SGLT2 inhibitors reduce infarct size in reperfused ischemic heart and
iImprove cardiac function during ischemic episodes in preclinical

models

loanna Andreadou?, Robert M. Bell?, Hans Erik Bgtker®, Coert J Zuurbier*

!Laboratory of Pharmacology, Faculty of Pharmacy, National and Kapodistrian
University of Athens, 15771 Athens, Greece.

The Hatter Cardiovascular Institute, University College London, London, United
Kingdom.

3Department of Cardiology, Aarhus University Hospital, Palle Juul-Jensens Boulevard
99, Aarhus N, Denmark.

“Amsterdam UMC, University of Amsterdam, Laboratory of Experimental Intensive
Care and Anesthesiology, Department of Anesthesiology, Amsterdam Cardiovascular
Sciences, Amsterdam Infection & Immunity, Meibergdreef 9, AZ 1105 Amsterdam, The
Netherlands.

Corresponding authors:
loanna Andreadou: jandread @pharm.uoa.gr

Coert J Zuurbier: c.j.zuurbier@amsterdamumc.nl



mailto:jandread@pharm.uoa.gr
mailto:c.j.zuurbier@amsterdamumc.nl

Abstract

The sodium-glucose cotransporter 2 (SGLT2) inhibitors are a new class of effective
drugs managing patients, who suffer from type 2 diabetes (T2D): Landmark clinical
trials including EMPA-REG, CANVAS and Declare-TIMI have demonstrated that
SGLT2 inhibitors reduce cardiovascular mortality and re-hospitalization for heart
failure (HF) in patients with T2D. It is well established that there is a strong independent
relationship among infarct size measured within 1 month after reperfusion and all-
cause death and hospitalization for HF: The fact that cardiovascular mortality was
significantly reduced with the SGLT2 inhibitors, fuels the assumption that this class of
therapies may attenuate myocardial ischaemic injury. Experimental evidence
demonstrates that SGLT2 inhibitors exert cardioprotective effects in animal models of
acute myocardial infarction through improved function during the ischemic episode,
reduction of infarct size and a subsequent attenuation of heart failure development. The
aim of the present review is to outline the current state of preclinical research in terms
of myocardial ischemia/reperfusion injury (I/R) and infarct size for clinically
available SGLT2 inhibitors and summarize some of the proposed mechanisms of action
that may contribute to the unexpected beneficial cardiovascular effects of this class of

compounds.
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1. Introduction

Acute myocardial infarction (AMI) is one of the leading causes of death and
disability worldwide. During the last 25 years mortality from acute myocardial
infarction has been on the decline [1, 2]. However, long term mortality, i.e. 1 year and
beyond, and heart failure post-AMI remains significant [1, 3]; therefore,
cardioprotection on top of early reperfusion and reduction of the incidence and severity
of heart failure following AMI remain unmet clinical needs [4]. A myriad of
experimental studies has demonstrated cardioprotective effects of pharmacological and
mechanical interventions in animal models but the translation of these cardioprotective
interventions to clinical setting has been disappointing until now [5].

The sodium-glucose cotransporter 2 (SGLT2) inhibitors, also called gliflozins,
are a new class of effective drugs managing patients who suffer from type 2 diabetes
(T2D). They were developed to inhibit sodium-glucose transport protein 2 in the
kidneys. The SGLT2 inhibitor, Empagliflozin, not only reduces glycemia but also
improves cardiovascular outcome when evaluated by a primary composite endpoint
including death from cardiovascular causes, nonfatal myocardial infarction, or nonfatal
stroke in patients with T2D at high risk for cardiovascular events [6]. In parallel with a
reduction of glycemia, the SGLT2 inhibitors, which in addition to Empagliflozin,
include Canagliflozin and Dapagliflozin, reduce re-hospitalization for heart failure
(HF) as demonstrated in the landmark clinical trials EMPA-REG, CANVAS and
Declare-TIMI [6-8]. While this finding suggests a class effect, only Empagliflozin
demonstrated a reduction in cardiovascular death that has not been replicated with
either Canagliflozin or Dapagliflozin in patients with diabetes [9]. As with
Empagliflozin in the EMPA REG OUTCOME trial, the CANVAS study revealed
significant early separation in the cardiovascular survival curves but in CANVAS, this
was largely driven by a reduction in heart failure [7]. More recently, it was shown that
Dapagliflozin reduced the risk of worsening heart failure or death from cardiovascular
causes in patients with heart failure and a reduced ejection fraction, regardless of the

presence or absence of diabetes [10].

Of note, neither the EMPA-REG OUTCOME study nor the DAPA-HF trial

demonstrated a reduction in the incidence of acute coronary syndromes. However,



dapagliflozin and empagliflozin did reduce the incidence of recurrent MI, which may

be due to a gliflozin’s reducing effect on ischemic-reperfusion injury.

It is well established from both observational studies and of a patient-level pooled
analysis from 10 randomized trials, that there is a strong independent relationship
between infarct size measured within 1 month after reperfusion, all-cause death and
hospitalization for HF, and the composite occurrence of all-cause death or HF
hospitalization within 1 year [11]. Neither of the above-mentioned studies, nor the later
outcome trial with Dapagliflozin (DECLARE TIMI-58) were designed nor powered to
look at the rates of myocardial infarction or the consequent injury or survivability. The
EMPA-REG was based in the highest risk patient cohort, with the greatest number of
patients with established coronary heart disease [6]. But even here, the numbers of fatal
myocardial infarctions were only in single figures. Despite this, cardiovascular
mortality is significantly reduced with the SGLT2 inhibitors, with the implication that
myocardial ischaemic injury may be attenuated by this class of therapies and hence
rendering acute coronary syndromes more survivable and less likely to lead to
myocardial dysfunction and decompensation. Thus, in spite of differences in selection
criteria, the results of the outcome trials highlight that, notwithstanding some

differences in cardiovascular outcomes, there may be a common underlying class effect.

Nowadays, experimental evidence demonstrates that SGLT2 inhibitors, exert
cardioprotective effects in animal models of acute myocardial infarction through
improvements of cardiac function during ischemia, reduction of infarct size and a
subsequent attenuation of heart failure development. Since SGLT2 is not known to be
expressed in cardiomyocytes [12-13], the responsible mechanisms underlying the
beneficial mechanisms of SGLT2 inhibitors regardless of diabetes status remain to be
identified.

This review aims to outline the current state of preclinical research in terms
of myocardial ischemia/reperfusion injury (I/R) and infarct size for clinically
available SGLT2 inhibitors and outline some of the proposed mechanisms of action that
may contribute to the unexpected beneficial cardiovascular effects of this class of

compounds.

2. Canagliflozin



While Canagliflozin is a C-glycosyl based compound like all other SGLT2
inhibitors, it differs from the majority of clinically available gliflozins in having a far
lower selectivity towards SGLT2 over SGLT1. It is one of the least selective SGLT2
inhibitor currently clinically available, with an SGLT2:SGLT1 selectivity of only 155-
263 fold compared to Empagliflozin which is 2677-fold more selective to SGLT2 than
SGLT1 [14]. Only sotagliflozin is less SGLT2 selective. Despite the lack of specificity,
there appear to be remarkable similarities in Canagliflozin’s ability to ameliorate I/R
injury in animal models to other SGLT2 inhibitors that have thus far been studied.
Chronic administration of Canagliflozin over a period of 4 weeks to either diabetic fatty
or non-diabetic lean Zucker rats led to the significant reduction of myocardial infarction
when the hearts were isolated and perfused ex-vivo and subjected to 35 minutes of left
anterior artery occlusion prior to reperfusion for two hours [15]. While Canagliflozin
led to a significant and predicted reduction in circulating glucose in the diabetic
animals, there was no change in circulating glucose in the non-diabetic animals, despite
marked glycosuria in both groups treated with Canagliflozin [15]. Notwithstanding the
differences in circulating glucose response in diabetic and non-diabetic animals, the
hearts isolated from both groups of animals had a similar reduction of infarct size
compared to their vehicle-fed brethren, attenuating infarct size by 51% and 46% in non-
diabetic and diabetic rats respectively [15]. Therefore, it would seem that the infarct-
sparing mechanism of these SGLT2 inhibitors appear to have little to do with their

ability to lower glucose directly.

Myocardium expresses little SGLT2 but is known to express SGLT1 [16]. The
relative lack of selectivity of Canagliflozin towards SGLT2 could therefore be a
potential explanation for the infarct size reduction in heart through SGLT1 inhibition.
It has been shown that cardiomyocyte-specific knockdown of SGLT1 reduced infarct
size, both in in vivo and ex vivo heart models [17] (although the role of SGLT1 is not
fully understood since it has been shown that SGLT1 inhibition in a model of obesity
seems to exacerbate the infarction [PMID: 31262297]). However, administration of
Canagliflozin directly to isolated hearts failed to result in attenuation of myocardial
infarction [15], an observation found to be common to ex-vivo administration of
Empagliflozin (see the part on Empagliflozin in this review). Thus direct administration
of SGLT?2 inhibitors to isolated hearts do not protect against injurious ischaemia [18,

19]. These data reveal that while Canagliflozin is highly effective in mitigating



myocardial injury from I/R injury, this protection is not through direct SGLT2 or
SGLT1 inhibition in the myocardium itself. The protection can only be instigated when
the drug is administered to the whole animal, and that this protection is retained within
the heart even when the heart is isolated prior to being subjected to injurious ischaemia.

In recent studies, Canagliflozin has been demonstrated to attenuate myocardial
infarct size acutely. While administration of Canagliflozin to isolated, ex-vivo heart
during I/R fails to attenuate myocardial infarction [15], Canagliflozin administrated in-
vivo, administered either hours before [20] or indeed even during injurious ischaemia
[21], significantly attenuates myocardial injury. The amelioration of myocardial injury
appears not be to be through favorable shifts in metabolism, as has previously been
suggested in the “Thrifty Substrate Hypothesis™ [22]; protection can be elicited in hearts
from pre-treated animals in whom ex-vivo perfusion provides only glucose as an energy
substrate, and moreover, in a swine-based model of I/R injury, there are minimal
measurable changes in ketosis or alteration in energy substrate uptake (glucose, lactate,
ketones, or free fatty acid) observed [20]. Nor does diuresis seem to be an explanation,
as myocardial pre-load appears unaltered in vivo [20]. In line with other SGLT2
inhibitors, Canagliflozin can be shown to be anti-inflammatory in a variety of models,
to attenuate murine atherosclerosis (PMID: 30049285) and interleukin (IL)-1, IL-6, or
tumor necrosis factor-o (TNF-a) release from immune cells in response to
lipopolysaccharide (PMID: 29551587). From these data, one might expect a lower
progression of coronary atheroma and a lower re-infarction rate (but has not yet been
shown with canagliflozin), and perhaps an attenuation of progression of heart failure
following acute coronary injury. How much acute inflammation contributes to acute
myocardial infarction is not yet clear, and certainly warrants further investigation. Two
other plausible mechanisms of action would therefore be sodium/ hydrogen exchange
(NHE) inhibition (that Canagliflozin has been demonstrated to inhibit) [23], or through
kinase signaling [21]. Importantly, Canagliflozin has been shown to acutely preserve
cardiac contractile function and efficiency during regional myocardial ischemia in the
in vivo pig [20], for which NHE inhibition is a possible candidate mechanism. NHE
inhibition is discussed further in other sections of this review. Of note, the effects of
Canagliflozin on the kinase signaling can just be an indirect effect because they were

measured 2 h after reperfusion only.



Canagliflozin has been shown to increase phosphorylation of adenosine
monophosphate-activated protein kinase (AMPK) Threonine 172 [21] in non-diabetic
rat myocardium. Whether activation of AMPK is through adenosine phosphate or
through alternate upstream signaling through canonical serine/threonine kinases, liver
kinase B1 (LBK1) and Ca?*/calmodulin-dependent protein kinase (CAMK) [24] is not
clear, but Canagliflozin at clinically relevant concentrations have been demonstrated to
directly phosphorylate Thrl72 in a number of cell models [25-26]. Downstream,
phosphorylation of endothelial nitric oxide synthase (eNOS) and protein kinase B (Akt)
is also seen [21], but only following injurious ischaemia, and these signaling events are
associated with attenuation of apoptotic markers [bcl-2-like protein 4 (Bax)/ B-cell
lymphoma 2 (Bcl-2) ratio] [21]. Given that Akt/eNOS signaling events are critical to
other canonical cardioprotective interventions such as ischaemic conditioning, Akt-cell
survival signaling appears momentarily to be a secondary potential candidate pathway
to cardioprotection by Canagliflozin. Primary direct targets of Canagliflozin are
AMPK and NHE/Na* lowering, both of which can independently reduce infarct size
[27-28]. However, much work still has to be performed to elucidate the cellular

signalling pathways through which Canaglifozin reduces cardiac infarct size.
3. Dapagliflozin

Dapagliflozin, regarding SGLT2 inhibition, is the second most potent agent, after
ertugliflozin, whereas Dapagliflozin and Empagliflozin are much weaker SGLT1
inhibitors compared with Canagliflozin [29]. Recent studies have shown that
Dapagliflozin prevented the progression of LV concentric hypertrophy in the heart
failure preserved ejection fraction (HFpEF) pig model by mitigating sympathetic nerve
tone and the inflammatory response in the aorta, leading to reactivation of the NO-
cyclic guanosine monophosphate (cGMP) - Protein Kinase G (PKG) pathway [30].
Dapagliflozin administration had a cardioprotective effect by improving cardiac
systolic function, inhibiting myocardial fibrosis and cardiomyocyte apoptosis in a
transverse aortic constriction (TAC) mouse model [31], reduced atherosclerosis in Ldlr
" type 1 diabetic mice [32], attenuated the activation of the inflammasome, fibrosis, and
deterioration of left ventricular ejection fraction (LVEF) in Type 2 diabetic (BTBR
ob/ob) mice [33], and successfully prevented the development of hypertrophic

cardiomyopathy in a model of T2D (lipodystrophic Bscl2”- (seipin knockout [SKO])



mice) [34]. However, limited studies have been performed so far to access the effects
of Dapagliflozin in myocardial I/R injury.

The effects of Dapagliflozin on ventricular myocytes contraction and Ca2* transport
have been investigated in the streptozotocin (STZ) induced diabetic rats and results
showed that Dapagliflozin induced alterations in mechanism(s) of Ca?* transport which
may partly underlie the negative inotropic effects of the drug in ventricular myocytes
from STZ-treated rats [35]. However, to the best of our knowledge the effects of
Dapagliflozin on cardiomyocytes subjected to hypoxia/reoxygenation are lacking.

The therapeutic effects of Dapagliflozin on myocardial infarction and left
ventricular (LV) function were investigated only in High Fat Diet (HFD)-induced obese
insulin-resistant rats, which represent a pre-diabetic obese insulin-resistant model.
After 12 weeks of HFD treatment rats received for 28 days Dapagliflozin 1mg/kg/day
and subjected to in vivo myocardial ischemia for 30min followed by reperfusion for
120 min. Dapagliflozin showed a great efficacy in improving low frequency/high
frequency (LF/HF) ratio, systolic blood pressure and LV function in comparison to
HFD rats and reduced significantly the infarct size [36]. However, because in this study
there were also large effects of Dapagliflozin on systemic metabolites (which are not
present in the large clinical trials), it cannot be excluded that most of the reported
Dapagliflozin-effects are a result of the improved systemic metabolic milieu and are
not related to SGLT2 inhibition direct protective effects on the heart.

Dapagliflozin decreased cardiac mitochondrial fission and as it has been reported
[37], an inhibition of cardiac mitochondrial fission could result in cardioprotection
against myocardial I/R injury. Similarly, Dapagliflozin administered for 2 weeks in a
28-week high-carbohydrate diet-induced metabolic syndrome-rat cohort showed many
cardioprotective actions including suppression of prolonged ventricular-repolarization
through augmentation of mitochondrial function and oxidative stress followed by
improvement of fusion-fission proteins [38]. However, also these in vivo studies cannot
be used for elucidation of the clinically-reported cardioprotective effects of
Dapagliflozin, because of the large improvements in the systemic metabolic milieu in
these preclinical studies.

Direct cardiac effects of Dapagliflozin that have been reported show 1) restoration
of AMPK activation during lipopolysaccharide (LPS) treatment in cardiofibroblast
[39], 2) lowering of intracellular Na* and inhibition of NHE-1 in mouse cardiomyocytes

[23], 3) signal transducer and activator of transcription 3 (STAT3) phosphorylation in
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isolated rat hearts [40] and lowering of tumor necrosis factor a (TNFa)-induced
reactive oxygen species (ROS) in human coronary arterial endothelial cells [41]. The
effect of Dapagliflozin on the attenuation of the upregulation of the cardiac
Na*/H" exchanger (NHE-1) has been investigated in vitro in mouse cardiomyoblasts
stimulated with LPS. Dapagliflozin attenuated the increase in NHE-1 mRNA and this
effect was dependent on AMPK since the effect of Dapagliflozin was blocked with the
presence of AMPK inhibitor [39]. Importantly it has been shown that chronic treatment
for 4 weeks with Dapagliflozin reduced ROS-inhibition of STAT3 signaling pathway,
which enhanced M2 macrophage activation, resulting in reduced infiltration of
myofibroblast and collagen accumulation, identifying a novel antifibrotic role of
Dapagliflozin which involves inhibition of myofibroblasts [40]. However, although the
above signaling pathways may be responsible mechanisms of the ability of
Dapagliflozin to reduce myocardial infarct size, to the best of our knowledge there are
no studies investigating the above signaling pathways in the presence of I/R and /or
investigating the acute/chronic effects of Dapagliflozin in non-diabetic animals in terms

of infarct size reduction.
4. Empagliflozin

Empagliflozin is a potent and competitive inhibitor of SGLT2 with the highest
selectivity compared with the other SGLT2 inhibitors [42]. Recent studies
demonstrated the beneficial effects of Empagliflozin on atherosclerosis in
ApoE "~ mice fed a Western type diet [43], on cardiac injury in prediabetic rats [44], on
myocardial microvascular injury in streptozotocin-induced diabetic mice [45], and on
cardiac dysfunction and myocardial injury in type 2 diabetes mice [45]. Until now, only
few experimental in vitro, ex vivo and in vivo studies have investigated whether
Empagliflozin is able to exert cardioprotective effects against acute myocardial I/R
injury.

Effects of empagliflozin on I/R in diabetic status: The direct effects of
Empagliflozin in HIC2 cells and in endothelial cells (ECs) in presence of advanced
glycation end products (AGE) to mimic the diabetic milieu [#8] subjected to
hypoxia/reoxygenation were investigated in concentrations between 100 and 500 nM.

i.e. a concentration range that is known to block SGLT2 effectively and selectively



without significant inhibition of SGLT1 [47]. Treatment with 500 nM Empagliflozin
increased cell viability and ATP content in comparison to the control group. Long term
Empagliflozin treatment (6 weeks, 10 mg/kg/day) in mice with type 2 diabetes induced
by chronic feeding with Western type diet and subjected to 30 min ischemia followed
by 2 hours of reperfusion, reduced myocardial infarct size and improved myocardial
function [48].

Effects of empagliflozin on I/R in non- diabetic status: The direct effects of
Empagliflozin (concentrations between 100 and 500 nM) in H9C2 cells and in
endothelial cells (ECs) [48] subjected to hypoxia/reoxygenation showed that treatment
with 500 nM Empagliflozin increased cell viability and ATP content in comparison to
the control group. It was also shown that Empagliflozin can improve contractility of
isolated cardiomyocytes under hypoxic conditions [49]. The ex vivo isolated mouse
heart model has been employed to examine potential direct cardiac effects of acute
Empagliflozin treatment in the development of contracture during ischaemia and on
infarct size after 2 h reperfusion. Although Empagliflozin (1 uM) did not protect against
I/R injury, it did delay contracture development, and improved cardiac performance
during ischaemia [18]. Similar results as far as infarct size is concerned have been
obtained in isolated rat hearts, in which Empagliflozin given 10 min prior to the acute
myocardial infarction did not reduce infarct size. However, Empagliflozin improved
post-ischemic complex I+Il respiration compared to the control group and this
improvement was similar to ischemic preconditioning group [19]. In a recent report,
however, it was suggested that Empagliflozin can acutely reduce infarct size in the
isolated mouse hearts [49]. However, in that report the authors had to go to non-clinical
high concentrations of Empagliflozin (2.5 uM), whereas in their prior cellular studies
0.5 uM was enough to activate AMPK and improve contractility in hypoxic
cardiomyocytes. It is likely that with this more physiological concentration of
Empagliflozin (0.5 uM) no protection was observed in the isolated mouse hearts.

The in vivo effects of Empagliflozin treatment have been investigated in non-
diabetic male rats undergoing permanent coronary artery ligation to induce myocardial
infarction, or sham surgery. Empagliflozin was administered through the chow (average
daily intake of 30mg/kg/day), starting before surgery (EMPA-early) or 2 weeks after
surgery (EMPA-late). Short-term Empagliflozin administration before AMI and long-
term administration after AMI did not change infarct size, but favorably affected

10



cardiac function and remodeling in non-diabetic rats with LV-dysfunction after AMI
[50]. The absent reduction of infarct size may not be surprising because the model of
permanent occlusion does not allow reperfusion such that the whole area at risk will get
infarcted leaving the potential for salvage minimal.

A recent report demonstrated that 3 days of Empagliflozin pretreatment also
reduced infarct size in the in vivo healthy mice, with protection lost when Compound
C, an inhibitor of AMPK activation, was present [49]. However, we must mention that
another vivo study showed that Empagliflozin did not phosphorylate AMPK,
specifying that its cardioprotective effects are independent of AMPK activation [48].
Therefore, further studies are required in order to clarify the role of AMPK activation
in Empagliflozin’s cardioprotective properties.

Direct cardiac effects of Empagliflozin that have been reported are 1) reduction
in intracellular Na* and Ca?* in isolated cardiomyocytes from rabbits and mice [23, 51],
2) inhibition of NHE-1 in isolated cardiomyocytes of rabbit and mice [23, 51], 3)
increases in mitochondrial Ca?" in isolated rat cardiomyocytes [51], 4) increased
STATS3 phosphorylation in in vivo mouse hearts at early reperfusion [48], 5) increased
AMPK  phosphorylation and peroxisome proliferator-activated  receptor-y
coactivator (PGC-la) in isolated mouse cardiomyocytes [49], 6) increased
phosphorylation levels of myofilament regulatory proteins and reduced diastolic
dysfunction in isolated human and rat cardiomyocytes [52], 7) increased glucose
transporter 1 (GLUT1) and glucose uptake in human and mouse cardiomyocytes [53],
8) decreased Ca 2* /calmodulin-dependent protein kinase 11 (CaMKII) activity and
intracellular Na* in healthy and failing cardiomyocytes of mice and human [54], 9)
decreased action potential duration, late sodium current and ROS in isolated rat TLDM
cardiomyocytes [55], and 10) lowering of TNFa-induced ROS in human microvascular
and coronary arterial endothelial cells [56]. All these studies unguestionable confirm
that Empagliflozin has direct cardiac effects, which has been noted for most SGLT2
inhibitors as of yet [57]. In addition, many of the above described direct cardiac effects
of Empagliflozin have been related to modulation of cardiac infarct size; increased
AMPK activity, decreased CaMKII activity and increased glucose uptake have all
independently shown to reduce cardiac infarct size in acute conditions of ischemia-
reperfusion [58-60].

The effects of Empagliflozin on NHE has been confirmed also for murine

cardiomyocytes and in the ex vivo intact heart, in which Empagliflozin exerted direct
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cardiac effects by inhibiting NHE during ischaemia, but not during reperfusion [18].
However, although there was a reduction of infarct size following chronic pre-
administration of the NHE inhibitor, no infarct sparing was found following SGLT2
inhibition by Empagliflozin [18]. NHE inhibition has been shown to be cardioprotective
in the context of I/R injury since in animal studies, NHE inhibition is highly effective
in reducing myocardial injury [61]. However, although clinical translation showed
promise for NHE inhibition in reducing cardiac infarct size in especially cardiac surgery
patients with well-defined ischemic episodes (similar as in preclinical studies), there
was a non-anticipated high incidence of cerebrovascular events resulting from
thromboembolic strokes [62, plus PMID 18355507]. Important to note is that almost
all stroke events occurred after halting, not during the 2 day period of NHE-1 inhibition,
offering the possibility that it was the halting of treatment, and not the treatment itself,
that may have caused coagulation and stroke [PMID 18355507]. It is thereby interesting
that also in further reporting on the EMPA-REG Outcome study (PMID 28286035), the
non-significant trend for an increased stroke incidence (HR=1.18; p=0.26) in the
empagliflozin group, was largely driven by stroke events that only occurred after

patient’s last drug intake.

I/R injury is characterized by necrosis of myocardial tissue, which is, at least
partly, caused by a combination of extensive inflammatory and oxidative stress [63,
64]. Cardioprotective agents can reduce myocardial infarct size by antioxidant effects
and significant decreases of inflammatory mediators in healthy animals [65] and in
animals with endothelial dysfunction [66]. Chronic treatment with Empagliflozin in
mice with T2D, showed that the drug increased both the phosphorylation and the
expression of cardiac STAT-3 at early reperfusion [48]. STAT-3 is one of the main
signaling molecules in the SAFE pathway, which is considered a major mediator of
cardioprotection against I/R injury [5, 67]. Chronic treatment with Empagliflozin
regulates inflammatory responses and redox signaling in the ischemic myocardium by
reducing myocardial interleukin-6 (IL-6) and inducible nitric oxide synthase (iNOS)
expressions without affecting eNOS phosphorylation or expression [48]. In a very
recent study, Empagliflozin restored NO bioavailability through inhibiting ROS
generation without affecting eNOS expression or signaling in human coronary arterial
endothelial cells (HCAECSs) and human umbilical vein endothelial cells (HUVECs) that

were (pre-) incubated with 1 uM Empagliflozin and subsequently exposed to 10 ng/ml
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TNFa, indicating that Empagliflozin may exert direct cellular anti-
inflammatory/oxidative stress effects in the endothelium [41]. Another recent study
showed that Empagliflozin prevented the excessive reduction in mitochondrial size in
hearts from a rat model of T2D after AMI, and that the mechanism involved suppression

of ROS and restoration of autophagy [68].

Empagliflozin increases circulating ketone levels and myocardial expression of
the ketone body transporter associated with an increase in cardiac ATP production in
non-diabetic rats subjected to permanent coronary artery ligation [50]. Although
Empagliflozin did not reduce infarct size, which was also probably not possible because
there was no reperfusion, the increased circulating ketone levels might be a potential
mechanism of its cardioprotective activity on cardiac remodeling. Beyond the role of
the effects of ketone bodies in heart failure, they have been also shown to have
beneficial properties in the setting of I/R by reducing myocardial infarct size, possibly
due to up-regulation of crucial oxidative phosphorylation mediators and reduction of
oxidative stress [69-70]. The ketone hypothesis relies on a preferential energy-substrate
switch. However, experience from a study of Canagliflozin indicates that the protective
effect of SGLT2 is independent of substrate supply making this mechanism less likely
as an explanation for the cardioprotection [15].

In summary, it seems that acute administration of Empagliflozin failed to reduce
MI size in the isolated mouse/rat heart, however we must mention that to the best of
our knowledge there is no in vivo study that has investigated the effects of acute
Empagliflozin administration in myocardial infarction. However, Empagliflozin have
shown acute functional protective effects, improving cardiac performance during
ischaemia [18, 49], just like Dapagliflozin [20]. Chronic Empagliflozin treatment
reduced infarct size in a vivo model of T2D [48], however the effects of the drug on
healthy myocardium are still pending. The cardioprotective benefits of Empagliflozin
may be attributed to systemic as well as direct cardiac effects. Parallel protective
mechanisms of Empagliflozin have been proposed: inhibition of NHE, reductions in
cytosolic Na* and Ca?*, activation of STATS3, attenuation of cardiac inflammation, and

inhibition of oxidative stress.

5. Conclusions/Future Perspectives
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In the light of the profound reduction in heart failure hospitalization after
treatment with SGLT2 in patients with T2D, preclinical studies have been conducted to
reveal the efficacy and the biological pathways by which SGLT2 inhibitors exert
cardiac protection. Until now, Canagliflozin and Empagliflozin have been tested
preclinically in both diabetic and non-diabetic animals. In animals with diet-induced
either obese insulin-resistant or metabolic syndrome, chronic treatment with both
Empagliflozin and Dapagliflozin reduced significantly myocardial infarct size.
Additionally, the observation that there is an absence of efficacy of acute SGLT2
inhibition by both Canagliflozin and Empagliflozin in isolated hearts may indicate that
this is a class effect and that the main mechanism of SGLT2 inhibitors on infarct size
does not work through direct modulation of the myocardium but rather via a mediating
cardioprotective signal that appears to be dependent on a whole-body system. However,
we must point out that in vivo studies investigating the acute effects of Empagliflozin
and Dapagliflozin on infarct size development are lacking. In contrast, SGLT2
inhibitors are able to directly and acutely affect cardiac function during the ischemic
episode, both in the in vivo and ex vivo condition.

As far as the mechanisms of action on infarct size reductions are concerned,
it seems that NHE inhibition is unlikely because SGLT2 inhibitors that have acute NHE
inhibitory capacities mostly do not offer acute protection. AMPK seems also unlikely,
because Empagliflozin activates AMPK within minutes, whereas Empagliflozin in
most studies does not provide acute protection. Another common signaling molecule
that has been shown to be activated in the myocardium by both Empagliflozin and
Dapagliflozin is STAT3. It will be interesting to examine whether the time course of
STATS3 activation can explain the time course of SGLT2 inhibitors effects on infarct
size. In contrast, the direct beneficial effects of SGLT2 inhibitors on cardiac function
during ischemia may well be explained by NHE-1 inhibition and/or AMPK activation.
Parallel protective mechanisms of SGLT2 inhibitors have been proposed such as
reductions in cardiac calcium and sodium, attenuation of cardiac inflammation, and
inhibition of oxidative stress improving cardiac structure and function, which also
seems a common mechanism until now for the SGLT2is. Many of these pathways are
likely to be intertwined and thus dependent on each other. For example, reductions in
cytosolic sodium will result in lowering of cytosolic calcium, which may then attenuate
NLRP3 inflammasome activation, resulting in reductions in inflammatory cytokines

and thus oxidative stress and I/R injury. Additionally, increases in mitochondrial
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calcium may improve mitochondrial defense against oxidative stress (activating
mitochondrial glutathione/theoredoxin redox enzymes), reducing mitochondrial
dysfunction and NLRP3 inflammasome activation and inflammation. However, so far,
the in depth understanding of the effects observed in the clinic is not forthcoming since
the mechanisms of infarct size reduction and the prevention of heart failure are still
under investigation.

Until now there is a variety of experimental approaches and models for the investigation
of the effects of SGLT2 inhibitors, therefore is difficult to draw conclusions about the
robustness of the preclinical data. Especially for the ischemia/reperfusion experiments
there is a variety of experimental conditions until now, for example the use of
permanent ischemia to access infarct size reduction, and this is a main shortcoming for
the investigation of the role of SGLT2is in I/R. Therefore, better experimental design
to identify robust and reproducible strategies of cardioprotection must be developed
and the pre-clinical studies should follow the practical guidelines to ensure rigor and
reproducibility in preclinical studies on cardioprotection [PMID: Basic Research in
Cardiology (2018) 113:39]. Additionally, studies should focus on the cell types target
of SGLT2is and administration of non-clinically relevant concentrations of the drugs
should be avoided in the preclinical experiments.

Since the bench to bedside approach in the field of cardioprotection has been
inadequate, a bedside to bench approach could be a preferable alternate to be
implemented for the patient benefit. Another example of bench to bedside approach for
antidiabetic agents is the one of glycagon-like-peptide-1 agonists (GLP1-RA).
Experimental and small clinical studies have highlighted that GLP1-RA as a class
reduce risk of atherosclerotic vascular disease and reduce significantly myocardial
infarction in small animal models. Although the mechanisms are not fully defined it has
been proposed that activation of the GLP receptor, PKA and RISK pathways, and eNOS
phosphorylation are among the main mechanism of infarct size reduction by this class
of drugs. (Our review in BJP). It would be of significant interest to investigate if the
both classes of drtugs share common cardioprotective mechanisms and if a combination
could result in increased efficiency of both strategies.

More research is necessary to delineate the main mechanisms involved in the
cardioprotection of SGLT2 inhibitors, which may lead to new treatment targets in
patients with cardiovascular risk factors. Additionally, the elucidation of the possible

cardioprotective mechanisms of SGLT2 inhibitors on the diabetic and on the non-
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diabetic myocardium increase the likelihood of success in terms of translating

cardioprotection into the clinical setting for patient benefit.
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Table 1: Acute and chronic SGLT2 inhibitor effects on ex vivo and in vivo cardiac I/R

injury
SGLT2i | Model Description ‘ Ex vivo/ in vivo Outcome Reference
Cana Chronic Ex vivo Significant reduction of Lim et al
administration 35 minutes of left myocardial infarct size JACC:BTS
over a period of anterior artery 2019
4 weeks to occlusion and 2
either diabetic hours reperfusion
fatty or non-
diabetic lean
Zucker rats
Cana Short Ex vivo Short-term, ex-vivo Lim et al
administration 35 minutes of left canagliflozin failed to JACC:BTS
of 10 mmol/I anterior artery significantly alter infarct 2019
throughout the occlusion and 2 size
perfusion hours reperfusion
protocol and
throughout the
2 hof
reperfusion
Cana Acute 3 ug/kg In vivo rat Significant reduction of Sayour et
At 5 min of 30min ischeamia and myocardial infarct size al
ischemia 2 hours reperfusion J Transl
Med 2019
Cana 300 mg, oral In vivo swine Significant reduction of Baker et
24 h prior to 30 min ischeamia myocardial infarct size al®
and and 2 hours Bas Res
approximately reperfusion Cardiol
2 h before 2019
the procedure
Dapa 28 days In vivo HFD- Significant reduction of Tanajak, J
1mg/kg/day induced obese myocardial infarct size Endocrino
insulin-resistant rats 1, 2018
subjected to 30min
ischeamia and 2
hours reperfusion
Empa Acute 1 uM Ex vivo mouse Delayed contracture Uthman et
Empa, 25 min ischeamia No reduction of infarct size al
20 min before and 2 hours CVR 2019
ischemia reperfusion
Empa Acute 3 uM Ex vivo rat No reduction of infarct size | Jespersen
Empa 40 min ischeamia etal
10 min before and 2 hours Cardiov
ischemia reperfusion Phar 2017
Empa | 6 wks 10mg/kg | In vivo mouse model | | IS (34 to 17%) 1p-STAT3 | Andreado
High fat diet of metabolic at 10 min R uetal
syndrome, fed for 14 Front
weeks Western type
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diet
30 min ischemia and
2 hours reperfusion

Physiol
2017
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Figure Legend: SGLT2 inhibitors exert acute (less than 6 hrs) direct effects and
delayed effects on the ischemic myocardium. Common molecular mechanisms so far
for the acute effects of SGLT2 inhibitors include inhibition of NHE, reduction in
intracellular Na* and Ca?* in isolated cardiomyocytes, phosphorylation of AMPKa and
reduction of oxidative stress. Additionally, reduced CaMKII activity, inflammation,
oxidative stress and upregulation of glucose uptake and STAT3 are some of the possible
delayed molecular mechanisms of the reduction of infarct size that has been observed
in preclinical studies by this class of drugs. Cardiomyocytes, endothelial cells and
fibroblasts are the main cell types involved so far for the cardioprotective effects of
SGLT2 inhibitors.

AMPKa: adenosine monophosphate-activated protein kinase-ao

NHE: sodium/ hydrogen exchange

ROS: reactive oxygen species

CaMKII: Ca?* /calmodulin-dependent protein kinase |1

STATS3: signal transducer and activator of transcription 3
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