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Abstract Mechanistic target of rapamycin complex
(mTORC)1 activity is increased in adipose tissue of obese
insulin-resistant mice, but its role in the regulation of tissue
inflammation is unknown. Herein, we investigated the effects
of adipocyte mTORCI deficiency on adipose tissue inflamma-
tion and glucose homeostasis. For this, mice with adipocyte
raptor deletion and controls fed a chow or a high-fat diet were
evaluated for body mass, adiposity, glucose homeostasis, and
adipose tissue inflammation. Despite reducing adiposity, adi-
pocyte mTORCI deficiency promoted hepatic steatosis, insu-
lin resistance, and adipose tissue inflammation (increased
infiltration of macrophages, neutrophils, and B lymphocytes;
crown-like structure density; TNF-«, interleukin (IL)-6, and
monocyte chemoattractant protein 1 expression; IL-1{3 protein
content; lipid peroxidation; and de novo ceramide synthe-
sis). The anti-oxidant, N-acetylcysteine, partially attenuated,
whereas treatment with de novo ceramide synthesis inhibitor,
myriocin, completely blocked adipose tissue inflammation
and nucleotide oligomerization domain-like receptor pyrin
domain-containing 3 (NLRP3)-inflammasome activation, but
not hepatic steatosis and insulin resistance induced by adipo-
cyte raptor deletion. Rosiglitazone treatment, however, com-
pletely abrogated insulin resistance induced by adipocyte
raptor deletion.li In conclusion, adipocyte mTORCI defi-
ciency induces adipose tissue inflammation and NLRP3-
inflammasome activation by promoting oxidative stress and de
novo ceramide synthesis. Such adipose tissue inflammation,
however, is not an underlying cause of the insulin resis-
tance displayed by these mice.—Chimin, P., M. L. Andrade,
T. Belchior, V. A. Paschoal, ]J. Magdalon, A. S. Yamashita,
E. Castro, A. Castoldi, A. B. Chaves-Filho, M. Y. Yoshinaga,
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Chronic low-intensity inflammation is an important link-
ing factor between visceral obesity and associated metabolic
complications such as insulin resistance (1). Mechanistically,
obesity-associated inflammation is triggered through the acti-
vation of the canonical toll-like receptor (TLR)4-IkB kinase
(IKK)-nuclear factor kappa-light-chain-enhancer of activated
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B cells (NFkB) signaling by the gram-negative bacterial wall
component lipopolysaccharide (LPS) from gut microbiota
and/or excessive amounts of saturated fatty acids (2—4).
One important proinflammatory event triggered by
TLR4-IKK-NFkB signaling upon obesity is the activation
of nucleotide oligomerization domain-like receptor pyrin
domain-containing 3 (NLRP3)-inflammasome, a multi-
meric cytosolic protein complex activated by pathogen-
and danger-associated molecular patterns, that promotes
caspase 1 (CASP1)-mediated interleukin (IL)-1B processing
and secretion (5). Mechanistically, NLRP3-inflammasome
activation by TLR4-IKK-NFkB requires a priming step
characterized by an increase in NLRP3 and pro-IL-13
mRNA and protein contents followed by an activation
step defined by inflammasome protein complex assembly
(5, 6). Mitochondrial reactive oxygen species (ROS), sat-
urated fatty acids, and cholesterol crystals, among others,
were shown to induce inflammasome priming, whereas
ceramides, potassium efflux, and mitochondrial DNA in-
duce inflammasome assembly and activation (6).
Obesity, through unknown mechanisms, is also asso-
ciated with a chronic activation of mechanistic target
of rapamycin complex (mTORC)1 in adipose tissue (7).
mTORCI, which is composed of mammalian lethal with
Secl3 protein 8 (mLST8), Ttil/Tel2 complex, DEP domain-
containing mTOR-interacting protein (DEPTOR), regula-
tory-associated protein of mTOR (raptor), proline-rich Akt
substrate 40 kDa (PRAS40), and the serine/threonine kinase
mTOR as its catalytic center, is mainly activated by amino
acids and growth factors and regulates protein and lipid
syntheses, autophagy, and adipose tissue mass and metabo-
lism (8). Specifically regarding the regulation of adiposity,
recent findings obtained from mice with adipocyte mTORC1
constitutive activation [tuberous sclerosis 1 (Tscl) dele-
tion] (9) or deficiency (raptor deletion) (10, 11) or mild
inhibition (DEPTOR overexpression) (12) indicate that
optimal levels of mTORCI activity, neither too high nor
too low, are required for its pro-fat accretion actions (9).
Interestingly, in spite of markedly reducing adiposity, adi-
pocyte raptor deletion (mTORCI deficiency) using either
ap2- or adiponectin-cre has resulted in different glucose
homeostasis outcomes. Indeed, while ap2-cre-driven raptor
deletion protected mice from diet-induced obesity, glucose
intolerance, and insulin resistance, promoted adipose tis-
sue browning, and increased energy expenditure (10),
adiponectin-cre-driven raptor deletion induced hepatic
steatosis and insulin resistance, as evidenced by fasting hy-
perinsulinemia and impaired insulin tolerance (11).
Changes in adiposity are generally associated with altera-
tions in adipose tissue-resident leukocyte content and profile.
Indeed, obesity is characterized by enhanced macrophage
recruitment and polarization to a proinflammatory M1
profile (1), while the opposite, i.e., caloric restriction, re-
duces adipose tissue mass and macrophage infiltration and
induces leukocyte polarization to a M2 anti-inflammatory
profile (13). In addition to growth factors and amino acids,
mTORCI is also activated by proinflammatory molecules,
such as LPS and cytokines, via TLR4 signaling through ei-
ther IKK (14) or phosphoinositide 3 kinase (PI3K)-mTOR
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complex 2 (mTORC2)-Akt (15, 16), as well as by anti-
inflammatory IL-4 and IL-13 (14), being therefore an im-
portant regulator of innate and adaptive immune responses
(17). In spite of its activation in “inflamed” fat in obesity,
little is known about the role of mMTORCI in the regulation
of adipose tissue inflammation. Indeed, pharmacological
mTOR inhibition with rapamycin was shown to exacerbate
obesity-associated adipose tissue inflammation by increas-
ing tissue infiltration of proinflammatory M1 macrophages,
as well as content of TNF-o, IL-6, and monocyte chemoat-
tractant protein (MCP)1 (18, 19). Because of the systemic
nature of rapamycin, partial inhibitory activity toward
mTORCI, and off-target to mTORC2 (8), it was impossible
in these studies to delineate the contribution of adipocyte
mTOR complexes in the regulation of adipose tissue in-
flammation. Therefore, we investigated, herein, the effects
of adipocyte-specific raptor (mTORCI deficiency) and ric-
tor (mTORC2 deficiency) deletions on adipose tissue in-
flammation and glucose homeostasis in mice fed with a
chow or high-fat diet (HFD).

METHODS

Mice and treatments

Animal experimental procedures were approved by the Animal
Care Committee of the Institute of Biomedical Sciences, Univer-
sity of Sao Paulo, Brazil (098/2010 and 093/2012, CEUA). Mice
were obtained from the Jackson Laboratory (Bar Harbor, ME) on
a CH7BL6/] background and kept at 22 + 1°C, 12:12 h light-dark
cycle, with free access to tap water and food ad libitum. Adipocyte
raptor or rictor deletion was produced by crossing‘raptorLOX fox
(B6.Cg—Rptor""1'“)"“"‘/") and rictor™"™** (rictor™" ™5™y mice with
adiponectin-cre mice [B6;FVB-Tg(Adipog-cre)1Evdr/J]. Hetero-
zygous raptorLox/ “T;adiponectin-cre and rictor W;adiponectin-
cre offspring were then crossed with raptorl‘ox/ L% and rictor /"
mice to obtain raptor'”"*adiponectin-cre and rictor"”";
adiponectin-cre (henceforth referred to as RapKO and RicKO,
respectively) and their littermates raptorLOX/LOX and rictor™/™*
(henceforth referred to as RapWT and RicWT, respectively) mice.
Mice were fed with a standard chow diet (NUVILAB CR-1-Sogorb
Inc., Sdo Paulo, Brazil; 63% carbohydrates, 25% protein, and 12%
fat; percent kilocalories) or a HFD (20% carbohydrates, 20% pro-
tein, 60% fat; percent kilocalories) for 8 weeks and evaluated for
body weight and food intake weekly. After 8 weeks, 6 h-fasted mice
were euthanized for tissue and blood harvesting. Cohorts of chow-
fed RapWT and RapKO mice were treated with either vehicle or
the antioxidant, N-acetylcysteine (NAC; 300 mg/kg; Sigma) or the
antibiotic and serine palmitoyltransferase long chain (SPTLC) in-
hibitor, myriocin (MYR; 0.5 mg/kg; Sigma) once daily by gavage
during 7 days. Doses of NAC and MYR were previously described
(20, 21). A cohort of HFD-fed RapWT and RapKO mice was also
treated with the PPARvy agonist, rosiglitazone (RSG; 30 mg/kg/
day), as an admixture in the diet for 8 weeks (22).

Serum insulin, glucose, and insulin tolerance tests

Serum insulin was measured by ELISA following supplier rec-
ommendations (Millipore, Billerica, MA). Glucose tolerance tests
(GTTs) and insulin tolerance tests (ITTs) were performed in
6 h-fasted mice injected intraperitoneally with either glucose
(1 g/kg) or insulin (0.75 U/kg), respectively. Tail-vein blood
glycemia was determined before and 15, 30, 45, 60, and 90 min



after glucose injection or 5, 10, 15, 20, and 30 min after insulin
injection using a OneTouch Johnson & Johnson glucometer.
Plasma glucose disappearance rate (KITT, percent per minute) in
the ITT was calculated as before (22).

Isolation of mature adipocytes and stromal-vascular
fraction

Epididymal adipose tissue was digested with collagenase type II
(1 mg/ml; Sigma-Aldrich) in Krebs-HEPES buffer containing
BSA (1%) and glucose (2 mmol/1), pH 7.4 at 37°C. After filtering,
the cell suspension was centrifuged (600 g, 10 min) for isolation
of floating mature adipocytes and stromal-vascular cells (pellet)
for PCR and flow cytometry analysis.

Flow cytometry analysis

Stromal-vascular cells (2 x 10° cells) were incubated with red
blood cell lysis buffer (5 min), centrifuged, resuspended in Fc
block, and analyzed for leukocyte content in a FACSCanto II, es-
sentially as previously described (18). Ten thousand events per
sample were acquired with a Diva-Software™ and analyzed with
Flow]Jo 10.0.7. Antibodies used in fluorescence-activated cell sort-
ing (FACS) analysis are detailed in supplemental Table S1.

RNA extraction and quantitative real-time PCR

Adipose tissue, mature adipocytes, and stromal-vascular cell to-
tal RNA were extracted with Trizol (Invitrogen Life Technolo-
gies), reverse transcribed to cDNA, and evaluated by quantitative
real-time PCR using a Rotor Gene (Qiagen) and SYBR Green as
fluorescent dye, as previously described (16). Data are expressed
as the ratio of target and reference genes (36B4 and HPRT1),
which were not significantly affected by raptor or rictor deletion.
Primer sequences are detailed on supplemental Table S2.

Western blotting

Protein extracts from epididymal fat pad were resolved on poly-
acrylamide gels, transferred to PVDF membranes, blocked with
5% milk, and incubated with primary and secondary antibodies,
as previously described (9). Primary antibodies are detailed in
supplemental Table S3. Membranes were developed using the
ECL substrate (GE Healthcare Life Sciences). Densitometric analy-
ses were performed with Image] (National Institutes of Health).

Histological analysis

Epididymal adipose tissue was fixed in 4% formaldehyde and
embedded in paraffin, cross-sectioned (5 wm), deparaffinized, and
stained with hematoxylin-eosin. Crown-like structures (CLSs) were
identified as single adipocytes surrounded by macrophages,
counted along with total adipocyte number, and expressed as num-
ber per 1,000 adipocytes, essentially as previously described (23).

Malondialdehyde content

Adipose tissue malondialdehyde (MDA) content was measured
with a reversed-phase HPLC (Agilent Technologies 1200 series;
Santa Clara, CA) after thiobarbituric acid derivatization, as de-
scribed (24). Fluorometric detection at excitation and emission
wavelengths of 515 and 543 nm, respectively, was used to quantify
MDA using a standard regression prepared with 1,1,3,3-tetraeth-
oxypropane (0.5-15.0 uM).

Catalase activity

Catalase (CAT) activity was measured as previously described
(25). Briefly, 30 mg of tissue were homogenized in 50 mM phos-
phate buffer and centrifuged at 6,000 g for 10 min. The superna-
tant was incubated with 30 mM hydrogen peroxide for about 30 s
at 20°C. The absorbance was set at 240 nm.

ELISA

Protein extracts from epididymal adipose tissue, prepared as
previously described (9), were evaluated for IL-1f content by
ELISA (eBioscience, San Diego, CA), following the manufactur-
er’s recommendations.

Adipose tissue glucose uptake, fatty acid profile, and
ceramide content

Adipose tissue insulin-stimulated glucose uptake and fatty acid
profile were evaluated essentially as previously described (9, 26).
For ceramide quantification, briefly, adipose tissue was homog-
enized in 10 mM sodium phosphate buffer (pH 7.4) contain-
ing 100 uM deferoxamine mesylate and the internal standard,
N-heptadecanoyl-D-erythro-sphingosylphosphorylcholine (SM
d18:1/17:0). Lipids were extracted with methyl-tert-butyl ether/
methanol. The organic phase containing lipids was dried under
nitrogen stream, suspended in isopropanol, and analyzed in
an ultra (U)HPLC (Nexera; Shimadzu, Kyoto, Japan) coupled to
an electrospray ionization TOF mass spectrometer (Triple
TOF 66005 Sciex, Framingham, MA). Lipids were separated on a
UPLC reversed-phase column (CORTECS® C18 column, 1.6 pm,
2.1 mm internal diameter x 100 mm). Lipid molecular species were
identified with an in-house Excel-based macro based on the MS and
MS/MS fragmentation pattern observed with PeakView®. Quantifi-
cation was performed with MultiQuant®, where peak areas of pre-
cursor ions were normalized to those of the internal standards.

Statistical analysis

Differences between genotypes, treatments, and their combi-
nation were evaluated by Student’s unpaired #tests or multifacto-
rial ANOVA followed by Newman-Keuls test, when appropriate.
Data were assessed for sphericity using Mauchly’s test, and when-
ever the test was violated, technical correction through the
Greenhouse-Geisser test was performed. The statistical level of
significance was set at P < 0.05. Data were analyzed using Graph
Prism® (GraphPad Software Inc., San Diego, CA). Results are pre-
sented as mean + SEM.

RESULTS

We have previously shown that pharmacological mTORC1
inhibition with rapamycin exacerbates obesity-associated
glucose intolerance and adipose tissue inflammation (18).
In an attempt to investigate whether adipocyte mTORCI1
deficiency would mimic the exacerbation of fat tissue in-
flammation induced by rapamycin, mice with raptor dele-
tion exclusively in adipocytes (RapKO) and littermate
controls (RapWT) were fed with a chow diet or HFD for
8 weeks and evaluated for several parameters. As depicted
in Fig. 1A, RapKO mice had reduced adipose tissue protein
content of raptor, total and phosphorylated (p)S6 and 4E
binding protein, and increased pSer473Akt, confirming
the impairment in mTORCI activity induced by raptor de-
letion. Confirming previous studies (10, 11), RapKO mice
fed with a chow diet had reduced body weight gain and
masses of retroperitoneal and epididymal fat depots and
were completely protected from the increase in adiposity
induced by HFD intake (Fig. 1B-D). This reduced adipos-
ity was associated with a reduction in adipocyte diameter
and mRNA levels of important lipogenic enzymes, CD36,
LPL, and FABP4 (supplemental Fig. SIA-C). It is notewor-
thy that HFD feeding increased body weight gain in RapKO
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mice, which seemed to be due to exacerbated hepatic lipid
accumulation (Fig. 1E, F) as the result of the inability of
adipose tissue to store lipids. Along with hepatic steatosis
and independently of diet, RapKO mice were insulin resis-
tant, as evidenced by the higher fasting hyperinsulinemia,
insulin intolerance, and liver mRNA levels of the gluco-
neogenic enzymes, phosphoenolpyruvate carboxykinase
(PEPCK) and glucose 6-phosphatase (G6Pase) (Fig. 1H,
K-N). No changes, however, were seen in fasting glycemia
or glucose tolerance between RapKO and RapWT mice
(Fig. 1G, L, ]).

Interestingly, despite the reduced body weight and adi-
posity, adipocyte mTORCI deficiency induced adipose tis-
sue inflammation in chow-fed mice, as evidenced by the
increased percentage of resident M1 (F4/80" CDI11b"
CD86") and M2 (F4/80" CD11b" CD206") macrophages,
neutrophils (Ly6G") and B lymphocytes (CD19"), CLS den-
sity, and mRNA levels of the macrophage markers, F4/80
(total), CD86 (M1), and CD206 (M2), and the cytokines,
MCP1, IL-6, and TNF-a (Fig. 2A-H). The adipose tissue
percentage of dendritic cells and T lymphocytes was not
altered by raptor deletion (data not shown). In addition, adi-
pocyte mTORCI deficiency significantly increased adipose
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tissue mRNA levels of inflammasome components, NLRP3,
apoptosis-associated speck-like protein containing a CARD
(ASC/PyCARD), and IL-1(3, and protein content of pro-IL-
1B and IL-1B in chow-fed mice (Fig. 2H-]). Interestingly,
raptor deletion promoted inflammasome activation in adi-
pocytes, but not in stromal vascular cells, as evidenced by
the increased mRNA levels of NLRP3, DUSP-6, and IL-1P3
exclusively in adipocytes (supplemental Fig. S1D, E). Of
note, similarly to raptor deletion, chronic rapamycin treat-
ment significantly increased adipose tissue mRNA levels of
the inflammasome components, NLRP3, ASC/PyCARD,
DUSP-6, and IL-13 in HFD-fed mice without affecting body
weight gain or adiposity (data not shown). Altogether,
these findings indicate that adipocyte mTORCI deficiency,
despite reducing adipose tissue mass and independently of
diet, promotes adipose tissue inflammation and adipocyte
NLRP3-inflammasome activation.

We next investigated to determine whether adipocyte
deficiency of mMTORCZ2, an upstream regulator of mTORCI1
activity that is also activated by LPS and other proinflam-
matory factors through the TLR4-PI3K pathway (15, 16),
promotes adipose tissue inflammation. As depicted in sup-
plemental Fig. S2A, adipocyte rictor deletion effectively
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attenuated mTORC2 activity, as evidenced by the reduced
adipose tissue content of pSer473 and total Akt. In con-
trast to mTORCI1, mTORC2 deficiency did not affect body
weight gain and adiposity in chow-fed mice (supplemental
Fig. S2B-D). Upon intake of HFD, however, RicKO mice
displayed reduced epididymal and retroperitoneal masses,
but no major changes in body weight gain when compared
with HFD-fed RicWT mice. Extensive analysis of the adi-
pose tissue leukocyte profile by either FACS (data not
shown) or PCR did not reveal any significant changes be-
tween RicKO and RicWT mice independently of the diet
(supplemental Fig. S2E-G). No changes between genotypes
were seen in adipose tissue mRNA levels of cytokines, with
the exception of IL-6, which was significantly increased in
chow-fed RicKO mice (supplemental Fig. S2F). Altogether,
these findings indicate that adipocyte mTORC2 deficiency
reduces fat mass, but in contrast to mTORCI deficiency, it
does not promote adipose tissue inflammation.

In an attempt to elucidate the mechanisms underlying
NLRP3-inflammasome activation in RapKO mice, we next
investigated in chow-fed mice whether adipocyte raptor
deficiency was associated with changes in tissue oxidative
stress and ceramides, important activators of NLRP3-in-
flammasome. As illustrated in Fig. 3A, adipocyte raptor
deletion significantly increased adipose tissue mRNA lev-
els of superoxide dismutase (SOD)2, a mitochondrial en-
zyme that catalyzed the conversion of superoxide into
hydrogen peroxide and molecular oxygen, but reduced
those of CAT and glutathione peroxidase (GPx)1, both

enzymes that catalyze the reduction of hydrogen peroxide
to water. Extending those findings, adipocyte raptor dele-
tion increased adipose tissue mRNA and protein content
of mitochondrial uncoupling protein 1 (UCP1), reduced
CAT activity, and increased tissue content of MDAs, a sec-
ondary product of lipid hydroperoxide decomposition
and marker of lipid peroxidation (Fig. 3A-E). It is note-
worthy that, along with oxidative stress, adipocyte raptor
deletion altered the adipose tissue fatty acid profile by el-
evating the percentage of saturated palmitic (16:0) and
stearic acids (18:0) and reducing the percentage of mono-
unsaturated palmitoleic (16:1, n-7) and oleic acids (18:1,
n-9) (Fig. 3F-I). Accordingly, protein content of stearoyl-
CoA desaturase 1 (SCD1), which catalyzes the conversion
of saturated fatty acids into monounsaturated fatty acids,
was significantly reduced in adipose tissue of RapKO mice
(Fig. 3E). Because tissue accumulation of saturated fatty
acids is generally associated with increased ceramide syn-
thesis, we next investigated the expression of several genes
involved in this process. As depicted in Fig. 3], adipocyte
raptor deletion markedly increased adipose tissue mRNA
levels of SPTLC-1, SPTLC-2, and SPTLC-3, enzymes that
are rate-limiting in the de novo pathway of ceramide syn-
thesis. No changes, however, were seen in mRNA levels of
SM phosphodiesterase (SMPD)-1 and SMPD-2, enzymes
that produce ceramide from the hydrolysis of membrane
SM. These findings indicate that adipocyte mTORCI defi-
ciency induces adipose tissue oxidative stress and increases
de novo ceramide synthesis.
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(D); protein content of mitochondrial UCP1 and
SCD1 (E); percentage of palmitic (F), stearic (G), pal-
mitoleic (H), and oleic (I) acids; and mRNA levels of
enzymes involved in the ceramide synthesis (J) in
chow-fed RapWT and RapKO mice. Values are mean +
SEM of four to eight mice. Means not sharing a com-
mon superscript are significantly different from each
other, P< 0.05.
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To test the involvement of oxidative stress in adipose tis-
sue inflammation and NLRP3-inflammasome activation
induced by adipocyte mTORCI1 deficiency, we treated
chow-fed RapKO and RapWT mice with the antioxidant
agent, NAC, for 7 days by gavage. Although NAC did not
affect body weight, adiposity, and liver mass in both RapKO
and RapWT mice (supplemental Fig. 3A-E), it attenuated
adipose tissue oxidative stress in RapKO mice, as evi-
denced by the restoration of SOD2, CAT, and GPx1 mRNA
levels to levels found in RapWT mice (Fig. 4A). Surpris-
ingly, NAC attenuated the increase in adipose tissue mRNA
levels and protein content of UCP1 induced by raptor de-
letion (Fig. 4B, C). In addition to oxidative stress, NAC
also attenuated RapKO fat tissue inflammation, as evi-
denced by the reduction in adipose tissue mRNA levels of
macrophage markers, F4/80, CD86, and CD206, and the
density of CLSs (Fig. 4D, E). Furthermore, NAC com-
pletely abrogated the increase in adipose tissue mRNA lev-
els of a few components of NLRP3-inflammasome induced
by raptor deficiency, namely NLRP3, dual specificity phos-
phatase 6 (DUSP6), and CASP1, but surprisingly, it did not
affect the high mRNA levels of ASC/PyCARD and further
increased those of IL-1B (Fig. 4F). Extending those find-
ings, NAC did not affect adipose tissue protein content
of pro-IL-18 and IL-1B, as evaluated by both ELISA and
Western blotting (Fig. 4G-I). Altogether these findings in-
dicate that oxidative stress is partially involved in the in-
duction of adipose tissue UCP1 expression, inflammation,
and NLRP3-inflammasome activation induced by mTORCI1
deficiency in adipocytes.
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Because oxidative stress only partially explained the
changes in adipose tissue promoted by adipocyte raptor de-
letion, we next investigated whether ceramides could act as
mediators of those phenotypes. For this, we treated an-
other cohort of RapWT and RapKO mice for 7 days with
the SPTLC inhibitor, MYR, which blocks de novo ceramide
synthesis. MYR did not affect body weight gain, adipose tis-
sue mass, and protein contents of Akt pSer473 and UCP1
or adipocyte area in both RapWT and RapKO mice (supple-
mental Fig. S4F-] and Fig. 5F). As depicted in Fig. 5A-C,
however, MYR completely abrogated the increases in adi-
pose tissue content of the ceramide d18:1/16:0, mRNA levels
of macrophage markers F4/80, CD86, and CD206, and den-
sity of CLS induced by raptor deletion. Furthermore, MYR
completely blocked NLRP3-inflammasome activation in-
duced by adipocyte mTORCI deficiency, as evidenced by
the restoration to levels found in controls of NLRP3, ASC/
PyCARD, and IL-18 mRNA levels and pro-IL-13 and IL-13
protein content evaluated by both ELISA and Western blot-
ting (Fig. 5D-F). Along with the abrogation of adipose tis-
sue inflammation, MYR restored insulin-stimulated glucose
uptake in adipose tissue to levels of controls without affect-
ing, however, insulin intolerance and fasting hyperinsu-
linemia displayed by RapKO mice (Fig. 5G—]). Altogether,
these findings indicate that adipocyte mTORCI deficiency
promotes adipose tissue inflammation and NLRP3-inflam-
masome activation by inducing de novo ceramide synthe-
sis, and that such inflammatory process does not seem to
be an underlying cause of the insulin intolerance featured
by RapKO mice.
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In the face of our previous findings that pharmacologi-
cal PPARY activation attenuates the glucose intolerance in-
duced by rapamycin in rats (22), we next tested to determine
whether RSG was effective in improving glucose homeostasis
in HFD-fed RapKO mice. As illustrated in the Fig. 6A-D, 8
weeks of RSG treatment did not affect body weight gain or
liver mass in RapWT and RapKO mice. Confirming previ-
ous findings, RSG induced only a reduction in visceral adi-
posity in RapWT mice, as evidenced by the reduced masses of
epididymal and retroperitoneal adipose depots (Fig. 6B, C).
RSG improved glucose homeostasis in RapKO mice, as evi-
denced by complete abrogation of insulin intolerance,
elevated liver PEPCK mRNA levels, and fasting hyperinsu-
linemia featured by these mice (Fig. 6E-H). Surprisingly,
along with glucose homeostasis, RSG only partly attenuated
adipose tissue inflammation in RapKO mice, as evidenced by
the reduction in mRNA levels of the inflammasome com-
ponents, NLRP3, DUSP6, and IL-1(, but not of MCP1 and
CD86, a marker of activated macrophages (Fig. 6I).

DISCUSSION

We investigated herein whether adipocyte mTORCI and
mTORC2 deficiencies modulate adipose tissue inflammation

and glucose homeostasis. Independently of diet and despite
reducing adiposity, adipocyte mMTORCI, but not mTORC2,
deficiency promotes insulin intolerance, hepatic steatosis,
and an inflammatory process in adipose tissue character-
ized by enhanced percentage of resident M1 and M2
macrophages, neutrophils, and B lymphocytes, increased
density of CLSs, elevated expression of proinflammatory
cytokines/chemokines (TNF-, IL-6, and MCP1), and acti-
vation of NLRP3-inflammasome-mediated IL-13 pro-
duction. Mechanistically, such adipose tissue inflammation
and NLRP3-inflammasome activation, which resulted from
enhanced oxidative stress and de novo ceramide synthesis,
do not seem to be an underlying cause of insulin resistance
featured by RapKO mice.

Confirming a previous study, adipocyte mTORCI defi-
ciency markedly reduced adipose tissue mass and protected
from HFD-induced obesity, but induced, independently of
diet, hepatic steatosis and insulin resistance, as evidenced
by the enhanced liver triacylglycerol content, fasting hyper-
insulinemia, and insulin intolerance. Mechanistically, he-
patic steatosis is likely the result of a liver lipid overload due
to the reduced ability of adipose tissue to store fatty acids
(11, 27). Indeed, raptor deletion in adipocytes markedly
reduced adipose tissue mRNA levels of important pro-lipid
storage proteins, LPLs, and fatty acid transporters, CD36
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and FABP4. Regarding insulin intolerance, our findings
that liver PEPCK and G6Pase mRNA levels are increased in
RapKO mice indicate a likely involvement of gluconeogen-
esis as an underlying cause. Indeed, elevated fatty acid flux
to liver and oxidation has been shown to increase gluco-
neogenic flux through a mechanism that involves allosteric
activation of pyruvate carboxylase by acetyl-CoA generated
by fatty acid B oxidation (28).

We showed herein that the reduction in adiposity in-
duced by adipocyte raptor deletion is associated with
adipose tissue inflammatory process characterized by in-
creased macrophage, neutrophil, and B lymphocyte re-
cruitment, CLS density, expression of proinflammatory
cytokines, and NLRP3-inflammasome activity. Importantly,
with exception of neutrophils, those inflammatory pheno-
types were also seen in adipose tissue upon chronic treat-
ment of HFD-fed mice with rapamycin, as shown here and
before (18), indicating that adipocyte mTORCI may be
central to the adipose tissue inflammation induced by sys-
temic pharmacological mTORCI inhibition. Besides those
similarities, raptor deletion promotes inflammation inde-
pendently of diet, while rapamycin induces inflammation
only in HFD-fed mice and without majorly affecting adipos-
ity. These discrepancies may relate to the fact that rapamy-
cin, in contrast to raptor deletion, only partially inhibits
mTORCI (8). Differences aside, our findings that genetic
and pharmacological mTORCI inhibition promotes adi-
pose tissue inflammation suggest that the increased com-
plex activity seen in adipose tissue of obese mice may be a
mechanism to avoid excessive tissue inflammation.

In contrast to raptor, adipocyte deletion of rictor, an es-
sential component of mMTORC2, does not promote adipose
tissue inflammation, in spite of also reducing adiposity.
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raptor deletion. Adipose tissue content of ceramide
d18:1/16:0 (A); mRNA levels of macrophage markers
(B); CLS density (C); mRNA levels of NLRP3-inflam-
masome components (D); IL-18 content (E) (ELISA);
and pro-IL-1p and mature IL-13, Akt, and UCPI con-
tents (F) (Western); adipose tissue insulin-stimulated
glucose uptake (G); ITT (H); and rates of glucose dis-
appearance (KITT) (I) and fasting insulinemia (J) in
chow-fed RapWT and RapKO mice treated with vehi-
cle (VEH) or MYR (0.5 mg/kg) by gavage for 7 days.
Values are mean + SEM of four to eight mice. Means
not sharing a common superscript are significantly
different from each other, P< 0.05.

These findings are in contrast to the inflammatory pheno-
types seen upon rictor and raptor deletion in macrophages.
Indeed, rictor deletion in macrophages exacerbated the
proinflammatory response, polarization to M1 pheno-
type, and secretion of proinflammatory cytokines by these
cells (16); whereas, macrophage raptor deletion is anti-
inflammatory (29). These results support the concept that
mTORCI and mTORC2 regulation of inflammation is cell-
type specific, as it has been shown for different types of
lymphocytes and other leukocytes (17).

One important aspect of the inflammatory process in-
duced by adipocyte raptor deletion is the activation of
NLRP3-inflammasome, a phenotype that seems to occur
specifically in adipocytes, as evidenced by the absence of
changes in the mRNA levels of inflammasome components
in stromal-vascular cells of RapKO mice. NOD receptors,
such as NLRP3, recognize danger-associated molecular pat-
terns derived from injured cells and tissues, such as ROS,
fatty acids, and lipid mediators, among others, promoting,
through a series of events, CASP1-mediated IL-1f3 cleavage
and secretion (30). Because mTORCI is an important reg-
ulator of mitochondrial function and metabolism (31-34),
an organelle that is a major source of cellular ROS, we
raised the hypothesis that raptor deletion might promote
adipose tissue inflammation and NLRP3-inflammasome
activation by inducing ROS and oxidative stress. Indeed,
previous studies have demonstrated that enhanced mito-
chondrial ROS production achieved through complex I
inhibition promotes an inflammatory process character-
ized by activation of NFkB and NLRP3-inflammasome-
mediated IL-13 production (35, 36). Although adipocyte
raptor deletion induced oxidative stress in adipose tissue,
as evidenced by the reduction in GPx1 mRNA levels and



Fig. 6. RSG abrogated insulin resistance induced by
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CAT activity and enhanced lipid peroxidation, treatment
with antioxidant NAC only partially attenuated some of
the inflammatory markers investigated (CLS density and
mRNA levels of macrophage markers and few inflamma-
some components). Of special interest, NAC did not affect
adipose tissue NLRP3-inflammasome activity, as evidenced
by the absence of changes in pro-IL-1$ and IL-13 protein
content. Altogether, these findings indicate that, in mice
bearing raptor deletion in adipocytes, oxidative stress is
only partially involved in adipose tissue inflammation and
primes the NLRP3-inflammasome for further activation.
Interestingly, NAC partially blocked the increase in adipose
tissue UCP1 content induced by raptor deletion, indicating
that UCPl-mediated mitochondrial uncoupling may per-
haps be induced to counteract the enhanced mitochon-
drial ROS production and oxidative stress found upon adi-
pocyte mTORCI deficiency. It is noteworthy that UCP1 has
been shown to attenuate mitochondrial ROS production
in situations of enhanced fatty acid oxidation, such as cold
exposure (37, 38). Despite reducing adipose tissue UCP1
content, NAC treatment did not affect the reduction in adi-
pose tissue mass induced by raptor deletion, indicating
that nonshivering thermogenesis is not a major underlying
cause of this phenotype.

Because ceramides have been shown to be important ac-
tivators of NLRP3-inflammasome (5), we hypothesized that
these lipids could be involved in the induction of adipose
tissue inflammation by adipocyte raptor deletion. Accord-
ingly, adipocyte raptor deletion increased adipose tissue
prevalence of saturated over monounsaturated fatty acids,
such fatty acids that are precursors and activators, through
TLR4 signaling, of de novo ceramide synthesis (39). This
change in adipose tissue fatty acid profile that probably

b
b
b b

15 b
1.0 b b b

a a

a .
a a a ‘ii a a a

00 o Cm

CTL RSG CTL__RSG CTIL__RSG CIL__RSG CIL__RSG CIL _ RSG

86

Adipocyte mTORCI ablation promotes fat inflammation

D

resulted from reduced SCDI activity, was also associated
with a marked increase in adipose tissue mRNA levels of
SPTLCI1, SPTLC2, and SPTLC3, rate-limiting enzymes of
de novo ceramide synthesis, and content of the ceramide
(d18:1/16:0). Finally, pharmacological inhibition of de novo
ceramide synthesis with MYR completely abolished adipose
tissue inflammation and NLRP3-inflammasome activation
induced by raptor deletion, establishing ceramides as major
mediators of this phenotype. Interestingly, ceramide has
also been reported to induce ROS generation through the
inhibition of mitochondrial electron transport chain in sev-
eral cell types (40, 41), suggesting that both ROS and ce-
ramides could act together in the induction of adipose tissue
inflammation and in the priming and activation of NLRP3-
inflammasome seen upon adipocyte raptor deletion.
Importantly, despite completely abolishing adipose tis-
sue inflammation and reestablishing adipose tissue insulin-
stimulated glucose uptake to control values, MYR did not
affect hepatic steatosis and insulin resistance in RapKO
mice, as evidenced by the preserved insulin intolerance
and fasting hyperinsulinemia in these mice. These findings
support the notion that adipose tissue inflammation and
impaired insulin-stimulated glucose uptake are not major
underlying causes of the insulin resistance induced by adi-
pocyte raptor deletion. Interestingly, RapKO mice dis-
played impaired adipose tissue insulin-stimulated glucose
uptake, despite having a higher content of pAkt Ser473,
indicating that the resistance node probably lies down-
stream to Akt in the activation and translocation of glucose
transporter 4 (GLUT4). Administration of the PPARy li-
gand, RSG, to RapKO mice, on the other hand, com-
pletely restored insulin tolerance and fasting insulin to
levels of controls, without affecting body weight, adipose
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tissue mass, and hepatic steatosis. It is noteworthy that
RSG was also shown to improve glucose homeostasis in
rapamycin-treated rats (22), although, as herein, the mecha-
nisms underlying those actions are still elusive.

In conclusion, our findings indicate that the reduction
in adiposity induced by adipocyte mTORCI deficiency is
associated with adipose tissue inflammation and activation
of NLRP3-inflammasome-mediated IL-13 production as a
result of tissue oxidative stress and elevated de novo ce-
ramide production. Such adipose tissue inflammatory pro-
cess, however, does not seem to be an underlying cause of
the insulin resistance featured by mice with raptor deletion
in adipocytes. Altogether, our findings reinforce the impor-
tance of mTORCI in the regulation of adiposity, inflamma-
tion, and adipose tissue fat storage and their intricate
relationship with glucose homeostasis. il
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