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Growth Hormone Regulation and Developmental
Expression of Rat Hepatic CYP3A18, CYP3A9,
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ABSTRACT. The present study investigated the role of growth hormone (GH) in hepatic CYP3A18 and
CYP3A9 expression in prepubertal and adult male rats. For comparison, the effects of GH on CYP3A2
expression were also measured. Initial experiments demonstrated that CYP3A18 mRNA levels were greater
during puberty and adulthood than during the prepubertal period, CYP3A9 mRNA was not expressed until
puberty and its expression increased in adulthood, and CYP3A2 mRNA levels were relatively constant from
prepuberty to adult life. Hypophysectomy, which results in the loss of multiple pituitary factors including GH,
increased CYP3A2 and CYP3A18 mRNA expression 3- to 4-fold, but it did not affect CYP3A9 mRNA levels
or CYP3A-mediated testosterone 2B- or 6B-hydroxylase activity in adult rats. GH administered as twice daily
s.c. injections (0.12 pg/g body weight) to hypophysectomized or intact adult rats did not affect CYP3A18 or
CYP3A9 mRNA expression. The same treatment decreased CYP3A2 mRNA and protein and testosterone 2[3-
and 6B-hydroxylase activity levels in intact but not hypophysectomized rats. However, in intact prepubertal rats,
intermittent GH administration decreased CYP3A 18 and CYP3A2 mRNA levels, but a higher dosage (3.6 wg/g)
was required to suppress CYP3A2. Overall, the present study demonstrated that: (a) the constitutive expression
of CYP3A18, CYP3A9, and CYP3A2 does not require the presence of GH, (b) CYP3A18 is more sensitive than
CYP3A9 to GH modulation in adult rats; and (c) CYP3AZ2 is less sensitive to the suppressive influence of GH
during the prepubertal period than during adult life. BIOCHEM PHARMACOL 59;10:1277-1287, 2000. © 2000
Elsevier Science Inc.
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6B-hydroxylase

Enzymes belonging to the CYP3A subfamily are major
catalysts in the oxidative biotransformation of physiologic
compounds such as steroids [1] and of antineoplastic,
immmunosuppressive, and other therapeutic agents [2], as
well as being involved in the bioactivation of various
chemical procarcinogens [3]. CYP3A enzymes are found
predominantly in liver [4] and are also present in extrahe-
patic tissues including the brain [5, 6], intestine [7, 8],
kidney [9], and leukocytes [10]. Several laboratories have
reported the existence of multiple rat CYP3A enzymes with
similar substrate specificity and immunochemical reactivity
[11-17]. Currently, CYP3A1, CYP3A2, CYP3A9, CYP3ALIS,
and CYP3A23 are classified in the rat CYP3A subfamily [18],
but recent evidence suggests that CYP3A1 and CYP3A23 are
the same enzyme [19]. Most, if not all, hepatic CYP3A
enzymes appear to be inducible to varying degrees by a diverse
group of structurally unrelated compounds including glucocor-
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ticoids [17, 20-22], anticonvulsants [21, 23], and polychlori-
nated biphenyls [24]. There is evidence indicating that
CYP3AL is not expressed at appreciable levels in the liver of
the untreated rat [9, 17, 25], but hepatic levels of other
CYP3A enzymes have been measured [9, 17, 21, 26]. Of the
CYP3A forms characterized to date, CYP3A2, CYP3A9, and
CYP3A18 appear to exhibit age- and sex-dependent consti-
tutive hepatic expression. The neuroendocrine mechanism for
the sex- and age-related changes in CYP3A expression is not
understood fully. The sexually dimorphic pattern of GHft
secretion, which is not well defined until after puberty [27] and
is influenced in part by estrogen and testosterone [28], may
play a key role in the regulation of these enzymes.

CYP3A2 is expressed constitutively in prepubertal male
and female rats and in adult male, but not in adult female
rats [17, 29-31]. Despite being the best studied sexually
regulated CYP3A enzyme in rat liver, the developmental
expression of CYP3A2 is still not clear. Various studies
have reported that CYP3A2 mRNA levels in prepubertal

1 Abbreviations: GH, growth hormone; and RT-PCR, reverse transcrip-
tion—polymerase chain reaction.
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male rats were less than [32], greater than [31], or compa-
rable to [17, 21, 30] those in adult male rats. Conflicting
data also exist regarding the developmental and sexual
expression of hepatic CYP3A18 [21, 26]. In the case of
CYP3A9, however, there seems to be a consensus that
CYP3A9 mRNA levels are greater in adult female rats than
in adult male rats [21, 33, 34].

The pituitary regulation of hepatic CYP3A2 expression
was examined in earlier studies, which showed that hy-
pophysectomy of adult male rats increases hepatic CYP3A2
mRNA [35, 36] and protein levels [29, 37]. Administration
of GH to hypophysectomized male rats by twice daily
injections results in no change [37] or a decrease [29] in
CYP3A2 expression. In contrast, neonatal administration
of monosodium glutamate (MSG), which results in a
selective loss of GH [38], suppresses expression of CYP3A2
protein in intact adult male rats [39], and intermittent GH
injection stimulates CYP3A2 expression in these rats [40].
The basis for the differential effect of intermittent GH
treatment on the expression of this CYP in hypophysecto-
mized and MSG-treated adult male rats is not well under-
stood. Possible contributing factors include the specificity
of the antibody probe used in the different studies [29, 37,
40] and the age at which the rats were rendered GH-
deficient.

The role of the hypothalamic—pituitary axis in the
regulation of CYP3A18 and CYP3A9 was explored in a
recent study. Administration of GH by continuous infu-
sion, as a means to mimic the continuous pattern of
endogenous GH secretion in female rats, was shown to
suppress CYP3A18 mRNA and increase CYP3A9 mRNA
levels in intact adult male rats [34]. However, it remains to
be determined if GH is necessary for the constitutive
expression of CYP3A18 and CYP3A9 and if the intermit-
tent pulsatile masculine pattern of GH secretion influences
the expression of these enzymes in adulthood and during
development. While previous studies have investigated the
role of GH in the regulation of CYP enzymes in adulthood
[41, 42], there is no information on the effects of GH on
CYP enzyme expression during the prepubertal period, a
time at which the pattern of GH secretion is not sexually
differentiated [27]. The plasma GH profile is characterized
by low trough levels interspersed with infrequent pulses of
very small peak heights in prepubertal male and female rats.
The biological effects of GH during the developmental
period is of interest because of the increasing therapeutic
use of this hormone in short-stature children, including
those without GH deficiency [43].

The present report describes experiments designed to
investigate the effect of hypophysectomy and intermittent
GH administration on hepatic expression of CYP3A18,
CYP3A9, and CYP3A2, and CYP3A-mediated testoster-
one 2B- and 6B-hydroxylase activities in prepubertal and
adult male rats. The effect of sex and age on hepatic levels
of these enzymes was also examined.
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MATERIALS AND METHODS
Chemicals and Reagents

Rat recombinant GH was a gift from JCR Pharmaceuticals
Co. Ltd. Testosterone was bought from the Sigma Chemi-
cal Co. Authentic 2B- and 6B3-hydroxytestosterone metab-
olite standards were purchased from Steraloids, Inc.
NADPH was obtained from Boehringer Mannheim. p-
Nitroblue tetrazolium (NBT) and 5-bromo-4-chloro-3-in-
doyl phosphate (BCIP) were bought from Pierce. Magne-
sium chloride, 10x PCR buffer II (100 mM Tris—-HCI, pH
8.3, and 500 mM KCl), and AmpliTaq® DNA polymerase
were purchased from Perkin-Elmer Canada Ltd. TriZol™,
dithiothreitol, INTP mix, oligo(dT),, ;¢ primer, deoxyri-
bonuclease I, and Superscript' ™~ II reverse transcriptase
were bought from Canadian Life Technologies. Forward
and reverse primers for CYP3A2, CYP3A9, CYP3A1S,
cyclophilin, and B-actin were synthesized at the University
of British Columbia Biotechnology Laboratory.

Animals

Intact 21-day-old male and 10-week-old male and female
Sprague—Dawley rats were obtained from the Animal Care
Center of the University of British Columbia. Hypophysec-
tomized adult male rats were purchased from Charles River
Breeding Laboratories. Rats were hypophysectomized by
the supplier at the age of 8 weeks, and the animals were
delivered at 10 weeks of age. Prior to performing the study,
the effectiveness of hypophysectomy was confirmed by the
absence of body weight gain for a week. The animals were
allowed free access to water and food (Rodent Laboratory
Diet, PMI Feeds, Inc.) and were housed in a temperature
(23°) and light-controlled (7:00 a.m. on and 7:00 p.m. off)
room. The drinking water for the hypophysectomized rats
was replaced with 5% glucose solution [37].

Treatment of Animals

To characterize the developmental expression of CYP3A2,
CYP3A9, and CYP3A18, intact male Sprague—Dawley rats
were killed at 22, 34, 51, and 84-91 days of age. To
determine the effect of intermittent administration of GH
on hepatic CYP3A expression, intact and hypophysecto-
mized adult rats were injected s.c. with rat GH (0.12 pg/g
body weight at 8:00 a.m. and 5:00 p.m. for 7 consecutive
days) or an equivalent volume of the vehicle containing 10
mM potassium phosphate (pH 8.3) and 0.9% sodium
chloride [37]. To determine the effect of intermittent
administration of GH on CYP3A expression in the prepu-
bertal period, intact rats were injected s.c. with rat GH
(0.12 or 3.6 pg/g body weight) at 8:00 a.m. and 5:00 p.m.
on days 22-33 of age. Control rats received an equal
volume of the vehicle. The lower dosage of GH has been
reported to be effective in stimulating hepatic CYP expres-
sion [44]. The higher dosage is similar to the one used in an
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earlier study that reported increased somatic growth caused

by GH [45].

Preparation of Liver Microsomes

Rats were killed by decapitation 1 day after the last
injection. One portion of the liver tissues was quick-frozen
in liquid nitrogen and subsequently stored at —75° until
used for RNA isolation. The remainder of the liver was used
to prepare microsomes according to the method of Thomas

et al. [46].

Total CYP and Microsomal Protein Assays

Total CYP content was determined from the sodium
dithionite-reduced carbon monoxide difference spectrum,
using a molar extinction coefficient of 91 cm™ ' mM ! [47].
Microsomal protein concentration was determined using
the Bio-Rad Protein Assay Kit, with absorbance measured
at 595 nm.

Testosterone Hydroxylation Assay

Microsomal testosterone 23- and 6B3-hydroxylase activities
were measured by HPLC as described previously [48].

Antibodies

Mouse anti-rat CYP3A2 IgG (MAb L171), which is spe-
cific for CYP3AZ2 [17], was provided by Dr. Paul E. Thomas
(Rutgers University). Control immunoblot experiments
with this antibody showed the detection of one CYP3A
band in hepatic microsomes isolated from untreated adult
male rats, where CYP3A2, CYP3AI18, and CYP3A9 genes
are expressed [21, 34]. In contrast, no CYP3A bands were
detected in hepatic microsomes isolated from female rats,
where CYP3A9 and CYP3AI8 genes are expressed [21, 34].
Therefore, these findings indicate that the MAb L171
antibody is not likely to cross-react with CYP3A9 or
CYP3A18.

Gel Electrophoresis and Immunoblotting

SDS-PAGE was performed according to the method of
Laemmli [49] using a Hoefer SE 600 vertical slab gel unit as
described previously [50]. Proteins resolved by SDS-PAGE
were transferred electrophoretically to nitrocellulose mem-
branes according to the method of Towbin et al. [51]. The
membranes were incubated with mouse-anti rat CYP3A2
IgG (1 pg IgG/mL) at the concentration listed for 2 hr at
37° with shaking. The secondary antibody, alkaline phos-
phatase-conjugated goat anti-mouse F(ab'), (TAGO Im-
munologicals Inc.), was used at a 1:3000 dilution. Visual-
ization of the protein bands was achieved with a substrate
solution consisting of 0.01% NBT, 0.005% BCIP, in 0.1 M
Tris=HCI buffer, pH 9.5, with 0.5 mM MgCl,. Assay
conditions for the reaction between alkaline phosphatase
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and substrate were optimized to ensure that color develop-
ment did not proceed beyond the linear response range of
the phosphatase reaction.

Immunoquantification

Densitometric quantification of stained bands on nitrocel-
lulose membranes was determined using a pdi 420 oe™
scanning densitometer (pdi Inc.) connected to an IBM-
compatible personal computer and using pdi Quantity
One® Version 3.0 software. A single concentration of the
appropriate purified CYP protein was included on each blot
as an internal standard. The amount of immunoreactive
protein was determined from the ratio of the integrated
intensity of the stained band. Values of integrated intensity
were converted into picomole quantities using calibration
curves generated by loading various concentrations of
purified CYP standards on gels followed by immunoblotting
and densitometric analysis as described above.

Isolation of Liver RNA

Total RNA was isolated with TriZol™ (Canadian Life
Technologies), according to the manufacturer’s protocol.
The RNA pellet was dissolved in 10 mM Tris buffer (pH 8)
containing | mM EDTA and stored at —70° until used.
Total RNA concentration was determined spectrophoto-
metrically at 260 nm. The integrity of the RNA preparation
was assessed by agarose (1.7%) gel electrophoresis in the
presence of 0.66 M formaldehyde.

RT-PCR Assay

Isolated liver RNA (2 wg) was incubated with 0.5 ug
oligo(dT),, ;s primer and diethylpyrocarbonate-treated
water in a volume of 9 wL at 65° for 10 min. Then the
mixture was placed on ice. After the addition of 2 wL of 10x
PCR buffer 1, 4 pL of 25 mM MgCl,, 1 pL of 10 mM
dNTP, 1 uL of 0.1 M dithiothreitol, and 2 U of deoxyri-
bonuclease I, each tube was incubated at 37° for 30 min
followed by 75° for 5 min and then cooled on ice. Reverse
transcription was initiated by the addition of 200 U of
SuperScript™ I reverse transcriptase. The mixture was
then incubated at 42° for 20 min, and the reaction was
stopped by heating at 95° for 5 min. The synthesized cDNA
was stored at —20° until used.

PCR co-amplification of target and internal control
cDNAs was performed based on a published method [21].
Sequences for the forward (5'-TTG-ATC-CGT-
TGT-TCT-TGT-CA-3") and reverse (5'-GGC-CAG-
GAA-ATA-CAA-GAC-AA-3") primers for CYP3A2, se-
quences for the forward (5'-GGA-CGA-TTC-TTG-
CTT-ACA-GG-3’) and reverse (5'-ATG-CTG-GTG-
GGC-TTG-CCT-TC-3") primers for CYP3A9, sequences
for the forward (5'-CAA-CTA-CGG-TGA-TGG-CAT-GT-
3") and reverse (5'-CAC-TCG-GTT-CTT-CTG-GTT-TG-
3’) primers for CYP3A18, and sequences for the forward
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(5"-TAT-GGA-GAA-GAT-TTG-GCA-CC-3’) and reverse
(5'-CCA-CCA-ATC-CAC-ACA-GAG-TA-3’) primers for
B-actin were from Mahnke et al. [21] and Zhang et al. [52].
Sequences for the forward (5'-CTT-CGA-CAT-CAC-GGC-
TGA-TGG-3') and reverse (5'-CAG-GAC-CTG-TAT-
GCT-TCA-GG-3") primers for cyclophilin were from Morris
and Davila [53]. Each PCR reaction, in a total volume of 25
pL, contained 1x PCR buffer I [10 mM Tris (pH 8.3), 50 mM
KCl], 2 mM MgCl,, 5 pL ¢cDNA, 400 pM dNTP mix, 25
pmol each of the forward and reverse primers for target gene
and internal standard gene, and 4 U of AmpliTag® DNA
polymerase. PCR amplification was initiated by heating at 95°
for 1 min. This was followed by 22 cycles (for CYP3A2 and
cyclophilin), 25 cycles (for CYP3A18 and B-actin), or 27
cycles (for CYP3A9 and B-actin) of the following: 30 sec for
denaturation at 94°, 1 min for annealing at 60°, and 1 or 2 min
for extension at 72° (1 min for CYP3A2 and cyclophilin, and
2 min for the others). A final incubation was carried out for 10
min at 72°.

Statistics

The significance of difference between the group means was
assessed by one-way ANOVA and, if applicable, was
followed by the Student—-Newman—Keuls test. The level of
significance was set a priori at P < 0.05.

RESULTS
Sex-Dependent and Developmental Expression of
Hepatic CYP3A2, CYP3A18, and CYP3A9

CYP3A2, CYP3AI8, and CYP3A9 gene expression was
determined by RT-PCR analysis with primers specific for
the individual genes and quantified relative to cyclophilin
or B-actin as the internal standard (Fig. 1, A-C). To
establish the reliability of the method, relative CYP3A2,
CYP3A18, and CYP3A9 mRNA levels were measured in
untreated adult male and female rats and compared with
published results. Hepatic CYP3A18 mRNA levels were
found to be approximately 7-fold greater in male than in
female rats, whereas CYP3A9 mRNA expression was two
times greater in female rat liver (data not shown). These
findings together with the lack of detection of CYP3A2
mRNA in the liver of adult female rats are generally
consistent with previous reports [17, 21, 34, 36].

The developmental expression of rat hepatic CYP3A2,
CYP3A18, and CYP3A9 was investigated in prepubertal
(22 days of age), early to late pubertal (34 and 51 days of
age), and adult (84-91 days of age) intact male rats. As
shown in Fig. 2A, relative hepatic CYP3A2 mRNA levels
were constant in male rats between 22 and 84-91 days of
age. Relative CYP3A18 mRNA levels were found to be low
in male rats at 22 days of age, but increased approximately
3-fold by 34 days of age and thereafter remained elevated up
to 84-91 days of age (Fig. 2B). By comparison, CYP3A9
mRNA was undetectable in livers from male rats at 22 and
34 days of age, but was readily detectable at 51 days of age
and was increased further at 84-91 days of age (Fig. 2C).
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FIG. 1. RT-PCR analysis of hepatic CYP3A2, CYP3A18, and
CYP3A9 mRNA expression in male rats of different ages. Total
liver RNA was isolated from male rats at 22, 34, 51, and 84-91
days of age, and the RT-PCR assay was performed as described
under Materials and Methods. Shown are photographs of
ethidium bromide-stained agarose gels for the PCR co-amplifi-
cation of CYP3A2 and cyclophilin (internal control) cDNA
(panel A), CYP3A18 and B-actin (internal control) cDNA
(panel B), and CYP3A9 and B-actin (internal control) cDNA
(panel C). Lane 1: DNA ladder; lane 2; negative control (no
primers); lane 3: negative control (no cDNA); lane 4, day 22 of
age; lane 5: day 34 of age; lane 6: day 51 of age; and lane 7: days
84-91 of age.

RT-PCR data on relative CYP3A2 mRNA expression
were compared with microsomal CYP3A2 protein content
determined by immunoblot analysis. A monoclonal anti-
body, which is specific for CYP3A2 [17], detected a strongly
reactive band in liver microsomes from male rats in the four
age groups, although variation in CYP3A2 protein content
was apparent among individual 84- to 91-day-old adult rats
(Fig. 3A). Densitometric quantification of the immuno-
blots confirmed that expression of CYP3A2 protein was
relatively unchanged between 22 and 84-91 days of age
(Fig. 3B), in agreement with results obtained by densito-
metric analysis of the RT-PCR assay (Fig. 2A).

Considerable uncertainty exists with regard to the con-
tribution of individual CYP3A enzymes to testosterone 2[3-
and 6B-hydroxylase activities because inhibitory antibodies
for all CYP3A enzymes are not available. To investigate
possible associations between CYP3A2, CYP3A18, and
CYP3A9 and testosterone 23- and 63-hydroxylation, these
two activities were measured in liver microsomes from
intact male rats at 22, 34, 51, and 84-91 days of age. As
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FIG. 2. Relative hepatic CYP3A2, CYP3A18, and CYP3A9
mRNA levels in male rats of different ages. Shown are results of
the densitometric analysis of the RT-PCR assay (Fig. 1). The
data are expressed as the mean (£ SEM) ratio of the intensity of
the CYP3A band to that of the internal control band (cyclophi-
lin or B-actin). N = 4 individual rats per treatment group. Key:
(a) significantly different from the 22-day-old group (P <
0.05); and (b) significantly different from the 51-day-old group
(P < 0.05).

shown in Fig. 4, testosterone 2B3- and 6B-hydroxylase
activities were similar at 22 and 84-91 days of age and were
found to peak at 34 days of age. Comparison of the
developmental profiles of these two CYP3A-mediated
monooxygenase activities with those of CYP3A2 protein
and mRNA levels indicates a lack of correlation with this
CYP3A form. The same conclusion can also be drawn

between testosterone 23- and 6B-hydroxylase activities and
CYP3A18 and CYP3A9 mRNA levels.

Effect of GH on Hepatic CYP3A2, CYP3A18, and
CYP3A9 Expression in Adult Rats

The role of GH in the regulation of CYP3A2, CYP3A18,
and CYP3A9 was investigated using intact and hypophy-
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FIG. 3. Hepatic CYP3A2 protein expression in male rats of
different ages. Hepatic microsomes were isolated from male rats
at 22, 34, 51, and 84-91 days of age and subjected to
SDS-PAGE (one individual microsome sample per lane) [50].
Shown in panel A is an immunoblot probed with mouse anti-rat
CYP3A2 monoclonal antibody (MAb L171) at a final concen-
tration of 1 pg/mL [17]. Lanes 1-4: day 22 of age; lanes 5-8,
day 34 of age; lanes 9-12, day 51 of age; lanes 13-16, days
84-91 of age; and lane 17, reference sample (pooled microsomes
from adult male rats). Shown in panel B is the result of the
densitometric analysis of the CYP3A2 bands (panel A). The
data are expressed as the mean (= SEM) ratio of the intensity of
the CYP3A2 protein band to that of the reference band. N = 4
individual rats per treatment group.

sectomized adult rats. Administration of rat GH (0.12 pg/g
body weight twice daily for 7 days) to intact 11-week-old
male rats produced a 74% decrease in CYP3A2 mRNA
levels (Fig. 5A) but did not alter the expression of
CYP3A18 (Fig. 5B) or CYP3A9 (Fig. 5C). In contrast,
hypophysectomy resulted in increases of 3- to 4-fold in
hepatic CYP3A2 and CYP3A18 mRNA levels, but did not
affect CYP3A9 mRNA levels. Treatment of hypophysec-
tomized rats with GH had no effect on expression of
CYP3A2, CYP3A18, or CYP3A9. The observed changes in
CYP3A2 mRNA levels following hypophysectomy or GH
treatment were reflected by similar changes in hepatic
microsomal CYP3A2 protein content as determined by
immunoblot analysis (Fig. 5D).



1282

0.4

(A) 28—0Hase

ENZYME ACTIVITY
(nmol/min/nmol CYP)

ENZYME ACTIVITY
(nmol/min/nmol CYP)

AGE (DAYS)

FIG. 4. Hepatic microsomal testosterone 2f3- and 6B-hydroxy-
lase activities in male rats of different ages. Hepatic microsomes
were isolated from male rats at 22, 34, 51, and 84-91 days of
age and testosterone 2B-hydroxylase (panel A) and 6B-hydrox-
ylase (panel B) activities were determined by an HPLC assay
[48]. Results are expressed as mean (* SEM) activity for 4
individual rats per treatment group. Key: (a) significantly
different from the 22-day-old group (P < 0.05).

The effect of hypophysectomy and GH treatment on
hepatic microsomal testosterone 23- and 6B-hydroxylase
activities reveals a somewhat different pattern (Fig. 5, E and
F). Administration of GH to intact male rats resulted in
decreases in testosterone 23- and 6B-hydroxylase activities
of approximately 80 and 60%, respectively. However, there
was no change in either enzyme activity following hypoph-
ysectomy or GH treatment of hypophysectomized rats.

Effect of GH on Hepatic CYP3A2 and CYP3A18
Expression in Prepubertal Rats

The effect of GH on CYP3A expression in prepubertal
male rats, which have yet to develop a well-defined
pulsatile GH secretion pattern [27], was examined using
intact 34-day-old male rats that were treated from 22 to 33
days of age with either a high or low dosage of rat GH. The
relative CYP3A2 mRNA level was unchanged following
twice daily s.c. injection (0.12 wg/g body weight) of GH
(Fig. 6A), whereas this dosage of GH resulted in a slight
decrease in relative CYP3A18 mRNA expression in prepu-
bertal rats (Fig. 6B). By comparison, mRNA levels of both
CYP3A2 (Fig. 6A) and CYP3A18 (Fig. 6B) were decreased
substantially following treatment with a higher dosage of
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GH (3.6 pg/g body weight twice daily). The lower dosage of
GH had no effect on testosterone 2B3-hydroxylase activity
(Fig. 6C), but testosterone 6B-hydroxylase activity was
reduced modestly (Fig. 6D). The higher dosage of GH
substantially reduced both of these enzyme activities.

DISCUSSION

The present study examined the influence of GH on the
developmental expression of the recently identified
CYP3A18 and CYP3A9 as well as CYP3A2. The effect of
GH on CYP3A expression during the prepubertal period
was investigated because of the increasing clinical use of
GH in short-stature children without GH deficiency [43]
and the uncertainty about the hepatic metabolic conse-
quences of exposure to pharmacological doses of GH during
the developmental period.

Very little is known about the underlying neuroendo-
crine basis for the male-predominant expression of
CYP3A18. The present study demonstrated that hypophy-
sectomy of adult male rats resulted in a 3-fold increase in
the relative mRNA level of this CYP. This stimulatory
effect in the absence of the pituitary gland has also been
observed with several male-specific CYP enzymes [35-37,
54, 55]. The finding that hypophysectomy increased
CYP3A18 mRNA levels indicates that pituitary factor(s)
has a negative influence on basal CYP3A18 expression.
The identity of this suppressive factor(s) is not known. The
results also show that intermittent GH administration did
not modulate the elevated expression of CYP3A18 in
hypophysectomized adult male rats. Similarly, intermittent
GH administration did not alter CYP3A18 mRNA levels
in intact adult male rats. By comparison, continuous GH
infusion, which reflects to some extent the female pattern
of endogenous GH secretion, has been reported to decrease
CYP3A18 mRNA levels in intact adult male rats [34].
Therefore, the pattern of plasma GH levels appears to be a
determinant of hepatic CYP3A18 expression.

Hepatic CYP3A9 mRNA expression appears to be
greater in adult female rats than in adult male rats ([21, 33,
34], and the present study). In a recent study, estrogen was
reported to be necessary for hepatic CYP3A9 expression
[33]. Estrogen is thought to modulate CYP expression by its
action on the hypothalamic—pituitary axis to influence the
pattern of endogenous GH secretion [42]. To determine if
the pituitary gland plays a role in hepatic CYP3A9 expres-
sion, the mRNA level of this CYP was compared between
intact and hypophysectomized adult male rats. As shown
herein, hypophysectomy did not change CYP3A9 mRNA
levels. This result suggests that pituitary secretion of GH is
not necessary for the constitutive expression of hepatic
CYP3A9 in male rats. However, CYP3A9 expression can
be stimulated by exogenous GH, depending on the mode of
administration. Intermittent administration of GH did not
affect CYP3A9 expression in either hypophysectomized or
intact adult male rats. By comparison, treatment of intact
adult male rats with continuous GH infusion resulted in
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FIG. 5. Effect of hypophysectomy and intermittent GH administration on CYP3A mRNA, protein, and enzyme activity levels in adult
male rats. Intact and hypophysectomized (Hx) adult male rats were administered s.c. injections of GH (0.12 pg/g body weight) or an
equivalent volume of the vehicle (10 mM potassium phosphate, pH 8.3, containing 0.9% sodium chloride) twice daily (8:00 a.m. and
5:00 p.m.) for 7 consecutive days. All rats were killed 1 day after the last injection. Relative CYP3A2 mRNA (panel A), CYP3A18
mRNA (panel B), and CYP3A9 mRNA (panel C) levels were determined by RT-PCR as described under Materials and Methods. The
relative CYP3A2 protein level (panel D) was determined by immunoblot assay with the mouse anti-rat CYP3 A2 monoclonal antibody
(MAb L171) [17]. Hepatic microsomal testosterone 2B-hydroxylase (panel E) and 6B-hydroxylase (panel F) activities were determined
by an HPLC assay [48]. Results are expressed as means + SEM for 4 individual rats per treatment group. Key: (a) significantly

different from the intact control group (P < 0.05).

increased hepatic CYP3A9 mRNA expression [34], suggest-
ing that the female-predominant expression of CYP3A9
could be a consequence of the continuous endogenous
secretion of GH in female rats.

In agreement with earlier studies [29, 37], our results
indicate that hypophysectomy increased CYP3A2 mRNA
and protein levels. Whereas intermittent GH administra-
tion did not affect the elevated CYP3A2 expression in
hypophysectomized adult male rats, it reduced the mRNA
and protein levels of this CYP in intact adult male rats
substantially. An explanation for the differential effect of
exogenous GH in intact rats may relate to the route of GH
administration. In the present study, GH was administered
as twice daily s.c. injections; this dosage pattern results in
relatively slow elimination so that low levels of plasma GH

can be detected for several hours after each dose [40]. The
s.c. administration of exogenous GH together with endog-
enous secretion of GH in the intact male rat may result in
a plasma profile in which GH is present most of the time.
Such a plasma GH profile may be sufficient to attenuate
CYP3A2 expression in intact male rats because continuous
GH infusion, even at a level that is 3% of the normal
plasma GH concentration found in adult females, has been
reported to suppress CYP3A2 [56].

GH at a dosage of 3.6 pglg significantly decreased
CYP3A2 and CYP3A18 mRNA levels in intact prepubertal
male rats. The decrease in CYP3A18 expression by inter-
mittent GH administration together with the findings that
continuous GH infusion suppresses CYP3A18 mRNA ex-
pression in intact adult male rats [34] and that hypophy-
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FIG. 6. Effect of intermittent GH injection on hepatic CYP3A2 and CYP3A18 mRNA expression and testosterone 2B- and
6B-hydroxylase activities in prepubertal intact male rats. Prepubertal (22-day-old) intact male rats were administered s.c. injections of
GH (0.12 or 3.6 pg/g body weight) or an equivalent volume of the vehicle (10 mM potassium phosphate, pH 8.3, containing 0.9%
sodium chloride) twice daily (8:00 a.m. and 5:00 p.m.) for 12 consecutive days. All rats were killed at day 34 of age. Relative CYP3A2
mRNA (panel A) and CYP3A18 mRNA (panel B) levels were determined by RT-PCR as described in Materials and Methods (N =
5 individual rats per group). Hepatic microsomal testosterone 2-hydroxylase (panel C) and 6-hydroxylase (panel D) activities were
determined by an HPLC assay [48] (N = 12 individual rats for the control group and 6 for each of the GH-treated groups). Results
are expressed as means = SEM. Key: (a) significantly different from the control group (P < 0.05); and (b) significantly different from

the group treated with the 0.12 pg/g dosage of GH (P < 0.05).

sectomy enhances CYP3A18 expression lead us to conclude
that GH negatively regulates this male-predominant CYP.
The same suppressive effects also have been observed with
another male-predominant CYP enzyme, CYP3A2 ([36],
and the present study). Interestingly, a larger dosage was
required to suppress CYP3A2 expression in intact prepu-
bertal rats when compared with intact adult male rats. The
hormonal basis for the altered sensitivity of CYP3AZ2 to the
suppressive influence of GH in prepubertal male rats is not
known. However, the unresponsiveness of the intact pre-
pubertal rats to the lower dosage (0.12 pg/g) of GH is
unlikely to reflect age-dependent differences in the pattern
of GH secretion or in the levels of CYP3A2-suppressive
factors such as thyroid hormones [36]. As demonstrated
herein and in three other studies [17, 21, 30], the magni-
tude of CYP3A2 expression is similar between prepubertal
and adult rats.

The present study shows an age-dependent expression of
CYP3A9 and CYP3A18 in the livers of male rats. CYP3A9
mRNA expression could not be detected until puberty, and
the levels were greater at 84-91 days of age than at 51 days
of age. The relative hepatic mRNA level of CYP3A18, as
determined by RT-PCR, was found to be greater during

puberty and adult life than during the prepubertal period.
The female-predominant expression of CYP3A9 and the
male-predominant expression of CYP3A18 in adult rats
observed herein are consistent with previous reports [26,
34, 57], but the age-related expression of both proteins
differs from recent studies. Mahnke et al. [21] reported that
CYP3A9 mRNA levels are constant between 7 and 20
weeks of age in male rats and are undetectable in rats
younger than 5 weeks old. However, the same study
indicated that there were no sex or age differences in
hepatic CYP3A 18 expression. By comparison, Nagata et al.
[26] showed that the CYP3A18 mRNA became detectable
at 20 days of age, and the mRNA level increased steadily in
male rats over the first 60 days of life.

CYP3A2 expression, both at the mRNA and protein
levels, was found to be relatively constant in prepubertal,
pubertal, and adult male rats. This finding is in agreement
with the results of three previous studies [17, 21, 30], but
differs from the report by Wright et al. [31], which indicated
that CYP3A2 protein was expressed at a lower level in
adult male rats than in prepubertal male rats. The discrep-
ancy may be due to the specificity of the anti-peptide
antibody used to detect CYP3A2 in that study or may be
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attributed to the inter-animal variability in CYP3A2 ex-
pression reported previously [23, 48] (cf. Fig. 3A). By
comparison, the level of P450PCN2 mRNA was deter-
mined to be greater in adult male rats than in prepubertal
male rats [32]. P450PCN2 was thought to correspond to
CYP3AZ2, although recent evidence suggests that it may be
an allelic variant of CYP3A2 [58].

The developmental expression of testosterone 23- and
6B-hydroxylase activities was not reflected in the develop-
mental expression of CYP3A2, CYP3A18, or CYP3A9 in
male rats. A lack of correlation between hepatic CYP3A2
protein and microsomal androstenedione 6B-hydroxylase
activity was reported recently [31]. Experiments with im-
munologically purified or cDNA-expressed enzymes have
shown that CYP3A2 and CYP3A18 are active in testoster-
one 2B3- and 6B-hydroxylation [15, 19, 26], but it is not
known whether CYP3A9 catalyzes these reactions. It is
possible that CYP3A2, CYP3A18, and other CYP enzymes
contribute to the two enzyme activities in liver microsomes
from male rats. Consistent with this proposal, several
purified but unidentified CYP enzymes have been shown to
be catalysts of testosterone 2B- and 6B-hydroxylation [15,
19, 59].

In summary, the present study demonstrated that hy-
pophysectomy increased hepatic expression of CYP3A18
and CYP3A2 but not CYP3A9 in adult male rats. More-
over, twice daily s.c. GH administration suppressed
CYP3A18 in hypophysectomized but not in intact adult
rats. The same treatment decreased CYP3A2 in both of
these groups of rats, although the sensitivity of this CYP to
the negative regulation by GH appears to be influenced by
age. Finally, both CYP3A18 and CYP3A9 were expressed
constitutively in an age- and sex-dependent manner.

The authors thank Dr. P. E. Thomas (Rutgers University) for the
provision of the anti-rat CYP3A2 monoclonal antibody and JCR
Pharmaceuticals Co. Ltd. for the rat recombinant GH. This work was
supported by grants from the Medical Research Council of Canada (to
G.D.B.andto S. M. B.). T. K. H. C. is the recipient of a Research
Career Award in the Health Sciences from the Pharmaceutical Man-
ufacturers Association of Canada —Health Research Foundation and
Medical Research Council of Canada.

References

1. Waxman DJ, Interactions of hepatic cytochromes P-450 with
steroid hormones. Regioselectivity and stereospecificity of
steroid metabolism and hormonal regulation of rat P-450
enzyme expression. Biochem Pharmacol 37: 71-84, 1988.

2. Wilkinson GR, Cytochrome P450 3A (CYP3A) metabolism:
Prediction of in wivo activity in humans. ] Pharmacokinet
Biopharm 24: 475-490, 1996.

3. Gonzalez FJ and Gelboin HV, Role of human cytochromes
P450 in the metabolic activation of chemical carcinogens and
toxins. Drug Metab Rev 26: 165-183, 1994.

4. Guengerich FP, Human cytochrome P450 enzymes. In: Cyto-
chrome P450: Structure, Mechanism, and Biochemistry (Ed.
Ortiz de Montellano PR), pp. 473-535. Plenum Press, New
York, 1995.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

1285

. Jayyosi Z, Cooper KO and Thomas PE, Brain cytochrome

P450 and testosterone metabolism by rat brain subcellular
fractions: Presence of cytochrome P450 3A immunoreactive
protein in rat brain mitochondria. Arch Biochem Biophys 298:
265-2170, 1992.

. Wang H, Kawashima H and Strobel HW, cDNA cloning of a

novel CYP3A from rat brain. Biochem Biophys Res Commun
221: 157-162, 1996.

. Watkins PB, Wrighton SA, Schuetz EG and Molowa DT,

Identification of glucocorticoid-inducible cytochrome P-450
in the intestinal mucosa of rats and man. J Clin Invest 80:

1029-1036, 1987.

. Kolars JC, Schmiedlin-Ren P, Dobbins WO III, Schuetz ],

Wrighton SA and Watkins PB, Heterogeneity of cytochrome
P450 IITIA expression in rat gut epithelia. Gastroenterology
102: 1186-1198, 1992.

. Debri K, Boobis AR, Davies DS and Edwards R], Distribution

and induction of CYP3A1 and CYP3A2 in rat liver and
extrahepatic tissues. Biochem Pharmacol 50: 2047-2056, 1995.
Mahnke A, Roos PH, Hanstein WG and Chabot GG, In vivo
induction of cytochrome P450 3A expression in rat leuko-
cytes using various inducers. Biochem Pharmacol 51: 1579—
1582, 1996.

Graves PE, Kaminsky LS and Halpert ], Evidence for func-
tional and structural multiplicity of pregnenolone-16a-carbo-
nitrile-inducible cytochrome P-450 isozymes in rat liver
microsomes. Biochemistry 26: 3887-3894, 1987.

Barnes TS, Shaw PM, Burke MD and Melvin WT, Monoclo-
nal antibodies against human cytochrome P-450 recognizing
different pregnenolone 16a-carbonitrile-inducible rat cyto-
chromes P-450. Biochem J 248: 301-304, 1987.

Hostetler KA, Wrighton SA, Kremers P and Guzelian PS,
Immmunochemical evidence for multiple steroid-inducible
hepatic cytochromes P-450 in the rat. Biochem ] 245: 27-33,
1987.

Halpert JR, Multiplicity of steroid-inducible cytochromes
P-450 in rat liver microsomes. Arch Biochem Biophys 263:
59-68, 1988.

Nagata K, Gonzalez FJ, Yamazoe Y and Kato R, Purification
and characterization of four catalytically active testosterone
6B-hydroxylase P-450s from rat liver microsomes: Compari-
son of a novel form with three structurally and functionally
related forms. J Biochem (Tokyo) 107: 718725, 1990.
Gemzik B, Greenway D, Nevins C and Parkinson A, Regu-
lation of two electrophoretically distinct proteins recognized
by antibody against rat liver cytochrome P450 3A1. ] Biochem
Toxicol 7: 43-52, 1992.

Cooper KO, Reik LM, Jayyosi Z, Bandiera S, Kelley M, Ryan
DE, Daniel R, McCluskey SA, Levin W and Thomas PE,
Regulation of two members of the steroid-inducible cyto-
chrome P450 subfamily (3A) in rats. Arch Biochem Biophys
301: 345-354, 1993.

Nelson DR, Koymans L, Kamataki T, Stegeman ]]J, Feyereisen
R, Waxman DJ, Waterman MR, Gotoh O, Coon M], Es-
tabrook RW, Gunsalus IC and Nebert DW, P450 superfamily:
Update on new sequences, gene mapping, accession numbers
and nomenclature. Pharmacogenetics 6: 1-42, 1996.

Nagata K, Ogino M, Shimada M, Miyata M, Gonzalez F] and
Yamazoe Y, Structure and expression of the rat CYP3A1 gene:
[solation of the gene (P450/6BB) and characterization of the
recombinant protein. Arch Biochem Biophys 362: 242-253,
1999.

Strotkamp D, Roos PH and Hanstein WG, A novel CYP3
gene from female rats. Biochim Biophys Acta 1260: 341-344,
1995.

Mahnke A, Strotkamp D, Roos PH, Hanstein WG, Chabot
GG and Nef P, Expression and inducibility of cytochrome
P450 3A9 (CYP3A9) and other members of the CYP3A



1286

22.

23.

24.

25.

26.

21.

28.

29.

30.

31.

32.

33.

34.

35.

36.

subfamily in rat liver. Arch Biochem Biophys 337: 62-68,
1997.

Kostrubsky VE, Lewis LD, Wood SG, Sinclair PR, Wrighton
SA and Sinclair JF, Effect of Taxol on cytochrome P450 3A
and acetaminophen toxicity in cultured rat hepatocytes:
Comparison to dexamethasone. Toxicol Appl Pharmacol 142:
79-86, 1997.

Ghosal A, Sadrieh N, Reik L, Levin W and Thomas PE,
Induction of the male-specific cytochrome P450 3A2 in
female rats by phenytoin. Arch Biochem Biophys 332: 153—
162, 1996.

Schuetz EG, Wrighton SA, Safe SH and Guzelian PS,
Regulation of cytochrome P-450p by phenobarbital and
phenobarbital-like inducers in adult rat hepatocytes in pri-
mary monolayer culture and in vivo. Biochemistry 25: 1124 —
1133, 1986.

Halvorson M, Greenway D, Eberhart D, Fitzgerald K and
Parkinson A, Reconstitution of testosterone oxidation by
purified rat cytochrome P450p (IIIA1). Arch Biochem Biophys
277: 166-180, 1990.

Nagata K, Murayama N, Miyata M, Shimada M, Urahashi A,
Yamazoe Y and Kato R, Isolation and characterization of a
new rat P450 (CYP3A18) cDNA encoding P4504, cata-
lyzing testosterone 6B- and 16a-hydroxylations. Pharmacoge-
netics 6: 103—-111, 1996.

Gabriel SM, Roncancio JR and Ruiz NS, Growth hormone
pulsatility and the endocrine milieu during sexual maturation
in male and female rats. Neuroendocrinology 56: 619-628,
1992.

Jansson JO, Eden S and Isaksson O, Sexual dimorphism in the
control of growth hormone secretion. Endocr Rev 6: 128150,
1985.

Yamazoe Y, Murayama N, Shimada M, Yamauchi K, Nagata
K, Imaoka S, Funae Y and Kato R, A sex-specific form of
cytochrome P-450 catalyzing propoxycoumarin O-depropyla-
tion and its identity with testosterone 6@-hydroxylase in
untreated rat livers: Reconstitution of the activity with
microsomal lipids. ] Biochem (Tokyo) 104: 785-790, 1988.
Ribeiro V and Lechner MC, Cloning and characterization of
a novel CYP3AL1 allelic variant: Analysis of CYP3A1 and
CYP3A2 sex-hormone-dependent expression reveals that the
CYP3A2 gene is regulated by testosterone. Arch Biochem
Biophys 293: 147-152, 1992.

Wright MC, Edwards R], Pimenta M, Ribeiro V, Ratra GS,
Lechner MC and Paine AJ, Developmental changes in the
constitutive and inducible expression of cytochrome P450
3A2. Biochem Pharmacol 54: 841-846, 1997.

Gonzalez FJ, Song B-] and Hardwick JP, Pregnenolone 16a-
carbonitrile-inducible P-450 gene family: Gene conversion
and differential regulation. Mol Cell Biol 6: 2969-2976, 1986.
Wang H and Strobel HW, Regulation of CYP3A9 gene
expression by estrogen and catalytic studies using cytochrome
P450 3A9 expressed in Escherichia coli. Arch Biochem Biophys
344: 365-372, 1997.

Robertson GR, Farrell GC and Liddle C, Sexually dimorphic
expression of rat CYP3A9 and CYP3A18 genes is regulated by
growth hormone. Biochem Biophys Res Commun 242: 57-60, 1998.
Shimada M, Nagata K, Murayama N, Yamazoe Y and Kato R,
Role of growth hormone in modulating the constitutive and
phenobarbital-induced levels of two P-450 (testosterone
6B-hydroxylase) mRNAs in rat livers. ] Biochem (Tokyo) 1062
1030-1034, 1989.

Waxman DJ, Ram PA, Notani G, LeBlanc GA, Alberta JA,
Morrissey J] and Sundseth SS, Pituitary regulation of the
male-specific steroid 6B8-hydroxylase P-450 2a (gene product
[IIA2) in adult rat liver. Suppressive influence of growth
hormone and thyroxine acting at a pretranslational level. Mol

Endocrinol 4: 447-454, 1990.

37.

38.

39.

40.

41.

42.

4.
4.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

M. Kawai et al.

Waxman DJ, LeBlanc GA, Morrissey ]JJ, Staunton ] and
Lapenson DP, Adult male-specific and neonatally pro-
grammed rat hepatic P-450 forms RLM2 and 2a are not
dependent on pulsatile plasma growth hormone for expres-
sion. ] Biol Chem 263: 11396-11406, 1988.

Bakke JL, Lawrence N, Bennett J, Robinson S and Bowers CY,
Late endocrine effects of administering monosodium glutamate
to neonatal rats. Neuroendocrinology 26: 220-228, 1978.
Waxman DJ, Morrissey JJ, MacLeod JN and Shapiro BH,
Depletion of serum growth hormone in adult female rats by
neonatal monosodium glutamate treatment without loss of
female-specific hepatic enzymes P450 2d (IIC12) and steroid
5a-reductase. Endocrinology 126: 712-720, 1990.

Waxman DJ, Ram PA, Pampori NA and Shapiro BH, Growth
hormone regulation of male-specific rat liver P450s 2A2 and 3A2:
Induction by intermittent growth hormone pulses in male but
not female rats rendered growth hormone deficient by neonatal
monosodium glutamate. Mol Pharmacol 48: 790-797, 1995.
Legraverend C, Mode A, Wells T, Robinson I and Gustafsson
JA, Hepatic steroid hydroxylating enzymes are controlled by
the sexually dimorphic pattern of growth hormone secretion
in normal and dwarf rats. FASEB ] 6: 711-718, 1992.
Waxman D] and Chang TKH, Hormonal regulation of liver
cytochrome P450 enzymes. In: Cytochrome P450: Structure,
Mechanism, and Biochemistry (Ed. Ortiz de Montellano PR),
pp. 391-417. Plenum Press, New York, 1995.

Gertner JM, Growth hormone treatment in children. Trends
Endocrinol Metab 8: 92-97, 1997.

Waxman DJ, Pampori NA, Ram PA, Agrawal AK and
Shapiro BH, Interpulse interval in circulating growth hor-
mone patterns regulates sexually dimorphic expression of
hepatic cytochrome P450. Proc Natl Acad Sci USA 88:
6868-6872, 1991.

Groesbeck MD, Parlow AF and Daughaday WH, Stimulation
of supranormal growth in prepubertal, adult plateaued, and
hypophysectomized female rats by large doses of rat growth
hormone: Physiological effects and adverse consequences.
Endocrinology 120: 1963-1975, 1987.

Thomas PE, Reik LM, Ryan DE and Levin W, Induction of
two immunochemically related rat liver cytochrome P-450
isozymes, cytochromes P-450c and P-450d, by structurally
diverse xenobiotics. ] Biol Chem 258: 4590—-4598, 1983.
Omura T and Sato R, The carbon monoxide binding pigment
of liver microsomes. II. Solubilization, purification, and prop-
erties. ] Biol Chem 239: 2379-2385, 1964.

Anderson MD, Bandiera SM, Chang TKH and Bellward GD,
Effect of androgen administration during puberty on hepatic
CYP2CI11, CYP3A, and CYP2A1 expression in adult female
rats. Drug Metab Dispos 26: 1031-1038, 1998.

Laemmli UK, Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature 227:
680-685, 1970.

Wong A and Bandiera SM, Inductive effect of Telazol® on
hepatic expression of cytochrome P450 2B in rats. Biochem
Pharmacol 52: 735-742, 1996.

Towbin H, Stachelin T and Gordon J, Electrophoretic trans-
fer of proteins from polyacrylamide gels to nitrocellulose
sheets: Procedure and some applications. Proc Natl Acad Sci
USA 76: 4350-4354, 1979.

Zhang Q-Y, Wikoff ], Dunbar D and Kaminsky L, Character-
ization of rat small intestine cytochrome P450 composition
and inducibility. Drug Metab Dispos 24: 322-328, 1996.
Morris DL and Davila JC, Analysis of rat cytochrome P450
isoenzyme expression using semi-quantitative reverse tran-
scriptase-polymerase chain reaction (RT-PCR). Biochem
Pharmacol 52: 781-792, 1996.

McClellan-Green PD, Linko P, Yeowell HN and Goldstein



Regulation of Rat Hepatic CYP3A Expression

55.

56.

57.

JA, Hormonal regulation of male-specific rat hepatic cyto-
chrome P-450g (P-4501IC13) by androgens and the pituitary.
J Biol Chem 264: 1896018965, 1989.

Sundseth SS and Waxman DJ, Sex-dependent expression and
clofibrate inducibility of cytochrome P450 4A fatty acid
w-hydroxylases. Male specificity of liver and kidney CYP4A2
mRNA and tissue-specific regulation by growth hormone and
testosterone. J Biol Chem 267: 3915-3921, 1992.

Pampori NA and Shapiro BH, Gender differences in the
responsiveness of the sex-dependent isoforms of hepatic P450
to the feminine plasma growth hormone profile. Endocrinology
140: 1245-1254, 1999.

Shimada M, Murayama N, Nagata K, Hashimoto H, Ishikawa

58.

59.

1287

H and Yamazoe Y, A specific loss of growth hormone
abolished sex-dependent expression of hepatic cytochrome
P450 in dwarf rats: Reversal of the profiles by growth
hormone treatment. Arch Biochem Biophys 337: 34-42,
1997.

Miyata M, Nagata K, Shimada M, Yamazoe Y and Kato R,
Structure of a gene and cDNA of a major constitutive form of
testosterone 6B3-hydroxylase (P450/6BA) encoding CYP3A2:
Comparison of the cDNA with P450PCN2. Arch Biochem
Biophys 314: 351-359, 1994.

Imaoka S, Terano Y and Funae Y, Constitutive testosterone
6B-hydroxylase in rat liver. ] Biochem (Tokyo) 104: 481-487,
1988.



