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Abstract: Several recent cardiovascular trials of SGLT 2 (sodium-glucose cotransporter 2) inhibitors
revealed that they could reduce adverse cardiovascular events in patients with T2DM (type 2 diabetes
mellitus). However, the exact molecular mechanism underlying the beneficial effects that SGLT2
inhibitors have on the cardiovascular system is still unknown. In this review, we focus on the
molecular mechanisms of the mitochondria-mediated beneficial effects of SGLT2 inhibitors on the
cardiovascular system. The application of SGLT2 inhibitors ameliorates mitochondrial dysfunction,
dynamics, bioenergetics, and ion homeostasis and reduces the production of mitochondrial reactive
oxygen species, which results in cardioprotective effects. Herein, we present a comprehensive
overview of the impact of SGLT2 inhibitors on mitochondria and highlight the potential application
of these medications to treat both T2DM and cardiovascular diseases.

Keywords: SGLT2 inhibitors; diabetes mellitus; mitochondria; cardiovascular diseases; empagliflozin;
dapagliflozin

1. Introduction

Type 2 diabetes mellitus (T2DM) is a growing public health problem worldwide, with a
rising prevalence and a high mortality rate. Diabetes mellitus refers to a group of metabolic
disorders associated with a long-term elevated blood glucose level. Diabetes mellitus is
linked with complications that mainly affect the cardiovascular system, kidneys, eyes,
and nervous system. Currently, approximately 537 million people worldwide are estimated
to have diabetes, and this proportion is predicted to increase with time. T2DM is a more
common type of diabetes and accounts for approximately 89% of diagnosed cases [1].
T2DM patients have about twice the risk of CVD (cardiovascular diseases) than those
without diabetes, with atherosclerosis and heart failure as the most common complications
and significant causes of morbidity and mortality in T2DM patients [2,3]. However, early
control of the blood glucose levels could minimise the risk of CVD, diabetic nephropathy,
and mortality [4]. Currently, many glucose-lowering drugs are used in different strategies
to reduce the T2DM associated risk of mortality, major cardiovascular events, and other
unwanted side effects [5–7].

Because the glucose concentration in plasma is under tight regulation within narrow
limits (4–10 mmol/L), it was suggested that the kidneys play a crucial role in glucose
homeostasis in the body by preventing glucose loss with the urine via specific transporter
pumping of glucose back to the plasma. The original SGLTs (Na+-glucose co-transporter)
concept was first proposed in 1960 by Dr Crane [8], with the first SGLT cloned only in

Int. J. Mol. Sci. 2022, 23, 5371. https://doi.org/10.3390/ijms23105371 https://www.mdpi.com/journal/ijms

https://doi.org/10.3390/ijms23105371
https://doi.org/10.3390/ijms23105371
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0002-0547-6310
https://orcid.org/0000-0002-3318-4681
https://doi.org/10.3390/ijms23105371
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms23105371?type=check_update&version=2


Int. J. Mol. Sci. 2022, 23, 5371 2 of 18

1987 [9]. Currently, there are six SGLT subtypes recognised, of which SGLT1 and SGLT2 are
the most important. SGLT1 has a high affinity and low transport capacity for glucose, and it
is expressed in the brain, heart, intestine, skeletal muscle, trachea, prostate, and kidney.
On the contrary, SGLT2 has a low affinity and high transport capacity for glucose and is
located almost exclusively in the epithelium of the proximal tubular segment [10]. Usually,
>90% of filtered glucose is reabsorbed by SGLT2 in the proximal tubule, while SGLT1
reabsorbs the rest (<10%) in more distal segments of the proximal tubule [11].

Currently, several SGLT2 inhibitors are approved by the FDA as a new class of an-
tihyperglycemic drugs for T2DM patients (but not T1DM) [12,13]. These drugs enhance
urinary glucose excretion by inhibiting renal glucose reabsorption in the early proximal
tubule, subsequently lowering the glucose burden on the organism. Several large-scale
clinical trials were designed to confirm cardiovascular and microvascular safety for SGLT2
inhibitors (empagliflozin, dapagliflozin, and canagliflozin). Application of Canagliflozin in
T2DM patients demonstrated a lower risk of stroke, myocardial infarction, cardiovascular
death, and hospitalisation for heart failure [14]. Treatment of T2DM patients at high car-
diovascular risk with empagliflozin demonstrated slower progression of kidney disease
and lower rates of clinically relevant renal events [15]. In patients with chronic kidney
disease, dapagliflozin has shown a lower risk of death from renal or cardiovascular causes,
regardless of the presence or absence of T2DM, suggesting its therapeutic potential in the
non-diabetic setting [16,17].

Further, in this review, we focus on the pharmacological and molecular mitochondria-
mediated mechanisms of SGLT2 inhibitors, associated with their cardioprotective properties.

2. Proposed Pharmacological Mechanisms of SGLT2 Inhibitor Effects

SGLT inhibitors have a long history of investigation. The first natural SGLT inhibitor,
phlorizin, was isolated in 1835 from the root bark of apple trees. However, because
of the poor absorption in the gastrointestinal tract and low water solubility, phlorizin
and some of its early derivatives (such as T-1095) were not suitable for clinical devel-
opment as anti-hyperglycaemic agents [reviewed in [18]]. Eventually, more advanced
C-aryl glycoside derivatives of phlorizin (such as dapagliflozin and canagliflozin) were
developed, which have distinctive structural differences and variable selectivity to SGLT1
and SGLT2 [19]. Thus, canagliflozin, dapagliflozin, and empagliflozin directly inhibit
SGLT2, which results in reduced glucose reabsorption, promoted urinary glucose excretion,
negative caloric balance, and subsequent weight loss [20].

However, the exact mechanism of SGLT2 inhibitor cardioprotective effects is not
known. Further, we discuss three main hypotheses, explaining the observed effects of
SGLT2 inhibitors: (1) the diuretic effect, with subsequent hemodynamic unloading of the
left ventricle; (2) the switch in cardiac metabolism to ketone utilisation (also known as
“thrifty substrate” hypothesis; (3) the direct influence on cardiac ion homeostasis.

2.1. The Diuretic Hypothesis

SGLT1 and SGLT2 co-transport Na+ together with glucose, so their activity is closely
connected to the Na+ gradient generated by the Na+/K+-ATPase between the tubular
lumen and the cell. SGLT2 inhibitors reduced the reabsorption of glucose and Na+ in the
proximal tubule in an insulin-independent way, directly affecting the total glucose pool.
Such a specific mechanism of action implies that SGLT2 inhibitors do not increase the risk
of hypoglycaemia; thus, they could be combined with other glucose-lowering drugs [21].
While the natriuresis effect induced by SGLT2 inhibitors is transient, the sustained increase
in haematocrit and haemoglobin levels and the decrease in systolic (5–6 mmHg) and
diastolic (1–2 mmHg) blood pressure may result from a persistent volume depletion [22].
Apparently, the diuretic effect associated with SGLT2 inhibition is the primary driver of
its cardioprotective activity. Mechanically, the observed plasma volume contraction may
hemodynamically unload the left ventricle, further decreasing myocardial O2 demand,
ventricular wall tension, and filling pressures [23].
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Moreover, treatment with SGLT2 inhibitors improves hard renal outcomes in T2DM
by reducing filtration fraction without increasing renal vascular resistance. SGLT2 in-
hibitors reduce measured glomerular filtration rate and filtration fraction in T2DM via
post-glomerular vasodilation [24]. Interestingly, the application of SGLT2 inhibitors does
not affect serum levels of K+ and Ca2+ while marginally increasing serum magnesium
levels in T2DM patients [25]. However, the clinical significance of elevated magnesium
levels in T2DM patients requires further investigations.

2.2. The “Thrifty Substrate” Hypothesis

The human heart is a metabolically flexible organ, and it could use different substrates
as energy sources to maintain a stable ATP production rate in response to alterations
of workload and changes in substrate availability. Typically, 95% of the heart’s energy
is produced by the mitochondrial oxidative phosphorylation system, which is powered
by FA (fatty acids) (70%) and glucose (30%). FAs are the preferred substrates during
prolonged fasting, whereas a shift towards glucose oxidation occurs after β-adrenergic
stimulation or increased workload [26]. However, as a result of peripheral insulin resistance-
mediated lipolysis dysregulation, the delivery of FAs to the heart is dramatically increased,
subsequently increasing the contribution of FAs to oxidative metabolism. Recent research
suggests that shifts in mitochondrial substrate preference are not essential in the pathogen-
esis of muscle insulin resistance [27,28].

On the contrary, high FA concentration in the blood defines myocardial FA uptake,
changes in gene expression, and mitochondrial protein post-translational modification.
Under such metabolic conditions, the expression of genes essential for FA oxidation is stimu-
lated, whereas genes involved in glucose uptake and oxidation are suppressed [29]. Nuclear
transcription factors PPAR-α (peroxisome proliferator-activated receptor alpha) and PPAR-
γ are the central regulators of the genetic switch towards FA-based metabolism, activat-
ing peroxisomal and mitochondrial β-oxidation in the liver and heart [30,31]. Similarly,
other members of the PPAR family are involved in cardioprotection and regulation of
cardiac mitochondria metabolism. For example, activation of PPAR β/δ improves the
endothelial dysfunction and reduces vascular inflammation [32], alleviates myocardial
ischemia/reperfusion injury via stimulation of the antioxidant defense of the heart with
preservation of mitochondrial function [33]. Administration of β-elemene was shown to
reduce lipid-induced inflammation in a PPARβ-mediated way on a heart failure induced
mouse model [34]. In addition, long-term exposure to high FAs shifts the diabetic heart to a
metabolically inflexible state, where ATP production almost completely depends on FA sup-
ply. As a consequence of such a metabolic switch, ATP production is decreased, and ROS
formation is increased, further promoting the development of cardiac dysfunction [35,36].

The “thrifty substrate” hypothesis was proposed in 2016 and suggested that appli-
cation of SGLT inhibitors causes a reduction of body glucose and insulin/glucagon ratio,
with subsequent lipid mobilisation and oxidation in the liver, stimulating ketogenesis
(Figure 1). Such a metabolic state is like prolonged fasting and increases myocardial uptake
of the primary ketone body-β-hydroxybutyrate. Metabolically, ATP production from ke-
tone body oxidation is more efficient than FA oxidation and does not produce adverse side
products [37,38]. Additionally, recent research suggested beneficial anti-pyroptotic [39] and
antioxidant [40] effects for β-hydroxybutyrate, combined with a slight pro-inflammatory
action on endothelial cells [41]. This hypothesis is well-supported by multiple research
when SGLT2 application resulted in increased lipolysis and ketogenesis [42] and improve-
ment of weight, blood pressure, and vascular parameters [43]. Similarly, many beneficial
effects were described for heart failing non-diabetic rats: increased left ventricular ejection
fraction, cardiomyocyte hypertrophy, diminished interstitial fibrosis, and reduced myocar-
dial oxidative stress. Additionally, myocardial utilisation of ketone bodies was increased,
uptake and oxidation of glucose and FAs were normalised, leading to increased cardiac
ATP production [44].
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TCA—tricarboxylic acid cycle, HMGCL—3-hydroxy-3-methylglutaryl-coenzyme A lyase, BDH1—
mitochondrial β-hydroxybutyrate dehydrogenase, ATP—adenosine triphosphate, ACAT1—acetyl-
CoA acetyltransferase, C2-carnitine—acetylcarnitine, C4-OH carnitine—hydroxybutyrylcarnitine, 
CPT1—carnitine palmitoyltransferase 1, SCOT—succinyl-CoA:3-oxoacid-CoA transferase. 
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Figure 1. Effect of SGLT2 inhibitors on ketone body metabolism. The application of SGLT2 inhibitors
reduces plasma glucose levels and subsequently promotes lipolysis in adipose tissue and FA produc-
tion, which further enhances the generation of ketone bodies. Ketone bodies are converted to acetyl-
CoA in the heart easier than glucose and FA. At the same time, SGLT2 inhibitors increase the expres-
sion of the key genes responsible for ketone oxidation, which leads to the metabolic shift to the ketone
bodies as a preferable substrate. Red arrows show the effect of SGLT2 inhibitors on the key metabo-
lites and enzymes; black arrows—flows of the main metabolites; green arrows—ATP production by
the mitochondrial oxidative phosphorylation system. FA—fatty acids, AcAc CoA—acetoacetyl CoA,
HMG-CoA—3-hydroxy-3-methtylglutaryl-CoA, βOHB—β-hydroxybutyrate, TCA—tricarboxylic
acid cycle, HMGCL—3-hydroxy-3-methylglutaryl-coenzyme A lyase, BDH1—mitochondrial
β-hydroxybutyrate dehydrogenase, ATP—adenosine triphosphate, ACAT1—acetyl-CoA acetyltrans-
ferase, C2-carnitine—acetylcarnitine, C4-OH carnitine—hydroxybutyrylcarnitine, CPT1—carnitine
palmitoyltransferase 1, SCOT—succinyl-CoA:3-oxoacid-CoA transferase.

However, several critical points are against the “thrifty substrate” hypothesis. One of
the major concerns is the origin of generated high β-hydroxybutyrate levels, resulting from
reduced oxidation in the heart and/or skeletal muscle [45].Recent research also suggested
that high FA level upregulates GSK-3α (glycogen synthase kinase-3α), which phosphory-
lates PPARα and enhances transcription of a subset of PPARα targets, selectively stimu-
lating FA uptake and storage, but not oxidation, thereby promoting lipid accumulation in
cardiomyocytes, subsequently leading to lipotoxic cardiomyopathy [46].

Another concern is the beneficial effect of the metabolic switch toward ketone body
oxidation. The old idea that the failing heart’s performance is reduced because of the lack
of energy (“engine out of fuel”) and supply of more effective fuel (ketone bodies) would
boost myocardial metabolism has been challenged many times [47]. However, several
recent investigations support this idea. For example, the injection of 3-hydroxybutyrate had
beneficial haemodynamic effects for both heart failure and reduced ejection fraction hemo-
dynamic patients and healthy volunteers [48]. Similarly, data from the heart failure mice
model system suggest the beneficial effect of chronic ketone ester supplementation (reduc-
tion of cardiac fibrosis and increased cardiac output) [49]. Another research study proposed
that chronically elevated β-hydroxybutyrate level reduced cardiac NLRP3 inflammasome
activation, thus modulating cardiac inflammation and protecting against heart failure devel-
opment [50,51]. Chronic supplementation of the rodent with induced heart failure increased
the expression of genes involved in ketone body utilisation and normalised myocardial
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ATP production, but with no effect on cardiac fibrosis [52]. Application of empagliflozin to
non-diabetic male rats after induced cardiac arrest did not influence heart rate and blood
pressure, however, left ventricular function and survival time were increased. In addition,
the levels of myocardial fibrosis, serum cardiac troponin I levels, and myocardial oxidative
stress were reduced, while the mitochondrial activity was increased. In general, cardiac
energy metabolism was increased and associated with reduced glucose levels and increased
ketone body oxidation metabolism. Thus, suggesting that empagliflozin could be beneficial
for patients with myocardial dysfunction after cardiac arrest [53].

On the contrary, another study did not find any improvement in the cardiac efficiency
after β-hydroxybutyrate perfusion. The beneficial effect was limited to increased overall
energy production without compromising glucose or fatty acid metabolism [54]. However,
exposure of rats to a prolonged ketogenic diet resulted in increased SIRT7 (NAD-dependent
protein-lysine deacylase 7) expression inhibited transcription of mitochondrial ribosome-
encoding genes and mitochondrial biogenesis, which resulted in cardiomyocyte apoptosis
and cardiac fibrosis [55]. Sirt7 is the crucial protein known to regulate mitochondrial func-
tion and biogenesis, coordinate glucose availability, and maintain energy homeostasis [56].
Further, experiments with empagliflozin-treated myocardial infarction induced DM mice
suggested increased glucose oxidation and ketone utilisation with increased myocardial
levels of Sirt3 (mitochondrial deacetylation modification enzyme, which promotes effec-
tive oxidative metabolism) and antioxidant enzyme SOD2 (Superoxide Dismutase 2) [57].
Similarly, the absence of competition between substrates (FAs, glucose, and ketone bodies)
was observed in another study [58]. On the other hand, increased glucose level suppresses
the cardiac ketolytic pathway through several mechanisms in the diabetic myocardium [59].
Thus, additional functional analysis is required to define the exact molecular mechanisms
of the glucose-mediated effect on ketone body metabolism.

The therapeutic application of the ketone bodies is under intensive investigation,
and future studies will clarify whether enhancing myocardial metabolic efficiency is benefi-
cial for heart functions and what is the exact molecular mechanism of those effects [60,61].

2.3. The Sodium Hypothesis

SGLT2 inhibitors also affect tissue and cellular Na+ homeostasis. Na+ regulates Ca2+

cycling, mitochondrial redox regulation, and electrical activity in cardiac myocytes and
plays a central role in excitation-contraction. Therefore, the equilibrium of myocyte Na+

homeostasis is perturbed in heart failure and diabetic hearts, resulting in higher [Na+]i
(Na+ intracellular) concentration. Elevated [Na+]i causes oxidative stress and increases the
sarcoplasmic reticulum Ca2+ leak, thus promoting heart dysfunction and increasing the
risk for arrhythmias [62].

Failing cardiac myocytes have impairment in both Na+ and Ca2+: a decreased am-
plitude and velocity of [Ca2+]c (cytosolic Ca2+) transients and increased diastolic [Ca2+]c
and [Na+]i. The predominant defects in Ca2+ and Na+ handling are caused by a reduced
function of SERCA (sarco/endoplasmic reticulum Ca2+-ATPase), increased expression and
activity of NCX (Na+/Ca2+-Exchange Protein 1), increased activity of the NHE (sarcolem-
mal Na+/H+ -exchanger), and reduced activity of NKA (Na+/K+-ATPase) [63].

A recent report suggested an SGLT2-independent effect of empagliflozin in reduction
of [Na+]c and [Ca2+]c and enhancing [Ca2+]m (mitochondrial Ca2+), which acts through
impairment of myocardial NHE flux in isolated ventricular myocytes [64]. Treatment of dia-
betic rats with empagliflozin also affects Ca2+ regulation, late Na+ and Na+/H+-exchanger
currents, normalises left ventricular end-diastolic diameters and QT intervals, and attenu-
ates the prolonged action potential duration [65]. Application of empagliflozin in female
db/db mice improved glycaemic indices, diastolic function and eccentric left ventricular
hypertrophy. In addition, the expression of profibrotic/prohypertrophic genes (collagen I
and III), SGK1 (serum/glucocorticoid regulated kinase 1) and the ENaC (epithelial sodium
channel) were reduced. However, without detectable changes in blood pressure [66,67].
Excess circulating glucose stimulates SGK1 expression; thus, it is highly expressed in the
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diabetic heart. Further, SGK1 regulates many ion channels (including ENaC), transporters
and enzymes, serving as a mediator of cardiac fibrosis and impaired cardiac relaxation [68].
Similarly, in angiotensin II-stressed diabetic mice, dapagliflozin attenuated fibrosis, and in-
flammation increased the left ventricular fractional shortening. In isolated cardiomyocytes,
dapagliflozin decreased the expression of NHE, NCX, and CACNA1C (voltage-dependent
L-type calcium channel or LTCC), thus connecting cardioprotection and modulation of
Ca2+ ion homeostasis [69,70].

The molecular mechanism responsible for [Na+]c-lowering effect of SGLT2i (em-
pagliflozin, dapagliflozin, canagliflozin), known to occur in heart failure and diabetes,
is mediated through their direct binding with the Na+-binding site of NHE [71]. Application
of sotagliflozin, an SGLT1 and 2 inhibitor [72], EU approved to treat T1DM [73], on a heart
failure rat model system ameliorated left atrial enlargement, increased incidence and am-
plitude of arrhythmic SCaEs (spontaneous Ca2+ release events), reduced the magnitude of
SCaEs, and increased NCX forward-mode activity. Sotagliflozino also enhanced mitochon-
drial Ca2+ buffer capacity, prevented mitochondrial swelling, and improved mitochondrial
fission [74]. Additionally, dapagliflozin was shown to decrease the skin tissue sodium
content [75], which is associated with left ventricular mass in patients with chronic kidney
disease [76]. Furthermore, interesting results were obtained on metabolic syndrome rats,
where treatment with dapagliflozin affects Zn2+ homeostasis by acting on Zn2+ transporters,
cardiac matrix metalloproteinases, with decreased levels of oxidative stress [77]. Therefore,
the proposed Zn2+-mediated cardioprotective effects of SGLT2 inhibitors could be a new
area in exploring diabetic and failing heart model systems.

Discussed results suggest that cardio beneficial effects of SGLT2 inhibitors, at least
partially, could be explained by their direct impact on cardiac ion homeostasis—decreasing
[Na+]i and restoring [Ca2+]m handling (Figure 2). Additionally, SGLT2 inhibitors influence
ion homeostasis on the organism-wide level, suggesting that SGLT2 inhibitors could be
helpful in treatments of other diseases in which development and pathophysiology involve
ion dysregulation.

We could conclude that SGLT2 inhibitors probably act in a pleiotropic way on the heart,
kidney, and skin. As a possible scenario, the SGLT2 inhibitor-mediated cardio beneficial
effect as a combination of all three discussed hypotheses, altogether provides overall
positive outcomes. It is important to note that many studies were conducted in vitro or on
animal model systems, which have certain limitations and not always could the obtained
knowledge be extrapolated on an organism-wide level.
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Figure 2. Beneficial effects of SGLT2 inhibitors on cardiomyocytes Na+ and Ca2+ metabolism.
Through the different mechanisms, SGLT2 inhibitors reduce the activity of LTCC, NHE1, and NCX and
increase the activity of NKA and SERCA. Such effects ameliorate DM-associated overload of [Na+]c

and [Ca2+]c and enhance [Ca2+]m. [Na+]c level is connected to the [Ca2+]m through the mitochondrial
Na+/Ca2+ exchanger (NCLX). However, the efficacy of NCLX is lower compared to the Ca2+ uptake
by the MCU. [Ca2+]c level is also affected by the Ca2+ uptake by SERCA and the leakage from the SR
RyR receptors. [Ca2+]m concentration regulates TCA cycle dehydrogenases, resulting in increased
ATP and reduced ROS production. Red arrows show the effect of SGLT2 inhibitors on the key trans-
porters; black arrows—flows of the discussed ions; green arrows—ATP production by the mitochon-
drial oxidative phosphorylation system. NHE—sarcolemmal Na+/H+-exchanger, LTCC—voltage-
dependent L-type calcium channel, ATP—adenosine triphosphate, MCU—mitochondrial Ca2+ uni-
porter, NCX—sarcolemmal Na+/Ca2+ exchanger, NKA—Na+/K+-ATPase, RyR—ryanodine receptor,
SERCA—sarcoplasmic reticulum Ca2+-ATPase.

3. Effect of SGLT2 Inhibitors on Mitochondria

Although the cardiovascular benefits of SGLT2 inhibition were confirmed by multiple
research studies, the underlying molecular mechanisms are still debated. Besides the mech-
anisms discussed in the previous section, several exciting directions are being explored for
SGLT inhibitor-mediated modulation of mitochondria function and metabolism in different
organs and tissues (primarily heart and kidney). It is known that mitochondrial dysfunction
plays a central role in both diabetic cardiomyopathies and heart failure, with several thera-
peutic strategies having been developed to target specifically cardiac mitochondria [78,79].

The primary function of mitochondria is to provide cells with energy in the form of
ATP. Another crucial function is the regulation of Ca2+ homeostasis and Ca2+ regulated
processes (such as signalling, proliferation, cell cycle, and respiratory bioenergetics) [80,81].
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Mitochondria are also involved in regulating immune signalling and apoptosis, hormonal
signalling, and steroid biosynthesis [82–86].

The effectiveness of mitochondria is controlled via several processes, such as biogene-
sis, turnover, and recycling. Mitochondrial biogenesis could be activated by environmental
stimuli, several types of cellular stress, and developmental signals, with PGC-1α (peroxi-
some proliferator-activated receptor gamma coactivator 1-alpha) as the central regulator
of mitochondrial biogenesis [87]. Mitochondria are equally distributed between daughter
cells during cellular division, while damaged and dysfunctional mitochondria are salvaged
with a specialised form of autophagy–mitophagy. Damaged and dysfunctional parts of mi-
tochondria are separated for mitophagy during mitochondrial turnover, which comprises
cycles of fission (split) and fusion (merge). Mitochondrial fission is regulated by DNM1L
(dynamin 1 like) and FIS1 (fission, mitochondrial 1), genes and MFN1, MFN2 (mitofusin 1
and 2), and OPA1 (optic atrophy protein 1) are responsible for fusion. Further, lysosomes
fuse with separated dysfunctional mitochondria and digest them, while the healthy parts
of mitochondria are fused back to the mitochondrial network and continue normal func-
tioning [88]. Mitophagy is crucial for cell differentiation and embryonic development,
apoptosis, inflammation, and numerous other processes; its impairment is associated with
many neurodegenerative diseases, pathological ageing, and inflammageing, cancer and
other conditions [89,90].

The following section summarises recent evidence of SGLT2 inhibitors’ positive effects
on mitochondrial function, dynamics, and metabolism (Table 1).

Dysfunctional mitochondria produce more harmful ROS and generate less ATP.
Surplus mROS and decreased ATP production could dysregulate cardiac functions in
several ways:

1. mROS modulates redox-sensitive regulatory domains of several proteins involved in
excitation-contraction coupling (such as NCX, SERCA, LCCs (L-type Ca2+-channels),
Na+-channels, K+-channels, RyRs (ryanodine receptors), and others—reviewed in [105–107].

2. mROS could directly activate CaMKII (Ca2+/calmodulin dependent kinase II),
a multifunctional nodal regulator of many cellular pathways, including excitation-
contraction coupling [108].

3. increased mROS combined with hyperglycaemia provide persistent CaMKII activa-
tion, a major driver of arrhythmogenicity in diabetic hearts [109].

4. chronic hyperglycaemia and CaMKII activation downregulate K+ channel expression
and function in the NOX2-ROS-PKC (NADPH oxidase 2–ROS-protein kinase C)
pathway, which increases arrhythmia risk [110].

5. low ATP levels could suppress the activity of SERCA and Na+/K+-ATPase, which will
alter Ca2+ homeostasis and increase arrhythmia risk [111].

6. such pathological deficiencies could promote cardiomyocyte hypertrophy and inter-
stitial fibrosis, two critical drivers of arrhythmia—reviewed in [112].

Mitochondrial dysfunction has been described in the heart and other organs of patients
with T2DM, metabolic syndrome, obesity, and related animal model systems and cell
cultures. Identified dysfunctions are represented by reduced mitochondrial respiration,
increased mROS production and mtDNA damage, abnormal mitochondrial structure,
altered dynamics and metabolism, and bioenergetic and biogenesis deficiencies (Figure 3).
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Table 1. Effect of SGLT2 inhibitors on mitochondrial function and associated cardiovascular benefits.

Used Drug Experimental System/Model
Animal/Cell Culture Cardiovascular Effect Mitochondrial Effects Other Effects/Notes References

Empagliflozin non-DM male rats after CA

increases LV function and survival time;
reduces myocardial fibrosis, serum cardiac

troponin I levels and myocardial OS
after CA

maintains the structural integrity of
myocardial mitochondria and increases

mitochondrial activity after CA

increases circulating and
myocardial ketone levels and

heart BDH1 expression
[53]

Empagliflozin DM rats after MI the sizes of MI were comparable increases myocardial levels of Sirt3 increases glucose oxidation and
ketone utilisation, SOD2 levels [57]

Empagliflozin in vitro culture of ventricular
myocytes (rabbits and rats) - enhances [Ca2+]m reduces [Na+]c and [Ca2+]c [64]

Sotagliflozin obese rats’ model of HFpEF
ameliorates LA enlargement in HFpEF

in vivo; reduced the magnitude of SCaEs
in-vitro LA cardiomyocytes

prevents mitochondrial swelling,
enhances mitochondrial Ca2+ buffer

capacity, improves mitochondrial fission
and ROS production, averts Ca2+

accumulation upon glycolytic inhibition;
increases NCX forward-mode activity

lowers diastolic [Ca2+] of CaT [74]

Ertugliflozin mice on HFD and HSD

beneficial for hallmarks of DCMP: LV
hypertrophy, myocyte hypertrophy,

myocardial interstitial fibrosis, and diastolic
dysfunction

prevents mitochondrial dysfunction,
preserves ATP production, and

decreases mROS generation

positive enrichment of gene sets
related to OXPHOS (oxidative

phosphorylation) and FAM
[91]

Empagliflozin streptozotocin-induced
DM mice

improves diabetic myocardial structure and
function, preserves cardiac microvascular

barrier function and integrity, sustains eNOS
phosphorylation and

endothelium-dependent relaxation,
improves microvessel density and perfusion

inhibits mitochondrial fission,
suppresses mROS production

preserves CMEC barrier function
and impedes CMEC senescence [92]

Empagliflozin myocardial tissues of the DM
rats after MI -

suppresses FIS1 and increases BNIP3
expression; prevents reduction of

mitochondrial size and autophagic
vacuole number; upregulates SOD2 and

CAT expression

reduces blood glucose and
triglycerides, increases lipid
droplets in cardiomyocytes

[93]
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Table 1. Cont.

Used Drug Experimental System/Model
Animal/Cell Culture Cardiovascular Effect Mitochondrial Effects Other Effects/Notes References

Dapagliflozin overweight insulin-resistant
MetS-rats

augments the increased blood pressure,
prolonged Q–R interval, and low heart rate
with depressed LV function and relaxation

of the aorta

preserves the depolarised mitochondrial
membrane potential; normalises the

expression of fusion-fission proteins and
cytosolic Ca2+-homeostasis

increases voltage-gated
Na+-currents and intracellular

pH; normalises the cellular levels
of increased OS, protein–thiol
oxidation and ADP/ATP ratio

in cardiomyocytes

[94]

Empagliflozin streptozotocin- induced HFD
DM rats

reduces left atrial diameter, interstitial
fibrosis, and the incidence of AF inducibility

improves atrial mitochondrial
respiratory function, mitochondrial

membrane potential, and
mitochondrial biogenesis

increases the expression of
PGC-1a, NRF-1 and TFAM

(Transcription Factor
A, Mitochondrial)

[95]

Empagliflozin streptozotocin-induced DM
mice; hRPTCs -

improves mitochondrial biogenesis and
balances fusion–fission proteins

expression; increases autophagy; reduces
mROS and expression of apoptotic and
fibrotic proteins in hRPTCs; normalises

AMP/ATP ratios

suppresses SGLT2 expression and
ameliorates renal morphological

changes in the kidneys of
DM mice

[96]

Empagliflozin mice with HFD-induced
lipid overload -

normalises mitochondrial function in the
heart via an increase in FAO and protects

against HFD-induced disturbances in
cardiac metabolism

increases palmitate uptake and
decreases the accumulation of

metabolites of incomplete FAO in
cardiac tissues

[97]

Ipragliflozin HFD mice -
normalises mitochondrial morphology
and fusion restores OPA1 and MFN2

expression; reduces mROS

ameliorates tubular vacuolation,
dilatation and epithelial

cell detachment
[98]

Empagliflozin DM mice - alleviates mitochondrial fission via
AMPK/SP1/PGAM5 pathway renal protection in DKD [99]

Dapagliflozin HFD-induced obese rats -
improves brain mitochondria function,

insulin signalling, apoptosis and
prevents cognitive decline

improves peripheral insulin
sensitivity and hippocampal
synaptic plasticity, reduces

weight gain

[100]
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Table 1. Cont.

Used Drug Experimental System/Model
Animal/Cell Culture Cardiovascular Effect Mitochondrial Effects Other Effects/Notes References

Dapagliflozin
hepatocytes of HFD

streptozotocin-induced
DM mice

-

prevents mitochondrial swelling;
normalises the mitochondrial size,

mtDNA copy number and mitochondrial
respiration; decreases the level of lipid
peroxidation products in mitochondria

increases the expression
of the MFN2 and DRP1 in the

liver tissue;
[101]

Empagliflozin

human cardiomyocyte cells;
CAG-RFP-EGFP-LC3,

Becn1+/−, SIRT3-knock-out
and TLR9-knock-out mice

protects against doxorubicin-induced
cardiomyopathy through a mitochondrial

TLR9-SIRT3 mechanism; increases
autophagic flux in hearts

and cardiomyocytes

increases the TLR9 activation and the
abundance of SIRT3 in the mitochondria,

which enhances the mitochondrial
respiration rate and exerts its protection

against ROS and apoptosis

- [102]

Empagliflozin non-DM rats with LV
dysfunction after MI

increases the LV ejection fraction, attenuates
cardiomyocyte hypertrophy, diminishes

interstitial fibrosis and reduces
myocardial OS

reduces mitochondrial DNA damage
and stimulated mitochondrial

biogenesis, normalises the myocardial
uptake and oxidation of glucose and

fatty acids

increases urine production
two-fold without affecting

creatinine clearance and serum
electrolytes; increases circulating

ketone levels and myocardial
expression of the MCT1

and BDH1

[44]

Empagliflozin non-DM rats after MI

increases cardiac contractility and improves
systolic heart function after MI; does not

affect arterial stiffness, blood pressure,
markers of fibrosis, and necroptosis;

NHE1 modulation decreases [Na+]c and
[Ca2+]c levels while increasing the
myocytes [Ca2+]m concentra-tion

inhibits MMP9, down-regulates
NHE1 and upregulates
SERCA2a expression

[103]

Empagliflozin
wild-type and Parkin−/−

male mice after PCAL;
H9C2 cells

attenuates PCAL-induced
adverse remodelling

increases mitochondrial biomass,
respiratory capacity, and markers of

mitochondrial biogenesis; the
mechanism is not entirely de-pendent

on Parkin

- [104]
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In total, diabetes-associated mitochondrial dysfunction could cause cardiovascular
complications by several mechanisms, as summarised in Figure 3. At the same time,
the same findings suggest that targeting mitochondria could represent a valuable therapeu-
tic strategy to reduce the burden of cardiovascular complications in diabetic patients [106].
Although SGLT2 inhibitors were explicitly designed to reduce hyperglycaemia in T2DM
patients, they clearly improve the mitochondrial function of different organs and tissues
of non-diabetic animal models. SGLT2 inhibitors provide a positive effect on mitochon-
drial biogenesis (through the up-regulation of the critical transcription factors PGC-1α
and TFAM), fission/fusion balance and mitophagy (through the regulation of DNM1L,
FIS1, MFN1, MFN2, and OPA1), ion homeostasis (through the regulation of SGK1 and
direct effect on ion channels) metabolism (substrate preferences and utilisation, ATP and
mROS output), and structural integrity. Such broad and diverse beneficial effects of SGLT2
inhibitors on mitochondria suggest their high potential for treating non-diabetic diseases.

4. Conclusions

SGLT2 inhibitors are a new and intensively studied class of medications used for
T2DM treatment. Recent research and clinical evidence showed that SGLT2 inhibitors could
reduce the incidence of cardiovascular complications in both T2DM and non-DM patients
with high efficacy, thus suggesting the potential role of SGLT2 inhibitors as a treatment
of CVD. Therefore, we can conclude that the beneficial effects of SGLT2 inhibitors on the
cardiovascular system are mediated by improving mitochondrial function and restoring
ion homeostasis. Several promising SGLT2 inhibitor-based T2DM therapies with CVD-
protecting activities are currently in development. However, given the highly diverse
nature of metabolic pathways involved in T2DM pathogenesis and the development of
associated cardiovascular complications, a clear understanding of the underlying molec-
ular mechanisms is required to provide adequate care and treatment. Despite significant
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success in understanding SGLT2 inhibitors’ pleiotropic activities, further collaboration
between clinical and basic science researchers is necessary to determine the exact molecular
mechanism of their action on the cardiovascular system. Such research would allow a more
comprehensive application of SGLT2 inhibitors also for CVD treatment.
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Abbreviations

AcAc CoA acetoacetyl CoA
ACAT1 acetyl-CoA acetyltransferase
AF atrial fibrillation
ATP adenosine triphosphate
BDH1 mitochondrial β-hydroxybutyrate dehydrogenase
C2-carnitine acetylcarnitine,
C4-OH carnitine hydroxy butyryl carnitine
CA cardiac arrest
CACNA1C voltage-dependent L-type calcium channel or LTCC
CaMKII Ca2+/calmodulin dependent kinase II
CaT Ca2+ transients
CMEC cardiac microvascular endothelial cell
CPT1 carnitine palmitoyltransferase 1
CVD cardiovascular diseases
DCMP diabetic cardiomyopathy
DKD diabetic kidney disease
DNM1L dynamin 1 like
FA fatty acids
FAM fatty acid metabolism
FAO fatty acid oxidation
FIS1 fission, mitochondrial 1
GSK-3α glycogen synthase kinase-3α
HFD high-fat diet
HfpEF heart failure with a preserved ejection fraction
HMGCL 3-hydroxy-3-methylglutaryl-coenzyme A lyase
HMG-CoA 3-hydroxy-3-methtylglutaryl-CoA
hRPTCs human renal proximal tubular cells
HSD high-sucrose diet
LA left atrial
LCCs L-type Ca2+-channels
MCT1 monocarboxylate transporter 1
MCU mitochondrial Ca2+ uniporter
MFN1, MFN2 mitofusin 1 and 2
NCLX mitochondrial Na+/Ca2+ exchanger
MMP9 matrix metalloproteinase 9
mROS mitochondrial reactive oxygen species



Int. J. Mol. Sci. 2022, 23, 5371 14 of 18

NCX1 sarcolemmal Na+/Ca2+-Exchange Protein 1
NHE sarcolemmal Na+/H+ -exchanger
NKA Na+/K+-ATPase
NOX2 NADPH oxidase 2
OPA1 optic atrophy protein 1
OS oxidative stress
OXPHOS oxidative phosphorylation
PCAL permanent coronary artery ligation
PGC-1α peroxisome proliferator-activated receptor gamma coactivator 1-alpha
PKC protein kinase C
PPAR-α peroxisome proliferator-activated receptor alpha
RyR ryanodine receptor
ScaEs spontaneous Ca2+ release events
SCaEs spontaneous Ca2+ release events
SCOT Succinyl-CoA:3-oxoacid-CoA transferase
SIRT7 NAD-dependent protein-lysine deacylase 7
SERCA sarco/endoplasmic reticulum Ca2+-ATPase
SGK1 serum/glucocorticoid regulated kinase 1
SGLTSOD2 Na+-glucose co-transportersuperoxide dismutase 2
TCA tricarboxylic acid cycle
T2DMTFAM type 2 diabetes mellitus transcription factor A, mitochondrial
βOHB β-hydroxybutyrate
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