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SUMMARY

COSTA, MAX, COSTA, ELIZABETH R., MANEN, CAROL-ANN, SIPES, I. GLENN &
RUSSELL, DIANE HADDOCK (1976) Adenosine cyclic 3’,5’-monophosphate-dependent
protein kinase and omnithine decarboxylase involvement in the induction of cyto-
chrome P-450 and hepatic hypertmophy. Mol. Pharmacol. , 12, 871-878.

The administration of a single dose of Aroclom-1254 (500 mg/kg intrapenitoneally)
resulted in a biphasic response in rat liven of the activation of cyclic 3’,S’-AMP-

dependent protein kinase, the induction of omnithine decarboxylase, and the activation
of RNA polymemase I. The first cycle of this biphasic response involved activation of

cyclic AMP-dependent protein kinase from 2 to 6 hr (177% of control), increased activity
of omnithine decarboxylase from 3.5 to 6 hr, and elevation of RNA polymerase I activity
from 4 to 6 hr after drug administration. By 8 hr activities of these enzymes had

essentially returned to control levels. However, between 10 and 20 hn, cyclic AMP-
dependent protein kinase activity again rose to about 170% of control, followed by
elevated activities of onnithine decarboxylase and RNA polymerase I. The maxima!
stimulation of omnithine decarboxylase activity was 5-6-fold in both phases of its
response, and RNA polymemase I activity was maximal (150% of control) at 5 and 20 hr.
Hepatic cytochnome P-450 concentration was increased within 6 hr after a single dose of
Aroclor-1254 and reached a maxima! concentration of4 times the control level by 8 days.
The liver weight to body weight ratios in rats given the drug were about 150% of control
within 2 days and maintained this level through 15 days. Aminophylline and/or dibu-

tyryl cyclic AMP given together with a single low dose of Aroclor-1254 (50 mg/kg)
resulted in a greater increase in cytochnome P-450 concentration than did a low dose of
Aroclor-1254 administered alone. These data support the concept that the activation of

cyclic AMP-dependent protein kinase, elevation of omnithine decarboxylase activity, and
enhanced RNA polymemase I activity form a tight temporal sequence of biochemical
events that are related to drug-induced liver hypertrophy and to microsomal enzyme

induction.
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INTRODUCTION

The molecular mechanism by which

drugs and other foreign compounds induce
liver growth and the production of micro-
somal drug-metabolizing enzymes is un-
known, although many specific enzyme
changes have been noted following pheno-
barbital and 3-methylcholanthrene ad-
ministration (1-5). To date, the specific
induction of drug-metabolizing enzymes
has not been separable from the process of

liver hypentrophy (4, 5). An understanding

of the temporal sequence of biochemical
events may eventually lead to insight into
these two processes.

We have previously suggested that the
induction of omnithine decarboxylase (L-or-

nithine carboxy-lyase, EC 4. 1. 1. 17) in me-
sponse to the activation of cyclic 3’ ,5’-
AMP-dependent protein kinase (ATP-pmo-
tein phosphotransfemase, EC 2.7.1.37) may
be a key event in liver growth and may be
closely linked to the subsequent induction
of drug-metabolizing enzymes (1, 5).
Marked increases in the activity and

amount of the mixed-function oxygenases
require 24 hr or longer after drug adminis-
tnation; however, various studies have

been done on a series of earlier events
following the administration of phenobar-
bital and 3-methylcholanthmene. For in-
stance, Blankenship and Bresnick (3) me-
ported that phosphomylation of acidic nu-
clear proteins increases within a few hours
of phenobarbital administration, which
suggests that phenobambital and 3-methyl-
cholanthrene in vivo result in early in-
creases in cyclic AMP concentration in the
liver and substantial activation of cyclic
AMP-dependent protein kinases (5). Fur-
thermore, omnithine decarboxylase, the in-
itial enzyme in the polyamine biosynthetic

pathway, which now appears to be induced
generally by a cyclic AMP-dependent
mechanism, exhibits elevated activity just
after the activation of cyclic AMP-depend-
ent protein kinase (2, 6, 7). Studies using
inhibitors of protein and RNA synthesis

indicate that the induction of omnithine
decanboxylase appears to involve synthesis
de novo (6, 7). An increase in omnithine
decamboxylase activity has been detected

in a!! cases of hypertrophy of the liver

studied to date (2, 8, 9).
Phenobarbital and 3-methylcholan-

threne have been reported also to enhance
RNA synthesis, and an increased rate of

RNA synthesis appears to be necessary for
induction of the microsomal mixed-func-
tion oxygenases (10, 11). Recent studies in
our laboratory suggest a link between
RNA polymerase I (a nucleosidetniphos-
phate-RNA nucleotidyltransferase, EC
2.7.7.6) activity and omnithine decarboxyl-

ase activity, and, in fact, omnithine decam-
boxylase may directly modulate RNA po-

lymemase I activity in rat liver (12, 13).
Amoclor-1254 appears to be a useful

chemical for studying the temporal se-

quence of biochemical events involved in
the induction of mixed-function oxygen-
ases when marked induction after a single
administration is desirable . Numerous
studies have shown this mixture of poly-
chlorinated biphenyls (industrial chemi-

cals which have a wide spectrum of induc-
ing ability) to enhance the activity of the
hepatic mixed-function oxygenase system

(14-18). Bickers et at. (16) reported that
daily injections of Aroclor-1254 (25 mg/kg
intraperitoneally) for 6 days resulted in a

2-3-fold increase in hepatic ethylmorphine
N-demethylase activity and an 11-fold in-
crease in hepatic benzo[a]pyrene hydrox-
ylase activity. Czygan et at. (17) reported
that a single, large dose of Aroclor-1254

(500 mg/kg intraperitoneally) produced a

5-fold increase in the hepatic N-demethyl-
ation of dimethylnitrosoamine. Aroclom-
1254 also induced liver growth, with an
increase in microsomal protein cytochnome
P-450 (18).

Therefore we have studied the following
events in rat liver after the administration
of a single injection of Aroclor-1254 (500
mg/kg): (a) activation of cyclic AMP-de-
pendent protein kinase, (b) induction of
omnithine decamboxylase, (c) increases in
RNA polymerase I activity, (d) induction
of cytochrome P-450 protein(s), and (e) in-
creases in the liver to body weight ratios.
A single dose of Aroclor-1254 produced hi-
phasic sequences of marked activation of
cyclic AMP-dependent protein kinase, in-
duction ofomnithine decamboxylase, and ac-
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tivation of RNA polymerase I, and ulti-
mately resulted in the induction ofan unu-

sual variant of cytochrome P-450. Separa-
tion of the above sequence into events con-
tnibuting specifically to liver hypertrophy
and those involved in the induction of the

mixed-function oxygenases is not yet pos-
sible.

MATERIALS AND METHODS

Animals . Male Sprague-Dawley rats
(100-125 g) were maintained on a standard
12-hr light-dark cycle and fed ad libitum.

Animals were injected with either Aroclor-
1254 (500 mg/kg or 50 mg/kg intrapenitone-
ally, donated by Monsanto Corporation) in

sesame oil or with an equivalent volume of
sesame oil. Some animals received amino-
phylline (80 mg/kg intraperitoneally) and!

or dibutyryl cyclic AMP (25 mg/kg intra-
penitoneally) simultaneously with Aroclor-
1254 or sesame oil. All animals were killed

by cervical dislocation at the same time
(1000 hr ± 30 mm) to minimize diurnal
enzyme changes, and the livers were me-

moved, chilled, and weighed. Determina-
tion of protein kinase activation, omnithine

decarboxylase activity, and RNA polymer-

ase I activity were all performed on sam-
pies from the same liver.

Cyclic AMP-dependent protein kinase
activity. The degree of activation of cyclic

AMP-dependent protein kinase was deter-
mined by measuring the incorporation of
nip from [-y-32P]ATP (7 Ci/mmole, New
England Nuclear) into histones in the ab-
sence and presence of exogenous cyclic
AMP (10 jiM) as described previously (19),
except that the reaction was terminated by
spotting a SO-jil aliquot of the assay mix-
tune on a Whatman No. 3MM filter. Fil-
tens were then washed three times (30 mm
each time) in 10% tnichloracetic acid,
dried, and counted in an Omnifluor-tolu-
ene mixture (20). The results are ex-

pressed as the ratio of :;ip incorporation in
the absence and the presence of saturating

cyclic AMP (-cyclic AMP/+cyclic AMP)
(21).

In order to verify the degree of activa-

tion of cyclic AMP-dependent protein ki-
nase, Sephadex G-100 chromatography
was used to separate the regulatory-cata-

lytic units from the free catalytic units as
described previously (19, 21), with the ex-
ception that a 1-ml aliquot was applied to

the column.
Assay of ornithine decarboxytase activ-

ity. Omnithine decarboxy!ase activity was

determined by measuring the liberation of
‘4C02 from DL-[1-’4C]omnithine (5.0 mCi/
mmo!e, New England Nuclear) (9). The

buffer used in the assay was 0.05 M so-
dium-potassium phosphate, pH 7.2, con-
taming 0.1 mM EDTA and 1.0 mrvi dithio-

threitol.
Assay ofRNA potymerase I activity. Us-

ing a purified nuclear preparation as the

enzyme source (22), RNA polymerase ac-
tivity was determined by measuring the
incorporation of [3H]UTP (18.6 Ci,’mmole,

Schwarz/Mann) into RNA (23). RNA po-
lymerase I activity was separated from
RNA polymerase II activity by assaying in
the presence and absence of 1 . 8 jig!ml of a-

amanitin (24).
Protein determinations . Microsomal

protein concentrations were determined
using the biuret procedure (25). All other
protein concentrations were measured ac-
cording to Lowry et at. (26), using bovine

serum albumin as the standard. Micro-
somes were isolated by differential centnif-
ugation and resuspended in cold 0.05 M

phosphate buffer (pH 7.4) to a final protein

concentration of 1 mg/mi. The concentra-
tion of cytochnome P-450 was determined
according to the procedure of Omura and
Sato (27), using the carbon monoxide dif-
ference spectra.

RESULTS

Activation ofcyctic AMP-dependent pro-

tein kinase and increased ornithine decar-

boxytase and RNA potymerase I activities
foltowing Aroctor-1254 administration.
The activities of cyclic AMP-dependent

protein kinase, omnithine decarboxylase,
and RNA polymerase I showed biphasic
increases, with maxima at 3-5 hr and 15-
22 hr after the administration of Aroclor-
1254 (Fig. 1). The increases were sequen-
tial in both phases, with initial activation
of cyclic AMP-dependent protein kinase
followed by increased omnithine decarbox-
ylase and RNA polymerase I activities.
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FIG. 1. Changes in cyclic AMP-dependent protein kinase activity, ornithine decarboxylase activity, and

RNA polymerase I activity following a single injection of Aroclor-1254.

Male Sprague-Dawley rats (100-125 g) received Aroclor-1254 (500 mg/kg intrapenitoneally) in sesame oil,

were killed at the intervals indicated, and each liver was assayed for cyclic AMP-dependent protein kinase,

ornithine decarboxylase, and RNA polymerase I activities. Each point represents the mean ± standard error

of duplicate determinations on at least five rats. Total protein kinase activity (+cyclic AMP) changed

slightly during the experiment (loss of 10%). This phenomenon has been reported in other systems after

prolonged stimulation (28-30). A. Cyclic AMP-dependent protein kinase activity was determined by meas-

uning the incorporation of 32p from [y-32P]ATP into histones in the absence and presence of exogenous cyclic

AMP (-cyclic AMP/+cyclic AMP) (19, 21). B. Ornithine decarboxylase activity was determined by measur-

ing the liberation of ‘4CO2 from DL-[1-’4C]ornithine as described by Russell and Snyder (8). C. Using a

purified nuclear preparation as the enzyme source (22), RNA polymerase I activity was determined by

measuring the incorporation of [3H]UTP into RNA in the presence of a-amanitin (1.8 �g/ml) (13, 23, 24).
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Cyclic AMP-dependent protein kinase was
significantly activated within 2 hr of drug

administration, and maximal activation
was detected at 4 hr (177% of control). By 8
hr, the -cyclic AMP/+cyclic AMP ratio

had returned to the control value. Omni-
thine decanboxylase activity was increased
significantly 3.5 hr after Aroclom-1254 ad-
ministration, at which time it was twice
the control value. The activity then in-
creased rapidly through 4 hr, when it was

5 times that of control. Six hours after
Aroclom-1254 administration, onnithine de-
canboxylase activity had returned to pre-

treatment levels. RNA polymerase I activ-
ity was 150% of controls at 5 hr and me-
turned to control values by 10 hr.

The second peak of activities occurred
over a longer time span than the first peak

and was again initiated by the activation
of cyclic AMP-dependent protein kinase.
The -cyclic AMP/+cyclic AMP ratio was

slightly elevated by 10 hr and exhibited a
broad peak of activation (170% of control)
between 12 and 20 hr. By 24 hr it had
returned to control activity. Omnithine de-
camboxylase activity was twice control val-
ues by 10 hn, maximal at 20 hr, and still
elevated at 24 hr; it returned to control
values by 48 hr. RNA polymenase I activ-

ity was still at baseline at 12 hr, increased

40% by 16 hr, and reached maximum acti-
vation (170% of control) at 20 hr.

Separation of subunits of cyclic AMP-

dependent protein kinase. Figure 2 shows

g
‘C

E
0. 10
U

the elution profile of such a separation by

Sephadex G-100 chromatography 3.5 hr
after the administration of either Aroclon-
1254 in sesame oil or sesame oil only. Note
the increase in the amount of protein ki-
nase in the catalytic form, fractions 33-45
of Fig. 2B, compared with the control in
Fig. 2A. This profile correlates well with

the increased activity ratio of cyclic AMP-
dependent protein kinase for this time
point (Fig. 1A), as the amount of free cata-
lytic subunit is dependent on the increase
in intracellular cyclic AMP which binds to
the regulatory subunit of the regulatory-

catalytic complex, releasing the catalytic
subunit (19, 21).

Cytochrome P-450 concentration and
hepatic enlargement. Anoc!on-1254 induced

a CO-binding pigment that is an unusual
variant of cytochrome P-450. The absonp-

tion maximum for the induced cytochmome
was 449 nm instead of the usual 450 nm.

Other investigators have reported a simi-
lam peak at 449 nm (18). The concentration
of the CO-binding pigment, referred to as

cytochnome P-450, was elevated 6 hr after
drug administration and continued to in-

crease up to day 8. By day 15, the amount
of cytochrome P-450 had begun to decrease
(Table 1).

A single dose of Aroclor-1254 also caused
marked hypertrophy of the liven. Within 1
day of administration, liven weight had
increased almost 10% (Table 2). The liver

weight to body weight ratios continued to

Fraction Number

FIG. 2. Sephadex G-100 chromatography of rat liver cyclic AMP-dependent protein kinase 3.5 hr after

administration ofeitherAroclor-1254 (500 mg/kg intraperitoneally) in sesame oil (B) or sesame oil only (A)

The fractions were assayed in the presence ofexogenous cyclic AMP (16). The regulatory-catalytic form of

cyclic AMP-dependent protein kinase is found in fractions 18-30, and the free catalytic form, in fractions 33-

45 (19, 21).
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TABLE 1

Effect ofAroclor-1254 administration on microsomal

concentration of cytochrome P-450

Male Sprague-Dawley rats (100-125 g) received a

single injection of Aroclor-1254 (500 mg/kg intraper-

itoneally in sesame oil) or sesame oil only (0.25 ml

intrapenitoneally) and were killed at the times

shown. Microsomal P-450 concentrations were de-

termined according to Omura and Sato (27). Each

value rep resents the mean ± standard error for four

animals.

Time Control P-450 Aroclor-1254-
treated P-450

days nmoles/mg microsomal protein

0.25 0.759 ± 0.12 0.989 ± 0.07”

0.75 0.747 ± 0.01 2.026 ± 0.17b

1 0.737 ± 0.11 2.417 ± O.22�

2 0.784 ± 0.14 2.810 ± 0.30’s

4 0.806 ± 0.18 3.190 ± 0.26”

8 0.770 ± 0.16 3.420 ± 0.46”

15 0.790 ± 0.16 3.150 ± 0.40”

S Data differ significantly from controls (p <

0.05).
b Data differ significantly from controls (p <

0.005).

TABLE 2

Changes in ratio ofrat liver weight to body weight

following Aroclor-1254 administration

Male Sprague-Dawley rats (100-125 g) received a

single dose of Aroclor-1254 (500 mg/kg intrapenito-

neally in sesame oil). Controls received an equiva-

lent amount of sesame oil. Animals were weighed

and killed at the intervals indicated. The livers were

perfused with cold 0.9% NaCl, excised, chilled on

ice, blotted dry, and weighed. Each point represents

the mean ± standard error of at least four animals.

Time Control Aroclor-1254

days g liver weight/g body weight

1 0.047 ± 0.003 0.053 ± 0.002”

2 0.041 ± 0.002 0.060 ± 0.006”

4 0.043 ± 0.002 0.075 ± 0.004”

8 0.048 ± 0.005 0.077 ± 0.006”

15 0.050 ± 0.002 0.084 ± 0.005b

from controls (p <

increase until the end of the study (day
15).

Facilitation of drug induction by dibu-
tyryl cyclic AMP with a low dose of Aro-

clor-1254 . A large dose of Amoclom-1254
(500 mg/kg) given with aminophylline and

dibutyryl cyclic AMP did not increase the

hepatic cytochnome P-450 levels above that
seen with Aroclor-1254 (500 mg/kg) alone.
The cytochnome P-450 concentrations were
1.868 ± 0.21 nmoles!mg of microsomal pro-

tein for Aroclor-1254 (500 mg/kg) alone
and 1.745 ± 0.34 nmoles/mg of microsomal

protein for Aroclon-1254 (500 mg/kg) given
with aminophylline (80 mg/kg).

Administration of aminophylline and di-
butyryl cyclic AMP, either alone or to-
gether, decreased the microsomal cyto-
chrome P-450 concentration below the con-
trol levels (Table 3). Administration of a

low dose of Anoclon-1254 (50 mg/kg) alone
produced only a slight increase in the con-
centration of cytochnome P-450 at 24 hm,

but Aroc!or-1254 (50 mg/kg) given with
either aminophylline on dibutyryl cyclic
AMP doubled the P-450 concentration.

This elevation appeared only when the low
dose of Anoclom-1254 was given with these

agents.

DISCUSSION

These data add further credence to a
previous study which reported that cyclic

AMP and cyclic AMP-dependent protein
kinase were involved in the induction of
hepatic drug-metabolizing enzymes. The

administration of either 3-methylcholan-
threne or phenobarbital in single doses,
while causing only slight increases in
cyclic AMP, did elevate significantly the
activity ratio of cyclic AMP-dependent pro-
tein kinase (5). Thus the activation of

cyclic AMP-dependent protein kinase ap-
pears to be a more reliable index ofa cyclic
AMP-mediated event than the actual con-

centration of cyclic AMP. It was for this
reason that, in this study, we measured
the activity ratio of cyclic AMP-dependent
protein kinase and not the absolute
changes in cyclic AMP. Although we were
not able to show an increase in cyclic AMP
after the administration of Anoclor-1254
(data not shown), it was possible to facili-
tate the induction of mixed-function oxy-

genases by the administration of dibutyryl
cyclic AMP along with a low dose of Aro-

clom-1254. This is in agreement with a me-
port by Yamasaki et at. (31) that the addi-
tion ofdibutyryl cyclic AMP and/or amino-
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TABLE 3

Effects ofphosphodiesterase inhibitors and

analogues ofcyclic AMP on microsomal cytochrome

P-450 concentration

Male Sprague-Dawley rats (100-125 g) received

an intrapenitoneal injection of either aminophylline

(80 mg/kg in 0.9% NaC1), 0.9% NaCl (0.5 ml), Aro-

clor-1254 (low dose, 50 mg/kg in sesame oil; high

dose, 500 mg/kg in sesame oil), sesame oil (0.25 ml),

dibutyryl cyclic AMP (25 mg/kg in 0.9% NaC1), or

some combination as indicated, and w�re killed 24

hr later. Livers were perfused with chilled 0.9%

NaCI prior to excision. The microsomal cytochrome

P-450 concentrations were measured according to

Omura and Sato (27). Each value represents the

mean ± standard error for determinations on 4-12

animals.

Treatment Cytochrome P-
450

nmoles/mg
microsomal

protein

Sesame oil (N = 6) 0.661 ± 0.06

0.9% NaC1 (N = 4) 0.712 ± 0.04

Aminophylline (N = 6) 0.566 ± 0.09”

Dibutyryl cyclic AMP (N = 4) 0.542 ± 0.10”

Aminophylline and dibutyryl

cyclic AMP (N = 6) 0.540 ± 0.08”

Aroclor-1254, low dose (N = 12) 0.754 ± 0.28

Aroclor-1254, high dose (N = 4) 2.417 ± 0.22”

Aroclor-1254 and aminophyl-

line (N = 7) 1.324 ± 0.33c

Aroclor-1254 and dibutyryl

cyclic AMP (N = 7) 1.382 ± 0.27

Aroclor-1254, aminophylline,

and dibutyryl cyclic AMP (N

= 6) 1.018 ± 0.21”

a Data differ significantly from

0.05).

b Data differ significantly from

0.001).
C Data differ significantly from controls (p <

0.01).

phylline to isolated baby hamster kidney
cells also resulted in induction of amy! hy-

drocarbon hydroxylase . These experi-
ments support cyclic AMP mediation of

drug induction.
The evidence that relates the induction

of omnithine decarboxylase to the activa-
tion of cyclic AMP-dependent protein ki-
nase is now substantial (1, 5-7, 32, 33), and
the findings reported in this study, which

include a tight temporal sequence for in-
crements u-i protein kinase and omnithine

decarboxylase and also biphasic coupling,
are more convincing than previous studies

(1, 5-7, 32, 33). We have demonstrated
biphasic increases not only in protein ki-
nase and omnithine decarboxylase but also
in RNA polymerase I activity, the enzyme
responsible for nibosomal RNA synthesis.
We feel that this early chain of biochemi-
cal events (i.e. , elevation ofpmotein kinase

activity, induction of omnithine decarbox-
ylase, and acceleration of nibosomal RNA

synthesis) is necessary for the liven hypem-
trophy which occurs after the administra-
tion of various drugs and foreign com-

pounds and which has been well docu-
mented by many investigators (4, 15, 34).

To date it has not been possible to sepa-
rate hypertrophy of the liver per se from
the induction of drug-metabolizing en-
zymes (4). This may mean that new ribo-

somal RNA synthesis is necessary for drug
induction processes. Theme are some data

to substantiate this hypothesis. For exam-
ple, after either phenobarbital or 3-meth-
ylcholanthmene administration, enhance-
ment of RNA synthesis appears to be nec-

essary for the induction of microsomal
mixed-function oxygenases (10, 11). We
have recently obtained some direct evi-
dence to suggest that omnithine decarbox-
ylase may regulate the activity of RNA
polymemase I, the enzyme responsible for
ribosomal RNA synthesis. RNA polymer-
ase I activity can be increased by the addi-
tion of a partially purified omnithine decar-
boxylase preparation to the assay. The
amount of the increase was directly me-
lated to the units of omnithine decanboxyl-
ase activity added to the assay (14). These
data, as well as the close temporal rela-
tionship between increased omnithine de-
carboxylase activity and increased RNA
polymerase I activity in many systems

that have been studied, suggest that omni-
thine decarboxylase may be the labile pro-
tein that modulates the level of RNA po-

lymemase I activity (12, 13).
We are not able to postulate at this time

the mechanism or mechanisms by which

foreign compounds affect the cyclic AMP-
dependent protein kinase activity ratio.

Preliminary evidence indicated that 3-
methylcholanthrene directly activated






