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SUMMARY
The feminine profile of continuous growth hormone secretion
was restored at various concentrations to hypophysectomized,
thyroxine-supplemented female rats to determine the minimum
signaling concentrations of the hormone required to maintain
female-like expression levels of gender-dependent hepatic cy-
tochrome P450s (P450s). Rat growth hormone was infused by
intraperitoneally implanted osmotic minipumps, and the result-
ing circulating concentrations and profiles were determined by
radioimmunoassay of serially collected plasma samples. Res-
toration of feminine growth hormone profiles at 3% of physio-
logical concentration completely suppressed male-specific
CYP2C1 1 , CYP2C1 3, CYP2A2, and CYP3A2. Although signif-
cant levels of female-dependent isoforms were expressed at

this growth hormone concentration, their full expression re-
quired somewhat higher plasma concentrations of the hor-
mone; CYP2A1 and 5a-reductase were increased to normal
female levels with only 6-12% of physiological concentrations
of the hormone, normal expression levels of CYP2C1 2 required

-12-25% physiological hormone levels, and CYP2C7 required
-25-50% of the normal growth hormone profile to attain fe-

male-like expression levels. When determined, protein and spe-
cific catalytic activities were in agreement with mRNA levels,
supporting the conclusion that growth hormone regulates gen-
der-dependent expression of P450 isoforms by transcription
initiation. There was little effect of gender, hypophysectomy, or
growth hormone replacement on CYP2C6, growth hormone
receptor, and growth hormone-binding protein mRNAs. In con-
trast, insulin-like growth factor-i mRNA was sexually dimorphic
(male > female), virtually disappeared after hypophysectomy,
and was restored to female-like levels with plasma growth
hormone concentrations equaling 12-25% of normal. These
findings demonstrate the effectiveness of nominal growth hor-
mone concentrations (undetectable by available radioimmuno-
assay) in an otherwise feminine plasma profile to maintain
female-like expression levels of gender-dependent P450s.

Gender differences in hepatic drug metabolism occur in
numerous species, including fishes, birds, and mammals.
From the few species in which studies have been extended to

the molecular level, it seems that sexual dimorphisms in

drug metabolism are due to the existence of multiple forms of

hepatic P450s whose gender-dependent expression is regu-
lated by growth hormone (1). Rat liver, which has received

the preponderance of investigational attention, is known to
contain at least a dozen sex-dependent isoforms of P450 that

are regulated by the gender-dependent profiles of circulating
growth hormone (2-4). Male rats secrete growth hormone in

episodic bursts (-200-300 ng/ml of plasma) every 3.5-4 hr.
Between the peaks, growth hormone levels are undetectable.

In female rats, the hormone pulses are more frequent and
irregular and are of lower magnitude than those in males,

whereas the interpulse concentrations of growth hormone
are always measurable (1-3).

This work was supported by National Institutes of Health Grants GM45758

and HD16358.

In the rat, P450 responses to growth hormone regulation

are approximately as variable as the number of growth hor-
mone-dependent isoforms. That is, expression of the major

female-specific CYP2C12 (as well as the non-P450 5a-reduc-

tase) is dependent on the feminine profile of continuous

growth hormone secretion. Exposure to the masculine profile

of episodic hormone release, as well as the absence of the

hormone from the circulation (e.g., hypophysectomy), results

in the complete suppression of CYP2C12 (5-8). In a some-

what similar vein, female-predominant CYP2C7 expression
is also dependent on the feminine growth hormone profile

and is completely suppressed in the hypophysectomized rat.
However, exposure to the masculine profile allows expression

of CYP2C7 at 25-40% normal female levels (2, 7, 9, 10).
Expression of the major male-specific CYP2C1 1 requires the

episodic “on/ofF’ masculine profile of growth hormone secre-

tion. Although the feminine pattern of continuous hormone

secretion blocks CYP2C1 1 expression, total growth hormone

depletion from the circulation allows CYP2C 11 expression at
15-25% ofintact male levels (2, 8, 11, 12). After hypophysec-
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tomy, female-predominant CYP2A1 (male/female, -1:3) con-

centrations decline but remain above male levels and are

restored to intact female-like levels with continuously admin-

istered growth hormone (13, 14). Although the expression

levels of CYP2C7, CYP2C11, CYP2C12, and CYP2A1 are

greatest when exposed to their gender-dependent growth

hormone profiles, other isoforms are optimally expressed in

the absence of growth hormone. Male-specific CYP2A2 and

CYP3A2 are maximally expressed in the hypophysectomized
rat, disappear when growth hormone is secreted constantly,

but are only partially suppressed, relative to the high levels
observed in hypophysectomized rats, under the influence of

episodic growth hormone (13, 15, 16). Male-specific CYP2C13

is optimally expressed when exposed to the masculine hor-

mone profile or under conditions of no growth hormone,
whereas the feminine growth hormone profile completely

suppresses CYP2C13 (2, 8). Although there are additional

examples, it becomes clear that the expression or suppression
of each isoform of P450 is likely to be regulated by a different
“signal” in the sexually dimorphic growth hormone profile.

These signals may be recognized by the hepatocyte in the

frequencies and/or durations of the pulse and interpulse pe-

riods. Alternatively, perhaps the hepatocyte can monitor the

mean plasma concentration of the hormone. In the latter
case, we have reported that a 70-85% reduction in the fem-

mine growth hormone profile has little, if any, effect on the

levels of gender-dependent P450 isoforms normally ex-

pressed in the female liver (17, 18). That is, isoforms depen-

dent on the “continuous” feminine profile (e.g., CYP2C12,

CYP2A1, CYP2E1) were expressed at normal or above-nor-
mal female-like levels, whereas male-specific isoforms (e.g.,

CYP2C11, CYIP2A2, CYP3A2) usually suppressed by the con-

tinuous growth hormone profile remained suppressed by the

subnormal concentrations of growth hormone.

In the current study, we restored, at various concentra-

tions, the feminine pattern of continuous growth hormone

secretion to hypophysectomized, thyroxine-supplemented fe-

male rats to identify the minimal level or levels of circulating

growth hormone needed to feminize expression of various

male- and female-dependent isoforms of P450 as well as
GHR, GHBP, and IGF-1 mRNAs.

Materials and Methods

Animals. Animals were housed in the University of Pennsylvania

Laboratory Animal Resources facility under the supervision of cer-

tifled laboratory animal medicine veterinarians and were treated

according to a research protocol approved by the university’s Insti-

tutional Animal Care and Use Committee. Female rats [Crl:CD
(SD)BRJ were hypophysectomized by the vendor (Charles River Lab-

oratories, Wilmington, MA) at 8 weeks of age and were observed in
our facilities for 5 weeks. The effectiveness of the surgery was yen-

fled by the lack of weight gain oven this period and the absence of

pituitaries or fragments at necropsy at the end of the study (i.e.,

102-107 days old).’ Hormone replacement experiments with rGH

(1.8 lU/mg) via intraperitoneally implanted osmotic pumps (AIza,

Palo Alto, CA), were started when the rats were 13-14 weeks old and

continued for 6 days (19). Concurrently, all hypophysectomized ani-

‘ Despite the absence of detectable pituitary tissue examined by dissecting
scope at necropsy, 30-40% of the “hypophysectomized” females exhibited
inappropriate body weight gain at 2-3 weeks after surgery, necessitating their
exclusion from the study. In contrast, we found that < 15% of male rats show
any body weight gain after hypophysectomy (personal observations).

mals received thyroxine continuously via separate subcutaneously

implanted osmotic pumps at a dosage (0.8 �.tg/hnfkg of body weight)

that produced the euthyroidism (20) required for maintaining nor-
mal concentrations of NADPH-cytochrome P450 reductase, a micro-

somal enzyme requisite for the expression of P450 catalytic activity

(21). At the time of necropsy, the pumps were removed and found to

contain the expected residual amounts of growth hormone and thy-

roxine.
Repetitive blood samples (10 �tl) were obtained at 15-mm intervals

from unrestrained, unstressed, and completely conscious rats outfit-

ted with our mobile catheterization apparatus (19, 22). Six-hour

plasma growth hormone profiles were determined by using a radio-
immunoassay with a sensitivity of2-3 ng/ml. Procedural details and

statistical validation ofthe assay have been reported previously (23).

RNA analysis. Total hepatic RNA was isolated by using a single-

step guanidmium thiocyanate method (24). Ten micrograms of RNA

was electrophoresed under formaldehyde-denaturing conditions on

1% agarose and transferred to GeneScreen nylon membranes (Du-

Pont-New England Nuclear, Boston, MA). The Northern blots were

probed and reprobed with either 32P-labeled oligonucleotide probes

or CYP2C1IJcDNA (25) probes, using hybridization and high strin-
gency washing conditions as described previously (26). The nucleo-

tide sequence of oligonucleotide probes for CYP2A1, CYP2A2,

CYP2C6, CYP2C7, CYP2C12, CYP2C13 (26), CYP3A2 (27), and ste-

roid 5a-reductase (7) have been reported. We used antisense oligo-

nucleotide sequence 5’-CTC-AGC-ATC-TGG-AGC-GGT-ATC-TGC-3’

to identify GHR mRNA. This probe is complementary to the cDNA

nucleotides 1934-1957 bp of GHR (GenBank Accession No. J04811)

(28) and does not recognize GHBP mRNA. To identify GHBP, we

used antisense sequence 5’-GTT-GTC-AAT-CTC-TFG-ATG-TGG-

GTG-CTG-3’ complementary to the splice variant cDNA nucleotides

995-1021 bp (GenBank Accession No. S49003) encoding the GHBP
hydrophilic tail (28), which does not recognize GHR mRNA (29).

IGF-1 mRNA was detected using rat antisense oligonucleotide probe

5’-ATA-GCC-TGT-GGG-CTF-G11�-GAA-GTA-AAA-GCC-3’ comple-
mentary to the 22 to 31 amino acid residues from B and C domains,

respectively (30). The consistency of RNA loadings between samples

was confirmed by ethidium bromide staining of 18S and 28S nibo-

somal RNAS and was verified using an 18S oligonucleotide probe

(31). The hybridized mRNA signals were quantified by scanning the

autoradiographs and normalized to the 18S rRNA signals in each

lane.

Western blots. Hepatic microsomes were prepared from individ-
ual rat livers (32) and then assayed for individual P450s by Western

blotting and/or by measurement oftheir selective catalytic activities

(26, 33). Briefly, 10 pg of microsomal protein was electrophoresed on

0.75-mm-thick sodium dodecyl sulfate-polyacrylamide (7.5%) gels

and electroblotted onto nitrocellulose filters. The blots were probed

with monoclonal anti-rat CYP2C11 (Oxford Biomedical Research,

Oxford, MI) and anti-rat CYP2C12/13 (kindly provided by Dr.

Marika ROnnholm, Huddinge University Hospital, Huddinge, Swe-
den) mouse IgG, polyclonal anti-rat CYP2C7 (kindly provided by Dr.

Stelvio M. Bandiera, The University of British Columbia, Canada),

and anti-rat CYP3A1/2 (Human Biologics, Phoenix, AZ) rabbit IgG
and detected with an enhanced chemiluminescence kit (Amersham,

Arlington Heights, IL) (34).

Testosterone metabolism. Testosterone 2a- and 6�-hydroxy-
lases, reflective of the activity levels of CYP2C11 and CYP3A2 pro-

teins, respectively, and female-specific testosterone 5a-reductase

were assayed according to our methods as described previously (35).

Results

Growth hormone replacement. Growth hormone ad-
ministration at the rate of 20 j.�g of rGH/hr/kg of body weight

produced mean circulating concentrations (36.6 ± 6.8 ng/ml,

mean ± standard deviation) in hypophysectomized female
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rats that were statistically no different from those observed

in intact female rats (39.8 ± 15.2 ng/ml) (Fig. 1). There was
a proportional relationship between the dose of growth hor-

mone replacement by intraperitoneally implanted osmotic
minipumps and the resulting mean plasma concentration of

rGH. That is, when the dose of rGH administration was
reduced from 20 jtg to 10 �tg of rGH/hrfkg of body weight, the

mean plasma concentration declined to -50% of normal
(17.0 ± 3.3 ng/ml). Another reduction in growth hormone
replacement to 5 �g of rGH/hr/kg of body weight produced

circulating hormone levels that were -25% of normal (8.9 ±

1.8 ng/ml). A further 50% reduction in the rate of growth
hormone administration to 2.5 pg of rGHfhrfkg of body
weight resulted in a decline of plasma rGH to -12% of

normal (4.2 ± 0.5 ng/ml). Growth hormone replacement at

rates of 1.25 and 0.625 �g of rGHJhr/kg of body weight pro-

duced circulating growth hormone concentrations that were
below the statistical sensitivity of the assay. However, be-

cause the higher rates of growth hormone replacement re-
sulted in proportional and predictable plasma hormone 1ev-

120

0

A� 2O�grGH

I�
I �
T. I

10:00 12:00 14:00 16:00

CLOCK TIME

Fig. 1. Plasma levels of circulating rGH obtained from individual un-
disturbed catheterized intact and hypophysectomized (HYPOX) rGH-
replaced female rats at i 5-mm intervals for 6 consecutive hours. Hy-
pophysectomized rats were implanted intraperitoneally with osmotic
minipumps set to continuously deliver rGH at the rates (�g of rGH/hr/kg
of body weight) indicated (right). Depicted next to each infusion rate are
the resulting circulating profiles and calculated plasma rGH mean con-
centrations (single point with ± standard deviation error bar) normalized
by subtracting plasma values obtained from hypophysectomized rats.
., Values determined by radioimmunoassay; 0, below the sensitivity of
the radioimmunoassay; estimates extrapolated from linear regression
analysis of the measurable values. Similar findings were obtained from
three to four additional animals in each treatment group.

els, we thought it reasonable to extrapolate (by linear

regression) circulating rGH concentrations for the hypophy-

sectomized females with osmotic pumps secreting 1.25 and

0.625 ,.tg of rGHfhr/kg of body weight to -6% (2.0 ± 0.4
ng/ml) and -3% (1.0 ± 0.2 ng/ml) of normal circulating

concentrations, respectively (Fig. 1).
Hepatic CYP2C12. The female specificity of CYP2C12

was illustrated by its expression in intact female liver and its

absence in male liver (Fig. 2). Furthermore, with the disap-

pearance of the feminine pattern of continuous growth hor-
mone secretion in the hypophysectomized female rat, expres-
sion of the isoform was no longer detectable. Restoration of

only 3% of the levels characteristic of the feminine profile of

growth hormone secretion was capable ofrestoring CYP2C12

expression (i.e., mRNA and protein) to -40% of normal.

When plasma growth hormone concentrations were in-

creased to -6% of normal, expression levels of CYP2C12

were elevated by an additional 30%. Restoration of the con-

tinuous growth hormone secretory profiles to 12-25% of fe-

male-like levels was sufficient to fully restore expression

levels of CYP2C12 mRNA and protein.

Hepatic 5a-reductase. Although not a P450 enzyme, he-

patic gender- and growth hormone-dependent expressions of
5a-reductase are comparable to those of CYP2C12 (17, 26).

This similarity was illustrated by an almost lack of expres-

sion of 5a-reductase m.RNA and dependent testosterone 5a-

reductase activity in liver from intact male and hypophysec-

tomized female rats (Fig. 3). Exhibiting an even greater
hormone response than CYP2C12, 5a-reductase mRNA and
its catalytic activity were restored to 75% and 60% of normal,

respectively, by only 3% of the mean concentration of female-

like circulating growth hormone profiles. An increase in

we:tern� Pt� � .“-
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Fig. 2. Relative hepatic CYP2C12 mRNA and protein levels in intact
male (d) and female (�) rats and hypophysectomized (HYPOX) rGH-
replaced female rats. The levels of rGH replacement by continuous
infusion are presented as a percentage of the normal feminine plasma
growth hormone profile illustrated in Fig. 1 and determined in Results.
Top, Western blot analysis of two livers per treatment group with
antibody to CYP2C1 2 protein and cross-reactive with CYP2C1 3. Mid-
die, Northern blot analysis of two livers per treatment group with a
32P-labeled oligonucleotide probe specific for CYP2C12 mRNA. Bot-
torn, relative CYP2C1 2 mRNA and protein levels determined by laser
densitometry of actual Northern radiographs and Western enhanced
chemiluminescence radiographs of at least five different livers for each
treatment group (mean ± standard deviation). ND, not detected.
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Fig. 3. Relative hepatic testosterone 5a-reductase mRNA and cata-
lytic activity levels in intact male (d) and female (�) rats and hypoph-
ysectomized (HYPOX) rGH-replaced female rats. Levels of rGH re-
placement by continuous infusion are presented as a percentage of the
normal feminine plasma growth horrnone profile illustrated in Fig. 1 and

determined in Results. Top, Northern blot analysis of two livers per
treatment group with a 32P-labeled oligonucleotide probe specific for
5a-reductase mRNA. Bottom, relative 5a-reductase mRNA levels de-
termined by laser densitornetry of the actual Northern radiographs and
the microsomal testosterone 5a-reductase activity of at least five dif-
ferent livers for each treatment group (mean ± standard deviation). ND,
not detected.

plasma growth hormone levels to -6% of normal further

elevated 5a-reductase expression, and 12% of normal growth

hormone concentrations seemed to fully restore hepatic ex-

pression of the reductase.

Hepatic CYP2C7. In contrast to female-specific

CYP2C12, CYP2C7 is more appropriately designated as fe-

male predominant because the isoform is also expressed in

male liver, albeit at significantly lower concentrations than
in female liver (2, 7, 9, 10). In this regard, we found that

males expressed CYP2C7 at -25% of female levels (Fig. 4).

Hypophysectomy reduced CYP2C7 expression in female liv-

ers to barely detectable levels. In comparison to female-spe-

cific CYP2C12 and 5a-reductase, CYP2C7 seemed to be less
sensitive to growth hormone regulation. Restoration of 3% of

the growth hormone levels characteristic of the feminine

plasma profile increased hepatic CYP2C7 mRNA and protein

to 20% of normal, which was below the expression levels

found in intact males. Although increases in the circulating

concentrations of rGH produced commensurate increases in

CYP2C7 mRNA and protein, it was not until hormone levels
approached 50% of normal that CYP2C7 mRNA was ex-

pressed at 100% ofintact levels. Protein concentrations, how-

ever, seemed to lag behind transcript levels. With the possi-

ble exception of females treated with physiological (i.e.,

100%) concentrations of growth hormone, CYP2C7 protein
levels never seemed to quite reach prehypophysectomy levels

during the 7-day treatment period.
Hepatic CYP2C11. Like its female counterpart,

CYP2C12, CYP2C11 is considered a male-specific isoform

because its expression is limited to males (2, 8, 11, 12). We

measured hepatic CYP2C11 expression at the mRNA, pro-

tein, and specific catalytic levels (i.e., CYP2C11-dependent

testosterone 2a-hydroxylase) and found virtually no expres-

sion in intact female rats (Fig. 5). Expression levels in hy-

0 d’ � 0% 3% 6% 12% 25% 50% 100%

F-� INTACT-H I HYPOX FEMALE + rGH I

Fig. 4. Relative hepatic CYP2C7 rnRNA and protein levels in intact
male (f) and female (9) rats and hypophysectomized (HYPOX) rGH-
replaced female rats. The levels of rGH replacement by continuous
infusion are presented as a percentage of the normal feminine plasma
growth hormone profile illustrated in Fig. 1 and determined in Results.
Top, Western blot analysis of two livers per treatment group with
antibody to CYP2C7 protein. Middle, Northern blot analysis of two
livers per treatment group with a 32P-labeled oligonucleotide probe

specific for CYP2C7 mRNA. Bottom, relative CYP2C7 mRNA and pro-
tein levels determined by laser densitometry of actual Northern radio-
graphs and Western enhanced chemiluminescence radiographs of at
least five different livers for each treatment group (mean ± standard

deviation).

pophysectomized rats were -25% of the intact male level.

Administration of the feminine profile of continuous growth

hormone secretion at 3% of the normal concentrations corn-

pletely blocked CYP2C11 expression. All dosages of osmotic

pump-delivered growth hormone were as equally effective as

the lowest dosage, 0.625 �g of rGHIhr/kg of body weight.
Hepatic CYP3A2. CYP3A2 is a male-specific isoform

whose expression (mRNA, protein, and specific testosterone

6�-hydroxylase activity) were nearly undetectable in intact

female liver (Fig. 6). Although the complete elimination of

circulating growth hormone by hypophysectomy resulted in

an overexpression of CYP3A2, restorations of the feminine
secretory growth hormone profile at 3%, 6%, 12%, 25%, 50%,

and 100% of normal were equally and completely effective in
suppressing CYP3A2 expression.2

Other gender-dependent hepatic P450 isoforms.
CYP2A2 and CYP2C13 are male-specific isoforms (8, 15, 16),

with transcripts that were undetectable in intact female liver

but expressed at normal or above-normal male-like levels in
livers of hypophysectomized female rats (Fig. 7). Restoration

of the feminine plasma growth hormone profile at all admin-
istered concentrations, including 3% of normal, completely

2 The presence ofminimal, although apparently measurable, concentrations

of CYP3A2 protein in the absence of CYP3A2 mRNA can be accounted for by
the fact that neither sodium dodecyl sulfate-polyacrylamide gel electrophoresis
nor our antibody can resolve CYP3A1 from CYP3A2 proteins (36). Because
CYP3A1 is basically an inducible, growth hormone-independent isoform (4,

36), it is possible that in the absence of CYP3A2, we observed the constitutive
expression of trace amounts of CYP3A1 on our Western blots (Fig. 6). [The
occasional occurrence of a small band below CYP3A2/1 has been reported to be

a cross-reactive, unidentified 50-kDa protein (36).l
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crosomal testosterone lScr-hydroxylase activity (not pre-
sented) were in agreement with the mRNA findings.

CYP2A1 is a female-predominant isoform whose mRNA

levels were several-fold higher in liver from intact females

than in liver from intact males (Fig. 7). Hypophysectomy

reduced CYP2A1 mRNA in female rat liver to concentrations

that were intermediate between those of intact males and
intact females. Restoration from 3-6% of the normal femi-

nine plasma growth hormone concentrations seemed to fully
restore female-like expression levels of CYP2A1 mRNA.
CYP2A1-dependent testosterone 7a-hydroxylase activities
were in agreement with the mRNA levels (data not reported).

Hepatic CYP2C6 mRNA concentrations were somewhat
greater in intact females than in intact males (Fig. 7). Al-

though hypophysectomy seemed to have little effect on

CYP2C6 expression in female rats, restoration of circulating

growth hormone levels at 3%, 6%, and 12% of normal seemed
to cause a slight overinduction of the transcript. For reasons
that are unclear, restoration of feminine growth hormone
concentrations at 50% and 100% of normal were not as effec-
tive as lower levels in stimulating expression of CYP2A1 and

CYP2C6.

Hepatic non-P450 mRNAs. We observed very little sex-

ually dimorphic expression of hepatic GHR and GHBP

mRNAs (female � male) (Fig. 8). In this regard, hypophysec-
tomy, with or without growth hormone replacement, had

minimal effects on the expression levels ofthe transcripts. In
contrast, hepatic concentrations ofIGF-1 mRNA were clearly

greater in intact males than in intact females (Fig. 8). Al-

though IGF-1 mRNA was nearly undetectable after hypoph-

ysectomy, restoration of the feminine circulating growth hor-

mone profile at 3% and 6% of normal was only slightly
effective in restoring IGF-1 expression. In fact, plasma

growth hormone had to be restored to 25% of normal to
induce female-like concentrations (which were still consider-

ably below that observed in males) of IGF-1 mRNA. [The

similar concentrations of 18S rRNA observed for all the

treatment groups (Fig. 8) verifies the high consistency and

integrity of RNA loading on the Northern blots.]

Body and kidney weights. Hypophysectomy caused a

I I 52 Pampon and Shapiro

dramatic loss in relative kidney weights and arrested body

d’ � � 0% 3% 6% 12% 25% 50% 100%

F- INTACT-I I HYPOX FEMALE + rGH I

Fig. 5. Relative hepatic CYP2C1 1 mRNA, protein, and catalytic activ-
ity levels in intact male (ci) and female (�) rats and hypophysectomized
(HYPOX) rGH-replaced female rats. The levels of rGH replacement by
continuous infusion are presented as a percentage of the normal fern-
mine plasma growth hormone profile illustrated in Fig. 1 and determined
in Results. Top, Western blot analysis of two livers per treatment group
with antibody to CYP2C1 1 protein. Middle, Northern blot analysis of
two livers per treatment group with a 32P-labeled CYP2C1 1 -cDNA
probe specific for CYP2C1 1 mRNA. Bottom, relative CYP2C1 1 mRNA
and protein levels determined by laser densitometry of actual Northern
radiographs and Western enhanced chernilurninescence radiographs
and microsomal CYP2C1 1-dependent testosterone 2a-hydroxylase (T
2csOH) levels of at least five different livers for each treatment group
(mean ± standard deviation). ND, not detected.

suppressed expression of CYP2A2 and CYP2C13 nIRNA.

CYP2C13 protein levels (Fig. 2) and CYP2A2-dependent mi-

ww� � � � �

�I*�ise4� S

Fig. 6. Relative hepatic CYP3A2 mRNA, protein, and catalytic activity
levels in intact male (&) and female (9) rats and hypophysectomized
(HYPO)) rGH-replaced female rats. The levels of rGH replacement by
continuous infusion are presented as a percentage of the normal fern-
mine plasma growth hormone profile illustrated in Fig. 1 and determined
in Results. Top, Western blot analysis of two livers per treatment group
with antibody to CYP3A2 protein and cross-reacting with CYP3A1
protein. Middle, Northern blot analysis of two livers per treatment group
with a 32P-labeled oligonucleotide probe specific for CYP3A2 rnRNA.
Bottom, relative CYP3A2 mRNA and protein levels determined by laser
densitometry of actual Northern radiographs and Western enhanced
chemiluminescence radiographs and microsomal CYP3A2-dependent
testosterone 6f3-hydroxylase (T 6130H) levels of at least five different
livers for each treatment group (mean ± standard deviation). ND, not
detected.

2A2

2013

2A1

206

d 9 0% 3% #{243}% 1 2% 25% 50% 100%

�- INTACT -I I HYPOX FEMALE + rGH I

Fig. 7. Relative hepatic CYP2A2, CYP2C1 3, CYP2A1 , and CYP2C6
mRNA levels in intact male (�) and female (�) rats and hypophysec-
tomized (HYPOX) rGH-replaced female rats. The levels of rGH replace-
ment by continuous infusion are presented as a percentage of the
normal feminine plasma growth hormone profile illustrated in Fig. 1 and
deterrnined in Results. Northern blot analyses of two livers per treat-
ment group with a 32P-labeled oligonucleotide probe specific for each
mRNA. At least five different livers were analyzed for each treatment
group.
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Fig. 8. Relative hepatic GHR, GHBP, and IGF-1 mRNA levels in intact
male (d) and female (�) rats and hypophysectomized (HYPOX) rGH-
replaced female rats. The levels of rGH replacement by continuous
infusion are presented as a percentage of the norrnal feminine plasma
growth hormone profile illustrated in Fig. 1 and determined in Results.
Northern blot analyses of two livers per treatment group with 32P-
labeled oligonucleotide probes specific for each rnRNA. Bottom, the
same Northern blot reanalyzed with a 32P-labeled oligonucleotide
probe specific for 185 rRNA used as a control to indicate equal loading
of the RNA in all lanes. At least five different livers were analyzed for
each treatment group.

weight gain (Table 1). Although as little as 0.625 p.g of rGH/

hr/kg of body weight (3% of the normal) induced a maximal

effect on kidney weight gain, this dosage, as well as 1.25 pg
of rGHfhrfkg body of weight (6% of the normal), was corn-

pletely ineffective in stimulating body weight gain. In fact, it

required a dosage of 5.0-10.0 pg of rGHfhrfkg of body weight
(25% and 50% of the normal) to restore normal body weight

gain in the hypophysectomized female rats.

Discussion

Previously, in an attempt to identify the fundamental sig-

naling elements in the plasma growth hormone profile

(which could be considered the initial signal, albeit extrahe-

patic, in the signal transduction pathway regulating P450

expression), we used the MSG-treated rat. Neonatal admin-

istration of MSG, depending on the dose, can produce vari-

able degrees of specific growth hormone deficiency in adult

rodents that had otherwise generally normal endocrine levels

(35). Results from these studies have demonstrated that a

TABLE 1

Body weight gains and kidney weights of hypophysectomized
female rats treated with continuously administered rGH
Fernale rats, hypophysectornized at 55 days of age, were irnplanted intraperito-
neally with osrnotic rninipurnps delivering a continuous infusion of rGH at rates of
0.625-20.0 �kg of rGH/hr/kg of body weight. Control hypophysectornized fernales
were irnplanted with purnps delivering an equivalent volurne of rGH-solubilizing
solution. All hypophysectornized anirnals received a second osrnotic purnp that

continuously released 0.8 j.�g of thyroxine/hr/kg of body weight. Rats were killed

on the seventh day of infusion. Values are rnean ± standard deviation for at least
five rats.

rGH Bodywelght Kidney weight

pg/hr/kg of g/week g/kg of body
body weight weight

Intact 9.5 ± 2.la 7.45 t 0.5fY’
Hypophysectornized 0 -1 .1 ± 0.9 5.06 ± 0.35
Hypophysectomized 0.625 -0.2 ± 2.3 6.71 ± 0.21�
Hypophysectomized 1 .25 -2.3 ± 4.3 6.37 ± 0.28a
Hypophysectomized 2.5 3.0 ± 2.2a 6.60 ± 0.30#{176}
Hypophysectomized 5.0 7.3 ± 3.1#{176} 7.02 ± 0.36a
Hypophysectornized 10.0 15.0 ± 3.2#{176} 7.00 ± 0.59#{176}
Hypophysectomized 20.0 14.8 ± 3.0#{176} 6.97 ± 0.29#{176}

a � < � cornpared with control hypophysectornized anirnals not receiving

rGH replacernent.

s90% reduction in the pulse heights ofthe masculine growth

hormone plasma profile have no inhibitory effect on the male-

like expression levels of CYP2C11, CYP2A2, and CYP3A2

(23, 25, 35). Furthermore, a similar MSG-induced reduction

in the feminine growth hormone profile was found to have

no inhibitory effect on female-like expression levels of

CYP2C12, CYP2A1, CYP2E1, and Sce-reductase (17, 18). Re-
cent experiments using the severely growth hormone-

deficient dwarf rat have reported findings similar to those

observed in the earlier MSG studies (2). Although investiga-

tions using the MSG-treated and dwarf rats have not iden-

tified the requisite signals in the growth hormone profiles

regulating the major sex-dependent P450 isoforms, they have

at least eliminated what seemed to be likely candidates:

physiological pulse amplitudes and mean concentrations.3

Although the commonly used hypophysectomized rat is a

model of multiple hormone deficiencies, it has certain advan-

tages over the MSG-treated and dwarf rats. Both the MSG-

treated and dwarfrats are models oflifelong growth hormone

deficiency, which includes the critical developmental period

when the neuroendocrine-hepatic axis differentiates and he-
patic P450s are irreversibly imprinted (38). In contrast, the
hypophysectornized animal experiences a very limited period

of growth hormone depletion, which may make it more re-

sponsive to the corrective effects of growth hormone replace-

ment (39). Perhaps more importantly, the hypophysecto-
mized rat is completely growth hormone ablated, exhibiting

maximal suppression of growth hormone-dependent P450

isoforms (2, 3, 22) and thus presenting an optimal base-line

in which to examine the effects of growth hormone adminis-

tration. In contrast, the MSG-treated and dwarf rats are not

totally growth hormone depleted and can express normal

levels of growth hormone-dependent P450s.

Although studies with hypophysectomized rats have en-

abled us to identify the growth hormone-devoid interpulse as

the primary signal in the masculine episodic growth hormone

profile regulating CYP2C11 expression (40), such signaling

studies require that certain procedures, which are often over-

looked, be followed.

Because we have found that plasma growth hormone con-
centrations too low to be assayable are capable of maintain-

ing the feminine hepatic profile of P450 isoforms without

influencing body weight gain, it is essential that the corn-

pleteness of the hypophysectomy be rm1 Residual

pituitary fragments insufficiently large to affect growth could

still alter P450 expression. Before using hypophysectomized

rats, we first determine that no body weight gain occurs for

�4-5 postsurgical weeks. Although pituitary fragments at 2

weeks after surgery may be too small to influence body

weight, a 4-5-week wait usually allows residual somatotrops

sufficient time to regenerate and secrete enough growth hor-

mone to measurably increase body weight. Perhaps the best

marker for growth hormone ablation in female rats is the

complete suppression of hepatic CYP2C12 and testosterone
5a-reductase mRNAs.

Because specific patterns of growth hormone secretion reg-

3 Although the pulse amplitude in the masculine growth hormone profile
does not seem to be the essential signal directing CYP2C11 expression (25, 35),
it is the growth hormone signal that suppresses phenobarbital induction of
CYP2B1 and CYP2B2 (37). Clearly, the same “element” in the circulating
sexually dimorphic growth hormone profile that signals expression ofone P450
gene may go unrecognized by another P450 gene.
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ulate expression of individual P450s, it seems worthwhile to
know the resulting plasma profiles produced by administered

growth hormone. For example, the often-reported observa-
tion that two daily subcutaneous injections of growth hor-
mone can masculinize hepatic P450s (1-3) may have led to

the erroneous conclusion that it is the elevated, short-lived

peaks in the plasma hormone profile of the male rat that
signals masculinization of the isoforms. To the contrary,

monitored subcutaneous injections of growth hormone were
found to produce low-amplitude, very long-lived plasma pla-
teaus that had no resemblance to the endogenous pulse (22).

Unfortunately, the vast majority of reports do not monitor

renaturalized plasma growth hormone profiles, making it

difficult to know the kind of plasma profile to which the

hepatocyte was exposed.
Last, when trying to identify what might be very subtle

signals in the sexually dimorphic growth hormone patterns

regulating expression of individual P450 isoforms, it seems
prudent to use species-specific growth hormone (in this case,

rGH) instead of the much more widely administered human

and bovine growth hormones, which are not necessarily

equally effective (5, 13, 41).
In agreement with earlier reports (2, 42, 43), we observed

no gender- or growth hormone-dependent effects on GHR and

GHBP mRNAs, whose expression may be growth hormone
regulated by post-transcriptional events (2, 44). As expected

(42, 45), hepatic IGF-1 mRNA levels were sexually dimorphic
(male > female), declined to very low concentrations after
hypophysectomy, and were restored to normal female-like

expression levels with the continuous administration of
growth hormone. Although we found that 5 pg of rGHJhr/kg
of body weight (25% of normal) could restore female-like
levels of IGF-1 mRNA, the continuous administration of 10
times this amount of an equivalently active bovine growth

hormone preparation was similarly effective in restoring he-
patic IGF-1 m.RNA in female hypophysectomized rats (45).

The gender-dependent expression levels and responses to
hypophysectomy of male-specific CYP2C11, CYP2C13,

CYP2A2, and CYP3A2 in this study are in agreement with

earlier findings (see introductory paragraphs). Our observa-
tion that as little as 3% of the circulating feminine growth
hormone profile could completely suppress CYP2C11,

CYP2C13, CYP2A2, and CYP3A2 expression illustrates the
profound sensitivity of these male-specific P450 genes to the
inhibitory effects of continuous growth hormone.4 Previous

studies in which human growth hormone was infused (via

subcutaneously placed osmotic pumps) at a rate of -35-fold

our rate of 0.625 pg of rGHlhrfkg of body weight demon-

strated equally effective suppression ofCYP2C11, CYP2C13,
CYP2A2, and CYP3A2 expression in hypophysectomized fe-

male rats (2, 8, 11, 13). With the assumption of similar
pharmacokinetics for human growth hormone and rGH, the
earlier studies using human growth hormone would have
restored the physiological feminine profile of plasma growth
hormone, indicating the suppressive nature of normal femi-
nine levels of the hormone.

Although subnormal concentrations of circulating growth

hormone restored normal levels of female-dependent

CYP2C12, CYP2C7, CYP2A1, and 5a-reductase, it is clear
that the male-specific isoforms were more sensitive to the

suppressive effects ofthe hormone. In all cases, restoration of
the feminine growth hormone profile at 3% of the physiolog-

ical concentration induced significant, albeit below normal,
increases in the female-dependent P450s. CYP2A1 and 5a-

reductase were restored to normal female levels with only

6-12% of physiological concentrations of the hormone; nor-
mal expression levels of CYP2C12 required - 12-25% physi-

ological hormone levels; and CYP2C7 mRNA required -25-

50% of normal growth hormone levels to reach female-like

concentrations (while CYP2C7 protein remained somewhat

below normal at all growth hormone concentrations). Not

surprisingly, these findings suggest that the suppression of

P450s is more sensitive to growth hormone regulation than is

P450 expression. That is, in suppression, one need interrupt
only one step in the expression mechanism, whereas induc-

tion of expression requires the harmonious activation of all
steps in the sequence. Furthermore, it seems that each of the

female-dependent P450s requires a different signaling con-

centration of plasma growth hormone for normal expression:

CYP2A1 requires the lowest concentration, and CYP2C7 re-

quires the highest plasma concentration of the hormone.

Perhaps the expression of each isoform is regulated by a

somewhat different growth hormone-dependent cellular

transduction mechanism.
Previous studies in which hypophysectomized female rats

were infused with human growth hormone at concentrations

reflecting physiological or higher levels increased CYP2C12

protein to 40-60% of normal (5, 6) and mRNA to --100% of

normal (8), 5cr-reductase mRNA and its catalytic activity to
-70% ofnormal (6, 7), CYP2C7 mRNA to 60-100% of normal

(7, 9), and CYP2A1 mRNA to near normal (6, 13, 14). Al-

though in many of these earlier studies, hepatic enzyme

concentrations were not restored to prehypophysectomy 1ev-
els,5 they did establish the importance of the continuous

feminine growth hormone profile in directing CYP2C12,

CYP2C7, CYP2A1, and 5a-reductase expression. Our obser-

vations extend these studies and indicate that the signaling

concentrations in the feminine plasma growth hormone pro-

file regulating expression of the female-dependent P450 iso-

forms and 5a-reductase are remarkably below physiological

concentrations.
The effectiveness of low circulating growth hormone con-

centrations in feminizing P450 expression may be explained
by the high affinity of the growth hormone receptor for the

hormone [Kd 10 ‘#{176} M (46)], which corresponds to half-
maximal saturation of the membrane receptor at a plasma

growth hormone concentration of 2 ng/ml or only 6% of the

normal feminine level. Restoration of circulating growth hor-
mone levels to hypophysectornized female rats at 6% of phys-
iological concentration very effectively initiates expression of

female-dependent CYP2C12, CYP2A1, and 5a-reductase to
levels approaching, if not reaching, normal. However, the

suppressive effects of growth hormone on male-specific

CYP2C11, CYP2C13, CYP2A2, and CYP3A2 occur at what

4 The fact that continuous exposure to growth hormone produced similar
effects on P450 proteins and their specific catalytic activities as on mRNA
levels supports the concept that growth hormone regulates expression of
gender-dependent isoforms at the transcriptional level (2, 3).

5 This was possibly a result of the use of human growth hormone instead of
rGH (5, 13, 41) and the likely inconsistent absorption kinetics of growth

hormone when administered via subcutaneously rather than intraperitoneally
implanted osmotic pumps (19).
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might be considered nominal plasma concentrations. As little

as 3% of the normal feminine concentration of the hormone

completely suppresses expression of these male-dependent

isoforms. If we consider earlier studies in which we reported

higher mean growth hormone concentrations in intact fe-

males (47, 48), then the infusion of 0.625 j.tg of rGH/hrfkg of
body weight might actually be closer to 2% of the normal

concentration. Furthermore, because 2-3% of the physiolog-

ical growth hormone concentration was so completely effec-
tive in blocking CYP2C11, CYP2C13, CYP2A2, and CYP3A2,
it is not unreasonable to speculate that even half of this

concentration could be effective. Thus, plasma concentra-

tions of growth hormone continuously binding � 10% of the

growth hormone receptor may be sufficient to signal the

suppression of the male-specific isoforms.

The fact that extremely low levels of circulating growth
hormone can effectively feminize hepatic P450 isoforms

might suggest an inherent inefficiency in the production and

secretion of growth hormone in female rats. However, unlike

many other hormones with specific target tissues, growth
hormone has a global effect on the body and seems to regu-
late functions in most cells. Thus, although remarkably sub-
normal levels ofplasma growth hormone are capable of main-
taming normal female-like levels of CYP2C11, CYP2C12,

CYP2C13, CYP2A1, CYP2A2, and CYP3A2, we have also
observed that these hormone concentrations are insufficient
to maintain body weight gain or induce near-normal levels of

CYP2C7. Perhaps the secretory profiles and their concentra-
tions of growth hormone normally found in rats represent a

compromise that ensures that an adequate response is made

by all growth hormone-regulated tissues.
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