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SC!MM.L\RY 

The effects of the chronic administration of testosterone, androstenedione and DHA upon 
adrenal cortical function in the rat were compared. Only testosterone induced hypertensive 
disease and decreased I lb- and 1%hydroxylase activity in vim>. Significant decreases in 
adrenal mitochondrial cytochrome P-450 levels were apparent in all androgen-treated groups. 
Testosterone administration also resulted in a significant increment in the concentration of 
cytochromes a I a.,. The DOC-induced difference spectrum was reduced in all androgen-treated 
groups when expressed per mg of protein but only in mitochondria from testosterone-treated 
rats when calculated per nanomole of cytochrome P-450. The results suggest that the inhibition 
of the I I p- and 1%hydroxylation of DOC by testosterone is the result of competitive binding 
to cytochrome P-450 and not the induced decrease in cytochrome P-450 levels per SC. 

INTRODUCTION 

THE role of the gonadal hormones in the regulation of adrenocortical function in 
the rat is well documentedtl, 2]. Reports from this laboratory have revealed that 
the administration of large doses of testosterone 133 or synthetic androgenic com- 
pounds[4, 51 to properly sensitized rats may so modify their adrenocortical 
secretory pattern that hypertensive cardiovascular disease results. More recent 
studies [6, 71 have been concerned with the pathogenesis of this androgen-induced 
hypertension. The present communication compares the effects of the three 
principal naturally-occurring androgens upon steroidogenesis by the rat adrenal 
cortex and the resulting blood pressure changes. 

MATERIALS AND METHODS 

Female, 35-day-old Sprague-Dawley rats obtained from the Holtzman Co. 
were used. Females were employed because of their greater susceptibility to 
the development of hypertension. They were individually caged and maintained 
in a room with 12 h light and dark cycles at a constant temperature of 22 + 1°C. 
Rats were fed Purina Lab Chow ad lihitum and given tap water as drinking 
solution for one week at which time right nephrectomy was performed on all 
animals. Thereafter all rats were given 1% sodium chloride as drinking solution 
crd lihitum. Treatment was initiated 3 days following uninephrectomy. 

All androgens were obtained from Steraloids, Inc. and checked for purity by 
melting point determination and thin layer chromatography on silica gel. Experi- 
mental rats received 10 mg of testosterone, DHA* or androstenedione daily for 

.Trivial names and abbreviations used: Corticosterone (HI: I I p.2 I -dihydroxy-4-pregnene-3.20- 

dione: dehydt-oepiandrosterone (DHA): 38-hydrouy-.i-~lndro~ten-I?-one: androstenedione: 4- 

androstene-i. I7-dione: I I-deoxycorticosterone (DOC): 2 I -hydroxy -I-pregnene-3.20-dione: 1% 

hydroxydeoxycorticosterone ( I X-OH-DOC ): I 8.2 I -dihydrox) -4-pregnene-3.20-dione. 

27’ 
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35 days by subcutaneous injection of a microcrystalline suspension in 0.2 ml of 
corn oil. Controls received the vehicle alone for the same length of time. Rats 
were sacrificed 24 h after the final injection. All rats were weighed weekly and 
indirect systolic blood pressure measured on the tail using a Physiograph Four 
(E and M Instrument Co., Houston, Texas) with the rats under light ether 
anesthesia. 

At the end of the treatment period all rats were killed by decapitation. 
Adrenals were rapidly removed, carefully freed of adhering fat, weighed and 
pooled by group. Homogenates were prepared in O-25 M sucrose-O.01 M Tris 
(pH 7-4) with a Thomas tissue grinder consisting of a Teflon pestle and grinding 
vessel made of borosilicate glass. Appropriate volumes of buffer were added so 
that the final homogenate concentration was 35 mg/ 1 .O ml. One ml of the homo- 
genate suspension was incubated with 0.1 ,uCi [4-Y] progesterone (S.A. 4.0 
mCi/mmol) and 4-O ml of incubation buffer (O-1 M T&s-chloride, 0.005 M KCI, 
0.005 M MgCh, 0.08 M NaCI, O-05 M sucrose, pH 7.4) containing sodium malate 
(100 mg per 100 mi). Incubations were carried out in duplicate for 10 min at 37” 
in air. Steroids were extracted from the incubation medium with methylene 
chloride and steroid analyses performed as previously described [a]. 

The residual homogenate preparations were centrifuged at 700 X g for 10 
min to remove nuclei, red cells and unbroken cells and the supernatant centri- 
fuged at 10.000 x g for 10 min to obtain the mitochondrial fraction. Mitochon- 
dria were washed once with sucrose-Tris chloride buffer and recentrifuged 
at 10,000 x g for 10 min. Mitochondria were then suspended in the same buffer 
at a concentration of mitochondria equivalent to 50 mg tissue/ml (approx. 
l-5 mg protein per ml). 

For mitochondrial incubations with radioactive DOC. 1.0 ml of mitochondrial 
suspension was added with O-15 @Zi of [4-I%] DOC (S.A. 065 m~i~mmol) in 
0.1 ml ethanol to 4 ml of incubation buffer containing 100 mg of isocitrate per 
100 ml. Incubations and steroid analyses were performed as for the homogenates. 

The cytochrome concentrations in adrenal mitochondrial preparations were 
determined by the methods of Cammer and Estabrook[9] using an Aminco- 
Chance dual wavelength scanning recording spectrophotometer. Substrate- 
induced spectral changesl lo] were also evaluated by techniques previously 
reported using this same instrument. Protein assays were performed by the 
method of Lowry et nl. [ 1 I]. 

RESULTS 

Boiiy weights and blood presswrs 

At the end of the treatment period, the mean body weights of the four groups 
did not differ significantly although the androstenedione-treated rats were some- 
what larger than the rest (Table 1). 

The testosterone-treated. group showed a significant elevation in systolic 
blood pressure as compared with controls (172 1t5 mm Hg vs. 123 ?z 5 mm Hg) 
(Table 1). The rats treated with androstenedione and DHA also had greater mean 
blood pressures ( I35 2 7 mm Hg and I33 I+ 5 mm Hg respectively) than controls, 
but those differences were not statistically significant. 

Orgun weights 

All three androgens produced significant adrenal atrophy with androstenedione 



T
ab

le
 

I. 
B

od
y 

w
ei

gh
ts

, 
or

ga
n 

w
ei

gh
ts

 
an

d 
sy

st
ol

ic
 

bl
oo

d 
pr

es
su

re
s 

of
 c

on
tr

ol
 

an
d 

an
dr

og
en

-t
re

at
ed

 
ra

ts
 

- 

O
rg

an
 w

ei
gh

ts
 

G
ro

up
 

N
um

be
r 

B
od

y 
w

ei
gh

t 
B

lo
od

 p
re

ss
ur

es
 

an
d 

of
 

@
I 

(m
m

 H
g)

 
K

id
ne

y 
H

ea
rt

 
Pi

tu
ita

ry
 

A
dr

en
al

s 
tr

ea
tm

en
t 

ra
ts

 
in

iti
al

 
Fi

na
l 

In
iti

al
 

Fi
na

l 
(m

g)
 

fm
g)

 
(m

g)
 

fm
g)

 

C
on

tr
ol

 
I5

 
15

9+
3*

 
23

8”
5 

96
22

 
12

3-
cS

 
15

50
*4

0 
94

0+
30

 
13

.3
 k

O
.6

 
68

.4
-c

 
I.

8 

T
es

to
st

er
on

e 
21

 
15

7*
3 

23
8k

6 
95

k3
 

17
2&

S
 

27
90

 k
 8

0 
12

4O
k3

0 
l0

.6
f0

.3
 

57
.1

 f
 

I.
1 

~ 
__

_ 

A
nd

ro
st

en
ed

io
ne

 
21

 
16

0+
4 

25
42

6 
98

-c
2 

l3
6-

c7
 

25
50

 5
 8

0 
11

40
~4

0 
13

.3
 -c

o*
4 

47
.3

r2
.1

 

D
H

A
 

21
 

15
7*

3 
23

7k
4 

96
k2

 
13

3+
5 

22
20

 -c
 6

0 
11

30
~3

0 
14

.9
 ”

 0
.5

 
52

.4
 *

 
1.

6 

*S
ta

nd
ar

d 
er

ro
r 

of
 t

he
 m

ea
n.

 
-p

 
< 

0.
01

 
(v

s. 
co

nt
ro

ls
).

 



340 H. D. COLBY and A. C. %KOWNIE 

inducing the greatest decrease in size (Table 1). There was also marked cardiac 
hypertrophy and a significant increase in kidney size in the androgen-treated 
groups. Testosterone caused the greatest increase in the size of these two organs. 
as wouid be expected based upon the respective mean blood pressures. Only 
testosterone administration produced significant atrophy of the pituitary gland. 

Adrenal homogenlrte incubations 

Table 2 shows the results of the incubation of adrenal homogenates, obtained 
from control and androgen-treated rats, with [4-Y] progesterone. The pro- 
gesterone was quite readily metabolized in all the incubation flasks, as very little 
was recovered at the end of the incubation period. No significant differences 
existed between control and androgen-treated groups in the amounts of pro- 
gesterone metabolized. There was, however, considerable variation in the amounts 
of the various metabolites in which the radioactivity was recovered. Controls 
converted almost all of the progesterone to corticosterone and IS-OH-DOC, 
the main secretory products of the rat adrenal cortex, and very Iittle DOC 
was recovered from the incubation medium. The homogenates from the testo- 
sterone-treated rats, on the other hand, were able to effectively metabolize the 
progesterone only as far as DOC, with very little conversion to more polar 
steroids. Thus, testosterone administration resulted in a marked reduction in 
adrenal 1 l/3- and 18-hydroxyIase activities. The homogenates obtained from 
DHA and androstenedione-treated rats converted considerably more of the 
progesterone to corticosterone and 1%OH-DOC than did those from testo- 
sterone-treated rats. However. even for these two groups, significantly more DOC 
and less corticosterone was recovered from the incubation medium than from 
controls. 

~~tochondri~l~ iacubntions 

In order to evaluate the effects of androgen treatment upon adrenal 1 l/3- and 
I8-hydroxylation more directly, adrenal mitochondria from the various groups 
were isolated and incubated with [4-Y] DOG. The results are presented in 
Table 3. It can be seen that mitochondria from controls converted most of 
the DOC to co~icosterone and I$-OH-DOC. Less than 20% of the radioactivity 

Table 2. In oirro metabolism of [4-“Cl progesterone by adrenal homogenates from control and 

androgen-treated rats 

Group 

and 

treatment 

Number Percent conversion of [4-“Cj progesterone to: 

of 
experiments Progesterone* DOC % 1%OH-DOC 

Control 

Testerosterone 

Androstenedione 

DHA 

J 7.8 2 I ,8t 5.5 20.9 62.3 2 1.8 Zh.?i_‘.Z 

1 5. I -e I .o 67.4-t.2 IL.22 1.2 5.7 -t 0.8 
~ ____ 

-I 4.22 I.4 17.4k4.3 40.1-ti~2 20.6t3.2 

4 5.3” 1.3 28~7,3.9 38.4 i 3.8 17.911.1 
~ ~ --__-- 

*Unmetabolized progesterone. 
*Standard error of the mean. 

p .- 0.01 (vs. controls). 
-------P 6 0.05 (vs. controls). 
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Table 3. In vitro metabolism [4-W] DOC by adrenal mitochondria from control and androgen-treated 
rats 

Group 
and 

treatment 

Number Mitochondrial Percent conversion of[4-W] DOC to: 
of protein 

experiments (mglml) DOC* B I GOH-DOC 

Control 4 1*62kO.21t 158-c2.l 50.2 -r-4.3 22.7k2.1 
Testosterone 4 1.67kO.28 59.5 k4.3 23.8k2.1 Il.1 2 I.9 ~___ - 

Androstenedione 4 1.53Zko.19 15.5 * 2. I 47.6k3.8 23.222.2 
DHA 4 1=65?0.31 14.3 f 1.8 50.6 k 3.4 23.7 k 1.8 

*Unmetabolized DOC. 
PStandard error of the mean. 
-p < 0.01 (vs. controls). 

was recovered as residual DOC. The metabolism by mitochondria from andro- 
stenedione- or DHA-treated rats was essentially the same as that of controls, 
with no detectable impairment in mitochondrial hydroxylating activity. The 
mitochondria from those rats treated with testosterone, on the other hand, 
were able to convert less than half of the added DOC to more polar compounds, 
consistent with marked inhibition of 1 lp- and 18-hydroxylation. 

Adrenal cytochrome concentrations 

Adrenal mitochondrial cytochrome levels in control and androgen-treated rats 
are reported in Table 4. 

The concentrations of cytochromes b and c + cl were not affected by treatment 
with any of the androgens. The a+ a3 levels in the adrenals of testosterone- 
treated rats were, however, more than double those in controls. The administration 
of DHA and androstenedione produced small but insignificant increases in 
the concentration of these cytochromes. 

The levels of mitochondrial cytochrome P-450, the terminal oxidase for 1 l/3- 
and 1 Shydroxylation [ 12, 133, were significantly reduced in ill of the androgen- 
treated groups. The greatest decrease was observed in the adrenals from the 
testosterone-treated rats. We have previously [63 shown this apparent reduction 
in cytochrome P-450 to be real, and not the result of androgenic interference with 
its accurate assay, by the demonstration of a comparable decrease in total 
mitochondrial protoheme. 

Table 4. Adrenal mitochondrial cytochrome concentrations in control and androgen-treated rats 

Group Number Cytochrome concentration (7 moles/mg Protein) 
and of 

treatment experiments a+a, b c+c, P-450 

Control 4 O-04+-0.Oli 0.13?0-02 0.19?0-02 2*10?0.20 
Testosterone 4 O.lOkO.02 0~12~0~01 0.20~~0.03 1~01~0~15 

Androstenedione 4 0~06~0~01 0.13*0.02 0.21 -co.02 1.29kO.21 

DHA 4 0~06~0*01 0.14kO.03 0.21 r0.03 l~18~0~17 

YStandard error of the mean. 
p i 0.01 (vs. controls). 
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DOC-induced spectral changes 

It has previously been reported that the addition of DOC to bovine[ 101 or 
rat [7] adrenocortical mitochondria produces a difference spectrum with an 
absorption maximum at 385 nm and a minimum at 420 nm. 

Adrenal mitochondria isolated from control and androgen-treated rats were 
titrated with DOC. The change in optical density at 385 nm minus that at 420 nm 
was calculated for each addition of DOC (Table 5). 

It is apparent that the magnitude of the spectral change induced by DOC 
was considerably smaller in adrenal mitochondria from the androgen-treated 
rats than in those from controls. The smallest response was acquired from those 
mitochondria from testosterone-treated rats, less than one third that of controls. 

Since the magnitude of the substrate-induced spectral change depends upon 
the concentration of cytochrome P-4.50 and since androgen treatment produced 
marked decreases in the levels of this cytochrome, the induced difference spec- 
trum in each group was also expressed per nanomole of cytochrome P-450 
(Table 5). Even after this correction for differences in P-450 concentrations, the 
DOC-induced spectral change in the mitochondria from testosterone-treated 
rats was still less than half that in controls. However, the apparent differences 
in the magnitude of the spectra from androstenedione- and DHA-treated rats 
and controls were eliminated after this reevaluation. Therefore, the capacity of 
DOC to interact with cytochrome P-450 was reduced only after testosterone 
treatment. 

Table 5. DOC-induced spectral changes in adrenal mitochondria from control and androgen- 
treated rats 

Group 
and 

treatment 

Cytochrome DOC AA:,,,-,,,, AA:,,,_,& mole P-450 
P-450 concentration (X 10-q (X 10-J) 

(7) moleslmg Prot) (IILM) 

Control 2.10 I.0 
2.5 
4.0 

Testosterone I.01 1.0 

2.5 

4.0 

Androstenedione I.29 I.0 

2.5 

4.0 

DHA 1.18 I.0 

2.5 

4.0 

3.20’-‘04Ot 
5.90 2 0.79 
7.39 ‘- 0.83 

0.91 20.1 I 

0.94?0.10 
1.73t0.22 
2.17~0.26 

0.5410.09 

1.5520.23 

1.80?0.22 

0.921.0.15 

i~O7~O~ll 

1.95’0.17 

3.35 to.42 

4.20 k 0.40 

1.77-+0.29 

3.21 f 0.35 

4.03 f 0.39 

0.99 t 0.08 

1.7010.19 

2.1310.20 

0~91~0~07 

1.65kO.17 

2.07 kO.21 

tstandard error of the mean. 
p < 0.01. 
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DISCUSSION 

It is well established that several androgenic compounds, when administered 
to properly sensitized rats, induce hypertensive cardiovascular disease[2, 3, 51. 
The preponderance of evidence available implicates adrenocortical dysfunction 
in the pathogenesis of these models of experimental hypertension. 

The results of previous studies from this laboratory[2, 31 have supported 
the hypothesis that the specific biochemical defect resulting from androgen 
administration is impaired adrenocortical 1 lp- and 1 %hydroxylation, causing 
an increased production of 1 1-deoxycorticosterone (DOC), a known hyperten- 
sinogenic mineralocorticoid[l4]. This contention rests upon the results of both 
in vitro adrenal incubation studies and plasma steroid analyses[3]. In addition, 
other investigators have shown androgens capable of inhibiting 1 I&hydroxylation 
in vitro [ 151 and we have found that the chronic treatment of rats with mety- 
rapone, a non-steroidal competitive inhibitor of 1 lp-hydroxylation, also produces 
hypertensive disease [ 161. 

It has been proposed that the mechanism(s) of this androgen-induced decrease 
in DOC metabolism involves both a reduction in the absolute levels of adrenal 
mitochondrial cytochrome P-450 and competition for binding to this cytochrome 
between androgen and DOC[6, 71. This interaction of DOC with cytochrome 
P-450 is thought to represent an obligatory step in its conversion to corticosterone 
r91. 

The results of the present studies are essentially consistent with and tend to 
solidify the aforementioned hypotheses. Of the three androgens administered 
(testosterone, DHA and androstenedione) only testosterone induced severe 
hypertensive disease. Similarly, only the adrenals from testosterone-treated 
rats showed a marked decrement in corticosterone production in vitro. Those 
androgens (DHA and androstenedione) which had little effect on adrenal 
1 lp-hydroxylation did not produce significant alterations in blood pressure. 
The small increases in systolic blood pressure following DHA and androstene- 
dione treatment might be attributable to a milder inhibition of DOC metabolism 
by those androgens. Such a possibility is suggested by the results of the adrenal 
homogenate incubations (Table 2) as well as in vitro studies[ 15, 171 in which 
these androgens were seen to inhibit 1 lp-hydroxylation but to a lesser extent 
than testosterone. In any event, in the present studies the degree of impairment 
in 1 lp-hydroxylation, as measured in vitro, corresponds very well with the blood 
pressure levels attained. 

These studies also tend to clarify the probable mechanism of action of testo- 
sterone in the inhibition of 1 lp- and 18-hydroxylation. Whereas we have previous- 
ly considered[6] both the reduced levels of cytochrome P-450 and decreased 
interaction (as reflected by the DOGinduced difference spectrum) of DOC 
with this cytochrome to be significant factors in the depression of DOC meta- 
bolism (1 lp- and 1 %hydroxylation), it would now appear that the former may 
be of little consequence. All three androgens produced substantial and essentially 
equivalent reductions in the concentration of cytochrome P-450, yet only 
testosterone significantly affected adrenal 1 l/3- and 18-hydroxylation. In addition, 
we have previously found [ 151 that during the course of testosterone administra- 
tion, mitochondrial cytochrome P-450 levels are reduced prior to any demon- 
strable defect in 1 l/3- and 1 %-hydroxylation. Similarly, other inhibitors of steroid 
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hydroxylases such as metyrapone seem to exert no effect on cytochrome P-450 
levels [ 16, 181 per se. 

On the other hand, the relative ability of DOC to interact with cytochrome 
P-450 does appear to parallel its rate of hydroxylation. Testosterone treatment 
resulted in comparable decreases in both the rates of corticosterone production 
in vitro and the magnitude of the DOC-induced spectral change. The administra- 
tion of DHA or androstenedione, in contrast, affected neither of these parameters. 
When testosterone was added to adrenal mitochondria in ~.if~ comparable 
inhibition of both the DOGinduced difference spectrum and the metabolism 
of DOC was again evident [6], an effect similar to that produced by metyrapone 

[181. 
The observation[ 191 that testosterone induces a spectral change of its own, 

similar to that of DOC, is consistent with the thesis that both of these steroids 
interact with cytochrome P-450 in a similar manner. It is, therefore, quite 
probable that the increased secretion of DOC by the adrenal cortex of rats 
chronically treated with androgens is the result of a decreased capacity of this 
steroid to bind with cytochrome P-450, thereby preventing its conversion to 
corticosterone or 18-OH-DOC. 
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