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Background & Aims: Thyroid hormones elicit many cellular
and metabolic effects in various organs. Most of these actions,
including mitogenesis, are mediated by the thyroid hormone
3,5,3'-triiodo-1-thyronine (T3) nuclear receptors (TRs). They are
transcription factors, expressed as different isoforms encoded
by the TRa and TRB genes. Here, experiments were performed
to determine whether (i) T3-induces hepatocyte proliferation in
mouse liver and pancreas, and, (ii) which TR isoform, is responsi-
ble for its mitogenic effect.

Methods: Cell proliferation was measured by bromodeoxyuri-
dine (BrdU) incorporation after T3 or the TRB agonist GC-1 in liver
and pancreas of CD-1, C57BL, or TRo”/® mice. Cell cycle-associ-
ated proteins were measured by Western blot.

Results: T3 added to the diet at a concentration of 4 mg/kg
caused a striking increase in BrdU incorporation in mouse hepa-
tocytes. Increased BrdU incorporation was associated with
enhanced protein levels of cyclin D1 and PCNA and decreased lev-
els of p27. Treatment with GC-1, a selective agonist of the TRB
isoform, also induced a strong mitogenic response of mouse
hepatocytes and pancreatic acinar cells which was similar to that
elicited by T3. Finally, treatment with T3 of mice TRo”/® induced a
proliferative response in the liver and pancreas, similar to that of
their wild type counterpart.

Conclusions: These results demonstrate that T3 is a powerful
inducer of cell proliferation in mouse liver and suggest that the
B-isoform is responsible for the hepatomitogenic activity of T3.
The same isoform seems to also mediate the proliferation of
mouse pancreatic acinar cells.
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Introduction

The thyroid hormones 3,5,3’-triiodo-L-thyronine (T3) and thyrox-
ine (T4), influence a variety of physiological processes, including
cell growth and metabolism in mammals, metamorphosis in
amphibians, and development of the vertebrate nervous system
[1-3]. Most of the effects of T3 are mediated by thyroid hormone
nuclear receptors, the TRs, which act as transcription factors
[4,5]. TRs are members of the steroid/thyroid receptor superfam-
ily of nuclear hormone receptors, which includes the two retinoid
acid receptors (RAR and RXR), the vitamin D receptor (VDR), the
peroxisome proliferators-activated receptor (PPAR), the constitu-
tive androstane receptor (CAR), and some orphan receptors [6].
Two different TR subtypes, TRa and TRB, have been identified
which are the products of distinct genes [7]. The TRa1 and the
TRB1 isoforms bind thyroid hormone with near-equal affinity,
and are ubiquitously expressed, although TRa1 predominates in
the heart (50-70% of TRs) while TRB1 predominates in the liver
(80% of TRs) [8]. Data collected from various TR knockout mice
suggest that TRol mediates the effects of thyroid hormones on
heart rate, whereas TRB1 is important in mediating the choles-
terol-lowering and TSH suppressant effects of T3 [7]. However,
which isoform is involved in the mitogenic effect exerted by T3
in several organs [9-14] is unknown. Discriminating the different
effects of thyroid hormones has both theoretical and practical
importance. Indeed, thyroid hormones are widely used in therapy
for the treatment of a wide range of thyroid diseases, and their
administration is associated with serious side effects, particularly
cardiac dysfunction, i.e. tachycardia, arrhythmias, and precipita-
tion of ischemic episodes or heart failure [15]. The availability
of isoform selective thyromimetics might significantly reduce
the occurrence of side effects while retaining the desired actions,
such as TSH inhibition or reduction of cholesterol synthesis. It
might also expand the therapeutic indications of thyromimetics,
to include conditions for which the therapeutic ratio is presently
unacceptable, such as the treatment of obesity [16] and dyslipi-
demia [17,18]. In addition, since T3 was shown to induce regres-
sion of preneoplastic lesions after their initial proliferation,
possibly inducing their reversion to a normal phenotype [19], it
is important to know which isoform is critical in this process, if
one wants to design new drugs to be used as anti-tumoral agents.

Recently, a new class of halogen-free thyroid hormone ago-
nists, which are both highly selective for binding and activation
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functions of TRB1 over the TRa1 receptors was developed. The
first molecule synthesized in this group, GC-1 [20], contains sev-
eral structural changes with respect to the natural hormone T3,
including replacement of the three iodines with methyl and iso-
propyl groups, replacement of the biaryl ether linkage with
methylene linkage, and replacement of the amino-acid side chain
with an oxyacetic-acid side chain.

Notably, animal studies [21] revealed that treatment with
GC-1 induces a reduction of cholesterol levels similar to that
obtained with equimolar doses of T3 and even higher than that
achieved with the most common drugs currently available on
the market for the treatment of hypercholesterolemia, such as
the inhibitors of hydroxymethyl glutaryl coenzyme A reductase.
In the same studies, GC-1 caused an even higher reduction of tri-
glyceride levels than that produced by equimolar doses of T3
without any significant side effects on heart rate, muscle loss,
or increase in the overall catabolic state [21]. Because of the
“selective hyperthyroidism” generated by GC-1, this compound
has the potential to be developed as a new therapeutic agent
for the treatment of a variety of thyroid hormone-related meta-
bolic disorders, like lipid disorders and obesity [22]. Interestingly,
GC-1 was shown to induce proliferation in rat liver and pancreas,
suggesting that in these two organs, TR is the critical isoform in
mediating thyroid hormone-induced proliferation [23]. However,
from those studies, the contribution of TRa in T3 or GC-1-induced
hepatocyte proliferation cannot be completely excluded. Thus,
the aim of the present study was to identify the receptor isoform
responsible for T3-induced proliferation, taking advantage of the
currently available TRs knockout mice [24].

Materials and methods
Animals

Female CD-1 and C57BL mice (6-8 weeks old) purchased from Charles River
(Milano, Italy) were maintained on a standard laboratory diet (Ditta Mucedola,
Settimo Milanese, Italy). The animals were given food and water ad libitum with
a 12 h light/dark daily cycle and were acclimated for 1 week before the start of
the experiment. Additional experiments were performed with TRx®° mice, lack-
ing all known products of thyroid hormone receptor alpha gene and created as
described previously [24]. Guidelines for the Care and Use of Laboratory Animals
were followed during the investigation. T3 (Sigma Chem. Co., St. Louis, MO), was
added to a basal diet at a final concentration of 4 mg/kg and mice were sacrificed
at 4 and 7 days after the beginning of the diet exposure. GC-1, synthesized in our
laboratory as described by Chiellini et al. [20], was added to a basal diet at a final
concentration of 5 mg/kg of diet, and the mice were sacrificed 7 days thereafter.
Immediately after sacrifice, sections of the liver were fixed in 10% buffered forma-
lin and processed for staining with hematoxylin-eosin or immunohistochemistry.
The remaining liver was snap-frozen in liquid nitrogen and kept at —80 °C until
use.

Western blot analysis

Total cell extracts were prepared from frozen livers as described previously [23].
For immunoblot analysis equal amounts (from 100 to 150 pg/lane) of proteins
were electrophoresed on SDS-12% or -8% polyacrylamide gels. Polyacrylamide
was purchased from Sigma Chemicals. After the gels were electrotransferred onto
nitrocellulose membranes (Osmonics, Westborough, MA, USA), to ensure equiva-
lent protein loading and transfer in all lanes, the membranes and the gels were
stained with 0.5% (wt/vol) Ponceau S red (ICN Biomedicals, Irvine, CA) in 1% acetic
acid for 5 min, and with Coomassie blue (ICN Biomedicals, Irvine, CA) in 10% ace-
tic acid for 30 min, respectively. Before staining, gels were fixed in 25% (v/v) iso-
propanol and 10% (v/v) acetic acid (Sigma Ch.). After blocking in TBS containing
0.05% Tween 20 (Sigma Ch.) and 5% non-fat dry milk, membranes were washed
in TBS-T and then incubated with appropriate primary antibodies diluted in
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blocking buffer. Whenever possible, the same membrane was used for detection
of the expression of different proteins. Inmunoreactive bands were identified
with a chemiluminescence detection system, as described by the manufacturer
(Supersignal Substrate, Pierce).

Antibodies

For immunoblotting experiments, we used mouse monoclonal antibodies direc-
ted against cyclin D1 (72-13 G), PCNA (PC-10) (Santa Cruz Biotechnology, CA),
actin (Sigma Ch.), and p27X (Pharmingen, Erembodeyem, Belgium). Anti-mouse
horseradish peroxidase conjugated IgG was from Santa Cruz Biotechnology.

Immunohistochemistry

Mice, fed a T3 or GC-1-supplemented diet, received BrdU, dissolved in drinking
water (1 mg/ml), throughout the experimental period. Mouse monoclonal anti-
BrdU antibody was obtained from Becton Dickinson (Becton Dickinson, San Jose,
CA) and the peroxidase method was used to stain BrdU-positive hepatocytes. Per-
oxidase goat anti-mouse immunoglobulin was obtained from Dako (Dako EnVi-
sion"™ Peroxidase Mouse, Dako Corporation, Carpinteria, CA). Four micron thick
sections were deparaffinized, treated with HCl 2 N for 20 min, then with 0.1% tryp-
sin type II (crude from porcine pancreas, Sigma Ch.) for 20 min and treated
sequentially with normal goat serum 1:10 (Dako), mouse anti-BrdU 1:200 for
1 hand 30’ and Dako EnVision*™ Peroxidase Mouse ready-to-use. The sites of per-
oxidase binding were detected by 3,3’-diaminobenzidine. Labelling index (LI) was
expressed as number of BrdU-positive hepatocyte nuclei/100 nuclei. Mitotic activ-
ity was determined as the number of mitoses/1000 hepatocytes. Results are
expressed as means + SE of 4-5 mice per group. At least 5000 hepatocyte nuclei
per liver were scored. LI of pancreatic acinar cells was expressed as number of
BrdU-positive nuclei/100 nuclei. Results are expressed as means * SE of 4-5
animals per group. At least 2000 acinar cell nuclei per pancreas were scored.

Statistical analysis

Comparison between treated and control group was performed by Student’s t
test.

Results

While T3 is a well known inducer of hepatocyte proliferation in
rats [9-11], no evidence has been provided about its mitogenic
effect on mouse liver. Initial experiments aimed at determining
the effect of a single dose of T3 indicated that, unlike rat liver,
only a negligible hepatocyte proliferation (LI was less than 2%)
could be obtained in mice treated with a single dose of 100,
200, or 400 mg/kg of T3 (data not shown). Notably, these results
are similar to what was observed with ligands of another nuclear
receptor, namely PPARo, which are, at a single dose, strongly
mitogenic for rat but not for mouse hepatocytes [25].

Next, we aimed to determine the effect of continuous admin-
istration of T3 in the diet of mice. Previous studies have shown
that a dose of 4 mg/kg is the strongest mitogenic dose in rat liver
[26]; therefore, experiments were performed wherein CD-1 mice
were fed a basal diet supplemented with 2, 4, or 8 mg/kg of T3 for
7 days. To determine the LI, T3-fed mice and controls were given
BrdU in drinking water (1 mg/ml), throughout the experimental
period. The results (Fig. 1) showed that a final concentration of
4 mg/kg induced the highest proliferative response. (LI was
10.8 £3.3% vs. 5.6 £ 2.5% and 5.8 + 2.3% of 2 and 8 mg/kg, respec-
tively. LI of controls was 1.5 + 1.3%.) Histological examination of
the livers from mice administered T3 did not reveal signs of
necrosis nor any significant increase in the number of apoptotic
bodies compared to controls (not shown).

Based on these results a final concentration of 4 mg/kg of T3
was chosen for future experiments. To determine whether the
mitogenic effect induced by T3 could be exerted also in other
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