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The possibility that the action of the 
adrenocorticotropic hormone (ACTH) on 
the adrenal cortex may involve the stimula- 
tion of the synthesis of proteins which regu- 
late steroidogenesis has prompted a number 
of studies. Using rat adrenal slices, amino 
acid analogs were found to have no effect on 
the steroidogenic response to  ACTH despite 
a 20-25% inhibition of protein synthesis 
(1) .  Hechter and Halkerston (2) found that 
puromycin, under proper conditions of con- 
centration and incubation, inhibited protein 
synthesis with little effect on the stimulation 
of steroidogenesis by ACTH or adenosine 
3', 5'-cyclic phosphate (CAMP). Similar re- 
sults have been obtained by Kowal using 
adrenal tumor cells (3) .  On the other hand, 
it has been found by Ferguson (4) that 
puromycin prevented the steroidogenic re- 
sponse to both ACTH and CAMP, and 
Garren et al. (5) showed that cycloheximide 
given after ACTH stimulation of steroido- 
genesis in the perfused rat adrenal results in 
a rapid decrease of the rate of steroidogene- 
sis to basal levels. The conclusion was 
drawn that a protein, or proteins, with a 
rapid turnover rate (t$$ of about 8 min) was 
involved. It has also been found that the 
inhibition of steroidogenesis brought about 
by inhibitors of protein synthesis is located 
in the conversion of cholesterol to preg- 
nenolone (6), the same site where ACTH 
and cAMP stimulate steroidogenesis (7, 8). 

In this report we have presented the 
results of an examination of the relationship 
between CAMP-stimulated steroidogenesis 
and protein synthesis using isolated adrenal 
cortical cells. Cyclic AMP rather than ACTH 
has been used to obviate any possible 
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effects of the inhibitors on adenyl cyclase. 
The data obtained suggest that the presence 
of a rapidly turning-over protein, but not 
the stimulation of its synthesis, is required 
if cAMP is to effect steroidogenesis. 

Methods. Adrenal cells were prepared by 
the method of Sayers et al. (9) and were 
suspended in Krebs-Ringer bicarbonate me- 
dium which contained 0.2 % glucose, 0.5 % 
bovine serum albumin, and 0.1 % lima bean 
trypsin inhibitor. The incubation medium 
contained the indicated additions and about 
3 X 105 cells per ml. Unless otherwise 
noted, in those experiments in which protein 
synthesis was measured 0.5 pCi of U-14C-~- 
leucine with a specific activity of 342 mCi 
per mmole was added per ml of incubation 
medium. 

The experiments were carried out at 37" 
in silicone-coated beakers in a Dubnoff 
incubator in an atmosphere of 95% 0 2  and 
5% C 0 2 .  At the end of the incubation ali- 
quots were extracted with dichloromethane 
and corticosterone determined as described 
previously (10). When protein synthesis was 
determined, the cells were collected at the 
end of the incubation by centrifugation at  
3000g for 3 min and washed twice with 
0.15 M NaCl which contained 2 mg of 
L-leucine per ml. The cells were resuspended 
in 0.25 M sucrose and an equal volume of 
20 % trichloroacetic acid added. The incor- 
poration of the 14C-leucine into proteins was 
determined by the procedures described by 
Beattie et al. (1 1 ) .  Protein was determined 
by the method of Lowry et al. (12). 

Results. The data in Table I are represen- 
tative of experiments which show the effects 
of cycloheximide and puromycin on both 
steroidogenesis and protein synthesis in the 
isolated rat adrenal cells used in this study. 
At the lower concentrations of the inhibitors 
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TABLE I. THE EFFECT OF CYCLOHEXIMIDE AND 
PUROMYCIN ON PROTEIN SYNTHESIS AND STEROI- 
DOGENESIS IN  RAT ADRENAL CELLS.~ 

Inhibitor 

Protein 
Corticosterone synthesis 

cpm/ 
% p g  % 
de- pro- de- 

M x 108 nmoles/ml crease tein crease 

Cycloheximide 
0 

0.18 
0.36 
0.71 

Puromycin 
0 

2.5 
5 .O 

10.0 

~ 

9.9 
8.6 
6 . 5  
5 . 6  

12.0 
12 .o 
9.8 
5.9 

63 
13 42 33 
34 30 52 
43 23 64 

31 
0 20 35 

18 15 52 
51 11 64 

a The incubation medium contained 5 pmoles 
of cAMP per ml. The incubation time was 60 min. 
The data for the two inhibitors were obtained in 
separate experiments. 
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FIG. 1. The time-course of steroidogenesis in the 
presence of cycloheximide. The incubation medium 
contained 5 pmoles of cAMP per ml. Curve A, no 
cycloheximide; curve B, 0.36 X 1 0 - 6  M cyclohexi- 
mide; curve C, 1.07 X M cycloheximide; curve 
D, 1.78 X lod6 Mcycloheximide. 

it is seen that the inhibition of protein syn- 
thesis is greater than that of steroidogenesis. 

By following the time-course of CAMP- 
stimulated steroidogenesis in the presence 
of varying concentrations of cycloheximide, 
it was found (Fig. 1) that the percentage of 
inhibition of steroidogenesis by cyclohexi- 
mide decreases with time, and at  the lowest 
concentrations the rate of steroidogenesis, 

with time, can approximate, or become 
equal to, that obtained in the absence of the 
inhibitor. Protein synthesis inhibition, how- 
ever, continues in a linear manner (Fig. 2). 
With greater concentrations of the inhibitor, 
there is an increase in the time required to 
obtain a decrease in the inhibition of the 
rate of steroidogenesis. There is also a 
decrease in the extent of recovery from the 
effects of the inhibitor and at  the highest 
concentration little or no recovery is ob- 
served. These experiments were carried out 
at  saturation levels of CAMP, 5 pmoles per 
ml. If the amount of cAMP is decreased to 
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FIG. 2. The effect of cycloheximide on the time- 
course of protein synthesis. The incubation medium 
contained 5 pmoles of cAMP per ml. Curve 1, no 
cycloheximide; curve 2, 0.18 X 10-6 M cyclohexi- 
mide; curve 3, 0.71 X M cycloheximide. In these 
experiments 40 pg of leucine per ml of incubation 
medium was added in addition to 1.0 pCi of "C-leu- 
cine per ml to obtain linearity of protein synthesis 
for 90 min. 
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FIG. 3. The effect of puromycin on the timecourse 
of steroidogenesis in the presence of different concen- 
trations of CAMP. A, 5 pmoles cAMP per ml. B, 2 
pmoles cAMP per ml. Curve 1, no puromycin; curve 
2, 6 X 10-6 M puromycin. 
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a subsaturation level, then the recovery from 
the effects of a given concentration of puro- 
mycin is not observed (Fig. 3). 

Discussion. Cells obtained from trypsin- 
dissociated rat adrenals are derived pre- 
dominantly from the reticular zone, with no 
cells from the medullary zone (13). Such a 
preparation will thus minimize contribu- 
tions to protein synthesis measurements by 
nonsteroidogenic cells, an important con- 
sideration in the present study. 

At lower concentrations of cycloheximide 
and puromycin the inhibition of protein 
synthesis is greater than that of steroido- 
genesis (Table I). These results do not 
support the hypothesis that cAMP acts by 
increasing the rate of synthesis of a rapidly 
turning-over protein (Rt-protein) (14). One 
would expect that the concentration of a 
protein with such a short half-life would be 
rapidly and acutely lowered by inhibitors of 
protein synthesis and that effects on steroido- 
genesis would be observed at lower concen- 
trations of inhibitors of protein synthesis, 
before inhibition of amino acid incorpora- 
tion into the bulk of proteins is seen. Equally 
difficult to explain is the recovery of the rate 
of steroidogenesis with time (Figs. 1 and 3) 
while the inhibition of protein synthesis 
persists in a linear manner (Fig. 2). 

The recovery in the rate of steroidogenesis 
with time suggests the accumulation of a 
substance essential for the stimulation of 
steroidogenesis by CAMP. The rate of accu- 
mulation of this substance, as expressed in 
the recovery of steroidogenesis, depends 
both on the concentration of the inhibitor 
of protein synthesis (Fig. 1) as well as the 
concentration of cAMP (Fig. 3). A possible 
explanation consistent with the above data 
assumes that cAMP affects the transforma- 
tion of the RT-protein to an active form, 
perhaps by phosphorylation, which in turn, 
stimulates the transformation of cholesterol 
to pregnenolone by any of a number of 
mechanisms. The half-life of the activated 
RT-protein must be assumed to be some- 
what longer than that of the RT-protein so 
that it will accumulate under conditions of 
low concentrations of inhibitors of protein 
synthesis and high concentrations of CAMP. 

Summary. Inhibitors of protein synthesis 
decrease protein synthesis in isolated rat 
adrenal cells to a greater extent than they 
decrease adenosine-3’, 5’-cyclic phosphate 
(cyclic AMP)-stimulated steroidogenesis. At 
low concentrations of the inhibitors, varying 
degrees of recovery of the rate of steroido- 
genesis occurs with increasing time of incu- 
bation. As the concentration is increased, 
the time required to achieve any recovery of 
the rate of steroidogenesis increases and the 
extent of recovery decreases. The recovery 
also depends on the amount of cyclic AMP 
present. During the process of recovery the 
inhibition of protein synthesis continues in 
a linear manner. An explanation consistent 
with these data involves a rapidly turning- 
over protein, the concentration of which is 
independent of the level of cyclic AMP 
present. However, the extent of transforma- 
tion of this protein to an active form de- 
pends on the concentration of cyclic AMP. 

1. Koritz, S. B., Peron, F. G., and Dorfman, R. I., 
J. Biol. Chem. 226, 643 (1957). 

2. Hechter, O., and Halkerston, I. D.  K. in “The 
Hormones’’ (G. Pincus, K. V. Thimann, and 
E. B. Astowood, eds.), Vol. 5, p. 764, Academic 
Press, New York (1964). 

3. Kowal, J., Endocrinology 87, 951 (1970). 
4. Ferguson, J. J., J. Biol. Chem. 238, 2754 (1963). 
5. Garren, L. D., Ney, R., and Davis, W. W., Proc. 

Nat. Acad. Sci. USA 53, 1443 (1965). 
6. Davis, W. W., and Garren, L. D., J. Biol. Chem. 

243, 5153 (1968). 
7. Stone, D., and Hechter, O., Arch. Biochem. 51, 

457 (1954). 
8. Karaboyas, G. C., and Koritz, S. B., Biochemis- 

try 4, 462 (1965). 
9. Sayers, G., Swallow, R. L., and Giodano, N. D., 

Endocrinology 88, 1063 (1 971 ). 
10. Koritz, S. B., and Kumar, A. M., J. Biol. Chem. 

245, 152 (1970). 
11. Beattie, D. S., Basford, R. E., and Koritz, S. B., 

J. Biol. Chem. 242, 3366 (1967). 
12. Lowry, 0. H., Rosebrough, N. J. Farr, A. L., 

and Randall, R. J., J. Biol. Chem. 193,265 (1951). 
13. Malamed, S., Sayers, G., and Swallow, R. L., Z. 

Zellforsch. 107, 447 (1970). 
14. Garren, L. D., Gill, G. N., Masui, H., and 

Walton, G. M., Recent Progr. Horm. Res. 27, 
433 (1971). 

Received Feb. 28, 1975. P.S.E.B.M., 1975, Vol. 149. 


