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The regulatory roles of estrogen in corti- 
costeroidogenesis have been studied in nu- 
merous research efforts and found to be both 
stimulatory (1, 2) and inhibitory (3-5). An- 
drogens are known to effect adrenal (6, 7) 
and liver hydroxylation of steroids (8, 9). 
Sex differences in adrenal size ( lo) ,  steroid 
half-life (1 1, 12), and plasma steroid content 
(1  1) are well known. The reasons for these 
differences involve varied abilities to pro- 
duce, maintain, and metabolize corticos- 
teroids, but the basic mechanisms underly- 
ing the differences elude definitive exposition. 
The present paper presents studies on one 
aspect of steroidogenesis, namely 1 lp- and 
18-hydroxylation of DOC by adrenal homog- 
enates after in vivo administration of testos- 
terone and 17J3-estradiol and suggests an an- 
tagonism between the actions of these two 
hormones oin hydroxylation by adrenal 
mitochondria. 

Materials and Methods. Alternating left 
and right control adrenals were removed from 
Sprague-Dawley or Holtzman rats and 
pooled. Immediately thereafter each animal 
received an iv injection of 1 pg 17p-estradiol 
in 2 pl of propylene glycol and 0.25 ml nor- 
mal saline. Thirty minutes later contralateral 
glands were removed, pooled, and homogen- 
ized in 0.25 M sucrose to a 0.5% adrenal 
suspension. Control or estradiol-treated adren- 
al homogenates were added to incuba- 
tion flasks to give a final concentration of 1 
mg adrenal per ml of incubation medium 
which was composed of 8 mM phosphate 
buffer (pH 7.3-7.4), 3.85 mM KCl, 0.9 mlM 
MgC12, 3.85 mM NaCl, and 20 mM SUC- 

cinate. All preparatory steps were performed 
at  0-4'. Incubation flasks were preincubated 

5 min with shaking a t  3 7 O  immediately after 
addition of homogenate. Deoxycorticosterone 
(DOC) (2 pM,  0.005 ,&/flask) was then 
added and incubation proceeded for 8 min, 
after which metabolic activity was terminated 
by addition of 3 vol of cyclohexane. Samples 
were shaken and the cyclohexane extract 
removed, dried, and counted in a Packard 
Tricarb liquid scintillation spectrometer. The 
aqueous phase was then again similarly 
treated with 3 vol of chloroform. Duplicate 
extractions were performed previously in 
which the incubation products were separated 
by paper chrornotography in a benzene: 
formamide system. Comparison of the two 
methods showed the cyclohexane extract to 
contain DOC and the chloroform fraction to 
contain corticosterone (B) and 18-OH DOC. 
Recoveries were 93.2 t 1.9% for the DOC 
and 92.1 t 2.5% for the B and 18-OH DOC 

Percentage conversion to B and 18-OH 
DOC was used to calculate nanomoles of 
DOC converted per mg protein per minute. 
Protein determination was by the method of 
Lowry et al. (14). 

Orchiectomies were performed via midline 
scrota1 incision. Depot testosterone1 was ad- 
ministered immediately after surgery, which 
was 7 to 17 days prior to removal of the 
adrenals. 

Results. Adrenal homogenates from intact 
female rats treated with 1 pg 17p-estradiol iv 
30 min prior to sacrifice hydroxylated more 
DOC than control adrenals from the same 
animals, the average values for 10 experi- 
ments being respectively 0.62 and 0.75 

(13). 

1 Depo-Testosterone Cypionate, The Upjohn Com- 
pany, Kalamazoo, Michigan. 
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FIG. 1. Amount of 18-OH DOC and corticosterone 
produced by incubating DOC with adrenal homog- 
enates from female rats. Control values represent 
resuEts from 8-min incubations with pools of adrenal 
homogenates taken prior ,to iv injection of 0.1, 1.0, 
and 10.0 pug of estradiol. The estradiol values were 
obtained by incubating DOC for 8 rnin with glands 
removed 30 rnin after hormone injection. 

nmoles of DOC converted per mg protein per 
rnin ( p <  .OOOS) (Fig. 1). The amount of es- 
tradiol appears to be critical since neither 0.1 
pg nor 10 pg caused a significant increase 
in hydroxylation, with values of 0.74 
and 0.82 nmoles DOC converted per mg 
protein per min for the lower dose (p>.2)  
and values of 0.71 and 0.75 for the 
higher dose ( p  > 5 )  (Fig. 1). 

When the amount of estradiol which stimu- 
lated steroidogenesis in the female (1 pg) was 

administered to male rats, the stimulation of 
hydroxylation was not seen (Table I ) .  Con- 
trol adrenals converted 0.88 nmoles of DOC 
per mg protein per min while estradiol- 
treated glands converted 0.92, a difference 
which is not statistically significant ( p  = 
0.5). However, if the male rats were castrat- 
ed 7-17 days prior to the experiment, the 
stimulatory effect was apparent (Table I ) .  In  
this situation, contrd adrenals converted 
0.75 nmoles DOC per mg protein per rnin 
whereas estradiol-treated glands converted 
0.90 nmoles. This difference is significant be- 
low the .025 level. Moreover, if the castrated 
males received replacement therapy in the 
form of 10 mg of depot testosterone1 at the 
time of orchiectomy, the stimulatory effect 
disappeared (Table I).  The conversions were 
then 0.87 for controls and 0.81 for estradiol- 
treated rats. In  addition to this, female rats 
treated with 10 mg of long-acting testosterone 
also lost the ability to respond to acute dos- 
ages of estradiol (Table I ) .  These animals 
converted 0.77 (control) and 0.83 (estradiol- 
treated) nmoles DOC per mg protein per rnin 
(P > -2). 

Discussion. The ability of intravenously 
administered estradiol to stimulate 1 lp- and 
18-hydroxylation by adrenal glands in vitro 
has been reported previously (13). The rela- 
tionship between estradiol and steroidogenesis 
has been known for many years and demon- 
strated in a great variety of situations. 
Sprunt and Nelson (15), in a system very 
similar to ours, showed increased conversion 
of DOC to B by adrenals from rats treated 
chronically with ethinyl estradiol. Fonzo e t  
al. (16) demonstrated that M estradiol 
added in vitro stimulated hydroxylation of 

TABLE I. Hydroxylation of DOC by Male and Female Rat  Adrenal Homogenates. 

Average nmoles DOC converted 
per mg  protein/min 

Sex Condition Treatment Control e SD Estradiol -L SD P 

Female Intact  0.62 .16 0.75 .24 <.005 
Male Intact  0.88 .20 0.92 .21 .5 
Male Castrated 0.75 .068 0.90 .079 <.025 
Male Castrated 10 mg testosterone 0.87 .22 0.81 .14 >.2 
Female Intact  10 mg testosterone 0.77 .13 0.83 .084 > .2 
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DOC by adrenal glands in a succinate- 
supported system. These results have been 
extended to show that estradiol can act acute- 
ly and at a much lower level in vivo than in 
vitro. 

The narrow dose range of estradiol possess- 
ing this stimulatory effect is not surprising. 
The failure of a larger dose of estradiol to 
increase hydroxylation appears to agree with 
Kitay who reported ( 11) that adrenal venous 
B production was 2.5 times greeter in the 
female than in the male at  rest, but that 
administration of estradiol caused a diminu- 
tion of production by the female. Moreover, B 
production by adrenal slices from female rats 
was also diminished after estradiol adminis- 
tration in vivo while that from males was 
enhanced ( 1).  He concluded that low levels 
of estradiol were sitimulatory to steroido- 
genesis, whereas high levels were inhibitory. 

The loss of the estradiol effect in male rats 
could be explained in two ways. Eilther the 
adrenal requires the constant presence of 
moderate levels of circulating estradiol to 
maintain it in a condition in which ilt is 
responsive to the estrogen, or testosterone 
exerts an antagonistic action. The fact that 
orchiectomy restores the responsiveness to 
acute estradiol administration favors the lat- 
ter explanation, as does the finding of a de- 
pression of the effect after testosterone ad- 
ministration in intact females and castrated 
males. Rembiesa (6)  observed that 17a- 
methyltestosterone suppressed corticosterone 
formation in vitro by rat adrenal glands and 
that two synthetic ltestosterone derivatives 
decreased the conversion of progesterolne to 
aldosterone, 18-OH DOC, 18-OH B, and B 
by more than half (7).  

The exact nature of the antagonistic effect 
of androgenic hormones on the hydroxylating 
mechanism is in doubt. Kato and Takanaka 
( 17), investigating liver microsomal hydroxyl- 
ating capacity, found increased inactivation 
of hexobarbital in male vs female rats. Paral- 
leling this was an increased content of cyto- 
chrome P-450. Skelton et al. (18) found de- 
creased levels of cytochrome P-450 in adrenal 
mitochondria obtained from rats treated with 
large amounts of androgen. The mitochondria 
are the sites of 11J3- and 18-hydroxylation of 

steroids and, in fact, the decreased P-450 
occurred concomitant with diminished mito- 
chondrial 1 1p- and 18-hydroxylation. Testo- 
sterone could be postulated to prevent the 
es tradiol induced increase in steroid hydroxyl- 
ation by diminishing P-450 formation. If P- 
4510 represents a rate limiting step, this would 
produce an impediment to any stimulato'ry 
effect of estradiol occurring at  P-450 or some 
earlier point in the hydroxylation pathway. 

There are effects of estradiol, however, 
which cannot be readily explained on the basis 
of testosterone antagonism. Sprunt d al. (19) 
and Mestman and Nelson (20) have demon- 
strated an antagonism of estradiol to the 
methopyrapone-induced block of 1 lp-hydrox- 
ylation. Yates d al. (12) found ring A re- 
ductase in the livers of female rats to be more 
active than in males. Kitay has shown that 
female rats have higher levels of plasma B 
than male rats, both at  rest and in response 
to stress, and that oophorectomy lowers this 
level (10). In our experiments, estradiol 
stimulated hydroxylation of DOC in castrated 
male rats as well as in intact females. Estra- 
diol may combine with cytochrome P-450 as 
is suggested by our findings of spectral 
changes in rat adrenal mitochondria (trough 
388, peak 423) on addition of estradiol. The 
evidence therefore suggests a direct effect of 
estradiol on steroid hydroxylation which is 
antagonized by testosterone. 

Summary. Adrenal homogenates from in- 
tact and castrated male and female rats 
treated with 1 pg 17p-estradiol iv were tested 
for ability to convert exogenous DOC to B 
and 18-OH DOC. Estradiol, which causes a 
significant increase in hydroxylating capacity 
in intact female rats, produced no such in- 
crease in intact males. Orchiectomized males, 
however, responded to estradiol with in- 
creased ability to hydroxylate. The estradiol 
response was lost after administration of tes- 
tosterone to both orchiectomized males and 
intact females. 
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