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Abstract
Excess nutrient uptake leads to obesity, insulin resistance, and type 2 diabetes. Mammalian target
of the rapamycin (mTOR), a major component of the nutrient-sensing pathway also regulates
mitochondrial oxidative function. Rapamycin, a pharmacological inhibitor of mTOR, causes
glucose intolerance and inhibits mitochondrial oxidative function. While a number of studies have
focused on the effect of rapamycin on control wild-type mice, ours is the first to study the effect of
rapamycin on mitochondrial gene expression and insulin sensitivity in the db/db mouse, a model
of diabetic dyslipidemia. Female db/+ and db/db mice were fed ad libitum a rapamycin-containing
diet or a control diet for 6 months, starting at two months of age. Body weight, fat mass, lean mass
and food intake were measured monthly. Effect of rapamycin or control diet on markers of
adipogenesis, fatty acid oxidation and mitochondrial biogenesis in the gonadal white adipose
tissue (WAT) as well as different serum parameters were assessed. Whole body insulin sensitivity
was measured by insulin tolerance test. Rapamycin feeding to db/db mice decreased body weight
(58%) and fat mass (33%), elevated markers of fatty acid oxidation and mitochondrial biogenesis
in WAT, reduced circulating non-esterified free fatty acids (NEFA), elevated circulating
adiponectin and improved insulin sensitivity, compared to control diet fed db/db mice. These data
demonstrate that rapamycin exhibits an anti-obesity effect and improves whole body insulin
sensitivity in db/db mice and suggest an unexpected effect of simultaneous inhibition mTOR and
leptin signaling in mice.
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1. Introduction
Mammalian target of rapamycin (mTOR) is a serine/threonine kinase that regulates cell
growth, proliferation and survival in response to energy, nutrient levels and redox status [1].
mTOR functions as the catalytic subunit of two distinct multi-protein functional complexes,
mTORC1 and mTORC2. Chronic activation of mTOR by growth factors and amino acids
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leads to excess fat accumulation in peripheral tissues as well as causes insulin resistance
[2-6]. Thus, it is not surprising that dysregulation of the mTOR pathway has been associated
with a number of pathological conditions, such as obesity, diabetes and cancer [7].

Rapamycin, an immunosuppresant drug that prevents organ transplant rejection, is a potent
inhibitor of mTOR pathway [8, 9]. Rapamycin has been demonstrated to cause both
beneficial and adverse effect on metabolism. Rapamycin inhibits differentiation of primary
human adipocytes and prevent nutrient-mediated insulin resistance in skeletal muscle and
adipocytes, in vitro. Similarly, rapamycin, in vivo, protects against high fat diet induced
obesity in C57BL/6J mice and ameliorate age-dependent obesity in mice [5, 10-12]. In
contrast, there is also evidence suggesting that rapamycin may have detrimental effects on
insulin metabolism. For example, rapamycin feeding causes glucose intolerance and
hyperlipidemia in rodents as well as human transplant patients [13-16].

In addition to its role in metabolism, mTOR also plays a role in the maintenance of energy
balance, since mTOR is essential for maintaining mitochondrial oxidative function. In
mammalian cells, mTOR controls mitochondrial transcriptional regulator peroxisome
proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α to maintain energy
levels and inhibition of mTOR activity by rapamycin has been shown to decrease
mitochondrial gene expression and oxygen consumption, both in vitro and in vivo [17, 18].

Many studies have demonstrated the effect of rapamycin on metabolism in control wild-type
rodents as well as in db/db or ob/ob mouse models. Similarly, effect of rapamycin on
mitochondrial gene transcription and oxidative function is known in cultured cells as well as
in mouse skeletal muscle. In contrast, no study had addressed the effect of rapamycin on
mitochondrial gene expression and insulin sensitivity in db/db mice that are deficient in
leptin receptor and is a model of diabetic dyslipidemia. We found that administration of
rapamycin to female db/db mice for six months, starting at 2 months of age, resulted in a
reduction in body weight, decreased fat mass, up-regulated markers of mitochondrial
biogenesis and fatty acid oxidation in WAT and improved whole body insulin sensitivity,
compared to db/db mice fed the control diet. These data suggests that rapamycin may exhibit
beneficial effects under conditions of insulin resistance and diabetes caused by deficiency in
leptin receptor.

2. Materials and methods
2.1. Animals and diet

Female mice homozygous (db/db) or heterozygous (db/+) for a point mutation in the leptin
receptor in the C57BL/KsJ background were used for all experiments (Jackson Laboratory,
ME) [19]. Mice were housed in specific pathogen free facilities and given free access to
water. Mice were fed ad libitum a rapamycin-containing diet or a control diet containing the
microencapsulating agent Eudragit S100 for 6 months, starting at two months of age [20].
Microencapsulated rapamycin was incorporated into Purina 5LG6 chow at 14ppm
(Southwest Research Institute, San Antonio, TX). Food consumption was monitored
throughout the experiment. All animal testing was approved by the University of Texas
Health Science Center at San Antonio and the Audie L. Murphy VA Hospital Institutional
Animal Care and Use Committees.

2.2. Quantitative magnetic resonance (QMR) imaging
Fat and lean mass were quantified using quantitative magnetic resonance imaging
[EchoMRI (Echo Medical Systems, Houston, TX)] with live mice.
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2.3. Antibodies and ELISA kits
Antibodies to phosphorylated ribosomal protein S6 (RPS6, Ser240/244), ribosomal protein
S6, peroxisome proliferator-activated receptor gamma (PPARγ) and actin were purchased
from Cell signaling technology (Danvers, MA). The antibody for PGC-1α was from Abcam
(Cambridge, MA, USA).

2.4. Measurement of serum parameters
Mice were euthanized by CO2 inhalation and blood was collected by cardiac puncture.
Blood was kept at room temperature for 30 minutes and serum was separated by
centrifuging at 3000g for 10 minutes. Serum parameters were measured using the following
kits as per manufacturer’s instructions: adiponectin and insulin using ELISA kits (Millipore,
Billerica, MA, USA), triglyceride and non-esterified fatty acid (NEFA) using kits from
Cayman Chemical (Ann Arbor, MI, USA) and Wako USA (Richmond, VA, USA),
respectively.

2.5. Western blotting
Gonadal WAT from female mice was collected at the time of sacrifice and was immediately
frozen in liquid nitrogen and stored at −80°C until use. Homogenisation of WAT and
western blotting was performed as described before [21]. The bands were quantified using
Image J software (NIH Image).

2.6. Quantitative real-time PCR
Total RNA was extracted from 50 mg of frozen gonadal WAT using RNeasy kit (QIAGEN,
Valencia, CA). First strand cDNA synthesis was performed with SuperScript II reverse
transcriptase and random hexamer primers as per manufacturer’s instructions (Life
Technologies, Grand Island, NY). Quantitative real-time PCR was performed with an ABI
Prism using Power SYBR Green PCR Master Mix with the primer listed in Table 1 (Applied
Biosystems, Foster City, CA). Calculations were performed by a comparative method
(2−ΔΔCT) using microglobin as control.

2.7. Insulin tolerance test
Mice were fasted for 6 hours before an intraperitoneal administration of 2 units/kg of body
weight of human recombinant insulin in saline (Humalin; Eli Lilly, Indianapolis, IN, USA)
to db/+ mice or db/db mice. A One-Touch Ultra glucometer was used to monitor blood
glucose levels before and after the injection of insulin at the indicated time points.

2.8. Data analysis
All the data were analyzed by one-way ANOVA. Differences were regarded as significant at
the P <0.05 level. All data are expressed as mean± standard error of the mean.

3. Results
3.1. Rapamycin decreases fat accumulation in female db/db mice

Mice were divided into four groups (n=9/group) for the study: (1) non-diabetic control mice
fed eudragit diet (db/+-E), (2) non-diabetic control mice fed rapamycin diet (db/+R), (3) db/
db mice fed eudragit diet (db/db-E) and (4) db/db mice fed rapamycin diet (db/db-R). Total
body mass, food consumption and body composition were monitored monthly for six
months starting at two months of age. Hyperphagia in the db/db model resulted in a 60%
increase in body mass relative to non-diabetic control mice by two months of age and
increased food consumption was observed in db/db mice relative to control mice throughout
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the study, regardless of treatment (Figures 1A and 1B). Rapamycin treatment had no effect
on mass, body composition or food consumption in db/+ mice, and eudragit-fed db/db mice
did not have a loss in total mass or a change in body composition over the course of the
treatment paradigm. In stark contrast, db/db mice treated with rapamycin lost 58% of their
body weight over the six months feeding period although food consumption did not differ
statistically from control-fed db/db mice for the duration of the experiment (Figures 1A and
1B). Quantitative magnetic resonance imaging revealed that the loss of body mass in the
rapamycin-treated db/db mice was due to a 32.7% reduction in total fat mass with a
corresponding increase in percent lean mass (Figure 1C). By the end of the six month
period, body composition of the db/db mice treated with rapamycin was similar to wild type
animals. Tissue weights of rapamycin-fed db/+ mice were similar to eudragit-fed db/+ mice,
except for heart. Tissue weights of rapamycin-fed db/db mice were significantly decreased
compared to eudragit-fed db/db mice with the strongest decline of 71% in gonadal WAT
(Figure 1D). Rapamycin inhibited the phosphorylation of RPS6 by 42% in WAT of db/+
mice in comparison to eudragit-fed db/+ mice, whereas in db/db mice rapamycin inhibited
phosphorylation of RSP6 by 61% compared to eudragit-fed db/db mice (Figure 1E).

3.2. Markers of adipogenesis or fatty acid transport are unaffected in rapamycin-fed db/db
mice

Even though rapamycin could affect the whole body physiology, since gonadal WAT tissue
exhibited the strongest reduction in terms of tissue weight, we focused our studies on
gonadal WAT. We measured markers of adipogenesis and fatty acid transporters in gonadal
WAT to probe the underlying mechanisms for decreased fat accumulation in rapamycin-fed
db/db mice. mTORC1 regulates the activity or translation of PPARγ and sterol regulatory
element-binding transcription factor 1 (SREBP1), which are two transcription factors that
regulate adipogenesis and fat accumulation [22, 23]. Previous studies have shown that
expression of PPARγ remain unaltered in the WAT of genetic or acquired models of obesity
[24]. Consistent with this, mRNA or protein levels of PPARγ were similar in eudragit-fed
db/+ and db/db mice and rapamycin feeding had no effect on PPARγ levels in db/+ and db/
db mice (Figures 2A and 2B). On the contrary, mRNA level of SREBP1 was elevated ~1.9-
fold in eudragit-fed db/db mice compared to eudragit-fed db/+ mice and is consistent with
the elevated SREBP1 levels in the liver tissue of db/db mice [25]. Interestingly, rapamycin
feeding did not alter the expression levels of SREBP1 in db/db mice (Figure 2A). We also
found no changes in the mRNA or protein levels of PPARγ or the mRNA level of SREBP1
in the db/+ mice fed rapamycin (Figures 2A and 2B). Collectively these results suggest that
adipogenesis is not altered by rapamycin in the control or db/db mice. Consistent with this
observation, mRNA levels of fatty acid transporters cluster of differentiation 36 (CD36) and
fatty acid transport protein 1 (FATP1) were elevated in eudragit-fed db/db mice and their
expression levels were suppressed by rapamycin diet (Figure 2C).

3.3. Markers of mitochondrial fatty acid oxidation are up-regulated in WAT in rapamycin-
fed db/db mice

A reduction in the transcript level of enzymes regulating mitochondrial fatty acid oxidation
has been reported in the WAT of db/db mice, in comparison to db/+ mice [26]. To test
whether alteration in fat oxidation is a casual factor for decreased fat accumulation in
rapamycin-fed db/db mice, we measured the mRNA levels of enzymes involved in
mitochondrial fatty acid transport and oxidation such as, carnitine acyltransferase I (CPT1),
long-chain acyl-CoA dehydrogenase (LCAD) and medium-chain acyl-CoA dehydrogenase
(MCAD). Surprisingly, rapamycin exhibited opposite effects on mitochondrial fatty acid
oxidation in db/+ mice and db/db mice (Figure 2E). Levels of CPT1, LCAD and MCAD
were decreased by ~3-, 2- and 1.5-fold, respectively, in rapamycin-fed db/+ mice compared
to eudragit-fed db/+ mice. On the contrary, levels of CPT1, LCAD and MCAD were
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increased by ~5-, 2.5-, and 1.4-fold, respectively, in rapamycin-fed db/db mice compared to
eudragit-fed db/db mice (Figure 2E). Collectively, this suggests that increased mitochondrial
fatty acid oxidation could be a potential mechanism for decreased fat accumulation in
rapamycin-fed db/db mice.

3.4. Rapamycin increases markers of mitochondrial biogenesis in WAT from db/db mice
Studies have shown that WAT of db/db mice has attenuated markers of mitochondrial
biogenesis compared to db/+ mice [26]. Because rapamycin diet up-regulated markers of
fatty acid oxidation in db/db mice, we asked whether mitochondrial biogenesis markers were
affected by rapamycin. To test this, we used PGC-1α as a marker for mitochondrial
biogenesis, since expression of PGC-1α is suppressed in the WAT of db/db mice [26]. In
agreement with the previous study, we also found that mRNA and protein level of PGC-1α
were ~3.7- and 1.5-fold lower, respectively, in eudragit-fed db/db mice, in comparison to
eudragit-fed db/+ mice (Figures 3A and 3B). While rapamycin-feeding attenuated mRNA
and protein levels of PGC-1α by ~2.5- and 1.5-folds in db/+ mice, compared to eudragit-fed
db/+ mice, an opposite effect was observed in db/db mice. mRNA and protein levels of
PGC-1α were elevated by ~5.7- and 1.3-folds, respectively, in rapamycin-fed db/db mice
compared to eudragit-fed db/db mice (Figures. 3A and 3B). Effects of rapamycin on the
mRNA levels of CREB-regulated transcription coactivator 3 (CRTC3) that initiates
mitochondrial biogenesis [27], nuclear respiratory factor 1 (NRF1) a direct target of PGC-1α
that regulates nuclear genes required for mitochondrial respiration, and estrogen-related
receptor alpha (ERRα) that regulates genes involved in mitochondrial biogenesis were also
tested [28]. In eudragit-fed db/db mice, mRNA levels of CRTC3, NRF1 and ERRα were
~2.5-, 6.5- and 8.7-fold lower, respectively, when compared to eudragit-fed db/+ (Figure
3C). Rapamycin up-regulated mRNA levels of CRTC3, NRF1 and ERRα by ~2.6-, 9.2 and
9.1-fold, respectively, in db/db mice compared to eudragit-fed db/db mice (Figure 3C).
While the mRNA level of NRF1 was down-regulated by ≈2-fold in rapamycin-fed db/+
compared with eudragit-fed non-diabetic controls, levels of CTRC3 and ERRα were not
affected significantly (Figure 3C).

3.5. Circulating levels of NEFA are reduced while adiponectin levels are elevated by
rapamycin feeding in db/db mice

High levels of circulating triglycerides and free fatty acids were reported in db/db mice and
are one of the characteristics of insulin resistance [29]. Consistent with this, we also found
elevated levels of triglycerides (~3-fold), NEFA (~1.5-fold), glucose (~8.8-fold) and insulin
(~1.6-fold) in eudragit-fed db/db mice, compared to eudragit-fed db/+ mice (Figures
4A-4D). While rapamycin feeding exerted no effect on the elevated triglyceride, glucose or
insulin levels in db/db mice, rapamycin significantly reduced serum NEFA levels in db/db
mice (~1.5-fold) when compared to eudragit-fed db/db mice Figures 4A-4D). Adiponectin,
an adipokine secreted by the WAT, is an insulin sensitizer and low levels of circulating
adiponectin are a causal factor in the development of insulin resistance [30]. Consistent with
previous reports, we also found that eudragit-fed db/db mice have decreased levels of
circulating adiponection as compared to eudragit-fed db/+ mice (~1.7-fold), and
interestingly, rapamycin feeding up-regulated adiponectin levels in db/db mice (~2.6-fold)
(Figure 4E).

3.6. Rapamycin administration improves insulin sensitivity in db/db mice
Because we found that rapamycin could significantly decrease fat mass, lower circulating
levels of NEFA and up-regulate circulating adiponectin levels, we hypothesized that
rapamycin-fed db/db mice would exhibit improved insulin sensitivity compared to eudragit-
fed db/db mice, despite high levels of circulating glucose. We measured insulin sensitivity
using the insulin tolerance test. While the insulin tolerance test showed mild insulin
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intolerance in rapamycin-fed non-diabetic controls compared to eudragit-fed db/+ mice,
rapamycin feeding significantly improved insulin sensitivity in db/db mice in comparison to
eudragit-fed db/db mice (Figures 5A and 5B).

4. Discussion
In the db/db mouse model, the db gene carries a point mutation of the leptin receptor thereby
disrupting leptin signaling, and loss of leptin signaling in the hypothalamus causes
hyperphagia and obesity in db/db mice [31]. In addition, excess nutrient-mediated activation
of mTOR pathway can lead to excess fat accumulation and play an important role in the
development of insulin resistance and diabetes [32, 33]. In this study, we discovered an
unexpected effect of simultaneous inhibition of leptin signaling and mTOR signaling on
markers of mitochondrial biogenesis and fatty acid oxidation in mice. Our results suggest
that long-term administration of the mTOR inhibitor rapamycin to female db/db mice
diminished obesity in these mice, without affecting food intake, and improved whole body
insulin sensitivity. Importantly, this phenotype was not observed for non-diabetic control
mice fed with rapamycin. While the molecular mechanism(s) for these contrary effects of
rapamycin in db/+ and db/db mice is not known, it is possible that the concurrent inhibition
of leptin and mTOR signaling causes beneficial effects in rapamycin-fed db/db mice in
terms of fat utilization and insulin signaling.

Reduced body weight and fat mass are important phenotypic markers of rapamycin-fed db/
db mice in our study. These results are consistent with a previous study in db/db mice that
were fed with rapamycin for 17 weeks [34]. In the current study, we found that in db/db
mice, rapamycin feeding elevated markers of mitochondrial fatty acid oxidation in the WAT
that could contribute to decreased fat mass in these mice. Previous studies have reported that
under normal conditions, rapamycin could inhibit fat accumulation in rodents, both in vitro
and in vivo, through multiple mechanisms such as inhibition of adipocyte differentiation,
induction of lipolysis, downregulation of genes involved in lipid storage or decreasing food
intake [10, 12, 13, 35, 36]. Surprisingly, in our study, rapamycin-feeding did not inhibit fat
accumulation in db/+ mice. One possible explanation could be the genetic background of the
mice used in our study.

PGC1-α and NRF1 play a role in mitochondrial biogenesis and reduced transcript levels of
PGC-1α and markers of mitochondrial biogenesis were previously reported in the WAT of
db/db mice as well as in type 2 diabetic skeletal muscle [26, 37, 38]. Interestingly,
rapamycin treatment reduced transcript levels of PGC-1α and mitochondrial biogenesis
markers in skeletal muscle cells, both in vitro and in vivo [18]. Consistent with this
observation, we also observed a decline in the markers of mitochondrial biogenesis in the
gonadal WAT of rapamycin-fed db/+ animals. Conversely, in rapamycin-fed db/db mice
transcript levels of PGC1-α and NRF1 levels are elevated in the gonadal WAT. The mTOR
pathway play a critical role in the maintenance of mitochondrial oxidative function, since
inhibition of mTOR with rapamycin attenuated oxygen consumption and ATP generation
under normal conditions and decreased mitochondrial gene expression through down-
regulation of PGC1α in skeletal muscle cells [17, 18]. The transcription factor Ying Yang 1
(YY1) is reported to be involved in rapamycin-mediated inhibition of PGC-1α transcription
and related mitochondrial genes in skeletal muscle cells [18]. Whether YY1 plays such a
role in the gonadal WAT of rapamycin-fed non-diabetic mice and what is the role of YY1 in
rapamycin-mediated elevation of PGC-1α in db/db mice needs to be investigated. Most
importantly, how concurrent inhibition of leptin and mTOR signaling mediate mitochondrial
biogenesis in the WAT of db/db mice is an open question.
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Even though rapamycin-feeding to rodents and humans causes insulin resistance under
normal conditions, rapamycin is an effective agent to prevent diabetic nephropathy in mice
[34]. An important finding of our study is the improved insulin sensitivity of db/db mice and
insulin resistance in non-diabetic control mice on rapamycin diet. It is interesting to note that
even though insulin sensitivity was improved in rapamycin-fed db/db mice, circulating
levels of glucose were unaffected by rapamycin in db/db mice. The reasons for these
contradictory effects are not clear. One potential contributor to improved insulin sensitivity
in rapamycin-fed db/db mice is an increase in circulating adiponectin. Elevated levels of the
insulin sensitizer adiponectin have been positively correlated with improved insulin
sensitivity. Circulating adiponectin is lower in db/db mice and elevation of adiponectin
levels improves insulin sensitivity in db/db mice [30, 39]. Mechanisms by which rapamycin
elevates levels of adiponectin in db/db mice and contributes to improved insulin sensitivity
warrants further investigation.

Continued administration of rapamycin has been demonstrated to be protective against high
fat diet-induced obesity in mice, a condition that induces leptin resistance [11, 40].
Similarly, our current findings in db/db mice suggest that rapamycin protects against obesity
when leptin signaling is blocked. Altogether, it suggests that rapamycin can be an attractive
weight loss strategy in a leptin resistant condition. It will be of interest to test whether long-
term administration of rapamycin exerts a similar effect in leptin deficient ob/ob mice, since
an acute injection of rapamycin to ob/ob two hours prior to insulin injection did not improve
insulin sensitivity [41]. It is also possible that the effects of rapamycin in our study are due
to long-term changes, as observed by altered gene expression. Additionally, the role of
peripheral tissues such as skeletal muscle and liver in exerting these beneficial effects needs
to be further investigated. Identification of signaling pathways that mediate beneficial
effects in response to nutrition when leptin and mTOR signaling are inhibited will help to
elucidate potential mechanisms and interventions to treat obesity and associated metabolic
syndrome.
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Fig. 1.
Rapamycin administration decreases fat accumulation in db/db mice. A) Body weights of
non-diabetic control mice fed eudragit diet (db/+ E), non-diabetic control mice fed
rapamycin diet (db/+ R), db/db mice fed eudragit diet (db/db-E) and db/db mice fed
rapamycin diet (db/db-R) (n=9/group). B) Food consumption of db/+ E, db/+ R, db/db-E and
db/db-R mice (n=9/group). C) Percentage lean mass and fat mass of db/+ E, db/+ R, db/db-E
and db/db-R mice by QMR imaging. D) Tissue weights and weights of tissue normalized to
body weight of db/+ E, db/+ R, db/db-E and db/db-R mice. B-brain, H-heart, M-skeletal
muscle (gastroc), Li-liver, K-kidneys, F-gonadal fat. E) Left panel: Immunoblots of WAT
extract from db/+ and db/db mice fed with eudragit or rapamycin with phospho-S6 (Ser
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240/244; top panel) and total S6 protein (bottom panel). Right panel: quantification of
phospho-protein to total protein. ***P < 0.001, **P < 0.01, *P < 0.05.
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Fig. 2.
Rapamycin feeding does not affect adipogenesis in the WAT of db/db mice. A) mRNA
levels of PPARγ2 and SREBP1 in the WAT of db/+ E, db/+ R, db/db-E and db/db-R mice
(n=8/group) measured by quantitative RT-PCR, normalized to macroglobulin. B) Left panel:
Immunoblots of WAT extract from db/+ and db/db mice fed with eudragit or rapamycin
with PPARγ (top panel) and loading control (bottom panel). Right panel: quantification of
PPARγ (top panel) to actin. C) mRNA levels of CD36 and FATP1 in the WAT of db/+ E,
db/+ R, db/db-E and db/db-R mice (n=8/group) measured by quantitative RT-PCR,
normalized to macroglobulin. D) mRNA levels of CPT1, LCAD and MCAD in the WAT of
db/+ E, db/+ R, db/db-E and db/db-R mice (n=8/group) measured by quantitative RT-PCR,
normalized to macroglobulin.***P < 0.001, **P < 0.01, *P < 0.05.
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Fig. 3.
Rapamycin improves mitochondrial biogenesis in the WAT of db/db mice. A) mRNA levels
of PGC-1α in the WAT of db/+ E, db/+ R, db/db-E and db/db-R mice (n=8/group) measured
by quantitative RT-PCR, normalized to macroglobulin. B) Top panel: Immunoblots of WAT
extract from db/+ E, db/+ R, db/db-E and db/db-R mice with PGC-1α (top panel) and β-
actin (bottom panel). Bottom panel: quantification of PGC-1α to β-actin. C) mRNA levels of
CRTC3, NRF1 and ERRα in the WAT of db/+ E, db/+ R, db/db-E and db/db-R mice (n=8/
group) measured by quantitative RT-PCR, normalized to macroglobulin.***P < 0.001, **P
< 0.01, *P < 0.05.

Deepa et al. Page 13

J Biochem Pharmacol Res. Author manuscript; available in PMC 2013 September 03.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 4.
Effect of rapamycin on serum parameters in db/+ and db/db mice. A) Circulating levels of
triglycerides in db/+ E, db/+ R, db/db-E and db/db-R mice (n=9/group) under fed conditions.
B) Free fatty acid levels in db/+ E, db/+ R, db/db-E and db/db-R mice (n=9/group) under fed
conditions. C) Glucose levels in db/+ E, db/+ R, db/db-E and db/db-R mice (n=9/group)
serum after 16 h without feeding. D) Insulin levels in db/+ E, db/+ R, db/db-E and db/db-R
mice (n=9/group) serum under fed condition E) Serum adiponectin levels db/+ E, db/+ R,
db/db-E and db/db-R mice (n=9/group) under fed condition. ***P < 0.001, **P < 0.01, *P <
0.05.
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Fig. 5.
Rapamycin administration improves insulin sensitivity in db/db mice. A, B) Insulin
tolerance test in db/+ and db/db mice fed with eudragit or rapamycin. The mice were subject
to ITT after 5h without feeding. Mice were injected with insulin (1U/kg for db/+ mice and
2U/kg for db/db mice), and blood glucose was measured before and 15, 30, 45, 60, and 120
min after glucose injection (n=9/group). ***P < 0.001, **P < 0.01, *P < 0.05.
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Table 1

Primer sequences for quantitative RT-PCR

Gene Primer

PPARG2 Forward 5′-CTCCTGTTGACCCAGAGCAT-3′
Reverse 5′-AATGCGAGTGGTCTTCCATC-3′

SREBP1 Forward 5′-GTAGGTCACCGTTTCTTTGTGGAC-3′
Reverse 5′-TGGGCTGAGCAATACAGTTCAAC-3′

CD36 Forward 5′-TGGAGCTGTTATTGGTGCAG-3′
Reverse 5′-TGGGTTTTGCACATCAAAGA-3′

FATP1 Forward 5′-CGCTTTCTGCGTATCGTCTGCAAG-3′
Reverse 5′-AAGATGCACGGGATCGTGTCT-3′

LCAD Forward 5′-CTTGCTTGGCATCAACATCGCAGA-3′
Reverse 5′-ATTGGAGTACGCTTGCTCTTCCCA-3′

MCAD Forward 5′-CTAACCCAGATCCTAAAGTACCCG-3′
Reverse 5′-GGTGTCGGCTTCCAAATGA-3′

PGC1A Forward 5′-CGGAAATCATATCCAACCAG-3′
Reverse 5′-TGAGGACCGCTAGCAAGTTTG-3′

CRTC3 Forward 5′-TGACTCACCTGGGGATAAGAAC-3′
Reverse 5′-GTGGCACTTGAGGGACGAG-3′

CPT1-M Forward 5′-AAGGGTAGAGTGGGCAGAGG-3′
Reverse 5′-GCAGGAGATAAGGGTGAAAGA-3′

NRF1 Forward 5′-CCACATTACAGGGCGGTGAA-3′
Reverse 5′-AGTGGCTCCCTGTTGCATCT-3′

ERRalpha Forward 5′-TTCGGCGACTGCAAGCTC-3′
Reverse 5′-CACAGCCTCAGCATCTTCAATG-3′

β-ACTIN Forward 5′-AATCGTGCGTGACATCAAAGAG-3′
Reverse 5′-GCCATCTCCTGCTCGAAGTC-3′

β2-micro-
globulin

Forward 5′-CACTGACCGGCCTGTATGC-3′
Reverse 5′-GGGTGGCGTGAGTATACTTGAAT-3′
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