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Abstract: In heart failure (HF) patients undergoing cardiac surgery, an increased activity of mecha-
nisms related to cardiac remodeling may determine a higher risk of postoperative atrial fibrillation
(POAF). Given that atrial fibrillation (AF) has a negative impact on the course and management
of HF, including the need for anticoagulation therapy, identifying the factors associated with AF
occurrence after cardiac surgery is crucial for the prognosis of these patients. POAF is thought to
occur when various clinical and biochemical triggers act on susceptible cardiac tissue (first hit), with
oxidative stress and inflammation during cardiopulmonary bypass (CPB) surgery being potential
contributing factors (second hit). However, the molecular mechanisms involved in these processes
remain poorly characterized. Recent research has shown that patients who later develop POAF
often have pre-existing abnormalities in calcium handling and activation of NLRP3-inflammasome
signaling in their atrial cardiomyocytes. These molecular changes may make cardiomyocytes more
susceptible to spontaneous Ca2+-releases and subsequent arrhythmias, particularly when exposed
to inflammatory mediators. Additionally, some clinical studies have linked POAF with elevated
preoperative inflammatory markers, but there is a need for further research in order to better un-
derstand the impact of CPB surgery on local and systemic inflammation. This knowledge would
make it possible to determine whether patients susceptible to POAF have pre-existing inflammatory
conditions or cellular electrophysiological factors that make them more prone to developing AF

Antioxidants 2024, 13, 1388. https:/ /doi.org/10.3390/antiox13111388

https://www.mdpi.com/journal /antioxidants


https://doi.org/10.3390/antiox13111388
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/antioxidants
https://www.mdpi.com
https://orcid.org/0000-0001-7660-9603
https://orcid.org/0000-0003-3184-6482
https://orcid.org/0000-0001-8429-367X
https://orcid.org/0000-0003-1316-738X
https://orcid.org/0000-0003-1383-7961
https://orcid.org/0000-0001-7890-7321
https://orcid.org/0000-0001-9543-8619
https://doi.org/10.3390/antiox13111388
https://www.mdpi.com/journal/antioxidants
https://www.mdpi.com/article/10.3390/antiox13111388?type=check_update&version=3

Antioxidants 2024, 13, 1388

2 of 24

and cardiac remodeling. In this context, the NLRP3 inflammasome, expressed in cardiomyocytes
and cardiac fibroblasts, has been identified as playing a key role in the development of HF and AF,
making patients with pre-existing HF with reduced ejection fraction (HFrEF) the focus of several
clinical studies with interventions that act at this level. On the other hand, HFpEF has been linked
to metabolic and non-ischemic risk factors, but more research is needed to better characterize the
myocardial remodeling events associated with HFpEF. Therefore, since ventricular remodeling may
differ between HFrEF and HFpEF, it is necessary to perform studies in both groups of patients due
to their pathophysiological variations. Clinical evidence has shown that pharmacological therapies
that are effective for HFrEF may not provide the same anti-remodeling benefits in HFpEF patients,
particularly compared to traditional adrenergic and renin-angiotensin—-aldosterone system inhibitors.
On the other hand, there is growing interest in medications with pleiotropic or antioxidant/anti-
inflammatory effects, such as sodium-glucose cotransporter 2 inhibitors (SGLI-2is). These drugs may
offer anti-remodeling effects in both HFrEF and HFpEF by inhibiting pro-inflammatory, pro-oxidant,
and NLRP3 signaling pathways and their mediators. The anti-inflammatory, antioxidant, and anti-
remodeling effects of SGLT-2 i have progressively expanded from HFrEF and HFpEF to other forms
of cardiac remodeling. However, these advances in research have not yet encompassed POAF despite
its associations with inflammation, oxidative stress, and remodeling. Currently, the direct or indirect
effects of NLRP3-dependent pathway inhibition on the occurrence of POAF have not been clinically
assessed. However, given that NLRP3 pathway inhibition may also indirectly affect other pathways,
such as inhibition of NF-kappaB or inhibition of matrix synthesis, which are strongly linked to POAF
and cardiac remodeling, it is reasonable to hypothesize that this type of intervention could play a role
in preventing these events.

Keywords: postoperative atrial fibrillation; heart failure with preserved ejection fraction; oxidative
stress; NLRP3 inflammasome; ventricular remodeling; SGLT?2 inhibitors

1. Introduction

The proportion of patients suffering postoperative atrial fibrillation (POAF) may be
as high as 64% following procedures for valvular pathology [1]. POAF is a significant
complication that may lead to hemodynamic instability, thromboembolism, transient is-
chemic attack, stroke, end-organ failure, prolonged hospital stays, increased mortality, and
increased healthcare costs [2]. It is associated with increased postoperative mortality and
a significant decrease in long-term survival rates [3]. Potential predisposing factors that
have been implicated include age, type of cardiac surgery, atrial distension, and pre-existing
cardiac conditions [4]. Others perioperative factors include mechanical deformation, which
can cause sympathetic activation, and hemodynamic and hypoxic injuries involved with
intraoperative extracorporeal circulation, such as anemia, prolonged reperfusion time,
and insufficient analgesic support. On the other hand, hypervolemia induction may also
determine atrial fibrillation susceptibility by increasing the atrial volume and structural
remodeling [5]. Myocardial injury due to surgery and pericardial inflammation or early
cytokines releases (i.e., IL-6) have also been implicated as potential pathogenetic AF mecha-
nisms [6]. However, since no single pathogenetic mechanism seems to be solely responsible
for developing OAF, a comprehensive set of biochemical and hematologic parameters must
be assessed. Low left ventricular (LV) function has been used as a predictor marker of
worse postoperative evolution, mortality, and cardiovascular outcome in patients who
develop POAF [7,8]. Echocardiographic measures of LV function, which have been used in
cardiology hospitalized patients, have failed to penetrate the perioperative setting because
of practicality, and calculations require concomitant findings (e.g., mitral regurgitation
for dP/dt). Moreover, using hemodynamic monitoring data, it is possible to calculate
inotropy and kinetic energy values after a cardiopulmonary bypass and to understand
associations with postoperative outcomes [9]. Recently, LV systolic dysfunction by global
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longitudinal strain (GLS), a predictor of cardiovascular events, may predict new-onset AF
in a population setting [10,11]. Global longitudinal strain assessment may improve AF risk
stratification and other established parameters, such as total atrial conduction and increased
left atrial volume indexed for body surface area [12]. Based on the speckle tracking method
and the direct determination of the myocardial deformation, the myocardial strain could
reflect myocardial contractility. This variable strongly assesses the contractile function and
determines the association with HF outcome occurrence independent of left ventricular
function. For example, AF induction can be predicted by subclinical atrial deformation or
strain changes [13]. In this context, the ventricular strain is a sensitive measurement for
detecting subclinical impairment, and it may be used to predict the development of POAF.
Also, a recent trial conducted to test mortality and hospitalizations in patients with the
diverse cardiac disease found that ventricular GLS independently predicted the mortality
compared with LVEF in near 6000 patients with HFrEF, acute myocardial infarction, and
valvular pathologies [14]. In patients with HFpEF, GLS is a potential predictor of heart
failure-related hospitalizations, cardiovascular death, and other clinical outcomes [15,16].
Examining the POAF predictors in patients with preoperative subclinical ventricular dys-
function and the complex pathophysiology of acute HFpEF coupled with inadequate
stratification tools and a lack of available therapies provides the rationale for assessing the
utility of LV GLS in these clinical settings [17]. Also, oxidative stress and pro-inflammatory
biochemical factors that determine contractile impairment are ongoing in study. However,
the recent basic and clinical studies are not clear in regard to estimating the strong relation-
ship with the preoperative cardiovascular function and POAF occurrence; therefore, only
it must be presented as a theorical hypothesis. In this case, we attempt, in this review, to
provide and analyze data on the effect of a promising pharmacological intervention with
SGLT-2is in other medium- and long-term cardiovascular settings, such as cardiac surgery
with a CPB.

2. Oxidative Stress and Inflammation as a Mediator of POAF

In 2001, the existence of oxidative alterations in samples of atrial tissue from patients
with chronic atrial fibrillation (AF) was demonstrated: an increase in oxidative modifica-
tions in various proteins present in cardiomyocytes was evidenced compared to samples
from patients without AF [18]. The same research group demonstrated in a subsequent
study involving an animal model that induced atrial tachycardia (atrial tachi-pacing) de-
creased the concentration of ascorbic acid in atrial tissue while simultaneously causing
an increase in the content of nitrated proteins, with both situations reflecting a state of
oxidative stress (OS) [19]. Other researchers have shown that the presence of superoxide an-
ion from NOX-2 has been associated with the onset of AF [20] but not its maintenance [21].
In 2023, Hansen et al., sought to investigate the effect of OE at the onset of reperfusion
and its involvement in developing IR-associated arrhythmias in a porcine model of my-
ocardial infarction. They found that levels of malondialdehyde (MDA), a marker of lipid
peroxidation, and 3-nitrotyrosine (3NT), a marker of protein oxidation, are increased at the
tissue level as early as 5 min into reperfusion compared to baseline control [22]. Moreover,
the increase in these markers was not attenuated by use of antioxidant agents such as
N-acetylcysteine. In the same study, the total number of arrhythmias showed no significant
differences between the control and N-acetylcysteine groups.

Different pathophysiological events associated with cardiac surgery imply an injury
against the cardiac tissue, triggering the formation of a local ROS burst. Several mechanisms,
including enzymatic and non-enzymatic inductions such as mitochondrial dysfunction,
nicotinamide adenine dinucleotide phosphate (NADPH)-oxidase activation, Fenton reac-
tion, Tetrahydrobiopterin depletion, and lower GTP cyclohydrolase 1 activity (enzyme
activity can lead to higher BH4 levels and increased nitric oxide production), generate
an ROS burst in the early phase of reperfusion [23-25]. This biochemical event, associated
with decreased heart antioxidant mechanisms, makes the myocardial tissue extremely vul-
nerable to oxidative damage and pathophysiological events [26,27]. In patients undergoing
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cardiac surgery with a cardiopulmonary bypass (CPB), pro-oxidant tissue damage has
been associated with a functional or structural pathophysiological substrate for developing
POAF [28,29]. For example, ROS-production-derived NADPH-oxidase activation in atrial
tissue is an independent predictor of postoperative AF, suggesting that this local oxidase
system determined a pro-oxidant imbalance upon atrial oxidative stress [30,31]. In the
same way, biomarkers of oxidative stress concentration in urine, isoprostane, and isofluo-
rane showed a relatively linear correlation with POAF in cardiac surgery patients [32]. In
addition, preclinical data indicate that this pro-oxidant imbalance during reperfusion time
contributes to progressive cardiac disfunction. Initially, the local inflammation determines
a recruitment of polymorphonuclear (PMN) neutrophils and higher ROS concentration,
triggering matrix infiltration and initial structural remodeling. Cellular events included
cardiomyocyte death and coronary microvascular disturbances, which enhance the conse-
quences of pathological remodeling [28,33,34]. Both left ventricular cellular and structural
dysfunction is strongly linked to sterile inflammation and immune cell recruitment in dam-
aged cardiac tissue. These cellular remodeling events are demonstrated in acute myocardial
infarction and secondary reperfusion processes in the ischemic HFrEF [35]. However,
this type of remodeling and its biochemical markers associated with the medium or long-
term outcomes in patients with HFpEF are not yet well characterized. Many previous
reports have shown that inflammatory cytokines contribute to the pathogenic process of
arrhythmogenesis in many ways. The direct cardiac effects include prolongation of the
ventricular action potential, which is a consequence of changes in the functioning of ionic
channels; pathologic modifications in calcium metabolism, potentially contributing to the
development of delayed afterdepolarizations; and changes in action potential conduction
velocity, given by modifications in connexins which, in turn, modify the gap junction’s
activity and fibrosis process, both of them being associated with heterogeneous cardiac
conduction and the development of re-entry [36].

Existing clinical data associate the level and activity of white blood cells with POAF
incidence. Patients who have higher PMN neutrophil counts after surgery are significantly
more susceptibility to developing electrical instability and POAF [28,37,38], and patients
developing POAF tend to have a greater activation of PMN and decreased electrical conduc-
tion velocity in comparison to mice treated with angiotensin II, a known arrhythmogenic
stimulus [39]. Moreover, the elevated preoperative PMN neutrophils count and HATCH
score in patients subjected to cardiac surgery with coronary bypass are associated with
higher occurrence of POAF [31,40]. In the same way, patients undergoing cardiac surgery
with preoperative [41] and perioperative [2] elevation with pro-inflammatory biomarkers
such as IL-6 and CRP have a higher risk of POAF. The exact way these blood components
can trigger POAF and their relationship with the cardiac inflammatory process are un-
known. Previous studies using animal and cellular approaches have shown that, when
neutrophils bind to ventricular myocytes, they determine arrhythmogenic mechanisms
based on the induction of depolarization of the resting membrane potential and a marked
prolongation of the myocyte action potential [42,43]. Consistent with these findings, the
use of anti-inflammatory agents such as colchicine has been shown to reduce the pro-
inflammatory and pro-fibrotic activity induced by pericarditis and to prevent POAF in
these models [44]. Conversely, recent evidence indicates that novel pro-inflammatory intra-
cellular sensors that have been previously described, such as the NLRP3 inflammasome,
could determine the level of inflammatory response and their association with clinical out-
comes in AF patients [45]. In addition, some genetic variant (rs10754555) of inflammasome
activation is associated with increased systemic inflammation, prevalent coronary artery
disease, and mortality [46,47]. In an explorative gene-centric approach, these findings were
described in mainly 500,000 patients from a German cohort who were all below 60 years
old, where rs10754555 obtained in blood cell carriers had a significantly higher risk for
cardiovascular mortality during follow-up. In this way, in sterile pericarditis surgery rat
models, intramyocardial injection of extracellular vesicles (EVs), which have known anti-
inflammatory and anti-fibrotic effects, obtained from human patients has been shown to
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limit the pericarditis pro-fibrotic effect, reduce the infiltration with immune cells and, and
in addition to this, decrease the likelihood of POAF development [48]. In another study by
this group, treatment with EVs also decreased the NLRP3 inflammasome activation and
the myeloperoxidase activity, showing anti-inflammatory and antioxidative effects [49].
Thus, considering the available evidence, it is reasonable to suggest a link between local
and systemic inflammation during cardiac surgery due to NLRP3 inflammasome activation.
From this paradigm, we can argue for the pathophysiological role of the NLRP3 inflamma-
some pathway in the progression to a persistent inflammatory state in terms of myocardial
remodeling in patients with HFpEF.

3. Ischemia-Reperfusion and Cardiac Remodeling

Postoperative atrial fibrillation is a frequent arrhythmia after a CPB, and it is used as
a functional and clinical outcome in patients undergoing cardiac surgery with a CPB [31,50].
However, some patients demonstrate AF persistence after the initial POAF episode, with
40% of POAF patients presenting AF recurrence. Studies indicate that AF on the 30th
postoperative day affects between 2% and 5% of patients [51]. In this group of patients, it
is assumed that electrical and structural remodeling processes could be relevant in deter-
mining the evolution of ventricular function and cardiovascular mortality [52]. A recent
study found a higher AF recurrence rate following a rhythm control strategy in patients
presenting left ventricle hypertrophy and diastolic dysfunction [53]. A worse recovery
from diastolic dysfunction in HFpEF imposed by LV hypertrophy could mean a higher
LA pressure and dilation, culminating in a higher arrhythmic substrate [54]. In both types
of HEF it is highly relevant to investigate the molecular mechanisms by which cardiac
surgery with CPB could determine pathological remodeling to establish control points with
some markers and possible pharmacological therapies. The development of ventricular
remodeling (VR) is a dynamic process, but the main underlying changes are found in car-
diac structures, including cardiomyocytes apoptosis, cardiac fibrosis, vascular endothelial
injury, and changes in extracellular matrix composition [55,56]. The NLRP3 inflammasome
activation pathway employs a dual-signal model for mediation (Figure 1) [57].
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Figure 1. A dual-signal mechanism mediates the activation of the NLRP3 inflammasome. The
first step is to help nuclear factor-«B move into the nucleus so that it can control the NLRP gene’s
transcription and translation. This allows the gene to be released into the cytoplasm. In the sec-
ond stage, there are two pathways: one is a non-canonical caspase-11 pathway, and the other is
a canonical NLRP3 inflammasome pathway. PAMS, pathogen-associated molecular patterns, DAMPS,
damage-associated molecular patterns; ATP, adenosine triphosphate; GSDMD, Gasdermin D; TLR,
Toll-Like receptor.
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During episodes of acute myocardial ischemia, there is an increase in the outflow of
potassium from heart muscle cells and a decrease in the inflow of potassium into these cells.
The primary mechanism of potassium outflow in cardiomyocytes during acute ischemia
is an open ATP-sensitive potassium channel which aids accumulating extracellular potas-
sium [58]. The relationship between ischemia-induced potassium efflux, sodium-activated
potassium channels, and free fatty acid potassium channels has been shown [59,60]. ATP
catalyzes the reduction in phosphorylation levels during acute myocardial infarction while
also causing impairment in the sodium—potassium pump, decreasing the cellular potas-
sium influx [61,62].

The initial observation of potassium promoting the activation of IL-13 was made in
macrophages that were stimulated by intracellular lipopolysaccharide [63]. Subsequent
research has verified that the NLRP3 inflammasome can be stimulated by acute ischemia,
ATP, nigericin, and crystalline matter, resulting in the release of intracellular potassium
and subsequent activation of the NLRP3 inflammasome [58,64]. The activation of the
NLRP3 inflammasome is known to be influenced by changes in potassium concentration
gradients in cardiomyocytes [62,65]. An elevation in intracellular anaerobic glycolysis
diminishes the cytoplasmic potential of hydrogen (pH) and augments the concentration of
hydron during acute myocardial infarction. The intracellular hydron is transported to the
extracellular space via the sodium-hydron exchanger, increasing the intracellular sodium
concentration. The sodium—calcium exchanger is responsible for maintaining equilibrium
in the intracellular sodium content by removing excess sodium from the cell and bringing in
external calcium. This process leads to an accumulation of calcium within the cell, resulting
in a calcium overload [66]. Furthermore, apart from the transport of calcium outside the
cell, the release of calcium from the internal sarcoplasmic reticulum is an additional cause of
calcium overload. Sarcoplasmic reticulum serves as the primary intracellular storage site for
calcium ions. Acute hypoxia causes the generation of a significant quantity of oxygen-free
radicals in cardiomyocytes. These radicals harm the SR membrane, which then prompts the
release of calcium into the cytoplasm and worsens calcium excess. Following reperfusion,
the decreased level of extracellular hydron stimulates the exchange of sodium-hydron and
sodium-—calcium, exacerbating calcium overload [65,66].

4. NLRP3 Activity as a Mediator of Cardiovascular Damage

Inflammation is a “double-edged sword” in the body’s defense mechanism that is
capable of protecting tissues and causing harm [67]. Regulated short-term inflammation
may act as a protective response, whereas uncontrolled and low-grade inflammation
perpetuates various disease types [68]. Low-grade systemic inflammation, characterized
by chronic subtle elevations in circulating pro-inflammatory markers, has emerged as
a hallmark of chronic diseases such as obesity, diabetes, and cardiovascular disorder,
among others [69,70]. Overactivation of the cytosolic NLRP3 inflammasome is implicated
in chronic low-grade inflammation, and it serves as a sensor of cellular stress and damage
through various microbial, stress, and damage signals, leading to the direct activation of
caspase-1 and triggering the subsequent release of pro-inflammatory cytokines and a type of
cell death known as pyroptosis [71]. Initially, NLRP3 inflammasome was recognized due to
gain-of-function mutations in the encoding gene linked with autoinflammatory cryopyrin-
associated periodic syndromes [72]. The NLRP3 inflammasome consists of the sensor
NLRP3 (also referred to as cryopyrin or NALP3), the adaptor apoptosis-associated speck-
like protein (ASC), and the effector cysteine protease procaspase-1 [73]. NLRP3 features
a C-terminal leucine-rich repeat (LRR) domain, a central NACHT domain containing
ATPase that facilitates oligomerization, and an N-terminal pyrin (PYD) domain that recruits
proteins necessary for inflammasome complex assembly [74,75]. ASC is a bipartite complex
consisting of a PYD and a CARD which acts as a bridge that connects the sensing function
of NLRP3 with the functional role of procaspase-1 [76,77].

NLRP3 activity has emerged as a critical mediator of cardiovascular damage, play-
ing a central role in the inflammatory processes associated with various cardiovascular
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conditions [78]. The activation of the NLRP3 inflammasome contributes to endothelial
dysfunction and hypertension [79,80], vascular inflammation [81], and atherosclerosis [82],
thereby promoting the development and progression of cardiovascular diseases [83]. In the
context of hypertension, it was found that a 14-day Ang II infusion caused elevated blood
pressure with increased expression of NLRP3 in the aorta, as well as higher serum levels
of IL-1f3 in mice. Then, researchers performed a similar procedure in NLRP3-/- mice and
found a reduction in blood pressure elevation in response to Ang II. They also found that
NLRP3 KO mice experienced less vascular oxidative stress and had improved endothelium-
dependent relaxation functions [80]. The use of MCC950, a diaryl sulfonylurea-containing
compound that was shown to potently and selectively inhibit the oligomerization and
activation of the NLRP3 inflammasome, effectively reduced blood pressure, kidney inflam-
mation, and fibrosis, and it also improved urine output and other markers of renal function
in a murine model of salt-induced hypertension [84].

In 2010, Duewell et al., showed that animals that were genetically modified to be
prone to developing atherosclerosis and who were receiving bone marrow transplants from
NLRP3-deficient, ASC-deficient, or IL-1«[3 /b-deficient donors were resistant to developing
atheroma plaques in response to a HFD [85]. Further investigations revealed that the areas
of atherosclerotic plaques in the entire aortas and aortic roots of Apoe-/-Caspl-/- mice
fed a Western diet were notably diminished in comparison to those observed in Apoe-/-
mice [86]. However, other reports did not find that NLRP3, ASC, or caspase 1 contributed
to atherosclerosis progression, infiltration of plaques by macrophages, or plaque stability
in ApoE-/- mice models [87]. The differences in gender, feeding conditions and the
choice of experiment models explain these results [88]. Data collected from 555 patients
who experienced myocardial infarction and 1016 healthy individuals reveals a notable
elevation in the expression of NLRP3, ASC, caspase-1, IL-13, and IL-18 mRNA within
atherosclerotic plaques compared to healthy arteries. Additionally, the expression of NLRP3
mRNA was markedly higher in plaques from symptomatic patients than in those from
asymptomatic individuals [89].

The induction of the inflammasome in the cardiac tissue, both during ischemic and
non-ischemic injuries, represents a dysregulated response to sterile injury. This activation
promotes adverse cardiac remodeling and can lead to heart failure [90]. Understanding the
molecular pathophysiology behind NLRP3 activation is crucial for addressing cardiovascu-
lar issues. Moreover, recent studies have emphasized the complex relationship between
NLRP3 inflammasome activation and the progression of heart failure [91]. Toldo et al.
suggest that NLRP3 inflammasome activation in cardiac cells contributes to myocardial
remodeling and dysfunction, representing a key pathogenic mechanism in heart failure [83].
NLRP3 KO mice resulted in a significant decrease in IL-1f3 production, along with reduced
cardiac hypertrophy and impaired contractile function under pressure overload condi-
tions. Pharmacological depletion of extracellular ATP or genetic disruption of the P2X7
receptor suppressed myocardial NLRP3 inflammasome activity during pressure overload,
underscoring the pivotal role of the NLRP3/ATP/P2X7 axis in cardiac inflammation and
hypertrophy. Notably, extracellular ATP induced hypertrophic changes in cardiac cells
in vitro in an NLRP3- and IL-1p-dependent manner [92]. In a clinical study, thirty-one
patients diagnosed with heart failure with preserved ejection fraction and CRP (C-reactive
protein) levels > 2 mg/L were randomly assigned to receive either anakinra (a recombinant
IL-1 receptor antagonist) at a daily subcutaneous dose of 100 mg (N = 21) or a placebo
(N =10) for a duration of 12 weeks. Despite the administration of anakinra over this period,
there was no observed improvement in peak oxygen consumption (VO,) or ventilatory
efficiency among obese patients with heart failure and preserved ejection fraction. How-
ever, among those patients treated with anakinra, there was a notable decrease in levels
of high-sensitivity C-reactive protein and N-terminal proBNP after 4 weeks compared to
baseline. The reduction in NT-proBNP levels due to treatment is generally considered as
a positive prognostic sign. The encouraging trends observed in high-sensitivity CRP and
NT-proBNP levels with anakinra warrant further investigation in subsequent studies [93].
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These results emphasize the potential therapeutic value of targeting NLRP3 signaling
pathways in mitigating cardiovascular damage and improving heart failure outcomes.
Furthermore, dysregulation of NLRP3 activity has been implicated in the pathogenesis of
acute myocardial infarction (AMI). Activation of the NLRP3 inflammasome exacerbates my-
ocardial injury following AMI, promoting adverse cardiac remodeling and increasing the
risk of subsequent cardiovascular events [78,90]. The formation of inflammasomes during
ischemia/reperfusion (I/R) and their subsequent activation have been reported, leading to
the production of interleukin-1f3 and triggering inflammatory processes such as infiltration
of inflammatory cells and the expression of cytokines in the heart. In mice deficient in ASC
and caspase-1, these inflammatory responses and consequent injuries, including infarct
formation, myocardial fibrosis, and dysfunction, were significantly reduced [94]. The use
of the covalent NLRP3 inhibitor oridonin preserved left ventricular ejection fractions and
fractional shortening, and it also markedly limited the myocardial infarct size in surgically
induced myocardial infarction in mice [95]. The protein levels of NLRP3, IL-13, and IL-18
were reduced in the myocardium and blood of the oridonin-treated mice [78,95]. In patients
with a recent myocardial infarction, the use of colchicine, an anti-inflammatory drug with
NLRP3 inhibition activity [96], significantly lowered the risk (compared to the placebo) of
ischemic cardiovascular events, such as death from cardiovascular causes, resuscitated car-
diac arrest, myocardial infarction, stroke, and urgent hospitalization for angina leading to
coronary revascularization [97]. On the other hand, the use of canakinumab, a monoclonal
antibody that targets interleukin-13, in a study involving 10,061 patients with previous
myocardial infarction, showed reductions in hospitalizations for unstable angina that led
to urgent revascularization in myocardial infraction, stroke, or death from any cause when
compared to the placebo group [98]. Thus, unraveling the role of NLRP3 inflammasome in
AMI holds promise for developing novel therapeutic strategies to attenuate myocardial
damage and improve clinical outcomes in patients with acute coronary syndromes.

5. Role of NLRP3 Inflammasome Activity and Atrial Fibrillation

Experimental animal models have demonstrated that NLRP3 components are present
in cardiomyocytes and cardiac fibroblasts. Recent protocols have identified the NLRP3
inflammasome as a crucial factor in the development of cardiomyopathies and atrial fibril-
lation (AF), suggesting a potential pathway for novel therapeutic agents [99]. An increased
inflammatory profile is often linked to the onset of AF [100], with higher levels of circu-
lating IL-1f3 and IL-18 positively correlating with the progression from paroxysmal AF
(pAF) to persistent AF (perAF). Additionally, left atrial dilatation, an independent risk
factor in regard to the induction of AF, has been observed in affected patients [101,102].
Recent findings indicate that the activity of the NLRP3 inflammasome is heightened in
cardiomyocytes from patients with both pAF and perAF [103]. This inflammasome is
expressed and upregulated in the non-immune cardiac cells of these patients, and its activ-
ity in human cardiomyocytes corresponds with the progression of AF to more persistent
forms that lead to cardiac remodeling. In the case of POAF, recent data suggest that the
cardiac anatomical or functional substrates determine which atria will cross the AF thresh-
old, initiating POAF. In patients with an altered preoperative ventricular function, the
inflammatory substrate is enhanced, accelerating electrical ventricular remodeling and re-
entry [56]. A study involving the NLRP-3 pathways has provided further evidence linking
inflammasome signaling in atrial myocytes to the development of arrhythmias. It found
that this molecular pathway was sufficient for inducing arrhythmias and that markers of
inflammasome activation were elevated in the atrial tissue of patients with AF [103,104].
Additionally, events that occur during extracorporeal circulation, along with postopera-
tive inflammation, can worsen pre-existing calcium-homeostasis abnormalities. This can
induce delayed afterdepolarization potential and lead to electrical remodeling, which
may result in being predisposed to POAF [104]. Studies on rabbits utilizing ziprasidone,
which induces atrial arrhythmia, including atrial fibrillation (AF), have shown increased
activation of the NLRP3 inflammasome and ROS production via the PI3K/Akt/mTOR
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pathway [105]. Conversely, a study of salt-sensitive Dahl rats with heart failure with pre-
served ejection fraction (HFpEF) demonstrated that inhibition of the NLRP3 inflammasome
with dapansutrile reduces atrial fibrillation (AF) by decreasing atrial inflammation and
improving calcium handling [106]. Recent studies investigated the relationship between
clonal hematopoiesis of indeterminate potential (CHIP), specifically TET methylcytosine
dioxygenase 2 (TET2) CHIP, and atrial fibrillation (AF) in the UK Biobank, finding a modest
association. Using mice with hematopoietic-specific Tet2 inactivation, they demonstrated
that Nlrp3 inflammasome activation is implicated in atrial arrhythmogenesis, suggesting
the therapeutic potential of NLRP3 inhibition in TET2 CHIP cases [107]. Therefore, the
activation of NLRP3 inflammasome in myocardial tissue can be established to link the
preoperative status of patients undergoing cardiac surgery, the probable cardiovascular
outcomes, and the eventual remodeling events (Figure 2).

Isquemia- Heart Failure (rEF/pEF)
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Figure 2. Indirect mechanisms of SGLT2i inhibition on the NLRP3 pathway and its effects on
ventricular remodeling. The contribution of CV risk factors such as diabetes mellitus in heart failure
(HFpEF) and the contribution of ischemia-reperfusion. The NLPR3 pathway determines the secretion
of the cytokines IL-1beta and IL-18, which induce an increase in the extracellular matrix, ECM. In
addition, collagen synthesis is increased, contributing to structural remodeling. Caspase-1 also
cleaves Gasdermin-D (GSDM-D), which forms pores within the plasma membrane, driving a form
of inflammatory cell death called pyroptosis. NF-KB; nuclear farctor KappaB; rEF, reduced ejection
fraction; pEF, preserved ejection fraction; TGF-31, transforming growth factor beta-1.

Research conducted in clinical and experimental settings has demonstrated that in-
flammation plays an essential role in ventricular remodeling. Specifically, the NLRP3
inflammasome has been extensively studied as a central effector in the inflammatory
response [56,108,109]. For example, ventricular pressure overload increases Ca?* in-
flux, which triggers the activation of the NLRP3 inflammasome pathway in cardiomy-
ocytes, which leads to the recruitment of macrophages, leading to myocardial fibro-
sis [110]. Furthermore, in some animal models of fibrosis, a redox imbalance leads to
the activation of the NLRP3 inflammasome, promoting collagen deposition and am-
plifying the pro-inflammatory reaction cascade, which determines fibrosis through the
NLRP3/IL-1f3 [111,112]. In IR injury, NLRP3 upregulation is induced by the cross-talk be-
tween the NLRP3 inflammasome and mitochondria, which increases ROS production and
the oxidant products, perpetuating mitochondrial dysfunction (Mishra et al., 2021) [113].
In an experimental model of ischemia-reperfusion, the inhibition of NADPH oxidase
may also have anti-inflammatory effects and reduce the infarct size effects, suppressing
the expression of inflammasome proteins, including NLRP3-ASC, caspase-1, IL-13, and
IL-18 [114]. Therefore, determining the relationship between the NLRP3 inflammasome
and VR induction in order to develop effective inhibitors and attenuate the progression of
HFpEF and the worst outcome is a novel paradigm.
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6. Preventive Therapies for Cardiovascular IR Injury and Remodeling

The cardiac remodeling process involves electrical and structural changes in the
myocardium that determine worse clinical outcomes and mortality [115]. For example, post-
myocardial injury mortality correlates with advancing age, regardless of infarct size, which
may be related to a higher prevalence of ventricular hypertrophy but also to a decreased
immunological response, scarring, and autophagy [116]. In the context of IR injury after
cardiac surgery, long-term remodeling accelerates cardiomyocyte death through oxidative
stress, inflammation, and fibrosis, thus leading to a decline in cardiac function.

Different potential preventive therapies have been identified that focus on the under-
lying pathophysiological mechanisms, particularly in experimental studies in fibrosis and
cardiac remodeling. Cell death and mitochondrial dysfunction have been key targets of
investigation. According to these mechanisms of IR injury, various types of pharmaco-
logical interventions have been implemented to block cell death pathways. Experimental
protocols have demonstrated that cyclosporine and neuregulin-1 can reduce apoptosis.
Additionally, necrostatin-1 not only attenuates apoptosis by inhibiting caspase-8 but also
reduces necrosis by blocking calpain activity. Furthermore, modulating chaperones and the
ubiquitin—proteasome system, which regulates protein degradation, can also determine
a reduction in cell death [117]. Fibrosis has also been a focus of therapeutic interventions,
with the inhibition of thrombospondin-1 and galectin-3 being associated with a decrease in
collagen content. Similar effects have been reported with the administration of torsemide
and metformin [118,119]. Additionally, the administration of CXL-1020, a nitroxyl donor,
has been found to enhance the sensitivity of contractile proteins to calcium, leading to
functional improvement and a reduction in hypertrophy.

Mitochondrial uncoupling has been identified as a cardioprotective strategy under
oxidative stress conditions, such as diabetes, drug resistance in neoplasic and tumoral envi-
roment, IR injury, and aging. Mitchondrial uncoupling proteins (UCPs) reduce the efficiency
of oxidative phosphorylation and play a role in controlling mitochondrial pro-oxidant im-
balances [120]. There is strong evidence that UCP2 and UCP3, which are homologs of UCP1
and are induced in the heart, help protect against mitochondrial oxidative ROS burst both
in vitro and in vivo [121]. Moreover, cardiovascular ischemic comorbidities, particularly
clinical events of cardiac IR, lead to increased production of ROS and dysregulation of
mitochondrial biogenesis in cardiomyocytes [122]. Therefore, it can be concluded that
mitochondrial protection strategies are due to the reduction in cellular and tissue damage
involved in the pathophysiology of IR injury and cardiovascular dysfunction [123,124].

Various trials have focused on demonstrating the benefits of antioxidants in attenu-
ating acute ROS injury in terms of myocardial electrical remodeling after IR injury, such
as after a cardiopulmonary bypass [28,31,125,126]. However, this clinical setting changes
when focusing on ventricular remodeling events that occur over a long-term period and
lead to detrimental effects on cardiac function. In regard to preconditioning pharmaco-
logical strategies and multiple naturally available antioxidants, it has been evaluated that
the administration of polyphenols, omega 3 fatty acids, and antioxidant vitamins in IR
animal models has been effective [26,126,127]. For example, resveratrol, which has been
shown to have cardioprotective effects in various animal studies, could reduce cardiac
inflammation and ventricular remodeling in an ischemia—-reperfusion rat model [128,129].
Other antioxidants, such as statins and antioxidant vitamins, have limited their use as
preventive therapies in ventricular remodeling due to the absense of effects on ventricular
function or the lack of demonstrated beneficial outcomes in clinical trials [26,129].

As research on SGLT-2 CV advanced our knowledge of pathophysiology, the positive
effects on the heart and vassels became clear. In this setting, empagliflozin has significantly
reduced the primary endpoint, which includes CV death, nonfatal myocardial infarction,
and nonfatal stroke, in patients with type 2 diabetes. Specifically, it resulted in a 38%
decrease in CV deaths when added to standard diabetes treatment [130,131]. In addition to
the previously expressed lowering of blood pressure and body weight, this improvement
is likely attributed to osmotic diuresis, which lowers cardiac preload and helps alleviate
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symptoms of heart failure [132]. With respect to cardiac remodeling, experimental studies
showed that empagliflozin improved diabetic myocardial structure and function, decreased
myocardial oxidative stress, and ameliorated myocardial fibrosis [133]. Mechanistic studies
have indicated that empagliflozin suppressed oxidative stress and fibrosis through inhibi-
tion of pro-fibrotic pathways, such as the transforming growth factor 3 /Smad pathway and
activation of Nrf2/ ARE signaling, among other elements [134,135]. Other SGLT-2 inhibitors,
such as dapagliflozin, have similar cardioprotective properties against doxorubicin-induced
cardiotoxicity. They accomplish this by decreasing pro-oxidant imbalances, mitochondrial
dysfunction, fibrosis, hypertrophy, and inflammation through the PI3K/AKT/Nrf2 sig-
naling pathway [136]. Studies with animals and echocardiography results indicated that
rats treated with dapagliflozin showed improved heart performance. Regarding surgi-
cal procedures, ventricular reconstruction has been used to reverse cardiac remodeling
in post-myocardial infarction patients with large LV aneurysms; however, residual LV
remodeling and dysfunction remain postoperatively [137]. In this experimental model, it
has been found that dapaglifozin attenuates residual cardiac remodeling after ventricular
reconstruction by normalizing some cardiac- and metabolism-related hub genes [138].

Oxidative stress plays a critical role in the modulation of cardiac remodeling, affect-
ing various mechanisms involved in this process [139]. Several antioxidants can atten-
uate cardiac remodeling that is associated with different injuries by reducing oxidative
stress, mainly in animal models. These findings suggest that antioxidants, including
SGLT-2is, could become part of a therapeutic strategy to addressing ventricular remod-
eling and postoperative AF occurrence while reinforcing the anti-remodeling properties
of anti-inflammatories.

6.1. SGLT-2 Inhibitors: Pharmacological Properties

Gliflozins are small molecules that are C-glycoside analogs of the sodium—glucose
transporter 1 (SGLT-1) and 2 (SGLI-2) inhibitor glycoside phlorizin [140,141], with a higher
selectivity for SGLT-2. Their main mechanism of action is blocking the SGLT-2, which is
highly expressed in the apical membrane of proximal tubules and allows for the reabsorp-
tion of 90% of glucose filtered in the glomerulus. By blocking SGLT-2, gliflozins reduce
blood glucose levels and cause glucose to be excreted through urine, which is also beneficial
for lowering body weight [142].

The structure of gliflozins consists of a glucose ring, a proximal benzene ring, a distal
benzene ring, and a methylene bridge between these two benzene rings. Other structures
can replaced with the distal benzene ring, and slight radical substitutions in the three rings
can modify the potency and pharmacokinetics of gliflozins [143]. Several gliflozins have
been tested for the treatment of diabetes mellitus, demonstrating beneficial effects on
major cardiovascular events [144]. The FDA has approved canagliflozin, dapagliflozin,
empagliflozin, and ertugliflozin, while ipragliflozin and tofogliflozin have been approved
in Japan [144].

A summary of the clinical pharmacokinetics of gliflozins is shown in Table 1.

Table 1. Summary of the clinical pharmacokinetics parameters of gliflozins.

Drug Dose Tmax Half-Life (t1/5) References
Canagliflozin 25-400 mg 1.04.0h 10.22-16.30 h [145,146]
Dapagliflozin 25-50 mg 0.5-1.5h 8.1-16.4 h [147,148]
Empagliflozin 1-100 mg 1.0-25h 6.1-16.5h [149,150]
Ertugliflozin 5-25mg 1.04.0h 9.91-16.87 h [151,152]

Ipragliflozin 25-100 mg 0.5-09 h 10.5-11.3 [153,154]
Tofogliflozin 10-640 mg 0.5-2.0h 3.81-6.21h [155,156]

6.1.1. Antioxidants and Anti-Inflammatory Effects

Recent data suggest that SGLT-2is have antioxidant properties that may be key to
reducing cardiovascular death in clinical trials. Oxidative stress is known to contribute to
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the development and progression of atherosclerosis and diabetes complications, and it may
result from either increased free-radical production, a reduction in antioxidative capacity, or
a combination of both [157]. SGLT-2is have been shown to act as free-radical scavengers and
boost the antioxidative system [158]. However, these effects have only been demonstrated
in in vitro models in regard to cardiac and vascular IR injury. It is important to note that
these drugs are considered to have direct antioxidant effects, while their glucose-lowering
effects indirectly influence the redox state by decreasing the activity of pro-oxidant sources
of reactive oxygen species (ROS) and improving mitochondrial function [159].

Research indicates that gliflozins may decrease ROS sources by NADPH oxidase activ-
ity inhibition through various mechanisms [160]. In a genetic mice model of type 2 diabetes
mellitus, empagliflozin was shown an attenuation oxidative stress by inducing the nuclear
factor erythroid 2 (Nrf2)/antioxidant responsive element (ARE) pathway while inhibiting
the transforming growth factor beta (TGFf3)/Smad pathway [161]. A clinical work involv-
ing cardiac biopsies and superoxide quantification demonstrated that canagliflozin can
reduce NADPH activation following cardiac surgery with extracorporeal circulation [162].
Specifically, the expression of sodium—glucose cotransporter 1 (SGLT1) in human atrial
myocardium was positively correlated with the production of radical superoxide (0,°~)
as well as with pro-fibrotic, pro-inflammatory, and wall stress mRNA levels. It has been
reported that NADPH activation can be blocked by canagliflozin through AMP kinase
(AMPK)/Racl signaling, which also protects nitric oxide synthase (NOS) coupling by
maintaining tetrahydrobiopterin levels, providing protection from their oxidation in vivo
and in vitro. Recently, studies have indicated that Canaglifozin can attenuate lipotoxicity
in cardiomyocytes by regulating inflammation and ferroptosis by activating the AMPK
pathway [163]. These studies provide a novel direction for myocardial lipotoxicity and
ferroptosis in regard to the treatment of diabetic cardiomyopathy associated with oxidative
stress occurrence [164,165].

Anti-Inflammatory Effects

In cardiac failure and IR injury, higher pro-inflammatory cytokines levels induce cross-
talk with ROS production [166], particularly the interleukins, transforming growth factor-f3,
nuclear factor kB, monocyte chemoattractant protein-1 (MCP-1), and tumor necrosis factor-
o, which determine ROS and RNS amplification and cross-talk production methods [167].
There is evidence that neurohumoral activation during heart failure modulates the immune
cell system with both preserved and reduced ejection fractions. Indeed, these cells express
angiotensin I receptors, adrenoceptors, and natriuretic peptide receptors that are influenced
by this activation [168]. Ang II modulates macrophage polarization, promoting the M2
macrophage phenotype, and this stimulation can influence the lymphocyte Th1/Th2 bal-
ance. Activation of (3-adrenergic receptors in monocytes inhibits ROS production [169],
while brain natriuretic peptides in macrophages can stimulate ROS production, upregulate
IL-10, and inhibit IL-12 and TNF-« release by dendritic cells; additionally, their circulating
pool cells can predict the recurrence of decompensated heart failure [170,171]. Recent
evidence suggests that SGLT2is are also associated with anti-inflammatory in vivo and
in vitro effects. In this view, dapagliflozin significantly diminished collagen synthesis,
induced anti-inflammatory macrophages, and reduced myofibroblast differentiation after
cardiac ischemia in rats [172]. Higher levels of 10 (IL-10) anti-inflammatory cytokine are
shown in the dapagliflozin group, while the control group only presens ischemia. Also, em-
pagliflozin reduced the human fibroblast activation and proliferation due to transforming
the growth factor 31 (TGF1) pathway inhibition in a concentration-dependent manner
while also reducing pro-fibrotic mediators [173]. Experimental studies with dapaglifozin
show induction of cardioprotective mechanisms against injury-related ferroptosis using
arat model and in H9C2 cardiomyocytes subjected to hypoxia/reoxygenation (H/R)-model.
Dapagliflozin reduced myocardial injury, mitigated reperfusion arrhythmia, and enhanced
cardiac function. This was evidenced by a reduction in cardiac injury biomarkers, including



Antioxidants 2024, 13, 1388

13 of 24

troponin and B-natriuretic peptide, as well as improvements in pathological settings. It
also prevented H/R-induced loss of cell viability in vitro [174].

An NLRP3 inhibitor is a drug that is capable of blocking the polymerization of the
NLRP3 inflammasome and, therefore, preventing its activation [64]. A small-molecule
structure exerts effects that block the pro-inflammatory effect on NLRP3 inflammasome
activation in cell studies, such as MCC950, 3-hydroxybutyrate, Bay 11-7082, dimethyl
sulfoxide, and interferon type I. Therefore, these inhibitors demonstrate low efficacy and
nonspecific actions. For inhibitors that block the IL-1p pathway;, it should be noted that
IL-1p secretion and extracellular activity are not the determined by NLRP3 inflammasome
activation; moreover, other pro-inflammatory mediators, including HMGB1 and IL-18,
may have some role in the pathophysiology of these diseases [175]. Also, while several
NLRP3 inhibitors have been discovered (MCC950, Tranilast, OLT1177, etc.), SGLT2is do not
directly inhibit NLRP3 aggregation. Table 2 shows the NLRP3 Inflammasome Inhibitors
and potential mechanisms.

Table 2. NLRP3 Inflammasome Inhibitors, mechanisms, and effects regarding SGLT2.

Inhibitor Mechanism of Inhibition Effect on SGLT2 Reference
Blocks NLRP3 activation by inhibiting

MCC950 ATPase activity, preventing No effect on SGLT2 identified [176]
inflammasome assembly

Glyburide Inhibits NLRP3 activation through K+ \f o et on SGLT? identified [177]

efflux blockade

Oridonin Covaler}tly binds to NLRP3, disrupting No effect on SGLT2 identified [178]
inflammasome assembly

OLT1177 (Dapansutrile) Inhibits ASC ollgomerlzatlc?n, a key step in No effect on SGLT2 identified [179]
inflammasome activation

Binds to NACHT domain, blocking NLRp3 ~___ 1nhibits NLRP3
CY-09 ATPase activit oligomerization by binding [180]
y NACHT domain
Tranilast Inhibits NLRP3 oligomerization by binding (¢, o1 SGLT? identified [181,182]

NACHT domain

beta-hydroxybutyrate

Inhibits oxidative stress and it can protect
the function of mitochondria and exert an An increase in 3-OHB levels

(-OHB) anti-inflammatory effect, as it is an by the administration of [183]
endogenous NLRP3 SGLT-2 inhibitors
inflammasome inhibitor.
SGLT2 inhibitors (e.g., Rei‘; - gssrl{r{) 3;‘;izgtls?nr:;?;re;i}é > Yes, as primary function [184]
Empagliflozin) PP & & & 1asp y

promoting autophagy

NLRP3, NOD-, LRR- and pyrin domain-containing protein 3; NACHT, nucleoside triphosphatase (NTPase)
domain; NF-«B, nuclear factor-kappa B.

The cardioprotective mechanisms of SGLT-2is have been explored, including the re-
duction in cardiac and endothelial inflammation, as well as the inhibition of pro-oxidant
damage. These effects can improve cardiac structure and function. However, the impact
of SGLT-2is on pathophysiological mechanisms has not yet been elucidated. Currently,
there are no clinical trials that explore the probable effects of SGLT-2is on cardiac IR during
cardiac technical events, such as surgery or percutaneous coronary intervention procedures.
In ongoing trials involving cardiac failure patients, SGLT-2i administration is associated
with reduced systemic inflammation. Reviews involving both systematic and meta-analysis
methodology in animals indicated that the use of SGLT-2is leads to lower the levels of
IL-6, CRP, TNF-alpha, and MCP-1. Additionally, SGLT-2is have been shown to signifi-
cantly suppress the activation of the NLRP3 inflammasome, which in turn reduces IL-1
beta secretion in human macrophages. SGLT-2i diminish epicardial fat, a source of pro-
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inflammatory adipokines, but this aspect has no relation to their glycemic effects [185]. In
a recent trial of dapagliflozin vs. a placebo in diabetic individuals with left ventricular
hypertrophy, 12 months of treatment with dapagliflozin caused a significant reduction
in CRP [186]. Recently, genetically modified SGLT-2 inhibition was associated with a re-
duced risk of developing HF. Oro-inflammatory cytokines such as C-X-C motif chemokine
ligand 10 (CXCL10) and the leukemia inhibitory factor were mechanistically related to
both SGLT-2 inhibition and HF progression. A multivariate statistical analysis revealed
that CXCL10 was the primary cytokine mediator related to HF [187]. In regard to POAF,
the clinical evidence indicates that the inhibition of SGLT2is on this arrhythmia is not
direct, as a few related-mechanisms are involved. In this view, various observational and
clinical studies retrospectively show a lower AF occurrence in HF patients. The SGLT2i
efficacy is not evident, and the randomized or Phase III trials present mixed results, with
few demonstrating benefits and endpoints of statistical significance. Methodologically, the
differences in study design, the variable population settings, and the follow-up duration do
not support the solid evidence regarding SGLT2is as antiarrhythmic therapy in HF or post-
operative settings, only indicating a reduction in ventricular arrhythmias [Stachteas et al.,
2024, Zarei et al., 2024] [188,189]. Ongoing clinical studies have a probable outcome in
regard to preventing POAF in patients subjected to coronary artery bypass graft surgery
[Aghakouchakzadeh, 2024] [190].

In summary of some clinical and mechanistical evidence, SGLT2 inhibition and the de-
rived physiological pathways may attenuate pro-oxidant damage partly by suppressing in-
flammatory mechanisms in classical and novel pathways [191]. In addition, neurohormonal-
immune cross-talks responses are associated with the phenotype of cardiac remodeling
and are derived to either favorable or maladaptive functional and structural responses.
However, the clinical effects on postoperative and CPB settings are not well characterized.

6.1.2. SGLT2is and Ventricular Remodeling

Current pharmacological therapies to prevent damage caused by myocardial IR and
subsequent ventricular remodeling have been suboptimal. These treatments mainly target
events around the time of surgery or factors such as oxidative stress and tissue inflamma-
tion. Therefore, therapies focused solely on antioxidants and /or anti-inflammatory agents
around the time of surgery, to address issues like postoperative atrial fibrillation (POAF) or
ventricular function, may not be as clinically effective as hoped. Clinical trials have shown
this, for example, in the case of POAF [6,192]. Additionally, in patients with normal heart
rhythms undergoing heart surgery, changes in the right atrial appendage tissue do not
predict the occurrence of POAF [193].

Recently, SGLT-2is have been linked to significant reductions in cardiovascular death
and HF hospitalization in people with type 2 diabetes mellitus [194,195]. The cardiopro-
tective effects of these drugs are believed to be related to their impact on kidney func-
tion, induction of glycosuria, and inhibition of pro-inflammatory pathways at the tissue
level [195,196]. In diabetic patients, hyperglycemia and the pro-inflammatory status in-
duced by insulin resistance play important roles in impaired cardiac function. Therefore,
SGLT-2i drugs have multiple cardioprotective mechanisms against HF. These include low-
ering intracellular sodium levels, which is well known to be cardioprotective by preventing
oxidative stress and subsequent cardiomyocyte death [197]. Other cardioprotective mech-
anisms include reducing cardiac fibrosis, decreasing collagen synthesis, and inhibiting
the differentiation of myofibroblasts and pro-fibrotic markers seen in animal models of
heart remodeling after a myocardial infarction [172,198]. Preclinical studies also suggest
that specific SGLT-2i drugs may improve HF outcomes in non-diabetic patients through
direct anti-inflammatory effects on the heart. For example, preserved cardiac function by
empagliflozin is associated with reduced cardiac expression of pro-inflammatory cytokines
as well as lower macrophage infiltration mediated by the NLRP3 inflammasome [199]. In
terms of clinical evidence, several trials have demonstrated that SGLT-2i drugs have a car-
dioprotective effect and can reduce the hemodynamic effects of HF, ultimately lowering
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cardiovascular mortality. However, the effects and mechanisms of SGLT-2is on ventricular
remodeling are still largely unknown [200,201]. Finally, in the case of HFpEF patients,
a specific trial (EMPEROR-Preserved Trial) enrolled ~ 5750 individuals with preserved HF
(ejection fraction > 40%) with and without type 2 diabetes who were patients that were
assigned a placebo or empagliflozin 10 mg/day for two years, adding to the research on
pharmacological standard therapy for HFpEF and cardiovascular clinical conditions [202].
This trial showed a reduction in mortality and HF hospitalization in the those taking em-
paglifozin compared to the placebo group, regardless of diabetes status. Currently, another
trial (EMPA-VISION) is currently assessing the effects of empagliflozin treatment on cardiac
energy metabolism in human subjects in vivo using cMRI, complementing the results of
the previous follow-up in patients with HFpEF [203]. However, these trials have not fully
explored the pathophysiological and molecular aspects.

7. Concluding Remarks

The role of NLRP3 inflammasome signaling pathways and the SGLT-2 cotransporter
in inflammatory and oxidative stress-induced processes related to various cardiovascu-
lar diseases is becoming increasingly clear and compelling. Since the inhibition of the
SGLT-2 cotransporter modulates the NLRP3 inflammasome, at least in cardiovascular
diseases associated with type 2 diabetes, it is suggested that this approach may also help to
protect the heart from adverse pathological ventricular remodeling and cardiac arrhyth-
mias, including postoperative atrial fibrillation, by suppressing inflammasome activity
[Kim et al., 2020] [204]. However, the direct or indirect effects of NLRP3 activity inhibition
on both POAF and cardiac remodeling have not yet been evaluated in regard to clinical
cardiac postoperative settings and should therefore only be considered hypothetically.
Nevertheless, given its potential benefits—especially in patients with heart failure with
preserved ejection fraction, where therapeutic options are limited—it is essential to explore
this approach clinically.
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