Journal of the American Heart Association

ORIGINAL RESEARCH

Canagliflozin Improves Myocardial
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BACKGROUND: Sodium-glucose cotransporter-2 inhibitors are cardioprotective independent of glucose control, as demon-
strated in animal models of acute myocardial ischemia and clinical trials. The functional and molecular mechanisms of these
benefits in the setting of chronic myocardial ischemia are poorly defined. The purpose of this study is to determine the effects
of canagliflozin therapy on myocardial perfusion, fibrosis, and function in a large animal model of chronic myocardial ischemia.

METHODS AND RESULTS: Yorkshire swine underwent placement of an ameroid constrictor to the left circumflex artery to induce
chronic myocardial ischemia. Two weeks later, pigs received either no drug (n=8) or 300 mg sodium-glucose cotransporter-2
inhibitor canagliflozin orally, daily (n=8). Treatment continued for 5 weeks, followed by hemodynamic measurements, harvest,
and tissue analysis. Canagliflozin therapy was associated with increased stroke volume and stroke work and decreased
left ventricular stiffness compared with controls. The canagliflozin group had improved perfusion to ischemic myocardium
compared with controls, without differences in arteriolar or capillary density. Canagliflozin was associated with decreased
interstitial and perivascular fibrosis in chronically ischemic tissue, with reduced Jak/STAT (Janus kinase/signal transducer and
activator of transcription) signaling compared with controls. In ischemic myocardium of the canagliflozin group, there was in-
creased expression and activation of adenosine monophosphate-activated protein kinase, decreased activation of endothelial
nitric oxide synthase, and unchanged total endothelial nitric oxide synthase. Canagliflozin therapy reduced total protein oxida-
tion and increased expression of mitochondrial antioxidant superoxide dismutase 2 compared with controls.

CONCLUSIONS: In the setting of chronic myocardial ischemia, canagliflozin therapy improves myocardial function and perfusion
to ischemic territory, without changes in collateralization. Attenuation of fibrosis via reduced Jak/STAT signaling, activation of
adenosine monophosphate-activated protein kinase, and antioxidant signaling may contribute to these effects.

Key Words: canagliflozin ® chronic myocardial ischemia ® coronary disease ® coronary microcirculation ® sodium glucose
cotransporter 2 inhibitor

lthough surgical and catheter-based revas-
cularization can provide significant benefit to
patients with chronic coronary artery disease,
a leading cause of morbidity and mortality in the
United States, up to one-third of these patients are
poor candidates for these interventions or receive

suboptimal revascularization.! Unfortunately, thera-
peutic options in patients with poor revascularization
options remain limited. Untreated chronic myocardial
ischemia contributes to myocardial necrosis, ad-
verse remodeling, and heart failure.? Therefore, there
is an ongoing need to investigate potential therapies
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CLINICAL PERSPECTIVE
What Is New?

Nondiabetic swine with chronic myocardial is-
chemia receiving long-term canagliflozin ther-
apy had improved myocardial function and
perfusion to ischemic territory compared with
control swine.

e Canagliflozin therapy was associated with re-
duced left ventricular stiffness and interstitial and
perivascular fibrosis, which may be secondary
to reduced Jak/STAT (Janus kinase/signal trans-
ducer and activator of transcription) signaling.

e Reduced oxidative stress, activation of adeno-
sine monophosphate-activated protein kinase
signaling, and attenuation of profibrotic signal-
ing may contribute to these effects.

What Are the Clinical Implications?

e Sodium glucose cotransporter 2 inhibitors are cur-
rently recommended for many patients with heart
failure, and small animal trials suggest benefit in
acute myocardial infarction, but the specific role
and functional benefits of sodium glucose cotrans-
porter 2 inhibitors in chronic coronary artery dis-
ease are il defined in animal and clinical trials.

e Qur clinically relevant large animal model of
chronic myocardial ischemia provides func-
tional and molecular mechanistic evidence of
how canagliflozin therapy may exert benefit in
patients with chronic coronary artery disease,
warranting further investigation in this area.

Nonstandard Abbreviations and Acronyms

AMPK 5" adenosine monophosphate-activated
protein kinase

eNOS endothelial nitric oxide synthase

ERK1/2 extracellular signal-regulated kinase 1/2

MCP1 monocyte chemoattractant protein-1

SGLT2i sodium glucose cotransporter 2
inhibitor

STAT3 signal transducer and activator of
transcription 3

TUNEL terminal deoxynucleotidyl transferase—

mediated biotin—deoxyuridine
triphosphate nick-end labeling

that mitigate the adverse effects of chronic myocar-
dial ischemia.

Recent studies have shown that sodium-glucose
cotransporter-2 inhibitors (SGLT2is), which were pri-
marily used as adjunctive antihyperglycemic agents
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in patients with diabetes, have cardioprotective ef-
fects independent of glucose control. In nondiabetic
animal models of acute myocardial infarction and
ischemia/reperfusion injury, treatment with cana-
gliflozin, an SGLT2i, reduces infarct size,® mitigates
left ventricular systolic and diastolic dysfunction, re-
duces oxidative stress, and improves endothelium-
dependent vasodilation.*® Possible molecular
mechanisms by which SGLT2is exert beneficial ef-
fects may include activation of 5" AMPK (adenosine
monophosphate-activated protein kinase), activation
of endothelial nitric oxide synthase (eNOS), and an-
tioxidant signaling,®’ though these mechanisms are
still poorly understood.

Clinical trials have also demonstrated beneficial ef-
fects of SGLT2i in patients with cardiovascular disease.
Patients with diabetes and known cardiovascular dis-
ease treated with SGLT2is have a lower risk of the com-
posite outcome of cardiovascular-related death, nonfatal
myocardial infarction, and stroke,2'° independent of
glycemic control.!" Further, in nondiabetic patients with
heart failure with reduced or preserved ejection fraction,
SGLT2is significantly reduced heart failure hospitaliza-
tion and cardiovascular mortality.’>* These promising
results have culminated in recent guidelines that recom-
mend SGLT2is in patients with heart failure with reduced
or preserved ejection fraction irrespective of the pres-
ence of type 2 diabetes.'® In addition to providing benefit
to patients with heart failure, SGLT2is may also improve
left ventricular remodeling in diabetic patients with coro-
nary artery disease.'® However, there is an overall scar-
city of clinical studies investigating specific functional
and molecular effects of SGLT2is in the setting of myo-
cardial ischemia, particularly in the absence of type 2
diabetes."” Small animal models that attempt to address
these gaps in knowledge are limited to acute myocardial
infarction/reperfusion models that inadequately model
chronic coronary disease.

Given the beneficial effects of SGLT2is in animal
models of acute myocardial ischemia and in clinical
outcomes trials of patients with cardiovascular disease,
but the ongoing need for studies on the specific func-
tional and molecular effects of SGLT2is in the setting of
chronic coronary disease, we sought to investigate the
effects of SGLT2is in our well-established large animal
model of chronic myocardial ischemia. The purpose of
this study is to determine the effects of canagliflozin
therapy on myocardial function, perfusion, microvessel
density, and fibrosis in nondiabetic swine with chronic
myocardial ischemia.

METHODS

The data that support the findings of this study are
available from the corresponding author upon reason-
able request.



Sabe et al

Animal Model

Sixteen Yorkshire swine (Tufts University, Boston, MA)
at age 11weeks underwent thoracotomy for place-
ment of an ameroid constrictor (Research Instruments
SW, Escondido, CA) around the proximal left circum-
flex artery to induce chronic myocardial ischemia as
described previously.®0 Two weeks later, animals
received either 300mg oral canagliflozin (Janssen
Pharmaceuticals, Beerse, Belgium) daily (canagliflozin,
n=8, 4 female, 4 male) or vehicle with no drug (con-
trols, n=8, 3 female, 5 male) based on random assign-
ment before ameroid procedure. Canagliflozin dosing
was selected based on standard clinical dosing rec-
ommendations in patients and was not normalized to
body weight because of rapid progression of weight
in young swine. Treatment continued for 5weeks, fol-
lowed by euthanasia and myocardial harvest for analy-
sis. All experiments were approved by the Institutional
Animal Care and Use Committee of the Rhode Island
Hospital (#505821), and animals were cared for in co-
ordination with veterinary technicians at Rhode Island
Hospital in compliance with the Principles of Laboratory
Animal Care formulated by the National Society of
Medical Research and the Guide for the Care and Use
of Laboratory Animals.

Ameroid Constrictor Placement

All animals underwent placement of an ameroid con-
strictor (1.75-2.75mm diameter) to the proximal left
circumflex artery. Pigs received aspirin (10 mg/kg) and
cephalexin (30mg/kg) orally 1day preoperatively and
5days postoperatively. A fentanyl patch (4 ug/kg) was
placed just before surgery and maintained for a total of
72hours. Anesthesia was induced with telazol (4.4 mg/
kg) and xylazine (2.2mg/kg) injected intramuscularly.
Pigs were intubated for mechanical ventilation, and in-
haled isoflurane (0.75%-3.0% minimum alveolar con-
centration) was administered to maintain anesthesia.
A normal saline intravenous drip was started at a rate
of 5mL/kg per hour. The animals were then placed in
a supine position and prepped and draped in a sterile
manner. A left mini-thoracotomy was made, the peri-
cardium was opened to expose the heart, and the left
atrium was retracted to expose the left circumflex ar-
tery (LCx). The LCx was identified near its origin from
the left main coronary artery. The animal was systemi-
cally heparinized (801U/kg), and the LCx was isolated
with a vessel loop. The vessel loop was then lifted to
occlude the LCx for 2minutes as confirmed by ST or
T wave changes on ECG. During occlusion, 5mL of
gold microspheres (BioPal, Worcester, MA) was in-
jected into the left atrium. The vessel loop was relaxed
to restore flow to the LCx, and ECG changes were
allowed to recover to baseline. An ameroid constric-
tor consisting of hygroscopic casein material cased in
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titanium (Research Instruments SW, Escondido, CA)
was sized and placed around the LCx. The inner ca-
sein ring expands inwardly over 2 to 3weeks to induce
chronic myocardial ischemia.?! Nitroglycerin (1 mL)
was applied topically over the vessel as needed to re-
verse vasospasm. The incision was closed in multiple
layers. Amiodarone (10mg/kg) was administered intra-
venously as needed for arrhythmias. Buprenorphine
(0.08mg/kg) was administered intramuscularly before
closure.

Terminal Harvest

After 5weeks of treatment with either 300mg cana-
gliflozin daily or no drug, pigs underwent a terminal
harvest procedure. Femoral artery access was ob-
tained with an open incision, and a pressure catheter
was inserted via a 6F sheath to monitor blood pres-
sure. The heart was then exposed through a midline
sternotomy. For blood flow analyses at rest and dur-
ing pacing at 150 bpm, 5mL of isotope-labeled micro-
spheres was injected into the left atrium while 10mL of
blood was simultaneously withdrawn from the femoral
artery catheter. For hemodynamic measurements, a
pressure-volume catheter (Transonic, Ithica, NY) was
placed directly into the apex of the left ventricle via a
6F sheath. At the end of the procedure, the heart was
excised, and myocardial tissue was quickly divided
into 16 segments based on location with respect to
the left anterior descending and left circumflex arteries.
Myocardial tissue segments were air dried for micro-
sphere analysis or snap frozen in liquid nitrogen for im-
munoblot analysis and frozen sectioning. The proximal
circumflex artery in the area of the ameroid constrictor
was inspected to determine if it was occluded.

Metabolic Parameters

Weight and length of pigs were obtained at the be-
ginning of each surgical procedure, and body mass
index was calculated. During each surgical procedure
baseline blood glucose was measured, then a glucose
tolerance test was performed (0.5 g/kg 50% dextrose).
Blood glucose was measured at 30 and 60 minutes
following dextrose administration. Blood was collected
at the beginning of the harvest procedure to assess
serum laboratory values, including a lipid panel and
liver function tests.

Myocardial Perfusion

Myocardial perfusion was determined using isotope-
labeled microspheres (Biophysics Assay Laboratory,
Worcester, MA) injected at different time points. During
the ameroid placement procedure, while the LCx was
occluded temporarily, 5mL of gold microspheres was
injected into the left atrial appendage to determine
the territory of the left ventricle perfused by the LCx.
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During the harvest procedure, 5mL of lutetium micro-
spheres was injected into the left atrium while simulta-
neously withdrawing 10mL of blood from the femoral
artery at a reference rate of 6.67 mL/min using a with-
drawal pump (Harvard Apparatus, Holliston, MA). This
protocol was repeated during pacing at 150bpm using
samarium microspheres. Blood samples and left ven-
tricular myocardial samples from 10 sections based
on proximity of location to the left anterior descend-
ing and LCx arteries were weighed, dried, and sent
to Biophysics Assay laboratory for microsphere den-
sity measurements. Blood flow was calculated using
the following equation: tissue blood flow = [reference
blood flow (mL/min)/tissue weight (g)]x[tissue micro-
sphere count/reference blood microsphere count].

Hemodynamic Measurements

During the harvest procedure, a pressure catheter
(Transonic, Ithica, NY) was inserted into the left femoral
artery and advanced into the aorta for measurement
of mean arterial pressure. A pressure volume cath-
eter (Transonic, Ithica, NY) was inserted directly into
the apex of the left ventricle for cardiac hemodynamic
measurements. Load-dependent data were collected
during breath holds to minimize the effect of respiratory
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variation, and load-independent data were collected
during breath hold and inferior vena cava occlusion
with a vessel loop. Hemodynamic data were recorded
and analyzed with LabChart software (ADInstruments,
Colorado Springs, CO). The left ventricular stiffness
constant (8) was derived from the end-diastolic pres-
sure volume relationship.

Immunofluorescence

Immunofluorescence staining was performed as previ-
ously described.?? Briefly, frozen section slides were
thawed, fixed with 10% paraformaldehyde, blocked
in 3% bovine serum albumin, and incubated with pri-
mary antibody to a-SMA (alpha smooth muscle actin)
(Abcam, Cambridge, UK) and isolectin B4 conjugated
to Alexa Fluor 647 (Thermo Fisher Scientific, Waltham,
MA) overnight at 4 °C. Slides were then rinsed 3 times
with PBS, and antimouse secondary antibody conju-
gated to Alexa Fluor 594 (Cell Signaling, Danvers, MA)
was applied and allowed to incubate for 1 hour at room
temperature. After rinsing, DAPI was applied for 5min-
utes, and slides were rinsed and mounted. Images
were analyzed at 20x magnification with an Olympus
VS200 Slide Scanner (Olympus Corporation, Tokyo,
Japan). Image analysis was performed with QuPath

Table 1. Metabolic Parameters
Metabolic parameter Controls IQR Canagliflozin IQR P value
BMI at ameroid, kg/m? 58.8 52.2,66.2 62.4 60.3, 65.0 0.72
BMI at harvest, kg/m? 64.4 56.7, 71.4 70.3 65.6, 74.1 0.23
% change BMI 6.4 -1.9,13.6 12.3 5.4,19.7 0.38
BG - Baseline, mg/dL 119.5 111, 129.5 119.5 117.3,132.8 0.75
BG - 30min post-dextrose, mg/dL 259.5 247, 279 255 233, 268 0.64
BG - 60min post-dextrose, mg/dL 243.5 214.8, 258.3 194 175.8, 248.5 0.32
Albumin, g/dL 2.6 24,28 3.0 2.8, 341 0.04*
Total bilirubin, mg/dL 0.1 0.1, 0.1 0.1 0.1, 0.1 0.38
Direct bilirubin, mg/dL 0.1 01,01 041 0.1,01 1
Alkaline phosphatase, IU/L 134.5 119, 1562 101.5 79, 127.5 0.08
Total protein, g/dL 4.7 4.6,5.1 5.6 5.5,5.8 0.001*
ALT, IU/L 53 52, 55.5 56 49.8, 59.3 0.53
AST, IU/L 19 17.5,23.5 20 17.8,21.3 0.96
Total cholesterol, mg/dL 69.5 57.8, 76.8 775 75.5, 80.0 0.14
Triglycerides, mg/dL 17 14.8,21.5 i 11,13.5 0.09
HDL, mg/dL 36.5 32,415 40.5 34.8, 42.0 0.79
LDL, mg/dL 30 21,33.5 35.5 35.0, 36.5 0.02*
CRP, mg/L 0.2 0.20, 0.36 0.37 0.28, 0.48 0.13
HbAtc, % 3 3,33 3.9 3.3,4.0 0.14

There were no significant differences in BMI at the time of ameroid procedure, harvest procedure, or in the percent change of BMI between ameroid to
harvest procedure in canagliflozin-treated pigs (n=8), compared with controls (n=8). There were no significant differences in BG at baseline, and at 30 and
60min following dextrose challenge. There was a significant increase in serum albumin, total protein, and LDL in the canagliflozin-treated pigs, compared with
the control pigs. There were no differences in total or direct bilirubin, alkaline phosphatase, total protein, ALT, total AST, total cholesterol, triglycerides, HDL,

CRP, or HbA1c between groups.

ALT indicates alanine aminotransferase; AST, aspartate aminotransferase; BG, blood glucose; BMI, body mass index; CRP, C-reactive protein; HbA1lc,
hemoglobin Alc; HDL, high-density lipoprotein; IQR, interquartile range; and LDL, low-density lipoprotein.

*P<0.05.
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software in a blinded fashion.?® Capillary density was
determined by defining positive isolectin B4 staining
by thresholding and determining percentage of tissue
area stained. Arteriolar count was determined by de-
fining positive SMA staining by thresholding and deter-
mining the number of objects with a minimum size of
100 um? per area of tissue section.

Immunohistochemistry

Frozen tissue sections were prepared and mounted on
slides for trichrome Masson staining or DAB TUNEL
(terminal  deoxynucleotidal  transferase—mediated
biotin—deoxyuridine triphosphate nick-end labeling)
staining as performed by iHisto (Salem, MA). Images
were acquired at 20x magnification using the Motic
EASYSCAN Infinity brightfield slide scanner (Motic,
Kowloon, Hong Kong). QuPath software was used to
quantify positive trichrome staining, interstitial fibrosis
was measured by positive trichrome staining per mm?
tissue section, and perivascular fibrosis was measured
by identifying 3 to 5 representative vessels per slide,
selecting a 0.1 mm? area centered around the vessel,
and exporting the image to Imaged for analysis of total
area of trichrome stain. The ratio of trichrome stain to
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total area was calculated, and the results averaged for
all representative vessels. Analysis for TUNEL staining
was also performed using QuPath software. Three rep-
resentative 10mm? sections were selected per slide,
and the QuPath automated detection program was
used to detect TUNEL positive and negative nuclei.
The ratio of TUNEL positive to negative nuclei was cal-
culated, and the results from the 3 sections averaged.

Immunoblotting

Tissue was lysed in radioimmunoprecipitation assay
buffer (Boston Bioproducts, Milford, MA). Ischemic
myocardial tissue total protein (40 ug) was fractionated
on a 4% to 12% Bis-Tris gel (ThermoFisher Scientific),
transferred to a nitrocellulose or polyvinylidene dif-
luoride membrane (ThermoFisher Scientific, Waltham,
MA), and membranes were incubated overnight at
4 °C with 1:1000 dilutions of individual rabbit poly-
clonal primary antibodies to eNOS, phosphorylated
(Ser1177) eNOS, Akt, phosphorylated (Ser473) Akt,
ERK1/2 (extracellular signal-regulated kinase 1/2),
phosphorylated ERK1/2, AMPK, phosphorylated
(Thr172) AMPK, superoxide dismutase 2, filamin, a-
fodrin, MCP1 (monocyte chemoattractant protein-1),
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Figure 1. Canagliflozin therapy improves hemodynamic parameters in the setting of chronic myocardial ischemia.

A, Swine treated with canagliflozin (n=8) had improved systolic parameters including increased SV and SW compared with control pigs
(n=8). There was a nonsignificant trend toward increased CO in the canagliflozin-treated pigs compared with controls. B, Canagliflozin
therapy was also associated with a reduced f8 as derived from the end-diastolic pressure volume relationship, a marker of LV stiffness.
There was a nonsignificant trend toward decreased tau,, ;. in canagliflozin-treated pigs compared with controls. *P<0.05. **P<0.01.
g indicates stiffness coefficient; CO, cardiac output; LV, left ventricular; SV, stroke volume; and SW, stroke work.
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a-actinin, p-actin, desmin, connexin-43, MMP13 (ma-
trix metalloproteinase 13), mMTOR (mammalian target
of rapamycin), TIMP2 (tissue inhibitor of metalopro-
teinase 2), troponin T, troponin |, vimentin, jak2, TGFf
(transforming growth factor beta), SMAD2/3, STAT3
(signal transducer and activator of transcription 3),
phosphorylated STAT3 (Cell Signaling, Danvers, MA),
and angiostatin (Abcam, Cambridge, UK). Catalog
numbers are listed in Table S1. All membranes were
probed with GAPDH (Cell Signaling, Danvers, MA) to
correct for loading error. Membranes were incubated
with antimouse or antirabbit secondary antibodies
(Cell Signaling, Danvers, MA), processed for chemi-
luminescent detection (Thermo Fisher Scientific,
Waltham, MA), and captured with a digital cam-
era system (Bio-Rad ChemiDoc MP, Life Science,
Hercules, CA). Densitometric analysis of band inten-
sity was performed using National Institutes of Health
Imaged software. Uncropped blot images provided in
Figure S1.

Protein Oxidation Detection

Oxidative stress in ischemic myocardial tissue was deter-
mined using an Oxyblot Protein Oxidation Detection Kit
(MilliporeSigma, Burlington, MA), which detects carbonyl
groups introduced into proteins by oxidative reactions.
Tissue was lysed in radioimmunoprecipitation assay buffer
(Boston Bioproducts, Milford, MA). A sample of 20ug of
protein was denatured with 12% sodium dodecyl sulfate,

Table 2. Hemodynamic Parameters

Canagliflozin, Chronic Ischemia

subjected to 2,4-dinitrophenylhydrazine solution to derivat-
ize the samples, incubated at room temperature for 15min-
utes, and neutralized with neutralization solution as per the
manufacturer’s protocol (MilliporeSigma, Burlington, MA).
The samples were fractionated on a 4% to 12% Bis-Tris
gel, transferred to a nitrocellulose membrane, incubated
with primary and secondary antibodies provided in the
kit, processed for chemiluminescent detection, and cap-
tured with a digital camera system (Bio-Rad ChemiDoc
MP, Life Science, Hercules, CA). Densitometric analysis of
total column band intensity was performed using National
Institutes of Health Imaged software.

Statistical Analysis

All data are presented as median value with interquar-
tile ranges. Immunoblot and immunofluorescence data
are reported as median fold change values compared
with the average control with interquartile ranges. All
data were statistically analyzed with Wilcoxon rank-
sum test, using R software. Probability values <0.05
were considered significant.

RESULTS

Metabolic Parameters

There were no significant differences in body mass
index of animals at the time of ameroid placement
or harvest procedure. There were no significant

Hemodynamic parameter Controls IQR Canagliflozin IQR P value
Heart rate, beats/min 71 63, 77 70 58, 79 0.65
Mean arterial pressure, mmHg 57 53, 63 57 54, 60 1

SV, mL/beat 29.8 231, 36.7 474 42.6, 52.8 0.007*
SW, mmHg-mL 1599 1392, 1917 2557 2415, 2726 0.02*
Cardiac output, mL/min 2030 1638, 2496 3258 3013, 3574 0.10
dP/dt, .. 1028.05 828.8, 1066.4 867.2 651.8, 1140,6 0.65
dP/dt.,, -1402.8 -1625.1, -1116.0 -1172.5 -2105.6, —948.9 0.80
LVEDP 6.86 4.41,8.74 7.06 4.48, 8.50 1

LV end-diastolic volume 120.2 113.8, 135.0 118.9 98.3, 151.3 0.96
LV end-systolic pressure 581 56.0, 65.7 59.4 55.3,62.2 0.96
LV end-systolic 97.6 68.6, 104.8 64.5 53.3, 108.1 0.44
Ea, mmHg/mL 1.95 161,277 1.21 1.08, 1.63 0.02*
TaUiggisicr MS 29.4 25.4,33.9 24.0 171, 26.9 0.10
Slopeprgy, MMHg 41.6 38.3,43.4 421 32.4,51.5 0.57
X-interceptpggy, ML 85.4 67.6, 98.0 53.7 48.2,83.8 0.33
End-systolic elastance, mmHg/mL 1.50 0.86, 3.24 1.27 1.08, 1.99 0.96
Normalized £ 0.99 0.73, 1.36 0.44 0.24, 0.61 0.007*

There was a significant increase in SV and SW in canagliflozin-treated pigs (n=8) compared with the control group (n=8). There was a significant decrease in
Ea and the left ventricular g as derived from the EDP volume relationship and normalized to average control. dP/dt indicates change in pressure over change
in time; Ea, arterial elastance; EDP, end-diastolic pressure; HR, heart rate; IQR interquartile range; LV, left ventricular; PRSW, preload recruitable stroke work
relationship; SV, stroke volume; and SW, stroke work.

*P<0.05.
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Figure 2. Canagliflozin therapy increases blood flow to ischemic myocardial territory.

Absolute blood flow (mL/min per g) was increased in the ischemic myocardial territory of swine treated
with canagliflozin (n=8) compared with controls (n=8). There were no significant differences in absolute
blood flow to the nonischemic myocardial territory between groups. *P<0.05.

differences in percent change of body mass index
between the ameroid and harvest procedures.
There were no differences in baseline glucose or
glucose levels at 30 and 60minutes after dextrose
challenge. When compared with the control group,
the canagliflozin-treated pigs had increased serum
albumin, increased total protein, and increased
low-density lipoprotein. There were no significant
differences between groups in total bilirubin, direct
bilirubin, alkaline phosphatase, alanine aminotrans-
ferase, aspartate aminotransferase, total cholesterol,
triglycerides, high-density lipoprotein, C-reactive
protein, and hemoglobin Alc (Table 1).

Canagliflozin Therapy Improves Systolic
and Diastolic Hemodynamic Parameters

There were no significant differences in heart rate be-
tween the canagliflozin and control groups.

Load-Dependent Data

Canagliflozin-treated swine had increased stroke vol-
ume and stroke work compared with control. There was
a nonsignificant trend toward increased cardiac output
in the canagliflozin-treated pigs compared with con-
trols. Canagliflozin treatment was also associated with
decreased arterial elastance compared with controls.

J Am Heart Assoc. 2023;12:028623. DOI: 10.1161/JAHA.122.028623

There was a nonsignificant trend toward decreased tau-

gistic IN the canagliflozin group compared with controls.

Load-Independent Data

There were no significant differences in end-systolic elas-
tance as derived from the end-systolic pressure volume
relationship, nor were there differences in the slope or x-
intercept of the preload recruitable stroke work equation
between groups, all measures of contractility. There was
a significant decrease in the normalized left ventricular
stiffness coefficient, as derived from the end-diastolic
pressure volume relationship, in the canaglifiozin group
compared with controls (Figure 1, Table 2).

Perfusion to Chronically Ischemic
Myocardial Territory Is Increased With
Canagliflozin Treatment

Canagliflozin-treated swine had increased absolute
blood flow to the ischemic myocardial territory com-
pared with the control group at rest (P=0.036) and
during pacing to 150bpm (P=0.038). The canagliflozin
group had a nonsignificant trend toward increased
absolute blood flow to the nonischemic (left anterior
descending) territory compared with controls at rest
(P=0.16). There was no significant difference in ab-
solute blood flow to the nonischemic territory during
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Figure 3. Canagliflozin therapy does not affect microvessel density in chronically ischemic

myocardium.

A, In ischemic myocardium, there were no significant differences in capillary density as determined by
area of isolectin B4 staining and arteriolar count as determined by a-SMA staining, between canagliflozin-
treated pigs (n=8) and controls (n=8). Capillary and arteriolar density were normalized to the average value
in the control group. B, Representative images of ischemic myocardial tissue. «-SMA indicates alpha

smooth muscle actin.

pacing to 150bpm (P=0.38; Figure 2). The proximal
circumflex artery in the area of the ameroid constrictor
was occluded by visual inspection in all cases.

Coronary Microvascular Density Is
Unchanged With Canagliflozin Therapy
There were no significant differences in fold change
capillary density, as measured by isolectin B4 immu-
nofluorescence, in ischemic myocardium between
groups (P=0.57). There were no significant differ-
ences in fold change arteriolar count between groups

(P=0.72), as determined by a-SMA immunofluores-
cence in ischemic myocardium (Figure 3).

Canagliflozin Has Mixed Effects on
Angiogenic Signaling Pathways in
Chronically Ischemic Myocardium

In ischemic myocardium of the canagliflozin-treated
pigs, immunoblot experiments showed increased ex-
pression of total AMPK (P=0.0047) and phosphory-
lated AMPK (P=0.038) compared with controls, with
no change in the phosphorylated AMPK to AMPK ratio

Figure 4. Effect of canagliflozin on angiogenic signaling pathways in chronically ischemic myocardium.

Chronically ischemic myocardium in swine treated with canagliflozin (n=8) had increased expression of total AMPK and phosphorylated
AMPK compared with controls (n=8). There was a trend toward decreased total ERK1/2 expression with canagliflozin therapy compared
with controls, without changes in phosphorylated ERK1/2 expression. Total eNOS expression was unchanged between groups, but
there was decreased expression of phosphorylated eNOS in the canagliflozin-treated group compared with controls. Canagliflozin
therapy was also associated with decreased expression of angiostatin (bands at 38 KDa and 50Da quantitated). Values expressed as
fold change compared with average value in control group. Upper and lower borders of box represent upper and lower quartiles, middle
horizontal line represents median, upper and lower whiskers represent maximum and minimum values. *P<0.05, **P<0.01. AMPK
indicates 5" adenosine monophosphate-activated protein kinase; eNOS, endothelial nitric oxide synthase; and ERK1/2, extracellular

signal-regulated kinase 1/2.
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(P=0.57). Total eNOS expression was unchanged be-
tween groups (P=0.88), though the canagliflozin group
had decreased expression of phosphorylated eNOS
(P=0.007), with a decrease in the phosphorylated

J Am Heart Assoc. 2023;12:028623. DOI: 10.1161/JAHA.122.028623

eNOS to eNOS ratio (P=0.028). There was a trend
toward decreased total ERK1/2 expression in the
canagliflozin group (P=0.08), without changes in phos-
phorylated ERK1/2 (P=0.80) or the phosphorylated
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Figure5. Canagliflozintherapy reduces myocardialinterstitial and perivascular fibrosis in chronically ischemic myocardium
with decreased Jak/STAT signaling.

A, Representative images of ischemic myocardial tissue with trichrome staining (20x magnification). Quantitative analyses of interstitial
and perivascular fibrosis were carried out using QuPath software. Values expressed as fold change compared with average value in
control group. B, Chronically ischemic myocardium in swine treated with canagliflozin (hn=8) had decreased expression of Jak2, with
strong trends toward decreased phosphorylated STAT3, and the ratio of phosphorylated STAT3/STAT3 compared with controls. There
were nonsignificant trends toward decreased expression of STAT3, TGF@, and SMAD2/3 in canagliflozin-treated swine compared
with controls (n=8). Values expressed as fold change compared with average value in control group. Upper and lower borders of box
represent upper and lower quartiles, middle horizontal line represents median, upper and lower whiskers represent maximum and
minimum values. *P<0.05, **P<0.01. Jak2 indicates Janus kinase 2; STAT3, signal transducer and activator of transcription 3; and
TGFB, transforming growth factor beta.
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Table 3. Fibrotic Protein Expression

Canagliflozin, Chronic Ischemia

Protein Controls IQR Canagliflozin IQR P value
a-fodrin 0.92 0.86, 1.02 0.78 0.65, 0.84 0.015*
a-actinin 1.06 0.87,1.15 0.75 0.72,0.83 0.10
B-actin 0.85 0.49, 1.00 0.28 0.26, 0.30 0.08*
Connexin-43 0.96 0.93, 1.09 0.66 0.59, 0.90 0.014*
Desmin 0.45 0.34, 0.54 0.68 0.53, 0.89 0.09
Filamin 0.99 0.91, 11 1.06 0.91,1.28 0.51
MCP-1 1.03 0.81, 1.14 0.47 0.29, 0.73 0.028*
MMP13 1.0 0.89, 1.24 0.76 0.70, 0.77 0.021*
mTOR 0.94 0.60, 1.45 0.79 0.61, 0.94 0.57
TIMP2 1.1 0.64, 1.21 0.27 0.23, 0.41 0.002*
Troponin | 0.98 0.91,1.20 0.67 0.63, 0.82 0.007*
Troponin T 0.85 0.81, 1.30 0.77 0.66, 0.94 0.16
Vimentin 1.04 0.56, 1.45 0.23 0.19, 0.33 0.07

Canagliflozin-treated (n=8) swine had decreased expression of a-fodrin, $-actin, connexin-43, MCP-1, MMP13, TIMP2, and troponin | compared with control
(n=8). There were no significant differences in expression of a-actinin, desmin, filamin, mMTOR, troponin T, and vimentin. Values expressed as fold change

compared with average value in control group.

IQR indicates interquartile range; MCP-1, monocyte chemoattractant protein 1; MMP13, matrix metalloproteinase 13; and mTOR, mTOR, mammalian target

of rapamycin.
*P<0.05.

ERK1/2 to ERK1/2 ratio (P=0.51). There was decreased
expression of angiostatin in the canaglifiozin group
compared with controls (P=0.002). There were no sig-
nificant differences in expression of total Akt (P=0.57),
phosphorylated Akt (P=0.65), or the phosphorylated
AKT to AKT ratio (P=0.33) between groups (Figure 4).

Canagliflozin Reduces Fibrosis and
Profibrotic Molecular Signaling in
Chronically Ischemic Myocardium
Canagliflozin therapy was associated with decreased
interstitial fibrosis (P=0.04) and decreased perivascular
fibrosis (P=0.010) in ischemic myocardium compared
with controls as measured by collagen trichrome
staining (Figure 5, 1 outlier excluded from interstitial
fibrosis analysis as tissue section had abnormally high
amount of trichrome staining not typical in this model).
Immunoblot experiments of fibrotic markers in isch-
emic myocardium showed decreased Jak/STAT sig-
naling as indicated by decreased expression of Jak2
(P=0.021), and a strong trend toward decreased ex-
pression of phosphorylated STAT3 (P=0.065), and the
ratio of phosphorylated STAT3/STAT3 (P=0.065). There
was a nonsignificant trend toward decreased expres-
sion of TGFB (P=0.16) and SMAD2/3 (P=0.16) in the
canagliflozin group compared with controls (Figure 5).
The canagliflozin group had decreased expression of
MCP-1, MMP13, TIMP2, and structural proteins alpha-
fodrin, connexin-43, and troponin | compared with
controls, with a trend toward decreased alpha actinin,
B-actin, vimentin, and troponin T expression. There
was a trend toward increased expression of desmin in

the canagliflozin group compared with controls, but no
significant differences in expression of MTOR or filamin
between groups (Table 3, Figure S2).

Canagliflozin Reduces Total Protein
Oxidation and Increases Antioxidant
Signaling in Chronically Ischemic
Myocardium

Total protein oxidation as determined by Oxyblot stain-
ing was significantly decreased in the canagliflozin-
treated pigs compared with controls (P=0.014). There
was increased expression of mitochondrial antioxidant
superoxide dismutase 2 in the canagliflozin group
compared with controls (P<0.001; Figure 6).

Apoptosis in Chronically Ischemic
Myocardium Is Unchanged in Swine
Treated With Canagliflozin

There were no significant differences between groups

in apoptosis in ischemic myocardial tissue as meas-
ured by TUNEL staining (P=0.72; Figure S3).

DISCUSSION

In the present study, we found that in our large ani-
mal model of chronic myocardial ischemia, canagliflo-
zin therapy, when compared with vehicle treatment, is
associated with (1) improved hemodynamic function
including increased stroke volume, increased stroke
work, and reduced left ventricular stiffness; (2) im-
proved perfusion to ischemic myocardial territory; (3)

J Am Heart Assoc. 2023;12:028623. DOI: 10.1161/JAHA.122.028623 11
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Figure 6. Canagliflozin therapy decreases oxidative stress in chronically ischemic myocardium.
A, Protein oxidation as measured by Oxyblot staining was decreased in canagliflozin-treated pigs (n=8)
compared with controls (n=7, 1 sample excluded owing to poor sample run on gel). Band densitometry of
entire lane for each sample normalized to average value in control group. B, Expression of mitochondrial
antioxidant SOD2 was significantly increased in canagliflozin-treated pigs compared with controls. Upper
and lower borders of box represent upper and lower quartiles, middle horizontal line represents median,
upper and lower whiskers represent maximum and minimum values. *P<0.05. SOD2 indicates superoxide

dismutase 2.

no change in capillary or arteriolar density in ischemic
myocardial tissue; (4) increased expression and activa-
tion of AMPK; (5) reduced interstitial and perivascular
fibrosis with concomitant downregulation of Jak/STAT
signaling; and (6) reduced oxidative stress in ischemic
myocardium. Taken together, these findings provide
novel evidence of the functional and molecular effects
of canagliflozin in chronically ischemic myocardium.
The effect of canaglifiozin therapy on hemody-
namic function has previously been investigated in
animal models of acute ischemia.*?* In a rat study of
acute canagliflozin treatment in nondiabetic rats with
ischemia/reperfusion injury, acute intravenous canagli-
flozin therapy improved left ventricular contractility and
diastolic function.? Baker et al investigated the effects
of canagliflozin in a swine model of acute ischemia/
reperfusion injury to the LCx territory and found that

J Am Heart Assoc. 2023;12:028623. DOI: 10.1161/JAHA.122.028623

acute canagliflozin therapy improved stroke volume and
stroke work.* In another swine model of temporary left
anterior descending coronary artery occlusion-induced
heart failure, empagliflozin, another SGLT2i, improved
diastolic function 2months after ischemic insult; authors
noted reduced cardiomyocyte stiffness and fibrosis,
which possibly contributed to these effects.?* These
studies demonstrated the beneficial effect of SGLT2i
on myocardial function after acute ischemic insult. To
our knowledge, the present study is the first large an-
imal study that demonstrates improved hemodynamic
function with canagliflozin therapy in the setting of
chronic myocardial ischemia in a large animal model,
a model more similar to what patients with diabetes or
heart failure may experience. Additionally, we found that
canaglifiozin therapy was associated with reduced left
ventricular stiffness, which can be one of the earliest
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abnormalities in progression to congestive heart fail-
ure.® This finding is of particular interest given the
clinical benefit that SGLT2is have in patients with heart
failure with preserved ejection fraction. Reduced stiff-
ness in our model is likely secondary in part to reduced
interstitial fibrosis, a significant finding in the context of
chronic myocardial ischemia that may be clinically rele-
vant in patients with chronic coronary disease who sub-
sequently develop ischemic cardiomyopathy.

Additionally, we found that in our model of chronic
myocardial ischemia, canagliflozin therapy improved
myocardial perfusion to the ischemic territory. Previous
animal models of acute myocardial ischemia have not
demonstrated an effect of SGLT2is on myocardial per-
fusion,3* which may suggest duration-dependent ef-
fects of SGLT2 inhibition. Interestingly, in the current
study, the increased blood flow was not accompanied
by increased microvessel collateralization, including
capillary and arteriolar formation. One plausible mech-
anism for improved perfusion with canagliflozin therapy
may be, as reported in this study, reduced perivascular
fibrosis. Further, improved endothelium-dependent or
independent vasodilation may account for improved
myocardial perfusion. Canaglifiozin has been previ-
ously shown to improve coronary vasodilation,?®2”
though determination of endothelium-dependent and
independent effects have been better investigated in
other vascular beds.?® Although canagliflozin treatment
was associated with a decrease in phosphorylated
eNOS at the activating Ser1177 site, reduced oxida-
tive stress as demonstrated by Oxyblot staining may
improve nitric oxide bioavailability and eNOS coupling,
thereby improving endothelium-dependent vasodila-
tion. Additionally, increased myocardial perfusion in the
canagliflozin group could be in part secondary to de-
creased expression of angiostatin, which in addition to
its antiangiogenic activity is also a negative regulator of
endothelium-dependent vasodilation.?® Microvascular
reactivity studies may be warranted to definitively eval-
uate the effect of canagliflozin on coronary vasomotor
tone in the setting of chronic myocardial ischemia.

In addition to evaluating myocardial function and per-
fusion in response to canagliflozin therapy, we sought
to evaluate several molecular pathways to determine
how canagliflozin exerts beneficial effects on chronically
ischemic myocardium. With regard to fibrotic signaling,
we found that canagliflozin therapy downregulated the
profibrotic Jak/STAT signaling pathway, which is a key
promoter of fibroblast activation and ischemia-induced
cardiac dysfunction.®®3" These findings were sup-
ported by reduced expression of MCP-1, a profibrotic
cytokine that is transcriptionally upregulated by Jak/
STAT signaling.3? This study is the first, to our knowl-
edge, to investigate canagliflozin-induced reduction of
Jak/STAT/MCP-1 signaling. Additionally, canagliflozin
therapy was associated with reduced expression of
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TIMP2, B-actin, connexin-43, troponin |, and MMP13,
with trends toward decreased TGFf and SMAD2/3,
all of which have been associated with increased fi-
brosis.®3%7 Consistent with other models investigating
the effects of SGLT2i in myocardium,”3® we found in-
creased myocardial expression of total and activated
AMPK in canagliflozin-treated swine. AMPK activation
has been an area of interest in the treatment of heart
disease, as it is involved in regulation of several import-
ant processes, including cardiac metabolism, gene
transcription, mitochondrial function, apoptosis, and
autophagy.®® Further investigation into these pathways
may provide additional insight into the mechanisms by
which SGLT2is affect ischemic myocardium. We also
investigated expression and activation of proangiogenic
signaling markers, including ERK1/2, Akt, and eNOS,
with canagliflozin treatment in our model. There were
no changes in total or activated forms of Akt, activated
ERK1/2, or total eNOS, but there was reduced expres-
sion of total ERK1/2, and surprisingly, canagliflozin ther-
apy was associated with decreased phosphorylation/
activation of eNOS in our model, contrary to findings in
other animal models of myocardial injury with SGLT2i
therapy.>4° Perhaps canagliflozin has differential effects
on eNOS activation in the setting of acute and chronic
ischemia, or duration-dependent temporal effects may
play a role. Importantly, canaglifiozin therapy was as-
sociated with decreased oxidative stress in chronically
ischemic myocardium, an effect that may be mediated
by increased expression of the endogenous mitochon-
drial antioxidant superoxide dismutase 2. Further stud-
ies are necessary to investigate the detailed molecular
pathways affected by canagliflozin therapy.

Canagliflozin therapy did not significantly affect most
of the metabolic parameters assessed in this study, in-
cluding body mass index and glucose tolerance testing.
The pigs in this model received a normal diet and we did
not expect to see any significant difference in glucose
tolerance testing in this cohort. Interestingly, serum albu-
min, total protein, and low-density lipoprotein levels were
increased in the canagliflozin-treated pigs, whereas there
was a trend toward decreased triglyceride levels with
treatment. The effects of SGLT2is on low-density lipo-
protein and triglycerides are documented in the literature
and may be secondary to reduced low-density lipopro-
tein clearance and increased lipolysis of triglyceride-rich
lipoproteins.*! Canagliflozin is known to decrease albu-
minuria, specifically in the context of chronic kidney dis-
ease,'® and though these effects would not be expected
to be dramatic in this cohort of otherwise healthy pigs,
perhaps a small reduction in urinary albumin losses
would account for the minimal increases in serum albu-
min and total protein with treatment.

The beneficial effects of canagliflozin therapy in this
model of chronic myocardial ischemia provide insight
into functional and molecular mechanisms by which
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SGLT2is may improve clinical outcomes in patients
with cardiovascular disease. Indications for SGLT2is
have broadened to include patients with heart fail-
ure with preserved ejection fraction and symptomatic
heart failure with reduced ejection fraction,'® and the
findings in this study support further investigation into
the role of SGLT2is specifically in the setting of chronic
coronary artery disease. The results of ongoing clinical
trials on the effects of SGLT2is on acute myocardial
ischemia will be informative.!” In addition to canagli-
flozin, other SGLT2is commonly investigated include
empagliflozin and dapagliflozin, and these agents may
have differential effects.*? It may be interesting to study
the differential effects of these 3 SGLT2is in the setting
of chronic myocardial ischemia.

Study Limitations

There are several limitations in this study to consider.
As previously discussed, the increased perfusion but
lack of capillary or arteriolar collateralization warrant
microvascular reactivity studies. Future studies using
microvascular reactivity will help define whether cana-
gliflozin treatment augments endothelium-dependent
or -independent vasodilation or extravascular factors.
Further, our functional, perfusion, and molecular data
capture only a single time point 5weeks after initiation
of canagliflozin therapy, and as previously discussed it
may be informative to investigate whether there are dif-
ferential effects of short- versus long-term treatment.
Additionally, given the large animal model, we have a
relatively small sample size of 8 animals per group, and
there were several trends that approached significance
that may have been unmasked by a larger sample size.
An additional statistical limitation in this study is the large
number of statistical comparisons we performed, some
that could be statistically significant owing to chance
alone. Finally, in investigating the molecular effects of
canagliflozin in chronically ischemic myocardium, we
investigated several key molecular pathways, but there
are likely other important contributing mechanisms that
are still unknown. Future studies focusing on proteomic
and transcriptomic analyses will help further delve into
the molecular alterations that occur with canagliflozin
therapy in the setting of chronic myocardial ischemia in
order to better understand these mechanisms.

CONCLUSIONS

In summary, canagliflozin therapy in the setting of
chronic myocardial ischemia improves myocardial
function and perfusion to ischemic myocardium, with-
out affecting microvascular collateralization. Reduced
interstitial and perivascular fibrosis via inhibition of Jak/
STAT signaling, activation of AMPK, and antioxidant
signaling may contribute to these effects. Given the

J Am Heart Assoc. 2023;12:028623. DOI: 10.1161/JAHA.122.028623
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promising results of this study among others, further
investigation into the role of SGLT2is as a therapeu-
tic agent for chronic coronary artery disease may be
warranted.
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Table S1: Antibody Catalog Numbers

Antibody Name  Manufacturer Catalog Number
Akt Cell Signaling 9272
AMPK Cell Signaling 2532
Angiostatin Abcam 2904
Beta actin Cell Signaling 4967
Connexin 43 Cell Signaling 83649
Desmin Cell Signaling 4024
eNOS Cell Signaling 32027
ERK1/2 Cell Signaling 4695
Filamin Cell Signaling 4762
GAPDH Cell Signaling 97166
Isolectin B4 Thermo Fisher Scientific 132450
Jak2 Cell Signaling 3230
MCP-1 Cell Signaling 81559
MMP13 Cell Signaling 69926
mTOR Cell Signaling 2972
p-Akt Cell Signaling 4060
p-AMPK Cell Signaling 2535
p-eNOS Cell Signaling 9571
p-ERK1/2 Cell Signaling 4370
p-STAT3 Cell Signaling 9145
SMAD2/3 Cell Signaling 8685
SOD2 Cell Signaling 131415
STAT3 Cell Signaling 9139
TGFB Cell Signaling 3711
TIMP2 Cell Signaling 5738
Troponin I Cell Signaling 13083
Troponin T Cell Signaling 5593
Vimentin Cell Signaling 5741
g-actinin Cell Signaling 6487
a-fodrin Cell Signaling 2122
a-SMA Abcam 7817

Antibodies used in this study are listed along with corresponding manufacturer and catalog numbers. AMPK, 5’
adenosine monophosphate-activated protein kinase; eNOS, endothelial nitric oxide synthase; ERK, extracellular
regulated kinase 1/2; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; Jak2, janus kinase 2; MCP-1, monocyte
chemoattractant protein-1; MMP13, matrix metalloproteinase 13; mTOR, mammalian target of rapamycin; p-,
phosphorylated; STATS3, signal transducer and activator of transcription 3; SOD2; superoxide dismutase 2; TGFS,

transforming growth factor beta; TIMP2, tissue inhibitor of metalloproteinase 2; a-SMA, alpha smooth muscle actin.
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Figure S1: Immunoblot uncropped images. Uncropped immunoblot images with molecular
weights (in kilodaltons) labeled on left. AMPK, 5’ adenosine monophosphate-activated protein
kinase; eNOS, endothelial nitric oxide synthase; ERK, extracellular regulated kinase 1/2;
GAPDH, glyceraldehyde-3-phosphate dehydrogenase; Jak2, janus kinase 2; MCP-1, monocyte
chemoattractant protein-1; MMP13, matrix metalloproteinase 13; mTOR, mammalian target of
rapamycin; p-, phosphorylated; STAT3, signal transducer and activator of transcription 3;
SOD2; superoxide dismutase 2; TGFB, transforming growth factor beta; TIMP2, tissue

inhibitor of metalloproteinase 2.
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Figure S2: Fibrosis-related western blot bands. Complete western blot bands displayed for
protein quantification. Bands were normalized to glyceraldehyde-3-phosphate dehydrogenase
(GAPDH). MMP13, matrix metalloproteinase 13; TIMP2, tissue inhibitor of metalloproteinase

2; MCP-1, monocyte chemoattractant protein-1; mTOR, mammalian target of rapamycin.



FIGURE S3
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Figure S3: Canagliflozin therapy has no effect on apoptosis in chronically ischemic
myocardial tissue. There were no differences in percentage of apoptotic cells in ischemic
myocardium as measured by terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) staining between canagliflozin-treated pigs (CANA, n=8) and control (CON, n=8).
Representative images of TUNEL staining in ischemic myocardial tissue shown. Upper and
lower borders of box represent upper and lower quartiles, middle horizontal line represents

median, upper and lower whiskers represent maximum and minimum values.
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