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Abstract

The effects of interferons (IFNs) IFN-o, IFN-f and IFN-y on the production of cortisol in
bovine adrenal fasciculata cells have been investigated.

Pretreatment of the fasciculata cells with recombinant interferon-o-2b from man (over
300 units mL "), but not with fibroblast IFN-f or recombinant IFN-y from man, reduced
the production of cortisol in cells stimulated with adrenocorticotropin (ACTH) (1 nMm).
IFN-0-2b inhibited ACTH-induced cortisol production in a concentration- (300—
15000 unitsmL ") and time- (2—24 h) dependent manner. The inhibitory effect of IFN-
o-2b on the production was abolished when the cells were simultaneously treated with anti-
IFN-a antibody, and it was reversible. IFN-a-2b also inhibited dibutyryl cyclic AMP-
induced production of cortisol but not pregnenolone-induced production. The effect of
IFN-2-2b was not influenced by increases in external ACTH and Ca*" concentrations and
IFN-«-2b did not affect the ACTH-induced increase in cyclic AMP level in the cells.

These results strongly suggest that IFN-o-2b reduces ACTH-induced production of
cortisol in bovine adrenal fasciculata cells by affecting the early process of cortisol
synthesis. The results also indicate that IFNs might not directly affect steroidogenesis in
the adrenal cortex in-vivo, because of the requirement of high concentrations of IFN-o-2b

for inhibition, and because of the ineffectiveness of IFN-f and IFN-y.

The interferons (IFNs), a family of bioactive
cytokines, are glycoproteins which interfere with
virus replication (Isaacs & Lindenmann 1957) and
have a variety of other biological effects including
modulation of immune systems and regulation of
cell proliferation and differentiation (Pestka &
Langer 1987; Douglas 1990; Sen 1992). IFNs are
classified into three types, IFN-o, IFN-f and IFN-y,
produced mainly by leucocytes, fibroblasts, and T
lymphocytes, respectively.

IFNs are widely used as drugs for the treatment
of patients with viral infection or carcinoma
(Douglas 1990). However, during therapy with
IFNs, especially IFN-¢, severe psychiatric side-
effects such as depression, confusion and beha-
vioural changes have been reported (McDonald et
al 1987; Renault et al 1987; Hasford et al 1993) in
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addition to influenza-like symptoms including
fever, chill, headache, and vomiting (Douglas
1990). We have investigated the effects of IFNs on
the secretion of catecholamines from bovine adre-
nal chromaffin cells, widely used as a model of
nervous systems (Tachikawa et al 1997). The
results showed that recombinant IFN-o-2b (30—
500 units mL ") from man, but not fibroblast IFN-f
and recombinant IFN-y from man, reduces secre-
tions from cells stimulated by acetylcholine and it
was suggested that the inhibitory effects of IFN-a-
2b might be associated with the side-effects of IFN-
o, and that immune systems might regulate the
functions of nervous systems or adrenal medulla, or
both, via IFN-o in-vivo.

Recent studies have shown that immune systems
regulate the function of endocrine and neuroendo-
crine systems via cytokines in-vivo and in-vitro.
The effects of cytokines on the hypothalamo—
pituitary—adrenocortical axis have been demon-
strated. For example, interleukin (IL)-1 increased
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the release of corticotropic-releasing hormone
(CRH) from rat hypothalamus in-vivo and in-vitro
(Berkenbosch et al 1987; Sapolsky et al 1987;
Saphier & Ovadia 1990), and directly stimulated
the secretion of adrenocorticotropin (ACTH) from
the anterior pituitary glands (Berkenbosch et al
1987; Bernton et al 1987; Cambronero et al 1992).
IL-6 enhanced ACTH secretion from rat hemi-
pituitary glands in-vitro, and the injection of IL-6
into rats also increased both ACTH and corticos-
terone secretion (Lyson & McCann 1991). The
release both of CRH from medial basal hypotha-
lamus (Spinedi et al 1992) and of cortisol from
adrenocortical cells (Darling et al 1989) were also
increased by tumour necrosis factor-o. Thus, sev-
eral cytokines regulate the functions of the hypo-
thalamo—pituitary—adrenocortical axis.

The effects of IFNs on their systems have also
been observed. The intracerebroventricular admin-
istration to rats of recombinant IFN-« from man
reduced basal plasma corticosterone levels (Kin-
dron et al 1989; Saphier et al 1993), whereas
intravenous administration to rats of rat IFN-o or
IFN-f or recombinant IFN-¢ from man increased
concentrations of corticosterone and ACTH in
peripheral plasma (Menzies et al 1996). Nolten et al
(1993) have reported that the intravenous admin-
istration of IFN-f to cancer patients increases both
ACTH and cortisol in the plasma. IFN-y stimulated
ACTH secretion from cultured pituitary cells from
man (Malarkey & Zvara 1989) or inhibited it from
rat cells (Vankelecom et al 1992). Although these
reports show that IFNs modulate the functions of
the hypothalamo—pituitary—adrenocortical axis, the
results conflict.

To examine the direct influence of IFNs as
immunotransmitters and drugs upon the adrenal
cortex, therefore, we investigated the effect of IFNs
on the production of cortisol in bovine adrenal
fasciculata cells stimulated by ACTH.

Materials and Methods

Materials

Ca®"-free Krebs—Ringer phosphate (KRP) buffer
used for cell isolation had the composition: 154 mMm
NaCl, 5-6 mM KCl, 2-:2mM CaCl,, 1-1 mM MgCl,,
0-85mM NaH,PO4, 2-15mM Na,HPO,, 10mm
glucose, and 0-5% bovine serum albumin (pH 7-4).
Oxygenated Krebs—Ringer—4-(2-hydroxyethyl)-1-
piperazineethanesulphonic acid (HEPES) buffer
(KRH buffer) (pH 7-4), used as an incubation
medium, was of composition: 125mM NaCl,
4-8 mM KCl, 2-6 mM CaCl,, 1-2mM MgSQOy, 25 mM

HEPES, 5-6 mM glucose, and 0-5% bovine serum
albumin. Recombinant IFN-«-2b, IFN-y and ACTH
[1-24] from man were purchased from Seikagaku
Kogyo (Tokyo, Japan). Sheep anti-human IFN-o
polyclonal antibody was from Funakoshi (Tokyo,
Japan). Fibroblast IFN-f from man and pregneno-
lone were from Sigma (St Louis, MO). The cyclic
AMP kit was purchased from Yamasa (Chyoshi,
Japan). Tissue culture instruments were obtained
from Falcon Plastics (Cockeysville, MD). Dulbec-
co’s Modified Eagle medium (DMEM) and F-12
Nutrient Mixture (Ham) were from Life Technol-
ogies (Grand Island, NY). Calf serum was obtained
from Nacarai Tesque (Kyoto, Japan). Other che-
micals were of the highest grade available from
commercial sources.

Isolation and culture of bovine adrenal fasciculata
cells

Bovine adrenal glands were kindly provided by the
Centre of Iwate Livestock Industry. Adrenal fasci-
culata cells were prepared by the method of col-
lagenase digestion as described elsewhere
(Yanagibashi et al 1990; Yamazaki et al 1996).
Briefly, adrenal glands were perfused via the
adrenal vein with Ca>"-free KRP buffer for 15 min
at 37°C to flush the glands. The adrenal glands
were then dissected to remove the zona glomer-
ulosa, the zona reticularis and the medulla, and the
zona fasciculata was sliced using a Stadie-Rigg
slicer. The slices were digested with collagenase
for 30 min at 37°C. The isolated cells were filtered
through a nylon mesh, washed three times with
Ca”*-free KRP buffer, and centrifuged at 600 g for
2min. The cells were immediately suspended in
DMEM-Ham’s F-12 (1:1) containing 10% foetal
bovine serum, cytosine arabinoside (3 uM), peni-
cillin (100 units mL™"), streptomycin (100 uM) and
amphotericin B (0-3 uygmL™"), and plated on 15-
mm diameter wells at a density of 5 x 10° cells.
The cells were maintained in a CO, incubator (95%
air-5% CO,) at 37°C.

Measurement of cortisol in the fasciculata cells

After three days of culturing, the fasciculata cells
were further cultured for one day at 37°C with IFN-
containing or plain culture medium, except as
otherwise described below. The cells were washed
twice with KRH buffer and then pre-incubated with
KRH buffer for 10 min at 37°C. The cells were
washed once more with prewarmed KRH buffer
and incubated with or without ACTH or other test
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agents for 1h. The reaction was terminated by
transferring the incubation medium to tubes in an
ice-cold bath. The cortisol produced in the medium
was extracted with dichloromethane and quantified
by the sulphonic acid condensation method (Silber
et al 1958), using a fluorescence spectrophotometer
(650-10S; Hitachi, Tokyo, Japan) at an excitation
wavelength of 470 nm and an emission wavelength
of 520 nm. The amount of cortisol produced from
the cells was expressed as ng per well h™'

Measurement of cyclic AMP concentration in the
cells

After incubation of the cultured cells with or
without 1nM ACTH for 1h, the medium was
removed and the cells were immediately frozen on
dry ice. The cells were scraped from the well into
6% perchloric acid. The samples were centrifuged
at 20000 g for 10 min, and the supernatant was
neutralized with KOH. The samples were cen-
trifuged at 20000 g for 10 min, and cyclic AMP in
the supernatant was succinylated with triethylamine
and succinic anhydride (Cailla et al 1976). The
cyclic AMP levels were measured by radio-
immunoassay (Steiner et al 1972) and were
expressed as pmol per well h™".

Statistics

Statistical evaluation of data was performed by
analysis of variance. When a significant F' value
was found by analysis of variance, Scheffe’s test
for multiple comparisons was performed to identify
differences among the groups. P <0-05 was con-
sidered to be indicative of significance.

Results

Effects of IFN-a-2b, IFN-f and IFN-y on cortisol
production in adrenal fasciculata cells

We first examined the effects of three kinds of IFN,
IFN-o, IFN-f and IFN-y, on the production of
cortisol in bovine adrenal fasciculata cells. After
pretreatment of the fasciculata cells with recombi-
nant IFN-o-2b from man (1500 and 15000 units
mL™") for 24h, when the IFN-a-2b-treated cells
were stimulated by ACTH (1nM), cortisol pro-
duction in the cells was greatly inhibited (Table 1).
The inhibitory effect of IFN-«-2b was not observed
in the basal (spontaneous) production in non-sti-
mulated cells. The amount of cortisol in the culture
medium of IFN-o-2b (1500 and 15000 units
mL™")-treated cells did not significantly change

Table 1. Effects of interferons on cortisol production in
bovine fasciculata cells.

Interferon Amount Cortisol productlon
(units mL™1) (ngperwellh™ b
Control Adreno-
corticotropin
None - 21+£5 1448+ 72
Interferon-a-2b 1500 28+ 10 967 £ 56*
15000  29+7 448 + 16*
Interferon-f 2000 19+6 1356+ 26
15000  24+£5 1421425
Interferon-y 2000  26+9 144777
15000  25+8 1490+ 10

The isolated bovine adrenal fasciculata cells were cultured
for 72 h and then further cultured with or without recombmant
interferon (IFN)-o-2b from man (1500 or 15000 units mL ™),
IFN-$ (2000 or 15000 units mL ™ ) or recombinant IFN-y from
man (2000 or 15000 unitsmL™") for 24h. The cells were
washed with prewarmed Krebs—Ringer—HEPES buffer and
then incubated with or without 1nM adrenocorticotropin
(ACTH) for 1h at 37°C. Data are means=s.d. of results
from four experiments. *P <(-01 compared with ACTH-
induced cortisol production.

during 24h in comparison with that of the non-
treated cells (data not shown). Pretreatment of the
cells with fibroblast IFN-f or recombmant IFN-y
from man (2000 and 15000 unitsmL™") had no
effect on ACTH-induced production of cortisol
(Table 1).

As shown in Figure 1A, IFN-o-2b inhibited
ACTH-induced cortisol production (1499+
53ngperwellh™!) in a concentration- dependent
manner (IC50 (concentrat10n resulting in 50%
inhibition)) = 2500 units mL™ ) inhibition by
IFN-0-2b  was s1gn1ﬁcant at 300 units mL™
(1350+40ngwell 'h™'). At 1500 units mL ™"
was 35% and was maximum (approx. 70%) at
15000 unitsmL.™". To examine the properties of
IFN-o-2b 1nh1b1t1on of cortisol productlon there-
fore, we used IFN-o-2b at 6000 units mL~" which
has a noticeable effect, although the concentration
is high.

Time course of IFN-u-2b inhibition of cortisol
production

IFN-o inhibition of ACTH (1 nM)-induced produc-
tion of cortisol was detected after 2h of cell pre-
treatment with the cytokine (6000 unitsmL™"). It
was 38% after the 8-h pretreatment and reached a
plateau after 24 h (approx. 60% inhibition). IFN-o-
2b did not alter spontaneous production (data not
shown). Thus, IFN-o-2b inhibited cortisol produc-
tion in cells stimulated by ACTH in a time-
dependent manner (Figure 1B).
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Figure 1. A. Effects of different concentrations of interferon (IFN)-«-2b on cortisol production in bovine adrenal fasciculata cells.

After 72h of culturing the isolated cells, the cells were pretreated for 24 h with different concentrations of IFN-¢-2b. The cultured
cells were washed with prewarmed Krebs—Ringer—HEPES (KRH) buffer and incubated with (@) or without (O) 1nM
adrenocorticotropin (ACTH) for 1h at 37°C. Data are means = standard deviations of results from four experiments. *P < 0-005
compared with ACTH-induced cortisol production. B. Effect of IFN-x-2b pretreatment time on cortlsol production in the cells.
After 72h of culturing the isolated cells were pretreated with or without IFN-a-2b (6000 units mL ") for the time indicated. The
cultured cells were washed with prewarmed KRH buffer and then incubated with or without 1 nM ACTH for 1h at 37°C. Basal
values were subtracted from the data, and ACTH-induced responses were expressed as percentage inhibition. Basal cortisol

production was 51 65 ngperwellh™
1500 ng per wellh™
production.

Specificity of IFN-a-2b inhibition

By use of anti-human IFN-« antibody we tested
whether the inhibitory action of IFN-o-2b on cor-
tisol production is specific. The exposure of anti-
IFN-o antibody with IFN-¢-2b (6000 units mL™ b
to the cells for 24 h antagonized the effect of IFN-
o-2b on ACTH (1 nM)-induced cortisol production
Anti-IFN-o¢ at 6000 neutral-izing unitsmL ™" (one
neutralizing unit of anti-IFN-a antibody abolishes
the activity of one unit of IFN-z) completely
overcame inhibition by IFN-o-2b (Figure 2), indi-
cating that the inhibition of the cortisol production
is specific for IFN-o-2b.

Recovery of IFN-a-2b inhibition of ACTH-induced
cortisol production

To examine the reversibility of IFN-¢-2b inhibition
of cortisol production, the cultured cells were pre-
treated with or without 6000 units mL~" IFN-o-2b
in the culture medium for 24 h, replacing each
medium with either normal (plain) or 6000 units
mL ™" IFN-g-2b-containing culture medium, and
were then cultured for an additional 24—48h. As
shown in Figure 3, substantial restoration of
ACTH-induced cortisol production was observed
for cells pretreated with IFN-«-2b for 24 h and then
incubated in the plain medium. The recovery of

and ACTH-induced production (in
. Data are means =+ s.d. of results from four experiments. *P < 0-005 compared with ACTH-induced cortisol

the absence of IFN-¢-2b) was 1390-
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Cortisol production (ng h ! well)

0
Adrenocorticotropin - + + +
Interferon-a-2b - - + +
Anti-interferon-o. - - - +

Figure 2. Effect of anti-interferon (IFN)-o antibody on IFN-
o-2b inhibition of adrenocorticotropin (ACTH)-induced corti-
sol production. After 72h of culturing the isolated cells, the
cells were pretreated with or without IFN-o-2b (6000 uni-
tsmL™') in the presence or absence of anti- human IFN-«
polyclonal antibody (6000 neutralizing unitsmL™") for 24h.
The cultured cells were washed with prewarmed Krebs—
Ringer—HEPES buffer and then incubated without or with
InM ACTH for 1h at 37°C. The titre of the antibody is
expressed as neutralizing units which determines the ability
of the antiserum to neutralize IFN-o from man. One neutraliz-
ing unit of anti-IFN-o antibody abolishes the activity of one
unit [FN-«. Data are means =+ s.d. of results from four experi-
ments.
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Figure 3. Recovery of interferon (IFN)-¢-2b inhibition of
adrenocorticotropin (ACTH)-induced cortisol production.
After 24h of culturing the isolated cells, the cells were
pretreated with (A, @) or without (O, ) IFN-o-2b (6000 uni-
tsmL ™ ) for 24h and then treated w1th (A) or without
(O, @, M) IFN-0-2b (6000unitsmL~") for the additional
times indicated in the figure. The cells were washed with
prewarmed Krebs—Ringer—HEPES buffer and then incubated
for 1h with (A, @, ) or without (O) 1nMm ACTH at 37°C.
Data are means = s.d. of results from four experiments.

IFN-«-2b inhibition was observed after incubation
with plain medium for 24 h and was almost com-
plete after 48 h.

Effects of IFN-0-2b on dibutyryl cyclic AMP- and
precursor-induced cortisol production

To examine where IFN-o-2b influences the process
of cortisol synthesis in the cells, we investigated the
effect of IFN-a-2b on cortisol production by dibu-
tyryl cyclic AMP, an analogue of cyclic AMP, and
from pregnenolone, a precursor of cortisol synth-
esis. Dibutyryl cyclic AMP (2mM) and pregneno-
lone (10 uM) stimulated cortisol production (Figure
4). TFN-0-2b (6000 units mL ") inhibited not only
the ACTH-induced production (61% inhibition) but
also dibutyryl cyclic AMP-induced production
(73% inhibition), whereas it did not inhibit preg-
nenolone-induced cortisol production.

Effects of ACTH and Ca®™"
o-2b inhibition

When ACTH concentrations (10 pM—1 uM) in the
incubation medium were increased, cortisol pro-
duction was dose-dependently augmented as shown
in Figure 5A. However, the inhibitory effect of
IFN-0-2b (6000 units mL~") on cortisol production
was barely altered by the increases in ACTH

concentrations on IFN-
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Figure 4. Effects of interferon (IFN)-2-2b on dibutyryl cyclic
AMP- and pregnenolone-induced cortisol production in the
cells. After 72 h of culturing the isolated cells were pretreated
with or without IFN-a-2b (6000 units mL™ ) for 24 h. The cells
were washed with prewarmed Krebs—Ringer—HEPES buffer
and then incubated with or without 1nM adrenocorticotropin,
2mM dibutyryl cyclic AMP or 10 uM pregnenolone for 1h at
37°C. Data are means= s.d. of results from four experiments.

concentration (100 pM—1 uM), indicating that IFN-
o-2b might not directly compete with ACTH for the
receptor. Inhibition by IFN- oc -2b was not affected
by increasing the external Ca** concentration (2-6—
10-4 mMm) (Figure 5B).

Effect of IFN-0.-2b on the cyclic AMP content of the
cells

ACTH increases the cellular content of cyclic
AMP, which plays a crucial role in ACTH-induced
cortisol production (Ganguly & Davis 1994;
Schimmer & Parker 1996). ACTH (1 nM) increased
cyclic AMP content (12-5pmolh™' well). Pre-
treatment of the cells with IFN-o-2b (300—
15000 unitsmL™") for 24h did not affect the
ACTH-induced increase in cyclic AMP content
(Figure 6).

Discussion

This study has demonstrated that relatively long-
term exposure (2—24h) of bovine adrenal fascicu-
lata cells to recombinant IFN-¢-2b from man
inhibits ACTH-stimulated cortisol production in
the cells (Table 1 and Figure 1). The inhibitory
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inhibition of cortlsol production. After 72h of culturing the isolated cells, the cells were pretreated with or without IFN-«-2b
(6000 units mL™") for 24 h. The cells were washed with prewarmed Krebs-Ringer-HEPES buffer and then incubated with different

concentrations of ACTH (A) or incubated with different concentrations of the external Ca™

in the presence or absence of 1nM

ACTH (B) for 1h at 37°C. Data are means = s.d. of results from four experiments.

effect of IFN-«-2b on cortisol production is prob-
ably not attributable to the suppression of the cell
growth in the culture, although IFNs are known to
suppress cell proliferation and differentiation (Sen
1992), because the effect of IFN-z-2b was rever-
sible (Figure 3), and IFN-o-2b inhibited neither
cortisol production from pregnenolone, a precursor
of the cortisol synthesis, nor the elevation of cyclic
AMP by ACTH. This suggests that IFN-o-2b acts
on a site, or on sites, in the process of cortisol
production without affecting cell proliferation and
differentiation.

Cardoso et al (1990) and Gisslinger et al (1993),
respectively, have recently shown that IFN-« at low
concentrations increases basal cortisol production in
adrenal slices from man and in rat adrenal cells.
Although the reason for the discrepancies between
their observations and ours is not clear, there are
several differences between the experimental con-
ditions used in the different laboratories. In the
laboratories of Cardoso and Gisslinger adrenal sli-
ces from man or rat adrenal cells were used and the
adrenal medulla was not removed from the cortex
(catecholamines are known to stimulate cortisol
production in adrenal cortical cells (O’Connell et al
1994; Mazzocchi et al 1997)). Also in the Cardoso
and Gisslinger laboratories the effect of IFN-o on
cortisol production was examined in the absence of
ACTH. These differences in the prepared materials
and in the methodology might account for these
discrepancies. We have occasionally observed that

ACTH-induced cortisol production in bovine fas-
ciculata cells is potentiated by IFN o-2b at lower
concentrations (130—150 units mL "), although this
stimulatory effect was not reproducible.
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Figure 6. Effect of interferon (IFN)-o-2b on cyclic AMP
levels in the cells. After 72 h of culturing the isolated cells, the
cells were pretreated for 24 h with different concentrations of
IFN-0-2b indicated. The cultured cells were washed with
prewarmed Krebs—Ringer—HEPES buffer and incubated
with (@) or without (O) 1nM adrenocorticotropin for 1h at
37°C. Data are means=s.d. of results from four experiments.
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Neither fibroblast IFN-f nor recombinant IFN-y
from man (2000 and 15000unitsmL™") altered
ACTH-induced cortisol production (Table 1) and
the inhibitory effect of IFN-«-2b was overcome by
anti-IFN-« antibody (Figure 2), indicating that the
inhibitory effect on cortisol production is specific to
IFN-o-2b. However, many studies have reported
that IFN-o and IFN-f share a common receptor and
have similar biological activity (Pestka & Langer
1987). TIFN-f and IFN-¢-2b, therefore, should
inhibit ACTH-induced cortisol production in this
study and so the different effects of IFN-o-2b and
IFN-f seem to be contradictory. Several explana-
tions should, however, be considered.

IFN-f from man might not affect cells derived
from a different species, because some biological
activities mediated by IFNs are characterized by
species-specificity (Stewart 1979); the pathway of
signal transduction in the cells after the IFN-f
binding to the receptor might be different from that
after IFN-o-2b binding; or the fasciculata cells
might have specific receptors for IFN-o-2b. ACTH
is considered to produce cortisol in fasciculata cells
mainly by the following physiological process
(Boyd & Gorban 1980; Nishikawa et al 1996;
Schimmer & Parker 1996). ACTH binds its mem-
brane receptors, and cellular concentrations of
cyclic AMP are increased by adenylate cyclase
activated via receptor-coupled GTP binding pro-
tein; cyclic AMP-dependent protein kinase is acti-
vated; each step of the hydrolysis of cholesterol
ester to cholesterol and of cholesterol transfer into
the mitochondria is stimulated by the protein
kinase, and cortisol production through pregneno-
lone produced from cholesterol is increased.

IFN-¢-2b affected neither the ACTH-induced
increase in the cyclic AMP level (Figure 6) nor the
pregnenolone-induced production of cortisol, but it
reduced dibutyryl cyclic AMP-induced -cortisol
production (Figure 4). These results strongly sug-
gest that IFN-o-2b inhibits cortisol production by
affecting an early step of the synthetic process. A
relatively long period (2—24 h) was required for the
appearance of the inhibitory effect of IFN-«-2b
(Figure 2B). Hence, it is thought that the IFN-«-2b
inhibition arises by a mechanism involving gene
expression and protein synthesis. Thus, IFN-x-2b
might modulate the syntheses of some enzymes or
proteins participating in the process of cortisol
synthesis, such as cholesterol ester hydrolase,
which hydrolyses cholesterol ester to cholesterol
(Boyd & Gorban 1980) or a steroidogenic acute
regulatory protein, the import of which into the
mitochondria is thought to be a crucial event pro-
moting cholesterol transfer to the membrane (Clark
et al 1994). IFNs inhibit the expression of several

genes and can reduce the level of the correspondent
proteins (Douglas 1990; Sen 1992; Awatsuji et al
1995). It has recently been found that IFN-o sti-
mulates a Janus kinase-signal transducer and acti-
vator of transcription (JAK-STAT) pathway via its
receptor and the activated STATs form the IFN-
stimulated gene factor, which activates gene tran-
scription (Pellegrini & Dusanter-Fourt 1997). A
very recent report has shown that STAT2 binds
tightly to cyclic AMP response element-binding
protein (CREB)-binding protein (CBP) and con-
tributes to IFN-o nuclear signaling (Bhattacharya
et al 1996; Yoneyama et al 1998). It is known that
in adrenal cortex ACTH-induced cyclic AMP
activates CREB which requires CBP as a co-acti-
vator and increases the gene transcriptions of the
steroidogenesis enzymes (Waterman & Bischof
1997). Therefore, it is very interesting to speculate
that the signal transduction pathway stimulated by
IFN-o might interact with that stimulated by ACTH
through CBP as a common messenger. This might
be one reason why IFN-o-2b suppresses ACTH-
induced cortisol synthesis. Studies on the intracel-
lular mechanism of the IFN-a-2b-induced inhibi-
tory effect are now under investigation.

Recent studies have shown that in adrenal fasci-
culata ACTH increases the intracellular Ca>* con-
centration and cortisol production and that both
increases are blocked or abolished by an L-type
Ca”*-channel blocker or by removal of external
Ca”* (Kimoto et al 1996). These findings indicate
that Ca®" influx into the cells is critical, and that
both Ca*" and cyclic AMP are essential second
messengers for stimulation of ACTH-induced cor-
tisol synthesis (Birmingham et al 1953; Cheitlin et
al 1985), although the action site of Ca®' is not
well understood. The IFN-o-2b effect was not
altered by increases in the external Ca*' con-
centration (Figure 5B). Therefore, IFN-¢-2b might
influence the stimulation of cortisol synthesis
mediated by Ca’" rather than the Ca*" influx
induced by ACTH.

As mentioned above, IFNs have been reported to
regulate the functions of the hypothalamus and
pituitary in the hypothalamo-pituitary-adrenocor-
tical axis. IFN-o has been shown to increase blood
levels of ACTH and cortisol in man (Scott et al
1983; Roosth et al 1986; Muller et al 1991) and
Menzies et al (1996) have demonstrated that nat-
ural rat IFN-o and S and recombinant IFN-¢; from
man augment concentrations of ACTH and corti-
costerone in rat peripheral plasma. Saphier et al
(1993) have observed that administration to rats of
recombinant IFN-o from man inhibits corticosterone
secretion. In this study, however, rather high con-
centrations of IFN-o-2b (300-15 OOOunitsmL_l)
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were required to inhibit ACTH-induced cortisol
production (Figure 1A). Neither IFN-f nor IFN-y
affected cortisol production, although IFN-f and
IFN-y can modulate pituitary function (Malarkey &
Zvara 1989; Vankelecom et al 1992; Nolten et al
1993). Thus, it is unlikely that IFNs as immuno-
transmitters or drugs directly affect the steroidogen-
esis of adrenal fasciculata in-vivo. Therefore, it is
highly probable that IFN-« regulates CRH and ACTH
release from the hypothalamus and pituitary glands,
respectively, and consequently (indirectly) controls
glucocorticoid production in the adrenal cortex.
However, specific receptors for IFNs have been
found in many mammalian cells (Zoon & Arnheiter
1984), including those of the adrenal glands (Cham-
bers et al 1990). Further, the lower concentrations
(300—1500 units mL ") of IFN-2-2b inhibiting cor-
tisol production in this study are very similar to those
having biological effects on other tissues (Meldolesi
etal 1977; Yap et al 1986; Pfeffer et al 1990; Reich &
Pfeffer 1990; Yamazaki et al 1993). Taken together,
these results suggest that IFN-o-2b might bind to the
receptors and have inhibitory effect in the fasciculata
cells. Therefore, the possibility that IFN-o has direct
action on the adrenal cortex in-vivo cannot be com-
pletely discounted, although it is not clear why such
high concentrations (>10 000 units mL™ l) of IFN-¢-
2b are required for the marked effect on cortisol
production. Further study is needed.

In conclusion, recombinant IFN-o-2b from man,
but not fibroblast IFN-f and recombinant IFN-y
from man, reduced ACTH-induced production of
cortisol in bovine adrenal fasciculata cells by
affecting an early step in the process of cortisol
synthesis. However, IFN-o. might not directly affect
glucocorticoid production in the adrenal cortex in-
vivo, because of the high IFN-«-2b concentrations
required for inhibition.

Acknowledgements

We thank Yuko Takeda for her excellent technical
assistance. This work was supported in part by the
Promotion and Mutual Aid Corporation for Private
School of Japan.

References

Awatsuji, H., Furukawa, Y., Hirota, M., Furukawa, S., Haya-
shi, K. (1995) Interferons suppress nerve growth factor
synthesis as a result of interference with cell growth in
astrocytes cultured from neonatal mouse brain. J. Neuro-
chem. 64: 1476-1482

Berkenbosch, F., van Oers, J., Del Ray, A., Tilders, F.,
Besedovsky, H. (1987) Corticotropin releasing factor produ-
cing neurons in the rat activated by interleukin 1. Science
238: 524-526

Bernton, E. W., Beach, J. E., Holaday, J. W., Smallridge, R. C.,
Fein, H. G. (1987) Release of multiple hormones by a direct
actionof interleukin-1 on pituitary cells. Science 238: 522524

Bhattacharya, S., Eckner, R., Grossman, S., Oldread, E.,
Arany, Z., D’Andrea, A., Livingston, D. M. (1996) Coop-
eration of Stat2 and p300/CBP in signalling induced by
interferon-o.. Nature 383: 344347

Birmingham, M. K., Elliott, F. H., Valero, P. H. L. (1953) The
need for the presence of calcium for the stimulation in-vitro
of rat adrenal gland by adrenocorticotropic hormone. Endo-
crinology 53: 687-689

Boyd, G. S., Gorban, A. M. S. (1980) Protein phosphorylation
and steroidogenesis. In: Cohen, P. (ed.) Recently Discovered
Systems of Enzyme Regulation by Reversible Phosphoryla-
tion, Elsevier-North-Holland Biomedical Press, Amsterdam,
pp 95-134

Cailla, H. L., Vannier, C. J., Delaage, M. A. (1976) Guanosine
3/,5-cyclic monophosphate assay at 10(-15)-mole level.
Anal. Biochem. 70: 195-202

Cambronero, J. C., Rivas, F. J., Borrell, J., Guaza, C. (1992)
Interleukin-1-beta induces pituitary adrenocorticotropin
secretion: evidence for glucocorticoid modulation. Neuroen-
docrinology 55: 648—654

Cardoso, E., Arzt, E., Coumroglon, M., Andrada, E. C,
Andrada, J. A. (1990) Alpha-interferon induces cortisol
release by human adrenals in-vitro. Int. Arch. Allergy
Appl. Immunol. 93: 263-266

Chambers, P. J., Saltis, J., lin, P., Wright, A., Linnane, A. W.,
Cheetham, B. F. (1990) Receptors for human interferon « on
bovine cells: specificity and tissue distribution. Immuno-
pharmacol. Immunotoxicol. 12: 513-525

Cheitlin, R., Buckley, D. 1., Ramachandran, J. (1985) The role
of extracellular calcium in corticotropin-stimulated steroi-
dogenesis. J. Biochem. 260: 53235327

Clark, B. J., Wells, J., King, S. R., Stocco, D. M. (1994) The
purification, cloning, and expression of a novel luteinizing
hormone-induced mitochondrial protein in MA-10 mouse
Leydig tumour cells. Characterization of the steroidogenic
acute regulatory protein (StAR). J. Biol. Chem. 269: 28314 —
28322

Darling, G., Goldstein, D. S., Stull, R., Gorschboth, C. M.,
Norton, J. A. (1989) Tumour necrosis factor: immune
endocrine interaction. Surgery 106: 1155-1160

Douglas, R. G. (1990) Antimicrobial agents, antiviral agent.
In: Gilman, A. G., Rall, T. W., Nies, A. S., Taylor, P. (eds)
The Pharmacological Basis of Therapeutics, 9th edn. Perga-
mon Press, New York, pp 1189-1191

Ganguly, A., Davis, J. S. (1994) Role of calcium and other
mediators in aldosterone secretion from the adrenal glomer-
ulosa cells. Pharmacol. Rev. 46: 417-447

Gisslinger, H., Svoboda, T., Clodi, M., Gilly, B., Ludwig, H.,
Havelec, L., Luger, A. (1993) Interferon-o. stimulates the
hypothalamic-pituitary-adrenal axis in-vivo and in-vitro.
Neuroendocrinology 57: 489—-495

Hasford, J., Ansari, H., Hochhaus, A., Hehlmann, R. (1993)
Neurological and psychiatric adverse events in IFN-o treated
patients with chronic myelogenous leukemia—results of the
German CML-trial. Ann. Hematol. 67: A47

Isaacs, A., Lindenmann, J. (1957) Virus interference. I The
interferon. Proc. R. Soc. Lond. B Biol. Sci. 147: 258-267

Kimoto, T., Ohta, Y., Kawamoto, S. (1996) Adrenocorticotropin
induces calcium oscillation in adrenal fasciculata cells: single
cell imaging. Biochim. Biophys. Commun. 221: 25-30

Kindron, D., Saphier, D., Ovadia, H., Weidenfeld, J.,
Abramsky, O. (1989) Central administration of immunomo-
dulatory factors alters neural activity and adrenocortical
secretion. Brain Behav. Immunol. 3: 15-27



EFFECTS OF INTERFERONS ON CORTISOL PRODUCTION 473

Lyson, K., McCann, S. M. (1991) The effect of interleukin-6
on pituitary hormone release in-vivo and in-vitro. Neuroen-
docrinology 54: 262-266

Malarkey, W. B., Zvara, B. J. (1989) Interleukin-1 beta and
other cytokines stimulate adrenocorticotropin release from
cultured pituitary cells of patients with Cushing’s disease. J.
Clin. Endocrinol. Metab. 69: 196—-199

Mazzocchi, G., Gottardo, G., Nussdorfer, G. G. (1997) Cate-
cholamines stimulate steroid secretion of dispersed fowl
adrenalcortical cells, acting through the ff-receptor subtype.
Horm. Metab. Res. 29: 190-192

McDonald, E. M., Mann, A. H., Thomas, H. C. (1987)
Interferons as mediators of psychiatric morbidity: an inves-
tigation in a trial of recombinant a-interferon in hepatitis-B
carriers. Lancet II: 1175-1178

Meldolesi, M. F., Friedmann, R. M., Kohn, L. D. (1977) An
interferon-induced increase in cyclic AMP levels precedes
the establishment of the antiviral state. Biochem. Biophys.
Res. Commun. 79: 239-246

Menzies, R., Phelps, C., Wiranowska, M., Oliver, J., Chen, L.,
Horvanth, E., Hall, N. (1996) The effect of interferon-oc on
pituitary-adrenal axis. J. Inter. Cyto. Res. 16: 619-629

Muller, H., Hammes, E., Hiemke, C., Hess, G. (1991) Inter-
feron-alpha-2-induced stimulation of ACTH and cortisol
secretion in man. Neuroendocrinology 54: 499-503

Nishikawa, T., Sasano, H., Omura, M., Suematsu, S. (1996)
Regulation of expression of the steroidogenic acute regula-
tory (StAR) protein by ACTH in bovine adrenal fasciculata
cells. Biochem. Biophys. Res. Commu. 223: 12-18

Nolten, W. E., Goldstein, D., Lindstrom, M., McKenna, M. V.,
Carlson, I. H., Trump, D. L., Schiller, J., Borden, E. C.,
Ehrlich, E. N. (1993) Effects of cytokines on the pituitary-
adrenal axis in cancer patients. J. Interferon Res. 13: 349—
357

O’Connell, N. A., Kumar, A., Chatzipanteli, K., Monham, A.,
Agarwal, R. K., Head, C., Bornstein, S. R., Abou-Samra, A.
B., Gwosdow, A. R. (1994) Interleukin-1 regulates corticos-
terone secretion from the rat adrenal gland through a
catecholamine-dependent and prostaglandin E,-independent
mechanism. Endocrinology 135: 460—467

Pellegrini, S., Dusanter-Fourt, 1. (1997) The structure, regula-
tion and function of the Janus kinases (JAKs) and the signal
transducers and activators of transcription (STATs). Eur. J.
Biochem. 248: 615-633

Pestka, S., Langer, J. A. (1987) Interferons and their actions.
Annu. Rev. Biochem. 56: 727-777

Pfeffer, L. M., Strulovici, B., Saltiel, A. L. (1990) Interferon-o
selectively activates the f isoform of protein kinase C
through phosphatidylcholine hydrolysis. Proc. Natl Acad.
Sci. USA 87: 6537-6541

Reich, N. Y., Pfeffer, L. M. (1990) Evidence for involvement
of protein kinase C in the cellular response to interferon o.
Proc. Natl Acad. Sci. USA 87: 8761-8765

Renault, P. F., Hoofnagle, J. H., Park, Y., Mullen, K. D,
Peters, M., Jones, B., Ristgi, V., Jones, A. (1987) Psychiatric
complications of long-term interferon alpha therapy. Arch.
Intern. Med. 147: 1577-1580

Roosth, J., Pollard, R. B., Brown, S. L., Meyer, W. J. L. (1986)
Cortisol stimulation by recombinant interferon-alpha2. J.
Neuroimmunol. 12: 311-316

Saphier, D., Ovadia, H. (1990) Selective facilitation of putative
corticotropin-releasing factor-secreting neurons by interleu-
kin-1. Neurosci. Lett. 114: 283-288

Saphier, D., Welch, J. E., Chuluyan, H. D. (1993) a-Interferon
inhibits adrenocortical secretion via u-opioid receptors in
the rat. Eur. J. Pharmacol. 236: 183-191

Sapolsky, R., Rivier, C., Yamamoto, G., Plotsky, P.,
Vale, W. (1987) Interleukin 1 stimulates the secretion of
hypothalamic corticotropin releasing factor. Science 238:
522-524

Schimmer, B. R., Parker, K. L. (1996) Adrenocorticotropic
hormone; adrenocortical steroids and their synthetic ana-
logs; inhibitors of the synthesis and actions of adrenocortical
hormones. In: Hardman, J. G., Limbird, L. E., Molinoff, P.
B., Ruddon, R. W., Gilman, A. G. (eds) The Pharmacolo-
gical Basis of Therapeutics. 9th edn, McGraw-Hill, New
York, pp 1459-1485

Scott, G. M., Ward, R. J., Wright, D. J., Robinson, J. A.,
Onwaubalili, J. K., Gauci, C. L. (1983) Effects of cloned
interferon alpha2 in normal volunteers: febrile reactions and
changes in circulating corticosteroids and trace metals.
Antimicrob. Agents Chemother. 23: 589-592

Sen, G. C. (1992) The interferon system: a bird’s eye view of
its biochemistry. J. Biol. Chem. 267: 5017-5020

Silber, R. H., Busch, R. D., Oslapas, R. (1958) Practical
procedure for estimation of corticosterone or hydrocorti-
sone. Clin. Chem. 4: 278-285

Spinedi, E., Hadid, R., Daneva, T., Gaillard, R. C. (1992)
Cytokines stimulate the CRH but not the vasopressin neu-
ronal system: evidence for a median eminence site of
interleukin-6 action. Neuroendocrinology 56: 46—53

Steiner, A. L., Parker, C. W., Kipnis, D. M. (1972) Radio-
immunoassay for cyclic nucleotides. I. Preparation of anti-
bodies and iodinated cyclic nucleotides. J. Biol. Chem. 247:
1106-1113

Stewart, W. E. I. (1979) The Interferon System. Springer, Berlin

Tachikawa, E., Kondo, Y., Takahashi, M., Kashimoto, T.,
Yanagihara, N., Toyohira, Y., Izumi, F. (1997) Interferon-
o reduces catecholamine secretion from bovine adrenal
chromaffin cells stimulated by acetylcholine. Naunyn
Schmiedebergs Arch Pharmacol. 356: 699-705

Vankelecom, H., Andries, M., Billiau, A., Denef, C. (1992)
Evidence that folloculo-stellate cells mediate the inhibitory
effect of interferon-y on hormone secretion in rat anterior
pituitary cell cultures. Endocrinology 130: 3527-3546

Waterman, M. R., Bischof, L. J. (1997) Diversity of ACTH
(cAMP)-dependent transcription of bovine steroid hydroxy-
lase. FASEB J. 11: 419-427

Yamazaki, K., Kanaji, Y., Shizume, K., Yamakawa, Y.,
Demura, H., Kanaji, Y., Obara, T., Sato, K. (1993) Rever-
sible inhibition by interferons alpha and beta of 1231 incor-
poration and thyroid hormone release by human thyroid
follicles in-vitro. J. Clin. Endocrinol. Metab. 77: 1439—-1441

Yamazaki, T., Higuchi, K., Kominami, S., Takemori, S. (1996)
15-lipoxygenase metabolite(s) of arachidonic acid mediates
adrenocorticotropin action in bovine adrenal steroidogen-
esis. Endocrinology 137: 2670-2675

Yanagibashi, K., Kawamura, M., Hall, P. F. (1990) Voltage-
dependent Ca®* channels are involved in regulation of
steroid synthesis by bovine but not rat fasciculata cells.
Endocrinology 127: 311-318

Yap, W. H., Teo, T. S., McCoy, E., Tan, Y. H. (1986) Rapid
and transient rise in diacylglycerol concentration in Daudi
cells exposed to interferon. Proc. Natl Acad. Sci. USA 83:
7765-T7769

Yoneyama, M., Suhara, W., Fukuhara, Y., Fukuda, M.,
Nishida, E., Fujita, T. (1998) Direct triggering of the type
I interferon system by virus infection: activation of a
transcription factor complex containing IRF-3 and CBP/
p300. EMBO J. 17: 1087-1095

Zoon, K. C., Arnheiter, H. (1984) Studies of the interferon
receptors. Pharmacol. Ther. 24: 259-278



