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BACKGROUND AND PURPOSE

Rapamycin, which is used clinically to treat graft rejection, has also been proposed to have an effect on metabolic syndrome;
however, very little information is available on its effects in lean animals/humans. The purpose of this study was to
characterize further the effects of the continuous use of rapamycin on glucose homeostasis in lean C57BL6/) mice.

EXPERIMENTAL APPROACH

Mice were fed a high-protein diet (HPD) for 12 weeks to develop a lean model and then were treated daily with rapamycin
for 5 weeks while remaining on a HPD. Metabolic parameters, endocrine profiles, glucose tolerance tests, insulin sensitivity
index, the expression of the glucose transporter GLUT4 and chromium distribution were measured in vivo.

KEY RESULTS

Lower body weight gain as well as a decreased caloric intake, fat pads, fatty liver scores, adipocyte size and glucose tolerance
test values were observed in HPD-fed mice compared with mice fed a high-fat or standard diet. Despite these beneficial
effects, rapamycin-treated lean mice showed greater glucose intolerance, reduced insulin sensitivity, lower muscle GLUT4
expression and changes in chromium levels in tissues even with high insulin levels.

CONCLUSION AND IMPLICATIONS
Our findings demonstrate that continuous rapamycin administration may lead to the development of diabetes syndrome, as it
was found to induce hyperglycaemia and glucose intolerance in a lean animal model.

Abbreviations

EWAT, epididymal white adipose tissue; HFD, high-fat diet; HPD, high-protein diet; IPGTT, i.p. glucose tolerance test;
mTOR, mammalian target of rapamycin; mTORC1, mTOR complex 1; mTORC2, mTOR complex 2; RWAT,
retroperitoneal white adipose tissue; SD, standard diet

© 2015 The British Pharmacological Society British Journal of Pharmacology (2015) 172 3793-3804 3793


mailto:fcmao@nchu.edu.tw

G-R Chang et al.

Tables of Links

Transporters® Enzymes®

GLUT4 Akt (PKB)
mTOR
S6K1

Insulin

Rapamycin

These Tables list key protein targets and ligands in this article which are hyperlinked to corresponding entries in http://
www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Pawson et al., 2014) and are
permanently archived in the Concise Guide to PHARMACOLOGY 2013/14 (“®Alexander et al., 2013a,b).

Introduction

Type 2 diabetes is a recognized nutrient overload disorder
that occurs in obese subjects when the release of insulin by
dysfunctioning pancreatic beta cells fails to control blood
glucose levels in response to insulin resistance (Kahn et al.,
2006). Energy restriction, especially by more than 50% of
energy as protein, is a common and successful alternative
treatment for obesity, which is usually effective in achieving
body weight loss and preventing further onset of diabetes (St
Jeor et al., 2001). Moreover, people with type 2 diabetes fed a
high-protein diet (HPD) have lowered postprandial blood
glucose levels and improved overall glucose control (Gannon
et al., 2003). Nevertheless, high-protein supplementation has
been correlated with promotion of wound healing, protec-
tion against shock, malnutrition, control of anaemia, devel-
opment of oedema and enhancement of immune defence
after surgery and burn injury (Spence et al., 1946).

Rapamycin (also known as sirolimus), a macrocyclic
triene antibiotic, belongs to a class of macrocyclic-
immunosuppressive agents with an anti-proliferative ability.
Rapamycin inhibits the mammalian target of rapamycin
(mTOR) kinase. The mTOR kinase exists in two physically and
functionally distinct multiprotein complexes: mTOR complex
1 (mTORC1), which is rapamycin-sensitive and phosphor-
ylates S6K1, and mTOR complex 2 (mTORC2), which is
rapamycin- insensitive and phosphorylates PKB (Dann et al.,
2007; Dowling etal.,, 2010). mTORC1-S6K1 signalling is
related to the cellular integration centre for controlling cell
growth and proliferation, and is known to play key roles in
cancer, diabetes, obesity, cardiovascular diseases and neuro-
logical disorders (Dann et al., 2007; Tsang et al., 2007). Moreo-
ver, the control of food intake affects energy homeostasis,
thereby extending the median and maximal lifespan, which is
also affected by mTORC1-S6K1 signalling activity (McCormick
et al., 2011; Lamming et al., 2012). Thus, treatment with rapa-
mycin and its derivatives could have a broad impact in human
disease. An important mechanism in the regulation of rapa-
mycin involves the inhibition of the progression of cell cycle
from the G1 to S phase in T cells (Terada et al., 1993). Rapa-
mycin’s potent immunosuppressive capacity has led to its
approval for use in clinical applications, including solid organ
transplantation, by the Food and Drug Administration and
European Medicines Evaluation Agency, and it has the poten-
tial for application in other areas in which cell proliferation
plays a key role (Heemann and Viklicky, 2013).
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In addition to evidence indicating that rapamycin-treated
renal and liver transplant patients are at greater risk of devel-
oping dyslipidaemia, hypertriglyceridaemia and hyperglycae-
mia (Brattstrom et al.,, 1998; Reuben, 2001), rapamycin has
also been associated with cognitive impairment, and preclini-
cal side effects, such as glucose intolerance, which is a signifi-
cant risk factor for diabetes and cardiovascular diseases
(Chang et al., 2009b). However, there are conflicting reports
on the effects of rapamycin, as it has been shown variously to
inhibit the effects of mTOR, which may facilitate the main-
tenance of glucose homeostasis, provide resistance against
diet-induced obesity and reduce the risk of diabetes (Um
et al., 2006; Tsang et al., 2007). Consistent with this notion,
these studies indicated that a diabetic side effect of rapamycin
may exist in patients with cachexia, as well as in animal
models of obesity and diabetes. Thus, the extent of its role has
not been fully explored, especially in lean individuals and
subjects with normal glucose tolerance. In this study, we
sought to determine whether the action of rapamycin could
contribute to the metabolic effects of transplant recipients
given high-protein supplements in physical recovery and
lean human/animal with normal blood glucose levels, or
even with hypoglycaemia. We thus developed a lean animal
model by feeding mice a diet rich in protein. The effects of
rapamycin treatment on HPD-induced lean animals were
evaluated in terms of blood glucose, endocrine profiles,
insulin signalling expression and distribution of chromium,
which is an essential element in the normal metabolism of
carbohydrates, lipids and protein, and exerts beneficial effects
in people with glucose intolerance, diabetes, obesity and neu-
ropathy (Anderson, 1998; Ryan et al., 2003).

Methods

Animals and drug treatment

Male CS57BL/6] mice at 5 weeks of age, obtained from the
Education Research Resource, National Laboratory Animal
Centre, Taiwan, were used in accordance with the Guidelines
for the Care and Use of Laboratory Animals as recommended
by the Taiwan government. The protocol for the experimen-
tal mice was also reviewed and approved by the Institutional
Animal Care and Use Committee (IACUC) of the National
Chung Hsing University IACUC Approval No. 98-85). All
studies involving animals are reported in accordance with the
ARRIVE guidelines for reporting experiments involving


http://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=165#878
http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1479
http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=2109
http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1525
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=5014
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=6031
http://www.guidetopharmacology.org/
http://www.guidetopharmacology.org/

animals (Kilkenny et al., 2010; McGrath et al., 2010). A total
of 60 animals were used in these experiments. Animals were
killed by an overdose of anaesthetic, urethane (1.2 mg kg™)
combined carbon dioxide.

Experiment I.  The animals were divided into three groups to
establish the lean animal model: (i) control group: mice were
fed a standard diet (SD; diet 5008, 24% protein-enriched diet,
49.4% carbohydrates; PMI Nutrition International, Brent-
wood, MO, USA); (ii) high-fat diet (HFD) group: mice were fed
a HFD (diet 5927, 20.4% protein-enriched diet and modified
laboratory with 35.5% lard; PMI Nutrition International Inc);
(iii) HPD group: mice were fed a HPD (diet 5787, 60.0%
protein-enriched diet, PMI Nutrition International Inc) (Sup-
porting Information Table S1) group. All groups were fed ad
libitum for 12 weeks. Mice were housed individually in stand-
ard plastic rodent cages in animal quarters with controlled
temperature (22 + 1°C), humidity (55 £ 5%) and a 12:12 h
light-dark cycle. The body weights of all mice were measured
for 12 weeks and then analysed.

Experiment 1. Five-week-old male C57BL/6] mice were fed a
HPD for 12 weeks to develop a lean animal with normal
glucose levels, following our preliminary investigation
described in experiment I. Mice were then randomly divided
into two groups at 17 weeks of age. One group of mice was
injected with i.p. rapamycin (2 mg-kg' body weight) once a
day for 35 days (HPD-fed, rapamycin-treated mice; HPDR).
The second group of mice, the HPD control, received a cor-
responding volume of vehicle (sterile 10% PEG400/8%
ethanol followed by an equal volume of sterile 10% Tween
80) (Eshleman et al., 2001; Chang et al., 2009a). This dosage
of rapamycin in mice is equivalent to a dosage of
0.17 mg-kg'-day' in humans when normalized to body
surface area (Chodera and Feller, 1978; Chang et al., 2009b) to
mimic a typical therapeutic concentration in clinical human
studies (Saunders et al., 2001).

Measurement of body weight, food/caloric
intake and hormone concentration

The body weights and food intake of mice were recorded and
measured weekly. To estimate food consumption, food intake
was assessed by weighing the food in each cage dispenser,
including the food that was spilled on the floor of the cage. In
addition, at the end of the study period, animals were anaes-
thetized and various tissues as well as serum were harvested
for subsequent analysis. Serum leptin and insulin concentra-
tions were measured by use of the mouse leptin ELisA kit and
rat insulin Eusa kit (#90030 and #INSKR020; Crystal Chem
Inc, Downers Grove, IL, USA).

Histological and morphometric analysis

of tissues

We measured heart, liver, spleen, kidney, retroperitoneal and
epididymal fat pad weights; determined as a percentage of
total body weight. Fat infiltration in the liver was identified
by haematoxylin and eosin staining as follows: no visible fat:
score 0; <5% of liver surface infiltrated by fat: score 1; 5-25%
fat: score 2; 25-50% fat: score 3; and >50% fat: score 4 (Chang
et al., 2009b).

Rapamycin impaired glucose homeostasis

Numerous sections were obtained from retroperitoneal
and epididymal adipose tissue, and analysed systematically
with respect to adipocyte size and number. Staining of the
sections was performed with haematoxylin and eosin. For
each sample, at least 10 fields (representing ~100 adipocytes)
per slide were analysed (Bluher et al., 2004). Images were
acquired wusing a high-resolution digital microscope
(Moticam 2300, Motic Instruments, Canada) and adipocyte
size distribution was analysed using Motic Images Plus 2.0
software. Correlation of adipocyte size and its distribution
(%) was determined for HFD control, HPD control and
rapamycin-treated mice on a HPD.

Glucose tolerance test

At the end of experiment I, an i.p. glucose tolerance test
(IPGTT) was performed at a dose of 1 g-glucose-kg™ body
weight in animals that had been fasted overnight with free
access to water. Blood glucose levels were determined at O, 30,
60 and 120 min after the i.p. injection of glucose. Throughout
the aforementioned experiment, blood glucose was measured
in blood taken from the tail vein at the times indicated earlier
using a One Touch™ glucose meter (LifeScan Inc, CA, USA). To
examine glucose tolerance, the area under the glucose toler-
ance curve (0-120 min) was calculated. Likewise, in experi-
ment II, after 28 days of treatment with vehicle or rapamycin,
an IPGTT was also performed in animals fed the HPD.

Western blot analysis

At the end of each experiment, animals were killed by an
overdose of anaesthetic and gastrocnemius muscles were
quickly removed, minced coarsely and then immediately
homogenized. A Western blot was performed as previously
described (Chang et al., 2009b). The antibodies used for the
Western blot analysis were as follows: anti-GLUT4, anti-
phospho-S6K (phosphothreonine 389-specific), anti-S6K and
anti-actin antibodies. Immunoreactive signals were detected
using enhanced chemiluminescence reagents and the mem-
branes were exposed on X-ray films. Quantification of protein
expression and phosphorylation was performed on films
using the NIH programme Scion image (Scion Corporation,
Frederick, MD, USA).

Analysis of chromium concentrations

Whole blood and tissue samples of liver, muscle, epididymal
fat pad and femur were removed immediately the animals
had been killed and used for determinations of chromium
levels. After being washed with saline, the tissue samples were
blotted dry and weighed. Following overnight digestion of
the blood/tissue samples with nitric acid at 100°C, the solu-
tions were prepared for analysis of chromium concentration
using a flame atomic absorption spectrophotometer (Z-2000
Polarized Zeeman Atomic Absorption Spectrophotometer,
Hitachi, Tokyo, Japan). Analysis lines used were 359.3 for
chromium. The following thermal treatment programme was
used: drying from 80 to 120°C for 40 s, ashing at 700°C for
20 s, atomization at 2600°C for 5 s, cleaning at 2700°C for 4 s
and cooling for 10 s. The argon gas was used at a flow rate of
200 mL-min~' during the drying and ashing cycles and at
30 mL-min™' during atomization. The signal intensity was
calibrated with standard solutions of chromium. We meas-
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ured each sample in triplicate and the mean value was
employed for analysis. Concentrations are expressed as ug-L™
(ppb) for each sample indicating the quantity of chromium
in dry weight. In addition, the relative recovery rate of chro-
mium was determined at 5 ppb by 94% (n = 5). The total
levels of chromium in the samples were determined at R* >
0.995 by regression analysis of the sample absorption data on
a standard curve.

Statistical analysis

Results are shown as mean + SEM. The differences between
the two groups were analysed by t-test for comparison. An
ANOVA test followed by post hoc Bonferroni test was used to
determine the differences when more than two groups were
analysed. A P-value of less than 0.05 was considered signifi-
cant. Fisher’s exact test was also used to evaluate the signifi-
cance of contingency data.
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Materials

Rapamycin was from LC Laboratories (Woburn, MA, USA).
Anti-GLUT4, anti-phospho-S6K, anti-S6K and anti-actin anti-
bodies were purchased from Cell Signaling Technology
(Beverly, MA, USA). Enhanced chemiluminescence reagents
were from Pierce Chemical Co (Rockford, IL, USA).

Results

HPD effects on body weight indices,
food/caloric intake, food efficiency and serum
leptin levels

We fed male C57BL6/] mice a SD, HFD or HPD for 12 weeks.
The different dietary intakes led to differences in body meta-
bolic parameters and serum leptin levels (Figure 1). The
weights of HPD-fed mice after 12 weeks were 9 and 19%



lower, respectively, compared with the SD- and HFD-fed mice,
which shows a statistically significant difference (Figure 1A).
In addition, body weight (bwt) gain was significantly attenu-
ated in HPD-fed mice by 40 and 64%, respectively, paralleling
the SD and HFD group (Figure 1B). However, HPD-fed mice
had significantly increased mean daily food intake (2.59 *
0.06 vs 2.29 £ 0.04 g per mouse day’', respectively, P < 0.05)
(Figure 1C), but the daily caloric intake of HPD group was
decreased (9.76 £ 0.22 vs 13.49 + 0.24 kcal per mouse day’,
respectively, P < 0.001), compared with the corresponding
values for the HFD group (Figure 1D). However, the daily
food intake and daily caloric intake of the HPD group was
significantly lower (P < 0.001 and P < 0.01, respectively) than
those of the SD group. Furthermore, the daily food efficiency
of HPD-fed mice was lower than that of mice fed a SD (0.028
+0.007 vs 0.037 £ 0.018 g bwt g food, respectively, P < 0.05)
and was lower than that of mice in the HFD group (0.028 £
0.007 vs 0.089 + 0.012 g bwt g' food, P < 0.001) (Figure 1E).
Leptin is involved in regulating food intake. HPD-fed mice
demonstrated a significant 3.2-fold decrease (P < 0.001) in
serum leptin levels compared with HFD-fed mice (Figure 1F).
This result is consistent with the food intake data. In addi-
tion, the serum leptin levels of HPD-fed mice showed a 1.7-
fold increase (P < 0.05) compared with the SD group, which
was significantly different. Consistent with this result, we
observed a decrease in body weight gain in HPD mice that
could not be attributed to an increase in food intake; it may
have been due to decreased caloric intake. Thus, mice fed a
HPD for 12 weeks became lean, indicating that there was a
reduced increase in weight in mice fed a HPD compared with
those fed a SD or HFD.

HPD reduces organ/fat pad weight

Next, we assessed whether these differences in weight were
related to alterations in body composition or adiposity.
After 12 weeks of the experimental diet, the body compo-
sitions marked significant differences in heart, liver, spleen,
retroperitoneal white adipose tissue (RWAT) and epididymal
white adipose tissue (EWAT), but not kidneys, between the
HPD and HFD groups (Figure 2). With the exception of the
hearts, spleen and kidneys, the weights of the liver and
epididymal fat pads of HPD-fed mice were also significantly
lower than those of the SD group. Relative to the HFD
group, the weights of the liver, spleen, RWAT and EWAT in
HPD-fed mice were significantly lower, by 18, 27, 36 and
68%, respectively, when normalized for body weight
(Figure 2). In addition, liver and EWAT as percentages of
body weight in mice fed a HPD were significantly decreased,
by 13 and 31%, respectively, when compared with the
respective weights of the SD group. However, no differences
were found for the heart and kidney as percentage of body
weight among the three groups.

HPD reduces fat accumulation in the liver,
adipocyte size and percentage of large
adipocyte number

Morphometric analysis of mice fed a HPD indicated a marked
decrease in fat content in the liver and smaller fat cells in
RWAT and in EWAT, as observed by haematoxylin and eosin
staining, relative to the SD and HFD group (Figure 3A). This
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Effects of diet on absolute weight of organ and white adipose tissue
mass, and weight of all organs and tissues normalized for body
weight (%) in mice after 12 weeks ad libitum consumption of either
SD (23.5% protein), HFD (16% protein) or HPD (60% protein). All
values are given as mean = SEM, n = 10 for all groups. Statistically
significant at *P < 0.05, **P < 0.01 and ***P < 0.001. **P < 0.05,
significantly different compared with (a) SD-fed animals and (b)
HFD-fed animals.

finding was consistent with the lower fat pad weights
observed in HPD-fed animals compared with the SD- and
HFD-fed groups. These findings indicate that the HPD pre-
vented fat accumulation in the liver and this may have
reduced the hypertrophy of fat pads. Furthermore, to deter-
mine the effect of diet on fatty liver scores (Figure 3B), the
sizes of fat cells in the RWAT (Figure 3C) and EWAT
(Figure 3D) were assessed. These results indicate that there
were significant differences among the three groups. We
observed a 10-fold and threefold decrease in fatty liver scores
of the HPD-fed mice, compared with the HFD- and SD-fed
mice respectively. The expression levels for average adipocyte
size revealed that the adipocytes in mice fed a HPD were
consistently smaller compared with those in the HFD-fed
group, with mean decreases in size of 86 and 85% for retro-
peritoneal and epididymal fat pads respectively. In addition,
the sizes of adipocytes in RWAT and EWAT in the HPD-fed
group were also smaller than those in the SD-fed group, with
mean decreases of 53 and 33% respectively. Thus, the HPD
had a greater preventive effect on fat cell hypertrophy than
the SD.

HPD protected against glucose intolerance
and decreased serum insulin levels

To examine the effect of diet on glucose homeostasis, glucose
tolerance tests performed over a 2 h period showed marked
differences among the three groups (Figure 4A). Remarkably,
the glucose tolerance and blood glucose levels at 0, 30, 60 and
120 min were significantly (P < 0.001) lower in the HPD-fed
animals than those in the HFD-fed groups. Furthermore,
HPD-fed mice showed lower glucose tolerance test values
than those of the SD-fed mice at 30 (P < 0.001), 60 (P < 0.01)
and 120 min (P < 0.01). Likewise, the AUC for glucose levels
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Photomicrographs of (A) liver, retroperitoneal and epididymal white adipose tissue samples stained with haematoxylin and eosin, (B) fatty liver
scores, (C) adipocyte cellularity of RWAT and (D) adipocyte cellularity of EWAT from mice after 12 weeks ad libitum consumption of either SD
(23.5% protein), HFD (16% protein) or HPD (60% protein). All values are given as mean + SEM, n = 9-11 for all groups. All photomicrographs
were determined as magnification for histological analysis (x400). Statistically significant at *P < 0.05, **P < 0.0Tand ***P < 0.001.

during the 120 min study period was significantly different

and the HPD-fed mice had lower values than those of the ~ Rapamycin impaired glucose tolerance and
HFD-fed (P < 0.001) and SD-fed (P < 0.01) animals (Figure 4B). reduced insulin content in HPD-induced

Using the criterion of glucose intolerance as a blood glucose lean mice

level above 900 mg-L™" at 120 min post-i.p. glucose injection, To assess the effect of rapamycin treatment on glucose
we found that a significant fraction of mice on the HPD and homeostasis in lean mice fed a HPD, we next performed
SD exhibited lower glucose intolerance than the HFD-fed glucose tolerance tests in HPD-fed mice treated with rapamy-
mice (P < 0.001; Figure 4C). Serum insulin concentrations cin or vehicle for 28 days. Unfortunately, rapamycin raised
showed a significant difference among the three groups. fasting blood glucose (P < 0.001) and exacerbated glucose
HPD-fed mice had lower insulin levels than the HFD-fed intolerance compared with that in the vehicle-treated mice,
(P < 0.001) and SD-fed mice (P < 0.05; Figure 4D). Thus, as evidenced by the IPGTT data (Figure SA). Rapamycin
mice fed a HPD showed normal glucose homeostasis with administration resulted in a significant (P < 0.001) rise in
hypoinsulinaemia. fasting blood glucose levels at 30, 60 and 120 min after
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glucose injection: blood glucose levels at the 120 min point
of the test in the rapamycin group was 31.02% higher in
response to the start of injection compared with —-14.83% in
the control group (P < 0.001). Furthermore, compared with
the controls, the AUC for glucose levels during the 120 min
study period increased twofold in rapamycin-treated mice,
which was significant (Figure 5B). Using a criterion of glucose
intolerance as a blood glucose level above 900 mg-L™' at
120 min post-i.p. glucose injection, we found that a signifi-
cant fraction of mice on rapamycin treatment showed
glucose intolerance (P < 0.001, Figure SC). However,
rapamycin-treated mice had higher serum insulin levels
(P < 0.05) compared with those in the control animals
(Figure 5D). Thus, lean mice that received rapamycin devel-
oped symptoms of diabetes, with hyperglycaemia, hyperin-
sulinaemia and glucose intolerance.

Rapamycin reduced insulin sensitivity by
altering the expression of GLUT4 transporters
in HPD-induced lean mice

However, despite the beneficial effects of a HPD on body
weight, fat pads, fasting glucose levels and glucose toler-
ance, chronic rapamycin administration further increased
insulin resistance and exacerbated the insulin insensitivity
in HPD-induced lean mice. This was supported by a drastic
increase in the respective calculated HOMA-IR (Figure 6A)
and insulin sensitivity index (Figure 6B) respectively. To

further characterize the means by which glucose transport is
reduced after mTOR inhibition, we evaluated the effect of
rapamycin on glucose transporter expression. Compared
with the control group, rapamycin treatment dramatically
(P < 0.01) decreased phosphorylation of the mTOR down-
stream targets S6K1 (Thr*®), used as a specific marker of
mTOR activity, that is pathologically characterized in dia-
betes development (Dann et al., 2007; Chang et al., 2009b).
We also found that GLUT4 expression in muscle was sig-
nificantly (P < 0.05) reduced in HFD-fed mice after 35 days
of rapamycin treatment (Figure 6C).

Rapamycin affected chromium concentrations
in tissues of HPD-induced lean mice

As observed previously in human and animal studies
(Anderson, 1998), trivalent chromium may play an impor-
tant role in glucose homeostasis by potentiating the
effects of insulin. To evaluate whether lean rapamycin-treated
mice exhibiting glucose intolerance would respond to
changes in chromium concentrations, we measured the chro-
mium content in tissues at the end of the study and the
results are shown in Table 1. The concentrations of chro-
mium in the blood and bone of rapamycin-treated lean mice
fed a HPD were approximately 34 and 33% lower (P < 0.05),
respectively, in comparison with vehicle-treated animals,
while the chromium concentrations in liver and fat pads
exhibited the reverse trend, with mean increases of 2.1- and
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intolerance (Fisher’s exact test) and (D) serum insulin levels were measured from vehicle or rapamycin-treated lean mice for 35 days. All values
are given as mean £ SEM, n =12 for all groups. *P < 0.05 and ***P < 0.001.
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Figure 6
Effect of rapamycin on (A) HOMA-IR and (B) insulin sensitivity index and (C) expression of phospho-S6K1 and GLUT4 in gastrocnemius muscle;

results were obtained from vehicle- or rapamycin-treated lean mice for 35 days. All values are given as mean = SEM, n =12 for all groups. *P <
0.05 and **P < 0.01.
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Table 1

Chromium levels in tissues from vehicle- or rapamycin-treated lean
mice for 35 days

Variable Control Rapamycin
Blood (ppb) 7.48 £0.83 5.06 £ 0.45*
Bone (ppb) 211.15£17.14 141.39 +15.83**
Liver (ppb) 18.31 £3.39 39.17 £9.72*
Epididymal fat 41.39+4.16 74.23 £9.47*
pads (ppb)
Muscle (ppb) 40.33+4.29 41.69 + 3.06
Kidney (ppb) 20.10 £2.21 20.81 £1.45

Data are presented as mean + SEM. Statistically significant at *P
< 0.05, **P < 0.01. n= 12 for all groups.

1.8-fold respectively. However, a similar concentration
of chromium was found in the muscle and kidney in
the HPD control and HPD rapamycin groups. Our results thus
demonstrated marked changes in chromium metabolism
with a net movement of chromium in hyperglycaemic mice.

Discussion

The aim of this study was to estimate the consequences of
continuous administration of rapamycin in mice that
received long-term intake of high-protein levels that induced
leanness. The results showed that HPD markedly reduced
body gain and caloric intake of mice fed a HPD was lower
than that of mice fed a HFD or SD. Concomitantly, daily food
efficiency, fat pad weights, fatty liver scores, adipocyte size,
glucose intolerance and serum insulin levels were also
lowered. The findings presented here show that mice fed a
HPD for 12 weeks developed a lean body, had less visceral fat
and achieved glucose homeostasis with hypoinsulinaemia.
Subsequently, we showed that rapamycin treatment did not
affect body weight change, food/caloric intake, serum leptin
levels, fat pads and organ weights in HPD-induced lean mice
compared with the control group (Supporting Information
Table S2). However, more specifically, rapamycin-treated lean
hypoglycaemic mice exhibited a sharp exacerbation of
glucose intolerance and a reduction in insulin sensitivity,
despite the greater serum insulin.

In accordance with our previous findings, as well as the
results of others (Raz and Havivi, 1998; Reuben, 2001), we
observed that a high-protein intake reduced body weight gain
and improved weight control. Long-term (even exceeding 6
months) consumption of a HPD in rats had no deleterious
effects on the hepatic system or kidneys (Lacroix et al., 2004).
However, the contribution of high-protein intake in facilitat-
ing weight loss by increasing thermogenesis is controversial
(Brito ef al., 1992). The results of this study suggest that the
lower gain in body weight in the HPD-fed mice may have
been due to a decrease in caloric intake and daily food effi-
ciency. This effect can prevent an increase in organ weight,
fatty liver score and body fat mass. Furthermore, we observed

Rapamycin impaired glucose homeostasis

that the decrease in weights of RWAT and EWAT in HPD-fed
mice as compared with the HFD- and SD-fed mice were due to
a decrease in average adipocyte size. This effect in HPD-fed
mice may appear to cause a reduction in the number of large
adipocytes, potentially due to the prevention of adipocyte
hypertrophy by HPD. These results are in agreement with the
notion that reducing the formation of new adipocytes from
precursor cells (adipocyte differentiation) and limiting
increases in adipocyte size due to fat storage (adipocyte
hypertrophy) could result in decreased fat pad mass
(Rosenbaum et al., 1997).

Increased adiposity mass is associated with a decrease in
oral glucose tolerance, as assessed by glucose tolerance test
(Anderson et al., 2001). We found that the body weights of
mice fed a HPD were lower than those of mice fed a HFD and
SD after 12 weeks. Weights of epididymal fat pads and meas-
urements of fat mass expansion revealed marked differences
among the three groups. This may be correlated with HPD
intake leading to energy restriction, which induced leanness
in mice as well as lower plasma glucose concentrations and
glucose tolerance with hypoinsulinaemia. These results are in
agreement with others (Parker etal., 2002; Layman et al.,
2003), and can be explained by the improvement in insulin-
mediated glucose uptake and the reduced postprandial
insulin response achieved by preservation of lean mass in
animals fed a HPD. As a consequence, high-protein intake
had beneficial metabolic effects on insulin sensitivity
through energy restriction and weight loss, both of which are
associated with stabilization of lean mass and a decrease in fat
tissue.

Typically, the antimicrobial agent rapamycin is used as
an anti-rejection drug in transplant patients. Recently, a few
reports have investigated the role of rapamycin in the mTOR
pathway for nutrient regulation (Soliman, 2005). Moreover,
administration of rapamycin may increase fatty acid oxida-
tion (Sipula et al., 2006) and inhibit adipocyte differentia-
tion (Bell et al., 2000) and adipocyte hypertrophy, leading to
protection against obesity (Chang et al., 2009a). However,
the results from this study showed no specific effect of rapa-
mycin in terms of body weight loss or gain in HPD-induced
lean mice (Supporting Information Table S2). At the same
time, rapamycin did not affect the weights of fat pads or
organs in lean mice. However, rapamycin-treated mice had
reduced food intake and the rats fed a SD had induced
weight loss (Deblon et al., 2012). Possibly, this was due to
the relatively small difference in food/caloric intake in the
rapamycin-treated group compared with the controls, which
resulted in no significant differences in the levels of leptin,
a hormone in the hypothalamus known to be involved in
regulating food intake. On the other hand, the lean mice did
not accumulate much body fat mass, which was provided
for energy combustion by rapamycin administration. Thus,
we suggest that rapamycin treatment of lean mice did not
accelerate the development of more effective decreases in
food intake and weight loss. Furthermore, the effects of rapa-
mycin on food intake and energy homeostasis in lean
animals consuming a restricted diet, such as HPD, may need
to be confirmed by elevating the dosage. Differences
between frequency and length of treatment are likely to
have resulted in the variations in the observed effects of
rapamycin.
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Previous studies noted that rapamycin treatment, which
inhibits the mTOR/S6K1 pathway, has beneficial effects in
alleviating insulin resistance by enhancing insulin signalling
and can also protect against the development of insulin-
dependent diabetes mellitus in mice (Baeder etal., 1992;
Tzatsos and Kandror, 2006). However, other reports indicated
that rapamycin inhibited the mechanistic target of mTORC1
and mTORC2, which may be relevant to the pathogenesis of
type 2 diabetes (Dann et al., 2007; Lamming et al., 2012; Ye
etal., 2012). In addition, we previously found that the
chronic effects of rapamycin on glucose metabolism under
conditions of nutrition-induced hyperglycaemia were
increased insulin resistance and exacerbated glucose intoler-
ance in obese mice (Chang et al., 2009b). Here, lean, glucose-
tolerant mice fed a HPD were used to evaluate the effects of
rapamycin during hypoglycaemia and our results showed
that rapamycin treatment resulted in a dramatically wors-
ened glucose tolerance, as shown by the 120 min AUC for
plasma glucose levels and the reduced insulin sensitivity
index. This observation may be explained by decreases in the
expression of muscle glucose transporter protein, GLUT4,
which were found in our analyses, and by decreases in
insulin-stimulated Akt phosphorylation induced by long-
term rapamycin administration, leading to a deterioration in
insulin signalling (Fraenkel et al., 2008; Lopes et al., 2014).
Our data suggest additional mechanisms by which muscle
glucose uptake is impaired in response to chronic mTOR
inhibition by rapamycin. This was consistent with decreases
in phosphorylation of S6K1, which is the downstream effec-
tor of mTORC1/mTORC2 and is involved in signalling in
obesity and diabetes.

Furthermore, our results indicate that mice treated with
rapamycin had an increased insulin resistance index, which
has been proposed as a method to assess insulin resistance
and secretion (Haffner efal., 1996). Generally, increased
adipose tissue or hepatic steatosis has been suggested to rep-
resent one of the factors contributing to insulin resistance
(Garg and Misra, 2002). However, in our study, fat pads and
fatty liver scores in rapamycin-treated mice were not
increased in HPD-induced lean mice, but rather reduced,
when obese mice with rapamycin treatment remained on a
HED (Chang et al., 2009a,b). In addition, we found increased
serum insulin levels in rapamycin-treated mice, which is con-
sistent with defects in hepatic insulin clearance (Houde et al.,
2010). The increased insulin levels did not correspond to
enhanced insulin signalling, which is the major pathophysi-
ological indicator of insulin resistance. Together, these data
appeared to show that systemic mTOR inhibition may lead to
alterations in insulin signalling and glucose homeostasis,
which might be subsequent to insulin resistance as evidenced
by the higher serum insulin levels. In view of this phenom-
enon, the effect of rapamycin on insulin resistance was to
worsen the hypoglycaemia induced by long-term consump-
tion of HPD as a deterioration in the insulin signalling results
in a reversal of the metabolic state to exacerbate glucose
homeostasis.

The exacerbation of impaired glucose tolerance and
induction of hyperglycaemia after rapamycin treatment was
pronounced in HPD-induced lean animals, despite the higher
insulin levels. The movement of chromium was also shown
to play a metabolic role, as there was an alteration in the
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distribution of chromium in the tissue, a condition that is
known to alter glucose metabolism (Anderson, 1998;
Clodfelder et al., 2004). One major finding indicated that the
chromium moved from the blood to the metabolic tissues,
subsequently facilitating activation of insulin receptors and
thereby contributing to increased insulin signalling to reduce
blood glucose levels (Reuben, 2001). Interestingly, we found
that rapamycin administration also caused alterations in
chromium levels in tissues/organs as there was reduced chro-
mium levels in the blood and bone but increased levels in the
liver and fat pads of rapamycin-treated mice compared with
those of the control mice. However, chromium supplemen-
tation did not obviously prevent mice treated with rapamy-
cin from developing symptoms of diabetes, including
hyperglycaemia and glucose intolerance.

In addition, we found that the concentration of chro-
mium in the liver showed the largest increase, over twofold,
compared with those of other tissues, paralleling the control
group, which is similar to the result reported by Wu et al.
(1997). However, this could be reversed by insulin injection
(Clodfelder et al., 2001). Moreover, Anderson and Polansky
(1995) indicated that the highest amounts of chromium were
found in kidneys, spleen and pancreas following oral chro-
mium administration, and insulin had no effect on chro-
mium retention in healthy and STZ-induced diabetic rats.
This apparent discrepancy is likely to be due to differences
among chromium absorption, chromium excretion and
blood plasma chromium levels (Clodfelder ef al., 2004). In
addition, markedly lower chromium levels in hyperglycaemic
rapamycin-treated lean animals’ bones were observed than
those in the control group. Studies have shown that essential
minerals whose physiological pool exists in the bone are
released to overcome hyperglycaemia by enhancing insulin
signalling (Nishimuta, 2000). These data suggest that long-
term mTOR inhibition results in a compensatory mechanism
that may trigger the release of essential metals from the
reserve pool into insulin-sensitive tissues where they showed
pathophysiological effects.

Rapamycin is currently an approved immunosuppressive
and powerful anti-proliferative drug that helps to prevent
organ rejection in transplant patients and is used as long-
term therapy in the United States, Europe and other parts of
the world. Our study has important clinical implications,
given that long-term rapamycin exposure is required to treat
organ allograft rejection in human clinical trials (Johnson
et al., 2001; Morales et al., 2005). Here, our data on chronic
use of rapamycin raised the concern that rapamycin has the
potential to disrupt glucose homeostasis, thereby elevating
the risk of glucose intolerance and insulin resistance, which
could lead to diabetes. Taken together with our previous
finding (Chang et al., 2009b) and others (Brattstrom et al.,
1998; Reuben, 2001), and with the exception of body weight
gain, rapamycin treatment, especially prolonged use, is asso-
ciated with adverse side effects, such as glucose intolerance,
hyperinsulinaemia and insulin resistance in transplant
patients. Thus, caution is warranted in the administration of
rapamycin in clinical practice and further studies are neces-
sary to understand how to reduce the risk of rapamycin
treatment in transplant and diabetes patients.

In conclusion, this study demonstrated that HPD can be
used to develop a lean animal model with glucose tolerance



for animal/human research. However, continuous adminis-
tration of rapamycin in lean mice ultimately led to excessive
promotion of hyperglycaemia, impairment of glucose
homeostasis and a reduction in insulin sensitivity. It is pro-
posed that a reduction in the expression of skeletal muscle
GLUT4 contributes to these alterations in glucose metabo-
lism. In addition, rapamycin treatment also resulted in a
redistribution of tissue chromium levels, but the effect of this
essential metal failed to overcome hyperglycaemia. These
data suggest that the effect of rapamycin obviously acceler-
ates the development of diabetes symptoms in mice, whereas
HPD allowed the mice to maintain glucose homeostasis.
Thus, rapamycin may be effective in the treatment of organ
rejection in transplant patients, but its long-term use may
cause adverse effects associated with diabetes, even in lean
humans.

Acknowledgements

This work was supported by a grant (NSC94-2313-B-005-041)
from the Ministry of Science and Technology (Taiwan) and in
part by the Ministry of Education (Taiwan) under the ATU
plan.

Author contributions

Y.-S. C., Y.-Y. W, Y-C. L. and P.-H. H. carried out testing
analysis and interpretation of data for this work. G.-R. C.
contributed to the study design and advised on translational
aspects of experiments. F. C. M. supervised all experiments,
advised on statistical analysis and co-wrote the manuscript.

Conflict of interest

The authors declare no conflicts of interest.

References

Alexander SPH, Benson HE, Faccenda E, Pawson AJ, Sharman JL,
Spedding M et al. (2013a). The Concise Guide to PHARMACOLOGY
2013/14: transporters. Br J Pharmacol 170: 1706-1796.

Alexander SPH, Benson HE, Faccenda E, Pawson AJ, Sharman JL,
Spedding M et al. (2013b). The Concise Guide to PHARMACOLOGY
2013/14: enzymes. Br J Pharmacol 170: 1797-1867.

Anderson PJ, Critchley JA, Chan JC, Cockram CS, Lee ZS, Thomas
GN et al. (2001). Factor analysis of the metabolic syndrome: obesity
vs insulin resistance as the central abnormality. Int J Obes Relat
Metab Disord 25: 1782-1788.

Anderson RA (1998). Cr, glucose intolerance and diabetes. ] Am
Coll Nutr 7: 48-55.

Anderson RA, Polansky MM (1995). Dietary and metabolite effects
on trivalent chromium retention and distribution in rats. Biol Trace
Elem Res 50: 97-108.

Rapamycin impaired glucose homeostasis

Baeder WL, Sredy J, Sehgal SN, Chang JY, Adams LM (1992).
Rapamycin prevents the onset of insulin-dependent diabetes
mellitus (IDDM) in NOD mice. Clin Exp Immunol 89: 174-178.

Bell A, Grunder L, Sorisky A (2000). Rapamycin inhibits human
adipocyte differentiation in primary culture. Obes Res 8: 249-254.

Bluher M, Wilson-Fritch L, Leszyk J, Laustsen PG, Corvera S, Kahn
CR (2004). Role of insulin action and cell size on protein
expression patterns in adipocytes. J Biol Chem 279: 31902-31909.

Brattstrom C, Wilczek HE, Tyden G, Bottiger Y, Sawe ], Groth CG
(1998). Hypertriglyceridemia in renal transplant recipients treated
with sirolimus. Transplant Proc 30: 3950-3951.

Brito MN, Brito NA, Migliorini RH (1992). Thermogenic capacity of
brown adipose tissue is reduced in rats fed a high protein,
carbohydrate-free diet. ] Nutr 122: 2081-2086.

Chang GR, Chiu YS, Wu YY, Chen WY, Liao JW, Chao TH et al.
(2009a). Rapamycin protects against high fat diet-induced obesity
in C57BL/6] mice. ] Pharmacol Sci 109: 496-503.

Chang GR, Wu YY, Chiu YS, Chen WY, Liao JW, Hsu HM et al.
(2009b). Long-term administration of rapamycin reduces adiposity,
but impairs glucose tolerance in high-fat diet-fed KK/HIJ mice. Basic
Clin Pharmacol Toxicol 105: 188-198.

Chodera A, Feller K (1978). Some aspects of pharmacokinetic and
biotransformation differences in humans and mammal animals. Int
J Clin Pharmacol Biopharm 16: 357-360.

Clodfelder BJ, Emamaullee J, Hepburn DD, Chakov NE, Nettles HS,
Vincent JB (2001). The trail of Cr(IIl) in vivo from the blood to the
urine: the roles of transferrin and chromodulin. J Biol Inorg Chem
6: 608-617.

Clodfelder BJ, Upchurch RG, Vincent JB (2004). A comparison of
the insulin-sensitive transport of chromium in healthy and model
diabetic rats. ] Inorg Biochem 98: 522-533.

Dann SG, Selvaraj A, Thomas G (2007). mTOR complex1-S6K1
signaling: at the crossroads of obesity, diabetes and cancer. Trends
Mol Med 13: 252-259.

Deblon N, Bourgoin L, Veyrat-Durebex C, Peyrou M, Vinciguerra M,
Caillon A et al. (2012). Chronic mTOR inhibition by rapamycin
induces muscle insulin resistance despite weight loss in rats. Br J
Pharmacol 165: 2325-2340.

Dowling RJ, Topisirovic I, Fonseca BD, Sonenberg N (2010).
Dissecting the role of mTOR: lessons from mTOR inhibitors.
Biochim Biophys Acta 1804: 433-439.

Eshleman JS, Carlson BL, Mladek AC, Kastner BD, Shide KL,
Sarkaria JN (2001). Inhibition of the mammalian target of
rapamycin sensitizes U87 xenografts to fractionated radiation
therapy. Cancer Res 5: 7291-7297.

Fraenkel M, Ketzinel-Gilad M, Ariav Y, Pappo O, Karaca M, Castel J
et al. (2008). mTOR inhibition by rapamycin prevents beta-cell
adaptation to hyperglycemia and exacerbates the metabolic state in
type 2 diabetes. Diabetes 57: 945-957.

Gannon MC, Nuttall FQ, Saeed A, Jordan K, Hoover H (2003). An
increase in dietary protein improves the blood glucose response in
persons with type 2 diabetes. Am ] Clin Nutr 78: 734-741.

Garg A, Misra A (2002). Hepatic steatosis, insulin resistance, and
adipose tissue disorders. J Clin Endocrinol Metab 87: 3019-3022.

Haffner SM, Gonzalez C, Miettinen H, Kennedy E, Stern MP (1996).
A prospective analysis of the HOMA model. Diabetes Care 19:
1138-1141.

British Journal of Pharmacology (2015) 172 3793-3804 3803



G-R Chang et al.

Heemann U, Viklicky O (2013). The role of belataceptin
transplantation: results and implications of clinical trials in the
context of other new biological immunosuppressant agents. Clin
Transplant 27: E3-E11.

Houde VP, Brule S, Festuccia WT, Blanchard PG, Bellmann K,
Deshaies Y et al. (2010). Chronic rapamycin treatment causes
glucose intolerance and hyperlipidemia by upregulating hepatic
gluconeogenesis and impairing lipid deposition in adipose tissue.
Diabetes 59: 1338-1348.

Johnson RW, Kreis H, Oberbauer R, Brattstrom C, Claesson K, Eris J
(2001). Sirolimus allows early cyclosporine withdrawal in renal
transplantation resulting in improved renal function and lower
blood pressure. Transplantation 72: 777-786.

Kahn SE, Hull RL, Utzschneider KM (2006). Mechanisms linking
obesity to insulin resistance and type 2 diabetes. Nature 444:
840-846.

Kilkenny C, Browne W, Cuthill IC, Emerson M, Altman DG (2010).
Animal research: Reporting in vivo experiments: the ARRIVE
guidelines. Br J Pharmacol 160: 1577-1579.

Lacroix M, Gaudichon C, Martin A, Morens C, Mathe V, Tome D
et al. (2004). A long-term high-protein diet markedly reduces
adipose tissue without major side effects in Wistar male rats. Am J
Physiol Regul Integr Comp Physiol 287: R934-R942.

Lamming DW, Ye L, Katajisto P, Goncalves MD, Saitoh M, Stevens
DM et al. (2012). Rapamycin-induced insulin resistance is mediated
by mTORC2 loss and uncoupled from longevity. Science 335:
1638-1643.

Layman DK, Shiue H, Sather C, Erickson DJ, Baum ] (2003).
Increased dietary protein modifies glucose and insulin homeostasis
in adult women during weight loss. ] Nutr 133: 405-410.

Lopes PC, Fuhrmann A, Carvalho F, Sereno J, Santos MR, Pereira MJ
et al. (2014). Cyclosporine A enhances gluconeogenesis while
sirolimus impairs insulin signaling in peripheral tissues after 3
weeks of treatment. Biochem Pharmacol 91: 61-73.

McCormick MA, Tsai SY, Kennedy BK (2011). TOR and ageing: a
complex pathway for a complex process. Philos Trans R Soc Lond B
Biol Sci 366: 17-27.

McGrath J, Drummond G, McLachlan E, Kilkenny C, Wainwright C
(2010). Guidelines for reporting experiments involving animals: the
ARRIVE guidelines. Br J Pharmacol 160: 1573-1576.

Morales JM, Campistol JM, Kreis H, Mourad G, Eris J, Schena FP

et al. (2005). Sirolimus-based therapy with or without cyclosporine:
long-term follow-up in renal transplant patients. Transplant Proc
37: 693-696.

Nishimuta M (2000). The concept of intracellular-, extracellular-
and bone-minerals. Biofactors 12: 35-38.

Parker B, Noakes M, Luscombe N, Clifton P (2002). Effect of a
high-protein, high-monounsaturated fat weight loss diet on
glycemic control and lipid levels in type 2 diabetes. Diabetes Care
25: 425-430.

Pawson AJ, Sharman JL, Benson HE, Faccenda E, Alexander SP,
Buneman OP et al.; NC-IUPHAR (2014). The ITUPHAR/BPS Guide to
PHARMACOLOGY: an expert-driven knowledgebase of drug targets
and their ligands. Nucl Acids Res 42 (Database Issue):
D1098-D1106.

Raz I, Havivi E (1998). Influence of chronic diabetes on tissue and
blood cells status of zinc, copper, and chromium in the rat.
Diabetes Res 7: 19-23.

3804 British Journal of Pharmacology (2015) 172 3793-3804

Reuben A (2001). Long-term management of the liver transplant
patient: diabetes, hyperlipidemia, and obesity. Liver Transpl 7:
S13-S21.

Rosenbaum M, Leibel RL, Hirsch J (1997). Obesity. N Engl ] Med
337: 396-407.

Ryan GJ, Wanko NS, Redman AR, Cook CB (2003). Cr as adjunctive
treatment for type 2 diabetes. Ann Pharmacother 7: 76-85.

Saunders RN, Metcalfe MS, Nicholson ML (2001). Rapamycin in
transplantation: a review of the evidence. Kidney Int 59: 3-16.

Sipula IJ, Brown NF, Perdomo G (2006). Rapamycin-mediated
inhibition of mammalian target of rapamycin in skeletal muscle
cells reduces glucose utilization and increases fatty acid oxidation.
Metabolism 55: 1637-1644.

Soliman GA (2005). The mammalian target of rapamycin signaling
network and gene regulation. Curr Opin Lipidol 16: 317-323.

Spence HY, Evans El, Forbes JC (1946). The influence of a special
high protein diet on protein regeneration in the surgical patient.
Ann Surg 124: 131-141.

St Jeor ST, Howard BV, Prewitt TE, Bovee V, Bazzarre T, Eckel RH
(2001). Dietary protein and weight reduction: a statement for
healthcare professionals from the nutrition committee of the
council on nutrition, physical activity, and metabolism of the
American Heart Association. Circulation 104: 1869-1874.

Terada N, Lucas JJ, Szepesi A, Franklin RA, Domenico J, Gelfand EW
(1993). Rapamycin blocks cell cycle progression of activated T cells
prior to events characteristic of the middle to late G1 phase of the
cycle. J Cell Physiol 154: 7-15.

Tsang CK, Qi H, Liu LF, Zheng XF (2007). Targeting mammalian
target of rapamycin (mTOR) for health and diseases. Drug Discov
Today 12: 112-124.

Tzatsos A, Kandror KV (2006). Nutrients suppress
phosphatidylinositol 3-kinase/Akt signaling via raptor-dependent
mTOR-mediated insulin receptor substrate 1 phosphorylation. Mol
Cell Biol 26: 63-76.

Um SH, D’Alessio D, Thomas G (2006). Nutrient overload, insulin
resistance, and ribosomal protein S6 kinase 1, S6K1. Cell Metab 3:
393-402.

Wu ], Chen Q, Gao Z (1997). Changes in contents of chromium,
zinc and copper in the blood, liver and kidney of diabetic rats.
Zhonghua Yu Fang Yi Xue Za Zhi 31: 37-39.

Ye L, Varamini B, Lamming DW, Sabatini DM, Baur JA (2012).
Rapamycin has a biphasic effect on insulin sensitivity in C2C12
myotubes due to sequential disruption of mTORC1 and mTORC2.
Front Genet 3: 177.

Supporting information

Additional Supporting Information may be found in the
online version of this article at the publisher’s web-site:

http://dx.doi.org/10.1111/bph.13168

Table S1 Composition of the experimental diets.

Table S2 Effects of rapamycin on body weight, metabolic
effects, serum leptin levels, organ weight and fatty liver scores
of lean mice treated for 35 days with vehicle or rapamycin.


http://dx.doi.org/10.1111/bph.13168

