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Abstract

Aims: We have previously shown that Empagliflozin (EMPA) protects the isolated rat heart during prolonged hypothermic isch-
aemic storage. We hypothesised that parenterally administered EMPA will acutely protect the heart from normothermic ischaemic
damage. Here, we aimed to investigate the cardioprotective effect of acute EMPA administration in murine models of permanent
ligation and Ischemia Reperfusion Injury (IRI) Myocardial Infarction (MI).

Methods and results: C57BL/6] adult male non-diabetic mice were used. For the permanent ligation model, EMPA (10mg/kg) or
vehicle (2% dimethyl sulfoxide in saline) was administered by Intraperitoneal (IP) injection immediately (0 h) or 2 hours (2h) after
ligation. For the IRI model, the Left Anterior Descending artery (LAD) was transiently ligated for 40minutes, and the same dose of
either EMPA or vehicle was administered IP 10 minutes before reperfusion. In the permanent ligation model, EMPA administration
at 0 h resulted in a 50% decrease in infarct size compared with vehicle (8.4+1.5 vs 16.9£1.0%, P<0.0001). The reduction in infarct
size was attenuated but still significant with EMPA administration 2 h after LAD ligation (12.1+1.4 vs 18.1+1.9 %, P<0.05). A 50%
decrease in infarct size was observed in the IRI model (2.4+1.9 vs 5.1+3.9 %, P<0.05).

Conclusion: A single acute bolus dose of EMPA exerted cardioprotective effects by attenuating MI size in both permanent ligation
and IRI models of acute MI in non-diabetic mice. If these findings are confirmed in a large animal model of acute MI, they would sug-
gest that early parenteral administration of EMPA during acute MI may provide clinical benefits beyond those already demonstrated
in published clinical trials.
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Introduction

Cardiovascular Disease (CVD) is the leading cause of death
globally [1]. Ischaemic heart disease is the leading risk factor for
heart failure, cardiac arrest, and chronic heart disease, with 9.2 mil-
lion deaths reported in 2021 [2]. Clinically, no drugs currently block
the acute injury response to myocardial ischaemia [3]. For patients
suffering a heart attack, emergency transfer to a hospital and ur-
gent opening of the blocked coronary artery by percutaneous inter-
vention or surgery is the most effective treatment. However, delays
in the recognition of the problem and in transferring patients to
hospitals from rural and remote areas, reduce the chance of limit-
ing myocardial damage and/or saving patients’ lives.

Myocardial Ischaemia (MI) leads to anaerobic metabolism re-
sulting in lactic acidosis, which alters the activity of two critical
transmembrane ion channels in cardiomyocytes: the sodium hydro-
gen (Na+/H+) exchanger (NHE) and Acid Sensing lon Channel 1a
(ASIC1a). NHE is activated by intracellular acidosis and ASIC1a by
extracellular acidosis. NHE1 is the NHE subtype mainly expressed
in cardiomyocytes, and its activity significantly increases under
the pathological conditions of diabetes, heart failure, and acute
ischaemia-reperfusion injury [4,5]. Activation of NHE1 increases
cardiomyocyte intracellular sodium load, resulting in calcium over-
load during ischaemia-reperfusion and aggravation of reperfusion
injury [6,7]. Activation of ASIC1a also results in calcium overload
as well as activation of the receptor-interacting serine/threonine
kinase (RIP) necroptosis pathway and cardiomyocyte death [8-10].

EMPA, a sodium-glucose co-transporter 2 (SGLT2) inhibitor
approved by the FDA for the treatment of type 2 diabetes mellitus
(T2DM) in 2014, has been shown to significantly reduce cardiovas-
cular mortality and heart failure hospitalisation in patients with
and without T2DM [11,12]. However, the mechanisms underlying
these beneficial effects are not clearly understood [11]. Several
reports have recently been published demonstrating that SGLT2
inhibitors reduce MI size in murine MI models, however, in these
studies, EMPA was delivered chronically by oral gavage commenc-
ing before or after MI [13-16]. Most heart attacks happen unex-
pectedly, so treatment cannot be initiated until the event has taken
place. There is an unmet need for drugs that are able to protect the
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heart from Ischaemia-Reperfusion Injury (IRI) or chronic coronary
artery occlusion after onset and to determine optimal timing of ad-
ministration.

We have previously shown that EMPA protects the isolated rat
heart during prolonged hypothermic ischaemia with similar effica-
cy to the NHE1 inhibitor zoniporide [17] and others have report-
ed that SGLT2 inhibitors also inhibit the NHE1 channel in isolat-
ed cardiac myocytes in a manner similar to other NHE1 inhibitors
[5,18,19]. Given that NHE1 is activated during and after induction
of myocardial ischaemia and reperfusion [6,7], we hypothesised
that parenterally administered EMPA will acutely protect the heart
from IRI as well as injury resulting from permanent coronary artery
occlusion. Thus, here we aimed to investigate the cardioprotective
effect of acute Intraperitoneal (IP) EMPA administration in murine
models of permanent ligation and IRI MI.

Methods
Animals

All experimental procedures were approved by the Garvan
Institute/St. Vincent's Hospital Animal Experimentation Ethics
Committee (AEC22/14) performed in accordance with the Na-
tional Health and Medical Research Council (NHMRC) of Australia
Guidelines on Animal Experimentation. All efforts were made to
minimise suffering. C57BL/6] male non-diabetic mice aged 10-12
weeks were maintained under a 12-hour light/dark cycle and given
food and water ad-lib.

Experimental Design

We examined the efficacy of EMPA versus vehicle in two mu-
rine models of acute MI: permanent ligation of the Left Anterior
Descending coronary artery (LAD), and IRI. For the permanent li-
gation model, mice were divided randomly into vehicle and EMPA
groups after LAD ligation and were subjected to early (after closure
of the surgical wound - within 5 to 10minutes of LAD ligation, Oh)
or delayed (2hours post LAD ligation, 2h) IP administration (Figure
1A). For the IRI model, the LAD was transiently ligated for 40min-
utes, animals were randomised, and EMPA or vehicle was adminis-
tered IP 10minutes before reperfusion (Figure 1B).
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Figure 1: Experimental design. Empaglifozin (EMPA, 10mg/kg) or vehicle (2% DMSO in saline) was delivered by intraperitoneal (IP) injection (A)
at 0 or 2h after permanent LAD ligation, or (B) 10min before reperfusion of transient (40min) LAD ligation. Echocardiography was performed as
indicated and follow-up (echocardiography, haemodynamics, heart excision, photography, infarct sizes determination) was carried out four weeks
post-surgery.

Myocardial infarction surgery

Mice were anaesthetised (ketamine: 100mg/kg; xylazine:
13mg/kg; atropine: 0.5mg/kg) by IP injection, placed on a heating
pad for 4-5minutes, then intubated with a 23-gauge catheter into
the trachea. Successful intubation was confirmed by connecting the
catheter to a positive ventilator and checking that the frequency of
chest movement was the same as that of the ventilator. Anaesthe-
sia was induced with 4% isoflurane and maintained at 2% during
surgery. Anaesthesia was monitored by the colour of mucous mem-
branes and skin, and the depth of anaesthesia by the pedal with-
drawal reflex (from toe pinch). The heart was accessed by an in-
cision into the left wall of the chest at the fourth intercostal space.
Blunt dissection of the intercostal tissue was performed to create an
opening in the chest wall. The ribs were retracted by a small tissue
retractor and the anterior surface of the heart exposed. The peri-
cardial sac was opened, and the LAD was ligated with 8/0 prolene.
The chest of the operated mouse was closed with 6/0 prolene su-
ture and the pneumothorax was reduced by blocking the ventilator
for two cycles. Mice were monitored continuously during recovery
until the righting reflex was regained. They were then housed over-
night with the cage half on/half off a heating pad. Post-operative
analgesia (buprenorphine, 0.075 mg/kg) was administered subcu-
taneously twice daily for three days and the mice were monitored
daily for another two days. They were then checked twice weekly
till 4 weeks after surgery.

Permanent LAD ligation: For studies on the myocardial re-
sponse to permanent LAD occlusion, the LAD was ligated with 8/0
prolene suture positioned 2mm below the edge of the left auricle.
Sustained myocardial pallor and hypokinesia distal to the ligature

were assessed visually to confirm cessation of blood flow and isch-
aemia (Figure 1A).

Ischaemia reperfusion injury surgery: For studies on the ef-
fect of IR], the ligature was tied 1 mm below the edge of the left au-
ricle to ensure discernible infarct sizes. To allow subsequent rees-
tablishment of blood flow, the occlusion was produced by placing a
1-mm length of Polyethylene (PE) tubing (0D=0.61mm; Intramedic
PE-10, Clay Adams, Parsippany, NJ) on the artery and fixing it in
place with the ligature. The artery was then compressed by tight-
ening the ligature, producing myocardial blanching. After regional
ischaemia for 40min, reperfusion of the myocardium was ensured
by removing the ligature and confirming resulting hyperaemia by
visualisation (Figure 1B). If the myocardium was not reperfused,
the animal was euthanised and excluded from the study.

EMPA Administration

EMPA (10mg/kg; Cayman Chemical, No.17375) versus vehi-
cle (2% dimethyl sulfoxide (DMSO) in saline) was delivered by a
30-gauge needle IP into the lower quadrant of the abdomen. The
10mg/kg EMPA dose was chosen based on a pilot study that was
performed using a permanent ligation model and increasing dos-
es of EMPA (1mg/kg, 2mg/kg, 5mg/kg, 10mg/kg, 15mg/kg and
20mg/kg) delivered IP at 0 h.

Infarct size determination

Infarct size was determined at 4 weeks after MI surgery. To mea-
sure infarct size, the heart was excised immediately following mi-
cro-manometry. The atria and right ventricle were trimmed off and
weighed, and the Left Ventricle (LV) was cut open and pinned flat
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to expose the endocardial surface for determination of LV wall scar
size by planimetry, expressed as a percentage of the total LV cham-
ber area, as described previously [20]. Infarct sizes were scored in
a blinded manner using the Image] program by three independent
people who were only provided with the eight-digit identification
number of the mice to be assessed. Pictures were provided in ran-
dom order with no physical evidence of which treatment had been
administered.

Data Processing and Statistical Analysis

All results are expressed as mean * SD. GraphPad Prism 10.0
(GraphPad; USA) was used to prepare graphs and for statistical
analyses. Differences among groups were tested by unpaired Stu-
dent’s t-test; P<0.05 was considered statistically significant. The

Table 1: Mortality Outcomes after MI surgery.
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data underlying this article will be shared on reasonable request to
the corresponding author.

Results
Surgery Survival

The numbers of mice in each study group and their outcome
are shown in Table 1. Of the two vehicle-treated groups in the per-
manent ligation model, 6 of 32 animals (19%) that survived the
initial surgical induction of MI suffered cardiac rupture in the first
week post-MI compared with 2 of 28 animals (7%) in the two EM-
PA-treated groups. There were no cardiac ruptures in either group
in the IRI model; 5 mice were euthanised before recovery due to
non-reperfusion after ligature removal (Table 1).

Permanent LAD Ligation IRI

Parameter IP at Oh post-MI

IP at 2h post-MI IP at 30min post-MI

Vehicle (n=13) EMPA (n=13)

Vehicle (n=13)

EMPA (n=13) Vehicle (n=15) EMPA (n=15)

Total number of
mice undergoing 17 15
MI surgery

16 18 17

Number of deaths
during surgery

Number of deaths
due to cardiac rup- 3 1
ture post-surgery

Total number of
deaths

Mortality from
cardiac ruptures
post-surgery (%
of post-surgery

survivors)

19% 7%

19% 7% 0% 0%

Note*: Vehicle (2% DMSO in saline) or EMPA (10mg/kg) was administered by Intraperitoneal (IP) injection.

Infarct Size

EMPA delivered by IP injection immediately after LAD occlusion
resulted in a significant reduction in infarct size (as a percentage of
the left ventricle). In the permanent ligation model, administration
of EMPA at 0 h resulted in a 50% decrease in infarct size compared
with vehicle (8.4+5.5% vs 16.9+3.8%, P<0.0001, Figure 2). The

reduction in infarct size was attenuated although still significant
when administration of EMPA was delayed 2 hours after LAD liga-
tion (12.1£5% vs 18.1+6.8%, P<0.05, Figure 2). In the IRI model,
pre-reperfusion EMPA treatment also resulted in about a 50% de-
crease in infarct size measured four weeks after surgery (2.4+1.9%
vs 5.1£3.9%, respectively, P<0.05, Figure 2).
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Figure 2: EMPA treatment reduced myocardial infarct size in mice as assessed four weeks after surgery. Vehicle (2% DMSO in saline) or EMPA
(10mg/kg) was administered by IP at (A) O (left panels) or 2 (right panels) hours (h) after permanent ligation of the LAD or (B) 10 mins before
reperfusion in the transient (40 min) IRl model and (C) infarct size was quantitated as percentage of the left ventricle (LV). (A, B) Representative
images of the heart (top panels) and the LV were cut open and pinned flat to expose the endocardial surface with the infarct area outlined by
blue dashed lines (bottom panels). All images were taken at the same magnification. Scale bar shows distance in millimetres (mm). Data are
presented as mean + SD. Differences among groups were tested by unpaired Student’s t-test; *P<0.05; ***P<0.0001.

Discussion

To our knowledge, this is the first report of the beneficial effects
of acute parenteral EMPA administration in reducing infarct size in
non-diabetic mice subjected to either IRI or permanent coronary
ligation. Although our study was not powered to demonstrate im-
proved survival with EMPA, mortality due to cardiac rupture in the
permanent ligation model was almost three times higher in the ve-
hicle-treated animals compared with those receiving EMPA. Cardi-
ac rupture is generally a consequence of a large infarct. Despite the
greater loss of animals from cardiac rupture in the vehicle-treated
groups, administration of EMPA was still beneficial in reducing in-
farct size, even when administration was delayed for 2h after LAD
ligation in the permanent ligation model.

Previously, Jiang, et al. [14] reported that pre-treatment of both
non-diabetic and diabetic mice with high-dose oral EMPA signifi-
cantly reduced infarct size in a permanent ligation MI model. Our
findings extend these observations by demonstrating that acute
parenteral bolus administration of EMPA after the onset of isch-
aemia is also cardioprotective even in the absence of reperfusion. In
another murine study, Liu et al. [13] reported that commencement
of oral EMPA 24 hours after permanent LAD ligation and continua-
tion for 2 weeks also resulted in a reduction in infarct size and im-
proved myocardial function suggesting a beneficial action of EMPA
beyond the period of acute ischaemia and reperfusion.

Our findings in the IRI model are consistent with those of Say-
our, et al. [21], who showed that administration of an IV bolus of

canagliflozin, also an SGLT2 inhibitor, five minutes after induction
of ischaemia significantly reduced infarct size in a rat IRI model.
Other investigators have also demonstrated the cardioprotective
effect of EMPA in mouse IRl models [15,16], although in those stud-
ies, EMPA was administered orally commencing one week pre-MI
induction [15], or 6 weeks pre-MI induction [16].

The cardioprotective actions of SGLT2 inhibitors in the setting
of acute myocardial infarction have been extensively investigated in
pre-clinical models [22,23]. EMPA has been shown to directly inhib-
it NHE1, which is activated by the intracellular acidosis that occurs
during myocardial ischaemia and again during reperfusion [5-7].
Other direct actions of EMPA include activation of AMP kinase and
STAT3 and down-regulation of CaMKII activity with downstream
effects that include reduced oxidative stress and inflammation [24-
26]. Interestingly, studies of acute administration of SGLT2 inhib-
itors in ex vivo models of acute myocardial ischaemia have failed
to demonstrate a reduction in infarct size [27-29] whereas acute
administration in vivo as in our study and that of Sayour et al. [21]
showed a significant reduction in infarct size. Based on these find-
ings we speculate that the cardioprotective actions of SGLT2 inhibi-
tors may be mediated by a combination of direct effects of the drug
on the heart and systemic effects that are only observed in intact
animals.

Clinical trials have demonstrated that EMPA improves survival
in patients with Type 2 diabetes mellitus and patients with chronic
heart failure regardless of diabetic status [11,12]. EMPA has also
been found to reduce incident heart failure in patients with Type
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2 diabetes mellitus [11]. More recent clinical trials have examined
the safety and efficacy of EMPA administered in the setting of acute
MI, but in these trials, oral EMPA was commenced within days of
patients presenting with acute MI rather than in the initial hours
following infarct onset [22,30]. In the EMMY Trial [30], EMPA pro-
duced a greater reduction in NT-pro BNP levels and better LV func-
tion as assessed by echocardiography after 6 months, while the
larger EMPACT MI Trial [22] demonstrated reduced hospitalisation
for heart failure with no impact on overall survival after 18months
follow-up. While both trials demonstrated the benefit of EMPA
commenced after acute MI, they were not designed to assess any
impact of EMPA on infarct size as it was only commenced days after
AMI onset.

A question remains regarding the potential impact of EMPA
on MI size and subsequent clinical outcome if commenced within
the first few hours of the onset of acute MI. Our findings suggest
that parenteral administration of EMPA within the first few hours
of acute MI, may substantially reduce MI size and have additional
benefits beyond those demonstrated in the EMMY and EMPACT MI
Trials, regardless of whether the patient is able to undergo emer-
gent revascularisation. This approach challenges existing prescrib-
ing guidelines which recommend that SGLT2 inhibitors be withheld
when patients present acutely unwell due to the risk of Euglycae-
mic Keto-Acidosis (EKA) in diabetic patients [31] .We believe that
the benefits of acute administration of empagliflozin in the setting
of acute MI are likely to far outweigh the risk of EKA, which is rare
in non-diabetics and is detectable by monitoring capillary blood ke-
tone levels in diabetic patients and is readily treatable.

Our study has a number of limitations. We did not explore the
mechanisms by which empagliflozin reduced MI size. Multiple pub-
lished studies and reviews have demonstrated the benefit and pos-
sible mechanisms whereby SGLT2 inhibitors reduce IRI and MI size
in a variety of MI models (13-16,24). The aim of our study was to
examine the impact of early (within hours) administration of em-
pagliflozin in both IRI and permanent ligation models. Also, our
study was conducted only in male mice. Future studies are needed
to validate our findings, to determine the mechanism of benefit and
whether the benefits observed with early administration of em-
pagliflozin also occurs in females.

Conclusion

A single acute bolus dose of EMPA by IP injection attenuates
cardiac infarct size in both permanent ligation and IRI models of
acute MI in non-diabetic mice. Future confirmation in a large ani-
mal model of acute MI would suggest that early parenteral admin-
istration of EMPA during acute MI may provide clinical benefits be-
yond those already demonstrated in published clinical trials.
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