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Abstract

Heart failure (HF) is a condition where the cardiac muscle exhibits contractile dysfunction,
limiting its ability to deliver adequate amounts of oxygen to organs throughout the body. Despite
improved survival seen with pharmacological and mechanical treatment strategies, HF patients
continue to experience high hospitalization and mortality rates, resulting in poor quality of life and
a significant burden on healthcare. As such, the need for better therapies for HF has helped expand
our understanding of the development and progression of the disease, including the role that
metabolic perturbances may play. Particularly, it is becoming more evident that cardiac substrate
metabolism is impaired at the transcriptional level of metabolic enzymes, playing an important
role in HF pathogenesis. Researchers, therefore, believe that therapeutic approaches designed to
optimize cardiac energy production may be beneficial in the treatment and management of clinical
HF. However, whether or not this loss of metabolic flexibility in the failing heart is permanent and

thus cannot be corrected by interventions remains unclear.

In addition, the sodium/glucose cotransporter (SGLT) 2 inhibitor, empagliflozin, has been shown
to profoundly reduce cardiovascular mortality and HF hospitalization in diabetic patients with
high-risk of cardiovascular disease. Of importance, empagliflozin is thought to exert
cardiovascular benefit upon improving substrate availability and myocardial energetics, and
therefore may be of benefit in established HF even in the absence of diabetes. Furthermore,
empagliflozin has also been shown to induce hemodynamic, diuretic and anti-inflammatory effects
in the setting of diabetes, highlighting additional mechanisms that may be involved in facilitating

these profound cardiovascular improvements.
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In order to better understand the role of cardiac substrate metabolism and/or the effects of
empagliflozin in the regression of HF, we used an experimental model of pressure overload, where
the transverse aorta is constricted to induce HF. In the first set of experiments, debanding (DB)
surgery was performed to remove the aortic constriction once systolic cardiac function had
severely declined (ejection fraction < 30%) and both fatty acid and glucose oxidation were
significantly impaired. At 1- and 3- weeks following DB, cardiac remodeling, systolic and diastolic
function, myocardial substrate metabolism and expression of markers of hypertrophy/HF and
metabolic genes were assessed. In another set of experiments, mice with moderate HF (ejection
fraction < 45%) were treated with 10 mg/kg/day empagliflozin via oral gavage for two weeks to
determine whether empagliflozin improves cardiac remodeling, systolic and diastolic function in
the absence of diabetes. We also explored whether empagliflozin induces changes in circulating
ketone bodies, cardiac substrate oxidation or increased cardiac ATP production in nondiabetic HF.
Lastly, we further investigated whether empagliflozin induced beneficial outcomes associated with

improved hemodynamics, diuretic effects and anti-inflammation responses in the heart.

We observed that following reversal of the elevated aortic afterload in HF, there is near complete
recovery of systolic and diastolic function by 3-weeks following DB and transcriptional levels of
several markers for hypertrophy/HF were restored to that observed in control hearts. Of note,
myocardial oxidation of both glucose and fatty acids was restored at 1-week post-DB, leading us
to believe that normalization of cardiac substrate utilization precedes full recovery of contractile
function in the regression of HF. In addition, treatment with empagliflozin was found to blunt the

decline in systolic dysfunction in mice with HF in the absence of diabetes. Surprisingly, these
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beneficial effects of empagliflozin in HF were not associated with any improvements in
myocardial glucose, fatty acid or ketone metabolism. Furthermore, since the cardiac benefit of
empagliflozin in HF in the absence of diabetes occurred without elevating circulating ketone
bodies, weight loss, hemodynamic improvements or altering electrolyte concentrations, it is
apparent that these prevailing theories may not be essential to the cardiovascular benefits of
empagliflozin. Nonetheless, we show for the first time that empagliflozin reduces cardiac
inflammation in a nondiabetic setting via reduced activation of the nucleotide-binding domain-like
receptor protein 3 (NLRP3) inflammasome, and this occurs in a Ca?'-dependent manner,
independent of renal SGTL2 inhibition. Altogether, these data suggest that although improvements
in myocardial energetics may be beneficial to the failing heart, increasing cardiac energy
production is not a pre-requisite to improving cardiac contractile function. Furthermore, these
findings provide important translational clues for the ongoing studies of SGLT2 inhibitors in

diabetic and nondiabetic patients with HF.
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Chapter One

Literature Review



1.1 Introduction to Heart Failure

1.1.1 Overview

Heart failure (HF) is a debilitating, chronic disorder affecting over 28 million people worldwide,
resulting in a significant burden on healthcare (1,2). Defined as the heart’s inability to deliver
adequate amounts of oxygen to the peripheries, HF most commonly appears as a shortness of
breath, peripheral edema and limited exercise tolerance, significantly impacting one’s quality of
life. Of importance, HF is most often a result of systemic hypertension (3,4) diabetes mellitus (5),
myocardial infarction (MI) (6-8) or sepsis (9,10). However, for the purpose of this thesis, HF will
refer to non-ischemic HF resulting from conditions of pressure-overload, such as high systolic

blood pressure (BP) or aortic stenosis, in the absence of diabetes and/or obesity.

The underlying pathogenesis of HF involves changes to renal hemodynamics, leading to sodium
and fluid retention and activation of the sympathetic nervous system in attempt to normalize wall
stress and maintain cardiac output through increased stroke volume (SV) and heart rate (HR). In
response to this pressure-overload, the heart adapts by increasing muscle mass. This process,
commonly referred to as left ventricular (LV) hypertrophy, is initially compensatory, but
eventually transitions to a decompensated form of hypertrophy, ultimately resulting in cardiac
dysfunction (11,12). At the cellular level, the myocardium appears to revert back to expression of
fetal gene patterns, which is considered to serve as a biomarker of cardiac hypertrophy/dysfunction
(13,14). Particularly, the induction of atrial and brain natriuretic peptide (ANP and BNP,

respectively), reduction of the contractile protein, sarco/endoplasmic reticulum Ca** adenosine



triphosphatase-2a (SERCA2a), and a switch from a- to B- myosin heavy chain (MHC) are features
of the failing heart (15-20). Furthermore, induction of the protein kinase B (Akt)/mammalian target
of rapamycin (mTOR)/Raptor pathway and downstream substrates, ribosomal protein S6 (S6) and
eukaryotic initiation factor 4E-binding protein (4E-BP), have been previously described as
molecular markers of hypertrophic growth in response to pressure-overload (21). In addition, the
structural remodeling that results from pressure-overload can be assessed by motion mode (M-
mode) echocardiography, measured as increases in overall LV mass, interventricular septum and
LV posterior wall (IVS and LVPW, respectively) thicknesses, LV internal diameter (LVID), LV

volume and left atrial (LA) diameter.

LV dysfunction can be described as either systolic or diastolic in nature, characterized by impaired
contraction or relaxation properties of the heart, respectively. Systolic dysfunction, determined by
impaired pump function, is evident by reductions in LV ejection fraction (EF) or fractional
shortening (FS). Additional functional parameters, such as CO and SV, are also indicators of
reduced cardiac contractility. Diastolic dysfunction is a result of ventricular stiffness, which
significantly impairs the relaxation properties of the heart, resulting in impaired LV filling
properties. Deranged filling patterns can also be detected by echocardiography, measured by
alterations in the ratio of early and late mitral inflow (E and A wave, respectively) and the ratio of
the E wave to the tissue Doppler mitral annulus velocity (E’) (22,23). Traditionally,
echocardiographic measurement of the LV EF is used to define HF, but more recently HF has
become divided into two groups, classified as HF with reduced EF (HFrEF; EF <40%) or preserved

EF (HFpEF; EF >50%) based on the presence or absence of impaired systolic dysfunction,



respectively (24). HFrEF and HFpEF each account for approximately half the patients diagnosed

with HF (25), although the differences are not completely understood.

To date, the diagnosis and treatment of HFpEF has been challenging, and efficacious therapies are
still lacking. However, current treatment strategies for HFrEF include pharmacological strategies
to target neurohormonal suppression or regulate hemodynamics and/or volume overload (such as
angiotensin-converting-enzyme (ACE) inhibitors, B-blockers, diuretics) or mechanical strategies
including LV assist devices or resynchronization therapy. However, cardiac transplantation
provides the greatest survival outcomes. Despite improvements in survival seen with these
therapies, HFrEF and HFpEF have a 5-year mortality of 75.3% and 75.7%, respectively (26). More
recently, it has become evident that disturbances in myocardial energy production are thought to
contribute to worsening of cardiac dysfunction in HF (27). As such, therapeutic approaches

designed to optimize cardiac energy production have become of increasing interest.

1.1.2 Animal models

In order to better understand the extremely complex syndrome of HF, both animal models and
isolated cells and organs provide beneficial tools to simplify the research question. Particularly,
the convenience and cost of small animal models, as well as the simplicity of genetic manipulation,
provide rationale for using this tool to explore clinical research questions in order to gain specific
insight into the human syndrome. However, in order to fully translate scientific findings and

implement new therapeutic options into a clinical setting, it is important to understand the concern



of physiological applicability and ensure the chosen experimental model is appropriate for the

experimental design.

The most common mouse model of HF is induced by surgical constriction of the aorta either on
the ascending aorta (aortic banding; AB) or transverse aorta (TAC). These models are particularly
advantageous in that they very closely replicate clinical aortic stenosis, where a fixed aortic band
mimics calcification/stiffening of the aortic valve, resulting in increased aortic afterload.
Typically, the TAC model is characterized by early adaptive cardiac remodeling, particularly LV
hypertrophy, which progresses to maladaptive remodeling and overt cardiac dysfunction at
approximately 3-4 weeks in a relatively young mouse (28-31). Particularly, the morphological and
molecular changes of the heart induced by pressure-overload enable researchers to explore the
underlying mechanisms of HF and gain insight into new therapeutic targets. However, there exists
a great deal of variability in the severity of cardiac hypertrophy/HF resulting from this model,
which can largely be accounted to differences in sex, age and/or strain of mice, as well as technical
differences between research facilities (i.e. placement and constriction of ligature). Furthermore,
since cardiac dysfunction is induced in an acute manner using this model, as opposed to the slow
progression of pressure overload observed in patients, it particularly provides insight to the early
effects of the insult. Alternatively, the constriction can also be placed on the abdominal aorta
(AAC), inducing a more gradual restriction to aortic flow, yet requires a greater duration of time
following surgery to achieve the transition from cardiac hypertrophy to overt cardiac dysfunction

(32-34), making it more difficult to use as a model of established HF.



Another manner to induce pressure-overload is by utilizing animal models with hypertension. For
example, certain rodent models spontaneously develop hypertension, which can lead to cardiac
remodeling and dysfunction with time (35,36). In addition, other strains appear to be sensitive to
sodium intake and develop concentric LV hypertrophy (37) and/or HFpEF (38) in response to
long-term high-salt feeding. The benefit of these models are the lack of surgical complications and
gradual onset of hypertension, which more closely mimics the transition from hypertrophy to HF
seen in humans. Finally, stimulation with agents that have been shown to induce hypertension,
such as angiotensin II (Angll), isoproterenol or phenylephrine, has also been used to study cardiac

hypertrophy and the resulting myocardial dysfunction (39-41).

HF is also commonly induced by permanent coronary ligation (42-45) or ischemia/reperfusion
(I/R) (46-49) to imitate MI, as well as induced in the setting of obesity, insulin resistance and type
2 diabetes (50-53). These rodent models feature the complex interactions that occur with
comorbidities in human HF; however, this thesis will primarily focus on exploring the
pathogenesis of non-ischemic HF in the absence of diabetes and/or obesity. Therefore, the
experimental models used in these studies represent a simplified condition of HF without the
complications associated with MI or high-fat diet-induced cardiac dysfunction. Altogether, while
there are significant differences between human heart failure and experimental models, many
common features in the HF phenotype enable important observations of the physiological and
energetic effects of cardiac dysfunction. In addition, we combine results from two different rodent

models of HF in order to provide additional insight into varying forms of human HF.



1.2 Cardiac Substrate Utilization in the Normal and Failing Heart

In order to pump >7000 L/day of blood for basic functioning, the human heart must produce an
abundance of energy to ensure proper cardiac contraction and relaxation. This energy comes in the
form of high-energy phosphate molecules, adenosine triphosphate (ATP), over 95% of which is
produced by mitochondrial oxidative phosphorylation in the cardiomyocyte in a healthy human
heart. More specifically, the 3-oxidation of fatty acids (FAs) accounts for roughly 60-90% of acetyl
coenzyme A (CoA) in the tricarboxylic acid (TCA) cycle, while the oxidation of pyruvate from
both glycolysis and lactate oxidation accounts for 10-40% and other minor substrates (including
ketone bodies) supply the rest (27,54-56) (Figure 1.1). However, under metabolically demanding
conditions, where HR and/or BP are elevated, such as exercise, there appears to be an increase in
myocardial glucose uptake (57). The adaptability of the cardiomyocyte, therefore, enables the heart
to switch between energy substrates based on availability and energy demand. In this manner,
glucose and FAs are considered to compete as substrates through a process referred to as the
“Randle cycle” (58). Nevertheless, it is believed that in HF, this metabolic flexibility is impaired
resulting in insufficient energy output and, consequently, impaired cardiac contractility. The
failing heart has therefore been referred to as an “engine out of fuel” (59). More specifically, ATP
production is estimated to be reduced by up to 40% compared to the normal heart. However, the
exact profile of metabolic changes in HF remain controversial and vary largely depending on the
type and duration of HF as well as the experimental model used. Nonetheless, there has been
considerable effort in better understanding cardiac substrate utilization in HF in order to design
therapeutic strategies to modulate the use of specific substrates in hopes of optimizing cardiac

energy production. However, a body of evidence suggests that this metabolic remodelling, or



impaired cardiac substrate utilization in HF, is thought to occur at the transcriptional level of genes
encoding regulatory enzymes involved in substrate metabolism. As such, it is unclear whether or
not this genetic reprogramming, and therefore metabolic inflexibility, can be reversed in
established HF. Altogether, this begs the question of whether targeting metabolic pathways has

any treatment potential in the failing heart.

1.2.1 Glucose metabolism

Glucose is taken up into the cardiomyocytes by the cardiac glucose transporters (GLUTSs) and is
used as a substrate for glycolysis to form pyruvate or stored in the form of lactate (Figure 1.1).
Glycolysis itself produces 2 molecules of ATP and the resulting pyruvate is further converted to
acetyl-CoA by the rate limiting enzyme, pyruvate dehydrogenase (PDH), which is
phosphorylated/inhibited by PDH kinase (PDK). Requiring 6 molecules of O> and yielding ~31
ATP molecules in the TCA cycle, glucose is, in theory, the most efficient energy substrate with a

phosphate/oxygen (P/O) ratio of 2.58 (60).

Although the non-ischemic failing heart may not have a shortage in oxygen transport compared to
the ischemic failing heart (61), it is generally believed that rate of glycolysis, an anaerobic
metabolic process, is increased both in experimental models (62-65) and human HF (66). This
shift in energy production toward glycolysis is another manner in which the failing heart resembles
the fetal heart. Interestingly, although glycolysis rates are normally coupled to rates of glucose
oxidation, this is not necessarily the case in HF, where the contribution of glucose oxidation to the

energy production of the failing heart is reduced (32,39,67-69). This impairment in glucose



oxidation is thought to be due a result of impaired mitochondrial oxidative capacity, as well as
reduced expression and activity of PDH (32,39,67,68) and is considered to precede impaired
cardiac dysfunction (32). Nonetheless, reduced glucose oxidation is not entirely consistent in all
experimental models of HF (62,64,70,71) and, therefore, requires further clarification. Regardless,
there is evidence that increasing glucose oxidation may be a therapeutic approach to improve
function in the failing heart. Particularly, indirect stimulation of PDH by dichloroacetate is shown
to reduce LV hypertrophy/HF (72). Furthermore, indirect stimulation of glucose oxidation via
decreased FA oxidation (73) may improve the uncoupling of glycolysis to glucose oxidation,
thereby reducing intracellular acidosis in ischemic heart disease (74-76); however, the potential

benefit in non-ischemic heart disease remains to be elucidated.

1.2.2  Fatty acid metabolism

Circulating free FAs (FFAs) are transported into the cardiomyocyte either by passive diffusion or
via the FA translocase (FAT, or CD36) and are first converted to long-chain fatty acyl-CoA
(Figure 1.1). Carnitine palmitoyltransferase I and II (CPTI/II) then facilitate their transport, in the
form of long-chain acylcarnitine, across the outer and inner mitochondrial membranes to the TCA
cycle (77,78), where oxidation of one FA molecule produces approximately 105 ATP molecules
(based on palmitate as representative FA). Central players in the regulation of FA transport and
oxidation include: acetyl-CoA carboxylase (ACC), which catalyzes the conversion of acetyl-CoA
to malonyl-CoA to negatively regulate the activity of CPT1 (79); malonyl-CoA decarboxylase
(MCD), which catalyzes the degradation of malonyl-CoA, thereby promoting FA transport to the

mitochondria; 5’ adenosine monophosphate-activated protein kinase (AMPK), which



phosphorylates/inactivates ACC in response to decreases in energy state (80,81); acyl-CoA
dehydrogenases [particularly long and medium chain (LCAD and MCAD, respectively)], which
catalyze the initial step of B-oxidation; and peroxisome proliferator-activated receptor-alpha
(PPARa) and peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGCla),
transcriptional coactivators that regulate the expression of genes involved in FA metabolism.
Requiring 23 molecules of Oz, FAs are considered to be the least efficient energy substrate having

a P/O ratio of 2.33 (60).

Of note, AMPK is considered to be the “energy sensor” of the heart with various physiological
roles but is thought to play a considerable part in the progression of HF. Although its activity has
been shown to be both reduced and elevated in failing hearts of both mice and humans (82-87), it
is often used as a marker of energy status and has also been considered as a potential
pharmacological target to modulate FA utilization in HF. Interestingly, FA uptake and oxidation
rates have been shown to be both increased (88-90) and decreased (91,92) in humans with various
degrees of cardiomyopathy. However, accelerated rates of lipolysis have also been shown in HF
(69,93,94), leading to increased circulating FA levels and enhancing FA uptake and oxidation by
the heart (88,89). Nonetheless, this inconsistency continues with experimental models of AnglI-,
TAC- or Ml-induced cardiac dysfunction showing that FA oxidation rates are unchanged
(41,70,71) or reduced (31,95-97). Although the effect of HF on myocardial FA oxidation rates
remain unclear, it appears that transcript and protein expression of enzymes involved in FA uptake
(FAT/CD36) (98-100), transport (CPT1) (71), oxidation (LCAD and MCAD) (71,101,102) and
transcriptional control of FA metabolic genes (PPARa and PGCla) (103,104) are generally down-

regulated in HF. However, pharmacological interventions aimed at increasing cardiac FA uptake
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could result in intramyocardial lipid accumulation in the heart and resulting lipotoxicity.
Moreover, since FA oxidation requires larger oxygen consumption than glucose oxidation, it
stands to reason that inhibiting FA oxidation may be a reasonable approach to modulating cardiac
energy metabolism in HF. For example, agents such as trimetazidine and perhexiline have been

shown to improve cardiac contractile function upon direct inhibition of FA oxidation (105,106).

1.2.3 Ketone body metabolism

Under conditions of low glucose (low insulin/glucagon ratio), such as exercise or fasting, the liver
diverts acetyl-CoA from the breakdown of FAs to form acetoacetate and B-hydroxybutyrate
(BOHB), commonly referred to as ketone bodies, in a process known as hepatic ketogenesis
(Figure 1.1). Ketone bodies are taken up by most organs, including the brain, heart and skeletal
muscle, relative to their circulating concentration (107), and provide an alternate fuel source to
glucose and FAs; in fact, the myocardium consumes the highest rate of ketone bodies per unit mass
of all organs (107-109). Particularly in the heart, BOHB is extracted at far higher rates than glucose
and FAs (20 times and roughly double, respectively) (110), and is converted to acetyl-CoA for the
TCA cycle, where the rate limiting enzyme is succinyl-CoA:3-oxaloacid-CoAtransferase (SCOT)
(109). It is estimated that ketone bodies contribute approximately 10-15% of the heart’s total
oxidative metabolism (52,111,112), and are considered to have oxygen sparing effects compared
to FAs, with a P/O ratio of ~2.50 (60). In fact, the presence of ketone bodies has been shown to

improve myocardial work efficiency by competing with glucose and FAs (113,114).
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Despite minimal contribution to the heart’s total energy production under normal conditions, the
role of ketone bodies in the failing heart is still under debate. Interestingly, ketone bodies are
elevated in the blood of HF patients (115,116), although this depends on the severity and type of
HF (i.e. HFTEF versus HFpEF) (117). On the other hand, ketone bodies are found to be decreased
in the failing myocardium associated with an increase in the ketogenic intermediate, -
hydroxybutyryl-CoA (118), indicating a state of enhanced ketone body utilization in HF. However,
another study demonstrated that use of circulating ketone bodies is reduced in skeletal-muscle but
unchanged in the myocardium of patients with HF (119). Nonetheless, expression of the enzymes
SCOT and beta-hydroxybutyrate dehydrogenase 1 (BDH1), key in the myocardial oxidation of
BOHB, are also increased in the failing myocardium (118,120). It has been proposed, however,
that enhanced POHB oxidation may impede the production of acetyl-CoA for the TCA cycle by
other substrates (Figure 1.1) (114,121) and consequently cause a reduction in overall
mitochondrial oxidative phosphorylation (122). Furthermore, this decrease in glucose oxidation
may further reduce cardiac efficiency. As such, it remains unclear as to whether enhanced
myocardial ketone body oxidation is an adaptive or maladaptive process and whether or not
chronically elevated BOHB would result in improved or worsening of cardiac function in the
failing heart. In support of elevating circulating ketones as a therapeutic strategy for HF, recent

work has demonstrated beneficial hemodynamic effects resulting from BOHB infusion (123).

1.2.4 Ketone bodies as signaling molecules

It has been well documented that FA & glucose intermediates impact various signaling pathways

beyond their role as cardiac energy substrates. More recently, ketone bodies and their intermediates
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have also been identified as having non-metabolic roles as signalling molecules. For example,
ketone bodies were found to upregulate mitochondrial biogenesis as well as display antiarrhythmic
properties by stabilizing cell membrane potential (124). In addition, BOHB is shown to have anti-
hypertrophic and anti-oxidant (125) properties upon decreasing histone acetylation via inhibition
of histone deacetylase (HDAC). Furthermore, BOHB is thought to modulate inflammation and
immune cell function (125-130), which may, in part, explain the benefits of fasting, calorie
restriction or a ketogenic diet. While these additional properties of ketone bodies may seem
promising, it is worth mentioning that an increase in acetyl-CoA derived from ketone oxidation
may result in hyperacetylation of mitochondrial proteins, potentially leading to the metabolic
derangements evident in the failing heart (118,120). As such, a better understanding of the many

roles of ketone bodies in the heart is required.

1.3 Cardiac Inflammation and Fibrosis in in Heart Failure

Although it was originally thought that inflammation was a secondary symptom of HF
pathogenesis, it has more recently become accepted that cytokine signaling may play a mechanistic
role in the development and progression of cardiac dysfunction (131). In fact, the Canakinumab
Anti-Inflammatory Thrombosis Outcomes Study (CANTOS) trial recently demonstrated the
therapeutic potential of targeting inflammatory pathways for treatment of cardiovascular (CV)
disease (CVD) upon improving CV outcomes in patients with history of MI and elevated high-
sensitivity C-reactive protein (132). While inflammation is well-recognized as a driver of

atherosclerosis, its role in the development of HF is not clearly defined. Nonetheless, release and
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expression of pro-inflammatory cytokines [interleukin (IL)-1, IL-6, IL-18, IL-1B and tumor
necrosis factor-alpha (TNFa)] and chemokines [IL-8, monocyte chemoattractant peptide (MCP)
1] have been shown to increase in HF patients (133-135). In response to cellular damage, including
hypertrophy, fibrosis and apoptosis which occur during myocardial injury, damage-associated
molecular patterns (DAMPs) initiate the process of sterile inflammation (136-138). The
nucleotide-binding oligomerization domain-like receptors protein 3 (NLRP3) inflammasome, a
cytosolic protein complex, recognizes DAMPs, creating an activated inflammatory complex
involving the adapter protein, apoptosis-associated speck-like protein containing caspase-
recruitment domain (ASC) and pro-caspase 1 (139). The transcription of IL-13 and NLRP3 are
referred to as the “priming” step, whereas assembly of the NLRP3 inflammasome complex results
in activation of the enzyme caspase-1 (140,141), thereby promoting maturation of pro-
inflammatory cytokines (mentioned above) (142,143) that trigger release of peripheral monocytes
and other inflammatory cells (144,145). Cardiac fibroblasts, the main non-myocyte cell population
in the heart, are also shown to play a role in sustaining inflammation upon production of the pro-
inflammatory mediators, MCP1 and IL-8 (146) and facilitation of leukocyte migration. The role
of the interaction between cardiac fibroblasts and myocytes has been well-documented in the
development of cardiac contractile dysfunction (147). In addition, the thioredoxin-interacting
protein (TXNIP) is an early response protein that has been recently implicated in the innate
immune response via activation of the NLRP3 inflammasome (148,149). This positive-feedback
loop is thought to magnify the inflammatory process, thereby accelerating progression of
myocardial remodeling and worsening HF pathogenesis (136,150,151). Therefore, the NLRP3
inflammasome is considered to be a potent mediator of inflammation. As such, it is tempting to

speculate that targeting the NLRP3 inflammasome may provide beneficial effects in HF. In support
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of this, a pharmacological NLRP3 inhibitor was found to blunt the doxorubicin-induced decline in
systolic cardiac function (152). Nonetheless, a better understanding of the role and potential

therapeutic potential of the NLRP3 inflammation in HF is warranted.

Cardiac fibrosis, a form of repair where connective tissue is deposited in the injured myocardium,
is thought to be tightly associated with inflammation (153,154). Importantly, both inflammation
and fibrosis are thought to be key pathophysiological mechanisms in the development and
progression of HF. Similar to compensatory cardiac hypertrophy, inflammation is initially a
necessary physiological defence mechanism, but is suggested to progress fibrosis if persistent
(155,156), consequently leading to cardiac stiffening and contractile dysfunction (157,158). Once
exposed to initial pro-inflammatory signals secreted by cardiomyocytes following injury (159),
macrophages assume a pro-inflammatory (M1) phenotype (160) and are involved in the
maintenance of cardiac inflammation by secretion of pro-inflammatory cytokines and signaling
neighboring fibroblasts (161). However, upon ingesting apoptotic neutrophils (162) and signaling
by cytokines (particularly IL-13 and IL-4), macrophages are thought to undergo phenotypic
changes from naive (MO) to pro-fibrotic (M2) macrophages. Interestingly, there appears to be a
direct association between cardiac M2 macrophages and MI in both humans and mice (163).
Furthermore, M2 resident cardiac macrophages are thought to be essential to the development of
Angll-induced myocardial fibrosis (164). In addition, myofibroblasts, which arise from cardiac
fibroblasts and endothelial cells or circulating macrophages and monocytes, are responsible for
secretion of extracellular matrix (ECM) components, leading to scar formation (165). Meanwhile,
the pro-inflammatory cytokine, TNFa, has been implicated in the development of ECM

remodeling and fibrosis (166), leading to cardiac hypertrophy/HF (167-169). In support of this,
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genetic deletion of TNFa reduced the pressure overload-induced perivascular and interstitial
collagen deposit in the heart (170,171). It has been proposed that TNFa mediates cardiac fibrosis
upon promoting fibroblast activation (172) and the expression of the pro-fibrotic M2 macrophage
phenotype (173). In summary, it is apparent that together inflammatory cells and fibroblasts
contribute to the development of cardiac fibrosis and thus contractile impairments in HF.
Particularly in the myocardium, increased expression of ECM proteins, such as collagen type /111
alpha-1 (Collal/Col3al), and staining of collagen deposits indicate the degree of fibrotic

remodeling.

1.4 Empagliflozin as a Novel Treatment Strategy for Heart Failure

1.4.1 Cardiovascular improvements in diabetes

The relationship between diabetes and HF is becoming increasingly well recognized, raising the
interest in glucose-lowering therapy for treating CVD. However, the dipeptidyl peptidase-4 (DPP-
4) inhibitors, sitagliptin, saxagliptin, and alogliptin, have either failed to demonstrated
improvements in or even increased the risk of major adverse CV events in diabetic patients (174-
176), raising concern regarding the therapeutic potential of anti-hyperglycemic agents. However,
in 2015 Zinman et al (177) reported that anti-diabetic drug, empagliflozin, had striking and
unexpected reductions in CV death and all-cause mortality by ~35-40% in patients with diabetes
and high-risk of CVD. The multicenter Empagliflozin, CV Outcomes, and Mortality in Type 2

Diabetes (EMPA-REG Outcome) trial was primarily designed to assess CV safety of
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empagliflozin at two doses (10 and 25 mg daily) over a median time of 2.6 years. Of importance,
the benefit of empagliflozin occurred beyond optimal prevention strategies, as most patients were
also undergoing treatment with antihypertensive or diuretic agents. More recently, the
canagliflozin CV assessment study (CANVAS) and dapagliflozin on the incidence of CV events
(DECLARE-TIMISS) trial similarly showed that the SGTL2 inhibitors, canagliflozin and
dapagliflozin, respectively, also reduced risk of CV death or hospitalization for HF in type 2
diabetics with high risk of CVD (178,179); however, this occurred without improving the rate of
all-cause mortality. Overall, these results have taken clinicians by surprise, raising numerous
questions about the therapeutic potential of this class of drug, even in other forms of metabolic
disease. In addition, since there appears to be no association between risk of HF and glycemic
control (174-177,180), the underlying mechanisms for the profound CV improvements in response

to treatment with empagliflozin, canagliflozin and dapagliflozin remain unknown.

1.4.2 Inhibition of sodium/glucose co-transporter 2

The “gliflozins” are a class of anti-diabetic drug designed to inhibit the primary sodium/glucose
co-transporter (SGLT) 2, a low-affinity high-capacity transporter, which is prominently expressed
in the proximal tubule of nephrons and is responsible for >90% of glucose reuptake (181-183).
SGLTI1, a high-affinity low-capacity transporter, is responsible for the other ~10% of glucose
reabsorption at the distal segment of the proximal tubule (181,183). By preventing glucose
reabsorption, SGLT2 inhibitors increase renal glucose excretion, thereby reducing circulating
glucose levels, independent of insulin secretion and insulin action (184); as such, the risk of

hypoglycemia is low (185). As expected, empagliflozin demonstrated modest improvements in
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glycemic control, evident by reductions in hemoglobin Alc (HbAic) (177). In addition,
empagliflozin induced modest weight loss, persistent reductions in systolic BP, decreased uric acid
levels and caused a slight increase in levels of low- and high-density lipoprotein (LDL and HDL,
respectively) cholesterol, as expected. Interestingly, these changes are thought to be insufficient to

explain the outcomes (186-189).

1.4.3 Pharmacokinetics of empagliflozin

Empagliflozin has a high affinity (K¢ = 57 nM) for SGLT2, which is slightly reduced in the
presence of high glucose (20 mM) (190). However, the half-life of empagliflozin bound to SGLT2
(59 min) was unaffected by glucose concentration. Importantly, empagliflozin has the highest
selectivity of SGLT2 over SGLT1 (>2500-fold; ICso = 3.1 nM and 8300 nM, respectively) of all
SGLT?2 inhibitors (190,191). In addition, the dose-response curve of urinary glucose excretion
demonstrates that higher doses of empagliflozin (3-10 mg/kg/day) in mice have no additional
inhibitory effect on renal sodium reabsorption (192), suggesting there is no action on SGLT1 in
this dose range. Of note, SGLT1, but not SGTL2, receptors are significantly expressed in cardiac
tissue (181,193,194); empagliflozin is therefore unlikely to have any SGLT-related effects in the

heart.

Although empagliflozin has slightly less affinity for mouse SGLT2 (ICso = 1.9 nM), it is still highly
selective over SGLT1 (~5,800-fold) (190,192). For ex vivo and in vitro experiments, the chosen
concentration of empagliflozin (1 M) is comparable to peak plasma concentrations seen in

humans (~30-2500 nM) (177,195-202), has been previously reported to mediate effects in isolated

18



tissues (203-205), and is well below the ICso of SGLT1 (190). Furthermore, the dose of 10
mg/kg/day empagliflozin used in our studies was chosen based on extensive work in rodent models
demonstrating glycosuria, as well as beneficial renal and cardiac effects (50,52,206). This dose is
within the range of that given to humans (10-100 mg) (196-200,202,207-209), based on the dose
by factor method of allometric scaling used to extrapolate dose from animals to humans (210-
212).* Additionally, a dosage of ~30-35 mg/kg/day empagliflozin in diet and 10 mg/kg/day by
intraperitoneal injection resulted in free plasma concentrations of 1-2 nM and 20 nM in mice,
respectively (192), which are well below the ICso of SGLT1 (190). Altogether, these data clearly
demonstrate that empagliflozin does not mediate any appreciable effects through SGLT1 inhibition

at the dosage used throughout these studies.

1.4.4 Proposed mechanisms for cardiovascular benefit

1.4.4.1 Hemodynamic and renal effects

SGLT?2 inhibitors not only induce early loss of urinary glucose, but also subsequently induces loss
of sodium, evident by a persistent increase in hematocrit (213-215). It is also possible that the
increase in hematocrit occurs as a result of stimulated erythropoiesis, as was seen by treatment
with the SGLT?2 inhibitor, dapagliflozin (216). Nonetheless, the diuretic hypothesis suggests that
the combination of glucose and sodium loss may result in improved adaptations of renal
vasculature and may result in both renal and cardiac benefit. By reducing extracellular fluid

volume, empagliflozin is thought to reduce cardiac preload and afterload, thereby improving

2 See Appendix A for extrapolated dose from humans to mice.

19



myocardial filling conditions. Interestingly, even modest reductions in BP can alleviate cardiac
stress, which were also reported in the EMPA-REG Outcomes (177). In addition, as a result of
hemoconcentration without an associated increase in HR, it is suggested that empagliflozin
enhances oxygen delivery to tissues. Of note, the CV benefit of empagliflozin does not exactly
match the profile of antihypertensive and diuretic therapy, which show smaller reductions in HF
and mortality and a clear risk reduction in stroke than observed in the EMPA-REG Outcomes trial
(217-219). As such, the drop in systolic and diastolic BP levels is unlikely to account solely for

the rapid reductions in risk of HF but could indeed play a pivotal role.

1.4.4.2 Metabolic effects

In addition to moderating glycemic control, empagliflozin was also found to induce small
decreases in body weight, primarily via reduced visceral fat (220-223), in patients with type 2
diabetes. Since reduced adiposity has been previously associated with reduced cardiometabolic
risk (224), it stands to reason that empagliflozin may exert CV improvements upon producing a
negative caloric balance and inducing weight loss (225). Furthermore, SGLT2 inhibitor-induced
glycosuria coupled with hormonal changes, such as a rise in glucagon levels, have been shown to
result in reduced glucose utilization and a subsequent shift toward increased lipid utilization
(Figure 1.2) (226,227). Under such conditions, where the insulin/glucagon ratio is reduced,
hepatic ketogenesis is enhanced (228). Of note, SGTL2 inhibition was found to accelerate lipolysis
and increase circulating BOHB levels in diabetic rats (229-232) and humans (226,233). In addition,
empagliflozin has also been shown to prevent hepatic lipid accumulation in obese mice (234,235)

and increase plasma FA levels in type 2 diabetes, but not in nondiabetic controls (236). As such,

20



the “fuel hypothesis” suggests that empagliflozin may elevate levels of circulating FA and
subsequently BOHB, thereby improving myocardial energetics and substrate efficiency upon using
enhanced availability of BOHB as an alternate (and more efficient) substrate for the failing heart
(120,237,238). However, it remains unclear why empagliflozin induces elevated circulating BOHB
and whether or not BOHB is preferentially oxidized over glucose and FAs in the heart. In addition,
it is worth mentioning that the development of diabetic ketoacidosis is a significant concern of

SGLT?2 inhibitors (239-241).

1.4.4.3 Anti-inflammatory effects

Based on the fact that intracellular glucose metabolism is thought to modulate inflammatory
processes (242) and SGTL2 inhibitors regulate intracellular glucose metabolism, it has also been
postulated that SGTL2 inhibitors may have anti-inflammatory effects (243,244). Particularly,
reduced inflammation of the liver and kidney by empagliflozin, and other SGTL2 inhibitors
(10,232,245) is thought to be associated with inhibition of the NLRP3 inflammasome (235,246).
Particularly, there have been numerous accounts that SGLT2 inhibitors attenuate obesity- or
diabetes- induced expression of pro-inflammatory properties in WAT, liver, kidney, pancreatic
islets, the heart and the aortic root (10,234,235,246-249). In addition, treatment with an SGLT2
inhibitor was found to attenuate activation of NLRP3 inflammasome in macrophages in patients
with type 2 diabetes and high CV risk (250). Furthermore, attenuated inflammation by the SGLT2
inhibitor, dapagliflozin, was associate with renal (247) and cardiac (249,251) benefits. Of note,
BOHB is thought to inhibit NLRP3-activated inflammation (127), which may imply that anti-

inflammatory effects of SGLT2 inhibitors are mediated through elevated circulating ketone bodies.
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Although the anti-inflammatory properties of SGTL2 inhibitors via NLRP3 inflammasome
suppression are well characterized in the setting of obesity and/or diabetes, their role in the context
of CVD in the absence of hyperglycemia has yet to be elucidated. Moreover, since SGTL2 is not
expressed at any significant levels in the heart (194), whether blunted activation of the cardiac
NLRP3 inflammasome upon treatment with empagliflozin is direct or secondary to an overall

metabolism effect has yet to be explored.

1.4.4.4 SGLT2-independent cardiac effects

Although SGLT1 is expressed in cardiac tissue (193,194), the circulating concentrations of
empagliflozin are not sufficient to effect SGTLI function (225); furthermore, dual SGLT1/2
inhibition has been shown to have detrimental consequences on cardiac function (252), and is
therefore unlikely to explain the beneficial cardiac outcomes resulting from empagliflozin
treatment. Nonetheless, although empagliflozin is known to regulate Na“ and glucose handling in
the kidney, it has also been shown to restore aberrant Na® and Ca?* concentrations in
cardiomyocytes isolated from rats and rabbits, in a glucose-independent manner (203). In fact,
these effects appear to be mediated through direct inhibition of the cardiac Na*/H" exchanger
(NHE) 1, which plays a crucial role in regulating cardiac Ca** and Na* homeostasis for optimal
cardiac rhythm and contraction (253,254). In addition, empagliflozin was recently shown to reduce
sarcoplasmic reticulum Ca?" leak (255) and directly increase expression of GLUT]1, but not other
cardiac GLUTs, in failing murine cardiomyocytes (256). Moreover, empagliflozin increased ATP
content directly in rat cardiomyocytes and endothelial cells following hypoxia/reoxygenation

injury (46). Lastly, empagliflozin reduced diastolic tension in ventricular trabecular isolated from
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human failing hearts as well as in cardiomyocytes from diabetic and non-diabetic mice (257).
Altogether, these findings suggest that empagliflozin may exert direct cardiac effects, independent

of renal SGLT?2 inhibition.

1.5 Hypothesis and Aims

In this thesis, we aim to investigate and characterize the changes in myocardial substrate
metabolism during the regression of HF. Using an experimental model of pressure overload-
induced HF (where EF <30% at approximately 3-4 weeks post-surgery), we will perform
debanding (DB) surgery to remove the aortic constriction and yield a temporal profile of cardiac
remodeling, systolic and diastolic function and associated myocardial energy metabolism for an
additional 3 weeks. We hypothesize that the genetic reprogramming of the metabolic

pathways and energetic impairments in HF are irreversible in the regression of severe HF.

Another aim of this thesis is to determine whether the anti-diabetic drug, empagliflozin, improves
cardiac function in HF in the absence of diabetes. In order to do so, we will use an experimental
model of pressure overload-induced HF (where EF <45% at approximately 2-3 post-surgery)
treated with 10 mg/kg/day empagliflozin via oral gavage for an additional two weeks to determine
changes in cardiac remodeling, systolic and diastolic function and cardiac fibrosis. We
hypothesize that empagliflozin improves cardiac systolic and diastolic dysfunction in overt
HF, even in the absence of diabetes/obesity. Furthermore, we wish to determine whether the

beneficial effects of empagliflozin occur upon inducing a state of persistent hyperketonemia,
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thereby providing a preferential fuel source for the failing myocardium. As such, we hypothesize
that empagliflozin enhances cardiac energy production via enhanced ketone body oxidation,
ultimately improving cardiac contractile function. We also aim to investigate other prevailing
theories regarding the beneficial effects of empagliflozin in HF in the absence of diabetes,
including improved hemodynamics, diuretic effects and reductions in cardiac inflammation via the

NLRP3 inflammasome.
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1.6 Figures
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Figure 1.1. Cardiac Substrate Utilization in the Normal and Failing Heart. The -oxidation of
FAs accounts for roughly 60-90% of acetyl-CoA in the TCA cycle, while the oxidation of pyruvate
from both glycolysis and lactate oxidation accounts for 10-40% and ketone bodies are considered
a minor substrate. The failing heart is considered to be an “engine out of fuel” due to impaired
metabolic flexibility resulting in insufficient ATP production. Glycolytic rates appear to be
increased in HF, while the contribution of glucose oxidation and FAs is reduced. In addition,
elevated levels of circulating ketone bodies in HF are thought enhance ketone body utilization in
HF. ATP = adenosine triphosphate; COA = coenzyme A; ETC = electron transport chain; FADH;

= flavin adenine dinucleotide; FFA = free fatty acid; HF = heart failure; NADH = nicotinamide

adenine dinucleotide; TCA = tricarboxylic acid.
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Figure 1.2. Empagliflozin “Fuel Hypothesis”. Upon inducing glycosuria, empagliflozin is thought
to cause a shift from whole body glucose utilization to lipid utilization, thereby accelerating
adipose tissue lipolysis. Increased levels of circulation FA coupled with empagliflozin-induced
hormonal changes are thought to enhance hepatic ketogenesis. The empagliflozin “fuel
hypothesis”, therefore, suggests that by elevating the level of circulating ketone bodies and
subsequently increasing myocardial ketone body oxidation, cardiac energetics are improved, thus
resulting in improved cardiac contractile function. EMPA = empagliflozin; FFA = free fatty acid;

TGs = triglycerides.
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2.1 Introduction

Increases in aortic pressure resulting from conditions such as hypertension or valvular heart disease
often induce compensatory structural remodelling of the LV, presenting as LV hypertrophy (1).
These adaptive changes in the heart are necessary for the heart to normalize wall stress and to
maintain CO (2). However, if the precipitating condition that increases afterload is not treated, the
structural changes occurring within the heart may become maladaptive. This maladaptive
remodelling of the LV can worsen over time and eventually transition from a compensated to

decompensated hypertrophy and eventually to HF (3,4).

A hallmark of the transition from compensated to decompensated LV hypertrophy is the genetic
reprogramming of the metabolic pathways in the cardiomyocyte, which results in impaired cardiac
energetics and subsequent impaired cardiac performance (5-8). Since many of these changes occur
at the transcriptional level of the metabolic enzymes, it has been proposed that sustained loss of
metabolic flexibility of the heart contributes to decreased mitochondrial flux and an energetically
compromised heart (9,10). Although impaired cardiac energetics has been shown to be a major
contributor to HF (11,12), whether or not this genetic reprogramming of the metabolic pathways
can be reversed in established HF has not been extensively investigated. Therefore, to address this,
we used a mouse model of severe HF to determine whether metabolic remodelling is reversible
and whether regression of LV hypertrophy or improved cardiac performance is preceded by
improved cardiac energy metabolism. Overall, we propose that determining the potential
reversibility of this previously assumed permanent change in cardiac metabolism has significant

clinical implications for the treatment or management of patients with HF.
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2.2 Methods

2.2.1 Experimental animals

All protocols involving mice were approved by the University of Alberta Institutional Animal Care
and Use Committee and conform with the Guide for the Care and Use of Laboratory Animals
published by the United States National Institutes of Health (eighth edition; revised 2011). The
University of Alberta adheres to the principles for biomedical research involving animals
developed by the Council for International Organizations of Medical Sciences and complies with
the Canadian Council on Animal Care guidelines. Male C57B1/6 mice (7 weeks of age) were
obtained from Charles River Laboratories (Sherbrooke, QC). Mice were maintained on a 12:12 h
light-dark cycle with free ad libitum access to food and drinking water. At 8 weeks of age were
randomly assigned to the Sham (n =9) or TAC (n = 48) group. At 3—4 weeks post-surgery, mice
considered to be in severe HF (EF <30%) were then subjected to DB surgery. An additional group

of TAC mice served as controls without undergoing a DB surgery.

2.2.2 TAC and DB surgery®

TAC surgery was performed as previously described (13). In brief, male eight-week old mice were
anaesthetized by an intraperitoneal injection of a cocktail of ketamine (100 mg/kg) and xylazine
(10 mg/kg), intubated, and connected to a mouse ventilator (MiniVent, Harvard Apparatus,

Holliston, MA, USA). Following midline sternotomy, a double-blunted 27-gauge needle was tied

b See Appendix B for additional information regarding TAC surgery.
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encircling the aorta between the innominate and left common carotid arteries using a 6/0 silk
suture. The needle was then removed, and chest and skin were sutured and closed. HF mice were
then subjected to a second surgery re-entering through the original incision site. The TAC suture
was carefully removed, and chest and skin were sutured closed (DB). Sham mice also underwent

a second open-chest procedure.

2.2.3 Echocardiography

Mice were anaesthetized with isoflurane and in vivo cardiac function was assessed by transthoracic
echocardiography using a Vevo 770 high-resolution imaging system equipped with a 30-MHz
transducer (RMV-707B; VisualSonics, Toronto, Canada), as previously described (14). Pressure-
overload was confirmed in all mice at 3-weeks after TAC by measuring trans-stenotic gradient by
pulsed-wave Doppler flow. Full systolic and diastolic parameters were measured either at 3—4
weeks TAC or at 1 or 3-weeks following DB. Sham data were collected following two sham

procedures.

2.2.4 Metabolic analysis in vivo

Total physical activity was measured using the Comprehensive Lab Animal Monitoring System
(CLAMS/Oxymax Columbus Instruments, Columbus, OH, USA) and was calculated by adding Z
counts (rearing or jumping) to total counts associated with ambulatory movement and stereotypical
rodent behaviour (grooming and scratching) as described previously (15). An Oxymax treadmill

(Columbis Instruments) was used to determine running capacity in mice before or 1 or 3 weeks
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after DB. With a 10° incline, the belt speed was programmed to increase from 10 m/min by 1
m/min every minute, where maximal oxygen consumption (VO;max) was taken as peak oxygen

consumption (VO>).

2.2.5 Histology

Masson's trichrome staining of paraffin-embedded LV heart sections taken mid-papillary were
visualized using a Leica DMLA microscope (Leica Microsystems, Wetzlar, Germany) equipped
with a Retiga 13001 FAST 1394 CCD camera (OImaging, Surrey, BC, Canada), as described
previously (16). Three representative images were taken from each sample and densitometric
analysis was performed using the ImageJ software (National Institutes of Health, Bethesda, MD,

USA).

2.2.6  Ex vivo heart perfusions

Mice were euthanized with an intraperitoneal injection of euthanyl (120 mg/kg body weight).
Hearts were excised and perfused in working heart mode at 11.5 mmHg preload and 50 mmHg
afterload with Krebs-Henseleit buffer containing 0.8 mmol/L [9,10-*H]oleate prebound to 3%
delipidated bovine serum albumin (BSA), 5 mmol/L [U-'*C]glucose, and 50 pU/ml insulin. A
sample of perfusate was taken every 10 minutes for a total of 60-min aerobic perfusion, following
which hearts were frozen in liquid nitrogen and stored at -80°C. Fatty acid and glucose oxidation

rates were calculated based on the collection of myocardial *H and '*CO» production, respectively

(13).
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2.2.7 Immunoblot analysis®

Frozen heart tissue was homogenized according to the previously reported methods (16), and
protein concentration was assayed using the bicinchoninic acid protein assay kit (number 23 255;
Pierce, Thermo Fisher Scientific, Rockford, IL, USA). Protein (15-20 pg) was resolved by SDS—
PAGE and transferred to a nitrocellulose membrane. Blotted proteins were identified by the
following primary antibodies: Akt, mTOR, Raptor, 4E-BP1, S6, GSK3p, phosphorylated-AMPKa
(pT172), phosphorylated-ACC (S79). Primary antibodies were purchased from Cell Signaling
Technology and secondary antibodies for goat anti-rabbit and donkey anti-goat (Santa Cruz
Biotechnology). Densitometric analysis was performed using the ImageJ software (National

Institutes of Health) and corrected against Memcode protein stain as a loading control.

2.2.8 Quantitative RT-PCR

Cardiac mRNA expression was determined by real-time polymerase chain reaction (RT-PCR)
using Tagman probes. Total ribonucleic acid (RNA) was extracted from heart tissue using the
TRIzol RNA extraction method (17). RNA (1 pg) was subjected to reverse transcription to
synthesize complementary deoxyribonucleic acid (¢cDNA). RT-PCR was performed by taking 5
pL of suitable cDNA dilutions from unknown, standard (brain cDNA) and 8 pL of Tagman master-
mix (includes primers + probes) that were then loaded on white 384 Light cycler® 480 multiwell
plates supplied from Roche. Gene expression of cardiac hypertrophy markers (Anp, Bnp, Mhcb,

and Mhca), contractility (Serca2a), fibrosis (Collal), glucose metabolism (Glut4 and Pdk4), and

¢ See Appendix C for additional information regarding antibodies used for immunoblot analysis.
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FA metabolism (Ppara, Mcd, Pgcla, and Mcad) were analysed. Data are presented as mRNA
molecules per nanogram total mRNA relative to the control housekeeping gene (Cyclophilin).

Primers used for RT-PCR reactions are listed in Table 2.1.

2.2.9 Statistical analysis

Data are expressed as mean £ S.E.M. Comparisons between groups (Sham, TAC, and each
respective DB group) were performed using one-way analysis of variance (ANOVA) and Tukey's

multiple comparisons test. A p value of <0.05 is considered significant.

2.3 Results

2.3.1 Removal of the elevated aortic afterload improves survival and systolic and diastolic

cardiac function in mice with pre-existing heart failure

Of the total of 44 male mice that successfully underwent TAC, 35 (79.5%) met criteria of EF <30%
by 3—4 weeks following surgery. At this time period, mice with established HF either remained as
HF controls or underwent a second surgery to remove the aortic constriction (DB). Doppler
echocardiography was used to confirm the presence of an elevated pressure gradient across the
transverse aorta at 3-weeks following TAC (TAC: 53.5 + 3.3 mmHg vs. Sham: 3.6 + 0.4 mmHg)
and subsequent normalization of this gradient following DB (8.4 = 1.6 mmHg). We have

previously shown that without intervention, mice with established HF have a 50% survival rate of

66



~4 weeks (13), whereas mice with HF that underwent the DB procedure had no complications

associated with HF even beyond 4 weeks following DB (data not shown).

To determine whether prolonged survival in DB mice was due to restored cardiac function, mice
were subjected to transthoracic echocardiography. At 3—4 weeks post-TAC, mice had a mean EF
of 21.73% compared to 52.33% for Sham controls (Figure 2.1A and Table 2.2). Moreover, mice
subjected to TAC displayed additional impairments in systolic function, such as reductions in CO,
SV, and FS (Figure 2.1A-C and Table 2.2), as well as diastolic dysfunction evident by an increase
in mitral E/A and E/E' ratios, with a shortened deceleration time (DT) (Figure 2.1D-F and Table
2.2). However, as early as 1-week following DB, all parameters of cardiac function showed
improvement, with a near full recovery of systolic and diastolic function occurring by 3-weeks
(Figure 2.1A-F and Table 2.2). To directly assess cardiac function in the absence of potential
systemic or haemodynamic effects, mechanical function was also assessed ex vivo in the perfused
working heart. Consistent with poor function in vivo, TAC hearts had reduced CO and aortic flow
(58.9 and 44.7%, respectively) ex vivo, yet both of these parameters were fully restored to that of

Sham-operated mice by 3-weeks post-DB (Table 2.3).

2.3.2 Removal of the elevated aortic afterload restores spontaneous physical activity and

maximal exercise capacity in mice with pre-existing heart failure

Exercise intolerance is a hallmark of HF severity in patients with HF (18). Given that both systolic

and diastolic dysfunction were returned to normal in hearts following DB of TAC mice, we

investigated whether these improvements had any effect on daily physical activity or exercise
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capacity. Using the Oxymax laboratory animal monitoring system with x-, y-, and z-axis activity
monitors, we determined that Sham and DB mice displayed higher levels of daily physical activity
(evident by increased rearing) than did TAC mice (Figure 2.1G). Furthermore, when subjected to
an exercise endurance test, DB mice showed fully restored exercise capacity, determined by

restored VO.max by 1-week post-DB (Figure 2.1H).

2.3.3 Removal of elevated aortic afterload causes a regression of left ventricular hypertrophy in

mice with pre-existing heart failure

Morphological changes in response to pressure-overload include increased LV hypertrophy, LV
dilation, and increased LA diameter (Table 2.2). The presence of pressure-overload-induced LV
hypertrophy was evident in the TAC group compared to the Sham group by a 1.5-fold increase in
LV mass and a 1.3-fold increase in wall thickness at end-diastole (Table 2.2). Surprisingly, DB
mice demonstrate rapid regression of LV hypertrophy, evidenced by significantly reduced LV
mass, IVS thickness, and LV posterior wall thickness at end-diastole as early as 1-week following
DB (Figure 2.2A-C and Table 2.2), which preceded marked improvement in cardiac function. In
addition, structural remodelling of the heart following TAC surgery resulted in an increase in
LVID, LV volume, and enlarged LA, which were significantly reduced as early as 1-week post-
DB. However, LVID and LV volume at end-diastole were not significantly reduced by DB (Table

2.2).

A hallmark of pathological hypertrophy is a shift in gene expression from the MHCa to the MHCP

isoform (19-21). Therefore, in all groups of mice, we measured cardiac transcript levels of these
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as well as other molecular markers for LV hypertrophy/HF, which are generally altered in
hypertrophied/failing hearts (such as Anp and Bnp) (22). In agreement with the regression of LV
hypertrophy, cardiac expression of these transcripts also returned to near-baseline values of Sham
mice post-DB (Figure 2.2D). Furthermore, as reported previously (23), cardiac expression
of SercaZa, a Ca**-ATPase that modulates cardiac contractility, was significantly reduced in TAC
hearts, but returned to levels close to that of Sham-operated hearts by 3-weeks post-DB (Figure

2.2D).

In addition to changes in transcript levels of stress genes associated with HF and HF regression,
previous reports have demonstrated TAC-induced activation of Akt and the mTOR signalling
pathway (24). While expression of phosphorylated proteins did not appear to be altered in our HF
mice (data not shown), total protein levels of Akt, mTOR, Raptor, 4E-BP1, S6, and GSK3[3 were
significantly increased in response to pressure-overload, as previously described (25). More
importantly, we observed normalized cardiac content of these regulators of protein synthesis
following DB (Figure 2.2E-F), suggesting that some of the molecular signalling events that
control hypertrophic growth have returned to baseline values and that the pro-hypertrophic

molecular stimuli have also regressed.

2.3.4 Removal of elevated aortic afterload restores levels of markers of adverse cardiac

remodeling without reversing cardiac fibrosis in mice with pre-existing heart failure

Since myocardial stiffness is a major result of pressure-overload due to worsening fibrosis, we

investigated whether improved diastolic function in DB mice occurred as a result of reduced
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collagen deposition compared to TAC mice. The expression of Collal, a gene involved in fibrotic
remodelling, was increased five-fold in TAC hearts yet it was completely restored to that of Sham-
operated mice by 1-week post-DB (Figure 2.3A). Surprisingly, however, despite significant
recovery of diastolic function at 3-weeks following DB, Masson's trichrome staining showed a
trend towards increased cardiac fibrosis in TAC mice that remained post-DB (Figure 2.3B-C).
Taken together, these data suggest that while the potential for continued fibrosis and collagen

deposition may be reduced, existing cardiac fibrosis is not degraded following DB.

2.3.5 Removal of elevated aortic afterload normalizes genetic reprogramming and molecular

signaling events of the metabolic pathways in mice with pre-existing heart failure

The healthy heart generates the majority of the necessary ATP primarily via the utilization of FAs
and glucose. However, it has been shown that HF is associated with alterations at the
transcriptional level of metabolic enzymes that contribute to impaired cardiac energetics (12,13).
To determine whether these transcriptional changes are permanent, we measured the transcript
levels of metabolic genes involved in both glucose and FA metabolism in all hearts. Consistent
with the previous work (26-29), numerous genes involved in the regulation of glucose
(Glut4 and Pdk4) and FA (Mcad, Pgcla, Mcd, and Ppara) metabolism were significantly reduced
in TAC hearts (Figure 2.4A-B). In most instances, unlike markers of cardiac hypertrophy (which
were restored by 1-3 weeks following DB), gene expression of several regulators of both glucose
and FA transport and utilization (Pdk4, Glut4, Pgcla, Mcd, and Ppara) were not significantly
different for mice following DB when compared to TAC controls. However, the expression of

these markers also did not significantly differ from Sham-operated mice and transcript levels
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of Mcad were significantly increased (Figure 2.4A-B), suggesting the potential for reversibility of
the transcript levels of metabolic enzymes otherwise reduced by HF, beyond 3-weeks following

DB.

2.3.6 Removal of elevated aortic afterload improves cardiac oxidative metabolism in mice with

pre-existing heart failure

Although we did not observe normalization of transcript levels of metabolic enzymes normally
reduced by HF, we directly measured ex vivo rates of glucose and FA oxidation in all groups of
hearts. Compared to Sham mice, mice with HF demonstrated significantly impaired myocardial
glucose oxidation (Figure 2.4C) and FA oxidation (Figure 2.4D) rates by 75 and 70%,
respectively. This is consistent with numerous pervious reports that total myocardial oxidative

metabolism is reduced in pressure-overload-induced HF (30,31).

Contrary to our gene expression data, both glucose and FA oxidation levels were restored to that
of the Sham-operated group by 1-week post-DB, indicating a very early and remarkable recovery
of cardiac energy metabolism following removal of the elevated aortic afterload. Consistent with
this, AMPK, which is a metabolic stress kinase and thus an endogenous measure of cardiac
myocardial energetic status (7,32-34), was activated in TAC hearts (indicated by phosphorylation
of AMPK and its downstream target, ACC), but normalized post-DB (Figure 2.4E). Taken
together, these data demonstrate that improved myocardial energetic status precedes cardiac

functional recovery in TAC mice following DB.
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2.4 Discussion

Here, we present data characterizing a mouse model of reversible HF using a DB surgery of a
previously banded transverse aorta and have used this model to better understand the molecular
and structural changes that occur in the regression of severe HF. This model is unique as the DB
was performed in mice with severe HF (mean EF of 21.73%) and the recovery period was studied
for 3-weeks following DB. In addition to significant reductions in EF, prior to DB, there was also
a significant diastolic dysfunction, profound cardiac remodelling, and the mice exhibited severe
exercise intolerance. Moreover, hearts from these mice demonstrated many of the hallmarks of HF
such as increased transcript levels of cardiac stress markers (4np and Bnp) as well as decreased
expression of transcripts involved in HF (Serca2a). Furthermore, molecular signalling pathways
that mediate cellular growth in response to stress were also characteristically altered, as was the
genetic reprogramming of the pathways controlling glucose and FA oxidation, and an
accompanying impairment of cardiac substrate metabolism. Using this model, we investigated
whether removal of the elevated aortic afterload in mice with established severe HF would result
in the recovery of cardiac function, substrate metabolism, and genetic reprogramming as well as

determined the temporal relationship of these changes.

Since our model was designed to determine whether there was functional recovery following
intervention after the establishment of severe HF, we first determined whether or not our DB
procedure could reverse cardiac dysfunction. Interestingly, as early as 1-week post-DB, hearts
from mice with previous HF started to show signs of improved systolic and diastolic function and

a near full recovery of cardiac function was observed at 3-weeks post-DB. In fact, the majority of
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indices of cardiac function measured, such as CO, SV, mitral E/A ratio, E/E’ ratio, and DT, were
returned to near-baseline levels observed in Sham mice. The noticeable exceptions to this were FS
and EF, which were only recovered to 76 and 85%, respectively, of Sham controls at 3-weeks
following DB. Although we cannot explain this delay in functional recovery compared to other
parameters post-DB, it is likely that FS and EF would have returned to normal if the mice were
allowed to recover for a longer period of time. Importantly, unlike previous studies where DB
occurred at an EF of 39-53% (35-37), we provide evidence that mice with more severe HF are
able to fully recover in response to pressure unloading. Importantly, this improved function is
manifested in restored physical activity and exercise capacity in mice with pre-existing HF,

suggesting that this major symptom of clinical HF also has the potential to be regressed.

As expected with almost complete recovery of heart function, we show that hearts undergo a
dramatic beneficial remodelling that involves both concentric LV hypertrophy regression and LA
diameter normalization as early as 1-week following DB. While regression of LV hypertrophy has
previously been shown in models of compensated hypertrophy (36,38-40), ours is the first to
demonstrate complete regression of LV hypertrophy following severe HF. In addition to these
morphological changes, the hearts also underwent profound changes in the expression of
hypertrophy gene transcripts and the molecular signalling events that are associated with cardiac
remodelling. For instance, a marked reversal in the expression of cardiac stress markers (such
as Anp and Bnp) as early as 1-week following DB provides evidence that genetic reprogramming
is not irreversible, even following severe HF. In addition, ours is the first study to demonstrate that
protein expression of numerous molecules involved in regulating protein synthesis were altered in

TAC hearts and normalized following DB. Particularly, the Akt/mTOR signalling pathway, which
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mediates cellular growth in response to stress (41), was normalized by 3-weeks following DB,
suggesting that these hearts undergo reverse remodelling rapidly following relief of the pressure-

overload.

Since myocardial stiffness is a major result of pressure-overload due, in part, to fibrosis, we
investigated whether improved cardiac function in DB mice occurred as a result of reduced
collagen deposition when compared to TAC mice. The expression of Collal, a gene involved in
fibrotic remodelling, was increased in TAC hearts and was completely restored to that of Sham-
operated mice by 1-week post-DB. Interestingly, despite the normalization in Collal expression
and the reduction in myocardial stiffness indicated by improved diastolic relaxation and function,
there was a trend towards increased fibrosis in TAC hearts, which was not resolved following DB
(Figure 2.3B-C). Thus, it appears that while remodelling and impaired function regress in our
model of pressure unloading, residual cardiac fibrosis remains following pressure unloading,

suggesting that reduced fibrosis is not responsible for this recovery.

Since we observed a near complete reversal of functional/structural remodelling as well as the
reversal of the transcriptional changes observed in HF following DB, we assessed whether or not
this was also the case with the significant transcriptional reprogramming of many of the proteins
that control cardiac substrate metabolism that occurs in the hypertrophied/failing heart (42). Unlike
the reversal of the hypertrophic and cardiac stress markers that occurred rapidly after DB, the
altered expression of genes encoding for proteins involved in the regulation of glucose and FA
metabolism were either unchanged (Ppara), not fully normalized (Pdk4, Glut4, Pgcla, and Mcd),

or did not normalize until 3-weeks post-DB (Mcad). These data agree with the only partial reversal
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of depressed metabolic gene expression in the failing human heart upon implantation of a LV assist
device (43), suggesting that the impairment in cardiac energetics that occurs at the transcriptional

level in HF is not fully recovered following unloading.

Since it is widely understood that a poor correlation exists between mRNA and protein expression
levels (44-46), and cardiac energy metabolism is regulated at multiple levels including many post-
translational modifications, we also measured phosphorylation of AMPK, a key regulator of
cellular metabolism. Despite not observing dramatic changes in the expression of genes encoding
for proteins involved in the regulation of glucose and FA metabolism by 3-weeks following DB,
activity of AMPK and its downstream target, ACC, were fully restored. Since activation of the
AMPK signalling pathway may not be responsible for the rapid normalization of substrate
utilization following DB, we speculate that post-translational modification of specific metabolic
enzymes via AMPK-independent mechanisms is likely involved. However, we have not measured
the activities of all enzymes involved in regulating glucose and FA oxidation and thus cannot

provide data to pinpoint the precise regulatory pathways involved.

While our data show that in response to pressure-overload the heart exhibits severely reduced
glucose oxidation, this is not consistent with the work done by Riehle et al. (47) that shows
increased glucose oxidation and glycolysis rates in hearts subjected to TAC. These discrepancies
may be accounted for by the stage of compensation and severity of HF induced in both our model
and others who have demonstrated either no change or a decrease in both glucose and FA oxidation
in hearts subjected to aortic banding (30,31). In addition, several studies have demonstrated a

switch from mitochondrial oxidative metabolism to increased rates of glycolysis in hypertrophied
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rodent hearts (7,43,48,49). Although glycolysis was not measured in the current study, we
speculate, based on the reversal of cardiac function, regression of LV hypertrophy, and
normalization of FA and glucose oxidation, that any potential changes in glycolysis in mice with
HF would similarly be restored. Despite not measuring glycolysis in the present study, we did
show that there was a striking and rapid normalization of cardiac oxidative metabolism (which is
severely impaired in the failing heart) (13) as early as 1-week post-DB. While these data are
consistent with normalized baseline cardiac substrate oxidation of dogs recovering from pacing-
induced HF (31), this is the first account that fully restored FA and glucose oxidation precedes
recovery of cardiac function in the regression of severe HF. While the precise mechanisms
responsible for this are unknown, it has been well established that increases in local ADP
concentration at the myofilaments occur as a result of depressed energy metabolism in HF (50,51).
In fact, Tian ef al. (51) have shown that a linear relationship exists between adenosine diphosphate
(ADP) and LV end-diastolic pressure (LVEDP); therefore, elevated ADP contributes to impaired
relaxation. Taken together, these data support the concept that recovered myocardial energy
reserve following HF contributes to restored diastolic function. Notwithstanding this, although it
is likely that early recovery of energy production may drive the normalization of cardiac function,
our data do not provide direct genetic or pharmacological evidence to definitively prove this
conclusion. Although previous groups have studied metabolic remodelling in both humans and
animal models of HF (43,52), our study is the first to address the temporal recovery of improved
substrate oxidation in relationship to both morphological and functional improvements. In
addition, while previous studies have assessed the recovery of HF in models exhibiting moderately
reduced cardiac function (35-37), we have shown that even in a model of severe HF, the metabolic

perturbations are reversible. However, in the current study, we examined the reversibility of
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impaired cardiac function and substrate metabolism under normal physiological conditions and
whether or not DB hearts respond to a second, delayed stress such as ischemia or pressure-overload

have yet to be determined.

2.5 Conclusion

In conclusion, this study indicates that in severe HF, removal of the elevated aortic afterload
enables complete restoration of myocardial substrate metabolism, LV hypertrophy regression, and
normalization of cardiac function. Importantly, regression of LV hypertrophy and normalization
of cardiac energy metabolism occur prior to full functional recovery. Taken together, the data
presented here show that impaired myocardial energy metabolism as a result of HF is not
permanent and, in fact, suggest that early recovery of substrate utilization along with regression of

LV hypertrophy regression may be critical determinants for functional recovery in the failing heart.
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2.6 Figures
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Figure 2.1. Removal of the Elevated Aortic Afterload Improves Systolic and Diastolic
Cardiac Function and Restores Spontaneous Physical Activity and Maximal Exercise
Capacity in Mice with Pre-existing Heart Failure. EF (A) (n = 8-9); cardiac output (B) (n = 7—
9); SV (C) (n = 7-9); mitral E/A ratio (D) (n = 5-9); mitral E/E’ ratio (E) (n = 5-9); MV DT (F)
(n = 6-9). Total 12-h rodent physical activity (divided into rearing, ambulatory, and grooming) as
measured by metabolic cages (G) (n = 4-10); VO.max during exercise (H) (n = 4-9). Results are
expressed as mean =+ standard error of the mean (SEM). Comparisons between groups were performed
using one-way ANOVA and Tukey's multiple comparisons test. *p<0.05 versus Sham; #*p<0.05
versus TAC. A = late mitral inflow; ANOVA = analysis of variance; DB, debanding; DT =
deceleration time; E = early mitral inflow; EF = ejection fraction; E’ = tissue Doppler mitral annulus
velocity; MV = mitral valve; SEM = standard error of the mean; SV = stroke volume; TAC =

transverse aortic constriction; VO>max = maximal oxygen consumption.

79



A 200 B 1 C
# * =
2 1504 4 " #* ke
£ 10 " £ B ¢
= s E 'E- P— L —_
T E 100 zE @
a4= 3= g
: b z
£ nno s
S 5
2 Sham TAT  1-week DR 3-weak DB L Bham TAC 1-weak DB F-weak DE Shigm TAG t-wisk DB 3-week DB
D & I n th o T 15 £ Sham
I TAC
B 5 . B 1-week DB
i 2 - e 2 3-week DB
& 1 124
22 .
g a9 i
28 4 .54
'3 1 4
- 1.0+
> bnp sercaa mhea
E St TAG  1-week DB I-week DB F —
Al [ o > D = = = o | -G0KDa 35 » = TAC
1 c
mToR | - - - | - 289 kDa E s Bl 1-week DB
¥ 1 41507 & fi- =]
Raptar | P p—— _| 5} ke Eg’ Bl 3-week DB
——— -1T&Da 2
4E-BP1 | 8= | Zishma 2
I § =]
56 | e e ] ﬁf—l.
i Ll
GSK3B | - - - | -48%0a :

Protein stain

Figure 2.2. Removal of the Elevated Aortic Afterload Restores Cardiac Morphology and
Normalizes Gene Expression and Molecular Signalling Events of Left Ventricular
Hypertrophy in Mice with Pre-existing Heart Failure. Corrected LV mass (A), LVPW at end-
diastole (B) and LA diameter (C) (n = 5-9). Gene expression of markers of pathological cardiac
hypertrophy/HF (Anp, Bnp, Mhcb, Mhca, and Serca2a) in ventricular tissue (D) (n= 5-7).
Representative immunoblot (E) and densitometric analysis (F) of proteins in the heart involved in
protein synthesis (Akt, mTOR, Raptor, 4E-BP1, S6, and GSK3p) (n = 5-7). Results are expressed
as mean +£ SEM. Comparisons between groups were performed using one-way ANOVA and Tukey's
multiple comparisons test. *p<0.05 versus Sham; *p<0.05 versus TAC. 4E-BP1 = eukaryotic
translation initiation factor 4E; AKT = protein kinase B; ANOVA = analysis of variance; ANP =
atrial natriuretic peptide; BNP = brain natriuretic peptide; DB = debanding; GSK3p = glycogen

synthase kinase 3-beta; LV = left ventricle; LVPW = LV posterior wall; MHC = myosin heavy
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chain; MTOR = mammalian target of rapamycin; RAPTOR = regulatory-associated protein of
mTOR; S6 = small subunit ribosomal protein S6; SEM = standard error of the mean; SERCA2a =
sarco/endoplasmic reticulum Ca?* adenosine triphosphatase-2a; TAC = transverse aortic

constriction.
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Figure 2.3. Removal of the Elevated Aortic Afterload Restores the Levels of Markers of
Adverse Cardiac Remodelling Without Reversing Cardiac Fibrosis in Mice with Pre-existing
Heart Failure. Gene expression of the marker of cardiac fibrosis (Col/lal) in ventricular tissue
(A) (n = 5-7); representative images of LV heart sections taken mid-papillary and stained with
Masson’s trichrome at x 20 magnification (B); and quantification of collagen staining in
histological images expressed as % area (C) (n = 3—4). Scale bars = 100 uM. Results are expressed
as mean £ SEM. Comparisons between groups were performed using one-way ANOVA and Tukey's
multiple comparisons test. *p<0.05 versus Sham; #p<0.05 versus TAC. ANOVA = analysis of
variance; COL1al = collagen type I alpha-1; DB = debanding; LV = left ventricle; SEM = standard

error of the mean; TAC = transverse aortic constriction.
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Figure 2.4. Removal of the Elevated Aortic Afterload Normalizes Transcript Levels of
Metabolic Enzymes and Restores Cardiac Oxidative Metabolism in Mice with Pre-existing
Heart Failure. Gene expression of proteins involved in glucose (Pdk4 and Glut4) (A) and FA
(Mcad, Pgcla, Mcd, and Ppara) uptake and metabolism (B) (n = 5-7). Glucose (C) and FA (D)
oxidation rates in hearts from ex vivo perfusions (n= 4-7). Representative images and
densitometric analysis of cardiac phosphorylated-AMPKa (Thr 172) and phosphorylated-ACC
(Ser 79) in the heart as measured by immunoblot analysis (B) (n = 5-7). Results are expressed as
mean + SEM. Comparisons between groups were performed using one-way ANOVA and Tukey's
multiple comparisons test. *p<0.05 versus Sham; “p<0.05 versus TAC. ACC = acetyl-CoA
carboxylase; AMPK = 5" adenosine monophosphate-activated protein kinase; ANOVA = analysis
of variance; DB = debanding; FA = fatty acid; GLUT = glucose transporter; MCAD = medium-
chain acyl-CoA dehydrogenase; MCD = malonyl-CoA decarboxylase; PDK = pyruvate

dehydrogenase kinase; PGC1a = peroxisomal proliferator activated receptor-g coactivator 1-alpha;
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PPARa = peroxisome proliferator activated receptor-alpha; SEM = standard error of the mean;

TAC = transverse aortic constriction.
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Table 2.1. Primers for RT-PCR Reactions.

gene Type Sequence

Anp Forward: | 5'-AGTGCGGTGTCCAACACAG-3'

Reverse: | 5'-CTTCATCGGTCTGCTCGCT-3'

Probe: 5'-FAM-TCTGATGGATTTCAAGAACCTGCTAGACCAC-TAMRA-
3 1A

Bnp Forward: | 5'-CTG CTG GAG CTG ATA AGA GA-3'
Reverse: | 5'-TGC CCA AAG CAG CTT GAG AT-3'
Probe: 5'-FAM-CTC AAG GCA GCA CCC TCC GGG-TAMRA-3'

Mhcbh Forward: | 5'-TCCTCCCTCAAGCTCCTAAGTAA-3'
Reverse: | 5'-TTTGCCTTTGCCCTTGTCTA-3'
Probe: 5'-FAM-CATCAGCICCAGCATAGTTGGCAAACA-TAMRA-3'

Mhca Forward: | 5'-GCTTCTGCTGATACCGGTGA-3’
Reverse: | 5'-GTTCAGATTTTCCCGGTGGA-3'
Probe: 5'- FAM-AGCAGACACTGTTTGGAAGGATGAGCCT-TAMRA-3’

Serca2a | Forward: | 5'-AAATCTCCTTGCCTGTGATCC-3’
Reverse: | 5'-TGCTAACAACGCACATGCAC-3'
Probe: 5'- FAM-ACTACCTGGAACAACCCGCAATACTGGA-TAMRA-3’

Glut4 Forward: | 5'-CCCCCGATACCTCTACATCATC-3’
Reverse: | 5'-GCATCAGACACATCAGCCCAG-3'
Probe: 5'-FAM-CTGCCCGAAAGAGTCTAAAGCGCCT-TAMRA-3’

Pdk4 Forward: | 5'-TTCACACCTTCACCACATGC-3'
Reverse: | 5'-AAAGGGCGGTTTTCTTGATG-3'
Probe: 5'-FAM-CGTGGCCCTCATGGCATTCTTG-TAMRA-3'

Ppara | Forward: | 5'-ACTACGGAGTTCACGCATGTG-3'
Reverse: | 5'-TTGTCGTACACCAGCTTCAGC-3'
Probe: 5'-FAM-AGGCTGTAAGGGCTTCTTTCGGCG-TAMRA-3'

Mcd Forward: | 5'-CGGCACCTTCCTCATAAAGC-3'
Reverse: | 5'-GGGTATAGGTGACAGGCTGGA-3’
Probe 5'-FAM-AGTGGTCAAGGAGCTGCAGAAGGAGTTT-TAMRA-3’

Mcad Forward: | 5'-TGGCATATGGGTGTACAGGG-3'
Reverse: | 5'-CCAAATACTTCTTCTTCTGTTGATCA-3’
Probe: 5'-FAM-AGGCATTTGCCCCAAAGAATTTGCTTC-TAMRA-3'

Pgcla | Forward: | 5’-AGAAGCGGGAGTCTGAAAGG-3’
Reverse: | 5’-CAGTTCTGTCCGCGTTGTG-3’
Probe: 5'- FAM-AGAAAGCAATTGAAGAGCGCCGTGTG-TAMRA-3’
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Collal

Forward:
Reverse:
Probe:

5’- CTTCACCTACAGCACCCTTGTG-3’
5’-TGACTGTCTTGCCCCAAGTTC-3’
5’-FAM-CTGCACGAGTCACACC-TAMRA-3'
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Table 2.2. Cardiac Morphology and Function in TAC and DB Mice.

Sham TAC 1-week DB 3-week DB
HR, bpm 393.77 + 19.78 46430 =+ 26.47 381.15 =+ 14.86 # 388.30 + 10.50 #
Morphology
Corr. LV mass, mg 98.58 + 5.11 14942 =+ 4.39 * 11463 £+ 565 # 12245 £+ 5.10 *#
IVS-diastole, mm 0.77 += 0.02 098 £+ 0.02 * 079 + 0.02 # 0.82 + 0.03
IVS-systole, mm 1.05 + 0.04 1.12 + 0.03 * 099 + 004 # 1.04 £+ 0.03
LVPW-diastole, mm 0.76 + 0.02 098 £+ 0.02 * 079 + 0.02 # 0.82 + 0.03
LVPW-systole, mm 1.06 + 0.04 1.12 + 0.03 1.00 + 0.04 1.04 £+ 0.03
LVID-diastole, mm 425 + 0.11 449 = 0.09 453 £ 0.07 460 + 0.11
LVID-systole, mm 299 + 0.13 394 + 0.11 * 376 = 0.10 * 3.55 + 0.15
LA diameter, mm 1.93 + 0.08 2.87 += 0.08 * 233 £ 0.10 # 216 = 0.12 #
Systolic function
EF, % 5233 + 4.19 2173 = 222 * 3541 + 341 * # 4426 + 322
FS, % 29.12 = 1.79 1040 =+ 1.10 * 1712 £ 1.92 * 22.06 + 1.83 #
LVEDV, ul 81.49 =+ 5.26 94.03 + 4.86 9423 + 3.54 97.71 + 588
LVESV, ul 3571 = 3.96 7048 + 4.19 * 61.08 + 3.86 * 53.75 £ 5.96
CO, mL/min 20.01 = 1.38 1039 += 1.14 * 14.09 =+ 2.04 1784 + 147 #
SV, ul 46.92 + 2.59 2230 + 225 * 3434 + 2.88 * # 4381 + 324 #
Diastolic function
Mitral E/A ratio 219 + 0.24 7.17 £ 1.20 * 427 £ 1.18 212 = 030 #
Mitral E velocity, mm/s  652.62 + 35.63 824.02 + 55.79 598.76 =+ 64.72 # 625.84 + 3641 #
Mitral A velocity, mm/s 324.60 + 36.10 136.35 + 26.65 23273 + 77.39 313.17 + 30.29
E/E’ 28.58 + 246 78.64 + 7.89 * 3501 + 5.11 # 37.01 + 224
DT, ms 21.74 + 1.29 1575 += 1.05 * 18.04 =+ 1.50 2177 + 124 #
IVRT, ms 18.44 + 1.36 1442 =+ 0.82 20.26 =+ 1.01 # 19.17 + 1.16
IVCT, ms 1724 + 1.34 1798 + 3.51 16.12 + 1.69 1464 + 1.21
ET, ms 4946 + 2722 4363 + 6.73 4510 + 1.87 4874 + 2.05

n = 7-9 shams; n =4-10 TAC; n = 7-9 1-week DB; n = 7-9 3-week DB. Results are expressed as
mean + SEM. Comparisons between groups were performed using one-way ANOVA and Tukey's
multiple comparisons test. *p<0.05 versus Sham; *p<0.05 versus TAC. A = late mitral inflow;
ANOVA = analysis of variance; CO = cardiac output; DB = debanding; DT = deceleration time;

E = early mitral inflow; EF = ejection fraction; ET = ejection time; E’ = tissue Doppler mitral
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annulus velocity; FS = fractional shortening; HR = heart rate; IVCT = isovolumic contraction time;
IVRT = isovolumic relaxation time; IVS = interventricular septum; LA = left atrial; LV = left
ventricle; LVEDV = LV end-diastolic volume; LVESV = LV end-systolic volume; LVID = LV
internal diameter; LVPW = LV posterior wall; MV = mitral valve; SEM = standard error of the

mean; SV = stroke volume; TAC = transverse aortic constriction.
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Table 2.3. Physical Characteristics and Ex Vivo Function in TAC and DB Mice.

Sham TAC 1-week DB 3-week DB
Body weight, g 27.10 £ 0.85 23.64 + 0.47 24.61 + 0.57 25.65 0.69
Wet lung weight, mg 147.03 + 4385 317.50 + 58.47 * 21797 =+ 9.33 173.48 + 8.48
Dry heart weight, mg 3791 + 1.20 5591 + 506 * 3762 + 197 # 39.72 + 261 #
Atria weight, mg 285 += 0.21 694 + 132 * 430 + 045 2.64 £ 0.21
Ex vivo function
HR, bpm 26340 =+ 11.80 21671 + 11.80 268.92 =+ 12.00 27036 =+ 2841
PSP 69.10 = 091 59.00 + 2.02 * 68.04 + 153 *# 7124 £ 166 * #
HR x PSP (x 10-3) 1822 £+ 0.90 1281 + 085 * 1826 + 070 *# 19.18 + 181 * #
DP 19.07 = 0.50 11.57 + 082 * 1444 + 0.83 1992 + 1.72
HR x DP (x 10-3) 501 += 0.24 252 + 0.23 3.89 £+ 031 529 + 047
CO, ml/min 7.77 + 0.70 458 £ 0.96 742 £ 0.77 949 + 1.40
Aortic Flow, ml/min 542 + 0.81 242 + 0.86 501 = 0.75 726 + 1.15
Coronary Flow, ml/min 235 £ 0.20 216 + 0.20 242 £ 0.05 223 £ 031
Cardiac work, mI*mmHg/min 537 £ 047 273 £ 0.66 510 £ 0.60 879 +£ 117 * #

n = 5-9 shams; n = 5-7 TAC; n = 5-6 1-week DB; n = 4-5 3-week DB. Results are expressed as
mean + SEM. Comparisons between groups were performed using one-way ANOVA and Tukey's
multiple comparisons test. *p<0.05 versus Sham; *p<0.05 versus TAC. ANOVA = analysis of
variance; CO = cardiac output; DB = debanding; DP = developed pressure; HR = heart rate; PSP

= peak systolic pressure; SEM = standard error of the mean; TAC = transverse aortic constriction.
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3.1 Introduction

Recent findings from the EMPA-REG OUTCOME trial demonstrated that the SGLT2 inhibitor
empagliflozin markedly reduced CV death and HF hospitalization in subjects with type 2
diabetes (1). Despite the profound and precocious efficacy, the physiological and biomolecular
mechanisms responsible for this ~40% reduction in CV mortality and HF are not known.
Interestingly, intrinsic changes to the cardiac tissue itself have largely been ruled out because
SGLT?2 receptors are not known to be present in the heart (2). Based in part on this fact, the
prevailing theories explaining how empagliflozin may exert its beneficial effects in HF involve
either improved hemodynamics through osmotic  diuresis and natriuresis or by promoting
enhanced ketone oxidation by the heart through increased ketone concentrations in the blood (3).
However, these theories have not been fully investigated. In addition, because empagliflozin is
used to treat diabetes, it is not known whether the drug is capable of eliciting equally beneficial

effects on HF outcomes in nondiabetic patients.

3.2 Methods

3.2.1 Experimental animals

All protocols involving mice were approved by the University of Alberta Institutional Animal Care

and Use Committee and conform to the Guide for the Care and Use of Laboratory Animals

published by the U.S. National Institutes of Health (8th edition, revised 2011). The University of
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Alberta adheres to the principles for biomedical research involving animals developed by the
Council for International Organizations of Medical Sciences and complies with the Canadian
Council on Animal Care guidelines. Eight-week old male C57Bl/6 mice underwent TAC surgery
to induce pressure overload. At 2 to 3 weeks post-surgery, most of the mice transitioned into
HFrEF. Mice considered to be in HF (EF <45%) were randomly assigned to receive either vehicle
(0.5% hydroxyethyl cellulose [Natrosol]) (Sigma-Aldrich, Ontario, Canada)
or empagliflozin (MedChemExpress, Princeton, New Jersey) (10 mg/kg/day) for 2 weeks by oral

gavage.

3.2.2 TAC surgery®

TAC surgery was performed as previously described (4,5). Briefly, male eight-week old mice were
anesthetized by intraperitoneal injection of a cocktail of ketamine (100 mg/kg) and xylazine (10
mg/kg), intubated, and connected to a mouse ventilator (MiniVent; Harvard Apparatus, Holliston,
Massachusetts). Following midline sternotomy, a double-blunted 27-gauge needle was tied
encircling the aorta between the innominate and left common carotid arteries using a 6/0 silk

suture. The needle was then removed, and chest and skin were sutured and closed.

3.2.3 Echocardiography

Mice were anesthetized with 1.0% to 1.5% isoflurane with 1 to 1.5 I/min 100% oxygen, and

in vivo cardiac function was assessed by transthoracic echocardiography using a Vevo 3100 high-

b See Appendix B for additional information regarding TAC surgery.
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resolution imaging system equipped with a 30-MHz transducer (model RMV-707B, VisualSonics,
Toronto, Ontario, Canada), as previously described (4,5). Pressure overload was confirmed in all
mice at 2 weeks after TAC by measuring trans-stenotic gradient by pulsed-wave Doppler flow.
Full systolic and diastolic parameters were measured prior to and following 2-week oral gavage of

vehicle or empagliflozin.

3.2.4 Histology

Masson’s trichrome and hematoxylin-eosin stains of paraffin-embedded left ventricular heart

sections taken mid-papillary were visualized using microscopy (DMLA microscope, Leica

Microsystems, Wetzlar, Germany; equipped with a Retiga 13001 FAST 1394 charge-coupled

device camera, Olmaging, Surrey, British Columbia, Canada), as described previously (6). Three

representative images were taken of each sample.

3.2.5 Ex vivo heart perfusions

Hearts were perfused in the working heart mode at 11.5 mm Hg preload and 50 mm Hg afterload

with Krebs-Henseleit buffer containing 0.8 mmol/l oleate prebound to 3% delipidated BSA,

5 mmol/l glucose, and 50 pU/ml insulin, as described previously (4,7).

3.2.6 Statistical analysis
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Results are expressed as mean + SEM. Statistical analyses were performed using Prism software
(GraphPad Corp., La Jolla, California). Comparisons between groups were performed
by Wilcoxon signed-rank test, Mann-Whitney U test, or repeated measures two-way ANOVA,
followed by Sidak multiple comparisons test where appropriate. Wilcoxon signed rank test was
used to evaluate pre- versus post-gavage data (Figure 3.1). A p value of <0.05 was considered

significant.

3.3 Results

3.3.1 Empagliflozin treatment prevents worsening of cardiac function in mice with heart failure

In order to help address the effects of empagliflozin in HF in the absence of diabetes, we subjected
healthy C57B1/6 mice to TAC surgery to induce HF as described previously (7). Following TAC
surgery, mice were subjected to pulsed wave Doppler M-mode echocardiography. Mice
demonstrating an EF of <45% were subsequently randomized and treated with either vehicle (0.5%
hydroxyethyl cellulose) or empagliflozin (10 mg/kg) by daily oral gavage for a period of 2 weeks
(Figure 3.1A). As expected, empagliflozin significantly increased glucose concentrations in the
urine during the treatment period (Figure 3.1B). In addition, whereas vehicle-treated mice HF
continued to display a significant drop in EF over the 2-week treatment period (Figure 3.1C,E,F),
empagliflozin-treated mice maintained stable cardiac function (Figure 3.1D-F). In order to
account for dependent data, a repeated measures two-way ANOVA was used to show that a

statistically significant interaction existed between the effect of time and treatment on EF
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(p=0.011). There were no statistically significant differences in treatment (p=0.230), but there were
statistically significant differences between baseline and post-gavage times (p=0.033).
Interestingly, empagliflozin prevented the time-dependent decline in systolic function without
significantly affecting body weight (23.79 + 0.45 g vs. 2441 + 0.54 g for vehicle and
empagliflozin-treated mice with HF, respectively), or without changing measurements of corrected
LV mass (Figure 3.2A) or wet ventricle weight normalized to tibia length (VW/TL) (Figure
3.2B). Furthermore, other indices of structural remodeling, such as LV end-diastolic
volume (LVEDV) (Figure 3.2C), LVID at end-diastole (Figure 3.2D), LVPW at end-diastole

(Figure 3.2E), and LA diameter (Figure 3.2F), were also similar between groups.

3.3.2 Cardiac structural remodeling, diastolic function, cardiac fibrosis, and macrophage

infiltration showed no differences in mice with HF treated with empagliflozin

In addition to development of cardiac hypertrophy, we also measured indices of diastolic
function such as LV filling pressure (E/E’ ratio) (Figure 3.3A) and the mitral E/A ratio (Figure
3.3B), which were also not significantly changed between groups. Furthermore, because excessive
myocardial fibrosisis a major result of pressure overload-induced HF (8,9), we used
Masson trichrome staining to investigate whether treatment with empagliflozin reduced cardiac
collagen content. Consistent with our observation that empagliflozin did not reduce myocardial
stiffness, there was no obvious reduction in cardiac fibrosis compared to vehicle-treated mice with
HF (Figure 3.3C). Furthermore, we also investigated the presence of macrophage infiltration in
hearts from vehicle- and empagliflozin-treated mice with HF to assess the effect of empagliflozin

on the inflammatory response to pressure overload. Interestingly, there was no obvious presence
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of macrophage infiltration in either group (Figure 3.3D), suggesting that the inflammatory
response to pressure overload had likely resolved prior to when the mice were euthanized, and

hearts used for histology.

3.3.3 Improved in vivo cardiac function in empagliflozin-treated mice with heart failure is

preserved ex vivo

To ascertain whether or not the protective effects observed in the empagliflozin-treated mice with
HF were related to extrinsic factors that controlled cardiac function (such as hemodynamics or
ketone oxidation), we subjected vehicle- and empagliflozin-treated mice to ex vivo functional
assessment using an isolated perfused working heart system (4,7). In the presence of matching pre-
load and after-load pressures, identical concentrations of insulin, fatty acids, and glucose, as well
as in the absence of ketones (4,7), ex vivo perfused hearts still demonstrated significantly improved
ex vivo cardiac output (Figure 3.4A) and cardiac work (Figure 3.4B) without any differences
in HR (Figure 3.4C). This ability of empagliflozin to provide a sustained benefit in isolated
hearts suggests that the empagliflozin-mediated prevention of worsening cardiac function in mice
with HF may be due to an intrinsic and sustained cardiac effect and is not based on potential
hemodynamic changes or a potentially confounding blood-based environmental milieu associated

with HF and other factors related to empagliflozin treatment.

3.4 Discussion
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Together, our data show for the first time that empagliflozin treatment of nondiabetic mice with
HFrEF blunts the progressive decline in cardiac function both in vivo and ex vivo. Interestingly,
although SGLT1 mRNA is abundantly expressed in the human heart as well as in other tissues,
SGLT2, the selective target of empagliflozin, has been identified in skeletal muscle and kidney
but not in heart (10,11). Thus, our findings introduce a completely novel concept that
empagliflozin can directly influence cardiac function despite no definitive evidence of molecular

targets in cardiac tissue.

Based on the results of EMPA-REG OUTCOMES and other studies that have primarily shown a
lower incidence of hospitalization for HF and death in patients with type 2 diabetes treated with
empagliflozin (1) and other SGLT2 inhibitors (12-14) several theories have been put forward to
explain the beneficial effects of SGLT2 inhibition. Theories include natriuresis/diuresis, improved
myocardial energetics through increases in ketone oxidation (15,16), and more recently, through a
direct effect that inhibits the NHEI in cardiomyocytes (17). Interestingly, numerous studies
propose that empagliflozin may reduce cardiometabolic risk in diabetic patients by significantly
reducing body weight and adiposity (18,19); however, no changes in body weight were found in
our study. Although it has also been suggested that the glucose-lowering effects of empagliflozin
may reduce the cardiac effects of glucotoxicity (20,21), our data suggest that empagliflozin has
cardioprotective benefits even in the absence of elevated blood glucose. Furthermore, despite
previous findings that empagliflozin mildly reduces cardiac hypertrophy, improves diastolic
function, and reduces collagen deposition in female mice with diabetes and obesity (22), these
improvements were not apparent in our study using a mouse model of HF without impaired glucose

handling.
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3.4.1 Study limitations

Although it was not measured in the current study, the effect of empagliflozin on the abnormal
ventricular electrophysiological profile exists in cardiac hypertrophy and failure (23-25) may offer
insight into the mechanism of action and would therefore be an area to explore in future studies.
Furthermore, although we observed increased cardiac function both in vivo and ex vivo, another
limitation of our study is that we do not know whether empagliflozin improves cardiomyocyte

contractility, which could provide additional insight into potential mechanism of action.

3.5 Conclusion

Although there are no data for biomarkers in patients with HF treated with SGLT2 inhibitors,
preliminary data suggest that SGLT2 inhibition can reduce ANP and BNP peptide in zebrafish
models of HF (26) and improve measurements of diastolic function in humans with diabetes and
clinical CVD (27). Based on these results, clinical trials have been initiated to investigate the role
of SGLT2 inhibitors in the treatment of patients with established HF where diabetes is not an
inclusion criterion per se [i.e. EMPEROR-Reduced (Empagliflozin Outcome Trial in Patients With
Chronic HF With Reduced Ejection Fraction; NCT03057977), EMPEROR-Preserved
(EMPagliflozin outcomE tRial in Patients with chrOnic heaRt Failure With Preserved Ejection
Fraction; NCT03057951), and Dapa-HF (Study to Evaluate the Effect of Dapagliflozin on the

Incidence of Worsening Heart Failure or Cardiovascular Death in Patients with Chronic Heart
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Failure; NCT03036124)]. However, the scientific community has been waiting for translational
and mechanistic studies to elucidate if this strategy is associated with a change in LV mass,
remodeling, and cardiac function. Although human cardiac magnetic resonance studies are also
currently underway [EMPA-HEART (Effects of Empagliflozin on Cardiac Structure in Patients
with Type 2 Diabetes; NCT02998970)], these studies also are being carried out in subjects with
diabetes and previous MI. Therefore, the novelty of our work underscores a potential application

of this therapy in established HF without diabetes.
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3.6 Figures
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Figure 3.1. Empagliflozin Treatment Prevents Worsening of Cardiac Function in Mice with
Heart Failure. Experimental design of empa treatment in mice in which HF was induced using
TAC (A). Urine glucose levels are shown for vehicle-treated and Empa-treated HF mice (B) (n =
3). EF of vehicle-treated (C) and Empa-treated (D) mice with HF and expressed as change from
baseline (E) and pre- and post- gavage (F) based on echocardiographic assessment (n = 10-13).
Results are expressed as mean + SEM. Comparisons between groups were performed using
Wilcoxon signed rank test for pre- versus post-gavage data (C, D), Mann-Whitney U test (E) and

repeated measures two-way ANOVA followed by Sidak multiple comparisons tests (F). **p<0.01
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versus baseline. ANOVA = analysis of variance; ECHO = echocardiography; EF = ejection
fraction; EMPA = empagliflozin; HF = heart failure; SEM = standard error of the mean; TAC =

transverse aortic constriction.
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Figure 3.2. Cardiac Structural Remodeling Showed No Differences in Mice with Heart

Failure Treated with Empagliflozin. Hearts from vehicle- and empa-treated mice with HF

displayed no significant changes in corrected LV mass (A), wet VW-to-TL ratio (B), LV end-

diastolic volume (C), LVID at end-diastole (D), LVPW at end-diastole (E), and LA

diameter (F) (n = 6-10). Results are expressed as mean + SEM. Comparisons between groups were

performed using Mann-Whitney U test. ECHO = echocardiography; EF = ejection fraction;

EMPA = empagliflozin; HF = heart failure; LA = left atrial; LV = left ventricular; LVEDV =LV

end-diastolic volume; LVID =LV internal diameter; LVPW =LV posterior wall; SEM = standard

error of the mean; VW/TL = ventricle weight normalized to tibia length.
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Figure 3.3. Diastolic Function, Cardiac Fibrosis, and Macrophage Infiltration Showed No
Differences in Mice with Heart Failure Treated with Empagliflozin. Hearts from vehicle- and
Empa-treated mice with HF displayed no significant changes in indices of diastolic function such
as the left ventricular filling ratio E/E’ (A) and mitral E/A ratio (B) (n = 6-10). Representative
images of left ventricular heart sections taken mid-papillary and stained with Masson’s trichrome
at x 20 magnification (C) and hematoxylin-eosin stain (D) (n = 5-7). Scale bars = 100 uM. Results

are expressed as mean = SEM. Comparisons between groups were performed using Mann-Whitney
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U test. A = late mitral inflow; E = early mitral inflow; EMPA = empagliflozin; E’ = tissue Doppler

mitral annulus velocity; HF = heart failure; SEM = standard error of the mean.
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Figure 3.4. Improved In Vivo Cardiac Function in Empagliflozin-Treated Mice with Heart
Failure Is Preserved Ex Vivo. Hearts from vehicle- and empa-treated mice with HF were
perfused ex vivo to measure cardiac function. CO (A), cardiac work (B), and HR (C) were
measured using ex vivo perfused working hearts (n = 9—10). Results are expressed as mean £ SEM.
CO = Cardiac output; EMPA = empagliflozin; HF = heart failure; HR = heart rate; SEM = standard

error of the mean.
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4.1 Introduction

Recently, the new class of oral anti-hyperglycemic agents, SGLT?2 inhibitors, was associated with
marked reductions in CV death and HF hospitalization in subjects with type 2 diabetes (1,2). Since
the CV outcomes seen upon treatment with empagliflozin in the EMPA-REG OUTCOME trial
appear to be irrespective of glycemic control (3), it stands to reason that empagliflozin may exert
cardiac benefit in the ~60% of patients with HF that do not have diabetes as a comorbidity (4,5).
In support of this, we have recently shown that empagliflozin treatment can also blunt the decline
in cardiac function in non-diabetic mice with established HFrEF (6) demonstrating that treating
diabetes may not be a pre-requisite for empagliflozin improving HF outcomes. In addition, the
mechanism(s) responsible for these beneficial cardiac effects in the setting of diabetes as well as
independent of diabetes remains unknown. For instance, although it has been proposed that
empagliflozin elevates circulating ketones and that enhanced ketone oxidation in the heart can
improve function (7), this notion has been challenged, at least conceptually (8). Furthermore, while
the benefits of empagliflozin observed in HFrEF are profound (6), it is unknown if empagliflozin
can also be used to help treat patients with HFpEF in the absence of diabetes. Moreover, the
mechanism(s) responsible for the beneficial effects of empagliflozin observed in both sub-types of

HF remains unknown.

Although it was originally thought that inflammation was a secondary symptom of HF
pathogenesis, it has more recently become accepted that cytokine signaling may play a mechanistic
role in the development and progression of cardiac dysfunction (9). However, the role of the

inflammation in HF is far from understood. Of importance, several studies have demonstrated that
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SGLT2 inhibition reduces inflammation in the liver and kidney (10-12). In addition, empagliflozin
has been shown to modulate activation of the NLRP3 inflammasome in the kidney (13). Moreover,
another SGLT?2 inhibitor (dapagliflozin) was found to attenuate cardiac inflammation associated
with activation of the NLRP3 inflammasome and reduce cardiac dysfunction in obese mice with
diabetes. Although these are important findings, what is still lacking is a clear explanation about
how empagliflozin works in HF in the absence of diet-induced obesity and/or diabetes. As a result
of this, we investigated the effects of empagliflozin on the NLRP3 inflammasome in the heart in
rodent models of HF in the absence of diabetes, in order to ascertain if mediating NLRP3 activation
is a potential mechanism contributing to the cardiac benefit of empagliflozin use in HF.
Furthermore, in order to provide a more fulsome understanding of the ability of empagliflozin to
treat HF in the absence of diabetes, we also investigated the effects of empagliflozin in a rat
model of HFpEF, in the absence of obesity and/or diabetes as well as the involvement of the

NLRP3 inflammasome in this model.

4.2 Methods

4.2.1 Experimental animals

All protocols involving rodents were approved by the University of Alberta Institutional Animal

Care and Use Committee and conform to the Guide for the Care and Use of Laboratory Animals

published by the United States National Institutes of Health (eighth edition; revised 2011). The

University of Alberta adheres to the principles for biomedical research involving animals
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developed by the Council for International Organizations of Medical Sciences and complies with

the Canadian Council on Animal Care guidelines.

Eight-week old male C57Bl/6 mice underwent TAC surgery to induce pressure overload. At 2 to
3 weeks post-surgery, the majority of the mice presented with established HF, evident by an EF of
<45% (as assessed using echocardiography). Mice considered to be in HF were randomly assigned
to receive either vehicle (0.5% hydroxyethyl cellulose [Natrosol]) (Sigma-Aldrich, Ontario,
Canada) or empagliflozin (MedChemExpress, Princeton, New Jersey) (10 mg/kg/day) for 2 weeks
by oral gavage. Body weight was measured before and after 2-week oral gavage. Following the
treatment period, 24-hour food and water consumption were monitored, and body composition

was assessed by EchoMRI (Echo Medical System, Houston, Texas).

As a separate cohort, 8 weeks old male Dahl salt-sensitive rats were fed a diet with either low salt
(0.3% NaCl) or high salt (8% NaCl) to induce clinical signs of HFpEF, including diastolic cardiac
dysfunction and pathophysiological cardiac remodeling. After 6 weeks of high salt feeding, the
HFpEF group was randomly assigned to receive either vehicle (0.5% Natrosol) or empagliflozin

(10 mg/kg/day) for 2 weeks via oral gavage in the presence of continuous high salt diet feeding.

4.2.2 TAC surgery®

TAC surgery was performed as previously described (6,14). Briefly, male eight-week old mice

were anesthetized by intraperitoneal injection of a cocktail of ketamine (100 mg/kg) and xylazine

b See Appendix B for additional information regarding TAC surgery.
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(10 mg/kg), intubated, and connected to a mouse ventilator (MiniVent; Harvard Apparatus,
Holliston, Massachusetts). Following midline sternotomy, a double-blunted 27-gauge needle was
tied encircling the aorta between the innominate and left common carotid arteries using a 6/0 silk

suture. The needle was then removed, and chest and skin were sutured and closed.

4.2.3 Echocardiography

Rodents were anaesthetized with 1.0-1.5% isoflurane with 1-1.5L/min 100% oxygen and in
vivo cardiac function was assessed by transthoracic echocardiography using a Vevo 3100 high-
resolution imaging system equipped with a 30-MHz transducer (RMV-707B; VisualSonics,
Toronto, Canada) for mice and using a Vevo 2100 high-resolution imaging system equipped with
a 21-MHz transducer (MS250; VisualSonics, Toronto, Canada) for rats, as previously described
(15). Pressure overload was confirmed in all TAC mice by measuring trans-stenotic gradient by
pulsed-wave Doppler flow. Full systolic and diastolic parameters were measured prior to and

following 2-week oral gavage.

4.2.4 Blood glucose and ketone levels

Following 2-week oral gavage of vehicle or empagliflozin, rodents were fed or fasted for 16 hours

and a drop of blood from tail vein was analyzed for glucose and ketone levels using Accu-Check

Aviva glucose meter (Roche Diabetes Care Inc., Mannheim, Germany) and Freestyle Precision

Neo blood ketone meter (Abbott Diabetes Care Ltd., Mississauga, ON, Canada), respectively.
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4.2.5 Metabolic analysis in vivo

Indirect calorimetry was performed using the Comprehensive Laboratory Animal Monitoring
System (Oxymax/CLAMS; Columbus Instruments, Columbus, OH) as previously described
(16,17). Following a 24-h acclimatization period, mice were monitored for a full 12:12-h dark
(active)-light (inactive) cycle. The respiratory exchange ratio [RER; carbon dioxide production

(VCO,)/VO,] was used to estimate the percent contribution of fat and carbohydrates to whole body

energy metabolism in mice in vivo. Lipid and glucose oxidation rates (ml-kg-1-h-1) were calculated
based on validated equations (18):
Glucose oxidation = 4.55VCO, — 3.21V0O, — 2.87N

Lipid oxidation = 1.67(VO, — VCO,) — 1.92N

4.2.6 Flame photometry

24-urinary samples were collected from mice using metabolic cages, snap frozen in liquid nitrogen
and stored in -80°C until further processing. Samples were then thawed at room temperature and
diluted to 1:200 or 1:800 for sodium and potassium ion (Na" and K*, respectively) detection,
respectively. The flame photometer (Jenway PFP7/C) was with either standard (Bibby Scientific,
Stone Engineering) and color value recorded at a flame emission wavelength of 589 nm or 766 nm

for Na* and K, respectively.

4.2.7 Ex vivo heart perfusions
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Following 2-weeks oral gavage with vehicle or empagliflozin, TAC mice were sacrificed and
hearts with excised and blood collected for plasma isolation. The hearts were perfused in working
heart mode for 60 min at 11.5 mm Hg preload and 50 mm Hg afterload with Krebs-Henseleit
solution containing 0.8 mmol/l oleate (prebound to 3% delipidated BSA), 5 mmol/l glucose, and
50 pU/ml insulin, as described previously (14,19) or with the addition of 0.5 mmol/l BOHB. At

the end of the perfusion protocol, the left ventricles were snap-frozen with liquid nitrogen and
stored at 80 C. Oleate, BOHB and glucose were labeled using [9,10-*H]oleate, [3-14C]BOHB and

[5-3H/ U-14C]glucose for the metabolic determination of FA oxidation, ketone oxidation,

glycolysis and glucose oxidation rates, respectively.

4.2.8 Langendorff heart perfusions

Hearts were isolated from 12-13-week old male C57Bl/6 mice and perfused in the Langendorff
mode (20-22). Briefly, mouse hearts were perfused in the retrograde mode at a constant flow-rate
for 40 min of baseline (stabilization) and then subjected to 30 min of global no flow ischemia
followed by 40 min of reperfusion. Hearts were perfused with either vehicle (dimethyl sulfoxide;
DMSO) or empagliflozin (1 uM); the concentrations utilized in the current study were based on
previously published data from cell culture experiments, which demonstrate effects in isolated
ventricular myocytes at similar concentrations (23). In all experiments, chemicals were added 20
min before ischemia and were present in the heart throughout the reperfusion period. After 40 min
of reperfusion, hearts were immediately frozen and stored below —80°C.

4.2.9 Histology
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Heart tissues were fixed in 10% neutral buffered formalin overnight and embedded in paraffin
blocks after serial dehydration with ascending grades of ethanol. Heart paraffin blocks were
sectioned at Sum on a Leica RM2125 RTS microtome. The sections were de-paraffinized and re-
hydrated with descending grades of ethanol, and antigens were retrieved with citrate buffer (pH
6.0). The sections were permeabilized with 0.3% Triton X-100 in TBS and blocked with blocking
solution [2% BSA and 5% goat serum in phosphate buffered saline (PBS)]. The sections were
incubated overnight at 4°C with IL-18 (D046-3, MBL), F4/80 (ab6640, Abcam) at 1:200
concentration, then incubated with Alexa secondary antibodies (Invitrogen) at 1:1000. Sections
were then mounted with coverslip on 1:1 mixture of Vectashield Mounting medium with 4',6-
diamidino-2-phenylindole (DAPI) (VectorLabs) and ProLong Gold (Life Technologies). The

images were captured using 20X objective with confocal microscope (LSM700, Zeiss).

4.2.10 Cell culture and treatments

Human cardiomyocyte RL-14 cells (American Type Cell Culture Patent Deposit Deposit
Designation No. PTA-1499, Manassas, VA), were maintained in DMEM/F-12, with phenol red

supplemented with 12.5% fetal BSA, 20 M I-glutamine, 100 IU/ml penicillin G and 100 g/ml
streptomycin. Cells were grown in 75 cm? tis- sue culture flasks at 37 ° C under a 5% CO,

humidified environment (24). The cells were seeded in 12- and 6-well cell culture plates in
F12/DMEM culture media for RNA and protein assays, respectively. In all experiments, the cells
were washed with PBS and then treated for the indicated time intervals in serum-free media with
test compounds as indicated. The effect of LPS (25 pg/ml) and empagliflozin (1 pM) on RL-14

cell viability was determined by measuring the capacity of reducing enzymes to convert 3-[4,5-
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dimethylthiazol-2-yl]-2,5-diphenyltetrazoliumbromide (MTT) to colored formazan crystals as
described previously (25,26). Intracellular Ca** concentration was determined after 120 minutes
incubation using the Fluo-8 Calcium Flux Assay Kit (Abcam), according to the manufacturer’s

instructions. Twenty-four hours after incubation with 25 pg/ml LPS in the presence and absence

of empagliflozin (1 pM) and/or Ca** ionophore (A23187; 10 uM), approximately 1.5 x 10° cells
per six-well culture plate were collected in 100 1 lysis buffer (50mM HEPES, 0.5M sodium
chloride, 1.5mM magnesium chloride, ] mM EDTA, 10% glycerol (v/v), 1% Triton X-100, and 5
I/ml of protease inhibitor cocktail). Total cellular proteins were obtained by incubating the cell

lysates on ice for 1 h, with intermittent vortex mixing every 10 min, followed by centrifugation at

12,000 x g for 10min at 4°C. To determine the effect of LPS (25 pg/ml) and empagliflozin (1-10
uM) on activation of inflammation in macrophages, we used a commercially available reporter
macrophage cell line (RAW-Blue cells; InvivoGen, San Diego, CA). Cells were derived from
murine RAW 264.7 macrophages with chromosomal integration of a secreted embryonic alkaline

phosphatase reporter construct, induced by NFkB and activator protein 1 transcriptional activation.

4.2.11 Quantitative RT-PCR

Total RNA from frozen tissues or treated cells was isolated using TRIzol reagent (Invitrogen®)
according to the manufacturer’s instructions and quantified by measuring the absorbance at 260
nm. RNA purity was determined by measuring the 260/280 ratio (>1.8). Thereafter, first strand
cDNA synthesis was performed using 5X All-In-One RT MasterMix, according to the
manufacturer’s instructions (Applied biological, abm) (27). Briefly, 1.5 pg of total RNA from

each sample was added to a mixture of 2.0 pl of 10 X reverse transcriptase buffer, 0.8 1 of 25 x
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dNTP mix (100 mM), 2.0 ul of 10 x reverse transcriptase random primers, 1.0 pl of MultiScribe
reverse transcriptase, and 4.2 pl of nuclease-free water. The final reaction mixture was kept at
25°C for 10 min, heated to 37°C for 120 min, heated for 85°C for 5 min, and finally cooled to 4°C.
Quantitative analysis of specific mRNA expression was performed by RT-PCR by subjecting the
resulting 1.5 pg cDNA to PCR amplification using 96-well optical reaction plates in the ABI Prism
7500 System (Applied Biosystems) (25). The 25 pl reaction mixture contained 0.1 pl of 10 uM
forward primer and 0.1 pl of 10 uM reverse primer (40 nM final concentration of each primer),
12.5 pl of SYBR Green Universal Master mix, 11.05 pl of nuclease-free water, and 1.25 pl of
cDNA sample. Mouse, rat and human primers sequences and probes are illustrated in Table 4.1.
These primers were purchased from Integrated DNA technologies (IDT, Coralville, IA). The RT-
PCR data was analyzed using the relative gene expression (i.e. Ct) method, as described and
explained previously (28). Briefly, the fold change in the level of target genes between treated and
untreated cells, corrected for the level of B-actin, was determined using the following equation:

fold Change = 2-(Ct), Where Ct = Ct(target) - Ct(B-acﬁn) al’ld (Ct) = Ct(treated)_ Ct(untreated)

4.2.12 Immunoblot analysis®

Briefly, hearts were snap-frozen in liquid nitrogen, subsequently homogenized and prepared
according to previously reported methods (20,29). 25-50 pg of protein was resolved by
electrophoresis on (10-15%) SDS-polyacrylamide gels and transferred onto membrane which was
probed with antibodies to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (1:1000; Cell

Signaling Technology and Calbiochem), IL-1f (1:1000, Abcam and Cell Signaling Technology),

¢ See Appendix C for additional information regarding antibodies used for immunoblot analysis.
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NLRP3 protein (1:500; Abcam) and Txnip (1:500, MBL International). After washing, membranes
were incubated with the corresponding secondary antibodies (1:5000). The blots were visualized
with ECL reagent and densitometric analysis was performed using ImageJ software (National
Institutes of Health, Bethesda, MD). The activity of caspase-1 was determined by a commercial

kit (Abcam, ab39412) according to the manufacturer’s instructions.

4.2.13 Statistical analysis

Results are expressed as mean £ SEM. Comparisons between groups were performed using
Wilcoxon signed rank test, repeated measures two-way ANOVA followed by Sidak multiple
comparisons test, Mann-Whitney U test or Kruskal-Wallis followed by Dunn’s multiple

comparisons test. A p value of <0.05 was considered significant.

4.3 Results

4.3.1 Empagliflozin blunts the decline in cardiac function in heart failure in the absence of

diabetes without increasing circulating ketone bodies or altering urinary electrolyte

excretion

Since the reduction in the risk of hospitalization for HF in diabetic patients treated with

empagliflozin occurs irrespective of alterations in HbAlc, it suggests that the beneficial effects

were not driven by glycaemic control (30). As such, we subjected C57B1/6 mice to TAC surgery

129



to induce HF [as described previously (6)] in the absence of diet-induced obesity or diabetes, in
order to explore current hypotheses of potential mechanisms involved in the CV effects of

empagliflozin.

At 2 to 3 weeks following TAC surgery, mice were subjected to pulsed wave Doppler M-mode
echocardiography and those demonstrating an EF of <45% were subsequently randomized and
treated with either vehicle (0.5% hydroxyethyl cellulose) or empagliflozin (10 mg/kg) by daily
oral gavage for a period of 2 weeks. In order to confirm our previous findings in this cohort of
mice, we demonstrate that vehicle-treated mice with HF displayed a significant decline in systolic
cardiac function between pre-treatment (Baseline) and following 2-week oral gavage (Figure
4.1A-B; 32.5% vs 24.7%; p=0.0003). Importantly, this is not the case for empagliflozin-treated
mice who maintain stable cardiac function over the treatment period (Figure 4.1A-B; 33.6% vs
30.62%; p=0.2224). As expected with empagliflozin treatment, urinary glucose excretion was
increased upon SGLT2 inhibition (Figure 4.1C). While empagliflozin significantly reduced
fasting (16 hours) blood glucose levels in mice with HF (Figure 4.1D) changes in blood glucose
levels were not observed in the fed state (Figure 4.1E). Since it has been proposed that
hypoglycemia induced my empagliflozin increases circulating ketone levels that would improve
cardiac energetics in HF (7), we also measured ketone levels in these mice. Interestingly, although
there were no differences in blood BOHB between any groups of mice during the fed state (Figure
4.1F), mice with HF had significantly reduced fasted blood BOHB levels than control mice, which
was not significantly altered by empagliflozin treatment (Figure 4.1G). Together, these data
suggest that changes in circulating ketones may not contribute directly to the beneficial effects of

empagliflozin in HF.
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To explore whether the diuretic effect of SGLT2 inhibition (1,31-34) are sustained in the absence
of diabetes, 24-hour urinary output was measured in all groups of mice. Although urinary output
was found to significantly decrease in HF mice versus control, the volume of urine was
significantly increased in empagliflozin-treated HF mice after a single treatment (data not shown)
and maintained after 2 weeks of oral gavage (Figure 4.1I). Nonetheless, this increase in urinary
output was not associated with any alterations in electrolyte balance, as demonstrated by no
significant changes in urinary Na* (Figure 4.11-J), urinary K* (Figure 4.1K-L) or blood Na" or
K* concentrations (Figure 4.1M-N). Lastly, there appeared to be a trend toward increased water
intake in empagliflozin- versus vehicle-treated HF mice (Figure 4.10; p<0.07). Together, these
data suggest that the beneficial effects of empagliflozin treatment in HF are not reliant on
natriuresis in our model, and that both of these processes may play a role in maintaining cardiac

function.

In order to ascertain whether the ability of empagliflozin to reduce visceral fat in patients with type
2 diabetes (35-37) contributes to the beneficial effects of empagliflozin observed in our non-
diabetic model of HF, we subjected all groups of mice to body composition analysis. In contrast
to that observed in humans, there were no significant differences in body weight (Figure 4.2A),
fat mass (Figure 4.2B) or lean mass (Figure 4.2C) amongst control and HF mice treated with
vehicle or empagliflozin. Empagliflozin also had no effect on food intake compared to vehicle,

which otherwise tended to decrease in HF versus control (Figure 4.2D; p<0.07).
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4.3.2 Empagliflozin shifts whole body substrate utilization without altering cardiac energy

metabolism in heart failure in the absence of diabetes

As a result of empagliflozin-induced glucose excreted in the urine, there appears to be a
progressive shift in whole-body metabolism away from carbohydrate to fatty substrate use in
diabetic patients and to a lesser extent nondiabetic controls (38,39). While it has been proposed
that glucose lowering without associated inhibition of lipid oxidation may be beneficial to the
failing heart (40), whether or not empagliflozin exerts such a shift in whole-body metabolism in
HF in the absence of diabetes is currently unknown. As such, we subjected mice with HF to indirect
calorimetry following 2-week treatment with vehicle or empagliflozin. Interestingly,
empagliflozin-treated mice with HF showed an acute response to oral gavage, evident by reduced
RER during the dark phase (active; 6PM-6AM) (Figure 4.3A-B). However, calculated rates of
whole-body carbohydrate (Figure 4.3C) and FA utilization (Figure 4.3D) during the dark phase
were not significantly changed in empagliflozin-treated HF mice. Together, our data suggests that
alterations in systemic substrate utilization are unlikely to contribute to the CV benefit of

empagliflozin (40) even in HF in the absence of diabetes.

Since SGLT2 inhibitors have been shown to increase the level of circulating ketones (12), it has
also been proposed that empagliflozin may exert its beneficial effects in HF as a consequence of
promoting enhanced ketone oxidation by the heart, and thus improve cardiac bioenergetics (7).
While dramatic changes in circulating ketones were not observed in our mouse model, we still
explored the role of substrate utilization (FAs, glucose and ketone bodies) in the failing heart in

response to treatment with empagliflozin. Hearts from mice with HF treated with vehicle or
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empagliflozin for 2 weeks were subjected to ex vivo working heart perfusions, using physiological
levels of glucose, FAs and ketones. Consistent with our previous findings (6), cardiac work was
significantly improved in hearts from empagliflozin-treated mice with HF compared to vehicle-
treated mice (Figure 4.3E-F). Interestingly, myocardial oleate oxidation rates of hearts from
empagliflozin-treated HF mice were 140% that of vehicle-treated HF mice (Figure 4.3G),
although these changes did not reach statistical significance. Furthermore, glucose oxidation
(Figure 4.3H), glycolysis (Figure 4.31) and BOHB oxidation (Figure 4.3J) rates were unchanged
upon treatment with empagliflozin. More importantly, there was no change in overall cardiac ATP
production (Figure 4.3K) or cardiac ATP production per unit work (Figure 4.3L) in hearts from
HF mice treated with empagliflozin versus vehicle, suggesting that improved cardiac energetics

are not necessary for the cardiac benefit of empagliflozin in HF in the absence of diabetes.

4.3.3 Empagliflozin blunts inflammasome priming in heart failure in the absence of diabetes

SGLT2 inhibitors have been reported to have anti-inflammatory properties in experimental models
(11) and in vitro studies (41) of type 1 and type 2 diabetes. Furthermore, empagliflozin has been
found to attenuate activation of the NLRP3 inflammasome in the kidney (13), although the effect
of empagliflozin on the failing heart in the absence of diet-induced obesity or diabetes has yet to
be elucidated. As such, we utilized both confocal immunofluorescence and gene expression
quantification in cardiac tissue sections/tissues from control and vehicle- or empagliflozin-treated
HF mice to explore the effects of empagliflozin on cardiac inflammation. In agreement with
previous studies (42), our results demonstrate that //-/8 (Figure 4.4A-B) and //-Ib (Figure 4.4C-

D), two markers of inflammation, were significantly increased in hearts from mice with HF
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compared to hearts from healthy control mice. Furthermore, infiltration of macrophages into
cardiac tissue, as indicated by immunofluorescence (Figure 4.4E) and gene expression of
lysosomal-associated membrane protein 2 (Mac3) (Figure 4.4F), as well as quantification of
F4/80+ cells (Figure 4.4G-H), increased in HF. Of importance, following 2-week treatment, both
markers of inflammation (//-18 and //-1b) (Figure 4.4A-D) and markers of macrophage infiltration
(Mac3 and F4/80+ cells) (Figure 4.4E-H) were significantly reduced in cardiac tissue from mice
with HF treated with empagliflozin to an amount comparable to that of control. Furthermore,
inflammasome-priming, measured via gene expression levels of Nlrp3, Nfkb, Caspase-1 and Tnfa
(Figure 4.41-L) indicate increases in these transcript levels observed in vehicle-treated HF mice

were blunted in mice treated with empagliflozin.

4.3.4 Empagliflozin improves diastolic function and blunts inflammasome priming in HFpEF

Recent clinical results have shown that empagliflozin reduces LV mass and improves diastolic
function in subjects with type 2 diabetes (43). As such, we next sought to determine whether
empagliflozin could have beneficial effects in an experimental model of HFpEF, in the absence of
diabetes. In order to test the efficacy of empagliflozin in HFpEF, we first validated the cardiac
phenotype of Dahl salt-sensitive rats that were administered either 0.3% salt (Control) or 8.0% salt
for a period of 6 weeks to induce HFpEF, as previously described (44,45). Following this feeding
period, rats with HFpEF displayed significantly elevated systolic BP compared to the control group
(180.8 £0.9 mmHg, n = 21 vs. 160.2 + 1.3 mmHg, n = 25, p<0.001). Since it has been reported
that empagliflozin treatment improves diastolic function and reduces LV mass in diabetic patients

with established CVD (43), rats with HFpEF were then randomly selected to receive either vehicle-
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or empagliflozin (10 mg/kg/day) for and additional 2 weeks via oral gavage in the presence of
continuous high salt diet feeding. Echocardiographic assessment confirmed that the rise in BP in
HFpEF rats produced no overt systolic dysfunction (i.e. no decreased in EF) and thus
empagliflozin treatment had no effect on EF (Figure 4.5A). However, HFpEF rats showed signs
of diastolic dysfunction with significantly reduced mitral E/A wave ratio (1.32 £ 0.11, n = 8 vs.
0.92 £ 0.07, n = 6 p<0.03), elevated E/E’ ratios (Figure 4.5B) and resulting decrease in cardiac
output (89.4 £ 6.1 ml/min, n = 8 vs. 65.3 £ 7.5 ml/min, n = 6 p<0.03), characteristic of patients
with HF (46). Indeed, while the mitral E/A ratio was not significantly different with empagliflozin
treatment (data not shown), the more sensitive index of diastolic function, E/E’, tended to reduce
in rats with HFpEF compared to vehicle-treated rats with HFpEF, comparable to that of controls
(Figure 4.5B; p<0.07). In agreement with the pathophysiological adaptations to elevated BP and
the onset of HFpEF, compared to controls, hearts from rats with HFpEF remodeled and displayed
increased LA diameter (4.24 £ 0.17 mm, n = 7 vs. 5.85 = 0.35 mm, n = 6 p<0.01), and increased
LV wall thickness (Figure 4.5C) and wet heart weight normalized to tibia length (HW/TL) (26.8 +
0.8 mg/mm, n = 6 vs. 33.3 £ 0.9 mg/mm, n = 8 p<0.001), indicative of cardiac hypertrophy.
Surprisingly, radiotelemetric monitoring of systolic BP in rats with HFpEF demonstrates that
empagliflozin-treated rats actually have slightly elevated BPs compared to vehicle controls
(209.5 £17.2 mmHg, n=3 vs. 184.9 + 1.8 mmHg, n = 2 p<0.20), demonstrating that, at the very
least, empagliflozin does not decrease hemodynamic load. Nonetheless, despite no reduction in
BP or improvements in cardiac output and LA diameter (data not shown), empagliflozin treatment
reduced LV wall thickness (Figure 4.5C), reduced cardiomyocyte cell size (Figure 4.5D) and
reduced wet HW/TL (Figure 4.5E), suggesting that empagliflozin improves diastolic function by

preventing a worsening of cardiac hypertrophy and detrimental cardiac remodeling. Furthermore,
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since cardiac fibrosis is another major factor shown to induce diastolic dysfunction (47), we also
demonstrate that empagliflozin reduces the volume of collagen deposits (Figure 4.5F) as well as
gene expression of the marker of interstitial fibrosis, Col3al (Figure 4.5G), in hearts from rats

with HFpEF.

In addition to these structural and functional cardiac effects, empagliflozin dramatically increased
urine glucose levels compared to vehicle-treated rats with HFpEF (Figure 4.5H). In agreement
with our results in mice with HFrEF, fed blood glucose concentrations were unchanged while
fasted blood glucose concentrations were modestly but significantly decreased in empagliflozin-
versus vehicle-treated rats with HFpEF (Figure 4.51-J). Interestingly, while fed blood OHB
levels were also unchanged, fasted blood BOHB levels were significantly increased in
empagliflozin- compared to vehicle-treated rats with HFpEF (Figure 4.5SK-L). This is consistent
with the physiological response to the glucose lowering effects and entirely consistent with that
is observed in diabetic patients treated with empagliflozin (48) but is not consistent with the
findings in our mouse model of HFrEF. Nonetheless, HFpEF rats showed no changes in body
weight after 2-week treatment with empagliflozin (Figure 4.5M), which agrees with our model

of HFrEF.

Lastly, in order to determine whether the beneficial effect of empagliflozin in HFpEF is also
associated with reduced cardiac inflammation, we also quantified expression of several markers
of inflammation and activation of the NLRP3 inflammasome. As expected, 2-week treatment
with empagliflozin was found to reduce the gene expression levels of markers of inflammation

({I-6 and I/-1b) (Figure 4.5N) and several markers of inflammasome-priming (N/rp3, Caspase-1
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and Tnfa) (Figure 4.50), except expression of Nfkb. Furthermore, immunoblot analysis revealed
that expression of IL-Ip and TXNIP, a protein involved in mediating activation of NLRP3
inflammasome (49), were significantly decreased in cardiac tissue from HFpEF rats treated with
empagliflozin versus vehicle-treated rats (Figure 4.5P-Q). Moreover, caspase-1 enzyme activity
was significantly increased in hearts from HFpEF rats compared to controls (data not shown) and
this was significantly reduced in hearts from HFpEF rats treated with empagliflozin versus vehicle

(Figure 4.5R).

4.3.5 Empagliflozin blunts NLRP3 activation in isolated hearts and inflammation in

cardiomyocytes

Since SGTL2 is not expressed at any significant levels in the heart (50), we explored whether
empagliflozin had SGLT2-independent effects on the heart using our isolated heart perfusion
system. Mouse hearts were perfused in a crystalloid perfusion buffer and subjected to I/R in order
to induce NLRP3 activation as previously shown (29). To determine the ability of empagliflozin
to blunt NLRP3 inflammasome-priming, the expression levels of the inflammasome component;
NLRP3 and TXNIP were assessed. Immunoblot analysis revealed that I/R injury significantly
upregulated active NLRP3 and this was blunted in hearts perfused with empagliflozin (1 uM)
(Figure 4.6A-B). Similarly, protein expression of TXNIP was significantly decreased in I/R
injured hearts treated with empagliflozin (Figure 4.6A-B). This was further supported by the
finding that empagliflozin blunted the increase in caspase-1 activity seen in cardiac tissue of I/R
injured hearts compared to aerobic controls (Figure 4.6C). More importantly, the attenuation of

NLRP3 inflammasome activity directly in the heart by empagliflozin was associated with
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improved contractile recovery following I/R injury. This was evident by significantly improved
post-ischemic recovery of LV developed pressure (LVDP) compared with vehicle-treated hearts
(Figure 4.6D). Consistent with this, hearts perfused with empagliflozin demonstrated improved
rates of contraction (Figure 4.6E) and relaxation (Figure 4.6F) compared to vehicle-treated I/R
hearts. As such, these studies show that empagliflozin can act directly on the heart to blunt NLRP3
activation and that this is associated with improved cardiac function. Of importance, since
empagliflozin did not alter the coronary flow rates (data not shown), the improved post-ischemia
function recovery observed upon treatment with empagliflozin is not attributed to alterations in
hemodynamics in the isolated heart. Furthermore, since it has been previously shown that
activation of NLRP3 inflammasome is dependent on calcium ion (Ca**) mobilization (51), we
conducted in vitro experiments to test the effect of empagliflozin on intracellular Ca?* and
inflammasome-priming in isolated human cardiomyocytes (RL-14 cells) after stimulation with 25
ug/ml lipopolysaccharide (LPS). Interestingly, intracellular Ca** was significantly increased in
cardiomyocytes following 2 h incubation with LPS and this was significantly decreased with
empagliflozin pre-treatment, comparable to that of vehicle-treated cells (Figure 4.6G). In order to
further elucidate the role of Ca?" mobilization in NLRP3 inflammasome-priming, we also
subjected human cardiomyocytes to treatment with the Ca?* ionophore, A23187, in the presence
of LPS +/- empagliflozin. Our results first showed that none of the aforementioned treatment
combinations significantly affected cell viability (Figure 4.6H). In agreement with our animal
models, empagliflozin appeared to reduce gene expression of numerous markers of inflammation
(IL-18, IL-1B, TNFA); however, this ability of empagliflozin to prevent inflammation was
completely blunted by the Ca?" ionophore (Figure 4.6I-L). Interestingly, LPS-induced

inflammation and suppression of TXNIP were shown in isolated macrophages (Figure 4.6M-N),
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as previously described (52), and this was unchanged with empagliflozin, thus ruling out the
potential that the effects of empagliflozin observed in vivo are due to reduced NLRP3 activation
in macrophages. Taken together, these data suggest that empagliflozin directly attenuates NLRP3
inflammasome priming in cardiomyocytes in a Ca?*-dependent manner, irrespective of its glucose-

lowering effects.

4.4 Discussion

While the mechanism of action of empagliflozin remains elusive (53), one focus of this study was
to explore whether the metabolic and diuretic effects of SGLT2 inhibition were apparent in our
non-diabetic experimental model of HF. Previous studies have shown that empagliflozin induces
moderate weight loss in diabetic patients (54), and that this is associated with decreased CV risk
(55). Furthermore, studies of SGLT2 inhibitors have consistently reported reductions in visceral
fat, which accounts for the majority of the total weight loss (37,56,57). Based on this, ongoing
studies aim to explore the possible role of reductions in epicardial adipose tissue on improved
cardiac function in patients treated with SGLT2 inhibitors [i.e. Dapagliflozin Effects on Epicardial
Fat (NCT02235298)]. Of importance to these studies, we clearly show that no weight loss or
changes in body composition occur in our non-diabetic mice with HF treated with empagliflozin.
While weight loss and/or decreased adipose tissue mass may result from treatment with
empagliflozin for a longer period of time or in patients with diabetic, our data suggests that this
potential mechanism is not essential for the beneficial cardiac effects of empagliflozin seen in our

experimental model of HF.
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In addition to weight loss, it has also been proposed that SGLT?2 inhibitors cause osmotic diuresis
without activation of neurohormonal factors, and therefore may be beneficial for HF (58).
Interestingly, the beneficial effects of SGLT2 inhibitors were prominent in patients who were not
treated in combination with diuretics, loop diuretics, or mineralocorticoid receptor antagonists
(59), suggesting that improved CV outcomes by empagliflozin may be driven by their diuretic
action. Particularly, SGLT2 inhibitors have been thought to combat fluid retention by increasing
excretion of both water and sodium. Notably, this is thought to lead to reduced plasma volume and
contribute to reductions in BP, thereby resulting in a lower cardiac preload and afterload and
reducing risk of pulmonary congestion and peripheral edema (3,7). Previous studies have reported
either no significant changes in urine volume (60-62) or increased urinary output peaks during the
first 24 hours following treatment with empagliflozin which returns to a new “set point” within a
few days of treatment (62). However, neither of these was the case in mice with HF in the absence
of diabetes, which showed that increased urinary output following treatment with empagliflozin
was sustained for the duration of the treatment period (2 weeks). Interestingly, urine volume has
also been shown to decrease upon treatment with the SGLT2 inhibitor, dapagliflozin, in
streptozotocin-induced diabetic rats, unlike the notable increase seen in our model of HF (63).
Furthermore, since diuretics such as bumetanide, have been known to stimulate thirst, our results
suggest that the excess in water excretion may be merely compensated by increased water intake,
although the potential contribution of a diuretic effect and ventricular unloading cannot be
overlooked. Nonetheless, while the diuretic effects of empagliflozin were confirmed in our model
of HF in the absence of diabetes, there appeared to be no difference in electrolyte balance, which

was within the published range (64,65). Although this is not consistent with previous studies that
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have shown SGLT2 inhibitors to blunt the decline in serum electrolytes that occurs as a result of
diabetes (63), it should be noted that hyponatremia and hypokalemia were not evident on our model
of HF. Furthermore, although changes in plasma electrolyte concentrations have been proposed as
a potential mechanism contributing to reduced CV mortality with empagliflozin, there were no
significant changes in plasma Na*, K* or Ca?" observed in the EMPA-REG Outcome study (1) or
in diabetic patients with hypertension treated with empagliflozin (66). Altogether, while this does
not rule out the potential role of a shift in sodium distribution from the intracellular to extracellular
space (67), alterations in electrolyte concentration and distribution are unlikely to explain the rapid
CV benefits seen with empagliflozin. Furthermore, since the CV benefit of empagliflozin does not
exactly match the profile of antihypertensive and diuretic therapy, which show smaller reductions
in HF and mortality and a clear risk reduction in stroke than observed in the EMPA-REG Outcomes
trial (68-70), it stands to reason that other mechanisms in addition to the diuretic effect must be at
play. Nonetheless, clinical trials have been designed to further evaluate the effect of empagliflozin
on serum sodium levels [i.e. the SAND Study (Effect of the SGLT2-inhibitor Empagliflozin on

Patients with SIADH; NCT02874807)].

Of the prevailing theories explaining how SGLT2 inhibitors exert their beneficial effects in HF
(7,53,71,72), one theory implicates the increased circulating ketone body concentrations induced
by empagliflozin. Indeed, it has been proposed that elevated circulating ketones may improve
cardiac bioenergetics by enhancing cardiac ketone oxidation rates, thereby increasing cardiac
efficiency and aiding in the prevention of HF (7). This increase in circulating ketone bodies in
response to empagliflozin was observed only modestly in our model of HFpEF but was absent in

our model of HFrEF, thus challenging the “thrifty fuel hypothesis” (7) in explaining the beneficial
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cardiac effects of SGLT2 inhibition. In fact, our data show for the first time that empagliflozin
blunts the decline in cardiac function in mice with pressure overload-induced HF even in the
absence of increased circulating ketone bodies or increased cardiac ketone body oxidation. This is
consistent with a recent study that demonstrated the decline in overall ATP production in hearts
from diabetic mice was blunted upon treatment with empagliflozin, without associated increases
in myocardial ketone oxidation or cardiac efficiency (73). Furthermore, empagliflozin was also
recently shown to reduce myocardial ketone body utilization in diabetic hypertensive rats with
mild HF using a novel hyperpolarized [3-!3*CJacetoacetate, despite increased circulating ketone
bodies (74). Taken together, these findings suggest that a switch in myocardial utilization of ketone
bodies may not play a major role in contributing to the beneficial cardiac effects of empagliflozin
in HF. However, a recent study reported that empagliflozin induced a shift toward ketone body,
FA and branched-chain amino acid metabolism in a porcine model of MI (75), highlighting that

the metabolic effect of empagliflozin has yet to be fully elucidated.

Although the majority of the studies have focused on the effects of SGLT2 inhibition in the setting
of obesity and diabetes, there has been less work identifying other patient populations who may
benefit from empagliflozin treatment, even in the absence of hyperglycemia. However,
empagliflozin was previously shown to reduce diastolic tension in ventricular trabecular isolated
from human failing hearts as well as in cardiomyocytes from both diabetic and non-diabetic mice
(76). Furthermore, early treatment with empagliflozin protected from cardiorenal syndrome
induced by 5/6 subtotal nephrectomy and doxorubicin treatment (77). Of importance, the favorable
effects of empagliflozin on aortic stiffness, vascular resistance and diastolic function (78-80) are

encouraging for patients who present with HFpEF. Indeed, the beneficial cardiac effects in absence
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of diabetes were preserved in vivo in our model of HFpEF as well others’ (81). Importantly, our
current study shows that in the absence of diabetes, empagliflozin blunts worsening diastolic
dysfunction and reduces myocardial mass in HFpEF without changes in BP or atrial reverse-
remodeling. These data are in agreement with other pre-clinical studies that have shown that
empagliflozin increased diastolic relaxation in obese db/db mice even in the absence of any
changes in BP (79). While the mechanism of action of empagliflozin continues to evolve (53), we
conclude that empagliflozin, and possibly other gliflozins, have beneficial effects in HFpEF in the

absence of diabetes and/or decreased BP.

Since increased inflammation is linked with the development of HF (82), it is not surprising that
interventions that reduce inflammation are being explored as potential treatment in HF.
Particularly, the NLRP3 inflammasome has been implicated as a significant contributor to chronic
inflammation and the development of HF (83). Of note, inhibition of SGLT2 has been associated
with reduced inflammation (10-12) and reduced activation of the NLRP3 inflammasome in the
kidney (13) and heart (41). Firstly, ipragliflozin was shown to reduce markers of inflammation in
liver and plasma in type 1 and 2 diabetes (11,12). Similarly, empagliflozin was shown to reduce
renal tubular damage in mice fed a high-fat diet and this was associated with decreased activation
of NLRP3 inflammasome in the kidney (13); however, cardiac NLRP3 inflammasome was not
found to be activated in response to high fat diet in these mice. Furthermore, dapagliflozin was
shown to attenuate the development of fibrosis and LV dysfunction as well as suppress activation
of NLRP3 inflammasome in hearts of type 2 diabetic mice and isolated cardiac fibroblasts (41).
Altogether, attenuated cardiac NLRP3 inflammasome priming, inflammatory cytokines and

macrophage infiltration upon treatment with SGTL2 inhibitors have been well-documented in
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experimental models of obesity/diabetes (41,84,85). Thus, our current study significantly advances
these previous studies and show for the first time that empagliflozin blunts NLRP3 inflammasome
priming and subsequent inflammation in the heart in 2 experimental models of HF in the absence
of diabetes. In addition, to our knowledge, our study shows for the first time that the NLRP3
pathway is also activated in the heart in a model of HFpEF. As such, it is tempting to speculate
that inhibition of the cardiac NLRP3 inflammasome may be an important mechanism of action of

empagliflozin that contributes to the therapeutic benefit of empagliflozin in HF.

The SLGT?2 inhibitor, dapagliflozin, was previously shown to attenuate NLRP3 inflammasome
priming in cardiofibroblasts isolated from diabetic mice, suggesting an SGLT2-independent and
glucose-lowering-independent effect (41). In support of our previous findings that the beneficial
functional effects of empagliflozin are sustained in hearts ex vivo (6), we also demonstrate herein
that empagliflozin exerts functional benefit via suppression of NLRP3 inflammasome signalling
in the isolated perfused heart and isolated human cardiomyocytes, independent of SGTL2 and
glucose-lowering effects. Furthermore, since mobilization of Ca** has been recently implicated in
the activation of NLRP3 inflammasome (51), we also explored whether the ability of
empagliflozin to attenuate activation of NLRP3 inflammasome in the heart was dependent on Ca?".
Indeed, the Ca*" ionophore, A23187, was sufficient to blunt the anti-inflammatory effect of
empagliflozin on human cardiomyocytes. Interestingly, this is contrary to the work by Pabel et al
(76), which showed that Ca** transient amplitude and diastolic Ca** levels were not altered by
empagliflozin. This may be explained by differences in Ca** handling in failing cardiomyocytes
compared to an LPS-induced inflammatory reaction. Nonetheless, in support of our findings,

empagliflozin has also been recently shown to reduce sarcoplasmic reticulum Ca®* leak in failing
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ventricular myocytes and decrease cytosolic Ca?* and increase mitochondrial Ca?* in isolated
ventricular myocytes (23,86). Lastly, although SGLT2 inhibitors have also been found to attenuate
activation of the NLRP3 inflammasome in human macrophages (87), our study shows that
empagliflozin has no effect on LPS-induced inflammation in isolated macrophages, similar to that
observed with other SGLT?2 inhibitors (88). Together, these data suggest that the beneficial cardiac
effect of empagliflozin occurs, at least in part, due to reduced cardiac inflammation upon Ca?*-

dependent modulation of the NLRP3 inflammasome in the cardiomyocytes.

4.4.1 Study limitations

Firstly, although the treatment period utilized in both experimental models of rodents in our study
is much shorter than in humans, our results, nonetheless, demonstrate a dramatic effectiveness of
empagliflozin treatment in HF in 2 models of HF resulting from diverse etiologies. More
importantly, these beneficial effects of empagliflozin occurred in established HF, as opposed to

preventing the onset of HF, which has important implications in HF therapy.

Furthermore, although one theory suggests that empagliflozin improves cardiac function upon
reducing hemodynamic load, we did not measure whether this was the case in our mouse model
of HFrEF. Nonetheless, improvements in diastolic cardiac function in our rat model of HFpEF
occurred regardless of any changes in systolic BP. In addition, although empagliflozin induced
diuresis in the non-diabetic mice with HF, whether or not this is the mechanism responsible for
the improved cardiac function remains unknown. However, it should be noted that post-ischemic

functional recovery was also significantly improved ex vivo and empagliflozin exerted direct
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effects on isolated cardiomyocytes, highlighting that empagliflozin has beneficial cardiac effects

irrespective of diuretic and hemodynamic variables.

Furthermore, while our data clearly demonstrates that inhibition of the cardiac NLRP3
inflammasome occurs in response to empagliflozin, whether this is a direct or indirect effect
remains unknown. However, given the fact that empagliflozin modulates NLRP3 signaling in
isolated hearts and in cultured cardiac myocytes, we have evidence that there is a direct effect on
the heart. In addition, we provide data that show that the inhibition of NLRP3 signaling in the
heart is tightly coupled to improved cardiac function, it is tempting to speculate that the regulation

of this pathway by empagliflozin in HF contributes to improved cardiac outcomes.

4.5 Conclusion

In summary, the SGLT2 inhibitor, empagliflozin, attenuated cardiac dysfunction in two
experimental models of HF in the absence of hyperglycemia or diabetes. These beneficial cardiac
effects were associated with the reduction of the activation of myocardial NLRP3 inflammasome
pathway and downstream cytokine signaling. Furthermore, we show that the beneficial effect of
empagliflozin occurs directly on the cardiomyocytes and is dependent on Ca?" mobilization,
suggesting that ionic homeostasis may play a role in the effects associated with empagliflozin.
Together, these data provide important translational clues for the ongoing studies of SGLT2
inhibition in patients with and without diabetes who have HFrEF [ie. EMPEROR-Reduced

(Empagliflozin Outcome Trial in Patients with Chronic Heart Failure with Reduced Ejection
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Fraction; NCT03057977)] and HFpEF [i.e. EMPEROR-Preserved (EMPagliflozin outcomE tRial

in Patients with chrOnic heaRt Failure with Preserved Ejection Fraction); NCT03057951].
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4.6 Figures
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Figure 4.1. Empagliflozin Blunts the Decline in Cardiac Function in Heart Failure in the Absence

of Diabetes Without Increasing Circulating Ketone Bodies or Altering Urinary Electrolyte

Excretion. EF (A-B) based on echocardiographic assessment of vehicle- and empagliflozin-treated

HF mice (n = 26). Urinary glucose concentration (C) (n = 3—4). Circulating glucose (D-E) and BOHB

levels (F-G) under fed conditions or following a 16-hour overnight fast, respectively (n = 6-19). 24-

hour urinary output (H), urinary Na* (I-J) and K* (K-L) excretion (n = 3-9). Blood Na*" (H) and K*

(I) concentrations following a 16-hour overnight fast (n = 3—4). 24-hour water (D) intake (n = 4-11).
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Results are expressed as mean = SEM. Comparisons between groups were performed using Wilcoxon
signed rank test (A), repeated measures two-way ANOVA followed by Sidak multiple comparisons
test (B), Mann-Whitney U test (C) and Kruskal-Wallis followed by Dunn’s multiple comparisons test
(D-0). 111p<0.001 versus baseline; *p<0.05, **p<0.01 versus control; #p<0.05, ##p<0.01,
##H#p<0.001 versus HF vehicle. ANOVA = analysis of variance; BOHB = B-hydroxybutyrate; EF =
ejection fraction; EMPA = empagliflozin; HF = heart failure; Na* = sodium ion; K = potassium ion;

SEM = standard error of the mean.
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Wallis followed by Dunn’s multiple comparisons test. BW = body weight; EMPA = empagliflozin;

HF = heart failure; SEM = standard error of the mean.

151



[l HF + vehicle [l HF + Empa

B

>
@
)

1.00- oral gavage 0.95 " 5000+ 6001
i § 4000 :
= 0.95 = - 2~ 400+
S g 0.90 2 E 3000 5E
x> g 3 )
) Z29 e E
o 3 2 E 2000 S E
2 0.90- 2 8= = 2004
0.85 E i
0.85 0.00 0- 0-

6AM 12PM 6PM 12AM
Time (hours)

[ N

|

m
M
)
-

1000+ 20001

4
(3]
3*

IS
(=]
(=3
o

-
13
(=3
o

w
[=2]
(=3
o

N
(=3
o

N
Glucose Oxidation
(nmol/g dry/min)
-
o
(=]
o

Cardiac Work
(ml x mmHg/min)
Cardiac Work
(ml x mmHg/min)
Oleate Oxidation
(nmol/g dry/min)

-
=
n
(=3
o
(3]
(=3
o

o
o

o
o

10 20 30 40 50 60
Time (min)

A
r

N

o

o
1
(5]
o

2000+

=y
o
1

EZ3 Oleate Oxidation
T B BOHB Oxidation
: Glucose Oxidation
= Glycolysis

IS
1=

©
"

15001

ion

w
o

o
1

g dry weight)

1000

Glycolysis
(nmol/min.g dry/min)

N
o

Fy
BOHB Oxidati

ATP Production
(umol/g dry/min)
=
o
ATP/Cardiac Work
(umol/g dry/ml/ mmHg)
=

N
h
(nmol/min
(3
=3
o

o

o
o
T

Figure 4.3. Empagliflozin Shifts Whole Body Substrate Utilization Without Improving Cardiac
Energy Production in Heart Failure in the Absence of Diabetes. RER during a 24-h cycle (A) and
during dark (active) phase post-gavage (B) for vehicle- and empagliflozin-treated HF mice (n = 8-10).
Calculated whole glucose oxidation (C) and lipid oxidation (D) rates during dark (active; 6PM-6AM)
phase post-gavage (n = 8-10). Hearts from vehicle- and empagliflozin-treated HF mice perfused ex
vivo to measure cardiac work (E-F) (n = 21-24), oleate oxidation (G) (n = 11), glucose oxidation (H)
(n = 8-10), glycolysis (I) (n = 8-9) and POHB oxidation (J) (n = 8-11) and total ATP production (K-

L) (n=21-24). Results are expressed as mean + SEM. Comparisons between groups were performed
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using Mann-Whitney U test. #p<0.05 versus HF vehicle. ATP = adenosine triphosphate; BOHB = 3-
hydroxybutyrate; EMPA = empagliflozin; HF = heart failure; RER = respiratory exchange ratio; SEM

= standard error of the mean.

153



Control

[] contor [ HF+vehicie [l HF +Empa

HF + Vehicle

HF + Empa

Control

HF + Vehicle

HF + Empa

Gene Expression
(Fold Change)

Control

G

Control

Nirp3

HF + Vehicle

HF + Vehicle

Caspase-1

154

*

Nfkb

B

1I-18

O

(Fold Change)
n b
* P
¥

I-1b
(Fold Change)
N

L

Mac3
(Fold Change)

L

F4/80+cells
(Normalized to # Nuclei)

*%

1.04

0.5+

0.0

Tnfa



Figure 4.4. Empagliflozin Blunts Inflammasome Priming in Heart Failure in the Absence of
Diabetes. Representative images of LV heart sections taken mid-papillary for control and vehicle- or
empa-treated HF mice with immuno-staining (A, C, E, G) and gene expression (B, D, F) for //-18 (A-
B), /l-1b (C-D), and Mac3 (E-F) (n = 4-6). Representative immunofluorescence images and
quantification of F4/80 puncta per field of view normalized to number of DAPI (G-H). Gene
expression of markers of NLRP3 inflammasome (Nlrp3, Caspase-1, Nfkb and Tnfa) (L) (n = 4-6).
Gene expression normalized to Gapdh. Results are expressed as mean + SEM. Comparisons between
groups were performed using Kruskal-Wallis followed by Dunn’s multiple comparisons test. *p<0.05,
**p<0.01 versus control; #p<0.05, ##p<0.01 versus HF vehicle. EMPA = empagliflozin; DAPI =
4’ 6-diamidino-2-phenylindole; GAPDH = glyceraldehyde 3-phosphate dehydrogenase; HF =
heart failure; IL = interleukin; LV = left ventricular; MAC3 = lysosomal-associated membrane
protein 2; NLRP3 = nucleotide-binding domain-like receptor protein 3; NFkB = nuclear factor
kappa-light-chain-enhancer of activated B cells; SEM = standard error of the mean; TNFo = tumor
necrosis factor-alpha. Scale bar = 50 uM. Blue = DAPI; Red = IL-18 (A); Green = IL1f (C); Cyan =

Mac3 (E) or F4/30 (G).
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Figure 4.5. Empagliflozin Improves Diastolic Function and Blunts Inflammasome Priming in

Heart Failure with Preserved Ejection Fraction. EF (A), E/E' ratio (B), and LVPW at end-diastole

(C) based on echocardiographic assessment of control and vehicle- or empagliflozin-treated rats with

156



HFpEF (n = 8-10). Representative images of WGA stain of LV heart sections taken mid-papillary (D)
(n=35)and HW/TL (E) (n =9-10). Masson’s Trichrome stain of LV heart sections taken mid-papillary
(F) (n =5) and gene expression of a marker of fibrosis (Col3al) (G) (n =4). Estimation of 24-hour
urine glucose concentration (H) for vehicle- or empagliflozin-treated rats with HFpEF. Circulating
glucose (I-J) and BOHB levels (K-L) under fed conditions or following a 16-hour overnight fast,
respectively (n = 7-9). Body weight following 2-week treatment (M) (n = 9). Gene expression of
markers of inflammation (//-6 and /- 1) (N) and NLRP3 inflammasome (Nlrp3, Caspase-1, Nfkb, and
Tnfa) (O) in heart tissue (n = 4-5). Representative immunoblots (P) and quantification of protein
expression of markers of inflammation (TXNIP and IL-1B) (Q) in heart tissue (n = 4). Caspase-1
protein activity determined in heart tissue (R) (n = 4-5). Gene expression normalized to Gapdh.
Results are expressed as mean + SEM. Comparisons between groups were performed using Kruskal-
Wallis followed by Dunn’s multiple comparisons test (A-C) or Mann-Whitney U test (E, G, I-O, Q,
R). *p<0.05, ***p<0.001 versus control; #p<0.05 versus HFpEF vehicle. JOHB = (-
hydroxybutyrate; COL3al = collagen type III alpha-1; E = early mitral inflow; E’ = tissue Doppler
mitral annulus velocity; EMPA = empagliflozin; EF = ejection fraction; GAPDH = glyceraldehyde 3-
phosphate dehydrogenase; HF = heart failure; HFpEF = HF with preserved EF; HW/TL = heart
weight normalized to tibia length; IL = interleukin; LV = left ventricular; LVPW = LV posterior wall;
NF«B = nuclear factor kappa-light-chain-enhancer of activated B cells; NLRP3 = nucleotide-
binding domain-like receptor protein 3; SEM = standard error of the mean; TNFa = tumor necrosis
factor-alpha; TXNIP = thioredoxin-interacting protein; WGA = wheat germ agglutinin. Scale bars =

50 uM.
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Figure 4.6. Empagliflozin Blunts NLRP3 Activation in Isolated Hearts and Inflammation in
Cardiomyocytes. Isolated mouse hearts were perfused in the Langendorff mode subjected to 30 min
ischemia followed by 40 min of reperfusion to induce activation of NLRP3 inflammasome.
Representative immunoblots (A) and quantification of protein expression of NLRP3 and TXNIP (B)
and caspase-1 protein activity (C) determined in hearts treated with DMSO with or without
empagliflozin (1 uM) during I/R-induced NLRP3 activation (n = 3-5). LVDP (D), dP/dTmax (E) and
dP/dTmin (F) in hearts treated with DMSO with or without empagliflozin (1 pM) during I/R-induced
NLRP3 activation (n = 9-10). Intracellular Ca** concentration of human cardiomyocytes untreated or
exposed to LPS (25 pg/ml) with or without empagliflozin (1 pM) (G). Effect of 1 pM empagliflozin
on cell viability (H) and gene expression for markers of inflammation (/L-18, IL-1B, IL-8, IL-6 and
TNFA) (I-L) in human cardiomyocytes untreated or exposed to LPS (25 ug/ml) with or without Ca**
ionophore (A23187; 10 uM) (n = 4-6). Murine macrophages were left untreated or exposed to LPS
(25 pg/ml) with or without 1 pM, 2 uM or 10 uM empagliflozin. NFxB activation upon Dectin-1
stimulation was determined using QUANTI-Blue (absorbance at 620 nm) (M). Representative
immunoblots and quantification of protein expression of TXNIP from RAW-Blue Cells media (N).
Gene expression normalized to B-ACTIN. Results are expressed as mean + SEM. Comparisons
between groups were performed using Kruskal-Wallis followed by Dunn’s multiple comparisons test
(B, C, G-N) or multiple t-tests (D-F). *p<0.05, **p<0.001 ****p<0.0001 versus control; #p<0.05,
##p<0.01, ##Pp<0.001, ###p<0.0001 versus I/R+DMSO or +LPS; +p<0.05, ++p<0.01,
+++p<0.0001 versus +LPS/+Empa. Ca** = calcium ion; DMSO = dimethyl sulfoxide; DP/DTmax
= rate of contraction; DP/DTmmw = rate of relaxation; EMPA= empagliflozin; /R =

ischemia/reperfusion; IL = interleukin; LPS = lipopolysaccharide; LV = left ventricular; LVDP = LV
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developed pressure; NLRP3 = nucleotide-binding domain-like receptor protein 3; SEM = standard

error of the mean; TNFa = tumor necrosis factor-alpha; TXNIP = thioredoxin-interacting protein.
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Table 4.1. Mouse, Rat and Human Primer Sequences for RT-PCR Reactions.

Gene

Forward primer

Reverse primer

Human B-ACTIN CTGGCACCCAGCACAATG

Human IL-1B
Human IL-18
Human IL-8
Human IL-6
Human TNFA
Rat Gapdh
Rat Nfkb

Rat II-1b

Rat Nirp3
Rat Caspl
Rat Pro 1

Rat Pro 111
Rat 11-6

Rat Tnfa
Mouse Gapdh
Mouse Nfkb
Mouse 1l-1b
Mouse Nirp3
Mouse Caspl
Mouse 11-18
Mouse Tnfa

Mouse Mac3

CCAGGGACAGGATATGGAGCA

CATTGACCAAGGAAATCGGC

CTCTTGGCAGCCTTCCTGATT

GGTACATCCTCGACGGCATCT

GAGGCCAAGCCCTGGTATG

CAAGGTCATCCATGACAACTTTG

CACTGCTCAGGTCCACTGTC

CACCTCTCAAGCAGAGCACAG

CCAGGGCTCTGTTCATTG

AGGAGGGAATATGTGGG

TATGCTTGATCTGTATCTGCCACAAT

CAGCTGGCCTTCCTCAGACT

GTCAACTCCATCTGCCCTTCA

ACAAGGCTGCCCCGACTAT

GCCTTCCGTGTTCCTACCC

AGCTGCAGAGCCTTCTCAAG

GCCACCTTTTGACAGTGATGAG

GACACGAGTCCTGGTGACTT

AACGCCATGGCTGACAAGA

GCCTCAAACCTTCCAAATCA

CATCTTCTCAAAATTCGAGTGACAA

CTAGGAGCCGTTCAGTCCAA

GCCGATCCACACGGAGTACT

TTCAACACGCAGGACAGGTACAG

CACAGAGATAGTTACAGCCATACC

TATGCACTGACATCTAAGTTCTTTAGCA

GTGCCTCTTTGCTGCTTTCAC

CGGGCCGATTGATCTCAGC

GGGCCATCCACAGTCTTCTG

CTGTCACTATCCCGGAGTTCA

GGGTTCCATGGTGAAGTCAAC

CCTTGGCTTTCACTTCG

AACCTTGGGCTTGTCTT

TCGCCCTCCCGTTTTTG

TGCTGTTTTTGCAGTGGTATGTAA

GGCAGTGGCTGTCAACAT

CTCCTGGTATGAAGTGGCAAATC

TGCCTGCTTCACCACCTTC

GCCACCTTTTGACAGTGATGAG

AAGGTCCACGGGAAAGACAC

GTCCACACAGAAAGTTCTCTTAGC

TGATCACATAGGTCCCGTGC

TGGATCCATTTCCTCAAAGG

TGGGAGTAGACAAGGTACAACCC

CTTGCAGGTGAATACCCCAA
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5.1 Overview

Although current therapeutic options have improved outcomes and increased survival, the
prognosis of patients with HF remains low. Pharmacotherapies that may improve or restore cardiac
ATP production, which is otherwise impaired in HF, have recently gained popularity. Nonetheless,
our understanding of the changes in myocardial energetics, and therefore altered production of
ATP, during the development, progression and regression of HF is still poorly understood. A such,
this has made it difficult to develop ideal pharmacological targets. That being said, since changes
in myocardial fuel selection appear to occur at the transcriptional level of the metabolic enzymes,
it remains questionable whether the resulting impairments in FA and glucose oxidation rates are
reversible in HF and can therefore be corrected by interventions. Our results suggest that even
following severe HF (EF <30%), LV hypertrophy, systolic and diastolic dysfunction are nearly
entirely reversed upon removal of the elevated aortic afterload. This is not surprising considering
the potential of reverse remodeling and reversal of contractile dysfunction in patients following
long-term mechanical unloading upon implantation of LV assist devices (1-5). Interestingly, the
expression of AMPK, which is widely recognized as a key sensor of cellular energy status (6-9),
was completely restored following normalization of the aortic afterload. In addition to its role in
metabolism, AMPK is known to regulate cardiac remodeling, autophagy and endoplasmic
reticulum stress (10); as such, normalization of its expression in the regressed heart may also be

indicative of other pathways that have recovered following DB.

Nonetheless, we also provide evidence that myocardial FA and glucose oxidation rates and

associated gene expression are similarly reversed in the regression of HF. Consistent with our
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findings, expression of key transcriptional regulators of myocardial metabolism appears to be
restored following mechanical unloading in humans (11), although this finding has been
challenged (12). Cardiac substrate oxidation was also restored following recovery from borderline
HF (EF ~40%) induced by pacing in dogs (13). However, our results further explored the temporal
profile of restored cardiac energetics following regression from decompensated hypertrophy and
severe HF (EF <30%) to show that improved FA and glucose oxidation precede improvement in
cardiac contractility. Interestingly, the findings by Qanud et al. also suggest that recovered hearts
fail to increase FA and glucose oxidation in response to acute pacing stress compared to controls,
suggesting that following HF, cardiac energetics may only be restored during normal physiological
conditions. Overall, these studies highlight the metabolic resilience of the heart and provide
evidence that recovery of impaired substrate utilization occurs prior to recovery of contractile
function. It is tempting to speculate, therefore, that improved myocardial energetics is essential to
restoring proper mechanical function, providing rationale for novel drug targets aimed at

increasing energy production of the failing heart.

Of note, the anti-diabetic drug, empagliflozin, has recently gained extreme popularity for its
potential in improving cardiac energy production, thereby reducing CV complications. Based on
the fact that empagliflozin, and other SGLT?2 inhibitors, increase the production of BOHB in the
setting of diabetes, it has been proposed that it enhances myocardial ketone body metabolism,
thereby enhancing cardiac efficiency (14,15). Importantly, infusion of BOHB was recently shown
to partially mimic the improvements in cardiac energetics and survival seen with empagliflozin
(16). Interestingly, however, the beneficial hemodynamic effects of POHB infusion occurred

without alterations in myocardial external energy efficiency (MEE) (17). The theory that
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empagliflozin’s benefits are mediated through BOHB is further supported by the recent finding
that increased availability of BOHB increases rates of myocardial ketone oxidation and overall
energy production in the isolated failing mouse heart (18). Regardless of the potential beneficial
effects of elevated circulating ketone bodies, empagliflozin failed to increase circulating BOHB in
HF the absence of diabetes in our study. Contrary to our findings, others have demonstrated that
empagliflozin increases circulating ketone levels in a non-diabetic models of ischemic heart
disease in rats (19) and pigs (20). These differences may be explained by the 3-times higher dose
of empagliflozin administered in the first study (19) and longer duration of treatment in the latter
(20) and/or the type of HF in question in both studies. Of note, fasting BOHB levels were
significantly elevated following chronic, but not acute, treatment with empagliflozin and this was
more pronounced in type 2 diabetics than nondiabetic patients (21). In support of our findings, the
cardioprotective effects of empagliflozin have otherwise been shown to be mediated by improved
mitochondrial function, in the absence of BOHB (22). We also conducted experiments to determine
whether empagliflozin induced changes in myocardial oxidation rates of ketone bodies, glucose or
FAs and found there to be no significant alterations in the energetic profile of the failing heart in
response to empagliflozin-treatment. Interestingly, this is also contrary to recent findings that
provide indirect measure of enhanced cardiac ketone utilization by empagliflozin in both rats with
MI (19) and diabetic patients (23) and increased myocardial uptake of ketones and FAs in
nondiabetic pigs with MI (20). However, none of the aforementioned studies provide direct
measurement of ketone body oxidation in hearts treated with empagliflozin. Interestingly,
empagliflozin was also recently shown to reduce myocardial utilization of the ketone body,
acetoacetate, despite increasing fasting blood BOHB levels (24). Moreover, another study reported

empagliflozin increased overall ATP production in a diabetic heart (25). It is important to mention
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that the decrease in ATP production in the diabetic model was accompanied by reduced cardiac
ketone oxidation in this study (18). This is a clear and noteworthy difference to the failing heart,
which has been shown to increase reliance on ketone bodies (18,26). Therefore, it is stands to
reason that the potential of empagliflozin to increase cardiac ketone oxidation may be limited in
the failing heart, which is thought to already have an elevated ketone oxidation profile and may
explain the differences between these findings. Of note, these data are contrary to our earlier results
suggesting that normalization of cardiac energetics are required to drive improvements in cardiac
mechanical function. Overall, these findings suggest that enhanced myocardial energy production
is not imperative for improved cardiac systolic function, as seen upon treatment with empagliflozin

(Figure 5.1).

Importantly, although direct action in the heart was previously considered unlikely due to
negligible expression of SGTL2 in the heart (27) and low binding affinity of empagliflozin to
SGTLI1 (28), recent findings have suggested that empagliflozin may target other ion channels.
Empagliflozin was shown to reduce myocardial Na*, which is otherwise elevated in the failing
heart (29,30), via NHE1 and subsequently increase mitochondrial Ca** and decrease cytoplasmic
Ca*" concentrations (31). This is further supported by the finding that empagliflozin reduces
sarcoplasmic reticulum Ca®* leak in failing ventricular myocytes (32). Altogether, these effects are
thought to occur secondary to NHE1 inhibition, mediated by the sarcolemmal and mitochondrial
Na*/Ca*" exchanger (NCX) (33,34). This direct inhibitory effect of NHE1 in the heart appears to
be consistent with other SGTL2 inhibitors and is thought to promote vasodilation in the healthy
heart (35). It is also possible that inhibition of NHE by empagliflozin in endothelial cells and/or

vascular smooth muscle cells induces lowering of cytoplasmic Ca?*, thereby explaining these
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beneficial vasodilator effects. In addition, empagliflozin was shown to delay ischaemic
contracture, without reducing I/R injury, through inhibition of NHE1 in an isolated murine heart
(36). The possibility that empagliflozin has direct interaction with the NHE1 in the heart is further
supported by the fact that SGLT2 colocalizes with the renal NHE3 (31,37). Interestingly, activity
of NHE1 (31,38,39) and expression of NHE3 (40,41) have both been shown to be increased in HF.
Of importance, elevated NHE1 may explain the rise in increased intracellular Ca?* and resulting
contractile dysfunction, which are both improved upon treatment with empagliflozin in our studies.
Furthermore, since increased mitochondrial Ca* has been shown to prevent sudden cardiac death
in a swine model of HF (42), the effects of empagliflozin on myocardial NHE1 may also explain
the reductions in sudden cardiac death reported in the EMPA-REG Outcomes trial (43). In support
of this potential mechanism of empagliflozin, inhibition of NHE1 has shown to improve cardiac
remodeling and contractile function in cardiac hypertrophy/HF (44-49). Lastly, although not
measured in our study, SGLT2 inhibitors have also been shown to increase activity of SERCA2a
associated with improved cardiac contractility in diabetic mice (50,51). Altogether, these data
indicate the possibility of an empagliflozin-mediated cardiac benefit through improved Ca**

handling in the heart in an SGLT2-independent manner, perhaps via NHE]1.

Furthermore, based on the fact that empagliflozin is highly selective for SGLT2 over SGLTI
(28,52) and the dose utilized in our studies is well below the 1Cso of SGLT1 (52), it is similarly
unlikely that the direct effects seen in isolated cardiomyocytes are a result of empagliflozin action
on SGLT1. Moreover, given that SGLT1 is not particularly localized to the cardiomyocytes but
rather in the capillaries in the human heart (27), the inhibition of cardiac inflammation by

empagliflozin ought to be mediated through an SGLT1/2-independent pathway. In addition, one
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would expect that dual inhibition of SGLT1/2 would have a negative, not positive, myocardial
effect (53,54). Particularly, although canagliflozin is considered to exert substantial inhibition of
SGLT1 based on plasma concentrations resulting from commonly used oral dosages (55), this is

not the case for empagliflozin (56).

Attenuation of pressure overload-induced cardiac remodeling, fibrosis and dysfunction has been
previously associated with inhibition of the NLRP3 inflammasome (57-59). Moreover, deletion of
NLRP3 has been shown to protect against I/R injury in isolated mouse hearts (60). However,
NLRP3 expression is down-regulated in the heart following aortic banding and global NLRP3
deficiency was shown to accelerate resulting cardiac dysfunction (61). As such, the role of the
inflammasome in cardiac injury is far from understood. Perhaps NLRP3 inflammasome priming
is crucial during the early adaptive cardiac remodeling and therefore early NLRP3 deletion has
detrimental consequences, but inhibition at a later stage may have beneficial effects. In our study,
empagliflozin treatment was initiated 2 weeks post-TAC, once HF was already established, and
the reduction in NLRP3 inflammasome priming was associated with lessened cardiac dysfunction.

However, whether or not this is a causal relationship requires additional studies.

As the role of the immune system in HF continues to evolve, mechanisms of NLRP3
inflammasome activation are a matter of debate. It should be noted that nutrient-state may be
involved in regulating activation of the NLRP3 inflammasome (62). Particularly, high-glucose
concentrations are thought to facilitate the production of IL-1p (63,64) and may regulate activation
of the NLRP3 inflammasome and resulting inflammation during diabetes (65,66). Furthermore,

activation of the NLRP3 inflammasome has been shown to contribute to insulin resistance and
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glucose intolerance (67). In contrast, diabetic patients have been reported to have defective IL-1p
production (68), particular in patients with poor metabolic control (65), nevertheless suggesting
that glycemic control may be essential for proper immune function. As such, it has been proposed
that aberrant NLRP3 inflammasome priming and immune response is induced by the diabetic
condition and regulation by SGLT?2 inhibitors is mediated through improved glycemic control. In
fact, SGLT2 inhibitors may modulate NRLP3-mediated inflammation through regulating blood
glucose and lipid levels, independent of direct action of macrophages (69,70). In support of this,
canagliflozin has been shown to exert anti-inflammatory properties in macrophage and monocyte
cells as well as immunodeficient mice, which is thought to be mediated through inhibition of
intracellular glucose metabolism (71). However, the data presented herein provides evidence that
cardiac NLRP3 inflammasome activation occurs in HF regardless of the presence of
hyperglycemia (Figure 5.1). In addition, the ability of empagliflozin to modulate cardiac
inflammation occurred without any changes in cardiac glucose utilization, suggesting that

empagliflozin mediates inflammation via NLRP3 inflammasome independent of glycemic control.

It is noteworthy that these anti-inflammatory properties are considered to be a class effect, as
another SGTL2 inhibitor, dapagliflozin, attenuated expression of NLRP3 inflammasome complex
in the aortic root of diabetic mice with atherosclerosis (69). Altogether, attenuated cardiac NLRP3
inflammasome priming, inflammatory cytokines and macrophage infiltration upon treatments with
SGTL2 inhibitors have been well-documented in experimental models of obesity/diabetes (51,72).
Lastly, empagliflozin reduced cardiac biomarkers of HF in zebrafish associated with attenuated

inflammation; although NLRP3 inflammasome was not measured (73). As such, our data show for
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the first time that reductions in NLRP3 inflammasome-mediated inflammation are associated with

reduced cardiac dysfunction in HF in the absence of diabetes and obesity.

The ability of SGLT2 inhibitors to reduce cardiac fibrosis has been well documented in
experimental models of obesity/diabetes (72,74,75), but is less clear in the absence of
hyperglycemia. Particularly, while both empagliflozin (20) and dapagliflozin (76) were shown to
attenuate fibrotic remodeling in the infarcted, nondiabetic heart, empagliflozin failed to reduce
cardiac fibrosis in a nondiabetic rat model of HFpEF (77). Interestingly, our results show that
collagen deposit is significantly reduced in the heart following treatment with empagliflozin in an
experimental model of HFpEF, but not HFrEF. Furthermore, diastolic dysfunction was similarly
only improved in our model of HFpEF, suggesting that cardiac fibrosis is tightly coupled with
diastolic, but not systolic, dysfunction. Importantly, is has been proposed that cardiac fibrosis
occurs as a result of chronic inflammation (78,79), thereby exacerbating cardiac dysfunction and
HF (80,81). In fact, inhibition of the NLRP3 inflammasome has been associated with attenuated
myocardial remodeling and fibrosis (57-59,82). In addition, various SGLT2 inhibitors have been
reported to slightly reduce biomarkers of inflammation, particularly TNFa, in type 2 diabetic
patients (83-85), as well as in the kidney (86) and heart (87) of mice. In agreement, our results
suggest that cardiac inflammation is reduced upon treatment with empagliflozin, evident by
attenuated expression of NLRP3 complex, pro-inflammatory cytokines, and macrophage
infiltration. While others have suggested that SGLT2 inhibitors may mediate their anti-
inflammatory effects via cardiac fibroblasts (72), we highlight a novel role of cardiomyocytes.
Interestingly, despite evident reductions in cardiac inflammation in both experimental models of

HF upon treatment with empagliflozin, this was not associated with reductions in cardiac fibrotic
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remodeling in HFrEF. Meanwhile, it is important to note that elevated fibrotic remodeling was not
resolved in our experimental model of regressed HF, despite complete restoration of diastolic and
systolic cardiac function. Altogether, these data suggest that reducing myocardial fibrosis is not

pertinent to improving cardiac function in HF.

Of importance, since SGLT2 inhibitors have been shown to elevated circulating ketone bodies (88)
and BOHB has been shown to inhibit the NLRP3 inflammasome (89), it stands to reason that the
anti-inflammatory potential of empagliflozin may be mediated through the signaling properties of
ketone bodies. Importantly, these signaling properties occur without oxidation of BOHB in the
TCA cycle (89). Particularly, elevated circulating BOHB has been shown to reduce expression of
NLRP3 complex and associated pro-inflammatory cytokines in vivo in the spinal cord of mice (90)
and in retina of diabetic mice (91), as well as blunt NLRP3-mediated neutrophil and/or
macrophage infiltration into the peritoneum (89), spinal cord (90), liver (92) and kidney (93,94)
of experimental models. Concurrently, ketogenic diet, but not necessarily BOHB specifically, was
similarly shown to decrease NLRP3 inflammasome activation in the brain of a murine model of
ischemic stroke (95). In addition, POHB has also been shown to inhibit NLRP3-mediated
inflammation in isolated murine microglia cells (96), bone marrow-derived dendritic cells (93) and
macrophages (89,97), murine and human neutrophils (97) and monocytes (89), human and rat
glioblastoma cells (98) and human neuroblastoma (95) and hepatoma (92) cells. Altogether, these
data indicate the potential of elevated ketone bodies, particularly POHB, in counteracting
inflammatory-related organ dysfunction. Interestingly, the ability of BOHB to mediate anti-
inflammatory effects via inhibition of the NLRP3 inflammasome has been challenged by Neudorf

et al. (99) who showed that a rise in blood BOHB upon exogenous administration of either ketone
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salt or ketone monoester supplementation was associated with activation of caspase-1 and
expression of IL-1B in whole blood of healthy humans. Regardless of the potential effect of in
ketone bodies on inflammation, we did not observe elevated BOHB in response to treatment with
empagliflozin in our model of HFrEF, despite reductions in cardiac inflammation and dysfunction.
Together, this suggests that the beneficial anti-inflammation properties of empagliflozin are not
mediated through elevated circulating ketones. Nonetheless, the possible effects of BOHB on
NLRP3-mediated inflammation in the heart are less well-characterize than other tissues including
the kidneys and brain. Therefore, this potential therapeutic benefit of BOHB in the heart should be
further explored using ketogenic diets as well as diets supplemented with 1,3-butanediol (93,94)
and other sources of BOHB, such as ketone esters (100), particularly in states of energy deficiency

such as HF.

Although majority of the studies have focused on the effects of SGLT2 inhibition in the setting of
obesity and diabetes, there has been less work identifying other clinical groups who may benefit
from treatment with empagliflozin, for example in the absence of hyperglycemia. Interestingly,
empagliflozin was found to delay ischaemic contracture, without reducing cardiac injury, through
inhibition of NHE1 in an isolate mouse heart (36). Furthermore, empagliflozin improved
mitochondrial respiration in a nondiabetic isolated perfused heart subjected to I/R injury, despite
no reductions in infarct size (22). These findings are consistent with no reductions in MI in EMPA-
REG Outcomes but shed light on potential mechanisms for long term protection from development
of HF. Additionally, early treatment with empagliflozin protected from cardiorenal syndrome (87).
Of importance, the favorable effects of empagliflozin on aortic stiffness, vascular resistance and

diastolic function (75,101,102) are encouraging for patients who present with HFpEF. Indeed, the
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beneficial cardiac effects in absence of diabetes were preserved in our model of HFpEF as well
others’ (77), without any effect on systolic BP. These improvements are thought to occur upon
improving myofilament passive stiffness, without any changes to Ca®* cycling (103). Altogether,
our data supports the effectiveness of treatment with empagliflozin in HF resulting from diverse
etiologies and demonstrate, for the first time, that these beneficial effects are mediated through

immune regulation, independent of glycemic control.

While designing pharmacological therapies to target the metabolic inflexibility of the heart seems
promising, our findings suggest that improved substrate utilization is not pertinent to improving
HF. Rather, strategies that reduce cardiac inflammation, such as SGLT2-inhibitors, may be
effective in treating a broad range of CVD. This begs the question: are SGLT2 inhibitors the new

line of treatment for both diabetic and nondiabetic heart disease?

5.2 Limitations

A major limitation of these studies is the use of experimental models in attempt to recapitulate
human disease. First off, considering that the murine heart is highly glycolytic (104), up-regulation
of glycolysis rates may not be detected in our mouse model of HF (105-107). It should be noted
that rodents used in these studies are relatively young compared to the typical age of onset of HF
in humans, particularly due to the more desirable level of cardiac dysfunction achieved in an 8-
week old mouse. Furthermore, the high rates of intraoperative mortality that exist with this

technically demanding procedure only worsen in aged mice. As such, the finding that cardiac
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dysfunction and more importantly, impaired cardiac energy production, are completely reversible
following normalization of the elevated aortic afterload leading to severe HF, may be limited to a
young, murine heart. As mentioned previously, the sudden onset of HF is a major restriction of the
TAC model of HF, which does not entirely mimic the gradual progression of pressure-overload
and transition from hypertrophy that occurs over decades in patients. Lastly, BP is often controlled
in the clinical setting; however, pressure-overload is maintained for the duration of the study,
which may limit the potential of cardiac improvement in these models. Nonetheless, the use of
these animal models in these studies has provided specific insight into the potential mechanisms
involved in the regression of HF as well the potential cardiac benefit of empagliflozin, particularly

in the absence of diabetes or other comorbidities.

It should be highlighted that there were notable differences between the degree of cardiac
dysfunction and impaired energetics measured in our studies. Although both in vivo and ex vivo
cardiac function were only slightly worse in our TAC control group in the DB study compared to
TAC vehicle group in empagliflozin study (EF of ~22% vs 27% and cardiac work of 2.71 vs 3.3
ml*mmHg/min, respectively), there appeared to be a profound difference in substrate use between
the two studies. Particularly, while the ex vivo cardiac work of the TAC hearts in DB study was
only ~27% reduced compared to those of the empagliflozin study, FA and glucose use were ~60-
70% reduced, which may suggest that the failing hearts in the DB study were more efficient
(producing less ATP for work required). This is unlikely the case and may be explained by
measurement differences in ex vivo substrate flux between cohorts and is therefore a major
limitation in our studies. However, it should be noted that ATP production is not entirely coupled

to mechanical function, as ATP is utilized in the heart for basic function of membrane transport
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systems (such as Na*/K*-ATPase) in addition to its role in contraction/relaxation of the sarcomere.
Nonetheless, since we did not include a healthy control heart in the ex vivo experiments for the

empagliflozin study, we cannot discuss these rates as a matter of relative decline from control.

5.3 Future Directions

We demonstrate that complete recovery of impaired cardiac substrate metabolism precedes the
restoration of impaired cardiac contractile function in severe HF. However, whether or not
regressed hearts exert a normal response to a second, delayed stress such as ischemia or reoccurring
pressure-overload has yet to be determined. As such, we intend to further explore the resilience of
the heart upon subjecting regressed (DB) hearts to additional testing in order to elucidate whether

HF pre-disposes or protects the heart to future stressors.

One finding of our study was that treatment with empagliflozin resulted in diuretic effects without
accompanying reductions in BP in HF the absence of diabetes. Although we show that
empagliflozin exerts direct benefits to the isolated heart and cardiomyocytes, irrespective of
diuretic and hemodynamic variables, a primary focus of future studies will be to explore the role

of osmotic diuresis in regulating the beneficial effects of empagliflozin in nondiabetic HF.

Nevertheless, while our results suggest an association between improved cardiac function and

reduced NLRP3-mediated cardiac inflammation in the setting of nondiabetic HF, whether this is a

cause or effect relationship remains to be elucidated. As such, the ability of empagliflozin to exert
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direct cardiac action via the NLRP3 inflammasome signaling cascade will be further explored
using transgenic mice (such as NLRP3 knockout (KO) mice) (108) and specific overexpression

and/or inhibitions of NLRP3 (109-115).

Finally, while our data clearly demonstrates that inhibition of the cardiac NLRP3 inflammasome
occurs in response to empagliflozin, whether or not this is related to the effects of empagliflozin
on NHEI as previously suggested (31) or to effects on other ion channels and/or Ca*" handling

proteins is currently under investigation.
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Figure 5.1. Mechanism(s) Responsible for Beneficial Cardiac Effects in Heart Failure in the
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Cardiac

Absence of Diabetes. Our results clearly demonstrate that empagliflozin does not reduce adiposity or
alter BP in the setting of nondiabetic HF. In addition, empagliflozin failed to elevate circulating ketones
and had no effect on cardiac ketone oxidation rates or overall ATP production in HF. However,
empagliflozin blunted NLRP3-mediated inflammation directly in the heart, thus providing insight to
the potential of an SGLT2-independent effect of empagliflozin in HF. BP = blood pressure; EMPA =

empagliflozin; HF = heart failure.
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Appendix A

Animal dose calculation (Nair and Jacob 2016):

Allometric scaling is a technique used in research to extrapolate drug dose between animals and
humans based on differences in body surface area. This approach is recommended by the US Food
and Drug Administration’s current guidelines when estimating the maximum dose for clinical
studies, by accounting for the fact that larger animals (or humans) have lower metabolic rates and

a slower physiological process and therefore require a smaller drug dose based on body weight.

Human dose range (empagliflozin- based on 60 kg human): 10-100 mg daily
10 mg/day / 60 kg = 0.167 mg/kg/day

100 mg/day / 60 kg = 1.67 mg/kg/day

Mouse dose = Human equivalent dose (HED) x 12.3 (Nair and Jacob 2016)
0.167 mg/kg/day x 12.3 =2.05 mg/kg/day
1.67 mg/kg/day x 12.3 = 20.5 mg/kg/day

Mouse range = 2.05-20.5 mg/kg/day

Rat dose = Human equivalent dose (HED) x 6.2 (Nair and Jacob 2016)
0.167 mg/kg/day x 6.2 = 1.03 mg/kg/day
1.67 mg/kg/day x 6.2 = 10.3 mg/kg/day

Rat range = 1.03-10.3 mg/ke/day
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Appendix B

Details of TAC surgery:

Mice were anaesthetized by an intraperitoneal injection of a cocktail of ketamine (100 mg/kg) and
xylazine (20 mg/kg); surgical plane of anesthesia was confirmed by lack of reflex or response to
toe-pinching. Endotracheal intubation was performed using 22G tubing, which was then connected
to a ventilator (Hugo-Sachs Electronik Mini-Vent, Harvard Apparatus Canada) and ventilated at
200-250ul SV and 150 breaths/min. A topical agent was applied to chest area to remove fur
surrounding the incision area, skin was cleaned with topical antiseptic and Liquid Tears applies to
eyes. A pre-operative analgesia, Meloxicam (1-2mg/kg), was injected subcutaneously prior to
surgery and body temperature was maintained at 37°C by use of a heating pad. A vertical skin
incision was made from the suprasternal notch to mid-sternum, and then straight blunt scissors
used to cut the sternum to the 3 or 4% rib. Mini-Goldstein (FST) spreaders are used to retract the
ribs. The thymus was blunt dissected and the aortic arch visualized. The transverse arch was
carefully dissected free of connective tissue and a 6/0 silk suture was passed under the aortic arch
between the innominate and left common carotid arteries and tied encircling the aorta around a
double-blunted 27-gauge (0.4mm) needle. The needle, used to standardize the stenosis, was
quickly removed allowing the suture to constrict the aorta. The thymus is gently replaced, and
retractors removed, 2 sutures are placed in sternum, and skin incision was closed using 6/0 vicryl
suture continuous pattern. Sham operated animals underwent the same procedure without banding.
Animals were removed from ventilator, given a post-operative analgesia , Meloxicam (1-2mg/kg),

and monitored throughout recovery in a pre-warmed cage with food and water ad libitum.
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Appendix C

Antibodies used for Immunoblot analysis:

Product MW Source | WB
Anti- Protein Company | Number | Clonality | (kDa) | (IgG) | Dilution
eukaryotic translation Cell
4E-BP1 initiation factor 4E- Signaling
(53H11) binding protein Technology | 9644 monoclonal | 15-20 Rabbit 1:1000
Cell
Signaling
Akt protein kinase B Technology | 9272 polyclonal | 60 Rabbit 1:500
glyceraldehyde 3- Cell
GAPDH phosphate Signaling
(14C10) dehydrogenase Technology | 2118 monoclonal | 37 Rabbit 1:1000
glyceraldehyde 3-
GAPDH phosphate
(6C5) dehydrogenase Calbiochem | CB1001 monoclonal | 36 Mouse 1:1000
Cell
GSK3p glycogen synthase Signaling
(27C10) kinase-3 beta Technology | 9315 monoclonal | 46 Rabbit 1:1000
IL-1B interleukin-1 beta Abcam ab9722 polyclonal | 31 Rabbit 1:1000
Cell
Signaling
IL-1B (3A6) interleukin-1 beta Technology | 12242 monoclonal | 17,31 Mouse 1:1000
Cell
mechanistic target of Signaling
mTOR rapamycin Technology | 2972 polyclonal | 289 Rabbit 1:1000
nucleotide-binding
domain-like receptor
NLRP3 protein 3 Abcam ab214185 | polyclonal | 114 Rabbit 1:500
Cell
phospho-ACC | phosphorylated acetyl- | Signaling
(Ser79) coA carboxylase Technology | 3661 polyclonal | 280 Rabbit 1:1000
phospho- phosphorylated AMP- | Cell
AMPKa activated protein Signaling
(Thr172) kinase-alpha Technology | 2531 polyclonal | 62 Rabbit 1:1000
Cell
Raptor regulatory associated Signaling
(24C12) protein of mTOR Technology | 2280 monoclonal | 150 Rabbit 1:1000
S6 Ribosomal Cell
Protein Signaling
(5G10) ribosomal protein S6 Technology | 2217 monoclonal | 32 Rabbit 1:1000
thioredoxin-interacting | MBL
Txnip JY2) protein International | K0205-3 monoclonal | 50 Mouse 1:500

MW = molecular weight; WB = western blotting
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