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FIGURE 3
Cumulative overall
survival curves

with or withaut isk |,

factors of
metabelic
syndrome.Upper
panel: group B;
middle panel:
group C; and lower
panel: group
NBNG. The thin and
botd fines denate
patients with and
without risk factors
of metaholic
syndrome,
respectively. There
were no significant
differences among
all groups, atthough
groups Band €
with risk factors for
metabolic
syndrome had a
tendency toward
lower survival rates
than those without.

FIGURE 4
Disease-free
survival curves
with or without fisk
factors of
metabalic
syndrome.Upper
panek: group B;
middle panet:
group C; and lower
panel: group
NBNC. The thin and
bold fines denote
patients with and
withaut risk

factors of
metabellc
syndrome,
respectively. There
were no significant
differences among
all groups.

e

6
47 .
27
0- T T T T T T

0 10 20 30 40 50 60 Months
1
381
6
47
27
o. T T T T T

6 10 20 30 40 50 60 Months
11
.s" l L
6
47
21
o- T T ¥ T T T T

0 0 20 30 40 S0 60 Months
x

3]

6]

47 1

27

0- T T T T ™ T

0 10 20 30 40 50 Months

N

O W b O g -
et

50 Months

0 10 20 30 40
) 10 20 30 40 S50 60 Months

- 496 -

with or without HBcAb (data not shown).

Seven out of the 37 patients from the NBNC group
showed various degrees of fatty changes in their live,
histology. Among them, 3 patients who did not haye
history of alcohol abuse were strongly suspected 1,
have NASH (8.1%). The clinical features of these 3
patients with HCC associated with NASH are shoyy,
in Table 5. We estimated both the necroinflammag,.
ry grade and the fibrosis score according to the defip.
itions proposed by Brunt et al. (27). The BMIs of thee
three patients were 23.1, 24.8, and 24.4, respectively,
These figures were within the normal range according
to western standards but are considered to be over.
weight by Asian standards (28). Two of the 3 patientg
had associated diabetes.mellitus, and 1 patient had ng
risk factors for MS.

DISCUSSION

In this study, the background and associated con.
ditions of patients with HCC who underwent surgery
in relation to viral markers was investigated, and
then compared to determine participation of risk fac.
tors for MS in the development of HCC, in particular
non-B non-C HCC. At first, the prevalence of chronic
hepatitis and liver cirrhosis in non-B non-C HCC was
confirmed to be almost the same as in group B, and
was significantly lower than in group C, although
there were no differences in the preoperative Child-
Pugh classifications among the 3 groups.

One of the current topics in this field is the rela-
tionship between obesity and HCC (15,18). In this
study, the mean BMI was less than 25kg/m? in all 3
groups, and there were no significant differences
among them. However, the NBNC group showed the
highest ratio of patients with a BMI greater than
25kg/m?, suggesting the possible participation of obe-
sity in non-B non-C HCC.,

This study also demonstrated that patients in
NBNC group had a significantly higher prevalence of
both diabetes mellitus and hyperlipidemia, and their
mean serum TG was significantly higher than groups
B and C. This result showed that non-B non-C HCC
may be strongly asscciated with metabolic or insulin
resistance syndrome, as suggested in other reports
(16,20). Diabetes mellitus has been recognized as a
risk factor of not only chronic liver disease, but also
HCC (14-17). Bugianesi et al. (20) reported that the
prevalence of diabetes and the plasma levels of both
TC and TG were significantly higher in those
patients with HCC asscciated with cryptogenic cir-
rhosis than in patients with alcohol and hepatitis
virus infection related HCC. However, in this study,
the prevalence of alcohol abuse was significantly
higher in the NBNC group than in group C. There-
fore, we performed an additional analysis after
excluding those patients with alcohol abuse. Based
on that analysis, no significant difference in the
prevalence of diabetes mellitus and hyperlipidemia
among the 3 groups was found, although the serum
TG and TC levels were still higher. In contrast ¢
these results, some studies have indicated that alco-
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niuence of Metabolic Syndrome and NASH on HCC
a——

.- Tablg's Threp.cases-o

IGC associated wilh NASH ~

_Casel Case 2 Case 3
= 69 72 79
Gender Male Female Male
MI (ke/m?) 23.1 24.8 24.4
Diabstes mellitus - + +
H nsion - + .
Hyperlipidemia - + +
ASTAUML) 23 59 59
ALT (UML) 23 46 76
PLT (x10Ymm?) 156 16 11.8
Total Cholesterol (mg/dL) 212 217 207
Triglyceride (ma/dL) 70 85 205
Steatosis” mild moderate moderate
Degeneration of hepatocyte’ mild ballooning and Mallory bodies and

acidophilic bodies acidophilic bodies

Intrascinar inflammatory cells __scattered microabscess many microabscess many microabseess
Portal inflammation® mild moderate to severe moderate to severe
Necroinflammatory grade’ 1 2 3
Fibrosis stage” 3 4 4

*Definitions according to Brunt et al. (27)

hol intake was associated with a lower prevalence of
MS (29,30). In the patients studied here, however,
chronic liver disease, risk factors for MS, and alcohol
abuse might all participate in the carcinogenesis of
HCC in a very complex fashion.

More recently, NAFLD including NASH has been
considered to be one of the causes of chronic liver dis-
ease (15,31) and HCC (19-26). Although the preva-
lence of NASH in HCC patients remains unknown, in
the literature, HCC has been observed in 2.4-13% of
NASH patients (21,23,24). Bugianesi et al. (20) report-
ed that among 641 cirrhosis-associated HCCs, 44
patients (6.9%) had cryptogenic cirrhosis which was
associated with NASH. On the other hand, Yano et al.
(12) stated that there were no non-B non-C patients
with HCC in whom NASH was thought to be the
cause. However, it is difficult to clearly determine the
participation of NASH in the patliogenesis of HCC
associated with cryptogenic cirrhosis, because the
steatosis might decrease or disappear when the
NASH progressed to cirrhosis (17,18,20,23,31). In the
Present study, 3 patients were judged to be associated
with NASH based on microscopic findings of moder-
ate to severe macrovesicular steatosis, hepatocellular
ballooning, lobular inflammation with necrosis of the
hepatocytes, and perisinusoidal fibrosis. Although
there was some discussion about the histopathological
findings in NAFLD (19), macro-vesicular steatosis,
Mallory’s hyaline, ballooning, lobular inflammation,
and perisinusoidal fibrogis were considered to be his-
tological features in general (19,31,32).

In this study, the cumulative overall and disease

e 3-year survival rates for HCC in the non-B non-
C patients after surgery were 69.8% and 27.6%,
respectively, and there were no significant differ-
ences in both the cumulative overall and disease free
survival rates among the B, C, and NBNC patients.
Although this study population contained 26 patients

who had already -underwent some treatment for
HCC, these results were considered to be almost the
same as with previous studies (8,10,11,33). HCC in
the non-B non-C patients has been reported to have
a worse prognosis than HCC due to other causes.
With respect to the influence of the risk factors for
MS on survival, the interesting result was obtained
that these risk factors might exhibit an adverse effect
on the survival of hepatitis virus related HCC
patients, but not on non-B non-C HCC patients,
although their survival rates did not show any sta-
tistically significant differences because of the small
number of cases studied. One could speculate that
the risk factors for MS had a positive impact on the
occurrence of non-B non-C HCC, but may exert a neg-
ative impact on the prognosis of hepatitis virus relat-
ed HCC patients.

In conclusion, the prevalence of diabetes mellitus,
hyperlipidemia, and the plasma triglyceride level
were all significantly higher in non-B non-C HCC
patients as compared with those with HCC related to
both HBV and HCV infection. This suggests that the.
pathogenesis of non-B non-C HCC was more closely
associated with the risk factors for MS than viral
related HCC. However, alcohol abuse affected the
pathological mechanisms at least in part. With
respect to the participation of NASH, 3 out of 37 non-
B non-C HCC patients were clearly associated with
NASH from the viewpoint of their clinical and histo-
logical analyses. The prognosis of patients with posi-
tive viral markers tended to be worse in those
patients who also had risk factors for MS than those
without. On the other hand, there was no such ten-
dency in the non-B non-C patients. To our knowledge,
this is the first report of its kind on HCC patients
with and without hepatitis virus markers, and the
findings presented here may be informative in a clin-
ical setting,
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Pioglitazone Promotes Survival and Prevents Hepatic
Regeneration Failure After Partial Hepatectomy in

Obese and Diabetic KK-A' Mice

Tomonori Aoyama,'* Kenichi Ikejima, Kazuyoshi Kon,' Kyoko Okumura,' Kumiko Arai,! and Sumio Watanabe'?

Pathogenesis of metabolic syndrome-related nonalcoholic steatohepatitis (NASH) in-
volves abnormal tissue-repairing responses in the liver. We investigated the effect of
pioglitazone, a thiazolidinedione derivative (TZD), on hepatic regenerative responses
in obese, diabetic KK-AY mice. Male KK-AY mice 9 weeks after birth underwent two-
thirds partial hepatectomy (PH) after repeated intragastric injections of pioglitazone
(25 mg/kg) for 5 days. Almost half of the KK-AY mice died within 48 hours of PH;
however, mortality was completely prevented in mice pretreated with pioglitazone.
In KK-AY mice, bromodeoxyuridine (BrdU) incorporation to hepatocyte nuclei 48
hours after PH reached only 1%; however, pioglitazone pretreatment significantly in-
creased BrdU-positive cells to 8%. Cyclin D1 was barely detectable in KK-AY mice
within 48 hours after PH. In contrast, overt expression of cyclin D1 was observed 24
hours after PH in KK-AY mice pretreated with pioglitazone. Hepatic tumor necrosis
factor alpha (TNF-a) messenger RNA (mRNA) was tremendously increased 1 hour after
PH in KK-AY mice, the levels reaching ninefold over C57Bl/6 given PH, whereas pio-
glitazone blunted this increase by almost three-fourths. Pioglitazone normalized hypoa-
diponectinemia in KK-AY mice almost completely. Seram interleukin (IL)-6 and leptin
levels were elevated extensively 24 hours after PH in KK-AY mice, whereas the levels were
largely decreased in KK-AY mice given pioglitazone. Indeed, pioglitazone prevented
aberrant increases in signal transducers and activators of transcription (§STAT)3 phos-
phorylation and suppressor of cytokine signaling (SOCS)-3 mRNA in the liver in KK-AY
mice. Conclusion: These findings indicated that pioglitazone improved hepatic regener-
ation failure in KK-AY mice. The mechanism underlying the effect of pioglitazone on
regeneration failure most likely involves normalization of expression pattern of adipo-

kines and subsequent cytokine responses during the early stage of PH. (HeraTOLOGY 2009;
49:1636-1644.)

See Editorial on Page 1427.

onalcoholic fatty liver disease (NAFLD) is one
of the important manifestations of metabolic
syndrome, a clinical entity comprising obesity,
hypertension, glucose intolerance, and hyperlipidemia.!-*
NAFLD includes a spectrum of liver pathology ranging

from simple steatosis to nonalcoholic steatohepatitis
(NASH), which demonstrates progressive diseases, in-
cluding advanced hepatic fibrosis and hepatocellular car-
cinoma.!-? Pathogenesis of metabolic syndrome-related
NAFLD/NASH involves a variety of environmental and
nutritional factors as well as genetic susceptibilities.
Among these, insulin resistance is believed to be the most

Abbreviutions: ANOVA, analysis of variance: Brdl, bromodeoxyuridine: ELISA. enzyme-linked immunmorbens assay; IL. interlenking JAK, Janus kinase; NASH,
nunaleolwlic sseatohepanitis mRNA, messenger RNA: NAFLD, nonulcohohe fasty liver diseuse; ObR, leprin receptors PONA. proliferating cell nuclear antigen: PH, partial
hepatectomy; PPAR, peroxisume proliferator-activated receptor: RT-PCR, reverse transcription polymerase chain reaction: SEM, standard error of the mean; SOCS,
suppressor of cytokine signaling: STAT, signal sranducers and activators of tramseription: TNF-ox, tumor necrosss factor alpha: TZD, thiazosidinedione derivative.
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profound metabolic abnormality.# It is postulated that
adipokines, a group of cytokines produced exclusively
from adipose tissue (in other words, leptin, adiponectin,
resistin, plasminogen activator inhibitor-1), regulate both
metabolic balance and progression of hepatic disorder.
The mechanisms underlying the disease progression of
NASH involve several key biological responses such as
excess oxidative stress, alteration in innate immunity, and
abnormal tissue repairing responses. Especially, impair-
ment of hepatic regeneration seems to be critical because
regeneration failure often results in progression of hepatic
fibrogenesis and subsequent carcinogenesis. Indeed, it has
been reported that progression of fibrosis is associated
with altered regeneration in NAFLD patients.”

It has been well documented that various types of he-
patic steatosis and steatohepatitis demonstrate poor
hepatic regeneration. For instance, poor hepatic regener-
ation has been demonstrated in experimental models of
hepatic steatosis/steatohepatitis such as ob/ob mice and
Zucker rats, which carry genetic defects of leptin and its
receptor (ObR), respectively.®” These observations sug-
gest that leptin is an important regulator of liver regener-
ation; however, the role of adipokines in hepatic
regenerative responses without defects in leptin/ObR
genes has not been well elucidated. Given the evidence
that genetic defects in leptin/ ObR genes are seldom found
in humans, more clinically relevant animal models are
required to investigate the pathophysiology and experi-
mental therapeutics of NAFLD/NASH.

KK-AY mice are a cross-strain of diabetic KK mice® and
lethal yellow (AY) mice, which carry mutation of the ag-
outi(a) gene in mouse chromosome 2.7 KK-AY mice de-
velop maturity-onset obesity, dyslipidemia, and insulin
resistance, in part because of the antagonism of melano-
cortin receptor-4 by ectopic expression of the agouti pro-
tein.? Importantly, these mice present hyperleptinemia
and leptin resistance without defects in the ObR gene,
and the expression of adiponectin is conversely down-
regulated.'?!! The phenotype of KK-AY mice, including
altered adipokine expression, quite resembles metabolic
syndrome in humans, indicating the potential usefulness
of this strain as a model of metabolic syndrome-related
NASH. Indeed, we have previously demonstrated that
KK-AY mice are more susceptible to experimental steato-
hepatitis induced by a methionine-deficient, choline-de-
ficient diet.!?

AOYAMA ET AL, 1637

The current study aimed to clarify the causal relation-
ship between liver regeneration and metabolic back-
ground related to obesity, insulin resistance, and
expression of adipokines. Here we investigated the
changes in hepatic regenerative response in KK-AY mice
after two-thirds partial hepatectomy (PH). Furthermore,
we evaluated the effect of a thiazolidinedione derivative
(TZD) pioglitazone, which improves insulin resistance
through actions as a peroxisome proliferator—activated re-
ceptor (PPAR)y agonist, on regeneration failure in these
animals. Through this study, we tested the hypothesis
that pioglitazone improves regenerative responses by
modulating inflammation and aberrant adipokine expres-
sion in a model of metabolic syndrome-related steato-
hepatitis,

Materials and Methods

Animal Experiments and Operative Procedure.
Male KK-AY and C57BI/6 mice 8 weeks after birth were
obtained from CLEA Japan Inc. (Tokyo, Japan). Mice
were housed in air-conditioned specific pathogen—free
animal quarters with lighting from 8:00 AM to 9:00 PM
and given unrestricted access to a standard laboratory
chow and water for 1 week before and during experi-
ments. All animals received humane care in compliance
with the experimental protocol approved by the Com-
mittee of Laboratory Animals according to institu-
tional guidelines. C57Bl/6 mice, which are the

grandparental strain of KK-AY mice, were selected as

nonohese and nondiabetic controls. Some KK-AY mice
were treated with 25 mg/kg pioglitazone (a gift from
Takeda Pharmaceutical Co., Ltd., Tokyo, Japan) or
vehicle by intragastric injection once daily for 5 days
before operation. After overnight fasting, 70% PH was
performed in the mice according to the Higgins and
Anderson method.!? Mortality was observed up to 48
hours after PH. Mice were sacrificed by exsanguina-
tions from inferior vena cava, and wet weight of the whole
remaining liver was measured. Some mice were pulse-
labeled with a single intraperitoneal injection of bro-
modeoxyuridine (BrdU; Sigma Chemical Co., St. Louis,
MO; 50 mg/kg in phosphate-buffered saline) 2 hours
before sacrifice, and liver specimens were fixed in buffered
formalin for immunohistochemistry. Serum and liver
samples were kept frozen at —80°C until assayed.

Address reprint request to: Kenichi Teegima, M.D., Ph.D., FA.C.P.. Associute Professor, Department of Gastroenterology, Juntends University School of Medicine, 2-1-1
Hongo, Bunkyo-ku, Tokyo, 113-8421 Japan. E-mail: ikefima@juntendo.ac.jp: fax: (81)-3-3813-8862.
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Table 1. Primer Sets for Real-Time RT-PCR

Gene (GeneBank

Accesslon) Primer Sequences Product Size
INF-a Forward: 5 -AAGCCTGTAGCCCACGTISTA-2' 122 bp
(NM_013693) Revarse: 5 -GGCACCACTAGTTGETTGTCTTTSG-3
S0CS-3 Forward: 5'-CAATACCTTTGACAAGCGGACTCTC-3' 146 bp
(NM_007707) Keversze: 5 -TCAAAGCGCAAACAAGTTCCAG-3'

GAPDH Forward: 5'-AAATGGTGAAGGTCGGTSTG-3! 108 bp
(NM_001001303) Revarse: 5'-TGAAGGGETCGTTEATGG -3

Immunobhistochemistry. For immunohistochemistry,
formalin-fixed and paraffin-embedded tissue sections
were deparaffinized and incubated with 3% H,0, for 10
minutes. To examine BrdU incorporation to hepatocyte
nuclei, tissue sections were incubated with 2N hydrochlo-
ric acid for 30 minutes. After blocking with normal horse
serum for 60 minutes, tissue sections were incubated with
a mouse monoclonal anti-BrdU antibody (DakoCytoma-
tion Norden A/S, Glostrup, Denmark). After rinsing the
primary antibody, the sections were incubated with sec-
ondary biotinylated anti-mouse immunoglobulin G anti-
body, and the specific binding was visualized with the
avidin—biotin complex solution followed by incubation
with a 3,3-diaminobenzidine tetrahydrochloride solution
using Vectastain Elite ABC kit (Vector Laboratories, Bur-
lingame, CA). BrdU-positive hepatocytes were counted
in five 100X fields on each slide to determine the average
number BrdU-labeling index (BrdU-positive hepato-
cytes/total hepatocytes). Expression of proliferating cell
nuclear antigen (PCNA) in hepatocytes was evaluated
similarly by immunohistochemistry as previously de-
scribed elsewhere.!? Specimens were observed and photo-
graphed using a microscope (BH-2, Olympus Corp.,
Tokyo, Japan) equipped with a digital imaging system
(VB-6010, Keyence Corp., Osaka, Japan).

Western Blot Analysis. Whole-liver protein extracts
were prepared by homogenizing frozen tissue in a buffer
containing 50 mM Tris-hydrochloric acid (pH 8.0), 150
mM sodium chloride, 1 mM ethylenediaminetetraacetic
acid, 1% Triton X-100, protease inhibitors (Complete
Mini, Roche Diagnostics Co., Mannheim, Germany),
and a phosphatase inhibitor Na;VOy (50 uM, Sigma
Chemical Co.), followed by a centrifugation at 10,400 g
for 10 minutes. Protein concentration was determined by
Bradford assay using Bio-Rad protein assay kit (Bio-Rad
Laboratories, Hercules, CA). Fifty micrograms protein
was separated in 10% to 15% sodium dodecy! sulfate
polyacrylamide gel electrophoresis and electrophoreti-
cally transferred onto polyvinylamide fluoride mem-
branes. After blocking with 5% nonfat dry milk in Tris-
buffered saline, membranes were incubated overnight at

4°C with rabbit polyclonal anti-cyclin D1, anti-phospho-

signal tranducers and activators of transcription 3
(STAT3) (Tyr705) or anti-STAT3 (Cell Signaling Tech-
nology Inc., Beverly, MA), followed by a secondary horse-
radish peroxidase— conjugated anti-rabbit immunoglobulin
G andbody (DakoCytomation Norden A/S). Subsequently,
specific bands were visualized using the enhanced chemilu-
minescence detection kit (Amersham Pharmacia Biotech,
Piscataway, NJ).

Measurement of Blood Glucose and Enzyme-
Linked Immunosorbent Assay. Blood glucose levels
were measured enzymatically using standard glucose test
strips and a glucometer (Glutest Sensor and Glutest Ace;
Sanwa Kagaku Kenkyusho Co. Ltd., Nagoya, Japan). Se-
rum insulin, adiponectin, interleukin (IL)-6, and leptin
were determined using enzyme-linked immunosorbent
assay (ELISA) kits (insulin and leptin: Seikagaku Corp.,
Tokyo, Japan; adiponectin: Otsuka Pharmaceutical
Co.Ltd., Tokyo, Japan; IL-6: eBiocience, San Diego, CA)
according to the manufacturer’s instruction.

RNA Preparation and Real-Time Reverse Tran-
scription Polymerase Chain Reaction. Total liver RNA
was prepared from frozen tissue samples by guanidium/
cesium trifluoroacetete extraction method using Quick
Prep total RNA extraction kit (Amersham Pharmacia
Biotech). The concentration and purity of isolated RNA
were determined by measuring optical density at 260 and
280 nm. Furthermore, the integrity of RNA was verified
by electrophoresis on formaldehyde denaturing agarose
gels.

For real-time reverse transcription polymerase chain
reaction (RT-PCR), rotal RNA (1 JLg) Was reverse-tran-
scribed using Moloney murine leukemia virus transcrip-
tase (Super-Script I1, Invitrogen Corp., Carlsbad, CA) and a
deoxythymidine oligonucleotides [oligo(dT)12-18] primer
(Invirogen Corp.) at 42°C for 1 hour. Obtained comple-
mentary DNA (1 pg) was amplified using SYBR Premix
Ex TagTM (Takara Bio, Tokyo, Japan) and specific
primers as appropriate. Primer sets for tumor necrosis
factor alpha (TNF-a), suppressor of cytokine signaling 3
(SOCS3), and glyceraldehyde-3-phosphate dehydroge-
nase are shown in Table 1. After a 10-second activation

period at 95°C, 40 cycles of 95°C for 5 seconds, and 60°C
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for 31 seconds, followed by the final cycle of 95°C for 15
seconds, 60°C for 1 miinute, and 95°C for 15 seconds,
were performed using ABI Prism 7700 Sequence Detec-
tion System (PE Applied Biosystems, Foster City, CA),
and the threshold cycle (Ct) values were obtained.

Image and Statistical Analysis. Densitometrical
analysis was performed using Scion Image (version Beta
4.0.2, Scion Corp., Frederick, MD). Data were expressed
as means * standard error of the mean (SEM). Statistical
differences between means were determined using Mann-
Whitney rank sum test or analysis of variance (ANOVA)
on ranks followed by a post hoc test (Student-Newman-
Keuls all pairwise comparison procedures) as appropriate.
Stadistical significance for percent survival was deter-
mined by log-rank test. A value of P < 0.05 was selected
before the study to reflect significance.

Results

Liver Regeneration After PH Is Impaired in KK-4
Mice. In this study, we first investigated the strain differ-
ences in liver regeneration after 70% PH between KK-AY
mice and C57BY/6 mice as controls. Because impaired liver
regeneration often results in death, we observed the mortality
after PH in both strains of mice (Fig. 1A). All of the C57BV/6
mice were alive after PH as expected; however, 50% of
KK-A¥ mice died within 48 hours after PH. In C57Bl/6
mice, the wet weight of the remnant liver was increased 2.1-
fold within 48 hours; in contrast, the values were only 1.4-
fold in KK-AY mice (Fig. 1B). To evaluate DNA synthesis
during liver regeneration, we next examined BrdU uptake
into hepatocyte nuclei by immunohistochemistry (Fig. 1C-
E). BrdU incorporation was observed in 22% of hepatocytes
48 hours after PH in C57Bl/6 mice; however, the levels only
reached 1% in KI(-A¥ mice given the same procedure. To
further confirm the impaired regeneration in KK-AY mice,
hepatic expression of cyclin D1 was detected by western blot-
ting (Fig. 2). In C57Bl/6 mice, cyclin D1 expression was
increased almost ninefold over basal levels 48 hours after PH;
however, KIG-AY mice almost completely lacked increases in
cyclin D1 after PH. Taken together, these findings clearly
indicated that KK-AY mice demonstrate extremely poor re-
generating response in the liver after PH.

Effect of Pioglitazone on Liver Regeneration After
PH in KK-A’ Mice. We next investigated the effect of
‘pioglitazone on regeneration failure and mortality after
PH in KK-AY mice. Interestingly, the mortality after PH
was completely prevented in KK-AY mice given pioglita-
zone for 5 consecutive days before operation (Fig, 3A).
Pioglitazone pretreatment significantly increased BrdU-
positive hepatocytes in KK-AY mice 48 hours after PH to
7.2% (Fig. 3B, C, F). Similarly, pioglitazone increased the
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Fig. 1. Impaired liver regeneration after PH in KK-AY mice. Both
C57BI/6 and KK-A' mice underwent 70% partial hepatectomy (PH).
Percentages of survival in C57Bi/6 controls {closed circle) and KK-Ay
mice (closed square) up to 48 hours after PH are plotted (A; n = 14;
*P < 0.05 versus C57BI/6 by log-rank test). Wet weight of the liver was
measured before and 48 hours after PH (B; n = 5; *P < 0.05, by
Mann-Whitney rank-sum test), Representative photomicrographs of BrdU
staining 48 hours after PH from C57BI/6 (C) and KK-AY mice (D) are
shown {original magpification 100X). Mean BrdU indices are piotted (E;
n = 5; mean * SEM, *P < Q.05, by ANOVA on ranks and Student-
Newman-Keuls post-hoc test).

percentages of PCNA-positive hepatocytes almost 10-
fold in KK-AY mice 48 hours after PH (Fig. 3D-E, G).
Furthermore, overt expression of cyclin D1 was observed
24 hours after PH in KK-AY mice when they were pre-
treated with pioglitazone (Fig, 4A, B), confirming that
pioglitazone improves liver regeneration failure after PH
in these mice.

Effect of Pioglitazone on Blood Glucose/Insulin
Regulation After PH in KK-A' Mice. Because one of
the characteristic phenotypes of KK-Ay mice is glucose
intolerance, we monitored blood glucose levels during the
time course of PH (Fig. 5A). Fasting blood glucose levels
in KK-AY mice are significantly higher than those in
C57Bl/6 mice as expected, the values being 177.8 + 3.9
and 80.8 = 6.2 mg/dL, respectively. Pretreatment with
pioglitazone decreased fasting blood glucose levels in
KK-AY mice to values reaching 122.2 * 11.4 mg/dL.
Blood glucose levels in C57Bl/6 mice were slightly in-
creased after PH and maintained the levels around
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Fig. 2. Hepatic cyclin D1 expression after PH. Experimental designs as
in Fig. 1. Expression of cyclin D1 in the liver was detected by western
blotting, Representative photographs of specific bands from five individ-
ual experiments are shown (A). The densitometrical resuits for cyclin D1
(expressed as fold over C57BI/6 controls) are plotted (B; n = 5,
mean = SEM, ***P < 0.001, by one-way ANOVA and Student-
Newman-Keuls post-hoc test).

118.8 = 8.9 mg/dL up to 48 hours after PH. In sharp
contrast, blood glucose levels in KK-AY mice were drasti-
cally degreased after PH, the values beingaslow as 58.8 %
8.1mg/dL at 48 hours. Interestingly, pioglitazone pre-
treatment paradoxically prevented this hypoglycemia
with values of 113.6 = 2.0 mg/dL at 48 hours after PH.

Next, we measured serum insulin levels in these ani-
mals (Fig. 5B). Fasting serum insulin levels in KIC-AY mice
were significantly higher than those in C57Bl/6 mice, the
levels being 1.64 * 0.25 and 0.13 = 0.03 ng/mL, respec-
tively (Fig. 5B). Pioglitazone pretreatment decreased fast-
ing serum insulin levels in KK-AY mice to the values of
0.43 = 0.06 ng/mL. After PH, serum insulin levels in
C57Bl/6 mice were slightly elevated in 3 hours to the
values of 0.7 = 0.05 ng/mL, and kept constant levels
thereafter. In sharp contrast, serum insulin levels in
KK-AY mice were tremendously increased after PH, with
maximum values of 16.6 = 6.1 ng/ml 12 hours after PH.
In KK-AY mice pretreated with pioglitazone, increases in
serum insulin levels after PH were significantly blunted as
compared with those in mice without pioglitazone, with
the peak values reaching only 4.13 * 1.29 ng/mL at 24
hours.

HEPATOLOGY. May 2009

Effects of Pioglitazone on Hepatic TNF-o Messen-
ger RNA and Serum Adiponectin, IL-6, and Leptin
Levels After PH in KK-A’ Mice. Because TNF-« is
believed to promote liver regeneration in the early
phase,'#15 hepatic TNF-o¢ messenger RNA (mRNA)
were measured by real-time RT-PCR (Fig. 6A). TNF-«
mRNA levels in the liver before PH were quite low, and
no difference was observed between two strains. After PH,
hepatic TNF-o@ mRNA was swiftly increased with a sin-
gle, small peak within 1 hour in C57Bl/6 mice as ex-
pected. In contrast, increases in TNF-o mRNA 1 hour
after PH were greatly enhanced, with the maximal levels
reaching almost ninefold over C57Bl/6 peaks, followed
by the second peak 24 hours later. Pretreatment with
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Fig. 3. Effect of pioglitazone on liver regeneration after PH in KK-AY
mice. KK-A¥ mice pretreated with pioglitazone or vehicle alone underwent
70% PH, and mortality was observed up to 48 hours later. Percentages
of suwvival are plotted (A, n = 10; *P < 0.05 by log-rank test).
Representative photomicrographs of BrdU (B, C) and PCNA (D, E)
staining 48 hours after PH from KK-AY mice pretreated with vehicle alone
(left panels; B, D) and pioglitazone (right panels; C, E) are shown
(original maghification 100X). Mean indices of BrdU (F) and PCNA (G)
in each group are plotted (n = 5; mean * SEM, ***P < 0.001, by
Mann-Whitney rank-sum test).
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Fig. 4. Effect of pioglitazone on cyclin D1 expression in the liver after
PH in KK-AY mice. Experimental designs as in Fig. 3. Expression of cyclin
D1 in the liver was detected by western blotting. Representative photo-
graphs of specific bands from five individual experiments are shown (A).
The densitometricat results for cyclin D1 (expressed as fold over C57B1/6
controls) are plotted (B; n = 5; mean =* SEM, *P < 0.05, by one-way
ANOVA and Student-Newman-Keuls post-hoc test).

pioglitazone to KK-AY mice blunted the initial peak of
TNF-a mRNA by approximately three fourths, and the
second peak almost completely.

Next, we measured serum adiponectin levels by ELISA
(Fig. 6B). Serum adiponectin levels were significantly
lower in KK-AY mice than in C57BI6 mice before PH, as
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Fig. 5. Effect of pioglitazone on blood glucose and serum insuiin
levels after PH in KK-AY mice. Blood glucose levels were detected
enzymatically, and serum insulin levels were measured by ELISA. Mean
blood glucose levels (A) and serum insulin levels (B) in C57Bl/6 mice
(closed circle), KK-AY mice (open square), and KK-AY mice pretreated
with pioglitazone (gray diamond) are plotted (n = 5; mean * SEM,
*P < 0.05 versus C57BI/6 mice, #P < 0.05 versus KK-AY mice in each
time point by ANOVA on ranks and Student-Newman-Keuls post-hoc
test).
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Fig. 6. Effects of pioglitazone on hepatic TNF-o mRNA and serum
adiponectin, IL-6, and leptin levels after PH in KK-AY mice. The levels of
TNF-oc mRNA in the liver (A) were determined by real-time RT-PCR, and
serum adiponectin (B), IL-6 (C), and leptin (D) levels were measured by
ELISA. These parameters in C57Bi/6 mice (closed circle), KK-AY mice
{open square), and KK-AY mice pretreated with pioglitazone (gray dia-
mond) are plotted (n = 5; mean * SEM, *P < 0.05 versus C57BJ/6

-mice, #P < 0.05 versus KK-AY mice in each time point by ANOVA on

ranks and Student-Newman-Keuls post-hoc test).

expected. In both strains of mice, serum adiponectin lev-
els tended to decrease gradually after PH; however, the
levels in KK-AY mice were lower than those in C57Bl/6
mice throughout the time course after PH. Interestingly,
hypoadiponectinemia observed in KK-AY mice was re-
versed by pioglitazone pretreatment almost completely.
Serum adiponectin levels in KIK-A” mice pretreated with
pioglitazone were almost similar to C57Bl/6 controls in
all dmes after PH.

IL-6 and the Janus kinase (JAK)-STAT pathway also
play a pivotal role in liver regeneration!®”; therefore, we
measured serum [L-6 levels after PH by ELISA (Fig. 6 C).
In C57Bl/6 mice, serum IL-6 levels peaked at 3 hours
after PH with values reaching 2.3 = 0.7 ng/mL, and then
decreased thereafter. In KK-AY mice, serum IL-6 levels
were drastically elevated, with maximal values of 178.3 *
38.9 ng/mL at 24 hours after PH. In contrast, pioglita-
zone pretreatment significantly blunted this increase in
serum IL-6 after PH in KK-AY mice almost completely.

Because leptin shares the same JAK-STAT pathway
through Ob-Rb, which is predominantly expressed in si-
nusoidal cells in the liver,'® we also measured serum leptin
levels after PH in KI-AY mice (Fig. 6D). Serum leptin
levels in untreated KK-AY mice were remarkably high
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Fig. 7. Effects of pioglitazone on phosphorylation of STAT3 and
SOCS-3 mRNA in the liver after PH in KK-AY mice. Phosphorylation of
STAT3 and SOCS-3 mRNA in the liver were detected by westem blotting
and real-time RT-PCR, respectively. Representative photographs of spe-
cific bands for phospho (p)-STAT3, and total STAT3 from five individual
experiments are shown (A), The densitometrical results for pSTAT3/STAT3
ratio (B) and hepatic SOCS-3 mRNA levels (C) in C57BI/6 mice (closed
circle), KK-AY mice (open square), and KK-AY mice pretreated with
pioglitazone (gray diamond) are plotted (n = 5; mean * SEM, *P <
0.05 versus C57BI/6 mice, #P < 0.05 versus KK-AY mice in each time
point by ANOVA on ranks and Student-Newman-Keuls post-hoc test).

compared with the levels in C37Bl/6 controls, as ex-
pected. In KK-AY mice pretreated with pioglitazone, se-
rum leptin levels before PH were further increased to
45.4 * 3.1 ng/mL. In C57BI/6 mice, serum leptin levels
were slightly elevated 3 hours after PH to values of 1.0 *
0.2 ng/mlL, and sustained until 48 hours. In sharp con-
trast, serum leptin levels were tremendously increased in
KK-AY mice, with maximal values of 176.9 * 13.7 ng/mL
24 hours after PH. Pioglitazone pretreatment blunted the
peak serum leptin levels in hepatectomized KIC-AY mice by
almost half, with a shifted peak time to 12 hours after PH.
Effects of Pioglitazone on Phosphorylation of
STAT3 and SOCS-3 mRNA in the Liver After PH in
KK-A&' Mice. Because remarkable differences were ob-
served in serum IL-6 and leptin levels after PH, we further
investigated the activation of the downstream JAK-STAT
pathway by detecting phosphorylation of STAT3
(Tyr705) in the liver, using western blot analysis (Fig. 7A,
B). In C57Bl/6 mice, the levels of STAT3 phosphoryla-
tion in the liver were increased 3 hours after PH, followed
by a gradual decrease to near basal levels within 24 hours.
Hepatic phospho-STAT3 levels in KK-AY mice were also

HEPATOLOGY, May 2009

elevated 3 hours after PH but sustained persistently until
24 hours later. Pioglitazone pretreatment, however, in-
hibited this sustained increase in phospho-STAT3 in
KK-AY mice almost completely.

Finally, we evaluated mRNA levels of SOCS-3, a neg-
ative regulator of the JAK-STAT pathway, in the liver by
real-time RT-PCR (Fig. 7C). In C57Bl/6 mice, hepatic
SOCS-3 mRNA levels were increased 3 hours after PH,
followed by gradual decrease to near basal levels at 24
hours. In KIC-AY mice that received PH, the peak levels at
3 hours were almost 2.8-fold higher than those in
C57BI/6 mice, and the higher levels of SOCS-3 mRNA
were thereafter sustained until 24 hours after PH. Piogli-
tazone pretreatment, however, prevented increases in he-
patic SOCS-3 mRNA in KK-AY mice almost completely
throughout the time course after PH. Taken together,
these findings indicated that pretreatment with pioglita-
zone normalizes the pattern of the JAK-STAT signal ac-
tivation in KK-AY mice after PH.

Discussion

Hepatic regeneration is one .of the most typical and
well-characterized tissue-repairing responses in the mam-
malian body.1%!” Under normal conditions, two-thirds
PH in rodents is not lethal, and the remnant liver spon-
taneously regenerates to regain the original organ size with
proper functions within several days. However, hepatic
regeneration is impaired in the fatty liver in various genet-
ically obese animals such as ob/ob mice and Zucker (fa/fa)
rats.>” In the current study, we demonstrated that KK-A¥
mice, which present obese and diabetic phenotypes, also
lack normal hepatic regenerative response, with increased
mortality after two-thirds PH (Figs. 1, 2). It is striking
that pioglitazone, a TZD, not only prevented hepatic re-
generation failure but also promoted survival after PH in
KK-AY mice almost completely (Figs. 3, 4).

Regarding the mechanisms of regeneration failure,
KK-A¥ mice demonstrated some outstanding abnormal
responses after PH. First, KI¢-A¥ mice showed excessive
induction of TNF-o mRNA in the liver (Fig. GA). Al-
though TNF-« produced by Kupffer cells plays an impor-
tant role in the inidation of normal hepatic
regeneration,!1% excess induction of TNF-« in Kupffer
cells might interfere with the regenerative responses. In-
deed, we confirmed that BrdU incorporation in the liver
48 hours after PH in C57Bl/6 mice was blunted signifi-
cantly by simultaneous treatment with recombinant
TNF-a (data not shown). In KI-A¥ mice, augmented
TNF-« production seems to inhibit regeneration without
inducing apparent hepatocellular injury, because no ob-
vious increases in apoptotic hepatocytes were detected

after PH by using M30 CytoDEATH immunohisto-
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chemistry (Roche Diagnostics Co.), which visualizes
caspase cleavage product of cytokeratin 18 (data not
shown). Conversely, adiponectin has been shown to in-
hibit lipopolysaccharide induction of macrophage activa-
tion both in vitro and i vire.1-2% Because KIC-AY mice
present significant hypoadiponectinemia (Fig. 6B), it is
reasonable that Kupffer cells in these animals are more
susceptible to certain stimuli such as gut-derived endo-
toxin (lipopolysaccharide). In contrast, mice pretreated
with pioglitazone showed nearly normal serum adiponec-
tin levels (Fig. 6B), which most likely prevented excess
production of TNF-a from Kupffer cells during regener-
aton in KK-AY mice. It is also possible that pioglitazone
inhibits activation of Kupffer cells independent of adi-
ponectin, because it has also been reported that TZDs
inhibit activation of Kupffer cells in a direct manner.21-22
Taken together, these findings support the hypothesis
that the abnormal innate immune responses are critical
for the regeneration failure in KI-AY mice.

Second, KIK-AY mice showed remarkable increases in
serum IL-6 and leptin levels after PH (Fig. 6C, D), which
share the same intracellular signaling pathway involving
JAK-STATS3. Given the evidence that IL-6, leptin, and
the JAK-STAT signals play a pivotal role in liver regener-
ation,?*26 it is conceivable that dysregulation in JAK-
STAT signaling is profoundly involved in regeneration
failure observed in KK-AY mice. The role of IL-6 and the
JAK-STAT pathway in hepatic regeneration, however,
appears to be complex. Knockour mice deficient in IL-6
have been shown to lack hepatocyte proliferation after
PH,?3 whereas mice lacking its receptor glycoprotein
(gp)130 demonstrate only minor changes in cell cycle and
DNA synthesis in hepatocytes after PH.27 In this study,
we demonstrated that increases in phospho-STAT3, as
well as the induction of SOCS-3 mRNA, in the hepatec-
tomized liver were sustained in KK-AY mice (Fig. 7). Fur-
thermore, pretreatment with pioglitazone normalized
phosphorylation of STAT3 (Fig. 7A, B) and increased
cyclin D1 expression after PH in KK-AY mice. Because the
JAK-STAT pathway is involved in tissue protection in
various kinds of hepatic injuries,282° up-regulation of the
JAK-STAT signaling in KK-AY mice is considered as a
stress-related protective response in the liver. Impor-
tantly, it has been reported that excess phosphorylation of
STAT3 results in poor hepatic regeneration because of
direct down-regulation of cychn D1 expression?¢-3%3! and
that higher SOCS-3 expression in hepatocytes lacking
gp130-dependent Ras correlates with delayed hepatocyte
proliferation.’? Collectively, these findings are consistent
with the hypothesis that sustained activation of the JAK-
STAT pathway leads to inhibition of cyclin D1, thereby

causing regeneration failure in KK-AY mice.
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It is not clear whether the increase in mortality in
KK-AY mice is caused by hepatic failure after PH; how-
ever, it is obvious that KKK-AY mice developed progressive
hypoglycemia after PH, even though they showed signif-
icant hyperglycemia before operation (Fig. 5A). In fact,
KK-AY mice showed extremely high serum insulin levels
after PH (Fig. 5B), and it is considerable that the liver in
KK-AY mice failed to provide adequate amount of glucose
by inhibiting glycogenesis and facilitating gluconeogene-
sis. In this aspect, the mortality after PH in KK-AY mice,
especially in the late phase, might be attributable to im-
paired glucose metabolism. Interestingly, pretreatment
with pioglitazone, an insulin sensitizer, paradoxically pre-
vents hypoglycemia after PH in KK-A" mice (Fig. 5A).
This is also consistent with the fact that pioglitazone
blunted increases in serum insulin levels after PH (Fig.
5B). It is postulated that pioglitazone normalizes serum
adiponectin levels, thereby avoiding irregular increases in
serum insulin levels and subsequent hypoglycemia, thus
in part promoting survival, after PH in KK-AY mice.

PPAR- is a key nuclear receptor/transcription factor for
transcripional regulation of various genes related to glucose/
lipid metabolism, immune responses, and tssue repair.?? Be-
cause TZDs, synthetic PPAR-vy ligands, not only improve
insulin resistance but also inhibit activadon of Kupffer
cells?1-22 and transactivation of hepatic stellate cells,*-36 these
chemicals are believed to be suitable for preventon/treat-
ment of hepatic inflammation and fibrogenesis in NASH.
Indeed, a placebo-controlled randomized study has demon-
strated the therapeutic efficacy of pioglitazone on NASH in
terms of both metabolic and histological improvement. [t
has been reported that TZDs rather inhibit liver regenera-
tion after PH in normal rodents.*3° It is important to note,
however, that TZD:s are regularly applied for pathophysio-
logical conditions involving insulin resistance. Qur data
added new experimental evidence thar pioglitazone prevents
hepatic regeneration failure in steatohepatitis. In metabolic
syndrome-—related steatohepatitis, such as in KK-AY mice,
pioglitazone most likely exerts beneficial effects, rather than
inhibitory a¢tions, on hepatic regeneration failure. It is pos-
tulated that therapeutic effects of pioglitazone on NASH in
part involve normalization of tissue repairing responses in
the liver.

In conclusion, KK-AY mice, which present phenotypes
resembling metabolic syndrome in humans., demon-
strated severe hepatic regeneration failure with high mor-
tality after PH. This regeneration failure was prevented
partially, and the mortality was completely prevented by
pretreatment with pioglitazone. The mechanisms under-
lying the regeneration failure in KK-A¥ mice most likely
involve alteration in innate immune responses and abnor-

mal JAK-STAT signaling based on imbalance of adipo-
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kine expression. Pioglitazone improves the expression
pattern of adipokines and normalizes innate immune re-
sponses and the aberrant JAK-STAT signaling, thereby
facilitating regenerative responses in KIC-AY mice. These
findings add a new aspect of therapeutic advantages of
pioglitazone for treatment of NASH.
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Abstract

Background Following a fibrogenic stimulus, the hepatic
stellate cell (HSC) transforms from a quiescent to an acti-
vated cell type associated with increased proliferation, col-
lagen and smooth muscle g-actin (xSMA) expression.
Phosphatase and Tensin Homolog Deleted on Chromosome
Ten (PTEN), a tumor suppressor phosphatase, has been
shown to play a role in several nonmalignant diseases. Here,
we investigated the role of PTEN during HSC activation.
Methods Rat HSCs 2 days after isolation were transduced
with adenoviruses expressing either the wild-type (WT) or a
dominant negative form of PTEN, and culture-associated
activation of HSCs, including morphological changes,
expression of «SMA and a1(J) collagen, and cell prolifera-
tion, were evaluated. Apoptosis of HSCs was detected by
measuring activity of caspase 3/7. Phosphorylation status of
Akt, p705°, and Erk was detected by Western blotting.

Results Overexpression of WT-PTEN inhibited pheno-

typic changes were associated with HSC activation,

M. Takashima - C. J. Parsons - R. A. Rippe ((<))
Division of Gastroenterology and Hepatology,
Department of Medicine,

University of North Carolina, CB #7032,
Medical Biomolecular Research Building,

Room 7340B, Chapel Hill, NC 27599-7032, USA
e-mail: rarippe @med.unc.edu

M. Takashima - K. Ikejima - S. Watanabe
Department of Gastroenterology,
Juntendo University School of Medicine,
Tokyo, Japan

E. S. White

Division of Pulmonary and Critical Care Medicine,
University of Michigan Medical School,

Ann Arbor, Michigan, USA

13 May 2009

including morphological changes, expression of aSSMA and
a1(I) collagen, and HSC proliferation, including cyclin D1
expression. WT-PTEN expression also induced apoptosis
in HSCs with increased caspase 3/7 activity. Expression of
WT-PTEN also caused decreased activation of Akt,
p705°K, and Erk signaling pathways.

Conclusions Taken together, these findings show that
PTEN represents an important negative regulator for
transactivation of HSCs. This may have important impli-
cations for the design of therapeutic strategies to prevent
the progression of liver fibrosis.

Keywords Hepatic stellate cells - Phosphatase and
Tensin Homolog Deleted on Chromosome Ten (PTEN) -
Liver fibrosis - Smooth muscle a-actin (xSMA) -
Collagen

Introduction

Liver fibrosis, and its end stage disease liver cirrhosis, rep-
resents a major medical problem worldwide. The hepatic
stellate cell (HSC) plays a critical role in the development
and maintenance of liver fibrosis. In the normal liver, HSCs
reside in a quiescent state characterized by vitamin A stor-
age, a low proliferative rate, and trace production of ECM
components. However, following a fibrogenic stimulus,
HSCs undergo a complex activation process associated with
morphological changes from a quiescent vitamin A-storing
cell to that of an activated myofibroblast-like cell [1, 2]. HSC
activation is also associated with a dramatic increase in the
synthesis and deposition of ECM components, of which type
1 collagen predominates, the appearance of the characteristic
activation marker smooth muscle a-actin (¢SMA), and an
increase in cellular proliferation.
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The tumor suppressor protein Phosphatase and Tensin
Homolog Deleted on Chromosome Ten (PTEN) is a dual
specificity protein and lipid phosphatase [3]. Deletions or
mutations of PTEN have been found to occur in a wide
range of advanced cancers including glioblastoma, mela-
noma, endometrial carcinoma, prostate, breast, kidney, and
small cell lung cancer [3, 4]. Altered PTEN expression has
also been associated with nonmalignant diseases charac-
terized by tissue destruction and remodeling, such as pul-
monary fibrosis, bronchial asthma, and rheumatoid arthritis
[5-7]. Hepatocyte specific deletion of PTEN showed
increased steatosis as well as increased risk for the devel-
opment of hepatocellular carcinoma (8, 9]. A number of
studies have indicated that PTEN is effective at dephos-
phorylating proteins, and that 3,4,5-trisphosphate (PIP3), a
product of phosphatidylinositol-3-kinase (PI3K), is the
primary physiologic substrate of PTEN [10, 11]. PIP; is
necessary for phosphorylation and subsequent activation of
the downstream target Akt, a kinase that promotes cell
survival and growth in various cell types [12-14].
Furthermore, it has been reported that PTEN induces
apoptosis, and inhibits proliferation and migration in some
normal cell types [15]; however, the fundamental roles of
PTEN in normal cells remain largely unknown.

The PI3K-Akt signaling pathway is activated in HSCs by
platelet-derived growth factor (PDGF) and promotes cellular
proliferation and collagen gene expression [16—18]. Inhib-
iting PI3K activity suppresses cell proliferation and type
I collagen gene expression in activated HSCs [17]. There-
fore, the PI3K/AKkt signaling pathway represents an impor-
tant intracellular signaling pathway associated with the
fibrogenic nature of HSC activation. The role of PTEN in
HSC activation has not been investigated; however, given
the role of PTEN in mediating Akt activation, we hypothe-
sized that PTEN plays an important role in regulating cellular
functions associated with the development of HSC pheno-
type. Here, we investigated whether overexpression of
PTEN inhibits activation, proliferation, and survival of
HSCs.

Materials and methods
Hepatic stellate cell isolation

HSCs were purified from Sprague-Dawley rats (>400 g,
Charles River Laboratory, Cambridge, MA, USA) by
sequential digestion of the liver with pronase and collage-
nase, followed by Nycodenz gradient centrifugation as pre-
viously described [19]. Cell purity, assessed by examining
the autofluorescence properties of the stored retinoids in
HSCs, was typically between 90 and 95%. HSCs were cul-
tured in Dulbecco’s Modified Eagle’s Medium (Invitrogen,
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Carlsbad, CA, USA) supplemented with 10% fetal bovine
serum (FBS), and 2 mM L-glutamine, and cultured in a 95%
air-5% CO, humidified atmosphere at 37°C. The growth
medium was changed every other day. HSCs were activated
by culturing on plastic for 7 days [20]. All animal procedures
were performed under the guidelines set by the University of
North Carolina Institutional Animal Care and Use Com-
mittee and are in accordance with those set by the National
Institutes of Health.

Adenoviral transduction

Ad5-figal, which contains the f-galactosidase gene driven
by the cytomegalovirus promoter, was used as a control
virus throughout this stady. AdS-wild-type PTEN (Ad5-
WT-PTEN) expresses the active form of PTEN, while
Ad5-C124S PTEN expresses a dominant negative form of
PTEN; both viruses were kindly provided by Dr. C. Kontos
(Department of Medicine, Duke University Medical Cen-
ter, Durham, NC, USA). The C124S mutation results in a
phosphatase-dead protein, which possesses neither lipid
nor protein phosphatase activity [21]. Viral amplification
was performed in 293 cells and the virus purified by cesium
chloride centrifugation by standard methodology [22].
HSCs, 2 days after isolation (day 2), were transduced

~at a multiplicity of infection (MOI) of 150 for 16 h in

Dulbecco’s Modified Eagle’s Medium containing 2% fetal
bovine serum (FBS). After 16 h, the transduction medium
was changed to fresh growth medium containing 10% FBS.
In some of the experiments, HSCs were cultured for 48 hin
medium without FBS supplementation to synchronize the
cells. Afterwards, cells were treated with 10% FBS. Viral
transduction efficiencies were typically between 85 and
95% as assessed by the percentage of GFP-positive cells
(data not shown).

Western blot analysis

Cultured HSCs were washed with phosphate-buffered sal-
ine, and the cells were lysed using protein sample buffer
(100 mM Tris—HCI, pH 6.8, 200 mM dithiothreitol, 4%
SDS, 0.2% bromophenol blue, 20% glycerol). Western blot
analysis was performed as described previously [23].
Anti-phospho-Akt (Ser’’®), anti-Akt, anti-phospho-Erk,
anti-PTEN or anti-cleaved-caspase 3 (Cell Signaling,
Beverly, MA, USA) antibodies were incubated for 16 h at
4°C followed by 1 h incubation at room temperature with
horseradish peroxidase-conjugated goat anti-rabbit or goat
anti-mouse secondary antibody (Santa Cruz Biotechnology,
Santa Cruz, CA, USA), each diluted 1:3000; primary anti-
phospho-p705°%, anti-cyclin D1, anti-GAPDH (Santa Cruz
Biotechnology, Santa Cruz, CA, USA), anti-aSMA, or anti-
PCNA antibody (Dako, Carpinteria, CA, USA) incubated
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1 h at room temperature followed by 1 h incubation at
room temperature with horseradish peroxidase-conjugated
goat anti-rabbit or goat anti-mouse secondary antibody
each diluted 1:3000. Signals were quantitated by Alpha
Imager analysis (Alpha Innotech, San Leandro, CA, USA).

Cell proliferation studies

Isolated HSCs were seeded at adensity of 3 x 10° cells/plate
in 60 mm tissue culture dishes. HSCs were transduced with
the adenoviruses on day 2 after cell isolation (average cell
number; 1.57 x 105) as described above. HSCs were
counted using a hemocytometer, and cell viability assessed
by Trypan blue staining every other day for 10 days.

RNase protection assay

Total RNA was isolated from rat HSCs cultured for 7 days,
and RNase protection assays performed as described pre-
viously [24]. Radiolabeled probes were prepared for rat
al1(I) collagen [24] and glyceraldehyde-3-phosphate dehy-
drogenase (pTRI-GAPDH-Rat, Ambion Inc., Austin, TX,
USA) then were hybridized with 5 pg of total HSC RNA.
Protected fragments were separated using standard 6%
acrylamide/urea sequencing gels. Following electrophore-
sis, bands were visualized by autoradiography and quanti-
tated by Phosphorlmager analysis (Amersham Biosciences,
Piscataway, NJ, USA).

Caspase 3/7 Assay

Caspase 3/7 activity was measured using a Caspase 3/7
assay kit (Promega, Madison, WI, USA). HSCs were har-
vested 48 h after viral transduction and protein extracts
prepared following the manufacturers’ instructions. Cas-
pase activity was measured in 96-well plate by product
absorbance at excitation: 485 nm—emission: 525 nm
every 15 min for 16 h at 37°C using a fluorescent micro-
plate reader (Molecular Devices, Sunnyvale, CA, USA).

Statistical analysis

Results were analyzed for statistical significance according to
the Student’s ¢ test. Statistical values of p < 0.05 were con-
sidered to be significant. Data are presented as means 3+ SEM.
Results

Overexpression of PTEN inhibits HSC activation

To investigate endogenous PTEN expression during HSC
activation, HSCs were isolated and cultured for 0, 2, and

7 days. PTEN expression was not detected in freshly iso-
lated, quiescent HSCs (day 0); however, after 2 days in
culture PTEN expression was weakly detected and was
prominent after 7 days in culture (Fig. 1a). Therefore, HSC
activation is associated with the induction of PTEN
expression.

To determine the effect of PTEN overexpression on
morphological changes associated with HSC activation,
HSCs were transduced on day 2 with AdS-WT-PTEN,
dominant negative Ad5-C124S PTEN, or AdS5-figal as a
control virus, HSCs transduced with AdS5-fgal and AdS-
C124S8 and cultured for 7 days appeared to undergo the
typical activation process of HSCs when untreated and
cultured on plastic (Fig. 1b). The cells showed reduced
lipid droplets after 4 and 7 days in culture, and they
exhibited enlarged cellular bodies with increased cell
numbers. In contrast, HSCs transduced with AdS-WT-
PTEN maintained their star-like processes and cytoplasmic

A Day Day Day
0 2 7

A

PTEN

[ — } GAPDH

Ad5-C124S

Fig. 1 Expression of PTEN and morphological changes in HSCs
during culture-activation. a HSC activation increases endogenous
PTEN expression. Cell extracts were prepared from freshly isolated
HSCs (day 0) or from cells cultured for 2 or 7 days. PTEN expression
was assessed by Western blot analysis. GAPDH was used as an
internal control. The data presented is representative of three
independent experiments. b PTEN overexpression inhibits activa-
tion-associated morphological changes. HSCs (day 2 in culture) were
transduced with Ad3-figal, AdS-WT-PTEN, or AdS-C124S-PTEN at
a MOI of 150. After 16 h, the transduction medium was changed to
fresh growth medium and subsequently changed every 48 h. Cell
morphology was monitored at days 2, 4, and 7 by phase contrast
microscopy (x100)
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lipid droplets. In addition, the cells did not appear to pro-
liferate during the 7 day culture period (Fig. 1b). These
results demonstrate that overexpression of PTEN in HSCs
prevents morphological changes typically associated with
activation, including cell spreading and loss of the cyto-
plasmic lipid droplets, and that its phosphatase activity is
responsible for this inhibitory effect.

To investigate the effect of PTEN on «SMA expression,
a characteristic biomarker for HSC activation, HSCs were
transduced with Ad5-WT-PTEN, Ad5-C124S, or AdS-
Bgal. Both AdS-WT-PTEN and Ad5-C124S viruses were
shown to overexpress immunodetectable PTEN (Fig. 2).
AdS5-WT-PTEN reduced aSMA expression 66% in HSCs
compared to untransduced control cells (Fig. 2). Trans-
duction of HSCs with either Ad5-C124S or AdS-fgal
showed no effect on «SMA expression. Therefore, PTEN
expression inhibits the induction of «SMA expression
typically associated with HSC activation in HSCs.

The activated HSC is the predominant hepatic cell type
in the liver responsible for the increased synthesis and
deposition of type I collagen during fibrosis. To assess the
role of PTEN on al(l) collagen mRNA steady state
expression, day 2 HSCs were transduced with Ad5-WT-
PTEN, Ad5-C124S, or Ad5-fgal and 72 h later «1(I) col-
lagen gene expression assessed. Ad5-WT-PTEN reduced
o1(I) collagen mRNA steady state levels by 65%, while
Ad5-C124S and AdS-fgal had no effect on a1(l) collagen
expression compared to the control (Fig. 3). These findings
indicate that PTEN overexpression is able to decrease a1(I)

Novirus  Ad5-pgal AdS.WT-PTEN Ad5-C124S
[ — cm— e —r
l | GAPDH
] | PTEN

120

100 - z
80 -
60 -
40 - *
20 l
0 - - ,

Novirus  AdS-gal AdS-WT-PTEN Ad5-C1245

oSMA/ GAPDH
% of control

Fig. 2 PTEN overexpression inhibits «SMA expression in HSCs.
HSCs were transduced with AdS-WT-PTEN, AdS-C1248, or AdS-
Bgal, as a control. Cell extracts were prepared after 48 h following
viral transduction and Western blot analysis performed to assess
oSMA expression. GAPDH was used as an internal control.
Adenoviral expression of WT-PTEN and DN-PTEN (AdS5-C1248)
was confirmed by assessing PTEN expression. Graphical analyses
from three independent experiments are shown. Error bars represent
SEM. *p < 0.0S5 versus no virus and AdS-figal
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collagen mRNA expression in HSCs, which is dependent
on its phosphatase activity.

Overexpression of PTEN inhibits proliferation of HSCs
with reduced cyclin D1 and PCNA expression

Since the morphological studies suggested that PTEN
expression inhibited HSC proliferation during the activa-
tion process, we further investigated the mechanism by
which PTEN reduces HSC proliferation. HSCs, cultured
for 2 days, were either left untreated or transduced with
AdS-WT-PTEN, Ad5-C124S, or Ad5-fgal. HSCs trans-
duced with AdS-WT-PTEN began to show reduced cell
numbers 2 days following WT-PTEN overexpression
showing a 24% reduction in cell numbers from the starting
number of cells. After days 6 and 10 (4 and 6 days fol-
lowing viral transduction) cell numbers decreased 48 and
70%, respectively. Cells untreated or transduced with
AdS5-C124S or Ad-fgal showed increased cell numbers and
proliferated at similar rates throughout the 8 day culture
period as the untreated cells (Fig. 4a).

To investigate the mechanism by which PTEN inhibited
proliferation of HSCs we investigated the effect of PTEN
expression on cyclin D1 and PCNA expression. Over-
expression of PTEN reduced cyclin D1 expression by 96%
and PCNA expression by 93%, compared to untreated
control cells while transduction with either AdS-C124S or
Ad5-figal had no effect on the expression of either cyclin
D1 or PCNA (Fig. 4b). Together, these results indicate that
PTEN expression inhibits cellular proliferation which is
associated with reduced expression of both cyclin D1 and
PCNA in HSCs.

PTEN expression induced apoptosis in HSCs

Our results suggest that PTEN expression may actually
promote cell death in HSCs. To further investigate this
possibility we examined the potential role of apoptosis by
examining cleavage of caspase 3, a marker of apoptosis, in
HSCs overexpressing PTEN. Transduction of HSCs with
AdS-WT-PTEN induced caspase 3 cleavage, whereas cells
transduced with either AdS-fgal or Ad5-C124S did not
result in caspase 3 cleavage (Fig. 5a). To quantitate this
apoptotic effect, we measured caspase 3/7 activity, PTEN
overexpression increased caspase 3/7 activity 4.4-fold
compared to the control cells (Fig. 5b). However, trans-
duction of HSCs with either AdS5-C124S or AdS-fgal
showed no significant increase in caspase 3/7 activity
(Fig. 5b). These findings show that PTEN overexpression
in HSCs blocks HSC proliferation, which is mediated by
reduced cyclin D1 and PCNA expression, and also induces
apoptosis, which is associated with increased caspase3/7
activity.
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Fig. 3 PTEN overexpression

UndigestedProbes

suppresses al(I) collagen
mRNA expression in HSCs.
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Increased PTEN expression inhibits serum-induced
phosphorylation of Akt, p705°%, and Erk in HSCs

Akt is a downstream target of PI3K and an important cell
survival factor in various cell types, particularly cancer
cells [25]. We have previously shown that serum and
PDGF both stimulate Akt phosphorylation at Ser*’ in
HSCs [17]. We used serum stimulation to assess the role of
PTEN on Akt phosphorylation. HSCs transduced with the
control adenovirus, AdS-fgal, showed increased Ser*”™
phosphorylation of Akt following serum stimulation which
peaked at 30 min that gradually decreased over the
120 min time period. However, serum-induced Akt phos-
phorylation was nearly completely blocked in HSCs
transduced with Ad5-WT-PTEN (Fig. 6a).

As a downstream target of Akt, p705% has been shown
to regulate proliferation and cell survival in several cell
types including HSCs [16, 26-28]. To investigate the effect
of PTEN on p705¥ activation by assessing its phosphory-
lation status, quiescent HSCs were transduced with
Ad5-WT-PTEN or Ad5-fgal. In control HSCs, p70%%
phosphorylation was induced and reached maximal levels
within 30 min after serum ftreatment which remained
elevated for at least 120 min (Fig. 6b). In contrast, trans-
duction of HSCs with Ad5-WT-PTEN completely blocked
phosphorylation of p70°K at all time points. Extracellular
signal-regulated kinase (ERK) is a member of the mitogen-
activated protein kinase (MAPK) family. In HSCs, PDGF-
induced ERK activation is a result of the sequential

100

80 -

60

40

20 .
Ads-fgal 0 o -

No Ad5-
virus

Ad5- Ad5-

pgal WT-PTEN C124S

activation of Ras-Raf-MEK signaling [29]. In addition,
inhibition of ERK phosphorylation has been shown to block
HSC proliferation [30]. To investigate the role of PTEN on
ERK phosphorylation, HSCs were transduced with AdS-
WT-PTEN, Ad5-C124S, or AdS-fgal, and the effects on
ERK phosphorylation assessed following serum stimulation.
Following serum treatment, HSCs transduced with Ad5-fgal
exhibited a transient increase in ERK phosphorylation which
reached peaked after 30 min and was diminished after
120 min. However, transduction with AdS5-WT-PTEN effi-
ciently blocked serum-induced ERK phosphorylation at all
time points assessed (Fig. 6¢).

Discussion

Activation of PI3K signaling is an important event during
HSC activation where we and others have shown it regu-
lates cell proliferation and collagen gene expression, two
critical aspects for activated HSCs in the fibrogenic process
{17, 31]. In this study, we investigated the potential of
PTEN to negatively regulate PI3K activity and prevent the
activation of HSCs into fibrogenic cells. Here, we showed
that PTEN has a significant role in regulating HSC acti-
vation. HSCs, when cultured on plastic become activated,
which is associated with a loss of their stored retinoids,
they express type I collagen and «SMA, and the cells
proliferate. When day 2 cultured HSCs were transduced
with WT-PTEN, the cells failed to activate. This was
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Fig. 5 PTEN overexpression induces apoptosis in HSCs. a Day 2
| o e e | PCNA HSCs were transduced with AdS-WT-PTEN, AdS-C124S, or AdS-
fgal. Total cell extracts (20 pg) were prepared 48 h after viral
[ - I GAPDH transduction and Western blot analysis performed using a cleaved-
caspase3 antibody. GAPDH was used as an internal control.
140 140 b Caspase3/7 activities were measured in control and AdS-WT-
5_ 1o ) - I 120 . . PTEN, AdS-C124S, or AdS-fgal transduced HSCs. Product absor-
g £ 100 g g 100 bance was read at excitation: 485 nm/emission: 525 nm every 15 min
° g 80 58 s for 16 h at 37°C using a fluorescent microplate reader. Data are
8% g0 <% 4o representative of three independent studies. Error bars represent
£ 2 2 ) : * . i .
¥ w 5% 4o SEM. *p < 0.05; versus no virus and AdS-fgal
20 R 20 "
o M ER » ol MR - consistent with the previous reports, in terms of down-
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Fig. 4 PTEN overexpression inhibits HSC proliferation. a Over-
expression of PTEN inhibits HSC proliferation. Day 2 HSCs were
transduced with AdS-WT-PTEN, Ad5-C124S, or AdS-fgal and cell
numbers assessed by manual cell counts using a hemocytometer every
48 h until day 10. Results are representative of three independent
experiments. Error bars represent SEM. *p < 0.05 versus no virus
and Ad5-fgal. b PTEN inhibits expression of cyclin D1 and PCNA in
HSCs. Day 2 HSCs were transduced with AdS-WT-PTEN, AdS-
C1248, or Ad5-fgal. Cell extracts were prepared 48 h following viral
transduction and Western blot analysis performed for cyclin D1 or
PCNA expression. GAPDH was used as an internal control. Graphical
analyses from three separate experiments are shown. Error bars
represent SEM. *p < 0.05 versus no virus and AdS-fgal

associated with the cells remaining small in size, retaining
their stored retinoids (Fig. 1b), even after 7 days in culture,
and the cells failing to proliferate (Figs. 1b, 4a). In addi-
tion, overexpression of PTEN inhibited the induction of
both «SMA and ol(l) collagen gene expression, both
markers of activated HSCs (Fig. 2). In contrast, day 2
HSCs transduced with AdS-fgal or Ad5-C124S, a domi-
nant negative PTEN which lacks lipid and protein phos-
phatase activity, activated in a normal manner where they
lost their stored retinoid droplets within 4 days in culture,
and by day 7 they exhibited enlarged cell bodies and
transformed into myofibroblast-like cells associated with
the expression of «SMA and «l(I) collagen, classical
markers for activated HSCs. These observations are

@ Springer

inhibition of the PI3K-Akt pathway [16~18]. On the other
hand, the role of PTEN in aSMA expression has not been
fully clarified. Our findings suggested that PTEN also plays
a regulatory role on expression of aSMA upon transacti-
vation of HSCs.

PTEN is a negative regulator of PI3K signaling. PI3K
activity phosphorylates PIP, to generate PIP;. PIP; binds to
the plekstrin homology domain of Akt, directing it to the
cell membrane where it becomes activated by phosphory-
lation events to initiate cell survival mechanisms. Thus,
Akt represents a downstream target of PI3K, mediating cell
survival by phosphorylating and inactivating several
proapoptotic targets, including Bad, GSK-3p, and forkhead
family proteins [31]. We have previously shown that
p70°%%, a downstream target of Akt, plays an important
role in PDGF-induced HSC proliferation and cell cycle
control [16]. Overexpression of a constitutively active form
of Akt stimulates p7056¥< and promotes cell proliferation
and cell survival [26-28]. PI3K/Akt signaling is activated
in HSCs following PDGF or serum stimulation of HSCs
[18]. A role for PI3K in HSC proliferation was supported in
an in vivo study in rats which demonstrated that CCl,
treatment leads to autophosphorylation of the PDGF
receptor and increased PI3K activity [18]. Activation of
PI3K is also important for HSC proliferation and chemo-
taxis in activated HSCs [18]. Furthermore, blocking PI3K
with the chemical inhibitor LY294002 inhibits HSC
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proliferation [17, 32]. PDGF also activates ERK in HSCs
by sequential activation of Ras-Raf-MEK signaling [29]. A
role of ERK in HSC proliferation was shown when inhi-
bition of ERK phosphorylation blocked cell proliferation in
activated HSCs [30].

The molecular mechanism of PTEN’s effect on PI3K-
Akt-p705¢% and Erk signaling pathways has not been
clarified in HSCs. Here we showed that overexpression of
PTEN blocked serum-induced phosphorylation of Akt,
p70°%¥, and Erk in HSCs (Fig. 6). These findings suggest
that both PI3K-Akt and Erk signaling pathways are targets
of PTEN in HSCs. p70%¥ is required for G1 cell-cycle
progression and cell growth [33]. It phosphorylates the S6
protein of the 408 ribosomal subunit and is involved in
translational control of 5-oligopyrimidine tract mRNAs
[33, 34]. Rapamycin, an inhibitor of mTOR and thus the
downstream kinase p70°°% blocks protein synthesis and
inhibits cell cycle progression at the G1/S transition [35].
Previous studies have shown that D-type cyclins play an
important role in cell cycle progression, and that expression
of cyclin D1, D2, and E correlates with cellular prolifera-
tion [36, 37]. Furthermore, cyclin D expression is post-
transcriptionally regulated via the PI3K/Akt pathway [38],
and inhibition of PI3K is able to block cyclin D1 expres-
sion in rat HSCs [39]. We assessed the role of PTEN on
HSC proliferation and showed that increased PTEN
expression dramatically reduces expression of cyclin D1
and PCNA in HSCs (Fig. 4b). This may potentially be a
result of PTEN inhibition of p70°®* phosphorylation and
may explain the mechanism by which PTEN inhibits pro-
liferation of HSCs.

We also observed that PTEN reduced cell numbers
when overexpressed in HSCs (Fig. 4a). This was likely
mediated in part by an increase in apoptosis since the

number of Ad5-WT-PTEN-transduced HSCs was signifi-
cantly lower than that of control cells. In addition, over-
expressing PTEN induced cleavage of the proapoptotic
caspase 3 and induced caspase3/7 activity. PTEN is not
expressed in quiescent HSCs, but it does become induced
following HSC activation (Fig. 1a). We showed that when
PTEN overexpressed early during the activation process,
the cells fail to activate and undergo apoptosis-mediated
cell death. Since PTEN is a negative regulator of PI3K
signaling, our results indicate that PI3K signaling is pivotal
for the development of the activated state in HSCs, as
overexpressing PTEN during the early stages of activation
induced apoptotic-mediated cell death. We believe that
PI3K signaling provides cell survival signals during HSC
activation, probably mediated through cell survival signals
via Akt activation as well as proliferative signaling medi-
ated by p70°°® signaling. Together, these findings have
important ramifications for the design of therapeutic strat-
egies to treat liver fibrosis.

Regarding the therapeutic implication, experimental
approaches using overexpression of PTEN have been
evaluated in other types of cells; for instance, it has been
reported that overexpression of PTEN using adenovirus
inhibits the growth of human prostate cancer xenografts in
mice through induction of apoptosis and inhibition of
angiogenesis and cellular proliferation [40]. In addition,
adenoviral overexpression of PTEN has been demonstrated
to reduce the symptoms of asthma by inhibiting VEGF
expression in mice [41]. The gene manipulation of PTEN,
however, needs attention since there might be serious
adverse effects relating to development, tissue repair, and
metabolism, especially in case targeting is insufficient
[42-44]. To establish the PTEN-directed gene therapy
for hepatic fibrosis, development of cell-specific gene
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modulation for HSCs is essential. In conclusion, our results
would suggest that inducing PTEN expression during
fibrosis would limit the progression of fibrosis and may
potentially promote the resolution of liver fibrosis.
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