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were flushed with normal saline. Using a dissection mi-
croscope, colon tumors were noted grossly for their lo-
cation, number, and diameter, and measured with cali-
pers. All tumors from AOM-treated C57BL/6] mice were
subjected to histological examination after routine pro-
cessing and H&E staining, The remaining small intesti-
nal mucosa was removed by scraping and used for AMPK
measurement. High-density lipoprotein cholesterol was
assessed by FUJI' DRI-CHEM4000 (FUJIFILM Medical
Co., Ltd., Tokyo, Japan). Total body fat amount was
determined by EchoMRI-100 (Echo Medical Systems,
Houston, TX).

AOM-Induced Colon Aberrant Crypt Foci

Development in APN-Deficient Mice Treated

With Pai-1 Blocker

Male APN=/~ C57BL/6] mice (n = 10 each) of 6
weeks in age received AOM at a dose of 10 mg/kg body
weight intraperitoneally once a week for 3 weeks. From
the first treatment with AOM, mice were fed control
AIN-76A or experimental diet containing Pai-1 blocker
SK-216,! chemically synthesized at Shizuoka Coffein Co.
Ltd,, at 50 and 100 ppm for 8 weeks. All mice were
sacrificed 5 weeks after the first dose of AOM. After
laparotomy, the entire colons were resected, fixed, stained
with 0.2% methylene blue and scored for the number of
aberrant crypt foci (ACF)/colon according to the proce-
dure of previous report.!6

Experimental Protocol for Min Mice Treated

With Metformin »

To investigate the effects of AMPK activation on
Pai-1 expression levels, four male Min mice at 6 weeks of
age were given 1000 ppm metformin, 1,1-dimethylbigu-
anide hydrochloride (Wako Chemical, Osaka, Japan) in
the diet for 14 weeks and liver samples were collected.

Control group mice were fed basal diet without met--

formin.

Detection of Intestinal Phosphorylated AMPK
Levels

The concentrations of p-AMPK in the small intes-
tine (n = 4) and colon (n = 4) from 9-week-old male
APN*/+, APN*/~ and APN~/~ C57BL/6] mice, and in the
liver (n = 4) from 12-week-old male APN*/* Min, APN*/~
Min, and APN~/~Min mice were determined using an
AMPKa [pT172] enzyme-linked immunosorbent assay
kit (Invitrogen, Carlsbad, CA), according to the manufac-
turer’s protocol. Concentrations of p-Akt and total Akt in
the small intestine were determined using a PathScan
Cell Growth 4-Plex Array Kit (Cell Signaling Technology,
Inc., Danvers, MA) for 6 samples from 55-week-old male
APN*/*, APN*/~, and APN™/~ C57BL/6] mice, according
to the manufacturer’s protocol.
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Real-Time PCR Analysis and Reverse
Transcription PCR Analysis

Tissue samples from livers of male Min mice with
APN*/*, APN*/~, and APN~/~ genotypes and C57BL/6J
mice with APN*/*, APN*/~, and APN™/~ genotypes were
used. Total RNA was isolated from tissues using Isogen
(Nippon Gene, Tokyo, Japan), treated with DNase I (In-
vitrogen) and 3 ug aliquots in a final volume of 20 uL
were used for synthesis of complementary DNA using an
Omniscript RT Kit (Qiagen, Hilden, Germany) and an
oligo(dT) primer. Primers for mouse Adipo-R1, mouse
Adipo-R2, and glyceraldehyde-3-phosphate dehydroge-
nase were employed as reported previously.'”” Cycling
conditions were as follows: 94°C for S seconds, annealing
temperature (60—66°C) for 30 seconds, 72°C for 60
seconds, and 32 cycles after an initial step of 95°C for 3
minutes. A final elongation step of 72°C for 10 minutes
completed the PCR. The products were then electropho-
resed on 2% agarose gels. Real-time PCR was carried out
using a DNA Engine Opticon TM 2 (MJ Japan Ltd,,
Tokyo, Japan) with SYBR Green Real-time PCR Master
Mix (Toyobo Co., Osaka, Japan) according to the manu-
facturer’s instructions. Primers for mouse Pai-1, mouse
casein kinase 28 (CK2pB), and glyceraldehyde-3-phos-
phate dehydrogenase were employed as reported previ-
ously.!18:19 To assess the specificity of each primer set,
amplicons generated from the PCR reaction were ana-
lyzed for melting curves and also by electrophoresis in 2%
agarose gels.

Determination of Serum Adipocytokine Levels

The concentrations of APN in the plasma were
determined using a Quantikine Adiponectin/Acrp30 Im-
munoassay Kit (R&D Systems, Inc., Minneapolis, MN).
Total of 4 or 5 samples from 12-week-old male Min mice
with APN*/*, APN*/~, and APN™/~ genotypes and 10
samples from 5S-week-old C57BL/6] mice with APN*/%,
APN*/~, and APN~/~ genotypes, were treated according
to manufacturer’s protocol. Pai-1, leptin, resistin, TNFa,
interleukin (IL)-6, and monocyte chemotactic protein-1
(MCP-1) were measured using Multiplex kits (LINCO-
plex, St Louis, MO).

Primary Cultures of APN-Deficient

Fibroblast Cells and Treatment With Insulin

or IL-6

Primary, cultures of fibroblasts were prepared
from newborn APN™/~ and APN*/* C57BL/6] mouse
epidermis after separation from the dermis by a trypsin
flotation method.2? Cells were maintained in Dulbecco’s
modified Eagle’s medium supplemented with 10% heat-
inactivated fetal bovine serum (Hyclone Laboratories,
Inc.,, Logan, UT) at 37°C in 5% CO,. Fibroblasts were
plated in 24-well cell culture dishes at a density of
100,000 cells/dish, with Dulbecco’s modified Eagle’s me-
dium containing 10% fetal bovine serum. After 12 hours
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culture without FBS, 1 ug/mL insulin (Invitrogen) or S0
ng/mL IL-6 (R&D Systems) was added in the medium for
5 or 10 minutes. After treatment, the fibroblasts were
lysed in 100 uL lysis buffer (0.0625 M Tris-HCI [pH 6.8],
20% 2-mercaptoethanol, 10% glycerol, 5% sodium dodecyl
sulfate) with Halt phosphatase inhibitor cocktail (Pierce
Biotechnology, Rockford, IL) and Complete Mini, pro-
tease inhibitor cocktail tablets (Roche Diagnostics,
Mannheim, Germany). .Samples were separated in 10%
polyacrylamide gel electrophoresis-sodium dodecyl sul-
fate gels and transferred onto polyvinylidene difluoride
menibranes (Millipore, Billerica, MA). Antibodies against
the p-Akt (Serd73), p-Erk1/2 (Thr202/Thy204; Cell Sig-
naling Technology), and B-actin (Biomedical Technolo-
gies Inc, Stoughton, MA) were used at a 2000X dilution.
Antibodies against the Bcl-2 (Santa Cruz Biotechnology,
CA) were used at a 200X dilution. Peroxidase-conjugated
secondary antibodies for anti-rabbit IgG were obtained
from GE Healthcare, Buckinghamshire, UK. Blots were
developed with enhanced chemoluminescence (ECL) (GE
Healthcare). Protein levels were evaluated by detecting
the density of the band using NIH Image 1.62, and the
data normalized by the density of B-actin.

Immunobistochemical Staining

Colon with tumors from S55-week-old male
C57BL/6] mice of APN*/*, APN*/~, and APN™/~ geno-
types (n = 6 each) and the middle segments of the small
intestines of 9-week-old male Min mice of APN'/?,
APN*/~, and APN™/~ genotypes (n = 6 each) were pre-
pared for immunochistochemical examination using poly-
clonal rabbit anti-receptor for activated protein C kinase
1 (RACK1) antibody (Santa Cruz Biotechnology) and
monoclonal mouse anti-CK28 antibody (Pierce Biotech-
nology) at 100X dilution. As the secondary antibody,
biotinylated anti-rabbit IgG and anti-mouse IgG (Vector
Laboratories, Burlingame, CA) were employed at a 200X
dilution. Staining was performed using avidin-biotin re-
agents (Vectastain ABC reagents; Vector Laboratories),
3,3'-diaminobenzidine, hydrogen peroxide, and hematox-
ylin. As a negative control, consecutive sections were
immunostained without exposure to the primary anti-

body.

Statistical Analysis

The significance of differences in the inci-
dences of AOM-induced mouse tumors was analyzed
using the ¥? test and other statistical analyses were
performed with the Dunnett’s multiple compar-
ison test. Statistical significance was concluded with
P values <.0S.

Resulis
Generation of APN-Deficient Min Mice

To determine the effect of the deficiency of APN
on intestinal polyp formation in Min mice, we intro-
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Figure 1. Serum adiponectin (APN) levels and expression levels of
APN receptors in APN-deficient Min mice. (A) Serum APN levels for
12-week-old male APN*/*Min, APN*/=Min, and APN~/~Min mice (n =
3) and for 12-week-old male APN** mice (n = 4) were evaluated by
enzyme-linked immunosorbent assay. (B) Liver samples from 12-week-
old male APN-deficient Min mice (n = 3) and for 12-week-old male
APN++ C57BL/6J mice (n = 3) were analyzed for APN receptors,
Adipo-R1 and -R2 by reverse transcription polymerase chain reaction
analysis. Glyceraldehyde-3-phosphate dehydrogenase was employed
as an internal control. WT, wild-type mice.

duced a knockout mutation of the APN gene into the
Min mice by successive,cross-mating and generated Min
mice that carried APN*/~ and APN™/~ mutations. The
quantity of serum APN observed in APN™/*Min mice,
5.6 pg/mL, was decreased by almost half in APN*/~Min
mice, 3.0 pg/mL, and none was detected in APN~/~Min
mice (Figure 1A). APN receptors, Adio-R1 and -R2,
were clearly observed, and both expression levels were
not affected by APN deficiency (Figure 1B). Geno-
typing did not significantly affect food intake, behav-
ior, or body weight changes during the experimental
periods. Final body weights in the 12-week-old male
APN*/*Min, APN*/~Min, and APN~/~"Min mice were
25.5 + 1.6,24.9 * 1.3 and 23.8 = 3.0 g, respectively,
and in female mice were 20.6 = 1.7, 20.5 = 1.5, and
20.1 £ 0.6 g

An age-dependent change of serum TG levels was
observed in APN™/"Min mice fed basal diet at 9 and 12
weeks of age, the levels rising from 53 to 143 mg/dL in

* males (Supplementary Figure). Comparing serum lev-

els of TG in APN-deficient male Min mice with male
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Table 1. Number of Intestinal Polyps in Male Adiponectin-Deficient Min Mice

No. of polyps/mouse

Small intestine

Age (wk) APN genotype Proximal Middle Distal Colon Total
9 +/+ 21 +0.6 8.4+27 29.6 + 11.5 0.1+01 40.4 + 14.5
+/- 3.6 +0.8 23.6 * 3.42 68.6 + 9.9 0.7 0.3 96.4 + 12.3°
-/= 4.0 + 0.6° 26.4 +2.32 97.9 + 12.48 1.1 +0.3° 128.0 = 14.22
12 +/+ 44+13 17.1+3.9 i 52,9+ 8.8 1.3+05 75.7 + 135
+/- 57+1.0 41.5 = 5.52 130.7 = 6.6 1.7 = 0.6 179.2 = 10.82
-~/= 81+1.4 34.7 + 4.2b 111.7 £ 11.22 20*05 156.6 *+ 15.32

NOTE. Data are mean = standard error (n = 7).
APN, adiponéction.

ap < .01 vs APN*/+Min.

bp < .05 vs APN*/*Min.

APN*/*Min mice, a tendency for increase was observed
at 9 and 12 weeks of age. Serum levels of total choles-
terol were not largely altered with the age and geno-
types (Supplementary Figure 1). Similar results regard-
ing serum TG and cholesterol were obtained in female
APN-deficient Min mice.

Intestinal Polyp Formation by APN Knockout
Mutation in Min Mice

Table 1 shows data for the number and distribu-
tion of intestinal polyps in the male APN'/*Min,
APN™/~Min and APN™/~Min mice at the 9 and 12 weeks,
while data for female mice are given in Supplementary
Table 1. The polyps developing in each genotype were all
histopathologically identified as adenomas. Development
of intestinal polyps in the male APN*/~Min and
APN~/~Min mice at 9 weeks were 239% and 317% of the
total value in male APN™/*Min mice, respectively, and
319% and 338% of total value in female APN*/* Min mice.
At 12 weeks, male APN*/~Min and APN~/~Min mice de-
veloped polyps at 237% and 207% of the total value in
male APN*/*Min mice, respectively, and.230% and 206%
of those in female mice. Representative photographs of
the intestinal polyps observed in the male APN*/*Min,

APN*/~Min, and APN~/~Min mice at 12 weeks are shown
in Supplementary Figure 2.

To confirm the effects of APN on intestinal polyp
formation, APN was intraperitoneally injected to
APN*/~Min mice. The total number of intestinal polyps
was significantly less in the APN-injected group than in
saline-injected group in both sexes, as shown in Supple-
mentary Table 2 and Supplementary Figure 2.

Change of Serum Levels of Adipocytokines in

APN-Deficient Min Mice

In an attempt to clarify mechanisms affecting
development of intestinal polyps, we analyzed serum
levels for other adipocytokines, including Pai-1, leptin,
resistin, TNFe, IL-6, and MCP-1. Among the adipocyto-
kines, Pai-1 levels were significantly increased I1.5-fold
and 2.1-fold (P < .05) in 12-week-old male APN*/~Min
and APN~/~Min mice as compared with APN*/* Min mice,
respectively (Table 2), and were also increased in 9-week-
old male APN*/~Min and APN™/~Min mice. Serum leptin
levels were slightly decreased with APN deficiency. Resis-
tin, TNFe, IL-6, and MCP-1 levels did not appear to
depend on the genotypes.

Table 2. Serum Adipocytokine Concentrations in Male Adiponectin-Deficient Min Mice

Resistin, pg/
Age (wk) APN genotype Pai-1, pg/mL Leptin, pg/mL mL TNFea, pg/mL IL-6, pg/mL MCP-1, pg/mL

9 +/+ 1319 = 108 3632 = 859 1450 = 121 50*x04 15*5 3B=+5

+ /- 1819 = 1172 3163 = 544 1281 + 92 50*=0.3 12+6 32x5

—/- 1738 = 1052 3196 = 783 1299 = 110 51+03 32+11 345

12 +/+ 5131 = 2540 3210 =938 989 = 72 4.7 £ 0.2 207 22+6
+/- 7451 = 1425 2014 + 253 1189 £ 133 5705 27 £ 6 131

-/= 10693 * 4542° 1792 + 562 1152 = 562 6.0 £ 0.6 23+ 12 191

NOTE. Data are mean * standard error (n = 4—5).

APN, adiponectin; IL-6, interleukin-6; MCP-1, monocyte chemotactic protein-1; Pai-1, plasminogen activator inhibitor—1; TNFe, tumor necrosis

factor—a.
ap < .05 vs 9-week-old APN*/*Min.
bp < 05 vs 12-week-old APN*/*Min.
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Table 3. Incidence and Multiplicity of Azoxymethane-induced Colon Tumor in Male Adiponectin-Deficient Mice

Adenoma Adenocarcinoma Total
APN genotype Incidence (%) Multiplicity? Incidence (%) Multiplicity? Incidence (%) Multiplicity®
+/+ 4/25 (16) 0.2=x0.5 7/25 (28) 0.3x0.6 10/25 (40) 0.5+0.7
+/- 6/28 (21) 0.2+0.4 9/28 (32) 0.4+ 0.6 14/28 (50) 0.6 £0.7
—-/= 8/24 (33) 0.3x0.5 12/24 (50) 0.8+1.0 17/24 (71)° 1.4 +£1.0°

APN, adiponectin.
ZData are mean * standard deviation.
bp < .05 vs APN*/*,

Colon Tumor Development-in APN-Deficient
C57BL/6] Mice With AOM Treatment

Male APN*/*, APN*/~, and APN~/~ C57BL/6]
mice were treated with AOM. The change of each geno-
type did not affect food intake, clinical signs, or body
weight changes during the experimental period. At the
end of the experiment, whole body fat ratios for
C57BL/6] mice in each genotype with AOM treatment
were almost the same (Supplementary Figure 3), and all
genotypes demonstrated similar levels of serum TG, total
cholesterol, high-density lipoprotein, and free fatty acids
(Supplementary Figure 3).

Data for the incidence and multiplicity of colon tu-
mors are summarized in Table 3. No lesions were appar-
ent without the carcinogen. Total tumor incidences were
increased to 50% and 71% (P < .05) in APN*/~ and
APN~/~ C57BL/6] mice, respectively, as compared with
40% in wild-type mice. Regarding tumor multiplicity,
values were 0.5, 0.6, and 1.1 (P < .05) for APN*/*,
APN*/~, and APN~/~ C57BL/6] mice, respectively. Histo-
pathological examination revealed that incidence of ade-
noma in wild-type mice was 16% and adenocarcinoma
was 28%, and each incidence tended to be increased with
APN deficiency. Moreover, multiplicity of adenocarci-
noma tended to be increased with APN deficiency. Aver-
age colon tumor diameters for APN*/*, APN*/~, and
APN~/~ C57BL/6] mice were 2.8 * 1.5 (mean * standard
deviation), 3.0 = 0.9 and 3.4 = 1.6 mm, respectively.

Change of Adipocytékine Levels by APN Gene

Deficiency

We also analyzed serum levels for adipocytokines
in 55-week-old male APN-deficient C57BL/6] mice
treated with AOM. Among the adipocytokines, Pai-1 lev-

els increased 1.6-fold and 1.7-fold in APN*/~ and APN~/~
C57BL/6] mice as compared to those in APN'/*
C57BL/6] mice, respectively (Table 4). Pai-1 is expressed
ubiquitously. Thus, representative Pai-1 expression levels
were analyzed using liver samples. Hepatic Pai-1 mRNA
levels for S55-week-old male APN*/~ and APN /-
C57BL/6] mice increased 1.8-fold and 1.4-fold compared
to those in APN*/* mice, respectively. Serum TNF« and
MCP-1 levels were slightly decreased in APN*/~ and
APN~/~ C57BL/6] mice compared to those in wild-type
mice. Leptin, resistin, and IL-6 levels did not depend on
the genotypes.

Analysis of AMPK Activity

To investigate whether AMPK is involved in the
regulation of Pai-1, Min mice were fed an AMPK activa-
tor, metformin, for 14 weeks. Hepatic mRNA levels for
Pai-1 in metformin-treated Min mice decreased to 28%
(P < .05) of those in untreated Min mice.

To confirm the known molecular signaling from
Adipo-R1 that affects the development of intestinal tu-
mors, we analyzed p-AMPK levels in small intestinal
epithelial cells. In 9-week-old male APN*/~ and APN ™/~
C57BL/6] mice they were reduced to 53% and 37% of
those in APN*/* C57BL/6] mice, respectively (Figure 24).
P-AMPK levels in colon epithelial cells also tended to be
reduced with APN deficiency (Figure 2B). P-AMPK levels
in the liver were slightly reduced in APN-deficient Min
mice (Figure 2C). Furthermore, p-Akt levels in intestinal
epithelial cells were elevated in APN™/~ C57BL/6] mice
(Figure 2D).

To confirm the existence of AdipoR-binding pro-
teins, RACK1 and CK2, which regulate proximal sig-
nal transduction events in response to APN, immuno-

Table 4. Serum Adipocytokine Concentrations in Azoxymethane-Treated Male Adiponectin-Deficient Mice

APN genotype Pai-1, pg/mL Leptin, pg/mL Resistin, pg/mL TNFa, pg/mL IL-6, pg/mL MCP-1, pg/mL
+/+ 1998 = 249 4612 + 576 4015 = 322 44 = 10 65 = 12 114 * 16
+/— 3220 * 2932 3693 = 558 3554 * 366 3B x4 71 +23 103 = 15
-/= 3470 = 776 4326 =850 4742 =274 36=x5 69 + 12 85 = 12

NOTE. Data are mean * standard error (n = 10).

APN, adiponectin; IL-8, interleukin-6; MCP-1, monocyte chemotactic protein-1; Pai-1, plasminogen activator inhibitor—1; TNFe, tumor necrosis

factor—a.
ap < .01 vs APN*/*,
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Figure 2. Phosphorylated—AMP-activated protein kinase (p-AMPK)
and -Akt levels in adiponectin (APN)-deficient mice and its derived fi-
broblasts. Relative p-AMPK levels in the small intestine (A) and colon (B)
of 9-week-old male APN*/*, APN*/~, and APN~/~ C57BL/6J mice
without azoxymethane treatment (n = 4 each), respectively, were eval-
uated by enzyme-linked immunosorbent assay (ELISA). (C) Relative
p-AMPK levels in the liver of 12-week-old male APN*/*Min, APN*/
~Min, and APN~/~Min mice (n = 4 each) were evaluated by ELISA. (D)
Relative p-Akt/total Akt levels in the small intestine -of AOM-treated
55-week-old male APN*/*, APN*/=, and APN~~ C57BL/6J mice (n =
6 each) were evaluated by ELISA. Black, APN*/*; gray, APN*/~; white,
APN~/=, Data are mean = standard error. "P < .01, 'P < .05. (E) Effects
of insulin (1 ug/mL for 5 and 10 minutes treatment) and interleukin-6
(IL-6; 50 ng/mL for 5 and 10 minutes) on the protein expression of p-Akt
and -Erk, and Bcl-2 in fibroblasts derived from APN** and APN~/~
C57BL/6J mice are shown. B-actin was a loading control. Density of the
bands was evaluated by NIH image, and the relative level was further
normalized by B-actin.

histochemical analysis was performed on the colon
tumors of 55-week-old male APN™/*, APN*/~, and
APN~/= C57BL/6] mice treated with AOM and small
intestinal polyps of 9-week-old male APN*/*Min,
APN*/~Min, and APN™/~Min mice. RACK1 and CK2p
were expressed in the epithelial cells of normal colon
mucosa and colon tumor at the almost same levels in
each genotype (Supplementary Figures 4 and 5). Real-
time PCR revealed that the expression levels of CK28
were almost the same among the colon mucosa of
9-week-old male APN*/~, APN*/~, and APN~/~
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CS7BL/6J mice (data not shown). The expression levels
of RACK1 and CK2p were weakly observed in the
nontumorous parts and intestinal polyps of Min mice,
and expressions were at almost the same levels in each
genotype (Supplementary Figures 4 and 5).

Effects of Pai-1 Blocker on Colon ACF
Development in APN~/~ C57BL/6] Mice
With AOM Treatment

To clarify if Pai-1 might be involved in colon
carcinogenesis, we used a short-term in vivo model
using ACF' formation induced by AOM. The mean
body weights of the AOM-treated APN™/~ CS7BL/6]
mice were not affected by administration of 50, 100
ppm SK-216, Pai-1 blocker. In APN-deficient C57BL/6]
mice with 0, 50, 100 ppm SK-216 treatment, the mean
numbers of ACFs/colon were 27.7, 23.1, and 18.4
(P < .05), respectively (Supplementary Table 3). Thus,
Pai-1 blocker decreased colon ACF development in
APN~/~ C57BL/6] mice with AOM treatment.

Effects of APN Deficiency on Signal
Transduction Events in Primary Cultured
Cells

To study what happens to cell function in the
absence of APN, fibroblasts were prepared from newborn
APN*/* and APN~/~ C57BL/6] mouse epidermis and
treated with cell growth stimuli, insulin, or IL-6. Insulin
treatment increased p-Akt and -Erk1/2 levels in both
fibroblasts (Figure 2E). Interestingly, p-Akt and -Erk1/2
levels were increased 3.3- and 3.8-fold, respectively, by the
treatment with IL-6 for 10 minutes in APN-knockout
fibroblasts. Moreover, Bcl-2 was clearly expressed in APN-
knockout fibroblasts compared with APN-wild fibro-
blasts.

Discussion

This study provided evidence that APN plays a
pivotal role in intestinal carcinogenesis in mice. Thus,
APN-deficient Min mice showed a 2- or 3-fold increase in
the total number of intestinal polyps compared to those
of APN-wild Mi»n mice in both males and females at the
ages of 9 and 12 weeks. In addition, APN-deficient Min
mice exhibited increased serum Pai-1 levels with the APN-
gene dosage. In addition, APN-deficient C57BL/6] mice
treated with AOM demonstrated increased incidences
and multiplicities of colorectal tumors, again with gene
dosage-dependence, and serum Pai-1 levels tended to be
increased with APN-deficiency at the age of 55 weeks.

In the APN*/~ Min mice, serum APN levels were almost
half those of APN*/*Min mice, consistent with the gene
dosage. Serum APN was not detected in APN™/~Min mice.
Numbers of intestinal polyps in Min mice were also
associated with APN-gene dosage (Table 1" and Supple-
mentary Table 1). Moreover, the effects of APN deficiency
could be reversed by administration of APN (Supplemen-
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tary Table 2). Other factors that might affect intestinal
polyp development were not largely changed. For in-
stance, expression levels of APN receptors, Adipo-R1 and
-R2, and AdipoR-binding proteins, RACK1 and CK28,
were not affected by the genotype. Body weights and
serum lipid levels also did not significantly vary. Of note,

serum TG levels increased age dependently and also with

a tendency for increase with the APN-gene dosage (Sup-
plementary Figure 1). These data indicated that the
amount of APN strongly affects development of intesti-
nal polyps. In 12-week-old APN~/~Min mice, the number
of intestinal polyps was slightly decreased compared to
those of APN*/~Min mice. Several factors, such as an
achievement of maximum levels of polyp development,
serum TG levels, or some general dysfunctions, may in-
fluence polyp numbers, but further examinations are
needed to clarify mechanisms. 4

It has been reported that 22-week short-term admin-
istration of a high-fat diet, but not normal diet, enhanced
ACFs and tumor development in the colon of APN-
deficient C57BL/6] mice.2! The discrepancy in results
between our study and this previous report could be due
to the differences in the experitnental period and diet. We
followed the previous chemical-induced carcinogenesis
protocol??23 and our findings added evidence that APN
itself can suppress development of colon cancer under
normal diet condition. It is assumed that abolished sig-
naling from Adipo-R1 could enhance cell growth. It is
known that activation of AMPK is decreased with APN
deficiency in the colon epithelial cells. AMPKa activation
through Adipo-R1 inhibits Akt followed by mammalian
target of rapamycin inactivation.?’-?* The phosphatidyl-
inositol 3 kinase/Akt signal pathway has been reported to
activate signals for cell survival, cell growth, and the cell
cycle leading to carcinogenesis.?® We confirmed that abol-
ished signaling from Adipo-R1 reduces AMPK activation
(Figure 24, B, and C), and increases Akt activation (Figure
2D). Therefore, we suggest that the AMPK/mammalian
target of rapamycin/Akt pathway is possibly involved in
the protective effect of APN against colon carcinogenesis.
Moreover, primary cell cultures of fibroblasts from
APN*/* or APN~/~ C57BL/6J mice indicated that cells
lacking APN are relatively responsive to growth stimuli
and resistant to apoptosis through expressing Bcl-2,26
which may support the growth advantage of neoplastic
cells in APN-deficient mice.

APN acts as a regulator of adipocytokines. Under star-
vation conditions, APN activates AMPK in the hypothal-
amus to promote food intake and inhibits leptin activa-
tion.?” In peripheral tissues, such as skeletal muscle, APN
activates AMPK, IRS-1, and FATP-1, to stimulate fatty-
acid combustion and glucose intake, which are inhibited
by TNFa activation. It is assumed that APN deficiency

affects other adipocytokine production in vivo, and can -

also affect intestinal tumorigenesis. Indeed, in the pres-
ent study, serum levels of Pai-1 were significantly in-
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creased in the APN™/~ and APN~/~ C57BL/6] and Min
mice. Treatment with an AMPK activator also reduced
hepatic Pai-1 mRNA levels in Min mice, in line with
earlier reports.?82 Thus, it is conceivable that Pai-1 ex-
pression levels are usually depressed by APN through
Adipo-R1 receptor activity. We have recently demon-
strated that Pai-1 blockers suppress intestinal polyp de-
velopment in Min mice.!" Thus, increased expression of
Pai-1 could affect intestinal polyp development in
APN*/~Min and APN™/~Min mice. Moreover, Pai-1
blocker was shown to decrease AOM-induced colon ACF
formation in APN/~ C57BL/6] mice, indicating that
increased expression of Pai-1 could affect colon carcino-
genesis in APN*/~ and APN~/~ C57BL/6J mice.

In conclusion, this study indicated that hypoadi-
ponectinemia promotes intestinal polyp development in
Min mice, and also colon tumor development in AOM-
treated CS57BL/6J] mice. AMPK inactivation belonging
with Pai-1 induction and Akt activation was suggested to
be the underlying mechanism for lack of APN on tumor
growth. Further development of reagents that could ele-
vate concentrations of APN is of interest. APN receptor
agonists could be candidates for chemopreventive agents
against colorectal cancer. Furthermore, as it is becoming
more evident that a metabolic syndrome status promotes
carcinogenesis in rodents and human, our results provide
clues to a better understanding of mechanisms underly-
ing colorectal carcinogenesis.

Supplementary Material

Note: To access the supplementary material ac-
companying this article, visit the online version of Gas-
troenterology at www.gastrojournal.org, and at doi:
10.1053/j.gastro.2011.02.019.
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Supplementary Table 1. Number of Intestinal Polyps in Female Adiponectin-Deficient Min Mice

No. of polyps/mouse

Small intestine

Ages (wk) APN genotype Proximal ' Middle Distal Colon Total
9 +/+ 26+1.2 12.8 + 4.7 36.4 x14.6 0.2=*0.2 52.0 =205
+/~ 4.0+0.8 325*7.0 128.7 + 18.1¢9 0.5*+0.2" 165.7 + 25.62
-/— 5.6 + 0.6° 37.1 *+ 267 132.3 + 4.82 1.0+0.3 - 176.0 £5.6%
12 +/+ 43+1.2 19.4 + 4.3 53.0 £ 12.8 0.1x0.1 76.9 £17.7
+/= 6.9+1.6 46.0 = 8.5 123.0 = 13.0°7 1.0+x04 176.9 + 22.02
-/ 6.4 +1.1 35.3+ 1.67 115.0 = 9.82 1.4*04 158.1 + 9.7

NOTE. Data are mean * standard error.
APN, adiponectin.

ap < .01 vs APN*/*Min.

bp < .05 vs APN*/*Min.
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Supplementary Table 2. Number of Intestinal Polyps in 12-Week-Old APN*/~Min Mice Treated With or Without Adiponectin

No. of polyps/mouse

Small intestine

Sex APN (IP) Proximal Middle Distal Colon Total
Male - - 54+0.9 35.0 = 4.9 103.6 = 14.1 1.2+04 145.2 = 18.4
3.3*0.6 9.3+ 157 26.1 +6.22 0.8+0.3 39.5 £7.99
Female - 4.0+0.8 25.2 3.2 70.7 = 11.5 0.6 +0.3 100.5 + 14.9
3.4+09 12,5+ 3.1b 27.9 +8.22 0.2x0.1 44.0 = 12.07

NOTE. Data are mean * standard error (n = 10).
APN, adiponectin; IP, intraperitoneal.

3p < .01 vs corresponding sex without APN treatment.
bp < .05 vs corresponding sex without APN treatment.

Supplementary Table 3. Number of Azoxymethane-Induced Colonic Aberrant Crypt Foci in APN—/—C57BL/6J Mice Treated

With SK-216
No. of aberrant crypt foci/colon
No. of
SK-216 (ppm) animals Proximal Middle Distal Rectum Total
0 8 0.4+0.2 3.6 +1.0 12.6 +1.6 11.0 =23 27.7 £3.4
50 9 0.7 =03 1.9+0.6 127+ 1.5 7.9+0.7 23121
100 8 0.0 1.6 +0.7 9.6+ 1.0 7.4 x=1.7 18.4 £1.92

NOTE. Data are mean = standard error.
ap < .05 vs O ppm.
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Obesity and insulin resistance, the key features of metabolic
syndrome, are closely associated with a state of chronic, low-
grade inflammation characterized by abnormal macrophage in-
filtration into adipose tissues. Although it has been reported that
chemokines promote leukocyte migration by activating class IB
phosphoinositide-3 kinase (PI3Ky) in inflammatory states, little is
known about the role of PI3Ky in obesity-induced macrophage
infiltration into tissues, systemic inflammation, and the develop-
ment of insulin resistance. In the present study, we used murine
models of both diet-induced and genetically induced obesity to
examine the role of PI3Ky in the accumulation of tissue macro-
phages and the development of obesity-induced insulin resistance.
Mice lacking p110y (Pik3cg™"), the catalytic subunit of PI3Ky,
exhibited improved systemic insulin sensitivity with enhanced in-
sulin signaling in the tissues of obese animals. In adipose tissues
and livers of obese Pik3cg™" mice, the numbers of infiltrated
proinflammatory macrophages were markedly reduced, leading
to suppression of inflammatory reactions in these tissues. Further-
more, bone marrow-specific deletion and pharmacological block-
ade of PI3Ky also ameliorated obesity-induced macrophage
infiltration and insulin resistance. These data suggest that PI3Ky
plays a crucial role in the development of both obesity-induced
inflammation and systemic insulin resistance and that PI3Ky can
be a therapeutic target for type 2 diabetes.

ype 2 diabetes and metabolic syndrome, the major risk factors
of cardiovascular disease and related death, are explosively
increasing worldwide due to a pandemic of obesity that induces
a variety of disorders, such as insulin resistance and hepatic
steatosis (1, 2). Recent studies have revealed that obesity induces
hematopoietic cell infiltration into adipose tissue, which in turn
enhances adipose tissue inflammation and the secretion of
proinflammatory adipokines, leading to systemic insulin re-
sistance (3-8). Inhibition of macrophage infiltration into adipose
tissue could be considered a therapeutic strategy on the basis of
the accumulated evidence of obesity-related metabolic disorders.
It has been known that chemokines initiate chemotaxis by
binding the corresponding G protein-coupled receptors (GPCRs),
leading to activation of class IB phosphoinositide-3 kinase (PI3Ky)
(9). Upon chemokine stimulation, the unidirectional cytoskeletal
rearrangement caused by PI3Ky promotes cell movement toward
the higher concentration of the chemokine. Furthermore, previ-
ous studies using mice lacking p110y (Pik3cg™" mice), the catalytic
subunit of the PI3Ky complex,’ demonstrated that PI3Ky is es-
sential for chemotaxis in leukocytes, including macrophages (10,
11). However, the role of PI3Ky in obesity-induced macrophage
infiltration info tissues, systemic inflammation, and the develop-
ment of insulin resistance is still unknown.
To investigate the role of PI3Ky in obesity-induced insulin re-
sistance, we analyzed Pik3cg™ mice fed a high-fat diet (HFD)

www.pnas.org/cgi/doi/10.1073/pnas. 1016430108

and those with a genetically obese diabetic background and found
that these mice exhibit improved insulin sensitivity along with de-
creased macrophage infiltration and inflammatory changes. More-
over, we have also demonstrated that a pharmacological inhibitor
of PI3Ky ameliorates obesity-induced diabetes.

Results

Mice Lacking PI3Ky Were Protected from HFD-Induced Insulin
Resistance. We fed Pik3cg™" and wild-type control (Pik3cg™'*)
mice a normal diet (ND) or a HFD. While receiving ND,
Pik3cg™ mice grew normally and showed no significant differ-
ences in glucose metabolism, insulin sensitivity, and glucose
tolerance compared with Pik3cg** mice (Fig. S1). These data
suggest that PI3Ky is not required for normal growth nor for
maintenance of glucose homeostasis during ND conditions. In
contrast, HFD-fed Pik3cg™'~ mice maintained significantly lower
blood glucose and insulin levels under random-fed conditions
and also showed better response to insulin as estimated by an

insulin tolerance test (ITT) (Fig. 1 A-C), indicating that lack of

PI3Ky led to protection from HFD-induced insulin resistance.
Reflecting the improved systemic insulin sensitivity, insulin
concentrations of Pik3cg™™ mice were significantly lower than
those of Pik3cg*'* mice during the glucose tolerance test (GTT)
whereas both groups of mice showed similar blood glucose levels
(Fig. 1D). Furthermore, we observed significantly enhanced in-
sulin signaling in liver and muscle of HFD-fed Pik3cg™™ mice
(Fig. 1 E and F and Fig. S2). To investigate the impact of the
lower weight gain of Pik3cg™~ mice compared with Pik3cg™'*
mice under HFD-fed conditions without any differences in food
intake and energy expenditure (Table S1), we fed Pik3cg™* mice
a limited HFD to match the weight gain of Pik3cg™~ mice.
Pik3cg™ mice still displayed better insulin sensitivity even
compared with the weight-matched Pik3cg™* mice (Fig. S3).
These results suggest that PI3Ky is required for HFD-induced
systemic insulin resistance and that the body weight change does
not seem to be a major cause of improved insulin sensitivity
observed in HFD-fed Pik3cg™™ mice.
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Fig. 1. Mice lacking PI3Ky were protected from HFD-induced insulin re-
sistance. (A and B) Blood glucose (A) and plasma insulin levels (B) in Pik3cg*™*
and Pik3cg™" mice fed on a HFD from 6 to 24 wk of age (n = 15-20). (C)
Glucose levels during ITT (23 wk of age) were determined at the indicated
time points after i.p. injection with a bolus of insulin [1.0 U-kg™" body weight
(BW)] (n = 7-8). (D) Glucose and insulin levels during GTT (24 wk of age) were
determined at the indicated time points after i.p. injection with a bolus of
glucose (1.5 g-kg™! BW) (n = 7-8). (€ and F) Phosphorylation of insulin re-
ceptor p-subunit (IRP), insulin receptor substrate (IRS-1, IRS-2), and Akt in-
duced by a bolus injection of insulin was assessed in livers (£) and skeletal
muscles (F) of Pik3cg*™ (***) and Pik3cg™" () mice fed a HFD (n = 3-4). IP,
immunoprecipitated; pTyr, phosphorylated tyrosine; pSer, phosphorylated
serine. *P < 0.05, **P < 0.01. '

Loss of PI3Ky Markedly Decreased the Number of Infiltrated Macro-
phages and the Amount of Inflammation in Adipose Tissue Induced by
HFD, To clarify the mechanisms leading to the improvement of
HFD-induced insulin resistance, we investigated the infiltrated
macrophage contents in the epididymal adipose tissue (eWAT) of
Pik3cg™ and Pik3cg™’* mice. HFD feeding progressively in-
creased the expression of macrophage-specific markers in the
eWAT of Pik3cg™'* mice (Fig. 2 A and B). By contrast, the levels
of macrophage-specific markers were markedly decreased in the
eWAT, particularly in the stromal vascular fraction of Pik3cg™"~
mice under HFD-fed conditions (Fig. 2 4, B, and D), although no
significant differences in adiposity, adipocyte size, and the ex-
pression levels of genes involved in adipocyte function were ob-
served between Pik3cg '+ and Pik3cg~mice (Fig. S44 and Table
S1). Fluorescence-activated cell sorting (FACS) and histological
analyses also showed significant reductions of adipose tissue
macrophages (ATMs) in HFD-fed Pik3cg™ mice (Fig. 2 E and
F). Expression of Jtgax (coding CD11c), which has been reported
to increase in the eWAT of mice fed a HFD (12, 13), was
markedly suppressed in Pik3cg™~ mice (Fig. 2C). By contrast, the
relative levels of genes preferentially expressed in M2 macro-
phages (14) were increased in the eWAT of Pik3cg™™ mice (Fig.
2G). FACS analysis also revealed that HFD feeding in Pik3cg*’™
mice decreased the F4/80"CD1lc™ population in the stromal
vascular cells of eWAT accompanied by a 3.2-fold increase in the
F4/80"CD11c* population (Fig. 2H). Conversely, Pik3cg deletion

5754 | www.pnas.org/cgi/doi/10.1073/pnas.1016430108

Pik3eg™* ND  EE5 Pik3cg™, ND
EEE piksco™*, HFD B Pik3cg™, HFD

- >

@

~
itgax mRNA levels

Emrt mRNA lovels

ND

Relative mRNA lovels
o e wmw s @
FAI80+CD11b+
(% 10° colls}

N
o

et HFD

)
3
>
-

T

w

% of SVF Cells {%)

-

Relative mRNA lovels
Y

F4/807CD11e”

F4/807CD11c "

C

n
S
S

o
k-3

Plasma MCP-1 (pgimL)
a 3
g 3

)

Tnf Cel2 Cer2 Nos2 = &

o s

Fig. 2. Loss of PI3Ky decreased macrophage infiltration into adipose tissue
and markedly suppressed proinflammatory changes induced by a HFD. (A-C)
Expression levels of Emr1 (F4/80, A), Cd68 (B), and Itgax (CD11¢, C) in eWAT
of Pik3cg™™ (**) and Pik3cg™" (7') mice fed a ND or a HFD for the indicated
periods (n = 6-8). (D and E) Expression levels of Cd68 (D) and the population
of macrophages (F4/80*CD11b*) measured by FACS analysis (£) in SVF from
the eWAT (n = 4-5). (F) Immunohistochemical analysis of adipose tissue
macrophages. eWAT of mice fed ND or HFD were stained with antibody
against F4/80. (Scale bar, 100 pm.) (G) Expression levels of M2 macrophage-
specific genes in eWAT of Pik3cg** and Pik3cg™" mice fed on a HFD (nor-
malized to Cd68) (n = 6-8). (H) Quantification of M1 macrophage (F4/
80*CD11c*) and M2 macrophage (F4/80*CD11¢™) in SVF from eWAT of mice
fed on a ND or a HFD (n = 5). (/) Expression levels of proinflammatory genes in
eWAT (n = 6-8). (J) Serum levels of MCP-1 in Pik3cg*” and Pik3cg™" mice fed
on a ND or a HFD (n = 6-8). #P < 0.05 for HFD compared with ND. *P < 0.05 for
Pik3cg™" mice compared with Pik3cg** controls.

significantly decreased the HFD-induced F4/80*CD11c™ double-
positive cells enrichment but not that of F4/80*CD11¢™ in the
eWAT of HFD-fed mice (Fig. 2H). These changes resulted in
a shift-up in the ratio of M2 to M1 macrophages in Pik3cg™~
HFD-fed mice. Because CD8" T cells have recently been
reported to contribute to obesity-induced inflammation in adipose
tissue and systemic insulin resistance (15), we assessed the Cd8
expression level in the eWAT of HFD-fed mice and found a small
and nonsignificant reduction in the eWAT of Pik3cg™ mice (Fig.
S4C), suggesting that deletion of PI3Ky more prominently af-
fected the infiltration of M1 macrophages. To gain additional
insight into the clinical importance of PI3Ky in the fat of obese
subjects, we analyzed the expression of PIK3CG in s.c. adipose

Kobayashi et al.



tissue samples of humans with a wide range of values for body
mass index (BMI) (16.4-32.0). Levels of PIK3CG expression
showed a strong correlation with BMI (P = 0.0009) and also
correlated with JTGAX expression levels (P = 0.0087) (Fig. S5).

ATMs have been identified as the major source of in-
flammatory cytokine/adipokine production in the adipose tissues
of obese subjects, and these chemokines are thought to be
a cause of chronic inflammation and systemic insulin resistance
in obesity (3). Consistent with this idea, expression levels of Tnf,
Ccl2, Ccr2, and Nos2 in the eWAT of HFD-fed mice were in-
creased, whereas these increases were significantly attenuated by
PI3Ky deletion (Fig. 2I). Furthermore, circulating monocyte
chemotactic protein-1 (MCP-1) levels also decreased with a
trend toward reductions in c-jun N-terminal kinase, and IxkB
kinase phosphorylation in the eWAT of Pik3cg™™ mice (Fig. 2J
and Fig. S4 E and F). Taken together, these data suggest that the
loss of PI3Ky specifically suppresses M1 macrophage infiltration,
leading to suppression of HED-induced inflammation in adipose
tissue, and finally leading to improved insulin sensitivity.

However, it remained possible that deficiency of PI3Ky would
modulate insulin sensitivity through other mechanisms. Indeed,
we found that elevated leptin levels observed during HFD
feeding were significantly decreased with a trend to decrease
Socs3 expression by deletion of PI3Ky (Fig. S4 G and H), sug-
gesting improved leptin sensitivity. This could be caused by
reductions of proinflammatory adipokines and also through re-
duced macrophage infiltration in the hypothalamus by deletion
of PI3Ky, as evidenced by deceased expression of Emrl (Fig.
S4H). However, the effect appeared very limited because food
intake, energy expenditure, and genes regulated by leptin were
not altered by deletion of PI3Ky.

Loss of PI3Ky Ameliorated Diet-Induced Hepatic Steatosis. Next, we
assessed the impact of PI3Ky deficiency on HFD-induced hepatic
steatosis, which is known to be tightly associated with hepatic and
systemic insulin resistance (16, 17). Interestingly, hepatic tri-
glyceride content was significantly suppressed in the livers of
Pik3cg™~ mice compared with that seen in Pik3cg™* mice, which is
consistent with the histological findings by hematoxylin and eosin
(H&E) staining (Fig. 34 and B). Hepatic steatosis can be caused by
overproduction of fatty acid, reduced fatty acid oxidation, in-
creased lipid transport, and their combinations. Expression levels
of genes involved in fatty acid synthesis tested here were not af-
fected by PI3Ky deletion (Fig. 3C, Upper), whereas Cptla, which
involves fatty acid oxidation, was significantly increased in HFD-
fed Pik3cg™" mice compared with Pik3cg '+ mice (Fig. 3C, Upper).
Intriguingly, expression of Cidec (encoding Fsp27) and Cd36 in
HFD-fed conditions was markedly suppressed in the livers of
Pik3cg™~ mice (Fig. 3C, Lower). Expression of peroxisome
proliferator-activated receptors (PPARY), which is known to di-
rectly regulate Cidec, Cd36, Scdl, and Pparg itself (18-22), was also
significantly decreased by deletion of PI3Ky (Fig. 3C, Lower).
Moreover, similar to findings seenwith eWAT, expression of Cd68,
Tnf, Cel2, and its receptor Ccr2 was significantly decreased in the
livers of Pik3cg ™'~ mice compared with that seen in Pik3cg ™+ mice
(Fig. 3 D and E), and M2 macrophage markers (Argl, Mrcl, Mgll,
and Mgl2) were up-regulated (Fig. 3F). The MCP-1/chemokine
(C-C motif) receptor 2 (CCR2) pathway, which lies upstream of
PI3Ky, has been reported to contribute to the development of
hepatic steatosis (6, 23, 24), and our findings may provide a missing
link between hepatic steatosis and inflammation.

Loss of PI3Ky in ob/ob Mice Reduced Inflammatory Changes in
Adipose Tissue, Leading to Improvement of Insulin Sensitivity. To
further assess the role of PI3Ky in obesity-induced inflammation
and insulin resistance, we generated Pik3cg™'~ mice with a leptin-
deficient background (Pik3cg™'":0bjob). Although Pik3cg™~:0b/
ob mice gained body weight in a similar manner compared with
Pik3cg™ T :0bjob mice, they displayed lower blood glucose levels
up to 20 wk of age (Fig4 A and B). Similarly, Pik3cg™":0bjob
mice also displayed significantly decreased glucose levels in
a fasted state as well as during ITT and GTT (Fig. 4 C and D)
along with enhanced insulin-stimulated Akt (also known as pro-
tein kinase B or PKB) phosphorylation in both liver and muscle
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Fig. 3. PI3Ky knockout mice showed amelioration of HFD-induced hepatic
steatosis. (A) Hematoxylin and eosin-stained sections of liver from Pik3cg**
(**) and Pik3cg™ (') mice on a ND or a HFD. (Scale bar, 100 ym.) (B) Tri-
glyceride (TG) content in liver of mice on a HFD (n = 7-8). (C) Expression levels
of mRNA related to fatty acid metabolism in liver of fasted mice (n = 7-8).
(D-F) Expression levels of genes encoded macrophage-related protein (D),
proinflammatory genes (£), and M2 macrophage-specific genes (normalized
to Cd68, F) in liver (n = 7-8). #P < 0.05 for a HFD compared with ND. *P < 0.05
and **P < 0.01 for Pik3cg™'~ mice compared with Pik3cg** controls.

of Pik3cg™":oblob mice (Fig. 4E). In addition, the expression of
Emrl, Cd68, and Tnf in the eWAT of Pik3cg™'~:0b/ob mice was
also significantly decreased (Fig. 4 F and G), whereas M2 mac-
rophage markers were up-regulated (Fig. 4/). These data sug-
gest that loss of PI3Ky ameliorated obesity-induced insulin
resistance through the reduction of macrophage infiltration and
inflammation even in a genetically obese model and that a large
part of these beneficial effects of PI3Ky deficiency on glucose
metabolism appears to be independent of leptin signaling and

body weight change.

Bone Marrow-Specific Deletion of PI3Ky Ameliorates Obesity-Induced
Diabetes. Although PI3Ky is almost exclusively expressed in he-
matopoietic cells, to rule out the possibility that PI3Ky in
extrahematopoietic parenchymal tissues might play some role in
glucose metabolism, we generated a bone marrow (BM)-specific
PI3Ky deletion in objob [Pik3cg™~ bone marrow transplant
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Fig. 4. Loss of PI3Ky in the ob/ob background improved insulin sensitivity. (A and B) Time course of body weight (A) and blood glucose (B) in Pik3cg**:0blob
and double-mutant Pik3cg™":ob/ob mice (n = 12-18). (C) Glucose levels during ITT (8 wk of age) were determined at the indicated time points after i.p.
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insulin was assessed. (F-H) Expression levels of genes encoded macrophage-related protein (F), proinflammatory genes (G), and M2 macrophage-specific
genes (normalized to Cd68, H) in eWAT (n = 7-8). (/ and J) Bone marrow-specific PI3Ky knockout ob/ob mice were generated by bone marrow transplantation.
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(BMT) ob/ob] mice by BM transplantation. Compared with the
control mice that received the Pik3cg™* BM cells, Pik3cg™~
BMT ob/ob mice displayed improved glucose levels, systemic
insulin sensitivity, and glucose intolerance (Fig. 4 I and J), as
observed in objob mice systemically lacking Pik3cg™". These data
strongly suggest that the metabolic phenotypes of Pik3cg ™ :ob/
ob mice are mainly owing to the lack of PI3Ky in BM-derived
cells. Moreover, we also confirmed that BM-specific Pik3cg™~
(Pik3cg™ BMT) mice fed a HFD exhibited the phenotypes
similar to those of mice systemically lacking Pik3cg™" (Fig. S6).
Furthermore, the in vitro studies revealed that lack of PI3Ky did
not significantly alter expression of lrgax in BM-derived macro-
phages (BMDM), induction of Mgl2 in IL-4-stimulated alter-
native activation in BMDM, or LPS-stimulated proinflammatory
cytokine expression in peritoneal macrophages (Fig. S7 A-C).

Blockade of PI3Ky by a Pharmacological Inhibitor Ameliorated
Obesity-Induced Diabetes. Finally, we addressed whether phar-
macological inhibition of PI3Ky could ameliorate insulin re-
sistance in obese diabetic animal models using AS-605240,
a small-molecule inhibitor for PI3Ky (25). We confirmed that
AS-605240 selectively blocked class IB PI3K signaling in cul-
tured macrophages (Fig. S7D), as shown in the previous reports
(26, 27). Treatment with 10 mg/kg/d of AS-605240 lowered blood
glucose levels, with an associated significant improvement of
both insulin sensitivity and glucose tolerance (Fig. 5 A-C)
without affecting body weight (54.2 + 0.8 g for vehicle, 54.0 £ 0.5
g for 10 mg/kg/d of AS-605240). A total of 30 mg/kg/d of AS-
605240 displayed more profound effects (Fig. 5 4-C) with
slightly less weight gain (49.5 + 0.8 g). Moreover, AS-605240
dose-dependently reduced the abundance of ATMs as estimated
by F4/80 staining and the expression levels of macrophage
markers in eWAT (Fig. 5 D and E). As a consequence, the cir-
culating levels of MCP-1 were also reduced in ob/ob mice treated
with AS-605240 (Fig. 5F). We also confirmed that Pik3cg*’*
mice fed a HFD treated with AS-605240 exhibited metabolic
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phenotypes very similar to those of Pik3cg™™ mice (Fig. S8).
These findings strongly suggest that pharmacological intervention
by inhibiting PI3KYy is effective even after establishment of a mor-
bidly obese condition.

Discussion

Obesity causes a variety of metabolic disorders, including di-
abetes and fatty liver disease, initiated by macrophage infiltration
into adipose tissue and presumably also into liver. Previous
studies have shown that MCP-1 triggers this macrophage in-
filtration and that modulation of the MCP-1/CCR?2 signaling by
genetic disruption or treatment with an inhibitory molecule can
ameliorate obesity-induced insulin resistance (5, 6, 23, 24, 28).
Other chemokines have recently been suggested to also promote
macrophage infiltration in obesity (8, 29, 30). Receptors for these
chemokines, including CCR2, are GPCRs, of which PI3Ky lies
downstream and mediates the signal to promote cell movement
in response to chemokine stimulation (10, 11, 31, 32). Here, we
show that suppression of PI3Ky activity attenuates obesity-induced
proinflammatory macrophage infiltration into adipose tissue and
liver, leading to improvement of insulin resistance.

HFD feeding markedly increases CD1lc-positive macro-
phages in eWAT as well as in the liver of Pik3cg™/* mice,
whereas the increase is significantly suppressed by disruption of
PI3Ky. By contrast, the expression of the M2 macrophage
marker is not decreased in these tissues of Pik3cg™~ mice fed
a HFD, leading to an increase in the ratio of M2 to M1. This is
because M1 macrophages, but not M2 macrophages, abundantly
express CCR2 that promotes cell migration into both adipose
tissue and liver via PI3Ky activation. Furthermore, the results of
BMT experiments using ob/ob or HFD-fed mice clearly dem-
onstrate that the improved glucose metabolism caused by a lack
of PI3Ky is largely attributed to BM cells. Together with the
results of in vitro experiments, the improved insulin sensitivity
and glucose homeostasis associated with decreased inflammatory
changes in the adipose tissue and liver of obese Pik3cg™ mice
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Fig. 5. Blockade of PI3Ky by a pharmacological inhibitor ameliorated di-
abetes in ob/ob mice. ob/ob mice were treated with a P3Ky inhibitor, AS-
605240, from 6 wk of age for 8 wk. Age-matched C57BL/6J mice served as
lean controls. (A) Time course of blood glucose levels in vehicle, 10 or 30 mg/
kg/d of AS-605240-treated ob/ob mice (designated as AS10 or AS30, re-
spectively), and vehicle-treated C57BL/6) mice. (B and C) Glucose levels
during ITT (7 wk treatment, B) or GTT (8 wk treatment, C) in vehicle (Veh.) or
AS-605240-treated ob/ob mice were determined at the indicated time points
after i.p. injection with a bolus of insulin (1.0 U-kg™" BW) for ITT or glucose
(1.5 g-kg™! BW) for GTT. (D) Immunohistochemical analysis of adipose tissue
macrophage. eWAT of ob/ob mice treated with vehicle or AS-605240 were

. stained with antibody against F4/80. (Scale bar, 100 uM.) (£) Expression levels

of genes encoded macrophage-related protein in eWAT of vehicle or AS-
605240-treated ob/ob mice. (F) Serum MCP-1 fevels in vehicle or AS-605240-
treated ob/ob mice and vehicle-treated C57BL/6J mice. (n = 7-8). #P < 0.05
for vehicle-treated ob/ob compared with vehicle-treated C57BL/6J mice. *P <
0.05 and **P < 0.01 for AS-605240-treated ob/ob compared with vehicle-
treated ob/ob control.

are largely due to a reduction in the number of infiltrated M1
macrophages that produce proinflammatory adipokines, which
thereby promotes systemic insulin resistance, but not the func-
tional changes or differentiation defects in these cells.

Hepatic steatosis is also known to exacerbate insulin resistance
in obesity and cause liver dysfunction, such as nonalcoholic
steatohepatitis (33). In the liver of Pik3cg™"" mice, expression of
Pparg and Cidec is significantly decreased without any alterations
in genes involved in fatty acid synthesis, whereas genes regulating
p-oxidation, such as Cptla, are up-regulated, consistent with the
previous report that Fsp27 suppresses p-oxidation and tri-
glyceride turnover in hepatocytes (21). Fsp27 has been reported
to regulate lipid droplet formation downstream of PPARYy in
adipocytes, and deletion of Fsp27 leads to protection from diet-
induced obesity (22), although it is unclear whether Fsp27 also
functions as a key regulator of lipid droplet formation in hep-
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atocytes. Meanwhile, PPARy expression levels in the eWAT of
Pik3cg™" mice are not suppressed differently from those in liver.
It is proposed that, when the capacity of lipid storage in adipose
tissue, presumably regulated by PPARy, reaches a limit, accu-
mulation of lipids in extra-adipose tissue, such as liver and
muscle, takes place, leading to insulin resistance (1, 16). More-
over, it has been suggested that suppression of inflammation
reduces the development of hepatic steatosis and insulin re-
sistance. Indeed, treatment with a CCR2 inhibitor ameliorates
insulin resistance and hepatic steatosis in db/db mice associated
with significant reductions in the expression of CD36 in liver
(23). Although it remains unclear how PI3Ky deficiency causes
the suppression of lipid accumulation in liver, it is possible that
inhibition of macrophage infiltration into adipose tissue and
liver, and the subsequent reduction of inflammatory changes, can
decrease PPARy expression in liver but not in adipocytes. This
may inhibit the ectopic lipid accumulation, leading to systemic
insulin sensitivity, although it should be explored how PPARYy is
regulated in these tissues.

Inhibitors for PI3K8 and PI3Ky are expected to be therapeutic
agents for chronic inflammatory diseases (34, 35). Indeed,
pharmacological inhibition of PI3Ky ameliorates rheumatoid
arthritis, lupus nephritis, and atherosclerosis in mouse models
(25, 27, 34, 36), and here we provide evidence that the PI3Ky
inhibition is also promising for treatment of obesity-induced di-
abetes. Because multiple chemokine-signaling pathways can be
involved in macrophage infiltration and inflammation in an
obese context, and because inhibition of PI3Ky could suppress
macrophage migration caused by all these chemokines (8, 34),
blockade of PI3Ky appears to have advantages compared with
the strategies to inhibit single chemokine signaling, such as
MCP-1 or CCR2, which have been shown to improve insulin
sensitivity in obese mice (6, 23, 28). However, a highly selective
inhibitor for PI3Ky, which does not affect class IA PI3Ks and
other kinases, should be developed and carefully evaluated for
clinical use to avoid potential adverse effects, such as inhibition
of insulin signaling. Nevertheless, our data suggest that PI3Ky
inhibition can be a strategy for treating obesity-induced insu-
lin resistance.

We have clearly demonstrated that PI3Ky plays a crucial role
in obesity-induced inflammation, hepatic steatosis, and systemic
insulin resistance and that inhibition of PI3Ky activity amelio-
rates obesity-induced insulin resistance, at least in part, due to
the reductions in macrophage infiltration and subsequent in-
flammatory responses in both adipose tissue and liver. These
findings provide a possibility for a therapeutic ‘approach to
obesity-induced diabetes and fatty liver disease.

Materials and Methods

Mice. We generated Pik3cg™ mice as previously described (11) and used
these mice after they were backcrossed to C57BL/6J mice for more than 16
generations with C57BL/6J mice as the controls. Pik3cg™":0blob mice were
generated by intercrossing Pik3cg*:ob/+ mice. Al mice were housed under
a 12-h light/12-h dark cycle and had free access to sterile water and pellet
food ad libitum except when fed a limited HFD. The animal care and ex-
perimental procedures were approved by the Animal Care Committee of the
University of Tokyo.

Metabolic Studies. Male Pik3cg™ and Pik3cg** mice were fed a standard
chow (CE-2; CLEA Japan) or high-fat/high-caloric diet (high fat diet 32; CLEA
Japan). For ITTs, mice received i.p. injections of human insulin (Humalin R; Eli
Lilly) in the ad libitum feeding state. For GTTs, mice received i.p. injections of
glucose after an overnight fast. Blood glucose levels were measured using
a Glutest sensor (Sanwa Chemical) at the indicated time points, and the
plasma insulin levels were measured using a RIA kit (Biotrek), as previously
described (37). -

Insulin-Signaling Analysis. Mice were anesthetized after 16 h of fasting, and
human insulin was injected into the inferior vena cava. After 5 min, tissues
were quickly excised and frozen in liquid nitrogen. Tissue lysates were pre-
pared and used for immunoprecipitation and immunoblotting as previously
described (38).

PNAS | April5,2011 | vol. 108 | no. 14 | 5757

MEDICAL SCIENCES



Gene Expression Analysis. TRizol reage;-nt (Invitrogen) was used to prepare
total RNA from tissues. The reverse-transcription reaction was carried out
with a high-capacity cDNA reverse transcription kit (Applied Biosystems).
Quantitative PCR analyses using TagMan assays were performed as previously
described (37). The relative expression levels were normalized by measure-
ment of the amount of cyclophilin in each sample.

Histological Analysis. Tissue samples for histology were fixed in 4% para-
formaldehyde in PBS overnight, and paraffin-embedded sections were pre-
pared (4-um sections). Sections of liver were stained with H&E, and adipose
tissues were stained hematoxylin and incubated with anti-F4/80 (1:20;
Serotec) overnight at 4 °C, followed by incubation with the Vectastain Elite
ABC Rat IgG Kit and visualization with the InmPACT DAB Substrate Kit
(Vector Laboratories), as previously described (5).

Adipose Tissue Fractionation and FACS Analysis. Adipose tissue fractionation
into the stromal vascular fraction (SVF) was performed as previously described
(5). Briefly, epididymal adipose tissue pads were minced into fine pieces and
centrifuged at 3,000 x g to remove erythrocytes and free leukocytes. Tissues
were incubated with 2 mg/mL of collagenase type 2 (Worthington) at 37 °C
with gentle agitation for 15-20 min. Digested tissues were filtered through
nylon mesh (100 pm), and the filtrate was centrifuged at 1,200 x g. Pelleted
cells were collected as the SVF. For isolation of mRNA, the erythrocyte-
depleted SVF was resuspended in TRIzol reagent (Invitrogen). For flow cy-
tometric analysis, after removing red blood cells, the SVF was incubated with
either labeled monoclonal antibody or isotype control antibody and ana-
lyzed by flow cytometry using a FACS Calibur (Becton Dickinson). Data ac-
quisition and analysis were performed using CellQuest Pro software (Becton
Dickinson). Propidium iodide was used to exclude dead cells.

Plasma MCP-1 and Hepatic Triglyceride Content. Plasma levels for MCP-1 were
measured by ELISA (R&D Systems). Hepatic triglyceride was extracted from
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the liver homogenate with Folchsolutioin (chloroform:methanol = 2:1, vol/
vol). An aliquot of the organic phase was collected and resuspended in
ethanol containing 1% Triton X-100 and then measured by enzyme-based
r?easurement kits (Roche Diagnostics).

Bone Marrow Transplantation. For BM transplant studies, bone marrow cells
were prepared from the femur and tibia of Pik3cg** and Pik3cg™ mice and
injected iv. (5 x 10° cells/recipient) into lethally irradiated ob/ob mice or
C57BL/6J mice (7.0 Gy) as recipients, as described previously (39, 40). .

Treatment with a PI3Ky Inhibitor. A PI3Ky selective inhibitor, AS-605240,
which was synthesized by Discovery Research Laboratories, Kyorin Pharma-
ceutical, was used as described previously (25). Vehicle or AS-605240 was
administered intraperitoneally to ob/ob mice twice a day from 6 wk of age.

Statistical Analysis. Values of the data are expressed as mean + SEM. Dif-
ferences between two groups were assessed using unpaired two-tailed t
tests. Data involving more than two groups were assessed by analysis of
variance. Statistical significance is displayed as P < 0.05 (one asterisk) or P <
0.01 (two asterisks) in figures.
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SUMMARY

Insulin resistance is often associated with impeded
insulin signaling due either to decreased concentra-
tions or functional modifications of crucial signaling
molecules including insulin receptor substrates
(IRS) in the liver. Many actions of adiponectin, a
well-recognized antidiabetic adipokine, are currently
attributed to the activation of two critical molecules
downstream of AdipoR1 and R2: AMP-activated
kinase (AMPK) and peroxisome proliferator-activated
receptor o (PPARa). However, the direct effects of
adiponectin on insulin signaling molecules remain
poorly understood. We show here that adiponectin
upregulates IRS-2 -through activation of signal
transducer and activator of transcription-3 (STAT3).
Surprisingly, this activation is associated with IL-6
production from macrophages induced by adiponec-
tin through NFkB activation independent of its
authentic receptors, AdipoR1 and AdipoR2. These
data have unraveled an insulin-sensitizing action initi-
ated by adiponectin leading to upregulation of
hepatic IRS-2 via an IL-6 dependent pathway through
a still unidentified adiponectin receptor.

INTRODUCTION

Insulin resistance is often caused by decreased levels of its
critical signaling molecules, functional modifications of these
proteins, or both (Hotamisligil et al., 1996; Taniguchi et al,,
2006). IRS-1 and IRS-2 are abundant in liver and are essential
regulators for glucose metabolism in physiological and patho-
logical circumstances (Dong et al., 2006; Kubota et al., 2008;
Sun et al., 1995; Tamemoto et al., 1994). IRS-2 expression is
preferentially decreased in the livers of obese model mice
(Shimomura et al., 2000), and disruption of hepatic IRS-2 leads
to insulin resistance (Kubota et al., 2000), suggesting that
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hepatic IRS-2 as well as IRS-1 is critical for the pathogenesis
of systemic insulin resistance.

Adiponectin is an antidiabetic adipokine (Kadowaki et al.,
2006), which enhances insulin action by several mechanisms,
including suppression of gluconeogenesis and regulation of fatty
acid metabolism (Awazawa et al., 2009; Berg et al., 2001;
Yamauchi et al., 2001) as well as modulation of calcium signaling
in skeletal muscles (lwabu et al., 2010). To date, most of these
actions have been attributed to the activation of two critical
molecules downstream of AdipoR1 and AdipoR2, AMPK, and
PPARw (lwabu et al., 2010; Yamauchi et al., 2002; Yamauchi
et al., 2007). In obese model mice with insulin resistance, hypo-
adiponectinemia (Yamauchi et al., 2001) often coexists with
downregulation of hepatic insulin signaling; however, direct
effects of adiponectin on insulin signaling molecules remain
poorly investigated.

IL-6 is an inflammatory cytokine that has usually been related
to insulin resistance, although some reports have paradoxically
suggested that transient IL-6 upregulation contributes to
improved insulin sensitivity (for a comprehensive review, see
Pedersen and Febbraio, 2008). In contrast, adiponectin has
been reported to exert anti-inflammatory actions (Huang et al,,
2008), although it activates NFxB and induces inflammatory cyto-
kines in some contexts (Haugen and Drevon, 2007). it is not
precisely understood how adiponectin is related to inflammatory
responses and cytokine production, including that of IL-6.

In this report, we show that adiponectin upregulates the IRS-2
protein thorough activation of STAT3 associated with IL-6
production from macrophages, independently of its authentic
receptors, AdipoR1 and AdipoR2. These data have unraveled
a novel adiponectin biology including the existence of an uniden-
tified receptor.

RESULTS

IRS-2 Expression Was Decreased in Livers

of Adiponectin-Deficient Mice, and Adiponectin
Administration Upregulated IRS-2 in Liver

To examine the direct effects of adiponectin on insulin signaling,
we first investigated the expression of insulin signaling
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molecules in the livers of adiponectin-deficient (AdKO) mice.
The western blot revealed that IRS-2 protein levels were
decreased in the livers of AdKO mice (Figure 1A), and IRS-2
phosphorylation by insulin was reduced (Figure 1B), while
IRS-1 protein expression and its phosphorylation by insulin
were relatively unaltered. Adiponectin administration in AdKO
mice upregulated IRS-2 phosphorylation associated with its
protein upregulation in liver (Figure 1C). These resuits prompted
us to examine the possibility that adiponectin regulated IRS-2
expression in liver.

Adiponectin Upregulated IRS-2 and Restored Insulin
Action in Livers of db/db Mice

We then administered adiponectin to db/db mice, an obese
animal model with insulin resistance and selective downregu-
lation of IRS-2 in the liver (Shimomura et al., 2000). Adiponec-
tin administration, which raised the plasma concentration of
adiponectin twice as high as preadministration levels (Fig-
ure S1A available online), restored hepatic IRS-2 protein and
its phosphorylation (Figure 2A). This led to the recruitment of
an adaptor molecule, the regulatory p85 subunit of phosphoi-
nositide-3 (PI3) kinase, as assessed by the coimmunoprecipi-
tation of IRS-2 and p85. In contrast, the expression and phos-
phorylation of insulin receptor (IR) and IRS-1 were unaltered
with adiponectin administration (Figure 2A). Insulin stimulation
after 4 hr of pretreatment with adiponectin showed partial
but significant restoration of the impaired insulin signaling
in livers of db/db mice, as evidenced by Akt and forkhead
transcription factor FoxO1 phosphorylation, accompanied by
IRS-2 upregulation (Figure 2B) and enhanced PI3 kinase
activity associated with IRS-2 (Figure 2C), while IRS-1 phos-
phorylation and the PI-3 kinase activity associated with IRS-
1 were unaltered. We also confirmed that adiponectin restored
the downregulated IRS-2 and led to enhanced insulin signaling
in high fat diet-induced obese mice (Figures S1B and S1C).
These results indicated that adiponectin restored the attenu-
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mean (SEM).

ated insulin actions in liver of obese model mice via IRS-2
upregulation.

Time course experiments showed that adiponectin robustly
upregulated hepatic /rs2 messenger RNA (mRNA)} at 2 hr (Fig-
ure 2D) and transiently and maximally increased IRS-2 protein
at 4 hr (data nor shown). Importantly, adiponectin administration
to db/db mice did not alter plasma glucose and insulin levels
during 0.5-2 hr (data not shown), indicating that the changes in
IRS-2 expression were the primary effects of adiponectin but
not the consequence of altered plasma glucose or insulin levels,
which could secondarily modulate IRS-2 expression. Moreover,
adiponectin administration also increased IRS-2 protein in the
livers of wild-type mice (Figure S1D).

The enhanced insulin signaling by adiponectin in the livers of
db/db mice was associated with suppressed mRNA expressions
of key gluconeogenic enzyme$, phosphoenolpyruvate carboxy-
kinase (Pck7) and glucose-6-phosphatase (G6pc) (Figure S1E)
and led to lower plasma glucose concentrations in a pyruvate
tolerance test (Figure S1F), suggesting that adiponectin adminis-
tration suppressed gluconeogenesis in liver. In addition, adipo-
nectin decreased the mRNA expression of sterol regulatory
element binding protein 1c (Srebf7). Hepatic de novo lipogen-
esis, as assessed by °H and '*C incorporation into saponified
triglyceride, also tended to be lower in adiponectin-treated
db/db mice (Figure S1G and Figure STH).

Adiponectin Activated STATS3 in Liver, which Was
Associated with Elevated Plasma [L.-6 Concentration
Previously, we identified AdipoRt and R2 as the receptors for
adiponectin, both of which are abundant in the liver (Yamauchi
et al., 2003), while T-cadherin, another possible receptor for adi-
ponectin, is abundant in the cardiovascular system (Hug et al.,
2004). We therefore hypothesized that adiponectin regulated
IRS-2 expression directly through AdipoR1 or R2 in the liver.
However, knockdown of neither AdipoR1 nor R2 in the liver
attenuated Irs2 upregulation by adiponectin (Figures S2A and
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Figure 2. Adiponectin Upregulated IRS-2 Expression in the Liver of db/db Mice

(A~C) The representative blots of insulin signaling in the liver of db/db mice administered with adiponectin.

(A) db/db mice and their control misty/misty mice were injected with adiponectin (Ad) at the fasted state, and the livers were removed at 4 hr. The lysates were
immunoprecipitated with insulin receptor (IR), IRS-1, and IRS-2 antibody, respectively, and were subjected to immunoblotting with 4G10 anti-phosphotyrosine
(pY), IRS-1, IRS-2, and p85 subunit of PI3Kinase (p85) antibody.

(B) db/db mice and their control misty/misty mice were administered with Ad at the fasted state, and after 4 hr the mice were injected with insulin (Ins) via inferior
venae cavae. The livers were removed at 5 min, except for phospho-FoxO1 blotting, for which the livers were removed at 2 min. The lysates were immunopre-
cipitated with IR, iRS-‘!, and IRS-2 antibody, respectively, and were subjected to immunoblotting with pY, IRS-1, IRS-2, p85, pAkt, and pFoxO1 antibody. The
arbitrary quantifications are shown in the right-hand panels (n = 6, *; p < 0.05).

(C) db/db mice and their control misty/misty mice were injected with Ad at the fasted state, and after 4 hr the mice were injected with insulin (Ins) via inferior venae
cavae. The livers were removed at 2 min and subjected to PI3 kinase assay as described in the Experimental Procedures.

(D) RT-PCR analysis of Irs2 mRNA in the liver of db/db mice at indicated hours after Ad administration (n = 4, * p < 0.05).

Error bars represent mean = SEM. See also Figure S1.

$2B). Furthermore, adiponectin stimulation did not upregulate
Irs2 in cultured hepatocytes (Figure S2C). These data raised
the possibility that adiponectin indirectly upregulated hepatic
IRS-2 through a previously unknown pathway.

To determine the mechanism of IRS-2 upregulation by adipo-
nectin, we examined the changes in various signaling molecules
in the liver after adiponectin administration, including those that
had not been reported to regulate IRS-2. Of these, we noted
strong phosphorylation of STAT3 in liver (Figure 3A). The time
course in which the expression of the suppressor of cytokine
signaling-3 (Socs3), the well-known downstream molecule of
STAT3, was upregulated was almost identical with the time
course in which frs2 was upregulated (Figure 3B), suggesting
that /rs2 and Socs3 were upregulated by common upstream
signaling(s). As expected, adiponectin stimulation of Fao cells

did not cause STAT3 phosphorylation (Figure 3C). From these
data, we had an assumption that adiponectin induced some bio-
logical substances in the plasma, which then induced hepatic
STAT3 phosphorylation and IRS-2 expression secondarily,
although it had not been reported that STAT3 directly regulated
IRS-2 expression. .

Surprisingly indeed, we found that adiponectin administration
caused an acute and transient increase of plasma IL-6, a potent
activator of STAT3 (Figure 3D), the time course of which
was coincident with the STAT3 phosphorylation in liver. /I6
mRNA was strongly upregulated in white adipose tissue (WAT)
after adiponectin administration, while the /6 mRNA in liver
was also upregulated to a much lesser extent (Figure 3E, left
panel). Further analysis revealed that //6 induction was more
prominent in visceral WAT than in subcutaneous WAT, with the
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Figure 3. Hepatic STAT3 activation and IL-6 induction after Adiponectin Administration

(A and B) The representative blot of pSTAT3/STAT3 (A) and RT-PCR analysis of Socs3 mRNA (B) in the liver of db/db mice after adiponectin administration. db/db
mice were injected with adiponectin (Ad) at the fasted state, and the livers were removed at the indicated hours. The lysates were immunoprecipitated with anti-
STAT3 antibody and subjected to immunoblotting with pSTAT3 or STAT3 antibody. The total MRNA extracted from the livers was subjected to RT-PCR analysis
(h=7-12,* p < 0.05).

(C) The representative blots of pSTAT3/ STAT3 and pAMPK/AMPK in Fao cells stimulated with Ad. Fao cells were stimulated with Ad at indicated time, and
the lysates were immunoprecipitated with anti-STAT3 antibody and subjected to immunoblotting with pSTAT3 or STAT3 antibody. The total cell lysates were

subjected to western blotting with pAMPK and AMPK antibody.
(D) The plasma IL-6 concentration after adiponectin administration. db/db mice were injected with Ad at the fasted state. The plasma collected at indicated hours

was subjected to ELISA assay (n = 7-12, * p < 0.05). i

(E) RT-PCR analysis of /6 mRNA inliver and various WAT depots. db/db mice were injected with Ad at the fasted state, and the livers and the adipose tissues were
removed at 2 hr. The total mRNA was extracted and subjected to RT-PCR analysis (n = 5-7, * p < 0.05). )

(F) The representative blot of the diurnal changes in plasma adiponectin concentrations and their arbitrary quantification. The blood samples of db/db and their
control misty/misty mice collected at the fasted or refed state were subjected to immunoblotting with anti-adiponectin antibody (n = 4, * p < 0.05).

(G) The diurnal changes of //6 mMRNA expression in perigonadal WAT. db/db and their control misty/misty mice were sacrificed at the fasted and refed state. The
total mRNA was extracted from the perigonadal WAT and subjected to RT-PCR analysis (n = 4-5, * p < 0.05).

Error bars represent mean + SEM. See also Figure S2.

IRS-2 Upregulation by Adiponectin was Mediated

by Hepatic STAT3 Activation via [L-6

To verify our hypothesis, we first abrogated IL-6 action either
by using neutralizing antibody or through genetic ablation (IL-6
knockout [KO] mice). Antibody-mediated IL-6 neutralization
significantly attenuated hepatic STAT3 phosphorylation by
adiponectin and abrogated the adiponectin-induced Irs2 upre-

highest induction observed in mesenteric WAT (Figure 3E, right
panel).

These data prompted us to hypothesize that adiponectin
induced IL-8, which then activated hepatic STAT3 and subse-
quently upregulated IRS-2. Importantly, IRS-2 expression phys-
iologically increases during fasting, and its function is crucial in
the fasted state (Kubota et al., 2008). Indeed, consistent with

our hypothesis, /6 expression was upregulated in the fasted
state in WAT of wild-type mice and was associated with
increased plasma adiponectin levels (Figures 3F and 3G). In
contrast, /6 expression was highly and persistently upregulated
in db/db mice with continuous downregulation of plasma adipo-
nectin levels, regardless of the feeding state (Figures 3F and 3@G).

404 Cell Metabolism 13, 401-412, April 6, 2011 ©2011 Elsevier Inc.

gulation despite robust //6 induction (Figure 4A), which was
confirmed by mRNA expression in perigonadal WAT. Moreover,
in IL-6 KO mice, adiponectin-induced STAT3 phosphorylation
and /rs2 upregulation were totally abolished (Figure 4B).

In contrast, IL-6 administration upregulated /rs2 mRNA and
its phosphorylation in liver (Figure 4C) after phosphorylation of -
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Figure 4. 1L-6/STAT3 Signaling and Hepatic IRS-2 Upreguiation by Adiponectin

(A) STAT3 signaling and IRS-2 induction with anti-IL6 antibody pretreatment. C57BL/6J mice pretreated with anti-IL6 antibody as described in the Experimental
Procedures were injected with adiponectin (Ad) intraperitoneally, and the livers and perigonadal WAT were removed at 2 hr. The lysates of the livers were sub-
jected to immunoblotting with pSTAT3/STAT3 antibody. The total mMRNA was subjected to RT-PCR analysis for Irs2 expression in liver and //6 expression in peri-
gonadal WAT (n =5, * p < 0.05). )

(B) STATS signaling and IRS-2 induction in IL-6 KO mice. IL-6KO mice and their control C57BL/6J (wild) mice were injected with Ad intraperitoneally, and the
livers were removed at 2 hr. The lysates of the livers were subjected to immunoblotting with pSTAT3/STAT3 antibody. The total mMRNA was subjected to
RT-PCR analysis for Irs2 expression in liver (n = 5, * p < 0.05).

(C) STAT3 signaling and IRS-2 expression in liver after IL-6 administration. C57BL/6J mice were injected with recombinant human IL-6 intraperitoneally. The livers
were removed at the indicated hours. The total mRNA extracted from the liver at 1 hr after IL-6 administration was subjected to RT-PCR analysis. The lysates of
each liver sample were subjected to immunoprecipitation with the antibody for IRS-2, gp130, and STATS, respectively, and subjected to immunoblotting with
4G10 anti-phosphotyrosine (for plRS-2 and pgp130), gp130, pSTATS, and STAT3 antibody as indicated (n = 5-6, * p < 0.05).

(D) STATS signaling and IRS-2 induction in LST3KO. LST3KO or their control flox/flox mice (floxed) were injected with Ad intraperitoneally, and the livers and
perigonadal WAT were removed at 2 hr. The lysates of the livers were subjected to immunoblotting with pSTAT3/STAT3 antibody. The total mMRNA was subjected
to RT-PCR analysis for Irs2 expression in liver and //6 expression in perigonadal WAT (n = 4-6, * p < 0.05).

Error bars represent mean = SEM.

STAT3 and gp130 at 0.5 hr. The maximal Irs2 mRNA upregulation ~ Adiponectin-induced IRS-2 Upreéu!ation Was Mediated
after IL-6 administration occurred at 0.5-1 hr (data not shown), by STAT3 Recruitment to frs2 Promoter in Hepatocytes
whereas the maximal STAT3 phosphorylation and /rs2 upregula-  Next, we focused on IRS-2 regulation by STAT3. Adenoviral-
tion after adiponectin administration occurred at 2 hr, further ~mediated overexpression of a constitutively active form of
supporting that adiponectin secondarily upregulated IRS-2 via  STAT3 (CA-STAT3) significantly increased IRS-2 in Fao cells
IL-6 induction. (Figure 5A). Luciferase assay showed that wild-type (WT) or
Next, we administered adiponectin to mice with targeted CA-STAT3 overexpression robustly enhanced Irs2 promoter
disruption of STAT3 specifically in hepatocytes (LST3KO). In  activity of the —1300 bps region, while the induction was
the livers of LST3KO mice, adiponectin-induced STAT3 phos-  diminished in the promoter deleted up to —500 bps (Figure 5B).
phorylation and Irs2 upregulation were totally abolished, while  The promoter region from —500 to —1300 bps contains multiple
116 induction by adiponectin was similar to that seen in the control  potential STAT3 binding sites. Indeed, chromatin immunopre-
flox/flox mice (Figure 4D). Collectively, these data indicated that  cipitation (ChlP) assay in vivo confirmed that immunoprecipita-
adiponectin upregulated IRS-2 through STAT3 activation in  tion with STAT3 antibody significantly enriched the Irs2 promoter
hepatocytes in an IL-6-dependent manner. regions in the livers at 1 and 2 hr after adiponectin administration,
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