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Abstract

Aims: Empagliflozin (EMPA) demonstrates cardioprotective effects on diabetic myocardium but its infarct-
sparing effects in normoglycemia remain unspecified. We investigated the acute and chronic effect of EMPA
on infarct size after ischemia-reperfusion (I/R) injury and the mechanisms of cardioprotection in nondiabetic
rnice. Results: Chronic oral administration of EMPA (6 weeks) reduced myocardial infarct size after 30
rnin/2 h I/R (26.5%%3.9% vs 45.8%=+3.3% in the control group, p<0.01). Body weight, blood pressure,
glucose levels, and cardiac function remained unchanged between groups. Acute administration of EMPA 24
or 4 h before I/R did not affect infarct size. Chronic EMPA treatrnent led to a significant reduction of
oxidative stress biomarkers. STAT-3 (signal transducer and activator of transcription 3) was activated by

Y (705) phosphorylation at the 10th minute of R, but it remained unchanged at 2 h of R and in the acute
administration protocols. Proteornic analysis was employed to investigate signaling intermediates and
revealed that chronic EMPA treatrnent regulates several pathways at re- perfusion, including oxidative stress
and integrin-related proteins that were further evaluated. Superoxide dismutase and vascular endothelial
growth factor were increased throughout reperfusion. EMPA pretreatrnent (24 h) increased the viability of
human rnicrovascular endothelial cells in normoxia and on 3 h hypoxia/l h reoxygenation and reduced
reactive oxygen species production. In EMPA-treated murine hearts, CD31-NEGFR2-positive endothelial
cells and the pSTAT-3(Y705) signal derived from endothelial cells were boosted at early reperfusion.
Innovation: Chronic EMPA administration reduces infarct size in healthy mice via the STAT-3 pathway and
increases the survival of endothelial cells. Conclusion: Chronic but not acute adrninistration of EMPA
reduces infarct size through STAT-3 activation independently of diabetes mellitus.
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Introduction

Acute myocardial infarction (AMI) is one of the leading causes of death and disability worldwide. One- year
mortality from AMI is on the decline; however, long- term mortality (1 year and beyond) remains significant
(61). Therefore, cardioprotection on top of early reperfusion and the reduction of the incidence and severity
of heart failure after AMI are existing clinical needs (17). So far, the translation of cardioprotective
interventions from the bench to bedside has been disappointing (30). However, recently, a novel class of
anti-diabetic drugs, the sodium-glucose cotransporter 2 (SGLT2) inhibitors have demonstrated remarkable
benefits on the myocardium in a clinical setting.

The SGLT2 inhibitors are a new class of effective drugs against type 2 diabetes mellitus. These inhibitors not
only improve management of hyperglycemia but, contextually, also reduce cardiovascular events, as
demonstrated by the landmark clinical trials EMPA-REC, CANVAS, and Declare- TIMI (48, 66, 73) in
which re-hospitalization for heart failure was reduced. Among the different clinically applicable SGLT2
inhibitors, empagliflozin (EMPA) is the most selective compound with more than 2500-fold SGLT2/SGLT1
selectivity (24). The EMPA treatment, as shown in the clinical trial EMPA-REG (73), decreased major
cardiovascular events, including cardiovascular death and re-hospitalization for heart failure. These results
reflect a reduction in the incidence of the acute coronary syndromes; however, our knowledge regarding the
attenuation of myocardial necrosis on myocardial infarction is limited to preclinical studies.

Interestingly, several preclinical and clinical data support its direct cardioprotective and systemic effects,
respectively (3). Direct improvement of cardiac calcium handling, through inhibition of myocardial Na'/H"
exchanger, and increase of myocardial levels of ketone bodies have been proposed as possible mechanisms
to regulate calcium overload and energy consumption in heart failure (6, 62, 68). However, whether the
reduction of myocardial infarct size is critical for the prophylactic role of EMPA against heart failure is still
unknown. Well-described cardioprotective mechanisms in ischemia-reperfusion (I/R) injury, such as the
signal transducer and activator of transcription 3 (STAT-3) (30), were shown to be favorably altered by
EMPA (4) as we have reported that chronic administration of EMPA in a murine model of hyperglycemia
reduced infarct size by activating the STAT-3 pathway (4).

In parallel, preclinical studies (16, 29, 55, 68) suggest the cardiovascular benefits of SGLT2 inhibitors in the
absence of diabetes mellitus, and the DAPA-HF trial (42) was the first clinical trial indicating that SGLT2
inhibition can improve heart failure outcomes in nondiabetic patients. The scientific interest for the
investigation of EMPAs actions independently of diabetes is increasing (31); however, the effect of EMPA
on the healthy myocardium in vivo and the elucidation of the molecular mechanisms of cardioprotection are
still pending. In terms of translational research, EMPA could be a valuable addition to the armamentarium
for secondary prevention from AMI since this drug may attenuate myocardial cell death from I/R injury.
Further, the direct impact of SGLT2 inhibition through EMPA on the myocardium remains debatable since
the SGLT?2 isoform is not expressed in the human and rodent myocardium (24, 63).

Based on all the data cited earlier, we sought to (i) investigate the effect of acute and chronic EMPA
treatment on the nondiabetic myocardium in terms of rescuing I/R injury and (ii) explore the mechanisms
implicated in cardioprotection.

Results

Acute administration of EMPA does not exert infarct size limitation properties

At first, we sought to investigate the acute effects of EMPA on the infarcted myocardium and determine
whether one oral dose of EMPA given before the ischemic insult abrogates myocardial injury in healthy
mice. We employed the first series of experiments in which 20 C57BL/6J male mice 12 weeks old (n = 5 per
group) were equally randomized into 4 groups as follows: (i) Control 24 h: Oral administration of vehicle 24
h before 30 min of ischemia (I) and 2 h of reperfusion (30' I/2 h R); (ii) EMPA 24 h: Oral administration of
EMPA 10 mg/kg 24 h before 30' I/ 2 h R; (iii) Control 4 h: Oral administration of vehicle 4 h before 30' I/2 h
R; and (iv) EMPA 4 h: Oral administration of EMPA 10 mg/kg 4 h before 30' I/2 h. The schematic
representation of the protocol is depicted in Figure 1A.

The dose of EMPA was selected based on our previous results in diabetic mice (4). The choice of the time
points for EMPA administration was based on the observation that one single dose of EMPA increased
myocardial energy capacity 4 h after its administration in diabetic animals (1). The 24 h correspond to more
than six times the half-life of the drug in normal mice (f112 = 1.8 h) (15). This time point was implemented
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to detect possible long-lasting effects of EMPA on a single dose of the drug. Acute administration of EMPA
to healthy adult mice 24 or 4 h before sustained ischemia did not significantly affect the extent of infarct size
compared with the respective control groups (Fig. 1B). The degree of the ischemic insult, as presented by the
area at risk ratio (R/A), did not change among all four groups as shown in Figure 1C.

Chronic administration of EMPA in nondiabetic mice does not affect body weight, mean arterial pressure,
glucose levels, and left ventricular function

Since EMPA did not reduce the infarct size acutely, we aimed at exploring the effects of chronic EMPA
administration on nondiabetic animals in terms of infarct size reduction. Our second series of experiments
included 16 C57BL/6J male mice 12 weeks old that were equally randomized to receive orally EMPA
10mg/kg/day (EMPA group) or vehicle (5% dimethyl sulfoxide [DMSQ] in water for injection) for 6 weeks
(control group). The schematic representation of the experimental protocol is depicted in Figure 2A. The
regimen was chosen based on our previous study (4). Body weight was monitored weekly and revealed that
EMPA does not alter body weight in nondiabetic mice (Fig. 2B). Fasting (8 h) blood glucose levels were
determined at baseline, at day 21 of EMPA administration, and at the end of the treatment. The blood
glucose measurements were performed 1 h after oral administration of EMPA since at this time point EMPA
reaches the highest concentration in the blood (Tmax=1 h in normal mice) (59). Our results demonstrate that,
in the absence of diabetes mellitus, EMPA did not significantly affect circulating blood glucose levels in
comparison to the vehicle-treated group (Fig. 2C). Importantly, no evidence of hypoglycemia was observed.
Mean arteria! blood pressure was measured at baseline and at the end of the EMPA treatment by using the
tail-cuff system. Chronic ad- ministration of EMPA had no effect on diastolic, systolic, and mean arteria!
blood pressure since equivalent values were re- corded between the two groups (p=NS) (Table 1). In parallel,
echocardiography assessment at the aforementioned time points was performed and demonstrated no
significant changes in left ventricular function and morphology between the control and EMPA groups, as
shown by % fractional shortening(%FS) and the left ventricular radius to left ventricular posterior wall
thickness ratio (r/h), respectively (Tables 2 and 3 and Supplementary Tables S1 and S2). We reported no
signs of discomfort or distress with respect to the daily assessment of the animals.

Chronic administration of EMPA reduces infarct size and attenuates biomarkers of cardiac oxidative
stress in absence of diabetes mellitus

To assess the infarct sparing properties of the 6-week EMPA treatment in the nondiabetic myocardium, the
chronic cohort of EMPA administration (n=16) was subjected to 30' 1/2 h R. At the end of the reperfusion
period, the hearts were excised, and triphenyl-tetrazolium chloride (TTC)-Evans Blue double staining was
performed. Two mice were excluded from the analysis: one from the control group due to hemorrhage during
the surgery and one from the EMPA group due to heart rupture during the staining by the cannula. Chronic
EMPA administration significantly attenuated myocardial infarct size from 45.8%+3.3% to 26.5%+3.9% of
the area at risk (n=7 per group, p<0.01) (Fig. 2D). In parallel, to determine the extent of the ischemic
myocardium that was salvaged (13, 19), the salvage index was calculated. We noticed that EMPA treatment
significantly increased the viable myocardium after 2 h of re- perfusion (n=7 per group, p<0.01) (Fig. 2D).
Both groups had similar risk/all areas (p=NS) demonstrating comparable ischemic insult (Fig. 2E).
Representative heart slices are shown in Supplementary Figure S1.

Then, we sought to identify whether oral administration of EMPA for 6 weeks attenuates cardiac oxidative
stress by determining the biomarkers malondialdehyde (MDA) and protein carbonyls (PCs) in the
myocardium as previously described (5, 21). Eighteen C57BL/6J male mice 12 weeks old were randomly
divided into three groups (n=18, n=6 per group): (i) normoxia group, treated with vehicle; (ii) control group,
treated with vehicle; (iii) and EMPA group, treated with 10 mg/kg/day with EMPA for 6 weeks per os. After
30' 1/10' R or sham operation for the normoxia group, myocardial tissues were obtained and lysed, for MDA
and PCs, respectively. The MDA and PCs levels were significantly increased on the ischemia/reperfusion
stimuli (p<0.05 and p<0.001 vs. normoxia), and EMPA significantly attenuated both bio- markers of
oxidative stress (p<0.05 and p<0.001, respectively, compared with control) (Fig. 2F, G). Our results clearly
illustrate that chronic EMPA administration reduces the oxidative burden in the ischemic heart tissue at early
reperfusion.

Chronic EMPA administration activates STAT-3 and has no effect on Akt and AMPKa signaling
We have previously reported that EMPA-mediated cardioprotective effects in mice with metabolic syndrome
and increased glucose levels are associated with STAT-3 activation independently of the reperfusion injury
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salvage kinase (RISK) pathway (4). Therefore, we investigated whether similar molecular mechanisms are
involved in the mechanism of EMPAs cardioprotection in nondiabetic animals. In the third series of
experiments, 16 mice were randomly divided to orally receive EMPA or vehicle for 6 weeks and were
subjected to 30 min of ischemia. Myocardial biopsies from the ischemic left ventricle were obtained at the
10th minute and at 2 h of reperfusion for molecular analysis (n=4 per group) (Fig. 2A). Western blot analysis
revealed a statistically significant increase in STAT-3(Y705) phosphorylation in the EMPA group at the 10th
minute of reperfusion, compared with the control group at the same time point (p<0.001, Fig. 3B). STAT-
3(Y705) phosphorylation did not differ between the two groups at 2 h of reperfusion (p=NS) (Fig. 3A, B and
Supplementary Fig. S2A). In addition, STAT-3 expression did not change at the 10th minute and at 2 h of
reperfusion in both groups (p=NS, Fig. 3A, B). Since the interaction between STAT-3 monomers may be
modulated by the myocardial redox condition (69, 70), we further investigated STAT-3 dimerization.
Additional mice were randomly divided into control and EMPA groups as mentioned earlier (n= 12, n=6 per
group), and the ischemic part was obtained at the 10th minute of reperfusion. Since we observed the
oxidative stress reduction by EMPA treatment at the 10th minute of reperfusion, this time point of
reperfusion was chosen as the most suitable to investigate STAT-3 dimerization. The left ventricles of
normoxic hearts were used as well (n=6). We employed a Western blot analysis under nonreducing
conditions and we observed that chronic EMPA treatment significantly increases the phosphorylated
monomer (p<0.05). Similarly, EMPA treatment led to a significant increase of the phosphorylated
p(Y705)STAT-3/t STAT-3 dimer (p<0.05), deducing that EMPA enhances the dimerization state of STAT-3.
Finally, we found that the expression of STAT-3 is not affected by the induction of I/R or the chronic EMPA
treatment since the monomer and dimer tSTAT-3/ GAPDH ratios remained unchanged among the groups
(Fig. 3C, D and Supplementary Fig. S2B).

Moreover, to investigate whether STAT-3 activation is de-pendent on RISK pathway activation in
nondiabetic animals, we investigated the phosphorylation and expression of protein kinase B (Akt; S473) at
the 10th minute and 2h of reperfusion. In line with our recently reported data in mice with metabolic
syndrome (4), Akt expression and phosphorylation were similar between the EMPA and control groups
(p=NS, Fig. 3E, F and Supplementary Fig. 2D). Previous reports regarding the cardiovascular effects of
SGLT?2 inhibitors, including canagliflozin and dapagliflozin, involve the activation of AMPKa kinase (29,
67, 72). However, herein we observed that chronic EMPA treatment did not increase AMPKa (T173)
phosphorylation and expression (p=NS, Fig. 3E, F and Supplementary Fig. S2C).

Acute EMPA treatment does not activate STAT-3

Subsequently, to further elaborate our hypothesis that STAT-3 activation accounts for the cardioprotective
effect of EMPA in myocardial I/R injury, we investigated whether acute administration of EMPA affects
STAT-3 activation after I/R. In the next series of experiments, 24 mice (n=6 per group) were randomized to
follow the acute administration protocol in which 1 dose of EMPA (10 mg/kg) was given 24 h or 4 h before
1/R (Fig. 1A). Myocardial tissue from the ischemic left ventricle was collected at the 10th minute of
reperfusion, as this time point was affected by EMPA chronic treatment. One dose of EMPA before I/R
injury did not alter STAT-3 phosphorylation when the drug was administered either 24 or 4 h before the
ischemic insult (Fig. 4A, B and Supplementary Fig. S3). These results are consistent with our observation
that acute EMPA administration does not reduce infarct size. Similar expression of STAT-3 between the
EMPA groups and the respective control groups was detected (Fig. 4A, B and Supplementary Fig. S3).

Proteomic exploration of the biological processes of EMPA in vivo

Considering that STAT-3 activation was associated with the infarct-sparing effects of EMPA and was
evident at the first minutes of reperfusion, we focused our further molecular investigation at the 10th minute
of reperfusion. To explore possible biological processes that could explain the favorable effects of chronic
EMPA treatment on myocardial infarct size reduction, we implemented a study of label- free proteomics in
mouse heart tissue samples. To identify proteome alterations associated with EMPA treatment, liquid
chromatography-tandem mass spectrometry (LC-MS/MS) analysis was performed on the protein lysate from
myocardial biopsies of the ischemic area of the heart at the 10th minute of reperfusion (EMPA treatment for
6 weeks) (n=4 per group).

The LC-MS/MS analysis resulted in a total of 2364 proteins identified based on at least 2 peptides, and the
average number of detected proteins were similar between the two groups (1396 for the control group and
1372 for the EMPA group). Lists of the assigned proteins by LC-MS/MS analysis are depicted in the
Supplementary Table S4. After applying a threshold of 75%, 1368 proteins formed our dataset



(Supplementary Table S4) in which the Mann-Whitney test was applied between the two groups. Only the
proteins that fulfilled the following criteria (i) statistically significant different (p::;; 0.05, Mann-Whitney
test) or (ii) had a fold change of at least 2 (|fold change| :2: 2) were used for further analysis and visualization
(Fig. 5B and Supplementary Fig. S4 and Supplementary Tables S3 and S4).

To assess the quality of the proteomics data in an unsupervised fashion, principal component analysis (PCA)
was per- formed by employing different scaling techniques. Pareto scaling methodology offered an enhanced
clustering capacity between the EMPA-treated and vehicle-treated group (Fig. SA). We performed over-
representation analysis, with the default parameters of the online gene set analysis tool WebGestalt (64, 65)
(Pathway enrichment analysis and Wiki pathways as data base) for the set of our statistical significant or
differentially expressed proteins.

We observed that of the statistically significant pathways (Benjamini-Hochberg corrected p-value < 0.05,
two-sided hypergeometric test) that were predicted to be deregulated, the majority were relevant to the
mitochondrial respiratory chain (electron transport chain, oxidative phosphorylation), and regulation of
oxidative stress (glutathione metabolism, oxidative stress), whereas cell adhesion (Alpha6-Beta4 Integrin
Signaling Pathway; Rhoa, Grb2) was also among the top 10 molecular processes that were predicted to be
represented by the changing proteins. STAT-3 has been associated in the literature with the regulation of
oxidative stress, cell survival and migration, and angiogenesis (2). For this reason, from the pool of
significant pathways revealed by the pathway enrichment analysis (Fig. 5C), we further investigated how the
oxidative stress and the integrin signaling pathway could be related to the EMPASs cardioprotective
mechanism.

Chronic treatment with EMPA upregulates vascular endothelial growth factor and superoxide dismutase
2 levels in murine nondiabetic hearts

To further investigate these signaling pathways, we employed an additional cohort of chronic EMPA
administration (n=12 mice in total, n=6 per group) and the ischemic part of the myocardium was collected
for RNA isolation on 30 min I/10 min reperfusion. Real-time polymerase chain reaction (RT-PCR) was
performed and the mRNA levels of super- oxide dismutase 2 (Sod2), inducible nitric oxide synthase (Nos2),
and NAPDH oxidase 2 (Nox2) as regulators of oxidative stress were determined. Moreover, proteomic
analysis revealed that EMPA differentially regulates integrin-related proteins associated with
Ras/GTPase/cytoskeleton axis (e.g., Rhoa, Rhoc, Rab5a, Cfll) and growth factors signaling adaptors (Grb2)
that are highly associated with vascular endothelial growth factor receptor 2 (VEGFR2) signaling (2).
Therefore, we determined the mRNA expression of vascular endothelial growth factor o (Vegfa), B (VegiP)
and vascular endothelial growth factor receptor 2 (Vegfr2). Endothelial nitric oxide synthase (Nos3) mRNA
was measured as a functional endothelial marker.

Among the studied genes, Vegfy and Sod2 mRNA were significantly upregulated in the EMPA group at the
10th minute of reperfusion (*p<0.05 vs. control; Fig. 5D and Supplementary Fig. S5), whereas the
expression of all other genes remained unchanged ( p=NS; Fig. 5D). The expression of SOD2 protein was
evident at the 10th minute of reperfusion (n=6 per group) and 2 h of reperfusion (n=4 per group; p<0.05),
whereas VEGF was increased at protein level at 2 h of reperfusion (n=4 per group) (*p<0.05 vs. control; Fig.
SE, F). The latter data support the hypothesis that chronic EMPA treatment induces endogenous detoxifying
mechanisms and potentiates the survival and/or proliferation of endothelial cells at reperfusion in the
nondiabetic myocardium.

EMPA treatment protects human microvascular endothelial cells against hypoxia/reoxygenation injury
Taking into account that VEGF is an endothelial- associated molecule, we focused our attention on the effect
of EMPA on microvascular endothelial cells under normoxic and hypoxic conditions. Human microvascular
endothelial cells (HMECSs) were subjected to normoxia or hypoxia/ reoxygenation (H/R) stress and were
treated with EMPA, 500 nM (4), or vehicle for 24 h before 3 h H/1 h R. In addition, and since STAT-3
underwent activation during early reperfusion, Stattic, a STAT-3 inhibitor, was used at 500 nM (7), to
elucidate whether the EMPA mechanism of action is STAT-3 dependent. The 3-(4,5-Dimethylthiazol-2-yl)-
2,5-diphenyl-tetrazolium bromide (MTT) assay on HMECs treated with EMPA under normoxic conditions
showed increased viability of the cells compared with vehicle (n=8 replicates, p<0.05).

Moreover, under H/R conditions, EMPA treatment significantly increased cell viability in comparison to the
vehicle-treated group (n=8 replicates, ****p<(0.0001). The EMPA's protective effect was blunted by Stattic
and EMPA co-treatment (****p<0.0001, EMPA group in comparison to EMPA co-treatment) (Fig. 6A).
Stattic alone decreased cell viability in comparison to the H/R group (*p<0.05), and Stattic/EMPA co-



treatment had similar viability to H/R ( p=NS) (Fig. 6A). Taken together, these results indicate that EMPA
directly favors endothelial cell survival though a STAT-3 mediated mechanism.

EMPA treatment inhibits H/R-mediated ROS production in absence of STAT-3 activation

Subsequently, being aware of the protective effect of EMPA through oxidative stress reduction, we subjected
HMEC:s to the same H/R protocol and we evaluated ROS production. EMPA and Stattic were used as in the
in vitro H/R experiment described earlier. Long-term (24 h) treatment with EMPA led to a significant
reduction of ROS- producing cells (**p<0.01), whereas Stattic treatment did not abrogate the EMPA effect (
p=NS in comparison to EMPA) (Fig. 6B). Therefore, EMPA treatment can reduce oxidative stress in the
absence of STAT-3 activation.

EMPA increases endothelial cell survival in vivo

On the basis of the pro-surviving effect of EMPA on microvascular endothelial cells in both normoxic and
H/R conditions, we sought to verify whether this effect was also evident in vivo on chronic EMPA treatment.
Therefore, 12 additional mice were randomized to receive EMPA or vehicle (n=3 per group) for 6 weeks. At
the end of the treatment, mice were either sham operated or subjected to 30 min I and 10 min R.
Fluorescence immunohistochemistry was per- formed on cardiac tissues derived from ischemic left ventricle
and from sham-operated animals by using CD31 and VEGFR2 as endothelial cell markers (46). In addition,
pSTAT-3(Y705) staining was used to explore the localization of the transcriptional factor activation.
Representative immunofluorescence images and the integrated fluorescence density of the CD31/DAPI and
VEGFR2/DAPI staining demonstrate that chronic EMPA administration increases CD31- and VEGFR2-
positive cells in both the sham-operated group and at early reperfusion in comparison to their respective
controls, indicating that the increased capillary density is independent of the I/R stress (Fig. 6C-E).
Importantly, pSTAT-3(Y705) co-localized with CD31 and VEGFR?2 in the I/R-affected myocardium,
suggesting that this cardioprotective signal also derives from cardiac endothelial cells (Fig. 6C). The IDF of
p(Y705)STAT-3/CD31 is significantly increased in the EMPA group compared with the control, which
suggests that EMPA improves the survival of endothelial cells by activating STAT-3 (p<0.01; Fig. 6F).

Discussion

This study investigated the cardioprotective effect of acute and chronic EMPA administration in terms of
infarct size reduction in nondiabetic mice. We employed an in vivo experimental model of myocardial
infarction and we explored possible implicated mechanisms for the observed effects. Herein, we demonstrate
that chronic but not acute administration of EMPA attenuates I/R injury through reduction of oxidative stress
and STAT-3 activation and dimerization at the early reperfusion. Moreover, the cardioprotective effect of
EMPA can be also attributed to the upregulation of de- toxification mechanisms and the VEGF pro-survival
stimulus. The STAT-3-dependent improvement of microvascular endothelial cell survival also contributes to
the alleviation of the reperfusion injury.

This study is the first to demonstrate that acute oral ad- ministration of EMPA 24 or 4 h in vivo before the
ischemic insult does not result in significant reduction of myocardial infarct size. Similar effects were
observed by Jespersen et al. (31a) and Uthman et al. (62) in an ex vivo rat/mouse model of myocardial I/R
when EMPA was given 10--20 min before the induction of ischemia. Moreover, short-term perfusion of the
nondiabetic heart with canagliflozin did not result in myocardial infarct size reduction (38). However, when
canagliflozin was given at the fifth minute after the induction of ischemia in an in vivo nondiabetic rat model
of myocardial infarction, the infarct size was significantly reduced (55). Distinct mechanisms of
cardioprotection could be speculated among the SGLT?2 inhibitors, and, therefore, future comparative studies
are required to enlighten drug-specific effects and the exact timeframe of acute protection.

We first show in this study that a period of 6 weeks of treatment with EMPA in healthy mice significantly
reduces infarct size and increases the extent of viable myocardium compared with the control group
independently of glucose levels. These results corroborate with the important study by Lim et al. (38) in
which chronic administration of canagliflozin for 4 weeks in nondiabetic rats significantly reduced
myocardial infarct size ex vivo (38).

It is well established that SGLT2 inhibitors reduce blood glucose levels, blood pressure, and body weight in
humans with type 2 diabetes mellitus (23, 47, 52, 66, 73) and in animal models mimicking such
pathophysiology (4, 25, 51, 60). These effects have been partially attributed to glycosuria, and further



underlying mechanisms are under investigation (36). Notably, the biometric parameters (body weight,
glucose levels, and arterial pressure) remained unaffected in healthy, nondiabetic animals in our study. Our
results on glucose levels are consistent with previous studies regarding chronic administration of SGLT2
inhibitors in nondiabetic animals, showing no evidence of altered blood glucose levels (38, 68). As far as the
body weight is concerned, our results are in line with a study in which dapagliflozin was given for 4 weeks
after myocardial infarction in nondiabetic rats and no significant changes were observed (37). However,
body weight was reduced on chronic administration of EMPA and canagliflozin in nondiabetic rats (38, 68),
indicating that the choice of different anima! models and the dose of SGLT2 inhibitors could lead to
variation between the observed effects. Moreover, herein we demonstrate that chronic administration of
EMPA does not affect left ventricular function and contractility of the nondiabetic myocardium. In line with
our data, chronic administration of EMPA did not alter cardiac function parameters in normoglycemic rats
(68), indicating the safety of the drug for the nondiabetic myocardium on long-term treatment. Improvement
in cardiac function is only apparent in the presence of co-morbidities, leading to hemodynamic and
metabolic disorders as previously demonstrated by our (4) and other groups (16, 27, 51).
A burst of reactive oxygen species occurs at early reperfusion (53) and is a key regulator of cell death and
myocardial infarct size (18). In our study, we measured MDA and PCs as established redox biomarkers (22)
and also because these markers of lipid and protein oxidation have been previously recruited successfully to
define the oxidative status of the myocardium (4, 19). We observed that chronic EMPA treatment
significantly decreased the biomarkers mentioned earlier in myocardial tissues on I/R stress. This result is in
agreement with previously reported data showing that EMPA directly inhibits the sodium-hydrogen
exchanger (NHE) (6), and NHE depletion is related to oxidative stress reduction (54). Myocardial
antioxidant effects have been also demonstrated for other SGLT2 inhibitors independently of diabetes (55).
As far as the cardioprotective mechanisms are concerned, we investigated the phosphorylation of STAT-3 on
Y705, which been associated with cardioprotection during the first minutes of reperfusion (4). Increased
p(Y705)STAT-3 was evident at the 10th minute of reperfusion, indicating its increased activity without
significant alterations of its expression throughout reperfusion. STAT-3 is one of the main signaling
molecules in the SAFE pathway and is considered a major mediator of cardioprotection, leading to a
decrease in infarct size (11, 12, 30). Oxidative stress can modify the ability of STAT-3 to undergo
phosphorylation and to act as a transcriptional regulator via dimerization (69, 70). Our results demonstrate
that EMPA improves the formation of Y(705)STAT-3 dimers and, therefore, as the result of dimer
formation, several anti-oxidant and antiapoptotic genes can be regulated via the STAT-3 canonical pathway
(70, 74).
Notably, acute administration of EMPA does not affect the expression and activation of STAT-3 in our
study. This is in line with the fact that infarct size was not reduced. The evaluation of STAT-3 activation in
the acute EMPA proto- cols was performed in 12 week-old mice that were 6 weeks younger than the chronic
cohorts. Therefore, we can safely exclude the possibility that the cardioprotective signaling is lost due to
aging (10) and conclude that STAT-3 activation by EMPA is only related to infarct size reduction. Current
results are in agreement with our previous study in hyperglycemic mice (4). Moreover, they further suggest
that STAT-3 mediating cardioprotection is independent of the presence of diabetes mellitus. In line with our
data, chronic administration of dapagliflozin in an experimental model of nondiabetic rats enhanced
phenotypic switch of macrophages toward the M2 phenotype, reduced myofibroblast infiltration and
consequently cardiac fibrosis after myocardial infarction through STAT-3 activation (37).
Although STAT-3 is activated on cardioprotective maneuvers as part of the SAFE pathway, a cross-talk
between RISK and SAFE has been also postulated (28). However, in our study, EMPA did not alter the
expression and the phosphorylation of Akt and AMPKa kinases neither at the 10th minute nor at 2 h of
reperfusion, suggesting that the reduction of infarct size is due to activation of the SAFE signaling pathway
independent of the RISK pathway and the AMPKa downstream effectors. This result is consistent with
previous reports in which EMPA did not activate AMPK in human umbilical vein endothelial cells and in
human aortic endothelial cells (41). Our results are dissimilar to the study of Sayour et al. (55), in which
acute canagliflozin treatment induced Akt activation in infarcted hearts and the discrepancy may be
attributed to the timeframe of the treatment.
To identify the biological pathways that are regulated at early reperfusion on chronic EMPA treatment, we
performed proteomic analysis and to the best of our knowledge, this is the first time that such an analysis is
performed for the investigation of the cardioprotective effect of SGLT2 inhibitors. We must mention herein
that we could not determine STAT-3 in the proteomic dataset since it is well established that low abundant
proteins are not easily identified with high- throughput and untargeted proteomic approaches (39). However,
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global proteomic profiling enables the visualization of grossly affected cellular processes and provides hints
for further and unbiased research. From the pathway enrichment analysis in this study, we sought to
characterize those that could be related to STAT-3 signaling such as the regulation of oxidative stress and the
pathway related to integrins.

Ten proteins of our curated dataset of statistically significant or differentially expressed proteins (Grb2, Cfl1,
Rhoa, Fgg, Fgb, Gpcl, Rhoc, Mapk14, Rab5a, Hras) belong to the VEGF/VEGFR?2 signaling network (2),
which can potentiate and sustain angiogenesis or promote survival signaling for endothelial cells (8, 9). Our
RT-PCR data showed the upregulation of VegfJ3 in the EMPA-treated heart post-I/R, which was confirmed
at protein level at 2 h of reperfusion. Increased VEGF by inflammation has been described to reduce infarct
size through a preconditioning effect (43), and therefore the upregulation of VEGF by EMPA could
represent a potential novel cardioprotective mechanism. The VEGF-related path- way has been also related
to the protective action of another SGLT2 inhibitor, luseogliflozin, against renal fibrosis and capillary injury
(71). Therefore, further studies could elucidate whether this molecular signal is a class effect of SGLT2
inhibitors.

The oxidative stress regulation was evident from proteomics. Therefore, we confirmed that Sod2 mRNA
levels and SOD2 protein were significantly increased in the EMPA- treated myocardium compared with the
controls, indicating that EMPA increases the endogenous cardiac antioxidant capacity and renders the
myocardium less susceptible to ROS-induced cell death (17, 22). Both VEGF and SOD2 are downstream
effectors of STAT-3 (70, 74) and are associated with the cardioprotective effect of EMPA.

Based on our findings on integrin-related proteins over- representation, we subsequently shifted our focus on
the effect of EMPA on microvascular endothelial cells. The EMPA increased HMEC's viability in normoxia
and hypoxia, whereas we found that under hypoxic conditions the protective effects were STAT-3
dependent. We confirmed these findings in vivo by immunofluorescence staining of the EMPA-treated
myocardium, as EMPA increases endothelial cells in the myocardium independently of I/R, whereas STAT-3
is found to be favorably activated in endothelial cells at the 10th minute of reperfusion. The STAT-3 and
VEGEF pathways have been already reported to have a mutual activatory relationship, because the VEGFR2
receptor is a tyrosine kinase receptor that can mediate STAT-3 activation in endothelial cells, whereas
STAT-3 stands as a transcription factor of VEGF (9, 14). However, the mechanism by which EMPA
increases endothelial cell proliferation in vivo before the ischemic insult is still under investigation and might
rely on the other cellular populations in the myocardium such as smooth muscle cells and fibroblasts.

In conclusion, herein we provide evidence that chronic EMPA administration reduces cardiac oxidative
stress and activates STAT-3 through its Y(705) phosphorylation and dimerization. In parallel, EMPA
induces VEGF expression and improves endothelial cell survival in a STAT-3 dependent manner (Fig. 7).
The increased proliferation of endothelial cells on EMPA treatment that was found as independent of 1/R
requires further characterization and will be the topic of our future studies.

Limitations

In this study, we investigated the infarct-limiting effect of acute and chronic EMPA treatment in healthy
mice. As far as the mechanistic insight is concerned, we focused on the attenuation of oxidative stress and
the SAFE pathway. However, it remains unclear as to how our findings are linked to mitochondrial function
and myocardial energy metabolism (26). Moreover, although this study dealt with the expression of several
redox signaling molecules, such as NADPH oxidases and SOD, a number of other key controllers of
mitochondrial reactive oxygen species emission, such as thioredoxin 2, were not explored (57). Finally, we
acknowledge that defining the exact cell death pathways (apoptosis, necrosis, pyroptosis, necroptosis) that
are affected by EMPA treatment is of major significance and requires future studies.

Materials and Methods

Animals

For the in vivo experiments, a total of 130 C57BL/6J male mice 12 weeks old (average weight 27.1 g) were
used. The choice of the gender, the age and the strain of animals was based on the "Practical guidelines for
rigor and reproducibility in preclinical and clinical studies on cardioprotection” (13) and our previous
preclinical studies on I/R injury (4, 49). Mice were housed in a specific pathogen-free facility in a
temperature-controlled environment (20°C-25°C) under a 12-h light/dark cycle, in a maximum number of six
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per cage and received regular laboratory animal diet ad libitum. All animal procedures were in compliance
with the Presidential Decree 56/2013 for the protection of the animals used for scientific purposes, in
harmonization to the European Directive 2010/63; experimental protocols were approved by the competent
Veterinary Service of the Prefecture of Athens (Protocol No. 2758/05-06-2018).

Surgical procedures on the animals and the interventions were performed in compliance with the guidelines
"Practical guidelines for rigor and reproducibility in preclinical and clinical studies on cardioprotection" (13).

Pharmacological agents

The EMPA was isolated from 25 commercially available film-coated tablets (Jardiance F.C. Tab 25mg®;
Boehringer Ingelheim, Germany), as previously reported (4). The pills were pulverized, and the powder was
suspended in absolute Ethanol 99%. The suspension of the drug was then filtered through a pleated filter to
remove the insoluble excipients. Afterward, the filtrate solution was centrifuged at 4000 g for 10min twice
so that the remaining excipients could sediment. The supernatant was then vacuum vaporized, and EMPA
was received as a crystal weight powder. The purity of the compound was verified via 1H-NMR
spectroscopy as previously shown (4). The EMPA was diluted in water for injection and 5% DMSO to be
administered to the animals and in pure DMSO for the in vitro assays.

Stattic, a commercially available STAT-3 inhibitor, was purchased from Sigma Aldrich (via Lab Supplies; P.
Galanis & Co., Athens, Greece). Stattic was dissolved in pure DMSO for in vitro testing.

All reagents were purchased from Sigma Aldrich (via Lab Supplies; P. Galanis & Co.) and antibodies from
Cell Signaling Technology (via Bioline; E. Demagkos & Co., Athens, Greece), unless otherwise stated.

Echocardiography

Echocardiography assessment was performed in the chronic cohort (n = 16, n = 8 per group), at baseline and
at the end of the 6-week treatment with EMPA Echocardiographic analysis was performed in anesthetized
mice with isoflurane (5% in 1 L/min oxygen for induction, and 1% for maintenance of anesthesia).
Transthoracic echocardiography was performed by an experienced sonographer in a blinded manner with a
high-frequency ultrasound imaging system (Vevo 2100; Visualsonics, Inc., Toronto, ON, Canada) equipped
with an 18-38 MHz linear-array transducer (MS400). Heart rate, left ventricular end-diastole (LVEDD) and
left ventricular end- systole diameter (LVESD), left ventricular posterior wall thickness at diastole and at
systole, FS [FS% = (LVEDD - LVESD)/LVEDDx 100%], and left ventricular radius to left ventricular
posterior wall thickness ratio were calculated (4, 20, 21).

Blood glucose levels

For the determination of blood glucose levels, mice were fasted for 8 h before the measurement. Blood
sampling was performed by puncturing the tail vein vertically using a 23-gauge needle. The measurement of
blood glucose was performed in three time points, at baseline, at the 21st day (in the middle of the protocol
of EMPA treatment), and at the end of the treatment period. Blood glucose levels were measured by using
the hand-held glucometer Accu-Chek Instant (Roche Diabetes Care GmbH) (4).

Arterial pressure monitoring

The arterial blood pressure was measured in the chronic cohort on awake mice (n = 16, n = 8 per group) at
baseline and at the end of EMPA treatment with a noninvasive method by using the CODA Monitortail-cuff
system (Kent Scientific Co., Torrington, CT). At first, the mice were placed for 10 min inside a heated
chamber (34°C) and afterward in a restrainer over a heating pad. The tail cuff was positioned on the mouse
tail, and the animals were allowed to acclimatize for 5 min. Then, 20 consecutive arterial pressure
determination cycles were performed and the measurements were recorded on the CODA software (4).
During our experiments, two animals exhibited signs of discomfort and therefore the animals were returned
to the heated chamber and were re-examined 1 h later.

Murine model of ischemia-reperfusion injury

For the experiments of the myocardial infarction, mice were anesthetized with the use of an intraperitoneal
combi- nation of ketamine (100 mg/kg), xylazine (20 mg/kg), and atropine (0.6 mg/kg). The anesthesia depth
was monitored by the loss of the pedal reflex. The body temperature was maintained at 37°C throughout the
surgical procedure with the use of a heating pad. A trachea! tube was placed via tracheotomy, and artificial
respiration was set at a rate of 150 strokes per minute and with a tidal volume of 200 pL by using MiniVent
Ventilator for Mice (Model 845; Harvard Apparatus). Then, the animals were positioned in left-lateral



recumbence and the chest was opened via left-sided thoracotomy. Afterward, the heart was visualized, the
pericardium was incised, and the left anterior descending coronary was ligated ~ 3-4 mm distal to the origin
of the artery under the left atrium by using a 6-0 silk suture. The heart was allowed to stabilize for 15 min.
Ischemia was induced by tightening of the suture against a small piece of polyethylene tubing and was
verified by checking for appearance of a paler color in the anterior wall of the left ventricle. At the end of the
30-min ischemic period, the ligature was released and allowed re- perfusion of the myocardium for 2 h, as
previously described (4, 49).

Infarct size measurements

Infarct size measurement was employed to define the degree of myocardial injury from the ischemia and
reperfusion insult in the two groups. Mice hearts were gently excised, and the aorta was cannulated and
perfused with 5 mL of normal saline. Afterward, the suture was re-tightened and Evans Blue solution (2.5%
in Water for injection) was slowly infused to delineate the ischemic from the normally perfused part of the
myocardium. The hearts were frozen for 24 h at -20°C and were sliced into 1-2 mm sections. Tue slices were
incubated with TTC solution (1% in phosphate-buffered saline [PBS] pH = 7.4) at 37°C for 20 min.
Subsequently, the sections were emerged in formaldehyde overnight so that the infarct area is demarcated as
a white area and the viable tissue stains red. The slices were photographed with a Cannon Powershot A620
Digital Camera (Canon, Tokyo, Japan) under the Zeiss 459300 microscope (Carl Zeiss Light Microscopy,
Gottingen, Germany). For each heart, the overall size of each slice (All/A), the area-at-risk (R), and the
infarct area (I) were determined by using ImagelJ software and the percent- ages of RIA%, Salvage Index and
1/R % were calculated (4, 13, 19, 49).

Tissue sampling of the sham operated group

Mice were anesthetized and operated as described earlier. The 6-0 silk suture was ligated with the difference
that the polyethylene tube was not placed and ischemia was not induced. Myocardial tissue samples were
snap-frozen for the molecular mechanisms analyses (49).

Western blot analysis in myocardial tissue

Western blot analysis in myocardial tissue samples was performed as previously described (5, 53). Before
the in- duction of ischemia, at the 10th minute of reperfusion or at the 2 h of reperfusion, tissue samples from
the ischemic part of the myocardium were pulverized in liquid nitrogen and dry ice and were homogenized
by using lysis solution (1% Triton X100, 20mMTris pH 7.4-7.6, 150mMNaCl, 50mM NaF, 1 mM EDTA,
ImM ethylene glycol tetraacetic acid, ImM glycerolphosphatase, 1% sodium dodecyl sulfate [SDS], lO0mM
phenylmethanesulfonyl fluoride, and 0.1% protease phosphatase inhibitor cocktail). Lowry method was
employed for the determination of the protein content. An equal amount of protein was used to prepare the
Western blot samples by mixing with Dave's buffer (4% SDS, 10% 2- mercaptoethanol, 20% glycerol,
0.004% bromophenyl blue, and 0.125 M Tris-HCI). The samples were boiled at 100°C for 10 min and stored
at -80°C. The detection of the STAT-3 dimers was performed in tissue lysates prepared with suitable lysis
buffer without SDS (NP-40 lysis buffer: 25mM Tris, 150mM NaCl, 1 mM EDTA, 1% NP-40, 5% glycerol,
pH 7.4) supplemented with protease and phosphatase inhibitor tablets (Complete Mini, EDTA free Protease
Inhibitor Cocktail; Roche Diagnostics GmbH and Pierce Phosphatase Inhibitor Mini Tablets; Thermo
Scientific Product #A32757). The Western blot samples were mixed with Dave's buffer without 2-
mercaproethanol and boiled at 90°C for 5 min. Tue samples were then separated by SDS-polyacrylamide gel
electrophoresis 6-15% and transferred onto a polyvinylidene difluoride membrane. After blocking with 5%
nonfat dry milk, membranes were incubated overnight at 4°C with the following primary antibodies:
phospho-Akt (S473) (dilution 1:1000 Mouse, Cat. No E-AB-51038; Elabscience), Akt (dilution 1:1000,
Mouse mADb #2920), phospho-STAT-3 (pSTAT-3; Y705) (dilution 1:1000, Mouse mAb #9138), tSTAT-3
(dilution 1:1000, Mouse mAb #9139), adenosine monophosphate-activated protein kinase a (p-AMPKa)
(T172) (dilution 1:1000 Rabbit, NB100-92711; Novus Biologicals), AMPKa (dilution 1:1000, Rabbit mAb
#5831), glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (dilution 1:4000, rabbit mAb #2118; Cell
Signaling Technology), SOD2 (dilution 1:5000, rabbit mAb #13141; Cell Signaling Technology), VEGF
(dilution 1:1000, mouse mAb, se Cat. No. sc-7269; purchased by Santa Cruz Biotechnology, Germany), and
B-tubulin (dilution 1:1000 mouse mAb, Cat. No. sc-7963; purchased by Santa Cruz Biotechnology).
Membranes were then incubated with secondary antibodies for 1-2 h at room temperature (Biorad goat anti-
mouse and goat anti-rabbit horseradish peroxidase) and developed by using the GE Healthcare ECL Western
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Blotting Detection Reagents (Thermo Scientific Technologies; Thermo Fisher Scientific, Inc., Waltham).
Relative densitometry was determined, and the values for phosphoproteins were normalized to the values for
total respective proteins (4, 49). The proteins P-tubulin or GAPDH were used as loading controls (49).

Measurement of myocardial MDA and PC content

The myocardial biopsies were snap-frozen in liquid nitrogen and stored at -80°C until the assay. The samples
were pulverized and split in two parts before homogenization. For MDA measurement, the extraction was
performed by using ice-cold 20 mM Tris-HCI buffer pH 7.4 whereas for PCs we used 0.1 M PBS pH= 6.7 in
a 1:10 wt/volume ratio. Then, the samples were centrifuged at 3000 g for 10 min and 10,000 g for 15 min at
4°C and the supernatants were collected for the respective biochemical assays. The protein concentration of
the supernatants was determined by the Lowry assay (DC protein assay; Bio-Rad, United Kingdom). The
MDA con- centration was determined spectrophotometrically at 586 nm and expressed in pmol/mg protein
(Oxford Biomedical Research Colorimetric Assay for lipid peroxidation) (5, 21). The PCs were measured
spectrophotometrically at 360 nm and expressed in pmol/mg protein as previously described (5, 21). The
measurements were performed on the plated reader Infinite 200 PRO series (Tecan).

Sample preparation for proteomic analysis

For proteomic analysis, the lysates that were prepared for Western blot analysis were used. Filter-aided
sample preparation was performed according to a previously described method (33). Protein extracts
(corresponding to 200pg total protein content for each sample) were mixed with 200uL of urea buffer (§ M
urea in 0.1 MTris-HCI pH 8.5, UA buffer) in Amicon filter units (0.5 mL, 30 kDa MW cutoff) and were
centrifuged at 14,000 g for 15 min. This step was repeated twice, and the flow-through was discarded form
the collection tube. Then, 100pL of 0.05 M lodoacetamide in UA buffer was added and mixed. The tubes
were incubated for 20 min at room temperature in the dark. The filter units were centrifuged at 14,000 g for
10 min, washed with an equivalent volume of UA buffer, and centrifuged again. The flow through was
discarded. Afterward, 100puL of ammonium bicarbonate buffer (50 mM NH4HCO3 pH 8, in ultrapure water)
was added to the filter unit and centrifuged at 14,000 g for 10 min twice. Finally, the samples were
trypsinized in a humidity container overnight at room temperature in the dark by using a solution of 50 mM
NH4HCO3 pH 8, and trypsin to protein ratio 1:100 (w/w). The elution of peptides was recovered after
centrifugation of the filter units at 14,000 g for 10 min. Centrifugation was repeated after another addition of
40uL 50 mM NH4HCOs; pH 8 into the filter units. Eluted peptides were lyophilized and stored at -80°C until
use (35).

LC-MS analysis

All LC-MS/MS experiments were performed on the Dionex Ultimate 3000 UHPLC system coupled with the
high- resolution nano-ESI Orbitrap-Elite mass spectrometer (Thermo Scientific) (34, 45). Each sample was
reconstituted in 200pL loading solution composed of 0.1% v/v formic acid. A SpuL volume was injected and
loaded on the Acclaim PepMap 100, 100pumx2 cm C18, Spm, 100 A trapping column with the ulPickUp
Injection mode with the loading pump operating at flow rate SpuL/min. For the peptide separation, the
Acclaim PepMap RSLC, 75umx50cm, nano-Viper, C18, 2um, and 100 A column retrofitted to a PicoTip
emitter was used for multi-step gradient elution. Mobile phase (A) was composed of 0.1% formic acid and
mobile phase (B) was composed of 100% acetonitrile, 0.1% formic acid. The peptides were eluted under a
240-min gradient from 2% (B) to 33% (B). Flow rate was 300 nL/min, and column temperature was set at
35°C. Gaseous phase transition of the separated peptides was achieved with positive ion electrospray
ionization by applying a voltage of 2.5 kV. For every MS survey scan, the top 10 most abundant multiply
charged precursor ions between m/z ratio 300 and 2200 and intensity threshold 500 counts were selected
with FT mass resolution of 60,000 and subjected to higher- energy collisional dissociation fragmentation.
Tandem mass spectra were acquired with an FT resolution of 15,000. Normalized collision energy was set to
33, and already targeted precursors were dynamically excluded for further isolation and activation for 45 s
with 5 ppm mass tolerance (45, 58).

MS data processing and quantification

Raw files were analyzed with Proteome Discoverer 1.4 software package (Thermo Finnigan), using the
Sequest search engine and the Uniprot mouse (Mus musculus) reviewed database, downloaded on November
22,2017, including 16,935 entries. The search was performed by using carbamidomethylation of cysteine as
static and oxidation of methionine as dynamic modifications. Two missed cleavage sites, a precursor mass

11



tolerance of 10 ppm, and fragment mass tolerance of 0.05 Da were allowed. False discovery rate (FDR)
validation was based on q value: target FDR: 0.01. (45).

Quantification was performed at the peptide level by employing a clustering approach as previously
described (40, 58). Label-free quantification was performed by utilizing the precursor area values of each
sample as defined by the Proteome Discoverer 1.4 software package. Samples were analyzed individually
(not pooled) and assigned to distinct groups. For a small number of peptide sequences where no peptide
precursor area could be retrieved (although the peptides were identified), the missing values were replaced
by zero. If a peptide was not identified in a particular sample, the missing values were replaced by zero. For
the quantitation- statistical analysis, only the peptides that were present in at least 75% of the samples in at
least one group were further considered. The precursor area values were subjected to the following
normalization method within each sample before quantification analysis: normalized peak area=(peptide
peak area/sum of peptides peak area)x106. Protein expression values were calculated as the sum of all the
normalized peptide areas that were assigned for a given protein. p-Value < 0.05 was considered statistically
significant. Visualization of the proteomics findings in the form of the heat map was performed by using the
ClusterVis web server(44). The gene names used in the heatmap, in Supplementary Tables S3 and S4 and
wherever else indicated were updated on September 2019 based on UniProt database.

Functional analysis

Functional analysis was performed with the WebGestat (65) Analysis web interface by using the default
settings. Ontologies were retrieved from Wikipathways database (updated on 2017), and only statistically
significant pathways (Benjamini-Hochberg corrected p-value < 0.05, two-sided hypergeometric test) were
taken into account. For the remaining parameters, default settings were used.

Confocal microscopy

Myocardial cryosections were fixed with 4% paraformaldehyde, permeabilized with 0.25% TritonX in PBS,
and blocked with 3% bovine serum alburnin-0.01% Tween- 80 (Cat. No. A8806; Sigma Aldrich) in PBS.
Subsequently, samples were incubated with pSTAT-3(Y703) (Mouse mAb, #4113S; Cell Signaling), CD31
(Rabbit pAb, # ab28364; Abcam), and VEGFR2 (Rabbit pAb, #ab39256; Abcam). Primary antibodies were
incubated with the specimens overnight, washed off with PBS and subsequently anti-rabbit/ Alexa-Fluor 647
(Donkey, # abl50079; Abcam) and anti-mouse/Alexa-Fluor 594 (Donkey, # abl50120; Abcam) conjugated
secondary antibodies were used. After washing trice in PBS, specimens were treated with VECTASHIELD
antifade mounting medium with 4',6-diamidino-2- phenylindole (DAPI) for DNA staining (Cat. No. H-1200;
Vector) and visualized in a confocal laser-scanning microscope (Leica confocal microscope, 40 x, oil
immersion objective). Z stacks of the cells were obtained, and 3D images were generated by using Fiji-
Imagel software2 (21). The integrated fluorescence density of each 3D image for each channel was
measured by using the same software.

Real-time PCR

For isolation of RNA, snap-frozen murine hearts were pulverized and extracted by the standardized Trizol
protocol. The RT-PCR was performed with the CFX96 Real-Time PCR Detection System (Bio-Rad,
Munich, Germany). Isolated RNA was reverse-transcribed to cDNA by using high-capacity cDNA reverse
transcription kit (Takara). The following primer pairs were designed (Primer-Blast, NCBI, NIH) and used to
detect mRNA expression; Nos3, Vegfa, VegfP, Vegfr2, Nos2, Sod2, and Nox2 (Eurofins Genomics AT,
GmbH) were analyzed by the standardized SYBR®Green method (Kapa Biosystems) according to the
manufacturer's instructions (32). The comparative delta CT method was used for relative mRNA
quantification. We normalized gene expression to the endogenous control (TBP mRNA), and the expression
of the target gene mRNA of each sample was expressed relative to that of the control (56).

Gene (M. Primer (5'-3") Product length
Musculus)
Nos3 Forward GGCTGTAGCCCTATTTCACCT 83
Reverse ATTGTTGGGCTTTGCTTCACT
Nos2 Forward AGGCAATCTTCGTTCAGCCA 99
Reverse TAGCCCGCATAGCGTATCAG
Nox2 Forward AAGTTCGCTGGAAACCCTCC 88
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Reverse GCCAAAACCGAACCAACCTC

Sod2 Forward CTGAAGTTCAATGGTGGGGG 93
Reverse CAGCAACTCTCCTTTGGGTTC
Gadph Forward CCCAGCTTAGGTTCATCAGGT 87
Reverse GCCAAATCCGTTCACACCG
Vegip Forward AGCCAGACAGGGTTGCCAT 100
Reverse TGGATGATGTCAGCTGGGGAG
Vegfa Forward CTGGACCCTGGCTTTACTGC 98
Reverse ACTTGATCACTTCATGGGACTTCT

HMEC:s culture

The HMECs were obtained from the American Type Culture Collection (ATCC, Manassas, V A). The
HMECs were grown in MCDB 131 Medium supplemented with 10% fetal bovine serum (FBS) and 1% (v/v)
streptomycin/ penicillin at 37°C and 5% CO,. At 80% confluence, the cells were seeded in a 96-well plate or
in a 6-well plate at 2.5 x103 per well or 5 x104 per well and left in culture for 24 h to perform Cell Viability
Test and ROS Detection Assay, respectively.

Hypoxia/reoxygenation protocol

For in vitro H/R experiments, HMEC were serum-starved (FBS 2%) for 24 h and treated with EMPA (500
nM) for 24 h. Then, cells were exposed to hypoxia (5% CO, and 94% N>) for 3 h (in the presence of EMPA)
and subsequently reoxygenated (21% O and 5% CO) for 1 h. During reoxygenation, the cells were exposed
to STAT-3 inhibitor, Stattic (500 nM).

MTTassay

At the end of the H/R protocol, cell viability was assessed by using the MTT kit (10 pL/well; Sigma, St.
Louis, MO) as indicated by the manufactory protocol. Briefly, after 2h of incubation at 37°C, DMSO
(Sigma) was added. Each experiment was performed three times (16 wells/each experimental condition). The
plates were read at 570 nm to obtain optical density values.

ROS detection assay
At the end of the H/R protocol, ROS generation was evaluated by using the Oxidative Stress Kit (Muse®
Oxidative Stress Kit; Millipore). Each experiment was performed three times.

Statistical analysis

Statistical analysis was performed by using the GraphPad Prism 7 software (Graph Pad Software, Inc.). All
the results were plotted in graphs as mean + standard error of the mean values. For animal studies, tissue
experiments, densitometric analysis for Western blots, PCR, and cell viability assay on normoxia
comparisons of numeric variables between the two groups were conducted by using an unpaired two-tailed
Student's t-test. Echocardiography and blood pressure data originating from different time points belonging
to the same group were analyzed by using a paired two-tailed Student's t-test. A calculated p < 0.05 was
considered statistically significant. For PCA, SIMCA P+ 11.5 was used.

Data on STAT-3 phosphorylation and expression under nonreducing conditions, cell viability assay, and
ROS assay were analyzed by using one-way analysis of variance, followed by Tukey's multiple-comparison
test. Glucose levels and body weights were analyzed by using paired two-way analysis of variance
(comparing the means among groups and using Bonferroni as a post hoc test for multiple comparisons) as
required. The cut-off for statistical significance was set at p < 0.05 (*p < 0.05, **p < 0.01, ***p < 0.001,
*HA%Ep < 0.0001).
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TABLE 1.

Arterial blood pressure measurements at baseline and after 6 weeks of empagliflozin administration
using the tail-cuff system

Blood pressure Control, mmHg, n=8§ EMPA, mmHg, n=8 p

Mean BP baseline 108.3+3.6 113.5£2.3 0.2436
Mean BP 6 weeks 92.4+4.9 98.1+6.1 0.4783
Systolic BP baseline 126.7+3.9 135.1£2.0 0.0772
Systolic BP 6 weeks 111.845.8 117.5+£7.1 0.5460
Diastolic BP baseline 99.5+3.6 103.0£2.5 0.4351
Diastolic BP 6 weeks 83.0+4.5 88.9+5.7 0.4292

Unpaired t-test was employed for comparison between the two groups, and paired t-test was use for the
comparison of the two different time point measurements of the same group. The results demonstrate no
significant change between the groups (n = 8 per group, p=NS). Data are presented as mean+SEM. BP, blood
pressure; EMPA, empagliflozin; SEM, standard error of the mean.

TABLE 2.

Echocardiographic assessment of cardiac function at 6 weeks between empagliflozin-treated mice and
the control group demonstrated a slightly reduced heart rate in the empagliflozin group

6 Weeks Contro/, n=8 EMPA, n=8 p

HR, beats/min 573.87 +£10.93 511.62+22.31* 0.0252
LVEDD, mm 3.56+0.06 3.60+0.10 0.7560
LVESD, mm 2.02+0.04 2.12+0.08 0.3131
LVPWd, mm 0.77+0.01 0.76+0.01 0.7207
LVPWs, mm 1.28+0.01 1.26+0.01 0.1750
ES, % 43.16+0.83 41.01+1.52 0.2367
r/h 2.32+0.05 2.36+0.05 0.6864

The HR of both groups remained in the normal HR range for healthy adult mice (n=8 per group, unpaired t-
test, *p<0.05 in comparison to control). Data are presented as mean + SEM. FS, fractional shortening; HR,
heart rate; L VEDD, left ventricular end-diastole diameter; L VESD, left ventricular end-systole diameter;
LVPWd, left ventricular posterior wall thickness at diastole; L VPW s, left ventricular posterior wall
thickness at systole; r/h, left ventricular radius to left ventricular posterior wall thickness ratio.

TABLE 3.

Echocardiographic assessment of cardiac function in the empagliflozin group at baseline and after 6
weeks 0f treatment with vehicle demonstrated a marginal reduction in left ventricular posterior wall
thickness at diastole between the two measurements

EMPA Baseline, n= 8 6 Weeks, n=8 p

HR, beats/min 538.41 +10.63 511.62+22.31 0.3566
LVEDD, mm 3.704+0.06 3.60+0.10 0.4155
LVESD, mm 2.19+0.05 2.12+0.08 0.5104
LVPWd, mm 0.78+0.01 0.76+£0.01* 0.0306
LVPWs, mm 1.284+0.01 1.26+0.01 0.2753
FS, % 40.56+0.64 41.01 £1.52 0.8255
r/h 2.35+0.06 2.36+0.05 0.9163

Data are presented as mean + SEM. n = 8, paired t-Test, *p < 0.05 in comparison to baseline.
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FIG. 1.

Acute administration of EMPA does not reduce infarct size in nondiabetic animals.
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(A) Schematic representation of protocols with acute EMPA treatment. (B) Representative graphs of
Infarct/Risk ratio%. The values for each animal are presented as a scatter plot (means = SEM). (C) Bar graph
of the % area at risk (p=NS, n=5 per group). Unpaired t-test between the EMPA-treated groups and their
respective controls was performed. EMPA, empagliflozin; SEM, standard error of the mean.
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Fig. 2
Chronic administration of EMPA reduces myocardial infarct size in nondiabetic mice without
affecting body weight, circulating glucose levels, and blood pressure.
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(A) Illustration of the experimental protocol of chronic administration of EMPA. The interventions that were
performed are depicted with different symbols or patterns, as explained in the figure. (B) Time course graph
of mean mice weight per week enrolled in the EMPA group depicted in gray versus the vehicle- treated
group depicted in black (p=NS). Dots represent means £ SEM for each time-point. (C) Time course graph of
the fasting glucose levels (mM) of the animals enrolled in the EMPA group depicted in gray in comparison
to the control group illustrated with the black line (p=NS) (n=8 per group, two-way ANOVA was employed).
Dots represent means + SEM for each time-point. (D) Representative graphs of Infarct/Risk ratio% (**p <
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0.01 vs. control) and Salvage Index% (**p < 0.01 vs. control). The values for each animal are presented as a
scatter plot (means + SEM). (E) Bar graph of the % area at risk (p=NS) (n=7 per group). Unpaired t-test
between the two groups was performed. (F) Myocardial MDA levels (umol/mg protein). *p < 0.05. (G)
Myocardial PCs levels (nmol/mg protein). ***p < 0.001. The values for each animal are presented as a
scatter plot (means = SEM). ANOVA, analysis of variance; MDA, malondialdehyde; PCs, protein carbonyls.

FIG. 3.

Chronic administration of EMPA is cardioprotective through an increase in p(Y705)STAT-3 at the
10" minute of reperfusion.
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(A) Representative Western blots of p(Y705)STAT-3/STAT-3 and STAT-3/GAPDH (***p < 0.001) and (B)
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relative densitometric graphs at the 10th minute and 2 h of reperfusion after normalization to total protein are
presented. Dots represent biological replicates (n = 4 per group, unpaired t-test was performed for each time
point). (C) Representative Western blots of p(Y705)STAT-3/STAT-3 and STAT-3/GAPDH under
nonreducing conditions. (D) Relative densitometric graphs at the 10th minute of reperfusion after
normalization to total protein are presented. Dots represent biological replicates (n = 6 per group, one-way
ANOV A with Tukey as post hoc test among the three groups was performed for each band). *p<0.05. (E)
Representative Western blots of p(T173)AMPKa/AMPKa, p(S473)Akt/Akt, AMPKo/B-tubulin, and
Akt/GAPDH. (F) Relative densitometric graphs of p(T173) AMPKa/AMPK ., p(S473)Akt/Akt, AMPKo/B-
tubulin, and Akt/GAPDH at the 10th and 2 h of reperfusion after normalization to total protein (n=4 per
group, p=NS, unpaired t-test was performed for each time point). Akt, protein kinase B; AMPKa., adenosine
monophosphate-activated protein kinase o; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; STAT-3,
signal transducer and activator of transcription 3.

FIG. 4.

Acute administration of EMPA at 4 or 24 h before the ischemic insult does not alter STAT-3
hosphorylation.
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(A) Representative Western blots of p(Y705)STAT-3/STAT-3 and STAT-3/GAPDH for the acute
administration protocols. (B) Relative densitometric graphs at the 10th minute of reperfusion after
normalization to total protein of p(Y705) STAT-3/STAT-3 and STAT-3/GAPDH (p = NS) are presented.

Dots represent biological replicates (n = 5 per group. Unpaired t-test was performed between the EMPA
groups and their respective controls).
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FIG. 5.

Proteomic analysis after 6-week EMPA treatment at the 10th minute of reperfusion.
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(A) Principal component analysis of the reperfused heart proteome was performed in an unsupervised
fashion. The normalized area of the total protein identifications for each anima! was used in this analysis.
The scatter plot illustrates the first three principal component scores in a three-dimensional space. Two
clusters are inferred, indicating the absence of outlying samples estimated by SIMCA P + 11.5. (B) Tue
heatmap illustrates the expression level changes of the 93 statistically significant proteins between the
control and EMPA groups. (C) WEB-based GEne SeT AnaLysis was employed to translating gene lists into
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biological insights. Tue dataset of 373 differentially expressed and statistically significant proteins is mapped
to representative molecular pathways. (D) Real-time PCR data of mRNA expression of Nos3, Vegfa, Vegfp,
Vegfr2, Nos2, and Nox2 genes in I/R-operated animals (at the 10th minute of reperfusion) treated with
vehicle or EMPA. Relative gene expression is calculated by the standard formula 279~ CTGAPDH). f5]1d change
of control and data are presented as mean+SEM (n=5-6 per group; *p<0.05, unpaired, two-tailed, Student's t-
test). (E) Representative Western blots of SOD2/GAPDH and VEGF/GAPDH at the 10th minute and 2 h of
reperfusion. (F) Relative densitometric graphs at the 10™ minute and 2 h reperfusion after normalization to
total protein are presented. Dots represent biological replicates (n = 6 per group and n=4 per group
respectively; *p<0.05, unpaired, two-tailed, Student's t-test). I/R, ischemia-reperfusion; Nos2, inducible
nitric oxide synthase; Nos3, endothelial nitric oxide synthase; Nox2, NAPDH oxidase 2; SOD2, superoxide
dismutase 2; VEGF, vascular endothelial growth factor.
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FIG. 6.

Vessel formation detected on murine hearts on chronic administration of EMPA and increased HMEC
viability dependent on STAT-3 activation.
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(A) Cell viability % using the MTT assay of HMEC cells on 24 h of treatment with EMP A. Two
experimental settings, namely normoxia and 3 h hypoxia and 1 h reoxygenation, are depicted. The panel
below the graph depicts the cell treatments per group. Dots represent different experiments. Unpaired, two-
tailed Student's t-test and one-way ANOVA were performed with Tukey as post hoc test (¥*p<0.05,
**p<0.0L****p<(0.0001 in comparison to control group or as depicted). (B) % ROS production of HMEC
cells after 3 h of hypoxia and 1 h of reoxygenation on the illustrated treatments. One-way ANOV A was
performed with Tukey as post hoc test (n = 3 independent experiments, **p<(0.01 in comparison to control
group or as depicted). (C) Upper panel: Representative images of CD31, pSTAT-3(Y705), and DAPI
staining after 6 weeks of EMPA treatment (sham-operated groups) and in the infarcted hearts of the vehicle-
and EMPA-treated mice at the 10th minute of reperfusion. Lower panel: Representative images of VEGFR2,
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pSTAT-3(Y705), and DAPI staining after 6 weeks of EMPA treatment (sham-operated groups) and in the
infarcted hearts of the vehicle- and EMPA-treated mice at the 10th minute of reperfusion. Scale bar= 100
pm. (D) Integrated fluorescent density of CD31/DAPI. Unpaired, two-tailed Student's t-test between control
and EMPA group in two different experimental settings (n = 3, *p < 0.05). (E) Integrated fluorescent density
of VEGFR2/DAPI. Unpaired, two-tailed Student's t-test between control and EMPA group in two different
experimental settings (n=3, *p<0.05, **p<0.01). (F) Integrated fluorescent density of p(Y705) STAT-
3/CD31. Unpaired, two-tailed Student's t-test between control and EMPA group in two different
experimental settings (n = 3, **p < 0.01). DAPI, 4',6-diamidino-2-phenylindole; HMEC, human
microvascular endothelial cell; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide.

FIG. 7.

Schematic illustration of the cardioprotective mechanism of chronic EMPA treatment on nondiabetic

mice.
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EMPA reduces infarct size after 6 weeks of oral administration in nondiabetic mice. Chronic EMPA
administration reduces cardiac oxidative stress as is evident by the markers of lipid and protein oxidation of
MDA and PCs and it activates STAT-3 through Y(705) phosphorylation. The EMPA treatment induces
p(Y705)STAT-3 dimerization at early reperfusion, and, therefore, the downstream proteins SOD2 and VEGF
are upregulated. In parallel, EMPA increases survival of endothelial cells in a STAT-3 dependent manner.
The endothelial cell markers CD31 and VEGFR2 and the pSTAT-3(Y705) signal derived from endothelial
cells are boosted at early reperfusion.
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