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Abstract: Sodium glucose cotransporter-2 inhibitors (SGLT2i), originally developed for type II
diabetes mellitus, have recently been approved for the treatment of heart failure in both diabetic and
non-diabetic patients due to their significant cardiovascular benefits. Beyond their established role
in diabetes and heart failure management, current research is exploring the potential applications
of SGLT2 inhibitors in the field of cardio-oncology. This interest is driven by dual possible benefits:
cardioprotection against the adverse effects of antitumor therapies and inherent antitumor properties.
Patients affected by cancer often face the challenge of managing cardiovascular toxicity induced by
antineoplastic treatments. SGLT2 inhibitors have shown promise in mitigating toxicities, thereby
enhancing the cardiovascular health of these patients. Additionally, emerging evidence suggests
that SGLT2 inhibitors may possess direct antitumor effects, further contributing to their therapeutic
potential in oncology. This review aims to provide a comprehensive overview of the molecular
mechanisms through which SGLT2 inhibitors exert their cardioprotective and antitumor effects.
Furthermore, we will examine the current body of evidence supporting the use of these inhibitors in
a cardio-oncology setting.
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1. Introduction

Sodium glucose cotransporter-2 inhibitors (SGLT2i) were initially developed for the
treatment of type II diabetes mellitus (T2DM) because of their ability to enhance renal
glucose excretion [1]. However, in recent years, extensive evidence has shown that SGLT2i
can provide cardiovascular benefits independently of their glucose-lowering effects [2-6].
As a result, two SGLT2i, dapagliflozin and empagliflozin, have now been approved for
the treatment of heart failure (HF), irrespective of ejection fraction [7,8]. The mechanisms
by which SGLT2i confer cardiovascular benefits are not yet fully understood, but they
are believed to exert pleiotropic effects. These effects include improving hemodynamics
and cardiomyocyte energy metabolism, reducing myocardial inflammation, modulating
sympathetic and parasympathetic activity, and protecting endothelial function [9-11].
Moreover, recent, large real-world studies have confirmed the nephroprotective efficacy
of SGLT2i from randomized trials. Furthermore, the beneficial effects of these agents may
extend to the nondiabetic population according to the positive results of current studies [12].
Therefore, SGLT2i might be used for the prevention and treatment of numerous pathological
conditions. In this regard, recent research has been focusing on the potential role of SGLT2i
as a cardioprotective strategy to counteract the cardiotoxic effects of cancer therapies [2]. To
date, the introduction of new cancer therapies has significantly improved overall survival
(OS) and progression-free survival (PFS) in patients with malignancies. However, this
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positive outcome is counterbalanced by the increase of numerous cardiovascular adverse
effects. Therefore, it is essential to develop pharmacological strategies that can prevent and
treat cardiotoxic damage without compromising antitumor efficacy of therapies. In this
context, both preclinical and clinical evidence to date suggest that SGLT2i not only mitigate
the cardiotoxic effects of cancer therapies, but also exert direct anticancer activity in several
types of cancer, enhancing the efficacy of antiproliferative treatments [13,14]. Based on
these premises, SGLT2i represent a highly promising strategy in the field of cardio-oncology.
Their ability to mitigate cardiotoxic effects associated with cancer therapies, coupled with
their potential direct anticancer effects across various malignancies, positions them as
pivotal agents in improving therapeutic outcomes while safeguarding cardiovascular
health in oncology patients. In this review we aim to offer a thorough examination of the
molecular mechanisms underlying the cardioprotective and anticancer effects of SGLT2i.
Furthermore, the existing body of evidence supporting their application in cardio-oncology
will be critically summarized.

2. Materials and Methods

This review follows guidelines for systematic reviews, ensuring transparency in report-
ing. PubMed was the primary database used, employing Medical Subject Headings (MeSH)
terms and keywords such as “SGLT2 inhibitors”, “cardioprotection”, “cardiovascular risk”,
“cardio-oncology”, and related synonyms. Boolean operators (AND, OR) were used to
refine search queries and enhance relevance. Articles were limited to English-language
publications, without date restrictions, to capture a broad range of findings. Qualitative
analysis identified common themes and trends, addressing discrepancies in study out-
comes. Factors such as study design, sample size, and methodological differences were

considered in interpreting reported associations.

3. Cardiovascular Benefits of SGLT?2i

SGLT2i act through various cellular and molecular mechanisms at vascular, renal,
cardiac, and systemic levels, with their cardiorenal effects being particularly significant for
their cardiovascular benefits [10]. Although many of these effects are related to the primary
action of SGLT2 on renal tubules, SGLT2i also have impacts that occur independently of this
pathway. Supporting this idea, empagliflozin has been shown to provide cardioprotective
effects in mice lacking renal SGLT2 expression [15,16]. Discussing in detail the molecular
mechanisms underlying the cardiovascular and renal benefits is beyond the scope of this
review. Therefore, Figure 1 summarizes the main molecular mechanisms underlying the
cardiovascular and renal benefits of SGLT2i.

The EM-PA-REG OUTCOME trial highlighted the cardioprotective benefits of SGLT2
inhibitors (SGLT2i), which found empagliflozin reduced hospitalizations for heart fail-
ure (HF) by 35% in patients with T2DM and cardiovascular disease [17]. Subsequent
trials like CANVAS [6] and DECLARE-TIMI 58 [4] confirmed that SGLT2i decrease HF
hospitalizations and cardiovascular death while improving renal outcomes. Investiga-
tions expanded to heart failure with reduced ejection fraction (HFrEF) in studies such as
EMPEROR-Reduced [3] and DAPA-HF [5], which demonstrated significant reductions in
HF hospitalizations and cardiovascular death. For heart failure with preserved ejection
fraction (HFpEF), EMPEROR-Preserved [18] and DELIVER [19] showed promising results.
Additionally, the EMPULSE TRIAL [20] advocates for early SGLT2i initiation during acute
HF hospitalization, with benefits similar to those in chronic HF patients and no signifi-
cant safety differences when started before or after discharge. SGLT2i also slow kidney
function decline and improve HF outcomes in chronic kidney disease, highlighting their
dual benefits [21,22].



Hearts 2024, 5

531

Oxidative stress Improving
Inflammation endothelial NO availability
Microvascular dysfunction
dysfunction
Diuresis
Natriuresis
Podocytes function
Erythropoietin Fibrosis
Cardiac Lypolisis
Afterload remodeling
Y Ventrcular &
Improving stiffness Adipose
tissue
renal \
function / Body weight
Epicardial fat
Interstitial fluids
Oxidative stress
Inflammation Preload Arrhymias
Fibrosis Mvo2z
/ 5 \ Sympathetic
T Cardiac nerve activity
. energy Norephrine
Ketone bodies metabolism turno,:/e r
production Tyrosine
hydroxylase
production
Liver Sympathetic

nervous

tissue
Figure 1. Overview of SGLT2i beneficial effects. MVO2, myocardial oxygen consumption. The figure
was created using BioRender (www.biorender.com).

4. Molecular Mechanisms of SGLT2i in Cardioprotection Against Cardiotoxic Drugs

The mechanisms through which SGLT2i may mitigate cardiotoxicity are multifactorial
and not yet fully understood. Scientific evidence supports several mechanisms, includ-
ing their effects on inflammation, oxidative stress, endoplasmic reticulum stress, cellular
metabolism improvement, vasoconstriction, and autophagy. To date, the majority of evi-
dence pertains to the SGLT2 effect on anthracyclines cardiotoxicity. Nevertheless, we also
discuss evidence related to other cardiotoxic drugs.

4.1. Anthracyclines

The mechanisms behind anthracycline-induced cardiotoxicity are complex and involve
various pathways, including DNA damage, mitochondrial impairment, oxidative stress,
inflammation, and the promotion of apoptosis [17]. Anthracyclines disrupt mitochondrial
respiratory chain complexes, causing oxidative stress and reactive ROS formation, exacer-
bated by iron. This ROS production leads to mitochondrial and DNA damage, promoting
cardiomyocyte apoptosis and necrosis [17]. SGLT2i reduce oxidative stress through various
mechanisms and as evidence of this, several studies on animal models and human hearts
have demonstrated a reduction in oxidative stress following the administration of anthracy-
clines. Empagliflozin was found to reduce oxidative stress caused by doxorubicin (DOX) in
a cardiorenal syndrome model by inhibiting NADPH oxidase 1 and 2, as well as lowering
levels of oxidized proteins [18]. It also boosted the activity of antioxidant enzymes in rats
treated with DOX [19]. Additionally, empagliflozin decreased malondialdehyde levels in
the heart, particularly within cardiac mitochondria, and lowered the activity of cardiac xan-
thine oxidase, which plays a significant role in DOX-related oxidative stress and cardiotoxi-
city [20]. Moreover, empagliflozin effectively reduced mitochondrial ROS production in
isolated cardiomyocytes [21]. Dapagliflozin, on the other hand, blocked the DOX-induced
suppression of nuclear factor erythroid 2-related factor 2 (Nrf2) nuclear translocation,
thereby promoting the expression of Nrf2-dependent antioxidant enzymes, including
heme oxygenase 1 and NAD(P)H quinone dehydrogenase 1 [22]. Moreover, Dapagliflozin
also directly increased the levels of antioxidant enzymes such as catalase and superoxide
dismutase, as demonstrated by the study conducted by Hazem [23]. In a recent study
conducted by Quagliarello et al., human cardiomyocytes exposed to DOX £ dapagliflozin
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were examined. The group treated with dapagliflozin exhibited a significant reduction
in intracellular calcium levels, which correlated with improved mitochondrial function.
Furthermore, dapagliflozin attenuated lipid peroxidation and reduced levels of ROS [24].

Anthracyclines trigger pro-inflammatory pathways that involve nuclear factor-kB
(NF-kB) and tumor necrosis factor-alpha (TNF-«), resulting in the increased transcription
of NLRP3, interleukin (IL)-1f3, and IL-6, ultimately leading to apoptosis. The death of
cardiomyocytes further activates inflammatory processes and promotes ROS production,
causing functional and structural alterations in the myocardium, which are characterized
by fibrosis and electrical disturbances

SGLT2i possess anti-inflammatory properties due to their direct effects on inflamma-
tory pathways and improvements in cellular metabolism. Numerous preclinical studies
have shown that empagliflozin and dapagliflozin may reduce the inflammation induced
by DOX administration. In these studies, SGLT2i significantly mitigate the expression of
NLRP3 and thus the levels of inflammatory cytokines such as IL-1f3, IL-6, TNF-«, and
NF-kB [20,22,25-28]. For example, in a recent study conducted by Quagliarello et al., the au-
thors found that cardiomyocytes exposed to dapagliflozin and DOX exhibited significantly
lower intracellular levels of cytokines and NLRP3-Myd88 compared to cardiomyocytes
exposed to DOX alone. Notably, the levels in cardiomyocytes treated with dapagliflozin
were comparable to those in cardiomyocytes not exposed to the chemotherapeutic agent.
Additionally, the authors performed histological analysis to further evaluate the anti-
inflammatory properties of dapagliflozin and they found that DOX induces tissue overex-
pression of p65/NF-«kB. Notably, dapagliflozin significantly altered the renal and cardiac
inflammatory profile by markedly reducing the expression of p65/NF-«B and preserving
the tissue microstructure of cardiomyocytes and kidneys [24]. Moreover, it is known that
anthracyclines cause systemic inflammation [29] and in the same study the authors found
that dapagliflozin is able to reduce hs-CRP, IL-1, and Galectin-3 significantly, indicating
systemic anti-inflammatory effects [24]. Interestingly, recent findings suggest that SGLT2i,
and especially canagliflozin, may possess immune-regulating properties [30,31]. Consistent
with these studies, Quagliarello et al. found a significant reduction in IL-2 secretion in
activated human peripheral blood mononuclear cells (hPBMCs) exposed to dapagliflozin,
indicating potential immune effects of SGLT2i [24].

Autophagy is an essential and conserved process in eukaryotic cells that plays a
crucial role in maintaining cellular balance and ensuring cell survival in both normal
and stressful situations. However, stress can disrupt autophagy regulation in the heart,
potentially leading to cardiac dysfunction and HF. DOX can induce both excessive and
insufficient expression of genes related to autophagy, which contributes to its cardiotoxic
effects [32]. On one hand, anthracyclines cause excessive activation of autophagy, leading
to the degradation of organelles and cellular components, thereby promoting cell death.
On the other hand, anthracyclines inhibit autophagic flux, thereby favoring apoptosis [17].
Empagliflozin reduced doxorubicin (DOX)-induced cardiotoxicity by enhancing autophagic
flux in murine hearts and cardiomyocytes. Wang et al. found that it directly interacts with
sirtuin 3, forming a complex with beclin 1 and Toll-like receptor 9 to boost autophagy [33].
Meanwhile, Chang et al. reported that dapagliflozin protects diabetic rats and H9c2
cardiomyoblasts from DOX-induced cardiotoxicity by lowering endoplasmic reticulum
(ER) stress, as shown by decreased ER-related proteins [34]. Additionally, Malik et al.
recently published a study assessing the potential role of empagliflozin in mitigating
ER stress in cardiomyocytes of rats treated with DOX. They found that cardiomyocytes
pretreated with empagliflozin exhibited a significant reduction in mortality, primarily
due to decreased ER stress. This was demonstrated by the reduced expression of ER
stress-related apoptotic proteins. Moreover, mice pretreated with empagliflozin showed
increased levels of IRE1, a key factor for effective protein folding and the degradation of
misfolded proteins [35].

Ferroptosis is a form of regulated cell death. It is characterized by iron overload
and ROS accumulation, resulting in lipid peroxidation of cell membranes. An increasing
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number of studies have found that ferroptosis plays a vital role in the development of
anthracycline-induced cardiotoxicity (AIC) [36]. Various preclinical studies show that
SGLT2i may mitigate the cardiotoxicity induced by DOX by reducing the levels of ROS
and lipid peroxidation, thus preventing ferroptosis [20,24,37]. Although, to our current
knowledge, no specific studies have investigated the combination of canagliflozin and
anthracyclines, preclinical studies on animal models of diabetic cardiomyopathy and
HFpEF have demonstrated that canagliflozin can inhibit ferroptosis [38,39].

Cells adapt their metabolic processes and functions in response to environmen-
tal cues through the regulation of proteins such as mTOR, sirtuins (sirtuin 1, sirtuin 3,
sirtuin 6), and AMPK. Dysregulation of these proteins is linked to cardiovascular dis-
ease. One key mechanism of DOX-induced cardiotoxicity is the down-regulation of
sirtuin 1 and AMPK activity, leading to mitochondrial dysfunction, increased apopto-
sis, impaired autophagy, and heightened fibrosis [2]. SGLT2i improve cellular energy
metabolism by boosting the expression or activity of signals associated with nutrient depri-
vation, including AMPK, sirtuins, and peroxisome proliferator-activated receptor-gamma
coactivator-1 alpha (PGC-1«) [40], while simultaneously reducing nutrient surplus signals
such as mTOR activation in stressed tissues.

These inhibitors activate AMPK by inhibiting complex I of the mitochondrial respi-
ratory chain [41-43]. Empagliflozin and dapagliflozin have been found to reduce DOX
cardiotoxicity by activating AMPK. Empagliflozin triggers AMPK, sirtuin 1, and per-
oxisome proliferator-activated receptor-gamma coactivator-1 alpha (PGC-1o)-mediated
mitochondrial biogenesis. Dapagliflozin, on the other hand, mitigates short-term DOX
cardiotoxicity through AMPK activation [28,44]. Moreover, empagliflozin administration
in mice treated with DOX promotes mitochondrial biogenesis, likely by increasing PGC-1o
expression, thereby preventing acute DOX-induced cardiotoxicity [37].

As previously discussed, SGLT2i increase circulating ketone levels, which serve as
an energy source for the heart during “starving” conditions in heart failure. It has been
hypothesized that SGLT2i may mitigate anthracycline-induced cardiotoxicity by increasing
levels of beta-hydroxybutyrate (BHB). In a study conducted by Oh et al., cardiomyocytes in-
cubated with BHB showed reduced AIC [45]. Furthermore, administration of dapagliflozin
was associated with increased levels of BHB and reduced cardiotoxicity [46].

4.2. Trastuzumab

Human epidermal growth factor receptor-2 (HER-2) is overexpressed in various types
of cancers, such as breast cancer, ovarian cancer, gastrointestinal cancer and bladder can-
cer. Trastuzumab is the main humanized monoclonal antibody against HER-2. Besides
its presence in tumor tissue, HER2 has also been found in adult cardiomyocytes, along
with other family members [40]. His ligand NRG1, released by cardiac microvascular
endothelial cells during hemodynamic stress, binds to HER4, triggering HER4/HER2
dimerization and activating pathways like MAPK and PI3K-Akt. These pathways enhance
cardiomyocyte survival, metabolism, and protection from oxidative stress. Trastuzumab
blocking the HER2/NRGT1 signaling, inhibits these pathways, leading to increased ROS
and cardiomyocyte apoptosis and thus contributing to trastuzumab-induced cardiotoxicity
(TIC) [47,48]. The NRG1/HER signaling pathway in the heart serves as a compensatory
mechanism that is activated in response to stress, such as cardiotoxic drug exposure or
ischemia. This may help explain why trastuzumab can heighten cardiotoxicity when used
in conjunction with anthracyclines [49]. In this regard, in a recent preclinical study, em-
pagliflozin effectively counteracted trastuzumab-induced oxidative stress in vivo and, in
isolated mouse cardiomyocytes, mitigated DNA damage [21]. Moreover, recent studies
have also demonstrated that one underlying mechanism of TIC is ferroptosis [50,51]. In
line with these results, in a study conducted by Min et al., trastuzumab (TZM) signifi-
cantly elevated serum lactate dehydrogenase (LDH) and troponin I levels, induced adverse
myocardial remodeling (increased heart weight, chamber size, cardiomyocyte area, and
interstitial fibrosis), and resulted in contractile dysfunction, improper handling of intra-
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cellular calcium, oxidative stress, lipid peroxidation, mitochondrial injury, DNA damage,
apoptosis, and ferroptosis [52]. Empagliflozin effectively attenuated these effects, showing
robust cardioprotective benefits. In vitro studies showed that TZM-induced DNA damage
correlated with lipid peroxidation and cardiomyocyte dysfunction. Additionally, the ferrop-
tosis inducer erastin diminished empagliflozin’s protection against lipid peroxidation and
cardiomyocyte dysfunction (excluding DNA damage). Furthermore, inhibiting ferroptosis
both in vivo and in vitro replicated empagliflozin’s cardioprotective effects against TZM.
Opverall, these results suggest that empagliflozin may mitigate TZM-induced cardiotoxicity,
possibly through mechanisms involving DNA damage and ferroptosis.

Recent evidence confirms that trastuzumab induces cardiotoxicity through the stimu-
lation of the inflammatory response, as demonstrated by increased expression of NLRP3
and elevated levels of interleukins and ROS. Notably, trastuzumab-induced activation of
NLRP3 enhances anthracycline-induced cardiotoxicity [53]. Supporting this, in an in vitro
model, dapagliflozin demonstrated the ability to reduce trastuzumab-induced activation of
NLRP3 and pro-inflammatory cytokines, thereby mitigating its cardiotoxic effects [54].

Another mechanism of TIC involves the inhibition of autophagy. Research indicates
that trastuzumab lowers the expression of key autophagy-related proteins, including ATG5-
12, ATG7, ATG14, and Beclin 1, leading to elevated ROS production in cardiomyocytes [48].
As discussed earlier, SGLT2i are capable of reactivating autophagy pathways, which could
potentially serve as an additional mechanism of cardioprotection against TIC. However, to
our current knowledge, there are no direct studies addressing this aspect.

Recent studies have shown that clinically relevant doses of trastuzumab negatively
affect contractile and calcium regulation functions in cardiomyocytes, but do not cause
cell death. Further RNA sequencing and functional analysis indicated that mitochondrial
dysfunction and disrupted cardiac energy metabolism are the primary contributors to
trastuzumab-induced cardiac dysfunction. This suggests that metabolic modulators may
be crucial in the treatment of TIC [55]. Recently, two studies in human induced pluripotent
stem cell-derived cardiomyocytes (iPSC-CMs) have shown trastuzumab to dysregulate
metabolism likely at the level of AMPK [55,56]. Despite the plausible and appealing
pathophysiological hypothesis, to date, no study has demonstrated that SGLT2i, through
their previously discussed ability to enhance energy metabolism, can mitigate TIC.

4.3. Other Anticancer Therapies

Immune check-point inhibitors (ICIs) have recently revolutionized the prognosis of
various types of cancer. The development of immune checkpoint inhibitors (ICIs) as a
cancer treatment is based on their ability to activate immune checkpoint pathways, such
as Programmed Cell Death Protein 1 (PD-1) and its ligand (PD-L1), as well as Cytotoxic
T-lymphocyte Associated Protein 4 (CTLA-4). This activation enables the immune sys-
tem to effectively engage T-cells against tumor cells [57]. However, given that immune
checkpoints play a crucial role in maintaining immunological tolerance and preventing
self-reactivity, it is not unexpected that the use of ICIs can lead to increased T-cell activity
against healthy tissues. This hyperactivity can result in immune-related adverse events
(IRAEs), including those affecting the heart. ICIs-induced cardiotoxicity is thought to stem
from a pro-inflammatory cytokine storm within myocardial tissues. In this context, the
anti-inflammatory and antioxidant properties of SGLT2 inhibitors may be significant in
mitigating cardiotoxic effects associated with ICIs [58]. In line with this theory, recent find-
ings indicate that dapagliflozin and empagliflozin may reduce the activation of the NLRP3
inflammasome and lower levels of pro-inflammatory cytokines in reaction to cardiotoxic
effects caused by ipilimumab in AC16 human cardiomyocytes [20,54]. The authors also
found that empagliflozin and dapagliflozin reduced ipilimumab-induced cytotoxicity by
reducing lipid peroxidation, circulating levels of ROS and intracellular calcium overload in
human cardiomyocytes. Moreover, in an experimental model of autoimmune myocarditis,
canagliflozin markedly alleviated cardiac inflammation and improved cardiac function,
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by reducing NLRP3 expression and circulating levels of pro-inflammatory cytokines and
Th-17 cells infiltration in myocardial tissue [20].

Cyclophosphamide (CP) is a widely used anticancer alkylating agent. Unfortunately,
it has well-known serious cardiotoxic effects that restrict its dosing regimen, lowering its
effectiveness or even leading to cessation of the treatment [59]. A recent study by Mahmoud
Refaie et al. found that CP can cause cardiac injury, indicated by increased levels of cardiac
enzymes, blood pressure, MDA, TNF«, HIF1x, SGLT2, and cleaved caspase-3, along with
toxic histopathological changes. In contrast, reduced glutathione (GSH), total antioxidant
capacity (TAC), VEGEF, and eNOS levels were significantly lower. Co-administration of
dapagliflozin significantly alleviated CP-induced cardiac damage, likely due to its SGLT2
inhibition and antioxidant, anti-inflammatory, and anti-apoptotic effects [59].

Tyrosine kinase inhibitors (TKIs) are anticancer therapeutics often prescribed for
long-term treatment [60]. However, TKI-induced cardiotoxicity poses a significant risk,
potentially leading to death or a decreased quality of life. Effective treatments to mitigate
cardiac damage caused by TKIs are limited, primarily due to an incomplete understanding
of the underlying molecular pathology. Recently Wang et al. demonstrated that the main
mechanisms of TKIs cardiotoxicity include ER-stress, pro-inflammatory properties and
oxidative stress [60]. Empagliflozin has been demonstrated to reduce cardiac dysfunction
caused by sunitinib in both in vivo and in vitro studies by activating AMPK, which plays a
role in regulating cardiomyocyte autophagy through the AMPK/mTOR signaling pathway.
Furthermore, recent research shows that canagliflozin, in contrast to empagliflozin or da-
pagliflozin, alleviates carfilzomib-induced endothelial apoptosis by restoring AMPK levels.
Additionally, empagliflozin promotes autophagic flux in human aortic endothelial cells
exposed to ponatinib, resulting in decreased cellular senescence. These results collectively
highlight the protective effects of SGLT2i against various TKI-induced cardiotoxicities
through mechanisms involving AMPK activation and autophagy regulation [61-63].

5. The Potential Role of SGLT2i in Cardioncology: From Bench to Bedside

A growing body of preclinical and clinical evidence highlights the promising role
of SGLT2i as a cardioprotective strategy for cancer patients receiving cardiotoxic therapy.
Most of the available data pertains to anthracyclines, owing to their widespread use and
the well-documented and thoroughly understood cardiotoxic effects.

5.1. Preclinical Studies

Table 1 summarizes in vivo and in vitro studies conducted to date on the potential
role of SGLT2i in mitigating the cardiotoxic effects of various cancer therapies. The majority
of these studies have focused on empagliflozin and dapagliflozin, while a smaller number
have explored the role of canagliflozin in cancer patients.

Empagliflozin has exhibited extensive cardioprotective properties against DOX-induced
cardiotoxicity, including the preservation of cardiac functionality and prevention of left
ventricular (LV) remodeling. This is shown by improved LV ejection fraction and fractional
shortening, alongside preserved LV dimensions and preventing hypertrophic changes and
fibrosis [18-20,27,33,45]. Additionally, empagliflozin has been shown to improve myocar-
dial strain and decrease cardiac fibrosis in DOX-treated murine models [64]. Additionally,
empagliflozin prevented the prolongation of QT and corrected QT intervals induced by
DOX [37]. In related studies, it alleviated hypertension and cardiac dysfunction caused
by sunitinib, effectively reversing impairments in left ventricular LV systolic and diastolic
function while also restoring coronary flow reserve [61]. Dapagliflozin also demonstrated
considerable cardioprotective effects against DOX-induced cardiotoxicity. It increased ejec-
tion fraction and fractional shortening, mitigated hemodynamic declines, and reduced LV
dimensions [22,27,28,34,46,65]. Dapagliflozin also corrected electrocardiographic abnormal-
ities caused by DOX [66]. Moreover, both empagliflozin and dapagliflozin have been found
to decrease the senescence of human aortic endothelial cells treated with ponatinib [62].
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To date, there is no evidence from in vivo or in vitro studies supporting the cardiopro-
tective effects of canagliflozin against anthracycline-induced cardiotoxicity. However, a
single study has shown its efficacy against carfilzomib-induced cardiotoxicity [63]. Similarly,
empagliflozin has demonstrated efficacy in mitigating these effects, albeit in single study [67].

Table 1. Preclinical studies.

Author

SGLT2i Chemoterapy Major Findings

Oh et al. (2019) [45]
Yang et al. (2019) [18]
Wang et al. (2020) [68]

Sabatino et al. (2020) [64]

Baris et al. (2021) [37]

Chang et al. (2021) [34]
Hsieh et al. (2022) [22]
Belen et al. (2022) [26]

Hu et al. (2023) [27]

Quagliarello et al. (2023) [28]
Ali et al. (2023) [69]

1 FS and contractility.

EMPA DOX J Tnl, BNP and cardiac fibrosis
TFE
EMPA DOX J BNP and LV remodelling
1 FS and contractility.
EMPA DOX J Tnl, BNP and cardiac fibrosis
1 FE and FS
EMPA DOX J BNP and LV remodelling
1 FE and FS
EMPA DOX J QTc interval and myofibrill loss
DAPA DOX 1 FE and FS
DAPA DOX 1 FE and FS
DAPA DOX J Tnl, BNP and TNF
1 FS and contractility.
DAPA DOX J LVIDd and LVIDs and LV
remodelling
DAPA DOX 1T FE
CANA Cisplatin J} AST, ALT, CK-MB, LDH

5.2. Clinical Studies

Table 2 summarizes the results of key clinical studies conducted so far, which have
evaluated the effectiveness of SGLT2i in mitigating cardiotoxic damage caused by various
cancer therapies.

Gongora et al. [70] conducted a retrospective observational study including 96 cancer
patients treated with anthracyclines and 32 cancer patients treated with anthracyclines and
SGLT2i. Primary cardiac outcome was a composite of cardiac events (HF incidence, HF
admissions, new cardiomyopathy [>10% decline in ejection fraction to <53%], and clinically
significant arrhythmias). The primary safety outcome was overall mortality. The incidence
of cardiac events was significantly lower in case patients compared to control participants
(8% versus 20%; p = 0.025). Additionally, case patients showed reduced overall mortality in
comparison to control participants (9% versus 43%; p < 0.001), as well as a lower incidence of
the combined outcomes of sepsis and neutropenic fever (16% versus 40%; p = 0.013). In the
same year, Hendryx et al. [71] published the results of their study, which tracked 3185 newly
diagnosed HCC patients aged 66 years or older with pre-existing T2DM from 2014 to 2019.
The initiation of SGLT2i was linked to a significantly lower mortality risk after adjusting
for potential confounders (HR = 0.68, 95% CI = 0.54-0.86). This association was even
more pronounced with prolonged use (HR = 0.60, 95% CI = 0.41-0.88). Furthermore, the
reduction in mortality risk, ranging from 14% to 60%, was consistent regardless of patient
demographics, tumor characteristics, and cancer treatments.

Similarly, Abdel Qadir et al. [72] conducted a population-based cohort study involving
individuals over 65 years of age with treated diabetes and no prior HF who received an-
thracyclines between 1 January 2016 and 31 December 2019. The study outcomes included
hospitalization for HF, new HF diagnoses (both in-hospital and out-of-hospital), and doc-
umentation of any cardiovascular disease in future hospitalizations. The study included
933 patients, 99 of whom were treated with SGLT2i. SGLT2i exposure was associated
with an HR of 0 for HF hospitalization (p < 0.001), indicating no HF hospitalizations in
the SGLT2i group. However, there was no significant difference in the incidence of new
HF diagnoses (HR: 0.55; 95% CI: 0.23-1.31; p = 0.18) or CVD diagnoses (HR: 0.39; 95%
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CI: 0.12-1.28; p = 0.12). There was also no significant difference in mortality (HR: 0.63; 95%
CIL: 0.36-1.11; p = 0.11).

In another retrospective study [73] involving 8640 cancer patients with diabetes receiv-
ing various anticancer treatments, those on SGLT2i had a hospitalization rate for new HF
that was three times lower than those not receiving SGLT2i (2.92 vs. 8.95 per 1000 patient-
years, p = 0.018). Cox regression and competing risks models indicated that SGLT2i were
linked to a 72% decrease in the risk of hospitalization for HF (p = 0.013). Furthermore,
SGLT2i usage was associated with improved overall survival rates (85.3% vs. 63.0% at
2 years, p < 0.001). The safety profile of SGLT2i was also favorable, with similar risks of seri-
ous adverse events such as hypoglycemia and sepsis in both groups. Recently, a nationwide
Korean cohort of 81,572 patients treated with AC chemotherapy between 2014 and 2021
was analyzed. Patients were grouped into those with T2DM taking SGLT2i (n = 780), those
with T2DM taking other hypoglycemic agents (non-SGLT2i; n = 3455), and non-diabetic pa-
tients (non-DM; n = 77,337). The primary outcome was a composite of HF, hospitalization,
acute myocardial infarction, ischemic stroke, and death. After propensity score matching,
779 SGLT2i users were compared with 7800 non-DM patients and 2337 non-SGLT?2i users.
The SGLT2i group had significantly better outcomes than the non-DM group (adjusted
hazard ratio [HR] = 0.35, 95% confidence interval [CI] = 0.25-0.51) and the non-SGLT2i
group (adjusted HR = 0.47, 95% CI = 0.32-0.69), indicating fewer cardiovascular events and
deaths among SGLT?2i users [74].

Luo et al. [75] conducted a retrospective cohort study including 24,915 patients with
non-small-cell lung cancer (NSCLC) and pre-existing T2DM, 531 of whom receiving SGT2i.
They found that the use of SGLT2i was associated with a significantly reduced mortality
risk after adjusting for potential confounders (HR = 0.68, 95% CI = 0.60-0.77), with an even
stronger association observed for longer durations of use (HR = 0.54, 95% CI = 0.44-0.68).
Additionally, SGLT2i use significantly reduced mortality risk across different patient demo-
graphics, tumor characteristics, and cancer treatments.

Interestingly, in a recent retrospective study, Avula et al. [76] evaluated the effec-
tiveness of SGLT2i in patients who developed cardiac dysfunction due to various cancer
therapies. The study included 1280 patients aged 18 years and older with histories of
T2DM, cancer, and exposure to various potentially cardiotoxic cancer treatments, who were
diagnosed with cardiomyopathy or HF. Patients were split between those using SGLT2i
and those who did not. During a follow-up period of two years, the ones on SGLT2i
had a lower risk of acute HF exacerbation (OR: 0.483 [95% CI: 0.36-0.65]; p < 0.001) and
all-cause mortality (OR: 0.296 [95% CI: 0.22-0.40]; p = 0.001). Patients receiving SGLT2i had
a lower incidence of all-cause hospitalizations or emergency department visits (OR: 0.479;
95% CI: 0.383-0.599; p < 0.001), atrial fibrillation/flutter (OR: 0.397 [95% CI: 0.213-0.737];
p = 0.003), acute kidney injury (OR: 0.486 [95% CI: 0.382-0.619]; p < 0.001), and the need for
renal replacement therapy (OR: 0.398 [95% CI: 0.189-0.839]; p = 0.012). Finally, in a recent
retrospective analysis, Perelman studied patients diagnosed with cancer and T2DM who
were treated with ICIs at their medical center. Patients were categorized into two groups
based on whether they received SGLT?2i as part of their baseline treatment or not. The study
comprised 119 patients, among whom 24 (20%) were in the SGLT2i group. Over a median
follow-up period of 28 months, 61 (51%) patients died. Importantly, the SGLT2i group
exhibited a significantly lower all-cause mortality rate compared to the non-SGLT2i group
(21% vs. 59%, p = 0.002). While there were no statistically significant differences in the oc-
currence of major adverse cardiac events (MACE) between the groups, it is noteworthy that
no cases of myocarditis or atrial fibrillation were observed in the SGLT2i group, whereas the
non-SGLT2i group experienced 2 cases of myocarditis and 6 cases of atrial fibrillation [58].
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Table 2. Clinical studies.

Author

Cancer Type SGLT2i Major Findings

Gongora et al. (2022) [70]

Abdel gadir et al. (2023) [72]
Chiang et al. (2022) [73]

Hwang et al. (2023) [77]

Luo et al. (2023) [75]

Avula et al. (2024) [76]

Perelman et al. (2024) [58]

CANA (34% [n % 11]), DAPA J} HF admissions, CV events and rate

Various (16% [n % 5]), EMPA (50% [n % 16] of cardlari i};ifl?lgcstgil ;;ipatlents
|} HF admissions, no differences in
Various CANA, DAPA, EMPA HF incidence in patients
receiving SGLT2i
Various; mostly GI | HF admissions. TOS in patients
and GU cancer CANA, DAPA, EMPA receiving SGLT2i
1 CV composite outcome (HF
Various CANA, DAPA, EMPA admissions, stroke, MI, death) in
SGLT2i group
| mortality risk with stronger
NSCLC CANA mostly association wih longer duration use
in SGLT2i group
| HF exacerbations, AF, kidney injury,
Various CANA, DAPA, EMPA CRRT and all-cause mortality in
SGLT2i patients
J All-cause mortality in
SGLT2i group.
NSCL% ggc and DAPA, EMPA | MACE, including myocarditis,

acute coronary syndrome, heart
failure, and arrhythmia

6. Anticancer Properties of SGLT2i

An effective cardioprotective strategy in cardio-oncology should achieve a reduction in
the potential cardiotoxic effects of cancer therapies without compromising their antitumor
efficacy, thus enhancing PFS and OS in cancer patients. Therefore, given the positive effects
of SGLT2i in reducing cardiotoxicity associated with cancer therapies, it is crucial to explore
their influence on the antitumor effectiveness of these treatments

In the past, there were concerns about the potential carcinogenic risk associated
with SGLT2i. Specifically, empagliflozin was suspected to be linked to an increased risk
of bladder cancer [78,79]. However, subsequent evidence has dispelled these concerns,
showing that SGLT2i do not increase the risk of developing malignant tumors [80,81].
Instead, they are associated with improved survival rates in cancer patients, as previously
reported. Building on this evidence, several preclinical studies consistently show that
SGLT?2i effectively inhibit tumor growth in a range of cancer types, such as hepatocellular
carcinoma [14,82-84], glioblastoma [85], osteosarcoma [13], pancreatic cancer [86], prostate
cancer [82], lung cancer [38,82,87-89], cervical cancer [68], renal cancer [90], papillary
thyroid cancer [91], colon cancer [92], and breast cancer [82,93-95]. Moreover, combining
SGLT2i with other chemotherapy agents and ionizing radiation in these preclinical studies
enhances treatment efficacy and improves cancer cell responsiveness to therapy.

Several mechanisms have been proposed to explain the antitumor properties of SGLT2i,
as detailed in the literature [96-98]. Notably, recent investigations have revealed significant
upregulation of SGLT2 in numerous tumors and that it plays a pivotal role in promoting
cancer cell survival [98].

Here we report the key mechanisms underlying antitumor effects of SGLT2i (Figure 2).
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Figure 2. Anticancer properties of SGLT2i. SGLT2i exert direct antitumor effects through various
molecular pathways. They reduce the activation of the PI3K/AKT pathway, leading to decreased
metabolic activity, growth, and survival of tumor cells. Additionally, SGLT2i diminish glucose uptake,
thereby inhibiting the growth and metabolism of tumor cells that predominantly rely on glucose.
They activate AMPK, resulting in the inhibition of cell growth, metastasis, and chemoresistance.
SGLT2i also enhance the host immune response against tumor cells. Furthermore, they increase the
expression of proteins p16 and p64, which are essential for halting tumor cell growth. Canagliflozin
additionally reduces the Hippo pathway, a critical regulator of tumor cell growth and proliferation.
1, promotes; |, inhibites. The figure was created using BioRender (www.biorender.com).

6.1. Inhibition of Phosphoinositide 3-Kinas (PI3K)/AKT Pathway

The phosphoinositide 3-kinase (PI3K)-AKT signaling pathway is the most frequently
activated pathway in human cancers. Normally, this pathway is triggered by insulin,
growth factors, and cytokines, regulating essential metabolic functions such as glucose
metabolism, macromolecule biosynthesis, and redox balance. These processes are crucial for
maintaining systemic metabolic stability as well as supporting the growth and metabolism
of individual cells [99]. Abnormal activation of this signaling network is among the most
common occurrences in human cancer, leading to a loss of regulation over cell growth,
survival, and metabolism from exogenous growth stimuli. In this regard, preclinical studies
show that SGLT2i inhibit this key pathway in cancer cells, resulting in reduced cellular
proliferation [13,83,86,89].

6.2. Inhibition of Glucose Uptake

Cancer cells consume elevated amounts of glucose even in the presence of oxygen,
leading to increased lactate production. This process, known as aerobic glycolysis or the
Warburg effect, has been observed in various tumor types [100]. As previously noted, many
cancer cells overexpress both SGLT2 and SGLT1 receptors. Consequently, SGLT2i interfere
with glucose uptake and aerobic glycolysis, inducing an energy crisis that ultimately
triggers apoptosis [52,82,83,85,89,91,101,102]. Interestingly, canagliflozin may also inhibits
glucose transporters and it exhibited an higher affinity for SGLT1 and SGLT2 [103].

6.3. Activation of AMPK Pathway

One of the primary mechanisms underlying the antitumor properties of SGLI2i, as
reported in the literature, is the activation of AMPK [14,68,82,83,85,91,95,104]. SGLT2i
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inhibit the mitochondrial complex I, resulting in phosphorylation and activation of AMPK.
Activated AMPK inhibits the mTOR/p70S6K pathway, resulting in cell cycle arrest and
apoptosis [83,85]. Importantly, canagliflozin has been identified as the most effective
SGLT2 inhibitor in vitro, demonstrating a greater ability to inhibit mitochondrial complex I
compared to other SGLT2 inhibitors [105]. This may explain why canagliflozin exhibits
antiproliferative properties at clinically relevant concentrations, whereas dapagliflozin
requires suprapharmacologic levels to achieve similar effects [92]. However, in a recent
study, empagliflozin also showed similar properties, enhancing the activation of AMPK
and inhibiting the expression of mTOR, leading to NF-«kB inactivation and inhibition of
hepatocellular and breast cancer growth [106,107]. Activated AMPK also reduces the
expression of forkhead box Al (FOXA1) and the sonic hedgehog (SHH) signaling molecule,
which is prominently expressed in numerous tumor types and contributes to tumor cell
proliferation, resistance to chemotherapy, and metastasis [108]. In a recent in vitro study,
empagliflozin activated the AMPK signaling pathway, inhibited the expression of FOXA1
and SHH to inhibit the proliferation, migration and induction of apoptosis in cervical
cancer cells [68].

Moreover, the AMPK-mTOR pathway is a key activator of hypoxia-inducible fac-
tor 1-« (HIF-1-«), which is pivotal in numerous processes, including glucose metabolism,
the onset of the Warburg effect, angiogenesis, cell growth and survival, and invasion
and metastasis. These functions collectively contribute to the tumor’s resistance to cyto-
toxic agents [109,110]. Recently, Biziotis et al. showed that canagliflozin may inhibit the
proliferation and survival of NSCLC cells by down-regulating HIF-1-« protein levels [104].

6.4. Boosting with the Immune System

Recent findings have demonstrated that SGLT2i exhibit antitumor properties by en-
hancing the host immune response against cancer cells through at least two distinct mech-
anisms. A key mechanism involves the expression of the immune checkpoint PD-L1 by
cancer cells [111]. PD-L1, by binding to PD-1 on T cells, enables cancer cells to evade the
immune response [112]. In cancer cells expressing SGLT2, the interaction between SGLT2
and PD-L1 is crucial for maintaining high levels of PD-L1 expression. Canagliflozin, by
disrupting this interaction, leads to the downregulation of PD-L1 levels, thereby facilitating
the immune response against NSCLC, pancreatic and ovarian cancer cells [111].

Additionally, another study found that canagliflozin suppressed osteosarcoma tumor
growth and enhanced immune cell infiltration [13]. This effect was mediated by the
upregulation of stimulator of interferon genes (STING) and the activation of the interferon
regulatory factor 3 (IRF3)/interferon-beta (IFN-3) pathway, which is known to promote
immune cell activation. The research indicated a negative correlation between SGLT2
expression levels and immune cell infiltration in sarcoma, including CD8+ T cells, CD4+
T cells, and CD4+ T helper type 2 cells. As a result, inhibiting SGLT2 with canagliflozin
or silencing SGLT2 led to an increase in the number of infiltrating immune cells, thereby
reducing tumor growth.

6.5. Other Potential Mechanisms

The Hippo pathway is the major regulator of organ growth and proliferation and recent
studies have demonstrated that it might contribute to cancer development [113]. SGLT2
promotes the expression of the YES-associated protein 1, which is a positive key regulator of
the Hippo pathway [101]. Canagliflozin has been shown to inhibit the expression of the YES-
associated protein 1, thus down-regulating the activation of the hippo pathway [113]. One
of the fundamental mechanisms underlying carcinogenesis is the abnormal progression of
the cell cycle, which makes cell cycle regulators promising targets for anticancer therapies.
In a recent study [102], the simultaneous administration of canagliflozin combined with
doxorubicin (DOX) and empagliflozin with DOX effectively disrupted cell cycle progression
during the S phase. Notably, only the canagliflozin and DOX combination (CAN + DOX)
resulted in a significant increase in the expression of the p16 gene, recognized as a critical
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tumor suppressor. The activation of p16 inhibits the cyclin-dependent kinases CDK4/6
and CDK2, which are essential for proper cell cycle regulation and are often aberrantly
activated in nearly all cancer cells [114]. Additionally, all treatments were associated with a
marked increase in the expression of the p63 gene, which is widely regarded as a tumor
suppressor protein [102].

7. Conclusions, Limitations and Future Perspectives

Given the numerous cardiovascular and renal benefits of SGLT2i observed in recent
years, these medications could represent a promising strategy for cardioprotection in
cancer patients undergoing potentially cardiotoxic therapies. The evidence gathered in our
review indicates that SGLT2i not only mitigate the cardiotoxic effects of various anticancer
treatments but may also enhance the antitumor efficacy of chemotherapy. This dual
benefit could potentially lead to reduced dosages of chemotherapeutic agents, decreased
cardiotoxicity, and improved OS and PFS for these patients.

However, several limitations must be acknowledged. Most of the studies included in
this review are preclinical, with the majority focusing on SGLT2i in non-cancerous mice
treated with chemotherapy, rather than in mice with cancer undergoing chemotherapy.
Additionally, with the exception of a single study, there is a lack of direct comparative
studies between different SGLT2i.

Clinical data available are primarily derived from retrospective studies, which limits
the robustness of the evidence. Furthermore, clinical studies have predominantly involved
samples composed mostly of patients with DM.

To address these limitations, future research should prioritize conducting studies
on animal models with established cancers to better understand the effects of SGLT2i
in the context of malignancy and chemotherapy. Moreover, direct comparative studies
between various SGLT2i could provide valuable insights into their relative efficacy and
safety profiles. Expanding clinical trials to include a more diverse patient population,
including those without DM, will also be crucial for generalizing findings and assessing
the broader applicability of SGLT2i in cancer therapy.

Finally, moving beyond retrospective analyses to prospective, randomized controlled
trials will be essential for generating more robust clinical evidence. In this regard, the EM-
PACT (EMPAgliflozin in Prevention of Chemotherapy-related CardioToxicity) (NCT05271162)
trial is currently underway. It is a randomized, multi-center, double-blind trial assessing
the efficacy of empagliflozin in preventing LV dysfunction in cancer patients receiving high
doses of anthracyclines. It will include 220 patients with cancer, no prior heart failure, and
LV ejection fraction (EF) > 50%, randomized to receive either 10 mg of empagliflozin daily
or a placebo. The primary objective is to evaluate whether empagliflozin can prevent a
reduction in LVEF, monitored by echocardiography and cardiovascular magnetic resonance
(CMR). Secondary endpoints include all-cause and cardiovascular deaths, myocardial
infarction, ischemic stroke, as well as structural myocardial changes, global longitudinal
strain (GLS), and cardiac biomarkers.

In conclusion, SGLT2i represent a highly promising strategy in the field of cardio-
oncology. Their ability to mitigate cardiotoxic effects associated with cancer therapies,
coupled with their potential direct anticancer effects across various malignancies, positions
them as pivotal agents in improving therapeutic outcomes while safeguarding cardiovascu-
lar health in oncology patients.

Author Contributions: Conceptualization, L.P.; methodology, A.B. and L.P,; formal analysis, E.B.,
G.T. and M.V,; writing—original draft preparation, L.P,; writing—review and editing, A.B., G.T.M.,
M.Z. and L.P; supervision, E.B., G.T. and M.V. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.



Hearts 2024, 5 542

Acknowledgments: We thank Antonio Marra for his support in the preparation of the figures.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

®

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Hsia, D.S.; Grove, O.; Cefalu, W.T. An update on sodium-glucose co-transporter-2 inhibitors for the treatment of diabetes mellitus.
Curr. Opin. Endocrinol. Diabetes 2017, 24, 73-79. [CrossRef] [PubMed]

Dabour, M.S.; George, M.Y,; Daniel, M.R; Blaes, A.H.; Zordoky, B.N. The Cardioprotective and Anticancer Effects of SGLT2
Inhibitors. JACC CardioOncology 2024, 6, 159-182. [CrossRef] [PubMed]

Packer, M.; Anker, S.D.; Butler, J.; Filippatos, G.; Pocock, S.J.; Carson, P,; Januzzi, J.; Verma, S.; Tsutsui, H.; Brueckmann, M; et al.
Cardiovascular and Renal Outcomes with Empagliflozin in Heart Failure. N. Engl. J. Med. 2020, 383, 1413-1424. [CrossRef]
[PubMed]

Wiviott, S.D.; Raz, I.; Bonaca, M.P.; Mosenzon, O.; Kato, E.T.; Cahn, A.; Silverman, M.G.; Zelniker, T.A.; Kuder, J.E,;
Murphy, S.A.; et al. Dapagliflozin and Cardiovascular Outcomes in Type 2 Diabetes. N. Engl. J. Med. 2019, 380, 347-357.
[CrossRef] [PubMed]

McMurray, J.J.V.; Solomon, S.D.; Inzucchi, S.E.; Keber, L.; Kosiborod, M.N.; Martinez, F.A.; Ponikowski, P.; Sabatine, M.S;
Anand, LS.; Bélohlavek, J.; et al. Dapagliflozin in Patients with Heart Failure and Reduced Ejection Fraction. N. Engl. J. Med. 2019,
381, 1995-2008. [CrossRef]

Neal, B.; Perkovic, V.; Mahaffey, KW.; de Zeeuw, D.; Fulcher, G.; Erondu, N.; Shaw, W.; Law, G.; Desai, M.; Matthews, D.R.; et al.
Canagliflozin and Cardiovascular and Renal Events in Type 2 Diabetes. N. Engl. ]. Med. 2017, 377, 644-657. [CrossRef]

FDA. FDA Approves New Treatment for a Type of Heart Failure; FDA: Silver Spring, MD, USA, 2023.

FDA. FDA Approves Empagliflozin for Adults with HFrEF; American College of Cardiology: Washington, DC, USA, 2023.

Kubota, Y.; Shimizu, W. Clinical Benefits of Sodium-Glucose Cotransporter 2 Inhibitors and the Mechanisms Underlying Their
Cardiovascular Effects. JACC Asia 2022, 2, 287-293. [CrossRef]

Preda, A.; Montecucco, F,; Carbone, F; Camici, G.G.; Liischer, T.F,; Kraler, S.; Liberale, L. SGLT2 inhibitors: From glucose-lowering
to cardiovascular benefits. Cardiovasc. Res. 2024, 120, 443-460. [CrossRef]

Lopaschuk, G.D.; Verma, S. Mechanisms of Cardiovascular Benefits of Sodium Glucose Co-Transporter 2 (SGLT2) Inhibitors: A
State-of-the-Art Review. JACC Basic Transl. Sci. 2020, 5, 632-644. [CrossRef]

De Nicola, L.; Gabbai, F.B.; Garofalo, C.; Conte, G.; Minutolo, R. Nephroprotection by SGLT2 Inhibition: Back to the Future? J.
Clin. Med. 2020, 9, 2243. [CrossRef]

Wu, W.; Zhang, Z.; Jing, D.; Huang, X; Ren, D.; Shao, Z.; Zhang, Z. SGLT2 inhibitor activates the STING/IRF3/IFN-f3 pathway
and induces immune infiltration in osteosarcoma. Cell Death Dis. 2022, 13, 523. [CrossRef] [PubMed]

Nakano, D.; Kawaguchi, T.; Iwamoto, H.; Hayakawa, M.; Koga, H.; Torimura, T. Effects of canagliflozin on growth and metabolic
reprograming in hepatocellular carcinoma cells: Multi-omics analysis of metabolomics and absolute quantification proteomics
(IMPAQT). PLoS ONE 2020, 15, €0232283. [CrossRef] [PubMed]

Chen, S.; Wang, Q.; Christodoulou, A.; Mylonas, N.; Bakker, D.; Nederlof, R.; Hollmann, M.W.; Weber, N.C.; Coronel, R,;
Wakker, V.; et al. Sodium Glucose Cotransporter-2 Inhibitor Empagliflozin Reduces Infarct Size Independently of Sodium Glucose
Cotransporter-2. Circulation 2023, 147, 276-279. [CrossRef] [PubMed]

Xu, J.; Hirai, T.; Koya, D.; Kitada, M. Effects of SGLT2 Inhibitors on Atherosclerosis: Lessons from Cardiovascular Clinical
Outcomes in Type 2 Diabetic Patients and Basic Researches. J. Clin. Med. 2021, 11, 137. [CrossRef] [PubMed]

Vuong, J.T.; Stein-Merlob, A.E; Cheng, R.K.; Yang, E.H. Novel Therapeutics for Anthracycline Induced Cardiotoxicity. Front.
Cardiovasc. Med. 2022, 9, 863314. [CrossRef] [PubMed]

Yang, C.-C.; Chen, Y.-T.; Wallace, C.G.; Chen, K.-H.; Cheng, B.-C.; Sung, P-H.; Li, Y.-C.; Ko, S.-F,; Chang, H.-W.; Yip, H.-K_; et al.
Early administration of empagliflozin preserved heart function in cardiorenal syndrome in rat. Biomed. Pharmacother. 2019, 109,
658-670. [CrossRef]

Chen, M. Empagliflozin attenuates doxorubicin-induced cardiotoxicity by activating AMPK/SIRT-1/PGC-1a-mediated mito-
chondrial biogenesis. Toxicol. Res. 2023, 12, 216-223. [CrossRef]

Quagliariello, V.; De Laurentiis, M.; Rea, D.; Barbieri, A.; Monti, M.G.; Carbone, A.; Paccone, A.; Altucci, L.; Conte, M.;
Canale, M.L.; et al. The SGLT-2 inhibitor empagliflozin improves myocardial strain, reduces cardiac fibrosis and pro-inflammatory
cytokines in non-diabetic mice treated with doxorubicin. Cardiovasc. Diabetol. 2021, 20, 150. [CrossRef]

Lin, R.; Peng, X; Li, Y,; Wang, X.; Liu, X,; Jia, X.; Zhang, C.; Liu, N.; Dong, J. Empagliflozin attenuates doxorubicin-impaired
cardiac contractility by suppressing reactive oxygen species in isolated myocytes. Mol. Cell. Biochem. 2023, 479, 2105-2118.
[CrossRef]

Hsieh, P--L.; Chu, P-M.; Cheng, H.-C.; Huang, Y.-T.; Chou, W.-C.; Tsai, K.-L.; Chan, S.-H. Dapagliflozin Mitigates Doxorubicin-
Caused Myocardium Damage by Regulating AKT-Mediated Oxidative Stress, Cardiac Remodeling, and Inflammation. Int. J. Mol.
Sci. 2022, 23, 10146. [CrossRef]

Hazem, RM.; Ibrahim, A.Z.; Ali, D.A.; Moustafa, Y.M. Dapagliflozin improves steatohepatitis in diabetic rats via inhibition of
oxidative stress and inflammation. Int. Immunopharmacol. 2022, 104, 108503. [CrossRef] [PubMed]


https://doi.org/10.1097/MED.0000000000000311
https://www.ncbi.nlm.nih.gov/pubmed/27898586
https://doi.org/10.1016/j.jaccao.2024.01.007
https://www.ncbi.nlm.nih.gov/pubmed/38774006
https://doi.org/10.1056/NEJMoa2022190
https://www.ncbi.nlm.nih.gov/pubmed/32865377
https://doi.org/10.1056/NEJMoa1812389
https://www.ncbi.nlm.nih.gov/pubmed/30415602
https://doi.org/10.1056/NEJMoa1911303
https://doi.org/10.1056/NEJMoa1611925
https://doi.org/10.1016/j.jacasi.2022.03.009
https://doi.org/10.1093/cvr/cvae047
https://doi.org/10.1016/j.jacbts.2020.02.004
https://doi.org/10.3390/jcm9072243
https://doi.org/10.1038/s41419-022-04980-w
https://www.ncbi.nlm.nih.gov/pubmed/35662245
https://doi.org/10.1371/journal.pone.0232283
https://www.ncbi.nlm.nih.gov/pubmed/32343721
https://doi.org/10.1161/CIRCULATIONAHA.122.061688
https://www.ncbi.nlm.nih.gov/pubmed/36649392
https://doi.org/10.3390/jcm11010137
https://www.ncbi.nlm.nih.gov/pubmed/35011882
https://doi.org/10.3389/fcvm.2022.863314
https://www.ncbi.nlm.nih.gov/pubmed/35528842
https://doi.org/10.1016/j.biopha.2018.10.095
https://doi.org/10.1093/toxres/tfad007
https://doi.org/10.1186/s12933-021-01346-y
https://doi.org/10.1007/s11010-023-04830-z
https://doi.org/10.3390/ijms231710146
https://doi.org/10.1016/j.intimp.2021.108503
https://www.ncbi.nlm.nih.gov/pubmed/34998036

Hearts 2024, 5 543

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Quagliariello, V.; Canale, M.L.; Bisceglia, I.; Iovine, M.; Paccone, A.; Maurea, C.; Scherillo, M.; Merola, A.; Giordano, V,;
Palma, G.; et al. Sodium-glucose cotransporter 2 inhibitor dapagliflozin prevents ejection fraction reduction, reduces myocardial
and renal NF-«B expression and systemic pro-inflammatory biomarkers in models of short-term doxorubicin cardiotoxicity. Front.
Cardiovasc. Med. 2024, 11, 1289663. [CrossRef] [PubMed]

Agarwal, S.; Qamar, U.; Fujiwara, Y.; Guha, A.; Naqash, A.R.; Yang, E.H.; Addison, D.; Barac, A.; Asad, Z.U.A. The Effect of
Sodium-Glucose Cotransporter-2 Inhibitors on Cardiovascular Outcomes in Patients With Cancer: A Systematic Review and
Meta-Analysis. Am. ]. Cardiol. 2024, 216, 87-90. [CrossRef] [PubMed]

Belen, E.; Canbolat, I.P; Yigitturk, G.; Cetinarslan, O.; Akdeniz, C.S.; Karaca, M.; Sonmez, M.; Erbas, O. Cardio-protective effect of
dapagliflozin against doxorubicin induced cardiomyopathy in rats. Eur. Rev. Med. Pharmacol. Sci. 2022, 26, 4403-4408. [CrossRef]
[PubMed]

Hu, J; Xu, J; Tan, X,; Li, D.; Yao, D.; Xu, B.; Lei, Y. Dapagliflozin protects against dilated cardiomyopathy progression by targeting
NLRP3 inflammasome activation. Naunyn-Schmiedeberg’s Arch. Pharmacol. 2023, 396, 1461-1470. [CrossRef]

Quagliariello, V.; Paccone, A.; Iovine, M.; Palma, G.; Luciano, A.; Barbieri, M.; Bruzzese, F.; Maurea, C.; Zito, F,; Sabetta, R.; et al.
C12 Dapagliflozin Increases Pampk and Reduces Myocardial and Renal NF-KB Expression in Preclinical Models of Short-Term
Doxorubicin Cardiotoxicity Through Myd-188 and Nlrp3 Pathways. Eur. Heart ]. Suppl. 2023, 25, D5. [CrossRef]

Wang, L.; Chen, Q.; Qi, H.; Wang, C.; Wang, C.; Zhang, J.; Dong, L. Doxorubicin-Induced Systemic Inflammation Is Driven by
Upregulation of Toll-Like Receptor TLR4 and Endotoxin Leakage. Cancer Res. 2016, 76, 6631-6642. [CrossRef]

Jenkins, B.].; Blagih, J.; Ponce-Garcia, FM.; Canavan, M.; Gudgeon, N.; Eastham, S.; Hill, D.; Hanlon, M.M.; Ma, EH.;
Bishop, E.L.; et al. Canagliflozin impairs T cell effector function via metabolic suppression in autoimmunity. Cell Metab. 2023, 35,
1132-1146.€9. [CrossRef]

Wang, M. Canagliflozin disrupts T cell activation. Nat. Rev. Nephrol. 2023, 19, 478. [CrossRef]

Rawat, P.S.; Jaiswal, A.; Khurana, A.; Bhatti, ].S.; Navik, U. Biomedicine & Pharmacotherapy Doxorubicin-induced cardiotoxicity:
An update on the molecular mechanism and novel therapeutic strategies for effective management. Biomed. Pharmacother. 2021,
139, 111708. [CrossRef]

Wang, C.-Y.; Chen, C.-C; Lin, M.-H.; Su, H.-T.; Ho, M.-Y;; Yeh, ].-K; Tsai, M.-L.; Hsieh, I.-C.; Wen, M.-S. TLR9 Binding to Beclin 1
and Mitochondrial SIRT3 by a Sodium-Glucose Co-Transporter 2 Inhibitor Protects the Heart from Doxorubicin Toxicity. Biology
2020, 9, 369. [CrossRef] [PubMed]

Chang, W.-T; Lin, Y.-W.; Ho, C.-H.; Chen, Z.-C.; Liu, P-Y,; Shih, J.-Y. Dapagliflozin suppresses ER stress and protects doxorubicin-
induced cardiotoxicity in breast cancer patients. Arch. Toxicol. 2021, 95, 659-671. [CrossRef] [PubMed]

Malik, A.; Bagchi, A.K; Jassal, D.S.; Singal, P.K. Doxorubicin-induced cardiomyopathy is mitigated by empagliflozin via the
modulation of endoplasmic reticulum stress pathways. Mol. Med. Rep. 2024, 29, 13198. [CrossRef] [PubMed]

Zhang, G.; Yuan, C.; Su, X,; Zhang, J.; Gokulnath, P; Vulugundam, G.; Li, G.; Yang, X.; An, N.; Liu, C.; et al. Relevance of
Ferroptosis to Cardiotoxicity Caused by Anthracyclines: Mechanisms to Target Treatments. Front. Cardiovasc. Med. 2022, 9, 896792.
[CrossRef] [PubMed]

Baris, V.; Dingsoy, A.B.; Gedikli, E.; Zirh, S.; Miiftiioglu, S.; Erdem, A. Empagliflozin Significantly Prevents the Doxorubicin-
induced Acute Cardiotoxicity via Non-antioxidant Pathways. Cardiovasc. Toxicol. 2021, 21, 747-758. [CrossRef]

Zhang, W.; Lu, J.; Wang, Y.; Sun, P; Gao, T.; Xu, N.; Zhang, Y.; Xie, W. Canagliflozin Attenuates Lipotoxicity in Cardiomyocytes by
Inhibiting Inflammation and Ferroptosis through Activating AMPK Pathway. Int. J. Mol. Sci. 2023, 24, 858. [CrossRef]

Chen, W,; Zhang, Y.; Wang, Z.; Tan, M,; Lin, J.; Qian, X.; Li, H.; Jiang, T. Dapagliflozin alleviates myocardial ischemia/reperfusion
injury by reducing ferroptosis via MAPK signaling inhibition. Front. Pharmacol. 2023, 14, 1078205. [CrossRef]

Packer, M. Critical Reanalysis of the Mechanisms Underlying the Cardiorenal Benefits of SGLT2 Inhibitors and Reaffirmation of
the Nutrient Deprivation Signaling/ Autophagy Hypothesis. Circulation 2022, 146, 1383-1405. [CrossRef]

Sadria, M.; Layton, A.T. Interactions among mTORC, AMPK and SIRT: A computational model for cell energy balance and
metabolism. Cell Commun. Signal. 2021, 19, 57. [CrossRef]

Zhang, J.; Xiao, M.; Wang, S.; Wang, J.; Guo, Y.; Tang, Y.; Gu, J. Molecular mechanisms of doxorubicin-induced cardiotoxicity:
Novel roles of sirtuin 1-mediated signaling pathways. Cell. Mol. Life Sci. 2021, 78, 3105-3125. [CrossRef]

Nikolaou, PE.; Mylonas, N.; Makridakis, M.; Makrecka-Kuka, M.; Iliou, A.; Zerikiotis, S.; Efentakis, P.; Kampoukos, S.;
Kostomitsopoulos, N.; Vilskersts, R.; et al. Cardioprotection by selective SGLT-2 inhibitors in a non-diabetic mouse model of
myocardial ischemia/reperfusion injury: A class or a drug effect? Basic Res. Cardiol. 2022, 117, 27. [CrossRef] [PubMed]

Li, C; Zhang, J.; Xue, M,; Li, X,; Han, F; Liu, X,; Xu, L.; Lu, Y.; Cheng, Y.; Li, T, et al. SGLT2 inhibition with empagliflozin
attenuates myocardial oxidative stress and fibrosis in diabetic mice heart. Cardiovasc. Diabetol. 2019, 18, 15. [CrossRef] [PubMed]
Oh, C.-M.; Cho, S.; Jang, J.-Y.; Kim, H.; Chun, S.; Choi, M.; Park, S.; Ko, Y.-G. Cardioprotective Potential of an SGLT2 Inhibitor
Against Doxorubicin-Induced Heart Failure. Korean Circ. J. 2019, 49, 1183-1195. [CrossRef] [PubMed]

Kim, D,; Jang, G.; Hwang, J.; Wei, X.; Kim, H.; Son, J.; Rhee, S.-].; Yun, K.-H.; Oh, S.-K; Oh, C.-M; et al. Combined Therapy of Low-
Dose Angiotensin Receptor-Neprilysin Inhibitor and Sodium-Glucose Cotransporter-2 Inhibitor Prevents Doxorubicin-Induced
Cardiac Dysfunction in Rodent Model with Minimal Adverse Effects. Pharmaceutics 2022, 14, 2629. [CrossRef]

Vermeulen, Z.; Segers, V.EM.; De Keulenaer, G.W. ErbB2 signaling at the crossing between heart failure and cancer. Basic Res.
Cardiol. 2016, 111, 60. [CrossRef]


https://doi.org/10.3389/fcvm.2024.1289663
https://www.ncbi.nlm.nih.gov/pubmed/38818214
https://doi.org/10.1016/j.amjcard.2024.01.032
https://www.ncbi.nlm.nih.gov/pubmed/38373679
https://doi.org/10.26355/eurrev_202206_29079
https://www.ncbi.nlm.nih.gov/pubmed/35776041
https://doi.org/10.1007/s00210-023-02409-5
https://doi.org/10.1093/eurheartjsupp/suad111.012
https://doi.org/10.1158/0008-5472.CAN-15-3034
https://doi.org/10.1016/j.cmet.2023.05.001
https://doi.org/10.1038/s41581-023-00739-4
https://doi.org/10.1016/j.biopha.2021.111708
https://doi.org/10.3390/biology9110369
https://www.ncbi.nlm.nih.gov/pubmed/33138323
https://doi.org/10.1007/s00204-020-02951-8
https://www.ncbi.nlm.nih.gov/pubmed/33211168
https://doi.org/10.3892/mmr.2024.13198
https://www.ncbi.nlm.nih.gov/pubmed/38488036
https://doi.org/10.3389/fcvm.2022.896792
https://www.ncbi.nlm.nih.gov/pubmed/35770215
https://doi.org/10.1007/s12012-021-09665-y
https://doi.org/10.3390/ijms24010858
https://doi.org/10.3389/fphar.2023.1078205
https://doi.org/10.1161/CIRCULATIONAHA.122.061732
https://doi.org/10.1186/s12964-021-00706-1
https://doi.org/10.1007/s00018-020-03729-y
https://doi.org/10.1007/s00395-022-00934-7
https://www.ncbi.nlm.nih.gov/pubmed/35581445
https://doi.org/10.1186/s12933-019-0816-2
https://www.ncbi.nlm.nih.gov/pubmed/30710997
https://doi.org/10.4070/kcj.2019.0180
https://www.ncbi.nlm.nih.gov/pubmed/31456369
https://doi.org/10.3390/pharmaceutics14122629
https://doi.org/10.1007/s00395-016-0576-z

Hearts 2024, 5 544

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Lin, M.; Xiong, W.; Wang, S.; Li, Y.; Hou, C.; Li, C; Li, G. The Research Progress of Trastuzumab-Induced Cardiotoxicity in
HER-2-Positive Breast Cancer Treatment. Front. Cardiovasc. Med. 2021, 8, 821663. [CrossRef]

Hedhli, N.; Huang, Q.; Kalinowski, A.; Palmeri, M.; Hu, X.; Russell, R.R.; Russell, K.S. Endothelium-Derived Neuregulin Protects
the Heart Against Ischemic Injury. Circulation 2011, 123, 2254-2262. [CrossRef]

Sun, L.; Wang, H.; Yu, S.; Zhang, L.; Jiang, J.; Zhou, Q. Herceptin induces ferroptosis and mitochondrial dysfunction in H9¢2 cells.
Int. . Mol. Med. 2022, 49, 17. [CrossRef]

Ma, W.; Wei, S.; Zhang, B.; Li, W. Molecular Mechanisms of Cardiomyocyte Death in Drug-Induced Cardiotoxicity. Front. Cell Dev.
Biol. 2020, 8, 434. [CrossRef]

Min, J.; Wu, L, Liu, Y.;; Song, G.; Deng, Q.; Jin, W.; Yu, W.; Abudureyimu, M.; Pei, Z.; Ren, ]J. Empagliflozin attenuates
trastuzumab-induced cardiotoxicity through suppression of DNA damage and ferroptosis. Life Sci. 2023, 312, 121207. [CrossRef]
Erkens, PM.; Prins, M.H. Fixed dose subcutaneous low molecular weight heparins versus adjusted dose unfractionated heparin
for venous thromboembolism. Cochrane Database Syst. Rev. 2010, CD001100. [CrossRef]

Maurea, G.B.N.; Quagliariello, V.; Bonelli, A.; Caronna, A.; Grimaldi, I.; Lombari, C.; Conforti, G. The SGLT2 inhibi-tor
dapagliflozin enhanced anticancer activities and exerts cardioprotective effects against doxorubicin and trastuzumab toxicity
through TLR4, MyD88, NF-kB signaling and NLRP3 inflammasome pathway. Ann. Oncol. Off. ]. Eur. Soc. Med. Oncol. 2020, 31,
N22-N23.

Kitani, T.; Ong, S.-G.; Lam, C.K,; Rhee, ].-W.; Zhang, J.Z.; Oikonomopoulos, A.; Ma, N.; Tian, L.; Lee, J.; Telli, M.L.; et al.
Human-Induced Pluripotent Stem Cell Model of Trastuzumab-Induced Cardiac Dysfunction in Patients With Breast Cancer.
Circulation 2019, 139, 2451-2465. [CrossRef] [PubMed]

Necela, B.M.; Axenfeld, B.C.; Serie, D.J.; Kachergus, ].M.; Perez, E.A.; Thompson, E.A.; Norton, N. The antineoplastic drug,
trastuzumab, dysregulates metabolism in iPSC-derived cardiomyocytes. Clin. Transl. Med. 2017, 6, 5. [CrossRef] [PubMed]
Vuong, ].T,; Stein-Merlob, A.F; Nayeri, A.; Sallam, T.; Neilan, T.G.; Yang, E.H. Inmune Checkpoint Therapies and Atherosclerosis:
Mechanisms and Clinical Implications. J. Am. Coll. Cardiol. 2022, 79, 577-593. [CrossRef]

Perelman, M.G.; Brzezinski, R.Y.; Waissengrin, B.; Leshem, Y.; Bainhoren, O.; Rubinstein, T.A.; Perelman, M.; Rozenbaum, Z.;
Havakuk, O.; Topilsky, Y.; et al. Sodium-glucose co-transporter-2 inhibitors in patients treated with immune checkpoint inhibitors.
Cardio-Oncology 2024, 10, 2. [CrossRef]

Refaie, M.M.M.; Bayoumi, A.M.; Mokhemer, S.A.; Shehata, S.; El-Hameed, N.M.A. Role of hypoxia inducible factor/vascular
endothelial growth factor/endothelial nitric oxide synthase signaling pathway in mediating the cardioprotective effect of
dapagliflozin in cyclophosphamide-induced cardiotoxicity. Hum. Exp. Toxicol. 2023, 42, 1-13. [CrossRef]

Wang, H.; Wang, Y.; Li, ].; He, Z.; Boswell, S.A.; Chung, M.; You, E; Han, S. Three tyrosine kinase inhibitors cause cardiotoxicity
by inducing endoplasmic reticulum stress and inflammation in cardiomyocytes. BMC Med. 2023, 21, 147. [CrossRef]

Ren, C,; Sun, K,; Zhang, Y,; Hu, Y.; Hu, B.; Zhao, ].; He, Z.; Ding, R.; Wang, W.; Liang, C. Sodium-Glucose CoTransporter-2 Inhibitor
Empagliflozin Ameliorates Sunitinib-Induced Cardiac Dysfunction via Regulation of AMPK-mTOR Signaling Pathway-Mediated
Autophagy. Front. Pharmacol. 2021, 12, 664181. [CrossRef]

Madonna, R.; Barachini, S.; Moscato, S.; Ippolito, C.; Mattii, L.; Lenzi, C.; Balistreri, C.R.; Zucchi, R.; De Caterina, R. Sodium-
glucose cotransporter type 2 inhibitors prevent ponatinib-induced endothelial senescence and disfunction: A potential rescue
strategy. Vasc. Pharmacol. 2022, 142, 106949. [CrossRef]

Dabour, M.S.; Abdelgawad, 1.Y.; Grant, M.K.; El-Sawaf, E.S.; Zordoky, B.N. Canagliflozin mitigates carfilzomib-induced endothe-
lial apoptosis via an AMPK-dependent pathway. Biomed. Pharmacother. 2023, 164, 114907. [CrossRef] [PubMed]

Sabatino, J.; De Rosa, S.; Tamme, L.; Iaconetti, C.; Sorrentino, S.; Polimeni, A.; Mignogna, C.; Amorosi, A.; Spaccarotella, C.;
Yasuda, M.; et al. Empagliflozin prevents doxorubicin-induced myocardial dysfunction. Cardiovasc. Diabetol. 2020, 19, 66.
[CrossRef] [PubMed]

Ulusan, S. Dapagliflozin May Protect Against Doxorubicin-Induced Cardiotoxicity. Anatol. J. Cardiol. 2023, 27, 339-347. [CrossRef]
[PubMed]

Satyam, S.M.; Bairy, L.K,; Shetty, P.; Sainath, P.; Bharati, S.; Ahmed, A.Z.; Singh, V.K.; Ashwal, A.]. Metformin and Dapagliflozin
Attenuate Doxorubicin-Induced Acute Cardiotoxicity in Wistar Rats: An Electrocardiographic, Biochemical, and Histopathological
Approach. Cardiovasc. Toxicol. 2023, 23, 107-119. [CrossRef] [PubMed]

George, M.Y.; Dabour, M.S.; Rashad, E.; Zordoky, B.N. Empagliflozin Alleviates Carfilzomib-Induced Cardiotoxicity in Mice by
Modulating Oxidative Stress, Inflammatory Response, Endoplasmic Reticulum Stress, and Autophagy. Antioxidants 2024, 13, 671.
[CrossRef]

Xie, Z.; Wang, F,; Lin, L.; Duan, S.; Liu, X; Li, X,; Li, T.; Xue, M.; Cheng, Y.; Ren, H.; et al. An SGLT2 inhibitor modulates SHH
expression by activating AMPK to inhibit the migration and induce the apoptosis of cervical carcinoma cells. Cancer Lett. 2020,
495, 200-210. [CrossRef]

Ali, A.; Mekhaeil, B.; Biziotis, O.-D.; Tsakiridis, E.E.; Ahmadi, E.; Wu, J.; Wang, S.; Singh, K.; Menjolian, G.; Farrell, T.; et al. The
SGLT?2 inhibitor canagliflozin suppresses growth and enhances prostate cancer response to radiotherapy. Commun. Biol. 2023,
6,919. [CrossRef]

Gongora, C.A.; Drobni, Z.D.; Silva, T.Q.A.C.; Zafar, A.; Gong, J.; Zlotoff, D.A.; Gilman, H.K,; Hartmann, S.E.; Sama, S,;
Nikolaidou, S.; et al. Sodium-Glucose Co-Transporter-2 Inhibitors and Cardiac Outcomes Among Patients Treated with Anthra-
cyclines. JACC Heart Fail. 2022, 10, 559-567. [CrossRef]


https://doi.org/10.3389/fcvm.2021.821663
https://doi.org/10.1161/CIRCULATIONAHA.110.991125
https://doi.org/10.3892/ijmm.2021.5072
https://doi.org/10.3389/fcell.2020.00434
https://doi.org/10.1016/j.lfs.2022.121207
https://doi.org/10.1002/14651858.CD001100.pub3
https://doi.org/10.1161/CIRCULATIONAHA.118.037357
https://www.ncbi.nlm.nih.gov/pubmed/30866650
https://doi.org/10.1186/s40169-016-0133-2
https://www.ncbi.nlm.nih.gov/pubmed/28101782
https://doi.org/10.1016/j.jacc.2021.11.048
https://doi.org/10.1186/s40959-023-00199-6
https://doi.org/10.1177/09603271231193392
https://doi.org/10.1186/s12916-023-02838-2
https://doi.org/10.3389/fphar.2021.664181
https://doi.org/10.1016/j.vph.2021.106949
https://doi.org/10.1016/j.biopha.2023.114907
https://www.ncbi.nlm.nih.gov/pubmed/37247463
https://doi.org/10.1186/s12933-020-01040-5
https://www.ncbi.nlm.nih.gov/pubmed/32414364
https://doi.org/10.14744/AnatolJCardiol.2023.2825
https://www.ncbi.nlm.nih.gov/pubmed/37257007
https://doi.org/10.1007/s12012-023-09784-8
https://www.ncbi.nlm.nih.gov/pubmed/36790727
https://doi.org/10.3390/antiox13060671
https://doi.org/10.1016/j.canlet.2020.09.005
https://doi.org/10.1038/s42003-023-05289-w
https://doi.org/10.1016/j.jchf.2022.03.006

Hearts 2024, 5 545

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Hendryx, M.; Dong, Y.; Ndeke, ].M.; Luo, J. Sodium-glucose cotransporter 2 (SGLT2) inhibitor initiation and hepatocellular
carcinoma prognosis. PLoS ONE 2022, 17, €0274519. [CrossRef]

Abdel-Qadir, H.; Carrasco, R.; Austin, P.C.; Chen, Y.; Zhou, L.; Fang, J.; Su, HM,; Lega, 1.C.; Kaul, P; Neilan, T.G.; et al. The
Association of Sodium-Glucose Cotransporter 2 Inhibitors with Cardiovascular Outcomes in Anthracycline-Treated Patients With
Cancer. JACC CardioOncology 2023, 5, 318-328. [CrossRef]

Chiang, C.-H.; Ma, K.S.-K; Peng, C.-Y.; Hsia, Y.P.; Horng, C.-S.; Chen, C.-Y; Chang, Y.-C.; See, X.Y.; Chen, Y.-J.; Wang, S.-S; et al.
Impact of sodium-glucose cotransporter-2 inhibitors on heart failure and mortality in patients with cancer. Heart 2023, 109,
470-477. [CrossRef] [PubMed]

Hwang, H.-J.; Kim, M,; Jun, ].E.; Yon, D.K. Sodium-glucose cotransporter-2 inhibitors improve clinical outcomes in patients with
type 2 diabetes mellitus undergoing anthracycline-containing chemotherapy: An emulated target trial using nationwide cohort
data in South Korea. Sci. Rep. 2023, 13, 21756. [CrossRef] [PubMed]

Luo, J.; Hendryx, M.; Dong, Y. Sodium-glucose cotransporter 2 (SGLT2) inhibitors and non-small cell lung cancer survival. Br. J.
Cancer 2023, 128, 1541-1547. [CrossRef] [PubMed]

Avula, V; Sharma, G.; Kosiborod, M.N.; Vaduganathan, M.; Neilan, T.G.; Lopez, T,; Dent, S.; Baldassarre, L.; Scherrer-Crosbie, M.;
Barac, A; et al. SGLT2 Inhibitor Use and Risk of Clinical Events in Patients with Cancer Therapy—Related Cardiac Dysfunction.
JACC Heart Fail. 2024, 12, 67-78. [CrossRef] [PubMed]

Kim, S.R.; Lee, S.-G.; Kim, S.H.; Kim, J.H.; Choi, E.; Cho, W.; Rim, ].H.; Hwang, L; Lee, C.J.; Lee, M.; et al. SGLT2 inhibition
modulates NLRP3 inflammasome activity via ketones and insulin in diabetes with cardiovascular disease. Nat. Commun. 2020,
11,2127. [CrossRef]

Garcia, M.; Arteche-Martinez, U.; Lertxundi, U.; Aguirre, C. SGLT2 Inhibitors and Bladder Cancer: Analysis of Cases Reported in
the European Pharmacovigilance Database. J. Clin. Pharmacol. 2021, 61, 187-192. [CrossRef]

Gallo, M.; Monami, M.; Ragni, A.; Renzelli, V. Cancer related safety with SGLT2-i and GLP1-RAs: Should we worry? Diabetes Res.
Clin. Pract. 2023, 198, 110624. [CrossRef]

Pelletier, R.; Ng, K.; Alkabbani, W.; Labib, Y.; Mourad, N.; Gamble, ]J. The association of sodium-glucose cotransporter 2 inhibitors
with cancer: An overview of quantitative systematic reviews. Endocrinol. Diabetes Metab. 2020, 3, e00145. [CrossRef]

Spiazzi, B.F,; Naibo, R.A.; Wayerbacher, L.F,; Piccoli, G.F,; Farenzena, L.P.; Londero, T.M.; da Natividade, G.R.; Zoldan, M.;
Degobi, N.A.; Niches, M.; et al. Sodium-glucose cotransporter-2 inhibitors and cancer outcomes: A systematic review and
meta-analysis of randomized controlled trials. Diabetes Res. Clin. Pract. 2023, 198, 110621. [CrossRef]

Villani, L.A.; Smith, B.K.; Marcinko, K.; Ford, R.].; Broadfield, L.A.; Green, A.E.; Houde, V.P; Muti, P; Tsakiridis, T.; Steinberg, G.R.
The diabetes medication Canagliflozin reduces cancer cell proliferation by inhibiting mitochondrial complex-I supported
respiration. Mol. Metab. 2016, 5, 1048-1056. [CrossRef]

Kaji, K.; Nishimura, N.; Seki, K.; Sato, S.; Saikawa, S.; Nakanishi, K.; Furukawa, M.; Kawaratani, H.; Kitade, M.; Moriya, K.; et al.
Sodium glucose cotransporter 2 inhibitor canagliflozin attenuates liver cancer cell growth and angiogenic activity by inhibiting
glucose uptake. Int. J. Cancer 2018, 142, 1712-1722. [CrossRef] [PubMed]

Hung, M.-H.; Chen, Y.-L.; Chen, L.-J.; Chu, P-Y.; Hsieh, E-S.; Tsai, M.-H.; Shih, C.-T.; Chao, T.-I.; Huang, C.-Y.; Chen, K.-F.
Canagliflozin inhibits growth of hepatocellular carcinoma via blocking glucose-influx-induced 3-catenin activation. Cell Death
Dis. 2019, 10, 420. [CrossRef] [PubMed]

Shoda, K,; Tsuji, S.; Nakamura, S.; Egashira, Y.; Enomoto, Y.; Nakayama, N.; Shimazawa, M.; Iwama, T.; Hara, H. Canagliflozin
Inhibits Glioblastoma Growth and Proliferation by Activating AMPK. Cell. Mol. Neurobiol. 2023, 43, 879-892. [CrossRef] [PubMed]
Xu, D.; Zhou, Y,; Xie, X,; He, L.; Ding, J.; Pang, S.; Shen, B.; Zhou, C. Inhibitory effects of canagliflozin on pancreatic cancer
are mediated via the downregulation of glucose transporter-1 and lactate dehydrogenase A. Int. J. Oncol. 2020, 57, 1223-1233.
[CrossRef]

Shimizu, W.; Kubota, Y.; Hoshika, Y.; Mozawa, K.; Tara, S.; Tokita, Y.; Yodogawa, K.; Iwasaki, Y.-K.; Yamamoto, T.; Takano, H.; et al.
Effects of empagliflozin versus placebo on cardiac sympathetic activity in acute myocardial infarction patients with type 2 diabetes
mellitus: The EMBODY trial. Cardiovasc. Diabetol. 2020, 19, 148. [CrossRef]

Durham, KK; Kluck, G.; Mak, K.C.; Deng, Y.D.; Trigatti, B.L. Treatment with apolipoprotein Al protects mice against doxorubicin-
induced cardiotoxicity in a scavenger receptor class B, type I-dependent manner. Am. J. Physiol. Heart Circ. Physiol. 2019, 316,
H1447-H1457. [CrossRef]

Scafoglio, C.R.; Villegas, B.; Abdelhady, G.; Bailey, S.T.; Liu, J.; Shirali, A.S.; Wallace, W.D.; Magyar, C.E.; Grogan, T.R,;
Elashoff, D.; et al. Sodium-glucose transporter 2 is a diagnostic and therapeutic target for early-stage lung adenocarcinoma. Sci.
Transl. Med. 2018, 10, H1447-H1457. [CrossRef]

Kuang, H; Liao, L.; Chen, H.; Kang, Q.; Shu, X.; Wang, Y. Therapeutic Effect of Sodium Glucose Co-Transporter 2 Inhibitor
Dapagliflozin on Renal Cell Carcinoma. Med. Sci. Monit. 2017, 23, 3737-3745. [CrossRef]

Wang, Y,; Yang, L.; Mao, L.; Zhang, L.; Zhu, Y.; Xu, Y.; Cheng, Y.; Sun, R.; Zhang, Y.; Ke, ].; et al. SGLT2 inhibition restrains thyroid
cancer growth via G1/S phase transition arrest and apoptosis mediated by DNA damage response signaling pathways. Cancer
Cell Int. 2022, 22, 74. [CrossRef]

Nasiri, A.R.; Rodrigues, M.R.; Li, Z.; Leitner, B.P; Perry, R.J. SGLT2 inhibition slows tumor growth in mice by reversing
hyperinsulinemia. Cancer Metab. 2019, 7, 10. [CrossRef]


https://doi.org/10.1371/journal.pone.0274519
https://doi.org/10.1016/j.jaccao.2023.03.011
https://doi.org/10.1136/heartjnl-2022-321545
https://www.ncbi.nlm.nih.gov/pubmed/36351793
https://doi.org/10.1038/s41598-023-48678-1
https://www.ncbi.nlm.nih.gov/pubmed/38066029
https://doi.org/10.1038/s41416-023-02177-2
https://www.ncbi.nlm.nih.gov/pubmed/36765176
https://doi.org/10.1016/j.jchf.2023.08.026
https://www.ncbi.nlm.nih.gov/pubmed/37897456
https://doi.org/10.1038/s41467-020-15983-6
https://doi.org/10.1002/jcph.1722
https://doi.org/10.1016/j.diabres.2023.110624
https://doi.org/10.1002/edm2.145
https://doi.org/10.1016/j.diabres.2023.110621
https://doi.org/10.1016/j.molmet.2016.08.014
https://doi.org/10.1002/ijc.31193
https://www.ncbi.nlm.nih.gov/pubmed/29205334
https://doi.org/10.1038/s41419-019-1646-6
https://www.ncbi.nlm.nih.gov/pubmed/31142735
https://doi.org/10.1007/s10571-022-01221-8
https://www.ncbi.nlm.nih.gov/pubmed/35435536
https://doi.org/10.3892/ijo.2020.5120
https://doi.org/10.1186/s12933-020-01127-z
https://doi.org/10.1152/ajpheart.00432.2018
https://doi.org/10.1126/scitranslmed.aat5933
https://doi.org/10.12659/MSM.902530
https://doi.org/10.1186/s12935-022-02496-z
https://doi.org/10.1186/s40170-019-0203-1

Hearts 2024, 5 546

93.

94.

95.

96.

97.

98.

99.

100.
101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.
113.

114.

Zhou, J.; Zhu, J.; Yu, S.-J.; Ma, H.-L.; Chen, J.; Ding, X.-E;; Chen, G.; Liang, Y.; Zhang, Q. Sodium-glucose co-transporter-2
(SGLT-2) inhibition reduces glucose uptake to induce breast cancer cell growth arrest through AMPK/mTOR pathway. Biomed.
Pharmacother. 2020, 132, 110821. [CrossRef] [PubMed]

Komatsu, S.; Nomiyama, T.; Numata, T.; Kawanami, T.; Hamaguchi, Y.; Iwaya, C.; Horikawa, T.; Fujimura-Tanaka, Y,;
Hamanoue, N.; Motonaga, R.; et al. SGLT2 inhibitor ipragliflozin attenuates breast cancer cell proliferation. Endocr. J. 2020, 67,
99-106. [CrossRef] [PubMed]

Papadopoli, D.; Uchenunu, O.; Palia, R.; Chekkal, N.; Hulea, L.; Topisirovic, L.; Pollak, M.; St-Pierre, J. Perturbations of cancer cell
metabolism by the antidiabetic drug canagliflozin. Neoplasia 2021, 23, 391-399. [CrossRef] [PubMed]

Dutka, M.; Bobinski, R.; Francuz, T.; Garczorz, W.; Zimmer, K_; llczak, T.; Cwiertnia, M.; Hajduga, M.B. SGLT-2 Inhibitors in
Cancer Treatment—Mechanisms of Action and Emerging New Perspectives. Cancers 2022, 14, 5811. [CrossRef] [PubMed]

Lau, K.TK.; Ng, L; Wong, ] WH.; Loong, HH.F,; Chan, WW.L.; Lee, C.H.; Wong, C.K.H. Repurposing sodium-glucose
co-transporter 2 inhibitors (SGLT2i) for cancer treatment—A Review. Rev. Endocr. Metab. Disord. 2021, 22, 1121-1136. [CrossRef]
Sun, M.; Sun, J.; Sun, W,; Li, X,; Wang, Z.; Sun, L.; Wang, Y. Unveiling the anticancer effects of SGLT-2i: Mechanisms and
therapeutic potential. Front. Pharmacol. 2024, 15, 1369352. [CrossRef]

Hoxhaj, G.; Manning, B.D. The PI3K-AKT network at the interface of oncogenic signalling and cancer metabolism. Nat. Rev.
Cancer 2020, 20, 74-88. [CrossRef]

Potter, M.; Newport, E.; Morten, K.J. The Warburg effect: 80 years on. Biochem. Soc. Trans. 2016, 44, 1499-1505. [CrossRef]

Ren, D.; Sun, Y.; Zhang, D.; Li, D.; Liu, Z; Jin, X.; Wu, H. SGLT2 promotes pancreatic cancer progression by activating the Hippo
signaling pathway via the hnRNPK-YAP1 axis. Cancer Lett. 2021, 519, 277-288. [CrossRef]

Karim, S.; Alghanmi, A.N.; Jamal, M.; Alkreathy, H.; Jamal, A.; Alkhatabi, H.A.; Bazuhair, M.; Ahmad, A. A comparative in vitro
study on the effect of SGLT2 inhibitors on chemosensitivity to doxorubicin in MCF-7 breast cancer cells. Oncol. Res. Featur. Preclin.
Clin. Cancer Ther. 2024, 32, 817-830. [CrossRef]

Scheen, A.J. Pharmacodynamics, efficacy and safety of sodium-glucose co-transporter type 2 (SGLT2) inhibitors for the treatment
of type 2 diabetes mellitus. Drugs 2015, 75, 33-59. [CrossRef] [PubMed]

Biziotis, O.; Tsakiridis, E.E.; Ali, A.; Ahmadi, E.; Wu, J.; Wang, S.; Mekhaeil, B.; Singh, K.; Menjolian, G.; Farrell, T.; et al.
Canagliflozin mediates tumor suppression alone and in combination with radiotherapy in non-small cell lung cancer (NSCLC)
through inhibition of HIF-1x. Mol. Oncol. 2023, 17, 2235-2256. [CrossRef] [PubMed]

Hawley, S.A.; Ford, R.J.; Smith, B.K,; Gowans, G.J.; Mancini, S.J.; Pitt, R.D.; Day, E.A.; Salt, I.P,; Steinberg, G.R.; Hardie, D.G.
The Na+/Glucose Cotransporter Inhibitor Canagliflozin Activates AMPK by Inhibiting Mitochondrial Function and Increasing
Cellular AMP Levels. Diabetes 2016, 65, 2784-2794. [CrossRef] [PubMed]

Eliaa, S.G.; Al-Karmalawy, A.A_; Saleh, R.M.; Elshal, M.F. Empagliflozin and Doxorubicin Synergistically Inhibit the Survival of
Triple-Negative Breast Cancer Cells via Interfering with the mTOR Pathway and Inhibition of Calmodulin: In Vitro and Molecular
Docking Studies. ACS Pharmacol. Transl. Sci. 2020, 3, 1330-1338. [CrossRef] [PubMed]

Abdelhamid, A.M.; Saber, S.; Youssef, M.E.; Gaafar, A.G.A.; Eissa, H.; Abd-Eldayem, M.A.; Alqarni, M.; Batiha, G.E.-S,;
Obaidullah, A.].; Shahien, M.A_; et al. Empagliflozin adjunct with metformin for the inhibition of hepatocellular carcinoma
progression: Emerging approach for new application. Biomed. Pharmacother. 2022, 145, 112455. [CrossRef]

Jeng, K.-S.; Chang, C.-F,; Lin, S.-S. Sonic Hedgehog Signaling in Organogenesis, Tumors, and Tumor Microenvironments. Int. |.
Mol. Sci. 2020, 21, 758. [CrossRef]

Dodd, KM.; Yang, J.; Shen, M.H.; Sampson, J.R.; Tee, A.R. mTORC1 drives HIF-1a and VEGF-A signalling via multiple
mechanisms involving 4E-BP1, S6K1 and STAT3. Oncogene 2015, 34, 2239-2250. [CrossRef]

Masoud, G.N.; Li, W. HIF-1a pathway: Role, regulation and intervention for cancer therapy. Acta Pharm. Sin. B 2015, 5, 378-389.
[CrossRef]

Ding, L.; Chen, X.; Zhang, W.; Dai, X.; Guo, H.; Pan, X.; Xu, Y.; Feng, J.; Yuan, M.; Gao, X.; et al. Canagliflozin primes antitumor
immunity by triggering PD-L1 degradation in endocytic recycling. J. Clin. Investig. 2023, 133, e154754. [CrossRef]

Han, Y; Liu, D.; Li, L. PD-1/PD-L1 pathway: Current researches in cancer. Am. J. Cancer Res. 2020, 10, 727-742.

Zygulska, A.L.; Krzemieniecki, K.; Pierzchalski, P. Hippo pathway—Brief overview of its relevance in cancer. J. Physiol. Pharmacol.
Off. ]. Pol. Physiol. Soc. 2017, 68, 311-335.

Hall, M.; Peters, G. Genetic Alterations of Cyclins, Cyclin-Dependent Kinases, and Cdk Inhibitors in Human Cancer. Adv. Cancer
Res. 1996, 68, 67-108. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.biopha.2020.110821
https://www.ncbi.nlm.nih.gov/pubmed/33068934
https://doi.org/10.1507/endocrj.EJ19-0428
https://www.ncbi.nlm.nih.gov/pubmed/31776304
https://doi.org/10.1016/j.neo.2021.02.003
https://www.ncbi.nlm.nih.gov/pubmed/33784591
https://doi.org/10.3390/cancers14235811
https://www.ncbi.nlm.nih.gov/pubmed/36497303
https://doi.org/10.1007/s11154-021-09675-9
https://doi.org/10.3389/fphar.2024.1369352
https://doi.org/10.1038/s41568-019-0216-7
https://doi.org/10.1042/BST20160094
https://doi.org/10.1016/j.canlet.2021.07.035
https://doi.org/10.32604/or.2024.048988
https://doi.org/10.1007/s40265-014-0337-y
https://www.ncbi.nlm.nih.gov/pubmed/25488697
https://doi.org/10.1002/1878-0261.13508
https://www.ncbi.nlm.nih.gov/pubmed/37584455
https://doi.org/10.2337/db16-0058
https://www.ncbi.nlm.nih.gov/pubmed/27381369
https://doi.org/10.1021/acsptsci.0c00144
https://www.ncbi.nlm.nih.gov/pubmed/33344906
https://doi.org/10.1016/j.biopha.2021.112455
https://doi.org/10.3390/ijms21030758
https://doi.org/10.1038/onc.2014.164
https://doi.org/10.1016/j.apsb.2015.05.007
https://doi.org/10.1172/JCI154754
https://doi.org/10.1016/s0065-230x(08)60352-8
https://www.ncbi.nlm.nih.gov/pubmed/8712071

	Introduction 
	Materials and Methods 
	Cardiovascular Benefits of SGLT2i 
	Molecular Mechanisms of SGLT2i in Cardioprotection Against Cardiotoxic Drugs 
	Anthracyclines 
	Trastuzumab 
	Other Anticancer Therapies 

	The Potential Role of SGLT2i in Cardioncology: From Bench to Bedside 
	Preclinical Studies 
	Clinical Studies 

	Anticancer Properties of SGLT2i 
	Inhibition of Phosphoinositide 3-Kinas (PI3K)/AKT Pathway 
	Inhibition of Glucose Uptake 
	Activation of AMPK Pathway 
	Boosting with the Immune System 
	Other Potential Mechanisms 

	Conclusions, Limitations and Future Perspectives 
	References

