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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 into 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)
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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.

Author contributions: N. Kobayashi, K.U., and T.K. designed research; N. Kobayashi, K.U.,
Y.0., All, N. Kubota, M.O., M.A., M. Kobayashi, T. Sasako, K.K., M.S., Y.N., and S.G.
performed research; K.Y., 1.K.,, K.M., J.S., and T. Sasaki contributed new reagents/analytic

tools; N. Kobayashi, K.U., K.H., R.N., and M. Kurokawa analyzed data; and N. Kobayashi,
K.U., and T.K. wrote the paper.

The authors declare no conflict of interest.

*This Direct Submission article had a prearranged editor.

To whom correspondence may be addressed. E-mail: ueki-tky@umin.ac.jp or kadowaki-
3im@h.u-tokyo.ac.jp.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1016430108/-/DCSupplemental.

PNAS | April 5,2011 | vol. 108 | no.14 | 5753-5758

n
w
[
=
w
v
0
-
<
=4
[=]
w
=



http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1016430108/-/DCSupplemental/pnas.201016430SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1016430108/-/DCSupplemental/pnas.201016430SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1016430108/-/DCSupplemental/pnas.201016430SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1016430108/-/DCSupplemental/pnas.201016430SI.pdf?targetid=nameddest=SF3
mailto:ueki-tky@umin.ac.jp
mailto:kadowaki-3im@h.u-tokyo.ac.jp
mailto:kadowaki-3im@h.u-tokyo.ac.jp
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1016430108/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1016430108/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1016430108

L T

/

1\

=y

Bl Fik3cg™* HFD M Pik3cg™", HFD

- 200 5 15 g 120
T E <
S o @ 100.
E i Ty £ 4. 8
@ 150 - £ S 80
g 3 * ©
g 2 = 60
o = *x E] -
g o E s w -
8 K s *
@ [} A
4 8 12 16 20 24 4 B 12 16 20 24 0 30 60 90 120
whs age wks age min,
D g oo £ w0 56 E 160
B bf] E ]
g 0o 3 40 EN E p=0.076
§ o KD c* £ 10
K s z3 2
3 200 9 20 £ 5
Io] F w2 5
g 100 a 10 £y -
S 8 I £
@ 3 o 2o H
0 30 60 90 120 © e e 0 1 5 30 =
min.
E Liver F Muscle
+/+ -/~ +/+ -/~
Insulin = - + 4+ - - & ¢ Insulin = - % + - - 4 +
pTyr - - —— pTyr - - -
PRE | eeeepwsmse TR [ sesssess
Akt-pSerd73 -~ —— Akt-pSer473 = -
Akt CELBRuee L | e
pTyr . - - pTyr Plaw ' =
IP:IRS2 | p85 - - - . IP: IRS1 p85 - - -
IRS2 s = - - IRST e e o e

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’1 BW) (n = 7-8). (E and F) Phosphorylation of insulin re-
ceptor B-subunit (IRB), insulin receptor substrate (IRS-1, IRS-2), and Akt in-
duced by a bolus injection of insulin was assessed in livers (E) and skeletal
muscles (F) of Pik3cg** (**) and Pik3cg™ (7~) 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 epldldymal 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 A4, B, and D), although no
significant differences in adiposity, adipocyte size, and the ex-
pression levels of genes involved in adlpocyte 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 reductlons of adipose tissue
macrophages (ATMs) in HFD-fed Pik3cg™~ mice (Fig. 2 E and
F). Expression of Iigax (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 1n M2 macro-
phages (14) were increased in the eWAT of Pik3cg™'~ mice (Fi Fig.
2G). FACS analysis also revealed that HFD feeding in Pik3cg*

mice decreased the F4/80*CD11c¢™ 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
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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 (E) 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"CD11c™ in the
eWAT of HFD-fed mice (Fig. 2H). These changes resulted 1n
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
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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 ITGAX 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 IxB
kinase phosphorylation in the eWAT of Pik3cg™'~ mice (Fig. 2/
and Fig. S4 E and F). Taken together, these data suggest that the
loss of PI3KYy specifically suppresses M1 macrophage infiltration,
leading to suppression of HFD-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. 3.4 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 (PPARYy), 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 seen with eWAT, expression of Cd68,
Tnf, Ccl2, 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 (4rgl, Mrcl, Mgl1,
and Mgl2) were up-regulated (Fig. 3F). The MCP-1/chemokine
(C-C motif) receptor 2 (CCR2) pathway, which lies upstream of
PI3KYy, 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™ :ob/
ob mice gained body weight in a similar manner compared with
Pik3cg*'*:0bjob mice, they displayed lower blood glucose levels
up to 20 wk of age (Fig.4 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 um.) (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 (E), 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™'":0b/ob 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. 4H). 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 ob/ob [Pik3cg”'~ bone marrow transplant
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Fig. 4.

and double-mutant Pik3cg™'~

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
:oblob mice (n = 12-18). (C) Glucose levels during ITT (8 wk of age) were determined at the indicated time points after i.p.

injection with a bolus of insulin (2.0 U-kg‘1 BW) (n = 7-8). (D) Glucose and insulin levels during GTT (9 wk of age) were determined at the indicated time points
after i.p. injection with a bolus of glucose (1.0 g-kg™' BW) (n = 7-8). (E) Phosphorylation of Akt in livers and skeletal muscles induced by a bolus injection of
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). (I and J) Bone marrow-specific PI3Ky knockout ob/ob mice were generated by bone marrow transplantation.
(/) Glucose levels during ITT were determined at the indicated time points after i.p. injection with a bolus of insulin (2.0 U-kg™" BW). (J) Glucose and insulin
levels during GTT were determined at the indicated time points after i.p. injection with a bolus of glucose (1.0 g-kg™' BW) (n = 6). *P < 0.05, **P < 0.01.

(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 7 and J), as
observed in ob/ob mice systemically lacking Pik3cg ™/~ These data
strongly suggest that the metabolic phenotypes of Pik3cg™~:0b/
ob mice are mainly owing to the lack of PI3Ky in BM- derrved
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 Itgax 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 A-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 PI3Ky 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 CD11c- posrtlve 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

Kobayashi et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1016430108/-/DCSupplemental/pnas.201016430SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1016430108/-/DCSupplemental/pnas.201016430SI.pdf?targetid=nameddest=SF7
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1016430108/-/DCSupplemental/pnas.201016430SI.pdf?targetid=nameddest=SF7
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1016430108/-/DCSupplemental/pnas.201016430SI.pdf?targetid=nameddest=SF8
www.pnas.org/cgi/doi/10.1073/pnas.1016430108

L T

/

1\

=y

A B. £
- 200 %‘ 2 i~
g H S 4
8 150 3 8
g g g
3 g s
£ s 3 g
o : 5 oS
oblob
E 30 #
C z £ %
g 2 4 .
s A Vehicle, C57BL/6J
g g B Vehicle, oblob
2 g 10 mg/kg, oblob
H 8 I 30 mg/kg, oblob
Z ol
0o 30 60 90 120 © £ £ 28
min. > e 2 2
E oblob
D AS-605240
Vehicle 10 mg/kg 30 mg/kg
C £ BTN
YO BEK %
P RO
ob/ob b Lot
el AR
< e
< \ e ot ]
E Fe™
] *

40

20

Relative mRNA levels
Plasma MCP-1 (pg/mL)

Fig. 5. Blockade of PI3Ky by a pharmacological inhibitor ameliorated di-
abetes in ob/ob mice. ob/lob mice were treated with a PI3Ky 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/6J 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’1 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 pM.) (E) Expression levels
of genes encoded macrophage-related protein in eWAT of vehicle or AS-
605240-treated ob/ob mice. (F) Serum MCP-1 levels 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
B-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 PPARy 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 PPARy is
regulated in these tissues.

Inhibitors for PI3K5 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™":ob/ob mice were
generated by intercrossing Pik3cg*’:ob/+ mice. All 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).
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Gene Expression Analysis. TRIzol reagent (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-pm 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 ImmPACT 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 um), 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
measurement 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 i.v. (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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