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Pitavastatin inhibits hepatic steatosis and fibrosis in
non-alcoholic steatohepatitis model rats

Tomokatsu Miyaki,' Shunsuke Nojiri,” Noboru Shinkai,' Atsunori Kusakabe,'
Kentaro Matsuura,' Etsuko lio,’ Satoru Takahashi,? Ge Yan,® Kazuo {keda® and Takashi Joh'

Departments of '‘Gastroenterology and Metabolism, *Experimental Pathology and Tumor Biology, and *Cell
Biology and Anatomy, Nagoya City University Graduate School of Medical Sciences, Nagoya, Aichi, japan

Aim: Non-alcoholic steatohepatitis (NASH) may progress to
liver cirrhosis, and NASH patients with liver cirrhosis are
at risk of developing hepatocellular carcinoma. Statins,
3-hydroxy-3-methyglutaryl-coenzyme A reductase inhibitors,
are well known to reduce low-density lipoprotein cholesterol
and reduce the incidence of coronary heart disease and other
major vascufar events by anti-inflammatory and antifibrotic
effects, and antiproliferative properties in colorectal cancers
have also been reported. Recently, statins have been
reported to improve hepatic steatosis; however, the effect on
fibrosis is controversial.

Methods: The effects of pitavastatin (one of the strongest

statins) were examined using a choline-deficient L-amino acid-
defined {CDAA) diet liver fibrosis model.

Results: Pitavastatin significantly attenuated increases in
serum aspartate aminotransferase, alanine aminotransferase,
hepatic steatosis, oxidative stress, pre-neoplastic lesions
{glutathione S-transferase placental form-positive lesions),
expression of cytokines, such as tumor necrosis factor-o
and transforming growth factor§1, and the expression of
tissue inhibitor of metalloproteinase-1, tissue inhibitor of
metalioproteinase-2 and type | procollagen genes followed by
attenuating fibrosis of the liver of CDAA-fed rats.

Conclusion: These results indicate that pitavastatin may
inhibit steatosis, hepatic fibrosis and carcinogenesis in rat
model of NASH.

Key words: NASH, statin, steatosis, fibrosis

INTRODUCTION

ON-ALCOHOLIC STEATOHEPATITIS (NASH) is a
common liver disease that may progress to cirrho-
sis, liver failure and liver cancer. The histological find-
ings of NASH are characterized by steatosis, hepatic
inflammation and injury to liver cells. In patients with
highly progressive fibrosis in NASH, the 5-year cumula-
tive incidence of hepatocellular carcinoma (HCC) was
20%' and HCC seemed to occur in advanced fibrotic
stages in the liver, but the natural history of NASH has
not yet been revealed.
Various factors are involved in the transition from
non-alcoholic fatty liver disease (NAFLD) to NASH. The
two-hit theory postulating the existence of an additional
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factor (second hit) after steatosis (first hit) has been
genernally proposed,”* and oxidative stress and insulin
resistance in its background are considered to be impor-
tant. Because the causes of NASH are diverse, no definite
therapy has been established. Recently, several reports
have revealed the improvement of NASH, such as by
the antioxidant vitamin E {a-tocopherol),? angiotensin
Il type 1 receptor blocker (ARB),>¢ insulin resistance-
improving agents’ and peroxisome proliferator-
activated receptor {PPAR)-y ligand in NASH patients®
and NASH model rats.” On the other hand, some con-
troversial papers have been reported.'

Statins,  3-hydroxy-3-methyglutaryl-coenzyme A
(HMG-CoA) reductase inhibitors, are well known to
reduce low-density lipoprotein (LDL) cholesterol con-
centrations and to reduce the incidence of coronary
heart disease and other major vascular events.!' Some
experimental reports have revealed that statins can
reduce liver triglyceride’ and ameliorate severe hepatic
steatosis,”” and are therefore capable of improving
NASH. On the other hand, clinically, the study of statin
treatment for NASH is not adequate.’*’® It has been
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reported that statins improved liver steatosis or the non-
alcoholic fatty liver disease activity score but their effi-
cacy for fibrosis is controversial. It is well known that
statins have many non-cholesterol-dependent effects as
well as cholesterol-lowering effects'” and some antifi-
brotic effects have been reported.' We therefore hypoth-
esized that statins had inhibiting effects not only on
triacylglycerol (TG) consumption and inflammation but
also on fibrogenesis and carcinogenesis of the liver. A
study of the effects on statins on all these effects in
NASH has not been reported. The aim of this study was
to investigate the experimental inhibiting effects on ste-
atosis, fibrosis and carcinogenesis of statins in NASH
using a rat model and to reveal the clinically useful
potential of statins for NASH.

METHODS

Animals

IX-WEEK-OLD male Wistar rats were purchased

from CLEA Japan Inc. (Tokyo, Japan), housed under
controlled lighting (12:12-h light : dark cycle), and food
and water were freely accessible throughout the study
period. Pitavastatin was purchased from Kowa Pharma-
ceutical (Tokyo, Japan). The choline-deficient L-amino
acid-defined (CDAA) diet and choline-supplemented
L-amino acid-defined (CSAA) diet were obtained in
powder form {Dyets, Bethlehem, PA, USA), as described
in previous reports.'*? Pitavastatin powder was mixed
uniformly into the CDAA and CSAA diets at concentra-
tions of 0 and 5 (mg/kg per day). Based on the national
regulations and guidelines, all experimental procedures
were reviewed by the Institutional Laboratory Animal
Care and Use Committee (IACUC) of Nagoya City Uni-
versity, and were finally approved by the President of the
University {no. H19-04).

Experimental protocol

The study periods were 2 and 10 weeks. In the 2-week
experiment, two groups of eight rats each received a
CSAA diet containing 0 and 5 mg/kg per day pitavasta-
tin, and two groups of eight rats each received a CDAA
diet containing 0 and 5 mg/kg per day pitavastatin. In
the 10-week experiment, similarly, two groups of eight
rats each received a CSAA diet or a CDAA diet contain-
ing 0 and 5 mg/kg per day pitavastatin. We measured
the amount of food that the rats ate every day to deter-
mine the amount of pitavastatin necessary to establish a
daily dose of 5 mg/kg of rat weight. As food consump-
tion among the rats was essentially equally, we consid-
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ered that 5 mg/kg per day pitavastatin was consumed
during the experimental periods.

Biochemical parameters

In all experiments, serum aspartate aminotransferase
(AST), alanine aminotransferase (ALT) and TG were
measured.

Histopathological and immunohistochemical
examinations

Five-micrometer-thick sections of the right lobe of all rat
livers, fixed in 10% formalin for 24 h and embedded
in paraffin, were processed for hematoxylin-eosin and
Masson trichrome staining. Glutathione S-transferase
placental form (GSI-P)-positive lesions (as suitable
markers for pre-neoplastic lesions in rat hepatocarcino-
genesis)?! and nitrotyrosine-positive lesions (as oxidant
stress)*? (#06-286 upstate) were immunchistochemi-
cally assessed employing the avidin-biotin-peroxidase
complex method. Fat drops, fibrosis, nitrotyrosine and
GST-P-positive areas in the liver were quantified using a
Provis microscope (Olympus, Tokyo, Japan) equipped
with a charge-coupled device camera (Sony, Tokyo,
Japan), and subjected to computer-assisted analysis with
IPAP-WIN software (Sumitomo Techino Service, Hyogo,
Japan). Ten different randomly selected areas per speci-
men were analyzed. The areas of fat drops, fibrosis and
nitrotyrosine-positive cells were expressed as a percent-
age of the total area of the specimen. GST-P-positive
lesions were expressed as a percentage of the total area,
and the number of GST-P-positive lesions was counted
in 10 specimens.

Real-time polymerase chain reaction (PCR)
for quantitative assessment of
mRNA expression

Tissue inhibitor of metalloproteinase-1 (TIMP-1), tissue
inhibitor of metalloproteinase-2 (TIMP-2), matrix
metalloproteinase-2 (MMP-2) and tumor necrosis
factor-o¢ (TNF-at) have been implicated in fibrosis in
NASH, and transforming growth factor-p1 (TGF-B1) is
also a key cytokine causing fibrinogenesis in NASH. We
therefore examined their expressions.

Total RNA was extracted using Trizol reagent accord-
ing to the manufacturer's recommended protocol (Life
Technologies, Grand Island, NY, USA). RNA extracts
were reverse-transcribed with random hexamers and
avian myeloblastosis virus reverse transcriptase using a
commercial kit (Takara, Kyoto, Japan). Expressions of
TIMP-1, TIMP-2, MMP-2, TNF-0, and type I procol-
lagen were evaluated by real-time PCR using an ABI
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prism 7000 Sequence Detection system (Applied Bio-
systems, Tokyo, Japan) according to the manufacturer’s
protocol. Probes and primers for TIMP-1 (ID:
Rn00587558_m1), TIMP-2 (ID: Rn00573232_ml1),
MMP-2  (ID: Rn02532334_s1), TNF-oa (ID:
Rn99999017_m1), type 1 procollagen ol (ID:
Rn00901649_g1) and TGF-B1 (ID: Rn00572010_A1)
were purchased from Applied Biosystems. The relative
target was glyceraldehyde-2-phosphate dehydrogenase
(GAPDH; ID: 4352338E) mRNA in an identical cDNA
sample using the standard curve method recom-
mended by the manufacturer.

Western blot analysis

For the analysis of protein expression, liver specimens
were disrupted in lysis buffer containing (final concen-
trations) 25 mmol/L HEPES (pH 7.4), 120 mmol/L
NaCl, 5 mmol/L ethylene glycol tetraacetic acid, 10%
glycerol, 1% Triton X-100, 50 mmol/L NaF, 100 pM
Na-o-vanadate, 5 mmol/L Na-pyrophosphate and pro-
tease inhibitor cocktail. After 10 min on ice, lysates were
centrifuged on ice for 5 min and either used immedi-
ately or stored at ~70°C until use. The lysates were
dissolved in Laemmli buffer, and then placed in a bath
of boiling water for 5 min. Subsequently, each sample
was separated by 10% sodium dodecylsulfate polyacry-
lamide gel electrophoresis and transferred to polyvi-
nylidene fluoride membranes. After blocking with 1%
bovine serum albumin in Tris-buffered saline Tween-20
(TBST) (20 mmol/L Tris [pH 8.0}, 150 mmol/L NaCl
and 0.01% Triton X-100} for 1 h at room temperature,
the samples were probed with anti-TGF-f1 (1C.5559-
100; Biovision Inc., San Francisco, CA, USA), anti-a-
smooth muscle actin (o-SMA) antibody (Dako Japan,
Tokyo, Japan), and anti-PPAR-y antibody (sc-7196
rabbit polyclonal antibody), followed by goat anti-
mouse or antirabbit antibody conjugated with horserad-
ish peroxidase. After extensive washing with TBST,
membranes were treated with enhanced chemilumines-
cence reagent (Amersham Pharmacia Biotech Inc,
Schenctady, NY, USA). Bands were quantified densito-
metrically. Where required, the density of each band
was normalized by comparison to the B-actin (using
ab6276-100 antibody; ABcam, Cambridge, MA, USA)
protein bands measured in the same membrane.

Serum TGF-B1 concentration determined by
enzyme-linked immunosorbent assay and
quantification of TG in liver

The TGF-B1 concentration in serum was measured using
an Immunoassay Kit (KAC1688; BioSource). TG was
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measured using a Triglyceride Quantification Kit (Bio-
Vision) according to the instructions.

Human hepatic stellate cell line LX-2

Human hepatic stellate cell line LX-2, which was
kindly donated by Dr Scott L Friedman, was used to
analyze pitavastatin efficacy for the inmactivation of
human hepatic stellate cells (HSC).* The LX-2 cell
line was cultured in Dulbecco’s modified Eagle's
medium (DMEM) (Nissui Pharmaceutical, Tokyo,
Japan) with 10% fetal bovine serum. Cells were seeded
at a density of 5.0 x 10° cell/mL in monolayer culture
on uncoated 60-mm plastic dishes. All cultures were
incubated at 37°C in a humidified atmosphere of 5%
air. Medium with or without pitavastatin was changed
and, after 24 h, the culture cells were harvested with
lysis buffer.

Isolation and culture of HSC and
culture HSC

Rat HSC were isolated as described previously with
some modifications.? In brief, the liver was perfused in
situ via the portal vein with Ca*, Mg?*-free Krebs-Ringer
(KR) solution followed by 0.1% pronase E (Merck,
Darmastadt, Germany) and then 0.032% collagenase
(Wako Pure Chemicals, Osaka, Japan) solution at
37°C. The digested liver was minced, and incubated in
KR solution containing 0.08% pronase E, 0.04% colla-
genase and 20 pg/mlL DNase (Boehringer-Mannheim,
Mannheim, Germany) for 30 min at 37°C (pH 7.3).
The resulting suspension was then passed through
a nylon mesh. The filtrate was centrifuged at 450 ¢
for 8 min. A fraction enriched with HSC was finally
obtained by centrifugation in 8.2% Nycodenz
(Nycomed Pharma, Oslo, Norway) solution at 1400 g
for 20 min at 4°C. HSC in the upper white layer were
washed by centrifugation at 450 g for 8 min, suspended
in DMEM containing 10% fetal calf serum {Common-
wealth Serum Laboratories, Melbourne, Australia),
and supplemented with 100 U/mL penicillin and
100 mU/mL streptomycin (Gibco Laboratories, Life
Technologies, Grand Island, NY, USA). Seeding condi-
tions were the same as for cell line LX-2. After incuba-
tion for 4 h, non-adherent cells were removed with a
pipette and the culture medium was replaced with
medium containing pitavastatin or the same concentra-
tion of dimethylsulfoxide as a control. Medium with or
without pitavastatin was changed every 24 h and cell
culture was continued up to 3 days.

© 2011 The Japan Society of Hepatology
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Figure 1 {a) Effect of pitavastatin on the characteristics of rats (10 weeks). Pitavastatin administration did not affect bodyweight
changes in choline-supplemented L-amino acid-defined {CSAA)- or choline-deficient L-amino acid-defined (CDAA)-fed rats. The
liver weight of CDAA-fed tats significantly increased compared to CSAA-fed rats. The administration of pitavastatin significantly
attenuated the liver weight in CDAA-fed rats. (b) Effect of pitavastatin on serum markers {10 weeks). In CDAA-fed rats, aspartate
aminotransferase (AST) and alanine aminotransferase (ALT) increased significantly, whereas pitavastatin reduced them. Triacylg-
lycerol (TG) decreased in CDAA-fed rats, and pitavastatin more significantly reduced the level in this model. N.S., not significant.

Statistical methods

Statistical analysis was conducted using aNova. The
results are expressed as the means + standard deviation
of four or more individual experiments.

RESULTS

Effect of pitavastatin on characteristics
of rats
FTER 10 WEEKS of feeding, the bodyweight of rats
fed the CDAA diet was lower than those fed the
CSAA diet, and pitavastatin had no influence on body-
weight, whereas rats fed the CDAA diet for 10 weeks
showed an increase in the liver weight of 18.5+2.1g

© 2011 The Japan Society of Hepatology
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compared with 11.0 £ 0.9 g for rats fed the CSAA diet.
Pitavastatin treatment at 5 mg/kg per day in CDAA-fed
rats attenuated the increase in liver weight relative to
that in CDAA-fed rats that did not receive pitavastatin
(P < 0.001, Fig. 1a). The serum AST and ALT levels in
CDAA-fed rats were significantly higher than in CSAA-
fed rats; however, TG was lower in CDAA-fed than
in CSAA-fed rats. Treatment of the CDAA-fed rats
with pitavastatin decreased both AST and ALT levels
(Fig. 1b).

Histological findings of liver steatosis

In this model, after 2 weeks, significant steatosis was
observed in CDAA-fed rats, and pitavastatin attenuated
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Table 1 Quantitative analysis of liver steatosis in choline-supplemented L-amino acid-defined (CSAA) or choline-deficient
L-amino acid-defined (CDAA)-fed rats with or without pitavastatin

Treatment (no. of rats) After 2 weeks After 10 weeks
Fat drop area (mean + SD) (%)
CSAA (8) 0 } P<0.001 0 } P<0.001
CDAA (8) 47.1+5.8 307+64
CDAA + pitavastatin (8) 36.8+3.7 } P<0.001 20.6+5.0 } P<0.05
Quantitative triacylglycerol in the liver of CSAA- or CDAA-fed rats mg/g wet weight (mean + SD)
CSAA (8) 25+19 } P<0.001 6.4+29 } P<0.001
CDAA (8) 557.0%x73 201.5%+37.8
CDAA + pitavastatin (8) 420.7+99 } P<0.001 144.2+ 14.6 } P<0.001

After 2 and 10 weeks, liver steatosis had progressed in CDAA-fed rats, and pitavastatin (5 mg/kg per day) decreased the development of

liver steatosis.

After 2 and 10 weeks, triacylglycerol in the liver tissue had increased significantly in CDAA-fed rats and pitavastatin (5 mg/kg per day)

attenuated its accumulation.
SD, standard deviation.

the development of steatosis, and the size of fat drops in
hepatocytes of rats fed the CDAA diet with pitavastatin
seemed to be smaller than in rats fed the CDAA diet
without pitavastatin (data not shown). After 10 weeks,
the same tendency was observed but the area of steatosis
was reduced due to being occupied by fibrosis, and a
lower level of significance was observed between with
and without pitavastatin in CDAA-fed rats (Table 1).
After 2 and 10 weeks, TG in the liver tissue had
increased significantly in CDAA-fed rats and pitavastatin
(5 mg/kg per day) attenuated its accumulation
(Table 1).

Histological findings of fibrosis

Histological analysis of the livers of CDAA-fed rats at
10 weeks revealed extensive fibrosis and the accumula-
tion of extracellular matrix. In contrast, pitavastatin sig-
nificantly inhibited the development of liver fibrosis
(Fig. 2a) shown with 5 mg/kg per day administration.
Image analysis showed that the extent of liver fibrosis in
CDAA-fed rats treated with pitavastatin was significantly
reduced (Fig. 2ca).

Effect of pitavastatin on oxidative stress
and GST-positive lesions in the rat liver
(10 weeks)

Nitrotyrosine, a marker of oxidative stress, in liver
sections was investigated immunohistochemically.
Nitrotyrosine-positive cells were more frequent in the
liver sections of CDAA-fed rats, and pitavastatin
administration markedly reduced nitrotyrosine-positive
cells (Fig. 2b,cb). GST-P-positive lesions consisted
mainly of these nodules. It has been reported that

GST-P*! is a suitable marker of pre-neoplastic lesions
in rat hepatocarcinogenesis. The results of quantitative
analysis were studied. The concomitant administration
of 5mg/kg per day pitavastatin significantly reduced
the number and area of GST-P-positive lesions, com-
pared with the livers of rats fed the CDAA diet without
pitavastatin (Fig. 3).

Effect of pitavastatin on rat
liver fibrogenesis

To investigate the effect of pitavastatin on fibrogenesis
and fibrolysis in the rat liver, we assessed mRNA expres-
sions of TIMP-1, TIMP-2, MMP-2 and type I procollagen
employing real-time PCR after 10 weeks (Fig. 4).
TIMP-1, TIMP-2, MMP-2 and type I procollagen mRNA
in the liver significantly increased in CDAA-fed com-
pared to CSAA-fed rats. The addition of 5 mg/kg per day
pitavastatin to the CDAA diet significantly reduced the
expressions of TIMP-1, TIMP-2, MMP-2 and type I pro-
collagen mRNA in the liver, compared with those of rats
fed the CDAA diet without pitavastatin. The addition of
5 mg/kg per day pitavastatin to the CSAA diet caused
no changes compared to the CSAA diet without
pitavastatin.

Effect of pitavastatin on TNF-o, TGF-B1
and a-SMA
The relative expression of TNF-oo mRNA was higher
in CDAA-fed than in CSAA-fed rats, and pitavastatin
significantly attenuated the expression of TNF-o
(Fig. 4).

Protein in the serum and mRNA in the liver of
TGF-B1 were examined. The protein levels of TGF-B1

© 2011 The Japan Society of Hepatology
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Figure 2 (a) Photomicrographs of liver sections stained with Masson trichrome staining. Choline-supplemented L-amino acid-
defined (CSAA)-fed rat, choline-deficient L-amino acid-defined (CDAA)-fed rat and CDAA-fed rat with pitavastatin for 10 weeks.
Pitavastatin markedly inhibited liver fibrosis (original magnification x100). The degree of development of liver fibrosis was
quantified using a computerized image analysis system. The liver fibrosis area is shown as a percentage of the microscopic field (ca).
Liver histology of CDAA-fed rats showed severe fibrosis. The administration of pitavastatin significantly attenuated the develop-
ment of fibrosis in CDAA-fed rats. Data are shown as the means * standard deviations. (b) Photomicrographs of liver sections
stained with nitrotyrosine in a CSAA-fed rat, CDAA-fed rat and CDAA-fed rat with pitavastatin for 10 weeks. Pitavastatin markedly
inhibited oxidative stress (magnification x100). The degree of oxidative stress in the liver was quantified using a computerized
image analysis system (cb). Nitrotyrosine-positive cells in CDAA-fed rats increased significantly more than in CSAA-fed rats. The
administration of pitavastatin significantly attenuated nitrotyrosine-positive cells in CDAA-fed rats. Data are shown as the
means * standard deviations.

in the serum of CDAA-fed rats were significantly higher
than in CSAA-fed rats, and pitavastatin significantly
attenuated its progression (Fig. 5a). The same effects
were observed in the liver tissue. The mRNA expression
of TGF-B1 for CDAA-fed rats was higher than that
for CSAA-fed rats, and pitavastatin reduced the

© 2011 The Japan Society of Hepatology
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expression of TGF-B1 (Fig. 5b). As a marker of HSC
activation, 0-SMA expression was examined in the
rat liver. In CDAA-fed rats, o-SMA expression was
significantly higher than in CSAA-fed rats, and
pitavastatin significantly attenuated its expression
(Fig. 5¢,d).
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Figure 3 Photomicrographs of liver sections with stained glutathione S-transferase placental form (GST-P)-positive lesions in a
choline-supplemented L-amino acid-defined (CSAA)-fed rat (a), choline-deficient L-amino acid-defined (CDAA)-fed rat (b) and
CDAA-fed rat with pitavastatin (c) for 10 weeks (magnification x100). The GST-P-positive percentage of the total area and numbers
in 10 sections were measured and quantified using a computerized image analysis system. The GST-P-positive lesions in CDAA-fed
rats increased, and the administration of pitavastatin significantly attenuated both the percentage of the total area and number in
the 10 sections. Data are shown as the means * standard deviations.

Effect of pitavastatin on the expression of
o-SMA and PPAR-y in HSC

To confirm the effect of pitavastatin on HSC, we mea-
sured the expression of a-SMA and PPAR-y, an important
inducer of TNF-o production, using human HSC lines
(LX-2) (Fig. 6a) and isolated HSC from normal rats
(Fig. 6b). 0-SMA expression was decreased by adding
pitavastatin dose-dependently and PPAR-y expressions
increased gradually in a dose-dependent manner. The
same experiment was performed using freshly isolated
HSC from normal rats. Three days after adding pitavas-
tatin, a-SMA and PPAR-y protein expressions were exam-
ined by western blotting. o-SMA decreased and PPAR-y

increased gradually by adding pitavastatin in a dose-
dependent manner.

DISCUSSION

ECENTLY, VARIOUS CLINICAL statin treatments

for NAFLD and NASH have been reported.'*'¢%-%
Almost all of these reports, except Nelson et al,”
describe the reduction of serum aminotransferase or
reduction of steatosis of the liver. Nelson et al. reported
that there was no statistically significant improvement
in serum aminotransferase or hepatic steatosis, and the
serum low-density lipoprotein of their patients receiving

© 2011 The Japan Society of Hepatology
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Figure 4 mRNA expressions of tissue inhibitor of metalloproteinase (TIMP)-1, TIMP-2, matrix metalloproteinase (MMP)-2, tumor
necrosis factor (TNF)-0, and type I procollagen. All gene expressions increased in choline-deficient L-amino acid-defined (CDAA)-
fed rats, and were significantly attenuated with pitavastatin. Pitavastatin itself had no effect on these expressions in choline-
supplemented L-amino acid-defined (CSAA)-fed rats. Data are shown as the means + standard deviations. N.S., not significant.

simvastatin treatment was not reduced significantly, so thrombotic, antifibrotic and antiproliferative proper-
one explanation for the different results is the insuffi- ties,'”? and they are also considered to be effective for
cient efficacy of statins. It has been revealed that statins  anti-steatosis and anti-tumorigenesis. Many investiga-
reduce TG in the liver by increasing PPAR-0 expression tions have reported that statins inhibit fibrosis in
and FA B-oxidation.'*" In this study, the serum ami-  various organs'**>* but there are no reports about the
notransferase, steatosis and TG in the liver were signifi- efficacy of statins for fibrosis, including liver steatosis
cantly reduced by pitavastatin in CDAA-diet rats. These and carcinogenesis in NASH, using animal models.
findings are in agreement with the results of numerous Although the CDAA-diet rat does not wholly reflect the
clinical and experimental studies. On the other hand, it human form of this disease, it is a well-established,
is important to prevent secondary factors when treating widely recognized and accepted animal model of
NASH to inhibit liver fibrosis. In clinical trials, the effi- NASH.>?' At the cellular and molecular levels, liver
cacy of statins for liver fibrosis is controversial. Hyogo's fibrosis is mainly characterized by cellular activation of
data reported that atorvastatin did not reduce liver fibro- HSC and is highly associated with the expression of
sis in some cases,' whereas Ekstedt et al. reported that  collagen gene expression, mediators such as TGF-B1,
statins prevented the progression of liver fibrosis despitt  TNF-0, PPAR-y and oxidative stress.”"** In the present
a high-risk profile and they recommended prescribing ~ experiment, nitrotyrosine was used as an indicator of
statins for patients with elevated liver enzymes because  oxidative stress* and after 10-week CDAA diets, the
of NAFLD.2® There have been no studies of the long- expressions of TGF-B1, TNF-a and oxidative stress were
term effects of statins, so more clinical research, such as increased, and pitavastatin significantly reduced their

controlled trials, is needed. expressions and then reduced TIMP-1 and -2 mRNA,
Statins have been shown to exhibit pleiotropic effects, which play important roles in the progression of liver
including anti-inflammatory, plaque-stabilizing, anti- fibrosis.”

© 2011 The Japan Society of Hepatology
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Figure 5 (a) Transforming growth factor (TGF)-f1 protein expression in serum was measured by enzyme-linked immunosorbent
assay. TGF-B1 expression increased in choline-deficient L-amino acid-defined (CDAA)-fed rats, and was significantly attenuated by
pitavastatin. Data are shown as the means + standard deviations. (b) TGF-B1 mRNA expression in the liver was increased in
CDAA-fed rats and significantly attenuated by pitavastatin. Data are shown as the means + standard deviations. (c) Western blotting
of a-smooth muscle actin (-SMA) expressions in the liver of rats. (d) Quantitative analysis relative to choline-supplemented
L-amino acid-defined (CSAA)-fed rats. o-SMA protein expressions increased in CDAA-fed rats, and pitavastatin administration
significantly attenuated them. Data are shown as the means * standard deviations.

Pitavastatin also inhibited the expression of MMP-2 in
this study. Because MMP-2 has been reported to increase
when HSC are activated,*® MMP-2 depression may
reveal the inhibition of stellate cell activation by pitav-
astatin. PPAR-y is reported as the key molecule of stellate
cell activity’” and several ligands of PPAR-y prevent the
activation of stellate cells and fibrogenesis.*** In this
study, the expression of PPAR-y in HSC decreased and
HSC were activated after culture for several days. Pitav-
astatin increased PPAR-y and prevented fibrogenesis by
inhibiting the activation of HSC, like other PPAR-y
ligands.’ In our experimental study, pitavastatin signifi-
cantly improved these liver functions and reduced fibro-
sis in rat liver.

Because the CDAA-fed rats used in the present study
are predisposed to HCC, they were also used for the

study of carcinogenesis inhibition. In the present experi-
ment, pitavastatin significantly inhibited the develop-
ment of GST-P-positive lesions, a precancerous state
followed by possibility of inhibiting HCC. Statins
reduced the risk of several kinds of cancers® and the
effects of statins, such as the inhibition of cell prolifera-
tion, promotion of apoptosis, and inhibition of angio-
genesis and metastasis, have been reported.* Our data
suggest that statins are capable of inhibiting carcinogen-
esis in NASH patients.

Thus, the present study confirmed the diverse effects
of statins, such as anti-inflammatory, antifibrotic and
anticarcinogenic, in a rat model of NASH; therefore, not
only currently recognized therapeutic agents, such as
vitamin E, thiazolidinedione and ARB, but also statins
may be useful preventive agents for NASH.

© 2011 The Japan Society of Hepatology
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Figure 6 0-Smooth muscle actin (a-SMA) and peroxisome proliferator-activated receptor-y (PPAR-Y) protein expression on stellate
cells. (a) Human hepatic stellate cell (HSC) line LX-2 was incubated with Dulbecco’s modified Eagle’s medium (DMEM) for 24 h
and medium with various concentrations of pitavastatin, and harvested after 24 h. (b) HSC were isolated from the rats and
incubated with DMEM for 4 h, and then the culture medium was replaced with medium containing pitavastatin or the same
concentration of dimethylsulfoxide (DMSO) as a control, and were harvested after 3 days. In both experiments, a-SMA decreased
and PPAR-y increased gradually after adding pitavastatin in a dose-dependent manner.
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Liver mass is optimized in relation to body mass. Rat
(r) and human (h) hepatocytes were transplanted
into liver-injured immunodeficient mice and allowed
to proliferate for 3 or 11 weeks, respectively, when
the transplants stopped proliferating. Liver/body
weight ratio was normal throughout in r-hepatocyte-
bearing mice (r-hep-mice), but increased continu-
ously in h-hepatocyte-bearing mice (h-hep-mice), un-
til reaching approximately three times the normal
m-liver size, which was considered to be hyperplasia
of h-hepatocytes because there were no significant
differences in cell size among host (mouse [m-]) and
donor (r- and h-) hepatocytes. Transforming growth
factor-f3 (TGF-p) type I receptor, TGF-f type II recep-
tor, and activin A type IIA receptor mRNAs in prolif-
erating r-hepatocytes of r-hep-mice were lower than
in resting r-hepatocytes (normal levels) and increased
to normal levels during the termination phase. Con-
comitantly, m-hepatic stellate cells began to express
TGF-f proteins. In stark contrast, TGF-f3 type II recep-
tor and activin A type IIA receptor mRNAs in h-hepa-
tocytes remained low throughout and m-hepatic stel-

late cells did not express TGF-$ in h-hep-mice. As
expected, Smad2 and 3 translocated into nuclei in
r-hep-mice but not in h-hep-mice. Histological analy-
sis showed a paucity of m-stellate cells in h-hepato-
cyte colonies of h-hep-mouse liver. We conclude that
m-stellate cells are able to normally interact with
concordant r-hepatocytes but not with discordant
h-hepatocytes, which seems to be at least partly
responsible for the failure of the liver size optimiza-
tion in h-hep-mice. (4mJ Pathol 2010, 177:000-000; DOI:
10.2353/ajpath.2010.090430)

Experiments using animal models with damaged livers
have demonstrated the high replicative potential of hepa-
tocytes. A transgenic (Tg) mouse carrying an albumin
(Alb) enhancer/promoter-driven murine urokinase-type
plasminogen activator (uPA) gene was created’; the liver
of this mouse degenerates and increases hepatocyte
growth factor production and induces the proliferation of
normal hepatocytes.? When transplanted into the uPA-Tg
mice, mouse (m) hepatocytes engrafted into the host liver
and proliferated, eventually replacing the host hepato-
cytes with a replacement index (Rl) of 80%,% where RI
represents the ratio of the regions occupied by trans-
planted hepatocytes in the host liver). The offspring gen-
erated by crossing uPA-Tg mice with immunodeficient
mice were used as hosts for the xenotransplantation of rat
(r)," woodchuck,” and human (h) hepatocytes.®~*

We showed that the repopulation kinetics of r-hepato-
cytes in uPA/severe combined immunodeficiency (SCID)
mice were different from those of h-hepatocytes.® Rat
hepatocytes rapidly proliferated and completely repopu-
lated the mouse liver, whereas h-hepatocytes proliferated
slowly over a longer period, with Rl = -~90%. However,
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the livers of mice bearing h-hepatocytes (h-hep-mice)
became much larger than the normal mass of the host
mouse liver as the Rl increased, whereas their counter-
parts with r-nepatocytes (r-hep-mice) did not (unpub-
lished data). The above result with h-hep-mice does not
meet the empirical rule (liver size optimization rule) that
liver size is determined by the size of an animal's body. '®
This rule says that livers from smaller animals trans-
planted to larger animals must increase in size, which has
been demonstrated in dogs, ' humans,'" and rats.'

Transforming growth factor (TGF)-g'*'# and activin'®
are potent inhibitors of hepatocyte praliferation. The initi-
ation of TGF-$ signaling requires binding to the TGF-3
type |l receptor (TGFBR2), a constitutively active serine-
threonine kinase, which subsequently trans-phosphory-
lates TGF-8 type | receptor (TGFBR1). Activated TGFBR1
phosphorylates the Smad family proteins, Smad2 and 3
(Smad2/3), which then complex with Smad4 and translo-
cate into the nucleus.'® Smad2/3 are also activated by
activin and nodal receptors, members of the TGF-8 su-
perfamily.'” After partial hepatectomy, TGF-8 mRNA ex-
pression increased in nonparenchymal cells, and TGF-8
seemed to function as an inhibitory paracrine factor to
prevent uncontrolled hepatocyte growth.'®

When hepatocyte-targeted TGFBR2-knockout (KO)
mice were subjected to 70% partial hepatectomy, hepa-
tocytes grew beyond the limit of the known liver/body
weight ratio (R, g),'® supporting the antiproliferative role
of TGF-g signaling. However, a similar study with hepa-
tocyte-targeted TGFBR2-KO mice showed no significant
differences in R, between control and KO mice be-
cause of an alternative increase in signaling via activin
Alactivin A type IIA receptor (ACVR2A) and persistent
Smad pathway activity.”® Thus, the roles of TGF-f3, ac-
tivin, and their receptors in the regulation of liver mass
remain to be further studied.

In the present study, we compared the repopulation
processes of concordant (rat) and discordant (human)
xenogeneic hepatocytes in the uPA/SCID mouse liver.
Our results showed that r-hep-mice had normal mouse
regulation of R, whereas h-hep-mice underwent liver
hyperplasia, resulting in the increase in R 5. The present
study strongly suggests that discordant h-hepatocytes
fail in exchanging molecular signals including TGF-p/
activin with m-hepatic stellate cell (HSCs) and proliferate
over the liver size optimization rule for mouse.

Materials and Methods

Preparation of Liver Tissues and Hepatocytes

The Hiroshima Prefectural Institute of Industrial Science and
Technology Ethics Board approved this study. Liver tissues
were obtained from seven donors in hospitals, with in-
formed consent before the operations in accordance with
the 1975 Declaration of Helsinki: four males, a 12-year-old
male (12YM), a 28-year-old male (28YM), a 49-year-old
male (49YM), and a 50-year-old male (50YM), and three
females, a 25-year-old female (25YF), a 61-year-old female
(61YF), and a 65-year-old female (65YF). The livers from the
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25YF, 28YM, and 61YF were used for real-time RT-PCR to
determine the expression levels of cell cycle-related genes
and TGFBR/ACVR genes, and those from the 49YM, 50YM,
and B65YF were used for immunostaining of proteins. Liver
tissues were resected from 13-week-old male Fischer 344
rats (Charles River, Yokohama, Japan) and were used for
real-time RT-PCR to determine the expression levels and
immunohistochemistry.

h-Hepatocytes were isolated from the 12YM as re-
ported previously.”*" Cryopreserved h-hepatocytes from
two males, a 9-month-old male (9MM) and a 13-year-old
male (13YM), were obtained from In Vitro Technologies
(Baltimore, MD):; h-hepatocytes from a 10-year-old fe-
male (10YF) were purchased from BD Biosciences (San
Jose, CA). The hepatocytes from these four donors were
used for transplantation experiments into uPA/SCID mice.
r-Hepatocytes were isolated from the livers of Fischer 344
rats by collagenase perfusion,?* centrifuged through
45% Percoll at 50 x g for 24 minutes and used for
transplantation experiments. These hepatocyte prepara-
tions all showed >80% of viability, which was determined
by the dye extrusion test, and >99% of purity, which was
determined by microscopic observation. :

Transplantation of Hepatocytes

h- and r-Hepatocytes, 7.5 x 10° and 5 x 10° cells, respec-
tively, were transplanted into the liver of homozygous uPA/
SCID mice, which had been generated by crossing uPA-Tg
mice with SCID mice.” Donor h-hepatocytes showed repro-
ducibly high engraftment efficiency similar to fresh r-hepa-
tocytes and Rl >80% under the optimized conditions. The
labeling index (LI) of 5-bromo-2’-deoxyuridine (BrdU) of the
transplanted hepatocytes was determined as a measure of
DNA synthesis by exposing the host animals to BrdU for 1
hour before sacrifice.?*

Histochemistry

Paraffin and frozen sections of 5-um thickness were pre-
pared from liver tissues as detailed previously.”?* The
sections were stained with H&E or subjected to immuno-
histochemical analysis using the primary antibodies
listed in Table 1 together with necessary information. For
bright-field immunohistochemistry, the antibodies were
visualized with the VECTASTAIN ABC kit (Vector Labora-
tories, Burlingame, CA) using 3,3'-diaminobenzidine as
the substrate. The sections were counterstained with
Mayer's hematoxylin. Fluorescent immunohistochemistry
was performed using Alexa 488- or 594-conjugated donkey
anti-mouse IgG or donkey anti-rabbit IgG (Invitrogen) as
secondary antibodies and then with Hoechst 33258 for
nuclear staining. Human cytokeratin 8/18 (hCK8/18) anti-
bodies reacted with h-hepatocytes but not with m-hepato-
cytes. Rat major histocompatability complex class | RT1A
(rRT1A) antibodies reacted with r-hepatocytes but not with
m-hepatocytes. The Rls of h- and r-hepatocytes (Rl
and Rl,,,,,. respectively) were calculated as the ratios of the
area occupied by hCK8/18" h-hepatocytes and the area
occupied by rRT1A” r-hepatocytes to the entire area ex-
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Table 1. Antibodies for Immunohistochemical Analysis
Clone
Antibodies (clone name) Host Dilution Fixation Sections Supplier
Human CK8/18* Monoclonal Mouse 50 Aceton Frozen MP Biomedicals (Aurora, OH)
(NCL 5D3)
Human albumin* Polyclonal Goat 200 Formalin Paraffin Bethyl Laboratories
(cross-adsorbed) (Montgomery, TX)
BrdU Monoclonal Mouse 50 Formalin Paraffin DAKO (Glostrup, Denmark)
(Bu20a)
Rat RT1A! Monoclonal Mouse 100 Aceton Frozen Chemicon International
(OX-18) (Temecula, CA)
Mouse type IV collagen Polyclonal Rabbit 500 Aceton ‘Frozen LSL (Tokyo, Japan)
Human MRP2* Polyclonal Rabbit 200 Aceton Frozen Sigma (St. Louis, MO)
Human TGFBR2Y Polyclonal Rabbit 500 Aceton Frozen Upstate (Billerica, MA)
TGF-p17 Polyclonal Rabbit 10 Formalin Frozen BioVision (Mountain View, CA)
Human desmin® Monoclonal Mouse 50 Formalin Frozen DAKO
Human Smad2* Polyclonal Rabbit 50 Non-fixed Frozen Zymed Laboratories (South San
Francisco, CA)
Human Smad3* Polyclonal Rabbit 200 Formalin Paraffin Zymed Laboratories
Human E-cadherin® Polyclonal Rabbit 200 Formalin Frozen Abcam (Cambridge, MA)

*Human-specific antibody.

"Rat-specific antibody.

*Cross-reactive with rat antigen.
“Cross-reactive with rat and mouse antigens.
Cross-reactive with TGF-£31-3.

amined on immunohistochemical sections from six
lobes, respectively, as described previously.” BrdU Lls
of h- and r-hepatocytes (LI, and Ll .., respec-
tively) were calculated as the ratios of BrdU™ nuclei to
hAIb* h-hepatocytes and rRT1A™ r-hepatocytes, re-
spectively, in 10 randomly selected fields from three
different lobes.

A transferase-mediated dUTP nick end-labeling (TUNEL)
assay was performed as follows. Paraffin-embedded liver
tissues were sectioned, deparaffinized, and subjected to
TUNEL analysis using an ApopTag Peroxidase In Situ Ap-
optosis Detection Kit (Chemicon International, Temecula,
CA) following the manufacturer’s instructions.

Real-Time RT-PCR

Total RNA was isolated from normal and chimeric liver
tissues using Isogen (Nippon Gene, Tokyo, Japan) and
aliquots, 1 ug each, were reverse-transcribed with ran-
dom hexamers using PowerScript Reverse Transcriptase

(Clontech, Kyoto, Japan). The expressions of the follow-
ing genes were measured by real-time RT-PCR using an
SYBR Green PCR Master Mix (Applied Biosystems, Fos-
ter City, CA) in an ABI Prism 7700 sequence detector
(Applied Biosystems): h-forkhead box M1 (hFoxM1), h-
cyclin dependent kinases (hCdk) 1, hCyclin B1, hCyclin
D1, h-cell division cycle 25A (hCdc25A), hTGFBRT1,
hTGFBR2, hACVR2A, h-glyceraldehyde 3-phosphate dehy-
drogenase (hGAPDH), rat TGFBR1 (rTGFBR1), rTGFBR2,
rACVR2A, and rGAPDH. The gene-specific primers we
used are shown in Table 2. These primers correctly am-
plified the corresponding human/rat genes but not the
mouse genes. The relative mRNA expressions of trans-
planted h- and r-hepatocytes were quantified using the
comparative threshold cycle (AAC,) method?* according
to the manual provided by Applied Biosystems. hGAPDH
and rGAPDH, respectively, were used as the internal
reference genes to normalize the expression of human/
rat target genes; h/r-specific primers were used because
there is a difference in the amounts of h/r-cDNAs in the

Table 2. Primer Sets for Real-Time RT-PCR
Gene Forward primer Reverse primer

hFoxM1 5'-GCATCTACTGCCTCCCTGTG-3' 5'-GAGGAGTCTGCTGGGAACG-3'
hCdk1 5'-AAACTACAGGTCAAGTGG-3' 5'-GGGATAGAATCCAAGTATTTCTTCAG-3'
hCyclin B1 5'-CCTGATGGAACTAACTATGTTG-3' 5'-CATGTGCTTTGTAAGTCCTTGA-3'
hCyclin D1 5'-TGTGAAGTTCATTTCCAATCCG-3' 5'-CTGGAGAGGAAGCGTGTGAG-3’
hCdc25A 5'-CAAAGAGGAGGAAGAGCATGTC-3' 5'-CCAGGGATAAAGACTGATGAAGAG-3'
hTGFBR1 5'-GGAATTCATGAAGATTACCAAC-3’ 5'-AGAGTTCAGGCAAAGCTGTAGA-3’
hTGFBR2 5'-CATGTGTTCCTGTAGCTCTGAT-3' 5'-TGCCGGTTTCCCAGGTTGA-3'
hACVR2A 5'-AAGAAGACCCTTTGTTGAAAAATG-3' 5'-GCAAGGTTTCTCTTAGTCTCATGTC-3’
hSmad2 5'-AAAGCTTCACCAATCAAGTCC-3' 5'-CTTCTCTTCCTCTTTAATGGG-3'
hSmad3 5'-TGGAACTCTACTCAACCCAT-3’ 5'-GGTAAATGTGTTTGGCAGAC-3'
hGAPDH 5'-ACCAGGGCTGCTTTTAACTC-3' 5'-ATTGATGACAAGCTTCCCG-3'
rTGFBR1 5'-CACTTCTGATTCCCACTCTTG-3’ 5'-ATGAAGGAGCAGGAGCTGTA-3'
rTGFBR2 5'-CAAGTCGGTTAACAGCGAT-3’ 5'-GGCTTCTCACAGATGGAGG-3'
rACVR2A 5'-AGCATGGATTGGGAGACTTC-3' 5'-GCCACATTCTTCGTGTAAGTT-3'
rGAPDH 5'-CCAGGGCTGCCTTCTCTTGTGA-3' 5'-GCCGTTGAACTTGCCGTGGGTA-3'

h, human-specific; r, rat-specific.
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mixed baths from the h- or r-hep-mouse liver. Before per-
forming quantification with the AAC; method, we confirmed
that the amplification efficiencies of target and reference
primers were approximately equal. The expression levels of
the target genes show the relative differences from the
normal h/r-liver controls. For all data, the h/r target C, value
was normalized using the formula: AC; = C; h/r target — C+
h/rGAPDH. To determine the relative expression levels, the
formula, AAC; = AC; sample (chimeric livers) — ACy cali-
brator (h/r-livers), was used and 2~4*“" was plotted.

Statistics

Results are shown as the mean * SD. Significant differ-
ences between groups were detected with Dunnett's
multiple comparison test or Student’s t-tests using Stat-
View software (SAS Institute Japan, Tokyo, Japan).

Results

Growth Kinetics for r- and h-Hepatocytes in
uPA/SCID Mice

Twelve mice were transplanted with r-hepatocytes and sac-
rificed at 1, 2, 3, and 4 weeks after transplantation. Liver
sections were subjected to double immunaostaining for BrdU
and rRT1A to determine the LI, and the R, ., (Figure
1A), where LI ., represents the ratio of the BrdU-positive
r-hepatocyte number to the total r-hepatocytes in the r-
hepatocyte-repopulated region in the r-hep-mouse liver,
and Rl represents the ratio of the repopulated r-hepa-
tocytes to the total r- and m-hepatocytes in the r-hep-mouse
liver. LI, .,, was approximately 15% at 1 week, when Rl e
was approximately 7%. Rl, ., reached almost 100% at 3
weeks when LI, ,.,, had markedly decreased to 1%. Finally,
Ll .., returned to the control level (0.4%) at 4 weeks, the
level of LI of SCID mouse liver. From these results, we
concluded that r-hepatocytes terminated proliferation at ap-
proximately 3 weeks.

Mice were transplanted with h-hepatocytes isolated from
the OMM (h-hepaymi) @and were sacrificed at 1 to 11 weeks
after transplantation (Figure 1B). LI, .., and Rl ... the
corresponding ratios for h-hep-mouse liver, were approxi-
mately 10% and <1% at 1 week, respectively. The LI, ., at
this time period was 64% of the LI,,,.. The rise of Rl
and the decrease of LI, ., thereafter were both greatly
slow compared with those of the r-hep-mice. LI, ., re-
turned to the control level at 11 weeks when RI, ., was
still as low as 58 + 46%. Thus, it was concluded that
h-hepatocytes repopulate the m-liver quite slowly. We be-
lieve that this difference in donor proliferative and repopu-
lating activities is due to species-related differences but not
experimental variables that might influence transplantation
outcomes, because, first, the engraftment efficiencies were
similar between the h- and the r-hepatocytes, second, the
viability (>80%) and the purity (>99%) of the hepatocyte
preparations were comparable between the two types of
hepatocytes, and, third, the similar difference was observed
in the previous report in which h-hepatocytes were also
used as donor hepatocytes.”
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Figure 1. Repopulation of r- and h-hepatocytes in mice. uPA/SCID mice
were transplanted with r-hepatocytes (A) and h-hepatocytes (B) and sacri-
ficed at the indicated times (wecks) after transplantation. A: r-hep-Mice.
Histological sections were prepared from three different lobes and stained for
rRT1A and BrdU. rRT1A™ and BrdU~ double-positive hepatocytes and
rRT1A ' hepatocytes were counted to determine LI, ., (open circle) and
RI, ., (closed circle), respectively. B: h-hepyy -Mice. L, (open circle)
and RI,, ., (closed circle) were similarly determined, except that h-hepato-
cytes were identified using hAlb antibodies. The LI of livers taken from
control animals (8 to 15-week-old SCID mice) was 0.4 £ 0.2% (n = 3).
Significant differences compared with normal livers (*P < 0.05). The dotted
horizontal line indicates RI = 100%.

Information regarding proliferative activity of h-hepato-
cytes was obtained by determining the gene expression
levels of five cell cycle promotion genes (hCdk1, hCyclin
B, hFoxM1, hCdc25A, and hCyclin D) in the h-hep-mouse
livers during repopulation, together with those in normal
h-livers from three donors. The results are shown as the
relative MRNA expression levels against those in the normal
h-livers (Figure 2). h-hep-Mouse livers expressed hCdk1
and hCyclin B1 at much and moderately higher levels
at 3 to 9 weeks, respectively. The expressions of
hFoxM1 and hCdc25A were significantly higher in h-
hep-mouse livers up to 7 weeks. These genes all re-
duced the expression to levels comparative to normal
h-liver levels at 11 weeks. These results indicate that
h-hepatocytes in h-hep-mice terminated growth at 11
weeks after transplantation.

Correlation of R, ,5 with Rl in h-Chimeric Mice

In the experiments shown in Figure 1, we noticed that the
h-hep-mouse liver enlarged beyond the normal volume of
the host liver as Rl ,, increased. We assessed a cor-
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Figure 2. Expressions of cell cycle-related genes during h-hepatocyte re-
population in h-hep-mice. h-hep-Mouse livers were removed at 3 to 11
weeks after transplantation from h-hep-mice shown in Figure 1B and sub-
jected to real-time RT-PCR for hCdk1 (closed circle), hCyclin B1 (open circle),
hFoxM1 (closed triangle), hCdc25A (open square), and hCyclin D1 (X).
Gene expressions were also determined for normal human livers from the
25YF, 28YM, and 61YF donors. Gene expressions were all normalized to
hGAPDH expression. The ratio of mRNA expression for each gene in h-hep-
mouse livers was calculated by dividing the normalized value of each gene
of h-hep-mouse livers by the nomulized value of comresponding gene of the
normal h-livers. The ratios are plotted against weceks after transplantation. The
variation of cach gene of the normal livers was 1.0 = 0.3, 1.0 = 0.6, 1.0 * 0.4,
1.0 = 05, and 1.0 = 0.3 for hFoxM1, hCdk1, hCyclin B1, hCyclin D1, and hCdc25A,
respectively. Significant differences against normal h-livers (*P < 0.05).

relation between R, ., and liver mass during h-hepato-
cyte repopulation. A total of 38 h-hep-mice were gener-
ated using h-hepatocytes from three donors (9MM,
12YM, and 13YM) and were sacrificed at 11 to 14 weeks
after transplantation. No significant increase in blood
hAlb levels was observed at 9 to 10 weeks, indicating that
the livers then had entered the termination phase of
growth, which is consistent with the results shown in
Figure 2. Host liver and body weights were measured at
sacrifice to calculate R ;. Liver sections were prepared
from each mouse and stained for hCK8/18 to determine
RI. R s was then plotted against Rl (Figure 3A). R, 5
increased as Rl increased, with a correlation coefficient
(r) of 0.59. The gross appearances of the selected h-
hep-mouse livers are shown in Figure 3, B-D. Livers of an
h-hep-mouse with Rl = 0% showed R, = 6.9 = 1.0%
(Figure 3, A and B). Twenty of the 38 h-hep-mice showed
Rl >50%. Five h-hep-mice showed Rls >80%, one of
which had R, ,; = 11.8% and is shown in Figure 3C. The
highest Rl was 92.1%, which was obtained in a chimeric
h-hepegy, mouse with R, i = 19.3% (Figure 3D). The R, 5
for the five mice with Rls >-80% was 13.2 = 3.5%, which
was >2-fold of the value at the time of transplantation
(6.0 + 1.1%,n = 4)orthat (5.4 + 0.5%, n = 3) observed
in SCID mice (Figure 3A). Importantly, the R, ,; of r-hep-
mice did not change during repopulation (Figure 3E, 5
weeks) and was similar to that of SCID mice (5.4 = 0.5%,
n=3):R ,=65+x11,63=x02,64=02and58 =
0.2% (each n = 3), at 2, 3, 4, and 5 weeks after trans-
plantation, when Ris were 57.1 + 24.7,97.1 + 3.0,98.6 =
2.4, and 100 = 0.0%, respectively. This fact suggests
that the increase in r-hepatocyte number and the death of
injured m-hepatocytes are normally balanced in the r-
hep-mouse liver. However, R, ,, of h-hep-mice increased
as the Rl increased as above, suggesting a possible
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Figure 3. Corrclation of R, ; with RT in h-hep-mice. A: Twenty-one, 6, and
11 h-hep-mice were produced by transplanting hepatocytes from the OMM,
12YM, and 13YM donors, respectively, and then sacrificed at 11 to 14 weceks
after transplantation. R, ;, and RI were determined at sacrifice and ploted
together. Closed triangle, 9MM hepatocytes; open diamond, 12YM hepatocytes;
open circle, 13YM hepatocytes. Four r-hep-mice were produced and sacrificed
at five weeks after transplantation when the repopulation had completed, and
R, .y and RI were determined (open square). R, , was also determined for three
8- to 15-week-old SCID mice (closed circle). B-D: Gross appearances of h-hep-
mousc livers at 11 weeks. The four long arrows in the figure starting from cach
of mouse symbols in A point to the photos of the corresponding mouse livers
shown in B, C, D, and E, respectively. B: The liver of an h-hepay,,; mouse with
RI = 0% and R, ,, = 6.7%. Arrows indicate reddish colonies of m-hepatocytes
that deleted the transgene. Whitish regions are occupicd by Tg host hepatocytes.
The dark red-colored organ placed above the liver is spleen removed from the
same recipient. C: The liver of an h-hep.,,, mouse with RI = 82% and R, ,, -
11.8%. Dz The liver of an h-hepo mouse with RE = 92% and R, , = 19.3%. E:
The tiver of an r-hep-mouse with RT =~ 10000 and R, ,, = 6.5%. Scale bar — 1 em.

imbalance between h-hepatocyte proliferation and m-
hepatocyte death.

To test this possibility we performed the TUNEL anal-
ysis and determined the ratios (%) of the TUNEL ' (dead)
m-hepatocytes during the repopulation of h-hepatocytes
as follows: 0.5 = 0.1,0.6 £ 0.2, 1.2 = 0.1, 0.6 = 0.3,
02=01,39+47 and85+68at1,23,5,7,9, and
11 weeks (each n = 3), respectively. The ratios were quite
low until 7 weeks after transplantation and were much lower
than those of the BrdU ' h-hepatocytes shown in Figure 1B
(~10% at 1 week and 2% at 7 weeks). Similar TUNEL
analysis showed a TUNEL ' ratio of 18.8 = 6.1% (n = 3) for
r-hep-mice at 3 weeks after transplantation, which is con-
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