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Abstract
Although the effect of insulin-like growth factors (IGFs) in
fetal adrenocortical cells has been investigated extensively,
the role of the IGF system in the adult human adrenal
gland remains unclear. In the present study we investigated the effect of recombinant human IGF-I and IGF-II
on cortisol, dehydroepiandrosterone sulfate (DHEA-S) and
cAMP synthesis in adult human adrenocortical cells in
primary culture. Both IGFs stimulate basal as well as
adrenocorticotropin (ACTH)-induced steroid secretion in
a time- and dose-dependent fashion. While both IGFs
(6·5 nM) induced only a moderate 2-fold increase in basal
cortisol output after 48 h, the effect on basal DHEA-S
secretion was significantly stronger, with a 2·7- and
3·7-fold stimulation by IGF-I and IGF-II respectively.
Similarly, IGF-II enhanced ACTH-induced cortisol and
DHEA-S secretion more potently than IGF-I. In dose–
response experiments, the maximum stimulation of
ACTH-induced DHEA-S secretion was induced by 1·6
nM IGF-I (2-fold increase) or IGF-II (2·9-fold increase),
while the maximum response of cortisol secretion was
elicited only at 13 nM IGF-I (2-fold increase) or IGF-II
(2·5-fold increase). This resulted in a significant shift of
the DHEA-S dose–response curves to the left, indicating
a relative selective stimulation of androgen biosynthesis
by physiologically low concentrations (0·4–3·2 nM) of
IGF-II, and less potently by IGF-I. At all doses tested, the
steroidogenic effect of IGF-II was significantly stronger
than the effect of IGF-I. Although both IGF receptors are

present in adult human adrenocortical cells, the steroidogenic effect of IGF-II is mediated through the IGF-I
receptor, since [Arg54,55]IGF-II, which only binds to the
IGF-I receptor, was equipotent with native IGF-II,
whereas [Leu27]IGF-II, which preferentially binds to the
type II IGF receptor, did not show any effect. In addition,
[des1–3]IGF-I, which exhibits only minimal binding to
IGFBPs, was significantly more potent than native IGF-I
in stimulating adrenal steroid biosynthesis, and elicited
almost the same maximum stimulatory effect as IGF-II
and [des1–6]IGF-II. By Western ligand blotting of conditioned medium it was shown that adult human adrenocortical cells secrete various IGF-binding proteins
(IGFBPs), which are induced differentially by treatment
with ACTH. In conclusion, these results demonstrate that:
(1) IGF-II stimulates basal as well as ACTH-induced
DHEA-S and cortisol secretion from adult human adrenocortical cells more potently than IGF-I; (2) both IGFs
predominantly stimulate androgen biosynthesis; (3) the
steroidogenic effect of IGF-I and IGF-II is mediated
through interaction with the IGF-I receptor; (4) the
different steroidogenic potency of IGF-I and IGF-II might
be explained by interaction of these ligands with locally
produced IGFBPs. These data indicate that the IGF
system plays an important role in the regulation of the
differentiated function of adult human adrenocortical cells.

Introduction

clear. IGFs are synthesized in a highly regulated manner
by a variety of tissues where they act at an autocrine/
paracrine level. Most growth- and differentiationpromoting effects of IGF-I and IGF-II are mediated by
interaction of the ligands with the IGF-I receptor. The
IGF-I receptor is a tyrosine kinase transmembrane receptor which binds IGF-I with high affinity and IGF-II only
slightly less so. In contrast, the type II IGF receptor, which

The insulin-like growth factors IGF-I and IGF-II are
involved in the regulation of cell growth and differentiation. While IGF-I mediates most of the somatotropic
effects of growth hormone postnatally, IGF-II has been
implicated as an important regulator of fetal growth.
However, the role of IGF-II during postnatal life is less
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is identical with the cation-independent mannose-6phosphate receptor (IGF-II/M6P receptor), only binds
IGF-II with high affinity and its role in IGF signaling
remains unclear. In addition, the biological actions of IGFs
are modulated by a family of at least six IGF-binding
proteins (IGFBPs), which are synthesized locally by most
tissues. Depending on the cellular context, IGFBPs are
capable of inhibiting or enhancing IGF action and may
even have ligand-independent effects (Humbel 1990,
Nissley & Lopaczynski 1991, Jones & Clemmons 1995,
Le Roith et al. 1995, Rajaram et al. 1997).
In comparison with other species, the human adrenal
gland is unique in its large and developmentally regulated
secretion of androgens such as dehydroepiandrosterone
(DHEA), its sulfate (DHEA-S) and androstenedione.
While serum levels of adrenocorticotropin (ACTH) and
corticosteroids remain relatively constant during human
development, DHEA and DHEA-S levels start to rise
shortly before the onset of puberty (adrenarche), peak
during young adulthood and decline progressively thereafter. Accumulating data indicate that the IGF system plays
a role in the regulation of growth and differentiation of the
adrenal gland (Penhoat et al. 1989, Reed & James 1989,
Weber et al. 1996). Previous studies have demonstrated the
presence of IGF-I and IGF-II mRNA or peptides, both
IGF receptors and various IGFBPs in the adrenal gland of
several species, including humans (Pillion et al. 1988,
Shigematsu et al. 1989, Townsend et al. 1990, Arafah 1991,
Han et al. 1992, Weber et al. 1994, 1997). Furthermore,
IGFs have been found to elicit mitogenic and differentiating effects on adrenocortical cells in vitro (Penhoat et al.
1989, Pham-Huu-Trung et al. 1991, Weber et al. 1995,
1996, Mesiano & Jaffe 1997). In the fetal human adrenal
gland, both IGFs stimulate cell proliferation, and IGF-II in
combination with estrogen directs steroidogenesis toward
androgen biosynthesis (Mesiano & Jaffe 1997). It is
assumed that IGF-II mediates ACTH-induced fetal
adrenal growth, since ACTH induces IGF-II gene expression in adrenocortical cells, and IGF-II is expressed at
a higher level than IGF-I in the fetal adrenal gland
(Voutilainen & Miller 1987, Ilvesmäki et al. 1992). The
function and structure of the adult adrenal gland differ
significantly from those of the fetal adrenal gland, and the
role of the IGF system in adult human adrenocortical cells
remains unclear. Adult human adrenal glands express
IGF-I, to a lesser extent IGF-II, and both types of IGF
receptor. Increased levels of IGF-II mRNA are found in
adrenocortical carcinomas (Voutilainen & Miller 1987,
Ilvesmäki et al. 1993, Gicquel et al. 1994). However, scant
information is available on the effect of IGFs in adult
human adrenocortical cells (Pham-Huu-Trung et al. 1991,
Kristiansen et al. 1997), and the role of the IGF-II receptors
in IGF-II signaling in the adult human adrenal gland
remains unclear (L’Allemand et al. 1996).
In order to clarify further the significance of the IGF
system in the adult adrenal gland, we examined the effect

of IGF-I and IGF-II on basal as well as ACTH-induced
cortisol, DHEA-S and cAMP secretion from adult human
adrenocortical cells in primary culture. In the present
study, we demonstrate that, in adult human adrenocortical
cells, both IGFs stimulate DHEA-S secretion more
potently than cortisol secretion, and that the steroidogenic
effect of IGF-II is stronger than that of IGF-I. By
incubation experiments with mutant IGF ligands, we
show that the effect of IGF-II is mediated through
interaction with the IGF-I receptor and that the different
potencies of IGF-I and IGF-II may be due to interaction
of the ligands with IGFBPs.

Materials and Methods
Materials
Recombinant human IGF-I and IGF-II were purchased
from Boehringer (Mannheim, Germany), mutant recombinant [des1–3]IGF-I and [des1–6]IGF-II were obtained
from GroPep (Adelaide, Australia). The mutant recombinant human IGF-II analogs [Leu27]IGF-II and
[Arg54,55]IGF-II were kindly provided by Daiichi
Pharmaceutical Co. (Tokyo, Japan). ACTH(1–24)
(Synacthen) was purchased from Ciba-Geigy (Basel,
Switzerland). 125I-cortisol was purchased from Sorin
Biomedica AG (Braunschweig, Germany).
Cell preparation and culture conditions
Tissue from normal adult human adrenal glands was
obtained from patients who had undergone total unilateral
nephrectomy because of renal carcinoma, according to the
guidelines of the local ethical committee. Immediately
after surgical removal, the tissue was dissected by the
pathologist and a sample of fresh non-necrotic adrenal
tissue was provided. All adrenal glands used were found
to be normal after morphological and histopathological
examination. Monolayer cell cultures of adult human
adrenocortical cells were prepared as described (Weber
et al. 1995, Weber & Michl 1996). In brief, adrenocortical
tissue was separated, enzymatically dispersed with 1%
collagenase II and 0·25% DNase I (30 min at 37 C),
filtered (100 µm) and centrifuged (5 min at 400 g). Red
blood cells and cell debris were removed by washing with
PBS followed by Percoll centrifugation (ñ=1·07 g/ml,
37 C; Pharmacia, Uppsala, Sweden) for 10 min at 730 g.
The band containing adrenocortical cells was washed
twice with PBS, and resuspended in cell culture medium
(M199; Gibco–BRL, Eggenstein, Germany) containing
10% fetal calf serum, 5% horse serum, -glutamine
(290 µg/ml), gentamicin (50 µg/ml) and amphotericin B
(0·5 µg/ml)). Adrenocortical cells were then grown in
monolayers at 37 C in a humidified atmosphere with 95%
air/5% CO2 for 3–4 days in 22 mm multiwell plates. At

Journal of Endocrinology (1998) 158, 409–417
Downloaded from Bioscientifica.com at 07/04/2020 09:38:47PM
via free access

Role of IGFs in adult adrenocortical cells ·

C FOTTNER

and others 411

24 h before the experiments the medium was exchanged
for serum-free medium (M 199 containing -glutamine
(292 µg/ml), gentamicin (52 µg/ml) and amphotericin B
(0·5 µg/ml)). Treatment of the cells with ACTH under
serum-free conditions induced a dose-dependent increase
in cortisol secretion, with a half-maximal stimulation
at 10 8 M ACTH. At confluency, cell density was
(3-5)105 cells/well and cell viability was >95% as confirmed by trypan blue exclusion after 96 h of incubation.
Stimulation experiments and RIAs
Adult human adrenocortical cells ((3–5)105 cells/well)
were incubated with 1 ml serum-free medium with or
without ACTH (10 8 M) and IGFs at the indicated
concentrations for up to 72 h. At the time points indicated,
medium was aspirated and stored at 30 C for further
analysis. At the end of each experiment, cells were
counted with a Coulter counter. Cortisol secreted into the
medium was determined by a specific RIA as previously
described (Weber et al. 1996). DHEA-S, IGF-I and
IGF-II secretion into the medium were measured by
specific RIA kits from Diagnostic Systems Laboratories
(Active DHEA-S no. 3500, Active IGF-I no. 9100 and
Active IGF-II no.5600) (Webster, Texas, USA), and
the amount of cAMP in the medium was measured by
the cAMP[125I]assay system from Amersham-Buchler
(Braunschweig, Germany) as previously described (Weber
et al. 1996). All assays have been validated for use in
tissue culture medium, and their intra- and inter-assay
coefficients of variation were less than 10%. Assays were
performed in duplicate and all experiments were repeated
independently at least five times with a minimum of
six independent wells per treatment group within each
experiment.
Western ligand blotting
Human adrenocortical cells were incubated for 48 h with
or without ACTH (10-8 M) under serum-free conditions. The medium corresponding to 5105 cells was
harvested, and IGFBPs were characterized in the conditioned medium from stimulation experiments by
Western ligand blot as previously described (Weber et al.
1995). In brief, 1 ml medium was concentrated tenfold,
and 50 µl of the sample were separated by SDS–PAGE
(12% gel) under non-reducing conditions in a Laemmli
buffer system. Proteins were electrotransblotted on to polyvinylidene difluoride (PVDF) membranes (Immobilon;
Millipore, Munich, Germany). The IGFBPs were identified by autoradiography after overnight incubation of the
filters with 125I-labeled IGF-II at 4 C.
Statistics
All data are expressed as mean..., and analysed by
one-way ANOVA. Duncan’s multiple range test was used

Figure 1 Time course of IGF action on basal and ACTH-stimulated
cortisol (a) and DHEA-S (b) secretion in primary adult human
adrenocortical cells. Cells (5105) were incubated in multiwell
plates for 48 h in the presence of ACTH (10 8 M), IGF-I (6·5 nM)
or IGF-II (6·5 nM). At each time point, medium was aspirated and
assayed for cortisol and DHEA-S. Each point represents results for
six wells (mean S.E.M.). Data are representative of a single
experiment performed independently five times.

after ANOVA to compare significant differences between
mean values. P<0·05 was considered to be significant.
Results
IGF action on steroidogenesis in adult human
adrenocortical cells
The mean baseline steroid secretion from 4105 adult
human adrenocortical cells after 48 h of primary culture
was 0·340·05 µg cortisol and 0·10·01 µg DHEA-S
(n=10 independently performed incubation experiments).
When cells were treated with IGF-I or IGF-II, both
ligands stimulated basal as well as ACTH-induced cortisol
and DHEA-S secretion in a time-dependent fashion
(Fig. 1). As expected, mean basal cortisol secretion
was increased 8·80·9-fold, and DHEA-S secretion
5·01·0-fold by the addition of ACTH (10 8 M) for
48 h.
Journal of Endocrinology (1998) 158, 409–417
Downloaded from Bioscientifica.com at 07/04/2020 09:38:47PM
via free access

412

C FOTTNER

and others

· Role of IGFs in adult adrenocortical cells

When the cells were treated with IGF-II (6·5 nM) a
moderate 2-fold increase in basal cortisol secretion was
induced which was significant only after 48 h (P<0·05),
whereas the effect of IGF-I on cortisol biosynthesis did not
reach significance. In contrast with the cortisol secretion,
the stimulatory effect of IGF-II and IGF-I on basal
DHEA-S secretion was markedly stronger and had already
reached significance for both ligands after 24 h (P<0·05).
The stimulatory effect of IGF-II on basal DHEA-S secretion was stronger than the effect of IGF-I at all time points
tested (P<0·05), and IGF-II stimulated DHEAS-S to
almost the same extent as ACTH (2·70·5- and
3·71·0-fold stimulation after 48 h by IGF-I and IGF-II
respectively).
In the presence of ACTH, a further increase in cortisol
secretion was induced by IGF-I (9·30·5-fold stimulation after 48 h), and more potently by IGF-II
(14·80·6-fold stimulation). While IGF-II significantly
enhanced ACTH-induced cortisol secretion after 24 h
(P<0·05), the potentiating effect of IGF-I on ACTHinduced cortisol secretion did not reach significance.
Similarly, IGF-II stimulated ACTH-induced DHEA-S
secretion more potently than IGF-I, with a 8·21·2- and
a 9·82·1-fold stimulation after 48 h by IGF-I and
IGF-II (6·5 nM) respectively. The potentiating effect of
IGF-II on ACTH-induced DHEA-S secretion was significant after 12 h and had already reached its maximum after
24 h. IGF-I significantly enhanced ACTH-induced
DHEA-S secretion after 48 h (P<0·05). As for the cortisol
secretion, the effect of IGF-II on the DHEA-S secretion
was significantly stronger than the effect of IGF-I
(P<0·05). The stronger induction of DHEA-S secretion
by IGFs was reflected by an increase in the molar
DHEA-S/cortisol ratio. The DHEA-S/cortisol ratio of the
untreated control group (0·9) was increased to 1·6 by
IGF-I and to 2 by IGF-II. In contrast, treatment of the
cells with ACTH decreased the DHEA-S/cortisol ratio to
0·4, and, in combination with IGFs, it was still decreased
slightly to 0·7 and 0·8. No mitogenic effect of either ligand
was observed under the cell culture conditions used.
The predominant effect of IGFs on androgen biosynthesis was confirmed in dose–response experiments
(Fig. 2). Both IGFs stimulated ACTH-induced cortisol as
well as DHEA-S secretion in a dose-dependent manner.
In contrast with the ACTH-induced cortisol secretion,
which was stimulated maximally by 13 nM IGF-I (2-fold)
or IGF-II (2·5-fold), ACTH-induced DHEA-S production was already maximally stimulated by 1·6 nM IGF-I
(2-fold) or IGF-II (2·9-fold). This resulted in a shift of the
DHEA-S dose–response curves to the left, indicating
selective stimulation of androgen biosynthesis by low
concentrations (0·4–3·2 nM) of IGF-I and, more potently,
of IGF-II. The bell-shaped form of the dose–response
curves, with a decrease in steroid output at very high
concentrations of IGFs, was found consistently in all
dose–response experiments and is probably due to inhi-

Figure 2 Dose–response curves of the action of IGFs on
ACTH-induced cortisol (a) and DHEA-S (b) secretion in primary
adult human adrenocortical cells. Cells (3·5105) were incubated
in multiwell plates in the presence of ACTH (10 8 M) and the
indicated concentrations of IGF-I () or IGF-II ( ). After
incubation for 36 h, medium was aspirated and assayed for
cortisol and DHEA-S. Results are the mean S.E.M. for at least
three independently performed experiments.

bition of key steroidogenic enzymes by pseudosubstrate
effects (Hornsby & Aldern 1984, Weber & Michl 1996).
Again, IGF-II was more potent than IGF-I in stimulating
both ACTH-induced corticosteroid and androgen biosynthesis. This effect was most prominent at low concentrations, at which IGF-I did not show any significant effect
on DHEA-S (0·4 nM) or cortisol (3·2 nM) secretion,
whereas IGF-II already caused half-maximal stimulation
(P<0·05). To exclude the possibility that the IGF dose–
response curves are constructed on top of a high basal IGF
output, basal and ACTH-induced IGF secretion were
assessed. The mean concentration of IGF-I and IGF-II in
conditioned medium from 5105 adult human adrenocortical cells after 48 h of primary culture was 0·610·3
and 0·810·3 ng/ml respectively, and ACTH (10 8 M)
treatment did not result in any significant change in IGF
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Figure 3 Effect of ACTH and IGFs on cAMP and DHEA-S
production in primary human adult adrenocortical cells. Cells
(3·5105) were incubated in multiwell plates for 36 h in the
presence of ACTH (10 8 M), IGF-I or IGF-II (6·5 nM). After
incubation for 36 h, medium was aspirated, pooled and assayed
for DHEA-S (grey bars) and cAMP (black bars). Each bar
represents the mean S.E.M. for six independently performed
experiments. P<0·05 vs untreated control group and
IGF-I-treated group; *P<0·05 vs ACTH-treated group and
ACTH+IGF-I-treated group.

levels (0·60·2 ng/ml IGF-I and 0·540·1 ng/ml
IGF-II). Therefore the observed dose–response curves
reflect truly effective IGF concentrations in the presence
of low endogenous protein.
The stimulatory effect of IGFs on basal as well as
ACTH-induced steroid secretion was paralleled by an
increase in the accumulation of cAMP in the supernatant
(Fig. 3). As expected, ACTH (10 8 M) was a potent
stimulator of cAMP in the medium, with a 2·6-fold
increase over control levels after an incubation period of
36 h. Maximal levels of cAMP (3·9-fold of control) were
achieved with a combination of ACTH and IGF II
(6·5 nM), while the combination of ACTH with IGF-I
(6·5 nM) was significantly less potent (3-fold stimulation,
P<0·05). Treatment with IGF-I and IGF-II alone did not
cause any significant increase in cAMP levels.
Action of mutant IGF ligands on steroidogenesis
To investigate the role of IGF receptors in mediating the
steroidogenic effect of IGF-II in our cell culture system,
mutant IGF-II ligands with altered affinities for both IGF
receptors were utilized. [Leu27]IGF-II, containing a leucine substitution for tyrosine at amino acid position 27,
exhibits high affinity (Kd 0·05 nM) for the type II IGF
receptor, but only low affinity (Kd 66 nM) for the type I
IGF receptor. In contrast, [Arg54,55]IGF-II, containing an
arginine substitution for alanine54 and leucine55, displays a
high affinity (Kd 0·4 nM) for the IGF-I receptor and no
binding to the IGF-II/M6P receptor (Sakano et al. 1991).
[Leu27]IGF-II (6·5 nM), which preferentially binds to the
IGF-II/M6P receptor, failed to stimulate ACTH-induced
cortisol secretion in adult human adrenocortical cells,
despite the presence of abundant IGF-II/M6P receptors in
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Figure 4 Effect of mutant IGF-II ligands with altered binding to
IGF-receptors and IGFBPs on cortisol secretion in primary human
adrenocortical cells. Cells (5105) were incubated in multiwell
plates in the presence of ACTH (10 8 M) and mutant or native
IGF ligands (6·5 nM). After incubation for 48 h, medium was
aspirated and assayed for cortisol. Each bar represents the
mean S.E.M. for six independently performed experiments
(*P<0·05 vs ACTH treatment group).

these cells (Weber et al. 1997). However, [Arg54,55]IGFII, which binds to the IGF-I receptor but not to the
IGF-II/M6P receptor, stimulated cortisol secretion in
human adult adrenocortical cells to the same extent as
equimolar concentrations of native IGF-II (Fig. 4). This
confirms that the effect of IGF-II on cortisol synthesis in
human adrenocortical cells is mediated through interaction
of the IGF ligands with the IGF-I receptor and not with
the IGF-II/M6P receptor. Similar data were obtained
when the effect of mutant ligands on DHEA-S secretion
was investigated (data not shown).
To elucidate the modulatory role of IGFBPs in the
bioactivity of IGF-I and IGF-II in our cell system, mutant
IGF ligands with reduced affinities for IGFBPs were used
(Fig. 4). [des1–3]IGF-I and [des1–6]IGF-II are truncated
IGF variants lacking the first three and six N-terminal
amino acids respectively. Both show substantially
decreased binding to IGFBPs, while their affinities for
the IGF receptors remain unaltered ([des1–3]IGF-I) or
are slightly reduced (des[1–6]IGF-II) (Francis et al.
1993). When ACTH-primed cells were treated with
[des1–3]IGF-I (6·5 nM) instead of native IGF-I, a significantly stronger stimulatory effect on ACTH-induced
cortisol secretion was observed (1·9- vs 1·4-fold increase
by [des1–3]IGF-I and IGF-I respectively; P<0·05). In
contrast, [des1–6]IGF-II stimulated ACTH-induced cortisol secretion to the same extent as native IGF-II and
[des1–3]IGF-I. The fact that [des1–3]IGF-I was equipotent
with IGF-II points to a modulatory role for IGFBPs in the
regulation of IGF-stimulated steroid secretion of adult
human adrenocortical cells.
Secretion of IGFBPs by adult human adrenocortical cells
To confirm that adult human adrenocortical cells produce
IGFBPs, the conditioned medium of 5105 adult human
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Figure 5 Western ligand blot of IGFBPs secreted by human
adrenocortical cells. Cells (5105) were incubated with
serum-free medium alone (C) or ACTH 10 8 M (A) for 48 h.
Conditioned medium was concentrated, separated by SDS–PAGE
under non-reducing conditions, transfered to PVDF membranes,
incubated with 125I-labeled IGF-II and autoradiographed. Data are
representative of five independent experiments.

adrenocortical cells after 48 h of primary culture with and
without ACTH stimulation was subjected to Western
ligand blot analysis with 125I-IGF-II. As shown in Fig. 5,
the medium of untreated control cells contains at least
five specific bands, with a doublet of 39–44 kDa, and
additional bands at 34, 31, 29 and 24 kDa. When the cells
were treated with ACTH (108 M), the abundance of
the various IGFBPs was induced differentially with
preferential induction of the 29 kDa band, and to a lesser
extent of the 39–44 kDa and 24 kDa bands. According
to their molecular masses, the 39–44 kDa doublet presumably represents different glycosylation variants of
IGFBP-3, the 34 kDa band IGFBP-2, and the 24 kDa
band deglycosylated IGFBP-4. The size of the 29 and
31 kDa bands, however, would be compatible with
IGFBP-1, a fragment of IGFBP-3, glycosylated IGFBP-4,
IGFBP-5 and IGFBP-6, and further investigations are
required for their identification.
Discussion
Our data demonstrate that physiological concentrations of
IGF-I and IGF-II stimulate basal as well as ACTHinduced cortisol and DHEA-S secretion in a time- and
dose-dependent way. The effects of both IGFs were
significant as early as after 24 h, and were not due to
growth-promoting effects, since the ligands did not elicit
any changes in cell number under the conditions used.

Little is known about the mechanisms by which IGFs
increase basal and ACTH-induced steroidogenesis in
adrenal cells. In bovine adrenocortical cells, IGF-I upregulates ACTH receptors, while ACTH increases the
abundance of IGF-I receptors and the secretion of IGFs
(Penhoat et al. 1989, Reed & James 1989, Pepe &
Albrecht 1990, Pham-Huu-Trung et al. 1991). In human
adrenocortical cells, IGF-I induces synthesis of the mRNA
of key steroidogenic enzymes and slightly increases ACTH
receptor mRNA (L’Allemand et al. 1996, Kristiansen et al.
1997, Mesiano et al. 1997). To evaluate the mechanisms
by which IGFs modulate adrenal steroidogenesis further,
we measured cAMP in conditioned medium from adult
human adrenocortical cells. The concentration of cAMP in
the medium of intact adrenocortical cells reflects the
intracellular action of adenylate cyclase caused by ACTH
stimulation (Schimmer & Schulz 1985). The fact that the
stimulatory effect of IGF-I and IGF-II on ACTH-induced
steroid secretion was paralleled by accumulation of cAMP
in the medium supports the hypothesis that upregulation
of ACTH receptors by IGFs is an important mechanism
for the IGF-induced enhancement of the steroidogenic
response of human adrenocortical cells to ACTH. However, the steroidogenic effects of IGF-I and IGF-II alone,
which were not paralleled by an increase in cAMP levels,
indicate that adult adrenocortical steroidogenesis is also
regulated independently of cAMP by factors other than
ACTH. This is supported by the study of Urban et al.
(1994), who identified an IGF-responsive region in the
porcine cholesterol side chain cleavage (P450 scc) gene,
which mediates IGF-induced gene expression independently of but additively to the cAMP-induced stimulation.
However, further investigations are needed to determine the signal-transduction pathway of IGF-induced
adrenocortical steroidogenesis.
The steroidogenic effect of IGF-I in adult human
adrenocortical cells reported in this study is consistent with
previous reports of an IGF-I-stimulated steroidogenic
response in bovine, ovine and human adrenocortical cells
(Penhoat et al. 1989, Reed & James 1989, Pepe &
Albrecht 1990, Pham-Huu-Trung et al. 1991, Weber
et al. 1995, L Allemand et al. 1996, Mesiano et al. 1997).
However, little information is available on the effect of
IGF-II in the adult human adrenal gland. In all incubation
experiments performed, the steroidogenic effect of IGF-II
on basal as well as ACTH-induced cortisol and DHEA-S
secretion was significantly stronger than the effect of
IGF-I. The difference in potency of IGF-I and IGF-II was
most prominent at low concentrations, at which IGF-II
already caused half-maximal stimulation of DHEA-S and
cortisol secretion, whereas IGF-I did not yet show any
effect. In accordance with our data, a stronger effect of
IGF-II on ACTH-induced steroidogenesis was observed
after preincubation of adult human adrenocortical cells for
3–4 days with very high concentrations (26 nM) of IGF-I
and IGF-II (L’Allemand et al. 1996). In most cell systems,
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IGF-I and IGF-II transmit signals through the IGF-I
receptor, and, according to their receptor affinities, the
biological effects of IGF-I are usually stronger than those
of IGF-II (Humbel 1990, Nissley & Lopaczynski 1991,
Weber et al. 1992, Le Roith et al. 1995). Since in adult
human adrenocortical cells, which express abundant
IGF-II/M6P receptors (Weber et al. 1997), IGF-II is more
potent than IGF-I, it has been postulated that the effect of
IGF-II could be mediated through the type 2 IGF receptor
in these cells (L’Allemand et al. 1996). To evaluate further
the differences between IGF-I and IGF-II in adult
adrenocortical cells, we performed incubation experiments
with mutant IGF ligands. The fact that [Arg54,55]IGF-II,
which does not bind to the IGF-II/M6P receptor but
shows high affinity for the IGF-I receptor, was equipotent
with native IGF-II, whereas [Leu27]IGF-II, which has a
high affinity for the IGF-II receptor but exhibits only
minimal binding to the IGF-I receptor, was ineffective in
stimulating cortisol and DHEA-S secretion confirmed that
the effect of IGF-II must be mediated through interaction
with the IGF-I receptor, and that IGF-II/M6P receptors
are not required for the stimulation of adult human
adrenocortical steroid secretion by IGF-II.
In analogy with the human system, we have recently
reported that IGF-II induces more potently than IGF-I,
ACTH-stimulated cortisol secretion in adult bovine
adrenocortical cells through interaction with the IGF-I
receptor and IGFBPs (Weber 1995 et al.). As we have
shown, adult human adrenocortical cells produce a variety
of IGFBPs, which are induced differentially by treatment
with ACTH. However, the physiological role of IGFBPs
in the adrenocortical gland is unknown. Since IGFs are
potent stimulators of adrenocortical cell function and
IGFBPs are modulators of the cellular responsiveness to
IGFs, changes in the cellular expression of IGFBPs may
represent an important level of control in adrenocortical
cell physiology. The fact that in adult human adrenocortical cells, IGFBPs are differentially upregulated by
treatment with ACTH may contribute to the complex
mechanism of homeostasis and modulation of IGF
action in the adrenal gland, and provides strong evidence
for an important regulatory role for IGFBPs in the adult
human adrenal gland. This is supported by our finding
of an increased steroidogenic effect of truncated IGF
variants with reduced affinity for IGFBPs. The fact that
[des1–3]IGF-I, which exhibits decreased binding to
IGFBPs, was significantly stronger than native IGF-I in
stimulating ACTH-induced cortisol and DHEA-S secretion indicates that the discrepant potency of IGF-I and
IGF-II in our cell system might be explained by interaction of the ligands with locally produced IGFBPs. As the
poor binding of [des1–3]IGF-I to IGFBPs correlates well
with its increased bioactivity, a preferential interaction of
IGF-I with an inhibitory IGFBP would be sufficient to
explain the different stimulatory potency of IGF-I and
IGF-II in human adrenocortical cells. This mechanism has
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been postulated for various other cell systems, where
increased bioactivities of [des1–3]IGF-I in comparison with
native IGF-I have been found (Francis et al. 1993, Rechler
1995). However, IGFBPs are able to modulate IGF action
through a variety of mechanisms (Rechler 1995, Rajaram
et al. 1997), and our results do not show through which
binding protein and what mechanism the modulatory
effect of IGFBPs in our cell system is exerted. Since IGF-II
has a higher affinity for most IGFBPs, it would be equally
valid to discuss preferential enhancement of adrenocortical
steroidogenesis by IGF-II, possibly via non-receptormediated mechanisms, as has been shown by Conover
et al. (1994) in human fibroblasts. In this cell culture
system, IGF-II induces proteolysis of the inhibitory
IGFBP-4 more potently than IGF-I, thereby enhancing
the mitogenic actions of IGF-I. This indicates the possibility that a similar IGFBP protease-dependent mechanism
might be responsible for the enhanced steroidogenic effect
of IGF-II in adult adrenocortical cells (Reed & James
1989, Cara 1994). The fact that the stronger steroidogenic
potency of IGF-II is conserved between the bovine and
human adrenocortical cell culture system adds further
support to the hypothesis that IGF-II is an important
regulator of adrenocortical cell function, not only in the
fetal but also in the adult adrenal gland. However, the
physiological significance of IGF-II in the adult adrenal
gland remains uncertain. A predominant role for IGF-II in
the autocrine/paracrine regulation of adrenal steroidogenesis has been postulated from the coordinated expression of IGF-II and steroidogenic enzyme mRNAs in fetal
human and ovine adrenal glands (Voutilainen & Miller
1987, Han et al. 1992). In the adult adrenal gland, the
abundance of IGF-II mRNA is very low. However,
elevated levels of IGF-II mRNA/peptide are found in
hormonally active adrenocortical carcinomas (Voutilainen
& Miller 1987, Ilvesmäki et al. 1993, Gicquel et al. 1994),
and normal human adrenocortical cells secrete immunoassayable amounts of IGF-I and IGF-II in primary culture.
Furthermore, adult IGF-II serum levels are very high
(700 ng/ml), and the biologically active fraction that is not
bound to IGFBPs might be large enough to exert an
endocrine effect in the adrenal gland (Humbel 1990). An
endocrine effect of elevated levels of IGF-II on the adrenal
gland has recently been suggested by the findings of Wolf
et al. (1994), who reported an increased adrenal weight in
transgenic mice that develop elevated serum levels of
IGF-II postnatally (Wolf et al. 1994). Adult bovine and
human adrenocortical cells therefore represent a useful
model system to help us to investigate the complex
interaction of two IGF ligands, two IGF receptors, six
IGFBPs and at least as many IGFBP-specific proteases.
The delineation of the complex interaction between the
various components of the IGF system in this cell culture
model could be of great importance for the understanding
of how this family of growth factors takes part in the
regulation of differentiated steroidogenic cell function.
Journal of Endocrinology (1998) 158, 409–417
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The mechanisms that differentially regulate adrenal
androgen biosynthesis during human development are
unknown. Although circulating ACTH is the major
regulator of corticosteroid and androgen synthesis in the
adrenal gland, it has become apparent that the control of
adrenocortical cell function is also modulated at a local
level by a variety of growth factors (Penhoat et al. 1989,
Reed & James 1989, Pepe & Albrecht 1990, Parker 1991,
Weber et al. 1996). In the present studies, we have shown
that, in adult human adrenocortical cells, IGF-I and
IGF-II direct steroid biosynthesis toward androgen biosynthesis. While both IGFs at 6·5 nM induced only a
2-fold increase in basal cortisol secretion, basal DHEA-S
secretion was stimulated 3- to 4-fold in the same incubation experiments. The predominant effect of IGFs on
androgen secretion was confirmed in dose–response
experiments. In the presence of ACTH, the secretion of
both steroids was further enhanced maximally 2-fold by
IGF-I and almost 3-fold by IGF-II. However, the maximum response of DHEA-S secretion was induced by
8-fold lower concentrations of IGFs than the maximum
response in cortisol secretion (1·6 vs 13 nM), resulting in
selective stimulation of androgen biosynthesis by low
concentrations of IGFs (0·4–3·2 nM). Similarly, IGF-II has
been shown to increase androgen production in fetal zone
cells by eliminating the decrease in DHEA-S secretion
that occurs at higher ACTH concentrations (Mesiano et al.
1997), and long-term preincubation of adult adrenocortical cells with IGFs results in a stronger ACTH-induced
secretion of androstenedione and DHEA-S as compared
with cortisol (L’Allemand et al. 1996). The preferential
induction of adrenocortical androgen secretion by IGFs
is probably based on their predominant and direct
stimulation of the 17á-hydroxylase/17,20-lyase (P450c17)
expression, which is a key enzyme of androgen biosynthesis (L’Allemand et al. 1996, Mesiano et al. 1997,
Kristiansen et al. 1997). Since the onset of adrenarche is
characterized by a relative increase in P450c17 activity and
coincides with an increase in IGF-I serum levels (Bala et al.
1981), it is tempting to speculate that the IGF system may
be involved in the developmental regulation of adrenal
androgen secretion. Furthermore, activation of the IGF-I
receptor by IGFs or high levels of circulating insulin has
been implicated in the pathogenesis of various states of
hyperandrogenemia such as polycystic ovary syndrome
(Barbieri et al. 1986). However, further studies are
required to elucidate the role of the IGF system in
regulating human adrenal cortical function.
In summary, our study demonstrates that IGF-I and
IGF-II, through interaction with the IGF-I receptor,
predominantly stimulate DHEA-S secretion in adult
human adrenocortical cells, and that IGF-II is more potent
than IGF-I in enhancing basal as well as ACTH-induced
steroidogenesis. Furthermore, our results show that interaction of IGFBPs with IGF ligands may be responsible for
the stronger steroidogenic potency of IGF-II in this cell

model. These findings strengthen the hypothesis that the
IGF system represents an important level of control in
adrenocortical cell physiology.
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