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Abstract—Nafcnopin (NP) induces hepatomegaly characterized by cellular hypertrophy and hyper-
plasia. An investigation was carricd out on the cffects ol adrenergic antagonists on prereplicative
changes in the livers of rats treated with NP. After a single dose of 200 mg/kg. induction of amino acid
uptake (AAU) was maximal at 9 hr. induction of ornithine decarboxylase (ODC) activity was biphasic
with peaks at 9 and 21 hr. and DNA synthesis was maximally induced at 2t hr. The a-adrenergic
antagonists phenoxybenzamine and phentolamine. injected 0.5 hr before or 3 hr after NP, further
enhanced AAU and ODC activity at 9 hr. The g-adrenergic antagonists propranolol and pindolol
elicited a similar enhancement (superinduction) when injected 0.5 hr before but not 3 hr after NP. When
a- and B-antagonists were injected simultaneously. no net enhancement of NP-induced AAU or ODC
was seen at 9 hr. Enhancement of the 21 hr peak of ODC activity is seen in response to a- and -
antagonists injected at 12 hr but not at 3 hr. Despite the marked stimulation in AAU and ODC activity
in response to the antagonists, DNA synthesis was not affected. Inferences drawn from these results
arc: (1) - and B-receptors may interact to exert a modulating affect on NP induction such that blockade
of one site elicits superinduction while blockade of both sites does not significantly alter the NP response,
(2) there appear to be time-related changes in these receptor relationships after administration of NP,
(3) the superinduction of AAU and ODC associated with a-antagonists injected 3 hr after NP may
specifically involve B-receptors. (4) the two peaks of ODC activity are at least partially independent
of each other, and (5) the adrenergic receptor mechanisms responding to administration of NP are
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somewhat different from those functioning during liver regencration.

Nafenopin (NP, SU-13437), a hypolipidemic com-
pound, causes massive liver  enlargement
accompanied by hepatocellular hyperplasia and pro-
liferation of microbodies and smooth endoplasmic
reticulum in mice and rats [1-3] with little or no
effect on hepatic microsomal drug-metabolizing
enzymes [4. 5]. After intraperitoneal administration
of NP, increases in ornithine decarboxylase (ODC)
activity and amino acid uptake (AAU) have been
observed at 9 hr while an increase in DNA synthesis
has been observed at 21 hr [6]. Similar responses
have also been reported in the regenerating liver
after partial hepatectomy [7-9]. Morphologically. a
NP-induced liver resembles regenerating liver [10].

Adrenergic receptor mechanisms probably play a
role in regenerating liver. Increases in cyclic AMP
levels have been seen at 4 and 12 hr after partial
hepatectomy [11-13]. Adrenergic receptor activation
has been associated with changes in liver cyvclic AMP
levels [14] and adrenergic blocking agents have been
used to establish this linkage. The alpha-adrenergic
blocking agents phenoxybenzamine and phentolam-
ine. injected at the time of partial hepatectomy.
inhibited the induction of ODC seen normally at 4 hr
[13]. Given at 8 br, these agents inhibited the second
wave of cyclic AMP accumulation and subsequent
DNA synthesis {12]. Administration of the beta-

* This work was supported in part by a grant from the
National Cancer Institute, USPHS (CA-14231).

adrenergic blocking agents propranolol and pindolol,
I hr after partial hepatectomy decreased the first
wave of cyclic AMP with no effect on ODC activity
or on DNA synthesis [13]. However. when d/-pro-
pranolol was administered at 8 hr. the second wave
of cyclic AMP and subsequent DNA synthesis were
delayed [12].

It has been proposed [15] that induction by 3-
methylcholanthrene and phenobarbital of ODC and
of mixed-function oxidase activity, as well as sub-
sequent liver hypertrophy. is mediated by increases
in cyclic AMP through beta-adrenergic receptors. In
livers of rats fed 3'-methyl-4-dimethylaminoazo ben-
zene [16] and in hepatocytes isolated from rats fed
with 2-acetylamino fluorene [17]. there is a pro-
pranolol-sensitive increase in the response of adenyl
cyclase activity to isoproterenol. Since adrenergic
receptor blockade leads to change in live cyclic AMP,
ODC activity, and DNA synthesis in partially hepa-
tectomized rats and possibly in chemically induced
liver growth, we investigated the influence of a- and
B-adrenergic blocking agents on several prereplica-
tive changes seen during NP-induced liver growth.

MATERIALS AND METHODS

Chemicals. Pyridoxal phosphate. dithiothreitol,
diphenylamine and d{-propranolol were purchased
from the Sigma Chemical Co. (St. Louis. MQ),
EDTA from Fluka-Garantie (Switzerland) and
Hyamine hydroxide (10-X) from the Packard Instru-
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ment Co. (Downers Grove, 1L). Aquasol and d/-|1-
“Clornithine were obtained from New England
Nuclear (Boston, MA). 2-Amino|l-"Clisobutyric
acid (59 mCi/mmole) and [methvi-Hithymidine (19
Ci/mmole) were purchased from Amersham {Arling-
ton Heights. IL) and Schwarz/Mann {Orangeburg,
NY) respectively. Nafenopin and phentolamine
(Regitine HC1) were provided by the Ciba Phar-
maceutical Co. (Summit, NJ}. phenoxvbenzamine
(Dibenzyline) by Smith, Kline & French Labora-
tories (Philadeiphia. PA). and pindolol (LB-46} by
Sandoz Pharmaceuticals (East Hanover. NJ).

Treatment of animals. Male Wistar rats (initial
body weights, 40-50 g) were kept under controlled
lighting (8:00 p.m.~&:000 a.m.) and feeding (8:00
a.m.—1:00 p.m.} conditions for 2-3 weeks.

Water was available at all times. NP was dissolved
in corn oil (75 mg/ml) and injected intraperitoneally
at a dose of 200 mg/kg. Control animals received an
equal volume of vehicle.

Amino acid uptake (AAU) and ornithine decar-
boxylase (ODC) activitv. AAU and ODC activity
were determined on the same liver 9 hr afterinjection
of NP, 2-Amino| 1-"Clisobutvric acid. a non-metab-
olized amino acid {18], was injected intravenously,
2 uCi/100 g. The livers were removed 5 min later,
perfused with ice-cold saline, and homogenized in
4 vol. of ice-cold 50 mM phosphate buffer, pH 7.4,
containing 1 mM dithiothreitol. 0.1 mM EDTA and
0.1 mM pyridoxal phosphate (added fresh daily). For
determination of AAU, 2ml of the homogenate
were mixed with 2ml of 10% trichloroacetic acid
(TCA), and the acid-soluble radicactivity was col-
lected after centrifugation at 100 g. The peliet was
washed once with an equal volume of 3% TCA. the
supernatant fractions were combined, and a sample
was counted. Uptake was calculated as cpm/g of
liver. For determination of ODC activity. the
remaining homogenate was centrifuged for 60 min
at 100,000 ¢ and the supernatant fractions were
frozen overnight. It was found that overnight storage
in the freezer had no effect on the enzyme activity
although activity diminished after 2-3 days ot storage
(data not shown). For the assay. 1.8ml of the
buffered supernatant fraction, to which had been
added freshly prepared pyridoxal phosphate. were
preincubated for 10 min at 37°. The reaction was
started with the addition of 0.2 ml d/{-"*Clornithine
(0.5 uCi). The final concentration of ornithine was
0.6 mM. The flasks were capped and incubated at
37° for 30 min in a water bath with constant shaking.
The reaction was stopped by the addition of 0.2 ml
of 5 N H:50:. The flasks were incubated for another
30 min and the "CO: evolved was trapped by 0.2 mi
Hyamine hydroxide in methanol. The cup containing
the Hyamine was mixed with Sml Aquasol and
cooled overnight before determining the total radio-
activity. Enzyme activity was calculated as pmoles
CO: evolved/mg of protein/30) min,

DNA synthesis. DNA synthesis and ODC activity
were also determined on the same liver 21 hr after
injection of NP. Rats were injected intraperitoneally
with 30-35 uCi [*H]thymidine. One hrlater the livers
were removed and homogenized in 4 vol. of ice-cold
50 mM phosphate buffer. pH 7.4, containing 1 mM
dithiothreitol. 0.1 mM EDTA. and 0.1 mM pyri-
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doxal phoshate (prepared fresh). A sample of the
homogenate was mixed with an equal volume of ice-
cold 104 TCA and centrifuged. The precipitate was
washed twice with 3% TCA, twice with ethanol, and
twice with hot ethanol—ethyl ether (3:1: v/v). Finally,
the DNA was extracted in hot 5% TCA and asample
was counted. DNA was determined by the diphenvl-
amine procedure [19]. using calf thymus DNA asa
standard.

Neither the presence of 2-amino| I-"Clisobutyric
acid nor that of [‘Hthymidine interferes with the
ODC assay (data not shown). Protein was deter-
mined by the procedure of Lowry er afl. [20] with
crystalline bovine albumin as & standard. Statistical
analysis was determined by Student’s r-test methaod.

RESULTS

Enhanced liver uptake of 2-amino-tsobutyric actd
and ODC activity are seen 9 hr after i.p. adminis-
tration of NP [6]. Determination was made on the
effects on these parameters of adrenergic blocking
agents administered at various times before or after
NP. In Table 1. it is seen that the e-adrenergic
antagonists phenoxvbenzamine and phentolamine.
injected (.5 hr before or 3 hr after NP treatment,
enhanced the NP-induced AAU by approximately
150-200 per cent. B-Adrencergic antagonists, pindolol
or propranolol. elicited similar ¢nhancement when
injected 0.5 hr before but not 3 hrafter NP. in certain
instances. a single antagonist alone appeared to
increase AAU. in the absence of NP, possibly due
to a stress effect. However. none of these increases
were statistically significant and the enhancement of
NP-induced AAU was not simply an additive effect.
When a-and B-antagonists were injected together in
the absence of NP, a small but significant increase
was scen. However. when this increase was taken
into account. the combined antagonists given 0.5 hr
before or 3 hr after NP caused no significant net
enhancement of AAU above levels scen with NP
alone.

We extended the earlicr observations of Levine
et al. [6] and found a second peak of ODC activity
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Table 1. Effects of a- and B-adrenergic antagonists on amino acid uptake at 9 hr™

Time of administration

Amino acid uptake

Treatment {(hn) {cpm/g liver)
Control (corn oil) 0 31089 = 2319
Phenoxybendamine -~(.5 44177 = 2710
NP 0 70,792 = 1202+
+ Phenoxybendamine -0.5 2100187 = 37.156%
Control (corn oil) 0 35325 698
Pindolol ~Q0.5 23,789 = 2,013
NP 0 56,973 = 69037
+ Pindolol -5 e e = 101778
Control (corn oil) 0 25,192+ 9ix
NP [} S2681 = 47244
+ Propranolol ~.5 I51,191 = 24 099z
Control (corn oil) 0 12442+ 642
Propranolot -0.5 16,700 = 2.383%
Control (corn oil) 0 21,488 = 5,888
Phenoxybendamine + pindolol ~0.5 52,296 + 17.656
NP 0 66.045 = 10,336+
+ Phenoxybenzamine + pindolo} 0.5 124.397 = 25 398
Control (corn oil) 0 21589 = 1,175
Phenoxybenzamine 3 20827 = 3.677
Phentolamine 3 29697 £ 3480
Propranolol 3 40.899 = 10444
NP 0 65524 = {0,122+
+ Phenoxybenzamine 3 158,798 = 22 905z
+ Phentolamine 3 151 891 = 24 6641
+ Propranolol 3 80,133 = 11953
Control (corn oil) 0 16.699 = 3919
Phenoxybenzamine + propranolol 3 16,364 = 9 324+
NP 0 59.873 + 15,573+
+ Phenoxybenzamine + propranolol 3 1300330 = 5.812%
Phentolamine + pindolol 3 46,926 = 8.721+
NP 0 69978 = 2 6827
+ Phentolamine + pindolol 3 125.647 + 22 910%

* Male rats (100-150 g) were injected with NP (200 mg/kg, i.p.). Phenoxybenzamine (10 mgikg),
phentolamine (10 mg/kg), propranolol (60 mg/kg), and pindolol (5 mg/kg) were injected i.p. as
indicated. ["*C}-2-Amino-isobutyric acid was injected intravenously (2 pCi/1000 g). Five min
later the TCA-soluble radioactivity was determined in the prefused livers. Each value represents

the mean * S.E.M. for three or four animals.
+ Versus control (P < 0.0S).
I Versus NP (P < 0.05).
§ Control group was determined separately.

at 21 hr (Fig. 1). This peak coincided with the peak
of DNA synthesis after NP administration [6]. Sev-
eral investigators have also reported multiple peaks
of ODC during liver regeneration [21-24]. Figure 2
shows the effects of the adrenergic antagonists on
ODC activity measured at 9 hr and 21 hr after NP.
The alpha-blockers, phenoxybenzamine and phen-
tolamine, injected 0.5 hr before (Fig. 2A) or 3hr
after (Fig. 2B). led to a superinduction of liver ODC
activity at 9 hr. Superinduction was also seen with
the beta-blockers, propranolol or pindolol, injected
0.5 hr before but not 3 hr after NP. Neither antag-
onist injected alone produced a significant increase
in ODC activity. When «- and S-antagonists were
injected together at either time, no statistically sig-
nificant enhancement of ODC activity at 9 hr was
seen (Table 2). Injection of either a- or B-antagonists
12 hr after NP also markedly enhanced the second
peak of ODC activity at 21 hr (Fig. 2C). When the

BP 2824 1

antagonists were injected 0.5 hr before or 3 hr after
NP, no alteration of the second ODC peak was seen,
despite induction of the first peak at 9 hr (Fig. 2
panels A and B). Thus. there appeared to be a
degree of independence between the two ODC
peaks. In contrast to the 9 hr ODC peak, the 21 hr
peak was further stimulated by combined injection
of a- and S-antagonists (Table 2).

DNA synthesis was stimulated markedly after NP
treatment (Fig. 3). However. neither phenoxyben-
zamine, nor phentolamine, nor propranolol, nor
pindolol, injected at any time, produced significant
effects on NP-induced [*H]thymidine incorporation
into DNA. These results are in contrast to those
reported in regenerating liver by Thrower and Ord
[13] and by MacManus et al. [12], who demonstrated
that phenoxybenzamine, as well as propranolol,
injected 8~13 hr after partial hepatectomy, delaved
the induction of DNA synthesis.
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Fig. 2. Changes in ODC activity in response to NP and adrenergic blocking agents. Doses used: NP

(200 mg/kg). phenoxybenzamine (PB: 10 mg/kg). phenotolamine (PT: [00mg/kg). propranolol (PR;

60 mg/kg), and pindolol (PI: 5 mg/kg). Antagonists were injected i.p. 0.3 hr before (A). 3 hr after (B).

or 12 hr after (C) NP. Enzyme activity was mecasurcd 9 or 21 hr after NP, as indicated. Lach value

represents the mean = S.E.M. for three or four rats Kev: (%) versus control (P << 0.05): (¥) versus NP
(P < 0.05): () control group determined separately.

DISCUSSION

The superinduction response to adrenergic block-
ing agents in the presence of NP suggests that the
induction of AAU and of ODC by NP may involve
adrenergic receptor mechanisms. It is doubtful that
the enhanced response to the individual agents is

simply a stress effect since the drugs in the absence
of NP elicit minimal changes which are far below
those seen in the presence of NP. especiallv in the
case of ODC. Furthermore, combined «- and -
blockers given 0.5 hr before NP abolish the super-
induction response. B-Adrenergic receptor mechan-
isms have also been postulated to play a role in the

Table 2, Effects of a- and B-antagonists together with ODC activity at 9 and 21 hr?

Treatment

ODC activity

Control (corn oil)
Phenoxybenzamine + pindolol
NP

+ Phenoxybenzamine + pindolol

Control (corn oil)
Phcnoxybenzamine + propranolol
NP
+ Phenoxybenzamine + propranolol

Control (corn oil)
NP
+ Phentolamine + pindolol

Control (corn oil)
Phenoxybenzamine + pindolol
NP

Time of administration I'ime pmoles. my
(hr) (hr) protein/ 3t min
0 Y 25 - 3
0.5 v 3713
() Y S0U = 138Y
-0.5 9 1436+ 5337
0 Y I8 4
3 9 [OSS = 133+
0 9 336 2 67
Y 1284 ¢+ R3n:
0 9 RIS 4
0 Y 254 0 137
3 Y 862 = 307
0 21 420
12 21 330
0 21 134 42
12 21 ERRIRN PN

+ Phenoxybenzamine + pindolol

* Male rats (100-150 g) were injected with NP (200 mg/kg. i.p.). Phenoxybenzamine (10 mgkg).
phentolamine {10 mg/kg). propranolol (60 mg/kg). and pindolol (5 mg/ke) were injected i.p. at the
various times indicated. Ornithine decarboxylasc activity was determined as described in Materials
and Methods. Each value represents the mean = S.E.M. for three or four animals.

+ Versus control (P << 0.05).
i Versus NP (not significant).
§ Versus NP (P < 0.03).
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Fig. 3. Effects of adrenergic antagonists on NP-induced
DNA synthesis. NP (200 mg/kg) was injected i.p. at zero
time; phenoxybenzamine (PB: 10 mg/kg), phentolamine
{PT: 10 mg/kg). propranotol (PR: 60 mg/kg, and pindolol
(PI: Smg/kg) were injected ip. as indicated. Refer to
Materials and Methods for details. Each value represents
the mean = S.E.M. of three or four rats. Key: (¥} versus

controf {P < 0.05).

induction of ODC in the regenerating liver |25] and
of the microsomal mixed-function oxygenase system

4 I ortrar
and liver hypertrophy by phenobarbital, 3-methyl-

cholanthrene and Aroclor-1254 |15, 26, 27). )
It l‘s dpparent from present and carlier observa-

Ll\lll\ lU] Lll(ll }\VYP llldub\/\ WO }JCdl\\ \lt OD(, Ll\-ll\'ll\
The first peak is at 9 hr and the second is at 21 hr
and coincides with maximal DNA synthesis. Both
o and B-blocking agents injected 0.5 hr before NP
lead to a superinduction of NP-stimulated AAU
(Table 1) and ODC aetivity (Fig. 2. panels A and
B) at 9 hr. However. when injected 3 hr after NP,
only the a-amagonists effectively enhance AAU and
ODC activity (Fig. 2, panels A and B). Injection of
both antagonists together 0.5 hr before or 3 hr after
NP produces no superinduction of either activity
(Tables | and 2). There is also superinduction of the
second ODC peak by o- or B-antagonists injected
12 hr after NP. In contrast to the effects on the
earlier peak, combined injection of e~ and B-antag-
onists still elicits a superinduction of the 21 hr peak.
The mechanism of the superinduction is thus far
not clearly defined, although both induction by NP
alone and superinduction appear to require protein
synthesis since they are inhibited by eycloheximide
[28]. One possibility 1s that adrenergic receptors
contral repressor mechanisms in the induction pro-
cess. Thus. receptor blockade would effectively
“derepress” the NP response leading to superinduc-
tion. The obliteration of superinduction by the sim-
ultaneous administration of both «- and B-blockers
argues against this explanation since. under these
conditions, an even greater degree of superinduction
would have been expected. Alternatively, the c- and
B-receptor sites may serve as a precisely balanced
modulfating influence on NP induction such that
blockade of either site alone may lead to an exag-
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gerated response (superinduction), while blockade

of both sites removes the influence entirely. The
concept of a linked o- and B-receptor mndn\ahnﬂ

LUBLTPL O a JNxXea & Ceehtiol noguidain

effect is also implicit in the work of McCarthy and
deVellis [29]. who studied the norepinephrine-

induced increase in levels of cAMP g glial cultures

of rat cerebral cortex. Alpha-adrenergic blockade
with phentolaminc led to a marked superinduction
of this response, while combined g-blockade with
propranolol abolished the increase. On the other
hand, Le Cam and Freychet [?()} observed induction
of AAU by catecholamines in isolated rat hepato-
cytes which was blocked by a- but not B-antagonists.
Although these results are ostensibly the opposit
of ours where adrenergic antagonists enhance
AAU. they do indicate an involvement of adrenergic

receptor mechanisms in AAU.

We have found a time-related change in the
response to adrenergic blocking agents. Thus, both
o and B-blockade individually elicit superinduction
when given 0.5 hr prior to NP, while 3 hr after NP
superinduction is seen only after e-blockade. By
12 hr. the response to 8-blockade has returned. but
now simultaneous admimstration of both «- and 8-
blockers still elicits superinduction, possibly implying
an alternative mechanism of induction. A change in
the relationship between a- and B-receptor respon-
siveness has been reported in hepatocytes obtained
from the regenerating liver [31]. With the use of
adrenergic antagonists, it was demunstrated that the
agonist-induction of glycogen phosphorylase is

madinted vin aurecentare in the normal adule Liver
MEGIatCt via - YeCLpiOrs 1 Ine normds ddat over,

while 24 hr after partial hepatectomy the effect is
mediated via B-receptors. Thus, both NP adminis-
tration and paitial hepatectomy may induce a rapid
change in adrenergic receptor relationships.

The use of these antagonists has allowed us to
examine the relationship between the two ODC
peaks at 9 and 21 hr. Injection of adrenergic antag-
onists .5 hr before or 3 hr after NP results in a
marked stimuiation of ODC activity at 9 hr, but not
at 21 hr (Fig. 2A). The second peak is. however
capable of superinduction, as seen after injection of
antagonists 12 hr after NP. Thus. it is possible to
influence one peak of ODC activity but not the
other. Independence of the two ODC activity peaks
was also reported in regenerating livers by McGowan
and Fausto [24]. They demonstrated that protein
deprivation did not affect the first increase in ODC
activity while the second peak was delayed. Simi-
larly, they showed that hypophysectomy markedly
inhibited the first ODC activity peak in regenerating
livers without affecting the second peak when com-
pared to nonhypophysectomized rats.

Finally, our results with adrenergic antagonists on
NP-induced ODC activity and DNA synthesis con-
trast with those reported in the regenerating liver.
Thrower and Ord [13] found that o-antagonists,
given at the time of partial hepatectomy. delay ODC
induction without affecting DNA synthesis. How-
ever, when either class of antagonist was given 9-
12 hr after partial hepatectomy. DNA synthesis was
delayed [12, 13]. Ashrif ef af. [32] showed than DNA
synthesis during regeneration was not atfected by
a-blockade (tolazoline) but was inhibited by 8-block-
ade (propranolol) and the sympathetic nerve block-

e
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ers, guanethide and reserpine. In the present work
we show that administration of «- as well as B-antag-
onists can lead to superinduction of both peaks of
NP-stimulated ODC activity (Fig. 2, panels A and
B), but under no circumstances is DNA synthesis
affected (Fig. 3). It is apparent that certain aspects
of the prereplicative events responding to NP differ
from those seen in the regenerating liver.
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