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Obesity is associated with a chronic low-grade inflammation, and
specific antiinflammatory interventions may be beneficial for the
treatment of type 2 diabetes and other obesity-related diseases.
The lipid kinase PI3Kγ is a central proinflammatory signal trans-
ducer that plays a major role in leukocyte chemotaxis, mast cell
degranulation, and endothelial cell activation. It was also reported
that PI3Kγ activity within hematopoietic cells plays an important
role in obesity-induced inflammation and insulin resistance. Here,
we show that protection from insulin resistance, metabolic inflam-
mation, and fatty liver in mice lacking functional PI3Kγ is largely
consequent to their leaner phenotype. We also show that this
phenotype is largely based on decreased fat gain, despite normal
caloric intake, consequent to increased energy expenditure. Fur-
thermore, our data show that PI3Kγ action on diet-induced obesity
depends on PI3Kγ activity within a nonhematopoietic compart-
ment, where it promotes energetic efficiency for fat mass gain.
We also show that metabolic modulation by PI3Kγ depends on
its lipid kinase activity and might involve kinase-independent sig-
naling. Thus, PI3Kγ is an unexpected but promising drug target for
the treatment of obesity and its complications.

energy balance | ectopic lipids | metabolic stress

Obesity is characterized by a chronic low-grade inflammation
(1–5), and clinical studies suggest that antiinflammatory

treatments may improve glucose homeostasis in diabetics (6–9).
Thus, the identification of the molecular links between in-
flammation and metabolic homeostasis is fundamental to a bet-
ter understanding of the pathophysiology of type 2 diabetes and
other obesity-related diseases. Here, we have investigated the
role of the lipid kinase PI3Kγ in diet-induced obesity, metabolic
inflammation, and insulin resistance. PI3Kγ is the only class IB
member of the PI3K family, and unlike the class IA PI3Ks
(PI3Kα, PI3Kβ, and PI3Kδ), it was not implicated in insulin or
insulin-like growth factor 1 (IGF-1) signaling (10–13). PI3Kγ
is selectively recruited to G protein-coupled receptors impli-
cated in inflammation and metabolic homeostasis, including
chemokine receptors, β-adrenergic signaling, and angiotensin
II receptors (13–17). On activation, PI3Kγ controls two major
second messengers: phosphatidylinositol(3,4,5)-tris-phosphate
(PIP3) through direct phosphorylation of phosphatidylinositol
4,5 bisphosphate and cAMP by a kinase-independent mechanism
(18). PI3Kγ is most abundant in cells of hematopoietic origin,
but it is also expressed, at a much lower level, in a variety of
nonhematopoietic cell types (19). Previous studies proposed
a role for PI3Kγ in the control of insulin secretion, thereby
suggesting that loss of PI3Kγ may predispose to glucose in-
tolerance (20–22). By contrast, the results presented in this
manuscript together with a recent study (23) show that mice

lacking PI3Kγ are dramatically protected from diet-induced
obesity and glucose intolerance. Kobayashi et al. (23) concluded
that the improved glucose tolerance observed in mice lacking
PI3Kγ is independent from their obesity-resistant phenotype.
The latter study also proposes that PI3Kγ promotes insulin
resistance mainly through a direct action within leukocytes to
stimulate chemotaxis and consequent obesity-induced inflam-
mation (23). However, here, we conclude that the obesity-re-
sistant phenotype observed in mice lacking PI3Kγ is far from
being negligible. Indeed, our results strongly suggest that obesity
resistance is the main mechanism by which PI3Kγ inactivation
protects from diet-induced inflammation and insulin resistance.
We show that PI3Kγ activity within nonhematopoietic cells plays
a major role in diet-induced obesity, hepatic steatosis, metabolic
inflammation, and insulin resistance. Our data show that PI3Kγ-
mediated metabolic modulation depends on a lipid kinase-de-
pendent pathway, which promotes energetic efficiency for fat
mass gain. Furthermore, we show that PI3Kγ lipid kinase-in-
dependent signaling negatively regulates hormone-sensitive li-
pase (HSL) activation within white adipose tissue.

Results
PI3Kγ Expression in White Adipose Tissue. We performed tissue
distribution analysis of PI3Kγ mRNA levels by quantitative PCR
(qPCR). As expected, PI3Kγ was highly expressed in bone
marrow cells compared with other tissues, although we detected
a relatively strong signal in white adipose tissue compared with
other nonhematopoietic tissues (Fig. 1A). Furthermore, PI3Kγ
mRNA levels were induced in adipose tissue of dietary and ge-
netically obese mice (ob/ob) compared with lean animals (Fig.
1A). We have, therefore, compared PI3Kγ protein levels by
immunoblot analysis in different white adipose tissue (WAT)
pads, brown adipose tissue (BAT), and the heart, the latter being
indicative of functional levels within nonhematopoietic cells
(18). For all of the fat pads analyzed, we could detect a specific
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band for PI3Kγ, whose intensity was much more pronounced
than in the heart (Fig. 1B). Furthermore, PI3Kγ protein levels
were increased in WAT of obese mice compared with lean ones
(Fig. 1 C and D). PI3Kγ protein was more abundant in the
stromal vascular fraction of WAT from obese mice, although it
was also expressed in the mature adipocytes fraction (Fig. 1E).

Mice Lacking PI3Kγ Are Largely Protected from Diet-Induced Obesity
and Hepatic Steatosis. To investigate the role of PI3Kγ in diet-
induced obesity, WT C57BL6/J male mice or mice bearing a
targeted gene mutation at the PI3Kγ locus (PI3Kγ−/−) were
placed either on standard chow diet or high-fat obesogenic diet
(HFD) for 12 wk. On chow diet, PI3Kγ−/− mice and WT animals
displayed comparable weight gains (Fig. S1A and S2 A and D)
and similar body composition (Fig. S1 B–E). However, when
placed on HFD, PI3Kγ−/− mice exhibited markedly reduced
weight gain compared with WT mice (Fig. 1F). Such difference
in body weight was independent from linear growth, whereas fat
mass was decreased (Fig. S3). Liver, spleen, and kidney weights
were also significantly reduced in PI3Kγ−/− mice compared with
WT animals kept on HFD, possibly because of decreased ectopic

lipids (Fig. S3). Indeed, histological analysis of liver sections
revealed a dramatic protection from the development of fatty
liver in PI3Kγ−/− mice compared with WT mice (Fig. 1G). Fur-
thermore, body composition analysis showed that the weight gain
difference between PI3Kγ−/− mice and WT mice is largely caused
by total body lipids (adipose tissue and ectopic fat) (Fig. 1H).
Overall, PI3Kγ−/− mice are largely protected from diet-induced

obesity and hepatic steatosis.

Mice Lacking PI3Kγ Display Markedly Improved Insulin Sensitivity
That Correlates with Their Leaner Phenotype and Decreased
Adipose Tissue Inflammation. To evaluate the impact of PI3Kγ
inactivation on glucose homeostasis, we performed glucose tol-
erance test (GTT) and insulin tolerance test (ITT) in WT mice
and PI3Kγ−/− mice placed either on chow diet or HFD. The
growth curves of these mice are described in Fig. 1F and Fig.
S1A. On chow diet, PI3Kγ−/− mice showed a significant im-
provement in insulin tolerance but similar glucose tolerance and
skeletal muscle insulin signaling compared with WT mice at the
age of 20 wk (Fig. S1). These results were recapitulated in a
different cohort, where 6-mo-old PI3Kγ−/− mice on chow diet
displayed improved insulin tolerance but comparable glucose
tolerance with WT control animals (Fig. S2). Interestingly, at 1 y
of age, PI3Kγ−/− mice showed better insulin and glucose toler-
ance than WT mice (Fig. S2). Most notably, we observed
markedly improved insulin tolerance and glucose tolerance in
PI3Kγ−/− mice compared with WT mice made obese by HFD
(Fig. 2 A and B). To evaluate insulin sensitivity, we performed
hyperinsulinemic euglycemic clamp. Radiolabeled 2-deoxy-D-
glucose (2DOG) and glucose tracers were coinfused during the
clamp to evaluate glucose uptake and glucose metabolism.
PI3Kγ−/− mice displayed markedly improved systemic insulin
sensitivity compared with WT mice kept on HFD. Indeed,
PI3Kγ−/− mice showed about four times higher glucose infusion
rate than WT mice (Fig. 2C and Fig. S4). This difference in
systemic insulin sensitivity was because of an about two times
higher glucose disposal rate and twofold better suppression of
hepatic glucose production in PI3Kγ−/− mice compared with WT
animals (Fig. 2 D and E). Consistently, 2DOG uptake was
markedly elevated in gastrocnemius muscle during the clamp
(Fig. 2F). A tendency for higher 2DOG uptake, although not
significant (P = 0.067), was also observed in BAT from PI3Kγ−/−

mice compared with control mice (Fig. 2F), whereas no differ-
ence was detected in epididymal WAT (Fig. S4D). Analysis of
glucose metabolism during the clamp showed markedly en-
hanced glycolysis and glucose storage to glycogen and lipids in
PI3Kγ−/− mice compared with WT mice (Fig. 2G). To learn
about the contribution of the obesity-resistant phenotype ob-
served in PI3Kγ−/− mice to their improved systemic insulin sen-
sitivity, we have plotted the glucose infusion rate for each
clamped mouse vs. its body weight. The results show a quasi-
linear relationship between body weight and insulin resistance
(Fig. 2H), which remarkably persisted even when glucose in-
fusion rates were not normalized on body weight (Fig. 2I).
The improved insulin sensitivity observed in PI3Kγ−/− mice

correlated with decreased adipose tissue inflammation (Fig. 2J).
We observed a marked reduction of mRNA levels of the mac-
rophage marker F4/80 and the mast cell marker FcεRI in WAT
from PI3Kγ−/− mice compared with WT animals placed on HFD
(Fig. 2J). Consistently, compared with WT controls, WAT from
PI3Kγ−/− mice placed on HFD displayed reduced expression of
chemotactic factors [monocyte chemotactic protein-1 (MCP-1),
osteopontin, Chemokine (C-X-C motif) ligand 14 (CXCL14),
and macrophage inflammatory protein 1 alpha (MIP-1α)] and
proinflammatory mediators [plasminogen activator inhibitor-1
(PAI-1), TNFα, and IL-6]. An exception was IL-1β, whose ex-
pression was elevated to similar levels in WAT from PI3Kγ−/−

mice and WT controls by the HFD treatment. Interestingly,

Fig. 1. PI3Kγ ablation in mice leads to dramatic protection from diet-in-
duced obesity and fatty liver. (A) Real-time qPCR analysis of PI3Kγ mRNA
levels in tissues from lean mice, diet-induced obese mice (HFD), and geneti-
cally obese mice (ob/ob). (B) Immunoblot analysis of PI3Kγ in different adi-
pose tissue pads from WT mice kept on standard chow diet. Protein extracts
from WAT of PI3Kγ−/− mice are loaded as control, and protein extracts from
heart of WT mice are loaded for comparison. (C) Immunoblot analysis of
PI3Kγ in epididymal adipose tissue of lean mice, HFD-induced obese mice,
and ob/ob mice. (D) Densitometric quantification of the blots in C. (E) Im-
munoblot analysis of PI3Kγ in adipocytes and stromal vascular fractions (SVFs)
of epididymal adipose tissue from diet-induced obese mice. (F) Growth
curves of WT or PI3Kγ−/− mice placed on HFD. The beginning of HFD treat-
ment is indicated. (G) H&E staining of liver sections from WT or PI3Kγ−/− mice
placed on HFD. (H) Body composition of WT or PI3Kγ−/− mice placed on HFD.
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IL-1Ra expression was largely reduced in WAT of PI3Kγ−/− mice
relative to WT mice kept on HFD.
Overall, compared with WT controls, PI3Kγ−/− mice display

marginally improved insulin tolerance but not glucose tolerance
on standard chow diet up to the age of 6 mo; 1-y-old PI3Kγ−/−

mice on chow diet showed a small but significant improvement in
insulin and glucose tolerance compared with WT animals. On
HFD, PI3Kγ−/− mice displayed largely improved glucose ho-
meostasis because of improved systemic insulin sensitivity. In-
sulin resistance correlated with body weight, suggesting a major
role for the lean phenotype of PI3Kγ−/− mice in their protection
from HFD-induced insulin resistance. PI3Kγ−/− mice also dis-
played reduced WAT inflammation and markedly decreased IL-
1Ra expression, despite similar IL-1β mRNA levels relative to
WT mice.

Diet-Induced Obesity, Glucose Intolerance, and Inflammation Depend
on PI3Kγ Activity Within a Nonhematopoietic Compartment. To learn
about the mechanism of PI3Kγ in diet-induced obesity, insulin
resistance, and metabolic inflammation, we investigated the met-
abolic action of PI3Kγ specifically in hematopoietic and non-
hematopoietic cells by bone marrow transplantation experiments

(24). WT and PI3Kγ−/− mice were lethally irradiated, and their
hematopoietic cells were reconstituted with bone marrow cells
either fromWT or PI3Kγ−/− mice to generate the following mice:
a control group WT + WT-BM, where WT recipient mice were
reconstituted with bone marrow cells fromWT donor mice;WT+
PI3Kγ−/−-BM, where WT mice were reconstituted with PI3Kγ−/−

bone marrow (hematopoietic-specific PI3Kγ KO); PI3Kγ−/− +
WT-BM, where PI3Kγ−/− mice were reconstituted with WT bone
marrow (nonhematopoietic-specific PI3Kγ KO); and PI3Kγ−/−+
PI3Kγ−/−-BM, where PI3Kγ−/− mice were reconstituted with
PI3Kγ−/− bone marrow (Fig. 3A). Flow cytometry analysis shows
that white blood cells, peripheral blood monocytes (CD11b-
positive cells), and lymphocytes (CD3-positive cells) were effi-
ciently reconstituted (Fig. S5A). Furthermore, peritoneal mast
cells (FcεRI/cKit double positive cells) were also efficiently re-
constituted (Fig. S5A). Immunoblot analysis revealed that, in
WAT, PI3Kγ is mainly expressed within hematopoietic cells
(Fig. S5 G and I). By contrast, growth curves showed that the
obesity-resistant phenotype of PI3Kγ−/− mice is caused by a ra-
diation-resistant cell type of nonhematopoietic origin. Indeed,
WT + PI3Kγ−/−-BM chimeras displayed a similar weight gain to
WT + WT-BM control mice, whereas PI3Kγ−/− + WT-BM mice

Fig. 2. PI3Kγ−/− mice placed on HFD display markedly improved glucose homeostasis, insulin sensitivity, and decreased adipose tissue inflammation. (A) GTT
of WT and PI3Kγ−/− mice placed on HFD. (B) ITT of WT and PI3Kγ−/− mice on HFD. (C–I) Hyperinsulinemic euglycemic clamp analysis of WT and PI3Kγ−/− mice on
HFD. (C) Glucose infusion rate. (D) Glucose disposal rate. (E) Percent of suppression of hepatic glucose production. (F) 2DOG uptake in gastrocnemius or BAT.
(G) In vivo rate of glycolysis and storage of glucose to glycogen and lipids. (H) Glucose infusion rates from C are plotted for each clamped mouse vs. their body
weights. Glucose infusion rates not normalized per body mass are plotted for each clamped mouse vs. their body weights. (J) Real-time qPCR analysis of mRNA
levels of inflammatory markers in WAT from WT and PI3Kγ−/− mice placed on HFD.
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were markedly obesity-resistant (Fig. 3B). Inactivation of PI3Kγ
in both hematopoietic and nonhematopoietic compartments
(PI3Kγ−/− + PI3Kγ−/−-BM) did not further exacerbate the leaner
phenotype observed in the nonhematopoietic-specific PI3Kγ−/− +
WT-BM group (Fig. 3B). Fed insulin serum levels were also
specifically decreased by PI3Kγ ablation within nonhema-
topoietic cells (Fig. S5 B and C). Improved glucose homeostasis
was also because of the nonhematopoietic compartment. Indeed,
WT + PI3Kγ−/−-BM mice and WT + WT-BM control mice dis-
played similar glucose and insulin tolerance, whereas PI3Kγ−/− +
WT-BM mice showed largely improved glucose and insulin tol-
erance compared with WT + WT-BM controls (Fig. 3 C and D
and Fig. S5 D and E). PI3Kγ−/− + PI3Kγ−/−-BM mice did not
show additional improvement in glucose and insulin tolerance
compared with the nonhematopoietic-specific PI3Kγ−/−+WT-BM
mice (Fig. 3 C and D and Fig. S5 D and E). Furthermore, WT +
WT-BM control mice and WT + PI3Kγ−/−-BM chimeras de-

veloped steatosis to a similar degree, whereas PI3Kγ−/− + WT-
BM and PI3Kγ−/− + PI3Kγ−/−-BM mice were largely protected
(Fig. 3E). Finally, mice lacking PI3Kγ in hematopoietic cells only
(WT+ PI3Kγ−/−-BM) displayed similar WAT inflammatory gene
expression profile and crown-like structure number to WT +
WT-BM mice (Fig. 3 F–H). By contrast, PI3Kγ−/− + WT-BM
mice displayed fewer crown-like structures, decreased expression
of the macrophage marker F4/80, and chemokines (MCP-1,
osteopontin, and CXCL14) (Fig. 3 F–H). The adipokines PAI-1,
TNFα, IL-6, and IL-1βRa, but not IL-1β, were also decreased in
WAT from PI3Kγ−/− + WT-BM mice compared with WT + WT-
BM mice (Fig. 3H). PI3Kγ inactivation in both hematopoietic and
nonhematopoietic cells (PI3Kγ−/−+ PI3Kγ−/−-BM) did not further
reduce adipose tissue inflammation (Fig. 3 F–H). Interestingly,
WAT inflammation correlated with the number of hypertophic
adipocytes, which were specifically reduced in mice lacking PI3Kγ
within the nonhematopoietic compartment (Fig. S5F).

Fig. 3. PI3Kγ-mediated metabolic modulation operates within a nonhematopoietic compartment. (A) List of the radiation chimeras generated and exper-
imental design. (B) Growth curves of the different radiation chimeras kept on HFD. (C) GTT of the radiation chimeric mice on HFD. (D) Insulin tolerance of the
radiation chimeras on HFD. (E) H&E staining of liver sections from the different radiation chimeras on HFD. (F) MAC2 staining of WAT sections from the
above-described chimeras, and (G) quantification of crown-like structures from F expressed as percentage of controls (WT + WT-BM). (H) Real-time qPCR
analysis of mRNA levels of inflammatory markers in WATs from the different radiation chimeras placed on HFD. P values in B–D are for comparisons between
WT + WT-BM and PI3Kγ−/− + WT-BM.
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Altogether, our results show that hematopoietic cells are the
major expression site for PI3Kγ within WAT, but resistance to
diet-induced obesity and hepatic steatosis improved insulin sen-
sitivity; additionally, the decreased WAT inflammation observed
in PI3Kγ−/− mice was mainly because of a radiation-resistant cell
type of nonhematopoietic origin.

Mice Lacking PI3Kγ Display Reduced Weight Gain Efficiency on HFD
and Exacerbated HFD-Induced Thermogenesis. To further inves-
tigate the mechanism of PI3Kγ−/− mice obesity-resistant pheno-
type, we performed an energy balance of the weight gain of the
mice on HFD. Food intake was measured for 6 wk in special
cages designed to avoid food spillage (for maximal precision and
sensitivity), and we recorded body weights during the food intake
measurements. Fecal lipid content was also measured to in-
vestigate eventual defects in intestinal lipid absorption. During
the food intake measurements, PI3Kγ−/− mice displayed mark-
edly reduced weight gain on HFD compared with WT mice,
despite similar food intake (Fig. 4 A–F). Thereby, PI3Kγ−/− mice
show a reduced efficiency for body mass gain per consumed food
relative to WT animals (Fig. 4 G and H). This observation mo-
tivated us to investigate the role of PI3Kγ in the adaptive ther-
mogenesis to HFD feeding. PI3Kγ−/− and WT mice were placed
into an indirect calorimeter for 3 d on chow diet (when they had
similar body weight and composition), and then, the animals
were kept on HFD for 3 more d. Mice adapted to the new en-
vironment during the first 2 d, and thus, data were collected from
day 3 of chow diet. At the end of the third day of chow diet, the
mice were switched to HFD in the calorimeter, and data were
collected for 60 h. Consistent with previous reports (25), WT
mice showed increased oxygen consumption per kilogram of
body weight in response to HFD (Fig. 4 I and J). PI3Kγ−/− mice
displayed higher oxygen consumption per body mass compared
with WT mice, which reached statistical significance on the
second light period and third dark period on HFD (Fig. 4I). To
investigate the role of PI3Kγ in the thermogenic response to
HFD, we calculated the increase in caloric expenditure per mouse
caused by HFD. The results show that the thermogenic response
to HFD per mouse was significantly higher for PI3Kγ−/− mice
compared with WT mice after 3 d on HFD (Fig. 4J). PI3Kγ−/−

mice displayed increased physical activity compared with WT
mice during the calorimetry, but differences in physical activity
did not correlate with differences in energy expenditure (Fig. S6).

Metabolic Phenotype of PI3Kγ−/− Mice Is Qualitatively Conserved at
Thermoneutrality. PI3Kγ−/− mice placed on HFD display de-
creased energetic efficiency for lipid deposition and increased
HFD-induced thermogenesis compared with WT control ani-
mals (Fig. 4). Thus, the difference in energy balance observed
between WT and PI3Kγ−/− mice kept on HFD is most likely
caused by an energy expenditure mechanism, such as adaptive
thermogenesis (26). A major factor controlling adaptive ther-
mogenesis is environmental temperature (26). To investigate the
contribution of thermoregulatory thermogenesis to the meta-
bolic phenotype of PI3Kγ−/− mice, we placed PI3Kγ−/− mice and
WT controls on HFD at thermoneutrality (30 °C), where the
energetic cost for body temperature maintenance is minimal.
PI3Kγ−/− mice kept on HFD at 30 °C gained less weight com-
pared with WT animals (Fig. 5A), although this difference was
less pronounced than genotypic differences observed at room
temperature (Fig. 1F). Relative to WT mice, PI3Kγ−/− mice also
displayed a partial protection from hepatic steatosis (Fig. 5B)
and improved glucose and insulin tolerance (Fig. 5 C and D).
Consistently, WAT gene expression profiling showed reduced
mRNA levels of F4/80, FcεRI, MCP-1, osteopontin, MIP-1α,
PAI-1, TNF-α, IL-6, and IL-1Ra in PI3Kγ−/− mice compared
with WT mice, whereas IL-1β and CXCL14 mRNA levels were
unchanged (Fig. 5E).

Altogether, our results show that the metabolic phenotype of
PI3Kγ−/− mice is qualitatively reproduced at thermoneutrality,
but they also indicate that this phenotype is likely enhanced by
thermoregulatory thermogenesis at room temperature.

Selective Loss of PI3Kγ Kinase Activity Recapitulates the Metabolic
Phenotype of PI3Kγ−/− Mice. PI3Kγ signals through a lipid kinase-
dependent pathway to generate PIP3 and a kinase-independent
pathway that negatively regulates cAMP levels (18). To evaluate
the specific contribution of the kinase-dependent pathway to
the phenotype observed in PI3Kγ−/− mice, we investigated
mice expressing a kinase-dead mutant of PI3Kγ (PI3KγKD/KD).
PI3KγKD/KD mice have no PI3Kγ kinase activity but retain PI3Kγ
kinase-independent action on cAMP (18). On standard chow

Fig. 4. Loss of PI3Kγ reduces weight gain efficiency on HFD and promotes
adaptive thermogensis to HFD. (A–H) Energy balance study of WT or PI3Kγ−/−

mice placed on HFD for 6-wk: (A) growth curve, (B) fecal lipid content, (C)
weekly weight gains, (D) 6-wk cumulative weight gain, (E) weekly food
intakes, (F) 6-wk cumulative food intake, (G) weight gain efficiency
(expressed as gained weight per food intake), and (H) average weight gain
efficiency over 6 wk. (I and J) Indirect calorimetric analysis of WT and PI3Kγ−/−

mice during the transition from chow to HFD.
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diet, PI3KγKD/KD mice displayed similar weight gain compared
with WT control mice (Fig. S7A) and a marginal but statistically
significant improvement in glucose and insulin tolerance (Fig. S7
B and C). On HFD, PI3KγKD/KD mice displayed a marked re-
duction in weight gain (Fig. 6A) and were largely protected from
the development of hepatic steatosis compared with WT controls
(Fig. 6B). Glucose and insulin tolerance were also improved in

PI3KγKD/KD mice compared with WT mice kept on HFD (Fig. 6
C and D). Consistently, WAT mRNA levels of F4/80, FcεRI,
MCP-1, osteopontin, CXCL14, MIP-1α, TNF-α, IL-6, and IL-

Fig. 5. The metabolic phenotype of PI3Kγ−/− mice is qualitatively conserved
at thermoneutrality. (A) Growth curves of WT or PI3Kγ−/− mice placed on
HFD in a thermoneutral environment (30 °C). (B) H&E staining of liver sec-
tions from WT or PI3Kγ−/− mice on HFD at 30 °C. (C) GTT of WT and PI3Kγ−/−

mice on HFD at 30 °C. (D) ITT of WT and PI3Kγ−/− mice on HFD at 30 °C. (E)
qPCR analysis of mRNA levels of inflammatory markers in epididimal adipose
tissue from WT and PI3Kγ−/− mice kept on HFD at 30 °C. Mice were 8 wk old
when placed on HFD.

Fig. 6. Specific loss of PI3Kγ kinase-dependent signaling is sufficient to re-
capitulate the metabolic phenotype of PI3Kγ−/− mice. (A) Growth curves of
WT or PI3Kγ kinase-dead mutants PI3KγKD/KD mice kept on HFD. (B) H&E
staining of liver sections from WT or PI3KγKD/KD mice on HFD. (C) GTT of WT
and PI3KγKD/KD mice on HFD. (D) ITT of WT and PI3KγKD/KD mice on HFD. (E)
Real-time PCR analysis of mRNA levels of inflammatory markers in WAT from
WT and PI3KγKD/KD mice on HFD.
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1Ra but not PAI-1 and IL-1β were significantly reduced in
PI3KγKD/KD mice compared with WT control animals (Fig. 6E).
These results show that the resistance to diet-induced obesity

and hepatic steatosis improved glucose homeostasis, and de-
creased WAT inflammation observed in PI3Kγ−/− mice is largely
recapitulated in PI3KγKD/KD mice. Hence, the pathogenic action
of PI3Kγ in obesity and insulin resistance depends on the lipid
kinase-dependent pathway. However, these results do not exclude
a possible role for PI3Kγ kinase-independent signaling in PI3Kγ-
mediated metabolic modulation.

Loss of PI3Kγ Kinase-Independent Signaling Potently Induces Protein
Kinase A (PKA)-Dependent, Hormone-Sensitive Lipase Phosphoryla-
tion in WAT. PI3Kγ kinase-independent signaling was shown to
repress PKA-dependent phospholamban phosphorylation in
cardiomyocytes (18). Given the major role of PKA in the acti-
vation of HSL and uncoupling protein 1 (UCP-1), we measured
PKA-dependent HSL phosphorylation in interscapular BAT and
epididimal WAT as well as UCP-1 levels in BAT. In BAT, we
observed similar PKA-dependent HSL phosphorylation and
UCP-1 protein levels between mice of different genotypes (Fig.
7 A and B). By contrast, in WAT, HSL phosphorylation was
markedly increased at the PKA-dependent sites serine 563 and
serine 660 but not at the AMPK site serine 565 in PI3Kγ−/− mice
but not PI3KγKD/KD mice compared with WT controls (Fig. 7 C
and D). Increased PKA-mediated HSL phosphorylation in WAT
was caused by loss of PI3Kγ activity within a nonhematopoietic
cell type (Fig. S5 H and J). Levels of circulating free fatty acids
(FFAs) were not affected by loss of PI3Kγ activity, whereas se-
rum leptin and insulin levels were decreased to a similar extent

in PI3Kγ−/− mice and PI3KγKD/KD mice compared with WT ani-
mals (Fig. S8).
These results show that PI3Kγ kinase-independent signaling is

a negative regulator of PKA-dependent HSL activation in WAT.

Discussion
Obesity is associated with a chronic low-grade inflammation (1–
5), and antiinflammatory interventions may improve glycemic
control in obese individuals with type 2 diabetes (6–9). Here, we
describe a major role for the proinflammatory lipid kinase PI3Kγ
in diet-induced obesity, fatty liver, inflammation, and insulin
resistance. These results are consistent with a recent study (23)
and challenge the previous idea that PI3Kγ within pancreatic
β-cells is required to maintain normal glucose tolerance (20–22).
The study by Kobayashi et al. (23) concluded that PI3Kγ ablation
improves glucose tolerance mainly because of a direct action
within leukocytes, independent from the obesity-resistant phe-
notype. Our data here strongly suggest that the protection from
diet-induced glucose intolerance observed in PI3Kγ−/− mice is
mostly consequent to their leaner phenotype. We also show that
diet-induced obesity, glucose intolerance, fatty liver, and meta-
bolic inflammation depend on PI3Kγ activity within a radiation-
resistant cell type of nonhematopoietic origin (Fig. 3). By contrast,
PI3Kγ activity within hematopoietic cells does not affect glucose
homeostasis, hepatic steatosis, and metabolic inflammation up to
overtly obese mice (about 42 g) (Fig. 3). The study by Kobayashi
et al. (23) reported that selective ablation of PI3Kγ activity within
hematopoietic cells ameliorates glucose tolerance in morbidly
obese ob/ob mice but not in mice made obese by HFD. We
conclude that PI3Kγ activity within hematopoietic cells does not

Fig. 7. PI3Kγmetabolic modulation may implicate kinase-dependent and -independent pathways. (A) Immunoblot analysis of HSL phosphorylation and UCP-
1 protein levels in BAT extracts from WT, PI3Kγ−/−, and PI3KγKD/KD mice in the fed state placed on HFD for 3 wk. (B) Densitometric quantification of the
immunoblots in A. (C) Immunblot analysis of HSL phosphorylation in WAT. (D) Densitometric quantification of the immunoblots in C. (E and F) Our in-
terpretation of PI3Kγ action in diet-induced obesity and insulin resistance is discussed. (E) PI3Kγ ablation protects from diet-induced insulin resistance by two
mechanisms: (i) resistance to diet-induced obesity because of the lack of PI3Kγ in a nonhematopoietic compartment, which operates already from the first
week of HFD and persists in time, and (ii) a direct effect of PI3Kγ ablation on leukocyte chemotaxis, a mechanism that is not recruited until mice reach the
morbidly obese range. (F) Possible roles for PI3Kγ catalytic activity and kinase-independent scaffolding function in diet-induced obesity are discussed.

E860 | www.pnas.org/cgi/doi/10.1073/pnas.1106698108 Becattini et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1106698108/-/DCSupplemental/pnas.201106698SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1106698108/-/DCSupplemental/pnas.201106698SI.pdf?targetid=nameddest=SF8
www.pnas.org/cgi/doi/10.1073/pnas.1106698108


significantly contribute to adipose tissue inflammation and glucose
intolerance until mice develop morbid obesity. Thus, at least up to
overtly obese mice, promotion of diet-induced obesity within a
nonhematopoietic compartment is the main pathogenic mecha-
nism of PI3Kγ (Figs. 2 H and I, 3, and 7E). It is possible that a
minimal threshold of PI3Kγ activity needs to be recruited to
chemokine receptors within leukocytes to promote chemotaxis in
vivo. Hence, PI3Kγ may contribute to leukocyte chemotaxis when
levels of chemokines are sufficiently elevated, such as during in-
fection or in morbidly obese mice (e.g., ob/ob mice), but not in
normally obese mice as for most models of diet-induced obesity
(Fig. 7E). It was reported that PI3Kγ activity in nonhematopoietic
cells is required for efficient neutrophil recruitment in response to
bacterial lipopolysaccharides (27). Thus, we do not exclude that
PI3Kγ in nonhematopoietic cells may also play a direct role in
leukocyte recruitment to the obese WAT. Nonetheless, our results
show that PI3Kγ activity within nonhematopoietic cells plays a
major role in energy balance in mice placed on HFD and that
PI3Kγ−/− mice’s leaner phenotype largely correlates with im-
proved insulin sensitivity. The impact of PI3Kγ ablation on diet-
induced obesity is striking and comparable with results typically
obtained by bariatric surgery. Indeed, we typically observe a 20%
reduction in body weight in PI3Kγ−/− mice compared with WT
mice placed on HFD, a difference largely caused by reduced body
lipids (Fig. 1). PI3Kγ−/− mice placed on HFD gained less lipid
mass than WT mice, despite similar caloric intake, suggesting a
decreased energetic efficiency in PI3Kγ−/− mice for lipid mass gain
relative to WT animals (Fig. 4 A–H). HFD induces thermogenesis
in mice by a mechanism involving β-adrenergic signaling (25, 28).
Leptin was also implicated in diet-induced thermogenesis. Indeed,
leptin-deficient ob/ob mice display defective thermogenic sympa-
thetic nerve activity and dramatically impaired diet-induced
thermogenesis (29–32). Interestingly, PI3Kγ is recruited to acti-
vate β-adrenergic receptors, where it plays a negative feedback
(15, 18, 33, 34). Consistent with a possible role for PI3Kγ in ad-
renergic signaling for diet-induced thermogenesis, it was shown
that PI3Kγ ablation does not protect ob/ob mice from obesity
(23). We have, therefore, tested the thermogenic response to
HFD feeding in WT and PI3Kγ−/− mice by calorimetry. HFD
induced metabolic rate in WT and PI3Kγ−/− mice, but PI3Kγ−/−

mice showed higher metabolic rate and a more pronounced
thermogenic response to HFD compared with WT controls (Fig. 4
I and J). These data strongly suggest that PI3Kγ is a negative
regulator of HFD-induced thermogenesis. A major factor influ-
encing energy expenditure is adaptive thermogenesis to cold (26).
Here, we show that PI3Kγ−/− mice gain significantly less weight,
display improved liver steatosis and glucose tolerance, and de-
crease inflammation compared with WT mice kept on HFD at
thermoneutrality (30 °C) (Fig. 5). However, genotypic differences
were less pronounced in mice kept at thermoneutrality than in
mice placed at room temperature (compare Fig. 1 with Fig. 5).
We conclude that thermoregulatory thermogenesis is not an es-
sential requirement for the metabolic phenotype of PI3Kγ−/−

mice, but such phenotype may be enhanced at room temperature.
PI3Kγ signals by a kinase-dependent mechanism through PIP3

and a kinase-independent mechanism by negative regulation
of the cAMP–PKA pathway (18). Here, we show that selective
inactivation of PI3Kγ kinase-dependent signaling largely reca-
pitulates the metabolic phenotype of PI3Kγ ablation (Fig. 6).
These data do not exclude a possible contribution from kinase-
independent signaling but underscore the importance of the
PI3Kγ kinase-dependent pathway.
β-Adrenergic signaling in BAT is considered to be essential for

adaptive thermogenesis (25, 28, 35), and both cold and over-
feeding induce norepinephrine turnover in the heart and BAT
(36). PI3Kγ plays a negative feedback on β-adrenergic signaling
in the heart, where PI3Kγ gene deletion leads to increased
cAMP–PKA signaling (18). However, the role of PI3Kγ in adi-

pose tissue is unknown. WT and PI3Kγ−/− mice displayed similar
UCP-1 protein levels and HSL phosphorylation in BAT (Fig. 7 A
and B). However, we observed a marked induction of PKA-
dependent HSL phosphorylation (serines 563 and 660) in WAT
from PI3Kγ−/− mice but not PI3KγKD/KD mice compared with WT
controls (Fig. 7 C and D). Circulating FFAs were not affected by
lack of PI3Kγ signaling (Fig. S8). Thus, HSL activation in
PI3Kγ−/− adipocytes may be, per se, not sufficient to affect cir-
culating FFA, or increased FFA release from adipocytes may be
coupled to increased FFA uptake by a metabolically active cell
type, possibly brown adipocytes. Overall, we have identified a
role for PI3Kγ kinase-independent signaling in PKA-mediated
activation of HSL in WAT. We show that PI3Kγ action on HSL
activation is because of a nonhematopoietic cell type (Fig. S5 H
and J). This cell may be the adipocyte itself, although it is pos-
sible that neuronal PI3Kγ may control sympathetic activity
within WAT.
The molecular mechanism by which PI3Kγ promotes diet-

induced obesity remains to be identified. However, we describe
here PI3Kγ kinase-dependent and -independent pathways that
may potentially contribute to weight gain efficiency (Fig. 7F).
PI3Kγ is at the focal point of several signaling pathways recruited
during obesity. Among the most significant are chemokine recep-
tors, β-adrenergic receptors, and angiotensin II AT1 receptors
(13–16). Consistently, mice lacking the chemokine receptor
CCR2 placed on HFD display reduced body mass compared with
WT mice (37), and mice lacking angiotensin II type 1A receptor
or renin are resistant to diet-induced obesity because of elevated
thermogenesis (38, 39). Concerning β-adrenergic signaling, where
PI3Kγ plays a negative feedback, mice lacking the three forms of
β-adrenergic receptors (β-less mice) develop spontaneous obesity
consequent to defective adaptive thermogenesis (25, 28). On ac-
tivation, PI3Kγ will negatively regulate adaptive thermogenesis
by a molecular mechanism to be discovered, which operates
in a nonhematopoietic compartment and may involve kinase-
dependent and -independent signaling. The PI3Kγ kinase-in-
dependent pathway was shown to repress cAMP–PKA signaling
in the heart (18), where sympathetic activity is elevated by over-
feeding (36). Thereby, PI3Kγ kinase-independent signaling within
cardiomyocytes may be implicated in diet-induced thermogensis.
Here, we show that PI3Kγ kinase-independent pathway is a neg-
ative regulator of PKA-mediated HSL activation in WAT. In-
terestingly, PKA-induced lipolysis was shown to increase oxidative
respiration in human and mouse white adipocytes (40). Con-
cerning PI3Kγ kinase-dependent signaling, an important factor
may be the imbalance in relative levels of IL-1β and IL-1Ra in
mice lacking PI3Kγ activity placed on HFD. IL-1 was described as
the endogenous pyrogen, because among cytokines, it is the most
potent inducer of febrile thermogenesis (41). Strong evidence
supporting the idea that a reduced IL-1Ra/IL-1β ratio may con-
tribute to decreased metabolic efficiency in PI3Kγ−/− mice came
from mouse genetics studies. Mice lacking IL-1 type I receptor
develop mature-onset obesity on standard diet (42). Consistently,
mice that do not express IL-1Ra are resistant to diet-induced
obesity because of increased metabolic rate (43). Furthermore, it
was shown that the thermogenic effects of central leptin signaling
are blocked by injection of IL-1Ra (44). Hence, whereas acute
pharmacological administration of IL1-Ra improves glucose ho-
meostasis in diabetics (8), a large body of evidence indicates that
chronically elevated IL-1Ra relative to lower IL-1β promotes
obesity through suppression of adaptive thermogenesis (42–45).
Here, we show that expression of IL-1Ra, but not IL-1β, in obese
WAT is markedly reduced in PI3Kγ−/− and PI3KγKD/KD mice
compared with WT animals made obese by HFD. Thus, reduced
IL-1Ra expression may contribute to the PI3Kγ kinase-dependent
effects on energetic efficiency for fat mass gain.
Our results, together with the results from the study by

Kobayashi et al. (23) and previous reports on PI3Kγ in models of
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atherosclerosis (46, 47) and angiotensin II-mediated vasculotoxic
and hypertensive effects (16), strongly suggest that PI3Kγ should
be regarded as a most valuable drug target for the treatment
of obesity-related diseases. Our data also suggest that a most
effective drug targeting this pathway should efficiently inhibit
PI3Kγ within the nonhematopoietic compartment responsible
for the leaner phenotype of PI3Kγ−/− mice.

Experimental Procedures
Experimental Models. Mice were males on C57BL6/J background. PI3Kγ−/− and
PI3KγKD/KD mice were previously described (13, 18). HFD (60% of calories from
fat) was purchased from Bio-Serv (diet F3282). Mice were kept at our standard
facility under 12-h light and 12-h dark cycles at room temperature (23 °C)
except for the thermoneutrality experiment, where mice were kept in an in-
cubator at 30 °C. Radiation chimeras were generated essentially as previously
described (24) using congenic donors and recipients that differed at the Ly5.1/
Ly5.2 locus. Briefly, recipient mice received the lethal dose of 950 Rad of
ionizing radiation followed by tail vein injection of 107 bone marrow cells.
Mice were maintained on chow diet for 6 wk to allow bone marrow re-
constitution; the first 5 wk included antibiotics (polymyxin, 13 mg/L; neomycin,
25 mg/L). After reconstitution, mice were placed on HFD for 20 wk. Experi-
mental procedures were authorized by the cantonal veterinary committees.

Flow Cytometry. Reconstitution efficiency was evaluated by flow cytometry
analysis for Ly5.1 (D45.1) and Ly5.2 (CD45.2). Whole blood was collected and
stained with anti-CD45.2–FITC and anti-CD45.1–PE-Cy7 together with anti-
bodies against T cells or macrophage markers (CD3-PE or CD11b-PerPc
Cy5.5). For evaluation of mast cell reconstitution, peritoneal cells were col-
lected by PBS lavage and stained with anti-CD45.2–FITC and anti-CD45.1–PE-
Cy7 together with antibodies against FcεRI-PE and cKit-APC. Cells were
washed, resuspended in FACS buffer, and analyzed by FACSCanto-II (BD
Biosciences). Data were plotted using FlowJo software.

Energy Balance. For precise food intakemeasurement, HFDwas placed in glass
beakers (2-cm diameter) fixed on the cage wall to avoid spillage. Analysis of
fecal lipid content was performed by gravimetric analysis of dry chloroform–

methanol extracts as previously described (48). Body composition analysis
was performed on carcasses as previously described (49). Body water was
calculated as the difference between total body weight and dry weight after
desiccation in the oven at 75 °C until constant weight. Lipid-free dry mass
was measured by gravimetric analysis of the homogenized dry carcasses
after Soxhlet lipid extraction. Lipid mass was calculated as the difference
between dry mass and lipid-free dry mass. Indirect calorimetry analysis and
simultaneous physical activity measurement were performed using the
Oxymax Comprehensive Lab Animal Monitoring System (Columbus Instru-
ments). Mice were placed in the calorimeter for 3 d on chow diet and then
switched to HFD for 3 more d; the first 2 d of chow diet are used as the
acclimation period, and data are collected from the third day of chow diet.
The calorimetry study is designed to have no statistically significant differ-
ence in body weight and composition between WT mice and PI3Kγ−/− mice
when we started the analysis to simplify data interpretation (50).

Glucose Homeostasis and Insulin Sensitivity. Mice were fasted 6 h before GTT
or ITT test. For GTT, mice were injected i.p. with a glucose bolus of 1 g/kg body

weight, whereas for ITT, mice were injected i.p. with either 1 iU insulin/kg
body weight for the HFD groups or 0.75 iU/kg body weight for the chow diet
and radiation chimeras groups. For hyperinsulinemic euglycemic clamp, an
indwelling catheter for insulin and glucose infusion was placed into the left
femoral vein under anesthesia. Mice were allowed to recover for 6–8 d until
they regained 95–100% of initial body weight. After a 5-h fast, a 180-min
hyperinsulinemic euglycemic clamp study was conducted in awake, freely
moving mice as previously described (51, 52). Briefly, [3-3H]-glucose (NEN Life
Sciences) was prime-infused throughout the clamp [10 μCi bolus followed by
0.05 μCi/min (basal) and 0.1 μCi/min (clamp)] to estimate glucose turnover
and hepatic glucose production. After an 80-min basal period, a blood
sample was collected for determination of basal glucose turnover. The clamp
was initiated by prime infusion of human insulin (Actrapid; Novo Nordisk) at
6 mU/kg per min, and 30% glucose was infused at rates to clamp plasma
glucose levels around 8.4 mM. After 2 h, a bolus (10 μCi) of 2-deoxy-D-[1-14C]-
glucose (2-[14C]DOG) (NEN Life Sciences) was injected. At the end of the
clamp study, mice were killed, and tissues were collected for subsequent
analysis. Plasma samples were analyzed for glucose concentration and [3H]
glucose and 2-[14C]DOG concentrations. For the determination of 2-[14C]
DOG tissue uptake, tissue samples were homogenized, and the supernatants
were passed through ion exchange columns to separate 2-[14C]DOG-6-
phosphate from 2-[14C]DOG.

Molecular Measurements and Adipocytes Size. Total RNA was isolated from
tissues by guanidinium–thiocyanate extraction. cDNA was prepared using
a reverse transcription kit (Promega), and qPCR was performed using
a commercial SYBR green mix (Applied Biosystems) using specific primers
(Table S1). Ex vivo insulin signaling on extensor digitorum longus muscles
was performed as described (53) using a submaximal stimulatory dose of
insulin (0.1 μM). Stromal vascular and adipocytes fractions where prepared
by collagenase digestion (Roche) of WAT to obtain a single cell suspension,
which was separated into stromal vascular fractions and mature adipocytes
by centrifugation. For immunoblot analysis, PI3Kγ polyclonal antibodies
were previously described (54), and other commercial antibodies were
antitubulin and antiactin (Sigma), UCP-1 (Alpha Diagnostic International),
total AKT and AKT serine 473, total HSL, and phospho-specific antibodies for
serines 563, 660, and 595 of HSL (Cell Signaling). Quantification of adipose
tissue crown-like structures was performed as previously described (24, 55).
Adipocytes size distributions analysis was performed by computer image
analysis of tissue sections as described (56).

Statistical Analysis. Data are shown as means, and error bars indicate SEs. We
performed two-way ANOVA for the GTT and ITT data expressed as percent
variation from baseline, whereas for all other data, P values where calculated
by Student t test. P < 0.05 is considered statistically significant.
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