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Abstract

We recently suggested that peroxisome proliferators (PPs), 3,3',S-tri
iodo-L-thyronine (T3), and 9-cis retinoic acid (9-cis RA) induce hepatocyte
proliferation in rats through the activation of their nuclear receptors,
PP-activated receptors, T3 receptors, and retiaoid X receptors. To test
whether nuclear hormone receptor-mediated cell proliferation can be
observed in organs other than liver, we examined the effects of these
agents on the pancreas and kidneys of male Wistar rats using BrdUrd
immunohistochemistry. A single s.c. injection of T3 (2 mgfrg) and single
intragastrlc administration of 9-ckcRA (40 mg/kg) or 4-chloro-6-(2, 3-xy
lidlno)-2-pyrhnldinylthio-(N-13-hydroxyethyl) acetamide (200 mglkg) in
duced a wave of DNA synthesis in the pancreatic acinar cells and in the
proximal tubular epithelial cells of the kidneys, peaking after 24 h. No
stimulation of DNA synthesis was observed in ductal or islet cells of the
pancreas and in glomeruli of the kidneys. All-tmns-retinoic acid, a ligand
for retinoic acid receptor, at a dose (200 mg/kg) that induced hepatocyte
proliferation, had no effects on cell proliferation of the pancreas and the
kidneys. The results suggest that T3, 9-cis RA, and PP activate genes that
regulate cell proliferation in target cells through receptor-mediated path
ways and initiate cellular DNA synthesis.

Introduction

PPs3 are known to induce hepatocyte proliferation without preced
ing liver cell necrosis (direct hyperplasia; Ref. 1). The signal path
ways leading to the induction of hepatocyte DNA synthesis by PP
appear to differ from those seen after partial hepatectomy or liver cell
necrosis (compensatory hyperplasia), because the induction of growth
factors, cytokines, and several immediate-early growth response
genes commonly seen in compensatory hyperplasia during periods
preceding the onset of DNA synthesis was not observed in direct
hyperplasia (2, 3). This suggests that PP-induced hepatocyte prolifer
ation is mediated by the direct activation of the PPARs, members of
the nuclear hormone receptor superfamily (1, 2). PPARs are ligand
activated transcription factors that have been shown to bind DNA at
a specific sequence, the PPREs, situated upstream of several target
genes stimulated by PPs (4, 5, 6, 7). The PPAR actually binds to
PPRE as a heterodimer with RXR, the receptor of 9-cis RA (5).
Moreover, recent studies using the mice with targeted disruption of
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PPAR-a indicate that the mutant mice were refractory to stimulation
of hepatocyte proliferation induced by PPs (8),@providing strong
support for the involvement of PPARs in the induction of hepatocyte
proliferation. Recently, we and others demonstrated that a single dose
each of 9-cis RA and T3 also induces a wave of hepatocyte DNA
synthesis similar to that induced by PP (9, 10). The major biological
effects of these hormones are mediated by their nuclear receptors,
RXR and TR (11). On the basis of these facts, PP. 9-cis RA, and T3
can all be considered nuclear receptor-mediated hepatocyte mitogens
(1). We report here that PP, 9-cis RA, and T3 are also potent inducers
of DNA synthesis for pancreatic acinar cells and proximal tubular
epithelial cells of the kidneys, suggesting a more general role for this
type of mitotic activation.

Materials and Methods

Animals. Male Wistar rats (5â€”6weeks old and 150â€”160g) obtained from
Harlan Sprague Dawley (indianapolis, IN) were quarantined for I week and
housed in a room under controlled temperature (20 Â± 2Â°C), humidity
(50 Â±10%), and lighting (12 h light and 12 h dark). All rats had free access

to laboratory chow (Purina Chow, Ralston Purina, St. Louis, MO) and water
and were randomly divided into experimental groups.

Procedures. BR931 (LPB Instituto Farmaceutico, Milan, Italy) was mixed
in corn oil (1 ml) and given by a single gastric intubation at 200 mg/kg body
weight. Control rats received 1 ml of corn oil. RA (Sigma Chemical Co., St.
Louis, MO) was dissolved in ethanol, diluted with sterile distilled water, and
given to rats by a single intragastric intubation in a volume of 1.5 ml at 200
mg/kg body weight. Control rats received 1.5 ml of the solvent alone. 9-cis RA
(Midwest Research Institute, Kansas City, MO) dissolved in DMSO and mixed
in corn oil was given to rats by a single intragastric intubation in a volume of
1.5 ml at 40 mg/kg body weight. Control rats received 1.5 ml of the solvent
alone. BR931, RA, and 9-cis RA were given to overnight fasted rats, and after
the treatment rats were allowed free access to laboratory chow. T3 (Sigma) was
dissolved in 0.O1N NaOH-0.9% NaC1 solution and was given as a single s.c.

injection on the backs of rats in a volume of 0.1 ml of 2 mg/kg body weight.
Control rats received 0.1 ml of the vehicle.

Four rats in each experimental and control group were killed at both 24 and
48 h after the treatment. Ninety mm before killing, rats were given an i.p.
injection of BrdUrd (Sigma) at 50 mg/kg of body weight. Sections of the liver,
pancreas, and kidneys were fixed in Bouin's fixative, and the immunohisto
chemical stainings for BrdUrd were performed as described previously (2).

BrdUrd-positive nuclei were counted, and the results were expressed as num

her ofpositive cells in 100or 1000nuclei. The data were statistically evaluated
using Student's t test.

Results

The doses of four agents tested in the present study were chosen by
their efficacy in inducing hepatocyte proliferation after a single dose.
The chosen doses of T3, BR931, and RA gave maximal hepatocyte
proliferation (2, 10), whereas that of 9-cis RA gave slightly lower than
maximal (9). Histological examination showed that none of these
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Fig. 1. DNA synthesis in the pancreas (A) and kidney (B) after a single dose of T3. Groups of rats were given a single s.c. injection of 13 (2 mg/kg) or the vehicle.'Four rats in
each group were killed at both 24 and 48 h thereafter. Each rat received an i.p. injection of BrdUrd (50 mg/kg) 90 mm before killing. Sections of the pancreas and kidney were processed
for BrdUrd immunohistochemistry, and the labeling indices (number of positive nuclei per 100 cells) of pancreatic acinar cells and proximal tubular epithelial cells of the kidney were
determined. Bars, SE. Solid bars, control; open bars, 13 treated. Differences were significant against control groups at P < 0.05 (*).
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agents induced cellular damage or evoked inflammatory reactions in
the pancreas, kidneys, and liver.

Pancreas. The pancreas is a relativelyquiescentorgan, and the
labeling index of acinar cells of the control rats was less than 1%. A

single s.c. injection of T3 led to a more than 10-fold increase in
BrdUrd labeling indices after 24 h, and the labeling indices declined
after 48 h (Fig. lA). BrdUrd-labeled nuclei were mostly in acinar cells
equally distributed in the head, body, and tail of the pancreas (Fig.

@Z29@i$RA

E::JIIA

â€”_____BR931
:1: -Â±-

A

.5

.8
a
z

C

28

I16
Iâ€˜;

4

24 ha241vs. 48ki. 48 hws

B0 D
Kidney

@::@9-chaRA 2

Â§
@ 8

I
â€˜4

â€”Control
E:J

*

1@i:
-a
U

â€˜8
.8
j

z

Fig. 2. DNA synthesis in the pancreas (A and C) and kidney (B and D) after a single dose of 9-cis RA, RA (A and B), or BR93I (C and D). Groups of rats were given a single
intragastric intubation of 9-cis RA (40 mg/kg), RA (200 mg/kg), BR931 (200 mg/kg), or the control vehicle. Four rats in each group were killed 24 or 48 h thereafter. Sections of the
pancreas and kidneys were processed for BrdUrd immunohistochemistry, and the labeling indices (number of positive nuclei per 1000 nuclei) were determined. Bars, SE. Differences
were significant against control groups at P < 0.05 (*) and P < 0.01 (**).
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3A). There was no apparent increase in the number of the labeled cells
in islets or ducts of the pancreas (Fig. 3B). Even at 24 h, there were
a few acinar cells in mitosis, in addition to cells with BrdUrd-labeled
nuclei. A single intragastric administration of 9-cis RA or BR931
induced increases in the labeling after 24 h, but their efficacy was
considerably lower than that of T3 (Fig. 2, A and C). PA, which was
one-tenth as potent in inducing hepatocyte proliferation as 9-cis RA
(9), had no effect on stimulating pancreatic acinar cell proliferation
(Fig. 14).

Kidneys. T3,9-cisRA,andBR931induced2.5â€”3-foldincreasesin
the number of BrdUrd-labeled nuclei after 24 h (Fig. lB and Fig. 2, B
and D), and the numbers declined after 48 h. The labeling was
predominantly in epithelial cells of the proximal tubules (Fig. 3C),
and no apparent increases were observed in glomeruli, distal tubules,
or collecting ducts (Fig. 3D). RA had no significant effects (data not
shown).

Discussion

Previously, we and others demonstrated that T3, 9-cis RA, and PP
were potent inducers of hepatocyte proliferation in rats without in

ducing liver cell necrosis (2, 9, 10, 12). In the present study, we
examined whether nuclear hormone receptor-mediated cell prolifera
tion also occurs in organs other than the liver. TRs, RXRs, and PPARs
have been shown to be distributed in a wide variety oforgans (13â€”15).
The results clearly showed that T3, 9-cis RA, and PP induced DNA
synthesis of specific cell types in the pancreas and kidneys, in addition
to hepatocytes. It is interesting that PPAR-a was expressed in the
periportal hepatocytes of the liver; acinar and islet cells of the pan
creas; and proximal tubular cells of the kidney (15); PP targeted these
cells preferentially for the induction of DNA synthesis. Reasons for
the lack of response by pancreatic islet cells are not known. Low
levels of PPAR-a in the pancreas were reflected by a relatively low
stimulating effect of PP on acinar cell proliferation compared with
hepatocytes. Two families of nuclear receptors for retinoids have been
characterized, retinoic acid receptors and RXRs, each consisting of
three isomers (a, /3, and y). The retinoic acid receptors are activated
by RA and 9-cis RA, whereas the RXR family is activated exclusively
by 9-cis RA. The observations that 9-cis RA had stimulatory effects
on acinar cells of the pancreas and proximal tubular cells of the
kidney, and RA had no effects, are consistent with our earlier finding
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Fig. 3. BrdUrd staining of the pancreas (A and B) and kidney (C and D) of a rat given a single dose ofT3 (A and C) or 9-cis RA (B and D). In the pancreas, labeling was predominantly
in acinar cells, and in the kidney in proximal tubular cells. I, islet; D, duct; G, glomerulus Xl 15.
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that 9-cis RA is a more than 10-fold stronger stimulator of hepatocyte
DNA synthesis than RA. We suggested that the weak effect of PA on
hepatocytes is observed because some RA is metabolized to 9-cis RA
(9). It is possible that the lack of stimulatory effect of RA on the
pancreas and kidneys may be due to low efficiency of metabolic
conversion of RA to 9-cis RA by these organs.

Among the three agents tested, T3 had the most potent stimulatory
effect on pancreatic acinar cell proliferation (Figs. 1 and 3A). Most of
the agents known to induce pancreatic acinar cell proliferation are
inducers of cell damage (pancreatitis), such as ethionine, cholecysto
kinin, and cerulein, and acinar cell proliferation occurs as compensa
tory regeneration (16). However, a single dose of cholecystokimn or
cerulein has been demonstrated to stimulate pancreatic acinar cell
division without evidence of cytotoxicity.5 Pancreatic regeneration
also occurs after partial pancreatectomy (17). The absence of any
histological signs of acinar cell damage or inflammation in T3-treated
rats suggests that T3 is a direct mitogen to the pancreas, and its action
may be through activation of TRs, although the abundance of TRs (a,
131' and @2)in the pancreas is not known. T3 has been shown to
stimulate proliferation of tubular epithelial cells of the kidney in
culture (18). In this study of isolated proximal and distal tubular cells,
only proximal tubular cells responded to proliferate in response to T3.
Our study of T3 on intact animals agrees with these findings. Previ
ously, Francavilla et a!. (10) were not able to detect a stimulatory
effect of T3 on DNA synthesis in rat kidney by measuring incorpo
ration of [3H]thymidine. One possible explanation for this discrepancy
is that, in their study, the incorporation of [3H}thymidine by nonepi
theial cells may have obscured the epithelial cell proliferation.

Our distinction of compensatory hyperplasia versus direct hyper
plasia has been based on the analyses of hepatocyte proliferation (1).
It has been shown that compensatory regeneration stimulates both
initiation and promotion steps of chemical hepatocarcinogenesis,
whereas acute episodes of direct hyperplasia do not (1, 19). Paradox
ically, PP5 were known to induce hepatocellular carcinomas after
chronic feeding (20). It remains to be determined whether such a
distinction can be observed in carcinogenesis of the pancreas and
kidneys. PP5 have been shown to induce a low incidence of carcinoma
in the pancreas (21). The models of cell proliferation in the pancreas
and kidneys described here will lead to future studies to determine the
molecular mechanisms of direct mitogens. Direct hyperplasia in these
organs is likely to have a role in various diseases, including cancer.
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