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Abstract

Diabetic patients suffer augmented severity of myocardial infarction. Excessive activation of 

the mammalian target of rapamycin (mTOR) and decreased activation of STAT3 are implicated 

in diabetic complications. Considering the potent cardioprotective effect of mTOR inhibitor, 

rapamycin, we hypothesized that reperfusion therapy with rapamycin would reduce infarct size 

in the diabetic hearts through STAT3 signaling. Hearts from adult male db/db or wild type 

(WT) C57 mice were isolated and subjected to 30 min of normothermic global ischemia and 

60 min of reperfusion in Langendorff mode. Rapamycin (100 nM) was infused at the onset of 

reperfusion. Myocardial infarct size (IS) was significantly reduced in rapamycin-treated mice 

(13.3 ± 2.4 %) compared to DMSO vehicle control (35.9 ± 0.9 %) or WT mice (27.7 ± 1.1 

%). Rapamycin treatment restored phosphorylation of STAT3 and enhanced AKT phosphorylation 

(target of mTORC2), but significantly reduced ribosomal protein S6 phosphorylation (target of 

mTORC1) in the diabetic heart. To determine the cause and effect relationship of STAT3 in 

cardioprotection, inducible cardiac-specific STAT3-deficient (MCM TG:STAT3flox/flox) and WT 

mice (MCM TG:STAT3flox/flox) were made diabetic by feeding high fat diet (HFD). Rapamycin 

given at reperfusion reduced IS in WT mice but not in STAT3-deficient mice following I/R. 

Moreover, cardiomyocytes isolated from HFD-fed WT mice showed resistance against necrosis 

(trypan blue staining) and apoptosis (TUNEL assay) when treated with rapamycin during 

reoxygenation following simulated ischemia. Such protection was absent in cardiomyocytes from 

HFD-fed STAT3-deficient mice. STAT3 signaling plays critical role in reducing IS and attenuates 

cardiomyocyte death following reperfusion therapy with rapamycin in diabetic heart.
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Introduction

Diabetes mellitus (diabetes) is an important prognostic factor in pathogenesis of 

cardiovascular diseases including coronary artery disease, acute myocardial infarction (MI) 

and congestive heart failure [20]. The most prevalent form of diabetes mellitus is type 2 

diabetes (T2D). The underlying metabolic causes of T2D are the combination of impairment 

in insulin-mediated glucose disposal (insulin resistance) and defective secretion of insulin 

by pancreatic β-cells. Several clinical and epidemiological studies indicate that patients with 

diabetes had an increased mortality rate after myocardial infarction (MI) compared with 

non-diabetic patients [26, 32, 33].

The important role of mammalian target of rapamycin (mTOR) in maintaining intracellular 

energy metabolism, nutrient availability and cellular growth is well documented [35]. 

Persistent hyperactivation of mTOR has been implicated in diverse disorders, including 

cancer and obesity-related metabolic pathologies [42, 44, 46]. Chronic increase in mTOR 

activity in T2D causes insulin resistance which contributes to hyperinsulinemia and 

hyperglycemia [14, 28, 39, 44]. Therefore, signaling pathways of mTOR may offer 

exciting prospects for the development of novel therapies in treating diabetes-related 

complications. In fact, a recent study from our laboratory reported beneficial effect of 

rapamycin (Sirolimus®) in improving metabolic status and preventing cardiac dysfunction 

in T2D mice through attenuation of oxidative stress as well as alteration of contractile 

and glucose metabolic proteins [8]. In addition, previous studies have shown that diabetic 

hearts have decreased phosphorylation of signal transducers and activator of transcription 3 

(STAT3), which was associated with insulin resistance and dilated cardiomyopathy [15, 24]. 

More importantly, STAT3 signaling plays an essential role in rapamycin-induced protection 

against myocardial I/R injury [9]. In addition, post-conditioning and other pharmacological 

cardioprotective modalities including insulin therapy and IL-11 have been shown to protect 

against I/R injury through STAT3 activation [3, 17, 37, 43]. Thus considering such an 

important role of STAT3 in protection, we hypothesized that mTOR inhibition with 

rapamycin at the time of reperfusion after ischemia may trigger similar cardioprotective 

signaling in the diabetic heart. We further contemplated that αMHC-MerCreMer (MCM) 

diabetic mouse in which STAT3 is deleted only in the heart following tamoxifen treatment 

would fail to respond to reperfusion therapy with rapamycin.

Methods

Animals

Adult male (16–18 weeks) leptin receptor null, homozygous db/db mice (strain: BKS.Cg­

Dock7m+/+Leprdb/J) and their corresponding wild type mice (C57/BL/6J) were purchased 

from the Jackson Laboratories (Bar Harbor, ME). Inducible, cardiac-specific STAT3­

deficient mice (MCM TG:STAT3flox/flox) and wild type (WT) non-transgenic control 

mice (MCM NTG:STAT3flox/flox) were created by interbreeding STAT3flox/flox mice with 

tamoxifen-inducible αMHC-MCM TG (MCM) mice [6]. STAT3-deficient and WT male 

mice (8–10 weeks, n = 24/group) were fed high fat diet (HFD) (containing 60 % fat 

calories, Bio-Serv Company, NJ) for 16 weeks to induce obesity and diabetes (glucose >250 

mg/dL), after which they received tamoxifen (20 mg/kg/day i.p.) for 10 days. The animal 
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experimental protocols were approved by the Institutional Animal Care and Use Committee 

of the Virginia Commonwealth University. The animal and experiments were conducted the 

Guide for the care and Use of Laboratory Animals for Biomedical Research published by 

the National Institutes of Health (No. 85–23, revised 1996).

Experimental groups

For global I/R protocol, three groups were used: (1) C57 (n = 4), (2) db/db (n = 4)-DMSO 

and db/db-Rapamycin (100 nM) (LC Laboratories, MA, USA) (n = 6). Isolated hearts 

were infused with DMSO (solvent for rapamycin) and rapamycin. The dose of rapamycin 

was chosen based on our previous studies on rapamycin-induced cardioprotection against 

I/R injury [9, 29]. To investigate STAT3 signaling, four groups were used (n = 5): 

(1) WT-DMSO, (2) WT-Rapamycin, (3) STAT3-deficient-DMSO and (4) STAT3-deficient­

Rapamycin. Also, we isolated primary adult cardiomyocytes from these groups of mice (n = 

4). Protein was analyzed from the hearts following global I/R (n = 3). Experimental protocol 

is documented in Fig. 1.

Langendorff isolated perfused heart and ischemia/reperfusion protocol

The methodology of isolated perfused heart has been described previously in detail [9, 10]. 

In brief, mice were anesthetized with sodium pentobarbital (Nembutal® sodium solution; 

100 mg/kg i.p.). The heart was removed and aorta was cannulated on a 20-gauge blunt 

needle connected to Langendorff perfusion system. The heart was perfused at a constant 

pressure of 55 mmHg with modified Krebs-Henseleit solution (in mM): NaCl 118, NaHCO3 

24, CaCl2 2.5, KCl 4.7, KH2PO4 1.2, MgSO4 1.2, Glucose 11, and EDTA 0.5, continuously 

gassed with 95 % O2 + 5 % CO2 (pH 7.34–7.49). Buffer and heart temperature was 

maintained at 37 °C. A force–displacement transducer (Grass, Model FT03) was attached 

to the apex through a No. 5 surgical thread and a rigid metal hook. The resting tension of 

the isolated heart was adjusted to ~0.30 g. Ventricular contractile force was recorded by 

Powerlab 8SP computerized data acquisition system connected to the force transducer. After 

30 min of stabilization, the hearts were subjected to 30 min of no-flow global ischemia 

followed by 60 min of reperfusion. Hearts were infused with rapamycin (100 nM) or DMSO 

(vehicle control) at the onset of reperfusion for 20 min. Coronary flow rate was calculated 

by timed collection of the outflow perfusate. After the end of reperfusion, the heart was 

weighed, frozen and cut into 6–8 transverse slices from apex to base of equal thickness (~1 

mm). The slices were stained with 10 % tetrazolium chloride (TTC) for 30 min and infarct 

size was determined by computer morphometry using image J software.

Isolation of cardiomyocytes and simulated ischemia/reoxygenation protocol

The ventricular cardiomyocytes from C57, db/db, STAT3-deficient and WT mice were 

isolated using enzymatic technique as previously reported [11]. The cardiomyocytes were 

subjected to simulated ischemia (SI) for 40 min by incubating in ischemic buffer under 

hypoxic conditions (1 % O2 and 5 % CO2) followed by reoxygenation (RO) for 1 or 18 h 

under normoxic conditions [11]. During reoxygenation, cardiomyocytes were treated with 

rapamycin (100 nM) or an equivalent volume of vehicle i.e., DMSO.
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Measurement of necrosis, apoptosis and mitochondrial membrane potential

Cardiomyocyte necrosis was assessed by trypan blue exclusion assay following 40 min of SI 

and 1 h of reoxygenation. Apoptosis was determined after prolonged reoxygenation for 18 h 

by TUNEL staining (BD Biosciences, CA) which detected nuclear DNA fragmentation via 

a fluorescence assay [11]. Mitochondrial membrane potential was assessed using cationic 

lipophilic probe JC-1 as described previously [11].

Western blot analysis

Total soluble protein was extracted from the whole heart tissue after completion of 

experimental protocol as described above. The extraction buffer consisted of 20 mM Tris, 

pH 7.4, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 0.2 mM PMSF, 1 μg/mL pepstatin, 05 

μg/mL leupeptin, 2 mM NaF, 0.2 mM Na3VO4, 5 mM β-mecaptoethanol. The homogenate 

was centrifuged at 14,000g for 15 min at 4 °C and the supernatant was recovered. Protein 

(50 μg) from each sample was separated by SDS-PAGE and transferred onto nitrocellulose 

membrane [10–12]. The membrane was incubated overnight with primary antibody at a 

dilution 1:1000 for each of the respective proteins (i.e., phosphotyrosine705-STAT3, STAT3, 

phospho-Ser235/236-S6, S6, phosphor Ser473-AKT and AKT from Cell Signaling, MA; and 

GAPDH from Santa Cruz Biotechnology, TX). The membrane was washed and incubated 

with horseradish peroxidase conjugated secondary antibody (1:2000 dilutions) for 1 h. The 

blots were developed using a chemiluminescent system (ECL Plus; Amersham Biosciences).

Data analysis and statistics

Statistical analysis was performed with GraphPad Prism 4.0 (Graphpad Software Inc.). Data 

are presented as mean ± SE. Statistical comparisons between 2 groups were performed with 

the unpaired Student t test. The differences between more than 2 groups were analyzed 

with one-way analysis of variance followed by Student–New-man–Keuls post hoc test for 

pair-wise comparison; p < 0.05 was considered to be statistically significant.

Results

Effect of rapamycin on ischemia/reperfusion injury

The average infarct size in the hearts from db/db mice following 30 min of global ischemia 

and 60 min of reperfusion was higher as compared to the corresponding hearts from C57 

background mice (n = 4, *p < 0.05 vs C57, Fig. 2a). Rapamycin treatment at reperfusion 

reduced infarct size as compared to DMSO-treated diabetic hearts or C57 hearts (n = 6, αp < 

0.001 vs db/db and C57). Cardiac function (rate-force product, measured as product of heart 

rate and ventricular developed force) and coronary flow rate improved in rapamycin-treated 

db/db hearts following I/R as compared to DMSO-treated hearts (Fig. 2b, c).

STAT3 Signaling in rapamycin-induced protection

The phosphorylation of STAT3 (Tyr-705) and total STAT3 were significantly reduced in 

the diabetic hearts as compared to C57 hearts (Fig. 3). Rapamycin treatment significantly 

increased phosphorylated as well as total STAT3 when compared to vehicle-treated db/db 

hearts (Fig. 3). The ratios of p-STAT3 to STAT3 and GAPDH were significantly higher 
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with rapamycin treatment in the hearts of db/db mice. The phosphorylation of AKT was 

enhanced with concomitant reduction of total AKT after I/R in diabetic hearts as compared 

to C57 hearts which was further increased following rapamycin treatment. The ratios of 

p-AKT to AKT and GAPDH were significantly higher in rapamycin-treated hearts of 

db/db mice. As phosphorylated STAT3 and Akt have survival and anti-apoptotic effects, 

the results suggest that these signaling molecules may be involved in the beneficial effects 

of rapamycin during reperfusion injury. The phosphorylation of ribosomal protein S6 (by 

mTORC1) was significantly enhanced in the hearts of db/db mice as compared with C57 

mice. Rapamycin treatment significantly reduced phosphorylation of S6 in both diabetic and 

non-diabetic hearts (Fig. 3).

The cause and effect of STAT3 in rapamycin-induced protection was determined using 

αMHC-MerCreMer-STAT3-deficient diabetic mice in which STAT3 is deleted only in 

the heart following tamoxifen treatment. To induce obesity and diabetes, STAT3-deficient 

(MCM TG:STAT3flox/flox) and corresponding WT mice (MCM TG:STAT3flox/flox) were 

fed HFD for 16 weeks. Body weight and glucose levels were not different between WT 

and STAT3-deficient mice (24–25 weeks old-age match) after feeding with regular chow 

(WT: BW-30.56 ± 0.95 gm, Glucose: 133 ± 10.3 mg/dL; and STAT3-deficient: BW-30.15 

± 1.4 gm, Glucose: 117 ± 5.54 mg/dL; n = 8). Following 16 weeks of feeding with HFD, 

body weight and glucose levels were increased in both WT and STAT3-deficient mice, 

but there was no significant difference between the two strains of mice (Table 1). The 

expression of STAT3 was decreased by 67 % in cardiac-specific STAT3-deficient mice 

(MCM TG:STAT3flox/flox) following 10 days of tamoxifen treatment as compared to WT 

littermates (MCM NTG:STAT3flox/flox) (Fig. 4a). Rapamycin treatment reduced infarct size 

in HFD-fed WT (MCM NTG:STAT3flox/flox) mice following I/R as compared to HFD-fed 

vehicle-treated WT (MCM NTG:STAT3flox/flox) mice (n = 5, p < 0.001 vs DMSO, Fig. 

4b). The infarct-limiting effect of rapamycin was blunted in HFD-fed STAT3-deficient 

mice (MCM TG:STAT3flox/flox) (Fig. 4b). Cardiac function (rate-force function) was also 

improved in rapamycin-treated HFD-fed WT (MCM NTG:STAT3flox/flox) mice (n = 5, p < 

0.01 vs vehicle-treated WT mice (Fig. 4c). A severe ventricular dysfunction was noticed 

in STAT3-deficient mice following rapamycin treatment at reperfusion. The post-ischemic 

coronary flow rate did not change between groups (Fig. 4d).

Role of STAT3 signaling in protection of cardiomyocytes with rapamycin

Necrosis and apoptosis following SI-RO were significantly higher in primary 

cardiomyocytes isolated from diabetic mice as compared to C57 mice (Figs. 5, 6). 

Mitochondrial membrane potential assessed by JC-1 aggregate/monomer ratio was also 

reduced significantly in cardiomyocytes from db/db mice as compared to C57 mice (Fig. 

7). Rapamycin treatment at reoxygenation caused significant reduction in necrosis, apoptosis 

and improvement in mitochondrial membrane potential in cardiomyocytes isolated from 

db/db mice. Interestingly, the magnitude of improvement in the mitochondrial membrane 

potential following rapamycin treatment was significantly higher in cardiomyocytes from 

db/db mice as compared to C57 mice (Fig. 7). Necrosis and apoptosis were also 

reduced significantly with rapamycin treatment in cardiomyocytes from HFD-fed WT 
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mice following SI. Rapamycin-induced protection in cardiomyocytes was lost in HFD-fed 

STAT3-deficient mice (Fig. 8).

Discussion

Ischemic heart disease continues to be the underlying cause of most acute myocardial 

infarctions, congestive heart failure, arrhythmias, and sudden cardiac death. Protection of 

the heart against injury caused by infarction remains a challenge for the cardiologists 

and emergency room physicians. Although, reperfusion is mandatory to salvage 

ischemic myocardium from infarction, reperfusion itself contributes to irreversible 

ischemic myocardial injury by excess formation of reactive oxygen species, intracellular 

calcium overload, mitochondrial dysfunction, activation of intracellular proteolysis, and 

uncoordinated excess contractile activity [21, 22, 48]. Currently there are no therapies 

approved by the FDA that can directly protect the heart against the deleterious effects 

of reperfusion injury. The present study shows for the first time that mTOR inhibitor, 

rapamycin administered at the onset of reperfusion following global ischemia significantly 

reduced myocardial infarct size in diabetic hearts (Fig. 2). Moreover, rapamycin treatment 

improved cardiac function as measured by rate-force product and coronary flow rates in 

diabetic heart following I/R injury as compared to vehicle-treated diabetic hearts. At the 

cellular level, rapamycin treatment during reoxygenation following simulated ischemia 

reduced necrosis, apoptosis, and preserved mitochondrial membrane potential in adult 

primary cardiomyocytes isolated from diabetic mice (Figs. 5, 6, 7). In summary, these results 

provide novel information on the protective effect of rapamycin against reperfusion injury in 

diabetic heart and cardiomyocytes.

mTOR exists in two functionally distinct complexes referred to as mTOR complex 1 

(mTORC1) and mTORC2, which were originally defined as being rapamycin-sensitive and 

-insensitive, respectively [40]. mTOR is critical for the induction of cardiac hypertrophy 

after stress, and inhibiting this signaling complex improves cardiac function in pathological 

settings [7]. In mice and rats, mTOR inhibition with rapamycin regressed remodeling 

by pressure overload and blunted the development of cardiac dysfunction [34, 41, 49]. 

In contrast, mTOR deletion caused lethal, dilated cardiomyopathy that was sufficient to 

induce the development of heart failure [1]. The involvement of mTORC1 activation in 

the pathogenesis of insulin resistance in T2D has been considered [25, 46], although 

its role following acute MI has never been studied. Rapamycin preferentially inhibits 

mTORC1, although recent studies suggest that prolonged treatment with the drug also 

inhibits mTORC2 thereby leading to insulin resistance [30, 40]. Therefore, a more selective 

approach toward mTORC1 inhibition (without disrupting mTORC2) may be important for 

treatment of diabetes-induced cardiovascular diseases. In this regard, we recently showed 

that chronic rapamycin treatment with relatively low dose i.e. 0.25 mg/kg prevented cardiac 

dysfunction in T2D mice with inhibition of mTORC1, without interfering with mTORC2 

[8].

In the present study, rapamycin infusion inhibited enhanced phosphorylation of S6 

ribosomal protein (target of mRORC1) following I/R in the diabetic heart (Fig. 3). 

Moreover, rapamycin inhibited S6 phosphorylation in hearts of normoglycemic mice 
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without interfering with AKT phosphorylation on Ser473, a target of mTORC2. The AKT 

phosphorylation was significantly increased following I/R in diabetic hearts as compared 

to C57 hearts. Interestingly, AKT phosphorylation was further enhanced with rapamycin 

suggesting that it specifically inhibited mTORC1 activity in normoglycemic and diabetic 

hearts, whereas activated mTORC2 in the diabetic heart. Thus activation of mTORC2 

may provide beneficial effect of cardioprotection by rapamycin treatment at reperfusion in 

diabetic heart following MI. It has been reported that the diabetic state interferes with the 

intrinsic protective-adaptive mechanism of myocardial ischemic injury [15, 27], which may 

contribute to enhanced AKT phosphorylation with expanded infarct size.

Our results also showed that phosphorylation of STAT3 (Tyr-705) and total STAT3 were 

significantly reduced in the diabetic as compared to normoglycemic hearts (Fig. 3). 

Rapamycin significantly increased both the total and phosphorylated STAT3 in relation 

to vehicle-treated db/db hearts (Fig. 3). These results were also duplicated in inducible, 

cardiac-specific STAT3-deficient mice rendered diabetic by feeding HFD. Rapamycin 

treatment at reperfusion exerted robust infarct-sparing effect in HFD-fed WT littermates 

which was associated with improved functional recovery after global I/R injury (Fig. 

4). Conversely, the infarct-limiting effect of rapamycin was abolished in HFD-fed STAT3­

deficient mice. Furthermore, rapamycin treatment at reoxygenation in cardiomyocytes 

isolated from HFD-fed STAT3-deficient mice failed to protect against SI/RO, thereby 

corroborating the essential role of STAT3 in mediating this protection (Fig. 8).

A number of studies have suggested that STAT3 pathway is a fundamental cardioprotective 

component of the intrinsic survival signaling, which prevents apoptosis, hypertrophy 

and inflammation [19, 36, 47]. STAT3 plays a critical role in ischemic as well as 

pharmacological postconditioning [16, 17, 22, 23, 37, 43]. Although STAT3 is a well­

known transcription factor which is involved in several physiological and pathological 

processes in the heart, its mitochondrial location and function was identified only recently. 

STAT3 is located in the matrix of subsarcolemmal and interfibrillar mitochondria [4, 

22]. Mitochondria from mice with cardiomyocyte-specific deletion of STAT3 displayed 

reduced activities of complexes I and II of the electron transport chain and decreased 

oxygen consumption [4, 45]. STAT3 contributed to cardioprotection against I/R injury 

by stimulation of mitochondrial respiration and inhibition of mitochondrial permeability 

transition pore (MPTP) [4]. ADP-stimulated respiration was reduced in mitochondria of 

cardiomyocyte-specific STAT3-KO mice as compared to wild type mice [4]. Inhibition of 

mitochondrial STAT3 by Stattic impaired cardiomyocyte mitochondrial function through 

formation of reactive oxygen species [5]. In the aged mouse heart, the reduced level of 

STAT3 protein contributed to the loss of cardioprotection by ischemic post-conditioning 

[3]. Interestingly, the unresponsiveness of diabetic myocardium to ischemic pre- or 

post-conditioning has been linked to a defect in insulin receptor substrate-1-associated 

PI3K/AKT activity and tyrosine phosphorylation of STAT3 [15, 38]. The impairment of 

protective signaling pathway related to the activation of STAT3 and AKT are the major 

mechanisms responsible for increased post-ischemic myocardial injury in diabetes [15, 

31]. STAT3 signaling also plays an essential role in rapamycin-induced cardioprotection 

against I/R injury in non-diabetic mice [9]. Prior studies reveal a cross-talk between 

STAT3 and PI3K/AKT signaling in the cardiac myocytes [15, 18]. STAT3 activation is 
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required for initiation of PI3K/AKT signaling, which is known to enhance post-conditioning 

mediated reduction in myocardial infarct size [15, 17, 18]. Using cardiomyocytes-specific 

STAT3 knock-out mice, Goodman et al. [18] confirmed that JAK/STAT signaling may 

provide upstream initiation of RISK pathway signaling via PI3K/AKT activation which 

leads to cardioprotection following post-conditioning. In a previous study, we reported that 

pretreatment with rapamycin (1 h) induced phosphorylation of STAT3 in the hearts of CD-1 

mice [9]. However, in the present study, hearts were infused with 100 nM rapamycin at the 

onset of reperfusion for 20 min following 30 min of no-flow global ischemia in Langendorff 

mode. Based on these differences in the experimental protocol and strain of mice, we believe 

that rapamycin treatment during reperfusion does not activate STAT3 in WT C57 mice. 

However, pretreatment with rapamycin-induced phosphorylation of STAT3 in the hearts of 

CD-1 (WT) mice. Thus it appears that that reperfusion therapy with rapamycin in diabetic 

heart provides protection through STAT3-AKT signaling pathway.

In summary, we have provided compelling evidence that mTOR inhibition by infusion of 

clinically-approved anti-rejection drug, rapamycin protects against myocardial reperfusion 

injury. A definite role of STAT3 in protection is provided by failure of rapamycin to protect 

against I/R injury in cardiac-specific STAT3-deficient mice. Considering that sirolimus­

eluting stents are highly effective in reducing the risk for major cardiac events and are 

safe in diabetic patients with coronary artery disease [2, 13], it is tempting to propose 

that rapamycin may be developed as a promising clinical approach to combat myocardial 

infarction and improve prognosis in diabetic patients. However, one limitation of this study 

is that we used isolated perfused hearts that were subjected to global I/R injury as opposed 

to the in vivo model of myocardial infarction. Unfortunately, the left coronary artery 

occlusion in the db/db or HFD fed diabetic mice is challenging because of high mortality 

as compared to non-diabetic wild type mice. Despite this limitation, our results using 

two independent models i.e., isolated heart and adult cardiomyocytes provide convincing 

evidence on the efficacy of rapamycin in reducing reperfusion injury in diabetic mice.
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Fig. 1. 
Experimental design: isolated hearts from C57 and diabetic (db/db) mice were subjected to 

30 min no-flow global ischemia (I) and 60 min reperfusion (R) in Langendorff perfusion 

system with Krebs-Henseleit (K-H) buffer. Rapamycin (RAPA, 100 nM) or volume-matched 

DMSO (solvent of rapamycin) was infused (intra-coronary) during the first 20 min of 

reperfusion. Myocardial infarct size was measured and proteins were isolated following I/R. 

Isolated adult mouse cardiomyocytes from C57 and db/db mice were subjected to 40 min of 

simulated ischemia (SI) and 1 or 18 h of reoxygenation (RO). During RO, cardiomyocytes 

were treated with rapamycin (100 nM). Cell necrosis and mitochondrial membrane potential 

were assessed after 1 h of RO. Apoptosis was examined following 18 h of RO
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Fig. 2. 
Reperfusion therapy with rapamycin (RAPA) reduces infarct size of diabetic mouse (db/db) 

heart following ischemia/reperfusion (I/R). a Myocardial infarct size in C57 and db/db mice 

following I/R with the treatment of rapamycin (RAPA, 100 nM) or DMSO (solvent of 

rapamycin) at the time of reperfusion. b Product of heart rate and ventricular developed 

force (% of pre-ischemic baseline). c Coronary flow (% of pre-ischemic coronary flow)
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Fig. 3. 
Rapamycin restores phosphorylation of STAT3 in diabetic heart, but inhibits mTORC1. a 
Representative immunoblots of phospho-STAT3, STAT3, phospho-AKT, AKT, phospho-S6, 

S6 and GAPDH in hearts of C57 and db/db mice following ischemia/reperfusion (I/R) 

as well as infusion of rapamycin (RAPA, 100 nM) or DMSO (solvent of rapamycin) at 

reperfusion. b Densitometric analysis of the ratios of phosphorylated (p) to total protein, 

total protein to GAPDH and phosphorylated proteins to GAPDH
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Fig. 4. 
Cardiac-specific STAT3 deficiency abolishes infarct-limiting effect of rapamycin (RAPA) 

against ischemia/reperfusion (I/R) injury in diabetic mice. a STAT3-deficient (MCM 

TG:STAT3flox/flox) and WT (MCM NTG:STAT3flox/flox) male mice (8–10 weeks) were fed 

high fat diet (HFD) for 16 weeks, after which they received tamoxifen (20 mg/kg/day i.p.) 

for 10 days. Representative immunoblots of STAT3 and GAPDH in hearts of HFD-fed and 

tamoxifen treated STAT3-deficient and WT mice. Densitometric analysis representing fold 

change in STAT3/GAPDH ratio. b Myocardial infarct sizes of WT and STAT3-deficient 

mice following global I/R as well as infusion of rapamycin (RAPA, 100 nM) or DMSO 

(solvent of rapamycin) at reperfusion. c Product of heart rate and ventricular developed force 

(% of pre-ischemic baseline). d Coronary flow rate (% of pre-ischemic coronary flow)
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Fig. 5. 
Rapamycin protects cardiomyocytes of diabetic mice (db/db) against necrosis following 

simulated ischemia and reoxygenation (SI/RO). Cardiomyocytes (isolated from C57 and 

db/db mice) were subjected to SI/RO. During RO (1 h), cardiomyocytes were treated with 

rapamycin (RAPA, 100 nM) or DMSO (solvent of RAPA). Cardiomyocyte necrosis was 

determined by trypan blue staining following 40 min SI and 1 h RO
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Fig. 6. 
Reduction of apoptosis in cardiomyocytes of diabetic mice (db/db) with rapamycin 

treatment during reoxygenation (SI/RO). Cardiomyocytes (isolated from C57 and db/db 

mice) were subjected to SI/RO. During RO (18 h), cardiomyocytes were treated with 

rapamycin (RAPA, 100 nM) or DMSO (solvent of RAPA). Cardiomyocyte apoptosis was 

determined by TUNEL assay following 40 min SI and 18 h RO
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Fig. 7. 
Rapamycin preserves mitochondrial membrane potential in cardiomyocytes of diabetic mice 

(db/db) following SI/RO. Isolated murine cardiomyocytes from C57 and db/db mice were 

subjected to SI/RO. During RO (1 h), cardiomyocytes were treated with rapamycin (RAPA, 

100 nM) or DMSO (solvent of RAPA). Cardiomyocyte membrane potential was examined 

by using cationic lipophilic probe JC-1. Quantification of JC-1 aggregate (red/orange color)/

monomer (in green color) ratio indicates the preservation of mitochondrial membrane 

potential
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Fig. 8. 
STAT3-deficiency abrogates rapamycin-induced protection against necrosis/apoptosis in 

cardiomyocytes of diabetic mice following simulated ischemia and reoxygenation (SI/RO). 

Cardiomyocytes (isolated from high fat diet fed and tamoxifen treated STAT3-deficient, 

MCM TG:STAT3flox/flox and WT, MCM NTG:STAT3flox/flox male mice) were subjected 

to SI/RO. During RO, cardiomyocytes were treated with rapamycin (RAPA, 100 nM) 

or DMSO (solvent of RAPA). a Cardiomyocyte necrosis was determined by trypan blue 

staining following 40 min SI and 1 h RO. b Cardiomyocyte apoptosis was determined by 

TUNEL assay following 40 min SI and 18 h RO
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