of the injurious agents triggering the tran-
sition from acute to chronic inflammation. It has
been proposed that the rise in adrenocortical steroid
hormones occurring during inflammation might turn
off the activated defence reactions in order to restore
homeostasis (Munck et al., 1984). Accordingly, we
have shown previously that the extent of the acute
inflammatory response in adrenalectomized rats is
much greater than in sham-operated animals
(Flower et al., 1986). This phenomenon was sus-
tained by the activation of phospholipase A2 (PLA2)
with consequent formation of pro-inflammatory
eicosanoids. The administration of dexamethasone
decreased the severity of the inflammatory process
probably via the induction of anti-phospholipase
proteins (lipocortins) (Parente & Flower, 1985;
Flower et al., 1986).

In recent years the important role of interleukin-1
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(IL-1) in inflammation has been well documented
(Dinarello, 1988; Cybulsky et al., 1988). It has been
shown that IL-1 is able to stimulate prostaglandin
formation by both increasing cellular cyclo-
oxygenase biosynthesis (Raz et al., 1988) and activat-
ing PLA2 (Burch et al., 1988; Solito & Parente,
1989). On the other hand, IL-I can directly stimulate
the adrenal cortex (Roh et al., 1987) and its synthesis
and release is inhibited by glucocorticoids (Snyder &
Unanue, 1982; Knudsen et al., 1987; Lew et al.,
1988). In order to investigate the relationship
between IL-1 and endogenous steroid hormones we
have studied the effect of adrenalectomy on IL-1
release and we report that macrophages from ADX
rats (hereafter referred to as ADX macrophages)
release significantly more IL-1 than macrophages
from SHO animals (hereafter referred to as SHO
macrophages). This enhanced release may occur also
in vivo following the challenge with Complete
Freund's Adjuvant (CFA).

Methods

Animals

Adrenalectomized and sham-operated outbred
Wistar rats (200 + 10g body wt) were obtained from
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Charles River, Calco, Italy. ADX rats were given
0.9% NaCl solution to drink, while SHO rats were
given tap water. Animals were fed on standard chow
pellets ad libitum and used for experiments two
weeks after surgery.

Cell culture

Resident peritoneal cells were collected by lavage
with phosphate-buffered saline (PBS) containing
heparin 5 units ml- . Cells from 5-8 animals were
pooled and plated at 2 x 106 cells per well in multi-
well plates 24 x 10mm (Costar, Cambridge, MA,
USA) and incubated in 0.5 ml of RPMI 1640 (Gibco,
Paisley, U.K.) containing L-glutamine 2 mm, HEPES
buffer 25mm, and gentamicin sulphate 50pgml-P
(Sigma Chemical Co., St. Louis, MO, U.S.A.) and
supplemented with 20% Foetal Calf Serum (FCS,
Seromed, Berlin, FRG). After 2 h incubation at 370C
in 5% CO2 atmosphere, nonadherent cells were
removed by washing thoroughly with serum-free
RPMI and the adherent population was further
incubated in RPMI 1640 + 5% FCS, either with or
without 10 pg ml -1 lipopolysaccharide (LPS) from E.
coli (055:B5, Difco, Detroit, MI, U.S.A.). Adherent
cells were shown to be >98% macrophages by posi-
tive esterase staining. After 24h incubation, super-
natant aliquots were collected for PGE2 assay, the
remaining supernatants were dialyzed against PBS
(1:200 v/v) twice and sterile filtered.

Prostaglandin E2 assay

Concentrations of PGE2 in the supernatants were
determined by specific radioimmunoassay with
minimal (3.7%) cross-reactivity with PGE, (N.E.N.,
Dreieich, FRG).

Interleukin-l assay

IL-1 activity in dialyzed supernatants was assessed
by the murine thymocyte co-stimulation assay
according to Massone et al. (1988). Briefly, 6 x 105
thymocytes from C3H/HeJ mice were incubated in
multiwell plates (Costar) in 0.2 ml of RPMI 1640 5%
FCS with 1.5 pg ml1 phytohaemoagglutinin (PHA,
The Wellcome Foundation, Beckenham, U.K.) and
serial twofold dilutions of the supernatants. After
72 h cells were pulsed for further 15 h with 1yCi per
well [3H]-thymidine (185GBqmmolP , Amersham
International, U.K.).
Data are presented as units ml-1 calculated for

sample dilutions giving 50% of the maximal thymi-
dine incorporation compared to standard curves
obtained with endotoxin-free human recombinant
IL-I# (specific activity 1.107 units mg 1, Sclavo,
Siena, Italy).

Immunoprecipitation

ADX and SHO peritoneal macrophages (1 x 107
cells in 2 ml) were incubated for 20 h in RPMI
1640 + 10% FCS with or without LPS (10pgml-')
in the presence of 1 yg ml -l cold methionine (Sigma
Chemical Co.) and 5OpCiml-' [35S]-methionine
(N.E.N.). At the end of the incubation the cells were
washed twice with PBS and lysed for 10min at 250C
in 0.5 ml PBS containing 0.5% Nonidet P-40 (LKB,
Bromma, Sweden and 1 mm phenylmethylsulphonyl-
fluoride (PMSF). The cell lysates were spun at
10,000g for 10min and cleared with 5yl of normal
rabbit serum followed by 100 p1 of protein A coupled
to Sepharose 4B (Pharmacia, Uppsala, Sweden). To
the cleared lysates were added 1:100 dilutions of
either rabbit polyclonal anti-human recombinant
IL-1i (Massone et al., 1988) or rabbit polyclonal
anti-human recombinant IL-la (Genzyme Biochemi-
cals, Maidstone, U.K.). After incubation for 18h at
40C, 1001l of protein A Sepharose 4B was added,
and the immunoprecipitates were washed 3 times in
Tris-HCl 10mM pH 7.5 containing NaCl 150mM and
PMSF 4ugml-1, followed by three washes with the
same buffer containing NaCl 500mm and finally by 3
washes with the same buffer without NaCl. The
immunoprecipitated material was subjected to elec-
trophoresis on 15% SDS polyacrylamide gels (LKB)
according to Laemmli (1970). The gels were fixed
with 30% methanol, enhanced with Enlightning
(N.E.N.), vacuum dried and exposed to photographic
film (Kodak X-Omat) at -40'C for 48 h.

In vivo experiments

In order to induce adjuvant arthritis ADX and SHO
rats were injected s.c. with Complete Freund's Adju-
vant (0.2 ml, 10mg ml 1, M. tuberculosis, Difco) into
the right hind paw.

Drugs

Dexamethasone 21-acetate and indomethacin were
obtained from Sigma Chemical Co. BW 775C (3-
amino-1-[m-(trifluoromethyl)-phenyl]-2 pyrazoline)
was kindly supplied by The Wellcome Foundation.
On the basis of preliminary results, in the ex vivo
experiments dexamethasone (0.1mgkg-1, s.c.) was
administered for 9 days and macrophages collected
24 h after the last administration (see Figure 1).

Statistics

Statistical analysis was performed using Student's t
test for unpaired samples with P < 0.05 regarded as
significant.
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Figure 1 Interleukin-I (IL-1)-like activity (upper
panel) and prostaglandin E2 (PGE2) concentration
(lower panel) in supernatants of peritoneal macrophages
collected from adrenalectomized (hatched columns) and
sham-operated (stippled columns) rats. Animals were

treated either with vehicle ml kg- s.c. (Control) or

with dexamethasone 0.1 mgkg-' s.c. (Dex) for 9 days
and macrophages were collected 24 h after last adminis-
tration. (a) Unstimulated macrophages; (b)
Lipopolysaccharide-stimulated macrophages. Columns
represent mean (with s.e.mean shown by vertical bars)
of one experiment performed in triplicate. Four other
experiments gave similar results. * P < 0.05;
** P < 0.01; *** P < 0.005 vs corresponding ADX
group. t P < 0.05; At P < 0.01; ttt P < 0.005 vs control
ADX group.

Results

Interleukin-J and prostaglandin E2 release
by macrophages

Control peritoneal macrophages from ADX rats
secreted into the culture medium significantly more

IL-i activity than those from SHO animals (Figure
la, upper panel). LPS stimulation increased the
absolute amount of IL-1 released by either type of
macrophage, leaving the proportional difference
between ADX and SHO macrophages virtually
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Figure 2 Immunoprecipitation pattern of macrophage
lysates from sham-operated (lanes 1 and 2) and adrena-
lectomized rats (lanes 3 and 4). Macrophages were incu-
bated for 20 h either in absence (lanes 1 and 3) or in
presence of l0pgml-' lipopolysaccharide (lanes 2 and
4). Antibodies used were rabbit polyclonal anti-hr
interleukin-la (IL-la, a) and rabbit polyclonal anti-hr
IL-If# (b).

unchanged (Figure lb, upper panel). The in vivo
administration of dexamethasone significantly
reduced IL-1 release by ADX and SHO macro-
phages whether stimulated or not by LPS. More-
over, control peritoneal macrophages from ADX rats
released significantly more PGE2 than those from
SHO animals (Figure la, lower panel). As with IL-1,
PGE2 biosynthesis was greatly enhanced by LPS
stimulation (Figure lb, lower panel) and was reduced
by in vivo administration of dexamethasone.

Interleukin-J immunoprecipitation

In order to investigate the involvement of the two
molecular species of IL-1 in the biological activity
observed in the macrophage supernatants, we
carried out immunoprecipitation experiments using
specific polyclonal antibodies raised against human
recombinant IL-la and IL-if?. The results show that
the anti-IL-lax antibody detected the presence of cell-
associated 33 kD IL-Ia in macrophages whether
stimulated or not by LPS (Figure 2a). The largest
amount of pro-IL-la was observed in ADX macro-
phages stimulated by LPS (Figure 2a, lane 4). On the
other hand, the anti-IL-1if antibody was able to rec-
ognize the cell-associated pro-IL-if? only upon
stimulation with LPS (Figure 2b). No evident differ-
ence in the band corresponding to the 33 kD pro-IL-
if? could be observed between SHO and ADX
macrophages. It is also clear that rat macrophages
express more pro-IL-la than pro-IL-if?. Finally, we
were unable to observe immunoprecipitation of
soluble IL-1 in the macrophage supernatant (data
not shown).
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the IL-1 release during an inflammatory process we
decided to induce adjuvant arthritis in ADX and
SHO rats, since we have shown elsewhere that
macrophages from arthritic animals release more
IL-1 than control cells (Becherucci et al., 1989).
Unexpectedly, 36h after CFA injection 60% of the
ADX rats died, while no death occurred in the SHO
animals. This is consistent with the recent observa-

- A tion that IL-1 and tumour necrosis factor (TNF) are
l l l lethal for adrenalectomized mice but not for sham-

0 12 24 36 48 60 72 operated ones (Bertini et al., 1988). It is tempting to
Time (h) after CFA injection hypothesize that the CFA injection prompted the

release of IL-1 by macrophages and other IL-1-

10) injected with Complete Freund's Adjuvant forming cells in vivo causing the death of ADX rats.
Lt time 0. Drugs were administered at 0, 4 and The involvement of TNF in this phenomenon is cur-
ntrol group (El) received vehicle 1 ml kg-' rently under investigation.
(0) indomethacin 3mgkg1 orally; (N) In summary our results may suggest that adrena-

20mgkg-' orally; (A) dexamethasone lectomy increases the release of IL-1 both in vitro
s.c. and in vivo. Several investigators have shown that

glucocorticoids suppress IL-1 synthesis by blocking
xperiments the transcription of IL-1 mRNA (Knudsen et al.,

1987; Lew et al., 1988; Lee et al., 1988). Therefore,
shown elsewhere that macrophages col- the synthesis of IL-I in ADX animals may be de-

im rats with adjuvant arthritis release more regulated because of the absence of endogenous
those from control animals (Becherucci et corticosteroid hormones. The in vivo administration
In order to investigate the effect of adrena- of dexamethasone was indeed able to inhibit both
on IL-1 release in arthritic animals CFA IL-1 and PGE2 release by macrophages, as well as
ted in ADX and SHO rats. Thirty-six hours exhibiting a long-lasting protective effect from CFA-
injection, 60% of ADX rats died (Figure 3). induced death in ADX rats. Indomethacin, a cyclo-
died either in the SHO group or in ADX oxygenase inhibitor, and BW755C, a dual
injected with Incomplete Freund's Adjuvant cyclo-oxygenase/lipoxygenase inhibitor, given three
In). The lethal effect of CFA injection was times on the first day, only protected up to 24 h fol-
ly reversed by dexamethasone given three lowing CFA injection (see Figure 3). We have subse-
the first day. Indomethacin and BW755C, quently observed that three daily administrations of
tording to the same dosing schedule as the the non-steroid drugs for three days completely pro-
zrotected only up to 24h after CFA inject tected the ADX rats from death (data not shown).
ire 3). injec This suggests that CFA injection caused a sustainedare3). biosynthesis of toxic eicosanoids. Therefore, we

would like to propose that in ADX rats injected with
on CFA, a continuous release of IL-1 occurs with sub-

sequent activation of PLA2, which may cause
previously proposed that the enhancement directly a circulatory collapse (Vadas et al., 1988) as
flammatory response in ADX animals is at well as induce the formation of toxic metabolites like
tially due to the activation of PLA2 not thromboxanes and platelet activating factor (PAF).
Ated by an increase in circulating cortico- It has been shown that a shock-like state caused by
ormones. This hypothesis was based on the IL-1 in rabbits was abolished by cyclo-oxygenase
on that inflammatory exudates from ADX inhibitors (Okusawa et al., 1988). Moreover, IL-1
ain significantly higher levels of eicosanoids stimulated PAF formation (Bussolino et al., 1986)
rophages collected from ADX rats release and a PAF antagonist blocked IL-1-induced inflam-
d mediators than SHO animals (Parente & matory effects (Rubin & Rosenbaum, 1988). In this
1985; Flower et al., 1986). Our present light the long-lasting protective effect of dexametha-
Iow that macrophages collected from ADX sone can be ascribed to the combined inhibition of
release more IL-1 and PGE2 than control IL-1 synthesis and induction of anti-PLA2 proteins.
n SHO animals. As IL-1 stimulates PLA2 Indeed, we have recently shown that in human fibro-
al., 1988; Solito & Parente, 1989) it is con- blasts, hydrocortisone blocks IL-1-induced PLA2
that the enzyme activation is secondary to activation through the induction of lipocortins
Ese of IL-1 synthesis. In order to investigate (Solito & Parente, 1989). The enhanced synthesis

80r
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and release of IL-1 following adrenalectomy and the
inhibitory effect of glucocorticoids are consistent
with the hypothesis that endogenous steroid hor-
mones control homeostasis by lowering the intensity
of the body's defence reactions (Munck et al., 1984).

It has been shown that IL-1 stimulates the secre-
tion of both corticotropin-releasing factor (Salposki
et al., 1987; Berkenbosch et al., 1987) and adrenocor-
ticotrophic hormone (ACTH, Besedowsky et al.,
1986). Moreover, IL-1 increases rat serum cortico-
sterone levels by direct stimulation of the adrenal
cortex (Roh et al., 1987). In view of these observa-
tions, an immunoregulatory feedback mechanism
between IL-1 and glucocorticoids has been proposed
by Besedowski et al. (1986). Our results provide a
physiological basis for this feedback mechanism,
showing, for the first time, the modulation of IL-1
release by endogenous steroid hormones.

Immunoprecipitation of IL-1 synthesized in per-
itoneal macrophages shows that IL-la is constitu-
tively produced and in larger amounts than IL-hi,

which is synthesized only after stimulation by LPS.
Interestingly, LPS-stimulated macrophages from
ADX rats appeared to have the highest quantity of
the IL-la precursor. Since it has been shown that
only the pro-IL-la is biologically active (Mosley et
al., 1987) it is possible that the enhanced IL-I-like
activity released by ADX macrophages is due to this
form of the interleukin. It has been also reported
that rat macrophages release more IL-la than IL-If?
(Kampschmidt & Franks, 1985). No extracellular
forms of IL-1 were observed in the immuno-
precipitation gels. It is likely that the bioassay is able
to detect IL-1 amounts not revealed by immuno-
precipitation because of different sensitivity, as pre-
viously reported (Hazuda et al., 1988). However, the
involvement of other macrophage products in the
observed biological activity cannot, at the moment,
be excluded.

We wish to thank Drs P. Ghiara, M. Melli and K.G. Mug-
ridge for the critical review of this manuscript.
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