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Abstract-Hepatic microsomal hexobarbital hydroxylase and aminopyrine N-demethylase activities 
increased in adult male mice following hypophysectomy to female-like levels, eliminating the normal 
sexually dimorphic pattern of these enzymes. Exogenous growth hormone replacement (0.08 I.U./loO g 
body weight/day) re-established the lower masculine activities only when administered subcutaneously 
once every 12 hr. Enzyme activities remained elevated at female-like levels when the same total dose 
of growth hormone was infused continuously using osmotic pumps or was injected once every 6 hr. 
These data suggest that, despite the reversed orientation of sex differences in hepatic drug-metabolizing 
enzymes between rats and mice (i.e. higher enzyme activities in female mice and male rats), the basic 
hormonal regulatory axis is similar in the two species. Cyclic fluctuations of systemic growth hormone 
concentrations masculinize kinetic parameters of hepatic hexobarhital hydroxylase and aminopyrine N- 
demethylase in both species. Rats and mice differ in that these similar hormonal signals lower the 
apparent V,, in male mice, while markedly increasing the enzyme activities in male rats. It appears 
more likely, therefore, that species- and sex-specific differences in the total hepatic cytochrome P-450 
isoenzvme muulations produce the reversed sex-dependent pattern of hexobarbital hydroxylase and 
amino&n; I\r-demethylase. 

Adult mice exhibit clear and consistent sexual dif- 
ferences in the activity of certain drug-metabolizing 
hepatic microsomal monooxygenases. In the male, 
gonadal androgens suppress the hydroxylation of 
hexobarbital and the N-demethylation of amino- 
pyrine to levels approximately 50-70% of females or 
gonadectomized males [ 11. Testicular depression of 
monooxygenase activity, however, is dependent 
upon an intact hypothalamic-pituitary axis. Hypo- 
physectomy eliminates sexually dimorphic patterns 
of hepatic drug metabolism in mice and, unlike in 
gonadectomized subjects, exogenous androgen ther- 
apy fails to produce any suppressive effect [2]. Stud- 
ies in rats, which also exhibit marked sex differences 
in the rate of liver hexobarbital and aminopyrine 
metabolism, have conclusively identified growth 
hormone and its ultradian pattern of release as the 
primary pituitary variable necessary for the 
expression of sex-specific constituent cytochrome P- 
450 isoenzymes [3,4]. Male cytochrome P-450 iso- 
enzymes are preferentially expressed in hypophy- 
sectomized rats of either sex when exogenous growth 
hormone is administered in twice daily subcutaneous 
injections. The same total dose of growth hormone 
administered tonically via subcutaneously positioned 
osmotic pumps results in the preferential expression 
of female cytochrome P-450 isoenzymes. Yet, when 
male and female patterns of hepatic xenobiotic 
metabolism are compared in adult rats and mice, the 
orientation is opposite (i.e. male > female in rats; 
female > male in mice) and the magnitude of dif- 
ference is much lower in mice. 

* Correspondence: Dr. James N. MacLeod, Labora- 
tories of Biochemistry, Department of Animal Biology, 
School of Veterinary Medicine, University of Pennsylvania, 
3800 Spruce St., Philadelphia, PA 19104-6048. 

The current study was designed to determine if 
the reversed orientation of sex-dependent hepatic 
hexobarbital and aminopyrine metabolism can be 
explained by respective differences in growth 
hormone regulation or function. That is, in hypophy- 
sectomized mice, will an intermittent pattern of 
growth hormone replacement masculinize, and a 
constant stable infusion of growth hormone feminize, 
liver hexobarbital hydroxylase and aminopyrine N- 
demethylase activities? 

MATERIALS AND METHODS 

Animals. Hypophysectomized and sham hypophy- 
sectomized control CRL: CD-l(ICR)BR mice were 
purchased from Charles River Laboratories (Wil- 
mington, MA). The surgeries were performed at 55 
days of age and the mice were shipped to our facility 
1 week later. After arrival, the mice were maintained 
in plastic cages on hardwood bedding with water and 
commercial mouse diet (Prolab 3000, Agway, Inc., 
Syracuse, NY) provided ad lib. Ambient tem- 
perature was maintained at 22-23” with a photo- 
period of 12 hr light, 12 hr dark. All mice were 
provided a 2-week acclimation period during which 
body weights were measured once daily. Completely 
hypophysectomized mice have a stable or gradually 
decreasing body weight, while sham and incom- 
pletely hypophysectomized CD-l mice at this age 
increase in body weight 2-4 g during the same 2-week 
postoperative period. It is essential that incompletely 
hypophysectomized individuals, which can approach 
25% of the group, be identified and eliminated from 
the study. Bilateral gonadectomies were performed 
under pentobarbital anesthesia, 50 mg/kg body 
weight, administered by intraperitoneal (i.p.) injec- 
tion. 
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Table 1. Masculinization of hexobarbitai hydroxylase and aminopyrine ~-demcthylase in murine hepatic microsomes by 
iwice daily growth hormone treatment 

Hexobarbital hydroxylase Aminopyrine N-demethylase 

Surgery Sex Treatment V max Km V mix Km’ j/;nrx2 Km:,” 

Sham 
Sham 
Castrate 
Castrate 
Hypox 
Hypox 
Castrate 

+ Hypox 
Castrate 

+ Hypox 
Sham 

M Diluent 
M G. H. 
M D&tent 
M G. H. 
M Diluent 
M G. H. 

M Diluent 

M G. H. 
F Diluent 

2.0 -e 0.3 
1.9 f 0.3 
2.9 2 0.4* 
2.4 i 0.4 
3‘3 + OS? 
2.1 * 0.3$ 

3.4 * 0.3t 

2.2 + 0.21: 
3.1 ? 0.4t 

2.38 2 0.52 
2.58 -t 0.63 
3.22 2 0.73 
2.75 2 0.51 
3.40 i: 0.68 
3.22 2 0.50 

3.00 I?I 0.42 

3.44 r 0‘41 
2.89 2 0.61 

9.8 & 1.7 
8.4 t 1.2 

12.9 rt 2.2 
9.8 rt 2.2 

16.1 I?: 3.Y 
10.2 L 2.00 

19.0 rt 2.9t 

9.7 c 2.39 
13.8 z!z 2.6* 

6.54 rt 0.80 
6.30 rt 0.89 
7.31 rt 1.28 
7.20 + 1.79 
7.82 L 2.36 
7.21 L 2.83 

8.79 rt 1.55 

6.97 z? 1.68 
7.04 -+ 1.21 

5.4 -t 1.1 2.37 2 0.38 
5.0 L 1.1 2.15 10.73 
6.0 ztz 1.6 2.62 t 0.66 
4.6 t 1.0 2.07 2 0.42 
9.0 i 2.5* 2.79 ‘- 0.77 
6.8 _t 1.41 3.05 +- 1.36 

10.4 t 2.8* 2.77 f 0.67 

5.4 t 1.15 2.48 +- 0.63 
8.5 t 1.7* 2.53 r 0.59 

Male (M) and female (F) Crl : CD-1 mice were either sham hypophysectomized, gonadectomized (castrate), hypophy- 
sectomized (hypox), or both gonadectomized and hypophysectomized (castrate + hypox) at 55 days of age. Following a 
3-week recovery period, the mice received either 0.03 M NaHCO, in 0.15 M NaCl (pH 9.5) diluent or growth hormone 
(G. H.) (0.08 I.U./lOO g body wt/day) divided into two subcutaneous injections administered 12 hr apart for 7 days prior 
to being killed. The results are the means 2 SD of at least eight mice per group. V,,,,,: apparent maximal velocity (nmol/ 
min/mg protein). K,,,: apparent Michaelis constant (10d4 M). 

*t Significantly different compared to sham hypophysectomized d&tent-treated males: *P < 0.05, and 1‘P < 0.01. 
$J Significantly different compared to diluent animals of the same surgery group: $P < 0.01, and !rP < 0.05. 

Rat growth hormone (rat GH-B-10, AFP-8570 C, 
obtained from the NIADDK) was administered for 
7 consecutive days at a dose of 0.08 I.U./lOO g body 
weight/day. The total daily dose was divided into 
either two or four subcutaneous (s.c.) injections, 
given once every 12 or 6 hr, respectively, or infused 
continuously through dorsal subcutaneously posi- 
tioned Alzet osmotic pumps, model 2001 (Alza 
Corp., Palo Alto, CA). Growth hormone was solu- 
bilized in a solution of 0.03 M NaHCOs and 0.15 M 
NaCl (pH 10.8) at a concentration of 0.556 mg/ml 
and quickly adjusted to pH9.5. Growth hormone 
solutions were passed through a 0.2,um Nalgene 
disposable filter (Nalge Co., Rochester, NY) prior 
to placement in sterile vials or the osmotic pumps 
filled under sterile conditions. All vials of growth 
hormone were stored during the entire 7-day injec- 
tion period at 37” to approximate conditions of the 
surgically implanted osmotic pumps. Separate vials 
of growth hormone were used for each day of injec- 
tion and no evidence of bacterial contamination was 
ever observed. Diluent groups received only buffer 
prepared, stored, and administered under com- 
parable, but separate conditions. The pattern of 
diluent administration had no effect on hepatic 
enzyme activities. 

Osmotic pumps were positioned in recipient mice 
under light ether anesthesia. A dorsal subcutaneous 
pouch on one side of the spinal column was prepared 
through a 1.0 cm incision in the contralateral para- 
lumbar skin. Distancing the incision from the sub- 
cutaneous pouch prevented problems with closure 
and healing of the wound due to pump-induced skin 
tension and displacement. Post-recovery, the mice 
appeared unaffected by the physical presence of the 
pump. 

Hepatic drug-metabolizing enzymes. All mice were 
decapitated at 10:00 a.m. (2 15 min). The final injec- 
tions of growth hormone were given at 1:00 a.m. or 

7:00 a.m. for the two and four injections/day groups 
respectively. Liver mi~rosomes were prepared by 
differential centrifugation as previously described [5] 
and stored at -70” until assayed the next morning for 
enzyme activities. Hexobarbital hydroxylase, which 
catalyzes the conversion of hexobarbital (5 
cyclohexenyl-3,5-dimethyl~2-14C]barbituric acid; 
DuPont NEN Research Products, Boston, MA) to 
3-hydroxyhexobarbital, was assayed by our modi- 
fication [5] of the radioenzyme procedure of Kupfer 
and Rosenfeld [6]. Aminopyrine ~-demethylas~ 
activity was determined by our adaptation [7] of the 
sensitive radiometric assay of Poland and Nebert [8] 
in which the polar formaldehyde product complexed 
with semicarbazide is separated from nonmetab- 
olized substrate, aminop~ne (4-dimethyl~‘~]- 
aminoantipyrine; DuPont NEN Research Products), 
by chloroform extraction. Aminopyrine N-demethyl- 
ase exhibited the previously described biexponential 
kinetics [7,8] resulting in two V,,, and Km values. 
In both assays, product formation was linear with 
respect to time and microsomal protein concen- 
tration. Sufficient counts were accumulated to 
achieve a within-sample standard deviation of less 
than 2.0%. Microsomal protein was quantified by 
the method of Lowry et al. [9], using bovine serum 
albumin as a standard. 

Growth hormone assay. Serum growth hormone 
concentrations were determined by double antibody 
radioimmunoassay procedures [lo, 111 from trunk 
blood samples collected at the time of sacrifice. 
Growth hormone was radioiodinated using chlor- 
amine-T, and purified by gel filtration chroma- 
tography. Polyethylene glycol 6000 was used as a 
precipitating agent. The rat growth hormone RIA 
kit and highly purified mouse growth hormone for 
the standard curve were provided by the National 
Hormone and Pituitary Program and Dr. A. F. Par- 
low. 
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Table 2. Regulation of sex-dependent hexobarbital hydroxylase and aminopyrine N-demethylase in hypophysectomized 
male mice by the pattern of growth hormone administration 

Hexobarbital hydroxylase Aminopyrine N-demethylase 

Treatment V mar Kill v ’ max Km’ mm2 V Kll12 

Diluent 3.2 -+ 0.5 3.39 * 1.01 16.1 * 3.3 7.16 of: 2.57 8.9 5 2.6 2.79 2 0.77 
Growth hormone, 2x/day 2.2 f 0.2’ 3.35 ? 0.42 9.7 f 2.0* 7.29 2 2.03 6.4 f 1.6 2.08 f 0.68 
Growth hormone, 4x/day 3.0 c 0.3 3.16 2 0.64 13.2 2 1.7 8.97 ? 2.74 8.7 ? 1.6 3.66 + 1.04 
Growth hormone, continuous 3.2 2 0.4 3.57 2 0.91 12.9 * 1.7 7.61 t 2.21 8.3 2 2.0 3.51 ? 0.56 

Male Crl : CD-1 mice were hypophysectomized at 55 days of age. Following a 3-week recovery period, they were 
administered growth hormone (0.08 I.U./lOO g body wt/day) for 7 consecutive days. The total daily dose was divided 
into either two or four subcutaneous injections, given once every 12 or 6 hr, respectively, or infused continuously through 
dorsal subcutaneously positioned osmotic pumps. Diluent mice received non-growth hormone containing buffer twice 
daily. The results are the means ? SD of at least eight mice per group. If,,,,,: apparent maximal velocity (nmol/min/mg 
protein). K,,,: apparent Michaelis constant (10m4 M). 

* Significantly different compared to diluent animals: P < 0.01. 

Enzyme kinetics and stathics. Apparent maximal 
velocities (V,,,,) and Michaelis constants (K,,,) were 
determined from linear regression models of the data 
graphically represented by the method of Hofstee 
[12]. All Hofstee plots had positive correlation coef- 
ficients exceeding 0.95 and were statistically signifi- 
cant (P < 0.05). Experimental groups were 
compared for significant differences by analysis of 
variance and the Scheffd method for multiple com- 
parisons using SAS/PC version 6.02 (SAS Institute, 
Inc., Gary, NC). 

RESULTS 

Hypophysectomy increased hepatic microsomal 
hexobarbital hydroxylase and aminopyrine N- 
demethylase activities in male mice, eliminating the 
normal sexually dimorphic patterns of these enzymes 
(Table 1). A similar, but less dramatic, feminization 
resulted from testectomy. However, combined sur- 
gical removal of the gonads and pituitary in adult 
male mice did not produce any apparent additive 
effects, as enzyme activities increased to levels com- 
parable to those produced by hypophysectomy 
alone. 

Growth hormone treatment to sham-hypophy- 
sectomized animals did not affect the activities of 
hepatic hexobarbital hydroxylase or aminopyrine N- 
demethylase. In contrast, for testectomized and/or 
hypophysectomized male mice, the administration 
of 0.08 I.U. growth hormone/100 g body weight div- 
ided in two equal subcutaneous doses given 12 hr 
apart masculinized the activities, i.e. lowered the 
V ,,,=, of these enzymes (Table 1). Yet, the same total 
dose administered in four equal aliquots every 6 hr or 
infused continuously by subcutaneously positioned 
osmotic pumps failed to produce a significant mascu- 
linization effect (Table 2). As expected, serum 
growth hormone was not detectable in diluent- 
treated hypophysectomized animals. Mice given 
injections twice daily received their last growth 
hormone treatment approximately 9 hr prior to sac- 
rifice, by which time serum growth hormone con- 
centrations had dropped to an average of less than 
2.0 ng/ml. Hypophysectomized mice receiving 

Table 3. Serum growth hormone concentration 

Treatment Growth hormone (ng/ml) 

Diluent Not detectable 
Growth hormone, Zx/day 1.34 2 1.62 
Growth hormone, 4 x /day 16.13 2 5.14 
Growth hormone, continuous 8.88 -+ 3.61 

Hypophysectomized Crl : CD-1 mice were treated with 
growth hormone (0.08 I.U./lOO g body wt/day) for 7 con- 
secutive days. The final injections of growth hormone were 
given approximately 9 and 3 hr rior to blood collection 
for the two and four injections P day groups respectively. 
“Continuous” mice received a constant growth hormone 
infusion through subcutaneously positioned osmotic 
pumps. Diluent mice received non-growth hormone con- 
taining buffer twice daily. The results are the means ? SD 
of at least eight mice per group. 

growth hormone either four times daily (last treat- 
ment 3 hr prior to being killed) or through continuous 
infusion had serum concentrations around 10 ng/ml 
at the time of sacrifice (Table 3). 

DISCUSSION 

The orientation of sex differences in the hepatic 
microsomal metabolism of hexobarbital and amino- 
pyrine is opposite in rats and mice. The apparent 
maximal velocities of hexobarbital hydroxylase and 
aminopyrine N-demethylase are higher in female 
than in male mice [l]. In rats, however, the same 
monooxygenases have three to five times higher 
activities in males than females [13,14]. These sex 
differences are hormonally regulated in both species. 
In male rats, the presence of testicular androgens in 
neonatal and adult life [15] results in a masculine 
ultradian pattern of growth hormone release from 
the anterior pituitary. As a result, systemic growth 
hormone concentrations in postpubertal male rats 
are characterized by regular fluctuations on a 3- to 
4-hr cycle with peak serum values usually exceeding 
200 ng/ml interposed by low trough values of less 
than 5 ng/ml [16]. Female rats, however, maintain 
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more constant serum growth hormone concen- 
trations with an irregular and more frequent release 
pattern [17]. These androgen-mediated changes in 
plasma growth hormone concentrations observed in 
adult male rats result in sex-dependent differences 
in the amount and isozymic forms of hepatic mono- 
oxygenases [3, 18, 191, which produce sexually 
dimorphic characteristics of liver drug metabolism. 

The current study was designed to examine the 
hormonal regulation of drug-metabolizing hepatic 
monooxygenases in the mouse and to investigate the 
basis of the opposite orientation of sex differences 
when compared to the rat. The data demonstrated 
that the basic hormonal axis in the two species is 
conserved. Testosterone, as reported earlier 
[ 1, 5,20,21], masculinizes patterns of hepatic drug 
metabolism. Yet rather than a direct effect at the 
liver, the gonadal steroid acts through the hypo- 
thalamus and pituitary. Hypophysectomy eliminates 
the sexually dimorphic pattern of hepatic drug 
metabolism in mice and rats and blocks the ability 
of exogenous testosterone treatment to masculinize 
enzyme activities [2,22]. Considering this relation- 
ship, and the fact that hypophysectomy produces 
marked testicular atrophy due to a lack of gon- 
adotropin stimulation, it is not surprising that sim- 
ultaneous gonadectomy and hypophysectomy did not 
result in hepatic monooxygenase changes different 
from hypophysectomy alone. 

As in the rat, growth hormone appears to be the 
major pituitary product regulating sex-dependent 
hepatic monooxygenases in mice [23,24]. Although 
to our knowledge circadian or ultradian changes in 
plasma growth hormone concentrations have not 
been documented in the mouse, exogenous growth 
hormone replacement by various administration 
schedules suggests marked similarities in the two 
species. A total daily dose of 0.08I.U. growth 
hormone per 1OOg body weight divided into two 
subcutaneous injections 12 hr apart masculinized the 
levels of hepatic microsomal hexobarbital hydroxy- 
lase and aminopyrine N-demethylase in hypophy- 
sectomized and/or gonadectomized mice. In 
contrast, the maintenance of more stable systemic 
growth hormone levels either through continuous 
infusion using osmotic pumps or a more frequent 
injection schedule resulted in higher apparent V,, 
values, comparable to those observed in female mice. 
Although the plasma half-life of growth hormone is 
reported to be approximately 5-7min [25], a four 
times daily injection schedule of exogenous growth 
hormone resulted in sufficiently stable serum con- 
centrations to feminize hepatic monooxygenase pro- 
files presumably due to the gradual uptake of growth 
hormone from the subcutaneous deposition site [26]. 
Twice daily prolactin injections to hypophysec- 
tomized mice, in agreement with previous studies in 
rats [27,28], failed to have any effect on the hepatic 
monooxygenases studied (data not shown). Thus, 
the hormonal components of the gonadal-hypo- 
thalamic-pituita~-hepatic axis involved with the 
regulation of constituent hepatic cytochrome P-450 
monooxygenases appear to be similar in rats and 
mice. A cyclic fluctuation of systemic growth 
hormone levels, influenced by testosterone through 
hypothalamic factors [29], mascuhnized the kinetic 

parameters of hexobarbital hydroxylase and amino- 
pyrine N-demethylase. Where the two species differ 
is that a masculinization of the kinetic parameters 
of these enzymes in mice resulted in a decreased 
apparent Vm,, whereas in rats a masculinization 
indicated a marked elevation of the apparent V,,, 
as compared to normal female values. 

Individual sex-dependent cytochrome P-450 iso- 
enzymes which catalyze specific steroid hydroxy- 
lations have been characterized from the livers of 
both mice and rats [30-321, and in certain cases have 
been shown to be under growth hormone regulation 
[i&19,24]. Since the rate of microsomal metabolism 
of a given xenobiotic substrate reflects the combined 
activities of multiple cytochrome P-450 isoenzymes 
[33], the demonstration that the components of the 
hormonal pathways regulating hepatic cytochrome 
P-450-dependent drug metabolism are similar in rats 
and mice provides strong support for the theory that 
the opposite orientation of sex differences in enzyme 
activities (i.e. higher activities of hepatic hexo- 
barbital hydroxylase and aminopyrine N-demethyl- 
ase in male rats and female mice) is a result of 
species- and sex-specific differences in the total cyto- 
chrome P-450 isoenzyme population of the liver. 
That is, the reversed sexually dimorphic pattern 
between the two species in the total rate of hexo- 
barbital and aminopyrine metabolism by hepatic 
microsomes as measured in vitro reflects relative, 
quantitative or qualitative, differences in their liver 
cytochrome P-450 isoenzyme populations, rather 
than a variation in the gonadal-h~othalamic-pit- 
uitary-liver hormonal axis. 
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