THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 289, NO. 20, pp. 13821-13837, May 16,2014
© 2014 by The American Society for Biochemistry and Molecular Biology, Inc.  Published in the US.A.

Deficiency of Oncostatin M Receptor 3 (OSMRf) Exacerbates
High-fat Diet-induced Obesity and Related Metabolic

Disorders in Mice”

Received for publication, December 11,2013, and in revised form, March 27,2014 Published, JBC Papers in Press, April 2, 2014, DOI 10.1074/jbc.M113.542399

Tadasuke Komori*, Minoru Tanaka®, Emiko Senba*, Atsushi Miyajima®, and Yoshihiro Morikawa*'

From the *Department of Anatomy and Neurobiology, Wakayama Medical University, Wakayama 641-8509, Japan and
§Laboratory of Cell Growth and Differentiation, Institute of Molecular and Cellular Biosciences, The University of Tokyo,

Tokyo 113-0032, Japan

insulin resistance, and hepatic steatosis.

disorders.
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(Background: Obesity is associated with adipose tissue inflammation, insulin resistance, and hepatic steatosis.
Results: OSM receptor 3 (OSMRp)-deficient mice fed a high-fat diet exhibited severe obesity, adipose tissue inflammation,

Conclusion: OSM signaling has suppressive effects on the deterioration of obesity-induced metabolic disorders.
Significance: These results indicate that OSM signaling may be a promising therapeutic target of obesity-induced metabolic

J

Oncostatin M (OSM) belongs to the IL-6 family of cytokines
and has diverse biological effects, including the modulation of
inflammatory responses. In the present study we analyzed the
roles of OSM signaling in obesity and related metabolic disor-
ders. Under a high-fat diet condition, OSM receptor 3 subunit-
deficient (OSMRB~'7) mice exhibited increases in body weight
and food intake compared with those observed in WT mice. In
addition, adipose tissue inflammation, insulin resistance, and
hepatic steatosis were more severe in OSMRB ™/~ mice than in
wild-type (WT) mice. These metabolic phenotypes did not
improve when OSMRB ™'~ mice were pair-fed with WT mice,
suggesting that the effects of OSM signaling on these pheno-
types are independent of the increases in the body weight and
food intake. In the liver of OSMRB_/ ~ mice, the insulin-induced
phosphorylation of p70 S6 kinase remained intact, whereas
insulin-induced FOXO1 phosphorylation was impaired. In
addition, OSMRB ™'~ mice displayed a higher expression of
genes related to de novo lipogenesis in the liver than WT mice.
Furthermore, treatment of genetically obese 0b/ob mice with
OSM improved insulin resistance, adipose tissue inflammation,
and hepatic steatosis. Intraportal administration of OSM into
ob/ob mice activated STAT3 and increased the expression of
long-chain acyl-CoA synthetase (ACSL) 3 and ACSL5 with
decreased expression of fatty acid synthase in the liver, suggest-
ing that OSM directly induces lipolysis and suppresses lipogen-
esis in the liver of obese mice. These findings suggest that
defects in OSM signaling promote the deterioration of high-fat
diet-induced obesity and related metabolic disorders.

Obesity-induced insulin resistance is known to be a strong
risk factor for the development of type 2 diabetes and subse-
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quent cardiovascular disease (1). In the past decade it has been
reported that obesity is underlying chronic low-grade inflam-
mation that causes various metabolic disorders, including insu-
lin resistance (2). Under obese conditions, a variety of inflam-
matory cells, including macrophages, neutrophils, T-cells, and
eosinophils, are activated, stimulating infiltration, in adipose
tissue (3—6). Among these inflammatory cells, classically acti-
vated macrophages (M1-type macrophages) in adipose tissue
secrete proinflammatory cytokines (TNF-« and IL-1), which
induce insulin resistance (7—11). In contrast, adipose tissue in
non-obese animals predominantly contains alternatively acti-
vated macrophages (M2-type macrophages) that suppress
inflammation by producing anti-inflammatory cytokines, such
as IL-10 (12, 13). Therefore, obesity stimulates a switch in the
macrophage phenotype in adipose tissue toward the M1-type,
which plays an important role in the attenuation of insulin sen-
sitivity. However, the mechanisms underlying the development
of obesity-induced adipose tissue inflammation and insulin
resistance are not fully understood.

Oncostatin M (OSM)? is a member of the IL-6 family of cyto-
kines, including IL-6, IL-11, leukemia inhibitory factor, ciliary
neurotrophic factor, and cardiotrophin-1 (14). OSM exerts a
variety of biological effects depending on the target cell by bind-
ing to the heterodimeric membrane receptor comprising the
OSM specific B subunit (OSMRP) and gp130 (15). It has been
reported that OSM is produced by inflammatory cells, such as
activated T cells, neutrophils, eosinophils, and macrophages
(16-18), and is associated with many inflammatory diseases,
including lung inflammation, rheumatoid arthritis, and multi-

2The abbreviations used are: OSM, oncostatin M; OSMRB, OSM-specific 8
subunit; OSMRB™/~, OSMRB-deficient; ATM, adipose tissue macrophage;
AUC, areas under the curve; DIO, diet-induced obese; HFD, high-fat diet;
ipGTT, intraperitoneal glucose tolerance test; ITT, insulin tolerance test; RT,
room temperature; MCP-1, monocyte chemoattractant protein-1; CCR2,
C-C chemokine receptor 2; TLR4, toll-like receptor 4; FAS, fatty-acid syn-
thase; SCD-1, stearoyl CoA desaturase-1; SREBF-1, sterol regulatory-ele-
ment binding transcription factor-1; PF, pair-fed; PAS, periodic acid-Schiff;
SVF, stromal vascular fraction; S6K, S6 kinase.
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ple sclerosis (19, 20). In a previous study we reported that
OSMRQ is expressed in adipose tissue macrophages (ATM:s)
and that OSM switches the phenotype of ATMs from the
MIl-type to the M2-type (21). In addition, disruption of
OSMRp gene in mice results in the development of mature-
onset obesity and systemic insulin resistance under normal die-
tary conditions (21). However, the role of OSM signaling in the
regulation of diet-induced obesity and related metabolic disor-
ders remains unclear. In the present study we analyzed meta-
bolic parameters in OSMRB ™/~ mice fed a high-fat diet (HFD)
to investigate the role of OSM signaling in the development of
obesity-induced metabolic disorders, including adipose tissue
inflammation, insulin resistance, and hepatic steatosis.

EXPERIMENTAL PROCEDURES

Animals—Male C57BL/6] mice (8 weeks old) were pur-
chased from Nihon SLC (Hamamatsu, Japan). Male +/+ (lean)
and ob/ob mice (8 weeks old) were obtained from our breeding
colony using heterozygous (0b/+) breeding pairs. The protocol
used to generate OSMRB™/~ mice has been described previ-
ously (22). OSMRB™ /" wild-type (WT) and OSMRB ™/~ litter-
mates were obtained from our breeding colony using heterozy-
gous (+/—) breeding pairs. All mice were housed in specific
pathogen-free facilities and light (12-h light/dark cycle)-, tem-
perature (22-25 °C)-, and humidity (50— 60% relative humidi-
ty)-controlled conditions. The mice were allowed free access to
food and water. Until 8 weeks of age, all mice were fed a normal
diet consisting of 13.3% calories from fat (MF; Oriental Yeast,
Tokyo, Japan). At all times the experiments were performed
under the control of the Animal Research Control Committee
in accordance with the Guidelines for Animal Experiments of
Wakayama Medical University, Japanese Government Notifi-
cation on Feeding and Safekeeping of Animals (no. 6) and
National Institutes of Health Guide for the Care and Use of
Laboratory Animals (NIH publication no. 80-23, revised
1978). All efforts were made to minimize the number of animals
used and their suffering.

HFD—Diet-induced obese (DIO) mice were generated by
placing male C57BL/6] mice on an HFD consisting of 56.7% of
calories from fat (High Fat Diet 32; CLEA Japan, Tokyo, Japan)
beginning at 8 weeks of age for 8 weeks. OSMRB ™/~ mice and
their littermates were placed on the HFD starting at 8 weeks of
age and fed in individual cages for 2, 4, or 8 weeks.

Pair-feeding on the HFD—Pair-feeding study was performed
with some modifications as described by Racioppi et al. (23).
WT and OSMRB ™/~ mice at 8 weeks of age were housed in
individual cages. The amount of food intake for the WT mice
fed ad libitum and OSMRB ™/~ mice fed ad libitum was moni-
tored daily for the duration of the experiment. As OSMRB ™/~
mice fed ad libitum would eat more food than WT mice fed ad
libitum, OSMRB ™'~ mice received the average amount of food
consumed by the WT mice. All mice had free access to water.
The food was provided to mice every day at 18:00, 2 h before the
dark period began. Pair-feeding was carried out for 8 weeks.
Body weights were recorded once a week throughout the
experiment.

Injection of OSM in ob/ob Mice—Injection of OSM was per-
formed as described previously (21). Briefly, ob/ob mice were
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administrated intraperitoneally with either vehicle or recombi-
nant mouse OSM (12.5 ng/g of body weight; R & D Systems,
Minneapolis, MN) twice a day (10:00 and 18:00 h) for 1 week.

Intraportal Administration of OSM in ob/ob Mice—To inves-
tigate the direct effects of OSM on the liver of obese mice, 0b/ob
mice were deeply anesthetized with isoflurane and adminis-
trated intraportally with either vehicle or recombinant mouse
OSM (12.5 ng/g of body weight). After 15, 30, 60, or 120 min of
administration, the livers were excised, and the tissue lysates
were prepared as described below.

Isolation of the Adipocyte Fraction and Stromal Vascular
Fraction (SVF)—Isolation of the adipocyte fraction and SVF
was performed as previously described (21). The mice were
deeply anesthetized with diethyl ether, and the epididymal adi-
pose tissue was quickly removed. The adipose tissue was
minced into fine pieces and digested with collagenase type 2
(Sigma) dissolved in PBS supplemented with 2% FCS at 37 °C
for 20 min. Next, the samples were passed through a nylon
mesh (100-um pore size; BD Biosciences) and fractioned by
brief centrifugation (1200 rpm) at room temperature (RT) for 5
min. Floating cells and pellets were collected as the adipocyte
fraction and SVF, respectively. The cells in the SVF were incu-
bated with ammonium chloride buffer (PharmLyse; BD Biosci-
ences) to lyse the erythrocytes.

Flow Cytometry—Flow cytometry was performed as previ-
ously described (21). The cells in the SVF were incubated with
anti-CD16/CD32 antibodies (1:100, BD Biosciences) to block
Fc binding at 4 °C for 20 min. The cells were then incubated
with the following primary antibodies at 4 °C for 30 min:
fluorescein isothiocyanate-conjugated anti-F4/80 antibody
(eBiosciences), phycoerythrin-conjugated anti-CD11lc anti-
body (eBiosciences), and Alexa Fluor 647-conjugated anti-
CD206 antibody (AbD Serotec). To detect OSMRS in the SVF,
cells were incubated with goat anti-OSMRR antibody (diluted
at 1:5, R&D Systems) at 4 °C for 30 min. Then, the cells were
incubated with phycoerythrin-conjugated donkey anti-goat
IgG (diluted at 1: 20, R&D Systems). The stained cells were
analyzed using the C6 flow cytometer (BD Biosciences) or the
FACSCalibur flow cytometer (BD Biosciences). The stained
cells were analyzed using the C6 flow cytometer (Accuri
Cytometers). Dead cells were removed from the analysis using
propidium iodide staining. The flow cytometry results were
analyzed using the Flow]Jo (Tree Star) software suite. The events
were first gated based on a forward scatter plot versus pro-
pidium iodide to identify individual live cells. The plot of a
forward- versus side-scatter pattern was used as the second gate
to gate out aggregates and debris. The cells gated on the F4/80-
positive population were then analyzed for CD11¢, CD206, and
OSMRB. Single color controls were used to set the compensa-
tion and gates.

Insulin Signaling Analysis— An insulin signaling analysis was
performed as previously described (21). To evaluate insulin sig-
naling, mice fasted for 24 h were intraperitoneally injected with
human insulin (10 milliunits/g of body weight). Ten minutes
later epididymal adipose tissue, gastrocnemius muscle, and
liver were excised and frozen in liquid nitrogen. Tissue lysates
were prepared as described below.
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Western Blot Analysis—W estern blot analysis was performed
with some modifications, as previously described (24). Tissue
lysates were prepared using radioimmune precipitation assay
buffer (Upstate Biotechnology) containing protease inhibitor
mixture (Upstate Biotechnology), 1 mm orthovanadate, 1 mm
sodium fluoride, and 1 mm phenylmethylsulfonyl fluoride. The
protein concentrations in the lysates were determined using a
BCA Protein Assay kit (Pierce). Twenty micrograms of protein
obtained from the samples was separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred to PVDF membranes (GE Healthcare). The blotted
membranes were incubated with goat anti-OSMRS antibody
(diluted 1:1000, R&D Systems), rabbit anti-phosphorylated Akt
antibody (diluted at 1:1000, Cell Signaling Technology), rabbit
anti-phosphorylated FOXO1 antibody (diluted at 1:1000, Cell
Signaling Technology), rabbit anti-phosphorylated p70 S6
kinase (S6K) antibody (diluted at 1:1000, Cell Signaling Tech-
nology), and rabbit anti-phosphorylated STAT3 antibody
(diluted at 1:1000, Cell Signaling Technology). The membranes
were then incubated with HRP-conjugated donkey anti-goat
(diluted at 1:10,000, Jackson ImmunoResearch) or donkey anti-
rabbit (diluted at 1:4,000, GE Healthcare) antibodies. Labeled
proteins were detected with chemiluminescence using ECL
detection reagent (GE Healthcare) according to the manufactu-
rer’s instructions. The membranes were exposed to hyperfilm
ECL (GE Healthcare) for an appropriate period. The blotted
membranes were stripped in 0.25 M of glycine, pH 2.5, at RT for
10 min and incubated with rat anti-tubulin antibody (diluted at
1:500; Abcam), rabbit anti-FOXO1 antibody (diluted at 1:1000,
Cell Signaling Technology), rabbit anti-S6K antibody (diluted
at 1:1000, Cell Signaling Technology), and rabbit anti-STAT3
antibody (diluted at 1:1000, Cell Signaling Technology) at 4 °C
for 16 h followed by incubation with HRP-conjugated donkey
anti-rat (diluted at 1:4000, Jackson ImmunoResearch) or don-
key anti-rabbit antibodies (diluted at 1:4000, Jackson Immu-
noResearch) at RT for 1 h.

Immunohistochemistry—Immunofluorescence staining was
performed with some modifications as previously described
(25). Briefly, the mice were deeply anesthetized with diethyl
ether, and the epididymal adipose tissue was quickly removed.
The adipose tissue was then fixed with 1% paraformaldehyde in
PBS at 4 °C for 1 h followed by preincubation in 5% normal
donkey serum at RT for 1 h. The adipose tissue was subse-
quently incubated with goat anti-OSMRf antibody (diluted at
1:400), rat anti-F4/80 antibody (diluted at 1:1000; AbD Sero-
tec), and rabbit anti-caveolin-1 antibody (diluted at 1:400; BD
Biosciences). The adipose tissue was incubated with Cy2-con-
jugated, Cy3-conjugated, or biotinylated secondary antibodies
(diluted at 1:800; Jackson ImmunoResearch) at RT for 1 h. The
adipose tissue was then incubated with 7-amino-4-methylcou-
marin-3-acetic acid-conjugated streptavidin (diluted at 1:500;
Jackson ImmunoResearch) at RT for 30 min and mounted in
mounting media (90% glycerol and 10% PBS) on the chambered
slide. Immunofluorescence images were acquired using a con-
focal laser scanning microscope (LSM700; Carl Zeiss).

Immunohistochemical analysis of pancreas was performed
as previously described (21). Briefly, 6-um-thick frozen sec-
tions were treated with normal donkey serum and incubated
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with rabbit anti-insulin antibody (diluted at 1:400; Abcam).
Then they were incubated with biotinylated donkey anti-rabbit
IgG antibody (diluted at 1:800; Jackson ImmunoResearch) fol-
lowed by the incubation with HRP-conjugated streptoavidin
(DAKO, Carpinteria, CA). Thereafter, the peroxidase reaction
was developed with 0.05% diaminobenzidine tetrahydrochlo-
ride (Sigma) and 0.01% H,O,. Eosin Y (Muto Pure Chemical,
Tokyo, Japan) was used for counterstaining. Images were
acquired by using a BIOREVO BZ-9000 microscope (KEY-
ENCE, Osaka, Japan). To evaluate the area of B-cell in pancreas,
every 20th section was selected from a series of consecutive
pancreatic sections, and 12 sections per mouse were used for
the analysis. For each section, the cells were considered to be
positive for insulin if the cell bodies were stained brown. The
area of B-cells and pancreas was quantified using Image J anal-
ysis software (Version 1.46r, Scion, Frederick, MD).

The following controls were performed: (i) incubation with
protein A-purified goat or rabbit IgG instead of primary anti-
body; (ii) incubation without the primary antibody or without
primary and secondary antibodies. All controls revealed no
labeling (data not shown).

Measurement of Blood Glucose and Serum Insulin—Mea-
surements of the blood glucose and serum insulin levels were
obtained as previously described (21). The mice were fasted for
4 h to remove the effects of food intake on glucose metabolism,
and blood was removed from the tail vein at 18:00 h. In the
fasting experiments the mice were fasted overnight with free
access to water. Serum was then immediately collected and
stored at —20 °C. The blood glucose levels were measured with
a glucose measurement device (Glucocard GT-1640, Arkray).
The serum insulin concentrations were determined using kits
from Morinaga.

Intraperitoneal Glucose Tolerance Tests (ipGTT) and Insulin
Tolerance Tests (ITT)—ipGTT and ITT were performed as pre-
viously described (21). For the ipGTT, the mice were fasted for
overnight, after which they received an intraperitoneal injec-
tion of p-glucose. Blood samples were collected from the tail
vein before and at 15, 30, 60, and 120 min after the injection of
D-glucose. For the ITT, the mice were fasted for 4 h, after which
they received an intraperitoneal injection of human insulin.
Blood samples were collected from the tail vein before and at
15, 30, 60, and 120 min after the injection of insulin.

ELISA—The concentrations of TNF-«, IL-10, and adiponec-
tin were measured with ELISA kits (R & D Systems) according
to the manufacturer’s instructions. The serum leptin concen-
tration was determined using an ELISA kit from Morinaga. The
serum amyloid A concentration was measured with an ELISA
kit from Invitrogen.

Measurement of the Lipid Content in the Serum and Liver—
The serum levels of triglycerides, total cholesterol, and free
fatty acids were measured at Nagahama Life Science Labora-
tory using lipid assay kits (Triglyceride E-Test Wako, Total
Cholesterol E-Test Wako, and NEFA C-Test Wako, Wako Pure
Chemical Industries) according to the manufacturer’s instruc-
tions. The content of triglycerides and total cholesterol in the
liver was analyzed at Skylight Biotech (Akita, Japan).

As described previously (21), the mice were fasted for 4 h to
remove the effects of food intake on lipid metabolism, and liver
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was dissected at 15:00 h. In the fasting experiments the mice
were fasted for overnight with free access to water. Lipids were
extracted from the liver according to the Folch method (26).
The frozen liver tissues were homogenized, and triglycerides
and total cholesterol were extracted from the homogenate with
chloroform/methanol (2:1, v/v), dried, and resuspended in
2-propanol. The amounts of triglycerides and total cholesterol
in the extract were measured using lipid assay kits (Cholestest
TG and Cholestest CHO, Sekisui Medical).

Quantitative Real-time PCR—Quantitative real-time PCR was
performed with some modifications, as previously described
(25). Briefly, total RNA extracted from epididymal adipose tissue,
SVEF, liver, hypothalamus, skeletal muscle, and pancreas was
prepared using TRI reagent (Molecular Research Center). The
cDNA from the total RNA was synthesized with TagMan Reverse
Transcription Reagents (Applied Biosystems). The following Taq-
Man Gene Expression Assays (Applied Biosystems) were used:
OSM (Mm01193966_m1), OSMRB (Mm00495424._m]1), insulin
(P/N4323969), TNF-a¢ (Mm00443258_m1), IL-18 (Mm00434228
m1l), interferon-y (IFN-y) (Mm00801778_m1), monocyte che-
moattractant protein-1 (MCP-1) (Mm00441242_m1), C-C
chemokine receptor 2 (CCR2) (Mm00438270_ml), toll-like
receptor 4 (TLR4) (Mm00445273_m1), IL-6 (Mm00446190_m1),
IL-10 (Mm00439616_m1), IL-13 (Mm00434204_m1), adiponec-
tin (MmO00456425_m1), macrophage galactose-type C-type lectin
1 (MGL1) (MmO00546124_m1), MGL2 (Mm00460844._m1), fatty-
acid synthase (FAS) (MmO00662319_m1), stearoyl CoA desatu-
rase-1 (SCD-1) (Mm00772290_m1), sterol regulatory-element
binding transcription factor-1 (SREBF-1) (Mm00550338_m1),
ACSL3 (Mm01255804__m1), ACSL5 (Mm01261083_m1), and 18S
(Hs99999901_s1). Quantitative real-time PCR of each gene was
performed using Rotor Gene Q (Qiagen) and Rotor Gene Probe
PCR kits (Qiagen). The PCR amplification protocol was as follows:
95 °C for 10 min followed by 40 cycles of 95 °C for 10 s and 60 °C for
45 s. The relative abundance of transcripts was normalized accord-
ing to the expression of 18 S mRNA and analyzed using the AACT
method.

Statistical Analysis—The results are presented as the mean *
S.E. Statistically significant differences between groups were
analyzed using Student’s ¢ test or an analysis of variance fol-
lowed by the post-hoc Bonferroni test. The criterion for statis-
tical significance was a p value of < 0.05.

RESULTS

Expression of OSMRp in the Adipose Tissue of the Obese
Mice—We previously reported that OSMRS is expressed in
adipose tissue, especially in the ATMs of C57BL/6] mice under

normal dietary conditions (21). We first investigated the
expression levels of OSM and OSMRS in various tissues of two
types of obese model mice, DIO mice and genetically obese
ob/ob mice. In non-obese mice, both OSM and OSMRp were
abundantly expressed in the adipose tissue (Fig. 1, A-D). The
expression of OSM only increased in the adipose tissues of both
types of obese model mice (Fig. 1, A and B). In contrast, the
OSMRR expression was increased in the adipose tissue and
liver but not in the hypothalamus, skeletal muscle, and pancreas
in the obese mice (Fig. 1, C and D). In the adipose tissue, the
expression of OSMR was predominantly increased in the SVF
in DIO and ob/ob mice compared with that observed in the
respective control mice (Fig. 1, E-G). However, OSMRf was
rarely detected in the adipocyte fraction of all mice examined (Fig.
1E). Immunofluorescence staining revealed that OSMRS was
expressed in F4/80-positive macrophages in the adipose tissue of
the DIO and 0b/ob mice and the respective control mice (Fig. 1H).
However, the intensity of staining for OSMRP in macrophages
and the number of OSMR-positive macrophages were increased
in the adipose tissue in the DIO and 0b/ob mice compared with
those observed in the respective control mice (Fig. 1H). Flow cyto-
metric analysis revealed that OSMR 3 was exclusively expressed in
F4/80-positive macrophages in the adipose tissue of both the DIO
(97.0 = 1.1%; Fig. 11) and ob/ob mice (96.7 = 0.3%; Fig. 1)). In
addition, almost half of F4/80-positive macrophages was OSMR3-
positive in the adipose tissue of the DIO (45.0 = 1.1%; Fig. 1/) and
ob/ob mice (43.8 = 1.7%; Fig. 1)).

OSMRB~"~ Mice Develop Obesity and Insulin Resistance
under HFD Conditions—To investigate the roles of OSM sig-
naling in the development of obesity-induced metabolic disor-
ders, we fed 8-week-old OSMRB ™/~ mice and WT littermates
an HFD for 8 weeks. As the amount of food intake and the food
intake per body weights were increased in OSMRB ™/~ mice
compared with that observed in WT mice under HFD condi-
tions (Fig. 2, D and E), we conducted a pair-feeding study to
investigate the effects of food intake on metabolic parameters in
OSMRB ™/~ mice. Remarkably, OSMRB ™'~ mice began to gain
more weight than WT mice at 4 weeks on the HFD and
remained heavier until 8 weeks on the HFD (Fig. 2, A and B).
In OSMRB™/~ mice pair-fed with WT mice, designated
OSMRB ™/~ (PF) mice, the body weight values were similar to
those in WT mice (Fig. 2, A and B). The weights of the adipose
tissues (epididymal and subcutaneous) of OSMRB ™/~ mice
were heavier than those of WT and OSMRB ™/~ (PF) mice at 8
weeks on the HFD (Fig. 2C). Consistent with these data, the
serum concentration of leptin in OSMRB ™/~ mice was higher

FIGURE 1. The expressions of O0SM and OSMRS in various tissues of non-obese and obese mice. A and B, the mRNA expressions of OSM in the adipose
tissue, liver, hypothalamus, skeletal muscle, and pancreas in the WT mice fed a normal diet (ND) or a HFD (A) and the lean and ob/ob mice (B) (n = 6). Cand D,
the mRNA expressions of OSMRf in the adipose tissue, liver, hypothalamus, skeletal muscle, and pancreas in the WT mice fed a ND or an HFD (C) and the WT
and ob/ob mice (D) (n = 6). E, Western blot analysis of OSMRS in the adipose tissues of the non-obese and obese mice. The apparent molecular masses are
indicated on the right. Bands corresponding to OSMR3 were detected at 180 kDa. F and G, a quantitative analysis of the protein expression of OSMR in the
entire adipose tissue specimen (F) and SVF (G) (n = 6). H,immunofluorescence staining for OSMR (red) with F4/80 (green) and caveolin-1 (blue) in the adipose
tissues of the obese mice and the respective controls. Scale bar = 100 um./and J, the expression of OSMRB and F4/80 in SVF cells analyzed by flow cytometry.
Isolated SVF cells from the adipose tissue of DIO (/) and ob/ob mice (J) were stained with antibodies against F4/80 and OSMRp (blue dots). Red dots show the data
with their control antibodies (n = 4). ND, C57BL/6J mice fed a normal diet at 16 weeks old; HFD, C57BL/6J mice fed an HFD for 8 weeks started at 8 weeks old;
lean, control for ob/ob mice at 8 weeks old; ob/ob, ob/ob mice at 8 weeks old; Adipo, adipose tissue; AF, adipocyte fraction; Hypo, hypothalamus; Mus, skeletal
muscle; Panc, pancreas. The data represent the mean = S.E. *, p < 0.05; **, p < 0.01; ***, p < 0.005 normal diet (ND) versus HFD or lean versus ob/ob, Student’s
t test.
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than that observed in WT and OSMRB ™/~ (PF) mice (Table 1).
However, the serum concentration of adiponectin did not differ
between the three groups (Table 1).

The blood glucose concentration in OSMRB ™/~ and
OSMRB ™'~ (PF) mice began to increase compared with those
observed in WT mice after 6 weeks on the HFD (Fig. 2F),
whereas the serum insulin concentration in OSMRB ™/~ and
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OSMRB ™/~ (PF) mice began to increase after 1 week on the HFD
and continued to increase for 8 weeks (Fig. 2G). After 8 weeks on
the HFD, the concentrations of blood glucose and serum insulin
were increased in OSMRB ™/~ and OSMRB ™/~ (PF) mice com-
pared with those observed in WT mice under both fed and
fasted states (Table 1). There were no significant differences in
the concentrations of blood glucose and serum insulin between
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TABLE 1

Various metabolic parameters in the serum of WT and OSMRB ™/~ mice under HFD conditions (n = 6-8)
In the fed states, mice were fasted for 4 h before the experiments to eliminate the feeding effect on lipid metabolism. In the fasted states, mice were fasted for overnight before

the experiments. The data represent the mean * S.E.

Serum concentration wWT OSMRB ™/~ OSMRB '~ (PF)
Leptin (ng/ml) 19.0 = 2.2 25.7 + 1.3% 226+ 1.8
Serum amyloid A (ng/ml) 269+ 7.0 69.3 = 15.8% 46.8 = 9.1°
TNEF-a (pg/ml) 5.80 = 0.32 6.41 £ 0.23 6.13 £ 0.18
IL-10 (pg/ml) 11.7 £ 1.1 144 = 0.5¢ 129+ 15
Adiponectin (ug/ml) 228 +0.1 22.9 + 0.8 22.6 + 1.8
Glucose (fed) (mg/dl) 163.7 * 17.2 235.3 = 8.3¢ 203.8 = 16.9¢
Glucose (fasted) (mg/dl) 119.3 £ 3.5 126.3 +1.9° 125.8 *+ 3.3¢
Insulin (fed) (ng/ml) 4.14 + 1.42 42,0 * 4.5 36.4 *+ 6.2°
Insulin (fasted) (ng/ml) 1.73 + 2.81 20.0 = 3.8¢ 16.3 * 8.2¢
Total cholesterol (fed) (mg/dl) 153.8 * 11.6 200.3 + 17.37 186.2 *+ 19.6°
Total cholesterol (fasted) (mg/dl) 70.0 = 6.3 104.8 + 7.7% Not tested
Triglyceride (fed) (mg/dl) 147.0 * 12.6 175.5 *+ 13.6* 164.0 = 6.4°
Triglyceride (fasted) (mg/dl) 220*+1.9 36.0 = 6.6% Not tested
Free fatty acid (fed) (mmol/liter) 1.76 = 0.09 1.90 = 0.13 1.90 * 0.08
Free fatty acid (fasted) (mmol/liter) 0.75 = 0.04 0.83 = 0.05 Not tested

p < 0.05WT versus OSMRB ™/~ mlce, Student’s ¢ test.
b p < 0.05 OSMRB™’~ versus OSMRB ™'~ (PF) mice, Student’s ¢ test.
€p <0.05WT versus OSMRB ™/~ (PF) mice, Student’s  test.

9p < 0.01 WT versus OSMRB ™/~ mice, Student’s ¢ test.

OSMRB ™/~ and OSMRB ™/~ (PF) mice (Table 1). The ipGTTs
and I'TTs demonstrated that glucose tolerance and insulin sen-
sitivity were reduced in OSMRB ™/~ mice compared with those
observed in WT mice at 8 weeks on the HFD, as measured by
the area under the curves (AUCs) of blood glucose on the
ipGTTs and ITTs (Fig. 2, H-K). There were no significant dif-
ferences in the AUCs of blood glucose between OSMRB™/~
and OSMRB ™'~ (PF) mice (Fig. 2, I and K). There were no sig-
nificant differences in the body weights, tissue weights, food
intake, blood glucose, and serum insulin between WT and
heterozygous OSMRp-deficient mice (OSMRB''™ mice)
under HFD conditions (Fig. 2).

Similar to the data obtained from the male mice, the body
weights, tissue weights, and the level of food intake were also
increased in the female OSMRB '~ mice fed the HFD com-
pared with those observed in female WT mice fed the HFD (Fig.
3, A-D). In addition, the female OSMRB ™/~ mice fed the HFD
exhibited more severe glucose intolerance than female WT
mice fed the HFD, as measured on the ipGTTs (Fig. 3, E and F).

OSMRB ™"~ Mice Exhibit Severe Hepatic Steatosis under
HFD Conditions—The liver weight in OSMRB ™/~ mice, which
was not significantly different from that in OSMRB™ /" (PF)
mice, was heavier than that in WT mice (Fig. 2C). To detect
intracellular lipid droplets and glycogen granules in the liver,
we performed Oil Red O and periodic acid-Schiff (PAS) stain-
ing, respectively. The Oil Red O staining revealed that lipid
accumulation was augmented in the livers of OSMRB ™/~ and
OSMRB ™'~ (PF) mice compared with that observed in WT
mice (Fig. 4A). In contrast, the PAS staining showed that there

were fewer glycogen granules in the hepatocytes of OSMRB ™/~
and OSMRB ™/~ (PF) mice compared with those observed in
WT mice (Fig. 4A4). Consistent with these data, the serum con-
centrations of total cholesterol and triglyceride were increased
in OSMRB ™/~ and OSMRB ™/~ (PF) mice compared with those
observed in WT mice in both fed and fasted states (Table 1).
There was a tendency for the serum concentration of free
fatty acids to be increased in OSMRB '~ and OSMRB™’
" (PF) mice compared with that observed in WT mice in both
fed and fasted states; however, their differences were not
statistically significant (Table 1). In addition, the total cho-
lesterol and triglyceride levels in the livers of OSMRB ™/~
and OSMRB ™/~ (PF) mice were higher than those observed in
WT mice (Fig. 4, B and C). To provide insight into the cause of
the increased lipid accumulation observed in the livers of
OSMRB ™/~ and OSMRB ™/~ (PF) mice, we investigated the
expression levels of genes related to fatty acid synthesis in the
liver. The expression levels of FAS, SCD-1, and SREBF-1 were
increased in the livers of OSMRB ™/~ and OSMRB ~/~ (PF) mice
compared with those observed in the liver of WT mice (Fig.
4D). In addition, phosphorylation of S6K, which increases the
activity of SREBF-1 (27), was up-regulated in the liver of
OSMRB™’~ and OSMRB ™’/ (PF) mice (Fig. 4, E and F). Thus,
severe hepatic steatosis concomitant with enhanced S6K acti-
vation and increased lipogenic gene expression was observed in
the liver of OSMRB ™/~ mice.

Impaired Insulin Signaling in OSMRB™'~ Mice under HFD
Conditions—To evaluate insulin signaling pathways in adipose
tissue, skeletal muscle, and liver, we investigated the phosphor-

FIGURE 2. Body weight and glucose metabolism in WT and OSMRB ™'~ mice under HFD conditions. The mice (8 weeks old) were fed an HFD for 8 weeks.
A, representative images of WT mlce, OSMRB mice, OSMRB ™/~ mice, and OSMRB™/~ mice pair-fed with WT mice (PF). B, the body weights of WT,
OSMRB”* OSMRB™’~, and OSMRB ™/~ (PF) mice (n = 6-11). , the tissue weights in WT, OSMRB™~, OSMRB~’~, and OSMRB ™/~ (PF) mice at 8 weeks on the
HFD(n=6- 11) EWAT, epldldymalwhlte adipose tissue; SWAT, subcutaneous white adipose tissue. D, the amount offood intakein WT,OSMRB™*/~, OSMRB =,
and OSMRB ™/~ (PF) mice at 8 weeks on the HFD (n = 6-11). E, the amount of food intake per body weights in WT, OSMRB*/~, OSMRB~/~,and OSMRB ™

mice at 8 Weeks onthe HFD (n = 6-11). Fand G, the blood glucose (F) and serum insulin (G) levels in WT, OSMRB” ,OSMRB™’~,and OSMRB ’~(PF) m|ce |n
the fed state (n = 6). In the fed states, mice were fasted for 4 h before the experiments to eliminate the feeding effects on glucose metabolism. H-K, the results
of the ipGTTs (H) and ITTs (J) in WT, OSMRB™/~, OSMRB~/~, and OSMRB /" (PF) mice at 8 weeks on the HFD (n = 6). For ipGTTs, mice were fasted for 16 h and
intraperitoneally injected with b-glucose (1 g/kg of body weight). For ITTs, mice were fasted for 4 h and intraperitoneally injected with insulin (1 unit/kg of body
weight).The AUC for blood glucose on the ipGTTs (/) and ITTs (K) is shown. The data represent the mean = S.E. * p < 0.05; **,p < 0.01;***, p < 0.005 WT versus
OSMRB ™/~ mice; #, p < 0.05; ##, p < 0.01 WT versus OSMRB ™/~ (PF) mice; t, p < 0.05 OSMRB ™"~ versus OSMRB ™~ (PF) mice, analysis of variance followed by
the post-hoc Bonferroni test (B, F, and G); Student'’s t test (C, D, E, I, and K).
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FIGURE 3. Body weights and glucose metabolism in the female WT and OSMRB ™/~ mice under HFD conditions. The mice (8 weeks old) were fed an HFD
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tissue. D, the amount of food intake in the female WT and OSMRB ™/~ mice (n = 6). E and F, the results of the ipGTTs in the female WT and OSMRB ™/~ mice at
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Bonferroni test (B); Student’s t test (C, D, and F).

ylation level of Akt induced by the stimulation with insulin in
each tissue. Without the stimulation with insulin, phosphory-
lation of Akt was hardly observed in the adipose tissue, skeletal
muscle, and liver of WT, OSMRB /", and OSMRB '~ (PF)
mice in the fasted states (data not shown). After the stimulation
with insulin, Akt was phosphorylated in the adipose tissue, skel-
etal muscle, and liver of these mice (Fig. 54). However, the level
of insulin-induced Akt phosphorylation was decreased in the
adipose tissue, skeletal muscle, and liver of OSMRB ™/~ and
OSMRB ™'~ (PF) mice compared with that observed in WT
mice (Fig. 5B).

13828 JOURNAL OF BIOLOGICAL CHEMISTRY

Next, we examined the phosphorylation level of FOXO1 and
S6K, which are important for the suppression of gluconeogen-
esis (28) and the activation of lipogenesis (29), respectively, in
the liver. Without the stimulation with insulin, phosphoryla-
tion of FOXO1 and S6K was hardly observed in the liver of WT,
OSMRB~’~,and OSMRB ™'~ (PF) mice in the fasted state (data
not shown). After the stimulation with insulin, FOXO1 and S6K
were phosphorylated in the livers of these mice (Fig. 5, C-F). In
addition, phosphorylation level of FOXO1 was decreased in the
liver of OSMRB ™/~ and OSMRB /™ (PF) mice compared with
that observed in WT mice (Fig. 5D). In contrast, phosphoryla-
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tion of S6Kin OSMRB "/~ and OSMRB /™ (PF) mice was main-
tained at the same levels as that observed in WT mice (Fig. 5F),
suggesting that insulin signaling pathway related to lipogenesis
was preserved in the liver of OSMRB ™/~ mice.

OSMRB ™"~ Mice Exhibit Hyperplasia of B-Cells in Pancreas
under HED Conditions—Histological examination of the pan-
creas revealed that the percentages of insulin-positive areas
(B-cells) among total areas of the pancreas were higher in
OSMRB ™/~ and OSMRB ™/~ (PF) mice compared with those
observed in WT mice (Fig. 5, G and H), suggesting that
OSMRB ™/~ mice exhibit hyperplasia of B-cells in the pancreas.
In addition, the expression of insulin mRNA was increased in
the pancreas of OSMRB ™/~ and OSMRB ™/~ (PF) mice com-
pared with that in WT mice (Fig. 5I).

HFD Conditions Exacerbate Adipose Tissue Inflamma-
tion in OSMRB™'~ Mice—The serum concentrations of
TNF-a, IL-10, and serum amyloid A were higher in
OSMRB ™/~ and OSMRB /" (PF) mice than those observed
in WT mice at 8 weeks on the HFD (Table 1), indicating that the
degree of systemic inflammation was elevated in OSMRB™/~
and OSMRB ™/~ (PF) mice. In the adipose tissue, the total num-
ber of F4/80-positive macrophages per weight of adipose tissue
was higher in OSMRB ™/~ and OSMRB ™/~ (PF) mice than those
observed in WT mice (Fig. 6A4). The percentages of both
CD11c-positive M1-type macrophages and CD206-positive

SASBMB
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M2-type macrophages among the total number of F4/80-posi-
tive macrophages were higher in the adipose tissue of
OSMRB "/~ and OSMRB /" (PF) mice than in those of WT
mice (Fig. 6, B and C). The percentages of CD11¢/CD206-dou-
ble-negative cells among the total number of F4/80-positive
macrophages were lower in the adipose tissue of OSMRB ™/~
and OSMRB ™/~ (PF) mice than in those of WT mice (Fig. 6D).
In addition, the expression levels of inflammatory markers,
including TNF-¢, IL-18, IEN-y, MCP-1, CCR2, and TLR4,
were higher in the adipose tissue and SVF of OSMRB ™'~ and
OSMRB '~ (PF) mice than those observed in WT mice,
whereas there were no differences in the IL-6 expression levels
between the three groups (Fig. 6, E and F). In contrast, the
adiponectin expression level was lower in the adipose tissue and
SVF of OSMRB ™'~ and OSMRB ™/~ (PF) mice than in those of
WT mice (Fig. 6, E and F). Unexpectedly, the expression levels
of other anti-inflammatory markers, including IL-10, IL-13,
MGL1, and MGL2, were also higher in the adipose tissue and
SVF of OSMRB ™'~ and OSMRB ™/~ (PF) mice than in those of
WT mice (Fig. 6, E and F).

To determine whether the increases in anti-inflammatory
markers were secondary to the preceding inflammatory
response, we investigated the development of adipose tis-
sue inflammation in OSMRB ™/ mice at the earlier stage. At
4 weeks on the HFD (Fig. 7, A and B), the total number of
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FIGURE 5. Insulin signaling pathways in WT and OSMRB ™'~ mice at 8 weeks on the HFD. After 24 h of fasting, mice were intraperitoneally injected
with insulin (10 milliunits/g of body weight) and maintained for 10 min. A, insulin-stimulated Akt phosphorylation in the adipose tissues, skeletal
muscles, and livers of WT, OSMRB ™, and OSMRB "/~ (PF) mice (n = 6). B, a quantitative analysis of pAkt (n = 6). C-F, insulin-stimulated phosphorylation
of FOXO1 (pFOXO1) (C) and S6K (pS6K) (E) in the livers of WT, OSMRB~/~, and OSMRB ™/~ (PF) mice. A quantitative analysis of pFOXO1 (D) and pS6K (F)
(n = 6) is shown. G, immunohistochemistry for insulin in the pancreas of WT, OSMRB ™/, and OSMRB ™/~ (PF) mice. Scale bars = 500 um. H, quantitative
analysis of the area of B-cells in the total area of the pancreas. I, the mRNA expression of insulin in the pancreas of WT, OSMRB~/~, and OSMRB ™/~ (PF)
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WT versus OSMRB*/*(PF) mice; Student’s t test.

F4/80-positive macrophages per weight of adipose tissue and
the percentage of CD1llc-positive M1-type macrophages
were increased in OSMRB ™/~ mice compared with those
observed in WT mice. In addition, the expression levels of
inflammatory markers, including TNF-«, IL-1B, IFN-vy,
MCP-1, CCR2, and TLR4, were higher in the adipose tissue
and SVF of OSMRB ™/~ mice than in those of WT mice at 4
weeks on the HFD (Fig. 7, E and F). In contrast, the percent-
age of CD206-positive M2-type macrophages was decreased
in the adipose tissue of OSMRB ™/~ mice compared with that
observed in WT mice at 4 weeks on the HFD (Fig. 7C). In
addition, the expression levels of anti-inflammatory mark-
ers, including IL-10, IL-13, MGL1, and MGL2, were lower in
the adipose tissue and SVF of OSMRB ™/~ mice than in those
of WT mice at 4 weeks on the HFD (Fig. 7, E and F). There
were no differences in the expression levels of IL-6 and adi-
ponectin in the adipose tissue between WT and OSMRB ™/~
mice (Fig. 7, E and F). Such changes in the total number of
ATMs, the polarization of ATMs, and cytokine production
profiles were already observed in OSMRB™/~ mice at 2

13830 JOURNAL OF BIOLOGICAL CHEMISTRY

weeks on the HFD, when there was no difference in body
weight between WT and OSMRB /" mice (Fig. 7, A-F).
There were no differences in the percentages of CD11c/
CD206-double-negative cells among the total number of
F4/80-positive macrophages in the adipose tissue between
WT and OSMRB ™/~ mice at both 2 and 4 weeks on the HFD
(Fig. 7D). Both glucose intolerance and insulin resistance
were exacerbated in OSMRB ™/~ mice compared with those
observed in WT mice at both 2 and 4 weeks on the HFD (Fig.
7, G-N). Therefore, the increases in the levels of anti-inflam-
matory markers observed at 8 weeks on the HFD were con-
sidered to reflect a secondary response to an earlier inflam-
matory reaction in the adipose tissue of OSMRB ™/~ mice.
Treatment with OSM Improves Insulin Resistance, Adipose
Tissue Inflammation, and Hepatic Steatosis in Genetically
Obese ob/ob Mice—To assess the effects of OSM on insulin
resistance, adipose tissue inflammation, and hepatic steatosis in
obese mice, OSM was intraperitoneally injected into ob/ob
mice twice a day for 7 days. The body weights, adipose tissue
weights, and liver weights were decreased in the OSM-treated
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versus OSMRB—/— mice; #, p < 0.05 WT versus OSMR,B*’*(PF) mice, Student’s t test.

ob/ob mice compared with those observed in 0b/ob mice with
vehicle injection (Fig. 8, A and B). Both the blood glucose and
serum insulin levels were also reduced by the treatment with
OSM in the fasted state (Fig. 8, C and D). Treatment of 0b/ob
mice with OSM improved their glucose intolerance in an ipGTT
(Fig. 8, Eand F). The OSM-treated ob/ob mice were more sensitive
to insulin, as measured by the ITT (Fig. 8, G and H). Therefore,
OSM improves glucose intolerance and insulin resistance in 0b/ob
mice. In addition, the number of F4/80-positive macrophages per
weight of adipose tissue was decreased in the adipose tissue by the
treatment of OSM (Fig. 81). The percentage of CD11c-positive
M1-type macrophages was reduced, whereas the percentage of
CD206-positive M2-type macrophages was increased in OSM-
treated ob/ob mice (Fig. 8, / and K). In addition, OSM increased
the expression of IL-10, IL-13, MGL1, and MGL2 in the adipose
tissue of 0b/ob mice (Fig. 8L). Furthermore, the Oil Red O stain-
ing revealed that lipid accumulation was reduced by the treat-
ment of OSM in the liver of 0b/ob mice (Fig. 8M). In contrast,
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the PAS staining showed that there were more glycogen gran-
ules in the hepatocytes of 0b/ob mice treated with OSM com-
pared with those observed in 0b/0b mice with vehicle injection
(Fig. 8M). In addition, the total cholesterol and triglyceride lev-
elsin the liver of 0b/0ob mice were decreased by the treatment of
OSM (Fig. 8, Nand O).

Direct Effects of OSM on the Liver of Genetically Obese ob/ob
Mice—Consistent with the data in Fig. 1, C and D, the expres-
sion of OSMR was increased in the liver of the obese mice (Fig.
9, A and B). To investigate the direct effects of OSM on the liver
of obese mice, we injected 0b/ob mice with OSM intraportally.
The activation of STAT3 was observed in the liver at 15 min
after the intraportal injection of OSM (Fig. 9C). Furthermore,
the expressions of both ACSL3 and ACSL5 were increased at 60
and 120 min after the intraportal injection of OSM (Fig. 9D). In
addition, OSM decreased the expression of FAS in the liver of
ob/ob mice (Fig. 9D). These results suggest that OSM directly
acts on the liver in obese mice.
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DISCUSSION

OSM is a member of the IL-6 family of cytokines and plays a
role in a variety of physiological functions, including hemato-
poiesis, the development of neurons, and the modulation of
inflammatory responses (20, 30-32). Some members of this
family, such as IL-6, ciliary neurotrophic factor, and cardiotro-
phin-1, are known to be associated with the development of
obesity and insulin resistance (33—35). Although we have dem-
onstrated the expression of OSMRP in ATMs and its associa-
tion with systemic insulin resistance in a previous report (21),
the role of OSM signaling in the development of obesity and
related metabolic disorders remains unclear. In the present
study we first examined the expression of OSMRS in the vari-
ous tissues of both DIO and genetically obese 0b/ob mice. The
expression of OSMR was increased in the adipose tissue and
liver of in these obese mice compared with their control mice.
In the adipose tissue, OSMRf3 was increased in the SVF, espe-
cially in the F4/80-positive ATMs, in both models of obese
mice. These results suggest that OSM signaling is strongly asso-
ciated with the pathogenesis of obesity and related metabolic
disorders.

Next, we analyzed metabolic parameters in OSMRB ™/~ mice
fed the HED. Strikingly, feeding an HFD for 8 weeks resulted in
more severe obesity in OSMRB ™/~ mice than in WT mice.
Hyperglycemia, hyperinsulinemia, insulin resistance, adipose
tissue inflammation, and hepatic steatosis were exacerbated in
OSMRB /" mice under HFD conditions. In addition, OSM
improved adipose tissue inflammation, insulin resistance, and
hepatic steatosis of 0b/ob mice. These results suggest that OSM
signaling has suppressive effects on the deterioration of obesity
and related metabolic disorders.

Obesity is an important cause of the development of meta-
bolic disorders (2). In the past decade, it has been widely
accepted that HFD leads to obesity that causes chronic low-
grade inflammation followed by insulin resistance (2). Then,
insulin resistance leads to hyperinsulinemia and S cell failure
successively, resulting in various metabolic disorders, including
type 2 diabetes and hepatic steatosis. Therefore, there is the
possibility that the deterioration of metabolic disorders noted
in OSMRB ™/~ mice was due to the increase in fat mass. How-
ever, the pair-feeding study revealed that none of the metabolic
disorders observed in OSMRB ™/~ mice fed the HFD, including
adipose tissue inflammation, insulin resistance, and hepatic
steatosis, was affected by the decrease in food intake and body
weight in OSMRB ™/~ mice pair-fed with WT mice. These
results suggest that the effects of OSM signaling on the deteri-
oration of metabolic disorders associated with diet-induced
obesity are independent of changes in food intake and body
weight. In addition, the deterioration of adipose tissue inflam-
mation, hyperinsulinemia, insulin resistance, and glucose intol-
erance were already observed in OSMRB ™/~ mice at 2 weeks on

the HEFD, when there was no difference in body weight between
WT and OSMRB ™/~ mice. Recently, Mehran et al. (36) have
proposed a novel model of obesity and type 2 diabetes distinct
from the widely accepted model in which hyperinsulinemia is
upstream of obesity. Thus, the relationships between obesity,
insulin resistance, and hyperinsulinemia need to be revisited,
and we are considering OSMRB ™/~ mice as a unique mouse
model of metabolic diseases.

Under conditions of obesity, inflammatory cytokines, such as
TNE-q, IL-1B, and IFN-v, are primarily secreted from M1-type
ATMs, which induces insulin resistance (7—11, 37, 38). In con-
trast, an anti-inflammatory cytokine, IL-10, is produced by
M2-type ATMs, which suppresses insulin resistance (7, 12, 13).
In our previous study OSM signaling was found to have a sup-
pressive effect on adipose tissue inflammation due to the polar-
ization of the macrophage phenotype to the M2-type under
normal dietary conditions (21). In the present study feeding an
HFD induced the expression of OSMR in ATMs, suggesting
the important role of OSM in the development of adipose tissue
inflammation under conditions of obesity. As expected,
OSMRB ™'~ mice, in which OSM signaling is deleted, exhibited
increases in both the number of M1-type ATMs and expression
levels of inflammatory cytokines in the adipose tissue when fed
the HFD for 8 weeks. At this stage, insulin resistance was exac-
erbated in OSMRB™/~ mice compared with that observed in
WT mice, suggesting that adipose tissue inflammation
enhanced by M1-type ATMs may contribute to the exacerba-
tion of insulin resistance in OSMRB ™/~ mice. Recently, it has
been reported that these inflammatory and anti-inflammatory
cytokines are produced by other types of cells, such as regula-
tory T cells and CD8-positive T cells, and play important roles
in the development of obesity-related metabolic disorders (5,
39). We cannot exclude the possibility that the changes in cyto-
kine production profiles result from the other cells except for
ATMs in OSMRB ™/~ mice. However, it is possible that ATMs
are responsible for the inflammatory cytokine production pro-
files in OSMRB™'~ mice directly because OSMRp was exclu-
sively expressed in F4/80-positive macrophages on adipose tis-
sues under obese conditions.

On the other hand, the number of M2-type macrophages and
the expression level of IL-10 were also increased in the adipose
tissue of OSMRB ™/~ mice compared with those observed in
WT mice. As the inflammatory responses driven by M1-type
macrophages are often counteracted by protective mechanisms
operated by M2-type macrophages (40), we analyzed the degree
of adipose tissue inflammation and insulin resistance in
OSMRB ™/~ mice at an early stage of HFD. At 4 weeks on the
HEFD, the number of M2-type macrophages and the expression
levels of anti-inflammatory cytokines were low in the adipose
tissue of OSMRB ™/~ mice compared with that observed in WT
mice, whereas OSMRB ™/~ mice exhibited an increased num-

FIGURE 7. Adipose tissue inflammation and glucose metabolism in WT and OSMRB ™'~ mice at 2 and 4 weeks on the HFD. A, total number of F4/80-
positive cells per weights of adipose tissue in WT and OSMRB ™~/ mice (n = 6). Band C, the percentages of CD11c-positive cells (8) and CD206-positive cells (C)
among the F4/80-positive cells in WT and OSMRB ™'~ mice. D, the percentages of CD11¢/CD206-double-negative cells among the F4/80-positive cells in WT
and OSMRB ™/~ mice. E and F, the mRNA expression levels of inflammatory and anti-inflammatory markers (TNF-q, IL-13, IFN-y, CCR2, MCP-1, TLR4, IL-6, MGL 1,
MGL2, IL-10, IL-13, and adiponectin) in the adipose tissue (E) and SVF (F) of WT and OSMRB ™/~ mice (n = 6). G-N, the results of the ipGTTs (G and K) and ITTs (/
and M) in WT and OSMRB ™~ mice at 2 weeks (G-J) and 4 weeks (K-N) on the HFD (n = 6). The AUC for blood glucose on the ipGTTs (H and L) and ITTs (J and
N) was shown. ADPN, adiponectin. The data represent the mean + S.E. *, p < 0.05; **, p < 0.01 WT versus OSMRB ™/~ mice, Student’s t test.
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FIGURE 8. The effects of OSM on glucose metabolism, adipose tissue inflammation, and hepatic steatosis in ob/ob mice. ob/ob mice were injected
intraperitoneally with either vehicle or recombinant mouse OSM (12.5 ng/g of body weight) twice a day for 7 days. A, the body weights in vehicle- and
OSM-treated ob/ob mice (n = 6). B, the tissue weights in vehicle- and OSM-treated ob/ob mice (n = 6). EWAT, epididymal white adipose tissue; SWAT,
subcutaneous white adipose tissue. Cand D, blood glucose (C) and serum insulin (D) levels in vehicle- and OSM-treated ob/ob mice in the fasted states (n = 6).
In the fasted states, mice were fasted overnight before the experiments. E-H, the results of the ipGTTs (E) and ITTs (G) in vehicle- and OSM-treated ob/ob mice
(n = 6). The AUC for blood glucose on the ipGTTs (F) and ITTs (H) is shown. For ipGTTs, mice were fasted for 16 h and intraperitoneally injected with p-glucose
(0.5 g/kg of body weight). For ITTs, mice were fasted for 4 h and intraperitoneally injected with insulin (5 unit/kg of body weight). /, total number of
F4/80-positive cells per weights of adipose tissue in vehicle- and OSM-treated ob/ob mice (n = 6). J and K, the percentages of CD11c-positive cells (J) and
CD206-positive cells (K) among the F4/80-positive cells in vehicle- and OSM-treated ob/ob mice. L, the mRNA expression levels of anti-inflammatory markers
(IL-10, IL-13, MGL1, and MGL2) in the adipose tissue of vehicle- and OSM-treated ob/ob mice (n = 6). M, Oil Red O and PAS staining of the livers of vehicle- and
OSM-treated ob/ob mice. CV, central vein. Scale bar = 100 um. N and O, the content of triglycerides (N) and total cholesterol (O) in the livers of vehicle- and
OSM-treated ob/ob mice in the fed state (n = 6). In the fed state, mice were fasted for 4 h before the experiments to eliminate the feeding effects on lipid
metabolism. The data represent the mean = S.E.*, p < 0.05; **, p < 0.01 vehicle versus OSM, Student’s t test.

ber of M1-type ATMs, high expression levels of inflamma-
tory cytokines, and severe insulin resistance. Therefore, the
increased  anti-inflammatory responses observed in
OSMRB ™/~ mice at 8 weeks on the HFD may have occurred to

counteract the excessive inflammation induced by the larger
number of M1-type ATMs and the up-regulation of inflamma-
tory cytokines in the adipose tissue. In addition, an increased
total number of ATMs, the polarization of ATMs to M1-type,
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FIGURE 9. The direct effects of OSM on liver lipid metabolism in ob/ob mice. ob/ob mice were injected intraportally with either vehicle or recombinant
mouse OSM (12.5 ng/g of body weight) and maintained for 60 and 120 min. A, Western blot analysis of OSMR in the liver in the WT mice fed a normal diet (ND)
or an HFD and the lean and ob/ob mice (n = 6). The apparent molecular masses are indicated on the right. B, a quantitative analysis of the protein expression
of OSMRBin the liver (n = 6). C, activation of STAT3 in the liver by the intraportal injection of OSM in ob/ob mice. D, the mRNA expression levels of genes related
to lipolysis (ACSL3 and ACSL5) and lipogenesis (FAS) in the liver of vehicle- and OSM-injected ob/ob mice (n = 6). The data represent the mean = S.E. **, p < 0.01
normal diet (ND) versus HFD or lean versus ob/ob (B); *, p < 0.05 vehicle versus OSM 60 min; #, p < 0.05 vehicle versus OSM 120 min; Student'’s t test.

and inflammatory cytokine production profiles were already
observed in OSMRB ™/~ mice at 2 weeks on the HED. At this
stage, hyperinsulinemia, glucose intolerance, and insulin resis-
tance in OSMRB ™/~ mice were more severe than those in WT
mice despite no differences in body weight between two geno-
types, suggesting that the deterioration of these metabolic dis-
turbances in OSMRB ™/~ mice occurs independent of the
increase in body weight.

Obesity-induced insulin resistance causes serious metabolic
disorders, including cardiovascular disease and hepatic steato-
sis (1, 41). Hepatic steatosis, in particular, is a predisposing fac-
tor for non-alcoholic steatohepatitis, which often progresses to
liver cirrhosis and hepatocellular carcinoma (42). In the present
study, OSMRB ™/~ mice fed an HFD for 8 weeks exhibited
severe hepatic steatosis compared with that observed in WT
mice. The expression levels of the transcription factor,
SREBEF-1, and its target genes, FAS and SCD-1, were also
increased in the liver of OSMRB ™/~ mice. As FAS and SCD-1
promote fatty acid synthesis in the liver, increased de novo lipo-
genesis in the liver may result in the deterioration of hepatic
steatosis in OSMRB ™/~ mice. Furthermore, insulin stimulates
de novo lipogenesis by increasing the expression of SREBF-1
(43). We observed that the serum concentration of insulin was
high in OSMRB ™/~ mice compared with those observed in WT
mice, suggesting that the up-regulation of insulin induces an
increased expression of SREBF-1 in OSMRB™/~ mice. There-
fore, hepatic steatosis is likely exacerbated in HFD-fed
OSMRB ™/~ mice due to the promotion of hepatic lipogenesis.

It has been long accepted that insulin resistance and hepatic
steatosis are mutually related in a “vicious cycle” (41). On the
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other hand, some investigators have recently reported the dis-
sociation of hepatic steatosis from insulin resistance (44); insu-
lin resistance without hepatic steatosis (with hypotriglycemia)
has been observed in liver-specific insulin receptor knock-out
mice (45, 46) and the liver-specific deletion of phosphatase and
tensin homolog has been found to improve systemic insulin
resistance associated with enhanced hepatic steatosis (47).
Hence, hepatic steatosis is not always related to insulin resis-
tance. To address this issue, Brown and Goldstein (48) pro-
posed the concept of “selective insulin resistance.” When insu-
lin signaling is completely blunted in the liver, hepatic
gluconeogenesis is promoted, and hepatic lipogenesis is inhib-
ited. However, when some steps of insulin signaling only
required for the suppression of hepatic gluconeogenesis are
blunted in liver, the remaining intact mechanisms of insulin
signaling drive hepatic lipogenesis. In the present study, we
demonstrated that the activation of FOXO1 due to stimulation
with insulin, which suppresses the gluconeogenetic actions of
insulin, was inhibited in the liver of OSMRB ™/~ mice compared
with that observed in WT mice. On the other hand, the phos-
phorylation of S6K after stimulation with insulin, which pro-
motes de novo lipogenesis, remained intact in the liver of
OSMRB ™/~ mice. As the degree of hyperinsulinemia was much
more severe in OSMRB” ~ mice than in WT mice, selective
insulin resistance may contribute to the progression of hepatic
steatosis in OSMRB ™'~ mice. Of course, we cannot rule out the
possibility that other pathways may induce de novo lipogenesis
in the liver, including glucose-induced carbohydrate response
element-binding protein activation (49) and/or cholesterol-in-
duced liver X receptor activation (50).
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Alternatively, the cause of severe hepatic steatosis in
OSMRB ™'~ mice is the lack of direct effects of OSM on the
liver. In the present study, we observed that OSMRf was up-
regulated in the liver of obese mice. To test the direct effects of
OSM on the liver, we injected OSM intraportally in 0b/0b mice.
A signal molecule for the downstream of OSMR, STAT3, was
activated in the liver by the intraportal injection of OSM. Zhou
et al. (51) have reported that the expression of ACSL3 and
ACSL5, which promote lipolysis in the liver, is increased by
OSM in HepG2 cells. In the present study, the intraportal injec-
tion of OSM increased the expression of ACSL3 and ACSL5 in
the liver of obese mice. In addition, OSM decreased the expres-
sion of FAS in the liver. Thus, OSM may directly increase lipol-
ysis and suppresses lipogenesis in the liver of obese mice.

In conclusion, OSMRB ™/~ mice exhibited severe obesity,
adipose tissue inflammation, insulin resistance, and hepatic
steatosis under HFD conditions. In addition, OSM improved
adipose tissue inflammation, insulin resistance, and hepatic
steatosis in genetically obese ob/ob mice. Our results strongly
suggest that OSMRR is required to protect against the develop-
ment of obesity and related metabolic disorders. Therefore,
OSM signaling is a potential novel therapeutic target in patients
with metabolic syndrome, including obesity, insulin resistance,
and hepatic steatosis.
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