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Abstract Chronic active Epstein—Barr virus infection
(CAEBV) can be manifested in a variety of systemic
conditions, including interstitial pneumonia, malignant
lymphoma, and coronary aneurysm. Sometimes it may be
associated with hepatic failure, although the mechanism
underlying CAEBV-related hepatotoxicity = remains
unclear. We encountered a case of autoimmune hepatitis
(AIH) associated with CAEBV. A 61-year-old male was
referred to our hospital because of abnormal liver enzyme
levels after initial diagnosis of CAEBV had been made by
laboratory tests and liver biopsy. On admission, positivity
for anti-nuclear antibody was evident, and examination of
the liver biopsy specimen showed findings compatible with
AIH. Steroid administration was initiated, and the liver
function parameters subsequently improved. Although
phenotypic changes in liver biopsy specimens are rare in
this condition, the present case could provide clues to the
possible pathogenesis of AIH.
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Introduction

Chronic active Epstein—Barr virus infection (CAEBV) is a
rare condition producing chronic or repeated symptoms
mimicking infectious mononucleosis (IM), and an abnormal
pattern of anti-EBV antibodies. CAEBYV is also known to
demonstrate a variety of clinical symptoms, possibly due to an
abnormal lymphoproliferative reaction [1]. Accumulation of
reported cases has suggested that the prognosis of CAEBV is
worse than was originally considered [2, 3]. Although the
pathogenesis of CAEBYV remains mostly unclear, the source
of the EBV-infected cells, and whether they are T cells or
natural killer cells appear to be determinants of outcome [4].
CAEBYV can cause various forms of liver injury, ranging from
simple liver enzyme abnormality to hepatic failure [5].

Autoimmune hepatitis (AIH) is a classical autoimmune
liver disease with characteristic clinical manifestations
including a female predominance, presence of autoanti-
bodies (especially anti-nuclear antibody; ANA) and hyper-
immunoglobulinemia. AIH sometimes presents as an acute
form, in which ANA is frequently negative and serum
immunoglobulin (Ig) G levels are normal. As is the case for
other autoimmune liver diseases, the pathogenesis of AIH
is unknown. However, there are a number of possible
factors involved in initiation of the abnormal autoimmune
reaction in AIH, including a genetic predisposition to
exogenous infections.

Here we report a case of AIH that was possibly induced
by CAEBV.

Case report

A 61-year-old male was referred to our hospital because of
persistent liver enzyme abnormalities and general fatigue.
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Fig. 1 Initial liver biopsy revealed mononuclear cell infiltration in
the sinusoids, suggesting changes after EBV infection

Table 1 Laboratory tests on admission to our hospital

T-Bil
D-Bil
AST
ALT
LDH
GGTP
ALP
TP
Alb
BUN
Crea
Na

K

Cl
CRP
IeG
IgA
IeM

O

AFP

(Urine)
pH
Sugar
Protein
Blood
Keton
Bilirubin

2.7 mg/dL
1.7 mg/dL
696 1U/L
634 TU/L
400 IU/L
312 JU/L
366 IU/L
7.9 g/dL
3.8 g/dL

11 mg/dL
0.54 mg/dL
140 mEq/L
4.2 mEq/L
104 mEq/L
0.84 mg/dL
2,440 mg/dL
331 mg/dL
107 mg/dL
50.6 ng/mL

6.0

1+

Bone marrow: no atypical

cell, no hemophagocytosis

WBC

Neut

Lymph

Mono

Eosino

Baso

RBC

Hb

Platelets

PT (%)

T-cho

TG

HbAlc
HBsAg
HBsADb
HBcAb

IgM HAAb
IgM HBcAb
HCV Ab

HIV Ab

ANA Ab
Anti-LKM Ab
Anti M2 Ab
EBV VCA IgM
EBV VCA IgG
EBNA

" EB EA-DR IgG

EB EA-DR IgA

EBV DNA (PCR)*

sIL-2 receptor

3.50 x 10*/uL
58.3 %

30.5 %

6.0 %

33 %

1.9 %

3.80 x 10%/uL
12.4 g/dL.
128,000/uL.
93 %

172 mg/dL
283 mg/dL
4.6 %
Negative
Negative
Negative
Negative
Negative
Negative
Negative
%320
Negative

<5.0 Negative
Negative
%x2,560

x 160

%20

<x10

1.3 x 10% copy
1,300 IU/mL

# EBV monoclonality was negative

Fig. 2 Hypo-enhanced area reflecting periportal edema and presence
of mild hepatosplenomegaly were noted by enhanced abdominal CT
scan

His medical history was unremarkable except for rhinosi-
nusitis at 20 years of age and hyperuricemia at 54 years of
age. The clinical history of allergy for insect bite was
negative. His family history included colon cancer in the
father and essential hypertension in the mother. He had
been a non-smoker and a moderate drinker (500 mL of
beer per day). In December 2010, he had felt general
fatigue and visited his family practitioner. Symptoms such
as lymphadenopathy and fever were negative except for
persistent general fatigue. Clinical laboratory tests revealed
liver enzyme abnormalities, and the patient was referred to
the community hospital, where CAEBV was initially sus-
pected on the basis of positive peripheral blood EBV DNA
with 1.8 x 10* copies/10° cells (normal limit <2.0 x 10
copies/ 10° cells, by real-time polymerase chain reaction;
PCR) [6]. Liver biopsy was performed, and the findings
were consistent with liver injury associated with CAEBV
(Fig. 1), mainly non-specific mononuclear cell infiltration
of the hepatic sinusoids. However, the patient’s liver
enzymes persistently fluctuated, and therefore he was
referred to our hospital in May 2011. Physical examination
on admission showed a height of 170.0 cm, body weight
65 kg, body temperature 36.3 °C, blood pressure
124/79 mmHg, clear consciousness, icteric conjunctiva,
and hepatomegaly palpable for 2 finger breadths without
splenomegaly. No systemic lymph node swelling was
evident. The results of laboratory tests on admission are
shown in Table 1—these included an elevated transami-
nase level, a high IgG level, elevated ANA titers (80x to
320x), and a high titer of EBV viral capsid antigen (VCA)
IgG. We could not perform HLA-DR genotyping assay
with the patient. Imaging (contrast-enhanced computed
tomography; CT) revealed a hypo-enhanced area possibly
reflecting periportal edema, and mild hepatosplenomegaly
(Fig. 2). Positive EBV DNA (1.3 x 10° copies/ 10f’cells) in
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peripheral blood on admission strongly suggested the pre-
sence of persistent CAEBV. However, in view of the
increased titer of ANA, we performed a second liver
biopsy, which revealed fibrous enlargement of the portal
area, presence of interfacial hepatitis, and plasma cell-
predominant infiltration, thus supporting a diagnosis of
ATIH (Fig. 3). With regard to the diagnosis of AIH, appli-
cation of two scoring systems—(1) revised scoring system
formulated in 1999 [7] scored 12 points, and (2) simplified
criteria for the international AIH guidelines [8] scored 6
points—suggested probable AIH with the present case. The

Fig. 3 A second liver biopsy at our hospital before steroid therapy
demonstrated fibrotic periportal enlargement, interface hepatitis, and
plasma cell infiltration. EBV DNA was positive in the tissue by
qualitative PCR assay. x200 (lower panel »x400)

tissue was positive for EBV DNA by PCR qualitative assay
(detection limit 2.0 x 10" copies/1.0 x 10° cells equiva-
lent DNA), whereas both the latent membrane protein 1
and EBV-encoded RNA in situ hybridization were nega-
tive. Considering the findings of liver biopsy and serolog-
ical changes, we started steroid administration at 30 mg/
day. The dose of steroid was gradually tapered, and the
results of serum laboratory tests (alanine aminotransferase
[ALT] and IgG levels) improved accordingly. Moreover,
the amount of peripheral blood EBV DNA levels, the titers
of EBV-VCA IgG and Epstein—Barr nuclear antigen
(EBNA) decreased. After steroid administration for
6 months, the patient has remained free of signs and
symptoms (Fig. 4).

Discussion

The present case had been initially diagnosed as CAEBV.
However, the persistent liver enzyme abnormalities
prompted us to perform further examinations. Elevation of
the ANA titer from 80x (at the initial community hospital)
to 320x (at our hospital), along with the pathological
changes seen in both of the liver biopsy samples, suggested
a diagnosis of AIH, probably resulting from EBV infection.

The pathogenesis of AIH is still unknown, although
genetic factors, drug-induced autoimmunity, viral infec-
tions, and environmental factors have been thought to
trigger AIH [9, 10]. Among these triggering factors, hep-
atitis A viral infection has been reported [11, 12], although
EBYV infection appears to be rare in this context. Proposed

Fig. 4 Clinical course of the

X EBVIgG %2560 2560 2560 2560 1280 1280
present case. Levels of liver EBNA x160 160 160 80 40 40
enzymes and serum IgG, EBV 18G {mg/dl)
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mechanisms responsible for inducing autoimmune reac-
tions have included the molecular mimic theory, involving
possible similarities between virus-derived exogenous
amino acid sequences and host autoantigens [13], although
the precise details remain unclear.

On the other hand, the diagnostic criteria for CAEBV
formulated by the EBV infection study group in 2003
include (1) persistent or relapsing symptoms of infectious
mononucleosis, (2) abnormal antibody reactions to EBV,
associated with an elevated titer of VCA or early antigen
(EA) antibody, or an increased EBV viral load in the

“affected organ (including peripheral blood), and (3) a
chronic disease course distinct from other known diseases
[14]. In the present case, we confirmed that persistent liver
enzyme abnormalities were present for >3 months, toge-
ther with an increased EBV viral load in blood and
positive EBV-DNA in hepatic tissue. Compared to the
reported case [5], our case seems to be atypical since our
case lacked traditional high fever, lymphadenopathy, and
allergy to insect bite for CAEBV. However, our patient
was older (61 years) than the previous case (14 years) [5],
and this may be related to the reason why typical symp-
toms were missing in the current case. Our patient was
treated with prednisolone, and this led to amelioration of
the serum ALT and IgG levels, and a decline of the EBV
viral load. Antiviral drugs, cytokine therapy, immuno-
suppressive therapy, cellular transplantation, and alloge-
neic bone marrow transplantation therapy are reportedly
effective for CAEBV, although none of them are estab-
lished forms of treatment [14]. In our case, immunosup-
pressive therapy using steroids seems to have been
effective so far, and there has been no disease flare-up for
2 years.

In conclusion, we have reported a case of AIH possibly
resulting from EBV infection. A possible diagnosis of ATH
should be considered in patients with prolonged liver
dysfunction subsequent to EBV infection.
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Background: OSM, a member of IL-6 family of cytokines, is involved in many inflammatory diseases.
Results: OSMRB ™/~ mice exhibited phenotypic changes in ATMs to M1, increased proinflammatory cytokines in the adipose

tissue, and systemic insulin resistance.

Conclusion: OSMRB ™'~ mice exhibited adipose tissue inflammation and insulin resistance preceding obesity.
Significance: OSMRB ™/~ mice constitute a unique mouse model of metabolic disorders.

Oncostatin M (OSM), a member of the IL-6 family of cyto-
kines, plays important roles in a variety of biological functions,
including inflammatory responses. However, the roles of OSM
in metabolic diseases are unknown. We herein analyzed the
metabolic parameters of OSM receptor 8 subunit-deficient
(OSMRB~/7) mice under normal diet conditions. At 32 weeks of
age, OSMRB ™'~ mice exhibited mature-onset obesity, severer
hepatic steatosis, and insulin resistance. Surprisingly, insulin
resistance without obesity was observed in OSMRB ™'~ mice at
16 weeks of age, suggesting that insulin resistance precedes obe-
sityin OSMRB™/ ~ mice. Both OSM and OSMRp were expressed
strongly in the adipose tissue and little in some other metabolic
organs, including the liver and skeletal muscle. In addition,
OSMRp is mainly expressed in the adipose tissue macrophages
(ATMs) but not in adipocytes. In OSMRB ™'~ mice, the ATMs
were polarized to M1 phenotypes with the augmentation of adi-
pose tissue inflammation. Treatment of OSMRB™'~ mice with
an anti-inflammatory agent, sodium salicylate, improved insu-
lin resistance. In addition, the stimulation of a macrophage cell
line, RAW264.7, and peritoneal exudate macrophages with
OSM resulted in the increased expression of M2 markers, IL-10,
arginase-1, and CD206. Furthermore, treatment of C57BL/6]
mice with OSM increased insulin sensitivity and polarized the
phenotypes of ATMs to M2. Thus, OSM suppresses the devel-
opment of insulin resistance at least in part through the polar-
ization of the macrophage phenotypes to M2, and OSMRB™/~
mice provide a unique mouse model of metabolic diseases.

Obesity is a major factor underlying the development of insu-
lin resistance, which is associated with a number of metabolic
disorders, including type 2 diabetes, hypertension, and hyper-
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lipidemia (1). Several lines of evidence now converge on the
notion that obesity causes low-grade chronic inflammation
characterized by the recruitment of macrophages, T-cells, and
neutrophils into the adipose tissue (2-5). Among such inflam-
matory cells, the increase in adipose tissue macrophages
(ATMs)? is associated with a further deterioration of adipose
tissue inflammation and insulin sensitivity (6, 7). In contrast, a
decrease in ATMs in obese mice correlates with the ameliora-
tion of adipose tissue inflammation and insulin resistance (8, 9).
Therefore, ATMs play important roles in the development of
the adipose tissue inflammation and insulin resistance associ-
ated with obesity.

Macrophages are a heterogeneous cell population and
change their physiology in response to various microenviron-
mental signals. “Classically activated (M1)” macrophages are
induced by two signals, IFN-y and LPS or TNF (10). On the
other hand, “alternatively activated (M2)” macrophages are
induced by anti-inflammatory cytokines, such as IL-4 and IL-13
(11). In addition, M1 macrophages produce high levels of toxic
intermediates (e.g. nitric oxide and reactive oxygen intermedi-
ates) via the activation of inducible nitric oxide synthase (iNOS)
(12), whereas arginase production is increased in M2 macro-
phages (13).

It has recently been suggested that a high fat diet triggers the
recruitment of M1 macrophages into the adipose tissue,
whereas adipose tissue macrophages in lean animals exhibit an
M2 phenotype (14). In obese mice, TNF-«, a potent proinflam-
matory cytokine, is produced by M1 ATMs (7, 15) and directly
induces insulin resistance by inhibiting the insulin signaling
and insulin-stimulated glucose transport, mainly in the skeletal
muscle and white adipose tissue (16, 17). In contrast, M2 ATMs

2 The abbreviations used are: ATM, adipose tissue macrophage; ANOVA, anal-
ysis of variance; CREB, cAMP response element-binding protein; iNOS,
nitric oxide synthase; ipGTT, intraperitoneal glucose tolerance test; ITT,
insulin tolerance test; MCP, monocyte chemoattractant protein; MGL,
macrophage galactose-type C-type lectin; OSM, oncostatin M; OSMRp,
OSM-specific 8 subunit; OSMRB™’~, OSMRB-deficient; PE, phycoerythrin;
PEM, peritoneal exudate macrophage; RT, room temperature; SVF, stromal
vascular fraction.
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secrete an anti-inflammatory cytokine, IL-10 (15). The admin-
istration of IL-10 in diet-induced obese mice enhances the acti-
vation of insulin signaling and insulin-stimulated glucose
uptake in the skeletal muscle (18). Thus, the balance between
M1/M2 ATMs is important for maintaining the proper balance
of pro-/anti-inflammatory cytokine production in the adipose
tissue, and its imbalance can lead to the development of insulin
resistance. However, the mechanisms underlying the determi-
nation of the ATM phenotypes are not fully understood.

Oncostatin M (OSM), a member of the IL-6 family of cyto-
kines, exhibits a variety of biological effects depending on the
target cells by binding to a heterodimeric membrane receptor
comprising the OSM-specific 8 subunit (OSMRp) and gp130
(19). OSM is synthesized by various inflammatory cells, such as
activated T-cells, neutrophils, eosinophils, and macrophages
(20, 21). In addition, the expression of OSMRS is induced in
human peripheral blood monocytes treated with LPS (22), sug-
gesting that OSM plays an important role in monocyte/macro-
phage lineage cells during inflammation. However, the roles of
OSM in ATMs and in metabolic disorders remain to be eluci-
dated. In the present study we have addressed this question
using OSMR B-deficient (OSMRB /") mice.

EXPERIMENTAL PROCEDURES

Animals—Male C57BL/6] mice (8 weeks old) were pur-
chased from Nihon SLC (Hamamatsu, Japan). The generation
of OSMRB™/™ mice has been described previously (23).
OSMRB™'* wild-type (WT) and OSMRB ™/~ littermates were
obtained from our breeding colony using heterozygous (+/—)
breeding pairs. Male and female WT and OSMRB™’~ mice
from 8 to 32 weeks old were used in the present study. All mice
were housed in specific pathogen-free facilities and under light
(12 h light/dark cycle)-, temperature (22~25 °C)-, and humidity
(50— 60% relative humidity)-controlled conditions. Mice were
allowed free access to food (MF; Oriental Yeast, Tokyo, Japan)
and water.

Injection of OSM in C57BL/6] Mice—C57BL/6] mice were
injected intraperitoneally with either vehicle or recombinant
mouse OSM (12.5 ng/g body weight; R & D Systems, Minneap-
olis, MN) twice a day (10:00 and 18:00 h) for 1 week.

Injection of Sodium Salicylate in OSMRB™"~ Mice—
OSMRB ™/~ mice were injected intraperitoneally with either
vehicle or sodium salicylate (120 ug/g body weight; Sigma)
once a day (18:00 h) for 2 weeks.

Isolation of the Adipocyte Fraction and the Stromal Vascular
Fraction (SVF)—The mice were deeply anesthetized with
diethyl ether, and the epididymal adipose tissue were quickly
removed. The adipose tissue was minced into fine pieces and
digested with collagenase type 2 (Sigma) with PBS supple-
mented with 2% FCS at 37 °C for 20 min with high speed shak-
ing. Next, the samples were passed through a 100-um mesh
(BD Biosciences) and fractioned by brief centrifugation (1200
rpm) at room temperature (RT) for 5 min. The floating cells
were collected as the adipocyte fraction, and the pellets were
collected as the SVF. The cells in the SVF were incubated with
ammonium chloride buffer (PharmLyse; BD Biosciences) to
lyse the erythrocytes.
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Insulin Signaling Analysis—To evaluate insulin signaling,
mice fasted for 24 h were intraperitoneally injected with human
insulin (10 milliunits/g body weight). Ten minutes later epidid-
ymal fat, gastrocnemius muscle, and liver tissue were excised
and frozen in liquid nitrogen. Tissue lysates were prepared as
described below.

Preparation of Peritoneal Exudate Macrophages (PEMs)—
The preparation of PEMs was performed as described previ-
ously with some modifications (24). Macrophages elicited in
the 3 days after an intraperitoneal injection of 3 ml of thiogly-
collate medium (BD Biosciences) were harvested by flushing of
the peritoneal cavity with Hanks’ balanced salt solution (Invit-
rogen) with plastic syringes, suspended in DMEM (Invitrogen)
with 10% FCS, and incubated on 35-mm plastic dishes for 2 h at
a density of 1 X 10° cells/dish. Non-adherent cells were dis-
carded, and the adherent cells were cultured at 37 °C for 3 days.

Treatment of PEMs with OSM—PEMs were starved in
DMEM with 0.75% bovine serum albumin for 16 h before the
stimulation. Then PEMs were treated with PBS or 100 ng/ml
concentrations of recombinant mouse OSM and maintained
for the appropriate periods.

Cell Culture—Cell culture was performed with some modifi-
cations as described previously (25). The mouse macrophage
cell line, RAW 264.7, was grown in DMEM (Invitrogen) with
10% FCS, 100 units/ml of penicillin (Invitrogen), and 100 pg/ml
of streptomycin (Invitrogen). All cells were grown at 37 °Cin a
humidified atmosphere of 5% CO.,,.

Treatment of LPS and OSM for RAW 264.7 Macrophages—
RAW 264.7 macrophages were plated in 35-mm dishes at a
density of 1 X 10° cells/dish and cultured in a standard medium
for 24 h. The cells were then treated with 10 ng/ml lipopolysac-
charide (Sigma) for 16 h and washed by a standard medium
twice. Then the cells were treated with vehicle or 100 ng/ml
recombinant mouse OSM and maintained for 24 h.

Flow Cytometry—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 followed by incubation with fluo-
rescently labeled primary antibodies or control IgG at 4 °C for
30 min. The FITC-conjugated anti-F4/80, FITC-conjugated rat
IgG2a isotype controls, phycoerythrin (PE)-conjugated anti-
CD11c, PE-conjugated Armenian hamster IgG2a isotype con-
trols, FITC-conjugated anti-Gr-1, FITC-conjugated rat IgG2b
isotype controls, PE-conjugated anti-CD11b, and PE-conju-
gated rat IgG2b isotype controls were purchased from eBiosci-
ences (San Diego, CA). The PE- or Alexa Fluor 647-conjugated
anti-CD206 and their isotype controls were purchased from
AbD Serotec (Oxford, UK). To detect OSMRf in the SVF and
PEMs, cells were incubated with goat anti-OSMRS antibodies
(diluted at 1: 5, R&D Systems) or control goat IgG (Jackson
ImmunoResearch, West Grove, PA) at 4 °C for 30 min. Then
the cells were incubated with PE-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). Dead cells were
removed from the analysis using propidium iodide staining.
The flow cytometry results were analyzed using the CFlow (BD
Biosciences), the CellQuest software program (BD Biosci-
ences), or FlowJo software suites (Tree Star, Ashland, OR). The
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events were first gated based on forward scatter versus pro-
pidium iodide to identify individual live cells. The plot of a
forward versus side scatter was used as the second gate to gate
out aggregates and debris. Next, the F4/80-positive cells were
selected. Single color controls were used to set the compensa-
tion and gates.

Western Blot Analysis—Western blot analysis was performed
with some modifications as described previously (25). Lysates
were prepared by using radioimmune precipitation assay buffer
(Upstate Biotechnology, Lake Placid, NY) containing protease
inhibitor mixture (Upstate Biotechnology), 1 mM orthovana-
date, 1 mM sodium fluoride, and 1 mm phenylmethylsulfonyl
fluoride. The protein concentrations in the lysates were deter-
mined by using a BCA Protein Assay kit (Pierce). Twenty
micrograms of protein from the samples were separated by
SDS-PAGE and transferred to PVDF membranes (GE Health-
care). The blotted membranes were incubated with rat anti-
CD206 antibody (diluted at 1:500, AbD Serotec), rabbit anti-
CD163 antibody (diluted at 1:500, Santa Cruz Biotechnology,
Santa Cruz, CA), rabbit anti-iNOS antibody (diluted at 1:500,
Abcam, Cambridge, UK), mouse anti-arginase-1 antibody (BD
Biosciences), rabbit anti-phosphorylated Akt antibody (diluted
at 1:1000, Cell Signaling Technology, Beverly, MA), rabbit anti-
Akt antibody (diluted at 1:1000, Cell Signaling Technology),
rabbit anti-phosphorylated STAT3 antibody (diluted at 1:1000,
Cell Signaling Technology), rabbit anti-STAT3 antibody
(diluted at 1:1000, Cell Signaling Technology), rabbit anti-
phosphorylated cAMP response element-binding protein
(CREB) antibody (diluted at 1:1000, Cell Signaling Technol-
ogy), and rabbit anti-CREB antibody (diluted at 1:1000, Cell
Signaling Technology). Then the membranes were incubated
with HRP-conjugated donkey anti-goat (diluted at 1:4,000, GE
Healthcare), donkey anti-rat (diluted at 1:10,000, Jackson
ImmunoResearch), donkey anti-rabbit (diluted at 1:20,000, GE
Healthcare), or donkey anti-mouse (diluted at 1:20,000, GE
Healthcare) IgG antibodies. Labeled proteins were detected
with chemiluminescence using ECL detection reagent (GE
Healthcare) according to the manufacturer’s instructions. The
membranes were exposed to hyperfilm ECL (GE Healthcare)
for an appropriate period. The blotted membranes were
stripped in 0.25 M glycine, pH 2.5, at RT for 10 min and incu-
bated with rat anti-tubulin antibody (diluted at 1:500; Abcam)
at 4 °C for 16 h followed by the incubation with HRP-conju-
gated donkey anti-rat antibody (diluted at 1:4000) at RT for 1 h.

Immunohistochemistry—Immunofluorescence staining was
performed with some modifications as described previously
(26, 27). Briefly, mice were deeply anesthetized with diethyl
ether, and the epididymal fat pads were quickly removed. Then
the fat pads were fixed with 1% paraformaldehyde in PBS at 4 °C
for 1 h followed by the preincubation in 5% normal donkey
serum at RT for 1 h. Then the fat pads were incubated with
goat anti-OSM antibody (diluted at 1:400), goat anti-
OSMR} antibody (diluted at 1:400), rat anti-F4/80 antibody
(diluted at 1:1000; AbD Serotec), and rabbit anti-caveolin-1
antibody (diluted at 1:400; BD Biosciences). The fat pads
were incubated with Cy2-conjugated, Cy3-conjugated, or
biotinylated secondary antibodies (diluted at 1:800; Jackson
ImmunoResearch) at RT for 1 h. Then the fat pads were
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incubated with 7-amino-4-methylcoumarin-3-acetic acid-
conjugated streptavidin (diluted at 1:500; Jackson Immuno-
Research) at RT for 30 min and mounted in the mounting
media (90% glycerol and 10% PBS) on the chambered slide.
Immunofluorescence images were acquired using a confocal
laser scanning microscope (LSM700; Carl Zeiss, Tokyo,
Japan).

To complete an immunohistochemical analysis in pancreas,
mice were deeply anesthetized with diethyl ether and transcar-
dially perfused with ice-cold 0.85% NaCl followed by ice-cold
Zamboni's fixative (2% paraformaldehyde and 0.2% picric acid
in 0.1 M PBS). Tissues were quickly removed, postfixed in the
same fixative at 4 °C for 3 h, and cryoprotected in 20% sucrose
in 0.1 m PBS. All specimens were frozen rapidly in cold
n-hexane on dry ice and stored at —80 °C. Frozen sections were
cut on a cryostat (6-um thickness). The sections were preincu-
bated in 5% normal donkey serum at RT for 1 h followed by the
incubation 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)
at RT for 1 h followed by incubation with HRP-conjugated
streptavidin (DAKO, Carpinteria, CA) at RT for 30 min. There-
after, the peroxidase reaction product was visualized with
0.05% diaminobenzidine tetrahydrochloride (Sigma) and 0.01%
H,0O,. After the reaction, the sections were counterstained with
Eosin Y (Muto Pure Chemical, Tokyo, Japan). Images were
acquired by using a BIOREVO BZ-9000 microscope (KEYENCE,
Osaka, Japan). To evaluate the area of B-cell in pancreas, every
20th section was selected from a series of consecutive pancre-
atic sections (6 pwm), and 12 sections per mouse were used for
analysis. For each section the cells were considered to be posi-
tive for insulin if the cell bodies were stained brown. The area of
B-cells and pancreas was measured by using Image ] analysis
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. None of the controls
revealed any labeling (data not shown).

Measurement of Blood Glucose and Serum Insulin—These
procedures were performed with some modifications as
described previously (28). Mice were fasted for 4 h to remove
the effects of food intake on glucose metabolism, and blood was
taken from the tail vein at 18:00 h. In fasting experiments, mice
were fasted for 24 h with free access to water. Then serum was
immediately collected and stored at —20 °C. Blood glucose lev-
els were measured by a glucose measurement device (Gluco-
card GT-1640, Arkray, Kyoto, Japan). The serum insulin con-
centrations were determined using kits from Morinaga (Tokyo,
Japan).

Intraperitoneal Glucose Tolerance Test (ipGTT) and Insulin
Tolerance Test (ITT)—ForipGTT, the mice were fasted for 16 h
and received an intraperitoneal injection of p-glucose (1 g/kg
body weight). The blood samples were collected from the tail
vein before and at 15, 30, 60, and 120 min after the injection of
p-glucose. For ITT, mice were fasted for 4 h and received an
intraperitoneal injection of insulin (1 unit/kg body weight). The
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FIGURE 1. The characteristics of WT and OSMRB ™'~ mice under normal diet conditions. A, shown are the body weights of WT and OSMRB ™/~ mice from
8 to 36 weeks of age (n = 6~10). B, shown are representative images of WT and OSMRB ™~ mice at 16 and 32 weeks of age. C, shown are the tissue weights in
WT and OSMRB ™/~ mice at 16 and 32 weeks of age (n = 6-10). EWAT, epidid)/mal white adipose tissue; SWAT, subcutaneous white adipose tissue. D, shown is
a histological analysis with H&E (HE) staining in the EWAT in WT and OSMRB ™'~ mice at 16 and 32 weeks of age. Arrowheads indicate crown-like structures. Scale
bars = 200 um. E, shown is a histological analysis with H&E staining and Oil Red O staining in the liver of WT and OSMRB™™ mice at 16 and 32 weeks of age.
CV, central vein. Scale bars = 100 um. F, food intake in WT and OSMRB ™/~ mice at 16 and 32 weeks of age (n = 6~10) is shown. The data represent the mean =
S.E.*, p < 0.05 WT versus OSMRB ™/~ mice, ANOVA followed by the post-hoc Bonferroni test (A); Student’s t test (C and F).

blood samples were collected from the tail vein before and at 15,
30, 60, and 120 min after the injection of insulin.

ELISA—Concentrations of serum TNF-¢, IL-6, IL-10, adi-
ponectin, and monocyte chemoattractant protein-1 (MCP-1)
were measured by ELISA kits (R & D Systems) according to the
manufacturer’s instructions. The serum concentrations of lep-
tin, serum amyloid A, and OSM were determined using ELISA
kits from Morinaga, Invitrogen, and USCN Life Science
(Wuhan, China), respectively.

Measurement of Lipid Content in the Serum and Liver—The
serum levels of triglycerides, total cholesterol, and free fatty
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acids were measured at Nagahama Life Science Laboratory
(Nagahama, Japan) using lipid assay kits (Triglyceride E-Test
Wako, Total Cholesterol E-Test Wako, and NEFA C-Test
Wako, Wako Pure Chemical Industries, Osaka, Japan) accord-
ing to the manufacturer’s instructions.

The contents of the triglycerides and total cholesterol in
the liver were analyzed at Skylight Biotech (Akita, Japan).
Lipids were extracted from the livers using the Folch method
(29). Frozen liver tissues were homogenized, and triglycer-
ides and total cholesterol were extracted from the homoge-
nate with chloroform/methanol (2:1, v/v), dried, and resus-
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TABLE 1
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Various metabolic parameters in the serum and liver of WT and OSMR B/~ mice at 16 and 32 weeks of age (n = 6-8)
The data represent the mean = S.E.

WT OSMRB™" WT OSMRB~"~
Parameters (units) (16 weeks) (16 weeks) (32 weeks) (32 weeks)
Serum concentrations
Total cholesterol (mg/dl) 94.2 = 8.1 90.2 = 3.1 102.7 = 4.6 141.3 £ 0.7¢
Triglyceride (mg/dl) 107.0 = 10.0 102.7 £ 13.1 87.7 +83 102.0 * 5.8“
Free fatty acid (mmol/liter) 1.40 = 0.16 1.51 = 0.07 1.90 = 0.02 1.98 = 0.01”
Leptin (ng/ml) 597 £ 0.39 7.32 £ 1.63 12.6 = 2.8 18.8 £ 2.57
Serum amyloid A (ng/ml) 8.84 *+ 1.74 14.24 £ 1.93 149 + 1.4 30.6 = 6.4°
TNF-« (pg/ml) 3.61 = 0.24 4.67 * 045 4.22 + 0.62 5.69 * 0.85“
1L-6 {pg/ml) 0.27 + 0.05 0.31 * 0.08 0.51 + 0.06 0.68 = 0.06*
MCP-1 (pg/ml) 20.1 £ 06 24.3 £ 2.1 469+ 7.6 84.2 + 11.27
IL-10 (pg/ml) 7.04 + 0.57 5.55 + 0.43° 10.6 £ 0.6 9.08 = 0.617
Adiponectin (pg/ml) 251 2.1 222+ 0.8¢ 153 0.7 13.2 £ 0.5"
OSM (pg/ml) 64.7 = 8.1 60.92 £ 7.7 469 * 9.7 735+ 11.8*
Glucose (fed) (mg/dl) 135.3 = 12.7 152.0 £ 9.1 162.0 £ 16.3 198.3 = 18.17
Insulin (fed) (ng/ml) 0.66 = 0.05 5.41 * 1.60¢ 2.10 £ 0.11 9.98 *+ 0.60°
Glucose (fasted) (mg/dl) 68.7 * 2.6 64.0 £ 3.1 80.0 £ 4.2 89.7 = 2.9
Insulin (fasted) (ng/ml) 0.31 = 0.09 221 £ 0.71¢ 0.96 £ 0.33 5.63 * 0.21”
Liver concentrations
Total cholesterol (mg/g) 2.03 +0.10 2.23 + 0,06 2.10 = 0.03 3.12 + 0.20¢
Triglyceride (mg/g) 9.82 = 3.21 13.6 £ 2.9 152 * 0.4 105.4 = 18.4%
“p < 0.05 WT versus OSMRB ™'~ mice; Student’s £ test.
2 p < 0.01 WT versus OSMRB ™/~ mice; Student’s £ test.
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FIGURE 2. Glucose intolerance and insulin resistance in OSMRB ™'~ mice under normal diet conditions. A and B, shown are blood glucose (A) and serum
insulin (B) levels in WT and OSMRB ™/~ mice from 8 to 16 weeks of age (n = 6). C-H, shown are the results of the ipGTTs (Cand D) and ITTs (F and G) in WT and
OSMRB™"~ mice at 16 (C and F) and 32 (D and G) weeks of age (n = 6). The areas under the curves (AUC) for blood glucose in the ipGTTs (£) and ITTs (H) are
shown. The data represent the mean = S.E. *, p < 0.05; **, p < 0.01 WT versus OSMRB ™/~ mice, ANOVA followed by the post-hoc Bonferroni test (A-D, F, and

G); Student

‘s t test (E and H).

pended in 2-propanol. The amounts of triglycerides and Quantitative Real-time PCR—Quantitative real-time PCR
total cholesterol in the extract were measured using lipid was performed with some modifications as described previ-
assay kits (Cholestest TG and Cholestest CHO, Sekisui Med- ously (25). Briefly, total RNAs from PEMs were prepared
ical, Tokyo, Japan).
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FIGURE 3. The characteristics of female WT and OSMRB~'~ mice under normal diet conditions. A, shown are the body weights of female WT and
OSMRB ™/~ mice from 8 to 16 weeks of age (n = 6). B, shown are representative images of female WT and OSMRB ™/~ mice at 16 weeks of age. C, shown are the
tissue weights in female WT and OSMRB ™~ mice at 16 weeks of age (n = 6). EWAT, epididymal white adipose tissue; SWAT, subcutaneous white adipose tissue.
D, shown is a histological analysis with H&E (HE) staining in the epididymal white adipose tissue and liver in female WT and OSMRB ™/~ mice at 16 weeks of age.
CV, central vein. Scale bars = 200 um (epididymal white adipose tissue); 100 pm (liver). £, shown is food intake in female WT and OSMRB ™/~ mice at 16 weeks
of age (n = 6). Fand G, shown are blood glucose (F) and serum insulin (G) levels in female WT and OSMRB™/~ mice at 16 weeks of age under fed and fasted
conditions. H-K, shown are the results of the ipGTTs (H) and ITTs (J) in female WT and OSMRB ™/~ mice at 16 weeks of age (n = 6). The areas under the curves
(AUC) for blood glucose in the ipGTTs (/) and ITTs (K) are shown. The data represent the mean = S.E. *, p < 0.05; *¥, p < 0.01; ***, p < 0.005 WT versus OSMRB™/~

mice, ANOVA followed by the post-hoc Bonferroni test (A, H, and J); Student’s t test (G, E, F, G, |, and K).

OH). The ¢cDNA from the total RNA was synthesized with
TagMan Reverse Transcription Reagents (Applied Bio-
systems, Foster City, CA). The following TagMan Gene Expres-
sion Assays (Applied Biosystems) were used: TNF-«
(MmO00443258_m1), IL-18  (MmO00434228 ml), IFN-y
(Mm00801778_m1), MCP-1 (Mm00441242_m1), C-C chemo-
kine receptor 2 (CCR2) (Mm00438270_m1), toll-like receptor 4
(TLR4) (Mm00445273_m1l), IL-6 (Mm00446190_m1), IL-10
(Mm00439616_m1), IL-13 (MmO00434204_m1l), adiponectin
(MmO00456425_m1), macrophage galactose-type C-type lectin
(MGL) 1 (Mm00546124_m1), MGL2 (Mm00460844_m]l),
OSM (Mm01193966_m1), OSMRB (Mm00495424_m1), and
18 S (Hs99999901_s1). Quantitative real-time PCR for each
gene was performed using Rotor Gene Q (Qiagen, Hilden, Ger-
many) and Rotor Gene Probe PCR kits (Qiagen). The PCR
amplification protocol was 95 °C for 10 min and then 40 cycles
of 95 °C for 10 s and 60 °C for 45 s. The relative abundance of
transcripts was normalized by the expression of 18 S mRNA
and analyzed using AACT method.

Statistical Analysis—The results are shown as the means *+
S.E. Statistically significant differences between groups were
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analyzed by Student’s £ test or an analysis of variance (ANOVA)
followed by the post-hoc Bonferroni test. The criterion for sta-
tistical significance was p < 0.05.

RESULTS

Systemic Changes of Metabolic Parameters in OSMRB ™"~
Mice—To assess the roles of OSMR}S in the metabolic diseases,
we analyzed OSMRB™'~ mice under normal diet conditions.
The macroscopic findings, body weights, and tissue weights
(epididymal adipose tissue, subcutaneous adipose tissue, and
liver) did not differ significantly between WT and OSMRB™/~
mice until 16 weeks of age (Fig. 1, A—C). However, OSMRB ™/~
mice began to be heavier than WT mice at 20 weeks of age, and
the significant increase in body weights compared with WT
mice was observed in OSMRB ™/~ mice at 32 weeks of age (Fig.
1A). At 32 weeks of age, the weights of the adipose tissue and
liver in OSMRB ™/~ mice were heavier than those in WT mice
(Fig. 1, B and C). As shown in Fig. 1D, in the adipose tissue of
OSMRB™/~ mice the adipocytes appeared to be larger than
those in WT mice, and crown-like structures were also
observed. In addition, lipid accumulation was greater in the
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livers of OSMRB™/~ mice compared with that in WT mice at 32
weeks of age (Fig. 1E). However, the adipose tissue and liver
were histologically normal in OSMRB ™/~ mice at 16 weeks of
age (Fig. 1, D and E). Although there was no difference in the
amount of food intake between WT and OSMRB ™/~ mice at 16
weeks of age, OSMRB ™/~ mice showed hyperphagia at 32
weeks of age (Fig. 1F).

The serum concentration of leptin in OSMRB™/~ mice was
higher than that in WT mice at 32 weeks of age, although it was
not changed between WT and OSMRB ™/~ mice at 16 weeks of
age (Table 1). Both serum lipid levels (total cholesterol, triglyc-
eride, and free fatty acid) and lipid contents in the liver (total
cholesterol and triglyceride) were higher in OSMRB ™/~ mice at
32 weeks of age (Table 1). Neither the serum lipid levels nor
lipid contents in the liver were different between WT and
OSMRB ™/~ mice at 16 weeks of age (Table 1).

To investigate the systemic inflammation in OSMRB™
mice, we analyzed the serum levels of some inflammatory
markers. The serum concentrations of serum amyloid A,
TNF-q, IL-6, and MCP-1 were higher, whereas the concentra-
tions of IL-10 and adiponectin in the serum were lower in
OSMRB ™/~ mice than in WT mice at 32 weeks of age (Table 1).
The changes in those inflammatory markers, except for IL-6,

- were already observed at 16 weeks of age (Table 1). Serum con-
centration of IL-6 also tended to increase but not significantly
in OSMRB ™/~ mice at 16 weeks of age (Table 1).

At 32 weeks of age, both blood glucose and serum insulin

levels in fed and fasted conditions were higher in OSMRB ™'~

/-
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mice compared with those in WT mice (Table 1). At 16 weeks of
age, there were no differences in blood glucose levels between
WT and OSMRB ™/~ mice, whereas serum insulin levels were
higher in OSMRB ™/~ mice in both fed and fasted conditions
(Table 1).

Similar to the male mice, neither female WT nor female
OSMRB ™'~ mice showed any differences in body weight, tissue
weights, or food intake (see Fig. 3, A-E). The blood glucose
levels did not differ between WT and OSMRB ™/~ mice; how-
ever, the serum insulin levels were increased in OSMRB ™/~
mice in fed and fasted conditions at 16 weeks of age (see Fig. 3,
F and G). These results suggest that OSMRB ™/~ mice exhibit
systemic inflammation and disturbance of glucose metabolism
preceding obesity. We next analyzed glucose and insulin levels
in more detail.

OSMRB™"~ Mice Develop Glucose Intolerance and Insulin
Resistance—To examine the effects of OSMR deficiency on
glucose metabolism, we measured the blood glucose and serum
insulin levels once a week for 8 weeks in WT and OSMRB™/~
mice under normal diet conditions. As shown in Fig. 24, there
were no significant changes in the blood glucose levels between
WT and OSMRB™'™ mice until 16 weeks of age. However, the
serum insulin levels began to increase in OSMRB™'~ mice
compared with those observed in WT mice starting from 13
weeks of age (Fig. 2B). In addition, ipGTTs and ITTs revealed
that OSMRB ™/~ mice displayed glucose intolerance and insu-
lin resistance at both 16 and 32 weeks of age (Fig. 2, C-H).
Consistent with the data in the male mice, the female
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OSMRB ™'~ mice at 16 weeks of age exhibited glucose intoler- To investigate the tissue-specific insulin resistance in
ance and insulin resistance, as measured with ipGTTsand ITTs OSMRB™’~ mice at 16 weeks of age, we analyzed insulin-stim-
(Fig. 3, H-K). ulated Akt phosphorylation in the adipose tissue, skeletal
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muscle, and liver. Insulin-stimulated Akt phosphorylation
was decreased in the adipose tissue, skeletal muscle, and liver
in OSMRB™'™ mice compared with that observed in WT
mice (Fig. 4, A and B). Histological examination of pancreas
revealed that the percentages of insulin-positive areas
(B-cells) among total areas of the pancreas were higher in
OSMRB™/~ mice compared with those in WT mice at 16
weeks of age (Fig. 4, C and D), suggesting that OSMRB ™/~
mice exhibit hyperplasia of B-cells in the pancreas. In addi-
tion, the expression of insulin mRNA was increased in the
pancreas of OSMRB ™'~ mice compared with that in WT
mice at 16 weeks of age (Fig. 4E).

Adipose Tissue Inflammation and Phenotypes of ATMs in
OSMRB™"" Mice—TIt is well established that obesity-induced
adipose tissue inflammation is important for the development
of insulin resistance (5). Both OSM and OSMR were expressed
strongly in the adipose tissue and little in the liver, hypothalamus,
skeletal muscle, and pancreas at 16 weeks of age (Fig. 5, A and D).
In the adipose tissue, the expression of OSM was observed in both
SVF and adipocyte fractions (Fig. 5B). In contrast, OSMR was
mainly expressed in the SVF, whereas the expression of OSMRS
was rarely detected in the adipocyte fraction (Fig. 5E).

Serum concentration of OSM was not changed between WT
and OSMRB ™/~ mice at 16 weeks of age (Table 1). However,
the expression of OSM mRNA in the adipose tissue was
increased in OSMRB ™/~ mice compared with that in WT mice
(Fig. 5C). At 32 weeks of age, both serum concentration of OSM
and the expression of OSM mRNA in the adipose tissue were
higher in OSMRB ™'~ mice compared with those in WT mice
(Fig. 5C and Table 1).

In addition, double-immunofluorescence staining revealed
that OSMRB was exclusively expressed in F4/80-positive
macrophages in the adipose tissue (Fig. 5F). Therefore, OSM
appears to act primarily on macrophages in the adipose tissue.

Next we examined the phenotypes of ATMs in OSMRB™/~
mice under normal diet conditions. The flow cytometric anal-
yses of the SVF showed that the percentages and total numbers
of F4/80-positive cells were increased in OSMRB™'~ mice
compared with those observed in WT mice at 13, 16, and 32
weeks of age (Fig. 5, G—-I). To discriminate between M1 and M2
ATMs with flow cytometry, we used antibodies against CD11c
and CD206 as markers of M1 and M2 ATMs, respectively (15).
The percentages of CD11c-positive M1 ATMs among the total
numbers of ATMs were higher in OSMRB ™/~ mice than in WT
mice (Fig. 5)). In contrast, the percentages of CD206-positive
M2 ATMs among the total numbers of ATMs were lower in
OSMRB ™'~ mice than in WT mice (Fig. 5K). In addition, the
percentages of neutrophils, which highly expressed both Gr-1

Insulin Resistance in OSMR B-deficient Mice

and CD11b, among total SVF cells were higher in OSMRB ™/~
mice than in WT mice (Fig. 5L). Such changes in the pheno-
types of ATMs were also observed at 13 weeks of age when
serum insulin levels just started to rise (Fig. 5, /-L). These
results indicate that OSMRB™/~ mice exhibit phenotypic
changes in ATMs to M1 at 13, 16, and 32 weeks of age.

To evaluate the adipose tissue inflammation in OSMRB™/~
mice at 16 weeks of age, we examined the expression levels of
various pro- and anti-inflammatory markers. The gene expres-
sions of proinflammatory markers, including TNF-«, IL-18,
IFN-v, MCP-1, CCR2, and TLR4, were more abundant in the
adipose tissue and SVF of OSMRB ™/~ mice than in the adipose
tissue and SVF of WT mice (Fig. 6, A and B). In contrast, the
gene expressions of anti-inflammatory markers, including
IL-10, IL-13, MGL1, and MGL2, in the adipose tissue and SVF
of OSMRB™'~ mice were lower than those observed in the adi-
pose tissue and SVF of WT mice (Fig. 6, A and B). The gene
expression of adiponectin in the adipose tissue also decreased
in OSMRB™’'~ mice (Fig. 64). There were no differences in the
IL-6 gene expression levels in the adipose tissue and SVF
between WT and OSMRB ™/~ mice (Fig. 6, A and B). Although
iNOS was expressed more abundantly in the adipose tissue of
OSMRB ™/~ mice than in the adipose tissue of WT mice, the
expression levels of CD206 and CD163 were lower in
OSMRB™'™ mice (Fig. 6, C and D). These results indicate that
OSMRB™/~ mice exhibit adipose tissue inflammation under
normal diet conditions.

To address the question of whether insulin resistance in
OSMRB ™'~ mice resulted from inflammation in the adipose
tissue, we treated OSMRB ™/~ mice with an anti-inflamma-
tory agent, sodium salicylate. Both glucose intolerance and
insulin resistance in OSMRB ™/~ mice were improved when
the mice were treated with sodium salicylate (Fig. 6, E-H).
These data suggest that inflammatory status in the adipose
tissue is responsible for systemic insulin resistance of
OSMRB ™/~ mice.

OSM Polarizes Macrophages to the M2 Phenotype—To inves-
tigate the effects of OSM on macrophage polarization, the
expressions of several macrophage markers were determined in
PEMs obtained from WT and OSMRB ™/~ mice. The expres-
sion of OSMRp was observed in F4/80-positive cells in PEMs
obtained from WT mice using flow cytometry (Fig. 74). In addi-
tion, OSM activated STAT3 and CREB in PEMs obtained from
WT mice but not in PEMs obtained from OSMRB ™/~ mice
(Fig. 7B). Strikingly, the expressions of IL-10, MGL1, and
MGL2 were markedly increased by OSM in PEMs obtained
from WT mice (Fig. 7, C-E). In addition, OSM significantly
increased the expression levels of arginase-1 and CD206 in

FIGURE 5. Phenotypes of ATMs in WT and OSMRB ™'~ mice under normal diet conditions. A-F, shown is expression of OSM and OSMRR in the adipose
tissue. A, shown is the mRNA expression of OSM in various tissues of C57BL/6J mice (n = 6). B, shown is mRNA expression of OSM in the SVF and adipocyte
fraction in the adipose tissue of C57BL/6J mice (n = 6). C, shown is mRNA expression of OSMin the adipose tissue of WT and OSMRB ™/~ mice at 16 and 32 weeks
of age (n = 6). D, shown is mRNA expression of OSMRS in various tissues of C57BL/6J mice (n = 6). E, shown is mRNA expression of OSMRB in the SVF and
adipocyte fraction in the adipose tissue of C57BL/6J mice (n = 6). F, shown is immunofluorescence staining for OSMR (red) with F4/80 (green) and caveolin-1
(blue) in the adipose tissue of C57BL/6J mice. Scale bars = 100 um. G-I, shown are the percentages (G) and total numbers (H) of F4/80-positive cells among the
total numbers of cells in the SVF of the epididymal fat pads in WT and OSMRB ™/~ mice at 13, 16, and 32 weeks of age (n = 4-6). The total numbers of
macrophages were normalized by the weights of the epididymal fat pads (/). J and K, shown are the percentages of CD11c¢-positive (J) and CD206-positive (K)
cells in the F4/80-positive cells of WT and OSMRB ™~ mice at 13, 16, and 32 weeks of age (n = 4-6). L, shown are the percentages of neutrophils (Gr-1"e"/
CD11bM9" cells) in the total cells in the SVF of WT and OSMRB ™/~ mice at 13, 16, and 32 weeks of age (n = 4-6). 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 6. Contribution of inflammatory status on insulin resistance in OSMRB ™/~ mice at 16 weeks of age. A and B, shown are the expressions of proinflam-
matory markers (TNF-q, IL-183, IFN-y, MCP-1, CCR2, TLR4, and IL-6) and anti-inflammatory markers (IL-10, IL-13, MGL1, MGL2, and adiponectin) in the adipose tissue (A)
and SVF (B) of WT and OSMRB ™/~ mice (n = 6).C, shown is Western blot analysis of markers of macrophage phenotypes (iNOS, CD206, and CD163) in the adipose tissue
of WT and OSMRB ™/~ mice. The apparent molecular masses are indicated on the right. D, shown is quantitative analysis of the protein expression of INOS, CD206, and
CD163 (n = 6). E-H, shown are the effects of sodium salicylate on glucose intolerance and insulin resistance of OSMRB™~ mice. OSMRB ™/~ mice were injected
intraperitoneally with either vehicle or sodium salicylate (120 ug/g body weight) once a day for 2 weeks. E-H, shown are the results of the ipGTTs (E) and ITTs (G) in
OSMRB ™™ mice injected with sodium salicylate. The areas under the curves (AUQ) for blood glucose in the ipGTTs (F) and ITTs (H) are shown. The data represent the
mean = SE.* p < 0.05; **, p < 0.01 WT versus OSMRB ™~ mice; #, p < 0.05 OSMRB ™~ (Vehicle) versus OSMRB ™~ (Salicylate) mice, ANOVA followed by the post-hoc
Bonferroni test (E and G); Student’s t test (A, B, D, F, and H).

PEMs obtained from WT mice (Fig. 7, F and G). The effects obtained from OSMRB ™/~ mice (Fig. 7, C-G). The expres-
of OSM on the expressions of IL-10, MGL1, MGL2, argi- sion of iNOS, a marker of M1 macrophages, was not
nase-1, and CD206 were completely abolished in PEMs observed in PEMs regardless of whether the PEMs were
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treated with OSM (Fig. 7F). In addition to that observed in LPS-stimulated RAW264.7 cells (Fig. 7, H and I). Therefore,
PEMs, OSM induced the expressions of arginase-1 and OSM can polarize the phenotypes of macrophages to M2.

CD206 in RAW264.7 cells, a mouse macrophage cell line OSM Polarizes ATMs to M2 Phenotype and Increases Insulin
(Fig. 7, Hand I). OSM also increased the expressions of argi-  Sensitivity in Vivo—To investigate the effects of OSM on insu-
nase-1 and CD206 and decreased the expression of INOS in  lin sensitivity and phenotypic changes of ATMs, we treated
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C57BL/6] mice with OSM for 1 week. Both glucose tolerance
and insulin sensitivity in C57BL/6] mice were increased when
the mice were treated with OSM (Fig. 8, A-D). In addition, both
percentages and total numbers of F4/80-positive cells were
reduced in mice treated with OSM (Fig. 8, E-G). The treatment
with OSM increased the percentage of M2 ATMs but decreased
the percentage of M1 ATMs in the adipose tissue (Fig. 8, H and
I). In addition, OSM increased the expression of IL-10, IL-13,
MGLI, and MGL2 in the adipose tissue (Fig. 8/). These data
suggest that OSM can change the phenotypes of ATMs to M2
and increase insulin sensitivity in vivo.

DISCUSSION

OSM belongs to the IL-6 family of cytokines, including IL-6,
1L-11, leukemia inhibitory factor, ciliary neurotrophic factor,
and cardiotrophin-1 (30) and exhibits a variety of physiological
functions, including the development of neurons and hepato-
cytes, hematopoiesis, and the modulation of inflammatory
responses (21, 31-33). Although some members in this family,
IL-6, ciliary neurotrophic factor, and cardiotrophin-1, are
known to be associated with the development of obesity and
insulin resistance (34 -36), the role of OSM in these metabolic
disturbances remains unclear. In this paper we have addressed
this question using OSMRB ™/~ mice. OSMRB ™/~ mice exhib-
ited obesity and insulin resistance at 32 weeks of age. Interest-
ingly, insulin resistance preceding obesity was already observed
in OSMRB ™'~ mice at 16 weeks of age.

It is well established that the balance between pro- and anti-
inflammatory cytokines secreted from the adipose tissue is
important for systemic insulin sensitivity. Proinflammatory
cytokines, including TNF-q, IL-18, and IFN-vy, promote the
development of insulin resistance (16, 17, 37-40), whereas an
anti-inflammatory cytokine, IL-10, improves obesity-induced
insulin resistance (18). In the adipose tissue, these pro- and
anti-inflammatory cytokines are produced by M1 and M2
macrophages, respectively (15). In the present study we found
that the percentage of M1 macrophages and the expression of
proinflammatory cytokines were increased in the adipose tissue
of OSMRB™'™ mice compared with WT mice. In contrast, the
percentage of M2 macrophages and the expression of IL-10
were reduced in the adipose tissue of OSMRB ™/~ mice. Treat-
ment of OSMRB™/~ mice with sodium salicylate improved
their insulin resistance, suggesting that systemic inflammation
is important for the development of insulin resistance in
OSMRB™’~ mice. In addition, OSM was shown to directly
polarize the phenotype of PEMs and RAW264.7 cells to M2.
Furthermore, insulin sensitivity and the percentage of M2
ATMs were increased by the treatment with OSM in vivo.

These findings suggest that OSM plays an important role in the
regulation of energy homeostasis by insulin at least in part
through the regulation of M1/M2 balance. In addition,
Gr-1"€"/CD11bMe" cells, which are considered to be activated
neutrophils, increased in the adipose tissue of OSMRB ™/~
mice. The increase of Gr-1"¢"/CD11b"€" cells may contribute
to drive or sustain the adipose tissue inflammation in
OSMRB ™™ mice.

As OSM is known to inhibit the differentiation of preadi-
pocytes to mature adipocytes in vitro (41), our initial hypothesis
was that OSM might reduce adiposity. However, there were no
differences in the weight of adipose tissue between WT and
OSMRB ™/~ mice under normal diet conditions. Most of the
OSMRB-positive cells were F4/80-positive macrophages, and
few DIk-1-positive preadipocytes were found in the adipose tis-
sue. Furthermore, the phenotypes of the ATMs were polarized
from M2 to M1 in OSMRB ™/~ mice fed a normal diet. These
results suggest that macrophages play a more important role in
the regulation of energy metabolism by OSM than do preadi-
pocytes under normal diet conditions.

IL-6 potentially acts as a proinflammatory cytokine and
induces hepatic insulin resistance in rodents (42, 43). However,
chronic treatment of mice with IL-6 does not affect the insulin
signaling in the skeletal muscle (42). In addition, IL-6-deficient
mice showed systemic insulin resistance (34, 44). Therefore, the
role of IL-6 in the development of systemic insulin resistance is
controversial. In the present study, the IL-6 levels did not
change in the adipose tissue of OSMRB ™/~ mice compared
with those observed in the controls at 16 weeks of age when
systemic insulin resistance developed in OSMRB ™/~ mice. By
contrast, some proinflammatory cytokines (TNF-¢, IL-183, and
IFN-v), known to contribute to the development of insulin
resistance (16, 17, 37-40), was significantly increased in the
adipose tissue of OSMRB ™'~ mice. Therefore, IL-6 may func-
tion in the development of adipose tissue inflammation and
insulin resistance in a manner distinct from that exhibited by
other proinflammatory cytokines, including TNF-a, IL-13, and
IFN-v. These observations suggest that our mouse model of
metabolic syndrome with different expression patterns of pro-
inflammatory cytokines may help in understanding functional
differences between IL-6 and other proinflammatory cytokines
in adipose tissue inflammation and insulin resistance.

The food intake is regulated by the hypothalamus and other
associated regions of the brain, including the mesolimbic
region and the brain stem (45). It has been reported that
OSMRB is expressed in a hypothalamic neuronal cell line,
Gnv-4 cells (46). This finding raises the possibility that OSM

FIGURE 7. The functional roles of OSM in macrophage. A, shown is the expression of OSMR3 in PEMs obtained from WT mice. PEMs obtained from WT mice
were stained with OSMRP (solid line) or its control {dotted line) and analyzed by flow cytometry. B, shown is the activation of STAT3 and CREB by OSM in PEMs
obtained from WT and OSMRB ™/~ mice. Western blot analysis of pSTAT3 and pCREB was performed in OSM-treated PEMs. The apparent molecular masses are
indicated on the right. C-E, shown is the induction of IL-10 (C), MGL1 (D), and MGL2 (E) expression by OSM in PEMs. Quantitative real-time PCR was performed
using MRNA prepared from OSM-treated PEMs obtained from WT and OSMRB™~ mice. F, shown are Western blot analyses of markers of macrophage
phenotypes (iNOS, arginase-1, and CD206) in the OSM-treated PEMs obtained from WT and OSMRB ™/~ mice. The apparent molecular masses are indicated on
the right. G, shown is quantitative analysis of the protein expression of arginase-1 and CD206. H and /, shown are the roles of OSM in RAW264.7 macrophages.
H, shown is a Western blot analysis of markers of macrophage phenotypes (iNOS, arginase-1, and CD206) in non-stimulated or LPS-stimulated RAW264.7
macrophages. /, shown is a quantitative analysis of the protein expressions of iNOS, arginase-1, and CD206. The data represent the mean * S.E. of three
independent experiments. The data are expressed as percentages of control values (white bars). *, p < 0.05; **, p < 0.01; ***, p < 0.005 versus control, ANOVA
followed by the post-hoc Bonferroni test (C-E); Student's t test (G and /).

21872  JOURNAL OF BIOLOGICAL CHEMISTRY YASEHMBN  VOLUME 288-NUMBER 30-JULY 26, 2013

—457 -



Insulin Resistance in OSMRB-deficient Mice

>
w

2501 9r il
= * —O— Vehicle =8 T H\éc;t;ll‘ce
3 200t —e— OSM T 7t
E * 2 6l *
g 1501 g 5
] * s 4l
2 100} s
o 3
© (8]
g 5o} 2y
@ 1l
09 95 30 60 120 0
Time after glucose injection (min)
C ) D 0
R 120 8' [] Vehicle
=y L = 8 M osm
§ 1 ; c 7f ]
S
o% 8oF > 6
28 il * * £ st
o 60 8
35 5 4
o8 a1 o 3
8 o} —O— Vehicle 3 2
m —e— OSM 1l
0515 30 50 120 0
Time after insulin injection (min)
E [Jvenhicte F [vehice G [JVehicte H [JVehicte | [J Vehicle
50 W OsM 051  EOSM o2 08r g oOSM 15r  mosm 70r  mEosm
® - @ w 60} .
240} o 04} x T - T
8e 52 ok 06} SE 8 %50
b2 g EES o @ 10} <
2330} €2 03} i =% * Q3
320 Ex e 58 S g 40
w5 * 28 . 22 04r O+ O+
S22 g 02} ) * 58 3§3°
$3 RS o gL °r g
o L < 0.2} O£ o c
3£ 10 0.1t 2 5 5=
a g o o 10
=z
o 0 0 0
J 4. [] Vehicle
W OosM
*
k)
[ *
>= 3}
25 .
:
E2 2f
23
© L
s 1} ﬁ ﬂ ’I-’ ll]
[+
0
IL-10 IL-13 MGL1 MGL2

FIGURE 8. Effects of OSM on phenotypes of ATMs and insulin sensitivity. C57BL/6J mice were injected intraperitoneally with either vehicle or recombinant
mouse OSM (12.5 ng/g body weight) twice a day for 1 week. A-D, shown are the results of the ipGTTs (A) and [TTs (C) in C57BL/6J mice injected with OSM (n =
4). The areas under the curves (AUC) for blood glucose in the ipGTTs (B) and ITTs (D) are shown. E-G, shown are the percentages (E) and total numbers (F) of
F4/80-positive cells among the total numbers of cells in the SVF of the epididymal fat pads in C57BL/6J mice injected with OSM (n = 4). The total numbers of
macrophages were normalized by the weights of the epididymal fat pads (G). H and /, shown are the percentages of CD11c-positive (H) and CD206-positive (/)
cells in the F4/80-positive cells of C57BL/6J mice injected with OSM (n = 4). J, shown are the expressions of anti-inflammatory markers (IL-10, IL-13, MGL1, and
MGL2) in the adipose tissue of C57BL/6J mice injected with OSM (n = 4). The data represent the mean = S.E.*, p < 0.05 vehicle versus OSM, ANOVA followed
by the post-hoc Bonferroni test (A and C); Student's t test (8, D, and E-J).

regulates food intake through the hypothalamus. However, we
reported previously that OSMR is expressed only in the astro-
cytes of the olfactory bulb, the epithelial cells of the choroid
plexus, and meningeal cells and not in the brain regions associ-
ated with food intake in normal adult mice (47). In addition,
there were no significant differences in the food intake between

ACTEN
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WT and OSMRB ™'~ mice fed a normal diet at 16 weeks of age,
suggesting that OSM signaling is unlikely to regulate food
intake under the normal conditions.

It has been most widely accepted that obesity is a major risk
factor for the development of insulin resistance (1), which is
followed by hyperinsulinemia, the exhaustion of pancreatic 3
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cells, and then the development of type 2 diabetes. However,
there are also some reports inconsistent with this obesity-in-
duced model of the pathogenesis of type 2 diabetes in human;
that is, insulin resistance without obesity or hyperinsulinemia
preceding obesity (48, 49). Thus, the relationship between obe-
sity, insulin resistance, and type 2 diabetes remains unclear yet.
In addition, there are few reports in the mouse model that insu-
lin resistance occurs preceding obesity. Although insulin resis-
tance without obesity is observed in the mice deficient in insu-
lin or insulin signaling genes, including Akt2, these mice do not
exhibit systemic inflammation (50, 51). As systemic inflamma-
tion, hyperinsulinemia, and insulin resistance preceded obesity
in OSMRB ™/~ mice, OSMRB ™/~ mice constitute a unique
mouse model of metabolic diseases and may help to clarify a
novel relationship among systemic inflammation, hyperinsu-
linemia, insulin resistance, and obesity.
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