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Abstract 

In this dissertation I focus on a sodium glucose cotransporter-2 (SGLT2) inhibitor, 

empagliflozin (EMPA), which is used to treat type 2 diabetes mellitus (T2DM) and more 

recently heart failure (HF). In clinical trials SGLT2 inhibitors improved cardiovascular 

outcomes in HF patients regardless of their diabetes status. Preclinical studies 

demonstrated EMPA’s effects also in ex vivo perfused hearts and isolated 

cardiomyocytes. However, cardiomyocytes do not express SGLT2, thus the mechanism 

of EMPA’s direct effects in cardiac myocytes is unknown.  

 EMPA has been shown to inhibit the late sodium current (INaL) in a transverse 

aortic constriction (TAC) model of HF with reduced ejection fraction (HFrEF). 

Cardiomyocytes from a murine model of HF with preserved ejection fraction (HFpEF) 

also exhibited enhancement of the INaL, and importantly, was reversed with EMPA pre-

treatment (~4hr), but interestingly this was not observed with acute (~3min) treatment. 

The same effects were also seen when a calcium/calmodulin dependent protein kinase 

II (CaMKII) inhibitor and reactive oxygen species (ROS) inhibitor was used. These 

findings point towards EMPA affecting upstream regulators of the INaL. CaMKII is an 

important upstream regulator of the INaL and it has increased activity in disease states 

such as HF. CaMKII can enhance ROS production via NADPH oxidase 2 (NOX2) and 

increased levels of ROS can oxidize an already active CaMKII to further enhance its 

activity. Moreover, a shift in cardiac fuel utilization in HF can increase glucose uptake 

into cardiomyocytes and can lead to an increase in ROS production. An additional 

modification of CaMKII that enhances its activity upon elevated glucose levels is O-

linked-N-acetylglucosamine, or O-GlcNAcylation, where its attachment and detachment 



 

 v 

are controlled by two enzymes, O-GlcNAc transferase (OGT) and O-GlcNAcase (OGA), 

respectively. Thus, we hypothesized that EMPA is modulating one or more of these 

processes (CaMKII, ROS, NOX2, OGA, OGT), which have downstream effects on INaL.  

 Therefore, the work in this dissertation addressed this hypothesis by testing how 

EMPA affects hyperglycemia-induced myocyte ROS production in comparison to 

CaMKII inhibition in control and HFpEF myocytes, as well whether EMPA directly 

affects the activities of NOX2, OGA, and OGT. To test whether EMPA has effects on 

ROS we utilized isolated cardiomyocytes from transgenic mouse lines expressing the 

fluorescent ROS sensor Grx1-roGFP2 sensor, localized either to the cytosol or the 

mitochondria, allowing us to measure compartment-specific ROS.  Acute hyperglycemia 

increases cytosolic ROS production and EMPA pretreatment (1 hr) was able to reduce 

the rate of production, however this was not seen in the mitochondria where 

hyperglycemia did not increase mitochondrial ROS. This was seen also in HFpEF mice 

and their aged-matched controls. We also tested whether CaMKII inhibition had similar 

effects to EMPA treatment and saw that CaMKII inhibition was able to attenuate the 

hyperglycemia-induced ROS production in the cytosol.  Additional tests were done with 

heart tissue lysates to compare EMPA’s effect on NOX2, O-GlcNAcase, and O-GlcNAc 

transferase with known inhibitors of these enzymes. No direct effect was seen on the 

activity of NOX2, O-GlcNAcase, and O-GlcNAc transferase by EMPA. This data 

suggests EMPA target works within this connected pathway, but not directly with NOX2, 

O-GlcNAcase, and O-GlcNAc inhibition, as seen by its ability to reduce the rate of 

hyperglycemia-induced ROS production, but not to the same degree of reduction as 



 

 vi 

CaMKII inhibition.  Since ROS and CaMKII are altered in disease, this may provide 

insight into EMPA’s SGLT2-independent and cardiomyocyte-specific targets.  

 

EMPA has received considerable attention over recent years for its unexpected 

and direct cardiovascular effects. Hopefully, continued research discoveries contribute 

to better understanding of HF disease progression and elucidate EMPA’s cardiac-

specific target that ultimately translated into new therapies for HF patients. 
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CHAPTER 1: INTRODUCTION AND BACKGROUND 

Nearly 7 million Americans are currently living with heart failure (HF) (Tsao et al. 

2023). Despite its prevalence, the underlying mechanisms of HF are not fully understood, 

and effective pharmacological treatments for patients remain limited, even more so for 

patients with heart failure with preserved ejection fraction (HFpEF). Mechanistic 

understanding, particularly of HFpEF, is further hampered by the heterogeneity of clinical 

phenotypes arising from diverse patient comorbidities. Common comorbidities include 

pulmonary and renal diseases, hypertension, and frequently metabolic disorders such as 

obesity and type II diabetes mellitus (T2DM). While HF and T2DM have distinct etiologies 

from one another, a pharmaceutical intervention, empagliflozin (EMPA), created for 

T2DM has been shown to improve cardiovascular outcomes in HF patients. However, 

because the molecular target of EMPA is not expressed in cardiomyocytes its cardiac-

specific mechanism remains elusive. Thus, this project is designed to examine the 

overlapping cardiac processes in these diseases that EMPA may target.  

 

This thesis will focus on EMPA’s effect on reactive oxygen species in 

hyperglycemia and HFpEF as well as its effects on related processes. The subsequent 

sections in this dissertation begin with an overview of background including heart 

failure, diabetic cardiomyopathy, dysfunctional regulators of excitation-contraction 

coupling, and EMPA. In Chapter 2, the methodology of experiments is descibed, 

Chapter 3 presents the results and interpretation of those studies, and Chapter 4 

discusses the implications of those results. 
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Disease Context 

Heart Failure 

HF is typically categorized as either HF with reduced ejection fraction (HFrEF) or 

HF with preserved ejection fraction (HFpEF). HFrEF is characterized by systolic 

contractile dysfunction resulting from weakened myocardium and reduced ejection 

fraction (EF). HFpEF is defined by diastolic contractile dysfunction, and while relaxation 

is impaired, systolic contraction is maintained and thus the EF is preserved; however, the 

actual volume ejected may be reduced due to the reduction of the end diastolic volume. 

The impaired relaxation results in higher filling pressures, which becomes mechanically 

and energetically demanding on the heart and contributes to pulmonary congestion. 

Hallmark features of HF include contractile dysfunction, increased ryanodine receptor 

(RyR) calcium leak, prolongation of the action potential duration (APD), enhancement of 

the late sodium current (INaL), and an increased incidence of early and delayed after 

depolarizations (EADs & DADs).  

Excitation-contraction coupling (ECC) is the most basic functional unit of the heart 

and is the process by which an electrical signal is linked to cardiomyocyte contraction and 

subsequent relaxation. The hallmark dysfunctional features seen in HF are key 

components of ECC. In healthy ventricular cardiomyocytes, an action potential (AP) 

propagates along the sarcolemma and t-tubules causing the depolarization of the 

membrane, and this triggers the opening of voltage-gated L-type calcium channels (Bers 

2001; Eisner et al. 2017). This allows an influx of calcium into the cytosol. The cytosolic 

calcium influx then triggers additional calcium release from the sarcoplasmic reticulum 

(SR) via RyRs, a process known as calcium-induced calcium release (CICR) (Bers 2001). 
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The resulting rise in cytosolic calcium binds to troponin C, inducing conformational 

changes that permit actin and myosin filaments to slide, resulting in cell shortening and 

contraction (Solaro 2010). This process is illustrated by green arrows in Figure 1A. 

Contraction is followed by the lowering of cytosolic Ca2+ via reuptake into the SR and 

extrusion from the cell, allowing for relaxation. This process is illustrated by blue arrows 

in Figure 1A. Intracellular calcium levels are the primary determinants of contractile force 

and the rate of intracellular calcium clearance primarily determines relaxation (Bers 

2001). Tight regulation of intracellular calcium is therefore essential for normal cardiac 

contraction and relaxation (Bers and Kranias 2005). Dysregulation in calcium handling 

can lead to both systolic and diastolic dysfunction and therefore is a central contributor to 

disease development.  

In HF the diastolic calcium leak through RyRs has several detrimental 

consequences to ECC. First, calcium leak via the RyRs reduces SR calcium content. The 

reduction in SR calcium leads to weaker systolic contraction because there is a smaller 

than normal release of calcium from the SR in response to an AP. Second, the sensitized 

RyRs cause an increase in spontaneous calcium release events that contribute to the 

generation of proarrhythmic events, like EADs & DADs, in the cell, and this further 

reduces SR calcium content. Subsequently, RyR calcium leak contributes to diastolic 

dysfunction by elevating diastolic intracellular calcium concentrations ([Ca2+]i), impairing 

the relaxation of cardiomyocytes. Further ionic disturbances are seen in failing 

cardiomyocytes; in particular, intracellular sodium is increased due to enhanced late 

sodium current (INaL). This elevation in intracellular sodium reduces the driving force for 

the Na⁺/Ca²⁺ exchanger (NCX), impairing calcium extrusion, elevating diastolic [Ca²⁺]i and 
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contributing to impaired relaxation. The increase seen in the INaL contributes to the 

prolongation of the APD, another key characteristic feature of HF (Makielski 2016). The 

INaL is a sustained sodium influx that contributes to the plateau phase of the cardiac AP 

(Makielski 2016). Under normal physiological conditions, the INaL contributes minimally to 

sodium influx. However, in HF the INaL is elevated leading to APD prolongation. Prolonged 

APDs cause a delayed repolarization which reduces diastolic filling times and promotes 

the potential development of proarrhythmic EADs. Together with impaired contractility 

and relaxation, these electrophysiological abnormalities substantially increase the heart's 

susceptibility to arrhythmias. Collectively, these mechanisms create a proarrhythmic state 

in which abnormal sodium and calcium handling converge to increase the risk of 

malignant arrhythmias in HF. Figure 1B illustrates changes seen in diseased 

cardiomyocytes and highlights downstream effects on ECC. 
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Figure 1. Normal vs. physiological excitation-contraction coupling (ECC) and 

ROS-CaMKII-INaL interactions. 
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A) Overview of physiological ECC. Green arrows represent elements related to 

contraction and blue arrows represent elements related to relaxation. B) Shows how 

excessive ROS and CaMKII activation disrupt calcium handling, leading to SR calcium 

leak, impaired relaxation, and arrhythmogenesis. Black arrows represent elements 

changed in disease, with red arrows representing downstream effects of those changes 

on ECC. Redrawn and adapted from Bers, 2002; Eisner et al., 2007; Hegyi et al., 2019; 

Hegyi et al., 2021; and Lu et al., 2020.  

Diabetic Hyperglycemia 

T2DM prevalence continues to increase, currently it is estimated that 451 million 

individuals worldwide have T2DM and this is projected to increase to 693 million by 

2045 (Cho et al. 2018). Diabetes is strongly associated with increased cardiovascular 

morbidity and mortality (Al-Lawati 2017). Notably, T2DM is linked to a 2.5-fold increased 

incidence of developing HF (Ohkuma et al. 2019), even in the absence of coronary 

artery disease. Additionally, diabetes is disproportionately represented among patients 

with HFpEF (Gulsin et al. 2018; MacDonald et al. 2008; Nichols et al. 2004; Rosano, 

Vitale, and Seferovic 2017; Shindler et al. 1996). Severity of T2DM, independent of 

other risk factors, has been positively correlated with HF development (Thrainsdottir et 

al. 2005). Previous studies have shown diastolic and systolic dysfunction in diabetic 

patient hearts (Battiprolu et al. 2010).  Diabetic cardiomyopathy is cardiac changes 

associated with diabetes that cannot be directly linked to other confounding factors (i.e. 

hypertension, coronary artery disease, valvular disease) and previous studies have 

identified cellular signaling pathways associated with disease progression (Battiprolu et 

al. 2010; Dillmann 2019; Jia, Hill, and Sowers 2018; Jubaidi et al. 2020). The 
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progression of cardiac dysfunction in T2DM has been associated with metabolic 

changes, mitochondrial dysfunction, elevated reactive oxygen species (ROS), and 

impaired calcium handling (Bhatt et al. 2015; Erickson et al. 2013; Kolwicz, Purohit, and 

Tian 2013). 

Hyperglycemia is a defining feature of diabetes and imposes both acute and 

chronic metabolic stress on cardiomyocytes through alterations in cellular metabolism 

(Charlton et al. 2020). Elevated blood glucose causes the heart to shift its fuel utilization 

from partial glucose oxidation to free fatty acid (FFA) oxidation to produce adenosine 

triphosphate (ATP) (Mazumder et al. 2004; Wang et al. 2005). In parallel, mitochondrial 

uncoupling where FFA and oxygen consumption increase, through uncoupling proteins, 

without producing ATP (Skulachev 1999). The increased utilization of FFAs paired with 

mitochondrial uncoupling may lead to increases in mitochondrial ROS generation, which 

is seen in diabetic hearts. The accumulation of ROS, which will be discussed in depth 

later, has downstream consequences like mitochondrial damage, reductions in ATP 

production, and impaired contractility that could progress to HF.  

Diabetic hyperglycemia also induces pathological changes in cardiomyocytes 

that impair calcium handling and disrupt ECC, contributing to the development of 

contractile dysfunction and cardiometabolic heart disease. Similar hallmark features of 

HF are seen in dysfunctional diabetic cardiomyocytes including contractile dysfunction, 

increased RyR calcium leak, enhancement of the INaL, prolongation of the APD, and an 

increased incidence of EADs & DADs (Dillmann 2019). In addition to increased SR 

calcium leak, cytosolic calcium transient abnormalities have also been observed in 

diabetic hearts, both of which contribute to decreased contractility and proarrhythmic 
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events (Bhatt et al. 2015). These maladaptive changes to calcium homeostasis can 

decrease mitochondrial calcium, which regulates enzymes along the Krebs cycle and 

electron transport chain, modulating ATP production (Wan et al. 1989). In addition to 

contraction and relaxation dysfunction, imbalances in calcium homeostasis can also 

reduce ATP production, causing further contractile dysfunction. The frequent 

coexistence of T2DM and HF paired with their shared underlying mechanisms highlights 

the need to better understand pathways linking metabolic dysfunction to cardiac 

pathology.  

CaMKII and Redox Signaling in Diabetes and Heart Failure 

Disruptions in cellular signaling pathways that regulate calcium handling and 

redox balance are central features of cardiac dysfunction in T2DM and HF. These 

processes are tightly interconnected and play critical roles in maintaining cardiomyocyte 

function under both physiological and pathological conditions. In particular, alterations in 

calcium-dependent signaling and oxidative stress responses contribute to impaired 

ECC, maladaptive remodeling, and disease progression. The following sections focus 

on key components of these pathways, with an emphasis on their roles in the 

development and progression of cardiac dysfunction. 

CaMKII in Cardiac Function and Dysfunction 

Calcium/calmodulin dependent protein kinase II (CaMKII) is typically a 

dodecamer with each subunit associated at the C-terminal to form a pair of parallel 

hexametric rings (Hoelz, Nairn, and Kuriyan 2003; Rellos et al. 2010). Individual 

monomers are made up of an association regulatory, and catalytic domain. The 

regulatory domain is where calcium/calmodulin binds. This domain also contains 
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posttranslational modifications by O-GlcNAcylation (Ser280), oxidation (Met281&282), 

autophosphorylation (Thr287), and nitrosylation (Cys290) (Erickson et al. 2008; 

Erickson et al. 2013; Erickson et al. 2015; Hudmon and Schulman 2002). At rest, when 

intracellular calcium remains low, CaMKII is inhibited and in a closed state where the 

regulatory domain acts as a pseudo-substrate and prevents other substrates from 

binding to the catalytic domain. Rising intracellular calcium binds to calmodulin, and 

calcium/calmodulin then activates CaMKII by binding to the regulatory domain. This 

induces a conformational change, opening up the catalytic domain to bind to substrates 

(Schulman and Anderson 2010), illustrated in Figure 2. This conformational change is 

reversible and typically becomes inactive as calcium levels drop in the cell. The direct 

regulation of CaMKII by intracellular calcium creates beat-to-beat changes in its activity 

(Schulman and Anderson 2010). However, CaMKII activity can become unlinked from 

the beat-to-beat changes in calcium when it becomes autonomously activated. 

Autonomous activation can occur through either autophosphorylation of CaMKII (site 

T287) or other posttranslational modifications (Erickson et al. 2008, 2013). 
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Figure 2. CaMKII𝛅 (Calcium/Calmodulin-dependent protein kinase II) activation.  

Schematic of CaMKII structure and function. Autonomous activation and post-

translational modifications by ROS and O-GlcNAcylation depicted. Redrawn and 

adapted from Hegyi et al., 2019; Erickson et al., 2008; Erickson, 2013; and Lu et al., 

2020. 

CaMKII is a kinase that orchestrates changes in key aspects of calcium handling, 

ECC, and contractility (Hegyi, Bers, and Bossuyt 2019; Luczak and Anderson 2014; 

Schulman and Anderson 2010). CaMKII phosphorylates critical ECC components, 

including L-type calcium channels, RyRs, and phospholamban (PLB) to modulate 

contraction. Phosphorylation of L-type calcium channels and RyRs increases their open 
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probability, enhancing calcium influx and SR calcium release (Maier and Bers 2007). As 

a result, the peak calcium current rises and the channel's inactivation slows, allowing 

greater calcium entry into the cytosol, while diastolic SR calcium leak can be 

proarrhythmic and elevate diastolic calcium. Phosphorylation of PLB relieves its 

inhibition of SERCA, enhancing calcium reuptake into the SR, accelerating relaxation, 

and increasing SR calcium load. CaMKII activity contributes to increased heart rate, 

contractility, and relaxation rate (Schulman and Anderson 2010). Together, these 

modifications enable the heart to meet increased functional demands during stress and 

exercise; however, when chronically activated it is known to contribute to disease 

development.  

Importantly, CaMKII is known to be chronically activated in diabetic hearts and 

directly induces pathological changes in calcium handling (Anderson 2007; Anderson, 

Brown, and Bers 2011; Curran et al. 2014; Lu et al. 2020; Luo et al. 2013; Tian et al. 

2010). Additionally, expression of CaMKII is increased in HF along with its activity 

(Kirchhefer et al. 1999). Diabetic mouse hearts (leptin receptor-deficient db/db – 

Leprdb/db) have been shown to have increased CaMKII activity that enhanced 

phosphorylation of RyRs at CaMKII-specific sites (Hegyi, Bers, and Bossuyt 2019), 

leading to increased spontaneous calcium release events and a higher prevalence of 

ventricular arrhythmias (Kadosaka et al. 2023). In parallel, CaMKII-dependent 

phosphorylation of voltage-gated sodium channels enhanced INaL, contributing to APD 

prolongation (Wagner et al. 2006). Moreover, autonomous, or calcium-independent, 

activation of CaMKII can become dysregulated, resulting in autonomous, calcium-

independent activation, a phenomenon commonly observed in cardiovascular disease.  
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Autonomous activation of CaMKII can result from different post-translational 

modifications, as discussed previously. Multiple studies have demonstrated that 

attachment of O-linked-N-acetylglucosamine (O-GlcNAc) to CaMKII can promote 

CaMKII’s autonomous, calcium-independent activation (Erickson et al. 2013; Hegyi, 

Fasoli, et al. 2021). O-GlcNAcylation is increased under hyperglycemic conditions and 

serves as a fuel-sensitive post-translational modification in cardiomyocytes (Lima, 

Moreira, and Sakamoto-Hojo 2022). There are only two enzymes that control O-

GlcNAcylation cycling, O-GlcNAc transferase (OGT) and O-GlcNAcase (OGA), which 

catalyze the attachment and removal of O-GlcNAc (Dias, Cheung, and Hart 2012) 

(Figure 2).  Elevated O-GlcNAcylation exerts widespread effects on ECC by modifying 

key signaling proteins involved in calcium handling. O-GlcNAc-modified CaMKII 

increases SR calcium leak through enhanced RyR activity and is associated with 

increased arrhythmia susceptibility under hyperglycemic conditions (Erickson et al. 

2013; Hegyi, Fasoli, et al. 2021). In parallel with increased SR calcium leak, calcium 

reuptake into the SR is slowed in diabetic (db/db) cardiomyocytes, further reducing SR 

calcium load (Dillmann 2019). This impairment may be attributed to O-GlcNAcylation of 

phospholamban (PLB), the inhibitory regulator of the SERCA, or increased PLB 

expression, both of which would enhance SERCA inhibition and have been reported in 

T2DM (Hegyi, Fasoli, et al. 2021). Oxidation is an additional mechanism by which 

CaMKII becomes autonomously active in disease (Erickson et al. 2008). Oxidative 

modifications of CaMKII also sustain the kinase’s activity, prolonging phosphorylation of 

ECC components such as RyRs, voltage-gated sodium channels (Luczak and Anderson 

2014), as well as multiple potassium channels, as demonstrated by Wagner et al. 
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(2009) and others and reviewed extensively in the CaMKII literature. At the cellular 

level, hyperglycemia has been shown to activate CaMKII through O-GlcNAcylation, 

which promotes increased ROS production (Lu et al. 2020). This feed-forward 

environment favors additional activating post-translational modifications of CaMKII, 

including oxidation and autophosphorylation, alongside O-GlcNAcylation. As a result, 

hyperglycemic conditions may drive multiple activating modifications of CaMKII 

simultaneously, positioning the kinase as a key integrator of metabolic and redox stress 

signals in the diabetic heart. Figure 2 illustrates CaMKII’s inactive, active, and 

autonomously active states including the two post-translational modifications discussed. 

Figure 1B illustrates important points in ECC that chronic CaMKII phosphorylation 

leads to dysfunction. Together these alterations, exacerbate diastolic calcium 

accumulation and impair relaxation.  

Reactive Oxygen Species in Cardiac Function and Dysfunction 

Reactive oxygen species (ROS) are highly reactive oxidizing molecules 

containing one or more oxygen atoms and unpaired electrons, including species such 

as hydrogen peroxide (H2O2), superoxide (•O2-), nitric oxide (NO•), and hydroxyl radicals 

(•OH) (Ghodeswar and Bandyopadhyay 2025). In cardiomyocytes, ROS are generated 

across multiple subcellular compartments and participate in localized signaling 

pathways that influence ECC. Superoxide is primarily produced within the mitochondria 

at Complexes I and III of the electron transport chain and is rapidly converted to H2O2 

by superoxide dismutase (Phaniendra, Jestadi, and Periyasamy 2015). Hydrogen 

peroxide, which can also arise in the cytosol and nucleus, is more stable and diffusible 

than superoxide and is metabolized to water and oxygen, mainly by catalase and other 
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antioxidant systems. Due to these properties H2O2 serves as an important redox 

signaling molecule capable of modifying proteins involved in ECC (Steinhorn et al. 

2018). 

Additional reactive species contribute to redox dysregulation in cardiomyocytes. 

Nitric oxide (NO•), a reactive nitrogen species is often grouped within the broader ROS 

signaling network, is produced by nitric oxide synthase (NOS) isoforms localized to 

specific cellular compartments including the SR, sarcolemma, t-tubules, and 

mitochondria, enabling spatially restricted regulation of ECC and redox balance (Ziolo, 

Kohr, and Wang 2008). In contrast, the hydroxyl radical is an extremely short-lived and 

highly reactive species generated locally, primarily in the mitochondria and cytosol, 

where it rapidly reacts with nearby lipids, proteins, and nucleic acids and can initiate 

lipid peroxidation reactions (Vásquez-Vivar, Kalyanaraman, and Kennedy 2000). 

Because of its extremely short half-life and limited diffusion, •OH causes highly localized 

oxidative damage that can disrupt membrane integrity and modify key ECC proteins, 

impairing Ca²⁺ handling and contractile function. 

At physiological levels, ROS function as important signaling molecules that 

modulate cardiomyocyte function (Ghodeswar and Bandyopadhyay 2025). In particular, 

ROS can influence ECC by oxidizing key calcium channels, RyRs, and SERCA (Köhler, 

Sag, and Maier 2014; Lim et al. 2008, 20142014; Zima and Blatter 2006). Oxidation of 

L-type calcium channels and RyRs increases their open probability, enhancing calcium 

influx and SR calcium leak (Brown and Griendling 2015; Lim et al. 2008; Tian et al. 

2021). In contrast, oxidation of SERCA reduces its activity, slowing calcium reuptake 

into the SR. Through these mechanisms, moderate ROS signaling can transiently 

https://www.zotero.org/google-docs/?7Cvgq6
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elevate intracellular calcium and augment contractile strength during increased 

functional demand (Zima and Blatter 2006). However, sustained elevations in ROS can 

overwhelm antioxidant defenses and promote maladaptive oxidative modification of 

calcium-handling proteins, ultimately contributing to impaired ECC and pathological 

remodeling. 

Pathological levels of ROS contribute to disruptions in calcium and sodium 

handling, impaired ECC, and arrhythmogenesis (Brown and Griendling 2015; Hegyi, 

Bers, and Bossuyt 2019; Köhler, Sag, and Maier 2014; Tian et al. 2021; Wagner et al. 

2006; Zima and Blatter 2006). The increased open probability of L-type calcium 

channels and RyRs from chronic oxidation ultimately produces persistently higher 

intracellular calcium concentrations, impairing relaxation of the myofilament (Cooper et 

al. 2013; Zima and Blatter 2006). Oxidized RyRs exhibit increased sensitivity to luminal 

calcium concentrations and shortened refractory periods, leading to enhanced SR 

calcium leak and a higher frequency of spontaneous calcium release events (Brown and 

Griendling 2015; Cooper et al. 2013; Liang et al. 2020; Lim et al. 2008; Tian et al. 2021). 

These events reduce SR calcium content, weaken systolic calcium release, and 

increase susceptibility to arrhythmias (Q. Li et al. 2015; Oda et al. 2015). SERCA 

oxidation reduces its activity and in disease that leads to elevated intracellular calcium 

concentrations and impaired relaxation. Chronic oxidation ultimately leads to elevated 

diastolic cytosolic calcium which impairs myofilament relaxation causing mechanical 

dysfunction that is seen in both diabetes and HF (González et al. 2023; Oda et al. 2015; 

Schiattarella et al. 2019). Collectively, dysregulated redox balance is a central 

mechanism linking metabolic stress to impaired ECC.  
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Both diabetes and HF are characterized by chronic metabolic stress that disrupts 

intracellular redox signaling pathways critical for ECC (Mengstie et al. 2022). Diabetic 

hyperglycemia is associated with increased intracellular ROS production (Hegyi, Bers, 

and Bossuyt 2019), and even acute elevations in glucose have been shown to rapidly 

increase production of ROS in cardiomyocytes (Brown and Griendling 2015; Giacco and 

Brownlee 2010). In both T2DM and HF, ROS accumulation has been shown to be 

central to disease progression, contributing to maladaptive remodeling of ion channels 

and signaling proteins (Akki et al. 2009; Guo et al. 2007; Heymes et al. 2003; Köhler, 

Sag, and Maier 2014; Yano et al. 2005).  

As mentioned, different types of ROS can originate from multiple intracellular 

sources, including mitochondrial metabolism and enzymatic oxidases (Laddha and 

Kulkarni 2020). Common sources of ROS are in the mitochondria’s electron transport 

chain (ETC) at complex I and III where a majority of electrons are transported to 

molecular oxygen as the terminal electron acceptor. In cardiomyocytes exposed to 

hyperglycemia, ROS production arises predominantly from the mitochondrial ETC and 

NADPH oxidases (NOX), particularly NOX2 (González et al. 2023; Lima, Moreira, and 

Sakamoto-Hojo 2022; Lu et al. 2020). Enhanced ATP synthesis and excess substrate 

availability (NADH & FADH2) increases the mitochondrial membrane potential and 

electron pressure within the ETC, promoting electron leak and increasing mitochondrial 

ROS production (Jubaidi et al. 2020; Laddha and Kulkarni 2020; Q. Li et al. 2015). The 

increased energy demand of the heart seen in disease puts a strain at the mitochondria 

which can drive ROS production, as well as the shift in fuel utilization discussed 

previously.  

https://www.zotero.org/google-docs/?q55et5
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In the cytosol primary ROS generation is attributed to NADPH oxidase 2 (NOX2). 

In the cardiomyocyte along the sarcolemma and t-tubules is the transmembrane protein, 

NOX2, which forms a complex upon activation (Rastogi et al. 2017). NOX2 activation 

complex forms around the heterodimerization of gp91phox and p47phox proteins (Rastogi 

et al. 2017). CaMKII-dependent activation of NOX2 has been shown to amplify ROS 

generation (Heymes et al. 2003; Laddha and Kulkarni 2020; Rastogi et al. 2017). While 

CaMKII can increase ROS production via NOX2, ROS also oxidizes kinases, including 

CaMKII (Erickson et al. 2008; Lu et al. 2020). Thus, oxidation of CaMKII promotes 

autonomous CaMKII activation, which subsequently activates NOX2 and increases 

ROS production, creating a feed-forward signaling loop between oxidative stress and 

kinase activation. Figure 1B illustrates important points in ECC that, when chronically 

oxidized, leads to dysfunction as well as the dynamic relationship that exists between 

ROS and CaMKII. 

The Late Sodium Current and Ionic Dysregulation in Cardiomyocytes 

The INaL is the influx of sodium that contributes to the plateau phase of the 

cardiac AP (Philippaert et al. 2021). Under physiological conditions it appears the INaL 

has small effects, however in pathological conditions increases in the INaL can 

significantly disrupt intracellular sodium homeostasis and have further downstream 

effects (Hegyi, Pölönen, et al. 2021; Hegyi and Bers 2022; Makielski 2016; Viatchenko-

Karpinski et al. 2014).  

The INaL is consistently elevated in HF and contributes to proarrhythmic changes 

seen (Hegyi, Mira Hernandez, Shen, et al. 2022; Makielski 2016). The enhanced INaL 

increases intracellular sodium concentrations, which reduces the electrochemical 
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driving force for the sodium-calcium exchanger (NCX), which normally accounts for 

~30% of calcium removal from the cytosol at each beat in human and rabbit ventricular 

mycocytes (Bers 2001). Impaired NCX activity reduces calcium extrusion, resulting in 

intracellular calcium overload that compromises relaxation and promotes diastolic 

dysfunction (Hegyi, Pölönen, et al. 2021). Elevations in intracellular calcium, due to 

spontaneous SR calcium release, increases inward NCX current and depolarizes the 

resting membrane potential (DAD) closer to the threshold of sodium channel activation 

and can trigger spontaneous AP and extrasystoles, which may initiate arrhythmias 

(Hegyi, Ko, et al. 2021; M. B. Liu et al. 2015). The pathological INaL disrupts intracellular 

sodium homeostasis, triggering downstream consequences such as prolonged APDs, 

intracellular calcium overload, impaired relaxation, and heightened susceptibility to 

arrhythmias (Hegyi, Pölönen, et al. 2021; Hegyi and Bers 2022). APD prolongation 

promotes EAD formation by permitting reactivation of L-type Ca²⁺ channels during 

repolarization. In combination with impaired contractility and relaxation, these 

electrophysiological abnormalities substantially increase the heart's susceptibility to 

arrhythmias (Hegyi, Mira Hernandez, Ko, et al. 2022; Hegyi, Mira Hernandez, Shen, et 

al. 2022).  

Some relevant regulators of sodium channel function are phosphorylation and 

oxidation. Notably, ROS can augment the INaL through oxidation of methionine residues 

in the sodium channels 𝜶 subunit which impairs the channels inactivation (Kassmann et 

al. 2008). Additionally, CaMKII is known to alter sodium channel inactivation via 

phosphorylation at multiple sites which increases the INaL (Wagner et al. 2006). A 

vicious cycle is formed with the elevation in intracellular sodium leading to elevated 
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[Ca²⁺]i which allows for prolonged CaMKII activation that can phosphorylate sodium 

channels to enhance the INaL. Further complicating this cycle, sustained CaMKII 

activation increases ROS production which can oxidize both sodium currents and 

CaMKII contributing to increases in the INaL and autonomous CaMKII activation, all of 

which promotes APD prolongation and arrhythmogenesis (Hegyi, Pölönen, et al. 2021; 

Hegyi and Bers 2022; Wagner et al. 2006). The pathological INaL represents a critical 

downstream effector through which CaMKII and ROS signaling converge to destabilize 

ECC in cardiometabolic disease and HF.   

Hyperglycemia–ROS–CaMKII–INaL Pathway Convergence  

Hyperglycemia and HF are associated with increased production of ROS 

(González et al. 2023; Heymes et al. 2003; Lima, Moreira, and Sakamoto-Hojo 2022; Lu 

et al. 2020; Luo et al. 2013; Schiattarella et al. 2019), enhanced CaMKII activity (Hegyi, 

Bers, and Bossuyt 2019; Kushnir et al. 2010; Schulman and Anderson 2010), and 

elevated protein O-GlcNAcylation, including O-GlcNAc modification of CaMKII (Erickson 

et al. 2013; Hegyi, Fasoli, et al. 2021). These stress-activated pathways are closely 

interconnected, as mentioned above, ROS can promote CaMKII activation (Erickson et 

al. 2008; Luczak and Anderson 2014) and CaMKII can enhance pro-oxidant signaling, 

and O-GlcNAcylation and ROS can sustain autonomous CaMKII activity under 

pathological conditions (Erickson et al. 2013; Lu et al. 2020). Dysregulation of these 

signaling pathways converge on key regulators of calcium and sodium handling, 

including RyRs, SERCA, and voltage-gated sodium channels (Hegyi, Pölönen, et al. 

2021).  
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Pathological activation of CaMKII and oxidative modification of calcium handling 

proteins promote increased SR calcium leak, reduced SERCA activity, diminished SR 

calcium load, and impaired intracellular Ca²⁺ cycling (Hegyi, Bers, and Bossuyt 2019; 

Kushnir et al. 2010). In parallel, pathological enhancement of the INaL disrupts sodium 

homeostasis, prolongs the APD, and exacerbates intracellular calcium overload through 

impaired NCX (Hegyi, Pölönen, et al. 2021; Makielski 2016; Njegic, Wilson, and 

Cartwright 2020). Collectively, these ionic and signaling disturbances contribute to 

impaired relaxation, diastolic dysfunction, reduced contractile reserve, and heightened 

susceptibility to arrhythmias, all of which are hallmark features of both diabetic 

cardiomyopathy and HF (Njegic, Wilson, and Cartwright 2020). Thus, interventions that 

modulate nodes in this pathway may normalize sodium loading, calcium handling, and 

repolarization in stressed cardiomyocytes and help to reduce proarrhythmic events. This 

pathway and downstream consequences are illustrated in Figure 3. 
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Figure 3. Feed-forward amplification between ROS and CaMKII in diabetic and 

failing myocardium.  

Hyperglycemia and metabolic stress increase mitochondrial and NOX2-derived ROS, 

promoting oxidation-dependent autonomous activation of CaMKII at Met281/282. 

Activated CaMKII enhances NOX2 activity and downstream Ca²⁺-handling 

abnormalities, creating a feed-forward loop that sustains redox signaling and 

electrophysiological remodeling. Redrawn and adapted from Erickson et al., 2008; 

Hegyi et al., 2021; and Lu et al., 2020. 
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SGLT2 Inhibitor: Empagliflozin 

Sodium glucose co-transporter 2 (SGLT2) inhibitors are a class of drugs 

developed for T2DM treatment. SGLT2 inhibitors included in this drug class are 

bexagliflozin, canagliflozin, dapagliflozin, empagliflozin, and ertugliflozin all of which 

work relatively in the same way (Padda, Mahtani, and Parmar 2025). These drugs 

prevent glucose reuptake in the nephron by inhibiting SGLT2, causing an increased 

excretion of glucose and a reduced blood glucose level. Additionally, there is 

sotagliflozin which is a dual inhibitor of both SGLT2 and SGLT1 that has been 

specifically FDA-approved to reduce heart failure risk, without any indication of glycemic 

control (Padda, Mahtani, and Parmar 2025). While foundational in modern diabetes 

care, most drugs within the SGLT2 inhibitor class have additional indications in 

cardiovascular disease risk and death reduction, as well as heart failure hospitalization 

reduction. However, bexagliflozin and ertugliflozin remain solely approved for glycemic 

control and have no formal indications of cardiovascular protections (Corbin et al. 2023; 

Hadd et al. 2023). While findings show favorable trends in cardiovascular outcomes 

these observations did not reach statistical significance. Canagliflozin has FDA approval 

for risk reduction of major adverse cardiovascular events including cardiovascular death 

and myocardial infarction in patients with T2DM and established cardiovascular disease 

(Neal et al. 2017). Dapagliflozin and empagliflozin are both FDA approved for treatment 

in patients with HFrEF and HFpEF and provide risk reduction of cardiovascular death 

and hospitalization regardless of diabetes status (Curtain et al. 2021; Packer, Anker, et 

al. 2021; Packer, Butler, et al. 2021; Pellicori et al. 2020). Importantly, empagliflozin and 

dapagliflozin show cardiovascular improvements across the spectrum of phenotypes 
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and irrespective of T2DM and are now recognized as a foundational therapy for HF 

(Padda, Mahtani, and Parmar 2025). 

Empagliflozin (EMPA) has emerged as a therapy with robust cardioprotective 

effects across multiple patient populations, including individuals with diabetes as well as 

those with HF, independent of glycemic status (Anker et al. 2021; Fitchett et al. 2016; 

Lopaschuk and Verma 2020; Zinman et al. 2015). While originally developed as a 

glucose-lowering agent, accumulating clinical and experimental evidence indicates that 

EMPA exerts direct effects on cardiac structure, function, and electrophysiology that 

cannot be fully explained by systemic metabolic changes alone. Indeed, cardiac 

myocytes do not express SGLT2, implying that there are likely cardiomyocyte off-target 

EMPA effects which may be beneficial (see below). This section reviews the clinical and 

preclinical evidence supporting EMPA’s cardioprotective actions, highlighting the 

apparent dissociation between these effects and glucose lowering effects, and 

summarizes candidate intracellular signaling pathways through which EMPA may act in 

cardiomyocytes. 

Clinical and Preclinical Evidence 

EMPA is a SGLT2 inhibitor originally developed for the treatment of T2DM to 

improve glycemic control. Large randomized clinical trials have demonstrated that 

EMPA significantly improves cardiovascular outcomes in patients with diabetes (EMPA-

Reg Outcome trial) (Anker et al. 2021; Fitchett et al. 2019), HFrEF (EMPEROR-

Reduced trial) (Packer, Anker, et al. 2021), and HFpEF (EMPEROR-Preserved trial) 

(Packer, Butler, et al. 2021). EMPA reduced HF-related hospitalizations and mortality in 

both HFrEF and HFpEF patients regardless of their diabetes status, a benefit not seen 
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with other glucose lowering agents (Anker et al. 2021; Fitchett et al. 2016; Lopaschuk 

and Verma 2020; Zinman et al. 2015). In addition to its metabolic effects, EMPA has 

demonstrated both positive renal and hemodynamic effects that may contribute to 

improved cardiovascular outcomes (Cowie and Fisher 2020). While the antiarrhythmic 

effects of SGLT2 inhibitors in patients with HFpEF are yet to be determined, 

dapagliflozin, a structurally related SGLT2 inhibitor, reduced the risk of ventricular 

arrhythmias and sudden cardiac death in patients with HFrEF (Curtain et al. 2021). 

Notably, the cardiovascular benefits of EMPA occur rapidly, often within weeks of 

treatment initiation, and cannot be fully explained by improvements in glycemic control 

alone, suggesting mechanisms distinct from long-term metabolic remodeling (Packer, 

Butler, et al. 2021; Pellicori et al. 2020).  

Preclinical studies demonstrated that EMPA has direct effects on ex vivo 

perfused hearts and isolated cardiac myocytes, providing further evidence that there is 

a direct effect of EMPA on the heart (Cowie and Fisher 2020). However, the major issue 

that arises is that SGLT2 expression is virtually absent in cardiac myocytes, thus 

pointing to off-target beneficial effects in the heart itself (J. Chen et al. 2010; Di Franco 

et al. 2017). Given this lack of expression, the molecular mechanism by which EMPA 

directly acts in the heart remains elusive. Together, these findings indicate that EMPA 

exerts direct cardiac effects through mechanisms independent of SGLT2, motivating 

investigation into alternative intracellular targets. 

Potential Candidates for Empagliflozin’s Cardiac-Specific Targets 

EMPA exerts robust cardioprotective effects and several intracellular signaling 

pathways, that are dysregulated in T2DM and HF, have emerged as potential mediators 
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of EMPA’s direct cardiac actions (Hegyi and Bers 2023). These pathways converge on 

key determinants of ECC, including sodium handling, calcium homeostasis, redox 

signaling, and CaMKII activation. Specific cellular and/or subcellular interactions remain 

unknown, but based on functional evidence EMPA may act through the following 

pathways to modulate cardiac electrophysiology and contractile function. 

Sodium-Hydrogen Exchanger (NHE1) 

The sodium-hydrogen exchanger-1 (NHE1) has been proposed as a potential 

target of EMPA in cardiomyocytes, particularly under pathological conditions such as 

ischemia. Initial studies, including work by Uthman et al. (2018), reported that SGLT2 

inhibitors exert a class effect to inhibit NHE1, leading to reduced intracellular sodium 

concentrations and subsequent improvements in calcium handling. However, this 

proposed mechanism remains highly controversial. More recent work directly 

challenged these findings, demonstrating that empagliflozin does not inhibit NHE1 nor 

reduce intracellular sodium in cardiomyocytes (Chung et al., 2021). This discrepancy 

has been highlighted in subsequent discussions and editorials (Murphy and Eisner 

2021), emphasizing the lack of consensus in the field. 

In diabetic cardiomyocytes, NHE1 inhibition has been shown to improve calcium 

extrusion, but does not rescue SR calcium leak or SERCA dysfunction (Kadosaka et al. 

2023). Therefore, while modulation of NHE1 may influence sodium handling, the lack of 

consensus regarding direct inhibition by EMPA suggests that NHE1 is unlikely to be the 

primary mediator of EMPA’s effects on SR calcium regulation and redox signaling, 

supporting the involvement of alternative intracellular targets. 
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O-GlcNAcylation and CaMKII 

EMPA has been associated with reduced glucose uptake, CaMKII autonomous 

activation, and O-GlcNAc post-translational protein modifications in db/db mouse hearts 

(Kadosaka et al. 2023). Chronic EMPA treatment in diabetic (db/db) mice led to 

improvements in diastolic function including decreases in CaMKII activity, RyR 

phosphorylation, and cardiac glucose levels (Moellmann et al. 2020). When compared 

with EMPA, the CaMKII inhibitor KN-93 produced a similar reduction in SR calcium leak 

in db/db cardiomyocytes, but failed to improve SR calcium reuptake (Kadosaka et al. 

2023). A study looking at both a HFrEF mouse model and human failing ventricular 

myocytes saw reduced CaMKII activity, CaMKII-dependent RyR phosphorylation, SR 

calcium leak, and spontaneous calcium release events in cardiomyocytes with a 24-hr 

pretreatment with EMPA, but acute (30min) EMPA treatment had no effect on CaMKII 

activity or calcium handling (Mustroph et al. 2018). This suggests EMPA may reduce 

spontaneous diastolic activity by attenuating CaMKII activation; however, this effect 

likely occurs indirectly since acute treatment did evoke the same effects. Modulation of 

O-GlcNAc and CaMKII signaling is associated with improvements in calcium handling in 

diabetic cardiomyocytes and supports the possibility that EMPA acts at a molecular 

target upstream of both pathways.  

Reactive Oxygen Species (ROS) 

Emerging evidence suggests that EMPA attenuates oxidative stress in 

cardiomyocytes through mechanisms independent of glucose lowering and SGLT2 

inhibition. Experimental studies have demonstrated reductions in intracellular and 

mitochondrial ROS levels following EMPA treatment in models of diabetes and heart 
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failure (Cai et al. 2024; S. Chen et al. 2022; X. Li et al. 2021). These effects have been 

linked to improvements in mitochondrial function, reduced activation of redox-sensitive 

kinases, and suppression of pro-oxidant signaling pathways. Importantly, EMPA-

mediated reductions in ROS have been observed on time scales inconsistent with 

transcriptional remodeling, suggesting modulation of acute signaling or enzymatic 

activity (Benedetti R et al. 2025; Cai et al. 2024; X. Li et al. 2021). Given the concerted 

relationship between ROS and CaMKII activation, attenuation of oxidative stress 

represents a plausible upstream mechanism by which EMPA indirectly suppresses 

CaMKII activity and downstream electrophysiological remodeling. These redox-

dependent alterations may represent a mechanistic bridge between metabolic stress 

and downstream electrophysiological and contractile dysfunction observed in diabetic 

hearts.  

The Late Sodium Current (INaL) 

Pathological enhancement of the INaL is a well-established contributor to 

prolonged APD, impaired relaxation, and arrhythmogenesis in HF (Makielski 2016). 

EMPA was reported to inhibit the INaL in a TAC-induced HFrEF murine model 

(Philippaert et al. 2021). EMPA treatment has also demonstrated potential 

antiarrhythmic effects that could be associated with attenuation of the INaL (Hegyi, Mira 

Hernandez, Ko, et al. 2022; Hegyi, Mira Hernandez, Shen, et al. 2022).  

 A clinically relevant concentration of EMPA (1μM) has been associated with the 

reversal of both the upregulated INaL and arrhythmogenic APD changes seen in a 

translational HFpEF mouse model (Hegyi, Mira Hernandez, Shen, et al. 2022). The 

attenuation of the INaL, reductions in APD prolongation, and decreased short-term 
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variability of APD (STV) effects were observed only following prolonged cellular 

pretreatments (approx 4hrs) (Hegyi, Mira Hernandez, Ko, et al. 2022; Hegyi, Mira 

Hernandez, Shen, et al. 2022). Notably, EMPA’s effects on the INaL appear to be 

context-dependent and indirect. Unlike classical sodium channel blockers, EMPA does 

not acutely suppress peak sodium current and does not rapidly inhibit INaL (Hegyi, Mira 

Hernandez, Shen, et al. 2022; Schneider et al. 2024). Instead, EMPA-induced 

reductions in INaL emerge following prolonged exposure, consistent with modulation of 

upstream signaling pathways rather than direct channel blockade (Hegyi, Mira 

Hernandez, Shen, et al. 2022). Strikingly, EMPA’s delayed effect was mimicked by 

CaMKII inhibition as well as by suppression of ROS levels (Hegyi, Mira Hernandez, 

Shen, et al. 2022; Lu et al. 2020). Since CaMKII both activates and is activated by ROS 

production (Erickson et al. 2008; Lu et al. 2020), inhibition of the INaL could be mediated 

by a reduction in oxidative stress and/or CaMKII activation. This indicates that EMPA 

may act in cardiac myocytes via the pathway illustrated in Figure 4. Together, an 

interconnected signaling network linking metabolic stress to electrophysiological 

remodeling, hyperglycemia–ROS–CaMKII–INaL pathway, provides a possible point in 

where EMPA could be acting and having the widespread cardiac effects seen. 
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Figure 4. Schematic of molecular changes in heart failure and the proposed 

pathway where empagliflozin may intervene. 

A) Within the CaMKII—ROS-- INaL pathway where we propose EMPA may directly 

target to have its downstream effects on the INaL. B) Schematic illustrating key ECC 

changes seen in disease (in red), known improvements seen with EMPA-tx (illustrated 

by blue arrows), and the pathway proposed being upstream of these outcomes (green). 

Redrawn and adapted from Hegyi et al., 2019; Hegyi et al., 2021; Hegyi & Bers, 2023. 

Scope of the Dissertation 

SGLT2 inhibitors, particularly EMPA, have emerged as effective therapies for 

reducing HF risk and improving cardiovascular outcomes in patients with and without 

diabetes. These benefits occur rapidly and cannot be fully explained by improvements 

in glycemic control alone, suggesting direct cardiac or cellular mechanisms. Emerging 
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evidence indicates that EMPA may modulate oxidative stress, intracellular ion handling, 

and signaling pathways central to cardiomyocyte dysfunction. 

A key proposed mechanism underlying hyperglycemia-associated cardiac 

dysfunction is the ROS–CaMKII–INaL signaling axis. In this pathway, hyperglycemia 

increases ROS, which activates CaMKII and enhances INaL (Hegyi, Pölönen, et al. 2021; 

Hegyi and Bers 2023). This cascade promotes intracellular calcium dysregulation and 

contributes to impaired contractile function and arrhythmogenesis. In HF, this signaling 

axis is further amplified by feed-forward interactions involving sodium and calcium 

overload, mitochondrial stress, and RyR instability. 

Within this framework, EMPA has been shown to improve calcium handling and 

reduce arrhythmia susceptibility in diabetic cardiomyocytes (Kadosaka et al. 2023). It 

has also been associated with reduced ROS levels (Cowie and Fisher 2020) and 

decreased CaMKII activity in cardiac disease (Mustroph et al. 2018). In HF models, 

EMPA reduces INaL, although with delayed kinetics consistent with indirect upstream 

modulation rather than direct channel blockade (Hegyi, Mira Hernandez, Shen, et al. 

2022). Together, these findings support a model in which EMPA acts primarily through 

redox and CaMKII-dependent signaling pathways that converge on INaL regulation. 

Collectively, these data support a unified mechanism in which EMPA disrupts a 

feed-forward ROS–CaMKII–INaL signaling network that links metabolic stress to 

electrical and calcium-handling abnormalities in cardiomyocytes. This axis integrates 

redox signaling, ion homeostasis, and electrophysiological remodeling and is relevant to 

both diabetes and HF associated cardiomyopathy. 
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Accordingly, the central hypothesis of this dissertation is that EMPA attenuates 

hyperglycemia-induced cytosolic ROS production in cardiomyocytes that involves 

CaMKII activation and downstream enhancement of late sodium current in both control 

and HFpEF hearts. This effect is hypothesized to arise through coordinated modulation 

of upstream metabolic and redox pathways. EMPA may reduce cellular glucose uptake 

and thereby limit metabolic drive into stress-responsive pathways such as the 

hexosamine biosynthetic pathway, reducing O-GlcNAc dependent regulation of CaMKII. 

In parallel, reduced CaMKII activation may limit stimulation of NOX2, while EMPA may 

also directly or indirectly suppress NOX2-derived ROS production. In addition, 

enhancement of endogenous antioxidant systems, including superoxide dismutase 

activity and broader ROS scavenging capacity, may further contribute to restoration of 

redox balance. 

To test this framework, this dissertation uses the genetically encoded redox 

biosensor Grx1-roGFP2 to measure real-time cytosolic redox dynamics in isolated adult 

mouse cardiomyocytes from control and HFpEF models under acute hyperglycemic 

conditions, with and without EMPA. These studies are complemented by 

pharmacological interventions and enzyme activity assays to interrogate key redox-

regulatory and metabolic pathways. Together, this approach defines how EMPA 

modulates oxidative stress signaling and downstream functional consequences in 

cardiomyocytes under metabolic challenge. 
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CHAPTER 2: MATERIALS AND METHODS 

Animal Models 

All cells were obtained from adult mice (25 wks), including Grx1- roGFP2 

(targeted either to the cytosol or mitochondria) (Swain et al. 2016) and WT C57BL/6J 

(Jackson Lab) mice. For redox measurements all cells were obtained from mouse Grx1-

roGFP2 transgenic mouse lines with sensors localized either to the mitochondria or the 

cytosol (Swain et al. 2016; Lu et al. 2020). For the HFpEF mouse model mice were fed 

a high fat diet (HFD; 60% kcal fat) and administered Nω‐nitro‐L‐arginine methyl ester (L-

NAME; 0.5g/L) via water starting at 10 wks of age for 15 wks to induce HFpEF (HFD+L-

NAME) (Schiattarella et al. 2019; Hegyi et al., 2026; Roh et al. 2022). The HFpEF 

model was utilized in the Grx1- roGFP2 mice (Swain et al. 2016) and both 

mitochondrial- and cytosolic-targeted Grx1-roGFP2 mice were used for all HF 

measurements. These were compared to the appropriate controls [normal chow (16 

kcal% fat)-fed] and vehicle-treated. All surgical procedures, echocardiographic follow-

ups, morphometric analysis, and cell isolation were performed by experienced 

technicians and senior researchers in the laboratory. For enzyme activity assays wild 

type (C57BL/6J) mouse whole hearts were used to make tissue lysates (described in 

Enzyme Activity Assay Kits section). All lysates were made according to each specific 

kit. 

Cardiomyocyte Isolation 

Cardiac ventricular myocytes were isolated using previously described methods 

(Pereira et al. 2013) which was approved by the UC Davis Institutional Animal Care and 

Use Committee (IACUC). Cardiac myocytes were isolated at 25 wks of age from Grx1-
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roGFP2 mice were obtained by enzymatic digestion of mouse left ventricles with type II 

collagenase (89 mg) (Worthington Biochemical Company, Cat#LS004177; 290 units/mg 

dry weight) and type XIV protease (4 mg) (from streptomyces griseus; Sigma-Aldrich, 

Cat#P5147; ≥3.5 units/mg powder). Heparin injected mice (400 U/kg body weight) were 

briefly anesthetized with isoflurane (for induction 5% and for maintenance 3–3.5%) to 

achieve verified deep insensate anesthesia prior to heart excision. Following excision, 

the heart is cannulated via the aorta and then perfused on a constant flow Langendorff 

apparatus (37°C) for 15-20 min with 50 mL MEM (135 mM NaCl, 4.7 mM KCl, 0.6 mM 

KH2PO4, 0.6 mM Na2HPO4, 1.2 mM MgSO4, 20 mM HEPES-free acid, 30 mM taurine, 

10 μM CaCl2 with enzymes and 100% O2 at pH = 7.4). Then gentle pipetting was used 

to disaggregate myocytes. Subsequently, myocytes were filtered through nylon mesh 

and sedimented repeatedly following step increases in free [Ca2+] (0.125, 0.25 and 0.5 

mmol/L). Prior to initiation of experiments, myocytes are kept in normal Tyrode (NT) 

solution (ingredients listed in Table 1; pH = 7.4) at room temperature (22–23 °C). All 

experiments were then performed at room temperature (RT) (22–23°C) with pH 7.4.  

Redox Sensor Measurements 

Changes in intracellular redox state were measured using the genetically 

encoded biosensor Grx1-roGFP2. This construct consists of glutaredoxin-1 (Grx1) fused 

to a redox-sensitive green fluorescent protein (roGFP2), allowing reversible detection of 

the glutathione redox potential (GSH/GSSG) in living cells (Swain et al. 2016). The 

roGFP2 moiety contains engineered cysteine residues that undergo disulfide bond 

formation upon oxidation, resulting in a shift in excitation properties. The Grx1 domain 

facilitates rapid equilibration between the sensor and the endogenous glutathione redox 
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couple, enabling specific reporting of glutathione redox balance rather than nonspecific 

ROS accumulation (Swain et al. 2016). This approach allows for sensitive detection of 

dynamic changes in redox homeostasis in response to acute metabolic perturbations 

and pharmacological treatment. 

Cardiomyocytes expressing Grx1-roGFP2 were imaged using dual-excitation 

fluorescence at 405 nm and 488 nm, and emission was detected at >530 nm. Isolated, 

intact cardiac myocyte redox measurements were performed using a confocal 2-

dimensional scanning microscopy with (Nikon, x40 objective) ≈20 nW laser power to 

minimize laser induced artifacts. Images were acquired every 30 seconds for 30 

minutes with constant perfusion that switched between solutions. The ratio of 

fluorescence intensity (405 nm/488 nm) was calculated to provide a ratiometric measure 

of cellular redox state, independent of sensor expression level, photobleaching, or cell 

morphology. 

To gain a better mechanistic understanding of EMPA’s advantageous effects in 

cardiac myocytes we tested how EMPA affects ROS levels at baseline (normal glucose 

5.5 mM glucose) and in response to acute hyperglycemia (HiGLU; 30 mM glucose), 

which is known to increase cytosolic ROS levels in cardiomyocytes (Lu et al. 2020). As 

the hyperglycemia is used to model the diabetic heart, we also performed these 

experiments in a two-hit HFpEF mouse model, using a nitric oxide synthase inhibitor, L-

NAME, in combination with a HFD. We also tested changes in baseline and HiGLU 

cytosolic ROS levels when cardiomyocytes were treated with a CaMKII inhibitor, 

autocamtide-2-related inhibitory peptide that is myristoylated to allow cellular uptake 
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(AIP; Anaspec Cat# AS-64929; 1µM for 1hr), to test if EMPA treatment had similar 

effects to CaMKII inhibition.  

Freshly isolated intact myocytes were first equilibrated with the normal glucose 

normal tyrodes (NT) solution (Table 1) and incubated for ~1 hour with either dimethyl 

sulfoxide (DMSO; 0.01%) as a control, EMPA (1 µM), or AIP (1 µM). Measurements 

began with cells being perfused at 1 mL/min with the normal glucose NT solution, to 

gather a baseline measurement of ROS levels, this was followed by the HiGLU NT 

solution to measure the rate of increase of ROS and the difference between the 

treatment groups. This was followed by H2O2 (100 µM) and DTT (1 mM) perfusion, to 

achieve maximal and minimal signals for calibrations. The timeline of experiments is 

represented in Figure 5. All experiments were done at room temperature (22-23℃) with 

a pH 7.4. 

Figure 5. Timeline of incubation and perfusion of redox experiments. 

Freshly isolated myocytes get preincubated in NT and its treatment (EMPA or control) 

for 60 minutes. Perfusion with NT starts and then the 30 minute recording begins. 

Changes in perfusion occur according to the timeline. 
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Solutions 

NT contained (mmol/L) 140 NaCl, 6 KCl, 10 HEPES, 1 MgCl2, 1.8 CaCl2, 5.5 

glucose, and 24.5 mannitol (Table 1). NT with 5.5mmol/L glucose was used to mimic 

physiological normal glucose levels. The normal glucose NT contains 24.5mmol/L of 

mannitol to account for osmolality differences between the glucose solutions. This is 

consistent with prior observations from our lab (Lu et al. 2020). The HiGLU solution is 

the NT with changes in the glucose and mannitol content. The HiGLU NT has 30 

mmol/L glucose and no mannitol added. Both solutions have a pH 7.4 and were used at 

room temperature (22-23℃).  

Table 1. Normal Tyrode (NT) components and concentrations. 

Components 
Normal Glucose  

Concentrations (mM) 
High Glucose  

Concentrations (mM) 

NaCl 140.0 140.0 

KCl 4.0 4.0 

CaCl2 x 2H2O 1.8 1.8 

MgCl2 x 6H2O 1.0 1.0 

HEPES 5.0 5.0 

Na-HEPES 5.0 5.0 

Glucose  5.5 30.0 

Mannitol 24.5 0.0 
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EGSH Calculation 

Sensor calibration was performed according to previous studies with these 

sensors (Gutscher et al. 2008). Oxidation difference (OxD) and redox potential (EGSH) 

calculations were done as described in previous studies, and are also provided below 

(Gutscher et al. 2008).  

Equation 1. Oxidation difference 

OxDroGFP2: 

OxDroGFP2 =  𝐼405 𝑥 𝐼488𝑟𝑒𝑑 − 𝐼405𝑟𝑒𝑑 𝑥 𝐼488
𝐼405 𝑥 𝐼488𝑟𝑒𝑑 − 𝐼405 𝑥 𝐼488𝑜𝑥 + 𝐼405𝑜𝑥 𝑥 𝐼488 − 𝐼405 𝑟𝑒𝑑 𝑥 𝐼488

 

Where I405 and I488 are the intensities of fluorescence measured at these excitation 

wavelengths with the subscripts red and ox referring to the maximally reduced (DTT) and 

oxidized (H2O2) values measured at the end of each experimental run. 

Equation 2. Glutathionine redox potential 

EGSH: 

EGSH = EroGFP2 = E°՛roGFP2 − 𝑅𝑇
2𝐹

 𝑙𝑛 (1−𝑂𝑥𝐷
𝑂𝑥𝐷

) 

Where OxD is the OxDroGFP2 calculated in Equation 1, F is the Faraday constant (96,485 

C/mol), R is the universal ideal gas constant (8.314 J/mol*K), T is the absolute 

temperature in kelvins (293.15 K). OxD is used to calculate the probe redox potential, 

where E’roGFP2 is -280 mV (or -0.280 V). Assuming that the probe and the glutathione 

redox couple are in equilibrium, the EGSH = EroGFP2.  

Analysis of the fluorescence intensities at the excitation intensities (405 nm and 

488 nm) after stimulation with H2O2 (maximum oxidation response) and dithiothreitol 
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(DTT; maximum reduction response) in basal conditions is needed to determine EGSH. 

To calculate OxD, emission intensities (I) are obtained from the measurements at 405 

nm and 488 nm. OxD is then used in the probe redox potential calculation where 

E′roGFP2 is −280 mV. Under the assumption that the glutathione redox couple and the 

probe are in equilibrium then EGSH should equal EroGFP2 (EGSH=EroGFP2). 

Pharmacological Treatments and Assay Kits 

Enzyme activity assay kits were used with pharmacological interventions to 

measure whether EMPA had a direct effect on the enzyme activity of NADPH oxidase 2 

(NOX2), O-GlcNAc transferase (OGT), and O-GlcNAcase (OGA). EMPA’s effects were 

compared to change in activity with inhibitors known to specifically inhibit those 

enzymes. 

The O-GlcNAcase (OGA) assay kit was purchased from Biomedical Research 

Service Center at SUNY Buffalo (Lee, T; Cat.# E-130). The UDP-Glo 

Glycosyltransferase assay kit, with UDP-sugar substrate GlcNAc, was purchased from 

Promega (Promega; Cat.# V6971). NADH Oxidase (NOX) Activity assay kit was 

purchased from Elabscience (Elabscience®; Cat.# E-BC-K806-MNADH). Pierce BCA 

Protein assay kit was purchased from ThermoFisher Scientific (Thermo ScientificTM; 

Cat.# 23225). All kits were used according to the manufacturer instructions.  

Freshly excised hearts were used as tissue lysates following the protocol of each 

specific kit. Dose response curves were done for all enzyme activity kits. Tissue lysates 

were pre-treated with either EMPA or an enzyme-specific inhibitor and incubated for 1-

hour. The inhibitor used was based on which enzyme activity kit was being used.  
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NADPH Oxidase (NOX) 

For NADPH oxidase (NOX) GP91-ds-tat (Anaspec; Cat.# AS-63818) was the 

inhibitor used. NOX measurements were done with a variety of EMPA concentrations, a 

maximum NOX2 inhibitor concentration (10 μM GP91-ds-tat), and a combination of 

EMPA concentrations with the maximum GP91 concentration. We found that maximum 

inhibition of NOX2 was seen at a GP91 concentration of 10 μM. This kit measures NOX 

activity and is not specific to NOX2 so we designed experiments to determine whether 

EMPA has a similar effect to a NOX2 inhibitor. The treatment combining both EMPA 

with maximum concentration of NOX2 inhibitor (GP91-ds-tat) was used to see if there 

was any additional inhibition with EMPA which would point to EMPA having effects on 

NOX isoforms other than NOX2.  

Concentrations used were as follows:  

EMPA: 3, 1, 0.3, 0.1, 0 μM  

GP91-ds-tat (NOX2 inhibitor): 10 μM 

EMPA + 10 μM GP91: 3, 1, 0.3, 0.1 μM  

O-GlcNAc Transferase (OGT) 

For O-GlcNAc transferase (OGT) activity OSMI-1 (MedChemExpress; Cat.# HY-

119738) was the inhibitor used. Per the Promega OGT activity kit recommended 

recombinant Human O-GlcNAcTransferase/OGT Protein, CF (R&D Systems; Cat.# 

8446-GT) and O-linked GlcNAc transferase (OGT) Substrate (Anapec; Cat.# AS-63726) 

were used for the OGT protein and OGT substrate for all experiments. All experiments 

followed Promega protocol and for the dose response curve the ‘Determining IC50 
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Values of Glycosyltransferase Inhibitors’ protocol was used (UDP-GloTM 

Glycosyltransferase Assay; Cat.# V6971).  

Concentrations used were as follows:  

EMPA: 500, 166.7, 56.6, 18.5, 6.2, 2.1, 0.7, 0.2, 0.08, 0.025, 0 μM  

OSMI-1: 500, 166.7, 56.6, 18.5, 6.2, 2.1, 0.7, 0.2, 0.08, 0.025, 0 μM 

O-GlcNAcase (OGA) 

For O-GlcNAcase (OGA) activity ThiametG (MedChemExpress; Cat.# HY-12588) 

was used as the inhibitor. Freshly excised hearts were homogenized and prepared as 

tissue lysates using a detergent-based lysis buffer. OGA activity was measured using a 

colorimetric assay adapted from a commercially available kit (Biomedical Research 

Service Center, University at Buffalo). This assay is based on the enzymatic cleavage of 

the synthetic substrate p-nitrophenyl-β-N-acetylglucosaminide by OGA, producing p-

nitrophenol. Upon addition of NaOH to terminate the reaction, p-nitrophenol is ionized, 

generating a yellow chromophore that can be quantified by absorbance at 405 nm. 

Briefly, tissue lysates were incubated with assay solution containing the substrate at 

37°C for 30-60 minutes. The reaction was terminated by addition of NaOH, and 

absorbance was measured at 405 nm using a plate reader. OGA activity was calculated 

from the rate of p-nitrophenol formation and normalized to protein concentration. OGA 

activity experiments were performed after lysates were incubated for 1hr with inhibitors. 

Concentrations used were as follows:  

EMPA: 3, 1, 0.3, 0.1, 0.03, 0.01, 0 μM  

ThiametG (OGA inhibitor): 10, 3, 1, 0.3, 0.1, 0.03, 0.01, 0 μM 
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Statistical Analysis 

Data is presented as mean ± SEM.  Normality of the data was assessed using 

the Shapiro-Wilk test. Statistically significant differences of normally distributed data 

were determined using 2 tailed student t-test (paired or unpaired) or one-way ANOVA, 

when applicable. One-way ANOVA was followed by Šídák’s multiple comparisons test. 

Calibrations of the redox sensor data were fit using a one-site binding (Michaelis-

Menten-type) model in GraphPad Prism to relate fluorescence ratio to sensor oxidation 

state. Dose response curves were performed on GraphPad and used a non-linear 

regression curve fit. Differences were considered significant if P<0.05. Exact P-values 

are noted in figures or results section. Redox experiments used ImageJ for image 

processing. Data analysis was performed on GraphPad Prism 10. In cell experiments N 

represents mouse numbers while n represents cell numbers. For assay kits n 

represents the number of mouse hearts used and is the average of triplicates for each 

mouse heart.  
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CHAPTER 3: RESULTS 

Hyperglycemia-Induced ROS 

 To measure hyperglycemia-induced ROS production, we used transgenic mice 

with cardiac-specific expression of the genetically encoded ratiometric redox sensor 

Grx1-roGFP2 targeted to either the cytosol (cyto-Grx1-roGFP2) or mitochondria (mito-

Grx1-roGFP2). In cardiomyocytes, cytosolic expression appears diffuse throughout the 

cell, whereas mitochondrial targeting produces a striated, punctate pattern consistent 

with mitochondrial localization. These distinct subcellular localization patterns have 

been previously validated in cardiomyocytes expressing these sensors (Lu et al., 2020). 

Representative images of cyto- and mito-Grx1-roGFP2–expressing cardiomyocytes 

during solution perfusion are shown in Figure 6A.  

The Grx1-roGFP2 sensors were calibrated in our imaging system (Figure 6B). 

The calibration of the sensors (Figure 6B) demonstrated similar EC50 of both cyto-

roGFP and mito-roGFP (23.81 and 43.62 µM H2O2, respectively). Traces seen in 

Figures 6C and 6D show intact cardiomyocytes perfused with normal glucose followed 

by HiGLU perfusion in both mito- and cyto-Grx1-roGFP2. HiGLU conditions had no 

significant effect on mitochondrial ROS production (Figure 6C), while a significant 

increase in cytosolic ROS production occurred (Figure 6D).  

Dynamic and specific glutathione redox potential (EGSH) information can be 

provided by the Grx1-roGFP2 sensor for intact cardiomyocytes during the HiGLU 

treatment. The mitochondrial glutathione redox potential Mean±SEM was -285±4.79mV 

at baseline measurements and by the end of HiGLU perfusion it was -289±7.52mV 

(Figure 6C). While baseline cytosolic EGSH Mean±SEM was -310±6.15mV and after 
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HiGLU it was -263±2.69mV (Figure 6D), further confirming no significant change 

between normal and HiGLU for the mito-Grx1-roGFP2 sensor. Further, the cyto-Grx1-

roGFP2 sensor showed a significant increase in EGSH levels from baseline to HiGLU 

(P<0.0001) (Figure 6D).  
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Figure 6. Example of GRX1-roGFP2 sensor.  
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A) Representative confocal images of myocytes expressing cytosolic and mitochondrial-

Grx redox sensors. B) In situ redox sensors calibration. C) Representative traces of 

mito-Grx ratiometric and converted EGSH in response to HiGLU. D) Representative 

traces of cyto-GRX ratiometric signals and after conversion to EGSH in response to 

HiGLU. (ns: P>0.05). One-way ANOVA comparing all NT groups to each other, all 

HiGLU groups to each other, and each NT groups to its corresponding HiGLU. Unpaired 

t-test was used for EGSH comparisons. Animal and cell numbers are shown in figure. 

Empagliflozin and Hyperglycemia-Induced ROS 

 To test whether EMPA had an effect on hyperglycemia-induced ROS production 

we preincubated both mito- and cyto-Grx1-roGFP2 mouse cardiomyocytes in a 

physiological concentration of 1 μM EMPA for 1 hour and compared them to cells 

untreated during that time period.  

Figure 7A-B shows that in mito-Grx1-roGFP2 cardiomyocytes acute 

hyperglycemia showed no significant increase in ROS production regardless of 

treatment. The mitochondrial glutathione redox potential confirmed that there was no 

significant change between normal and high glucose in the mito-Grx1-roGFP2 sensor in 

both treatment types (Figure 7C). Figure 8A-B shows that in cyto-Grx1-roGFP2 

cardiomyocytes acute hyperglycemia increased ROS production and that pretreatment 

with EMPA (1 μM for 1-hr) was able to significantly reduce the rise of hyperglycemia-

induced ROS. Notably, EMPA pretreatment did not alter the signal of either sensor in 

control 5.5 mM glucose condition. 
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 Figure 7. Mitochondrial ROS levels for controls vs. empagliflozin-treated cardiac 

myocytes exposed to acute hyperglycemia. 

A) Time course trace comparison of control vs. empagliflozin-treated cardiomyocytes. 

B) Final mitochondrial ROS levels for normal and HiGLU perfusion in control and 

empagliflozin-treated myocytes. C) Redox potential of each treatment type at baseline 

and HiGLU. (P<0.05). One-way ANOVA comparing all NT groups to each other, all 
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HiGLU groups to each other, and each NT groups to its corresponding HiGLU. One-way 

ANOVA was followed by Šídák’s multiple comparisons test. Animal numbers are shown 

in figure panel A and cell numbers are shown in panels B&C. 

There was a significant difference in both cytosolic treatment groups between 

baseline and high glucose exposure (P<0.0001 controls; P=0.0002 EMPA-tx) and the 

EMPA treated myocytes had significantly lower ROS levels under high glucose in 

comparison to the controls (P<0.0001) (Figure 8B). The cytosolic glutathione redox 

potential confirmed that there was significant change between normal and high glucose 

in the cyto-Grx1-roGFP2 sensor in both treatment types (Controls P<0.0001; EMPA 

P=0.0216) and the hyperglycemia-induced EGSH was significantly lower in the EMPA 

treated myocytes compared to controls (P=0.0348) (Figure 8C). 
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Figure 8. Cytosolic ROS levels for control vs. empagliflozin-treated cardiac 

myocytes exposed to acute hyperglycemia. 

A) Time course trace comparison of control vs. empagliflozin-treated cardiomyocytes. 

B) Final cytosolic ROS levels for normal and HiGLU perfusion in control and 

empagliflozin-treated myocytes. C) Redox potential of each treatment type at baseline 

and HiGLU. (P<0.05). One-way ANOVA comparing all NT groups to each other, all 
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HiGLU groups to each other, and each NT groups to its corresponding HiGLU. One-way 

ANOVA was followed by Šídák’s multiple comparisons test. Animal numbers are shown 

in figure panel A and cell numbers are shown in panels B&C. 

Heart Failure and Redox 

 We also tested EMPA’s effects on ROS in a two-hit model (HFD+L-NAME) of 

heart failure with preserved ejection fraction (HFpEF) in both cyto- and mito-Grx1-

roGFP2 mice. An illustration of the induction of HFpEF via HFD+L-NAME methodology 

can be seen in Figure 9A. Echocardiographs of the HFpEF and their age-matched 

controls (25-weeks of age) in both mouse lines were done (Figure 9), and 

representative images are shown in Figure 9B. Ejection fraction (EF) was shown to be 

preserved (EF>50%) via echocardiographic evaluation across all groups (Figure 9C). In 

the HFD+L-NAME mice evidence of cardiac hypertrophy was seen from significantly 

increased left ventricular (LV) remodeling index (LVRI), a ratio of LV mass (LVM) and 

the LV internal diameter (LVID) (Figure 9D). A significant difference in diastolic 

dysfunction between HFpEF and control groups was evident in the diastolic E/A ratio, 

with the HFpEF groups having significantly higher ratios indicative of diastolic 

dysfunction (Figure 9E). Further, HFpEF groups had significantly higher LV filling 

pressures (diastolic E/e’ ratio) in comparison to the control groups (Figure 9F). Overall, 

HFpEF groups had marked diastolic dysfunction with preserved systolic function 

(Figure 9C-F), confirming the development of HFpEF. 
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Figure 9. Echocardiographs and corresponding data of heart failure and age-
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matched control mice both cyto- and mito-Grx1-roGFP2 lines. 

Marked diastolic dysfunction with preserved systolic function in HFD+L-NAME induced 

HFpEF. A) Illustration of methodology of inducing HFpEF with HFD+L-NAME. B) 

Representative LV M-mode, flow, and tissue Doppler echocardiographic images taken 

at 25-wks of age. C) Preserved EF (Mean±SEM: Cyto-chow 74.9±1.0; Cyto-HFD+L 

76.1±1.3; Mito-chow 74.4±1.2; Mito-HFD+L 77.1±0.7) and D) significantly increased 

LVRI in HFD+L-NAME, or HFpEF, groups (Mean±SEM: Cyto-chow 27.3±0.1; Cyto-

HFD+L 37.9±0.8; Mito-chow 31.1±0.8; Mito-HFD+L 40.5±0.8). E) Significant differences 

between HFpEF and control groups, with increased diastolic dysfunction (E/A 

Mean±SEM: Cyto-chow 1.4±0.1; Cyto-HFD+L 1.9±0.1; Mito-chow 1.3±0.1; Mito-HFD+L 

1.9±0.1) and F) LV filling pressures in HFpEF groups (E/e’ Mean±SEM: Cyto-chow 

24.4±1.2; Cyto-HFD+L 39.3±1.0; Mito-chow 27.4±1.4; Mito-HFD+L 38.1±0.7). One-way 

ANOVA was followed by Šídák’s multiple comparisons test. Animal numbers are shown 

in figure. LVAW: left ventricular atrial wall; LVID: left ventricular internal diameter; 

LVPW: left ventricular posterior wall; HFD: high fat diet; HFpEF: heart failure with 

preserved ejection fraction; EF: ejection fraction; LV: Left ventricle; LVRI: LV remodeling 

index LVM: left ventricular mass; E/A: ratio between mitral E wave and A wave (diastolic 

dysfunction); E/e’: ratio between mitral E wave and e’ wave (LV filling pressure). 

Mitochondrial Redox  

 We performed further redox experiments, utilizing the mito-Grx1-roGFP2 mice, to 

study changes in mitochondrial ROS production in HFpEF and observe EMPA’s effects. 

In myocytes expressing mitochondrial roGFP2, neither HiGLU nor HFpEF (in 

combination with HiGLU) caused a significant increase in mitochondrial ROS levels 
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(HiGLU Mean±SEM: Ctrl-ctrls 0.577±0.01; Ctrl-EMPA 0.561±0.03; HF-ctrls 0.524±0.02; 

HF-EMPA 0.490±0.02). (Figure 10A-B). Notably, a comparison between the HFpEF 

and age-matched controls revealed that baseline (NT) ROS is significantly (P=0.0006) 

reduced in the untreated HFpEF mice (NT Mean±SEM: HF-ctrls 0.466±0.02) (Figure 

10B). Additionally, HFpEF mouse myocytes that were treated with EMPA also had a 

significant (P=0.0072) (NT Mean±SEM: HF-EMPA 0.442±0.01) reduction in baseline 

ROS levels when compared to the baselines of EMPA-treated age-matched controls 

(NT Mean±SEM: Ctrl-EMPA 0.551±0.02) (Figure 10B). There was also a significant 

reduction (P<0.0001) in baseline ROS levels in EMPA treated HFpEF cardiomyocytes 

when compared to untreated control myocytes (NT Mean±SEM: Ctrl-ctrls 0.597±0.02) 

(Figure 10B). However, there was no significant difference in glutathione redox 

potential across normal or high glucose, EMPA-treated or untreated, and HFpEF or 

age-matched controls (NT Mean±SEM: Ctrl-ctrls -285±4.79; Ctrl-EMPA -292±4.29; HF-

ctrls -301±4.05; HF-EMPA -304±3.65) (HiGLU Mean±SEM: Ctrl-ctrls -289±7.52; Ctrl-

EMPA -294±3.10; HF-ctrls -292±3.42; HF-EMPA -297±4.36), (Figure 10C). This further 

confirmed that mitochondrial ROS still did not increase in cardiomyocytes when 

exposed to HiGLU nor HFpEF, regardless of EMPA treatment.  
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Figure 10. HFpEF vs. age-matched control groups in mito-Grx1-roGFP2 mice. 

ROS levels for empagliflozin-treated vs. control cardiac myocytes exposed to acute 

hyperglycemia. A) Normal to HiGLU trace for both empagliflozin-treated and untreated 

cardiomyocytes in control and HFpEF mice. B) Control and HFpEF mice pairwise 

comparison of treatment type in NT vs. HiGLU. Comparisons made with one-way 

ANOVA comparing all NT groups to each other, all HiGLU groups to each other, and 

each NT group to its corresponding HiGLU. C) Age-matched control and HFpEF mice 

redox potentials in each treatment type at baseline and hyperglycemia. One-way 
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ANOVA comparing all NT groups to each other, all HiGLU groups to each other, and 

each NT group to its corresponding HiGLU. One-way ANOVA was followed by Šídák’s 

multiple comparisons test. Animal numbers are shown in figure panel A and cell 

numbers are shown in panels B&C. 

Cytosolic Redox 

 We further studied cytosolic ROS production and its changes under HFpEF and 

EMPA treatment. Utilizing myocytes expressing cytosolic roGFP2, we observed 

increases in cytosolic oxidation levels upon HiGLU exposure in both HFpEF and their 

age-matched controls (Figure 11A). There was no difference in baseline levels of ROS 

in either HFpEF and controls, and no difference across treatments (Figure 11B). 

Significant HiGLU-induced increases were seen in all groups, regardless of heart failure 

status (Ctrl-ctrls P<0.0001; Ctrl-EMPA P=0.0026; HF-ctrls P<0.0001; HF-EMPA 

P<0.0001) (Figure 11B). While there was no difference in baseline ROS levels (NT 

Mean±SEM: Ctrl-ctrls 0.108±0.004; Ctrl-EMPA 0.116±0.011; HF-ctrls 0.105±0.005; HF-

EMPA 0.0904±0.003), HiGLU-induced ROS levels were significantly lower in EMPA-

treated myocytes compared to the non-EMPA controls (HiGLU Mean±SEM: Ctrl-ctrls 

0.316±0.02; Ctrl-EMPA 0.215±0.02 ; HF-ctrls 0.285±0.02; HF-EMPA 0.213±0.02) 

(Figure 11B). No significant differences were observed between HiGLU-induced ROS 

levels when comparing the EMPA-treated controls and HFpEF groups. Additionally, no 

significant differences were seen in HiGLU-induced ROS levels between non-treated 

controls and HFpEF groups. Interestingly, HiGLU-induced ROS levels in the EMPA-

treated HFpEF cardiomyocytes were significantly lower (P<0.001) in comparison to the 

non-EMPA age-matched controls and EMPA-treated controls HiGLU-induced ROS 
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levels were significantly lower in comparison to the untreated HFpEF myocytes 

(P=0.0239) (Figure 11B). Overall, EMPA was able to reduce hyperglycemia-induced 

ROS levels in both controls and HFpEF cardiomyocytes.  

 Examining the glutathione redox potential revealed significant differences 

between baseline and HiGLU counterparts in controls and EMPA-treated myocytes 

(Ctrl-ctrls P<0.0001; Ctrl-EMPA P=0.0216; HF-ctrls P<0.0001; HF-EMPA P<0.0001) 

(Figure 11C). There were no significant differences in baseline redox potentials seen 

between HFpEF or control mice myocytes regardless of treatment (NT Mean±SEM: 

Ctrl-ctrls -310±6.15; Ctrl-EMPA -306±4.74; HF-ctrls -306±3.56; HF-EMPA -316±2.62). 

Hyperglycemic redox potentials were significantly different between groups (HiGLU 

Mean±SEM: Ctrl-ctrls -263±2.69; Ctrl-EMPA -284±5.05; HF-ctrls -265±2.70; HF-EMPA -

288±3.86). Untreated myocytes had significantly higher EGSH than those treated with 

EMPA in both HFpEF (P<0.0001) and age-matched controls (P=0.0384). There was 

also significant differences in redox potential observed when comparing EMPA-treated 

control myocytes to non-treated HFpEF myocytes (P=0.0184) and EMPA-treated 

HFpEF myocytes to non-treated control myocytes (P=0.0003) (Figure 11C). Therefore, 

EMPA had a reducing effect on both hyperglycemia-induced ROS levels and EGSH in the 

cytosol, regardless of HF status.  
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Figure 11. HFpEF vs. age-matched control groups in cyto-Grx-roGFP2 mice.  

ROS levels for empagliflozin-treated vs. control cardiac myocytes exposed to acute 

hyperglycemia. A) Normal to HiGLU trace for both empagliflozin-treated and untreated 

cardiomyocytes in control and HFpEF mice. B) Control and HFpEF mice pairwise 

comparison of treatment type in NT vs. HiGLU. Comparisons made with one-way 

ANOVA comparing all NT groups to each other, all HiGLU groups to each other, and 

each NT group to its corresponding HiGLU. C) Age-matched control and HFpEF mice 

redox potentials in each treatment type at baseline and hyperglycemia. One-way 

ANOVA comparing all NT groups to each other, all HiGLU groups to each other, and 
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each NT group to its corresponding HiGLU. One-way ANOVA was followed by Šídák’s 

multiple comparisons test. Animal numbers are shown in figure panel A and cell 

numbers are shown in panels B&C. 

Empagliflozin Effects on Enzyme Activity 

 Based on prior work (Shan Lu et al., 2020; 2021), hyperglycemia-induced ROS 

production is mediated through the following pathway: increased extracellular glucose 

leads to enhanced glucose influx and elevated intracellular glucose availability, 

promoting flux through the hexosamine biosynthetic pathway (HBP) and increased 

production of UDP-GlcNAc. This metabolite serves as a substrate for OGT, resulting in 

increased O-GlcNAcylation of target proteins, including CaMKII. O-GlcNAc mediated 

modification of CaMKII enhances its activation, which in turn stimulates NOX2, leading 

to increased ROS production. 

Based on this framework, we investigated whether EMPA attenuates 

hyperglycemia-induced ROS production through modulation of key nodes within this 

pathway. To do so, we assessed enzyme activities involved in O-GlcNAc cycling and 

ROS generation and employed pharmacological inhibitors targeting components of this 

signaling cascade, including CaMKII. These approaches allowed us to determine 

whether EMPA acts upstream at the level of metabolic flux and O-GlcNAc signaling, or 

downstream through effects on CaMKII activation and NOX2 dependent ROS 

production. 

Empagliflozin Effects vs. CaMKII Inhibition 

 Prior work has demonstrated that hyperglycemia-induced increases in cytosolic 

ROS production require O-GlcNAcylation dependent activation of CaMKII𝛅, including 
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modification at S280, leading to downstream activation of NOX2. Based on this 

mechanism, we tested whether inhibition of CaMKII recapitulates the effects of EMPA 

on cytosolic ROS production. Using the cyto-Grx1-roGFP2 mice from 25-wk-old mice, 

we compared EMPA treated myocytes to those treated with the CaMKII inhibitor, 

autocamtide-2-related inhibitory peptide (AIP). AIP (1 µM) significantly reduced cytosolic 

ROS production under high glucose conditions to near baseline levels (Figure 12A). Of 

note, that level of AIP inhibition was insufficient to abolish the HiGLU-induced increase 

in cytosolic ROS production previously reported in CaMKII𝛅 knockout mice or knock-in 

mice in which the O-GlcNAcylation site was mutated (CaMKII𝛅-S280A; Lu et al. 2020), 

but confirmed the role of CaMKII in this process. Moreover, there was no significant 

difference between baseline and high glucose levels of ROS in AIP treated cells (Figure 

12B). As previously seen, there was a significant difference in ROS levels between 

baseline and hyperglycemia in controls (P<0.0001) and EMPA treated (P<0.0001) 

myocytes (Figure 12B). Between treatment groups all baseline levels were similar 

(Mean±SEM: Controls 0.109±0.007; EMPA 0.104±0.005; AIP 0.108±0.004), while high 

glucose ROS levels were all significantly different from one another (P<0.0001). The 

controls had the highest ROS levels (Mean±SEM: 0.345±0.01), followed by EMPA 

treated cells (Mean±SEM: 0.249±0.01), and with AIP treated cell having the lowest ROS 

levels in hyperglycemia (Mean±SEM: 0.145±0.01) (Figure 12B). The glutathione redox 

potential was elevated in hyperglycemic conditions compared to baseline in both 

controls (P<0.0001) and the EMPA treatment group (EMPA P<0.0001), while AIP-

treatment had no significant change in redox potential between baseline and 

hyperglycemia. Baseline redox potential was not significantly different between 
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treatment groups (Mean±SEM: Controls -303±1.981mV; EMPA -302±3.09mV; AIP -

307±3.93mV). Significant differences were observed between groups under 

hyperglycemic conditions. The redox potential was significantly elevated in controls 

compared to both EMPA (P=0.0005) and AIP (P<0.0001) treated cardiomyocytes 

(Mean±SEM: Controls -255±3.06mV; EMPA -271±2.21mV; AIP -296±3.57mV). 

Additionally, EGSH was significantly reduced in AIP-treated myocytes compared to those 

treated with EMPA (P<0.0001) (Figure 12C).  

Together, these findings indicate that CaMKII contributes to hyperglycemia-

induced cytosolic ROS production, as AIP reduced ROS to near baseline levels. EMPA 

also attenuated ROS, though to a lesser extent, suggesting it may act upstream of or in 

parallel with CaMKII signaling. This same pattern was also observed in the glutathione 

redox potential. Collectively, these results support a role for CaMKII in mediating ROS 

responses during metabolic stress and implicate it in the redox effects of EMPA. 
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Figure 12. CaMKII effect on cytosolic ROS levels.  

Comparison of EMPA-tx (1 µM), AIP-tx (1 µM), and control myocytes hyperglycemia-

induced ROS levels. A) Traces of myocytes ROS levels at baseline and when exposed 

to hyperglycemia. B) One-way ANOVA comparison of ROS levels at baseline and high 

glucose in control vs. EMPA-treated vs. AIP-treated. C) Glutathione redox potential of 

each treatment type at baseline and hyperglycemia. One-way ANOVA followed by 

Šídák’s multiple comparisons test.  Animal numbers are shown in figure panel A and 

cell numbers are shown in panels B&C. 
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Empagliflozin Effects on NOX2 Activity  

 In cardiomyocytes CaMKII is known to increase cytosolic ROS production via 

NOX2 (Lu et al. 2020). The activity of NOX2 and EMPA’s potential effects on it were 

tested using an NOX activity assay and a known NOX2 inhibitor, GP91, for comparison 

to EMPA. Utilizing a maximally inhibitory concentration of GP91 we compared its effects 

along with different doses of EMPA and compared the two as well as to an uninhibited 

control (Figure 13). To test whether EMPA affected other NOX isoforms, we compared 

maximum NOX2 inhibition (10 µM GP91) with varying concentrations of EMPA (3, 1, 

0.3, & 0.1 µM). NOX activity is represented as units of 1 mM substrate oxidized to 

DCPIP per gram of protein per minute at room temperature (defined as 1 U/gpro).  

No significant decrease in overall NOX activity was observed at any EMPA 

concentration (from 0.1 to 3 µM). That was true whether total NOX activity was 

measured when NOX2 was specifically inhibited by GP91, which could have revealed 

effects on other NOX isoforms. GP91 (10 µM) significantly reduced total NOX activity, 

by approximately 50% of the total NOX activity (from ~3.6 to 1.8 U/gpro; P<0.0001).  

Together, these data indicate that EMPA does not directly inhibit NOX2 activity in 

cardiomyocytes. While the NOX2-specific inhibitor GP91 significantly reduced NOX 

activity compared to the uninhibited control, EMPA at all tested concentrations (0.1–3 

µM) had no measurable effect, either alone or in combination with GP91. NOX activity in 

EMPA-treated cells remained comparable to the positive control, and no dose-

dependent effects were observed. These findings suggest that the observed reductions 

in ROS with EMPA treatment are unlikely to result from direct modulation of NOX2 or 
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other NOX isoforms, highlighting that EMPA’s antioxidant effects occur through 

alternative mechanisms. 

Figure 13. NOX2 activity as measured by NADH Oxidase (NOX) activity assay. 

 GP91 vs. EMPA dose response (U/gpro). A) NOX activity (U/gpro) dose response 

curve of GP91 (µM) to determine maximum inhibition of NOX2. B) Dose response of 

EMPA (µM) and EMPA+GP91 (µM) groups compared to no inhibitor, or maximum NOX 

activity, and maximum NOX2 inhibition with 10µM GP91. C) Bar graph of varying 
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groups. Numbers shown in figure reflect averaged triplicates from each mouse heart 

used for tissue lysate. One-way ANOVA was followed by Šídák’s multiple comparisons 

test. 

Empagliflozins Effect on O-GlcNAcylation 

O-GlcNAcylation of CaMKIIδ at Ser280 has been implicated in the acute HiGLU-

induced increase in ROS production (Lu et al. 2020). Modulation of O-GlcNAcylation 

and CaMKII signaling has also been proposed as a potential mechanism contributing to 

the cardioprotective effects of EMPA via its ability to reduce global O-GlcNAcylation and 

thus CaMKII activation (Hegyi & Bers 2023). One of the enzymes involved in that 

process is O-GlcNAc transferase (OGT), which mediates O-GlcNAcylation of proteins at 

serine and threonine sites using UDP-GlcNAc as the substrate. To test whether EMPA 

directly inhibits OGT activity, we measured OGT enzymatic activity and the ability of a 

known OGT inhibitor, OSMI-1. Figure 14A shows an OGT activity concentration-

response curve for OSMI-1, revealing an IC50 of 1 µM. EMPA did not alter OGT over the 

entire concentration range explored (1 nM to 1 mM; Figure 14B).  

O-GlcNAcase (OGA), is the enzyme responsible for the removal of O-GlcNAc 

from proteins. To measure EMPA’s potential direct effects on OGA we measured 

enzyme activity in an assay along with the effect of a known specific OGA inhibitor, 

ThiametG (ThmG). Figure 15A shows that ThmG inhibits OGA activity with an IC50 of 

15.7 nM. EMPA, on the other hand has no effect at any concentration tested (Figure 

15B) even at 1 µM, which suppressed HiGLU-induced ROS production in Figure 11. 
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Thus, an EMPA-induced enhancement of OGA activity does not explain the inhibition of 

HiGLU-induced ROS production.    

Figure 14. O-GlcNAc Transferase (OGT) activity: OSMI-1 vs. Empagliflozin (EMPA) 

dose response curves.  

A) OGT activity (%) dose response curve of OSMI-1 (µM) B) and EMPA (µM). 
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Figure 15. O-GlcNAcase (OGA) activity: ThiametG (ThmG) vs. Empagliflozin 

(EMPA) dose response curves.  

A) OGA activity (µmol/L*min) dose response curve of ThmG (µM) B) and EMPA (µM). 

These data indicate that EMPA does not directly modulate O-GlcNAc cycling 

enzymes in cardiomyocytes. While the OGA inhibitor, ThiametG, and the OGT inhibitor, 

OSMI-1, produced clear dose-dependent inhibition of their respective enzymes, EMPA 
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showed no measurable effect on either OGA or OGT activity across the tested 

concentrations. These results suggest that EMPA’s previously observed effects on O-

GlcNAcylation in cardiomyocytes are unlikely to occur through direct effects on these 

enzymes, pointing instead to indirect regulatory mechanisms. 
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CHAPTER 4: DISCUSSION 

HFpEF remains a growing clinical challenge where limited therapeutic options, 

combined with a wide array of phenotypes and comorbidities, exacerbate disease 

progression. SGLT2 inhibitors and EMPA, are therapeutic with overlapping efficacy for 

both T2DM and HF (Anker et al. 2021), and represent a unique avenue for probing 

disease mechanisms and potentially informing therapeutic development. Similar 

dysfunction is observed in diabetic and failing hearts, with hyperglycemia and oxidative 

stress in cardiomyocytes further promoting disease progression (Giacco and Brownlee 

2010; González et al. 2023). This dissertation investigated the effects of acute 

hyperglycemia on cardiomyocyte ROS production and whether EMPA modulates these 

responses independent of systemic effects in healthy and HFpEF mouse models. 

Additionally, EMPA’s direct effects on key enzymatic activities were evaluated. 

Acute hyperglycemia induced a rapid increase in cytosolic ROS in 

cardiomyocytes (Figure 8). That is consistent with prior reports which also showed that 

both NOX2 and CaMKIIδ and the Ser280 O-GlcNAcylation site on CaMKIIδ were 

required for this increase in ROS levels (Liu et al. 2026; Lu et al. 2020, 2025). We found 

this hyperglycemia-induced ROS production was also partially attenuated by EMPA 

pretreatment, an effect observed in myocytes from both healthy and HFpEF mice, 

indicating a direct cardiomyocyte mechanism of EMPA (Figure 11). Notably, the 

hyperglycemia-induced ROS increase was exclusive to the cytosol; mitochondrial ROS 

was unchanged in either treatment, aligning with previous studies (Lu et al. 2020, 2025) 

(Figure 7). EMPA did not alter mitochondrial ROS production regardless of HF status 

(Figure 10), further supporting a non-mitochondrial origin of the acute ROS signal. 
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Baseline mitochondrial ROS levels were significantly lower in HFpEF cardiomyocytes 

compared with controls; however, the dynamic response to hyperglycemia and overall 

redox changes were otherwise similar between groups (Figure 10) and this was not 

observed in the cytosol (Figure 11). CaMKII inhibition produced a more pronounced 

suppression of hyperglycemia-induced ROS than EMPA (Figure 12), although not as 

complete as was observed in mouse cardiomyocytes lacking CaMKIIδ or expressing 

only the O-GlcNAcylation-resistant CaMKIIδ-S280A (Lu et al. 2020), suggesting 

additional upstream contributions to ROS amplification. EMPA did not directly inhibit 

NOX2, OGT, or OGA activity (Figure 13-15) indicating that its effects are not mediated 

through direct enzymatic suppression of these pathways.  

Collectively, these findings indicate that hyperglycemia-induced ROS signaling in 

cardiomyocytes is predominantly cytosolic and closely linked to CaMKII dependent 

redox amplification within this compartment. Elevated cytosolic ROS and CaMKII 

activity can modulate key calcium-handling proteins and kinases, such as L-type 

calcium channels, sodium channels, SERCA, RyR, and CaMKII itself, thereby linking 

acute metabolic stress to ECC dysfunction (Hegyi et al. 2021; Erickson et al. 2008; 

Kassmann et al. 2008; Luczak and Anderson 2014; Oda et al. 2015). In this context, 

EMPA may act upstream, without directly targeting NOX2 or O-GlcNAc cycling 

enzymes. Thus, cardioprotection by EMPA likely involves indirect modulation of non-

mitochondrial cytosolic ROS-generating systems and associated redox-sensitive 

signaling pathway. 

The compartmental restriction of ROS signaling to the cytosol suggests that 

acute hyperglycemia preferentially engages non-mitochondrial ROS sources (Figures 7 



 

69 

& 10). Potential contributors include NOX isoforms, uncoupled nitric oxide synthases, 

and other cytosolic oxidoreductase systems capable of amplifying localized redox 

signaling (Giacco and Brownlee 2010; Lu et al. 2020; Mazumder et al. 2004; Peoples et 

al. 2019). This spatial restriction of ROS to the cytosol supports early targeting of 

CaMKII and downstream calcium-handling machinery as primary effectors of 

hyperglycemia-induced myocyte dysfunction. Future studies using selective genetic or 

pharmacologic inhibition of candidate cytosolic ROS sources, combined with 

compartment-specific ROS sensors, will be necessary to define the precise target of 

EMPA in quieting this pathway. 

ROS signals were analyzed in two complementary approaches: (1) endpoint 

fluorescence values at the termination of the HiGLU exposure period (Figures 8B & 

11B), and (2) the maximal rate of ROS increase, defined as the steepest slope 

(dROS/dt) during the rising phase of the signal (not shown; reflected in time-course 

traces Figure 8A & 11A), which reflects the dynamics of ROS propagation. EMPA 

reduced the rate-of-rise and HiGLU endpoint fluorescence, suggesting modulation of 

ROS amplification kinetics that effectively lower total ROS accumulation over the acute 

stimulation period. This combination of effects suggests that EMPA may interrupt the 

potential feed-forward amplification of ROS signaling initiated by hyperglycemia. 

Cytosolic ROS activates CaMKII through oxidative and metabolic modifications, which 

can further amplify ROS production via downstream targets, contributing to a localized 

redox-sensitive signaling amplification, the magnitude of which may be limited in this 

setting (Erickson et al. 2008; Lu et al. 2020). By attenuating the rate of ROS 

accumulation, EMPA may dampen this component of the positive feedback loop in ROS 
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signaling, without directly scavenging ROS. EMPA may also modulate intracellular ion 

homeostasis via inhibition of NHE1, a proposed off-target effect of SGLT2 inhibitors that 

remains controversial. Reduced intracellular sodium could enhance calcium extrusion 

via NCX, thereby limiting calcium-dependent CaMKII activation and downstream ROS 

amplification (Baartscheer et al. 2017; Uthman et al. 2018). However, the controversial 

nature of the NHE1 effects, especially at neutral pH where NHE is relatively inactive 

(Leem et al. 1999; Vaughan-Jones et al. 1987, 2009), makes it unclear whether that 

mechanism is involved in the hyperglycemia-induced increase in ROS production. 

Hyperglycemia-induced metabolic changes and redox remodeling may also 

contribute to EMPA sensitivity. Recent work suggests EMPA may shift cellular redox set 

points by improving metabolic efficiency or mitochondrial coupling, thereby altering 

thresholds for redox-sensitive signaling activation (Hoehlschen et al. 2025). Chronic 

metabolic stress may similarly prime cardiomyocytes for exaggerated ROS responses 

by altering antioxidant buffering and signaling sensitivity (Peoples et al. 2019). These 

observations suggest that EMPA modulates ROS signaling indirectly by altering 

upstream metabolic and redox conditions that govern ROS amplification, rather than 

functioning as a direct antioxidant. Taken together, these observations support a model 

in which EMPA may modulate ROS signaling kinetics rather than directly inhibiting ROS 

generating enzymes, and this effect may contribute to the rapid cardioprotective effects 

observed clinically that occur independently of glucose lowering (Packer, Butler, et al. 

2021; Pellicori et al. 2020). 
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Unexpectedly, EMPA treatment had similar effects on cytosolic ROS in healthy, 

age-matched controls and HFpEF mice (Figure 11) where metabolic stress levels might 

be different.  

CaMKII inhibition (AIP) strongly inhibited hyperglycemia-induced ROS, while 

EMPA exhibited a more limited reduction of ROS production (Figure 12). This 

underscores CaMKII as a dominant driver of the hyperglycemia-induced cytosolic ROS 

increase and CaMKII is also a key regulator of ECC pathways in the cardiomyocyte 

response to acute hyperglycemia (Bers 2002; Maier and Bers 2007; Hegyi et al. 2021). 

EMPA likely interrupts this pathway upstream or in parallel, without fully blocking 

CaMKII or NOX2 activity. Further, in relation to CaMKII posttranslational modifications, 

we showed that EMPA does not directly alter OGT or OGA enzymatic activity (Figure 

14 & 15), suggesting indirect modulation of CaMKII O-GlcNAcylation via metabolic flux, 

or that it interferes with the ability of CaMKII to activate NOX2 (Erickson et al. 2013; 

Hart 2014; Zachara and Hart 2006). 

 Collectively, the findings of this study support a model in which acute 

hyperglycemia initiates a predominantly cytosolic oxidative stress response that is 

mediated and possibly amplified through CaMKII-dependent signaling pathways rather 

than through immediate mitochondrial dysfunction, similar to what is depicted in Figure 

1B. In this framework, hyperglycemia triggers rapid activation of CaMKII mediated by O-

GlcNAcylation of and activation of CaMKII that can be arrhythmogenic (Erickson et al. 

2013). That activated CaMKII can also promote increased NOX2-dependent ROS 

production, which may subsequently promote additional activating modifications of 

CaMKII and establish a feed-forward cycle of oxidative stress (Hegyi et al. 2021).  
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The absence of a detectable increase in mitochondrial ROS during acute 

hyperglycemia suggests that mitochondrial involvement may occur relatively 

independent of this cytosolic pathway, and perhaps later in disease progression, but 

could also be pushed as a secondary consequence of sustained cytosolic ROS stress in 

hyperglycemia. Interestingly, HFpEF myocytes exhibited lower baseline mitochondrial 

ROS compared to controls regardless of treatment, but still demonstrated no 

hyperglycemic response (Figure 10B). Cytosolic basal ROS levels showed no difference 

between control and HFpEF myocytes (Figure 11B). Additionally, cytosolic ROS 

response to hyperglycemia was not different between HFpEF and age-matched 

controls, with significant differences observed specifically between EMPA-treated and 

untreated myocytes (Figure 11B). The reduced basal mitochondrial ROS in HFpEF may 

reflect compensatory adaptations that develop during disease progression, including 

upregulation of antioxidant systems, metabolic remodeling, or altered redox signaling 

sensitivity (Dikalov & Dikalova 2019). An alternative contributor could include shifts in 

substrate utilization, which are well-documented in both diabetes and HF and can have 

downstream effects on cellular redox balance. Together, these findings suggest that 

chronic HFpEF remodeling may establish a redefined redox steady state, in which 

mitochondrial ROS is suppressed at baseline while cytosolic ROS is maintained at 

levels comparable to control myocytes. This apparent normalization of cytosolic ROS, 

despite the presence of disease, may reflect an adaptive buffering of oxidative stress 

that masks expected elevations under basal conditions and during acute metabolic 

challenge. Within this context, the preserved cytosolic ROS response to hyperglycemia, 

and its selective attenuation by EMPA, supports a model in which cytosolic, rather than 
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mitochondrial, ROS signaling mediates the acute hyperglycemic response. Thus, 

although mitochondrial ROS does not appear to directly contribute to the acute effects 

observed here, it may still play a role in longer-term disease progression or downstream 

remodeling. Through modulation of cytosolic ROS signaling, EMPA may preserve 

calcium handling and contractile function, providing a potential cellular basis for its 

clinical benefits in HF. 

Within this context, EMPA appears to attenuate the rate of ROS accumulation 

without fully suppressing the hyperglycemia-induced response, indicating that its 

protective effects may arise from modulation of upstream triggers rather than a simple 

direct inhibition of either ROS-generating enzymes or CaMKII. The near-complete 

suppression of ROS by CaMKII inhibition supports a central role for CaMKII as a 

mediator of cytosolic ROS amplification, while the lack of direct effects of EMPA on 

NOX2, OGT, or OGA activity suggests that the drug may act by altering the cellular 

environment that permits activation of this pathway. One potential interpretation is that 

EMPA disrupts the metabolic or ionic conditions necessary for sustained CaMKII 

activation or its ability to activate NOX2, thereby dampening the feed-forward cycle 

linking hyperglycemia to oxidative stress. Together, these findings support a model in 

which early cytosolic ROS-CaMKII signaling, amplified through CaMKII, represents a 

key mechanism linking acute metabolic stress to cardiomyocyte dysfunction and a 

potential pathway targeted by EMPA as an off-target cardioprotective effect of this 

SGLT2 inhibitor. This mechanism provides a possible explanation for the rapid 

cardiovascular benefits seen clinically with SGLT2 inhibitors, like EMPA, and provides 

an explanation for the benefits seen across disease types (i.e. T2DM, HFrEF, HFpEF) 
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(Anker et al. 2021; Packer, Anker, et al. 2021; Packer, Butler, et al. 2021; Pellicori et al. 

2020). This also supports clinical observations that EMPA’s benefits occur independent 

of glucose lowering (Anker et al. 2021). 

However, we recognize numerous limitations to our study. Changes in acute 

hyperglycemia-induced oxidative stress were seen with EMPA pretreatment which 

occurs rapidly on increased [glucose], however we have not mimicked long-term 

hyperglycemia on ROS production via the pathway explored, which may be important 

clinically. Additionally, these studies were only performed in isolated cardiomyocytes (in 

part to focus on myocyte-specific mechanisms) and multicellular interactions remain to 

be explored. However, our experiments have the advantage that the acute EMPA 

effects we observe are present in myocytes that lack expression of SGLT2, and thus 

represent potentially beneficial off-target effects of EMPA. Our enzyme activity assays 

did not indicate direct effects of EMPA on OGT, OGA, or NOX2 activity, but that does 

not rule out indirect effects that could occur within the more physiological environment 

of the myocyte. Furthermore, these experiments lacked direct measurements of CaMKII 

modifications limiting the mechanistic certainty of conclusions on CaMKII activation 

state. 

Future Directions 

Progression toward HF often begins before clinical symptoms become apparent, 

initially manifesting as diastolic dysfunction and eventually as systolic impairment and 

eventual pump failure (Mengstie et al. 2022). Numerous pathological processes 

contribute to this progression, including altered calcium handling, metabolic 

disturbances, insulin resistance, oxidative stress, autonomic dysfunction, and 
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cardiomyocyte loss. These findings raise the question of how early cytosolic ROS 

evolves into the broader oxidative stress observed in chronic HF. One possible 

interpretation is that hyperglycemia may initially activate redox-sensitive mechanisms, 

such as CaMKII, which amplify ROS production prior to mitochondrial involvement. Over 

time, sustained activation of these pathways may promote mitochondrial involvement, 

contributing to the widespread oxidative stress observed in established HF. 

The reduced baseline mitochondrial ROS observed in HF cardiomyocytes 

suggests adaptive remodeling, warranting investigation into how such adaptations might 

influence basal or long-term metabolic stress-induced ROS signaling. Such adaptations 

could initially serve a protective role but may also modify cellular responsiveness to 

acute metabolic stress. Future work should investigate the precise CaMKII-dependent 

pathways responsible for cytosolic ROS amplification, including whether distinct post-

translational modifications contribute differentially to acute versus chronic activation. 

EMPA, which only partially reduced ROS production, may act upstream of CaMKII 

activation or disrupt the permissive cellular environment required for this feed-forward 

signaling rather than directly inhibiting ROS-generating enzymes. 

Temporal and spatial progression of ROS signaling from early cytosolic 

generation to mitochondrial involvement under chronic hyperglycemic conditions 

warrants further investigation. Approaches capable of resolving compartment-specific 

redox dynamics in intact cells (as the mitochondrial and cytosolic targeted ROS sensors 

used here) or in vivo could provide valuable additional insight into this process. Direct 

assessment of CaMKII activation states and post-translational modifications in this 

context will be important for identifying the mechanisms by which acute signaling 
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transitions to sustained pathological activation. The current study utilized isolated 

mouse cardiomyocytes, which, while advantageous for mechanistic interrogation, does 

not fully recapitulate the structural and physiological complexity of the human heart. 

Differences in electrophysiology, metabolism, and disease progression between species 

highlight the importance of extending these findings to more translational models. 

Finally, translation to human physiology requires validation in larger animal models or 

whole-heart preparations to confirm whether the cytosolic ROS–CaMKII axis and EMPA 

modulation observed in mice similarly impact cardioprotection in vivo. 
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