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Abstract

The regulation of ACTH receptor binding sites and mRNA by
ACTH and angiotensin II (A-II) was studied using cultured
human adrenal fasciculatareticularis cells (HAC). These cells
expressed two major ACTH receptor transcripts of 1.8 and 3.4
kb and three minor ones of 4, 7, and 11 kb. ACTH increased the
levels of all these transcripts in a time- and dose-dependent
manner. At a maximal concentration of 10~® M, ACTH en-
hanced 21- and 4-fold the level of ACTH receptor mRNA and
the number of receptors per cell, respectively. Pretreatment of
HAC with A-II produced a dose-dependent enhancement of
ACTH receptor mRNA that was associated with an increase of
both ACTH receptor number and responsiveness to this hor-
mone. The effects of A-II were completely blocked by an AT1
receptor subtype antagonist but not by an AT2 antagonist. The
effects of ACTH together with A-II on ACTH receptor mRNA
were greater than those induced by each hormone alone. These
results show that ACTH receptor number and mRNA are posi-
tively regulated by the two main hormones (ACTH and A-II)
which, in vivo, regulate adrenocortical functions. In addition,
they also show that HAC are a target for A-II. Thus, regulation
of ACTH receptors may be one mechanism by which ACTH
and A-II regulate adrenocortical functions under both normal
and pathological conditions. (J. Clin. Invest. 1994. 93:1828-
1833.) Key words: adrenal fasciculata cells « angiotensin recep-
tor subtype AT1 « steroidogenesis + ACTH receptor upregula-
tion » hormone responsiveness

Introduction

In mammals, ACTH is the main hormone that regulates gluco-
corticoid secretion by the adrenal gland, whereas both ACTH
and angiotensin II (A-II)! regulate aldosterone secretion (1).
Although detection and characterization of ACTH receptors
have been difficult (for review see reference 2 ), binding studies
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using ACTH that has been labeled on Tyr-23 have demon-
strated the presence of physiologically relevant receptors in ad-
renal cells of several species (3-8). The ACTH receptor gene
has recently been cloned (9), and the predicted amino acid
sequence has demonstrated that this receptor is one of the
smallest of the seven transmembrane domain receptors identi-
fied to date, has a theoretical molecular mass of ~ 34 kD, and
contains two putative glycosylation sites. By cross-linking ex-
periments, the molecular mass of ACTH receptor has been
reported to be 40 kD (10).

Contradictory results have been reported concerning the
regulation of ACTH receptor number by ACTH itself: a posi-
tive effect has been reported in some studies (7, 8, 11), whereas
a lack of effect was reported in others (12, 13). Until now, no
study has been reported concerning the regulation of human
ACTH receptors. Because the regulation of ACTH receptors
might be an important mechanism involved in the responsive-
ness of adrenocortical cells, we report in the present studies on
the regulation of both ACTH receptor number and mRNA in
human adrenal fasciculata-reticularis cells by ACTH and A-II,
and demonstrate that both hormones have a positive effect on
both parameters. In addition, we demonstrate that these cells
are target for A-Il.

Methods

Synthetic adrenocorticotropin (ACTH-1-24) was purchased from Ciba
(Rueil-Malmaison, France); synthetic angiotensin-II (A-II) from Ba-
chem (Bubendorf, Switzerland); '’I-labeled human (Tyr23) ACTH-
(1-39) (specific activity = 74 TBq/mmol) from Amersham (Les Ulis,
France);insulin, transferrin, and bacitracin from Sigma Immunochem-
icals (Saint Louis, MO), BSA from Boehringer Mannheim (Meylan,
France); nystatin from Gibco (Paris, France); and penicillin/strepto-
mycin, fetal calf serum, and Dulbecco’s modified Eagle’s medium/
Ham’s nutrient mixture F-12 (F-12) (1:1) from JBio (Villejust,
France). All other reagents came from Sigma Immunochemicals. Spe-
cific antagonist DuP-753 (or losartan) was obtained from Du Pont
Merck (Wilmington, DE), and CGP 42112A was a gift of Dr. de Ga-
sparo (Ciba-Geigy, Basel, Switzerland).

Human adrenal cell isolation and culture. Human adult adrenals
were obtained after organs were removed from brain-dead patients for
transplantation, with the approval of the ethical committee of the Hos-
pices Civils de Lyon. After having removed the major part of the me-
dulla, the zona fasciculatareticularis was separated from the capsula
and used for cell preparation. Cells were dispersed by two collagenase/
DNAse digestions (1 mg/ml per 0.1 mg/ml) in DMEM/F-12 me-
dium, supplemented with NaHCO, (14 mM) and Hepes (10 mM)
containing gentamycin (20 ug/ml), penicillin (100 U/ml), streptomy-
cin (0.1 mg/ml), and nystatin (100 U/ml). Cells were then seeded in
monolayer cultures in the same medium containing 10% fetal serum
plus insulin (10 gg/ml), transferrin (10 pg/ml), and vitamin C ( 1074
M). After 24 h, the medium was changed to the same medium without



serum. Treatments were conducted in this medium starting on day 2 or
3 of culture.

Receptor binding assays. At the end of the experimental period, the
medium was removed and the cells were washed twice with ice-cold
0.9% NaCl, once with ice-cold acidic glycine buffer (50 mM glycine/
100 mM NaCl, pH 3) for 4-5 min at 4°C, and twice with 0.9% NaCl to
remove the membrane-bound ligand. Then the cells were incubated for
1 h at 20°C with ~ 1.8 X 10° cpm of ['*I]JACTH in F-12/DME
containing 0.5% bovine serum albumin and 0.1% bacitracin. At the
end of the incubation, the medium was removed, and the cells were
washed three times with 0.9% NaCl and then dissolved in 0.5 M
NaOH /0.4% sodium deoxycholate. The radioactivity was measured in
a vy counter with 75% efficiency. Nonspecific binding was determined
by the addition of 107 M unlabeled ACTH.

RNA extraction and Northern blot analysis. Total RNA was iso-
lated from cells by the method of Chomczynski and Sacchi (14). Sam-
ples were separated by electrophoresis through a 1.0% agarose gel con-
taining 8% formaldehyde. RNA was then transferred to a membrane
(Hybond-N; Amersham). Prehybridization was performed in SSC
(5%), pH 7.0, containing 50% formamide, | X PE (5 X PE = 250 mM
Tris-HCI, pH 7.5, 0.5% sodium pyrophosphate, 5% SDS, 1% polyvinyl-
pyrrolidone, 1% Ficoll, 25 mM EDTA, and 1% BSA), and 150 ug/ml
salmon sperm DNA at 42°C for 4 h. Hybridization was performed in
the same buffer at 42°C for 24 h, using a 955-bp fragment of the human
ACTH receptor as probe (10° dpm/ml). This probe was prepared by
PCR amplification using human genomic DNA as template. Primers
were designed from the ACTH receptor published sequence (9) (con-
sidering the A of the translation initiation codon ATG as position +1,
these two oligonucleotides were named: —22S 5-GCCTTAACCACA-
AGCAGGAG-3' and 4933 AS 5-CGTTATTCCCATGGATTCTA-
3"), and the resulting fragment (955 bp) contained the whole coding
sequence of the gene. This PCR fragment was then subcloned into
Smal-cleaved pTZ18 (Pharmacia, Saint-Quentin-en-Yvelines,
France). The probe was recovered after cutting with EcoRI and
BamHI restriction enzymes. Labeling of this probe in the presence of
[«3?P)dCTP was performed (Multiprime DNA labeling system;
Amersham). The blots were washed two times in a 2 X SSC buffer
containing 0.1% SDS at room temperature for 15 min; one timeina0.2
X SSC containing 0.1% SDS at room temperature for 30 min and
finally 10 min at 55°C in the same buffer. The blots were exposed to
x-ray film at —70°C with two intensifying screens. The relative inten-
sity of hybridization signals was quantified by scanning densitometry
(Preference HIT; Sebia, Paris, France). Equal loading of RNA samples
was confirmed by photographing the ethidium bromide-stained mem-
branes with Polaroid type 55 films and scanning the 28S RNA images
on the photograph negatives.

Other methods. At the end of each experimental protocol, the cells
were washed and incubated in fresh medium in the presence of 10* M
ACTH. One aliquot of the medium was removed after 2 h for steroid
measurement. Samples were frozen until the specific radioimmunoas-
says were performed (15).

Results

Northern blot analysis of human adrenal fasciculata-reticularis
cells (HAC) mRNA under moderate stringency conditions re-
vealed predominant transcripts at 1.8 and 3.4 kb, as well as less
intense bands of 4, 7, and 11 kb (Fig. 1). Similar transcripts
were observed using RNA extracted from whole human adre-
nal (data not shown). All transcripts were increased by a 4-d
treatment with either ACTH (1078 M) or A-II (10”7 M), but
the effect of ACTH was greater than that of A-II, but lower than
that produced by the addition of both hormones (Fig. 1). The
effect of A-II was probably caused by a direct action of the
peptide on fasciculata-reticularis cells, since the contamination
by glomerulosa cells was very small (< 10%).

Regulation of Human Corticotropin Receptors Messenger RNA

kb Figure 1. Effect of
ACTH, A-Il, and
ACTH + A-Il on HAC
ACTH receptors
mRNAs. From the sec-
ond day of culture, cells
were incubated for 72

h in fresh medium with
or without 1078 M
ACTH, 1077 M A-ll or
10°*MACTH+ 1077
M AIL At the end of the
incubation period, hu-
man ACTH receptor
mRNAs were analyzed
as described in Meth-
ods. Northern blot anal-
ysis revealed two major
transcripts of 1.8 and
3.4 kb and three minor
transcripts of 4, 7, and
11 kb. Lane I, control, lane 2, 107 M ACTH; lane 3, 107" M Al
lane 4, 10°* M ACTH + 1077 M A-IL

The stimulatory effects of both ACTH and A-Il on ACTH
receptor mRNA were dose dependent. Maximum effect was
observed at 10~* M ACTH (Fig. 2 4) with an EDs, ~ 10™° M.
Treatment of cells with 1077 M (data not shown) produced
similar effects than those induced by 107* M ACTH. At maxi-
mal concentrations, ACTH induced a 21-fold increase of its
own receptor mRNA. The concentrations of the hormone re-
quired to induce a half-maximal and a maximal effect on
ACTH receptor mRNA were about one order of magnitude
higher than those required to stimulate cortisol secretion (data
not shown). Such discrepancy has also been observed in bo-
vine adrenal cells concerning the effects of ACTH on cortisol
output and on the number of its own receptors (7). This effect
is probably caused by the fact that the concentrations of ACTH
that cause half-maximal cAMP production are also about one
order of magnitude higher than those required to stimulate
cortisol secretion (6). The maximal effect of A-II (17-fold in-
crease) was observed at 10™" M (Fig. 2 B). Treatment of cells
with 107® M (data not shown) produced similar effects than
1077 M. In the case of A-II, there was a good agreement be-
tween the concentrations of the hormone required to induce
ACTH receptor mRNA and those required to induce cortisol
secretion (data not shown). The effects of A-II were inhibited
by 8 X 107> M losartan, an antagonist of the AT1 receptor
subtype, but not by CGP 42112A, an antagonist of the AT2
receptor subtype (Table I).

Since the effects of ACTH and A-II on adrenal cells are
mediated through cAMP and phosphoinositide pathways, re-
spectively, we investigated whether their effects on ACTH re-
ceptor mRNA were additive. Fig. 1 shows that the levels of all
ACTH receptor transcripts were higher in cells treated with
both hormones than in cells treated with each hormone alone
at maximal concentration. Quantification of different tran-
scripts by scanning densitometry reveals that the effects were
additive (Table I).

The stimulatory effects of ACTH and A-II on ACTH recep-
tor mRNAs could be caused by transcriptional or posttran-
scriptional modifications. Since the number of cells obtained
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Figure 2. Dose response effects of ACTH and A-II on HAC ACTH
receptor mRNAs. From the second day of culture, cells were incu-
bated for 72 h in fresh medium containing increasing concentrations
of ACTH or A-IL. At the end of the incubation, human ACTH re-
ceptor mRNAs were analyzed as outlined in Methods. (4) Represen-
tative Northern blot for increasing concentrations of ACTH (lane 1,
control; lane 2, 107'3; lane 3, 107'2, lane 4, 10~"*; lane 5, 107'°; lane
6,107, lane 7, 10~ M). ( B) representative Northern-blot for dif-
ferent concentrations of A-II (lane /, control; lane 2, 107'%; lane 3,
107%; lane 4, 107%; lane 5, 10~7 M).

Table I. Effects of ACTH, A-II, or both on ACTH Receptor Number

for each adrenal (3-4 X 107 cells) was insufficient to performed
run-on experiments under the three conditions, control,
ACTH, and A-Il, we have investigated the half-life of the
ACTH receptor mRNA. Cells were incubated for 24 h in the
absence or presence of ACTH (1078 M) or A-II (10~7 M), and
then actinomycin D (10 ug/ml) was added, and the levels of
ACTH receptor mRNA levels (1.8- and 3.4-kb transcripts)
were evaluated at 3, 6, 9, and 12 h. The results of three different
experiments shown in Fig. 3, demonstrated that the half-life of
ACTH receptor mRNA in control, as well as A-II- and ACTH-
treated cells was 6+0.11, 7.75+0.4, and 12+1.58 h, respec-
tively.

Next, we investigated the time course effects of both hor-
mones alone or together on ACTH receptor mRNA. Fig. 4
shows that (a) the stimulatory effects of both hormones could
be seen within 12 h; (b) at any time the effects of A-II were less
than those of ACTH, which in turn were less than those of both
hormones together; and (c) the maximum effect was observed
between 48 and 72 h.

Since the effects of both hormones on ACTH receptor
mRNA were very rapid (Fig. 4), we wondered if these effects
reflect “early response” or “late response.” Cells were incu-
bated for 12 h in the absence or presence of ACTH (1078 M) or
A-II (1077 M) without or with cycloheximide (5 ug/ml), a
concentration which blocks > 95% protein synthesis (data not
shown), and the ACTH receptor mRNA levels were evaluated
at the end of the experiment. The results in Table II show that
the antibiotic reduced the ACTH receptor mRNA levels in
control cells by 60%, blocked almost completely the stimula-
tory effects of ACTH, and reduced the effects of A-II by 75%.

To determine if the increase of ACTH receptor mnRNA was
associated with an increase of the number of ACTH binding
sites, cells were treated for 72 h with ACTH. After a glycine
wash to remove the membrane bound ligands, ACTH receptor
number was measured in control and ACTH-pretreated cells.
Scatchard analysis of the binding data (Fig. 5) revealed that
control human adrenocortical cells contain two types of bind-
ing sites, one of high affinity (K; = 5.7£2.5 X 1071°M, n = 3)
and low capacity (850+50 sites/cell), the second of low affin-

and ACTH Responsiveness in Human Adrenal Fasciculata-Reticularis Cells
ACTH receptor
(-fold stimulation over control) ACTH response
Pretreatment Cortisol mRNA Binding Cortisol
ng/24 h ng/2 h
Control 713+48* 1* 1* 400+31*
ACTH 108 M 39,180+5,100% 21+2.54 4.8+0.4% 5,044+290%
A1 107"M 6,643+74% 17+4* 3.5+0.3¢ 1,739+39%
ACTH + A-lI 37,990+2,101% 466} 5.7+0.6* 3,375+290%
A-II + losartan 1075 M 1,180+50* 1.2 — 500+39*
A-I1 + CGP 42112A 7,400+600° 17.7 — 1,538+25%

Different superscripts in the same column indicate a significant difference (P < 0.05). " A single experiment. Human adrenal fasciculata-reticu-
laris cells were treated for 3 d with the indicated compounds. The cortisol production during the last 24 h of culture was measured. Then the
ACTH receptor number and mRNA, as well as the acute (2 h) cortisol production in response to 107* M ACTH were measured. The results are

given as the mean+SE of two to six different experiments.
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Figure 3. Effects of ACTH and A-1I on ACTH receptor mRNA half-
life. Beginning on the second day of culture, cells were incubated for
24 h in fresh medium with or without 107 M ACTH or 1077 M A-II,
and then actinomycin D (10 ug/ml) was added (time 0). At 0, 3, 6,
and 12 h, human ACTH receptor mRNAs were analyzed as described
in Methods. The results are given as the mean of three different ex-
periments.

ity (K, = 5 X 1078 M) and high capacity (20,000 sites/cell).
Two types of ACTH binding sites have also been reported for
rat (5), bovine (7), ovine (8), and chicken (4) adrenal cells.
For most of these models, the physiological significance of the
low affinity binding sites is unknown, since it cannot be related
to any physiological responses of adrenal cells, and this seems
to be the case for HAC.

Pretreatment with ACTH produced a three- to fourfold in-
crease in the number of the high affinity sites, without any
significant effect on the K, (Fig. 5). The effects of ACTH on
the low affinity binding sites (affinity and number) were not
significant. A-II pretreatment also increased the number of
ACTH binding sites, but its effects were less than those pro-
duced by ACTH, which in turn were less than those produced
by the two hormones added together (Table I). It must be
pointed out that the effects of both hormones, either alone or
together, on ACTH receptor mRNA levels were four to five
times higher than their effects on ACTH receptor number. One

%/CONTROL

24h

48 h
TIME OF TREATMENT

Figure 4. Time course of ACTH, A-II, and ACTH + A-II effects on
HAC ACTH receptor mRNAs. On the second day of culture, cells
were incubated in fresh medium with or without 107 M ACTH, 107’
M A-11, or 10"® M ACTH + 10~7 M A-II for various periods of time,
and the human ACTH receptor mRNAs were analyzed as outlined in
Methods. The results of the sum of the two major transcripts (1.8
and 3.4 kb) are expressed as the percentage of increase in treated cells
over the control cells and are the mean+SEM of three Northern blots.
ND, not determined.

Table I1. Effects of Protein Synthesis Inhibitor
on ACTH Receptor mRNA Levels

ACTH receptor mRNA (% of control)

Without With
Treatment cycloheximide cycloheximide
Control 100 39+11%
ACTH 10 M 1,714+623* 110+55%
ATl 1077M 1,587+438* 575+323%

* P < (.01 compare to control of the same column. P <0.01 com-
pare to the corresponding values - cycloheximide.

Human adrenal fasciculata-reticularis cells were treated for 12 h in the
absence or presence of ACTH 107 M or A-II 1077 M without or
with cycloheximide (5 ug/ml). At the end of treatment, ACT H recep-
tor mRNA levels were evaluated. The results expressed as percent of
control are the mean+SEM of three different experiments.

possible explanation for this discrepancy might be an increase
in the rate of internalization-degradation of the ACTH recep-
tor in treated cells, similar to that observed for A-II receptors in
bovine adrenocortical cells (15).

The stimulatory effect of ACTH and A-II on ACTH recep-
tors was associated with an enhanced steroidogenic response to
further ACTH stimulation as compared to control cells (Table
I). Again, the effects of ACTH were significantly greater than
those produced by A-Il. However, the responsiveness of cells
pretreated with ACTH plus A-II was lower than that of ACTH-
pretreated cells. The reason for this is unknown, but could be
related to some inhibition by A-II of the positive effects of
ACTH on the expression of the gene encoding for several ste-
roidogenic enzymes. The data of Table I show that A-II was
able to stimulate cortisol production by human adrenal fasci-
culata cells, confirming that these cells are a target for A-IL

Discussion

ACTH and A-II are the two main hormones that control adre-
nocortical functions under physiological conditions. There-
fore, determining the mechanism that regulates the number of
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Figure 5. Scatchard analysis of the inhibition of binding of '**I-labeled
human (Tyr?*) ACTH to human adrenal cells by increasing concen-
trations of unlabeled ACTH. Cells were incubated for 72 h in the ab-
sence (+) or presence (o) of 107> M ACTH. Then the medium was
removed, and the cells were washed with an acidic buffer and incu-
bated with '2I-ACTH in the presence of increasing concentrations
of cold ACTH. B, bound ligand; F, free ligand.
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receptors for these two hormones on adrenocortical cells
should be of primary importance. In contrast with the loss of
receptors and the desensitization of target cells induced by
many hormones (16 ), our results show clearly that ACTH pro-
duces an increase of its own receptors on human adrenal fasci-
culata-reticularis cells. These results are similar to those previ-
ously reported, for both bovine (7) and ovine (8) adrenocorti-
cal cells, where ACTH also increases its own receptor number.
In these studies, however, no information was given concern-
ing the levels of ACTH receptor mRNA, which had not yet
been cloned.

The present results show that HAC contain several ACTH
receptor transcripts, two major ones of 1.8 and 3.4 kb, and
three minor ones of 4, 7, and 11 kb. In contrast, a single tran-
script of 4 kb has been found in Rhesus monkey adrenal (9,
17), and two mRNAs of 3.6 and 4.2 kb have been observed in
bovine adrenocortical cells (Penhoat, A., and J. M. Saez, un-
published observation). Since the ACTH receptor gene con-
tains a single exon in the coding region (9) and the probe we
used contains the complete coding sequence, the presence of
several transcripts might result from several initiation tran-
scription sites and/or several polyadenylation sites. Interest-
ingly, this different processing of ACTH receptor mRNA ap-
pears to be different among species.

ACTH produced in a dose- and time-dependent manner an
increase of all ACTH receptor transcripts. At maximal concen-
tration of the hormone, there was a 20-fold increase of ACTH
receptor mRNA, but only a twofold increase of it half-life.
Therefore, it appears that ACTH enhances the accumulation of
ACTH receptor mRNA mainly by increasing the rate of tran-
scription. Moreover, both the constitutive and the ACTH-stim-
ulated expression of ACTH receptor required de novo protein
synthesis.

The classical concept of the lack of effect of A-II on the
glucocorticoid secretion in human (1) was challenged by the
present results showing that A-II stimulated cortisol produc-
tion by cultured human fasciculata-reticularis cells. Moreover,
these cells contain AT1 receptor subtype and express AT1 re-
ceptor mRNA, and both receptor number and mRNA are nega-
tively regulated by A-II (18). Further evidence indicating that
HAC are a target for A-II was given by the fact that the hor-
mone increases the ACTH receptor mRNA levels in a dose-de-
pendent manner, and that these effects are mediated mainly
via transcriptional mechanisms. The possibility that these ef-
fects of A-II could be caused by the small contamination of our
cell preparation with glomerulosa cells is unlikely. First, the
aldosterone production after stimulation with A-II or ACTH
was very low when compared to cortisol production (data not
shown). Second, pretreatment with A-II not only significantly
increased cortisol production, but also enhanced the steroido-
genic response to further stimulation with ACTH, indicating
that A-II was acting on fasciculata cells. In all species studied,
including human, ACTH is able to stimulate the steroidogene-
sis of both glomerulosa and fasciculata cells (19), suggesting
that both cell types contain ACTH receptors. In the rat, the
number of ACTH receptors on glomerulosa cells is even higher
than on fasciculata cells (5). Therefore, the higher ACTH re-
ceptor mRNA content observed after ACTH plus A-II treat-
ment, compared to cells treated with each hormone alone is in
favor of two different mechanisms regulating ACTH receptor
mRNA levels, rather than the stimulation by each hormone of
two different cell types.
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In conclusion, the present results show for the first time that
human adrenal fasciculata-reticularis cells contain high affinity
ACTH binding sites, and that both binding sites and ACTH
receptor mRNA are positively regulated by both ACTH and
A-IL In addition, they also show that these cells are target for
A-II. These results suggest that the enhanced glucocorticoid
secretion observed in the human after repeated (20) or long-
term (21) treatment with ACTH, as well as in patients with
Cushing’s disease or with ectopic ACTH secretion (1), is proba-
bly not only caused by the positive trophic effect of ACTH on
the expression of the gene encoding the enzymes of the steroido-
genic pathway (22), but also to the positive effects of the hor-
mone on its own receptors. The direct stimulatory effect of A-II
on cortisol secretion by the fasciculata-reticularis cells and its
trophic effect on ACTH receptor number and on ACTH re-
sponsiveness can explain why, under some clinical conditions
(e.g., congenital adrenal hyperplasia with salt loss ), normaliza-
tion of fasciculata-reticularis cell functions (plasma levels of
17a-hydroxyprogesterone) requires not only the suppression
of ACTH plasma levels, but also the normalization of the
renin-angiotensin system (23).
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