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The sexually
differentiated
microsomal
enzyme steroid 5a-reductase
(NADPH:A4-3-oxosteroid
Bru-oxidoreductase,
EC 1.3.99.5)
catalyzes
the NADPH-dependent conversion
of testosterone
to Ba-dihydrotestosterone, a more potent androgen.
In rat liver, this enzyme
is expressed
at a IO-fold
higher
level in adult females
as compared
to adult males. The pituitary
regulation
of this enzyme and its mRNA was studied
in untreated
and hypophysectomized
rats and in rats rendered
hypothyroid
by treatment
with
the antithyroid
drug
methimazole.
Hepatic
5a-reductase
activity
was elevated &fold,
to 85% of adult female
levels, in adult
male rats given growth
hormone
by continuous
infusion. This same treatment
was only partially
effective
in restoring
Ba-reductase
in rats depleted
of endogenous growth
hormone
by hypophysectomy,
indicating
that other
pituitary-dependent
factors
contribute
to
the elevation
observed
in the inact animals.
Further
analysis
revealed
that thyroxine,
but not adrenocorticotropic
hormone
(ACTH)
or chorionic
gonadotropin,
could elevate
5a-reductase
activity
and mRNA
when
given to the hypophysectomized
rats and that this effect was enhanced
by the presence
of growth
hormone.
This thyroid
hormone
dependence
was confirmed
by
the decrease in hepatic
5a-reductase
expression
in hypothyroid
rats and by its substantial
restoration
following
thyroxine
replacement.
Thyroxine
also stimulated expression
of another
female-predominant
hepatic mRNA,
encoding
the steroid
16a-hydroxylase
cytochrome
P-450f
(IIC7), in a manner
that was independent
of the stimulatory
effect of growth
hormone
on this transcript.
In contrast,
thyroid
hormone
did not
significantly
affect
protein
or mRNA
levels
of the
growth
hormone-stimulated,
female-specific
steroid
sulfate
15&hydroxylase
P-450 2d (IIC12).
These findings establish
that thyroid
hormones
act at a pretranslational
level to modulate
the expression
of some,
but
not
all,
growth
hormone-stimulated
hepatic
mRNAs
and demonstrate
that both
thyroxine
and
growth
hormone
can independently
contribute
to the
sex-dependent
expression
of hepatic enzymes of steroid
metabolism.

The systemic, as well as the intracellular,
activity
steroid hormones can be modulated
by metabolism

of many
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both oxidative and reductive pathways. A major site of steroid
metabolism
is the liver, which in rodents shows large sexual
differences with respect to steroid biotransformations
(Gustaffson et al., 1983; Skett, 1987). Testosterone
hydroxylation,
for example, is more efficiently
catalyzed by liver microsomal
preparations
from male than from female rats. In contrast,
the microsomal5cr-reductase’
active on testosterone and other
3-keto-A4-steroids
is more active in livers of female rats, where
it catalyzes a reduction step that facilitates steroid elimination
(Yates et al., 1958; Colby, 1980). &Reductase
is also expressed in androgen-responsive
tissues, such as prostate, in
which the enzyme plays an important
role in normal male
development
by catalyzing
the reduction
of testosterone
to
yield the more potent androgen Sa-dihydrotestosterone
(Wilson, 1978; Martini,
1982).
Steroid 5a-reductase
activity is regulated in a tissue-specific
manner. Studies carried out in the rat have demonstrated
that in ventral prostate, enzyme levels can be stimulated
by
androgen (Moore and Wilson, 1973), while in liver Sa-reductase activity is subject to androgen repression (Colby, 1980).
In female rat liver, 5a-reductase
activity is maintained
under
the positive influence
of estrogen by a mechanism
that appears to involve
estrogen-stimulation
of the continuous
plasma growth hormone (GH) levels that are associated with
adult rats of this sex (Mode et al., 1982; Lax et al., 1983).
Although
GH treatment
of adult male rats by continuous
infusion can fully feminize hepatic 5a-reductase
activity levels, only a partial feminization
of this enzyme is achieved in
hypophysectomized
(Hypox) rats treated with GH under the
same conditions
(Waxman
et al., 1989a). The mechanistic
basis for these effects of GH on hepatic 5a-reductase,
which
has not been isolated in purified form, are largely unknown
but may involve transcriptional
events, as suggested by the
higher Sa-reductase mRNA levels recently found to be present
in female as compared to male rat liver (Farkash et al., 1988;
Andersson et al., 1989).
To investigate further the molecular mechanisms by which
the pituitary
regulates the sex-dependent
expression of hepatic 5a-reductase
activity, the responsiveness
of this enzyme
and its mRNA to pituitary-dependent
hormones was examined in Hypox and hypothyroid
rats. These experiments
were
designed to identify endocrine factors that may act in concert
with GH to stimulate high level expression of 5cY-reductase in
female rat liver, and to establish whether these hormones act
1 The abbreviations
used are: 5wreductase,
NADPH:A”-3-oxosteroid 5woxidoreductase,
EC 1.3.99.5;
GH, growth
hormone;
Hypox,
hypophysectomized;
T,, thyroxine;
ACTH,
adrenocorticotropic
hormone;
HEPES,
4-(2.hydroxyethyl)-1-piperazineethanesulfonic
acid; TES,
2-{[2-hydroxy-l,l-bis(hydroxymethyl)ethyl]aminoj
ethanesulfonic
acid.
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at the protein level, perhaps by stabilization
of this labile
enzyme (Moore and Wilson, 1974), or, at a pretranslational
level, by modulating
&reductase
gene expression. Finally,
experiments
were carried out to ascertain whether other GHresponsive enzymes of steroid metabolism
are regulated by
these same factors and by similar mechanisms.
The results
presented below establish that thyroxine
(T4) is an important
regulator of 5cr-reductase expression that can operate independently
of GH and at a pretranslational
level. Also described is the role that T4 was found to play in regulating
the
expression
of two GH-stimulated,
female-predominant
hepatic enzymes active in steroid hydroxylation,
both P-450
cytochromes
(Gonzalez, 1988) belonging to the CYPZC gene
subfamily (Nebert et al., 1989).
MATERIALS

AND

METHODS

Animal Treatments-Untreated,
sham-operated, and Hypox male
and female Fischer 344 rats were purchased from Taconic Inc. (Germantown, NY) and maintained under controlled lighting conditions
(lights on from 6 a.m. to 6 p.m.). Rats were hypophysectomized or
sham-operated by the supplier at the age of 8 weeks and provided
with 5% glucose water for the first week following surgery. The
completeness of hypophysectomy was verified by the absence of
weight gain over a 2-week period. Hypothyroidism was induced by
treatment with 0.025% methimazole (w/v) in the drinking water for
16-24 days (Cooper et al., 1984). Under these conditions, total serum
T, at sacrifice was decreased to undetectable levels (see Table II) as
determined by using a commercial radioimmunoassay kit (Diagnostic
Products Corp., Los Angeles, CA). Untreated, Hypox, and hypothyroid rats were treated for 7 days with human GH (2.4 IU/mg; National
Hormone and Pituitary Program) by continuous infusion at a dose
of 0.6 pg of GH/rat/h, unless indicated otherwise. GH was administered via an osmotic minipump implanted subcutaneously under
ketamine (44 mg/kg, intramuscularly)
anaesthesia (Waxman et al.,
1989a).
Tq (Sigma) was freshly prepared in 10 mM KPi (pH 8.3), 0.9%
NaCl and was administered to Hypox and hypothyroid rats by subcutaneous injections given daily for 7 or 10 days, as indicated in the
text (daily dose, 50 fig/kg of body weight). This dose of Tq renders
hypothyroid rats euthyroid (see Table II). Hypothyroid rats receiving
T4 and/or GH continued to receive methimazole and were killed after
a total of 24 days of methimazole treatment. ACTH (10 III/kg; Sigma)
and human chorionic gonadotropin (150 IU/kg; Sigma CG-5) were
dissolved in 10 mM KPi buffer (pH 8.3), 0.9% NaCl and were administered by subcutaneous injection to the Hypox rats for 7 days at the
daily doses indicated above, as described previously (Rumbaugh and
Colby, 1980; LeBlanc and Waxman, 1988). Hormones or appropriate
vehicle controls were administered as a subcutaneous injection in a
total volume of 0.2 ml/150 g of body weight.
Rats were killed at 7-8 am. by cervical dislocation and livers were
ranidlv excised. brieflv washed with ice-cold 1.15% KC1 (w/v). and
then cut into small pieces that were quick-frozen in liquid’ N; and
stored at -80 “C. Blood samples were collected by cardiac puncture
and allowed to clot at 4 “C. Serum was collected by centrifugation
and stored at -20 “C. Microsomes were prepared at O-4 “C from
individual rat livers by using a calcium precipitation method (Schenkman and Cinti. 1978) as detailed elsewhere (LeBlanc and Waxman,
1988). The final microsomal pellet was resuspended in 0.1 M KPi
buffer, pH 7.4, 0.1 mM EDTA, 20% glycerol (v/v) to give a protein
concentration of 9-10 ma/ml and then stored in aliquots at -80 “C.
Immunoquantitation
and Enzyme Assay-Microsomal
P-450 2d
nrotein levels were determined bv Western blotting (immunoblotting)
and laser densitometry using adsorbed anti-P-450 2d polyclonal antibodies (Waxman et al., 1989a). Microsomal steroid 5ti-reductase
activity was assayed by the reduction of [4-‘*C]testosterone to [4-i4C]
5oc-dihydrotestosterone (Waxman et al., 1983; LeBlanc and Waxman,
1988). Assays were performed in 0.1 M HEPES buffer, pH 7.4, and
contained 7.5 pg of microsomal protein and 50 PM steroid substrate
in a total volume of 0.2 ml. The incubations were carried out for 5
min at 37 “C. Metabolites were analyzed on silica gel thin-layer plates
develoned in CHClJacetone
(4/l) followed bv CHClJethvl acetate/
ethanol (4/l/0.7) and then quantitated by scintillation counting.
RNA Extraction and Hybridization Analysis Using Oligonucleotide
Probes-Total
RNA was isolated from saline-washed, frozen liver
tissue by the method of Chomczynski and Sacchi (1987). Details of
-

- I

the electrophoresis (1% agarose gels containing 0.66 M formaldehyde),
Northern blotting analysis using nylon filters (GeneScreen, Du PontNew England Nuclear), and methods for oligonucleotide synthesis
and purilication
are described elsewhere (Waxman et al., 1990).
Oligonucleotides used in the present study had the following nucleotide sequences. The steroid 5ol-reductase oligonucleotide ON-48 (5’GAC-TCA-GCT-CAT-GGG-AGG-CAA-C-3’)
corresponds to the
complement of nucleotides 793-814 of the published cDNA sequence
of Andersson et al. (1989). The P-450 2d (IIC12) oligonucleotide ON12 (5’-AAT-AGC-AGC-AAA-ATG-TTT-TGA-ATG-TGT-CTT-3’)
corresponds to the complement of nucleotides 698-727 of the cDNA
designated 15/3 (= nucleotides 691-720 of the coding sequence) (Zanhironoulos et al., 1988). The P-450f (IIC7) oliaonucleotide ON-14
i5’-CAT-ATA-ATT-AAT-ATT-TTT-T’GC-TAT?I’T-GTG-3’)
corresponds to the complement of nucleotides 670-699 of the cDNA
sequence described by Gonzalez et al. (1986). The a-tuhulin oligonucleotide ON-50 (5’-GAC-ATC-TTT-GGG-GAC-CAC-ATC-ACCACG-3’) corresponds to the complement of nucleotides 39-66 of the
rat a-tubulin 3’-end cDNA clone pT25 (Ginzburg et al., 1981). Sequences corresponding to the reverse complement of the indicated
oligonucleotides were used to search the GenBank data base of rodent
DNA sequences (release 63.0). These searches indicated that the
closed match contained at least five mismatches for each oligonucleotide.
Oligonucleotides were end-labeled with [+r-32P]ATP by T, polynucleotide kinase and then nurified on NENSORB 20 columns (Du
Pont-New England Nuclear) according to the instructions of the
manufacturer (oligonucleotide elution with 50% aqueous ethanol).
The resulting specific activities were generally 8,000-12,000 cpm/
fmol. The nylon filters were prehybridized at 45 “C for 2-3 h in 50
mM TES buffer (pH 7.4), 1 M NaCl, 10% formamide, 10 X Denhardt’s
solution (1 x Denhardt’s is 0.02% each of Ficoll, polyvinylpyrrolidine,
and bovine serum albumin), 0.1% sodium pyrophosphate, 0.1 mg/ml
yeast tRNA, and 1% sodium dodecyl sulfate. In the case of the atubulin oligonucleotide, the formamide concentration was increased
to 20%. Hybridizations were done for 12-14 h in the same solution
as the prehybridizations, with the addition of 0.03 nM oligonucleotide
probe (-300,000 cpm/ml). Membranes were washed at the hybridization temperature with two changes of 2 X SSC (1 X SSC is 150 mM
NaCl, 15 mM sodium citrate, pH 7.0), 1% sodium dodecyl sulfate
followed by two washes with 0.1 x SSC, 1% sodium dodecyl sulfate
at room temperature (30 min/wash). The nylon filters were exposed
at -80 “C to Kodak XAR5 film with Cronex intensifying screens for
0.5-3 days.
RNA Quantitution by Slot Blotting-Total
liver RNA isolated from
individual rats were applied at various loadings (typically 0.67,2, and
6 pg) to individual slots of a Minifold II (Schleicher & Schuell)
apparatus. RNA samples were adjusted to 34% formamide, 4.3%
formaldehvde. 0.67 X SSC. heated for 15 min at 65 “C, diluted 5-fold
with 20 xSSC, and then applied to nylon filters using the slot blot
apparatus. UV cross-linking, prehybridization,
hybridization,
and
washing steps were carried out exactly as for the Northern blots.
Relative mRNA contents for each treatment group were determined
by scanning laser densitometry (LKB Ultrascan II) using autoradiographs of the slot blot. Data are expressed as relative mRNA levels
(mean + S.D. for n = 3 or 4 individuals/group)
and are based on
averages of data from two or three loads of RNA applied to the blots.
RESULTS

Independent
Roles of T4 and GH in Stimulating
Expression
of Hepatic Steroid 5a-Reductase-Continuous
infusion of GH
to intact male rats led to an &fold increase in hepatic levels
of steroid 5ol-reductase
activity, elevating
this microsomal
enzyme to -85% of the level present in untreated adult female
rat liver (Fig. 1). This finding is consistent with the previous
observation
that continuous
GH exposure stimulates expression of this enzyme in adult rat liver (Mode et al., 1982;
Waxman et al., 1989a). In contrast, this feminization
of hepatic Sa-reductase
levels was much less complete when GH
infusion was carried out in Hypox male rats or Hypox female
rats (increase to only 32-36% of normal female level) (Fig. 1,
Table I). This suggests that additional
pituitary-dependent
factors are required to achieve the high level of expression
observed in GH-treated
intact adult male rats. However,
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FIG. 1. Effect
of pituitary-dependent
hormones
on steroid
Ba-reductase
activity
in untreated
and Hypox
adult rats. Adult
male rats are sham-operated
(Sh) or hypophysectomized
at 8 weeks
of age. Hormones
were administered
to the sham-operated
and Hypox
rats for 7 days as described
under “Materials
and Methods”
(hCG,
human chorionic
gonadotropin).
Liver microsomes
were then isolated
and assayed
for Sa-reductase
activity
(mean
f S.D. for n = 3-4
individual
rats/treatment
group).
Activity
levels in untreated
adult
female rats (UT) are shown for comparison.
TABLE
I
of GH and Td treatment
on liver microsomal5wreductase
activity
in Hypox adult female and male rats
T, (50 pg/kg)
was administered
to Hypox
rats daily for 7
described
under “Materials
and Methods.”
GH was given by
uous infusion
via osmotic
minipumps
at 0.6 pg of hormone/h
days. Liver microsomes
were then assayed
for 5a-reductase
using testosterone
as substrate
(see “Materials
and Methods”).
mals used in this experiment
are different
from the animals
the experiment
presented
in Fig. 1. Activities
shown are mean
for n = 3-4 individual
rats per treatment
group.
Effects

Steroid

Treatment

Untreated
Hypox
Hypox
+ GH
Hypox
+ T,
HGox
+ GH

Female

+ Tq

31.4
1.0
10.1
4.7
15.9

+
f
f
It
rf:

5a-reductase

days as
continfor 7
activity
Aniused in
f SD.

ment with methimazole (Cooper et al., 1984) for 16-24 days.
In adult female rats, methimazole decreased microsomal 5~
reductase activity by -65% after 24 days (Fig. 2). GH treatment only partially restored normal enzyme levels, suggesting
that the indirect decrease in plasma GH following methimazole-treatment (Coiro et al., 1979) was not the primary cause
of the loss of hepatic 5a-reductase activity. In contrast, Td
replacement under conditions that rendered the methimazoletreated rats euthyroid (Table II) led to a more substantial
restoration of enzyme activity (Fig. 2). Finally, Tq and GH in
combination fully restored normal female enzyme levels. In
male rats, the hypothyroid state was associated with a progressive loss of the low basal 5cY-reductaseactivity characteristic of this sex. GH and Tq both stimulated 5cw-reductase
activity substantially above normal male levels, but to only
-45% of adult female levels, while the combination of both
hormones resulted in full female activity (Fig. 2). These
findings are consistent with the conclusion that GH and Tq
are both required for maintenance of the high level of hepatic
5ol-reductase activity in adult female rats.
Pretranslational Regulation of Hepatic 5wReductase by T4
and GH-Thyroid
hormones are known to regulate hepatic
enzymes by multiple mechanisms, involving both transcriptional and posttranscriptional steps (e.g. Song et al., 1988).
Although 5cY-reductasehas not been purified to homogeneity,
its cDNA has recently been cloned from a rat liver cDNA
library (Andersson et al., 1989), enabling us to prepare a 5~
reductase-specific oligonucleotide probe to examine whether
thyroid hormones regulate this enzyme at the mRNA level.

activity
Male

nmol/min/mg
5.9
2.9 + 0.5
1.0
0.8 + 0.4
1.7
11.3 f 1.7
0.4
2.8 + 0.1
3.3
13.8 + 2.9
UT

ACTH, which stimulates adrenal steroid production,
nor chorionic gonadotropin, which stimulates testosterone
production by the testis, was able to stimulate the expression
of 5cY-reductase when given to Hypox male rats (Fig. 1). In
contrast, treatment with Tq at a dose that rendered the Hypox
rats euthyroid resulted in a small but significant elevation (23-fold) of hepatic steroid 5cY-reductase activity (Fig. 1). A
similar stimulation by Tq was observed in Hypox female rats
(Table I). Although thyroid hormones are known to stimulate
synthesis of GH in the somatotroph cells of the pituitary
(Samuels et al., 1988), these effects of Tq must be independent
of pituitary GH as they were achieved in Hypox rats. Moreover, the effects of Tq and GH were additive, as seen when
the two hormones were given in combination, although the
increase was still incomplete as compared to untreated female
controls (Fig. 1, Table I). In contrast, neither chorionic gonadotropin nor ACTH could further stimulate hepatic 5areductase activity levels in Hypox rats treated with GH or
with T, in combination with GH (data not shown). These
results establish that T., can have a direct stimulatory effect
on hepatic 5cY-reductaseactivity, and this effect is independent of, but complementary to, the feminizing effect that GH
has on the expression of this hepatic enzyme.
In order to minimize complications resulting from the associated deficiencies of other pituitary-dependent hormones
in Hypox rats, the contribution of Tq to hepatic 5cY-reductase
expression was verified in rats rendered hypothyroid by treatneither
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FIG. 2. Stimulation
of microsomal
5a-reductase
activity
by
GH and T4 replacement
in hypothyroid
rats.
Adult
male and
female rats were untreated
(Un
or were rendered
hypothyroid
by
methimazole
treatment
for 16 (*) or 24 (-) days. Hypothyroid
rats
(24 days of methimazole
treatment)
received
no further
treatments
(-)
or were given T, daily for the last 10 days of methimazole
treatment
and/or
GH by continuous
infusion
via osmotic
minipumps
for the last 7 days at 0.6 pg of hormone/rat/h
(see “Materials
and
Methods”).
Liver
microsomes
were then isolated,
and 5cY-reductase
activity
was determined
as described
under “Materials
and Methods.”
Results
are expressed
as the mean f S.D. for n = 4 individual
rats in
each group.

Serum

TABLE
levels in Tp-treated
days of methimazole

thyroxine

Values shown are mean f S.D.
by radioimmunoassav
as described
Treatment

II
female and
treatment

male rats after

(n = 4). T, levels
under “Materials

were determined
and Methods.”

Serum thyroxine
Female

Male

w/ml
Untreated
Methimazole
Methimazole
Methimazole
Methimazole
Methimazole

(16 days)
(24 days)
+ GH
+ T,
+ Tq + GH

39 + 6
<3
c3
<3
51 + 3
42 + 8

24

52 zk 3
<3
c3
<3
47 + 6
47 + 10
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Northern
blot analysis of total rat liver RNA hybridized
with ‘“P-labeled
5cu-reductase oligonucleotide
probe ON-48
(see under “Materials
and Methods”) revealed a hybridization
signal at -2.4 kilobases (Fig. 3A), which corresponds to the
reported size of the 5n-reductase
mRNA (Andersson
et al.,
1989). The probe showed differential
signal intensity between
adult male and female rats and indicated that the mRNA is
present at up to a 3-fold lower level in livers of males (Fig.
3A, lane 1 versus lane 6, and Fig. 4). Hypox nearly abolished
expression of this message in both males and females, while
GH treatment
led to a partial restoration
of 5a-reductase
mRNA compared to untreated female controls. Tq also had a
partial effect when given to Hypox rats of either sex, while
the combination
of T, with GH led to a more substantial
increase in the expression of this mRNA (Figs. 3A and 4A).
These effects are similar to the responses of hepatic 5nreductase activity to these same treatments
(Fig. 1 and Table
I) and establish that T, and GH both stimulate hepatic 5areductase expression primarily
at the mRNA level.
Analysis of 5cr-reductase mRNA levels in hypothyroid
rats
further supported the dual regulation
of this mRNA by T,
and GH. The 2.4.kilobase Sa-reductase mRNA was markedly
decreased following methimazole treatment of female rats and
was substantially
restored by T, and, to a lesser extent, by
GH replacement
(Figs. 4B and 5A). 5ol-Reductase
mRNA
levels were stimulated by both T, and GH in the hypothyroid
males, while the combination
of these hormones supported
expression of the high mRNA levels normally
present in

VT

.

-

tr!

TL

GH
+74

“T

.

Gh

14

GH
174

FIG. 4. Tq stimulation
of Ba-reductase
mRNA
levels
in Hypox (A) and hypothyroid
(B) rats. The relative
levels of specific
mRNA
hybridizing
to the Sa-reductase
oligonucleotide
probe were
determined
by slot blot analysis
(see “Materials
and Methods”)
and
are expressed
relative
to the sham-operated
females
(A) or the untreated
(IX)
female group (B) (mean + S.D. for n = 4 rats/group).
Rats were the same as used in the experiments
shown in Table 1 and
treatment;
all other hypothyroid
Fig. 2. *, 16 days of methimazole
rats received
methimazole
for 24 days. HX, Hypox
rats.
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FIG. 3. Effect
of T, alone
or in combination
with
GH on
hepatic
Sa-reductase
and P-450
subfamily
IIC mRNAs
in
Hypox
rats: Northern
blot analysis.
Shown is a Northern
blot of
total rat liver RNA (10 @g/well, except lane 6, which contained
15 pg)
electrophoresed,
transferred
to nylon
filters,
and then probed
with
“P-labeled
oligonucleotides
specific
for the mRNAs
encoding
5~
reductase
(A), P-450 2d (IIC12)
(R), P-450f (IIC7)
(C), and tu-tubulin
(~9) as described
under “Materials
and Methods.”
RNA samples
were
prepared
from individual
rat livers from each of the groups
of rats
analyzed
in Table
1. Locations
of the 28 S and 18 S RNAs
are
indicated
on the left.

IO II

12

FIG. 5. Influence
of Tq on expression
of female-predominant hepatic
mRNAs
in hypothyroid
rats: Northern
analysis.
Total liver RNA (10 wg) from adult male and female hypothyroid
rats
treated
with GH and/or
T., as described
in Fig. 2 were analyzed
on
Northern
blots probed
with specific
oligonucleotide
probes
as described
in Fig. 3. UT, untreated.

female rats, in accord with the response of hepatic microsomal
5cu-reductase activity described above.
Thyroid Regulation of Other GH-responsive Hepatic Steroidmetabolizing Enzymes: Effect of T4 on Hepatic P-450 2d (IIC12)
and P-450f (IIC7) mRNAs-Protein
levels of P-450 2d (a

Thyroid Regulation

steroid sulfate 15P-hydroxylase)
and P-450f (a weak steroid
16a-hydroxylase)
are substantially
higher in adult females
than in adult males (female:male
ratio is >20:1 for P450 2d
and -3:l for P-450f in adult rat liver) (MacGeoch et al., 1985;
Waxman et al., 1985; Bandiera et al., 1986). Both enzymes are
positively regulated by the continuous
pattern of plasma GH
secretion that is characteristic
of adult female rats, and this
regulation is evident at the mRNA level (Guzelian et al., 1988;
Sasamura et al., 1990), e.g. as shown by the increases in these
mRNAs to female levels following continuous
GH treatment
of intact males (Table III). In view of the similar GH responsiveness of 5a-reductase
and these two other female-predominant hepatic enzymes, we examined whether the two P-450
enzymes, i.e. P-450 2d and P-45Of, might also be regulated by
Tq in a manner similar to that described above for 5cr-reductase.
Western blot analysis of hepatic microsomes isolated from
adult female rats using antibody to P-450 2d demonstrated
the complete loss of this protein following
hypophysectomy
and its partial restoration
(-50%) by GH treatment
(Table
IV), in agreement with earlier reports (MacGeoch et al., 1985;
Waxman et al., 1989a). Corresponding
effects on P-450 2d
mRNA were revealed by Northern
blot analysis, except that
the restoration
of the mRNA following
GH treatment
was
only -20% complete (Fig. 3B), as determined
by slot blot
analysis (data not shown). Tq treatment
of the Hypox rats
had no significant
effect on P-450 2d protein (Table IV) or
mRNA (Fig. 3B), and the Tq + GH combination
was no more
effective than Tq alone. In Hypox males, however, Tq and GH
in combination
stimulated
the expression of levels of P-450
2d mRNA which, although low, were somewhat higher than
those present when either hormone was given alone. These
data establish that, in contrast to Sa-reductase,
thyroid hormones do not make a major contribution
to the expression of
Elevation

of P-450

2d mRNA
intact

TABLE III
and P-450f
mRNA
adult male rats

by GH infusion

in

GH was infused to untreated adult male rats at either 0.6 fig of
GH/200 g of body weight/h or 5 pg of GH/200 g of body weight/h for
7 days. Total liver RNA was analyzed by slot blotting using oligonucleotide probes as described under “Materials and Methods.” Relative
mRNA levels were determined by slot blotting (mean f S.D., n = 2
rats (vehicle pump group) or n = 4 (GH pump groups)) and are
expressed as a percentage of the specific mRNA levels in untreated
adult female rat liver.
Relative

Treatment

mRNA

level

P-450 2d

P-450f

(% of adult female

Male + vehicle pump
Male + GH pump (0.6 rg/h)
Male + GH pump (5 fig/h)

P-450

<5
80 f 15
96 f 12

levels

TABLE
IV
in female rat liver
and GH replacement

Liver microsomes”

Relative

2d protein

microsomes:

level)
25 + 2
50 + 11
71 f 17

effects

of T4

P-450 2d protein level*
female group
<5

% of untreated

Untreated male
Untreated female
Hypox
Hypox
Hypox
Hypox

female
female
female
female

+ GH
+ T,
+ GH + T,

19227

of Hepatic Steroid Sa-Reductase

100 + 19
<5
50 + 8
<5
61 f 7

’ Liver microsomes
are those described
in Table I.
b Mean + SD. for n = 4 individual
rats/treatment
group. P-450 2d
protein
levels were determined
by Western
blotting,
with the untreated
female group set at 100.

P450f

mRNA
A.

HYPOX

FEMALE

Sham tix
E.

UT

Hx Hx Hx
GH T4 GH
+74
HYPOTHYROID

*

-

GH T4 GH
+14

MALE

Shorn HX HX HX HX
GH T4 GH
+T4

UT

l

-

GH ~4 GH
+T4

FIG. 6. Stimulation
of P-450f
mRNA
by T, in Hypox
(A)
and hypothyroid
(I?) rats. P-450f mRNA from the livers of Hypox
and hypothyroid
male and female rats was determined
by slot blot
assay as described
under
“Materials
and Methods.”
Data are expressed
relative
to the sham-operated
(A) or the untreated
(UT)
female
groups
(B) (mean f S.D. for n = 4 rats/group).
Rats were
those used in Table I and Figs. 2 and 4. Symbols
are the same as in
Figs. 2 and 4.

P-450 2d. This conclusion is strengthened
by the observation
that depletion
of circulating
Tq by methimazole
treatment
does not have a major effect on P-450 2d mRNA levels (Fig.
5B) (52-fold decrease, based on slot blot analysis).
In contrast to this thyroid-independence
of P-450 2d, the
expression
of P-450f was partially
dependent
on Tq. The
hepatic content of P-450f mRNA in adult male rats was about
3-4-fold lower than in adult females (Table III and Fig. 6), in
accord with previous data at the protein
(Bandiera
et al.,
1986) and mRNA level (Friedberg et al., 1986; Gonzalez et al.,
1986). Expression
of this mRNA was abolished
following
Hypox, in both males and females, and was partially restored
by either Tq or GH replacement
(Figs. 3C and 6A). In our
experiments
in Hypox animals, P-450f mRNA levels were
more effectively stimulated
by Tq than by GH in the males,
while GH was the more effective hormone
in the females.
When GH was administered
to Hypox male rats at an 8-fold
higher dose than used in the above studies (i.e. treatment
at
5 fig of GH/rat/h
for 7 days), the expression of P-450f mRNA
was still incomplete
as compared to adult female controls
(21% relative mRNA levels; data not shown). Examination
of
methimazole-treated
rats revealed that thyroid hormone depletion
results in a near-complete
loss of P-450f mRNA
expression and that this loss is substantially
reversed by Tq
replacement
(Figs. 5C and 6B). In contrast, GH alone had
little positive influence on P-450f mRNA levels in hypothyroid rats. These observations
demonstrate
that Tq and continuous GH exposure are both required for full expression of P450f mRNA in hepatic tissue.
DISCUSSION

Although
tory effect

GH has been shown to exert a positive, stimulaon hepatic Sa-reductase
activity when present
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continuously
(Mode et al., 1982), the inability
of GH to
support full enzyme expression in Hypox rats (Waxman
et
al., 1989a and this study) led to the proposal that the effects
of GH may require mediation
by or interaction
with other
pituitary-dependent
factors. The present study validates this
hypothesis
and establishes that Tq, which is dependent
on
pituitary
thyroid-stimulating
hormone
for secretion by the
thyroid, can significantly
restore hepatic Sa-reductase activity
and its mRNA, both in Hypox and in hypothyroid
rats. T,
was shown to play a similar role in stimulating
expression of
mRNA encoding P-45Of, a steroid 16a-hydroxylase
that is
also expressed in a female-predominant,
GH-regulated
manner in adult rat liver. Tq is thus required for full expression
of multiple
GH-regulated
hepatic enzymes active in steroid
metabolism.
Although
T4 in the presence of GH was able to
stimulate full female expression of 5cu-reductase in hypothyroid rats, the same treatment was somewhat less complete in
Hypox rats. This may reflect changes in other pituitarydependent
factors, such as hormone
receptors in the liver
(Baxter and Zaltsman, 1984; Hochberg et al., 1990), that may
be required to mediate the effects of GH or T,.
T, and GH were both shown to regulate expression of 5cureductase primarily
at a pretranslational
level. Small discrepancies between 5ol-reductase
activity and mRNA levels seen
in some of the livers examined in this study (e.g. female:male
5cy-reductase activity ratio -81 versus
mRNA ratio -3:l)
may indicate, in addition, some regulation
by these hormones
at the protein or activity level. Although the stimulatory
effect
of Tq in hypothyroid
rats may, in part, involve the known
ability of thyroid hormones to stimulate pituitary
GH production (Samuels et al., 1988), the effects observed in Hypox
rats cannot be ascribed to this indirect effect of Tq. Thus, T,
and GH both contribute independently
to maintenance
of the
sexually dimorphic
expression of 5a-reductase
in hepatic tissue. Although
these hormones
are both present at similar
mean serum concentrations
in the two sexes (Kieffer
et al.,
1976; Jansson et al., 1985), the lower hepatic 5a-reductase
levels in males can be attributed
to androgen suppression
(Colby, 1980) and to the pulsatile pattern of serum GH which
is characteristic
of the males (Jansson et al., 1985) but is
ineffective in stimulating
expression of this and other femaledominant hepatic enzymes (Gustafsson et al., 1983).
The mechanism by which Tq regulates hepatic 5a-reductase
activity is not known. In the case of other thyroid-responsive
genes expressed in liver, Tq can exert transcriptional
and/or
posttranscriptional
actions (Song et al., 1988; Jump, 1989).
Although our experiments
in Hypox rats clearly demonstrate
that Tq and GH can act independently,
it is likely that in the
intact animal these hormones will also interact to regulate
5a-reductase
expression. This is suggested by the T, stimulation of GH gene transcription
and GH secretion by the
pituitary
(Samuels et al., 1988) and by the observation
that
the number of GH receptors in the liver changes with thyroid
status (Hochberg et al., 1990). Although Tq positively regulates
hepatic expression
of 5ol-reductase,
Tq is not required for
expression of ventral prostate 5a-reductase
(Moore and Wilson, 1973), which appears to be encoded by the same mRNA
(Andersson
et al., 1989). Rather, androgens play a dominant
role in stimulating
expression of the prostate enzyme. This
situation contrasts with the suppressive effect of androgens
toward 5a-reductase
expression in the liver (Waxman
et al.,
1989a; Andersson
et al., 1989) and is likely to reflect the
physiologic
requirement
of male rats for local (prostatic)
rather than systemic (i.e. liver) activation
of testosterone
to
5a-dihydrotestosterone.
Several other sex-dependent
hepatic enzymes active in ste-

roid metabolism,
including
the female-predominant
P-450f
and P-450 2d, are also subject to complex endocrine control
(Waxman,
1988). Expression
of these latter two enzymes is
suppressed by hypophysectomy
and appears to be positively
regulated by GH and perhaps by estrogen as well (Sasamura
et al., 1990; MacGeoch et al., 1985; Dannan et al., 1986). The
present study further establishes that P-450f mRNA, but not
P-450 2d mRNA, is also dependent on T, for full expression,
much as is 5cY-reductase. This differential
effect of T, is most
apparent when comparing the responses of the corresponding
three mRNAs to the hypothyroid
state, which substantially
depletes P-450f mRNA and 5a-reductase
mRNA, without a
major effect on P-450 2d mRNA (Fig. 5). Although continuous
GH infusion in intact male rats stimulated
P-450f mRNA
expression to near-female
levels (Table III), in hypothyroid
rats, which are deficient in both Tq and GH, GH alone did
not cause any significant
restoration
of P-450f mRNA. This
suggests that Tq plays a critical role in mediating or facilitating the positive effects of GH on hepatic P-450f expression.
Elucidation
of the precise mechanism(s)
by which Tq regulates
the expression of these female-predominant
hepatic enzymes
must await further investigation.
In conclusion,
these studies identify
Tq as an important
positive regulator of two GH-stimulated,
female-predominant
hepatic enzymes active in steroid hormone metabolism.
Thyroid hormones
also maintain
the expression
of hepatic
NADPH P-450 reductase, which catalyzes the electron transfer to microsomal P-450 enzymes that is obligatory for steroid
hydroxylation,
although in that case GH does not induce but,
rather, partially
suppresses enzyme expression (Waxman et
al., 1989b). Continuous
GH exposure is also known to suppress
several male-specific
steroid-metabolizing
P-450 enzymes in
rat liver (Morgan et al., 1985; Kato et al., 1986; Waxman et
al., 1988; McClellan-Green
et al., 1989), and recent studies
with one of these enzymes have demonstrated
that the suppressive effects of GH are enhanced by thyroid
hormone
(Waxman et al., 1990). Thus, in addition to continuous
GH,
thyroid hormone should be considered as an important
feminizing factor with respect to a number of sexually dimorphic
hepatic functions involving
metabolism
of steroid hormones.
Further study will be required to elucidate the precise mechanisms by which thyroid hormone and growth hormone act
in concert to regulate the expression
in liver of these and
other genes.
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