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Adiponectin Regulates Cutaneous Wound Healing by
Promoting Keratinocyte Proliferation and Migration via the

ERK Signaling Pathway

Sayaka Shibata,* Yayoi Tada,* Yoshihide Asano,* Carren S. Hau,* Toyoaki Kato,*'
Hidehisa Saeki,* Toshimasa Yamauchi,” Naoto Kubota,” Takashi Kadowaki,” and

Shinichi Sato®

Diabetic patients are at high risk of developing delayed cutaneous wound healing. Adiponectin plays a pivotal role in the pathogenesis
of diabetes and is considered to be involved in various pathological conditions associated with diabetes; however, its role in wound
repair is unknown. In this study, we elucidated the involvement of adiponectin in cutaneous wound healing in vitro and in vivo.
Normal human keratinocytes expressed adiponectin receptors, and adiponectin enhanced proliferation and migration of keratino-
cytes in vitro. This proliferative and migratory effect of adiponectin was mediated via AdipoR1/AdipoR2 and the ERK signaling
pathway. Consistent with in vitro results, wound closure was significantly delayed in adiponectin-deficient mice compared with wild-
type mice, and more importantly, keratinocyte proliferation and migration during wound repair were also impaired in adiponectin-
deficient mice. Furthermore, both systemic and topical administration of adiponectin ameliorated impaired wound healing in
adiponectin-deficient and diabetic db/db mice, respectively. Collectively, these results indicate that adiponectin is a potent mediator
in the regulation of cutaneous wound healing. We propose that upregulation of systemic and/or local adiponectin levels is a potential
and very promising therapeutic approach for dealing with diabetic wounds. The Journal of Immunology, 2012, 189: 3231-3241.

recognized merely as a site of energy storage. However,
increasing evidence indicates that adipose tissue secretes
varjous bioactive molecules and exerts multiple functions in concert
with the epidermis and dermis via endo-, para-, and autocrine
pathways (1, 2). Adipose tissue is now considered to be a key
participant in the development of skin pathophysiology.
Bioactive molecules secreted from adipocytes are termed adi-
pokines. Most adipokines, including TNF-a, IL-6, and resisitin,
increase the risk of metabolic syndrome (3). In contrast, another
adipokine, adiponectin, ameliorates insulin resistance and medi-
ates antidiabetic effects in liver and skeletal muscle (4, 5).
Adiponectin-deficient mice exhibit insulin resistance and glucose
intolerance. Administration of adiponectin increases glucose up-
take and fat oxidation in muscle, reduces glucose production in
liver, and improves insulin sensitivity (6). Thus, adiponectin is
a crucial factor in the pathogenesis of diabetes. Adiponectin is
present at relatively high concentrations 3-30 pg/ml in circula-

3 dipose tissue, located beneath the skin, was initially
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tion, and adiponectin levels are lower in obese and type 2 diabetes
patients (7). Accumulated evidence shows that adiponectin is in-
volved in the various pathological conditions associated with di-
abetes, such as arterial sclerosis, nephropathy, collateral vessel
development, and ocular complications (8-10).

Diabetic patients frequently suffer from severely impaired wound
healing, with a lifetime risk of 15% for developing diabetic skin
ulcerations (11). Diabetic ulcers have a poor prognosis, and 15-27%
of all diabetic ulcers lead to the surgical removal of bone (12).
However, the mechanisms underlying impaired wound healing in
diabetes are poorly understood (13). Wound healing involves a
complex biological and molecular cascade of events, including in-
flammation, granulation tissue formation, re-epithelialization, and
angiogenesis (14). Specifically, the re-epithelialization process is
critical to optimal wound closure because of its role in wound
contraction, which is mediated by keratinocyte proliferation and
migration (14). These processes are regulated by the balance of
various cytokines, chemokines, and growth factors released by ad-
ipose tissue as well as platelets, monocytes, and keratinocytes (1).
Adipose tissue participates in cutaneous wound healing as a source
of cytokines and growth factors, such as fibroblast growth factors
(15), insulin-like growth factor (16), epidermal growth factor
(EGF)-like growth factor (17), vascular endothelial growth factor,
and angiopoietin-1 (18), and regulates skin wound repair in all
layers of the skin via the endocrine/paracrine/autocrine pathways.
Indeed, a recent study has shown that adipose tissue extracts, seeded
over skin wounds, promotes wound repair (19). Furthermore, leptin,
which is another representative adipokine and also secreted from
adipocytes, induces keratinocyte proliferation and systemically and
topically supplemented leptin improved re-epithelialization of
wounds in leptin-deficient 0b/0b mice and wild-type mice (20, 21).

In this study, to investigate the role of adiponectin during the
cutaneous wound healing, we first focused on the functions of
keratinocytes, key mediators of the re-epithelialization process, and
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performed functional analyses regarding proliferative and migra-
tory effects. We further examined how adiponectin would be in-
volved in vivo during the wound repair process, using a mouse
model of excisional skin wound healing in adiponectin-deficient
and diabetic db/db mice. The results of this study indicate
that adiponectin enhances proliferation and migration of keratino-
cytes through AdipoR1/AdipoR2 and the ERK signaling pathway
in vitro and that adiponectin regulates the skin wound healing pro-
cess in vivo by promoting keratinocyte proliferation and migration.

Materials and Methods

Reagents

Recombinant human adiponectin was isolated and purified as described
previously (22). We verified that purified recombinant adiponectin was free
of endotoxin using an endotoxin detection kit (GenScript, Piscataway, NJ).
Abs against ERK, p-ERK, p38, p-p38, JNK, p-INK, Akt, p-Akt, and
B-actin were obtained from Cell Signaling Technology (Beverly, MA). Abs
against adiponectin, AdipoR1, and AdipoR2 were from Abcam (Cam-

ADIPONECTIN PROMOTES CUTANEOUS WOUND HEALING

bridge, U.K.). Abs against Ki67 and loricrin were obtained from Novo
Castra Laboratories (Newcastle, UK.) and Covance (Berkeley, CA), re-
spectively. PD98059, U0126, wortmannin, LY294002, SB203580, and
SP600125 were also purchased from Cell Signaling Technology.

Cell culture

Normal human epidermal keratinocytes were cultured with MCDB153
medium supplemented with insulin (5§ pg/ml), hydrocortisone (1 pM),
ethanolamine (0.1 mM), phosphoethanolamine (0.1 mM), bovine hypo-
thalamic extract (BHE) (50 pg/ml), and Ca?* (0.1 mM) as described pre-
viously (23, 24). Third or fourth passage cells were used in this study.

RNA interference for adiponectin receptors

All transfections were done using Lipofectamine 2000 following the
manufacturer’s instructions (Invitrogen Life Technologies, Carlsbad, CA).
Keratinocytes were plated in 6-well plates and cultured without antibiotics
until reaching 30-50% subconfluency. AdipoR1/AdipoR2/calreticulin/T-
cadherin and negative control small interfering RNA (siRNA) (Thermo
Scientific Dharmacon, Lafayette, CO) were transfected into keratinocytes
using Lipofectamine 2000. Medium was changed after 6 h after trans-

A
FIGURE 1. Expression of adiponectin re-
ceptors in normal human keratinocytes. (A)
AdipoR1, AdipoR2, calreticulin, and T-cad-
herin mRNA expression in ‘cultured primary
normal human keratinocytes. Representative B .
data from three independent experiments are AdipoR1 AdipoR2
shown. (B) Effect of adiponectin on AdipoR1/ c 154 . p<0.005 . s
AdipoR/calreticulin/T-cadherin mRNA  ex- g p<0.01 §
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atinocytes were treated with indicated amounts g &
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fection, and cells were incubated for another 24 h before subsequent
analyses. Gene mRNA expression was examined by real-time RT-PCR
analysis.

RT-PCR and quantitative real-time RT-PCR analysis

Total RNA was extracted from cultured keratinocytes and mouse back skin
using an RNeasy Mini kit and RNeasy fibrous Tissue Mini kits, respectively
(Qiagen, Germantown, MD), respectively. cDNA was synthesized using
Superscript III First strand synthesis kits (Invitrogen).

For RT-PCR, synthesized cDNA was thermocycled for PCR amplifica-
tion with 10 pM of each primer and 1.5 U Taq polymerase (Invitrogen).
Primers for amplification, and the sizes of respective PCR products were as
follows: AdipoR1, 5'-AATTCCTGAGCGCTTCTTTCCT-3' and 5'-CAT-
AGAAGTGGACAAAGGCTGC-3'; AdipoR2, 5'-TGCAGCCATTAT-
AGTCTCCCAG-3' and 5'-GAATGATTCCACTCAGGCCTAG-3' (25);
calreticulin, 5'-AAGTTCTACGGTGACGAGGAG-3' and 5'-GTCGA-
TGTTCTGCTCATGTTC-3'. (26); T-cadherin, 5'-GCCACGATCATGAT-
CGATGAC-3' and 5'-GTCTTCATTTTCCACTTTGA-3’ (27); and glycer-
aldehyde-3-phosphate dehydrogenase gene, 5'-TGAAGGTCGGAGTCA-
ACGGATTTGGT-3' and 5'-CATGTGGGCCATGAGGTCCACCAC-3'
(28). PCR was performed by 94°C for 5 min, 30 cycles of 94°C for45 s,
60°C for 45 s, and 72°C for 45 s and a final extension at 72°C for 3 min.
The PCR products were analyzed by electrophoresis on 2.5% agarose
gels and stained with ethidium bromide, viewed by UV light.

For quantitative real-time RT-PCR (qrt-PCR), gene expression was
quantified using TagMan gene expression assay (Applied Biosystems,
Warrington, U.K.). PCR conditions were 95°C for 10 min, 40 cycles of
94°C for 15 s, 60°C for 1 min. All samples were analyzed in parallel for
glyceraldehyde-3-phosphate dehydrogenase gene expression as an internal
control. The relative change in the levels of genes of interest was deter-
mined by the 2% * * T method.

Western blot analysis

Subconfluent keratinocytes were lysed in lysis buffer containing 20 mM
Tris (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100,
2.5 mM sodium pyrophosphate, 1 mM glycerophosphate, 1 mM sodium
orthovanadate, 1 mM PMSF, and 1 pg/ml leupeptin. Samples were dis-
solved in NuPAGE LDS Sample Buffer with NuPAGE Sample Reducing
Agent (Invitrogen) and denatured by heating 5 min at 95°C. SDS-PAGE
was performed with NuPAGE 4-12% Bis-Tris gels and MES running
buffer (Invitrogen). After transfer to an Immobilon-P transfer membrane
(Millipore, Bedford, MA), the membrane was incubated for 1 h at room
temperature with blocking buffer, overnight at 4°C with the primary Ab,
washed, and incubated for 1 h at room temperature with the appropriate
secondary Ab. After washing, visualization was performed by ECL
(Amersham Biosciences, Buckinghamshire, U.K.). In some experiments,
phospho-ERK1/2 levels were quantified by densitometric analysis using
Imagel (available online) and normalized to the total ERK 1/2 levels.

MIT assay

Keratinocytes were seeded on 12-well plates at a density of 2 3 10* cells/
well. The next day, the cells were fed MCDB153 medium lacking BHE,
and the following day, they were fed once again with the same medinm
containing designated amounts of adiponectin. After 3 d, cell viability was
assessed using an MTT assay kit (Roche Diagnostics, Basel, Switzerland),
according to the manufacturer’s instructions.

BrdU incorporation assay

Keratinocytes were seeded on 96-well plates at a density of 1 3 10* cells/
well. After reaching subconfiuency, the cells were fed MCDB153 medium
lacking BHE. The following day, the cells were fed once again with the
same medium containing designated amounts of adiponectin, EGF, and
TGF-§ and incubated for another 12 h. The cells were then incubated with
medium containing BrdU for 2 h. BrdU incorporation was determined
using a cell-proliferating ELISA kit (Roche Diagnostics, Basel, Switzer-
land), according to the manufacturer’s instructions.

Boydern chamber assay

Keratinocyte migration was also assayed quantitatively with a Boyden
chamber, as described previously (29). Designated amounts of adiponectin
and hepatocyte growth factor (HGF) were added to the bottom wells of a 48-
well Boyden chamber (Neuro Probe, Gaithersburg, MD), and a 10-pm pore-
size polyvinylpyrrolidone-free polycarbonate membrane (Neuro Probe) was
placed on the wells. The membrane was precoated with type I collagen (10
wg/ml in PBS; Nitta Gelatin) at room temperature for 1 h and then washed
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extensively with PBS. Subconfluent keratinocytes were harvested with
trypsin—EDTA (0.05% trypsin and 0.5 mM EDTA) and resuspended in
culture medium without BHE at 13 10° cells/ml. A 50-pl aliquot of the
keratinocyte suspension (5000 cells/well) was added to the upper wells,
and the chamber was incubated overnight at 37°C in a humidified atmo-
sphere of air with 5% CO,. The cells that adhered to the upper surface of
the filter membrane were removed by scraping with a rubber blade, and the
cells that moved through the filter and stayed on the lower surface of the
membrane were considered to be migrated cells. The membrane was fixed
with 10% buffered formalin overnight and then stained with crystal violet.
The membrane was then mounted between two glass slides with 90%
glycerol, and the number of migrated cells was counted under a micro-
scope.

In vitro wound closure assay

Keratinocytes were seeded on 6-well plates at a density of 1 3 10° cells/
well. After reaching subconfluency, wounds were created at the center of
each well by scraping, and culture debris was removed by PBS washing.
The remaining cells were cultured further with designated amounts of
adiponectin and HGE. After 12 h, keratinocyte migration was observed
under a phase contrast microscope. Wound closure was determined by
identifying the front of cell migration and calculating a ratio of the mi-
gration area to the area of time 0.

Mice

Adiponectin-deficient mice were generated as described previously (6).
BKS.Cg® + Lepr db/+ Lepr db (db/db) were purchased from CLEA Japan
(Tokyo, Japan). Mice were 7- to 10-wk-old for all experiments, and age-
matched wild-type C57BL/6 mice (CLEA Japan) were used as controls for
adiponectin-deficient and db/db mice. All mice were maintained under
a 12-h light/12-h dark cycle in a specific pathogen-free barrier facility. All
studies and procedures were approved by the Committee on Animal Ex-
perimentation of Tokyo University.
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FIGURE 2. Proliferative effects of adiponectin in keratinocytes. (A)
After incubation for 3 d with indicated amounts of adiponectin, cell via-
bility was assessed using the MTT assay. Data are shown as mean 6 SE
(n = 5) and are representative of four independent experiments. *p , 0.001
versus unstimulated keratinocytes. (B) After incubation for 12 h with in-
dicated amounts of adiponectin, EGF (positive confrol), and TGF- (neg-
ative control), BrdU incorporation was determined by ELISA. Data are
shown as mean 6 SE (1 = 8) and are representative of four independent
experiments. *p , 0.01, **p , 0.001 versus unstimulated keratinocytes.
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Wounding and macroscopic examination

Mice were anesthetized with diethyl ether, and their backs were shaved and
wiped with 70% alcohol. Four full-thickness excisional wounds per mouse were
made using a disposable sterile 6-mm biopsy punch (Maruho, Osaka, Japan),
and mice were caged individually. No signs suggestive of local infection were
detected in the wounded skin. We excluded wounds with extreme distortion,
which did not permit a precise determination of their size. Areas of open wounds
were traced onto a transparency and analyzed using Imagel (available online).

Histological assessment of wound healing

Skin sections of wounds including a 2-mm rim of unwounded skin tissue were
taken from murine back skin. The samples were formalin fixed and embedded
in paraffin. Five-micrometer sections were stained with H&E. The epithelial
gap, which represents distance between the leading edge of migrating kera-
tinocytes, was measured under a light microscope. For the analyses of staining
for adiponectin, AdipoR1/AdipoR2, Ki67, and loricrin, immunohistochemis-
try was performed using a Vectastain avidin/biotin complex kit (Vector Labo-
ratories, Burlingame, CA), according to the manufacturer’s instructions. The
5-pm sections were deparaffinized and rehydrated, endogeneous perioxidase
activity was eliminated by blocking with hydrogen peroxide, and the tissue
sections were immersed in citrated buffer and boiled for 10 min for Ag re-
trieval. The sections were then incubated with indicated Abs overnight at 4°C,
followed by the incubation with biotinylated secondary Ab. The concentration
of each primary Ab was first tested to determine the optimal sensitivity range.
The immunoreactivity was visualized with diaminobenzidine, and the sections
were counterstained with Mayer’s hematoxylin.

Statistical analyses

Data obtained are presented as mean 6 SE. Student ¢ test was used for the
statistical analysis of differences between two groups. One-way ANOVA
with Dunnett’s multiple comparison test was used for statistical analysis of
the differences among multiple groups. A p value , 0.05 was considered
to represent a significant difference.

Results

Adiponectin receptors are expressed-in human keratinocytes
and AdipoR1 expression is upregulated by adiponectin
stimulation

AdipoR1 is expressed widely in various tissues, with the highest
expression level in skeletal muscle, whereas AdipoR2 is most abun-

A Boyden chamber assay

1000+
FIGURE 3. Migratory effects of adiponectin in 800+
keratinocytes. (A) Keratinocyte migration was
assayed quantitatively using the Boyden chamber
assay. Indicated amounts of adiponectin and HGF
were added to the lower wells. After keratino-
cytes were added to the upper wells and incubated
overnight, the migrated cells were counted. Data oL
are shown as mean 6 SE (n = 6) and are repre-
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dantly expressed in the liver (30). Recently, new receptors for adi-
ponectin, calreticulin, and T-cadherin also have been identified and
reported to be involved in adiponectin cellular signaling (31-34). We
first investigated the expressions of these adiponectin receptors in
normal human keratinocytes. Human keratinocytes expressed both
AdipoR1/AdipoR2 as well as calreticulin and T-cadherin at the
mRNA level (Fig. 1A). Adiponectin upregulated gene expression
levels of AdipoR1 in a dose-dependent manner but not those of
AdipoR2, calreticulin, or T-cadherin in keratinocytes (Fig. 1B).

Adiponectin enhances keratinocyte proliferation

We next investigated the effect of adiponectin on keratinocyte
proliferation using the MTT and BrdU assays. The MTT assay
quantifies viable cells, whereas the BrdU assay determines BrdU
incorporation into newly synthesized DNA of actively proliferating
cells. Adiponectin increased the number of viable keratinocytes
(Fig. 2A) and BrdU uptake (Fig. 2B) in a dose-dependent manner,
reaching a plateau at a concentration of 25 pg/ml. Because plasma
adiponectin concentrations in healthy humans are [3-30 pg/ml
(36), the stimulatory effects of adiponectin were significant within
physiological concentrations. EGF, a positive control, significantly
induced keratinocyte proliferation in the BrdU assay, whereas
TGF-B, a negative control, had no effect (37).

Adiponectin induces keratinocyte migration

After establishing that adiponectin stimulates keratinocyte prolifer-
ation, we next investigated the effect of adiponectin on keratinocyte
migration using two types of in vitro assay systems. In the Boyden
chamber assay, we quantitatively investigated adiponectin-induced
migration. Various amounts of adiponectin and cultured human ker-
atinocytes were added to the lower and upper chambers, respectively.

After incubation overnight, the number of migrated cells was counted. .

Adiponectin significantly stimulated keratinocyte migration at con-
centrations of 12.5-50 pg/ml (Fig. 3A). HGF was used as a positive
control, which induced an [ 7-fold increase relative to control (38).

C ) Keratinocyte migration

ek -0 hour

12 hour

Control

sentative of four independent experiments. *p ,
0.05, **p , 0.01, ***p , 0.001 versus unsti-
mulated keratinocytes. (B) Keratinocyte migra-
tion was assayed using the in vitro wound closure B
assay. After subconfluent keratinocytes were

scraped and incubated with indicated amounts of 407
adiponectin and HGF for 12 h, migration over the ©
wound was measured. Data are shown as mean 6 7

SE (n = 6) and are representative of three inde- %
pendent experiments. *p , 0.01, **p , 0.001 B
versus unstimulated keratinocytes. (C) Represen- 3
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(original magnification 3 20).
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Next, wounds were created in cultured keratinocytes by scraping
(in vitro wounds). Keratinocytes were cultured with various concen-
trations of adiponectin or HGE Acceleration of wound closure was
observed in response to 25 p.g/ml adiponectin 12 h after wounding (Fig.
3B, 3C).

The ERK signaling pathway is activated by adiponectin via
AdipoR1/AdipoR2 in keratinocytes

MAPK is a well-known factor involved in cell proliferation (39~
41). Akt and AMP-activated protein kinase (AMPK) are also

3235

known to enhance cell proliferation and suppress apotosis (10).
Therefore, we investigated whether adiponectin could induce
phosphorylation of MAPKs, Akt and AMPK in normal human
keratinocytes. As shown in Fig. 4A, adiponectin (25 pg/ml)
induced phosphorylation of ERK in keratinocytes. The peak
activation occurred at 5 min after stimulation, and thereafter,
the phosphorylation level gradually decreased. Adiponectin had
no effect on the phosphorylation of the p38 MAPK, INK, Akt,
and AMPK (Fig. 4B). To confirm the specificity of the identified
pathway, keratinocytes were pretreated with 75 pM MEK!1 in-
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FIGURE 4. Involvement of AdipoR1/AdipoR2 and the ERK signaling pathway in adiponectin-stimulated keratinocytes. (A) Keratinocytes were incubated
with adiponectin (25 pg/ml) for 0-60 min. The cell lysates were analyzed for phosphorylation of ERK 1/2 by Western blotting. Results are representative of four
independent experiments. (B) Keratinocytes were incubated with adiponectin (25 wg/ml) for 0-60 min. The cell lysates were analyzed for phosphorylation of p38
MAPK, JnK, Akt, and AMPK by Western blotting. Results are representative of four independent experiments. (C) Keratinocytes were pretreated with PD98059
(PD; 75 pM, MEK]1 inhibitor) or U0126 (U; 10 uM, MEK1/2 inhibitor) for 30 min. After incubation with adiponectin (25 pg/ml) for 5 min, the cell lysates were
analyzed for ERK1/2 phosphorylation by Western blotting. Results are representative of four independent experiments. (D) Keratinocytes were transfected with
control siRNA or siRNA targeting AdipoR1/AdipoR2/calreticulin/T-cadherin. mRINA expression of these receptors in transfected cells was examined by qrt-
PCR. Results are representative of three independent experiments. (E) Transfected cells were incubated with adiponectin (25 pg/ml) for 0-30 min. The cell
lysates were analyzed for phosphorylation of ERK1/2 by Western blotting. Results are representative of three independent experiments. (F) Densitometry
analysis of P5/PO (PS5, phospho-ERK protein expression levels/total ERK protein expression levels at 5 min after adiponectin stimulation; PO, phospho-ERK
protein expression levels/total ERK protein expression levels before adiponectin stimulation), and data are expressed as mean 6 SE (n = 3).
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hibitor (PD98059) and 10 pM MEK1/2 inhibitor (U0126) for 30
min and then stimulated with adiponectin for 5 min. Both of these
inhibitors blocked adiponectin-induced ERK phosphorylation
(Fig. 4C). To determine whether the activation of the ERK sig-
naling pathway by adiponectin is mediated through AdipoR1/
AdipoR2/calreticulin/T-cadherin, keratinocytes were transfected
with siRNAs of these receptors, and specific inhibition was per-
formed. Control experiments have revealed that AdipoR1/
AdipoR2/calreticulin/T-cadherin mRNA levels are reduced by
. 80% as evaluated by real-time RT-PCR analysis (Fig. 4D).
Under these experimental conditions, inhibition of AdipoR1 or
AdipoR2 completely suppressed adiponectin-induced ERK phos-
phorylation in keratinocytes (Fig. 4E, 4F). However, downregu-
lation of calreticulin or T-cadherin did not significantly suppress
adiponectin-induced ERK phosphorylation. These results indicate
that 1) adiponectin activates the ERK signaling pathway through
AdipoR1 and AdipoR2 and that 2) calreticulin or T-cadherin ap-
pear not to be involved in the ERK signaling pathway mediated by
adiponectin in keratinocytes.

ERK signaling pathway mediates adiponectin-induced
keratinocyte proliferation and migration

To investigate the role of the ERK signaling pathway in kera-
tinocyte proliferation induced by adiponectin, we incubated kera-
tinocytes with PD98059 (75 puM) or U0126 (10 pM) for 30 min
before stimulation with adiponectin (25 pg/ml), and then, BrdU
uptake was analyzed. Both of these inhibitors attenuated BrdU
uptake induced by adiponectin, indicating that adiponectin-
induced keratinocyte proliferation is mediated by the ERK path-
way (Fig. 5A). Other kinase inhibitors (wortmannin and
L'Y294002 for inhibition of PI3K, SB203580 for inhibition of p38
MAPK, and SP600125 for inhibition of JNK) did not affect
adiponectin-induced proliferation. We further investigated
whether the ERK signaling pathway would be involved in the
keratinocyte migration induced by adiponectin. After the addition
of PD98059 (75 pM) or U0126 (10 pM) to the lower chamber
with adiponectin, keratinocyte migration was analyzed using
the Boyden chamber assay. Both of the inhibitors blocked
adiponectin-induced keratinocyte migration (Fig. 5B). These
results suggest that the ERK signaling pathway mediated
adiponectin-induced keratinocyte migration as well as prolifera-
tion.

Wound closure and keratinocyte re-epithelialization are
significantly delayed in adiponectin-deficient mice

To further strengthen our in vitro results and to determine the role
of adiponectin during cutaneous wound healing in vivo, we first
examined the excisional wound skin repair process in adiponectin-
deficient and wild-type mice. Fuli-thickness round wounds of 6 mm
in diameter were made, and the kinetics of wound closure were
evaluated as percentage of original wound areas. Adiponectin-
deficient mice exhibited significantly impaired wound repair
compared with wild-type mice from day 3 (Fig. 6A, 6B). All the
wounds of wild-type mice healed within 9 d after wounding,
whereas the wounds of adiponectin-deficient mice took more than
13 d to heal. Next, we focused on the re-epithelialization phase of
wound healing, which involves keratinocyte proliferation and
migration for wound contraction. To confirm the pattern of kera-
tinocyte differentiation to be normal in the adiponectin-deficient
mice skin, we first examined the expression of loricrin, a marker
of late-phase keratinocyte differentiation, by immunohistochem-
istry. Loricrin expression in the keratinocytes was comparable
between wild-type and adiponectin-deficient mice (Fig. 6C). Next,
we performed immunohistochemistry for the proliferation marker
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FIGURE 5. Involvement of the ERK signaling pathway in adiponectin-
induced proliferation and migration of keratinocytes. (A) Keratinocytes
were preincubated with PD98059 (PD; 75 pM), U0126 (U; 10 pM),
wortmannin (W; 0.5 uM, PI3K inhibitor), LY294002 (LY; 10 pM, PI3K
inhibitor), SB203580 (SB; 10 M, p38 MAPK inhibitor), and SP600125
(SP; 10 uM, JNK inhibitor) or without inhibitors (N). After incubation
with adiponectin for 12 h, keratinocyte proliferation was analyzed using
the BrdU assay. Data are shown as mean 6 SE (n = 8) and are repre-
sentative of four independent experiments. *p , 0.05 versus medium
treated with adiponectin (25 wg/ml), **p , 0.001 versus medium alone.
(B) Indicated amounts of adiponectin with or without PD98059 (PD; 75
M) and U0126 (U; 10 uM) were added to the lower wells. Keratinocyte
migration was analyzed using the Boyden chamber assay. Data are shown
as mean 6 SE (n = 6) and are representative of three independent
experiments. *p , 0.05 versus medium treated with adiponectin (25 pg/
ml), **p , 0.01 and ***p , 0.001 versus medium alone.

HGF

Ki67 on the skin samples of the wound margins (20, 42). Distri-
bution of Ki67-positive proliferating keratinocytes was more in-
tensive in the wound margins of control wild-type mice compared
with adiponectin knockout (KO) mice (Fig. 6D, 6E). Furthermore,
the epithelial gap, the distance between the migrating edges of
keratinocytes, was significantly wider in adiponectin-deficient mice
compared with wild-type mice (Fig. 6A, 6F), suggesting that ker-
atinocyte migration was significantly inhibited in adiponectin-
deficient mice. These results are in accordance with the in vitro
results regarding the proliferative and migratory functions of adi-
ponectin in keratinocytes.

The gene expression of adiponectin and AdipoR1/AdipoR2
gradually increases during the wound healing process

To determine whether the local adiponectin and AdipoR1/AdipoR2
expression levels change during the wound healing process, we
determined the changes in expression of these genes over time. Skin
samples, taken immediately before (at day 0) and 3 and 6 d (days 3
and 6) after wounding, were analyzed by the grt-PCR. We dem-
onstrate in this study that adiponectin expression at the wound site
gradually increased during the course of wound repair in wild-type
mice (Fig. 7A), suggesting that adiponectin production might be
upregulated sensing tissue damage of wounding. Immunohisto-
chemistry of adiponectin showed that the sources of adiponectin
are adipocytes and fibroblasts but not keratinocytes (Fig. 7B).
Regarding adiponectin receptors, AdipoR1 and AdipoR2 mRNA
expression also increased gradually after wounding in both wild-
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FIGURE 6. The kinetics of wound closure and evaluation of proliferative and migratory properties in adiponectin-deficient and wild-type mice. (A)
Representative photographs of open wounds at day 7 and histology of the epithelial gap in wild-type and adiponectin-deficient mice (original magnification 3 40).

In histological sections, the edges of keratinocytes are indicated by arrows. (B)

Area of open wound in wild-type and adiponectin-deficient mice was evaluated

daily. Fifty wounds from 16 wild-type and 45 wounds from 14 adiponectin-deficient mice were used for the analysis. Data are shown as mean 6 SE. (O

Immunohistochemistry of loricrin in the skin sections taken before wounding

of wild-type and adiponectin-deficient mice (original magnification 3 400). (D)

Immunohistochemistry of Ki-67 in the skin sections taken 3 d after wounding of wild-type and adiponectin-deficient mice (original magnification 3 200). (E) The

number of Ki67-positive cells in keratinocytes of the wound margins 3 d after

wounding. Ki67-positive cells were counted in high-power field (HPF) from 10

wounds (n = 4 mice/group). Data are shown as mean 6 SE. (F) The epithelial gap was microscopically measured in the skin sections taken 7 d after wounding of

wild-type and adiponectin-deficient mice. Thirteen wounds from six wild-type
Data are shown as mean 6 SE.

type and adiponectin KO mice (Fig. 7C). The expression levels of
these receptors during wound repair were comparable between
wild-type and adiponectin KO mice. We also analyzed AdipoR1
and AdipoR2 expression on cells in wound samples of wild-type
and adiponectin KO mice by immunohistochemistry. Protein ex-
pression of AdipoR1 and AdipoR2 was detected in fibroblasts and
adipocytes as well as keratinocytes, and their expression was
upregulated after wounding (Fig. 7D). Taken together, adipo-
nectin, locally produced by adipocytes after skin damage, might
induce the npregulation of AdipoR1 and AdipoR2 expression on
keratinocytes. This process would further enhance adiponectin- -
mediated signaling within keratinocytes, thus promoting kera-
tinocyte proliferation and migration.

Systemically supplemented adiponectin ameliorates delayed
wound healing in adiponectin-deficient mice but not in
wild-type mice

To determine whether the impaired wound healing in adiponectin-
deficient mice is particularly adiponectin dependent or not, wild-
type and adiponectin-deficient mice were given daily ip. injec-
tion of recombinant adiponectin (50 pg/day/mouse) from 1 d
before wounding, and the wound repair process was examined.
As shown in Fig. 8A, systemic injection of physiological dose of
adiponectin significantly ameliorated impaired wound healing in
adiponectin-deficient mice but not in wild-type mice at days 3 and

and 10 wounds from four adiponectin-deficient mice were used for the analysis.

7. These results may indicate that adiponectin supplementation is
effective only under the condition when adiponectin is insufficient.

Topically supplemented adiponectin accelerates delayed
wound healing in db/db mice but not in wild-type mice

To evaluate a potential clinical application of adiponectin, we
investigated whether adiponectin would also act directly at the
wound site by administering adiponectin to wound beds directly in
db/db mice, a rodent model for type 2 diabetes, and wild-type
mice. We applied 2.5 pg adiponectin in 50 pl PBS on the left
side of the murine back and the same dose of PBS on the right side
under the occlusive dressing every day. db/db mice were previ-
ously shown to have decreased adiponectin levels and impaired
wound healing (43). Topical adiponectin administration signifi-
cantly reduced open wound area relative to PBS administration at
days 13, 16, and 19 (Fig. 8B) in db/db mice. Re-epithelialization
was also assessed at day 13 microscopically, and the epithelial gap
was significantly shorter in adiponectin-treated mice relative to
PBS-treated mice (Fig. 8C). In contrast, there was no significant
difference between adiponectin- and PBS-applied wound areas in
wild-type mice (Fig. 8D). These results, as in the case with sys-
temic supplementation, suggest that wound treatment with topical
adiponectin is effective in mice with low adiponectin levels (db/db
mice) but not in mice with normal adiponectin levels (wild-type
mice).
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FIGURE 7. Regulation of adiponectin and AdipoR1/AdipoR2 mRNA expression during wound repair. Skin samples were taken immediately before (at
day 0) and 3 and 6 d (days 3 and 6) after wounding from wild-type and adiponectin-deficient mice. Gene expression levels of adiponectin (A) and AdipoR 1/
AdipoR2 (C) were analyzed by the grt-PCR. Immunohistochemistry for adiponectin (B) at day 7 in wild-type mice and AdipoR1/ AdipoR2 (D) at days
0 and 7 in wild-type and adiponectin-deficient mice was performed (original magnification 3 400).

Discussion -

Adiponectin, a key mediator in the pathogenesis of diabetes, exerts
multiple biological activities in various diseases; however, its role
in cutaneous wound healing is unknown. To clarify this, we in-
vestigated pathophysiologic roles of adiponectin during cutaneous
wound healing. We first demonstrated that keratinocytes express
adiponectin receptors and that adiponectin induces proliferation
and migration of keratinocytes in a dose-dependent manner through
ERK activation in vitro. By using siRNAs of adiponectin receptors
on keratinocytes, we also determined that AdipoR1 and AdipoR2
are mainly involved in the adiponectin-mediated ERK signaling
pathway. These in vitro results suggest that adiponetin might
contribute to the re-epithelialization phase of optimal wound
healing. We have next undertaken a detailed functional analysis
of adiponectin during wound repair in vivo. Wound closure was
significantly delayed in adiponectin-deficient mice compared with
wild-type mice. The number of Ki67-positive cells in the wound

margin epithelial cells was decreased and re-epithelialization was
delayed in adiponectin-deficient mice, which were supportive of
in vitro results. The expression of AdipoR1/AdipoR2 as well as
adiponectin gradually increased after wounding, which may con-
sequently angment adiponectin signaling within keratinocytes and
facilitate wound repair. Finally, we examined the curative effect of
adiponectin on wounds. Both systemic and topical adiponectin
supplementation normalized the impaired wound healing in
adiponectin-deficient mice and db/db mice, respectively. Thus,
adiponectin might contribute to optimal cutaneous wound healing
in diabetic patients, whose adiponectin levels are persistently
decreased.

With regard to cell proliferation and migration, the behavior of

adiponectin seems to depend on cell types. For instance, adipo-
nectin stimulates cell growth in colonic epithelial cells (39),
osteoblasts (40), and cardiac fibroblasts (41), where adiponectin is
involved in the gastrointenstinal mucosal metabolism, bone me-
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tabolism, and myocardial hypertrophy, respectively. Migratory
effects of adiponectin have been reported in endothelial progenitor
cells (44). In contrast, adiponectin suppressed cell proliferation
and migration in vascular smooth muscle cells (45) and hepatic
stellate cells (46), acting as a modulator for vascular remodeling
and liver fibrosis, respectively. Most importantly, a certain subset
of cell types that are involved in the cutaneous wound healing
process exhibit proliferative and migratory behaviors in response
to adiponectin. Dermal fibroblasts are the dominant players in the
process of granulation tissue formation during cutaneous wound
healing. Recent reports have revealed that adiponectin induces
proliferation of dermal fibroblasts and upregulation of collagen
production (47, 48). Furthermore, adiponectin induces prolifera-
tion of HUVECSs and stimulates angiogenesis (10), indicating the
positive contribution of adiponectin to optimal wound repair. In
addition, adiponectin induces neutrophil migration, which is an
initial step of skin wound repair (14). In this study, adiponectin
exhibited proliferative and migratory effects on primary human
keratinocytes. Proliferation and migration of keratinocytes are
crucial factors of re-epithelialization, which marks the final stage
of wound healing (14). Given that inflammation, granulation tis-
sue formation, re-epithelialization, and angiogenesis are sequen-
tial central events, adiponectin may play a vital role throughout
the wound healing process. It should be mentioned that Kawai
et al. (49) previously reported that adiponectin slightly suppressed
the proliferation of the immortalized keratinocyte cell line HaCaT.

Therefore, we also investigated whether adiponectin would exert
effects on HaCaT cells as well; however, in our hands, adiponectin
had no effect on proliferation of these cells (Supplemental Fig. 1).
Although the reason for the discrepancy of the results between
primary normal human keratinocytes and HaCaT cells is not clear,
HaCaT cells have been reported to behave differently from normal
human keratinocytes regarding cell growth, differentiation, and
cytokine production in several reports (50, 51).

Consistent with our in vitro results, a significant impairment of
wound repair was also observed in adiponectin-deficient mice in
the current study. Furthermore, both systemic and topical adi-
poncetin accelerated wound repair in adiponectin-deficient and
diabetic db/db mice, respectively. In contrast, the wound closure
rate of wild-type mice did not change after systemic or local ad-
ministration of adiponectin. Thus, adiponectin has beneficial and
direct effects on cutaneous wound healing, especially in diabetic
patients whose adiponectin levels are constitutively decreased.
These findings would suggest that upregulating serum adiponectin
levels through medical treatment as well as raising cutaneous local
adiponectin levels by direct administration of adiponectin to the
wound sites represents a novel effective therapeutic target for
delayed diabetic wounds (52).

There has been no information available regarding the
adiponectin-induced intracellular signaling in keratinocytes. The
signaling pathways involved in cell proliferation and migration by
adiponectin are tissue-/cell type-specific, including p38 MAPK,
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JNK, ERK, PI3K, and Akt (10, 39-41). In the current study, we
demonstrate that the proliferative and migratory activities of
adiponectin are mediated through ERK signaling. It has been
reported that the ERK signaling pathway is activated as a down-
stream signal molecule of adiponectin receptors in several cell
types, including endothelial cells, macrophages, cardiac fibro-
blasts, and pancreatic cells (10, 41, 53, 54). Previous studies have
shown that the ERK signaling pathway is activated upon injury or
stretching of keratinocytes (55, 56). Interestingly, ERK pathways
are required for wound healing in corneal epithelial cells under
high glucose conditions (57). Considering that ERK activation is
required for keratinocyte proliferation and migration (58), our
present result showing that adiponectin activates the ERK sig-
naling pathway in keratinocytes would suggest that adiponectin
positively regulates the re-epitheljalization process during cuta-
neous wound healing. ;

In summary, we propose a potent role for adiponectin, a key
mediator of diabetes, in the regulation of keratinocyte proliferation
and migration during cutaneous wound healing and provide a new
mechanism underlying delayed wound repair in diabetic patients.
On the basis of our data, we propose that systemic and/or local
upregulation of adiponectin levels may represent a novel thera-
peutic strategy for diabetic wounds.
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Abstract

Aims/hypothesis Epidemiological studies have revealed that
obesity and diabetes mellitus are independent risk factors for
the development of non-alcoholic steatohepatitis (NASH) and
hepatocellular carcinoma. However, the debate continues on
whether insulin resistance as such is directly associated with
NASH and liver tumourigenesis. Here, we investigated the
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incidence of NASH and liver tumourigenesis in JrsJ™"" mice
subjected to a long-term high-fat (HF ) diet. Our hypothesis was
that hepatic steatosis, rather than insulin resistance may be
related to the pathophysioclogy of these conditions.

Methods Mice (8 weeks old, C57Bl/6J) were given free
access to standard chow (SC) or an HF diet. The develop-
ment of NASH and liver tumourigenesis was evaluated after
mice had been on the above-mentioned diets for 60 weeks.
Similarly, frs/ ™" mice were also subjected to an HF diet for
60 weeks.

Results Long-term HF diet loading, which causes obesity and
insulin resistance, was sufficient to induce NASH and liver
tumourigenesis in the C57Bl/6] mice. Obesity and insulin
resistance were reduced by switching mice from the HF diet
to SC, which also protected these mice against the develop-
ment of NASH and liver tumourigenesis. However, compared
with wild-type mice fed the HF diet, Irs]™" mice fed the HF
diet were dramatically protected against NASH and liver
tumourigenesis despite the presence of severe insulin resis-
tance and marked postprandial hyperglycaemia.
Conclusions/interpretation IRS-1 inhibition might protect
against HF diet-induced NASH and liver tumourigenesis,
despite the presence of insulin resistance.

Keywords High-fat diet - Insulin receptor substrate-1 -
Insulin resistance - Liver tumourigenesis - Non-alcoholic
steatohepatitis

Abbreviations

ALT Alanine aminotransferase
HCC Hepatocellular carcinoma
H&E Haematoxylin and eosin

HF High-fat
HOMA-IR HOMA of insulin resistance
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NAFLD Non-alcoholic fatty liver disease
NASH Non-alcoholic steatohepatitis
PI3K Phosphoinositide 3-kinase

SC Standard chow

Introduction

The prevalence of obesity and diabetes has been increasing
globally over the past 30 years [1, 2]. These diseases not only
increase cardiovascular risk, but also cancer risk and mortality
rates [3, 4]. Especially, hepatocellular carcinoma (HCC), the
fifth most common cancer and the third leading cause of cancer
death worldwide [5], accounts for the largest increase in cancer
and mortality risk in individuals with obesity or diabetes [3, 4].
Certain cases of HCC may be associated with infection with
hepatitis B or C virus, or chronic alcohol use. However, an
increasing number of cases are associated with non-alcoholic
faity liver disease (NAFLD). NAFLD encompasses a clinico-
pathological spectrum of diseases ranging from isolated hepatic
steatosis to non-alcoholic steatohepatitis (NASH), the more
aggressive form of fatty liver disease, which may progress to
cirthosis and cirrhosis-related complications including HCC.
The prevalence of NAFLD, including NASH, is also increasing
in parallel with the growing obesity and diabetes epidemics [5].

Although the causal relationships between obesity or diabe-
tes, and NASH or liver tumourigenesis have not yet been
clearly elucidated, it is assumed that the insulin resistance
associated with obesity and diabetes is involved in the devel-
opment of hepatic steatosis and inflammation in the liver, which
may progress to NASH and liver tumourigenesis [5]. Indeed,
long-term high-fat (HF) diet loading, which can induce obesity
and insulin resistance, was sufficient to induce NASH and liver
tumourigenesis in C57Bl/6J mice [6-8]. Thus, this experimen-
tal model supports the above-mentioned concept.

IRS-1 and -2 exhibit a high structural homology, are
abundantly produced in the liver and are thought to be
responsible for transmitting insulin signalling from the in-
sulin receptor to intracellular effectors in the regulation of
glucose and lipid homeostasis [9, 10]. Insulin receptor sig-
nalling can be almost exclusively mediated by IRS-1 and
IRS-2 in the liver [10]; indeed, a dominant role of IRS-1 has
been observed during nutrient excess [11]. Moreover, HF
diet-fed liver-specific JrsI ™" mice displayed severe insulin
resistance, but not hepatic steatosis [11]. Also, mice with
acyl-CoA:diacylglycerol acyltransferase (DGAT)2 over-
abundance in the liver reportedly developed hepatic steato-
sis without abnormal plasma glucose and insulin levels [12],
while liver-specific phosphoinositide 3-kinase (PI3K)
pl10x-knockout (Pik3ca‘/ ") mice fed an HF diet were
protected against hepatic steatosis without ameliorating HF
diet-induced glicose intolerance [13]. Mice with genetic
defects or targeted overexpression, such as hepatocyte-

specific Pten-knockout mice and Pik3ca transgenic mice
[14, 15], have been reported to be models of NAFLD and
liver tumourigenesis, but might not reflect the natural aetiol-
ogy of NASH and liver tumourigenesis in human participants.
Rather, insulin sensitivity was improved in hepatocyte-
specific Pten-knockout mice, compared with wild-type mice
[14}, and Pik3ca transgenic mice exhibited better glucose
tolerance than wild-type mice [15]. Therefore, liver steatosis
can occur independently of insulin resistance.

In the present study, we investigated the effect of a long-
term HF diet on the development of NASH and liver
tumourigenesis using C57Bl/6J male mice. Next, we per-
formed similar experiments in which the HF diet was
switched to a standard chow (SC) diet to clarify the effect
of improved insulin resistance on the development of these
diseases. We also investigated the incidence of NASH and
liver tumourigenesis in s/~ mice subjected to a long-
term HF diet. The hypothesis behind this part of the study
was that hepatic steatosis, rather than insulin resistance, may
be related to the pathophysiology of these conditions.

Methods

Animals Mice (Irs1”"") were generated as described else-
where [16]. We backcrossed these mice with C57BV/6J mice
more than nine times. Male littermates derived from the
intercrosses were fed an SC diet until 8 weeks of age and
then had free access to the SC diet or an HF diet. In the
dietary switch experiment, 8-week-old C57BV/6J male mice
were subjected to the HF diet for 30 weeks and then
switched to the SC diet for the next 30 weeks; these mice
were then compared with mice from the same genetic back-
ground that had received the HF diet for the entire 60 weeks.
The mice were housed under a 12 h light-dark cycle. The
animals were maintained according to standard animal care
procedures based on institutional guidelines. These experi-
ments involving animals were approved by the local Ethics
Committee of the Yokohama City University.

Diet protocol We used an SC diet (MF; Oriental Yeast,
Tokyo, Japan) and an HF diet (High-Fat Diet 32; Clea
Japan, Tokyo, Japan). The composition of each of these
diets is shown in electronic supplementary material (ESM)
Table 1. The fatty acid composition of the HF diet consisted
of 22% (wt/wt) saturated fatty acid (12.6% palmitic acid,
7.5% stearic acid) and 77% (wt/wt) unsaturated fatty acid
(64.3% oleic acid, 10.2% linoleic acid).

Measurement of biochemical variables Blood glucose lev-
els were measured using a portable glicose meter and Glutest
Neo (Sanwa Chemical, Nagoya, Japan). Insulin levels were
determined using an insulin ELISA kit (Morinaga, Yokohama,
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Japan). Plasma alanine aminotransferase (ALT) levels were
assayed using an enzymatic method (Wako Pure Chemical,
Osaka, Japan). The plasma levels of total adiponectin and
leptin were measured using ELISAs (Otsuka Pharmaceutical,
Tokyo, Japan, and Morinaga, respectively). The triacylglycerol
content of the liver was determined as described elsewhere
[10]. HOMA of insulin resistance (HOMA-IR) was calculated
by using the formula [fasting insulin (mU/I) fasting plasma
glucose (mmol/)] /22.5. When insulin is expressed in SI units
as pmol/l, the constant changes to 156.26.

Glucose tolerance test Mice were denied access to food for
more than 16 h before the study and then orally loaded with
glucose at 1.5 mg/g body weight. Blood samples were
collected before, and at 15, 30, 60 and 120 min after glucose
loading.

Insulin tolerance test The insulin tolerance test was per-
formed under non-fasting conditions. Insulin was injected
intraperitoneally, and blood samples were collected before,
and at 30, 60, 90 and 120 min afier the injection.

Histopathological evaluation Liver samples were immersion-
fixed ovemnight in 10% formalin (vol./vol.) at 4°C. The
tissues were then routinely processed for paraffin embed-
ding, and 5 pum sections mounted on glass slides were
processed for haematoxylin and eosin (H&E) staining. The
presence of collagen, which can be used as an index of
fibrosis in lesions, was examined using Masson trichrome-
stained preparations.

Liver histology and scoring system All the histopathological
findings were scored by experienced pathologists, who were
unaware of the genetic backgrounds and diets of the mice.
The histological features were grouped into three broad
categories: steatosis, inflammation and fibrosis. The scoring
system used for the evaluation is detailed in ESM Table 2.

RNA preparation and real-time quantitative PCR Total
RNA was prepared from portions of the liver using a reagent
(Isogen; NipponGene, Tokyo, Japan), according to the manu-
facturer's instructions, and these samples were used as the
starting material for cDNA preparations. cDNA was synthes-
ised using reagents (TagMan Reverse Transcription; Applied
Biosystems, Foster City, CA, USA), followed by TagMan
quantitative PCR (50°C for 2 min and 95°C for 10 min, fol-
lowed by 40 cycles at 95°C for 15 s and at 60°C for 1 min),
performed on a PCR instrument (ABI Prism 7500; Applied
Biosystems) to amplify the following genes: Pparg, Srebplc
(also known as Srebf1), Fas, Scdl, Ppara, Cptl (also known as
Cptla), Mcad (also known as Acadm), Tnfa (also known as
Tnf), Mcpl (also known as Ccl2), p22phox (also known as
Cyba), gp91phox (also known as Cybb), p47phox (also known
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as NgfT) and Irs2. The relative expression levels were then
compared after normalisation to the expression of beta-actin.

Statistical analysis Results are expressed as means + SEM ().
Differences between two groups were analysed for statistical
significance using Student's ¢ test. Individual comparisons
among four groups were performed using an ANOVA followed
by Fisher's protected least significant difference post-hoc test.
Also, individual comparisons between two time points and two
groups were performed using a two-way ANOVA. A value of
p<0.05 was considered statistically significant.

Results

Effects of long-term HF diet on metabolic changes in
C57Bl/6J mice First, we tested the effect of long-term HF
diet loading on the development of NASH and liver
tumourigenesis in C57BV/6] male (wild-type) mice. After
30 and 60 weeks on the HF diet, this mouse model showed
higher body weights, fasting blood glucose levels, liver
weights and plasma ALT levels than mice fed SC, but the
plasma ALT levels were not significantly higher, presum-
ably because of an interaction effect (Fig. la-d). The tria-
cylglycerol content of the liver tended to be higher in wild-
type mice after 30, but not after 60 weeks on the HF diet,
compared with that in mice fed the SC diet (Fig. 1e). The
ghicose-lowering effect of insulin was impaired in this
mouse model when fed the HF diet, compared with that in
the same mouse model on the SC diet (Fig. 1f). Thus, the
long-term administration of an HF diet induced obesity and
insulin resistance in C57B1/6J male mice. Furthermore, fast-
ing insulin levels, HOMA of insulin resistance (HOMA-IR)
and leptin levels were significantly higher, while plasma
adiponectin levels were significantly lower in animals fed
the HF diet than in those fed the SC diet (Fig. 1g-j),
consistent with the results of previous reports [17, 18].

Effects of long-term HF diet on the risk of occurrence of
NASH and liver tumourigenesis in C57BIl/6J mice Livers
from wild-type mice fed the HF diet for 60 weeks were
enlarged, compared with those in animals fed the SC diet for
the same duration (Fig. 2a). Whereas wild-type mice on the
SC diet had an almost normal liver histology (Fig. 2b, e),
those fed the HF diet had typical features of NASH (Fig. 2¢)
at various stages of progression in the liver, including portal
inflammation (Fig. 2d) and blue wave-like bands of fibrotic
tissue in portal lesions (Fig. 2f, g). Scoring of the patholog-
ical findings showed significant increases for liver steatosis,
inflammation and fibrosis in wild-type mice fed the HF diet,
compared with scores in their counterparts on the SC diet
(Fig. 2h). The expression of lipogenic genes, such as Fas
and Scdl, after 30 weeks (Fig. 2i), and of genes encoding
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Fig. 1 Effects of a long-term HF diet on metabolic changes in C57BV/
6] mice. (a) Body weight, (b) fasting blood glucose, (¢) ratio of liver:
body weight, (d) plasma ALT and (e) triacylglycerol content of liver in
mice fed the SC (white bars) or HF (black bars) diet for 30 or 60 weeks
(n©8-24). (f) Insulin tolerance test in mice fed the SC (white dia-
monds) or HF (black squares) diet for 60 weeks (n@6). (g) Plasma
fasting insulin levels, (k) HOMA-IR calculated from fasting blood
glucose and insulin levels, (i) leptin levels and (j) total adiponectin
levels in mice fed the SC or HF diet for 30 weeks (n010-11). Values
are mean + SEM; *p<0.05 and **p<0.01

inflammatory cytokines, such as Tnfa and Mcpl, after
60 weeks (Fig. 2j) was significantly increased in wild-type
mice fed the HF diet, compared with that in animals fed the
SC diet. Furthermore, the expression of genes encoding the
reduced-form NADPH oxidase complex was coordinately
elevated after 60 weeks in mice fed the HF diet, compared
with findings in animals fed the SC diet (Fig. 2k). These
results reflect the natural course of NASH: in other words,
healthy liver becomes steatotic, followed by an inflammatory
process caused by cytokines and oxidative stress, which
results in hepatocellular degeneration and fibrosis. Moreover,
tumours of various diameters were frequently observed on
the liver surface in the HF group (Fig. 21). Pathologically,
these tumours were dysplastic nodules, adenomas or well-
differentiated carcinomas (Fig. 2m, n), consistent with the
findings of previous reports [6, 7]. These nodular lesions
were observed on the liver surface in 10% of animals after
30 weeks and in 54% of animals after 60 weeks of
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Fig. 2 Effects of a long-term HF diet on the risk of NASH and liver
tumourigenesis in C57BV6J mice. (a) Macroscopic findings after
60 weeks. (b, e) Histopathological findings in the livers of mice fed
the SC or HF (¢, d, f, g) diets, as assessed using H&E- (b{ld) and
Masson trichrome (e(g)-stained sections. (h) The NASH/NAFLD
Clinical Research Network scoring system definition and scores [32]
for mice fed the SC (white bars) or HF (black bars) diet (#09). (i)
mRNA expression of lipogenic and inflammatory cytokine-related
genes as listed after 30 and 60 (j) weeks, and (k) of genes encoding
the reduced-form NADPH oxidase complex after 60 weeks in mice fed
the SC or HF diet (n® 5-6). (f) Macroscopic and (m, n) histopathological
findings in sections containing liver tumours, as assessed using H&E-
stained sections from mice fed the HF diet for 60 weeks. (0) Proportion of
hepatic nodular lesions in mice fed the SC or HF diet (n0 8-24). (p)
Macroscopic and (g, r) histopathological features as assessed using H&E-
stained sections of hepatic tumours from mice fed the HF diet for
80 weeks. Values are mean + SEM; *p<0.05 and **p<0.01

administration of the HF diet in wild-type mice. In contrast,
no such nodular lesions were detected in mice fed the SC diet
(Fig. 20). Interestingly, HCCs, which are characterised by
disrupted normal liver architecture and intravascular tamour
embolism, were found in certain mice after 80 weeks on the
HF diet (Fig. 2p-1). As a point of reference, no increase in the
phosphorylation levels of c-Jun N-terminal kinase (JNK),
extracellular signal-regulated kinase (ERK) or p38 were not-
ed in wild-type mice fed the HF diet, compared with the
levels in mice fed the SC diet (data not shown). These results
indicate that the long-term HF diet loading was sufficient to
induce NASH and liver tumourigenesis in wild-type mice.
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Switching from the HF to the SC diet: effects on metabolic
changes in C57BIl/6J mice Next, to evaluate the effects of
nutrients on fat distribution within the body, the degree of
insulin resistance, and the risk of NASH and liver tumouri-
genesis, we compared C57B1/6] male mice that were fed the
HF diet for 30 weeks, followed by 30 weeks on the SC diet,
with mice from the same genetic background that were fed
the HF diet for the entire 60 weeks. The mice that were
switched from the HF diet to the SC diet showed a signif-
icantly lower body weight and visceral fat weight than the
animals that were fed the HF diet for the entire 60 weeks,
although no differences in fed-state blood glucose levels
were observed between the two groups (Fig. 3a—d). The diet
switch improved the degree of hyperinsulinaemia and insu-
lin resistance, as evidenced by fasting insulin levels,
HOMA-IR and insulin tolerance test results (Fig. 3e, f
ESM Fig. 1). The diet switch was also associated with a
decrease in liver weight, plasma ALT levels and liver tri-
acylglycerol content, although the difference for the latter
was not statistically significant (Fig. 3g—).

Switching from the HF to the SC diet: effects on the incidence of
NASH and liver tumourigenesis in C57BI/6J mice. Compared
with the findings for mice that continued the HF diet for the
entire 60 weeks, findings for mice that were switched from the
HF to the SC diet showed an almost normal liver histology
(Fig. 4a, b), with significantly decreased pathological scores for
NASH (Fig. 4c). Also, the expression of genes encoding in-
flammatory cytokines such as 7nfa and Mcpl, and the reduced-
form NADPH oxidase complex decreased significantly in the
group that switched diets (Fig. 4d, €). The proportion of nodular
lesions was also significantly decreased by the dietary switch
(Fig. 4f). These findings suggest that the correction of nutrient
conditions improved obesity and the related insulin resistance,
and protected the animals against HF diet-induced NASH and
liver tumourigenesis.

Effects of long-term HF diet on metabolic changes in Irs1 -
mice To evaluate the effect of hepatic steatosis on HF diet-
induced NASH and liver tumourigenesis, we used Irs/™""
male mice, which exhibit postnatal growth retardation and
insulin resistance, but have normal glucose tolerance because
of compensatory beta cell hyperplasia [19-21]. As expected,
the body weight of Irs/™" mice was about two thirds that of
wild-type mice in the SC and HF diet groups (Fig. 5a). How-
ever, fed-state blood glucose levels were increased in Irs]™
mice, compared with those in wild-type mice, after 6 weeks on
the HF diet, although no differences in fed-state glucose levels
were observed between wild-type and IrsI™ mice fed the SC
diet (Fig. 5b). Interestingly, the liver weight, plasma ALT
levels and triacylglycerol content of the liver were significant-
ly higher in wild-type mice fed the HF diet than in the other
groups of mice (Fig. 5c—e). Moreover, although wild-type
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Fig. 3 Effects of the switch from the HF to the SC diet on metabolic
changes in C57B1/6J mice. The mice were fed the HF diet for 30 weeks,
followed by the SC diet for 30 weeks. They were then compared with
mice fed the HF diet for 60 weeks. (a) Changes in body weight and (b)
fed-state blood glucose levels in the HF diet alone (black squares) and
HF + SC diet (white diamonds) groups (20 10). (¢) Visceral fat weight
and (d) the ratio of visceral fat weight to body weight in the HF diet
alone (black bars) and the HF + SC diet (white bars) groups (n85). (e)
Plasma fasting insulin, (f) HOMA-IR, (g) liver weight, (h) ratio of liver
to body weight, (i) plasma ALT and (j) triacylglycerol content of the
liver in the two groups of mice (1@ 10). Values are mean + SEM; *p<

0.05 and **p<0.01; 'p©0.08

mice fed the HF diet demonstrated the typical features of
hepatic steatosis, the other three groups showed an almost
normal liver histology (Fig. 5f-i). These results indicate that
the disruption of IRS-1 protected against HF diet-induced
hepatic steatosis.

Based on these results, we next compared the effects of
long-term HF diet loading on metabolic changes in frsI™"
mice relative to those in wild-type mice. Although the body
weight of Jrs/™"~ mice was about two thirds that of wild-
type mice and the visceral fat weight in the former was also
lower (Irs/™" mice 2.3+0.1 g vs wild-type 3.9%0.1 g), no
difference in the ratio of visceral weight to body weight was
observed between the two groups (Fig. 6a—c). The insulin
and oral glucose tolerance tests revealed that Irs/™" mice
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Fig. 4 Effects of switching from the HF to the SC diet on the inci-
dence of NASH and liver tumourigenesis in C57B1/6] mice. The mice
were fed the HF diet for 30 weeks, followed by the SC diet for
30 wecks. They were then compared with mice fed the HF diet for
60 weeks. (a) Histopathological findings of NASH in the livers from
the HF diet alone group and (b) the HF + SC diet group, as observed
using H&E-stained sections (n04). (¢) NASH/NAFLD Clinical Re-
search Network scoring system definitions and scores [32] for the HF
diet alone (black bars) and the HF + SC diet (white bars) groups of
mice (70 9-10). (d) mRNA expression of lipogenic and inflammatory
cytokine-related genes, and (e) of genes encoding the reduced-form
NADPH oxidase complex in the two groups of mice (n@4-6). (f)
Proportion of hepatic nodular lesions in the two groups of mice (n0
15). Values are mean + SEM; *p<0.05 and **p<0.01

fed the HF diet had severe insulin resistance and marked
postprandial hyperglycaemia compared with wild-type
mice on the same diet (Fig. 6d, e). Also, their fasting
insulin levels and HOMA-IR values were significantly
higher than in wild-type mice (Fig. 61, g). Moreover, the
liver weight, plasma ALT levels and triacylglycerol con-
tent of the liver were significantly lower in JrsI™"" mice
than in wild-type mice fed the HF diet (Fig. 6a, h—j).
Although no difference in plasma leptin levels was seen,
adiponectin levels were significantly higher in Irs/™"
mice (Fig. 6k, 1).
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Fig. § Effects of an HF diet on liver steatosis in Irs/™" mice. (a)
Changes in the body weight and (b) fed-state blood glucose levels in
wild-type and JrsI™"" mice fed the SC or HF diet (white diamonds,
wild-type SC; black squares, wild-type HF; white triangles, Jrs7 ™~ SC;
black circles, IrsI™ HF) (n@7-11). (¢) Ratio of liver weight to body
weight, (d) plasma ALT and (e) triacylglycerol content of the liver in
mice as above (a, b) at 20 weeks of respective diet (white bars, wild-
type SC; black bars, wild-type HF; dotted bars, IrsI™ SC; striped
bars, IrsI™" HF) (n@ 5-10). (f) Histopathological findings in the livers
of wild-type SC-, (g) wild-type HF-, (h) ZrsI™~ SC- and (i) JrsI™"~ HF-

" fed mice, as assessed using H&BE-stained sections (rn@4). Values are

mean = SEM; *¥p<0.01

Effects of long-term HF diet on the incidence of NASH and
liver tumourigenesis in IrsI™’~ mice Apparently, IrsI™"~
mice fed the HF diet showed an almost normal liver histol-
ogy (Fig. 7a—d), while pathological scores for NASH were
significantly lower in IrsI™" mice (Fig. 7¢). Also, the
expression of lipogenic genes such as Fas and Scdl at
30 weeks, and of genes encoding inflammatory cytokines
and the reduced-form NADPH oxidase complex at 60 weeks
were significantly decreased in JrsI ™'~ mice on the HF diet,
compared with wild-type mice fed the same diet (Fig. 7f-h).
Moreover, the proportion of nodular lesions was significant-
ly lower in JrsI™ mice fed the HF diet than in wild-type
mice on the same diet (Fig. 7i). These results indicate that
the disruption of IRS-1 protected against HF diet-induced
NASH and liver tumourigenesis, despite being associated
with severe hyperglycaemia and insulin resistance.

@ Springer
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Fig. 6 Effects of a long-term HF diet on metabolic changes in frsI™"
mice. (a) Macroscopic observation in wild-type (WT) and Zrs]™ mice
fed the HF diet. (b) Body weight and (c) ratio of visceral weight to
body weight in wild-type (black bars) and Zrs/ ™ (white bars) mice fed
the HF diet for 30 weeks (n@4-10). (d) Insulin and (e) oral glucose
tolerance tests in wild-type (black squares) and JrsI™ (white trian-
gles) mice fed the HF diet for 30 weeks (n08-10). (f) Plasma fasting
insulin, (g) HOMA-IR, (h) ratio of liver weight to body weight, (i)
plasma ALT, (j) hepatic triacylglycerol content, (k) plasma leptin levels
and (I) plasma total adiponectin levels in wild-type and Jrs/™"" mice
fed the HF diet for 30 weeks (n@6-10). Values are mean + SEM;
*p<0.05 and **p<0.01
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Discussion

In the present study, we showed that long-term HF diet
loading, which causes obesity and peripheral insulin resis-
tance, was sufficient to induce NASH and liver tumouri-
genesis in C57Bl/6J mice, and that the reduction of
obesity and peripheral insulin resistance by switching from
the HF to an SC diet protected animals against the devel-
opment of NASH and liver tumourigenesis. More impor-
tantly, the results of our study indicate that IrsI™" mice
fed the HF diet were dramatically protected against NASH
and liver tumourigenesis, despite having severe insulin
resistance and marked postprandial hyperglycaemia. These
results are not consistent with the prevalent notion that the
insulin resistance associated with obesity and diabetes is
involved in the development of hepatic steatosis and in-
flammation in the liver, which may progress to NASH and
liver tumourigenesis [5].
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How can these results be explained? One explanation is the
concept of selective or partial insulin resistance [22]. Thus
humans with insulin resistance caused by inherited mutations
in the insulin receptor and mice with a liver-specific deletion
of the insulin receptor have hyperglycaemia and hyperinsuli-
naemia, but are both protected against hepatic steatosis and
hypertriacylglycerolaemia [23, 24]. This finding is consistent
with the idea that not all signals are blunted in classical
insulin-resistant states; instead, some signals are preserved,
particularly those related to hepatic steatosis.

Insulin receptor signalling can be almost exclusively medi-
ated by IRS-1 and IRS-2 in the liver, with IRS-2 mainly
functioning during fasting and immediately after re-feeding,
while TRS-1 functions primarily afier re-feeding [10]. In our
results in wild-type mice, Irs2 levels were significantly de-
creased in the HF diet group, compared with those in the SC
diet group, under fasting conditions, while levels of Irs7 in the
HF diet group were similar to those in the SC diet group under
re-feeding conditions (ESM Fig. 2). Insulin signalling might be
decreased mainly under fasting conditions in the HF diet group,
as the hyperinsulinaemia associated with an HF diet may sup-
press IRS-2 production [25]. In this case, HF diet feeding might
place the mice in a chronic postprandial state that preferentially
inactivates IRS-2, with persistent IRS-1 signalling possibly
promoting lipogenesis and leading to hepatic steatosis, since
IRS-1 has been proposed to be the dominant regulator of
expression of the hepatic genes controlling lipogenesis [11].
In contrast, hepatic insulin signalling in frs1™"" mice fed the HF
diet was impaired, since IRS-1 was absent and IRS-2 signalling
was suppressed by the hyperinsulinaemia associated with the
HF diet. Thus, the pathophysiological features in JrsI™ mice
fed the HF diet might be similar to those in liver-specific Irsi/
Irs2 double-knockout mice and in liver-specific insulin receptor
knockout mice [11, 24]. A similar situation is seen with the
liver-specific loss-of-function of the p110x subunit of PI3K
[13] or of Akt [26]. Since the IRS proteins lie between these
steps [27], these previous studies using mouse models with
genetic engineering of genes encoding the insulin receptor,
IRS, PI3K and Akt are consistent with the phenotype of the
IrsI™" mice fed the HF diet in our study.

Importantly, the mice in the present study, unlike liver-
specific knockout mice, had impaired IRS-1 functions in all
their tissues. It thus remains unclear whether the protection
against NASH and liver tumourigenesis is due to a global
loss of insulin signalling or a liver-specific loss. Unfortu-
nately, the current data do not answer this question. How-
ever, we assumed that the protection might be due to a liver-
autonomous effect, since liver-specific IrsI™~ mice fed an
HF diet, but not liver-specific Irs2™" mice fed an HF diet
were reportedly protected from hepatic steatosis [11] and the
steatotic host microenvironment probably sets the stage for
tumour development, even during the initially reversible and
treatable stages of fatty liver disease [7]. Therefore, this



