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Hepatic fibrosis in nonalcoholic steatohepatitis (NASH) and cirrhosis determines patient prognosis;
however, effective treatment for fibrosis has not been established. Oxidative stress and inflammation
activate hepatic stellate cells (HSCs) and promote fibrosis. In contrast, cellular senescence inhibits
HSCs’ activity and limits fibrosis. The aim of this study was to explore the effect of IGF-1 on NASH and
cirrhotic models and to clarify the underlying mechanisms. We demonstrate that IGF-| significantly
ameliorated steatosis, inflammation, and fibrosis in a NASH model, methionine-choline-deficient

. diet-fed db/db mice and ameliorated fibrosis in cirrhotic model, dimethylnitrosamine-treated mice. As

. the underlying mechanisms, IGF-l improved oxidative stress and mitochondrial function in the liver. In

. addition, IGF-I receptor was strongly expressed in HSCs and IGF-l induced cellular senescence in HSCs
in vitro and in vivo. Furthermore, in mice lacking the key senescence regulator p53, IGF-1did not induce
cellular senescence in HSCs or show any effects on fibrosis. Taken together, these results indicate that
IGF-linduces senescence of HSCs, inactivates these cells and limits fibrosis in a p53-dependent manner
and that IGF-1 may be applied to treat NASH and cirrhosis.

: NASH is a common liver disease that is characterized histologically by hepatic steatosis, lobular inflammation,
. and hepatocellular ballooning in the absence of a history of significant alcohol use or other known liver disease!.
The prevalence of NASH has been increasing rapidly world-wide®. NASH is a serious disease because it progresses
. to liver cirrhosis and hepatocellular carcinoma, and a specific treatment has not been established, particularly for
. the fibrosis®. Furthermore, liver cirrhosis is caused by not only by NASH but also by viral hepatitis, autoimmune
. hepatitis, and primary biliary cirrhosis and the degree of fibrosis determines prognosis, development of effica-
cious treatment for fibrosis is crucial.
The progression of NASH has been explained using the ‘two-hit’ model®. The first hit is the development of
. fatty liver in the context of obesity and consequent insulin resistance. The second hit encompasses the interplay
. between oxidative stress and inflammation, resulting in the activation of hepatic stellate cells (HSCs), which are
* key players in fibrosis®. HSCs receive a wide range of signals from injured hepatocytes and the perturbed hepatic
microenvironment, most of which are mediated by cytokines. HSCs are highly responsive to pro-inflammatory
. cytokines and lipopolysaccharide (LPS), resulting in the activation, proliferation, and production of extracel-
. lular matrix, which is a hallmark of the fibrotic scar. Although the inhibitory mechanisms of HSCs are largely
unknown, it has been reported that cellular senescence of activated HSCs limits liver fibrosis*. In mice lacking
the key senescence regulator p53, cellular senescence in HSCs was not induced, leading to excessive liver fibrosis;
. however, the regulator of senescence remains unknown.
: Growth hormone (GH) plays an essential role in adults as in adult patients with GH deficiency, visceral adi-
. posity, abnormal lipid profile, insulin resistance, and increased prevalence of non-alcoholic fatty liver disease
. (NAFLD) are observed®”. GH induces insulin-like growth factor-I (IGF-I) production mainly in the liver and
regulates metabolism through its direct and indirect actions via IGF-1"%. GH-deficient rats exhibited NASH and
: administration of GH or IGF-I restored these liver damages, indicating that IGF-I plays an important role in
. the liver’. Interestingly, oxidative stress was enhanced and mitochondrial function was impaired in the rats and
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Figure 1. IGF-Iimproved glucose tolerance, visceral fat area, hepatocyte injury, and fibrosis in NASH
model mice. MCD-db/db mice were treated with vehicle or IGF-I for 4 weeks using osmotic pump (n=5
for each group). (a) Intraperitoneal glucose tolerance test and intraperitoneal insulin tolerance test. Data
were compared by MANOVA test. (b) Visceral fat area visualized by computed tomography. Red areas show
intraperitoneal fat. The osmotic infusion pump revealed a round-shaped and darkened figure. Quantitative
analysis shows decreased visceral fat area in the IGF-I treatment group. (c) Histological analysis of the liver
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(hematoxylin-eosin staining, 100x) and Oil red-O staining (200x) and Triglyceride content in the liver.

(d) Histological analysis of the liver (hematoxylin-eosin staining, 600 x ). The arrow heads denote ballooning
necrosis of hepatocytes. Quantitative analysis of the number of hepatocytes showing ballooning necrosis.

(e) The analysis of fibrosis by masson’s trichrome staining (400 x ). The arrow heads denote blue-colored
pericellular fibrosis in the liver (upper panel 10 x, lower panel 600 ). Quantitative analysis of fibrotic area.
Values are mean + SEM. (f) Quantitative realtime PCR analysis of macrophage (Cd68 and F4/80), inflammatory
(Tnfa), pro-inflammatory cytokines (II-13 and II-6), and fibrotic markers (Tgf53, Procollagen 1al, Collagen 3al,
and Collagen 4al). Data were compared by Student’s ¢ test. (g) Immunohistochemical analysis using Ly-6C

(a marker for neutrophils) and CD68 antibodies (n =5 for each groups). The arrow heads denote Ly-6C- and
CD68-potitive (a marker for macrophages or Kupffer cells) cells. (f) Quantitative analysis of the number of
Ly-6C and CD68-positive cells in the liver. Data were compared by Student’s ¢ test.

administration of GH or IGF-I ameliorated these changes. In humans, patients with adult GH deficiency showed
an increased prevalence of NAFLD/NASH and GH replacement therapy improved the liver both biochemically
and histologically>!%. Furthermore, serum IGF-I levels were found to be decreased in patients with NAFLD!! and
decreased IGF-I levels were associated with inflammation and fibrosis''?, suggesting that a decrease in serum
IGF-I levels may play a role in the development of NAFLD/NASH in a general population.

It has been suggested that IGF-I may be beneficial in the treatment of liver cirrhosis'*. Systemic administra-
tion of IGF-I improved nutritional status and liver function, and improved fibrosis in a Carbon tetrachloride
(CCl,)-induced cirrhotic animal model'>!8. It has also been reported that forced expression or administration of
IGF-Tin a cirrhotic animal model increased food intake!?, reduced portal pressure, improved endotoxemia, bacte-
rial translocation?, and fibrosis'>?*?!. These effects were associated with the antioxidant, antiapoptotic, antifibro-
genic, and mitochondrial-protective effects of IGF-122%, although the precise mechanisms remain unclear. Here,
we investigated the effect of IGF-I on NASH and cirrhotic animal models and demonstrate IGF-I ameliorated
steatosis, inflammation, and fibrosis. In addition, we show a novel action of IGF-I on HSCs as the underlying
mechanisms.

Results

IGF-l administration ameliorated NASH. To test the beneficial effect of IGF-1 on a NASH mouse model,
we administered recombinant human IGF-I for 1 month by using osmotic pump on methionine-choline-deficient
diet-fed db/db mice (MCD-db/db). The serum human IGF-I concentration was comparable to that of endogenous
IGF-I concentration (Supplemental Fig. 1a,b). During IGF-I treatment, there were no significant changes in body
weight as compared with the control group (Supplemental Fig. 2a). In the IGF-I treatment group, glucose toler-
ance and insulin sensitivity (Fig. 1a) were improved. In addition, the area of visceral adipose tissue was signifi-
cantly decreased in the IGF-I treatment group (Fig. 1b). The concentrations of liver enzymes tended to decrease
by IGF-I treatment (Table 1). Interestingly, the hepatic steatosis demonstrated by hematoxylin and eosin staining
and Oil red-O staining (Fig. 1c) was markedly improved in the IGF-I treatment group. Tissue triglyceride content
was significantly decreased by IGF-I treatment (Fig. 1¢). Furthermore, the number of cells showing ballooning
necrosis was decreased (Fig. 1d) and the fibrotic area visualized by Masson-trichrome staining was decreased
(Fig. 1e) in the IGF-I treatment group compared with the control group. Quantitative analysis by realtime PCR
(Fig. 1f) demonstrated that expression of the macrophage markers Cd68 and F4/80, inflammation markers
Il-13 and II-6, and fibrotic markers Procollagen 1al and Collagen 4al were significantly decreased in the IGF-I
treatment group. The immunohistochemical analysis using anti-Ly-6C and CD68 antibodies (Fig. 1g) showed a
significant decrease in the number of positive cells in the IGF-I-treated group. These data clearly demonstrate the
beneficial effect of IGF-I on steatosis, inflammation, and fibrosis in this NASH model.

IGF-l improved mitochondrial function and oxidative stress, and inhibited hepatic stellate cell
function. Because mitochondrial dysfunction and the related enhancement of oxidative stress play an impor-
tant role in the development of NASH, we analyzed mitochondrial morphology by using electron microscopy and
the expression of genes related to mitochondrial function. In liver of the NASH model, as shown in Fig. 2a for
the control group, the morphology of the mitochondria was markedly deteriorated. The size was heterogeneous
and the shape was deformed; however, in the IGF-I group, these changes were dramatically improved and the
mitochondrial area was significantly increased (Fig. 2b). Among the genes related to mitochondrial function, the
expression of Nrf2 and Sco2 was significantly increased in the IGF-I treatment group (Fig. 2¢). Interestingly, the
levels of marker for oxidative stress 8-OHdG in the liver and serum TBARS levels were significantly decreased in
the IGF-I treatment group (Fig. 2d,e).

Because HSCs play a crucial role in the development of fibrosis, we analyzed the function of HSCs.
Immunohistochemical analysis revealed a decrease in the number of aSMA-positive cells (Fig. 3a,b) by IGF-I
treatment. Realtime PCR analysis comparably showed a decrease in the expression of activated HSCs markers
(Fig. 3¢). Increased Mmp9 expression and decreased Timpl expression also indicated the inactivation of HSCs.
In addition, immunohistochemical analysis clearly showed the expression of IGF-IR in the HSCs (Fig. 3d), sug-
gesting a direct effect of IGF-I on HSCs.

Anti-fibrotic effect of IGF-1in cirrhotic model mice. Next, we examined the effect of IGF-I on cirrhotic
model mice treated with DMN. Similar to in the NASH model, IGF-I treatment clearly improved fibrosis (Fig. 3e)
and decreased expression of activated HSCs markers, asma and Vimentin, respectively (Fig. 3f), indicating that
IGF-I ameliorated fibrosis in the cirrhotic model.
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Body weight (g) 37.6+15 37.340.9 0.87
AST (IU/L) 33754431 | 317.3+484 | 072
ALT (TU/L) 17344341 | 14704207 | 041
FFA (mEq/L) 0454003 | 0624007 | 078
Triglyceride (mg/dL) 59.6+7.5 71.54+4.9 0.54

Table 1. Biochemical data in the control and IGF-I-treated group of MCD-db/db mice after 4 weeks of
treatment. Data were compared by Student’s ¢ test. Values are mean + SEM.
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Figure 2. IGF-Iimproved the abnormalities in mitochondrial ultrastructure, mitochondrial gene
expression, and oxidative stress markers in MCD-db/db NASH model mice. (a) Ultrastructure assessed by
electron microscopy (original magnification 10,000 xand 17,000 ) of the liver tissue. In the control liver, the
size of the mitochondria was smaller and heterogenous, shape was irregular, and the mitochondria showed
profound cristae disorganization and irregular shapes. In contrast, IGF-I-treated mice showed restored
mitochondrial structure. (b) Quantitative analysis of mitochondrial area showed that the area was significantly
increased in the mice treated with IGF-I than in controls (n =3 for each groups). (¢) Quantitative realtime
PCR analysis of mitochondrial functional genes (n=>5 for each groups). (d,e) Quantitative analysis of oxidative
stress markers (n=>5 for each groups). (d) 8-OHdG levels in the liver tissue. (¢) Serum TBARs levels. Data were
compared by Student’s ¢ test.
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Figure 3. IGF-I treatment decreased the marker of activated HSCs in NASH model mice and improved
hepatic fibrosis in cirrhosis model mice. (a) Immunohistological analysis of «SMA, which is an activated
marker for HSCs in control or IGF-I-treated NASH model mice (n =5 for each groups). (b) Quantitative
analysis of aSMA-positive cells in the liver. (¢) Quantitative realtime PCR analysis reveals decreased expression
of HSCs marker (asma and Vimentin) and Timp-1 and increased expression of Mmp9 in the IGF-I-treated
liver. (d) Immunofluorescence analysis for double staining of «SMA and IGF-I receptor (IGF-IR) showed a
co-localization in HSCs (800 ). (e) The treatment with IGF-I in DMN-induced cirrhotic mice model (n=5
for each groups). Human recombinant IGF-I or vehicle were administered cirrhotic mice using osmotic pump
for 6 weeks. Sirius Red staining visualized the fibrosis of the liver (100 x). Quantification of fibrosis based

on Sirius Red staining. Fibrotic area was significantly decreased by IGF-I in DMN-induced cirrhotic mice.

(f) Quantitative realtime PCR analysis revealed the decreased expression of asma, Vimentin, and Timpl and
increased expression of Mmp9 by IGF-I treatment.
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Figure 4. IGF-I induced cellular senescence of HSCs in vitro and in vivo. (a) IGF-I treatment increased
cellular senescence markers p53 and p21 in rat primary HSCs demonstrated by immunoblotting. Cells were
incubated with IGF-I for 72 h. Quantitative analysis of immunoblotting. Densitometric analyses were performed
using data from 5 independent experiments. Each value was normalized to that of 3-actin. Data were compared
by Tukey’s honestly significant difference test. (b) IGF-I increased the number of SA-(3-gal-positive cells in rat
primary HSCs. HSCs were incubated with IGF-I at the indicated concentrations for 5 days (200 x ). Quantitative
analysis of SA-3-gal-positive cells. Data are expressed as the mean &= SEM of 20 random fields (n=10). (c) A
presence of senescent cells in the liver evaluated by SA-3-gal assay (200x). The arrowheads denote senescent
cells. There were increased senescent cells in IGF-I-treated NASH model mice. Quantification of senescence
cells based on SA-3-gal staining. Data are expressed as the mean &= SEM of 20 random fields (n=5). (d) Serial
sections were evaluated by SA-3-gal staining and immunofluorescence for «SMA (800 x SA-(3-gal-positive cells
were aSMA-positive, indicating that cellular senescence was induced in HSCs. (e) Double staining for aSMA
and p53 showed the senescent HSCs (200 x ). The number of double-positive senescent HSCs was significantly
increased by IGF-I treatment in NASH model mice. Data were compared by Student’s  test.
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IGF-I induced cellular senescence of HSCs in vitro and in vivo. Recently, it was reported that cellular
senescence of HSCs inhibits their function and limits fibrosis* however, it is unknown which factor regulates cellu-
lar senescence in these cells. Because it has been reported that IGF-1 induces cellular senescence in fibroblasts?*, we
hypothesized that IGF-I stimulates cellular senescence of HSCs. We then analyzed the effect of IGF-I on primary
isolated rat HSCs. Intriguingly, the treatment with IGF-I significantly increased the protein levels of the senes-
cence marker p21 and p53 in a dose-dependent manner (Fig. 4a). We further examined the senescence marker
senescence-associated 3-galactosidase (SA-(3-gal) activity. As shown in Fig. 4b, treatment with IGF-I significantly
increased the number of SA-3-gal-positive cells in HSCs. In addition, we confirmed the similar effect of IGF-I using
LX2 cells, a human HSCs line? (Supple Fig. 3a-d). These results indicate that IGF-I induces cellular senescence
in HSCs in vitro. Furthermore, we examined the effect of IGF-I on cellular senescence in vivo. IGF-I treatment
significantly increased SA-B3-gal-positive cells in the NASH model mice (Fig. 4c). The staining of serial sections
demonstrated that SA-3-gal-positive cells were aSMA-positive (Fig. 4d), indicating that cellular senescence was
induced in the activated HSCs. In addition, the number of aSMA- and p53-double positive cells was increased by
IGF-I treatment (Fig. 4e), clearly demonstrating that IGF-I induced cellular senescence of HSCs in vivo.

p53 is necessary for IGF-l1-induced cellular senescence and its anti-fibrotic effect. It is
well-known that p53 plays a crucial role in cellular senescence?®. We first examined the role of p53 in IGF-I
induced senescence using primary HSCs from p53-deficient mice. Intriguingly, in contrast to the wild-type HSCs,
IGF-I could not increase p21 expression p53-deficient HSCs (Fig. 5a) and SA-3-GAL activity (Fig. 5b), clearly
indicating that p53 is necessary for the IGF-I-induced senescence in HSCs. We next analyzed the effect of IGF-I
on cellular senescence and anti-fibrotic effect using methionine-choline-deficient diet-fed p53-deficient mice.
Because these mice were lean, the steatotic changes were mild; however, fibrotic changes were clearly observed.
In wild-type mice, IGF-I significantly decreased the number of aSMA-positive cells; however, the number was
unchanged by IGF-I treatment in p53-deficient mice (Fig. 5¢,d). Furthermore, the analysis of serial sections by
aSMA immunostaining and SA-3-gal activity revealed that while double-positive cells were increased by IGF-I
treatment in wild-type mice, there was no effect of IGF-I in p53-deficient mice (Fig. 5e). Finally, we analyzed the
effect of IGF-I on fibrosis using this mouse model. Intriguingly, treatment with IGF-I significantly ameliorated
fibrotic changes in wild-type mice; however, IGF-I showed no effect in p53-deficient mice, indicating that the
anti-fibrotic effect of IGF-I was p53-dependent (Fig. 5f,g).

Discussion

We found that IGF-I ameliorated steatosis, and inflammation in the NASH animal model and exerted an
anti-fibrotic effect on the NASH and cirrhotic animal models. IGF-I induced cellular senescence in HSCs, thereby
inactivating these cells and preventing the progression of fibrosis in a p53-dependent manner. While the degree
of fibrosis determines the prognosis in NASH and liver cirrhosis, efficacious treatment for fibrosis has not been
established. We demonstrated that IGF-I has a potential therapeutic application for NASH and liver cirrhosis.

It has been reported that GH deficiency, in which hepatic IGF-I production is impaired in adults shows an
increased prevalence of NASH in rats and humans®®. GH or IGF-I treatment ameliorated NASH in an animal
model, indicating that IGF-I plays a pivotal role in a GH-independent manner®. In clinical settings, serum IGF-I
levels are decreased in patients with NAFLD!! and decreased levels of serum IGF-1 are closely associated with the
severity of fibrosis'?. These data also suggest that impaired IGF-I secretion even in the physiological range may be
causally related to the development of fibrosis in NAFLD. In agreement with this, we showed that IGF-I adminis-
tration targeting a physiological serum level ameliorated the fibrosis. The liver is the main source of serum IGF-I’
and secreted IGF-I considered to exert its action on various organs in an endocrine fashion. The present data sug-
gest that IGF-I produced by hepatocytes locally acts on HSCs and regulates their function in a paracrine manner.

Several underlying mechanisms of IGF-I action in the liver have been suggested. IGF-I ameliorates liver damage
in rats with GH deficiency concomitant with the improvement in oxidative stress and mitochondrial function,
which are important factors in the development of NASH. Multiple methods of delivery of IGF-I to the liver in
the cirrhotic animal models have been shown to improve fibrosis!>?"*2, Upregulation of hepatocyte growth factor
and downregulation of transforming growth factor 3-1 were observed following IGF-I overexpression?. In the
present study, we clearly demonstrated that IGF-I induced cellular senescence in HSCs both in vitro and in vivo.
In mice lacking the key senescence regulator p53, IGF-I did not induce cellular senescence in HSCs and show any
effect on fibrosis. These results demonstrated a novel mechanism for the anti-fibrotic action of IGF-I in HSCs.

The underlying mechanism that IGF-I induces senescence in HSCs is unknown. Although we have clearly
shown that p53 is necessary for the IGF-I-induced senescence, it has not been fully elucidated how IGF-I induces
p53 expression. It has been reported that IGF-I induces cellular senescence in murine and human fibroblast via
oxidative stress by activating NADPH oxidase**?’, suggesting that IGF-I stimulates intracellular ROS production
in HSCs, increases p53 expression, and induces senescence in HSCs.

Recently, it has been reported that p53 play a role in not only HSCs but also in hepatocytes in the development
of NASH?, In the present study, we used mice that were deficient in p53 in whole body, indicating that we cannot
exclude the indirect influence of p53 deficiency in the other cells or tissues including hepatocytes. However, the
results of impaired induction in senescence in primary HSCs from p53~/~ mice by IGF-I strongly support a pres-
ence of p53-dependent direct action of IGF-Iin HSCs.

All patients with NAFLD require advice for life style modifications aimed at weight loss and increased physical
activity, as well as the treatment of any associated risk factors®. It has been reported that some pharmacothera-
pies directed at the liver are effective for treating NASH. A recent meta-analysis demonstrated that pioglitazone
treatment significantly improved steatosis, inflammation, and to a lesser degree, fibrosis®. Treatment with the
antioxidant vitamin E improved steatosis and inflammation but not fibrosis®'. Thus far, efficacious therapy for
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Figure 5. Intact senescence pathways were required for anti-fibrotic effect of IGF-I. (a) Quantitative
realtime PCR analysis revealed the increased expression of p21 in primary HSCs from p53*/* mice by IGF-I
treatment, but there was no change in the expression in those from p53~/~ mice. (b) Senescent primary HSCs
visualized by SA-3-GAL assay (200 x ). Quantitative analysis of SA-3-GAL assay positive cells demonstrated
that IGF-I increased senescent HSCs from p53*/+ mice; however, IGF-I showed no effect on HSCs from p53~/~
mice. Data were compared by Tukey’s honestly significant difference test. (c) MCD diet-fed-wild-type (WT) and
-p53~/~ mice were treated with vehicle or IGF-I for 4 weeks (n=>5 for each groups). «SMA immunostaining
(upper panel) and SA-(3-gal staining (lower panel) on serial sections were performed (100x). (d) Quantification
of aSMA-positive cells demonstrated that IGF-I decreased the number of aSMA-positive cells in WT mice;
however, IGF-1 did not decrease in p53~/~ mice. (¢) Quantification of senescent HSCs, identified by double
positive for SA-3-gal assay and aSMA immunostaining in the serial section as demonstrated in Fig. 4g. IGF-I
increased the number of senescent HSCs cells in WT mice; however, IGF-I did not increase in p53’/ ~ mice.
Data are expressed as the mean + SEM of 20 random fields. (f) Fibrotic area visualized by Sirius Red staining
(upper panel 200 x, lower panel 400x). (g) Quantitative analysis of fibrotic area demonstrated that IGF-I
decreased fibrotic area in WT mice; however, IGF-I showed any effect on p53~/~ mice. Data were compared by
Tukey’s honestly test.
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fibrosis has not been established. In this regard, IGF-I treatment is a potential therapeutic option particularly for
fibrosis via a different mechanism.

A primary concern of clinical application of IGF-I is an increased risk of cancer. According to the present
data, a physiological, and not pharmacological, range of IGF-I improved fibrosis; however, even in the physio-
logical range, increased serum IGF-I levels were associated with an increased risk of prostate, breast, and colon
cancer®. The results of cellular and animal models suggest that the IGF-I signaling pathway plays an important
role in the development of hepatocellular carcinoma and clinical trials targeting the IGF-I axis with a focus on
the anti-IGF-IR approach have been conducted?®®. Careful observation for the development of hepatocellular
carcinoma is necessary, particularly when IGF-I is used for cirrhosis. Nevertheless, prevention of fibrosis is an
essential target for the treatment of NASH and cirrhosis®, suggesting a beneficial effect of IGF-I treatment on
these conditions.

In conclusion, we demonstrated that IGF-I induces senescence of HSCs, inactivates these cells and limits
fibrosis in a p53-dependent manner and a potential therapeutic application of IGF-I for the treatment of NASH
and cirrhosis.

Methods

Animal model and experimental design. Eight-week-old male ICR mice, Sprague-Dawley (SD) rats, and
db/db mice with a C57BL/6 background were purchased from CLEA Japan, Inc. (Tokyo, Japan). The p53~/~ mouse
strain (RBRC01361) was provided by RIKEN BRC (Tsukuba, Japan) through the National Bio-Resource Project
of the MEXT, Japan®. Mice and rats were maintained in a temperature-controlled and light-controlled facility
(12-hlight, 12-h dark), and permitted ad libitum consumption of water. Mice were fed methionine-choline-de-
ficient diet (Oriental Yeast Co., Tokyo, Japan) for 6 weeks to establish the NASH model. Dimethylnitrosamine
(DMN) was injected intraperitoneally in doses of 10 pg per 1 g body weight (diluted 1:2000 with 0.15M sterile
NaCl). The injections were given on three consecutive days of each week for a period of 9 weeks. DMN-treated
animals were sacrificed on days 70 from the beginning of exposure. Mice were anesthetized using isoflurane
(Dainippon Sumitomo Pharma Co., Ltd, Osaka, Japan) and nembutal (Abbott Laboratories, Abbott Park, IL,)
and osmotic minipumps (model 2004D, Alzet Co., Palo Alto, CA), containing porcine GH (10 mg/mL; NIDDK
National Hormone and Pituitary Program) or recombinant human IGF-I (10 mg/mL; Astellas Pharma, Co., Ltd.,
Tokyo, Japan), vehicle (saline) were implanted subcutaneously. Four weeks (NASH model) or 6 weeks (cirrhosis
model) after pump-placement, the mice were sacrificed; a portion of each liver was fixed in 4% paraformalde-
hyde phosphate buffer for histology. Additional samples were snap-frozen in liquid nitrogen for later analysis
of liver lipid levels and lipid peroxidation. This study was approved by the Institutional Animal Care and Use
Committee (Permission number: P120904, P150203) and carried out according to the Kobe University Animal
Experimentation Regulation.

Computed tomography. Twelve-week-old mice were anesthetized with Isoflurane. The percent body fat
and visceral fat mass ratio of mice were analyzed using Latheta LTC-100 (ALOKA, Tokyo, Japan).

Cell culture and treatments. 1.X-2, an immortalized human HSC line?*, was cultured in Dulbecco’s modified
eagle medium (DMEM) containing 2% FBS. The medium was then replaced with serum-free-DMEM containing
penicillin/streptomycin and glutamine for 24 h before experimentation. Primary HSCs were separated from SD
rat livers and p53-deficient mice in an inverted gradient as described previously™.

Measurement of plasma and liver biochemical parameters. To quantify hepatic triglyceride content,
the liver was lysed with buffer from a commercially available kit (TG E-test; Wako, Osaka, Japan) and disrupted
by sonication according to the manufacturer’s instructions®. Tissue 8-OHdG levels were determined using DNA
Extractor(R) TIS Kit (catalog no. 296-67701, Wako), 8-OHdG Assay Preparation Reagent Set (catalog no. 292-67801,
Wako), and High Sensitive 8-OHdG Check ELISA kit (KOG-HSI10E, catalog no. 307-07921, NIKKEN SEIL Co.,
Ltd, Sizuoka, Japan). Blood samples were centrifuged, and serum or plasma was frozen at —80°C for subse-
quent measurement of aspartate aminotransferase (AST), alanine aminotransferase (ALT), free fatty acid (FFA),
triglyceride, insulin, IGF-I, and thiobarbituricl acid-reactive substances (TBARs) levels. AST and ALT levels
were measured using the transaminase C-II test kit (Wako). FFA and triglyceride levels were measured using
the nonesterified fatty acid C-test (Wako) and triglyceride E-test (Wako), respectively. Mouse insulin levels
were measured using the Mouse Insulin ELISA kit (Shibayagi, Gunma, Japan). Human total IGF-I (Quantikine
Human IGF-I Immunoassay, catalog no. DG100, R&D systems, Inc., Minneapolis, MN, USA) and mouse/rat total
IGF-I (Diagnostic Systems Laboratories, Inc., Webster, TX, USA) levels were measured using an ELISA or ETIA
kit according to the manufacturer’s instructions. Serum TBARs level was measured using the TBARS assay kit
(Cayman Chemical Company, Ann Arbor, MI, USA).

Western blotting analysis. Expressions of phospho-IGF-I receptor (1:1000, Cell Signaling Technology,
Inc.), aSMA (1:500, Dako, Denmark), p53 (1:1000, Cell Signaling Technology, Inc., USA), p21 (1:1000, Santa
Cruz Biotechnology, Inc., Santa Cruz, CA, USA), and (3 actin (1:2000, Sigma-Aldrich Co., St. Louis, MO, USA)
were determined using SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and western blotting analysis.
Membrane-bound antibodies were visualized using horse-radish peroxidase-conjugated secondary antibodies
and subsequent ECL detection (Immunostar LD, Wako).

RNA extraction and Quantitative real time PCR. Total RNA was extracted from the liver tissue using
Trizol reagent (Invitrogen). Five-hundred ng of RNA was reverse transcribed into cDNA by reverse transcription
with ReverTra Ace qPCR RT kit (TOYOBO Co., Ltd., Osaka, Japan). Real-time quantitative PCR was performed
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using the ABI Prism 7500 Sequence Detection System (Applied Biosystems, Foster City, CA). PCR was catalyzed
by SYBR® Premix Ex Taq™ IT (TAKARA BIO Inc, Shiga, Japan), while SYBR Green I DNA-binding dye generated
the fluorescence signals during each of the 40 cycles, in proportion to the quantities of double-stranded DNA.
The expression levels of all genes were normalized to 18S or GAPDH gene expression level. Each experiment was
conducted in duplicate and the average was calculated. The sequence of primers used was shown in Supplemental
Table 1.

Senescence-associated 3-galactosidase staining. Detection of Senescence-associated 3-galactosidase
(SA-B-gal) activity was performed at pH = 5.5 for mouse/rat tissue and pH = 6.0 for human cells as described pre-
viously*®. To avoid staining due to cell confluence rather than proliferative senescence®, the assay was performed
in sub-confluent cultures displaying comparable cell densities.

Histological analysis. For routine histology, liver specimens were preserved in 4% paraformaldehyde in
PBS and dehydrated in a graded alcohol series. Following xylene treatment, the specimens were embedded in par-
affin blocks and cut into 5-pm thick sections, which were stained with hematoxylin-eosin for routine examination
or with Masson’s trichrome and Sirius Red, and Oil red-O staining. A hepatopathologist who was blinded to the
experimental conditions examined all sections for steatosis, inflammation, and fibrosis. To assess hepatic stea-
tosis, the histopathological criteria proposed by Brunt et al. was adopted**~*. The degree of fibrosis was assessed
by digital morphometry. The number of pixels corresponding to fibrosis was measured as a percentage of the
total pixels of each image by using NTH Image J software (http://rsb.info.nih.gov/ij/). Immunostaining was per-
formed as previously described*. The following antibodies were used: Ly-6C (1:200, Santa cruz Biotechnology,
Inc. Texas, USA.), CD68 (1:100, Bioss Inc., Boston, USA), aSMA (1:500, Dako, Glostrup, Denmark). Biotinylated
anti-goat immunoglobulins (LSAB + System-HRP, Dako) and Peroxidase-conjugated immunepolymer for rab-
bit polyclonal antibodies (Envision-PO for rabbit, Dako) were used for signal detection as secondary antibody.
AlexaFluor-conjugated secondary antibodies were used for immunofluorescent signal detection. All fluorescence
microscopy was performed in confocal mode (LSM700, Zeiss, Jena, Germany and BZ8100, Keyence, Osaka,
Japan).

Transmission electron microscopy. Liver tissue was cut into small sections, fixed by 1% OsO, fixative
solution and observed using a Jeol JEM-1230 transmission electron microscope (Tokyo, Japan) equipped with a
Gatan bioscan camera mode 1792 and TEM AutoTune™ (Nippon Gatan, Tokyo, Japan).

Statistical analyses. Values were expressed as the mean + SEM. Significance was established using Student’s
t test or analysis of variance as appropriate. Results were considered to be statistically significant at values of
p<0.05.

References
1. Ludwig, J., Viggiano, T. R., McGill, D. B. & Oh, B. ]. Nonalcoholic steatohepatitis: Mayo Clinic experiences with a hitherto unnamed
disease. Mayo Clin Proc 55, 434-438 (1980).
2. Angulo, P. Long-term mortality in nonalcoholic fatty liver disease: is liver histology of any prognostic significance? Hepatology 51,
373-375(2010).
. Day, C. P. & James, O. E. Steatohepatitis: a tale of two “hits”? Gastroenterology 114, 842-845 (1998).
. Krizhanovsky, V. et al. Senescence of activated stellate cells limits liver fibrosis. Cell 134, 657-667 (2008).
5. Nishizawa, H. et al. Nonalcoholic fatty liver disease in adult hypopituitary patients with GH deficiency and the impact of GH
replacement therapy. Eur J Endocrinol 167, 67-74 (2012).
6. Takahashi, Y. Essential roles of growth hormone (GH) and insulin-like growth factor-I (IGF-I) in the liver. Endocr ] 59, 955-962
(2012).
7. Sjogren, K. et al. Liver-derived insulin-like growth factor I (IGF-I) is the principal source of IGF-I in blood but is not required for
postnatal body growth in mice. Proc Natl Acad Sci USA 96, 7088-7092 (1999).
8. Molitch, M. E., Clemmons, D. R., Malozowski, S., Merriam, G. R. & Vance, M. L. Evaluation and treatment of adult growth hormone
deficiency: an Endocrine Society clinical practice guideline. J Clin Endocrinol Metab 96, 1587-1609 (2011).
9. Nishizawa, H. et al. GH-independent IGF-I action is essential to prevent the development of nonalcoholic steatohepatitis in a GH-
deficient rat model. Biochem Biophys Res Commun 423, 295-300 (2012).
10. Takahashi, Y. et al. Growth hormone reverses nonalcoholic steatohepatitis in a patient with adult growth hormone deficiency.
Gastroenterology 132, 938-943 (2007).
11. Arturi, E et al. Nonalcoholic fatty liver disease is associated with low circulating levels of insulin-like growth factor-I1. J Clin
Endocrinol Metab 96, E1640-E1644 (2011).
12. Hribal, M. L. et al. Insulin-like growth factor-I, inflammatory proteins, and fibrosis in subjects with nonalcoholic fatty liver disease.
] Clin Endocrinol Metab 98, E304-E308 (2013).
13. Sumida, Y. et al. Lower levels of insulin-like growth factor-1 standard deviation score are associated with histological severity of
non-alcoholic fatty liver disease. Hepatol Res (2014).
14. Conchillo, M. et al. Insulin-like growth factor I (IGF-I) replacement therapy increases albumin concentration in liver cirrhosis:
results of a pilot randomized controlled clinical trial. ] Hepatol 43, 630-636 (2005).
15. Sobrevals, L. et al. Insulin-like growth factor I gene transfer to cirrhotic liver induces fibrolysis and reduces fibrogenesis leading to
cirrhosis reversion in rats. Hepatology 51, 912-921 (2010).
16. Garcia-Fernandez, M. et al. Antioxidant effects of insulin-like growth factor-I (IGF-I) in rats with advanced liver cirrhosis. BMC
Gastroenterol 5,7 (2005).
17. Muguerza, B. et al. Antifibrogenic effect in vivo of low doses of insulin-like growth factor-I in cirrhotic rats. Biochim Biophys Acta
1536, 185-195 (2001).
18. Perez, R. et al. Mitochondrial protection by low doses of insulin-like growth factor- I in experimental cirrhosis. World ] Gastroenterol
14, 2731-2739 (2008).
19. Picardi, A. et al. Low doses of insulin-like growth factor-I improve nitrogen retention and food efficiency in rats with early cirrhosis.
J Hepatol 26, 191-202 (1997).
20. Lorenzo-Zuniga, V. et al. Insulin-like growth factor I improves intestinal barrier function in cirrhotic rats. Gut 55, 1306-1312
(2006).

NN}

SCIENTIFIC REPORTS | 6:34605 | DOI: 10.1038/srep34605 10


http://rsb.info.nih.gov/ij/

www.nature.com/scientificreports/

21. Fiore, E. J. et al. Mesenchymal stromal cells engineered to produce IGF-I by recombinant adenovirus ameliorate liver fibrosis in
mice. Stem Cells Dev 24, 791-801 (2015).

22. Sanz, S. et al. Expression of insulin-like growth factor I by activated hepatic stellate cells reduces fibrogenesis and enhances
regeneration after liver injury. Gut 54, 134-141 (2005).

23. Castilla-Cortazar, I. et al. Hepatoprotective effects of insulin-like growth factor I in rats with carbon tetrachloride-induced cirrhosis.
Gastroenterology 113, 1682-1691 (1997).

24. Handayaningsih, A. E. et al. IGF-I enhances cellular senescence via the reactive oxygen species-p53 pathway. Biochem Biophys Res
Commun 425, 478-484 (2012).

25. Xu, L. et al. Human hepatic stellate cell lines, LX-1 and LX-2: new tools for analysis of hepatic fibrosis. Gut 54, 142-151 (2005).

26. Collado, M., Blasco, M. A. & Serrano, M. Cellular senescence in cancer and aging. Cell 130, 223-233 (2007).

27. Matsumoto, R. et al. Accelerated Telomere Shortening in Acromegaly; IGF-I Induces Telomere Shortening and Cellular Senescence.
PLoS One 10, €0140189 (2015).

28. Dibra, D. et al. Mutant p53 in concert with an interleukin-27 receptor alpha deficiency causes spontaneous liver inflammation,
fibrosis, and steatosis in mice. Hepatology 63, 1000-1012 (2016).

29. Smith, B. W. & Adams, L. A. Nonalcoholic fatty liver disease and diabetes mellitus: pathogenesis and treatment. Nat Rev Endocrinol
7, 456-465 (2011).

30. Boettcher, E., Csako, G., Pucino, F, Wesley, R. & Loomba, R. Meta-analysis: pioglitazone improves liver histology and fibrosis in
patients with non-alcoholic steatohepatitis. Aliment Pharmacol Ther 35, 66-75 (2012).

31. Sanyal, A.]. et al. Pioglitazone, vitamin E, or placebo for nonalcoholic steatohepatitis. N Engl ] Med 362, 1675-1685 (2010).

32. Clayton, P. E., Banerjee, I, Murray, P. G. & Renehan, A. G. Growth hormone, the insulin-like growth factor axis, insulin and cancer
risk. Nat Rev Endocrinol 7, 11-24 (2011).

33. Wu, J. & Zhu, A. X. Targeting insulin-like growth factor axis in hepatocellular carcinoma. ] Hematol Oncol 4, 30 (2011).

34. Smith, B. W. & Adams, L. A. Non-alcoholic fatty liver disease. Crit Rev Clin Lab Sci 48, 97-113 (2011).

35. Tsukada, T., Tomooka, Y. et al. Enhanced proliferative potential in culture of cells from p53-deficient mice. Oncogene 8(12),
3313-3322 (1993).

36. Ikeda, K. et al. In vitro migratory potential of rat quiescent hepatic stellate cells and its augmentation by cell activation. Hepatology
29, 1760-1767 (1999).

37. Kanda, H. et al. MCP-1 contributes to macrophage infiltration into adipose tissue, insulin resistance, and hepatic steatosis in obesity.
J Clin Invest 116, 1494-1505 (2006).

38. Serrano, M., Lin, A. W., McCurrach, M. E., Beach, D. & Lowe, S. W. Oncogenic ras provokes premature cell senescence associated
with accumulation of p53 and p16INK4a. Cell 88, 593-602 (1997).

39. Severino, J., Allen, R. G., Balin, S., Balin, A. & Cristofalo, V. J. Is beta-galactosidase staining a marker of senescence in vitro and
in vivo? Exp Cell Res 257, 162171 (2000).

40. Brunt, E. M., Janney, C. G., Di Bisceglie, A. M., Neuschwander-Tetri, B. A. & Bacon, B. R. Nonalcoholic steatohepatitis: a proposal
for grading and staging the histological lesions. Am ] Gastroenterol 94, 2467-2474 (1999).

41. Kleiner, D. E. et al. Design and validation of a histological scoring system for nonalcoholic fatty liver disease. Hepatology 41,
1313-1321 (2005).

42. Ota, T. et al. Insulin resistance accelerates a dietary rat model of nonalcoholic steatohepatitis. Gastroenterology 132, 282-293 (2007).

43. Soon, R. K., Jr,, Yan, J. S., Grenert, J. P. & Maher, J. J. Stress signaling in the methionine-choline-deficient model of murine fatty liver
disease. Gastroenterology 139, 1730-1739, 1739 1731 (2010).

44. Passos, J. E et al. Mitochondrial dysfunction accounts for the stochastic heterogeneity in telomere-dependent senescence. PLoS Biol
5,110 (2007).

Acknowledgements

The authors are very grateful to Prof. Yoshitake Hayashi for the pathological evaluation and Dr. Tomohiro Ogawa
and Prof. Norihumi Kawada for their technical advises to isolate HSCs. We also thank to Ms. Chika Ogata
and Ms. Kayo Imura for their excellent technical assistance. This work was supported in part by a Grant-in-
Aid for Scientific Research from the Japanese Ministry of Education, Culture, Sports, Science, and Technology
20200079, 20390262, 26670459, and 16H5332, Grants-in-Aid for Scientific Research (research on hypothalamic-
hypophyseal disorders) from the Japanese Ministry of Health, Labor, and Welfare, Daiichi Sankyo Foundation of
Life Science, and Naito Kinen Foundation. Y.T. received these grants.

Author Contributions

H.N. and Y.T. conceived, designed the experiments, and wrote the manuscript. H.N. and Y.T. performed and
interpreted the experiments. G.I, H.E, R.M.,, H.B,, K.S., M.T,, K.Y,, Y.O. and W.O. interpreted the experiments
and analyzed the data.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Nishizawa, H. et al. IGF-I induces senescence of hepatic stellate cells and limits fibrosis
in a p53-dependent manner. Sci. Rep. 6, 34605; doi: 10.1038/srep34605 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images
o oy other third party material in this article are included in the article’s Creative Commons license,

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2016

SCIENTIFIC REPORTS | 6:34605 | DOI: 10.1038/srep34605 11


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	IGF-I induces senescence of hepatic stellate cells and limits fibrosis in a p53-dependent manner

	Results

	IGF-I administration ameliorated NASH. 
	IGF-I improved mitochondrial function and oxidative stress, and inhibited hepatic stellate cell function. 
	Anti-fibrotic effect of IGF-I in cirrhotic model mice. 
	IGF-I induced cellular senescence of HSCs in vitro and in vivo. 
	p53 is necessary for IGF-I–induced cellular senescence and its anti-fibrotic effect. 

	Discussion

	Methods

	Animal model and experimental design. 
	Computed tomography. 
	Cell culture and treatments. 
	Measurement of plasma and liver biochemical parameters. 
	Western blotting analysis. 
	RNA extraction and Quantitative real time PCR. 
	Senescence-associated β-galactosidase staining. 
	Histological analysis. 
	Transmission electron microscopy. 
	Statistical analyses. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ IGF-I improved glucose tolerance, visceral fat area, hepatocyte injury, and fibrosis in NASH model mice.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ IGF-I improved the abnormalities in mitochondrial ultrastructure, mitochondrial gene expression, and oxidative stress markers in MCD-db/db NASH model mice.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ IGF-I treatment decreased the marker of activated HSCs in NASH model mice and improved hepatic fibrosis in cirrhosis model mice.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ IGF-I induced cellular senescence of HSCs in vitro and in vivo.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Intact senescence pathways were required for anti-fibrotic effect of IGF-I.
	﻿Table 1﻿﻿. ﻿  Biochemical data in the control and IGF-I-treated group of MCD-db/db mice after 4 weeks of treatment.



 
    
       
          application/pdf
          
             
                IGF-I induces senescence of hepatic stellate cells and limits fibrosis in a p53-dependent manner
            
         
          
             
                srep ,  (2016). doi:10.1038/srep34605
            
         
          
             
                Hitoshi Nishizawa
                Genzo Iguchi
                Hidenori Fukuoka
                Michiko Takahashi
                Kentaro Suda
                Hironori Bando
                Ryusaku Matsumoto
                Kenichi Yoshida
                Yukiko Odake
                Wataru Ogawa
                Yutaka Takahashi
            
         
          doi:10.1038/srep34605
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 The Author(s)
          10.1038/srep34605
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep34605
            
         
      
       
          
          
          
             
                doi:10.1038/srep34605
            
         
          
             
                srep ,  (2016). doi:10.1038/srep34605
            
         
          
          
      
       
       
          True
      
   




