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Involvement of Growth

Hormone as a Regulating Factor in Sex
Differences of Mouse Hepatic Aldehyde Oxidase
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ABSTRACT. The participation of circulating growth hormone (GH) as a regulator of sex differences in hepatic
aldehyde oxidase (AQ) activity in ddy mice was examined. The 2- to 3-fold higher activities in adult male mice
compared with adult female mice were decreased to the female levels by neonatal pretreatment with monoso-
dium glutamate (MSG) or monosodium aspartate {MSA), either of which is known to reduce circulating GH
levels. A decline of the activities in the MSG-treated male mice was restored nearly to the male control levels
by subsequent injections of human GH every 12 hr for 7 days. These changes in AQ activities in male mice
caused by the excitotoxic amino acids were not observed in females. Hypophysectomy markedly decreased
hepatic AO activities in male mice and partially in female mice. The activities in hypophysectomized male mice
were restored again to levels similar to the control males by intermittent injections of human GH. Adminis-
tration of testosterone propionate (TP} significantly increased the activities of hepatic AO in intact female mice,
but not in MSA-treated or hypophysectomized females. On the other hand, the AQ activities in adult male mice
were decreased partially by the administration of estradiol benzoate. These results indicate that the pituitary GH
is involved as one of the major regulatory factors of sex differences in the activities of hepatic AQ in mice and
TP also contributes to maintaining the higher activity in male mice mainly through the hypothalamus-pituitary
system. BIOCHEM PHARMACOL 53;8:1099-1105, 1997. © 1997 Elsevier Science Inc.
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AOT (EC 1.2.3.1) and XO (EC 1.2.3.2) are two of the
major cytosolic molybdenum hydroxylases that show
closely related molecular properties in terms of molecular
size (a homodimer of 150 kDa subunit) and the prosthetic
group composition (FAD, molybdenum, and iron—sulfur
cluster) [1-4]. Both enzymes catalyze the nucleophilic oxi-
dation of a wide variety of endogenous and exogenous N-
heterocycles as well as aldehydes with somewhat different
substrate specificity [5, 6]. Nevertheless, the physiological
function(s) of AO has not been determined conclusively,
while XO is regarded as an obligatory enzyme in purine
metabolism, i.e. conversion of xanthine to uric acid. In
recent years, several investigators have demonstrated that
AQO is involved as a predominant enzyme either in the
metabolic activation of prodrugs of antitumor [7] and an-
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tiviral [8, 9] agents or in the inactivation of antiviral {10]
and antitumor [11] agents. In addition, AO can mediate the
anaerobic reduction of a variety of compounds such as sulf-
oxides [2, 12, 13], N-Oxides [14], hydroxamic acids [15, 16],
a20 dyzes [17, 18], nitropolycyclic aromatic hydrocarbons
[19, 20] and arene oxides [21] in the presence of its electron
donors. Therefore, these molybdenum hydroxylases, espe-
cially AQ, have become of great interest as another mem-
ber of the drug-metabolizing enzymes, showing a comple-
mentary substrate specificity to the microsomal monooxy-
genases such as P450-dependent and flavin-containing
monooxygenases |1, 22].

Hepatic AO activity is vastly different not only among
animal species {23] but also in strains of the same animal
species [24, 25}, Furthermore, in adult mice there exist con-
sistent sex differences that exhibit 2- to 4-fold higher ac-
tivities in male mice than in female mice [26, 27]. To date,
however, there are only a few studies concerning the regu-
latory factor of sex differences in hepatic AO activity, ex-
cept for the earlier studies proposing an involvement of sex
hormones such as TP [26, 27] and EB [27]. We recently
demonstrated that the higher activities in male mice were
decreased to female levels by various pretreatments with
compounds such as alloxan, dexamethasone, and MSG in
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neonates.* All of these treatments are known to modulate
hypothalamus-pituitary function and then to reduce the
circulating GH levels in rats [28-30]. Recently, Pampori
and Shapiro [31] found that pulsatile secretion of GH also
disappears in both sexes of adult mice treated neonatally
with MSG. In fact, the sex differences of P450-mediated
drug metabolism are modified markedly not only in rats
[32-34] but also in mice [31, 35] by these GH secretion-
modulating manipulations as well as by HX [32, 33, 35].
Accordingly, we have suggested that the sex difference in
hepatic AO activity in mice may be relevant to circulating
GH levels.* Thus, the purpose of this study was to elucidate
an involvement of GH as a main regulatory factor of sex
differences in hepatic AQ activity in mice on the basis of
more direct evidence.

MATERIALS AND METHODS
Chemicals

The sources of materials used were as follows: MSG from
the Kanto Chemical Co., Inc. (Tokyo); MSA, TP, and EB
from Wako Pure Chemical Ind., Ltd., (Osaka); benzalde-
hyde, menadione, and xanthine from Nakarai Chemicals,
Ltd. (Kyoto); and somatotropin (GH) from human pitu-
itaries from the Sigma Chemical Co., (St. Louis MO,
U.S.A.). Unless noted otherwise, chemicals used were of
the highest quality commercially available.

Animal Treatment

Pregnant Std:ddY mice were obtained from Japan SLC, Inc.
(Hamamatsu) and housed in plastic cages containing wood
bedding in an air-conditioned room with a photo period of
12 hr light/12 hr dark cycle. The pups were treated i.p. with
4 mg/g body weight of MSG or MSA in saline on days 1, 3,
5, 7, and 9 after birth. The animals were weaned at 3 weeks
and maintained on laboratory chow and water ad lib. until
killed. Some mice (6 weeks old) that were treated neona-
tally with MSG were treated s.c. with 0.005 IU/10 g body
weight of human GH in a solution of 0.03 M NaHCO; and
0.15 M NaCl (pH 8.25) at an interval of 12 hr for 7 con-
secutive days. Hypophysectomized and sham-operated mice
at 5 weeks of age were shipped to our facility 1 week later
from Japan SLC, Inc. After a 1-week acclimation period,
some hypophysectomized mice were treated with human
GH as described above. EB (2.5 pg/g body weight/day) in
propylene glycol was injected s.c. into male mice (7 weeks
old) for 10 consecutive days. TP (50 wg/g body weight/day)
in propylene glycol was given s.c. to intact and MSA-
treated or hypophysectomized female mice at 7 weeks of age
for 10 consecutive days. Control animals in all experiments
were treated with an equivalent volume of the correspond-
ing vehicle alone. All the animals were killed 24 hr after
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the last injection of respective hormone for enzyme prepa-
ration.

Enzyme Preparation and Enzyme Assay

The livers were perfused with ice-cold saline and homog-
enized with 4 vol. of 100 mM potassium phosphate buffer
(pH 7.4) containing 0.1 mM EDTA. The clear supernatant
obtained at 105,000 g by differential centifugation was used
as the enzyme source of hepatic AO and XO. AO activity
was assayed by the spectrophotometric determination of
benzaldehyde oxidation sensitive to menadione, a potent
inhibitor of AQ. The decrease in absorbance at 247 nm
consequent upon the oxidation of 0.05 mM benzaldehyde
(E = 17.54 cm™! mM™) to benzoic acid was monitored at
25°. To obtain kinetic parameters by Lineweaver-Burk
plots, four different concentrations of benzaldehyde ranging
from 0.0075 to 0.05 mM were used. The activity of XO was
assayed by the determination of uric acid formed using 0.1
mM xanthine as substrate according to the method of
Stirpe and Corte [36]. Cytosolic protein was determined by
the method of Lowry et al. [37], using bovine serum albumin
as a standard.

Statistical Analysis

Student’s ¢-test was used for the statistical analysis. Values
were considered to be significantly different when the P
value was less than 0.05.

RESULTS
Effects of Neonatal Treatment with MSG and
Supplement of GH on Hepatic AO Activity in Mice

The activities of hepatic AQO, assayed as menadione-
sensitive benzaldehyde oxidation in this study, were 2- to
3-fold higher in adult male ddy mice than in female mice.
Neonatal treatment with MSG (4 mg/g body weight/day)
on alternate days for the first 9 days after birth caused
stunted growth in both sexes until the animals were killed
{data not shown). These lowered body weight gains were
partially rescued by an intermittent injection of human GH
at a dose of 0.005 IU/10 g body weight twice a day for 7
consecutive days. As shown in Fig. 1A, only the activities
of males neonatally treated with MSG were decreased to
the female levels at adulthood (7 weeks old), whereas no
effect was observed on the activities of females. Interest-
ingly, this decline of AQO activities in MSG-treated male
mice was associated with a change of K, values to that of
the female types, showing about two times lower affinity
than the male types (Table 1).The intermittent treatment
with human GH restored both the activities and the K,
values of MSG-treated male mice to the corresponding
control levels (Fig. 1A and Table 1). In MSG-treated fe-
male mice, however, the same GH treatment caused a
change of K, values to that of the male type without any
significant increase of the activity. On the other hand, the
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FIG. 1. Effects of neonatal
MSG treatment and intermit-
tent GH injection on activities
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of hepatic AO (A) and XO
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and were killed 24 hr after the
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says. The activities of hepatic
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described in Materials and
Methods. Values are means =
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activities of hepatic XO in both sexes, another cytosolic
molybdenum hydroxylase showing no sex difference, were

unaffected by treatment with either MSG or GH (Fig. 1B).

Effects of Neonatal Treatment with MSA and Sex
Hormone Treatment on Hepatic AO Activity in Mice

As with MSG, neonatal treatment with MSA causes a te-
duced circulating GH resulting in modification of the sex-
specific metabolic profiles of drugs [38]. Thus, to further
confirm the results obtained with MSG treatment, new-
born mice were treated neonatally with MSA (4 mg/g body
weight/day) for the first 9 days as was the case with MSG.
As shown in Fig. 2A, neonatal treatment with MSA again
decreased the activities of AO in male mice but not in
females. Treatment of adult male mice with EB partially

TABLE 1. Effects of neonatal MSG treatment and intermit-
tent GH injection on kinetic properties of hepatic AO in
mice

Kg.. (nmol/min/mg
Gender Treatment (107° M) protein)
Male Control 3.12 £ 0.10% 3.22 £+ 0.13*
MSG 6.84 + 0.32% 1.84 + 0.14%
MSG + GH 3.33 £ 0.24%* 2.63 + 0.25%
Female Control 6.34 + 0.40% 1.61 £ 0.28%
MSG 7.04 £0.11% 1.60 + 0.61%
MSG + GH 3.51 £ 0.36* 1.62 + 0.13%

MSG MSG + GH

Neonatal MSG treatment and the subsequent treatment with human GH were
performed as described in the legend of Fig. 1. Values are means = SD of 3—4 mice
per group.

* Significantly different from female control (P < 0.05).

+ Significantly different from male control (P < 0.05).

Control MSG MSG + GH

decreased the hepatic AO activities. On the contrary, TP
treatment of intact adult female mice increased the activi-
ties to levels almost similar to those of the male controls.
However, this striking increase in the activity of female
mice by TP was not realized with the female mice neona-
tally treated with MSA. XO activity in either sex was not
affected by all of these treatments (Fig. 2B).

Effects of HX and Supplement of
GH or TP on Hepatic AO Activity in Mice

To obtain more direct evidence concerning the circulating
GH level as a regulatory factor of the sex differences, the
effects of HX on hepatic AO activity in mice were exam-
ined (Fig. 3 and Table 2). HX of male mice markedly de-
creased the activities of hepatic AO to the levels of sham-
operated female controls (Fig. 3A). On the other hand, the
activities of female mice were also decreased but to a some-
what lesser extent than in the males. Consistent with the
profile obtained by MSG treatment (Fig 1A), the intermit-
tent s.c. injections of human GH to hypophysectomized
mice caused a marked increase of the activity in the males
but a small increase in the females. The K, values of AQ in
hypophysectomized male mice were also increased to values
similar to those in intact females, which were altered in-
significantly by HX (Table 2). As expected, no effect on
the activities of hepatic XO was observed by any of these
manipulations (Fig. 3B). TP treatment produced a remark-
able increase of AQ activity in intact female mice; in hy-
pophysectomized females the increase was not as great (Fig.
4). Interestingly, however, TP treatment of female mice
caused a shift of K, values of hepatic AO to those of the
male type whether hypophysectomized or not (Table 2).
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FIG. 2. Effects of neonatal
MSA treatment and sex hor-
mone treatment on activities
of hepatic AO (A) and XO
(B) in mice. Pups were in-
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DISCUSSION

Almost 30 years ago, two groups of investigators [26, 27]
found, independently, that the activity of hepatic NMN
oxidase, namely AQ, in adult male mice is higher than that
in females and that the activity of female mice is increased
by TP treatment. Huff and Chaykin [26] further demon-
strated that the activities of both sexes are not different
from each other in neonates but the activity of males is
increased at puberty. Based on these lines of evidence, both
groups of investigators proposed that TP might be an im-
portant factor for maintaining the higher activity in male
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® jected i.p. with 4 mg/g body
weight/day of MSA or saline
on alternate days for the first
9 days after birth. EB (2.5
ng/g body weight/day) or TP
(50 pg/g body weight/day)
was injected s.c. into the mice
for 10 consecutive days at 7
weeks of age. The animals
were killed 24 br after the last
injection for enzyme assays.
Hepatic AQ and XO activities
were assayed as described in
Materials and Methods. Val-
ues are means = SD of 34
mice per group. Key: (a) sig-
nificantly different from male
control (P < 0.05); and (b) sig-
nificantly different from fe-
male control (P < 0.05).

TP MSA+TP

mice. However, the details of the mechanisms underlying
the sex differences of hepatic AO activities in mice have
not been elucidated yet. In previous study, we demonstrated
that the activity of hepatic AO, but not XO, in male mice
is decreased to the female level by manipulations that cause
modulation of circulating GH levels, such as alloxan dia-
betes and treatment with dexamethasone or MSG at the
neonatal period.* MacLeod et al. [39] have shown that

* Yoshihara S and Tatsumi K, Manuscript submitted for publication.

FIG. 3. Effects of HX and in-
termittent GH injection on
activities of hepatic AO (A)
and XO (B) in mice. Mice
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TABLE 2. Effects of HX and TP treatment on kinetic prop-
erties of hepatic AO in mice

anx
K, (nmol/min/mg

Gender Treatment (10° M) protein)
Male Sham 2719 £0.11* 2.91+£033

HX 11.38 + 3.457 1.09 + 0.15%%
Female Sham 9.65 + 1.60t 2.02 +0.60

HX 8.76 + 1.24% 0.87 £ 0.21%

Sham+ TP 2.70 = 0.05* 3.12 £ 0.66

HX+ TP 3.32 + 0.66* 1.44 + 0.05

HX or sham-operation and the TP treatment that followed were performed as de-
scribed in the legend of Fig. 4. Values represent means + SD of 3—4 mice per group.
* Significantly different form sham-operated female control (P < 0.05).
T Significantly different from sham-operated male control (P < 0.05).

circulating GH profiles of mice are similar to, but somewhat
different from those of rats as follows: (1) GH peaks in
males of both species appear less frequently than they do in
fernales, i.e. a pulsatile pattern with an interval of 1.5-2.5
hr; and (2) the duration, height, and area of GH peaks, as
well as the average concentration between peaks in mice,
are comparable in both sexes, while in rats peak heights are
two to four times higher in males and concentrations of
trough levels are clearly higher in females. In addition, it is
also reported that the orientation of sex differences in cer-
tain hepatic P450-dependent drug-metabolizing activities is
reversed between rats and mice [35}].

In the present study, the lowered activity caused by neo-
natal MSG treatment of male mice was restored nearly to
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FIG. 4. Effects of HX and testosterone treatment on hepatic
AOQO activity in mice. HX and the sham operation were per-
formed as described in the legend of Fig. 3. TP (50 pg/g body
weight/day) was injected s.c. into 7-week-old mice for 10
consecutive days. The animals were killed 24 hr after the
last injection for enzyme assays. The activity of hepatic AO
was assayed as described in Materials and Methods. Values
are means t SD of 3—4 mice per group. Key: (a) significantly
different from sham-operated male control (P < 0.05); and
(b) significantly different from sham-operated female con-
trol (P < 0.05).
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the control level by the intermittent injections of human
GH, mimicking the male secretory pattern [39]. These re-
sults were similar to the observations with hypophysecto-
mized male mice, in which hepatic AO activities declined
to the levels of sham-operated females but recovered by
intermittent injection of human GH. In contrast to these
observations with mouse AQO in the present study, it is
interesting to note that the responsiveness of expression of
CYP 2C11, a major drug and steroid-metabolizing enzyme
in rat liver microsomes, to GH replacement with the mas-
culine-type secretion pattern differs between HX and
MSG-treated rats; the former is effective but the latter is
not [40]. On the other hand, the activities of hepatic AO in
female mice were decreased modestly by HX, but those of
XO in both sexes were almost unaffected by any of these
treatments. Accordingly, these findings clearly indicate
that the male-type secretion pattern of pituitary GH di-
rectly contributes to maintaining the higher activity of he-
patic AQ in adult male mice. It is interesting, however, that
despite the intermittent injection of GH, the AO activity
in hypophysectomized female mice was influenced only a
little. This may suggest that hepatic AQ in either sex differs
from each other not only quantitatively but also qualita-
tively. Supporting this, although the K, values for benzal-
dehyde of both sexes were only a little different, this dif-
ference was significant. This observation was further con-
firmed with the highly purified AOs in both sexes of mice
[41]. In addition, the K, value of male mice was shifted to
that of the female by neonatal treatment with either MSG
or HX. And this change in K, value of male mice to that
of the female was returned to the normal male type by GH
supplement with a circulation pattern of the masculine
type. This observation, exhibiting different K, values in
each sex of ddy mice, was not consistent with the results
reported by Huff and Chaykin [26] who found very similar
K., values for NMN in both sexes of C57BL and DBA mice.
Although both the substrate and strain used in each ex-
periment were different, the reason for this discrepancy is
unclear at present. Another unexplainable result obtained
in this experiment was a shift of the female type K, value
to that of the male type by the intermittent injections of
GH into MSG-treated females and TP treatment of hy-
pophysectomized females, both of which did not cause any
appreciable increase in the activities of hepatic AQO.

In the present study, the role of androgen and estrogen
on the activity of hepatic AO was also confirmed as previ-
ously reported [26, 27]. Administration of TP to intact fe-
males caused an increase in the activity to that of the male
as well as a shift of K, value to that of the male type.
However, this masculinization of AQ in female mice by TP
was not exhibited with MSA-treated or hypophysectomized
female mice. Therefore, TP likely exerts its effects on he-
patic AO activity mainly through the hypothalamus-
pituitary system, whereas androgen affects the secretion
pattern of GH [42].

In conclusion, the present study clearly demonstrates the
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important role of the pituitary hormones, especially GH, on
the maintenance of higher activity of hepatic AO in male
mice, although an additional factor(s) is also suggested.
Considering a lack in the responsiveness to HX and neo-
natal treatment with MSG or MSA, hepatic AQ in female
mice and XO in either sex may be regulated by factors other
than the circulating GH level.
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