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mTOR inhibitors are currently used as immunosuppressants in transplanted patients and as promising anti-cancer agents.
However, new-onset diabetes is a frequent complication occurring in patients treated with mTOR inhibitors such as rapamycin
(Sirolimus). Here, we investigated the mechanisms associated with the diabetogenic effects of chronic Sirolimus administration

in rats and in in vitro cell cultures.

EXPERIMENTAL APPROACH

Sirolimus was administered to rats fed either a standard or high-fat diet for 21 days. Metabolic parameters were measured
in vivo and in ex vivo tissues. Insulin sensitivity was assessed by glucose tolerance tests and euglycaemic hyperinsulinaemic
clamps. Rapamycin effects on glucose metabolism and insulin signalling were further evaluated in cultured myotubes.

KEY RESULTS

Sirolimus induced a decrease in food intake and concomitant weight loss. It also induced specific fat mass loss that was
independent of changes in food intake. Despite these beneficial effects, Sirolimus-treated rats were glucose intolerant,
hyperinsulinaemic and hyperglycaemic, but not hyperlipidaemic. The euglycaemic hyperinsulinaemic clamp measurements
showed skeletal muscle is a major site of Sirolimus-induced insulin resistance. At the molecular level, long-term Sirolimus
administration attenuated glucose uptake and metabolism in skeletal muscle by preventing full insulin-induced Akt activation
and altering the expression and translocation of glucose transporters to the plasma membrane. In rats fed a high-fat diet,
these metabolic defects were exacerbated, although Sirolimus-treated animals were protected from diet-induced obesity.

CONCLUSIONS AND IMPLICATIONS

Taken together, our data demonstrate that the diabetogenic effect of chronic rapamycin administration is due to an impaired

insulin action on glucose metabolism in skeletal muscles.

Abbreviations

BW, body weight; GIR, glucose infusion rate; GLUT, glucose transporter; GTT, glucose tolerance test; HF, high fat; IRS,
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Introduction

The protein kinase mTOR (mammalian target of rapamycin)
is the catalytic subunit of the protein complexes mTORC1
and mTORC2. These complexes integrate inputs from mul-
tiple pathways, including those activated by insulin, growth
factors, nutrients and mitogens, thereby acting as key regu-
lators of cell growth and metabolism (Wullschleger et al.,
2006; Polak and Hall, 2009). Since deregulation of mTOR
activity has been linked to the development of various
human cancers and metabolic diseases, mTOR inhibitors are
predicted to represent powerful therapeutic agents (Manning,
2004; Dann et al., 2007; Menon and Manning, 2008). In this
respect, the anti-fungal macrolide rapamycin (also known in
clinics as Sirolimus or Rapamune) is a potent and specific
mTOR inhibitor (Tsang et al., 2007), which is currently used
as an immunosuppressor to prevent rejection of transplanted
organs (Gutierrez-Dalmau and Campistol, 2007). Due to their
strong anti-proliferative effects, rapamycin and derivatives
have also been approved for the treatment of both renal cell
carcinoma and mantle cell lymphoma and are presently
tested in clinical trials as therapeutic alternatives to cure
other cancer types (Konings ef al., 2009; Dancey, 2010).
However, and although holding promise either as an
immunosupressor or to treat specific tumours, chronic use of
rapamycin has been associated with metabolic, haematologi-
cal and kidney dysfunctions (Stallone et al., 2009). Impor-
tantly, new-onset diabetes, an important risk factor for graft
failure and mortality, frequently occurs with rapamycin-
based immunosuppressive therapy (Teutonico et al., 2005;
Romagnoli et al., 2006; Johnston et al., 2008). This is particu-
larly intriguing since acute administration of rapamycin was
shown to improve insulin signalling and glucose uptake in
muscle and adipose cells exposed to an excess of nutrients
(Tzatsos and Kandror, 2006; Tremblay et al., 2007). This effect
was attributed to the inhibition of a downstream effector of
the mTORC1 complex, the ribosomal protein S6 kinase (S6K)
that phosphorylates insulin receptor substrate (IRS)1 on
serine residues in response to insulin, thereby triggering its
degradation (Um et al., 2006). A decreased expression of IRS
proteins as well as phosphorylation of their negative regula-
tory sites represent critical mechanisms leading to insulin
resistance in peripheral insulin-sensitive tissues (Thirone
et al., 2006). On the other hand, recent reports indicate that
prolonged in vitro exposure to rapamycin inhibits mTOR
within the mTORC2 complex (also known as PDK2) (Sar-
bassov et al., 2006), which was previously thought to be
rapamycin-insensitive (Jacinto et al., 2004). Since mTORC2
phosphorylates and activates Akt, a crucial downstream
insulin effector mediating most of the metabolic effects of the
hormone (Sarbassov et al., 2006), inhibition of this complex
is expected to have a major impact on insulin sensitivity.
Although a central role of mTOR in the control of insulin
signalling, as well as in glucose and lipid metabolism, is now
well accepted, the precise site of action and the mechanisms
involved in the diabetogenic effect of rapamycin are still
poorly defined. In this regard, Houde ef al. (2010) recently
examined the liver sensitivity to rapamycin and reported that
hepatic gluconeogenesis was enhanced by chronically inhib-
iting mTOR in rats. Chronic rapamycin administration also
affected insulin-dependent signalling in skeletal muscles of
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diabetic Psammomys obesus, suggesting an impaired insulin
sensitivity of these tissues in this animal model (Fraenkel
et al., 2008).

Based on these results, as well as on the fact that defective
glucose metabolism in skeletal muscles is a major cause of
impaired glucose homeostasis in type 2 diabetes, the aim of
the present study was to investigate the effect of systemic and
chronic administration in rats of the mTOR inhibitor rapa-
mycin on glucose metabolism, in particular at the level of
skeletal muscles. To this end, euglycaemic hyperinsulinaemic
clamps, the gold standard method to evaluate overall insulin
sensitivity, were performed in association with the labelled
2-deoxy-glucose procedure to measure muscle insulin sensi-
tivity. The mechanisms underlying the metabolic defects
induced by rapamycin were further investigated in vitro using
rat L6 myotubes. Finally, we determined the effect of rapa-
mycin treatment in a rat model of high fat diet-induced
obesity.

Methods

Reagents and antibodies
All reagents and antibodies are described in Table S1.

Animals

Male Wistar rats (Charles River, Arbresle, France) were housed
individually (23°C; light on: 07.00-19.00 h) and allowed free
access to water and diet (RM1; metabolized energy
2.61 kcal-g"). Food intake and body weight were measured
daily (09:00 h). Rats were killed using isoflurane anaesthesia
and rapid decapitation. Blood was collected, and tissues were
freeze-clamped and stored at —80°C for further analyses. All
animal care and experimental procedures were in accordance
with the Swiss guidelines for animal experimentation and
were ethically approved by the Geneva health head office.

Treatments

An initial study was performed on rats fed a standard diet. In
this experiment, 10 week-old animals (325 g = 5g) were
randomly divided into three groups: an ad libitum fed control
group; a Sirolimus-treated group and a pair-fed (PF) control
group fed the same amount of food as that consumed by
Sirolimus-treated rats. Sirolimus is a clinically formulated
injectable form of rapamycin, which contains, in addition to
rapamycin, other inactive components (0.1% sodium CMC,
0.25% Polysobate 80) and was kindly provided by Wyeth
Pharma GmbH (Munster, Germany). Animals received daily
i.p. injections of either vehicle (0.1% sodium CMC, 0.25%
Polysobate 80 in sterile water) for the control and the PF
groups, or Sirolimus at a dose of 2 mg-kg'-day .

A second study was carried out on rats fed a high fat (HF)
diet. Here, four randomly divided subgroups of 7 week-old
male Wistar rats (225 g = 5 g) were fed either the standard
(one subgroup) or a 45% HF diet (Ssniff® EF R/M; metabo-
lized energy 5.42 kcal-g'!, three subgroups) for 6 weeks. After
3 weeks of the different diets (i.e. at the age of 10 weeks), rats
fed the standard diet received a daily i.p. injection of vehicle,
whereas the three subgroups of animals fed the HF diet were



treated as follows: i.p. injection of vehicle for the control and
the pair-fed groups, or Sirolimus at a dose of 2 mg-kg™'-day".

Respiratory exchange ratio and

locomotor activity

Analyses were performed at the end of the 3 week i.p. injection
in rats fed a HF diet. We used the 12-cage LabMaster system
(TSE Systems GmbH, Berlin, Germany) of the Small Animal
Phenotyping Core Facility (CMU, University of Geneva,
Geneva), under controlled temperature (22 = 1°C) and light-
ing (12 h light-dark cycle). Before the recording, animals were
allowed a 4 day acclimatization period in training cages.

Glucose tolerance test (GTT)

Rats were food-deprived for 4 h (08.30-12.30h), and a
glucose load of 1.5 g-kg™' was administered i.p. Blood samples
were collected for glycaemia measurements using Glu-
cotrend® Active (Roche, Basel, Switzerland) and for further
analyses of insulin concentrations. The GTT was performed
in both standard and HF-diet-fed animals after 10 days of
treatment. The last injection of vehicle or Sirolimus was
administered 4 h before the GTT.

Euglycaemic hyperinsulinaemic clamps
Overnight-fasted rats were anaesthetized with i.p. sodium
pentobarbital (75 mg-kg™"). Euglycaemic hyperinsulinaemic
clamps were performed wusing an insulin infusion of
18 mU-kg-min~' known to completely suppress hepatic
glucose production (Terrettaz et al., 1986), and the glucose
infusion rate (GIR) was measured (Vettor et al., 1994). Once in
steady state, a bolus of 2-deoxy-D-[1-*H]-glucose (30 uCi) was
injected to determine the in vivo glucose utilization index of
insulin-sensitive tissues, such as skeletal muscles and adipose
tissue (Vettor efal., 1994). Rats were then killed by rapid
decapitation, and tissues were rapidly removed, frozen and
stored at —80°C. Tissue concentrations of 2-deoxy-D-[1-*H]-
glucose-6-phosphate were used to calculate the in vivo glucose
utilization index, expressed in ng-mg'-min'. These experi-
ments were performed in animals fed the standard diet after
20 days of treatment. In that case, the last injection of vehicle
or Sirolimus was administered 24 h before the beginning of
the clamps.

Body composition

In both standard and HF-fed animals, an EchoMRI-700 quan-
titative NMR analyser (Echo Medical Systems, Houston, TX,
USA) was used to measure total fat mass and lean body mass
at the beginning and at the end of treatments (days O and 20).

Faeces and skeletal muscle triglyceride content
For the determination of TG content in faeces and skeletal
muscles, weighted quantities of frozen tissue (=100 mg) were
powdered under liquid N2 and extracted overnight at 4°C
in chloroform-methanol, as previously described (Veyrat-
Durebex et al., 2009). The TG content was determined by
colorimetric enzymatic analysis as in plasma samples.

Plasma measurements
Plasma glucose was measured by the glucose oxidase method
(GLU kit, Roche Diagnostic GmbH, Rotkreuz, Switzerland).
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Plasma non-esterified fatty acid (NEFA) and triglyceride (TG)
levels were determined using Wako Chemicals GmbH (Neuss,
Germany) and Biomérieux kits (Marcy 1'Etoile, France),
respectively. Plasma insulin concentrations were measured by
radioimmunoassay, as previously described (Herbert efal.,
1965). Whole-blood rapamycin levels were determined by
liquid chromatography-electrospray mass spectrometry, as
previously described (Ansermot ef al., 2008).

Cell cultures

Rat L6 muscle cells were grown in o-MEM/10% FBS and
transferred to o-MEM/2% FBS to differentiate into myotubes
as previously described (Mitsumoto and Klip, 1992). Rat
L6-GLUT4myc myoblasts were kindly provided by A Klip
(Toronto, Canada) and cultured as previously described
(Wang et al., 1999). Myoblast differentiation into multinucle-
ated myotubes (>85%) was monitored by phase contrast
microscopy.

Western analyses

Tissues were homogenized, and cells were lysed in ice-cold
RIPA buffer containing phosphatase and protease inhibitors.
Equal amounts of proteins were resolved by 10% SDS-PAGE
and blotted to nitrocellulose membranes. Proteins were
detected with specific primary antibodies and HRP-conjugated
secondary antibodies using an ECL kit. Western blots analyses
were performed using the ChemiDoc™ XRS from Bio-Rad
(Hercules, CA, USA) and the Quantity One™ Software.

Akt activity

Akt (PKB) activity was measured using an Akt Kinase Assay Kit
(Nonradioactive) from Cell Signalling Tech. (Danvers, MA,
USA) according to the manufacturer’s instructions.

Glut4 translocation assay

GLUT4 translocation to the plasma membrane in response to
insulin was determined as described in Ishikura et al. (2010)
using L6 myoblasts expressing a chimeric GLUT4 transporter
bearing a myc epitope in the exofacial portion of the trans-
porter (GLUT4myc). In brief, after a 3 h period in serum-free
medium, cells were incubated with or without 10”7 M insulin
for 20 min at 37°C. Cells were washed in ice-cold PBS, fixed
with 3% (v/v) paraformaldehyde and blocked with 5% (v/v)
milk. Surface GLUT4myc was stained by incubating the cells
for 1 h with an anti-myc primary antibody (9E10, 2 ug-mL™)
followed by a HRP-conjugated goat anti-mouse IgG second-
ary antibody. The amount of GLUT4myc expressed at the
plasma membrane was then quantitatively determined using
an OPD (Sigma, St. Louis, MO, USA) colorimetric assay.

Glucose uptake

Measurements of 2-deoxy-D-[2,6-*H]-glucose uptake by L6
myotubes were performed as previously described (Niu ef al.,
2003), with minor modifications. Briefly, cells were deprived
of serum for 12 h, stimulated with 10”7 M insulin for 45 min
before the addition of 5 uM radiolabelled 2-deoxyglucose
(0.8 uCi-uL™). 2-Deoxyglucose uptake was measured for
10 min at 37°C. Uptake was terminated by washing the cells
three times with ice-cold PBS, and cells were lysed in 0.1N
NaOH. Non-specific glucose uptake was determined in the
presence of 10 pM cytochalasin B. Cell-associated radioactiv-
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ity was measured by liquid scintillation counting in a B-
counter (Wallac 1409, Perkin Elmer, Gaithersburg, MD, USA).

Glycogen synthesis

Glycogen synthesis was assessed by measuring D-[3-H?]-
glucose incorporation into glycogen, as previously described
(Huang et al., 2002), with minor modifications. Briefly, cells
were deprived of serum for 12 h, stimulated with 107 M
insulin for 30 min before the addition of radiolabelled
D-glucose (1 pCi-uL™) for an additional 90 min period. Cells
were then washed in ice-cold PBS, lysed in NaOH 2N and
boiled for 30 min. Glycogen was precipitated at 4°C, washed,
and incorporation of radiolabelled glucose was determined
by liquid scintillation counting in a B-counter.

Real-time PCR

Real-time PCR analyses were performed as previously
described (Vinciguerra etal., 2008). Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), ribosomal protein large
Po and B-actin transcripts were used as internal controls.
Primer sequences are listed in Table S2.

Lipid staining (Oil red O) and

triglyceride measurements

Liver sections were fixed in 4% buffered formaldehyde for
5 min at room temperature. Staining of intracellular neutral
lipids was performed with Oil red O, and sections were
further stained with Harris’ haematoxylin. Intracellular trig-
lyceride levels were quantified with a commercially available
kit (GPO-PAPD).

Statistical analysis

Results are expressed as means * SEM. For in vivo experi-
ments, statistical analyses using Student’s t-test were per-
formed when two groups were considered. An ANOVA test
followed by the post hoc Bonferroni test was used when more
than two groups were analysed. For in vitro experiments,
comparisons were made using the Student’s t test. Differences
were considered significant when *P < 0.05, **P < 0.01 or
***P < 0.001.

Results

Chronic mTOR inhibition by Sirolimus
treatment in rats causes weight loss and a
decreased fat mass

To investigate the effects of chronic mTOR inhibition on
insulin sensitivity and glucose metabolism in vivo, Wistar rats
were chronically administered for 3 weeks with either Siroli-
mus (2 mg-kg'-day ™) or vehicle. After 20 days of such treat-
ments, blood Sirolimus levels reached concentrations of
15.6 = 0.8ug-L!, which are in the therapeutic range
(5-15ug-L") recommended for patients undergoing
Sirolimus-based therapies (French etal., 2001). Sirolimus
treatment of Wistar rats fed a standard diet resulted in a
significant decrease in cumulative body weight (BW) gain
from the third day to the end of the experiment (Figure 1A,B).
This was associated with a significantly decreased food intake
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Figure 1

Chronic Sirolimus administration decreases body weight gain, food
intake and fat mass of Wistar rats fed a standard diet. Wistar rats were
chronically administered for 3 weeks with either vehicle or Sirolimus
(2 mg-kg'-day™"). A third group of rats was pair-fed (PF) with
Sirolimus-treated animals. (A) Cumulative body weight (BW) gain
over 3 weeks for control (CTL), Sirolimus-treated (SIR) and PF control
rats (PF) (Initial BW of animals was of 329.8 = 4.4 g, 331.2 = 5.2 ¢
and 334.3 £ 2.9 g; final BW was 365.3 = 6.4 g, 324.0 = 5.2 g and
337.6 * 3.6 g for CTL, SIR and PF groups, respectively). (B) changes
in BW, (C) cumulative food intake, (D) food efficiency [(BW gain/
cumulative food intake) x 100] over 3 weeks and (E) changes in body
composition determined by EchoMRI analysis over 20 days of treat-
ment for control (CTL), Sirolimus-treated (SIR) and PF control rats.
Values are mean = SEM of seven to nine rats per group. NS: not
significant, *P < 0.05, **P < 0.01 ***P < 0.001 using ANOVA followed
by the post hoc Bonferroni test.

(Figure 1C). To delineate the effects of Sirolimus that were
independent of changes in food intake, a group of vehicle-
treated rats was pair-fed (PF) to the amount of food consumed
by Sirolimus-treated animals. Cumulative BW gain of the PF
control group was lower than that of ad libitum fed controls
(Figure 1A,B), suggesting that the BW change of the Sirolimus-
treated group was partly mediated by the anorexigenic effect



of the drug. Accordingly, compared with the control group,
food efficiency was decreased in both Sirolimus-treated and PF
control animals (Figure 1D). However, and although not sta-
tistically significant, overall BW loss and decreased food effi-
ciency tended to be higher in Sirolimus-treated than in PF
rats. This suggested that Sirolimus may exert additional effects
on BW that could be independent of changes in food intake.
This prompted us to determine the nature of BW loss in the
three experimental groups. To this end, body composition
was measured before and at the end of the treatments, using
an EchoMRI-700 analyser (Echo Medical Systems, Houston,
TX, USA). We observed that Sirolimus induced a significant
decrease in fat mass independently of changes in food intake
(Figure 1E), while the % lean mass of Sirolimus-treated rats
relative to total BW was increased compared with both
control groups (Figure 1E).

Chronic mTOR inhibition by Sirolimus
induces hyperglycaemia, glucose intolerance
and insulin resistance

Glucose tolerance was assessed in animals fed a standard diet
after 10 days of treatment. Sirolimus induced a significant
impairment of glucose tolerance compared with control rats
(Figure 2A), despite the fact that Sirolimus-treated animals
had a lower BW gain and decreased caloric intake, two
factors which usually tend to increase insulin sensitivity
(Wing et al., 1994). We also observed a higher basal insuli-
naemia in Sirolimus-treated animals compared with controls
(Figure 2B), that, in view of their normal basal glycaemia
(Figure 2A), represents the first evidence of insulin resistance.
This was confirmed by the respective homeostatic model
assessment (HOMA) values (Table 1). The Sirolimus treatment
also induced a delayed but enhanced glucose-induced insulin
response during the GTT (Figure 2B).

Surprisingly and contrasting with the fact that a subset of
patients under Sirolimus therapy displays hyperlipidaemia,
plasma triglyceride (TG) and NEFA levels of Sirolimus-treated
rats were either unchanged or decreased compared to the
vehicle-treated control group (Table 1).

Chronic mTOR inhibition by Sirolimus
triggers skeletal muscle insulin resistance

To investigate the effect of mTOR inhibition on insulin sen-
sitivity, euglycaemic hyperinsulinaemic clamps were per-
formed in rats fed a standard diet and treated or not with
Sirolimus. These experiments were designed to specifically
focus on insulin-induced glucose metabolism in skeletal
muscles and adipose tissue by infusing insulin at a rate
known to suppress hepatic glucose production in all groups
(Terrettaz et al., 1986). Following an overnight fast, glycaemia
and insulinaemia were higher in Sirolimus- than in vehicle-
treated rats (Table 1). Glycaemia was similar in both groups at
the end of the clamps, while the hyperinsulinaemia reached
was higher in the Sirolimus- than in the vehicle-treated group
(Table 1). This resulted from the higher basal values brought
about by the Sirolimus treatment, together with the fact that
the same rate of insulin was infused in both groups. Despite
this higher insulinaemia, Sirolimus-treated animals displayed
a marked decrease in the glucose infusion rate (GIR) com-
pared with the vehicle-infused controls during the euglycae-
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Figure 2

Chronic mTOR inhibition induces glucose intolerance and muscle
insulin resistance in Wistar rats fed a standard diet. Wistar rats
were chronically administered with either vehicle or Sirolimus
(2 mg-kg'-day™"). (A) Glycaemia and (B) insulinaemia during
glucose tolerance tests (1.5 g glucose-kg™) after 10 days of treat-
ment in vehicle- (CTL) or Sirolimus- (SIR) treated rats. Values are
mean = SEM of seven to eight rats per group. *P < 0.05, **P < 0.01
compared with controls using one-way ANOVA. Euglycaemic hyper-
insulinaemic clamps were performed after 3 weeks of chronic admin-
istration of either vehicle or Sirolimus (2 mg-kg™'-day™"). (C) GIR in
vehicle- (CTL), or Sirolimus-treated (SIR) rats. (D) Insulin-stimulated
glucose utilization index in skeletal muscles: red quadriceps (QR),
white quadriceps (QW), red gastrocnemius (GR), white gastrocne-
mius (GW), soleus (S), tibialis (Tib). (E) Insulin-stimulated glucose
utilization in white adipose tissue (WAT) depots: epididymal (eWAT),
mesenteric (MWAT) and inguinal (iWAT). Values are mean = SEM of
seven to eight rats per group. *P < 0.05, ***P < 0.001 compared with
controls using Student’s t-test.

mic hyperinsulinaemic clamps (Figure 2C). In keeping with
such a decreased GIR in Sirolimus-treated animals, the
glucose utilization index measured in both red and white
skeletal muscles was strongly reduced by the treatment
(Figure 2D). Although the low amount of fat mass is unlikely
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Table 1

Plasma TG, NEFA, insulin and glucose levels in rats fed a standard diet

Vehicle Sirolimus

TG (mM) 1.65 = 0.19 1.17 = 0.07*
NEFA (mM) 0.15 = 0.02 0.17 = 0.02

Fasting insulinaemia (ng-mL™") 1.4 = 0.2 3.5 = 0.6*

Fasting glycaemia (mM) 4.6 = 0.1 6.4 + 0.5*

HOMA-IR 84 =14 28.0 = 4.9*

Final insulinaemia (ng-mL™") 44.4 = 3.2 65.3 + 3.6*

Final glycaemia (mM) 55 *0.2 5.4 = 0.1

Values are mean = SEM. *P < 0.05 using the Student’s t test.

to significantly contribute to the observed overall insulin
resistance, Sirolimus treatment also significantly decreased
the glucose utilization index of the epididymal and mesen-
teric, but not the inguinal fat depot (Figure 2E).

Chronic mTOR inhibition by Sirolimus
impairs Akt signalling and glucose transporter
expression in skeletal muscle

To gain insight into the molecular mechanisms by which
Sirolimus triggers muscle insulin resistance, we analysed the
expression and phosphorylation of critical insulin signalling
effectors in skeletal muscle. As muscles were collected from
animals immediately at the end of the 2-DG procedure
during euglycaemic hyperinsulinaemic clamps, they were
stimulated with insulin before ex vivo tissue analyses. As
shown in Figure 3A, the mTOR pathway was effectively
blocked by Sirolimus, as evidenced by the lack of phospho-
rylation of S6, a substrate of the S6K, which is directly acti-
vated by mTORCI1. Although phosphorylation of the insulin
receptor and of Akt on Thr**® was unaffected, Akt phospho-
rylation on Ser*”?, which depends on the mTORC2 complex,
was completely inhibited in Sirolimus-treated animals, in
contrast to what has previously been observed in the liver
of rapamycin-treated animals (Houde etal.,, 2010). This
impaired Akt activation was further reflected by a decreased
phosphorylation of AS160/TBCD4 and the glycogen synthase
kinase 3 (GSK3) (Figure 3A), two important substrates of Akt
controlling translocation of glucose transporters to the
plasma membrane and glycogen synthesis. These data indi-
cate that chronic Sirolimus exposure prevents full activation
of Akt in response to insulin, thereby affecting glucose
metabolism in skeletal muscles.

Based on previous reports showing that S6K promotes
IRS1 protein degradation (Um et al., 2006), Sirolimus treat-
ment was expected to increase intracellular IRS protein
content in rat muscles. On the contrary, depending on the
muscle type, we found either a decrease or no change in IRS1
and IRS2 protein expression (Figure 3C), without any alter-
ation in their mRNA levels (Figure 3B). However, it is unlikely
that a partial decrease in IRS1 or IRS2 expression is respon-
sible for the strong inhibition of Akt phosphorylation on
Ser*’?, given that Akt phosphorylation on Thr**® was unaf-
fected (Figure 3A).
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In vitro analyses have previously shown that expression
of glucose transporters may also be modulated by mTOR
inhibition (Taha et al., 1995; 1999). Glucose uptake in ske-
letal muscle is mediated through insulin-dependent and
-independent mechanisms, all requiring appropriate expres-
sion of specific glucose transporters. More specifically, GLUT1
mediates basal glucose transport, whereas GLUT4 is respon-
sible for insulin-stimulated glucose uptake (Wood and Tray-
hurn, 2003). We thus investigated whether GLUT1 or GLUT4
expression was affected in vivo by chronic exposure to Siroli-
mus. As shown in Figure 3D,E, a decreased expression of
either GLUT1 or GLUT4 was observed at the mRNA and/or
the protein level in the soleus and the gastrocnemius
muscles. These data suggest additional mechanisms by which
muscle glucose uptake is impaired in response to chronic
mTOR inhibition.

Rapamycin inhibits insulin-mediated Akt
activation in rat L6 myotubes

Insulin signalling was further investigated in vitro in cultured
L6 myotubes exposed to rapamycin for 48 h. In these condi-
tions, viability of L6 myotubes was unaffected (data not
shown). Control and rapamycin-treated L6 myotubes were
deprived of serum and stimulated with insulin for 5-15 min.
Activation of the mTOR/S6K, Akt and ERK1/2 pathways were
then assessed by Western blot analyses (Figure 4A,B). As
expected, insulin-induced S6K phosphorylation was inhib-
ited by rapamycin. Furthermore, mTOR inhibition resulted in
a lower phosphorylation of IRS1 on Ser®****, with no change
in the phosphorylation of Akt on Thr*®. In contrast, Akt
phosphorylation on Ser*’® was significantly decreased, again
supporting an inhibitory effect of chronic rapamycin treat-
ment on mTORC?2, as previously reported in myeloid cancer
cells (Sarbassov et al., 2006). Consistent with a decreased
phosphorylation of Akt on Ser*”?, Akt activity was strongly
impaired (Figure 4C). Surprisingly however, analyses of phos-
phorylated Akt substrates with phosphospecific antibodies
for Akt substrates revealed that rapamycin treatment pre-
vented the Akt-dependent phosphorylation of only a subset
of these potential substrates in either L6 myotubes
(Figure 4D) or skeletal muscles (Figure S1).

Finally and in contrast to Akt, ERK1/2 activation by
insulin was unaffected by rapamycin. Although S6K has been
shown to trigger IRS1 degradation through its phosphoryla-
tion on serine residues, we also did not observe a higher
protein expression of IRS1 or IRS2 in L6 myotubes treated
with rapamycin, despite the fact that IRS2 mRNA expression
was significantly upregulated (Figure 4E,F).

Rapamycin prevents insulin-induced glucose
uptake and glycogen synthesis in L6 cells by
altering the expression of GLUT transporters
and GLUT4 translocation to the

plasma membrane

To further delineate the molecular mechanisms by which
mTOR inhibition affects skeletal muscle glucose metabolism
in vivo, we investigated the effects of rapamycin on glucose
uptake and glycogen synthesis in cultured rat L6 myotubes
exposed for 48 h to 10-100 nM rapamycin. In control myo-
tubes, basal glucose uptake was increased by 1.89 = 0.22-fold
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Figure 3

Chronic mTOR inhibition alters insulin signalling and glucose transporter expression in skeletal muscles. Wistar rats fed a standard diet were
chronically administered for 3 weeks with either vehicle (CTL) or 2 mg-kg™'-day" Sirolimus (SIR). Western blot analyses were then performed on
explanted skeletal muscle tissues (soleus or gastrocnemius) of insulin-stimulated rats (tissues sampled immediately at the end of the 2-DG
procedure carried out under a 2 h constant insulin infusion at a rate of 18 mU-kg™"-min"). (A) Representative Western blots and quantifications
of phosphorylated over total insulin receptor (InsR), Akt, AS160, GSK3 and S6 ratios in soleus muscles of CTL and SIR rats. (B) mRNA and (C)
protein expression of IRS1 and IRS2 in soleus and gastrocnemius muscles of CTL and SIR rats. (D) mRNA and (E) protein expression of GLUT1 and
GLUT4 in soleus and gastrocnemius muscles of CTL and SIR rats. Actin detection was used as loading controls for the blots. Values are mean =
SEM of five to eight animals per group. *P < 0.05, **P < 0.01, ***P < 0.0017 compared with vehicle-treated rats. Representative blots are derived
from three different animals per group.
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Chronic mTOR inhibition by rapamycin alters Akt activation by insulin in L6 myotubes. L6 myotubes were exposed for 48 h to either DMSO (CTL)
or 10-100 nM rapamycin (RAPA) before analyses. (A) Representative Western blots of total and phosphorylated IRS1, Akt, ERK1/2 and S6K
expression in rapamycin-treated L6 myotubes stimulated or not with 107 M insulin for 5 and 15 min. ERM detection was used as loading controls
for the blots. (B) Quantification of IRS1, Akt, ERK1/2 and S6K phosphorylation in L6 myotubes treated (RAPA) or not (CTL) with 100 nM of
rapamycin and stimulated with 107 M insulin for 15 min. Values are mean = SEM of three independent experiments. *P < 0.05, **P < 0.01
compared with control cells. (C) Akt activity in L6 myotubes treated or not with 100 nM of rapamycin (RAPA) and stimulated with 10~ M insulin
for 15 min. Values are mean = SEM of two to three independent experiments. *P < 0.05 compared with control cells. (D) Phosphorylated Akt
substrates in L6 myotubes treated or not with 100 nM rapamycin (RAPA) and stimulated or not with 10~ M insulin for 15 min. Representative blot
is derived from four independent experiments. (E) mRNA and (F) protein expression of IRST and IRS2 in rapamycin-treated (RAPA) L6 myotubes.
Values are mean = SE of three to four independent experiments. **P < 0.01, ***P < 0.001 compared with control cells.

following incubation with insulin (Figure 5A). In contrast, We then assessed whether an altered expression or trans-

48 h exposure to 10-100 nM rapamycin strongly decreased
the basal, as well as the insulin-stimulated glucose uptake
(Figure 5A). Similarly, insulin stimulation increased gly-
cogen synthesis in control myotubes by 2.57 = 0.33-fold
(Figure 5B). However, following 48 h exposure to rapamycin,
basal glycogen synthesis was reduced, and the insulin-
induced glycogen synthesis was completely inhibited
(Figure 5B).
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location to the plasma membrane of GLUT transporters could
contribute to the inhibition of glucose uptake and glycogen
synthesis in L6 cells. Consistent with our ex vivo observations
(Figure 3D), rapamycin treatment downregulated the protein
expression of both GLUT1 and GLUT4 in L6 myotubes.
However, at the mRNA level, only GLUT1 was decreased,
suggesting that rapamycin treatment down-regulates GLUT4
at a post-transcriptional level (Figure SC,D). More impor-
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Chronic mTOR inhibition by rapamycin impairs glucose uptake, glycogen synthesis, GLUT transporters expression and translocation to the plasma
membrane in response to insulin in L6 cells. L6 myotubes were exposed for 48 h to either DMSO (CTL) or 10-100 nM rapamycin (RAPA) before
analyses. Basal (- Insulin) and insulin-stimulated (+Insulin) glucose uptake (A) and glycogen synthesis (B) in L6 myotubes. Results are mean = SEM
of three to nine independent experiments. **P < 0.01 and ***P < 0.001 compared with unstimulated cells for each condition. P < 0.05 and
#P < 0.01 compared with unstimulated control cells. (C) mRNA and (D) protein expression of GLUT1 and GLUT4 in rapamycin-treated (RAPA) L6
myotubes. Values are mean = SEM of three to four independent experiments. *P < 0.05, **P < 0.01 compared with control cells. (E) GLUT4myc
translocation to the plasma membrane in L6 myoblasts following 20 min exposure to 10”7 M insulin. Values are mean = SEM of four independent

experiments. *P < 0.05 compared with unstimulated control cells.

tantly, rapamycin prevented almost completely the translo-
cation of GLUT4 to the plasma membrane following insulin
stimulation (Figure SE).

Sirolimus prevents weight gain and decreases
fat mass of rats fed a HF diet

Given that chronic exposure to Sirolimus induces weight loss
and decreased fat mass in rats fed a standard diet, we hypoth-
esized that mTOR inhibition could, at least partly, counteract
the development of obesity and insulin resistance in response
to high fat feeding. To address this question, we investigated
the effects of Sirolimus in Wistar rats fed a high fat (HF) diet

for 6 weeks and treated or not with Sirolimus or the vehicle
for the last 3 weeks. A vehicle-treated control group was
pair-fed (PF) to the amount of food consumed by Sirolimus-
treated animals. An additional control group was fed a stan-
dard diet over the 6 week period and was infused with the
vehicle for the last 3 weeks.

Rats fed a HF diet before the treatment with Sirolimus
exhibited a significant increase in body weight gain as com-
pared to rats fed a standard diet (Figure 6A,B). However,
Sirolimus administration significantly reduced the body
weight increase (Figure 6B), consistent with the data obtained
in rats fed a standard diet (Figure 1). The decreased body
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Effect of chronic Sirolimus administration on body weight (BW) gain and composition of Wistar rats fed a high fat (HF) diet. Wistar rats were fed
a HF diet for 6 weeks. The last 3 weeks of the experiment, HF diet animals were chronically administered (for 3 weeks) either with vehicle (HF)
or Sirolimus (HF + SIR). A third group of rats was pair-fed (PF) with Sirolimus-treated animals. An additional control group of rats (CTL) was fed
a standard diet for 6 weeks. (A) Changes in BW of rats fed a standard or a HF diet during weeks 1 to 3 of the experiment. (B) Changes in BW of
rats fed a standard or a HF diet with or without Sirolimus treatment during weeks 4 to 6 of the experiment. (C-D) Cumulative food intake over
3 weeks in g (C) and kcal (D). (E) Food efficiency [(BW gain/cumulative food intake) x 100] calculated over weeks 4 to 6 of the treatment period.
(F) Changes in body composition determined by EchoMRI analysis over 20 days of treatment. (G) TG content in faeces, (H) TG content in soleus
muscle and (I) respiratory exchange ratio (VCO,: VO,). Values are mean = SEM of six rats per group. *P < 0.05 compared to standard diet fed
controls. *P < 0.05 compared with HF diet-fed controls. TP < 0.05 compared with HF diet fed PF controls using ANOVA followed by the post hoc

Bonferroni test.

weight in Sirolimus-treated rats partly resulted from reduced
food intake (Figure 6C,D) but also from additional mecha-
nisms, as it was significantly more pronounced in the
Sirolimus-treated than in the PF control group (Figure 6B).
Accordingly, food efficiency was lower in Sirolimus-treated
rats independently of changes in food intake (Figure 6E).
Similar to what we did in rats fed a standard diet, the effect of
Sirolimus treatment on body composition was evaluated
using an EchoMRI-700 analyser. We observed that Sirolimus
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induced a significant decrease in fat mass and a concomitant
increase in the % of lean body mass (Figure 6F). Such effects
of Sirolimus were unrelated to changes in food intake, as they
were not observed in the PF group (Figure 6F). To delineate
the mechanisms by which the Sirolimus reduces the fat mass
in rats fed a HF diet, we measured the triglyceride (TG)
content in the faeces and in skeletal muscles, as well as energy
expenditure and locomotor activity of vehicle- and Sirolimus-
treated rats. The effect of Sirolimus on the fat mass was not



Table 2
Plasma TG and NEFA in rats fed a high fat diet

Rapamycin induces muscle insulin resistance

Vehicle Vehicle Sirolimus PF
Standard diet HF diet HF diet HF diet
TG (mM) 1.26 = 0.18 2.27 = 0.14° 1.25 + 0.15° 1.13 = 0.08°
NEFA (mM) 0.15 = 0.02 0.25 + 0.022 0.29 + 0.01° 0.32 + 0.02*

TG and NEFA levels were determined under basal conditions. Values are mean = SEM of six to seven animals per group.
abp < 0.05 using ANOVA followed by the post hoc Bonferroni test, with significance compared with a: vehicle-treated standard-diet-fed group

and b: vehicle-treated HF-fed group.

dependent on changes in intestinal absorption, as the faeces
TG content did not reveal any difference between the groups
(Figure 6G). However, we could not formally exclude the
possibility that Sirolimus induces a redistribution of lipid
storage from the adipose tissue to skeletal muscles. Indeed,
the TG content in muscles tended to be more elevated in
Sirolimus-treated animals than in control or PF groups,
although the values measured were not significantly different
(Figure 6H). In contrast, the respiratory exchange ratio (RER),
measured by indirect calorimetry, was lower in Sirolimus-
than in vehicle-treated and PF rats (Figure 6]I), indicating a
higher rate of lipid oxidation in the animals receiving the
drug. Of note, locomotor activity and energy expenditure
were unaffected by Sirolimus administration (data not
shown).

Finally, when rats were fed a HF diet, Sirolimus treatment
normalized plasma TG levels (Table 2). This effect was attrib-
uted to the anorexigenic effect of rapamycin as it was also
observed in the HF/PF control group (Table 2). In contrast,
Sirolimus administration had no effect on circulating NEFA
concentrations in HF-fed animals (Table 2), consistent with
the data obtained in rats fed a standard diet (Table 1).

Sirolimus prevents hepatic steatosis but
exacerbates glucose intolerance and insulin
resistance in rats fed a HF diet

Interestingly, although NEFA levels were still elevated in
Sirolimus-treated HF-fed rats (Table 2), hepatic steatosis,
which developed with HF feeding, was totally prevented
(Figure 7C). In addition, the TG content as well as the PTEN
expression, which is down-regulated in the liver by mTOR-
dependent mechanisms, thereby triggering the development
of steatosis (Vinciguerra et al., 2008), were restored to normal
levels in Sirolimus-treated rats (Figure 7A,B).

However, despite the beneficial effects on body weight,
plasma TG levels and hepatic steatosis, chronic Sirolimus
administration further exacerbated the glucose intolerance
brought about by HF feeding (Figure 8A). The treatment also
resulted in a higher hyperinsulinaemia (Table 3) and a lack of
glucose-induced insulin response during the GTT (Figure 8B),
suggesting the occurrence of increased insulin resistance in
peripheral tissues and/or a defective B-cell secretory response.
This was further supported by a drastic increase in the respec-
tive calculated HOMA values (Table 3). Together, these data
indicate that, although chronic mTOR inhibition in HF-fed
rats has important beneficial effects on lipid metabolism (fat

mass, liver steatosis and dyslipidaemia), it exacerbates the
HF diet-induced overall insulin resistance and glucose
intolerance.

Discussion

Recently strong evidence has accumulated indicating that
long-term rapamycin (Sirolimus) administration causes new-
onset diabetes in organ-transplanted patients. However, the
underlying mechanisms of the systemic metabolic effects of
rapamycin are still poorly understood. Globally, our study
indicates that, while rapamycin prevents excessive body
weight gain, fat accumulation and hepatic steatosis, it also
leads to hyperglycaemia, insulin resistance and glucose intol-
erance, phenomena that are exacerbated when associated
with a HF diet. We also observed that skeletal muscle repre-
sents one of the major sites of insulin resistance in rats
chronically exposed to rapamycin. At the molecular level,
rapamycin-induced inhibition of insulin-dependent Akt acti-
vation, as well as expression/trafficking of glucose transport-
ers, are important defects contributing to insulin resistance in
muscle cells.

Hyperlipidaemia, potentially resulting from increased
adipose tissue lipolysis or hepatic TG synthesis, has been
suggested to represent one of the factors contributing to
peripheral insulin resistance following systemic mTOR inhi-
bition (Morrisett et al., 2002; Chakrabarti et al., 2010; Houde
et al., 2010; Kumar et al., 2010). However in our study, circu-
lating NEFA and TG levels in Sirolimus-treated rats were not
increased, but rather reduced, probably reflecting the marked
rapamycin-induced decreases in body weight, food intake
and fat mass, also observed in other rodent models (Chang
et al., 2009; Houde et al., 2010; Kumar et al., 2010). In addi-
tion, when rats were fed a HF diet and treated with Sirolimus,
ectopic deposition of lipids in peripheral tissues such as the
liver and the skeletal muscles was decreased, although insulin
resistance of these animals was exacerbated. Together, these
data suggest that lipotoxicity in peripheral tissues is not the
primary cause of the Sirolimus-induced insulin resistance in
rats.

As regards the mechanisms by which the fat mass is
reduced in animals treated with Sirolimus, previous studies
have reported that rapamycin, or deletion of a component of
the mTOR complexes, stimulates lipolysis and/or prevents
lipogenesis in white adipose cells (Polak et al., 2008; Chakra-
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Figure 7

Sirolimus prevents triglyceride accumulation and PTEN down-
regulation in the liver of HF-fed rats. Wistar rats were fed a HF diet for
6 weeks. During the last 3 weeks of the experiment, HF fed animals
were divided into two groups either treated with 2 mg-kg™'-day™’!
Sirolimus (HF + SIR) or vehicle (HF). An additional control group of
rats (CTL) was fed a standard diet for 6 weeks. (A) Triglyceride
content in the liver of CTL, HF and HF + SIR rats. (B) PTEN mRNA
expression in the liver of CTL, HF and HF + SIR rats. Values are mean
+ SEM of five to six animals per group. *P < 0.05, **P < 0.01
compared with controls. (C) Representative Oil red O staining of liver
sections (200x) of CTL, HF and HF + SIR rats. Inserts are 400x
magnifications of a representative area for each section.

barti et al., 2010). In addition, our data indicated that the
decrease in the fat mass was unrelated to a defect in lipid
absorption, an increased energy expenditure or an ectopic
redistribution of lipids in peripheral organs. In contrast, we
observed a higher rate of lipid oxidation in peripheral tissues,
which might be subsequent to a defective glucose uptake in
animals treated with Sirolimus. Interestingly, alterations of
the mitochondrial oxidative function has been previously
reported in mice treated with rapamycin (Cunningham et al.,
2007), but whether such defects affect insulin sensitivity and

2336 British Journal of Pharmacology (2012) 165 2325-2340

glucose tolerance remain controversial (Wredenberg et al.,
2006; Cunningham et al., 2007; Pospisilik et al., 2007). Inter-
estingly, taken together these data support the concept that
although long-term systemic administration of rapamycin
affects insulin sensitivity and the hepatic and muscle glucose
metabolism, it might be paradoxically protective against the
development of other metabolic disorders including the
development of non-alcoholic fatty liver disease and diet-
induced obesity.

A major finding of this study is that overall insulin resis-
tance induced by chronic in vivo mTOR inhibition involves
defective skeletal muscle glucose utilization. This was con-
firmed in vitro by showing that rapamycin decreases insulin-
stimulated GLUT4 translocation to the plasma membrane,
glucose uptake and glycogen synthesis in muscle L6 cells. Our
data also indicate that rapamycin impairs muscle glucose
metabolism by preventing the insulin-induced Akt activa-
tion, probably through an inhibition of the TORC2 complex
(Sarbassov et al., 2006), and the phosphorylation of impor-
tant Akt substrates, including AS160, which is critical to
trigger GLUT4 translocation to the plasma membrane (Zaid
et al., 2008). Controversial data have been reported about the
effect of long-term exposure to rapamycin on Akt signalling
in muscle. Houde et al. (2010) did not observe any difference
in the ability of Akt immunoprecipitates coming from skel-
etal muscles of Sprague-Dawley rats to phosphorylate specific
synthetic substrate peptides, but they did not analyse the
phosphorylation status of Akt. In contrast, and similar to our
observations in Wistar rats, Fraenkel et al. (2008) showed that
chronic rapamycin administration affects insulin-dependent
Akt and GSK3B phosphorylation in skeletal muscles of nor-
moglycaemic and diabetic Psammomys obesus. Although the
discrepancies between our results and the data from Houde
et al. (2010) are still unclear, it is possible that the sensitivity
of muscle Akt to rapamycin may vary among different animal
models, or that a reduced Akt activity induced by rapamycin
affects only a subset of Akt substrates. The latter hypothesis is
supported by our analyses of various Akt substrate phospho-
rylation showing that only specific substrates are affected by
a reduced Akt phosphorylation/activity in rapamycin-treated
muscle cells or tissues. In addition, although it was reported
that a small fraction of phosphorylated Akt is sufficient to
induce GLUT4 translocation to the plasma membrane of
wild-type L6 muscle cells (Hoehn et al., 2008), our data indi-
cate that, in rapamycin-treated cells, fully activated Akt
might be required to effectively incorporate glucose. This
might be related to the lower expression of GLUT transporters
in rapamycin-treated cells, the requirement for a timely and
spatially specific activation of Akt to trigger GLUT4 translo-
cation or negative cross-talks with other pathways altered by
rapamycin. Along this line, it is likely that other effectors are
involved in the chronic rapamycin effects on muscle glucose
metabolism, since reduced glucose transport but increased
basal glycogen synthase activity were reported in muscle-
specific rictor knockout mice (Kumar et al., 2008).

Interestingly, we found that chronic rapamycin adminis-
tration also down-regulates muscle GLUT4 expression in vivo
and GLUT1/4 in L6 myotubes. Consistent with our data,
insulin-induced GLUT1 expression was found to be attenu-
ated by rapamycin in 3T3-L1 adipocytes and L6 cells (Taha
etal., 1999). Acute inhibition of mTOR/S6K signalling by



Rapamycin induces muscle insulin resistance

A B

20 *f ‘_‘12- <& CTL
18 x X T 10 *# +# W HF
S 161 *# £ *H# A HF+SIR
E 141 8 e

121 -
£ 101 o s 6
o 8 * £
S 61 2 41
O 4 1 § 2 |

2 1 2

0 T T T T T T T = 0 T T T T T T

0 15 30 60 120180240 0 15 30 60 120 180
Time (min) Time (min)

Figure 8

Chronic Sirolimus administration exacerbates glucose intolerance of rats fed a high-fat (HF) diet. Wistar rats were fed a HF diet for 6 weeks. During
the last 3 weeks of the experiment, the animals fed the HF diet were divided into two groups, either treated with 2 mg-kg'-day™' Sirolimus
(HF + SIR) or vehicle (HF). An additional control group of rats (CTL) was fed a standard diet for 6 weeks. (A) Glycaemia and (B) insulinaemia during
glucose tolerance tests (1.5 g glucose-kg™) after 10 days of treatment. Values are mean = SEM of six to seven rats per group. *P < 0.05 compared
with standard diet fed controls. #P < 0.05 compared with HF-fed controls.

Table 3

Insulin and glucose levels in rats fed a high fat diet

Vehicle Vehicle Sirolimus

Standard diet HF diet HF diet
Fasting insulinaemia (ng-mL™") 1.8 = 0.2 23 +03 9.0 + 0.8*°
Fasting glycaemia (mM) 5.2 £ 0.1 58 + 0.2% 58 = 0.2°
HOMA-IR 11.7 £ 1.3 174 = 2.5 67.0 * 6.9*°

Insulinaemia and glycaemia were measured after a 4 h period of fast. HOMA-IR was calculated as follows: (fasting plasma insulin in mU-L™")
x (fasting plasma glucose in mM)/22.5. Values are mean * SEM of six to seven animals per group.

abp < 0.05 using ANOVA followed by the post hoc Bonferroni test, with significance compared with a: vehicle-treated standard-diet-fed group
and b: vehicle-treated HF-fed group.

rapamycin was also reported to prevent IRS1 degradation, PTEN expression through mTOR-dependent mechanisms
thus increasing insulin signalling and sensitivity (Um et al., (Vinciguerra et al., 2008; 2009). In addition, a recent study
2006). However, we did not observe any increased IRS expres- also suggests that the mTORC1 complex controls diet-
sion, or Akt phosphorylation on Thr**® in response to chronic induced hepatic lipid accumulation (Kenerson et al., 2011).
rapamycin treatment in muscles ex vivo or in L6 myotubes. Consistent with these findings, we observed that mTOR inhi-
These data suggest that upon chronic mTOR inhibition, com- bition in HF-fed rats prevented PTEN down-regulation and
pensatory mechanisms may restore physiological signalling development of steatosis, although circulating NEFA levels
of IRS effectors. were still high.

In addition to the impressive muscle insulin resistance, Finally, our data point to an effect of rapamycin on
defects in other tissues might also contribute to the diabeto- insulin secretion, as treated animals were hyperinsulinaemic
genic effects of rapamycin. For example, chronic exposure to in the basal state but had an impaired glucose-induced
rapamycin was reported to enhance hepatic gluconeogenesis insulin response. Contradictory results have been reported on
through mechanisms unrelated to a defective Akt signalling the presence or the absence of beneficial effects on the islet
in the liver (Houde et al., 2010). Defects in hepatic insulin mass and function (Whiting et al., 1991; Kneteman et al.,
clearance were also reported in the same study (Houde et al., 1996; Marcelli-Tourvieille et al., 2007), while others described
2010), consistent with the increased insulinaemia that we an impairment of beta-cell survival, insulin secretion and
observed in Sirolimus-treated rats compared with controls. islets engraftment (Bell efal.,, 2003; Bussiere etal., 2006;
Considering our data together with those reported in this Zhang et al., 2006; Fraenkel et al., 2008; Houde et al., 2010).
previous study, it appears that systemic mTOR inhibition Interestingly, adipose-specific rictor knockout mice have an
may lead to tissue-specific alterations of insulin signalling enlarged pancreas and are hyperinsulinaemic, suggesting a
and glucose homeostasis. On the other hand, as regards the potential for cross-talk between mTOR signalling in adipose
liver, we previously showed that free fatty acids trigger insulin tissue and pancreatic function (Cybulski etal., 2009).
resistance and steatosis in hepatocytes by down-regulating Although investigating the effects of rapamycin on the beta-
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cell is beyond the scope of this study, our data are consistent
with an impairment of beta-cell function elicited by chronic
mTOR inhibition.

In conclusion, rapamycin seems to decrease adiposity and
to protect against diet-induced obesity, while promoting
hyperglycaemia and hyperinsulinaemia, together with a
strong muscle insulin resistance. Based on the present study,
it is proposed that a decreased insulin-induced Akt activation
and alterations of expression/trafficking of glucose transport-
ers importantly contribute to the alterations of the glucose
metabolism induced by rapamycin in skeletal muscles. Dia-
betes is an important independent risk factor for the devel-
opment of several cancer types and a major cause of graft
failure and mortality in transplanted patients. In light of such
a spectrum of actions, caution should be exerted in the clini-
cal use of mTOR inhibitors as immune suppressors or anti-
cancer therapy.
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Figure S1 Chronic mTOR inhibition alters insulin-
dependent phosphorylation of Akt substrates in skeletal
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muscles. Wistar rats fed a standard diet were chronically
administered for 3 weeks with either vehicle (CTL) or
2 mg-kg'-day Sirolimus (SIR). Western analyses were then
performed on explanted skeletal muscle tissues (gastrocne-
mius) of insulin-stimulated rats (tissues sampled immediately
at the end of the 2-DG procedure carried out under 2 h
constant insulin infusion at a rate of 18 mU-kg'-min™") to
analyse the phosphorylation of Akt potential substrates in
skeletal muscles. Representative blots are derived from three
different animals per group.
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