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Abstract

Aims/hypothesis Inflammatory factors secreted by macro-
phages play an important role in obesity-related insulin resis-
tance. Being at the crossroads of a nutrient-hormonal signal-
ling network, the mammalian target of rapamycin complex 1
(mTORC1) controls important functions in the regulation of
energy balance and peripheral metabolism. However, the role
of macrophage mTORCI1 in insulin resistance is still unclear.
In the current study, we investigated the physiological role of
macrophage mTORC]1 in regulating inflammation and insulin
sensitivity.

Methods We generated mice deficient in the regulatory asso-
ciated protein of mTOR (Raptor) in macrophages, by crossing
Raptor (also known as Rpror) floxed mice (Raptor™®¥1)
with mice expressing Cre recombinase under the control of
the Lysm-Cre promoter (Mac-Raptor™®). We fed mice chow
or high-fat diet (HFD) and assessed insulin sensitivity in liver,
muscle and adipose tissue. Subsequently, we measured in-
flammatory gene expression in liver and adipose tissue and
investigated the role of Raptor deficiency in the regulation of
inflammatory responses in peritoneal macrophages from

Electronic supplementary material The online version of this article
(doi:10.1007/s00125-014-3350-5) contains peer-reviewed but
unedited supplementary material, which is available to authorised users.

H. Jiang - M. Westerterp * D. Ai
Division of Molecular Medicine, Department of Medicine,
Columbia University, New York, NY, USA

M. Westerterp
Department of Medical Biochemistry, Academic Medical Center,
University of Amsterdam, Amsterdam, The Netherlands

C. Wang - Y. Zhu - D. Ai (X))

Department of Physiology and Pathophysiology, Tianjin Medical
University, 300070 Tianjin, People’s Republic of China

e-mail: edin2000cn@gmail.com

HFD-fed mice or in palmitic acid-stimulated bone marrow-
derived macrophages (BMDMs).

Results Mac-Raptor™® mice fed HFD had improved systemic
insulin sensitivity compared with Rapror™®*"°* mice.
Macrophage Raptor deficiency reduced inflammatory gene
expression in liver and adipose tissue, fatty liver and adipose
tissue macrophage content in response to HFD. In peritoneal
macrophages from mice fed with an HFD for 12 weeks,
macrophage Raptor deficiency decreased inflammatory gene
expression, through attenuation of the inactivation of Akt and
subsequent inhibition of the inositol-requiring element
lo/clun NH,-terminal kinase—nuclear factor kappa-light-
chain-enhancer of activated B cells (IRE1x/JNK/NF«B) path-
ways. Similarly, mTOR inhibition as a result of Raptor defi-
ciency or rapamycin treatment decreased palmitic acid-
induced inflammatory gene expression in BMDMs in vitro.
Conclusions/interpretation The disruption of mTORCI sig-
nalling in macrophages protects mice against inflammation
and insulin resistance potentially by inhibiting HFD- and
palmitic acid-induced IRE1«/JNK/NF«B pathway activation.

Keywords Inflammation - Insulin resistance - mMTORC1

Abbreviations

ATF6 Activating transcription factor 6
ATM Adipose tissue macrophage
BMDM Bone marrow-derived macrophage

CD Chow diet

ConA Concanavalin A
DIO Diet-induced obesity
elF2x Eukaryotic translation initiation factor 2«

ER Endoplasmic reticulum

HFD High-fat diet

IPGTT Intraperitoneal glucose tolerance test
IPITT Intraperitoneal insulin tolerance test
IREla Inositol-requiring element 1o
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JNK cJun NH,-terminal kinase

mTORC1/2 Mammalian target of rapamycin
complex 1/2

NF-kB Nuclear factor kB

NMR Nuclear magnetic resonance

PERK RNA-dependent protein kinase-like ER
kinase

p70S6k p70 S6 kinase

Raptor Regulatory associated protein of mTOR

SFA Saturated fatty acid

TG Triacylglycerol

TLR Toll-like receptor

UPR Unfolded protein response
WAT White adipose tissue
XBP1 X box binding protein 1
Introduction

Over recent decades, it has become clear that obesity is
associated with the activation of endoplasmic reticulum (ER)
stress signalling and inflammatory pathways, which contrib-
ute to obesity-related cardiovascular disease, metabolic syn-
drome and type 2 diabetes [1-3]. ER stress signalling, which
is referred to as the unfolded protein response (UPR), is
triggered by three downstream proteins, inositol-requiring
element 1o (IRElwx), activating transcription factor 6
(ATF6) and RNA-dependent protein kinase-like ER kinase
(PERK). Among these three pathways, the IRE1o—X box
binding protein 1 (XBP1) branch has been implicated in
obesity-induced insulin resistance and type 2 diabetes [3-5].
In obesity, tissue macrophages, which accumulate in adipose
tissue and liver, are in an inflammatory state, and are the major
source of local inflammation and insulin resistance [6—8]. In
macrophages, the cJun NH,-terminal kinase (JNK) signalling
pathway mediates inflammatory factor production and plays a
key role in establishing obesity-induced insulin resistance [9,
10]. Saturated fatty acids (SFA) are systemically elevated in
diet-induced obesity (DIO) [11, 12] and trigger inflammation
and apoptosis in macrophages through ER stress [13, 14]. This
stimulation is mediated, at least in part, by signalling through
Toll-like receptor (TLR) 2 and TLR4 and the associated
activation of JINK [12].

Mammalian target of rapamycin complex 1
(mTORCI) acts as a hub, which integrates several envi-
ronmental cues such as nutritional stimuli and regulates
many cellular processes including autophagy, protein
translation and ribosomal biogenesis [15]. The
mTORCI1 is composed of mTOR, regulatory associated
protein of mTOR (Raptor) and mLSTS, and is sensitive
to rapamycin. mTORCI is one of the key regulators for
cell growth and metabolism through mTORC1-mediated
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direct phosphorylation of ribosomal p70 S6 kinase
(p70S6K) and eukaryotic initiation factor 4E (elF4E)-
binding protein. Rapamycin has been suggested for the
treatment of mTORC1-related diseases, including cancer,
cardiovascular diseases and metabolic disorders [16].
Interestingly, these diseases are also considered to be
ER stress-related disorders. In the liver, genetic and
diet-induced long-term activation of mTORCI1 causes
ER stress [17] and results in metabolic disorders [18].
ER stress intersects with many different inflammatory
signalling pathways [19]. However, the function of mac-
rophage mTORCI in inflammatory response and insulin
resistance caused by obesity-related ER stress remains
unknown. In this study, we set out to examine the role
of macrophage mTORCI1 in insulin resistance and the
mechanisms involved. For our studies, we crossed
Raptor (also known as Rptor) floxed (Raptor™1°%) mice
with Lysm-Cre mice, generating Lysm-CreRaptor™®*/10%
mice, which we will refer to as Mac-Raptor®® mice. We
found that Mac-Raptor®© mice had decreased mTORC]
activity in macrophages. Mac-Raptor®® and control
Raptor™¥1°* mice were fed a high-fat diet (HFD) to
induce insulin resistance. On an HFD, Mac-Raptor™®
mice displayed improved insulin sensitivity and reduced
inflammatory factor expression in liver and adipose tis-
sue. Mechanistical studies showed that this may be due
to decreased macrophage inflammatory gene expression
via attenuation of IRE1a/JNK/nuclear factor kB (NF-kB)
pathway activation.

Methods

Animals and diet Raptor™¥"°* mice (stock No. 013188; The
Jackson Laboratory, Bar Harbor, ME, USA) were mated with
transgenic mice expressing Cre recombinase under the control
of the Lysm promoter (Lysm-Cre; stock No. 004781; Jackson
Laboratories) to generate mice with or without Raptor (Mac-
Raptor®®) expression in myeloid cells. Raptor™¥1°* litter-
mates without the Cre recombinase transgene were used as
controls throughout the study. Male mice (8 weeks old) were
fed an HFD (60% of energy from fat; D12492i; Research
Diets, New Brunswick, NJ, USA) or chow diet (CD; diet
5053; Purina Mills, Gray Summit, MO, USA) for 12 weeks.
Mice were killed 10 min after i.p. injection of PBS or insulin
(0.75 U/kg body weight). Body composition measurements
were performed with the miniSpec TD NMR analyzer
(Bruker, Billerica, MA, USA). All protocols were approved
by the Institutional Animal Care and Use Committee of
Columbia University. Principles of Laboratory Animal Care
(NIH publication no. 85-23, revised 1985; http://grants1.nih.
gov/grants/olaw/references/phspol.htm, accessed 1 January
2012) were followed.
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Metabolic analyses We measured blood glucose concentra-
tion by glucose meter (OneTouch, Milpitas, CA, USA) and
plasma insulin concentration by ELISA (Millipore, Temecula,
CA, USA) for intraperitoneal glucose tolerance (IPGTT),
intraperitoneal insulin tolerance (IPITT) and fasting/re-
feeding tests. We performed the IPGTT after a 16 h fast
(18:00 hours to 10:00 hours) using an i.p. injection of 2 g
per kg body weight glucose. For the IPITT, fasting blood
glucose was measured (4 h fast, blood taken from the tail
vein). Insulin was then injected intraperitoneally (0.75 U/kg)
and blood glucose was measured again at time points of 30,
60, 90 and 120 min, post injection. For fasting/re-feeding
studies, mice were fasted for 16 h and blood was collected.
Mice were then re-fed for the indicated time. A small piece of
liver was taken, weighed and homogenised. Next, we extract-
ed hepatic lipids, measured triaglycerol (TG) levels, and nor-
malised them to tissue weight. To measure TG and cholesterol
content, colorimetric assays from Thermo (Waltham, MA,

USA) and Wako (Richmond, VA, USA), respectively, were
used.

Macrophage culture See electronic supplementary material
(ESM) Methods for details.

Real-time quantitative PCR analysis See ESM Methods for
details.

Western blot analysis See ESM Methods for details.
Immunohistochemistry See ESM Methods for details.

Statistics All data are presented as means + SEM (n is indi-
cated in the figures and/or legends). The ¢ test was used to
define differences between two datasets. To define differences
between multiple datasets, two-way ANOVA was used with a
Bonferroni multiple comparison post test. The criterion for
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Fig. 1 Generation of Mac-Raptor™® mice. (a) A targeting vector, con-
taining a NEO selection cassette flanked by flippase-specific FRT sites,
and having exon 5 of the Raptor gene flanked by loxP site, was used to
generate mice with floxed Raptor alleles (Raptor™1°% mice). To gener-
ate Mac-Raptor™® (Raptor°) mice, Raptor™®1°* (Raptor™™) mice were
crossed with Lysm-Cre”® mice. (b) The efficiency of genomic recombi-
nation in Mac-Raptor™® mice was analysed by PCR. WT, wild type. (c)
ConA-elicited peritoneal macrophages were isolated from Raptor 1%

and Mac-Raptor® mice. Protein levels of Raptor and total mTOR were

measured by western blot. (d) Raptor and mTOR were quantified and
normalised to Raptor™®/1°* macrophages. (¢) BMDMs were isolated from
Raptor™/1°* and Mac-Raptor™® mice. The BMDMs were serum starved
for 6 h and treated with serum-free DMEM or with insulin (100 nmol/l) in
serum-free DMEM for 30 min. Phospho-S6 ribosomal protein (P-S6) and
total S6 (T-S6) were analysed by western blot. (f) The ratio of phospho-S6
to total S6 was quantified and normalised to Rapror"®/1°* macrophages
treated with PBS. All data are presented as means + SEM; n=3-5.
*p<0.05, Raptor™® vs Raptor™™ or indicated comparison
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significance was set at p<0.05. Statistical analyses were per-
formed using GraphPad Prism version 5.01 (GraphPad, San
Diego, CA, USA).

Results

Generation of Mac-Raptor™® mice To address the role of
macrophage mTORCI1 in obesity-related insulin resistance
and inflammation in vivo, we generated a mouse model in
which the Raptor gene was disrupted by homologous recom-
bination in macrophages. Mice with Raptor floxed alleles
(Raptor™1°* mice) were crossed with transgenic mice ex-
pressing Cre recombinase under the control of the Lysm
promoter (Fig. 1a), which is highly expressed in macrophages
and neutrophils [20]. We employed Raptor™ " [ysmCre™"°
mice as Mac-Raptor® mice and Raptor™¥1°* as control

Fig. 2 Macrophage Raptor
deficiency did not affect body 50
composition and plasma lipid 45
levels. Raptor™1°% (Raptor™™) 10
and Mac-Raptor® (Raptor<©)

mice were fed CD or HFD for %
12 weeks. (a) Body weight was %
measured: red dashed line, 25

V)

Body weight (g)

mice (Fig. 1b). Next, we assessed the efficiency of Raptor
deletion in Mac-Raptor® macrophages. Raptor protein ex-
pression was reduced by >90% in concanavalin A (ConA)-
elicited peritoneal macrophages, while the total mTOR level
was similar compared with levels in Rapror™1* controls
(Fig. Ic, d). Moreover, macrophage Raptor deficiency
abolished the insulin-induced mTORCI1 activity in bone
marrow-derived macrophages (BMDMs), as shown by de-

creased S6 phosphorylation (Fig. le, f).

Macrophage Raptor deficiency results in improved systemic
insulin sensitivity despite similar body mass and
adiposity mTORCI activity is increased in mouse models of
obesity and type 2 diabetes, contributing to insulin resistance
in a number of cell types [21, 22]. Consistent with previous
reports, mTORCI1 activity was increased in ConA-elicited
peritoneal macrophages of ob/ob mice and DIO mice (ESM
Fig. 1). To assess the role of macrophage mTORCI1 in
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regulating systemic insulin sensitivity, we fed Rapror™®1°%

and Mac-Raptor® mice CD or HFD for 12 weeks. HFD
feeding induced body weight gain in mice of both genotypes,
without differences between the genotypes (Fig. 2a). Body
composition was measured by nuclear magnetic resonance
(NMR). Lean weight, body fat and body composition were
similar in Raptor™1°* and Mac-Raptor® mice on HFD
(Fig. 2b—f). In addition, plasma TG, total cholesterol and
HDL-cholesterol levels were similar in the two groups on
the HFD (Fig. 2g—1).

Sustained HFD feeding leads to insulin resistance To evalu-
ate the function of macrophage Raptor deficiency in insulin
resistance, IPGTTs and ITTs were performed. In the IPGTT
plasma glucose and insulin levels were comparable between
Raptor™¥" and Mac-Raptor®® mice on CD (Fig. 3a—c).
After 10 weeks of HFD, Mac-Raptor® mice showed less of
an increase in serum glucose at 30 and 60 min after glucose
injection compared with their Raptor™¥/1°* controls (Fig. 3a).
The AUC for glucose during the IPGTT was reduced by 13%,
whereas insulin levels were reduced by 23% at 120 min after
glucose injection in HFD-fed Mac-Raptor™® compared
with Raptor™®1°* mice (Fig. 3d, e). Injection of insulin
in HFD-fed, but not CD-fed Mac—RaptorKo mice, led to
an enhanced hypoglycaemic response (p<0.05) compared with
Raptor™™°* mice, accompanied by a reduction of ~15% in the
AUC for glucose (Fig. 3f~h).

We next measured plasma glucose and insulin levels in
response to fasting/re-feeding. After 2 h of re-feeding after
mice had been fasted overnight, plasma glucose and insulin
levels were comparable between Rapror™®¥™1°* and Mac-
Raptor™® mice on the CD (Fig. 4a, b). In contrast, although
plasma glucose levels were unchanged in HFD-fed Mac-
Raptor®® compared with Raptor™®¥1°* mice (Fig. 4c),
HFD-fed Mac-Raptor®® mice displayed a reduced plasma
insulin level after 2 and 4 h of re-feeding (Fig. 4d). These data
suggested that a reduction of mMTORC1 in macrophages led to
improved systemic insulin resistance induced by the HFD.

To understand the mechanisms by which macrophage
Raptor ablation improved insulin sensitivity, we assessed
insulin signalling in the liver, white adipose tissue (WAT)
and skeletal muscle. Mice were fed HFD for 12 weeks, and
fasted overnight before being administered saline or insulin.
We found that the insulin-induced tyrosine phosphorylation of
Akt at Ser473 was enhanced in WAT, liver and skeletal muscle
of Raptor®© mice (Fig. 5a—), compared with Rapror™¥/1°x
mice, consistent with systemically improved insulin
sensitivity.

Macrophage Raptor ablation inhibits HF D-induced adipose
tissue macrophage accumulation, hepatic steatosis and
inflammation The HFD model is known to be associated with
hepatic steatosis. Macrophage Raptor deficiency decreased
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Fig. 3 Insulin resistance was attenuated by macrophage Raptor deficien-
cy. (a—e) IPGTT was performed after 10 weeks of CD or HFD feeding in
Raptor™1°* (Raptor™™) and Mac-Raptor®® (Raptor*©) mice. (a) Glu-
cose levels were measured: red dashed line, Raptorﬂ/ 1+ CD; red unbro-
ken line, Raptorﬂ/ﬂ + HFD; black dashed line, RaptorKO + CD; black
unbroken line, Raptor®® + HFD. *p<0.05, Raptor®® vs Raptor™. (b)
AUC of glucose levels in CD-fed mice. (¢) Plasma insulin of CD-fed mice
was measured at the indicated time points. (d) AUC analysis of glucose
levels in HFD-fed mice. *p<0.05. (e) Plasma insulin of HFD-fed mice
was measured at the indicated time points. *p<0.05 (f~h) ITT was
performed after 10 weeks of CD or HFD feeding in Raptor™™ and Mac-
RaptorKO mice. (f) Glucose levels were measured: red dashed line,
Raptorﬂ/ 1+ CD; red unbroken line, Raptorﬂ/ﬂ + HFD; black dashed line,
Raptor®© + CD; black unbroken line, Raptor® + HFD. *p<0.05,
Raptor®® vs Raptor™. (g, h) AUC of glucose levels in CD-fed mice
(g) or HFD-fed mice (h). All data are presented as means + SEM; n=5
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means + SEM; n=5. White bars, Raptorﬂ/ﬂ; black bars, RaptorKO. *p<0.05,
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Oil Red O staining in the liver, reflecting decreased lipid
accumulation (Fig. 6a), which potentially contributes to the
reduced liver to body weight ratio (Fig. 6b). Lipid analysis
showed that the hepatic TG levels were significantly de-
creased in Mac-Raptor® mice (Fig. 6¢). The inhibition of
hepatic steatosis in Mac-Raptor™© mice was associated with

reduced mRNA expression of the macrophage marker Cd68
and the inflammatory cytokines 7nfand Ccl2 (but not //10), in
the liver (Fig. 6d—g). When WAT was examined, we found
that macrophage Raptor deficiency decreased the F4/80-
positive staining (Fig. 6h), reflecting the content of adipose
tissue macrophages (ATMs) and the mRNA expression of
macrophage marker Cd68 (50% and 52% reduction, respec-
tively) (Fig. 61, j), suggesting decreased ATM accumulation.
ATMs are reported to consist of at least two types, referred to
as classically activated M1 and alternatively activated M2
macrophages [23]. The expressions of all M1 markers mea-
sured were downregulated by macrophage Raptor deficiency.
For example, the mRNA level of inflammatory cytokines 7nf,
Ccl2 and iNOS (also known as Nos2) was reduced by 63%,
47% and 75%, respectively (Fig. 6k, 1, 0). On the other hand,
the M2 marker Arg/ was increased by macrophage Raptor
deficiency (Fig. 6n) and /10 was unchanged (Fig. 6m). The
ratio of iNOS/Argl was reduced by 84% (Fig. 6p), suggesting
M2 polarisation, as described previously [24].

Raptor deletion in macrophages inhibits inflammatory gene
expression via the IRE1a/JNK/NFkB pathway in the HFD
model Our finding that macrophage Raptor deficiency result-
ed in decreased inflammation in the liver and adipose tissue
led us to hypothesise that mTORC1 may play a role in
controlling macrophage inflammation in response to HFD
challenge. To investigate the role of mMTORC1 in macrophage
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Fig. 6 Macrophage Raptor
deficiency results in reduced
macrophage inflammatory
activation in adipose tissue and
liver. (a) Oil red O (ORO)
staining was performed in liver
(magnification x40). (b) The ratio
of liver weight and body weight
(LW/BW). (¢) Liver TG content
was measured and normalised to
liver weight. (d—g) mRNA
expression of macrophage
markers Cd68 and inflammatory
factors Tnf, Ccl2 and /10 in liver
of HFD-fed Raptor™®/f1ox
(Raptor'V™) and Mac-Raptor° o
(Raptor™®) mice. (h)
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inflammation in HFD-fed mice, we isolated ConA-elicited
peritoneal macrophages from Raptor™®¥1°* and Mac-
Raptor®© mice fed CD or HFD for 12 weeks, and analysed
signalling pathways downstream of mTORC1 immediately
after macrophage isolation.

HFD increased mTORCI1 activity, assessed by phosphory-
lation of S6, in Raptor™¥1°% but not in Mac-Raptor® mac-
rophages (Fig. 7a). Our previous study showed that ER stress
was activated by long-term mTORCI activation in liver [18].
We thus investigated the role of macrophage Raptor in ER
stress. HFD activated the ER stress branches PERK and ATF6
in both Raptor™1°* and Mac-Raptor™™™ macrophages,
reflected by increased phosphorylation of eukaryotic

Raptor™ Raptor® Raptor™ Raptor®

translation initiation factor 2« (elF2«) and nuclear ATF6,
respectively (Fig. 7a—c). Interestingly, the HFD-induced acti-
vation of IRElw« branch, reflected by XBP1 splicing, was
much more dramatic in Raptor™°* than in Mac-Raptor®
macrophages (Fig. 7d), suggesting that this ER stress branch
may be modulated by mTORCI activity.

mTORCI exerts negative feedback regulation on Akt acti-
vation [21, 25]. To test whether Akt was involved in
mTORCI-triggered IRE1« activation, we measured Akt ac-
tivity. Phospho-Akt levels were decreased in macrophages
from Raptor™1°* mice on HFD compared with those on
CD, while this suppression of Akt was rescued by macro-
phage Raptor deficiency (Fig. 7e, f). In Raptor™®/1°x
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macrophages, the suppression of Akt was inversely correlated
with phosphorylation of JNK and NF-«B (P65), and recovery
of Akt phosphorylation by Raptor deficiency was associated
with blunted JNK and P65 activation (Fig. 7g, h). Paralleling
the decreased level of phospho-JNK and phospho-P65, the
mRNA levels of inflammatory genes in HFD-fed mice were
reduced by macrophage Raptor deficiency (Fig. 7i, j).

Raptor ablation or mTORCI inhibition by rapamycin de-
creases the inflammatory response to palmitic acid via the
IRE1a/JNK-NFKB pathway Recent evidence points to the
importance of SFAs, such as palmitic acid, which are system-
ically elevated in DIO and induce insulin resistance by

activation of intracellular inflammatory signalling pathways
[26, 27]. We thus investigated whether Raptor deficiency
affected the inflammatory response to palmitic acid in macro-
phages. Since rapamycin also inhibits mMTORC1, we investi-
gated the effects of rapamycin on inflammatory gene expres-
sion in macrophages concomitantly. BMDMs were isolated
from Mac-Raptor®® and Raptor™™°* mice and chal-
lenged with palmitic acid. Concomitantly, BMDMs from
Raptor™®'1°* mice were pre-treated with rapamycin
followed by a palmitic acid challenge. Palmitic acid induced
mTORCI activity, assessed by phosphorylation of S6 in
Raptor™¥1°* macrophages, and this response was blunted by
rapamycin (Fig. 8a, b) and by macrophage Raptor deficiency
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Fig. 8 Rapamycin suppressed
the palmitic acid-induced IRE1o/
JNK/NF-kB pathway by
increasing Akt phosphorylation.
BMDMs were isolated from
Raptor™®1°* (Raptor™™) mice,
pre-incubated with or without
rapamycin (R, 100 nmol/l) for

30 min and treated with BSA or
BSA-conjugated palmitic acid
(PA, 0.5 mmol/l) for 4 h.

(a) Western blot of
phosphorylated (P-) and total (T-)
S6 and elF2c. (b) Ratio of
indicated phosphorylated and
total protein (P/T) in (a), and
normalised to Raptor™™ BMDMs
treated with BSA. (¢) Western
blot of nuclear (N-) ATF6 and
lamin A/C. (d) mRNA expression
of spliced (s) and total (t) Xbp1.
The ratio of spliced and total
Xbp1 was calculated. (e-h)
Western blot of P- and total T- Akt
(e), INK and P65 (g). The ratio of
indicated phosphorylated and
total protein (P/T) in (e) and

() was normalised to Rapror™™
treated with BSA (f, h). (i, j)
mRNA expression of 7nfand
Ccl2. Data are presented as
means = SEM; n=3. White bars,
BSA; black bars, palmitic acid.
*p<0.05 for the indicated
comparisons

(ESM Fig. 2a, b). Palmitic acid induced the activation of all
three ER stress pathways, including PERK, ATF6 and IRE1x
macrophages, reflected by increased phospho-
elF2x, nuclear ATF6 and XBP-1 splicing, respectively
(Fig. 8a—d and ESM Fig. 2a-d). Consistent with the
in vivo results, only the activation of the IRE1x pathway
was decreased by the mTORCI1 inhibitor rapamycin
(Fig. 8c, d) and by Raptor deficiency (ESM Fig. 2c, d).

in Raptor™®¥1ox

P-S6| = - « =

T-S6 | e e e

T-elF20
PA - + - +
R - - + 4+

(o

Lamin A/C

PA - + -
R - - +

+ o+

e
PA - + - +
R + +
P-JNK2
P-JNK1
T-JNK1
PA - + - +
R + +
1
*
10 . |—|
8 *
<z
> =
£Q °©
€ >
- T 4
£2
2
0!
R + +

T

P/T-S6 protein
(fold vs Cirl)

====]

s/t Xbop1 mRNA Q.
(fold vs Ctrl)

—h

P/T-Akt protein
(fold vs Citrl)

=

P/T JNK protein
(fold vs Cirl)

Ccl2 mRNA
(fold vs Ctrl)

25 * c 6 * *
2.0 o _
SE
15 a0 4
3 0
>
1.0 &5 5
05 ? 8
. [
0 o 0
R + + R + +
*
10 ~ [ ]
*
8
6
4
2
0
R - + +
*
1.5 . *
1.0
0.5
0
R + o+
. *
* l—l—l
*
4 25 )
3 2.0
15
2

P/T-P65 protein
(fold vs Cirl)

To
+
+
By
+

+

To
+
+

Moreover, the repression of phospho-Akt by palmitic acid
was attenuated by rapamycin (Fig. 8e, f) and by Raptor
deficiency (ESM Fig. 2e, f), inversely correlated with the
changes in levels of phospho-JNK, phospho-P65, Tnf
mRNA and Cc/2 mRNA (Fig. 8g—j and ESM Fig. 2g-1).
These observations thus confirmed our in vivo findings,
indicating that Akt-mediated IREl activation plays a
crucial role in mTORC 1 -triggered inflammation.
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Discussion

In recent decades, local inflammation was found to be impor-
tant in the suppression of insulin signalling pathways and
insulin resistance [28]. The mTORCI1 pathway, activated in
obesity, is responsive to type 2 diabetes and insulin resistance
partly via ER stress pathways [18, 29]. It has been shown that
inhibition of mTOR by rapamycin promotes production of
proinflammatory cytokines and blocks the release of IL-10 in
human monocytes and mouse macrophages in response to
endotoxin, suggesting that mTOR is anti-inflammatory
[30-33]. However, it is unclear whether macrophage
mTORCI is involved in the development of insulin resistance.
Surprisingly, in the present report, we found that macrophage
mTORCI has a proinflammatory role in diet-induced insulin
resistance. Our studies produced two main findings: (1) mac-
rophage Raptor deficiency improved systemic insulin sensi-
tivity, although body composition was unchanged; (2) macro-
phage Raptor deficiency suppressed the activation of INK and
NF-«kB pathways by rescuing Akt and selectively repressing
IREl in response to HFD and palmitic acid (schematically
shown in Fig. 9).

A novel finding of this study is that macrophage Raptor
deficiency decreased insulin resistance by markedly suppress-
ing the local inflammatory response to HFD. We showed that
the HFD-impaired insulin sensitivity was improved by mac-
rophage Raptor deficiency. In addition, macrophage Raptor
deficiency dramatically blocked the HFD-induced activation
of mMTORCI activity. Moreover, this protection also included
significant reduction in hepatic steatosis and adipose tissue
macrophage accumulation. Since the polarisation of macro-
phages in adipose tissue is important for obesity and insulin
resistance [23], we studied M1/M2 markers. Consistent with
findings from studies by Byles et al [24], macrophage Raptor

SFA
Akt F
T mTORCH
\ ER stress
IRE10, ATF6  PERK

XBP-1 splicing JNK NF-xB elF2a
Inflammation
Fig. 9 The proinflammatory role of mTORCI in SFA-induced inflam-
mation. mTORC] is activated by palmitic acid, leading to suppression of
Akt phosphorylation. As Akt suppresses activation of IRE1 ¢, nTORCI1-

mediated inhibition of Akt causes selective activation of the IRE1o/JNK/
NF-kB pathway and induces inflammation
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deficiency decreased the mRNA levels of several M1 inflam-
matory genes, such as 7nfand Ccl2, in WAT, and increased the
M2 polarisation marker Arg/. Although the precise role of
macrophage polarisation in mediating insulin resistance re-
mains incompletely defined, ATMs were found to be respon-
sible for almost all adipose tissue TNF-« expression, and
neutralisation of TNF-« in obese rats caused improved pe-
ripheral uptake of glucose [1, 8]. Our study suggested that
macrophage Raptor deficiency decreased insulin resistance by
attenuating macrophage inflammation. Our results seem to be
in conflict with those from Weichart et al, who reported that
mTORCI inhibition by rapamycin increased the production of
proinflammatory cytokines in monocytes and macrophages
[30]. However, in contrast to Raptor deficiency, long-term
rapamycin treatment also inhibits mTORC2 assembly and
Akt signalling, as has been shown in several cell lines [34],
which may explain the discrepancy between our study and
that of Weichart et al.

In addition, our study indicated the existence of an
mTORC1-Akt feedback loop. Macrophage Raptor deficiency
reversed the loss of Akt-mediated IRE1« inhibition and,
consequently, JINK and NF-«B activation. The possible mech-
anism of the selective inhibition of IRElx by Akt might be
through TRAF2 and Bcl-2 family members. As Hu et al and
Kato et al have shown, activation of Akt downregulates ex-
pression of TRAF2, which is an adaptor protein that couples
IRE1a to JNK and NF-kB activation [35], whereas inhibition
of Akt increased TRAF2 [36]. In addition to TRAF2, Bcl-2
family members, such as Bax and Bcl-2 homology domain 3
(BH3)-only proteins, which were inhibited by Akt, directly
modified IRE1« activity [37, 38]. Moreover, the decreased
expression of a downstream target of IRE1«, spliced Xbp!,
may also contribute to the anti-inflammatory effect of macro-
phage Raptor deficiency, as it has been shown to be required
for the TLR signalling-related production of pro-
inflammatory cytokines such as TNF-« and chemokine
(C-C motif) ligand 2 [39, 40].

In summary, our results demonstrate that macrophage
mTORCI is important in regulating HFD-induced insulin
resistance by modulation of the inflammatory response.
Treatment with the immunosuppressive drug rapamycin ef-
fectively attenuated inflammation [41]. However, long-term
administration of rapamycin induced insulin resistance, which
was mediated by mTORC2 loss [42] and hyperlipidaemia
[43]. Different from long-term rapamycin treatment, our study
showed that genetic disruption of mTORC]1 in macrophages
attenuated the inflammatory response and further improved
insulin sensitivity, which could potentially have a beneficial
effect in insulin resistance.
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