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Effect of 3,3-Iminodiproprionitrile (IDPN) on Corticosteroidogenesis
of Isolated Adrenocortical Cells' (42502)
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Abstract. The neurotoxic agent, 3,3-iminodiproprionitrile (IDPN), is a disrupter of neurofila-
ment- and intermediate filament-organelle association. In the present study, the effect of IDPN
on corticosteroidogenesis was investigated using isolated rat (having few intermediate filaments)
and domestic fowl (having abundant intermediate filaments) adrenocortical cells. Cells were in-
cubated with or without steroidogenic agents and precursors and with or without various con-
centrations of IDPN for 2 hr. IDPN had similar inhibitory potencies (as indicated by the half-
maximal inhibitor concentrations (IDs, values)) with both rat and domestic fowl cells despite
their grossly different intermediate filament content. However, the average IDs, values of IDPN
varied with the different steroidogenic agents and precursors used. The average IDPN IDs, values
for maximal ACTH- and 8-bromo-cyclic AMP (8-Br-cAMP)-induced corticosterone production
were equivalent (49.7 and 45.7 mA, respectively). However, the IDPN IDs, values for maximal
ACTH-induced cAMP production, maximal 25-hydroxycholesterol- and pregnenolone-supported
corticosterone production, and maximal ACTH- and 8-Br-cAMP-induced protein synthesis varied
from 3.7 to 5.4 times the average IDs, values for maximal ACTH- and 8-Br-cAMP-induced
corticosterone production. Thus, the inhibitory action of IDPN was not closely linked to the
inhibition of ACTH-transmembrane signaling via cAMP, protein synthesis, and steroidogenic
enzyme activity. The data suggest that IDPN inhibited corticosteroidogenesis at a step after cAMP
but before cholesterol side-chain cleavage and that the inhibition was not dependent on the presence

of intermediate filaments. © 1987 Saciety for Experimental Biology and Medicine.

Ample evidence suggest that cytoskeletal
elements are involved in corticosteroidogene-
sis. Microfilament disrupting agents such as
cytochalasins (1-4) and actin antibody (5)
have been shown to block corticosteroidogen-
esis. The use of these microfilament disrupting
agents has provided evidence suggesting that
microfilaments mediate the interaction of cy-
toplasmic cholesterol with mitochondria for
subsequent cholesterol side-chain cleavage, the
rate-limiting step of steroidogenesis (2, 3). In
contrast, there have been conflicting reports
of the action of microtubule disrupting agents
on corticosteroidogenesis. Thus, the role of
microtubules in corticosteroidogenesis re-
mains controversial (6-9).

Recent work using agents that disrupt the
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association of neurofilaments and intermedi-
ate filaments with microtubules and other or-
ganelles suggests that intermediate filaments
may also play a role in corticosteroidogenesis
(10). One of these agents, 3,3-iminodipro-
prionitrile (IDPN), like other cytoskeletal dis-
rupting agents, exhibited a bimodal effect on
corticosteroidogenesis by Y-1 mouse adrenal
tumor cells; at low and high concentrations,
respectively, it stimulated and inhibited
ACTH-induced steroidogenesis (10). How-
ever, details of the effect of IDPN on the cor-
ticosteroidogenic pathway have not been re-
ported. Moreover, there have been no reports
of work with normal adrenocortical cells,
freshly isolated from the animal, and incu-
bated for brief periods. Freshly isolated adre-
nocortical cells exhibit steroidogenic responses
to ACTH similar to the adrenal gland in vivo
(11). However, adrenocortical cells in suspen-
sion lack n extensive cytoskeletal arrange-
ment as exhibited by normal (12) and tumor-
ous (1-10) adrenocortical cells in long-term
culture.

Accordingly, in the present study we eval-
uated the acute influence of IDPN on the
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function of isolated rat and domestic fowl ad-
renocortical cells. Rat adrenocortical cells have
few intermediate filaments, whereas domestic
fowl cells have an abundance of intermediate
filaments (13). However, adrenocortical tissue
and cells from both species secrete predomi-
nantly corticosterone (80-90%) (11, 13-15),
thus providing a common end product glu-
cocorticoid for evaluation and comparison.
Thus, the effect of IDPN on various parts of
the corticosteroidogenic pathway could be
evaluated in cells that differ widely in their
intermediate filament content and that secrete
a common end product glucocorticoid.
Materials and Methods. Adrenocortical cell
isolation and incubation. Adrenocortical cells
were prepared from the adrenal glands of sex-
ually mature male Sprague-Dawley rats
(Charles River Breeding Laboratories, Wil-
mington, MA) and sexually mature White
Leghorn roosters (Avian Services, French-
town, NJ) as described in detail previously
(16). The basic medium for tissue dissociation
and cell incubation was Krebs-Ringer Hepes
(n-2-hydroxyethylpiperazineethanesulfonic
acid) buffer (24.2 mAM Hepes, 118.5 mAf NaCl,
4.75 mM KCl, 2.54 mM CaCl,, 1.20 mM
KH,PO,, 1.20 mAM MgSQO,, 11.1 mA/f glucose,
pH 7.5). In brief, adrenal glands were trimmed
free of adhering connective tissue and diced
into small pieces. The tissue fragments were
dissociated using mechanical agitation and the
basic medium containing 0.2% collagenase
(Type 11, Sigma Chemical Co., St. Louis, MO).
Cells were then placed on a 40% Percoll
(Pharmacia Fine Chemicals, Piscataway, NJ)
continuous density gradient and centrifuged
(400g for 15 min at 4°C) to separate adreno-
cortical cells from broken cells, cell fragments,
and other adrenal cell types. Enriched adre-
nocortical cell fractions (87-93% adrenocor-
tical cells) were washed free of Percoll and re-
suspended in the basic medium containing
0.25% bovine serum albumin (incubation
medium; Type V, Sigma Chemical Co.). Ad-
ditions to the incubation medium were various
concentrations of IDPN (3,3-iminodipro-
prionitrile, Eastman Kodak Co., Rochester,
NY) and maximal steroidogenic concentra-
tions of ACTH (ACTH-(1-24), Cortrosyn, Or-
ganon, Inc., West Orange, NJ), 8-Br-cAMP,
pregnenolone (Sigma Chemical Co.), and 25-
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hydroxycholesterol (Steraloids Inc., Wilton,
NH). The total incubation volumes were 250—
500 ul (90% of the incubation volume was cell
suspension, 10%, a solution containing a ste-
roidogenic agent or precursor). Prior to the
addition of these agents to the cell suspensions,
ACTH was dissolved in a solution of 0.9%
Na(Cl, pH adjusted to 2.6 with 1.0 N HCl, con-
taining 0.1% bovine serum albumin, whereas
IDPN, 8-Br-cAMP, 25-hydroxycholesterol,
and pregnenolone were made up in the in-
cubation medium. Initial dilutions of the pre-
cursor steroids were carried out in absolute
ethanol. However, the final maximal concen-
tration of ethanol (0.04%) did not affect cor-
ticosteroidogenesis. Incubations were carried
out at 37°C (rat cells) or 40°C (domestic fowl
cells) for 2 hr in a shaking water bath. After
incubation, cell suspensions were frozen at
~20°C until radioimmunoassay for cortico-
sterone and determination of cCAMP. In each
experiment at least 92% of the cells were viable
after incubation as indicated by trypan blue
dye exclusion.

Determination of corticosterone and cAMP.
Corticosterone, the major glucocorticoid se-
creted by rat (11) and domestic fowl (13-15)
adrenocortical tissue and cells, was measured
by a modification of the radioimmunoassay
procedure of Roy et al. (17) using specific an-
tibody (Miles Research Products, Elkhart, IN).
cAMP produced by rat adrenocortical cells was
measured using a protein-binding kit (Diag-
nostic Products Corp., Los Angeles, CA). In
our experiments as little as 0.1 ng corticoste-
rone/ml and 0.5 pmole cAMP/ml could be
detected. Radioimmunoassay of aliquots of
the same pooled cell suspensions (performed
with each assay) showed intrassay coefficients
of variation of 6.3 and 8.2%, respectively, and
interassay coefficients of variation of 9.2 and
12.3%, respectively.

Determination of protein synthesis. The in-
fluence of IDPN on maximal ACTH- and
cAMP-induced protein synthesis by isolated
rat and domestic fowl adrenocortical cells was
determined using a modification of the pro-
cedure of Schulster et al. (18) as described in
detail previously (19). In brief, the incorpo-
ration of L-[3,4,5(NV)-*H]leucine (152.0 Ci/
mmole; New England Nuclear, Boston, MA)
into trichloroacetic acid-precipitable proteins
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was measured. Within- and between-experi-
ment coefficients of variation were 7.6 and
11.2%, respectively.

Analysis of data. The effects of IDPN on
some parameters of the responses of isolated
adrenocortical cells to steroidogenic agents
were determined. The average within- and be-
tween-experiment coefficients of variation of
cell incubation (calculated from basal corti-
costerone values after 2 hr of incubation) were
9.7 and 15.2%, respectively. Data comprising
the sigmoidal inhibitory dose-response curves
shown in this report were analyzed using a
four-parameter logistic equation model (20)
that is available as a computer program (ALL-
FIT, Biomedical Computing Technology In-
formation Center, Vanderbilt Medical Center,
Nashville, TN). Half-maximal inhibitory con-
centrations (EDs,) were calculated and statis-
tically analyzed using this program.

Other data were statistically analyzed by
analysis of variance (21). Data are expressed
as the means = SEM; means were deemed sig-
nificantly different at P < 0.05.

Results. Effect of IDPN on corticosterone
production. To gain information on the cel-
lular loci of possible inhibition of corticoste-
roidogenesis by IDPN, isolated rat and do-
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FIG. 1. IDPN inhibition of ACTH-induced corticoste-
rone production by isolated rat and domestic fowl adre-
nocortical cells. Rat (2.5 X 10* cells/ml) and domestic
fowl (5 X 10* cells/ml) cells were incubated with various
concentrations of IDPN and with or without a maximal
steroidogenic concentration of ACTH (0.1 ng/ml) for 2
hr. Each symbol represents the mean of corticosterone
values from nine cell incubations (three cell incubations
from each of three experiments). SEM are represented by
bars when they are larger than the symbols.
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FIG. 2. IDPN inhibition of 8-Br-cAMP-induced corti-
costerone production by isolated rat and domestic fowl
adrenocortical cells. Rat (2.5 X 10* cells/ml) and domestic
fowl (5 X 10* cells/ml) cells were incubated with various
concentrations of IDPN and with a maximal steroidogenic
concentration of 8-Br-cAMP (1 mM) for 2 hr. Each symbol
represents the mean of corticosterone values from nine
cell incubations (three cell incubations from each of three
experiments). SEM are represented by bars when they are
larger than the symbols.

mestic fowl adrenocortical cells were incu-
bated with various concentrations of IDPN
and with or without maximal steroidogenic
concentrations of ACTH (0.1 ng/ml; Fig. 1),
8-Br-cAMP (1 mM; Fig. 2), and the steroido-
genic precursors, 25-hydroxycholesterol (10
uM; Fig. 3) and pregnenolone (10 pA; data
not shown). IDPN had little effect on basal
corticosterone production (Figs. 1 and 3). On
the other hand, regardless of steroidogenic
agent or precursor, IDPN inhibited maximal
corticosterone production in a concentration-
dependent manner (Figs. 1-3). In addition,
with the exception of maximal 25-hydroxy-
cholesterol-supported corticosterone produc-
tion (Fig. 3), IDPN inhibited rat and domestic
fowl corticosterone production with equiva-
lent potencies as indicated by the equivalent
IDs, values (Table I). Thus, by and large,
IDPN inhibited different loci of rat and do-
mestic fowl corticosteroidogenic pathways in
a similar manner.

In contrast to the similar IDPN IDs, values
for rat and domestic fowl corticosterone pro-
duction, some IDPN IDs, values were different
for the different steroidogenic agents and pre-
cursors used. For example, maximal ACTH-
and 8-Br-cAMP-induced corticosterone pro-
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Fi1G. 3. IDPN inhibition of 25-hydroxycholesterol-sup-
ported corticosterone production by isolated rat and do-
mestic fowl adrenocortical cells. Rat (2 X 10° cells/ml)
and domestic fowl (2 X 10° cells/ml) cells were incubated
with various concentrations of IDPN and with or without
a maximal steroidogenic concentration of 25-hydroxy-
cholesterol (10 uM) from 2 hr. Each symbol represents
the mean of corticosterone values from nine cell incuba-
tions (three cell incubations from each of three experi-
ments). SEM are represented by bars when they are larger
than the symbols.

duction were inhibited with equivalent poten-
cies (49.7 and 45.7 mAM, respectively; data for
rat and domestic fowl cells pooled and aver-
aged). However, the IDPN IDs, values for
maximal corticosterone production supported
by 25-hydroxycholesterol and pregnenolone
were 183.1 and 165.7 mAM, respectively (data
for rat and domestic fowl cells pooled and av-
eraged) or about 3.7 times the IDs, values for
maximal ACTH- and 8-Br-cAMP-induced
corticosterone production. The data suggest

that IDPN inhibition of ACTH- and 8-Br-
cAMP-induced corticosteroidogenesis was not
closely linked to inhibition of conversion of
precursors to corticosterone.

Effect of IDPN on ACTH-induced cAMP
production. The preceding studies suggested
that IDPN might act early in the pathway of
events after ACTH and cAMP but before cho-
lesterol side-chain cleavage. To support this
postulate, we measured the influence of IDPN
on maximal ACTH-induced cAMP produc-
tion by isolated rat adrenocortical cells. Iso-
lated domestic fowl cells were not used because
the amount of cAMP produced by fowl cells
was below the detection sensitivity of the assay.
In the absence of ACTH, IDPN slightly stim-
ulated cAMP production (Fig. 4). In the pres-
ence of ACTH, IDPN inhibited cAMP pro-
duction. However, the IDs, value was 287.3
mAM or 5.4 times greater than the IDsy value
for ACTH-induced corticosterone production
(Table I). Thus, IDPN inhibition of ACTH-
induced corticosterone production was not
closely linked to the inhibition of cAMP pro-
duction.

Effect of IDPN on ACTH- and 8-Br-cAMP-
induced protein synthesis. Agents known to
inhibit protein synthesis will also inhibit cor-
ticosteroidogenesis induced by ACTH and 8-
Br-cAMP (18, 22). To learn if the inhibition
of corticosteroidogenesis observzd after addi-
tion of IDPN was related to an effect on pro-
tein synthesis, we measured the influence of
IDPN on leucine incorporation into proteins
in cells maximally stimulated with ACTH and
8-Br-cAMP (Fig. 5). Within a species IDPN

TABLE 1. HALF-MAXIMAL INHIBITORY CONCENTRATION (IDsp)? OF IDPN FOR
ADRENOCORTICAL CELL FUNCTION

Adrenocortical cell

Additions to cell incubation Cell function Rat Domestic fowl
ACTH Corticosterone production 532+ 74 462+ 6.8
ACTH cAMP production 287.3+42.3* —
ACTH Protein synthesis 173.2+23.2%* 232.7+24.9*
8-Br-cAMP Corticosterone production 473+ 6.1 440+ 8.7
8-Br-cAMP Protein synthesis 178.4 +18.2* 226.9 +23.5*
25-hydroxycholesterol Corticosterone production 239.7+46.7* 126.4 +23.6*
Pregnenolone Corticosterone production 132.1 +31.9* 199.2 £ 57.2*

2 Each value is the mean + SEM of IDs, values from three experiments.
* D5, values significantly different from corresponding IDs, values for ACTH-induced corticosterone production.
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inhibited ACTH- and 8-Br-cAMP-induced
protein synthesis with equivalent potencies
(Table I). However, there were slight species
differences: The average IDs, values for
ACTH- and 8-Br-cAMP-induced protein syn-
thesis were 175.8 and 229.8 mM for rat and
fowl cells, respectively. Nevertheless, these
values were 3.5-4.1 times greater than the IDs,
value for maximal ACTH-induced corticoste-
rone production. Thus, IDPN inhibition of
ACTH- and 8-Br-cAMP-induced corticoste-
rone production was not closely linked to the
inhibition of protein synthesis.

Kinetics of IDPN inhibition. The kinetics
and reversibility of IDPN inhibition of corti-
costeroidogenesis were examined to learn
whether the observed effects of IDPN were due
to toxic effects on the cells (Fig. 6). ACTH-
induced corticosterone production was ter-
minated abruptly by IDPN (500 mM/). How-
ever, ACTH-induced corticosterone was grad-
ually restored after cells treated with IDPN
were washed and then resuspended in fresh
medium with ACTH but without IDPN. Thus,
IDPN, at the highest concentration used in
these experiments, was not toxic to cells.

Discussion. The present study shows that
IDPN, a neurotoxic compound that specifi-
cally disrupts the association of neurofilaments
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FIG. 4. IDPN inhibition of ACTH-induced cAMP pro-
duction by isolated rat adrenocortical cells (2 X 10° cells/
ml). Cells were incubated with various concentrations of
IDPN and with or without a maximal cAMP-inducible
concentration of ACTH (1 ug/ml) for 2 hr. Each symbol
represents the mean of cCAMP values from nine cell in-
cubations (three cell incubations from each of three ex-
periments). SEM are represented by bars when they are
larger than the symbols.
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FIG. 5. IDPN inhibition of ACTH- and 8-Br-cAMP-
induced protein synthesis by isolated rat and domestic fowl
adrenocortical cells. Rat (1 X 10° cells/ml) and domestic
fowl (4.5 X 10° cells/ml) adrenocortical cells were incu-
bated with various concentrations of IDPN and with a
maximal steroidogenic concentration of ACTH (0.1 ug/
ml) or 8-Br-cAMP (1 mA) for 2 hr. Each symbol represents
the mean of L-[*H]leucine incorporation values from nine
cell incubations (three cell incubations from each of three
experiments). SEM are represented by bars when they are
larger than the symbols.

and intermediate filaments with other organ-
elles, acutely inhibited corticosteroidogenesis
by isolated rat and domestic fowl adrenocor-
tical cells. Although IDPN had little effect on
basal corticosterone production (Figs. 1 and
3), it inhibited corticosterone production
maximally induced by ACTH and §8-Br-cAMP
(Figs. 1 and 2) and that maximally supported
by 25-hydroxycholesterol (Fig. 3) and preg-
nenolone (data not shown) in a dose-depen-
dent manner. Our results in part support the
results of earlier work with Y-1 mouse adrenal
tumor cells (10), but differ from the results
with tumor cells in that in the present study
IDPN failed to augment ACTH-induced ste-
roidogenesis.

Data presented here suggest that IDPN in-
hibited corticosteroidogenesis by affecting a
factor(s) in the steroidogenic pathway after
ACTH-transmembrane signaling via CAMP
but before cholesterol side-chain cleavage.
Both maximal ACTH- and 8-Br-cAMP-in-
duced corticosterone production by rat and
domestic fowl adrenocortical cells were inhib-
ited by IDPN with the same efficacy (average
IDs, values of 49.7 and 45.7 mM, respectively;
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FIG. 6. IDPN inhibition of ACTH-induced corticoste-
rone production by isolated rat adrenocortical cells and
reversal of the inhibition after removal of IDPN. During
the first incubation, cells (1 X 10° cells/ml) were incubated
with a maximal steroidogenic concentration of ACTH (10
ng/ml, open circles); IDPN was added at 45 min (500
mM, closed circles). At 105 min, the cells were centrifuged
(100g for 15 min) and resuspended in various media for
the second incubation. Cells treated with IDPN during the
first incubation were resuspended in the original medium
(closed circles) or fresh medium containing additional
ACTH (10 ng/ml, closed triangles). Similarly, untreated
cells during the first incubation were resuspended in orig-
inal medium (open circles) or fresh medium containing
additional ACTH (10 ng/ml, open triangles). Each symbol
represents the mean of corticosterone values from six cell
incubations (three cell incubations from each of two ex-
periments). SEM are represented by bars when they are
larger than the symbols.

Table I). These calculated IDs values are lower
than those estimated from the results with
Y-1 tumor cells (about 80 mA£) (10). In con-
trast, much higher IDPN IDsq values (three to
five times) were obtained for maximal ACTH-
induced cAMP production (287.3 mM),
maximal ACTH- and 8-Br-cAMP-induced
protein synthesis (202.5 and 197.5 mM, re-
spectively), and maximal corticosterone pro-
duction supported by 25-hydroxycholesterol
(183.1 mM) and pregnenolone (165.7 mM)
(average IDso values for both rat and fowl
cells). Thus, IDPN inhibition of ACTH-in-
duced corticosterone production was not
closely linked to inhibition of ACTH-trans-
membrane signaling via cCAMP, protein syn-
thesis, and the function of steroidogenic en-
zymes. Perhaps the lower IDPN IDsq values
(about 48 mAM) represent the specific inter-
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action of IDPN with an integral factor(s) in
the steroidogenic pathway, whereas the higher
IDPN IDjs, values (greater than 150 mM) rep-
resent more general interactions of IDPN with
other cellular proteins.

Three observations argue against the pos-
sibility that the effects of IDPN were toxic to
the cells. First, cells were viable after incuba-
tion with IDPN as indicated by trypan blue
dye exclusion (see Materials and Methods).
Second, low concentrations of IDPN that in-
hibited ACTH- and 8-Br-cAMP-induced cor-
ticosterone production had no detectable effect
on protein synthesis. Third, although maximal
ACTH-induced corticosterone production was
abruptly stopped by the highest concentration
of IDPN used (500 mAf), it was gradually re-
stored after the inhibited cells were washed and
resuspended in fresh medium with ACTH but
without IDPN (Fig. 6).

The steroidogenic factor(s) with which
IDPN interacts to inhibit corticosteroidogen-
esis is unknown. However, work with neural
tissues suggests that microtubule-associated
proteins (MAPs) might be candidates for fur-
ther investigation. For example, there is evi-
dence that IDPN interferes with the function
of MAPs, resulting in the disruption of the
association of microtubules and neurofila-
ments (23, 24). In addition, MAPs associate
with both actin filaments and microtubules
(25), two cytoskeletal elements implicated in
steroidogenesis. However, the presence of ul-
trastructurally identifiable intermediate fila-
ments may not be a prerequisite for this pos-
tulated involvement of MAPs in corticoste-
roidogenesis. In the present study, IDPN had
an equivalent or very similar efficacy of inhi-
bition of corticosteroidogenesis of isolated rat
and domestic fow] adrenocortical cells despite
their grossly different intermediate filament
content (13). Furthermore, results of recent
work are consistent with the postulate that
nonfilamentous or globular forms of cyto-
skeletal proteins, such as tubulin (9) and pos-
sibiy actin (26), play a pivotal role in steroido-
genesis. Perhaps MAPs may have a similar
nonfilamentous function in corticosteroido-
genesis. The present study presents two types
of normal adrenocortical cells that differ
markedly in their intermediate filament con-
tent to test this hypothesis.
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