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SUMMARY

Lul, E. M. K., AND G. W. LUCIER. Hypophysial regulation of cadmium-induced

depression of the hepatic monooxygenase system in the rat. Mol. Pharmacol. 20:
165-171 (1981).

The effect of acute cadmium treatment on the hepatic monooxygenase activities of adult

rats was assessed 72 hr following a single dose of CdCl2 (1.0 or 2.0 mg/kg); marked
reduction in cytochrome P-450 contents and ethylmorphine N-dernethylation activity
was observed only in the males. Hypophysectomy at 50 days of age enhanced the

cadmium responsiveness in the subsequent 80-day-old male and female rats, suggesting
a protective effect of the pituitary against the hepatotoxic effects of cadmium in adult

rats. However, hypophysectorny of male and female rats at 20 days of age abolished their

hepatic cadmium responsivity in adult life. It appears that pituitary influences are
required for a period between 20 and 50 days of age for the development of hepatic
cadmium responsiveness. Therefore, we postulate that pituitary influences with cadmium-
sensitizing and cadmiun-antagonizing properties may be functioning in both male and
female rats during the pre- and postpubertal periods, respectively. Pituitary influences
also altered the hepatic disposition of cadmium; however, the effects of the pituitary on
hepatic cadmium responsiveness are probably not due to its effect on hepatic cadmium
contents. Microsomes isolated from livers of untreated male or female rats which were
either hypophysectornized or sham-operated showed similar susceptibility toward the in

vitro inhibitory action of cadmium on the hepatic monooxygenase system.

INTRODUCTION

Cadmium has been recognized as a toxic environmental
pollutant (1, 2). One of the toxic manifestations following
acute cadmium treatment is the depression of HMO2
activities. This cadmium-responsiveness is both age- and
sex-related; marked reduction in enzyme activities is

observed in adult males but not adult females (3, 4) or
immature rats of either sex (3, 5).

The HMO system is responsible for the oxidative me-
tabolism of endogenous as well as exogenous chemicals.
The enzyme system of immature rats displays no sex
differences, but this enzyme system undergoes sexual
differentiation in male rats during the pubertal period.

Adult male characteristics are fully expressed by 7-8
weeks postpartum (6, 7) and the postpubertal enzyme
activities are usually higher in males than in females.
The higher levels of enzyme activity are believed to be

I Present address: Department of Pharmacology, Faculty of Medi-

cine, University ofWestern Ontario, London, Ontario N6A 5Cl, Canada.
2 The abbreviations used are: HMO, hepatic monooxygenase; ED,

ethylmorphine N-demethylation.

maintained, in part, by testicular androgens (8, 9). Ac-

cordingly, it has been postulated that the cadmium-in-
duced depression of HMO activity in adult male rats may

be related to a reduction of circulating androgen levels
secondary to testicular toxic effects of cadmium (4).
Recent studies from our laboratory suggest that differ-

ences in the cadmium responsiveness of the HMO system
may be related to certain sex-related characteristics of
the enzyme system, since adult male rats which have

received pharmacological doses of diethyistilbestrol or
testosterone propionate during the neonatal period pos-
sess HMO with “feminine” characteristics and display a
lack of cadmium-responsiveness (feminized) (3). Since

recent studies suggest that the hepatic effects of gonadal
hormones and the development and maintenance of sex-
dependent characteristics of HMO in the rat are me-
diated by the pituitary (10, ii), we have examined in

detail the role of pituitary glands during the pre- and

postpubertal period in the expression of cadmium re-
sponsiveness of HMO. Data from the present investiga-
tion suggest that pituitary influences may involve both
cadmium-sensitizing and cadmium-antagonizing factors.
Moreover, these studies indicate that sex differences in
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166 LUI AND LUCIER

the cadmium susceptibility of the HMO may be due to
quantitative differences in these pituitary-dependent fac-
tors and/or sex-related differences in the hepatic sensi-
tivity toward pituitary influences in the rat.

METHODS

Animals and treatments. Sprague-Dawley rats

(Charles River Breeding Laboratories, Inc., Wilmington,
Mass.) were used throughout these studies. The animals
were kept four per cage and housed on corncob bedding

with free access to food (NIH Feed-31) and deionized
water unless otherwise stated. The animals were kept at

room temperature (210) and exposed to alternate 12-hr
light and darkness cycles. Animals were hypophysecto-

mized at day 20 or 50 of age and received 0.9% NaCl
solution (saline) with 5% glucose as drinking water during
the first 10 days following surgery. Sham-operated ani-
mals received the same treatment. To assess the hepatic
response to acute cadmium treatment, 77- or 110-day-old
rats received a single i.p. injection of CdCl2 (1.0 or 2.0
mg/kg) in a volume of 2 mI/kg of body weight. Control
animals received comparable volumes of saline. The an-
irnals were kified and examined 72 hr following cadmium
treatment.

Tissue preparation. Rats were killed by decapitation
and the livers were immediately removed and weighed.
Livers were minced with scissors and i.0-g liver samples
were stored at -70#{176}for cadmium residue analysis. Liver
samples were homogenized in a Potter-Elvehjem glass
homogenizer equipped with a motor-driven Teflon pestle

using sufficient ice-cold i.15% KC1-0.05 M Tris buffer (pH
7.4) to produce a 20% (w/v) homogenate. Homogenates
were centrifuged at 9,000 x g for 10 mm; the resulting
supernatant was centrifuged at 105,000 x g for 60 mm.
The resultant rnicrosornes were resuspended in 0.15 M

Tris buffer (pH 7.4) so that 1.0 ml of microsomal suspen-
sion was equivalent to 0.5 g of wet liver. An aliquot of
the microsornal suspension was stored at 4#{176}and used
within 2 hr of preparation for enzyme assays. The re-
rnaimng microsomal suspension was resedimented at
105,000 x g, and the washed pellet was resuspended in

0.15 M Tris buffer, pH 7.4 (approx. 10 mg of protein/mm
of microsomal suspension), and used for hernoprotein
determination.

Biochemical analyses. Hepatic microsornal ethylmor-
phine N-demethylation was determined as described pre-
viously (3). The activity of NADPH-cytochrorne c reduc-
tase was measured at 37#{176}according to the method of
Glende (12). Oxidized cytochrorne c (horse heart, Type
II) (0.i �imole) was added to an incubation mixture

containing microsornes (5-10 jig of protein), potassium
cyanide (1.0 �irnole), nicotinamide (80 �tmoles), and
NADPH (0.3 j.tmole) in 0.067 M phosphate buffer, pH 7.4.
The total volume of the reaction mixture was 3.0 mi. The
enzyme activity was expressed as nanomoles of cyto-
chrome c reduced per milligram of protein per minute.

The activity of ethoxyresorufin 0-deethylation was de-
termined by the method of Burke et al. (13). The cyto-
chrome P-450 content was measured by the carbon mon-
oxide difference spectra after reduction with dithionite
(14). Microsornal protein was determined by the proce-

dure of Lowry et al. (i5), using bovine serum albumin as
the standard.

Cadmium residue analysis was accomplished by ashing
liver samples at 450#{176}for 24 hi, and cadmium concentra-
tions were determined by atomic absorption spectrome-
try.

Statistical analysis of significance was established at p
< 0.05 with Student’s t-test for two-sample means based
on independent samples.

For the determination of hepatic microsomal cadmium
contents, animals were injected with a single dose of
CdCl2 (2.0 mg/kg with 4 jiCi of ‘#{176}�CdCl2)and killed 72 hr
later. Microsomal preparations were prepared as de-
scribed above. The radioactivity of i-mi samples was
counted in a -y-counting spectrometer (Biogamma II;
Beckman Instrument, Inc., Fullerton, Calif.).

Chemicals. Cadmium chloride and sodium hydrosul-
fite were purchased from Fisher Scientific Company
(Fairlawn, N. J.); ‘#{176}�Cd(carrier-free) was obtained from
New England Nuclear Corporation (Boston, Mass.);
ethylmorphine HC1 and NADPH were obtained from
Merck & Company, Inc. (Rahway, N. J.), and Sigma
Chemical Company (St. Louis, Mo.), respectively. All
other chemicals were obtained from the J. R. Baker
Chemical Company (Phfflipsburg, N. H.).

RESULTS

Effect ofpostpubertal hypophysectomy on sex differ-

ences of HMO activity. Sex differences in HMO activity
of rats are fully developed by 50 days of age (7). Accord-
ingly, 50-day-old rats were hypophysectomized and the

HMO activity was examined 30 days later. There were
small but insignificant sex differences in the cytochrome
P-450 contents in microsornes isolated from livers of

adult rats (Table 1). However, the hemoprotein contents
were significantly elevated in both male and female rats
by hypophysectomy. The rates of in vitro ED of intact

adult male rat livers were approximately 3- to 4-fold
higher than those of intact females when the results were
expressed either on the basis of microsomal protein or
nanomoles of cytochrome P-450. Both of these pararn-
eters of ED activity were decreased by prior hypophy-
sectomy of adult male rates, whereas only the specific
activity of ED (based on rnicrosomal protein) was altered
(increased) in the female. No sex differences in these

parameters were seen in hypophysectornized rats. Micro-
somal NADPH-cytochrome c reductase activities, which
exhibited no sex differences in adult rats, were reduced
by one-half after hypophysectomy of either male or

female rats.
Hypophysectomized animals were also examined 60

days after surgery. Changes in the HMOs of these ani-

mals were similar to those detected 30 days following
hypophysectomy (data not shown). These data reveal

that postpubertal hypophysectorny abolishes sex differ-
ences in the HMO parameters that were investigated in
this study.

Postpubertal hypophysectomy and the response of
HMO system to cadmium in the male rat. Since pituitary
glands appear to regulate expression of postpubertal sex
differences in the HMO system, we have investigated the

involvement of pituitary glands in the sex-dependent
modulation of cadmium effects on this enzyme system.

Rats were examined 72 hr following cadmium treatment.
Preliminary time-course studies had indicated that in
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FIG. 1. Effect of postpubertal hypophysectomy (Hx,) on the cad-

mium-induced reduction in HMO activity ofthe male rat

Rats were hypophysectomized at 50 days of age and examined 30

days later. Cadmium responsiveness was assessed by administering a

single dose of CdCl2 (i.p.) to 77-day-old rats, and rats were examined 72

hr later. Control animals received comparable volumes of saline. The

values represent the mean enzyme activities. The line represents the

standard deviation of the mean from six to eight individual rats, and an

asterisk (5) signifies statistically significant differences from control

values at least at p < 0.05.

FIG. 2. Effect of postpubertal hypophysectomy (Hx) on the cad-

mium-induced reduction in HMO activity of the female rat

Rats were hypophysectomized at 50 days of age and examined 30

days later. Cadmium responsiveness was assessed by administering a

single dose of CdCl2 (i.p.) to 77-day-old rats, and the rats were examined

72 hr later. Control animals received comparable volumes of saline.

The values represent the mean enzyme activities. The line represents

the standard deviation of the mean from six to eight individual rats,

and an asterisk (�) signifies statistically significant differences from

control values at least at p < 0.05.
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TABLE 1

Effect ofpostpubertal hypophysectomf on the hepatic monooxygenase system of8O-day-old raW’

Cytochrome P-450 Ethylmorphine N-demethylation NADPH-cytochrome c re-
ductase

nmoles/mgprotein nmoles HCHO/min/mg
protein

nmoles HCHO/min/nmole
cytochrome P.450

nmoles/min/mg protein

Male

Sham-operated 0.64 ± 0.08 (13) 10.20 ± 1.80 (13) 16.0 45.5 ± 1.8 (6)

Hx-50 0.90 ± 0.11’ (11) 5.60 ± 1.11’ (11) 6.2 18.9 ± 3�5C (6)

Female

Sham-operated 0.55 ± 0.10 (15) 3.19 ± 0.51 (14) 5.8 49.3 ± 4.5 (6)

Hx-50 0.90 ± 0.16c (15) 4.52 ± 0.36c (15) 5.0 24.1 ± 3#{216}C(6)

(1 Rats were hypophysectomized at 50 days of age (Hx-50) and examined 30 days later.

S Each value is the mean ± standard deviation of the mean from the number of animals appearing in parentheses.

(� Significantly different from sham-operated controls of the same sex at least at p < 0.05.

vitro hepatic enzyme activities were maximally affected
at this time (data not shown). Treatment of adult male
rats with 2 mg/kg of CdCl2 resulted in a 42% reduction in
hepatic microsomal cytochrorne P-450 levels, although
no significant decrease in this parameter was observed at

a cadmium dosage of 1 mg/kg (Fig. 1). The rate of ED,
whether expressed on the basis of microsornal protein or
nanomoles of cytochrome P-450, was reduced by either
dose of cadmium. In contrast, NADPH-cytochrome c

reductase activities of hepatic microsomes from adult
rats were not altered by cadmium exposure (data not

shown). Furthermore, cadmium treatment did not alter
the rate of microsomal ethoxyresorufin O-deethylation;
the specific activities for the control and cadmium-

c�sh- Hz Hx-50

treated controls were 0.12 and 0.13 nmole/min/mg of
protein, respectively.

Data presented in Fig. 1 also illustrate the effects of
hypophysectorny on hepatic cadmium responsiveness in
adult male rats. Exposure of hypophysectornized male
rats to 1.0 mg/kg of CdCl2 resulted in a decrease in the
cytochrome P-450 contents (43%) and the specific activ-
ities of ED (48%). However, no significant increase in the

cadmium-induced reduction of HMO activities was de-

tected when the cadmium dosage was increased to 2.0
mg/kg. These data suggest that the pituitary is not
required after 50 days of age for expression of Cd effects
on the HMO system.

Postpubertal hypophysectomy and the response of

HMO system to cadmium in the female rat. In contrast
to males, neither female hepatic cytochrorne P-450 nor
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Effect of cadmium on the in vitro N-demethylation of ethylmorphine”

fr om microsomes isolated from liver of sham-operated and

hypophysectomized” rats

% Decrease� in ED activity with cadmium
concentrations of
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TABLE 3

ED were affected by acute cadmium treatment (Fig. 2).
However, hypophysectomy at 50 days of age appears to
confer cadmium-susceptibility to the HMO system of
adult female rats. Treatment with a cadmium dosage of

either 1.0 or 2.0 mg/kg resulted in approximately 30%
reduction in both cytochrome P-450 content and ED
activity ofhypophysectomized females (Fig. 2). However,
the rate of ED, when expressed on the basis of nanomoles
of cytochrome P-450 or NADPH-cytochrome c reductase
activity, was not affected by treatment of these animals
with cadmium. Therefore, the cadmium-induced depres-
sion of ED specific activity in the females could be
accounted for by the decrease in cytochrome P-450 levels.
It was also noted that the hepatic responsiveness to
cadmium treatment in hypophysectomized female rats
persisted when they were examined 60 days following

surgery (data not shown). These data suggest that the
presence of pituitary glands protects female rats against

the hepatotoxic effects of cadmium.
Prepubertal hypophysectomy and the hepatic cad-

mium response in male and female rats. Since the HMO
system of immature rats is not sexually differentiated

and is not susceptible to acute cadmium treatment (3, 5),
it was of interest to determine whether prepubertal hy-
pophysectomy would prevent the development of hepatic
cadmium-responsiveness. In this study, 20-day-old male
and female rats were hypophysectomized and their he-

patic cadmium response was assessed 60 days later. Data
presented in Table 2 reveal that prepubertal hypophy-

sectorny prevented the expression of sex differences in
the HMO system of subsequent adult rats. Furthermore,

hepatic cytochrome P-450 and ED activity were not

significantly depressed by cadmium treatment of these
animals. These data suggest that the pituitary is required
during the prepubertal period for the development of
hepatic sensitivity to cadmium in the subsequent adult
animal.

In vitro effect of cadmium on the monooxygenase

activity of rat liver microsomes. It has been reported
that addition of cadmium to hepatic microsomes isolated

from adult male rats results in inactivation of cytochrome
P-450 and decreases in the rate of N-demethylation (16).
To evaluate further the effect of hypophysectomy on the
hepatotoxic action of cadmium in vivo, the in vitro effect
of cadmium was also investigated. The rate of in vitro

1 x 10�h M 1 x iO-� M 1 x iO�� M

Male

Sham-operated 17 62 95

Hypophysectomized 5 40 77

Female

Sham-operated 33 76 83

Hypophysectomized 16 47 84

(1 ED activity was measured as indicated under Methods, except

that suitable concentrations of cadmium were incubated with the

microsomes, cofactors, and substrates for 5 mm before the addition of

NADPH.

S Rats were hypophysectomized at 50 days of age and killed 30 days

later.

( Each value represents the mean of four determinations.

N-demethylation was reduced in the presence of 1 x i0�
to 1 X i04 M cadmium in a concentration-dependent

manner (Table 3), regardless of the sex or surgical pro-
cedures performed on the rats prior to microsome prep-
aration. Furthermore, the rate of O-deethylation of
ethoxyresorufin (which is unaffected by in vivo cadmium
treatment) in hepatic microsomes of adult male rats was
reduced by 25 and 70% in the presence of 1 X i05 and 1
x i0� M cadmium, respectively. Therefore, it appears

that the reduction in HMO activities following cadmium
treatment is not due to direct inhibitory actions.

Body weight, liver weight, and hepatic cadmium con-

tents. Since cadmium is preferentially taken up by the
liver following acute treatment (17), possible sex differ-

ences in hepatic cadmium contents were investigated.
Seventy-two hours following a single dose of CdCl2 (2.0

mg/kg), the cadmium contents of the livers of adult male
rats were higher than those of females (Tablse 4 and 5).
However, when total hepatic cadmium was expressed on
the basis of the amount of cadmium received, no sex
difference in cadmium contents could be detected. Prior
hypophysectorny at 50 days of age appears to increase
the ability of the liver from both male and female rats to
accumulate cadmium, since hepatic cadmium levels when
expressed on the basis of either liver weight or total

TABLE 2

Effect ofprepubertal hypophysectomy on the cadmium responsiveness of the hepatic monooxygenase of 80-day-old rat.s�’

Cytochrome P-450 Ethylmorphine N-demethylation

0 CdCl2 2.0 mg/kg CdCl2 0 CdCl2 2.0 mg/kg CdCl2

nmoles/mgprotein nmoles HCHO/min/mg protein

Male

Sham-operated 0.63 ± 0.07 0.35 ± 0.10” 11.10 ± 1.50 3.90 ± 0.9k

Hx-50 0.89 ± 0.14 0.79 ± 0.10 4.90 ± 0.50 4.35 ± 0.45

Female

Sham-operated 0.55 ± 0.10 0.53 ± 0.09 3.20 ± 0.45 3.45 ± 0.31

Hx-50 0.90 ± 0.16 0.91 ± 0.15 4.42 ± 0.23 4.06 ± 0.27

(‘ Rats were injected with a single dose of CdCl2 (2.0 mg/kg, i.p.) at 77 days of age and examined 72 hr later. The values represent the mean

± standard deviation for six animals.

a Significantly different from saline-treated controls at least at p < 0.05.

‘� 20-day-old rats were hypophysectomized and examined 60 days later.
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TABLE 4

Body weight, liver u’eight, and hepatic cadmium content of8O-day-old intact or hypophysectomized male rats”

Sham-operated Hx-505 Hx-205

Saline Cadmium� Saline Cadmium� Saline Cadmium’�

Bodywt.(g)

Liver wt. (g)

(liver wt.)/(body wt.) X 100

Cadmium contents

(�tg/g of liver, wet ‘sit.)

Liver cadmium/cadmium

administered

346±17

13.5 ± 1.6

3.9 ± 0.2

NW

ND

308±34

10.8 ± 1.1

3.3 ± 0.3”

17.8 ± 1.3

0.56

154±7

5.1 ± 0.7

3.3 ± 0.4

ND

ND

151±17

4.4 ± 0.6

2.9 ± 0.3

24.1 ± 2.4�

0.70

68±4

2.6 ± 0.4

3.8 ± 0.4

ND

ND

68±4

2.5 ± 0.2

3.7 ± 0.4

18.2 ± 1.3

0.68

(1 Each value (mean ± standard error) was derived from 6-10 animals.

S Rats were hypophysectomized at either 20 (Hx-20) or 50 (Hx-50) days of age.
C 77-day-old rats were injected with a single dose of CdC12, 2 mg/kg i.p. (980 �tg of cadmium per 2 mg of CdCl2) and examined 72 hr later.
d Significantly different from saline-treated controls at least at p < 0.05.

e ND, not detectable, the limit of detection being 0.5 �zg/g of liver.

I Significantly different from sham-operated controls at p < 0.05.

amount of cadmium administered were higher in hy-
pophysectomized than in sham-operated animals (Tables
4 and 5). However, the hepatic microsomal cadmium

concentrations of hypophysectomized or sham-operated
male and female rats were similar, and the mean micro-

somal cadmium concentrations of these animals ranged
from 0.038-0.044 �tg/mg of protein. These data suggest
that sex differences in the response of the HMO system
to cadmium is not related to sex-specific tissue accurnu-

lation of cadmium. Acute cadmium treatment caused a
significant decrease in the liver weight/body weight ratio
in sham-operated males, but not in females. This ratio
did not change in hypophysectomized male rats.

DISCUSSION

Our studies demonstrate the importance of pituitary

functions in determining the responsiveness of the HMO
enzyme system to cadmium. On the basis of our obser-
vations, we have proposed a model which ifiustrates the
involvement of pituitary influences in both the develop-
ment and the subsequent modulation (antagonism) of

hepatic cadmium responsiveness of the HMO system in
the rat (Fig. 3). These pituitary influences are referred to

as “pituitary-dependent factors,” although their charac-

teristics and mechanism of action have not been estab-
lished. It appears that pituitary influences are required
for a period between 20 and 50 days of age for the
development of cadmium responsiveness, since hypoph-
ysectomy at 20 days of age prevented the development
of cadmium responsiveness in adult male rats (Fig. 3B
and C). Moreover, hypophysectomy at day 50 confers
cadmium responsiveness to livers of females, whereas
hypophysectomy at day 20 does not confer responsive-
ness to the subsequent adult female. However, the cad-
mium responsivity that develops between day 20 and day
50 is not fully expressed if the pituitary glands are also

present during the postpubertal period, since postpuber-

tIll hypophysectorny (day 50) increased the sensitivity of
the HMO system toward cadmium over that of sham-

operated controls (Fig. 3A and B). Therefore, we postu-
late that “pituitary factors” or influences with cadmium-
sensitizing and cadmium-antagonizing properties may

regulate the sex differentiation of the hepatic response

to cadmium.
The reason for the divergent effects of the pituitary is

unclear, although they appear to have different modes of
action. The increase in cadmium responsiveness follow-
ing postpubertal hypophysectomy (day 50) may reflect a

TABLE 5

Body u’eight, liver u’eight, and hepatic cadmium content of8O-day-old intact or hypophysectomized female rats”

Sham-operated Hx-505 Hx-20”

Saline Cadmiumc Saline Cadmium� Saline Cadmium�

Bodywt.(g)

Liver wt. (g)

(liver wt.)/(body/wt.) x 100

Cadmium contents

(�ig/g liver, wet wt.)

Liver cadmium/cadmium

administered

249±30

9.2 ± 2.0

3.9 ± 0.4

NW

ND

258±23

10.1 ± 1.9

3.9 ± 0.8

13.7 ± 2.0

0.55

120±4

4.5 ± 0.2

3.5 ± 0.1

ND

ND

126±4

4.0 ± 0.5

3.2 ± 0.3

21.8 ± 2.8�

0.72

69±4

2.8 ± 0.3

3.9 ± 0.2

ND

ND

75±5

2.6 ± 0.2

3.7 ± 0.3

18.9 ± 2.4

0.71

(1 Each value (mean ± standard error) was derived from 6-10 animals.

S Rats were hypophysectomized at either 20 (Hx-20) or 50 (Hx-50) days of age.

C 77-day-old rats were injected with a single dose of CdCl2, 2 mg/kg i.p. (980 pg cadmium per 2 mg of CdC12) and examined 72 hr later.

d Significantly different from saline-treated controls, at least at p < 0.05.

� Not detectable, the limit of detection being 0.5 �g/g liver.

I Significantly different from controls, at least at p < 0.05.
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C Hx-20 #{149} .----------I- ---4

Cd responsiveness Pituitary
of hepatic mono-oxygenase influences

FIG. 3. Hypothetical model of the pituitary regulation ofhepatic cadmium responsiveness in intact (A), postpubertally hypophysectomized

(B), andprepubertally hypophysectomized (C) male and female rats

The presence and absence of pituitary glands during development are indicated by and - - -, respectively. Pa and Ps, the actions of

pituitary cadmium-antagonizing factor and cadmium-sensitizing factor, respectively. Based on the findings presented in Figs. 1 and 2, the degree

of hepatic cadmium responsiveness is expressed in an arbitrary scale of -, + and ++. Hx, hypophysectomy.

modulating role of the pituitary, since cadmium respon-
siveness in male rats was fully developed at 50 days of
age. However, the pituitary-dependent development of
cadmium responsivity during development (days 20-50)
is probably due to the pituitary-mediated induction of
some permanent changes in liver or other endocrine

interactions involving peripheral endocrine organs that
have impact on liver cell regulatory processes. It appears
that the pituitary plays a similar role in both male and

female rats in the regulation of hepatic cadmium respon-
siveness; therefore, the sexual dimorphism in cadmium
susceptibility may be attributable to quantitative differ-

ences in the levels of these pituitary-dependent factors,

and/or to sex differences in the sensitivity of the liver to
these “factors.”

Discussion of the mechanisms underlying the pitui-
tary-dependent regulation of hepatic cadmium respon-
siveness must be considered in order to understand the
biochemical basis for the hepatic response to cadmium.
Recent studies have dealt with specific components of

the HMO system with unique sensitivity to cadmium (16,
18-20). Hepatic cytochrome P-450 is thought to exist in
six to eight different forms in the rat (21, 22). Although
the total cytochrome P-450 contents in immature and
mature rats of either sex are similar, their turnover
characteristics as well as the abundance of specific forms
of this hemoprotein are both age- and sex-related (21,
23). Several reports in the literature provide evidence for
the theory that cadmium exerts selective effects on dif-
ferent forms of cytochrorne P-450. (a) Hemoprotein turn-
over studies reveal that the increase in total cytochrome
P-450 content following hypophysectomy in both male
and female rats is accompanied by an increase in the
amounts of slowly-turning-over hemoproteins which nor-
mally exist in higher concentration in males than in
females ( 1 1 , 18). Our recent studies as well as others have
shown that cadmium treatment preferentially reduces
the contents of the slow-phase components (18, 20). (b)
Cadmium-induced reduction in the rate of oxidative me-
tabolism of the Type I substrate, ethylmorphine, is
greater than those of the Type II substrate, aniline, in
the adult male rat (15). However, ethoxyresorufin is also

a Type I substrate and the demethylation reaction is
unaffected by cadmium. Therefore, selective effects of

cadmium on hemoproteins involves more than distinc-
tion between Type I and Type II substrates. It is possible
that the pituitary-dependent factors postulated in this

study may act by regulating the availability of cadmium-
sensitive cytochrome P-450 in adult rats.

There is the possibility that hepatic effects of cadmium

are related to effects of cadmium on androgen levels. It
is known that androgens are a positive modulator of
hepatic N-demethylation but not cytochrome P-450 of
adult male rats, since postpubertal castration results in
reduction in N-demethylation activity but no changes in
the total contents or the turnover profile of cytochrome

P-450 (21, 22). Cadmium is also a testicular toxin; its
chemical castration effect (reduced circulating androgen
levels; ref. 24) could reduce N-demethylation activity
without altering cytochrorne P-450 contents. However,
the androgen component in the hepatic response to cad-
mium is probably of limited significance, since postpu-

bertal hypophysectorny (which markedly depresses an-
drogen levels) did not decrease the cadmium responsive-
ness of the HMO system. In fact, hypophysectomy ac-
tually increased the hepatic response to cadmium. More-
over, it has been reported that castration of adult male

rats fails to offer complete protection against the ability
of cadmium to depress HMO activities.

The effect of postpubertal hypophysectomy on the
HMO system of either male or female rats cannot be
produced by gonadectomy, adrenalectomy, or thyropara-
thyroidectomy of adult animals (1 1). These findings sug-
gest that follicle-stimulating hormone, luteinizing hor-

mone, adrenocorticotropic hormone, and thyroid-stimu-
lating hormone do not play a major role in the modula-
tion of cadmium responsiveness of the enzyme system.

However, streptozotocin-induced diabetes in both adult
male and female rats resulted in changes in the HMO
system that are identical with (25) those resulting from
postpubertal hypophysectomy as reported in the present
study. The possibility, therefore, exists that insulin might
play an important role in regulating the hepatotoxic
effect of cadmium in the rat.
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The pituitary also influences hepatic disposition of
cadmium; we observed an apparent correlation between
the elevation of hepatic cadmium contents and the in-
crease in hepatic cadmium responsiveness by prior post-

pubertal hypophysectorny (Table 4). However, the HMO

activity of adult female rats remained resistant to cad-
mium treatment despite an increase in the dosage of

cadmium to 3.0 mg/kg; and cadmium analysis studies
revealed that the hepatic cadmium contents of these

animals were similar to those of postpubertally hypoph-
ysectornized females receiving a 2-mg/kg dose of cad-
miurn3. Furthermore, our studies showed that the de-

crease in enzyme activities following cadmium treatment
was probably not a result of the direct action of cadmium

on the enzyme components, since microsomes isolated
from livers of untreated male or female rats which were

either hypophysectomized or sham-operated showed

similar susceptibility toward the in vitro inhibitory action
of cadmium (Table 3). Moreover, the concentration of
cadmium in vitro required to depress enzyme activities
is much higher than the rnicrosomal cadmium contents
of intact males 72 hr following a single dose of cadmium
(2.0 mg/kg).

Our studies suggest that cadmium exerts its sex- and
age-dependent effects on the HMO system by a mecha-
nism that apparently involves sex differentiation of liver
sensitivity to cadmium. Although we have not elucidated

the biochemical mechanisms underlying the action of

cadmium, expression of cadmium sensitivity does not
require an intact pituitary in adult rats, nor do circulating
androgens play a major role in modulating sensitivity of

the HMO system to cadmium. However, the develop-
rnent of sensitivity to cadmium is dependent on pituitary
influences between 20 and 50 days of age. These pituitary

influences act by conferring permanent changes to the
liver or by initiating a regulatory process involving the
peripheral endocrine system such that once initiated this

regulatory process no longer requires pituitary action.

.3 E. M. K. Lui and G. W. Lucier, unpublished observations.

REFERENCES

1. Friberg, L., M. Piscator, G. F. Nordberg, and T. Kjellstrom. Caldmium in the
Environment, Ed. 2. CRC Press, Cleveland (1974).

2. Webb, M. The Chemistry, Biochemistry, and Biology of Cadmium. Elsevier/

Holland Biomedical Press, Amsterdam, New York (1979).
3. Lui, E. M. K., and G. W. Lucier. Neonatal feminization of hepatic monooxy-

genase in adult male rats: altered sexual dimorphic response to cadmium. J.
Pharmacol. Exp. Ther. 212:211-216 (1980).

4. Pence, D. H., T. S. Miya, and R. C. Schnell. Cadmium alteration of hexobar-
bital action: sex related differences in the rat. Toxicol. AppI. Pharmacol. 39:
89-96 (1977).

5. Schnell, R. C., J. R. Means, S. A. Roberts, and D. H. Pence. Studies on
cadmium-induced inhibition of hepatic microsomal drug biotransformation
in the rat. Environ. Health Perspect. 28:273-279 (1979).

6. Kato, R., E. Chiesara, and G. Frontino. Influence of sex difference on the
pharmacological action and metabolism ofsome drugs. Biochem. Pharmacol.
11:221-227 (1962).

7. El Defrawy El Masry, S., G. M. Cohen, and G. J. Mannering. Sex dependent

differences in drug metabolism in the rat. Drug Metab. Dispos. 2:267-278

(1974).
8. Kato, R., and K. Onoda. Studies on the regulation of the activity of drug

oxidation in rat liver microsomes by androgen and estrogen. Biochem. Phar-
macol. 19:1649-1660 (1970).

9. El Defrawy El Masry, S., and G. J. Mannering. Sex-dependent differences in

drug metabolism in the rat. Drug Metab. Diapos. 2:279-284 (1974).

10. Kramer, R. E., J. W. Greiner, R. C. Rumbaugh, T. D. Sweeney, and H. D.

Colby. Requirement of the pituitary gland for gonadal hormone effects on

hepatic drug metabolism in rats. J. Pharmacol. Exp. Ther. 208: 19-23 (1979).

11. Chung, L. W. K. Characteristics of neonatal androgen-induced imprinting of
rat hepatic microsomal monooxygenases. Biochem. Pharmacol. 26:1979-
1984 (1977).

12. Glende, E. A. Carbon tetrachloride-induced protection against carbon tetra-

chloride toxicity. Biochem. Pharmacol. 21:1697-1702 (1972).
13. Burke, M. D., R. A. Prough, and R. T. Mayer. Characteristics of a microsomal

cytochrome P-448-mediated reaction. Drug Metab. Diapos. 5:1-8 (1977).
14. Omura, T., and R. Sato. The carbon monoxide-binding pigment of liver-

microsomes. J. Biol. Chem. 239:2370-2378 (1965).
15. Lowry, 0. H., N. J. Rosebrough, A. L Fan, and R. J. Randall. Protein

measurement with the Folin phenol reagent. J. Biol. Chem. 193:265-275

(1951).

16. Means, J. R., G. P. Carlson, and R. G. Schnell. Studies on the mechanism of
cadmium-induced inhibition of the hepatic microsomal monooxygenase of

the male rat. Toxicol. Appl. Pharmacol. 48:293-304 (1979).
17. Cempel, M., and M. Webb. The time course of cadmium-thionein synthesis

in the rat. Biochem. Pharmacol. 25:2067-2078 (1976).
18. Lui, E. M. K., R. S. Slaughter, R. M. Philpot, and G. W. Lucier. Cadmium

sensitive cytochrome p-450 in rat liver. Fed. Proc. 39:855 (1980).
19. Krasny, H. R., and D. J. Holbrook, Jr. Effects of cadmium on microsomal

hemoproteins and heme oxygenase in rat liver. Mol. Pharmacol. 13:759-765

(1977).
20. Means, J. R., and R. G. Schnell. Cadmium-induced alteration of the micro-

somal monooxygenase system in male rat liver: effects on hemoprotein
turnover and phospholipid content. Toxicol. Lett. 3:177-184 (1979).

21. McIntosh, P. R., A. C. Peacock, and H. V. Gelboin. The induction of liver

microsomal proteins by 3-methylcholanthrene in rats of different age, sex,

and strain. Biochim. Biophy.s-. Acta 627:290-300 (1979).

22. Thomas, P. E., A. Y. H. Lu, D. Ryan, S. B. West, J. Kawalek, and W. Levin.

Multiple forms of rat liver cytochrome p-450. J. Biol. Chem. 251:1385-1391
(1976).

23. Levin, W., and D. Ryan. Basic and Therapeutic Aspects of Perinatal Phar-

macology. Raven Press, New York, 265-275 (1975).
24. Favino, A., A. H. Baille, and K. Griffith. Androgen synthesis by the testes

and adrenal glands of rats poisoned with cadmium chloride. J. Endocrinol.
35:185-192 (1966).

25. Reinke, L. A., S. J. Stohs, and H. Rosenberg. Altered activity of hepatic

mixed function monooxygenase enzymes in streptozoticin-induced diabetic

rats. Xenobiotica 8:611-619 (1978).

Send reprint requests to: Dr. G. W. Lucier, Laboratory of Organ
Function and Toxicology, National Institute of Environmental Health

Sciences, P.O. Box 12233, Research Triangle Park, N. C. 27709.

 at U
niversidade do E

stado do R
io de Janeiro on D

ecem
ber 6, 2012

m
olpharm

.aspetjournals.org
D

ow
nloaded from

 

http://molpharm.aspetjournals.org/



