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SUMMARY

KrasNy, HARVEY C. & HoLBROOK, DavID J., Jr. (1977) Effects of cadmium on

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

Various parameters of drug metabolism were measured in rats following a single
intraperitoneal injection of cadmium acetate dihydrate (2.0 mg/kg; 7.5 umoles/kg).
Three days after treatment with Cd**, the hexobarbital-induced sleeping time was
increased to 240% of control; the microsomal contents of cytochromes P-450 and b5 were
decreased by 44% and 27%, respectively. Seven days after treatment, the contents of
cytochromes P-450 and b, had partially returned to normal but each was 15-20% below
control levels. Aminopyrine demethylase activity in hepatic microsomes was decreased
by 47% and 37% at 3 and 7 days, respectively, after treatment with Cd**; aniline
hydroxylase was decreased by 32% and 23% at 3 and 7 days, respectively. Cadmium,
given 3 days prior to injection of [*H}5-aminolevulinic acid, decreased the half-life of the
heme in CO-binding particles (microsomes devoid of cytochrome b;) from 8 hr to less
than 2.5 hr in the fast-phase component, and from 60 hr to 32 hr in the slow-phase
component. The greatest increase in microsomal heme oxygenase (to 350% of control)
occurred 36-48 hr after treatment with Cd**, and the enzymatic activity returned
essentially to normal at 7 days. The activity of biliverdin reductase of the cytosol was not
altered 3 or 7 days after treatment with Cd?*.

INTRODUCTION

The acute toxicity of cadmium in experi-
mental animals has been the subject of

transformation of hormones, medicinal
agents, and environmental chemicals.
Such a decrease could be the result of an

recent studies (1, 2). One of the manifesta-
tions of toxicity is the depression of liver
cytochrome P-450 (1). This hemoprotein is
the terminal oxidase of the mixed-function
oxidase system involved in the hepatic bio-
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alteration in synthesis and/or degradation
of the hemoprotein. Cobalt, tin (3, 4), and
other transition metals (5) cause dramatic
increases in the activity of heme oxygen-
ase, a microsomal enzyme involved in the
degradation of heme. However, the biolog-
ical implications of changes in the activity
of heme oxygenase and its possible role in
the degradation of cytochrome P-450 and
other hemoproteins are not clear.

In this paper we report on the effects of
cadmium on the turnover of radioactive
CO-binding particles (cytochrome P-450)
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and the temporal relationship between the
increased activity of heme oxygenase and
the depression in hemoproteins in rat liver
microsomes. Preliminary reports of these
studies have been presented (6, 7).

MATERIALS AND METHODS

Animals and treatment. Male Sprague-
Dawley rats (200-250 g), obtained from
ARS/Sprague-Dawley, were used in all ex-
periments. Cadmium acetate dihydrate
(Fisher), administered intraperitoneally
as a single injection, was given at a dosage
of 2 mg/kg of animal weight (7.5 umoles/
kg) in all experiments except for some
studies on hexobarbital-induced sleeping
times. Control animals received a corre-
sponding volume of 0.9% NaCl. Animals
were pair-fed with Purina laboratory chow
following cadmium treatment; water was
supplied ad libitum. The LDy, for cadmium
acetate dihydrate administered intraperi-
toneally was determined by the method of
Litchfield and Wilcoxon (8). Survival of
animals was followed for a 14-day observa-
tion period. In studies of hexobarbital-in-
duced sleeping time, sodium hexobarbital
(Sterling) (100 mg/kg) was administered
intraperitoneally 3 days following an injec-
tion of cadmium acetate dihydrate.

Subcellular fractions. Animals were
killed by cervical dislocation. After perfu-
sion with 1.15%KCl, livers were homoge-
nized in 0.15 M KC1-50 mMm Tris-HCl, pH
7.7, at 5% (4 g of liver per 8 ml of buffer),
using a Potter-Elvehjem homogenizer.
The homogenate was centrifuged for 10
min at 24,000 X gn.x in a Sorvall RC2-B
centrifuge with SS-34 rotor. The resulting
supernatant was then centrifuged for 30
min at 159,000 x g,. in a Beckman-Spinco
centrifuge with type 65 or 50 rotor. The
microsomal pellet was resuspended in
Tris-HC], pH 7.7, at 5° and recentrifuged
for 30 min at 159,000 X g,..

Aminopyrine demethylase and aniline
hydroxylase. The washed microsomes
were resuspended in 0.1 M Tris-HCl, pH
7.7, at 5° for transfer to incubation mix-
tures (final pH, 7.6-7.7 at 37°). Glucose 6-
phosphate, glucose 6-phosphate dehydro-

3 In preparing microsomes for heme oxygenase

assay, 0.1 M potassium phosphate, pH 7.4, was used
as the homogenizing and resuspending medium.
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genase (type XV), and NADP (all from
Sigma) were used as the NADPH-generat-
ing system. Aminopyrine demethylase
was measured (at 37° and 1.5-2.0 mg of
microsomal protein per milliliter) by the
formation of formaldehyde (Nash reaction)
following a modified procedure of Dewaide
and Henderson (9). Aniline hydroxylase
was measured (at 37° and 1.5-2.0 mg of
microsomal protein per milliliter) by the
procedure of Imai et al. (10), modified by
the addition of HgCl,(11).

Cytochrome P-450 and cytochrome bs.
Microsomal cytochrome P-450 was ana-
lyzed by measuring the dithionite-reduced
carbon monoxide difference spectrum (450
nm — 490 nm, € = 91 mM~! cm™) (12).
Cytochrome b; was analyzed by measuring
the NADH-reduced difference spectrum
(424 nm — 409 nm, ¢ = 185 mM™! cm™!)
(13).

Labeled cytochrome P-450 from CO-
binding particles. Rats were injected in-
traperitoneally with [3,5-*H(N)}5-aminole-
vulinic acid (5.0 Ci/mmole; New England
Nuclear) which had been diluted with un-
labeled 8-aminolevulinic acid (Aldrich) (fi-
nal specific activity, 268 mCi/mmole). All
animals received 200 uCi and 0.125 mg of
8-aminolevulinic acid per kilogram of body
weight in 0.9% NaCl.

Liver microsomes were washed once
with 1.15% KCl-10 mm EDTA (14), fol-
lowed by 0.1 M potassium phosphate, pH
7.4. Washed microsomes were incubated in
0.2% steapsin (Sigma) at 37° for 30 min
under a nitrogen atmosphere (12). The
mixture was centrifuged for 60 min at
159,000 X g,., and the microsomal pellet
(CO-binding particles) was solubilized for
30 min in 3% sodium deoxycholate (Sigma)
at room temperature (13). The radioactiv-
ity of the solubilized CO-binding particles
was measured by counting in a liquid scin-
tillation spectrometer using Omnifluor
(6.4 g/liter; New England Nuclear), 240 ml
of xylene, 360 ml of toluene, 310 ml of
Triton X-100, and 90 ml of water. Hemo-
protein content (in the form of cytochrome
P-420) in CO-binding particles was ana-
lyzed by measuring the dithionite-reduced
carbon monoxide difference spectrum (420
nm — 490 nm, € = 110 mmM~! cm™) (12).

Heme oxygenase and biliverdin reduc-
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tase. Microsomes were prepared using 0.1
M potassium phosphate, pH 7.4, as the
homogenizing and washing medium. Mi-
crosomal heme oxygenase activity was as-
sayed for bilirubin by a modified method of
Maines and Kappas (15). The bilirubin
formed, in the presence of excess biliverdin
reductase, was measured by difference
spectrum (468 nm — 530 nm, € = 40 mm™!
cm™'). The reference and sample cuvettes
contained 0.306 umole of hemin (Sigma),
2.1 mg of bovine serum albumin (Sigma)
(16), 115 pmoles of potassium phosphate
(pH 7.4), cytosol (5.0-5.5 mg of protein),
and microsomes (1-2 mg of protein); the
volume was 2.8 ml. Both cuvettes were
incubated for 5 min at 37° before the reac-
tion was started with 1.5 umoles of
NADPH in the sample cuvette and an
equal volume (0.2 ml) of 0.1 M potassium
phosphate, pH 7.4, in the reference cu-
vette. The assay was linear for at least 10
min.

Biliverdin reductase was measured in
the same manner as heme oxygenase. The
reference and sample cuvettes contained
0.060 wmole of biliverdin (Sigma), 2.1 mg
of bovine serum albumin, 115 umoles of
potassium phosphate (pH 7.4), and cytosol
(1.0-1.5 mg of protein); the total volume
was 2.8 ml. Both cuvettes were incubated
for 5 min at 37° before the reaction was
started with 1.5 umoles of NADPH in the
sample cuvette. An equal volume (0.2 ml)
of 0.1 M potassium phosphate, pH 7.4, was
added to the reference cuvette. The assay
was linear for at least 30 min.

Metal content of tissue. Each sample of
liver was dried, subjected to low-tempera-
ture ashing, and dissolved in 6 M nitric
acid. Atomic absorption analysis (Perkin-
Elmer model 306), using the flame tech-
nique, was performed on samples diluted
to 3 M nitric acid. A commerical standard
CdCl, solution (Fisher) was used.

Protein determination. Protein was de-
termined by the method of Lowry et al.
ga?t’l using bovine serum albumin as stan-

Stc;tistics. Student’s ¢t-test was used for
statistical analyses.
RESULTS
The LD, for cadmium acetate dihydrate
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was 7.2 mg/kg (95% confidence limit, 5.7-
9.0 mg/kg). Cadmium acetate dihydrate,
injected 3 days prior to administration of
sodium hexobarbital (100 mg/kg intraperi-
toneally), caused increases in sleeping
time of 242% and 211% with respect to
controls at 2.0 and 2.5 mg of salt per kilo-
gram, respectively. These results con-
firmed similar findings of Hadley et al. (1).
In all subsequent experiments a dose of 2.0
mg/kg of cadmium acetate dihydrate,
equivalent to 7.5 umoles/kg, was used.
This dose was less than the LD,,,, based on
extrapolation of the lethal dose curve (8).
The median contents of metallic cadmium
in the livers of experimental animals 3 and
7 days after Cd** injection were 8.6 and 7.0
ugl/g, wet weight, respectively. The cad-
mium content in livers of control animals
was less than 0.05 ug/g, wet weight.

Treatment with the Cd?** salt markedly
decreased the levels of cytochrome P-450
and cytochrome b;, the two hemoproteins
which occur in liver microsomes (Table 1).
Three days after Cd?** treatment, micro-
somal cytochrome P-450 and cytochrome b,
were decreased by 40-50% and 25-30%, re-
spectively. Seven days after treatment,
the levels of both cytochromes were 15-
20% below controls and thus were return-
ing toward control levels.

Aminopyrine and aniline give type I and
type II binding spectra, respectively, upon
binding to microsomes. The activities of
microsomal aminopyrine demethylase and
aniline hydroxylase were reduced mark-
edly 3 days following treatment with Cd**
(Table 1). At 7 days, the percentage de-
creases were less than those found at 3
days.

Cadmium-treated rats showed a reduced
intake of food offered ad libitum for several
days after injection, and control rats were
pair-fed with the Cd**-treated animals.
Levels of cytochrome P-450, cytochrome b,
and aniline hydroxylase were lower in 3-
day than in 7-day controls, and this find-
ing was attributed to the restricted feed
intake for several days preceding the isola-
tion of the microsomes in the 3-day con-
trols.

Figure 1 shows the rate of disappearance
of radioactive heme from the hepatic CO-
binding particles (microsomes devoid of cy-
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7 days

nmole/mg protein/min

4000}

0.61 + 0.03
0.47 = 0.03*
23%

DPM/MG PROTEIN

Aniline hydroxylase

3 days
0.50 = 0.06*
32%

0.74 = 0.04
DPM/MG PROTEIN
o
8

7 days
5.70 + 0.22
3.60 + 0.42°

37%

200t ™

5| 20 52 76 100
HOURS AFTER 3H-ALA

nmoles/mg protein/min

5.22 + 0.49

Aminopyrine demethylase
3 days

2.75 + 0.57*
41%

Fic. 1. Disappearance of labeled cytochrome P-
450 heme from CO-binding particles obtained from
control and Cd?**-treated rats

[*H}5-Aminolevulinic *H-ALA) acid was injected
intraperitoneally into animals 3 days after treat-
ment with Cd?*. Animals were killed 5-100 hr after
injection of the radioactive precursor. Each point
represents the mean of four to eight (mean, 5.5)
animals at each time interval. The half-lives of the
fast-phase fractions (after correction of total incor-
poration for the contribution of the slow-phase frac-
tion) (18) were calculated from data at 5, 8, and 20
hr, and the half-life of the slow-phase fraction in
control animals was calculated from data at 52, 76,
and 100 hr. However, in Cd?*-treated animals, be-
cause the fast-phase fraction contributes to little of
the radioactivity at the 20-hr point, the slow-phase
half-life was calculated from data at 20, 52, 76, and
100 hr.

TasBLE 1
Effect of Cd?** treatment on microsomal enzymes and cytochromes

Each value (mean * standard error) was derived from 8-12 animals injected intraperitoneally with a single dose of Cd?**.
7 days
0.582 + 0.011
0.495 + 0.010*
16%

nmole/mg protein

0.517 + 0.022

Cytochrome b,

ys 7 days 3 days
nmoles/mg protein
0.379 + 0.022*
27%

3da
0.998 + 0.038

1.022 + 0.030°
19%

1.260 + 0.036

tochrome b5) of controls and rats treated 3
days earlier with Cd**. The disappearance
of cytochrome P-450 heme was biphasic,
indicating the existence of at least two
forms or states of the hemoprotein, as pre-
viously reported (18). The half-life of the
control fast-phase component, corrected
for contribution of the slow phase, was 8
hr. In Cd**-treated rats, the half-life of the
corrected fast-phase fraction was de-
E, creased to less than 2.5 hr. The half-life of
gg the slow-phase component was 60 hr in

control animals, whereas the half-life was

Cytochrome P-450

0.662 + 0.080°
4%

Treatment
e p <0.001.
*p <0.01

Cadmium acetate-2H,0 (2.0

Control
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reduced to 32 hr in Cd?*-treated rats.* The
ratio of the fast-phase to the slow-phase
component was 2.6 in the control animals.

Liver microsomal heme oxygenase, the
degradative enzyme that converts heme to
biliverdin (19), doubled in activity at 3
days following Cd?** treatment (Table 2).
At 7 days, the enzyme level of treated ani-
mals had returned almost to the control
level. Biliverdin reductase, which converts
biliverdin to bilirubin (16) in the heme
degradative pathway, was apparently not
altered 3 or 7 days after Cd?** treatment
(Table 2). The temporal relationship of
changes in heme oxygenase and the cyto-
chromes following Cd?** treatment is
shown in Fig. 2. Trends of the changes in
microsomal parameters were evident by 12
hr after Cd** treatment, and the micro-
somal levels of treated rats were generally
significantly changed by 24 hr.

The maximum change in heme oxygen-
ase activity occurred 36-48 hr following
Cd?** treatment and was returning toward
the control level at 72 hr. The greatest
change in microsomal content of cyto-
chrome P-450 occurred by 36 hr and re-
mained constant up to 72 hr after Cd**
injection (Fiig. 2). The microsomal content
of cytochrome b; decreased to its lowest
level at 72 hr. At 168 hr (7 days), heme
oxygenase returned essentially to normal
(Table 2), and cytochromes P-450 and b,
approached control levels but did not reach
them (Table 1).

DISCUSSION

The data indicate that cadmium acetate
dihydrate significantly depresses both cy-
tochrome P-450 and cytochrome by levels.
The effect on the former is of considerable
importance in view of the part that cyto-
chrome P-450 plays in the NADPH-sup-

* Figure 1 and the values in the text were calcu-
lated from the pooled data at each time interval. If
the data from the individual experiments (three
sets) are used, the half-lives of the slow-phase com-
ponents were (mean + SE) 63 + 11 hrand 35 + 4 hr
(0.05 < p < 0.10) in control and Cd**-treated rats,
respectively. The half-lives of the fast-phase compo-
nents were 6.3 + 1.8 hrand 2.4 + 0.3 hr (0.05 <p <
0.10) in control and Cd**-treated animals, respec-
tively.
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ported metabolism of endogenous sub-
stances such as steroids and exogenous
substances such as drugs and environmen-
tal toxicants (20). The percentage reduc-
tion of cytochrome b, content was not as
large as that of cytochrome P-450. How-
ever, the possible importance of this effect
on metabolism in the liver should be con-
sidered. Previous investigation has shown
that cytochrome b, may be a donor of the
second electron necessary in mixed-func-
tion oxidative reactions (21). However, Lu
et al. (22) have also shown that, although
cytochrome b5 may participate in NADPH-
dependent hydroxylation reactions, these
reactions are dependent on the particular
hemoprotein catalyzing the reaction as
well as the specific reaction studied.

Cadmium also decreased, by percent-
ages comparable to the percentage de-
crease in cytochrome P-450, the metabo-
lism of aminopyrine and aniline in vitro.
Aminopyrine demethylase and aniline hy-
droxylase require cytochrome P-450 to
complete their respective oxidative reac-
tions. It is possible, therefore, that the
reduction in metabolism of these sub-
stances by their respective microsomal en-
zymes is a direct result of the depression of
cytochrome P-450.

Since cytochrome P-450 has been shown
to turn over biphasically in vivo with half-
lives of 7-10 hr (fast phase) and 45-65 hr
(slow phase) (18, 23), it was of interest to
determine the effect of Cd?** on the turn-
over of the two observed forms of cyto-
chrome P-450. In studies of the incorpora-
tion of the heme precursor [*H}5-aminole-
vulinic acid into the liver microsomal
hemoprotein(s), Cd** was found to alter
the turnover of the fast- and slow-phase
components of CO-binding particles (cyto-
chrome P-450) of liver by decreasing the
half-life of each. Another metal of recog-
nized toxicity, methyl mercury hydroxide,
likewise caused a reduction in cytochrome
P-450 content of hepatic microsomes and a
major decrease in the half-life of the fast-
phase component (23).

It was observed (Fig. 2; Tables 1 and 2)
that the following changes occurred in liv-
ers of Cd**-treated rats: (a) an increase in
the microsomal activity of heme oxygen-
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TABLE 2
Effect of Cd** treatment on levels of heme oxygenase and biliverdin reductase in rat liver
Each value (mean *+ standard error) was derived from 8-12 animals injected intraperitoneally with a

single dose of Cd**.
Treatment Heme oxygenase Biliverdin reductase
3 days 7 days 3 days 7 days
nmole/mg protein/min nmole/mg protein/min
Control 0.064 = 0.004 0.067 = 0.006 0.33 = 0.02 0.38 = 0.02
Cadmium acetate-2H,0 (2.0
mg/kg) 0.128 + 0.014¢ 0.075 = 0.009 0.34 = 0.02 0.34 = 0.02
Percentage of control 200% 112% 103% 89%
e p < 0.001.
-
N -
- 030} N 240§ [060 <
£ Woelp b g £
€ Tl e o g
y £ % f200 §  roso
g a H &
g [ 160 § g
o E 020 160 E I-0.40
% = £
3 5 8 £
wi 120 ¥ oo &
w o, a
K w
E 010 080 §  |-020
= X
e
-o.wé Loio &
o L
e
1 1 1

L 1 1
(o] 12 24 36 48

1
60 72

TIME AFTER CADMIUM INJECTION (HOURS)

F1c. 2. Variations in levels of heme oxygenase and cytochromes P-450 and b at various times after

treatment with Cd**

Each value was derived from six animals. In this experiment, the food intake was restricted for 72 hr (8 g/
day/rat), and the weight loss per animal did not differ in all control and Cd**-treated rats. Consequently the
observed changes were not due to differences in food intake during any of the time intervals.

**p < 0.01.
*p <0.05.
+0.06 < p < 0.10.

ase, the first enzyme in the heme degrada-
tive pathway, and (b) marked decreases in
the microsomal content of cytochrome P-
450 and cytochrome b;. However, the order
and mechanism of these changes were not
established.

The following mechanisms have been
proposed to relate changes in the parame-
ters in various tissues and the effects of
other modifiers (usually toxic agents) of
xenobiotic metabolism. (a) The modifier
may initially induce the activity of micro-
somal heme oxygenase. The increased en-
zymatic activity then causes a decrease in
the microsomal content of the hemopro-

teins (cytochromes P-450 and b;) which are
potential substrates of the oxygenase.
Such a mechanism would be consistent
with the instance in which the cobalt-in-
duced increase in heme oxygenase oc-
curred prior to decreases in cytochromes P-
450 and b; or total heme in microsomes of
liver (15). (b) Alternatively, the modifier
may cause the breakdown of the micro-
somal membrane (e.g., via lipid peroxida-
tion or release of proteolytic enzymes) or of
cytochrome P-450, and the heme or hemo-
protein released may then induce an in-
crease in the activity of heme oxygenase.
Such a mechanism is consistent with the
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induction of heme oxygenase in liver by
the injection of heme into intact rats (24)
and with the finding that non-heme in-
ducers of heme oxygenase cause a marked
decrease in microsomal cytochrome P-450
of liver cells before the induction of heme
oxygenase (25). (c) In addition, results
were obtained in nonhepatic tissues which
indicated that the increase in heme oxy-
genase may not be related (as cause and
effect) in all tissues to the decrease in cyto-
chrome P-450 (26). Such a pattern is ob-
served when cobalt increases both heme
oxygenase and microsomal cytochrome P-
450 in intestinal mucosa (26).

In subsequent studies in this laboratory,
it was observed that the injection of actino-
mycin D or cycloheximide into Cd?*-
treated rats blocks most of the induction of
heme oxygenase but does not prevent a
decrease in the microsomal content of cyto-
chromes P-450 and b;.3
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