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ABSTRACT

Experiments were designed to determine whether liver cell prolifera-
tion induced by direct mitogens is as effective as compensatory cell
proliferation consequent to previous cell loss, in supporting the growth
of enzyme-altered islands in the liver induced by chemical carcinogens.
Male Wistar rats were given injections of a single nonnecrogenic dose of
N-methyl-N-nitrosourea or benzo(a)pyrene during the S phase following
the administration of four different liver mitogens, namely, lead nitrate,
ethylene dibromide, nafenopin, and cyproterone acetate, or during com-
pensatory cell proliferation following partial hepatectomy or a necrogenic
dose of CCL. The carcinogen-altered hepatocytes were monitored as y-
glutamyltransferase- or placental glutathione S-transferase-positive foci
using a 2-wk promoting regimen consisting of 0.03% 2-acetylaminofluo-
rene coupled with a necrogenic dose of CCL. The results indicate that,
unlike compensatory cell proliferation induced by partial hepatectomy or
CCl,, the mitogen-induced cell proliferation did not result in a significant
number of enzyme-altered islands, despite the fact that the extent of cell
proliferation at the time of carcinogen administration, as monitored by
the examination of labeled cells, is similar with both types of proliferative
stimuli.

INTRODUCTION

Cell proliferation has often been implicated in the carcino-
genic process and cell transformation induced by chemicals,
radiation, and viruses (1-7). Evidence in support of the role of
cell proliferation in the carcinogenic process has come from the
observation that several carcinogens which normally do not
induce liver cell cancer in adult animals become hepatocarcin-
ogens when given in a single dose coupled with liver cell-
proliferative stimulus, such as PH? (2, 3, 5, 7). Using foci of
preneoplastic hepatocytes as the end point and utilizing differ-
ent promoting procedures, evidence was obtained to indicate
that cell proliferation is a necessary prerequisite for the initia-
tion phase of liver carcinogenesis (8-10). Initiation was moni-
tored in these studies as the appearance of enzyme-altered
islands or the incidence of hepatocellular carcinoma. However,
in all the studies carried out the proliferative stimulus was
achieved by a compensatory type of cell proliferation, such as
that occurring after PH, a necrogenic dose of CCl,, or a nec-
rogenic dose of the initiating carcinogen itself. In contrast, the
effect of cell proliferation induced by a direct mitogen on
initiation has received very little attention. Interestingly these
2 types of cell proliferation (Fig. 1) have at least 2 major
differences. While in the former case cell loss is the primary
event, and compensatory cell proliferation occurs to replace the
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cells which have been lost, in the latter case the mitogenic effect
is the primary event, resulting in an excess of cells which are
removed subsequently within days or a few weeks (11-13),
probably as a result of a “controlled” type of cell death, namely
apoptosis (14, 15). In addition, unlike the compensatory cell-
proliferative stimulus, the mitogen-induced direct cell-prolifer-
ative stimulus has to overcome the growth control mechanisms
normally operating in the organ. It is likely that the mechanisms
by which cells respond to these 2 types of cell-proliferative
stimuli could be different. It therefore becomes important to
determine whether these differences mean anything in terms of
the role of cell proliferation in initiation. ’

In the present study experiments were undertaken to inves-
tigate whether cell proliferation induced in the liver by 4 differ-
ent mitogens, lead nitrate (13, 16), EDB (17), nafenopin (11,
18), and CPA (12), would be as effective as the compensatory
cell proliferation following PH or CCl, in achieving initiation
of liver carcinogenesis. Initiation was monitored as the induc-
tion of enzyme-altered foci.

The results obtained indicated that, while a large number of
enzyme-altered islands were present when the carcinogen was
given during compensatory cell proliferation, very few islands
were detectable when the carcinogens were given during mito-
gen-induced liver cell proliferation.

MATERIALS AND METHODS

Male Wistar rats (Charles River Breeding Laboratories, Wilming-
ton, MA) weighing 200 to 250 g were used. The rats were maintained
on Purina rodent laboratory chow diet and daily cycles of alternating
12-h periods of light and darkness for at least 1 wk before their use in
the experiment.

Lead nitrate, EDB, and CCl, were obtained from Fischer Scientific
Co, Canada, while CPA was from Pentagone Pharmaceuticals, Inc.,
Montreal, Canada. Nafenopin was a gift from Dr. J. de Gerlache.

Experimental Design. Liver cell proliferation was induced by a single
dose of lead nitrate (10 umol/100 g, i.v., in distilled water), EDB (10
mg/100 g, i.g., in olive oil), nafenopin (20 mg/100 g, i.g., in olive oil),
or CPA (10 mg/100 g, i.g., in olive oil), by PH; or with a necrogenic
dose of CCL, (0.2 ml/100 g, i.g., in olive oil). During DNA synthesis, a
nonnecrogenic dose of MNU (60 mg/kg, i.p., in 10 mMm sodium citrate,
pH 6.1), or BP (200 mg/kg, i.g., in olive oil) was administered. After a
2-wk recovery period, the animals were placed on a diet containing
0.03% 2-AAF for 2 wk. Between the first and the second week of 2-
AAF exposure, a single injection of CCl, was given according to the
protocol described by Cayama et al. (8). The animals were then placed
on a basal diet and sacrificed 1 wk later.

Histopathological Observations. After sacrifice, the liver was rapidly
excised, and sections of 2 to 3 mm thick were fixed in 10% formalin
solution for routine hematoxylin-eosin staining or in ice-cold acetone
for subsequent histochemical examination for v-GT (19) and immu-
nohistochemical examination for GST-P-positive foci (20).

Immunohistochemical Staining. Rabbit anti-rat GST-P was a gift from
Dr. K. Sato, Hirosaki University, Japan, and was diluted 400 times
before use. The presence of GST-P in tissue was determined by the
peroxidase-antiperoxidase immunohistochemical technique described
by Graham and Karnovsky (20).

The number of enzyme-altered islands was quantitated using a com-
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Fig. 1. Schematic representation of induction of liver cell proliferation induced
by mitogens and necrogenic agents.

Table 1 Effect of two different types of liver cell-proliferative stimuli on the
genesis of v-GT-positive foci induced by MNU and BP

Experimental details are given in the text.

y-GT-positive foci

Total area

Time of of v-GT

Liver cell- Initiating adminis- foci/liver

proliferative carcin- tration of section

stimulus ogen carcinogen (h) No./cm* No./cm® (mm?/cm?)
None MNU 20 1+1.1° 49%+20 0.05+0.07
PH MNU 20 13+7.6° 326+81° 276+4.32
CCL MNU 48 35+9.6° 862+ 320° 4.45+2.89
Lead nitrate MNU 30 2+34 56+107 0.28+0.34
EDB MNU 23 2+1.7 45+42 0231034
CPA MNU 24 2+26 S4+48 0271041
Nafenopin MNU 30 3+24 79+74 0.28+0.22
None BP 20 1+£1.2 36+41 0.12+0.19
PH BP 20 7+5.4% 220+ 137¢ 0.73£0.72
Lead nitrate BP 30 0.1+£0.29 27+60 0.01+0.01

“ Mean + SD. Five to 6 rats per group were used.
5 Significantly different from controls: P < 0.005.
‘P <0.001.
4p<0.025.

puter-generated program designed to calculate the number of foci per
cm?, per cm?, and the total volume occupied by such lesions (21).
Determination of Cell Proliferation at the Time of Carcinogen Admin-
istration. In order to determine the extent of cell proliferation occurring
at the time of carcinogen administration following treatment with
various proliferative stimuli, a single injection of [*H]thymidine (New
England Nuclear, Canada; specific activity, 21 mCi/mmol) was admin-
istered at a dose of 50 xCi/100 g at 20 h after PH, 23 h after EDB, 24
h after CPA, 30 h after lead nitrate and nafenopin, or 48 h after CCL.
These time points were selected because, from our previous studies and
those of others (11, 12, 17), they represent the time of active DNA
synthesis. One h after thymidine administration, the rats were sacri-
ficed, and the formalin-fixed liver sections were dipped in NTB-2
nuclear emulsion (Eastman Kodak Co., Rochester, NY), exposed for 2
wk, developed in D-19 Kodak developer, fixed, washed in water, and
stained with hematoxylin-eosin. For the determination of the labeling
index, at least 10,000 to 12,000 nuclei per rat liver were counted. The
labeling index is expressed as number of labeled nuclei per 1,000

hepatocytes.
RESULTS

Table 1 shows the effect of various proliferative stimuli on
the induction of y-GT-positive foci by MNU and BP. The data

indicate that, while carcinogen administration during a com-
pensatory type of cell proliferation following PH or CCl, results
in the formation of several v-GT-positive foci, injection of the
carcinogen during liver cell proliferation induced by direct
mitogens does not yield a significant number of enzyme-altered
foci. The inability of mitogens to support the growth of foci
was also observed when the foci were monitored as GST-P-
positive islands (Table 2). The possibility that the failure of
mitogen-induced hyperplasia to support the growth of foci
could be due to an insufficient number of proliferating cells at
the time of carcinogen treatment was considered. Therefore,
the extent of cell proliferation following several proliferative
stimuli was determined by autoradiography. As shown in Table
3, the labeling index in the livers at the time of carcinogen
administration was very similar in all the groups, irrespective
of whether the proliferative stimulus was given by either direct
mitogens or PH. Furthermore, our previous results have shown
that the extent of DNA synthesis 48 h after CCl, administration
was very similar to that seen 30 h after lead nitrate administra-
tion (22). Thus, it appears that the absence of enzyme-altered
foci in the liver of rats given the carcinogen during mitogen-
induced hyperplasia is not due to an insufficient proliferative
stimulus.

DISCUSSION

The present study demonstrates that cell proliferation in-
duced in rat liver by a single administration of different hepatic
mitogens does not result in any significant number of detectable
enzyme-altered foci. This finding appears to be of general

Table 2 Effect of two different types of liver cell-proliferative stimuli on the
genesis of GST-P-positive foci induced by MNU and BP

Experimental details are given in the text.

GST-P-positive foci

Total area

Time of of GST-P

Liver cell- Initiating  adminis- foci/liver

proliferative  carcin- tration of section

stimulus ogen carcinogen (h) No./cm*> No./cm® (mm?/cm?)
None MNU 20 3+£29° 139+121 0.16+0.15

PH MNU 20 27+12° 603325 39146

CCL MNU 48 40+17¢ 815+343° 51%35
Lead nitrate MNU 30 4+44 125+125 0.75+0.15
EDB MNU 23 6+39 173+28 0.55+0.53
CPA MNU 24 5+40 181+25 0.70+0.99
Nafenopin MNU 30 9+43 245+123 0.71+0.33
None BP 20 3+28 150+144 0.32+0.54
PH BP 20 14+ 11° 418+ 181° 1.23+1.17
Lead nitrate BP 20 1£13 7050 0.09+0.11

2 Mean = SD. Five to 6 rats per group were used.
5 Significantly different from controls: P < 0.025.
€ P<0.05.
4p<0.01.

Table 3 Labeling index of rat liver nuclei following various proliferative stimuli
at the time of carcinogen administration

Time of

Liver cell- administration Labeling index
proliferative of tritiated (labeled nuclei/1000

stimulus thymidine (h) total nuclei)
None 20 3.13+ 1.57°
PH 20 539 +17.32%
Lead nitrate 30 86.1 + 21.10°
EDB 23 55.1+10.11°
Nafenopin 30 20.5 + 12.13¢

% Mean + SE. Three rats per group were used. Experimental details are given
in the text.

5 Significantly different from controls: P < 0.001.

¢ Significantly different from controls: P < 0.050.
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the nature of liver mitogen, carcinogen, and marker enzyme
used, only a few foci could be detected.

The inability to form carcinogen-induced enzyme-altered he-
patocytes when liver cell-proliferative stimulus was from mito-
gens could be because such proliferative stimulus may not be
conducive for such a process. Alternatively, such liver cell
proliferation might have accomplished the phenomenon, but
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tosis that accompanies the regression phase following the ces-
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even lead to the identification of the genes that may be involved
in the initiation process.

According to the latter hypothesis, the mitogen-induced cell
proliferation did achieve initiation, but the altered hepatocytes
so formed were lost during the regression phase of the mitogen-
induced cell proliferation. Unlike regenerative cell proliferation,
in mitogen-induced cell proliferation there is an increase in
DNA content as a result of an increase in the number of liver
cells, and the excess DNA is rapidly eliminated, probably as a
result of a “controlled” mode of cell death, termed apoptosis
(23, 24). Indeed, the occurrence of apoptosis during the regres-
sion of liver hyperplasia has been demonstrated following CPA
treatment (14) and after lead nitrate administration (15). It is
therefore likely that, during the regression phase, the carcino-
gen-induced altered cells also might have been lost. Since vir-
tually no foci could be detected, and during regression phase
not all the liver cells are lost, it may mean that these altered
hepatocytes are more prone to apoptosis. It is of interest to
note that hepatocyte nodules exhibit a higher incidence of
apoptosis (14, 25).
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