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Abstract: There is a significant body of literature to suggest that coronary artery disease
(CAD) is a highly sex-specific disease. The study of sex-specific therapeutics and sex-specific
responses to treatment for CAD remains underreported in the literature. Sodium-glucose
transporter 2 (SGLT2) inhibitors are of growing interest in the treatment of ischemic heart
disease and heart failure; however, the sex-specific response to SGLT2 inhibitors is unknown.
We studied an SGLT2 inhibitor, canagliflozin, in a swine model of metabolic syndrome (MS)
and chronic myocardial ischemia with emphasis on the sex-specific outcomes. Yorkshire
swine (n = 21) were obtained at 6 weeks of age and fed a high-fat diet to induce MS.
Left thoracotomy was performed on all swine at 11 weeks of age for the placement of an
ameroid constrictor to model chronic myocardial ischemia. Swine recovered for two weeks,
then were assigned to either the drug group, CAN 300 mg daily group (M =5, F =5), or
the control group (CON, M = 5, F = 6). Both groups received 5 weeks of therapy. After
completion of therapy, swine underwent functional assessment and terminal harvest. The
male animals treated with CAN (CAN-M) had significant increases in stroke volume and
cardiac output (p = 0.047, p < 0.001) compared to control males (CON-M), which were not
seen in females treated with CAN (CAN-F) compared to control females (CON-F). Effective
arterial elastance was decreased in CAN-M compared to CON-M. The CAN-F group had a
significant increase in ischemic myocardial capillary density compared to CON-F (p = 0.04).
There was no difference in capillary density between the CAN-M and CON-M groups.
CAN treatment resulted in sex-specific changes in angiogenesis and myocardial function.
The CAN-M group had significant improvements in cardiac function based on afterload
reduction, stroke volume, and increased cardiac output not seen in the CAN-F group.
The CAN-F group had increased ischemic myocardial capillary density. These findings
provide a foundation for further investigation of the sex-specific effects of SGLT-2 inhibitors
in humans.

Keywords: ameroid constrictor; canagliflozin; chronic myocardial ischemia; female; male;
metabolic syndrome; sex; sodium-glucose cotransporter-2 inhibitor

1. Introduction

Ischemic heart disease remains a leading cause of mortality worldwide and results in
significant morbidity and health care expenditure [1]. There have been many advances in
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the treatment of heart failure and ischemic heart disease; however, therapeutic options are
still limited for patients with advanced heart disease who are not candidates for surgical
or percutaneous intervention [2]. This group of patients is often relegated to maximal
medical therapy. The definition of maximal medical therapy is rapidly changing, and one
class of medications that has gained particular attention is sodium-glucose cotransporter-2
(SGLT-2) inhibitors [3,4].

SGLT-2 inhibitors are primarily used in the treatment of diabetes mellitus and primarily
function by inhibiting the coupled reabsorption of glucose from the proximal tubule
of the nephron [5]. In addition to their glucose-lowering properties, SGLT-2 inhibitors
decrease cardiovascular mortality, heart failure mortality, atrial fibrillation, and heart failure
readmissions [6-13]. Given the growing body of clinical data favoring the use of SGLT-2
inhibitors in cardiovascular disease, they have gained a 1A recommendation from the
American Heart Association for use in heart failure [3].

Though there is growing clinical data to support the use of SGLT-2 inhibitors in cardio-
vascular disease, the biochemical mechanism is not fully understood [7,14]. Basic science
studies utilizing mice and zebrafish models of acute ischemia have demonstrated improved
cardiac function with SGLT-2 inhibitor treatment [15-18]. Our group has previously stud-
ied the SGLT-2 inhibitor canagliflozin (CAN) using a swine model of chronic myocardial
ischemia with and without metabolic syndrome [19-21]. We found that in a normal diet
model, SGLT-2 inhibition increased cardiac function, including cardiac output, myocardial
perfusion, and improved diastolic function [19].

This prior work has greatly expanded our insight into the effects of SGLT-2 inhibitors
in the myocardium, but it fails to account for how a modern high-fat diet and metabolic
syndrome (MS) influence SGLT-2 inhibitor function in the myocardium. Repeating the
normal diet experiments with a high-fat diet known to induce vascular dysfunction similar
to MS showed a significant decrease in pulse pressure and increase in cardiac output
and capillary density [22]. This study greatly expanded our understanding of how CAN
functions in the myocardium in the setting of a real-world diet; however, it did not account
for the sex-specific response to SGLT-2 inhibitors.

It is well known that cardiovascular disease results in sex-specific phenotypes, with
females experiencing less disease burden; however, female patients often present at later
ages and have worse outcomes [23-25]. Females are known to have a higher symptom bur-
den and a two times higher risk of mortality. This is likely related to several metabolic and
physiologic factors. Estrogen is believed to exert protective effects against atherosclerosis
in premenopausal women; however, estrogen hormone therapy can be harmful, particu-
larly after a period of estrogen deprivation, indicating the protective effect is related to
more than estrogen levels [23,25]. This is further validated by the finding that transgen-
der women receiving estrogen hormone therapy have increased the risk of myocardial
infarction compared to cisgender women but not cisgender men [23,26]. Females also have
smaller epicardial coronary arteries, increased endothelial shear stress, higher baseline
blood flow, and more microvascular defects [23,27,28]. Females are believed to have in-
creased microvascular dysfunction [23,24]. Furthermore, there is a large discrepancy in the
sex-specific study of cardiovascular therapeutics [23]. It has previously been shown in hu-
mans that males benefit more from SGLT-2 inhibition, and large animal studies have shown
similar findings, with males benefiting more than females [29,30]. We have previously
validated this finding by showing that male swine treated with SGLT-2 inhibition have
increased cardiac function compared to female swine treated with SGLT-2 inhibition [30].

The objective of this study is to investigate the sex-specific response to SGLT-2 inhi-
bition in the setting of chronic myocardial ischemia (CMI) and a high-fat diet using our
previously validated swine model and proteomic analysis.
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2. Results

2.1. Functional Results

There was a statistically significant increase in stroke volume, heart rate, and cardiac
output in the CAN-M group compared to the CON-M group, which was not seen in CAN-F
compared to the CON-F group (all p < 0.05, Figure 1, Table 1). There was a statistically
significant decrease in effective arterial elastance in CAN-M compared to CON-M, which
was not seen in CAN-F compared to CON-F (p = 0.03, Figure 1, Table 1). There was a trend
towards increased ejection fraction and stroke work in the CAN-M group (p = 0.06, p = 0.07,
Figure 1). There was a trend towards decreased pulse pressure in both the CAN-M and
CAN-F groups (p = 0.09, p = 0.07, Figure 1, Table 1). There were no significant changes in
Tau, end-systolic pressure-volume relationship (ESPVR) slope, preload recruitable stroke
work (PRSW) slope, end-diastolic volume, end-systolic volume, diastolic blood pressure,
or systolic blood pressure (all p > 0.05, Figure 1, Table 1).
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Figure 1. Functional Data. There was a significant increase in stroke volume, heart rate, and cardiac
output in canagliflozin males (CAN M) compared to control males (CON M), which was not seen in
canagliflozin females (CAN F) compared to control females (CON F). There was a significant decrease
in effective arterial elastance in CAN M compared to CON M. There was a trend towards increased
ejection fraction and stroke work in the CAN M group. There was a trend towards decreased pulse
pressure in both the CAN M and CAN F groups. There were no significant changes in Tau, end-
systolic pressure-volume relationship (ESPVR) slope, preload recruitable stroke work (PRSW) slope,
end-diastolic volume, end-systolic volume, diastolic blood pressure, or systolic blood pressure.
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Table 1. Functional Perfusion and Vascular Data. Table 1 summarizes the means and standard
deviation (SD) for the data in Figures 1 and 2. End-systolic pressure-volume relationship (ESPVR)
slope, preload recruitable stroke work (PRSW) slope.

Functional Data Control Control Canagliflozin  Canagliflozin
Females Males Females Males

Cardiac Output (mL/min, mean + SD) 2397 + 830 1643 + 412 2295 + 177 3426 + 1440
Diastolic Blood Pressure (mmHg, mean + SD) 448 +5.3 472+ 6.3 50.8 &£ 2.0 448 + 8.6
Ejection Fraction (%, mean + SD) 369 £ 8.0 274+ 6.1 34.7 £ 11.5 395 £11.7
Effective Arterial Elastance (mmHg/mL, mean + SD) 21+£09 31+£15 23+03 1.6 + 0.5
End-Diastolic Volume (mL, mean =+ SD) 101.7 £+ 23.6 103.3 + 39.5 97.9 £ 31.8 109.6 + 30.7
End-Systolic Volume (mL, mean =+ SD) 65.4 +14.7 77.3 £329 68.7 + 33.0 71.9 £+ 28.0
ESPVR Slope (slope, mean =+ SD) 1.4 +0.52 33+22 26+ 1.1 22+1.1
Heart Rate (bpm, mean £ SD) 65.7 +9.3 62.3+94 76.7 + 16.1 832+ 174
PRSW Slope (slope, mean + SD) 49.34+2.0 46.7 + 7.4 48.7 +10.4 485+ 12.5
Pulse Pressure (mmHg, mean + SD) 3254+78 344472 25.0+ 5.6 2724+ 3.7
Stroke Volume (mL, mean + SD) 36.5+13.2 272+ 8.7 30.7£5.1 405+43
Stroke Work (mmHg*mL, mean + SD) 2237 + 958 1675 + 475 1939 + 408 2259 + 443
Sytolic Blood Pressue (mmHg, mean + SD) 77.3 +12.0 81.6 +9.8 758 £ 5.6 72.0 £ 8.2
Tau (ms, mean + SD) 240+23 239 +3.1 26.0 £ 1.9 23.1+21

Perfusion Data
Cardiac Perfusion Rest (mL/min/g, Mean + SD) 0.95 + 0.55 1.46 + 1.07 0.86 + 0.66 133 +1.32
Cardiac Perfusion Paced (mL/min/g, Mean =+ SD) 0.63 £0.43 0.83 £0.26 0.56 = 0.48 0.67 = 0.23

Vascular Density
Arteriolar Density (fold change, mean 4 SD) 1.0£0.2 1.0£04 1.1+£0.5 09+0.1
Capillary Density (fold change, mean & SD) 1.0£04 1.0£03 14+£02 1.2+02
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2.2. Myocardial Angiogenesis and Perfusion

There was a statistically significant increase in capillary density in CAN-F compared
to CON-F, which was not seen in CAN-M compared to CON-M (p = 0.04, Figure 2, Table 1).
There was no significant difference between groups in myocardial perfusion at rest or
while stressing the heart by pacing at 150 beats per minute. Arteriolar density was not
significantly different between groups (all p > 0.05, Figure 2, Table 1).
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Figure 2. Myocardial Angiogenesis and Perfusion. There was a statistically significant increase in
capillary density by isolectin b4 (magenta) in canagliflozin females (CAN F) compared to control females
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(CON F), which was not seen in canagliflozin males (CAN M) compared to control males (CON M).
There was no significant difference in resting myocardial perfusion, stressed myocardial perfusion
with pacing at 150 beats per minute, or in arteriolar density by alpha smooth muscle actin (yellow).

2.3. Proteomic Analysis

Proteomic analysis identified approximately 2900 total proteins. There were no signifi-
cantly decreased proteins in the CAN-F group compared to CON-F (Figure 3A). There was
a significant increase in 26 proteins in the CAN-F group compared to CON-F (Figure 3A).
There were 42 significantly decreased proteins in the CAN-M group compared to CON-M
(Figure 3B). There was a significant increase in 60 proteins in the CAN-M group compared to
CON-M (Figure 3B). Enrichment analysis of significantly increased proteins in the CAN-F
group showed a significant increase in protein metabolism pathways (Figure 4). Enrichment
analysis of significantly decreased proteins in CAN-M showed decreases in metabolic trans-
ferases (Figure 4). Enrichment analysis of significantly increased proteins in the CAN-M group
showed a significant increase in protein and carbohydrate metabolism pathways (Figure 4),
including an increase in electron transport chain proteins (Figure 4).
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Figure 3. Volcano Plots. (A) is the volcano plot for canagliflozin females compared to control. There
were no significantly decreased proteins and 26 significantly increased proteins in the canagliflozin
females compared to control. (B) is the volcano plot for canagliflozin males compared to control.
There were 42 significantly decreased and 60 significantly increased proteins in the canagliflozin
males group compared to control. Blue represents proteins with a significant increase, and red
represents proteins with a significant decrease.



Int. J. Mol. Sci. 2025, 26, 1887

6 of 13

A Enrichment Female Increased

Fem
4_

ale Increased

G-protein beta/gamma-subunit complex binding = .« 7
TPase activity =@ o (]
GTP binding - ® 8 >
Guanyl ribonucleotide binding - @ e 9 ©
Guanyl nucleotide binding =@ ® 10 =
Nucleoside-triphosphatase activity =@ o
Pyrophosphatase activity =@ e 1 -
Hydrolase activity acting on acid anhydrides in phosphorus-containing =@ ® 12 o
Protein-containing complex binding = w
Purine ribonuclecside triphosphate binding @
Purine ribonucleotide binding ~@
Purine nucleotide binding @
Ribonucleotide binding @ -log10(FDR)
Carbohydrate derivative binding @ ms
Nucleoside phosphate binding -@
Nucleotide binding @ o 10
Hydrolase activity @
Anion binding ~@ o2 60
Small molecule binding @ o 14 & P
Vo
01000080600 W 16 D
Fold Enrichment \9
@
+*
Q
9
e\\
&
é\(‘
o
.
C Enrichment Male Decreased Male Decreased
1.04
N. of Genes
Protein-L-iscaspartate (D-aspartate) O-methyltransferase activity = V1 0.8
.2 o
Protein carboxyl O-methyltransferase activity = : j g 0.6
®5 <
Carboxyl-O-methyltransferase activity - L o
v Y Y T 0.4
[<]
w
Dynein light intermediate chain binding = =—————e -log10(FDR} 0.2
[
Famsternee ac i st o o ) - s
ransferase activity transferring alkyl or aryl (other than methyl) g - —=e mie 0.0-
20
nefera " w22 N
Transferase activity =
ransferase activity = @ o 2e ’D\bo
5 10 200 300 st S
o A4
Fold Enrichment Q" O
.\Q &Q
RO
e ®
,Q’b
R
O
o
AQ
42
)
&
&
.
E Enrichment Male Increased
Signaling receptor complex adaptor activity =
Carboxylic acid transmembrane tran: activity = =—s N
- . of Genes
Organic acid transmembrane tran:
.2 %
. a %
Guanyl ribonucleotide binding - —® 6 <
Guanyl nucleatide binding = —@ s o
=) ® 10 =2
[
w
fydrolase activity acting on acid anhydrides in phosphort
Purine ribonucleoside tripho:
-log10(FDR)
-3
-4
t -5
Nucleoside phosphate binding - @ ms
Nucleotide binding - @ .7 &
Hydrolase activity - @ o &
Anion binding = @ @
s G )
0 30 60 90 NN
Fold Enrichment © Q{O@
) ‘QQ" N
SIS
SRS
HFO S
2
&
G
Q

Figure 4. Enrichment Analysis and Select Proteins. (A). Female-increased proteins enrichment
analysis. (B). Female-increased select proteins. (C). Male-decreased proteins enrichment analysis.
(D). Male-decreased select proteins. (E). Male-increased proteins enrichment analysis. (F). Male-

increased select proteins.

3. Discussion

The findings of this study greatly expand our understanding of the sex-specific re-

sponses to SGLT-2 inhibition in the setting of CMI in a high-fat diet model of MS.

Although there is growing clinical data to support the use of SGLT-2 inhibitors in
cardiovascular disease in general, the biochemical mechanism is not fully understood,
and the sex-specific response to SGLT-2 inhibitors remains underrepresented in the liter-
ature [29]. The limited data extant prior to this experiment suggest that female patients
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benefit less than male patients treated with SGLT-2 inhibitors [29]. Our previous work
with swine using a normal-diet model validated many of the findings seen in human
clinical studies showing that male swine treated with SGLT-2 inhibitors exhibited improved
cardiac function compared to their female counterparts [30]. However, metabolic syndrome
(MS) is becoming an increasingly common comorbidity that significantly influences the
effectiveness of therapeutics for ischemic heart disease [31,32].

The CAN-M group had significant improvements in cardiac output and stroke volume,
which were not seen in the CAN-F group. This was combined with a significant decrease
in effective arterial elastance, a marker for afterload reduction. There were also notable
trends towards increased stroke work and ejection fraction in the CAN-M group. These
results are similar to our prior study using a normal diet, which showed that CAN-M had
improved functional parameters not seen in CAN-F, and with human studies that showed
males benefited more than females treated with SGLT-2 inhibitors [29,30]. This is likely
related to an increase in many key metabolism and oxidative phosphorylation pathways.
This is evident in our proteomic analysis, as we found significant increases in proteins such
as pyruvate dehydrogenase, cytochrome c oxidase, and ATP synthase in the male treatment
group. Pyruvate dehydrogenase has been shown to be an important marker for healthy
metabolism, and increasing ATP synthase has been identified as a potential target in the
treatment of myocardial ischemia [33,34].

We hypothesize that the significant increases in proteins such as pyruvate dehydro-
genase, cytochrome c oxidase, and ATP synthase observed in the male treatment group
enhance myocardial fuel supply and metabolism, leading to an increase in stroke volume
and, consequently, a higher ejection fraction. This rise in stroke volume, in turn, con-
tributes to an overall increase in cardiac output. Conversely, we propose that the absence
of metabolic changes in the female group accounts for the lack of observed physiological
effects. Further studies are needed to explore how sex-specific hormones and genetic factors
influence this process.

There was a significant increase in capillary density in CAN-F compared to CON-E.
There was no increase in perfusion in the CAN-F or CAN-M groups, making it unclear
if the change in capillary density is meaningful. However, it is possible that the study
timeline or methods limit the detection of changes in perfusion. This finding is different
from our normal-diet study in two keyways. First, our work with normal-diet swine failed
to show a change in capillary density [30]. Secondly, there was no change in myocardial
perfusion in males or females treated with CAN compared to the increase in perfusion in
CAN-M in our prior study [30]. These findings imply that the high-fat diet is modulating
the effect of SGLT-2 inhibitors in the myocardium and possibly decreasing the effectiveness
of SGLT-2 inhibitors. However, it is possible that the 5-week post-treatment time point of
the study is too early to detect changes in perfusion related to changes in vascular density.
Further studies are needed with multiple time points to see if the improvements in vascular
density contribute to an augmentation of myocardial perfusion. The addition of vascular
reactive studies could also help further characterize the microenvironment and potential
benefits of angiogenesis.

Ultimately, the results of our study suggest that both CAN-M and CAN-F may benefit
from SGLT-2 inhibitors; however, there appear to be sex-specific benefits to CAN therapy.
CAN-M appears to have more significant improvements in cardiac function, while CAN-F
shows improvements in myocardial vascularity. This study further validates the clinical
use of SGLT-2 inhibitors and provides a basis for further investigation in human studies.

This study greatly increased our understanding of the complex interactions between
SGLT-2 inhibitor CAN, MS, and sex in the context of a clinically relevant model of chronic
myocardial ischemia. However, it is important to consider several key limitations. The
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6 Week Old
Yorkshire Swine
(n=21)

5 Weeks High
Fat Diet
*—)

study contains a relatively small sample size of 5-6 in each group of animals. Previously
published literature suggest that this sample size is more than sufficient for the use of
sophisticated proteomic methods, but the study may be underpowered to detect changes
in more subtle physiological parameters. Moreover, the study is limited to one time point
and one fixed dose, which could result in the failure to detect changes that would occur
at longer time points or with higher concentrations. Finally, this study only analyzes the
effects of one SGLT-2 inhibitor, CAN, and may not be applicable to all SGLT-2 inhibitors.

4. Methods
4.1. Swine Model

Yorkshire swine (1 = 21) (Cummings School of Veterinary Medicine of Tufts University
Farm, Grafton, MA, USA) were obtained at the age of six weeks and fed a 500 g/d high-
cholesterol diet comprised of 2.3% corn 0il, 4% cholesterol, 1.5% sodium cholate, 17.2%
coconut o0il, and 75% regular chow (Sinclair Research, Columbia, MO, USA) to model
MS [22]. Chronic myocardial ischemia was induced at the age of 11 weeks by placing
an ameroid constrictor (Research Instruments SW, Lebanon, OR, USA) around the left
coronary circumflex artery (LCx) [22]. After two weeks of recovery, swine were assigned to
either the control group (CON, F = 6, M = 5) or CAN 300 mg daily (F =5, M =5 Janssen
Pharmaceuticals, Beerse, Belgium) [22]. All swine underwent terminal harvest procedures,
including functional measurements, a myocardial perfusion assessment, and myocardial
tissue collection after 5 weeks of treatment (Figure 5).

Canagliflozin Male
(n=5)

Canagliflozin Female

(n=5)
11 week Old
Yorkshire Swine . Harvest
Ameroid
2 Weeks Control Male 5 Weeks
[ — (n:S) o—)

Control Female
(n=6)

Figure 5. Methods. Yorkshire swine (1 = 21) were obtained at the age of six weeks and fed a high-fat
diet to model MS. Chronic myocardial ischemia was induced at the age of 11 weeks by placing an
ameroid constrictor. After two weeks of recovery, swine were assigned to either the control group
(CON, F =6, M =5) or CAN 300 mg daily (F =5, M = 5). After 5 weeks of therapy, all swine underwent
terminal harvest procedures, including functional measurements, a myocardial perfusion assessment,
and myocardial tissue collection.
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4.2. Sample Size and Dosing

Using the mean differences and standard deviations for cardiac output and ejec-
tion fraction from our prior study on normal diets studying sex-specific response to
CAN, a minimum sample size was calculated for physiologic studies using the equa-
2(2.8) 2(standard devation)

(mean dif ference )
The required sample size for proteomics and similar methods is a matter of debate, but

2
tionn = [35]. This suggested a minimum of 2 animals per group.

many would agree that 5 per group would be an acceptable minimum for this type of study.
Given the cost of the experiment, sample size calculations, and the need of 5 per group for
proteomics, the decision was made to include a minimum of 5 animals per group in the
study [36,37].

CAN 300 mg daily is the maximum dose used in host human patients. As a result,
300 mg daily was used in our initial CAN studies, and we have previously shown that
at a dose of 300 mg daily, CAN results in substantial improvements in swine cardiac
function [19,22,30].

4.3. Animal Care

All swine received humane care in compliance with current ethical standards, includ-
ing the Guide for the Care and Use of Laboratory Animals [22]. All experiments were
reviewed and approved by the Institutional Animal Care and Use Committee of Rhode
Island Hospital (Protocol #505821, 23 November 2021) [22].

4.4. Ameroid Constrictor Procedure

The swine received oral aspirin (10 mg/kg) and oral cephalexin (30 mg/kg) one day
preoperatively and five days postoperatively as previously reported [22,38]. Anesthesia
was induced with intramuscular telazol (4.4 mg/kg) and xylazine (2.2 mg/kg) as previously
reported [22,38]. Endotracheal intubation was performed, and anesthesia was maintained
with inhaled isoflurane [22,38]. The swine was placed in a modified right lateral decubitus
position [22,38]. The surgical site was prepped in the typical sterile fashion with betadine.
The chest was accessed with a mini-thoracotomy on the left side in the 3rd intercostal
space [22,38]. The pericardium was opened, and the left atrium was retracted to expose
the left anterior descending artery (LAD) and LCx [22,38]. The LCx was exposed using
sharp and blunt dissection [22,38]. The LCx dissection was performed to take off the LCx
from the left main coronary artery to create consistent areas of ischemia [22,38]. The LCx
was isolated with a vessel loop. Systemically, heparin (801U /kg) was given to prevent
coronary thrombosis [22,38]. The vessel loop was used to occlude the LCx for 2 minutes
while simultaneously injecting 5 mL of gold-labeled microspheres (BioPal, Worcester, MA,
USA) into the left atrial appendage. The ameroid constrictor was placed around the LCx.
Nitroglycerin (2cc) was sprayed on the artery to prevent vasospasm. The pericardium was
closed with absorbable sutures as previously reported [22,38]. The chest and skin were
closed in layers as previously reported [22,38]. Post-op pain was controlled with a fentanyl
patch (4 ng/kg), and intramuscular buprenorphine (0.03 mg/kg) was administered before
the closure of the chest as previously reported [22,38].

4.5. Harvest Procedure

Anesthesia and pre-op care are the same as previously described above in Section 4.3.
The swine was placed supine, and the surgical area was prepped with betadine. The thoracic
cavity was accessed by median sternotomy. The pericardium was opened and adhesion
lysed to expose the right atrium, left atrium, and apex [22,38]. The left femoral artery
was exposed by direct cutdown. The swine was given a bolus (801U /kg) of intravenous
heparin. The groin was cannulated with a 7fr catheter using the Seldinger technique [22,38].
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Myocardial perfusion was assessed by injecting 5mlL of isotope-labeled microspheres
(BioPal, Worcester, MA, USA) into the left atrium and simultaneously withdrawing 10 mL
of blood from the femoral catheter [22,38]. This was performed at rest and while stressing
the heart by pacing at 150 beats per minute [22,38]. Ventricular function was assessed using
a pressure-volume catheter (Transonic, Ithica, NY, USA) introduced directly into the left
ventricular apex as previously reported [22,38]. After completion of physiological testing,
anesthesia was increased, and the heart was excised as previously reported [22,38]. The
heart was dissected to remove epicardium and myocardial fat. The tissue was divided into
segments based on location with respect to the LCx and LAD and flash frozen in liquid
nitrogen as previously reported [22,38].

4.6. Immunofluorescence

a-smooth muscle actin (SMA) and isolectin B4 staining was performed on tissue from
the most ischemic myocardial area and imaged by iHisto (iHisto, Salem, MA, USA) [22].
Slides were reviewed and analyzed using QuPath (University of Edinburgh, Edinburgh,
Scotland, UK). Capillary density was calculated by determining the percentage of tissue
area positive for isolectin B4 [22]. QuPath’s automated detection algorithm was applied to
three randomly selected 1 mm? sections per slide as previously described [19]. Arteriolar
count was conducted using QuPath’s automated detection algorithm. Three 1 mm? sections
were randomly selected, and the number of SMA-positive objects with a minimum size of
100 um? per area of tissue section were counted as previously described [19]. The triplicate
was averaged across slides for both stains.

4.7. Data Analysis and Statistics

All data was analyzed utilizing Prism 10 (GraphPad Software, San Diego, CA, USA).
Data was tested for normality with a Shapiro-Wilk test. Nonparametric data was analyzed
with a Mann-Whitney U test, and parametric data was analyzed with a Student’s t-test.
Capillary density and arteriolar count are represented as mean fold change normalized to
the average female control. Outliers larger than two standard deviations from the mean
were excluded. Probability values less than 0.05 were considered significant.

4.8. Proteomics

The proteomics for this study was conducted by the proteomics core facility at the Uni-
versity of Massachusetts Boston. Proteomic analysis was performed on myocardial samples
from the nonischemic LAD territory and the most ischemic area. Please see supplement
one for a detailed account of the proteomics used in this study (Supplementary Materials).

Proteomic analysis was only preformed on common proteins found in all samples.
Probability values less than 0.05 were considered significant regardless of fold change. Path-
way analysis was conducted with ShinyGO 0.76 (South Dakota State University, Brookings,
SD, USA).

5. Conclusions

This manuscript summarizes the first attempt to study the complex interplay of
sex, metabolic disease, ischemic heart disease, and SGLT-2 inhibition. Male swine with
ischemic heart disease and metabolic dysfunction treated with CAN exhibited improved
cardiac function, as evidenced by afterload reduction, increased stroke volume, and higher
cardiac output. This was accompanied by an upregulation of several metabolic pathways
in the CAN-M group that were not observed in CAN-F. In contrast, female swine with
ischemic heart disease and metabolic dysfunction treated with CAN did not exhibit the
same physiological benefits seen in males; however, there was an increase in capillary
density in the ischemic myocardium of the CAN-F group. These findings suggest that
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CAN treatment induces sex-specific changes in angiogenesis and myocardial function.
The results of this study provide potential targets for further investigation in both animal
models and human subjects treated with SGLT-2 inhibitors. Additionally, these findings
may help guide future research into sex-specific therapeutics for ischemic heart disease.
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ESPVR  End-systolic pressure-volume relationship
CAN Canagliflozin

CAN-F  Canagliflozin females

CAN-M Canagliflozin males

CMI Chronic myocardial ischemia

CON-F  Control females

CON-M  Control males

PRSW Preload recruitable stroke work

References

1.

Whelton, PK.; Carey, R.M.; Aronow, W.S.; Casey, D.E,, Jr.; Collins, K.J.; Himmelfarb, C.D.; DePalma, S.M.; Gidding, S.; Jamerson,
K.A.; Jones, D.W.; et al. 2017 ACC/AHA/AAPA/ABC/ACPM/AGS/APhA/ASH/ASPC/NMA /PCNA Guideline for the
prevention, detection, evaluation, and management of high blood pressure in adults: Executive Summary: A report of the
American College of Cardiology/American Heart Association Task Force on Clinical Practice Guidelines. Circulation 2018, 138,
e426—e483. [CrossRef]

Lawton, ].S.; Tamis-Holland, J.E.; Bangalore, S.; Bates, E.R.; Beckie, T.M.; Bischoff, ].M.; Bittl, J.A.; Cohen, M.G.; DiMaio, ].M.;
Don, C.W.,; et al. 2021 ACC/AHA /SCAI Guideline for Coronary Artery Revascularization: A Report of the American College
of Cardiology/American Heart Association Joint Committee on Clinical Practice Guidelines. Circulation 2022, 145, e18—el14.
[CrossRef]

Heidenreich, P.A.; Bozkurt, B.; Aguilar, D.; Allen, L.A.; Byun, J.J.; Colvin, M.M.; Deswal, A.; Drazner, M.H.; Dunlay, S.M.; Evers,
LR etal. 2022 ACC/AHA /HFSA Guideline for the Management of Heart Failure. . Card. Fail. 2022, 28, el-e167. [CrossRef]
[PubMed]

Knuuti, J.; Wijns, W.; Saraste, A.; Capodanno, D.; Barbato, E.; Funck-Brentano, C.; Prescott, E.; Storey, R.E; Deaton, C.; Cuisset, T.;
et al. 2019 ESC Guidelines for the diagnosis and management of chronic coronary syndromes. Eur. Heart ]. 2020, 41, 407-477.
[CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/ijms26051887/s1
https://www.mdpi.com/article/10.3390/ijms26051887/s1
https://doi.org/10.1161/CIR.0000000000000597
https://doi.org/10.1161/CIR.0000000000001038
https://doi.org/10.1016/j.cardfail.2022.02.010
https://www.ncbi.nlm.nih.gov/pubmed/35378257
https://doi.org/10.1093/eurheartj/ehz425
https://www.ncbi.nlm.nih.gov/pubmed/31504439

Int. J. Mol. Sci. 2025, 26, 1887 12 0f 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Padda, I.S.; Mahtani, A.U.; Parmar, M. Sodium-Glucose Transport Protein 2 (SGLT2) Inhibitors. In StatPearls; StatPearls Publishing:
Treasure Island, FL, USA, 2023. Available online: https://www.ncbi.nlm.nih.gov/books/NBK576405/ (accessed on 17 January
2024).

Katsiki, N.; Mikhailidis, D.P.; Theodorakis, M.]. Sodium-glucose Cotransporter 2 Inhibitors (SGLT2i): Their Role in Car-
diometabolic Risk Management. Curr. Pharm. Des. 2017, 23, 1522-1532. [CrossRef] [PubMed]

Lopaschuk, G.D.; Verma, S. Mechanisms of Cardiovascular Benefits of Sodium Glucose Co-Transporter 2 (SGLT2) Inhibitors: A
State-of-the-Art Review. JACC Basic Transl. Sci. 2020, 5, 632-644. [CrossRef]

McGuire, D.K.; Shih, W.J.; Cosentino, F.; Charbonnel, B.; Cherney, D.Z.1.; Dagogo-Jack, S.; Pratley, R.; Greenberg, M.; Wang, S.;
Huyck, S.; et al. Association of SGLT2 Inhibitors with Cardiovascular and Kidney Outcomes in Patients with Type 2 Diabetes.
JAMA Cardiol. 2021, 6, 148-158. [CrossRef] [PubMed]

McMurray, J.J.V.; Solomon, S.D.; Inzucchi, S.E.; Keber, L.; Kosiborod, M.N.; Martinez, F.A.; Ponikowski, P; Sabatine, M.S.; Anand,
LS.; Bélohlavek, J.; et al. Dapagliflozin in Patients with Heart Failure and Reduced Ejection Fraction. N. Engl. ]. Med. 2019, 381,
1995-2008. [CrossRef] [PubMed]

Wiviott, S.D.; Raz, I.; Bonaca, M.P,; Mosenzon, O.; Kato, E.T.; Cahn, A.; Silverman, M.G.; Zelniker, T.A.; Kuder, J.F.; Murphy, S.A,;
et al. Dapagliflozin and Cardiovascular Outcomes in Type 2 Diabetes. N. Engl. ]. Med. 2019, 380, 347-357. [CrossRef]

Lim, V.G,; Bell, RM.; Arjun, S.; Kolatsi-Joannou, M.; Long, D.A.; Yellon, D.M. SGLT2 Inhibitor, Canagliflozin, Attenuates
Myocardial Infarction in the Diabetic and Nondiabetic Heart. JACC: Basic Transl. Sci. 2019, 4, 15-26. [CrossRef] [PubMed]
Vaduganathan, M.; Docherty, K.E; Claggett, B.L.; Jhund, P.S.; A de Boer, R.; Hernandez, A.F.; E Inzucchi, S.; Kosiborod, M.N.;
Lam, C.S.P; Martinez, F.; et al. SGLT2 inhibitors in patients with heart failure: A comprehensive meta-analysis of five randomised
controlled trials. Lancet 2022, 400, 757-767. [CrossRef]

Mariani, M.V.; Manzi, G.; Pierucci, N.; Laviola, D.; Piro, A.; D’Amato, A.; Filomena, D.; Matteucci, A.; Severino, P.; Miraldi, E,;
et al. SGLT?2i effect on atrial fibrillation: A network meta-analysis of randomized controlled trials. J. Cardiovasc. Electrophysiol.
2024, 35, 1754-1765. [CrossRef] [PubMed]

Xie, Y.; Wei, Y,; Li, D.; Pu, J.; Ding, H.; Zhang, X. Mechanisms of SGLT2 Inhibitors in Heart Failure and Their Clinical Value. J.
Cardiovasc. Pharmacol. 2023, 81, 4-14. [CrossRef] [PubMed]

Al Thani, N.A.; Hasan, M.; Yalcin, H.C. Use of Animal Models for Investigating Cardioprotective Roles of SGLT2 Inhibitors. J.
Cardiovasc. Transl. Res. 2023, 16, 975-986. [CrossRef]

Pennig, J.; Scherrer, P.; Gissler, M.C.; Anto-Michel, N.; Hoppe, N.; Fiiner, L.; Hardtner, C.; Stachon, P.; Wolf, D.; Hilgendorf, I; et al.
Glucose lowering by SGLT2-inhibitor empagliflozin accelerates atherosclerosis regression in hyperglycemic STZ-diabetic mice.
Sci. Rep. 2019, 9, 1-12. [CrossRef] [PubMed]

Schonberger, E.; Mihaljevi¢, V.; Steiner, K.; Sari¢, S.; Kurevija, T.; Majnari¢, L.T.; Curéi¢, LB.; Canecki-Varzi¢, S. Immunomodulatory
Effects of SGLT2 Inhibitors—Targeting Inflammation and Oxidative Stress in Aging. Int. |. Environ. Res. Public Heal. 2023, 20,
6671. [CrossRef] [PubMed]

Li, C.; Zhang, J.; Xue, M; Li, X;; Han, E; Liu, X,; Xu, L,; Lu, Y.; Cheng, Y.; Li, T.; et al. SGLT2 inhibition with empagliflozin
attenuates myocardial oxidative stress and fibrosis in diabetic mice heart. Cardiovasc. Diabetol. 2019, 18, 1-13. [CrossRef]

Sabe, S.A.; Xu, C.M.; Sabra, M.; Harris, D.D.; Malhotra, A.; Aboulgheit, A.; Stanley, M.; Abid, M.R.; Sellke, EW. Canagliflozin
Improves Myocardial Perfusion, Fibrosis, and Function in a Swine Model of Chronic Myocardial Ischemia. J. Am. Hear. Assoc.
2023, 12. [CrossRef] [PubMed]

Banerjee, D.; Sabe, S.A.; Xing, H.; Xu, C.; Sabra, M.; Harris, D.D.; Broadwin, M.; Abid, M.R.; Usheva, A.; Feng, J.; et al.
Canagliflozin improves coronary microvascular vasodilation and increases absolute blood flow to the myocardium independent
of angiogenesis. . Thorac. Cardiovasc. Surg. 2023, 166, e535-e550. [CrossRef]

Harris, D.D.; Sabe, S.A.; Xu, C.M.; Sabra, M.; Broadwin, M.; Malhotra, A.; Li, ]JW.; Abid, M.R.; Sellke, EW. Sodium-glucose
co-transporter 2 inhibitor canagliflozin modulates myocardial metabolism and inflammation in a swine model for chronic
myocardial ischemia. Surgery 2023, 175, 265-270. [CrossRef] [PubMed]

Harris, D.D.; Broadwin, M.; Sabe, S.A.; Stone, C.; Kanuparthy, M.; Nho, J.-W.; Bellam, K.; Banerjee, D.; Abid, M.R.; Sellke,
EW. Effects of diet-induced metabolic syndrome on cardiac function and angiogenesis in response to the sodium-glucose
cotransporter-2 inhibitor canagliflozin. J. Thorac. Cardiovasc. Surg. 2024, 168, e183-e199. [CrossRef] [PubMed]

Clayton, ].A.; Gaugh, M.D. Sex as a Biological Variable in Cardiovascular Diseases. Circ. 2022, 79, 1388-1397. [CrossRef] [PubMed]
Connelly, PJ.; Jandeleit-Dahm, K.A.; Delles, C. Sex and gender aspects in vascular pathophysiology. Clin. Sci. 2020, 134, 2203-2207.
[CrossRef] [PubMed]

Regitz-Zagrosek, V.; Kararigas, G. Mechanistic Pathways of Sex Differences in Cardiovascular Disease. Physiol. Rev. 2017, 97, 1-37.
[CrossRef] [PubMed]

Connelly, PJ.; Freel, EM.; Perry, C.; Ewan, ]J.; Touyz, R M.; Currie, G.; Delles, C. Gender-Affirming Hormone Therapy, Vascular
Health and Cardiovascular Disease in Transgender Adults. Hypertension 2019, 74, 1266-1274. [CrossRef]


https://www.ncbi.nlm.nih.gov/books/NBK576405/
https://doi.org/10.2174/1381612823666170113152742
https://www.ncbi.nlm.nih.gov/pubmed/28088910
https://doi.org/10.1016/j.jacbts.2020.02.004
https://doi.org/10.1001/jamacardio.2020.4511
https://www.ncbi.nlm.nih.gov/pubmed/33031522
https://doi.org/10.1056/NEJMoa1911303
https://www.ncbi.nlm.nih.gov/pubmed/31535829
https://doi.org/10.1056/NEJMoa1812389
https://doi.org/10.1016/j.jacbts.2018.10.002
https://www.ncbi.nlm.nih.gov/pubmed/30847415
https://doi.org/10.1016/S0140-6736(22)01429-5
https://doi.org/10.1111/jce.16344
https://www.ncbi.nlm.nih.gov/pubmed/38940255
https://doi.org/10.1097/FJC.0000000000001380
https://www.ncbi.nlm.nih.gov/pubmed/36607775
https://doi.org/10.1007/s12265-023-10379-5
https://doi.org/10.1038/s41598-019-54224-9
https://www.ncbi.nlm.nih.gov/pubmed/31784656
https://doi.org/10.3390/ijerph20176671
https://www.ncbi.nlm.nih.gov/pubmed/37681811
https://doi.org/10.1186/s12933-019-0816-2
https://doi.org/10.1161/JAHA.122.028623
https://www.ncbi.nlm.nih.gov/pubmed/36583437
https://doi.org/10.1016/j.jtcvs.2023.08.017
https://doi.org/10.1016/j.surg.2023.09.043
https://www.ncbi.nlm.nih.gov/pubmed/37940431
https://doi.org/10.1016/j.jtcvs.2024.06.004
https://www.ncbi.nlm.nih.gov/pubmed/38879117
https://doi.org/10.1016/j.jacc.2021.10.050
https://www.ncbi.nlm.nih.gov/pubmed/35393021
https://doi.org/10.1042/CS20200876
https://www.ncbi.nlm.nih.gov/pubmed/32844996
https://doi.org/10.1152/physrev.00021.2015
https://www.ncbi.nlm.nih.gov/pubmed/27807199
https://doi.org/10.1161/HYPERTENSIONAHA.119.13080

Int. J. Mol. Sci. 2025, 26, 1887 13 of 13

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Man, J.J.; Beckman, J.A.; Jaffe, I.Z. Sex as a Biological Variable in Atherosclerosis. Circ. Res. 2020, 126, 1297-1319. [CrossRef]
[PubMed]

Ventura-Clapier, R.; Piquereau, J.; Garnier, A.; Mericskay, M.; Lemaire, C.; Crozatier, B. Gender issues in cardiovascular diseases.
Focus on energy metabolism. Biochim. et Biophys. Acta (BBA) Mol. Basis Dis. 2020, 1866, 165722. [CrossRef]

Rivera, EB.; Tang, V.AS.; De Luna, D.V,; Lerma, E.V,; Vijayaraghavan, K.; Kazory, A.; Shah, N.S.; Volgman, A.S. Sex differences in
cardiovascular outcomes of SGLT-2 inhibitors in heart failure randomized controlled trials: A systematic review and meta-analysis.
Am. Hear. ]. Plus Cardiol. Res. Pr. 2023, 26. [CrossRef]

Harris, D.D.; A Sabe, S.; Broadwin, M.; Stone, C.; Malhotra, A.; Xu, C.M.; Sabra, M.; Abid, M.R.; Sellke, FW.M. Proteomic Analysis
and Sex-Specific Changes in Chronically Ischemic Swine Myocardium Treated with Sodium-Glucose Cotransporter-2 Inhibitor
Canagliflozin. J. Am. Coll. Surg. 2024, 238, 1045-1055. [CrossRef]

Swarup, S.; Goyal, A.; Grigorova, Y.; Zeltser, R. Metabolic Syndrome. In StatPearls; StatPearls Publishing: Treasure Island, FL,
USA, 2024. Available online: https://www.ncbi.nlm.nih.gov/books/NBK459248/ (accessed on 7 March 2024).

Karimi, M.; Pavlov, V.I; Ziegler, O.; Sriram, N.; Yoon, S.-Y.; Agbortoko, V.; Alexandrova, S.; Asara, J.; Sellke, EW.; Sturek, M.; et al.
Robust effect of metabolic syndrome on major metabolic pathways in the myocardium. PLOS ONE 2019, 14, €0225857. [CrossRef]
Nikolaou, P--E.; Lambrinidis, G.; Georgiou, M.; Karagiannis, D.; Efentakis, P.; Bessis-Lazarou, P.; Founta, K.; Kampoukos, S.;
Konstantin, V.; Palmeira, C.M.; et al. Hydrolytic Activity of Mitochondrial F1Fo-ATP Synthase as a Target for Myocardial
Ischemia—Reperfusion Injury: Discovery and In Vitro and In Vivo Evaluation of Novel Inhibitors. J. Med. Chem. 2023, 66,
15115-15140. [CrossRef] [PubMed]

Ni, J.; Zhang, H.; Wang, X.; Liu, Z; Nie, T; Li, L.; Su, J.; Zhu, Y.; Ma, C.; Huang, Y.; et al. Rg3 regulates myocardial pyruvate
metabolism via P300-mediated dihydrolipoamide dehydrogenase 2-hydroxyisobutyrylation in TAC-induced cardiac hypertrophy.
Cell Death Dis. 2022, 13, 1-12. [CrossRef] [PubMed]

Serdar, C.C.; Cihan, M; Yticel, D.; A Serdar, M. Sample size, power and effect size revisited: Simplified and practical approaches
in pre-clinical, clinical and laboratory studies. Biochem. Medica 2021, 31, 27-53. [CrossRef] [PubMed]

Ching, T.; Huang, S.; Garmire, L.X. Power analysis and sample size estimation for RNA-Seq differential expression. RNA 2014, 20,
1684-1696. [CrossRef] [PubMed]

Zhou, C.; Simpson, K.L.; Lancashire, L.].; Walker, M.].; Dawson, M.].; Unwin, R.D.; Rembielak, A.; Price, P.; West, C.; Dive, C,;
et al. Statistical Considerations of Optimal Study Design for Human Plasma Proteomics and Biomarker Discovery. J. Proteome Res.
2012, 11, 2103-2113. [CrossRef] [PubMed]

Stone, C.R; Harris, D.D.; Broadwin, M.; Kanuparthy, M.; Sabe, S.A.; Xu, C.; Feng, J.; Abid, M.R.; Sellke, EW. Crafting a Rigorous,
Clinically Relevant Large Animal Model of Chronic Myocardial Ischemia: What Have We Learned in 20 Years? Methods Protoc.
2024, 7, 17. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1161/CIRCRESAHA.120.315930
https://www.ncbi.nlm.nih.gov/pubmed/32324497
https://doi.org/10.1016/j.bbadis.2020.165722
https://doi.org/10.1016/j.ahjo.2023.100261
https://doi.org/10.1097/XCS.0000000000001021
https://www.ncbi.nlm.nih.gov/books/NBK459248/
https://doi.org/10.1371/journal.pone.0225857
https://doi.org/10.1021/acs.jmedchem.3c01048
https://www.ncbi.nlm.nih.gov/pubmed/37943012
https://doi.org/10.1038/s41419-022-05516-y
https://www.ncbi.nlm.nih.gov/pubmed/36572672
https://doi.org/10.11613/BM.2021.010502
https://www.ncbi.nlm.nih.gov/pubmed/33380887
https://doi.org/10.1261/rna.046011.114
https://www.ncbi.nlm.nih.gov/pubmed/25246651
https://doi.org/10.1021/pr200636x
https://www.ncbi.nlm.nih.gov/pubmed/22338609
https://doi.org/10.3390/mps7010017

	Introduction 
	Results 
	Functional Results 
	Myocardial Angiogenesis and Perfusion 
	Proteomic Analysis 

	Discussion 
	Methods 
	Swine Model 
	Sample Size and Dosing 
	Animal Care 
	Ameroid Constrictor Procedure 
	Harvest Procedure 
	Immunofluorescence 
	Data Analysis and Statistics 
	Proteomics 

	Conclusions 
	References

