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ABSTRACT The hepatic metabolism of 444-14C]andros-
tene-3,17-dione and 5a[4-'4Cjandrostane-3a,17f3-diol was
studied in castrated and hypophysectomized male rats with a
transplanted pituitary under the kidney capsule. The effects of
testosterone propionate and estradiol benzoate on liver me-
tabolism were also studied in these experimental animals. It was
found that the autonomous pituitary secreted a "feminizing
factor" that transformed the male type of steroid metabolism
characteristic of hypophysectomized rats into a female type of
metabolism. Hypophysectomized rats were unresponsive
towards androgen action on the liver and did not respond with
feminized hepatic metabolism after treatment with estradiol
benzoate. It is concluded {hat estrogenic action on liver enzymes
is mediated via modulation of the secretion of a central (prob-
ably hypothalamic) "feminizing factor inhibiting factor" and
that sex hormonal effects on hepatic metabolism only occur in
the presence of a pituitary in situ.

The metabolism of steroid hormones in rat liver shows large
sexual differences (1-5). This differentiation of hepatic me-
tabolism, which begins at about 4 weeks of age and is almost
completed at about 8-10 weeks of age, is manifested due to
active processes in both sexes (6-9). The female metabolic type
is maintained by a pituitary factor, without gonadal influence,
whereas the male metabolic type seems to be maintained by
testicular androgens acting directly upon the liver in the pres-
ence of an intact pituitary (2, 10-13).
The male type of hepatic metabolism is irreversibly deter-

mined or "programmed" at birth by testicular androgen (5, 14,
15); if castrated during the neonatal period, male rats develop
a female type of metabolism when adult. In animals exposed
to androgen at birth (i.e., normal males and androgenized fe-
males), the male type of hepatic metabolism is temporarily
feminized after treatment with estrogen (5, 6). Castration of
adult male rats leads to partial feminization of certain enzyme
activities in the liver whereas other enzymes retain their male
characteristics (5, 12). The male type of metabolism is com-
pletely restored by androgen administration (5, 6, 12).

In order to better understand the nature of the hypophyseal
control of hepatic metabolism we have implanted a pituitary
under the renal capsule of hypophysectomized rats and studied
the effects on liver metabolism of this type of autonomous pi-
tuitary. In this investigation we have also studied the effects of
sex hormone administration on liver metabolism in such ex-
perimental animals.

MATERIALS AND METHODS
Animals. Male rats of the Sprague-Dawley strain were cas-

trated at 7 weeks of age. Some of these rats were given a pitu-
itary transplant from a female rat of the same age 1 week later.
Hypophysectomy was performed at 9 weeks of age. Some of
the hypophysectomized and hypophysectomized plus trans-

planted animals were left 4-5 days after the final operation and

were then treated for a week with daily intramuscular injections
of 100 iAg of testosterone propionate or 10 ,ug of estradiol ben-
zoate in 20 ,l of propylene glycol. Each group of rats contained
at least four animals.

Incubations. The animals were killed by cervical dislocation
and the liver was excised and chilled to 0-+4'. From a 20%
(wt/vol) homogenate in a modified Bucher medium (16), mi-
crosomal and soluble enzyme fractions were prepared by dif-
ferential centrifugation (6). The microsomes were resuspended
in the buffer. Cytosol from about 0.6 g and microsomal sus-
pension from about 0.1 g of liver tissue were incubated at 370
in the presence of an NADPH-regenerating system (5) with 500
,ug of 4-[4-'4C]androstene-3,17-dione (specific activity 0.49
,uCi/mg). 5a-[4-'4C]Androstane-3a,17f3-diol (specific activity
3.0 ,uCi/mg), 200 ,ug, was incubated with microsomal suspen-
sion from about 0.5 g of liver tissue. The conditions of the in-
cubations were designed to give conversions linear with time
and enzyme concentration. Small changes in substrate and
cofactor amounts did not affect the total conversion of substrate.
The steroids were extracted from the incubation medium

with chloroform/methanol, 2:1 (vol/vol). Steroids were sepa-
rated by thin-layer and radio-gas chromatography (12). Iden-
tifications were based on chromatographic mobility and gas
chromatographic-mass spectrometric data (5, 12). Enzyme
activities were related to the amount of protein incubated.
Student's t-test was used for statistical evaluation of the results.

RESULTS
Effects of an autonomous pituitary
In control experiments castrated male and spayed female ani-
mals were compared to animals that were castrated and hy-
pophysectomized (Table 1). The hepatic metabolism of cas-
trated male rats was similar to that of hypophysectomized rats
of both sexes (Table 1). However, large differences were seen
in the hepatic metabolism of spayed female rats and that of
hypophysectomized animals (Table 1). Similar differences were
observed when the hepatic metabolism of male rats with a
transplanted pituitary was compared to that of hypophysec-
tomized rats (Table 2). These results indicate that the autono-
mous pituitary secretes factor(s) capable of feminizing the male
type of liver metabolism characteristic of hypophysectomized
animals.
Attempts to affect the action of the autonomous
pituitary
No effects on hepatic enzyme activities were observed after
administration of testosterone propionate to hypophysecto-
mized rats (Table 3). When hypophysectomized animals with
a transplanted pituitary were treated in the same way, no sig-
nificant or consistent effects were noted either (Table 4). Es-
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Table 1. Hepatic enzyme activities in castrated male and spayed female rats, in castrated and hypophysectomized male rats,
and in spayed and hypophysectomized female rats

Castrated . Castrated + Spayed Spayed +
Enzyme activityt males hypox males females hypox females

Enzymes active on 4-androstene-3,17-dione
5a-Reductase 112 ± 60 29 ± 12* 140 ± 21 33 ± 2.00***
5,fReductase 6.20 ± 0.50 6.40 ± 1.60 1.30 ± 0.10 4.90 ± 2.20*
173-Hydroxysteroid reductase 5.69 ± 1.69 3.43 ± 0.99 4.32 ± 0.89 4.25 ± 0.71
3,3/5ct-Reduced metabolites 0.13 ± 0.04 0.16 ± 0.10* 0.006 ± 0.005 0.09 ± 0.05
63-Hydroxylase 9.05 ± 4.50 8.14 ± 3.10 6.16 ± 1.39 11.1 ± 1.50**
7ct-Hydroxylase 4.94 ± 1.94 4.83 ± 0.47 8.11 ± 2.12 8.70 ± 3.41
16a-Hydroxylase 6.82 ± 2.84 3.05 ± 1.88 0 2.59 ± 2.94***

Enzymes active on 5a-androstane-3a,1 713diol
2ca-Hydroxylase 3.62 ± 1.90 2.41 ± 1.05 0.50 ± 0.08 2.12 ± 0.03***
2j3-Hydroxylase 0.60 ± 0.08 1.05 ± 0.03* 0 0.78 ± 0.43**
18-Hydroxylase 1.38 ± 1.01 1.05 ± 0.24 0 1.05 ± 0.20***
7f3-Hydroxylase 0.63 ± 0.38 0.38 ± 0.23 0 0.80 ± 0.04***
7ai-Hydroxylase 2.30 ± 0.68 1.83 ± 0.10 4.20 ± 0.33 1.81 ± 1.10*

Hypox = hypophysectomized.
* = P < 0.05; ** = P < 0.01; *** = P < 0.001 when compared to animals that had not been hypophysectomized.
f 5a-Reductase (4,5a-dihydrocortisone: NADP+ A4-oxidoreductase, cortisone a-reductase, EC 1.3.1.4); 56-reductase (4,5,B-dihydrocortisone:
NADP+ A4-oxidoreductase, cortisone fl-reductase, EC 1.3.1.3); 17,6-hydroxysteroid reductase [17,B-hydroxysteroid: NADP+ 17-oxido-
reductase, testosterone 17#-dehydrogenase (NADP+), EC 1.1.1.64].

tradiol benzoate adminitation resulted in increases in activities
of several hydroxylases active on 4-androstene-3,17-dione and
5a-androstane-3a,17f3-diol (Table 4). These effects, however,
indicate a masculinizing action of estradiol in the rats with an
autonomous pituitary, different from the feminizing action of
estradiol seen in the intact rats (5, 12).

DISCUSSION
If castrated male and female rats are hypophysectomized, the
sexual differences with respect to hepatic enzyme activities
disappear. Whereas the metabolic characteristics of the cas-

trated male rats remain essentially unchanged after hypo-
physectomy, the female rats develop a male type of hepatic

Table 2. Effect of pituitary transplant on hepatic enzyme
activities in castrated, hypophysectomized male rats

Castrated +

hypox males
Castrated + with pituitary

Enzyme activity hypox males transplant'

Enzymes active on
4-androstene-3,1 7-dione

5a-Reductase 17.7 ± 6.50 46 ± 9.0**
5f3Reductase 6.17 ± 0.41 5.19 ± 0.18*
173-Hydroxysteroid
reductase 10.3 ± 1.40 7.15 ± 1.90

33/5Sa-Reduced metabolites 0.34 ± 0.05 0.15 ± 0.06**
6,-Hydroxylase 8.63 ± 0.46 2.00 ± 0.63***
7az-Hydroxylase 3.84 ± 0.13 3.12 ± 0.47
160e-Hydroxylase 4.02 ± 0.90 1.03 ± 0.51**

Enzymes active on

5ae-androstane-3a,170-diol
2az-Hydroxylase 4.09 ± 2.04 0.55 ± 0.29*
23-Hydroxylase 2.27 ± 0.48 0.54 ± 0.11***
18-Hydroxylase 3.25 ± 0.62 0.21 ± 0.43***
7,-Hydroxylase 1.65 ± 0.17 0***
7at-Hydroxylase 2.97 ± 1.17 2.35 ± 0.27

Hypox = hypophysectomized.
= P < 0.05; ** = P < 0.01; *** = P < 0.001 when compared-to
nontransplanted animals.

metabolism. The feminizing effect of the female pituitary has
led us to postulate the existence of a "feminizing factor" that
mediates the feminization effect (11). This factor is not likely
to be identical to prolactin, lutropin, or follitropin since these
hormones do not "feminize" liver metabolism in male rats (17,
18).
The present investigation has demonstrated a significant

feminization of the hepatic metabolic pattern in hypophysec-
tomized rats by a pituitary transplant placed under the kidney
capsule. The most likely explanation for this finding is that the
release of "feminizing factor" from the pituitary of the intact

Table 3. Effect of treatment with testosterone propionate
on hepatic enzyme activities in castrated,

hypophysectomized male rats

Castrated +
hypox males
treated with

Castrated + testosterone
Enzyme activity hypox males propionate

Enzymes active on
4-androstene-3,1 7-dione

5ca-Reductase 16 ± 3.0 20 ± 4.0
5,B Reductase 6.27 ± 1.14 6.42 ± 0.73
177,¢Hydroxysteroid
reductase 6.52 ± 2.08 6.16 ± 2.08

33/5c-Reduced metabolites 0.22 ± 0.06 0.26 ± 0.04
6,B Hydroxylase 5.65 ± 1.48 5.29 ± 1.43
7oa-Hydroxylase 1.78 ± 0.24 1.84 ± 0.33
16ci-Hydroxylase 3.49 ± 1.48 2.87 ± 1.14

Enzymes active on
5ci-androstane-3ce, 1 7,¢diol

2ce-Hydroxylase 7.05 ± 2.98 2.61 ± 1.42*
2f3Hydroxylase 2.48 ± 2.29 1.13 ± 0.43*
18-Hydroxylase 2.22 ± 0.35 2.49 ± 1.95
7f3-Hydroxylase 1.66 ± 1.50 1.08 ± 0.46
7ca-Hydroxylase 2.50 ± 1.45 1.09 ± 0.63

Hypox = hypophysectomized.
*= P < 0.05 when compared to untreated hypophysectomized
animals.
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Table 4. Effect of treatment with estradiol benzoate and testosterone propionate on hepatic enzyme activities in castrated,
hypophysectomized, transplanted male rats

Castrated + hypox + Castrated + hypox +
transplanted males transplanted males

Castrated + hypox + treated with treated with testo-
Enzyme activity transplanted males estradiol benzoate sterone propionate

Enzymes active on 4-androstene-3,17-dione
5a-Reductase 172 ± 29 127 ± 31 115 ± 9.0*
5j3-Reductase 1.48 ± 0.04 1.52 ± 0.32 1.68 ± 0.22
1713-Hydroxysteroid reductase 6.59 ± 1.60 5.76 ± 0.24 4.86 ± 140
3f3/5a-Reduced metabolites 0.017 ± 0.019 0.012 ± 0.013 0.006 ± 0.002
6f-Hydroxylase 2.21 ± 0.50 1.80 ± 0.07 1.54 ± 0.22
7a-Hydroxylase 2.99 ± 0.24 3.59 ± 1.32 2.14 ± 0.20*
16a-Hydroxylase 0 0 0

Enzymes active on 50a-androstane-3a,17f-diol
2ca-Hydroxylase 0.42 ± 0.09 0.96 ± 0.82 0.36 ± 0.14
2f3-Hydroxylase 0.22 ± 0.10 0.56 ± 0.76 0.17 ± 0.08
18-Hydroxylase 0.31 ± 0.07 0.89 ± 1.05 0.20 ± 0.05
73-Hydroxylase 0 0 0
7at-Hydroxylase 3.62 ± 0.55 3.41 ± 0.88 2.72 ± 0.49

Hypox = hypophysectomized.
* = P < 0.05 when compared to untreated operated animals.

male rat is inhibited or decreased by an inhibiting factor se-
creted from the brain, probably the hypothalamus. Liberated
from this influence, the transplanted autonomous pituitary
starts to secrete "feminizing factor". This contention is further
supported by unpublished experiments where feminization of
the hepatic metabolism of male rats was observed after an
electrothermic lesion in the median eminence, partially de-
stroying the connections between the hypothalamus and the
pituitary gland.

HYPOTHALAMUS

PITUITARY

LIVER

It could be speculated that neonatal androgen exposure of
male and female rats permanently induces the release of a
"feminizing factor inhibiting factor" from the hypothalamus
of the adult animal. The feminization of liver metabolism after
estrogen administration to adult male and neonatally andro-
genized female rats could then be explained by an estrogenic
effect on the hypothalamus resulting in decreased release of
"feminizing factor inhibiting factor" (Fig. 1).

Recently, Posner et al. have described a sex-specific pituitary

EFFECTS OF ESTRADIOL
ON EXPRESSION OF

NEONATAL ANDROGEN EXPOSURE

FEMINIZING |IX
FACTOR I

INHIBITING
FACTOR ! \ ( \

FEMINIZING
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4.- AUTONOM
FEMALE5

TESTES
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FIG. 1. The figure shows hypothetical schemes for the regulation of male and female types of hepatic steroid metabolism. A hypothetical
scheme is also suggested for the effects of estradiol on the neonatally androgen-imprinted hypothalamic center participating in regulation of
hepatic steroid metabolism.
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factor in female rats responsible for the induction of a lactogenic
receptor in liver (19). This pituitary factor appeared in female
rats at puberty and could be induced in male animals by es-
trogen treatment. This type of regulation is identical to that of
the "feminizing factor," and the question may be raised if the
two pituitary factors are related or in fact identical.

Previous experiments have shown that effects of androgens
and estrogens on hepatic metabolism of steroids in rats are ob-
served only in animals with an intact pituitary (11). The lack
of effect of estrogens in hypophysectomized animals may be
understood as due to absence of production of "feminizing
factor" (Fig. 1). Because receptor proteins for estrogens are
present in the pituitary (20), the effects of estradiol on liver
metabolism could be brought about via direct action of the
hormone on the release of "feminizing factor" from the pitu-
itary. The present investigation shows that the secretion of
"feminizing factor" from the autonomous pituitary is not sig-
nificantly or consistently affected by estradiol administration.
These results would seem to exclude the possibility of direct
estrogenic regulation of hypophyseal release of "feminizing
factor" and indicate that estrogenic effects on liver metabolism
are mediated via modulation of hypothalamic secretion of
"feminizing factor inhibiting factor" (Fig. 1).

Androgenic and estrogenic effects on the liver are not limited
to steroid metabolism; metabolism of xenobiotic compounds
is also affected by sex hormones (21). The present investigation
has demonstrated the obligatory role of a pituitary in situ in
mediating sex hormonal action on liver metabolism of steroids.
Most probably this conclusion can be generalized to encompass
also androgenic and estrogenic effects on hepatic metabolism
of xenobiotics. It seems reasonable to assume that the existence
of pituitary hormones participating in the control of hepatic
enzyme activities is not limited to rats. In man, sexual differ-
ences with respect to liver metabolism of steroids have recently
been described (22), and other sexual differences with respect
to hepatic lipid metabolism also occur in man (23). In this
connection it is also of interest that Kappas and collaborators
recently have indicated the possibility of pituitary regulation
of hepatic heme biosynthesis (24, 25). The isolation and char-
acterization of pituitary hormones involved in control of hepatic
metabolism may prove to be of great physiological significance.
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