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Aims Deregulation of mTOR (mammalian target of rapamycin) signalling occurs in diabetes, which exacerbates injury fol-
lowing myocardial infarction (MI). We therefore investigated the infarct-limiting effect of chronic treatment with
rapamycin (RAPA, mTOR inhibitor) in diabetic mice following myocardial ischaemia/reperfusion (I/R) injury and de-
lineated the potential protective mechanism.

....................................................................................................................................................................................................
Methods
and results

Adult male diabetic (db/db) or wild-type (WT) (C57) mice were treated with RAPA (0.25 mg/kg/day, intraperito-
neal) or vehicle (5% DMSO) for 28 days. The hearts from treated mice were subjected to global I/R in Langendorff
mode. Cardiomyocytes, isolated from treated mice, were subjected to simulated ischaemia/reoxygenation (SI/RO)
to assess necrosis and apoptosis. Myocardial infarct size was increased in diabetic heart following I/R as compared
to WT. Likewise, enhanced necrosis and apoptosis were observed in isolated cardiomyocytes of diabetic mice fol-
lowing SI/RO. Treatment with RAPA reduced infarct size as well as cardiomyocyte necrosis and apoptosis of
diabetes and WT mice. RAPA increased STAT3 phosphorylation and miRNA-17/20a expression in diabetic hearts.
In addition, RAPA restored AKT phosphorylation (target of mTORC2) but suppressed S6 phosphorylation (target
of mTORC1) following I/R injury. RAPA-induced cardioprotection against I/R injury as well as the induction of miR-
17/20a and AKT phosphorylation were abolished in cardiac-specific STAT3-deficient diabetic mice, without
alteration of S6 phosphorylation. The infarct-limiting effect of RAPA was obliterated in cardiac-specific miRNA-17-
92-deficient diabetic mice. The post-I/R restoration of phosphorylation of STAT3 and AKT with RAPA were also
abolished in miRNA-17-92-deficient diabetic mice. Additionally, RAPA suppressed the pro-apoptotic prolyl hydrox-
ylase (Egln3/PHD3), a target of miRNA-17/20a in diabetic hearts, which was abrogated in miRNA-17-92-deficient
diabetic mice.

....................................................................................................................................................................................................
Conclusion Induction of STAT3-miRNA-17-92 signalling axis plays a critical role in attenuating MI in RAPA-treated diabetic

mice. Our study indicates that chronic treatment with RAPA might be a promising pharmacological intervention for
attenuating MI and improving prognosis in diabetic patients.
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1. Introduction

Type 2 diabetes (T2D) imposes a substantial risk for the incidence of car-
diovascular disease, including multivessel coronary artery disease, con-
gestive heart failure, and acute myocardial infarction (MI).1 Besides the
prevalence of coronary artery disease among patients with diabetes,
those who suffer an acute MI have poorer prognosis than non-diabetic
patients.1,2 Clinical studies indicate nearly 68% of the mortalities ob-
served in T2D are associated with cardiovascular complications.3

Evidence demonstrates aberrant activation of mTOR (mammalian target
of rapamycin) signalling in metabolically active organs, including the heart
of both genetic and diet-induced animal models of obesity and metabolic
disorders.4,5 Since a sustained hyperactivation of mTOR is consistently
reported in diabetic myocardium,6–8 there are ongoing efforts to phar-
macologically target mTOR signalling in protecting against diabetes-asso-
ciated cardiovascular diseases.

Randomized studies of diabetic patients have shown an advantage
with implantation of rapamycin (RAPA; SirolimusVR , a specific mTOR
inhibitor) eluting stents, compared to bare-metal stents and
paclitaxel-eluting stents in preventing coronary restenosis and re-
ducing adverse cardiac events.9–11 We reported the beneficial effect
of RAPA treatment 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 pro-
teins.12 Notably, diabetic hearts showed decreased level of activated
STAT3, which was associated with insulin resistance and dilated car-
diomyopathy.13,14 We also showed that acute pre-treatment with
RAPA protects against myocardial ischaemia–reperfusion (I/R) injury
in non-diabetic mice through unique cardioprotective signalling in-
cluding phosphorylation of ERK, STAT3, and endothelial NOS, in
concert with increased Bcl-2 to Bax ratio and inactivation of GSK-
3b.15 Moreover, RAPA infusion at the onset of reperfusion in
diabetic heart provided protection through STAT3-AKT signalling
pathway.16 However, the chronic effects of RAPA treatment in pro-
tection against I/R injury are currently unknown.

Another interesting aspect relevant to mTOR signalling is the role of
miR-17 and miR-20a, since there is a strong interaction between STAT3
and miR-17/20a17,18 Following microRNA array analysis, we identified

that miR-17 and miR-20a were significantly elevated in diabetic heart
with chronic RAPA treatment. Interestingly, miR-17-92 cluster is known
to be indispensable for the cardiac development and its deletion leads to
neonatal lethality due to severe anomalies of the cardiovascular sys-
tem.19 Moreover, cadiomyocyte-specific overexpression of miR-17-92
protects the adult mouse heart from MI.20 However, the potential rela-
tionship of STAT3, miR-17-92 and mTOR signalling in cardioprotection
following chronic treatment of RAPA against I/R injury in diabetic mice is
currently unknown. To address this question, we used cardiac-specific
conditional miR-17-92-cluster deficient as well as STAT3-deficient mice
following induction of diabetes with high-fat diet (HFD). Our results sug-
gest that STAT3-miR17/20 signalling axis plays a critical role in attenuat-
ing MI in RAPA-treated diabetic mice.

2. Methods

2.1 Animals
Adult male leptin receptor null, homozygous db/db mice (strain:
BKS.Cg-Dock7mþ/þLeprdb/J) and their corresponding wild-type (WT)
mice (C57/BL/6J) were purchased from the Jackson Laboratories (Bar
Harbor, ME, USA). Inducible, cardiac-specific STAT3 deficient mice
(MCM TG: STAT3flox/flox) and WT non-transgenic control mice (MCM
NTG: STAT3flox/flox) were created by interbreeding STAT3flox/flox mice
with tamoxifen-inducible MCM TG mice.16,21 The breeding pair of
tamoxifen-inducible cardiac-specific miR-17-92-deficient mice (miR-17-
92-def: MCM TG: miR17-92flox/flox) and their WT littermates (WT:
MCM NTG: miR17-92flox/flox) were provided by Dr Yaoliang Tang,
Augusta University. STAT3-deficient, miR-17-92-defficient, and their
corresponding WT male mice (8–10 weeks) were fed with HFD (con-
taining 60% fat calories, Bio-Serv Company, NJ, USA) for 16 weeks to in-
duce obesity and diabetes (glucose >200 mg/dL), after which they
received tamoxifen (20 mg/kg/day i.p.) for 5 days.16 The animal and
experiments protocols were approved by the Institutional Animal Care
and Use Committee of Virginia Commonwealth University and con-
ducted 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).
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2.2 Experimental groups and treatment
protocol
Adult (16–18 weeks) male db/db and C57BL/6J mice were treated daily
for 28 days with RAPA (0.25 mg/kg i.p.) or an equivalent volume of vehi-
cle (5% DMSO, i.p.) as control (Supplementary material online, Figure
S1). After establishing diabetes (glucose level > 200 mg/dL)
(Supplementary material online, Figures S2 and S6), HFD-fed STAT3-defi-
cient, miR-17-20-deficient mice and their WT mice were treated with
RAPA (0.25 mg/kg/d, i.p.) for 28 days following tamoxifen treatment.
Mice were randomized into groups on the first day of the treatment and
the experimenters were blind to group assignment and outcome
assessment.

2.3 Ischaemia/reperfusion and infarct size
measurement
After anaesthetizing mice with sodium pentobarbital (NembutalVR so-
dium solution; 100 mg/kg i.p.), the isolated heart was perfused for 20 min
of stabilization and then subjected to 30 min of no-flow global ischaemia
and 60 min of reperfusion in Langendorff perfusion system15,22 (detailed
in Supplementary material online, Figure S1). Cardiac function was
recorded throughout the period. After the end of reperfusion, the sec-
tions of heart were stained by 10% tetrazolium chloride (TTC) and the
infarct size was determined by computer morphometry using image J
software (NIH Bethesda, MD. USA) in a blinded fashion.

2.4 Isolation of adult mouse
cardiomyocytes and simulated ischaemia/
reoxygenation (SI/RO) protocol
The ventricular cardiomyocytes were isolated using an enzymatic tech-
nique as previously reported23 (detailed in Supplementary material on-
line, Figure S1). Cardiomyocytes were subjected to SI for 40 min and RO
for 1 h or 18 h.23

2.5 Measurement of cell death and
mitochondrial membrane potential
Cardiomyocyte necrosis was assessed by trypan blue exclusion assay fol-
lowing 40 min SI and 1 h of RO. Mitochondrial membrane potential was
assessed using cationic lipophilic probe JC-1 (BD Biosciences
MitoScreen Kit, San Jose, CA, USA).23 Apoptosis was determined after
40 min SI and 18 h of RO using TUNEL staining kit (BD Biosciences, San
Jose, CA, USA) as previously reported.23

2.6 Western blot
Total soluble protein was extracted from the whole heart tissue with
lysis buffer (Cell Signaling, MA, USA). Protein (50mg) from each sample
was separated by SDS-PAGE and transferred onto nitrocellulose mem-
brane.22–24 The membrane was incubated overnight with primary
antibody at a dilution 1:1000 for each of the respective proteins (phos-
pho-tyrosine705-STAT3 and STAT3, phospho-Ser473-AKT and AKT,
phospho-Ser235/236-S6 and S6, Bcl-2 and Bax from Cell Signaling, MA,
USA PHD3 and GAPDH from Santa Cruz Biotechnology, TX, USA).
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;
PerkinElmer, Inc. MA, USA).

2.7 Real-time PCR
Total RNA was isolated from mouse heart using miRNeasy kit (Qiagen,
Germantown, MD, USA). cDNA was synthesized using high capacity
cDNA synthesis kit (Applied Biosystems, CA, USA) with random hex-
amer as primer. The cycle conditions were: 25�C for 10 min; 37�C for
120 min; 85�C for 5 min. For miRNA cDNA purpose, 10 ng of total
RNA was subjected to reverse complement strand synthesis with
microRNA specific stem loop primer using microRT reverse transcrip-
tion kit (Applied Biosystems, CA, USA) according to manufacturer’s pro-
tocol. Following were the cycle conditions: 16�C for 30 min; 42�C for
30 min; and 85�C for 5 minutes. Information of sequence of miRNAs and
accession numbers are presented in Supplementary material online,
Table S1. The expression of Egln3/PHD3 (Assay ID-Mm01286844_m1),
miR-17 (Assay ID-002308), miR-20a (Assay ID-000580), and miR-92
(Assay ID-000430) were quantified by real-time PCR using amplicon spe-
cific TaqMan assay probe and primer (Applied Biosystems, CA, USA) in
CFX96–C1000 Touch Thermal Cycler system (Bio-Rad, Hercules, CA,
USA). The PCR conditions were: 50�C for 2 min; 95�C for 5 min and 39
cycles of 95�C for 3 s and 60�C for 1 min. GAPDH (Assay ID-
Mm99999915_g1) was used as housekeeping control for mRNA, U6
(Assay ID-001973) or Sno-202 (Assay ID-001232) were used for control
of miRNA expression. The relative quantification of gene expression
was analysed by using 2-DDCT method and normalized to their respec-
tive controls and expressed as fold increase.

2.8 Cardiac function by echocardiography
Cardiac contractile function was measured before and after treatment
with RAPA using the Vevo 770TM imaging system (VisualSonics, Inc.,
Toronto, Canada). Isoflurane (2.5%) was used to anaesthetize the mice
prior to echocardiography. Cardiac functional parameters included mea-
surement of left ventricular (LV) end-diastolic diameter (LVEDD) and
LV end-systolic diameter (LVESD). LV fractional shortening was calcu-
lated as (LVEDD-LVESD)/LVEDD*100.12

2.9 Data analysis and statistics
Data are presented as mean ± S.E. The differences between more than
two groups were analysed with one-way analysis of variance followed by
Student–Newman–Keuls post hoc test for pairwise comparison using
Graphpad Prism 8 (Graphpad Software, La Jolla, CA, USA). P < 0.05 was
considered to be statistically significant.

3. Results

3.1 Rapamycin protects diabetic heart
against I/R injury
Infarct size was significantly higher in hearts of db/db mice
(38.43 ± 3.6%) as compared to C57 mice (27.75 ± 1.02%) following I/
R (n = 5, P < 0.001 vs. C57, Figure 1A). Treatment with RAPA reduced
infarct size both in C57 (11.74 ± 1.2%) and db/db mice
(11.29 ± 1.8%) (n = 5, P < 0.001 vs. db/db). Cardiac function mea-
sured as rate-force product (product of heart rate and ventricular
developed force and presented as % of pre-ischaemic baseline) was
improved in RAPA-treated C57 and db/db hearts as compared to
vehicle-treated db/db and C57 mice (n = 5, P < 0.01 vs. C57 and db/
db, Figure 1A). The post-ischaemic coronary flow rate remained
unchanged between groups (Supplementary material online, Figure
S8A).
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3.2 Rapamycin reduces necrosis and
apoptosis in cardiomyocytes
Necrosis and apoptosis following SI/RO were significantly elevated in
primary cardiomyocytes isolated from db/db mice as compared to C57
mice (Figure 1B and C). Mitochondrial membrane potential assessed by
JC-1 aggregate/monomer ratio was also significantly reduced in cardio-
myocytes of db/db mice as compared to C57 mice (Figure 1D).
Cardiomyocytes isolated from RAPA-treated diabetic mice showed sig-
nificant reduction in necrosis and apoptosis as well as induction of JC-1
aggregate/monomer ratio following SI/RO as compared to vehicle-
treated cardiomyocytes isolated from db/db and C57 mice (Figure 1).

3.3 Rapamycin induces STAT3
phosphorylation in diabetic heart
The ratio of phospho-STAT3 (Tyr-705) to total STAT3 was reduced in
the hearts of db/db mice when compared with C57 mice (Figure 2A).
RAPA treatment significantly increased phosphorylation of STAT3 in the
hearts of db/db mice (n = 3; P < 0.05 vs. others). Concomitantly, the ratio
of STAT3 to GAPDH was high in the hearts of db/db when compared
with C57 mice.

3.4 STAT3 knock-down abolishes infarct-
limiting effect of rapamycin
We previously demonstrated a 67% decrease in cardiac STAT3 expres-
sion in cardiac-specific STAT3 deficient mice (MCM TG: STAT3flox/flox)

following tamoxifen treatment as compared to WT littermates (MCM
NTG: STAT3flox/flox).16 In the current study, we established diabetes in
STAT3-deficient and WT mice after feeding HFD for 16 weeks
(Supplementary material online, Figure S2). The blood glucose levels in
both STAT3-deficient and WT mice remained elevated up to 120 min af-
ter glucose administration (i.p.), indicating glucose intolerance
(Supplementary material online, Figure S2C and D). Treatment with
RAPA reduced myocardial infarct size in HFD-fed WT mice following I/
R as compared to non-treated mice (n = 5, P < 0.001 vs. control,
Figure 2B). Cardiac function (rate-force product) was also restored in
RAPA-treated HFD-fed WT mice (n = 5, P < 0.01 vs. control, Figure 2B).
However, the infarct-sparing effect of RAPA was blunted in HFD-fed
STAT3-deficient mice (Figure 2B). In addition, the restoration of post-
ischaemic cardiac function with RAPA was abolished in STAT3-deficient
mice. The post-ischaemic coronary flow rate did not change between
groups (Supplementary material online, Figure S8B).

RAPA treatment had significant impact in reducing body weight,
liver weight and plasma glucose level in HFD-fed WT mice, but not in
the corresponding STAT3-deficient mice (Supplementary material
online, Figure S3). Interestingly, the HFD-fed STAT3-deficient mice
developed hypertrophy as indicated by higher ratio of heart weight
to tibia length as compared to WT mice (n = 5, P < 0.001 vs. WT,
Supplementary material online, Figure S3C), which was attenuated af-
ter RAPA treatment.

RAPA treatment did not alter LV ejection fraction (EF), heart rate,
LVEDD, and LVESD between groups (Supplementary material online,

Figure 1 Cardiac protection following rapamycin treatment in diabetic mice. (A) Representative images of TTC stained heart sections (Scale indicates
5 mm), myocardial infarct size in control and rapamycin (RAPA)-treated C57 and db/db mice following ischaemia/reperfusion (I/R) injury. n = 5 mice/group;
*P < 0.001 vs. others and aP < 0.0001 vs. controls. Product of heart rate and ventricular developed force. n = 5; *P < 0.01 vs. controls. (B) Cardiomyocyte ne-
crosis was measured by trypan blue staining following 40 min of simulated ischaemia (SI) and 1 h of reoxygenation (RO). (C) Representative images and quan-
titative data of cardiomyocytes apoptosis following 40 min SI and 18 h RO. (D) Representative images of JC-1 staining and quantitative data of JC-1 aggregate
(red)/monomer (green) ratio. n = 4; *P < 0.001 vs. controls, aP < 0.05 vs. C57þSI/RO, bP < 0.001 vs. C57þSI/RO and db/dbþSI/RO. Scale indicates 100mm.
Data are presented as mean ± S.E. Statistics: one-way ANOVA.
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..Figure S4). Notably, there was a significant increase in anterior wall dia-
stolic thickness (AWDT) in STAT3-deficient mice as compared to WT
mice supporting hypertrophic response in STAT3-deficient mice
(Supplementary material online, Figure S4A). RAPA treatment decreased
AWDT as well as anterior wall systolic thickness (AWST) in STAT3-
deficient mice, while having no effect on wall thickness in WT mice.

3.5 Rapamycin-induced cardiomyocyte pro-
tection is blunted in STAT3-deficient mice
Necrosis and apoptosis were significantly reduced following SI/RO in
cardiomyocytes from HFD-fed WT mice treated with RAPA as com-
pared to non-treated mice (Figure 2C and D). Treatment with RAPA also
improved mitochondrial membrane potential following SI/RO in cardio-
myocytes from HFD-fed WT mice (Supplementary material online,
Figure S9). However, such protective effect of RAPA in cardiomyocytes
was blunted in HFD-fed STAT3-deficient mice.

3.6 Role of STAT3 in mTOR signalling in
diabetic hearts
The phosphorylation of STAT3 was significantly reduced following I/R in-
jury in hearts of HFD-fed WT mice with simultaneous increase in the
total-STAT3 level (Figure 3A–C). Treatment with RAPA restored post-I/
R phosphorylation of STAT3 (Figure 3A and B). RAPA also salvaged post-
I/R phosphorylation of AKT (Ser473, as marker of mTORC2) in hearts
of HFD-fed WT mice (Figure 3A and D). However, treatment with RAPA
failed to restore the phosphorylation of STAT3 and AKT in hearts of
HFD-fed STAT3-deficient mice. Nonetheless, total-AKT was significantly
higher in RAPA-treated hearts of STAT3-deficient mice (Figure 3A and
E). Interestingly, the significant induction of post-I/R phosphorylation of
ribosomal protein S6 (by mTORC1) was inhibited in RAPA-treated
hearts of both HFD-fed WT and STAT3-deficient mice (Figure 3A and F).
Taken together, these data indicate that STAT3 regulates mTORC2 ac-
tivity in RAPA-treated diabetic hearts without interfering with mTORC1
activity.

Figure 2 Role of STAT3 in hearts of diabetic mice following rapamycin treatment. (A) Representative immunoblots for p-STAT3, total STAT3, and
GAPDH expression in whole heart of C57 and db/db mice following 28 days of RAPA treatment. Densitometry analysis of immunoblots for the ratio of p-
STAT3/STAT3 (*P < 0.05 vs. others) and the ratio of STAT3/GAPDH (*P < 0.05 vs. C57-Control; n = 3). (B) Myocardial infarct size following ischaemia/re-
perfusion in STAT3-deficient diabetic mice. High-fat diet (HFD)-fed WT and STAT3-deficient mice were treated with RAPA for 28 days prior to evaluation
of I/R injury. Upper panel: representative images of heart sections following TTC staining (Scale indicates 5 mm). Lower panels: quantitative data of infarct
size following I/R injury (*P < 0.001 vs. other) and rate-force product (*P < 0.01 vs. other; n = 5). (C) Isolated cardiomyocyte necrosis was determined by try-
pan blue staining following 40 min SI and 1 h RO (n = 4–8). (D) Representative pictures of TUNEL staining (scale indicates 100mm) and quantitative data of
cardiomyocyte apoptosis following 40 min SI and 18 h RO (n = 4; *P < 0.001 vs. controls, aP < 0.001 vs. both SI/RO and bP < 0.05 vs. WT-SI/RO). Statistics:
one-way ANOVA.
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..3.7 Regulation of miR-17/20a expression
with rapamycin treatment
Using microRNA array (LC Sciences, LLC, Houston, TX, USA), we iden-
tified that miR-17 and miR-20a were significantly elevated in diabetic
hearts following chronic RAPA treatment (Supplementary material on-
line, Figure S5). Real-time PCR confirmed significant induction of miR-17
and -20a, which are parts of miR-17-92 cluster, both in the heart (Figure
4A and B) and cardiomyocytes (Figure 4C and D) of RAPA-treated db/db
mice. RAPA also induced miR-17 and miR-20a in the hearts of HFD-fed
WT mice, but the induction of miR-17 and -20a were abolished in HFD-
fed STAT3-deficient mice (Figure 4E). miR-92 expression remained
unchanged between groups.

3.8 Role of miR-17-92 cluster in rapamycin-
induced cardioprotection
The critical role of miR-17-92 in RAPA-induced cardioprotection in dia-
betic mice was examined using HFD-fed aMHC-MerCreMer-miR-17-
92-deficient mice. Body weight and glucose levels were significantly in-
creased after 16 weeks of feeding with HFD (Supplementary material
online, Figure S6A and B). However, there was no significant difference in
body weight or glucose level between WT and miR-17-92-deficient
mice. Diabetes-induced glucose intolerance in both HFD-fed WT and
miR-17-20-deficient mice was confirmed by elevated level of glucose af-
ter 120 min of administration of glucose (Supplementary material online,
Figure S6C and D). Real-time PCR confirmed significant reduction of miR-
17 and miR-20 after 5 days of tamoxifen treatment in the heart of HFD-

fed miR-17-92-deficient mice, but not in WT mice (Supplementary mate-
rial online, Figure S6E and F). RAPA treatment reduced body weight and
glucose level of HFD-fed WT mice, which were not discernible in HFD-
fed miR-17-92-def mice (Supplementary material online, Figure S7A and
B). Heart weight did not change with RAPA treatment between groups
(Supplementary material online, Figure S7C). RAPA significantly improved
cardiac function in HFD-fed WT mice (EF: 58.63± 1.92%) as compared
to HFD-fed miR-17-92-def mice (EF: 49.63 ± 2.38%) (Supplementary
material online, Figure S7D and E).

HFD-fed miR-17-92-deficient mice had higher infarct size as compared
to WT following I/R injury (n = 5; P < 0.05 vs. WT control, Figure 5A and B).
RAPA treatment reduced infarct size in HFD-fed WT mice following I/R as
compared to vehicle-treated WT mice (n = 5, P < 0001 vs. WT control;
Figure 5A and B). The infarct-limiting effect of RAPA was blunted in HFD-
fed miR-17-92-deficient mice (n = 6). In addition, cardiac function (rate-
force product) was improved in RAPA-treated HFD-fed WT mice as com-
pared to vehicle-treated WT mice following I/R (n = 8; P < 0.01 vs. WT
control, Figure 5C). However, there was no improvement of post-ischaemic
recovery in RAPA treated HFD-fed miR-17-92-deficient mice (n = 9).

3.9 Regulation of the pro-apoptotic protein
prolyl hydroxylase (Egln3/PHD3) with
rapamycin
Bioinformatics analysis with the miRanda algorithm using miRTarBase
tool predicted Egln3/PHD3 as a direct target of miR-17 and miR-20a
(Supplementary material online, Figure S10). Figure demonstrates that

Figure 3 Phosphorylation of STAT3, AKT, and S6 in hearts of diabetic WT and STAT3-deficient mice following I/R injury. High-fat-diet (HFD)-fed WT
and STAT3-deficient mice were treated with RAPA for 28 days. (A) Representative immunoblots of phospho-STAT3, STAT3, Phospho-AKT, AKT,
Phospho-S6, S6 and GAPDH in hearts of WT, and STAT3-deficient mice following I/R injury. (B–G) Densitometry analysis of the ratios of phosphorylated
(p) to total protein, total protein to GAPDH (n = 3; one-way ANOVA).
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miR-17 and miR-20a contain the complementary sequence (7-mer seed
region) in the 30-UTR of Egln3/PHD3. RAPA treatment reduced the ex-
pression and transcript level of the pro-apoptotic protein prolyl hydrox-
ylase (Egln3/PHD3), a target of miR-17/20a, in diabetic hearts (Figure 6A).
Moreover, the expression of Egln3/PHD3 was increased following myo-
cardial I/R injury in diabetic WT as well as miR-17-92-deficient mice
(Figure 6B). Treatment with RAPA suppressed the expression of Egln3/
PHD3 in the hearts of diabetic WT mice, but such an effect was abol-
ished in diabetic miR-17-92-deficient mice (Figure 6B). These results also

resonated with the expression of apoptosis modifying proteins. The
post-I/R induction of pro-apoptotic protein, Bax, and the ratio of Bax to
Bcl-2 was inhibited by RAPA treatment in the hearts of diabetic WT
mice (Figure 6C), but not in miR-17-92-deficient diabetic mice.

3.10 Role of miR-17-92 in mTOR signalling
in RAPA-treated diabetic hearts
The restoration of post-I/R phosphorylation of STAT3 and AKT in
hearts of RAPA-treated HFD-fed WT mice were abolished in HFD-fed

Figure 4 Effect of rapamycin treatment on expression of miR-17 and miR-20a. C57 and db/db mice were treated with RAPA for 28 days. (A and B)
Expression of miRNAs in the heart of C57 and db/db; (C and D) Expression of miRNAs in cardiomyocytes from wild-type and db/db mice. The quantitative
expression of miR-17 and miR-20a were normalized to U6 small RNA. n = 3; *P < 0.05 vs. other (one-way ANOVA). (E) Expression of miR-17, miR-20a,
and miR-92 in hearts from high-fat diet (HFD)-fed MCM NTG: STAT3flox/flox (WT) and MCM TG: STAT3flox/flox (STAT3-deficient) mice following RAPA
treatment. The expression of miRNA was normalized to Sno-202. n = 6; *P < 0.0001 vs. other (one-way ANOVA).

Figure 5 Exacerbation of myocardial injury in diabetic mice with miR-17-92 deficiency (A) Representative images of TTC stained heart sections (scale bar
indicates 5 mm), (B) infarct size (n = 5–6; *P < 0.05 vs. WT-control and **P < 0.0001 vs. others). Scale indicates 5 mm. (C) Rate force product (n = 8–9;
*P < 0.01 vs. WT-control and aP < 0.001 vs. WT-control and WT-RAPA) of HFD-fed WT and miR-17-92-deficient mice following I/R injury. Statistics: one-
way ANOVA.
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miR-17-92-deficient mice (Figure 7A, B, D), while the inhibition of phos-
phorylation of S6 with RAPA treatment was not hindered (Figure 7A, F).
These results suggest that miR-17-92 plays a critical role in regulating
phosphorylation of STAT3 and mTORC2 activity in RAPA-treated dia-
betic hearts following I/R injury.

4. Discussion

The increasing prevalence of diabetes-associated cardiovascular disease
is becoming a global challenge. There is compelling evidence for the role
of mTOR activation in the pathogenesis of insulin resistance in T2D.25,26

mTOR has two functionally distinct complexes referred to as mTOR
complex 1 (mTORC1) and mTORC2. RAPA preferentially inhibits
mTORC1, although recent studies suggest that prolonged treatment
with the drug also inhibits mTORC2 thereby leading to insulin resis-
tance.27 We recently demonstrated that chronic treatment with a ‘cardi-
oprotective’ dose of RAPA (0.25 mg/kg/day) preferentially inhibits
mTORC1 in the diabetic hearts, without interfering with mTORC2.12

This treatment strategy improved the metabolic status of diabetic mice
and prevented cardiac dysfunction. In addition, specific mTORC1 inhibi-
tion by PRAS40 (proline rich AKT substrate of 40 kDa) prevented the
development of diabetic cardiomyopathy and improved metabolic pro-
file in diabetic mice.28 In the present study, we show that the myocardial
infarct size is higher in diabetic mice following I/R injury than in non-
diabetic mice. Remarkably, chronic treatment with the same dose of
RAPA (0.25 mg/kg/day, i.p.) showed a similar protective effect against I/R
injury in diabetic hearts as in non-diabetic hearts. Moreover, the post-
ischaemic cardiac function as measured by rate-force product was

maintained after RAPA treatment in both diabetic and non-diabetic
hearts. No alterations in coronary flow was observed before or after I/R
among the groups suggesting that the protective effect of RAPA was in-
dependent of improvement in coronary endothelial function. At the cel-
lular level, RAPA prevented necrosis and apoptosis, and preserved
mitochondrial membrane potential in adult primary cardiomyocytes iso-
lated from diabetic as well as WT mice chronically treated with RAPA.
Taken together, our data indicate that diabetes does not blunt the cardi-
oprotective effect of RAPA.

4.1 Role of STAT3 in cardioprotection
We previously demonstrated that STAT3 signalling plays an essential
role in RAPA-induced cardioprotection against I/R injury in non-diabetic
mice.15 Prior studies also revealed that the activation of STAT3 contrib-
utes to adaptation of the heart to ischaemic stress (preconditioning) via
pro-survival signalling cascades or inhibition of pro-apoptotic pro-
teins.29,30 Constitutive cardiomyocyte-restricted deletion of STAT3
increases apoptosis and infarct size after I/R14,21 and abolishes cardiopro-
tection with ischaemic post-conditioning or pharmacological precondi-
tioning.31,32 However, the effect of diabetes on cardiac STAT3
phosphorylation/activation may be inconsistent due to substantial differ-
ences in the method of induction, type, severity, and duration of diabe-
tes. It has been shown that in the diabetic heart, the phosphorylation/
activation of STAT3 is decreased,33 which is associated with insulin resis-
tance,13,34 and STAT3-deficient mice spontaneously develop a form of
dilated cardiomyopathy similar to that occurring in diabetic mice.14

Although pharmacologic or ischaemic conditioning enhance the STAT3
signalling, however, due to fundamental alteration of JAK/STAT activity
in the presence of hyperinsulinaemia and hyperglycaemia, this pathway is

Figure 6 Effect of rapamycin on expression of prolyl hydroxylase 3 and apoptosis modifying proteins in diabetic heart. Wild-type (C57) and diabetic (db/
db) mice were treated with RAPA for 28 days. (A) Expression of prolyl hydroxylase 3 (PHD3) protein (western blot and quantitative bar diagram on left;
*P < 0.05 vs db/db) and transcript level (on right; *P < 0.005 vs others). n = 3; (B) The expression of PHD3 in the hearts of RAPA treated HFD-fed WT and
miR-17-92-deficient mice after I/R injury (n = 5; *P < 0.05 vs. Controls and aP < 0.05 vs. WT-I/R). (C) The expression of Bcl-2 and Bax in RAPA-treated HFD-
fed WT and miR-17-92-deficient mice after I/R injury (n = 5). Statistics: one-way ANOVA.

2110 A. Samidurai et al.



..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

.
considerably depressed and harder to stimulate in the diabetic myocar-
dium.35 Multiple studies established the reduction of post-ischaemic
STAT3 phosphorylation and/or activation due to diabetes in heart, which
may contribute to increased susceptibility to myocardial I/R injury in dia-
betes.16,36–38 Interestingly, diabetic patients demonstrated increased ap-
optosis and oxidative stress with attenuation of the JAK2/STAT3
pathway in right atrial tissue compared with non-diabetic patients follow-
ing cardiopulmonary bypass.35 Earlier, we demonstrated that treatment
with RAPA at the onset of reperfusion protects diabetic heart by restor-
ing phosphorylation of STAT3 and AKT (target of mTORC2), with re-
duction of ribosomal protein S6 phosphorylation (target of
mTORC1).16 Administration of RAPA at reperfusion reduced infarct
size in diabetic WT mice, but not in diabetic tamoxifen-inducible cardio-
myocyte-specific STAT3-deficient mice following I/R. In the present
study, our results show that chronic RAPA treatment increased STAT3
(Tyr-705) phosphorylation in the heart of C57 WT mice, which was
even more pronounced in diabetic hearts. By taking advantage of our
novel inducible cardiomyocyte-specific STAT3-deficient mouse strain
placed on HFD to induce obesity and T2D, we interrogated the essential
role of STAT3 in RAPA-induced cardioprotection against I/R injury. The
results show that RAPA exerted a robust infarct-sparing effect in HFD-
fed WT littermates following global I/R injury which paralleled with the
improvement of post-ischaemic cardiac functional recovery. The cardio-
protective effect of RAPA against I/R was abolished in HFD-fed tamoxi-
fen-inducible cardiomyocyte-specific STAT3-deficient mice. At the
cellular level, RAPA treatment protects cardiomyocytes of diabetic mice
against SI/RO injury, which was blunted in cardiomyocytes of HFD-fed
STAT3-deficient mice. These results further corroborate the essential

role of STAT3 in mediating the protection of diabetic heart with chronic
RAPA treatment.

A cardiomyocyte-restricted deletion of STAT3 leads to spontaneous
heart failure associated with disturbed sarcomere organization and a re-
duced myocardial capillary density in male mice.14,39 In STAT3-KO
hearts, the ubiquitin-conjugating enzymes Ube2i and Ube2g1 expression
were markedly reduced by induction of miR-199a-5p (a microRNA that
is transcriptionally suppressed by STAT3).39 Human terminal failing
hearts harbouring low STAT3 protein levels displayed increased miR-
199a levels and decreased Ube2g1 expression.39 miR-199a targets the
Ube2i and Ube2g1, thereby disturbing the protein turnover by the
ubiquitin-proteasome system (UPS), which leads to the reduced expres-
sion of a- and b-sarcomeric myosin heavy-chain (MHC) proteins.39 We
recently demonstrated reduced expression of MHCa6 in diabetic heart,
which was restored upon chronic RAPA treatment with improvement
of cardiac contractile function.12 Interestingly, the present result may ex-
plain the potential role of reduced STAT3 activation in suppression of
MHCa6 expression in diabetic heart mice by impairment of UPS.
Conversely, STAT3 activation following chronic RAPA treatment may
restore MHCa6 resulting in improved contractile function in diabetic
mice.12

4.2 Critical role of STAT3 in regulation of
mTOR signalling
Prior studies established the cross-talk between STAT3 and AKT signal-
ling, which are impaired in diabetic conditions and render the hearts sus-
ceptible to I/R injury.40,41 In diabetic myocardium, the efficacy of

Figure 7 Phosphorylation of STAT3, AKT, and S6 in hearts of diabetic WT and miR-17-92-deficient mice following I/R injury. High-fat diet (HFD)-fed WT
and miR-17-92-deficient mice were treated with RAPA for 28 days. (A) Representative immunoblots of phospho-STAT3, STAT3, Phospho-AKT, AKT,
Phospho-S6, S6 and GAPDH in hearts of WT, and STAT3-deficient mice following I/R injury. (B–G) Densitometry analysis of the ratios of phosphorylated
(p) to total protein, total protein to GAPDH (n = 3).
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ischaemic pre- or post-conditioning is significantly impaired through inhi-
bition of STAT3 phosphorylation as well as STAT3-regulated AKT activ-
ity.13,34 Our results show that the post-I/R repression of
phosphorylation of STAT3 (Tyr-705) and AKT (Ser473) were restored in
hearts of RAPA-treated diabetic mice, but not in hearts of STAT3-
deficient mice. However, the inhibition of phosphorylation of S6 with
RAPA treatment remained unchanged in diabetic STAT3-deficient mice.
These results confirm the regulatory role of STAT3 in activation of
mTORC2 in RAPA-induced protection against I/R injury, without having
impact on mRORC1 activity in diabetic mice.

4.3 Anti-hypertrophic effect of RAPA in dia-
betic mice
Earlier we established that RAPA improves metabolic status and car-
diac function in db/db mice.12 Our present results also show that
RAPA treatment significantly reduced body weight, liver weight, and
plasma glucose levels in HFD-fed WT mice, but not in STAT3-
deficient mice. Although LV fractional shortening was not different
between HFD-fed WT and STAT3-deficient mice, AWDT and the ra-
tio of heart weight to tibia length were significantly higher in these
mice as compared to WT mice, indicating LV hypertrophy in diabetic
STAT3-deficient mice. These results suggest the potential role of
STAT3 in mitigating hypertrophy or other underlying adverse remod-
elling that occurs in the diabetic heart. Moreover, there was marked
decline in the development of cardiac hypertrophy with chronic
RAPA treatment in HFD-fed STAT3-deficient mice as demonstrated
by reduction in heart weight, AWDT and AWST. These results sug-
gest that the anti-hypertrophic effects of the RAPA involve alternate
pathways that remain functional in the absence of STAT3. To this
context, inhibition of mTORC1 with PRAS40 has been reported to
mitigate pathologic myocardial hypertrophy.42

4.4 Interplay between STAT3 and miR-17-
92 in diabetic heart
There is a close interaction between STAT3 and miR-17/20a due to
the highly conserved STAT3-binding in the promoter region of the
miR-17-92 gene (C13orf25)17,18 A persistent activation of STAT3
leads to strong up-regulation of miR-17/20a in human pulmonary ar-
terial endothelial cells.17 miR-17 and 20a are part of the miR-17-92
cluster, which comprises seven microRNAs (miRs-17-3p, 17-5p, 18a,
19a, 19b, 20a, and 92a) and transcribed as a common primary tran-
script.43 Knockout of the miR-17-92 cluster in mice caused severe de-
velopmental defects in the cardiovascular system by triggering lung
hypoplasia and ventricular septal defects.19 Transgenic overexpres-
sion of miR-17-92 in cardiomyocytes induces cardiomyocyte prolifer-
ation in embryonic, postnatal, and adult hearts.20 In addition,
overexpression of miR-17-92 protected the adult heart from MI-
induced injury.20 Specifically, intra-cardiac injection of miR-19a/19b
mimics enhanced cardiomyocyte proliferation and protected heart
against ischaemic injury.44 A series of studies have indicated that miR-
17-92 is involved in inhibiting apoptosis, and promoting angiogenesis
through interacting with c-Myc and E2F1 transcription factors.45,46

Due to anti-apoptotic properties of miR-17-92, the transgenic mice
with miR-17-92 over-expression in lymphocytes developed lympho-
proliferative disease and autoimmunity, and died prematurely due to
suppression of c-Myc-induced apoptosis by targeting Bcl-2-2-like 11
(BIM) and PTEN, thereby increasing the level of anti-apoptotic
BCL2.47

Frank et al.48 demonstrated that overexpression of miR-20a signifi-
cantly inhibited hypoxia-induced apoptosis, while its targeted knock-
down exacerbated cardiomyocyte death by inducing apoptosis.
Adenoviral overexpression of miR-20a caused suppression of the pro-
apoptotic transcription factor E2F1 expression in cardiomyocytes.
Interestingly, miR-20a is up-regulated after hypoxia/reoxygenation in car-
diomyocytes, while chronic pressure overload leads to its down-regula-
tion.48 Moreover, the anti-apoptotic effect of miR-20a is mediated
through down-regulation of the pro-apoptotic factor Egln3/PHD3, a
prolyl hydroxylase domain protein.48

Our results also show significant induction of miR-17 and -20a, in the
hearts and cardiomyocytes isolated from RAPA-treated db/db mice and
in the hearts of RAPA-treated HFD-fed WT mice (Figure 4). Such induc-
tion of miR-17 and -20a with RAPA was abolished in HFD-fed STAT3-
deficient mice (Figure 4E), which indicates the increases of miR-17 and
miR-20 expression in diabetic hearts via a STAT3-dependent mecha-
nism. We also noticed that HFD-fed miR-17-92-deficient mice had
higher infarct size as compared to WT following I/R injury (Figure 5). The
infarct-limiting effect of RAPA was lost in HFD-fed miR-17-92-deficient
mice. In addition, RAPA-induced post-ischaemic cardiac function recov-
ery was abolished in HFD-fed miR-17-92-deficient mice.

Our results also show that the restoration of post-I/R phosphoryla-
tion of STAT3 was abolished in hearts of HFD-fed miR-17-92-deficient
mice (Figure 7), suggesting a potential reciprocal regulatory role of miR-
17-92 with STAT3 activation. Previous studies demonstrated one of the
members of miR-17/92 cluster, miR-18a, enhanced the transcriptional
activity of STAT3 not only by targeting STAT3 directly but also through
indirect mechanisms,49,50 which support our present observations in
ischaemic diabetic hearts. Further in depth studies are warranted to clar-
ify this interplay between STAT3 and miR-17-92.

4.5 miR-17-92 suppresses PHD3 in RAPA-
treated diabetic hearts
Prolyl hydroxylases (PHDs) are attractive therapeutic targets in a wide
range of diseases including cardiovascular and MI.51 Three PHDs (named
PHD1, PHD2, and PHD3) effect the proteasome-mediated degradation
of HIF by catalyzing the hydroxylation of key proline residues in the HIF-
1a subunit under normoxic conditions.52 When oxygen tension is re-
duced, PHD-mediated hydroxylation cannot occur and HIF-1a accumu-
lates in the nucleus, resulting in HIF-mediated gene transcription. PHD3
is up-regulated following MI as well as ischaemic and diabetic cardiomy-
opathy, which are associated with increased apoptosis.52–54 Myocardial
infarct size was significantly increased in cardiomyocyte-specific trans-
genic mice with overexpression of PHD3.55 Depletion of PHD3 pro-
tected the heart from myocardial injury and inhibited cardiomyocyte
apoptosis.56 Also, a chemotherapeutic drug, doxorubicin, increased apo-
ptosis through induction of Egln3/PHD3.57 Moreover, overexpression of
Egln3/PHD3 increased apoptosis, while its inhibition/silencing of Egln3
substantially ameliorated doxorubicin-induced apoptosis. The pro-
apoptotic mechanism in cardiomyocytes involved association of PHD3
with Bcl-2, which prevented the association of Bcl-2 with Bax, resulting
in an acceleration of apoptosis.57 In the present study, RAPA suppressed
the transcript and expression level of Egln3/PHD3 in diabetic hearts.
Post-I/R induction of myocardial pro-apoptotic proteins Egln3/PHD3
and Bax were significantly repressed by RAPA treatment in diabetic WT
mice, but not in miR-17-92-deficient mice. These studies suggest that
miR-17-92 is critical in the cardioprotective effect of RAPA against I/R
injury in diabetic mice.

2112 A. Samidurai et al.
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4.6 miR-17-92 regulates mTORC2 activity
after rapamycin treatment
miR-17-92 contributes to the homeostatic regulation of proliferation,
cell cycle, cell survival, apoptosis, and angiogenesis by regulating AKT-
mTOR pathways.19,46,58,59 The conditional deletion of pancreatic b-cell
specific miR-17-92 in mouse has higher phosphatase and tensin homo-
logue (PTEN) and lower phosphorylated AKT in islets.60 In the present
study, we revealed that cardiac-specific miR-17-92-deficiency abolished
RAPA-induced restoration of AKT phosphorylation following I/R injury
in diabetic hearts, without interfering the RAPA-induced inhibition of S6
phosphorylation (target of mTORC1) (Figure 7). Interestingly, a cross-
talk between hypoxia and insulin signalling through PHD3-regulated glu-
cose and lipid metabolism has been established in HFD-induced diabetic
mice with hepatic PHD3 deletion.61 The deletion of hepatic PHD3 im-
proved insulin sensitivity and ameliorated diabetes by specifically stabiliz-
ing HIF-2a and enhancing IRS2 expression, which led to phosphorylation
of AKT and improved glucose homeostasis.61 In the present study, we
identified that treatment with RAPA repressed post-I/R stimulation of
PHD3 expression with restoration of phosphorylation of AKT in diabetic
mouse heart, but such regulations were abolished in miR-17-92-deficient
diabetic mice. These results suggest a possible interplay between miR-
17-92 with PHD3-AKT signalling in post-I/R diabetic mice.

4.7 Limitation of the study
In the present study, we used HFD-fed cardiac-specific miR-17-92 defi-
cient diabetic mice to identify the critical role of miR-17 and miR-20 in
RAPA-induced cardioprotection against I/R injury. However, such an ef-
fect could be due to the cluster of miR-17-92, instead of individual
miRNAs. Future studies by suing specific miRNA-deficient mice may
help to address this issue. We also used isolated perfused heart that
were subjected to global I/R injury as opposed to the in vivo model of MI.
One of the concerns is the occlusion of left coronary artery to induce is-
chaemia in the db/db or HFD-fed diabetic mice is fraught with high mor-
tality as compared to non-diabetic WT mice. In addition, the perfusion
buffer contained glucose as a metabolic substrate, and lacked long-chain
fatty acids. Despite the importance of fatty acids as the preferred meta-
bolic fuel of the hearts, fatty acids are generally omitted from the perfu-
sion buffer due to their poor solubility in aqueous solutions and the
formation of frothing during vigorous oxygenation of the buffer.62

Furthermore, the hearts were isolated from mice fed with HFD (contain-
ing 60% fat calories, for 16 weeks) to induce obesity and diabetes, there-
fore, the lack of long chain fatty acid in perfusion medium may not largely
impact the outcome of the present study.

5. Conclusion

In conclusion, our results show a novel mechanism by which mTOR inhi-
bition with chronic RAPA treatment induces protective effects against
myocardial I/R injury in diabetic mice. Specifically, the essential role of
STAT3-miR-17-92 signalling axis was found to be critical in this protec-
tion. These studies may have potential clinical relevance in preventing I/R
injury in diabetics because RAPA has relatively mild side effects at low
dose. No negative impact on the immune system nor changes in blood
glucose, insulin secretion, or insulin sensitivity, in healthy old individuals
given RAPA were reported for at least 8 weeks.63 This indicates that
RAPA alleviates the adverse conditions that compromise the diabetic
heart when encountered with MI and possibly may provide better

outcomes in diabetic patients following acute MI. Therefore, chronic
treatment with low dose of RAPA may be a promising pharmacological
intervention for attenuating MI and improving prognosis in diabetic
patients.
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Translational perspective
The prevalence of heart disease and associated cardiovascular complications are a major cause of morbidity and mortality in diabetics. This study pro-
vides a novel mechanism by which mammalian target of rapamycin (mTOR) inhibition with chronic low-dose rapamycin (RAPA) treatment induces
protective effect against acute myocardial infarction in diabetic mice. Specifically, the results show an essential role of a highly innovative STAT3-miR-
17-92-mTOR signalling axis in cardioprotection in diabetes, which may have potential clinical relevance in preventing ischaemia/reperfusion (I/R) in-
jury in diabetics because RAPA has relatively mild side effects at low dose. Future studies using cardiac tissue from diabetic and non-diabetic patients
undergoing elective cardiac surgery may further confirm the role of this signalling pathway in the context of myocardial I/R injury.
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