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Abstract: Diabetic cardiomyopathy (DCM) characterized by diastolic and systolic dysfunc-
tion independently of hypertension and coronary heart disease, eventually develops into heart
failure, which is strongly linked to a high prevalence of mortality in people with diabetes
mellitus (DM). Sodium—glucose cotransporter type2 inhibitors (SGLT2Is) are a novel type of
hypoglycemic agent in increasing urinary glucose and sodium excretion. Excitingly, the
EMPA-REG clinical trial proved that empagliflozin significantly reduced the relative risk
of cardiovascular (CV) death and hospitalization for heart failure (HHF) in patients with type
2 DM (T2DM) plus CV disease (CVD). The EMPRISE trial showed that empagliflozin
decreased the risk of HHF in T2DM patients with and without a CVD history in routine care.
These beneficial effects of SGLT2Is could not be entirely attributed to glucose-lowering or
natriuretic action. There could be potential direct mechanisms of SGLT2Is in cardioprotec-
tion. Recent studies have shown the effects of SGLT2Is on cardiac iron homeostasis,
mitochondrial function, anti-inflammation, anti-fibrosis, antioxidative stress, and renin—
angiotensin—aldosterone system activity, as well as GlcNAcylation in the heart. This article
reviews the current literature on the effects of SGLT2Is on DCM in preclinical studies.
Possible molecular mechanisms regarding potential benefits of SGLT2Is for DCM are high-
lighted, with the purpose of providing a novel strategy for preventing DCM.

Keywords: diabetes, diabetic cardiomyopathy, SGLT?2 inhibitor, cardioprotection, molecular
mechanism

Introduction

Diabetes mellitus (DM) and related cardiovascular (CV) diseases are growing at an
astonishing speed. The Framingham Heart Study suggested that the risk of heart
failure (HF) independently increases up to twofold in men and fivefold in women
compared with age-matched control groups in DM." Even after adjusting for other risk
factors, such as age, hypertension, hypercholesterolemia, and coronary heart disease,
there is still an increase in the incidence of HF in patients with DM. Diabetic
cardiomyopathy (DCM) is defined as myocardial structural and functional abnormal-
ities in the absence of coronary artery disease, hypertension, and other cardiac valvular
disease in DM.? The main basic pathological changes of DCM include cardiomyocyte
apoptosis, hypertrophy, fibrosis, and microvascular lesions combined with oxidative
stress and inflammation. Progression of DCM can be divided into three stages.
Initially, it manifests as a subclinical status characterized by cardiac structural abnorm-
alities without functional changes. Then, these structural abnormalities of myocardial
fibrosis and related diastolic dysfunction gradually appear in DM, which often pro-
gresses to HF with preserved ejection fraction. Finally, aggravated structural changes
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in the heart ultimately lead to systolic dysfunction and HF
with decreased ejection fraction.> Sodium—glucose cotran-
sporter type 2 inhibitors (SGLT2Is) have a glucose-lowering
effect via a specific renal action by increasing glucosuria
independently of insulin. Therefore, they have extra benefits
of weight loss and a low risk of hypoglycemia.*

Recent CV-outcomes trials have revealed an unexpect-
edly strong cardioprotective role of SGLT2Is in patients
with type 2 DM (T2DM), who are at high risk of CV
diseases  (CVDs).”’  Empaglifiozin ~ (EMPA-REG
OUTCOME, canagliflozin (CANVAS Program), and dapa-
gliflozin (DECLARE-TIMI 58)
a reduction in CV mortality and hospitalization for HF
(HHF) in patients with T2DM within months of taking
SGLT2Is.® The EMPRISE trial also demonstrated that
empagliflozin decreased risk of HHF in T2DM patients

trials all showed

treated in routine care with or without CVD history.® As
such, SGLT2Is represent the first class of therapeutic
hypoglycemic agents that could decrease the risk of HHF
in patients with T2DM. The beneficial cardiac effects of
SGLT?2Is are partly due to metabolic improvement, such as
reduction in glycated hemoglobin (HbA;.), body weight,
uric acid, and visceral fat, or to hemodynamic improve-
ment, including lowering blood pressure, osmotic diuresis,
and reduced cardiac load.”'® However, the huge cardiac
benefits of SGLT2Is cannot be explained solely by these
changes. Firstly, beneficial effects of SGLT2Is on HF are
seen even among patients without T2DM.'" Secondly,
some antidiabetic drugs with greater decreases in HbA
show no cardioprotective effects.'? In addition, they can-
not be ascribed to natriuretic effect, since diuretic therapy
has been associated with increased risk of CVD and mor-
tality in patients with HF.">"'® As a consequence, accumu-
lating evidence has been gathered in an attempt to figure
out the possible underlying mechanisms of cardioprotec-
tion. In view of the rapid decline in risk of HHF, it can be
speculated that the benefits of SGLT2Is are due to the
direct effects on the heart itself, namely improved DCM,
instead of metabolic improvement. In this review, cardiac
structural and functional improvements and related direct
and potential molecular mechanisms of SGLT2Is for the
treatment and prevention of DCM are summarized.

Diabetic Cardiomyopathy

An important complication in DM, DCM is a specific CM
that causes high mortality and disability rates and seriously
affects quality of life in patients with DM. The definition
of DCM is based on changes in cardiac structure and

systolic and diastolic function independently of coronary
artery disease, hypertension, and severe valvular disease in
patients with DM.? It was first found in the autopsy results
of four diabetic patients who showed obvious symptoms of
HF in the absence of coronary artery disease and valvular
disease. In its subclinical status, DCM is asymptomatic
and only has structural abnormalities that cause left ven-
tricle (LV) stiffness and hypertrophy. Then, it progresses to
diastolic dysfunction. The main manifestation in the heart
is an obvious rise in atrial filling and isovolumetric relaxa-
tion time and a decline in early diastolic filling.'” The
development of systolic dysfunction occurs before LV
dilation and symptomatic HF.'” Cardiomyocyte hypertro-
phy, apoptosis, fibrosis, and cardiac microvascular injury
all lead to these cardiac functional and structural changes,
which eventually contribute to clinical intractable HF and
even malignant arrhythmia, cardiogenic shock.

Clinical trials have demonstrated that incidence of HF
in patients with DM fluctuated from 19% to 26%.'52°
Another study showed the incidence of HF in diabetic
patients (39%) was higher than that in nondiabetic patients
(23%), and that after 43 months of observation the relative
risk for developing HF was 1.3.' A population-based
observational study showed patients with DM had an
increased diastolic and systolic dysfunction and also
increased LV mass and LV-wall thickness.?> >* However,
intensive glucose control cannot produce the expected
benefits in CV complications in patients with DM. Other
kinds of glucose-lowering drugs have no decline on the
risk of HF events, even though they have greater glucose-
lowering effects.'* Furthermore, a new trial (DAPA-HF)
showed that dapagliflozin exerts a beneficial effect on the
progression of HF in patients without DM.* Therefore,
there could be other potential mechanisms associated with
improvement in CM.

The pathophysiology of DCM is quite complex, and
potential mechanisms are still under investigation. Insulin
resistance, hyperglycemia, and hyperlipidemia are key
points in the pathophysiology of DCM. Lipid-metabolism
disorders do great harm to the heart and often trigger
cardiac dysfunction in DM patients. Excess fatty-acid
uptake and lipotoxicity lead to cardiomyocyte steatosis
and hypertrophy with the deposition of triacylglycerols.?®
In addition, increased fatty-acid oxidation leads to more
oxygen uptake and reactive oxygen species (ROS) and
reactive nitrogen species overproduction.”® Calcium-
handling dysfunction, mitochondrial dysfunction, micro-
vascular dysfunction, increasing oxidative stress and

submit your manuscript

4776

Dove

Drug Design, Development and Therapy 2020:14


http://www.dovepress.com
http://www.dovepress.com

Dove

Li and Zhou

inflammation, endoplasmic reticulum stress (ERS), activa-
tion of the renin—angiotensin—aldosterone system (RAAS),
cardiac sympathetic nerve activity, and reduced nitric
oxide bioavailability have all been involved in the devel-
opment of DCM? (Figure 1). At present, there are no
effective preventive or therapeutic measures for DCM.
The cardioprotective effects of glucose-lowering drugs
are drawing attention. Interestingly, several glucose-
lowering drugs in use, such as GLP1-receptor agonists
and SGLT2Is, have been demonstrated to have beneficial
effects on cardiac protection beyond control of blood
glucose. Currently, more basic studies are focused on the
molecular mechanisms of cardioprotection with these glu-
cose-lowering drugs, in order to attenuate DCM.

SGLT2 Inhibitors

There are two forms of SGLT expressed in the kidney: SGLT1
and SGLT2. In healthy conditions, all the filtered glucose
(~180 g/day) is reabsorbed in the renal proximal tubule.
SGLT?2 is located in the early part of the proximal tubule
(S1) and accounts for 80%—90% of filtered glucose reabsorp-
tion. SGLT]1 is located in the later part of the proximal tubule
(S2/S3) and accounts for the remaining 10%—-20% of filtered
glucose reabsorption.”’ ! As a consequence, SGLTI and

Oxidative stress
and ERS

Mitochondrial
dysfunction

Hyperglyceamia
Hyperlipidaemia

Inflammation Sympathetic

nerve activation

Activation of
RAAS

Calcium handling
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Figure | Mechanisms of diabetic cardiomyopathy. Hyperglycemia and hyperlipide-
mia induce metabolic changes in the heart that cause mitochondrial dysfunction,
oxidative stress, inflammation, and endoplasmic reticulum (ER) stress in cardiomyo-
cytes. Oxidative stress, ER stress, and inflammation can trigger the renin—angioten-
sin—aldosterone system (RAAS), enhance cardiac sympathetic nerve activity, and
calcium-handling dysfunction. These changes mediate cardiac hypertrophy, apopto-
sis, fibrosis, and microvascular dysfunction, resulting in diastolic and systolic
dysfunction.

SGLT?2 are together in charge of glucose reabsorption in the
proximal tubule normal  physiological
conditions.”” SGLT2 is primarily detected in the kidney,
while SGLT1 is expressed mainly in the kidney and gut,

renal under

with a small amount expressed in lungs and the heart.>' In
T1DM and T2DM, SGLT2 expression in the proximal tubule
of the kidney is increased, which is consistent with the animal
model of DM.*¢ Therefore, the regulation of SGLT2 has
been confirmed as a new effective target for treatment of DM.
Indeed, selective SGLT2Is prevent major reabsorption of glu-
cose and increase urinary glucose and sodium excretion,
thereby decreasing plasma-glucose levels in an insulin-
independent manner and leading to a low risk of
hypoglycemia.**” (Figure 2). Furthermore, the use of
SGLT2Is can moderately reduce body weight, uric acid, and
systolic and diastolic blood pressure in DM.*® Common
adverse reactions of SGLT2Is include urinary tract infection,
hypovolemia, and ketoacidosis. Among these, the risk of
reproductive tract infection is completely controllable and
the incidence of ketoacidosis very low. SGLT2Is available in
China include canagliflozin, dapagliflozin, and empagliflozin.
Other SGLT2Is include ipraglifiozin, luseogliflozin, tofogli-
flozin, remogliflozin, sotagliflozin, bexagliflozin, and ertugli-
flozin. Notably and interestingly, empagliflozin has higher
selectivity to bind to SGLT2 than SGLT1 (2,500-fold) than
dapaglifiozin (1,200-fold) and canagliflozin (413-fold).*
Large clinical trials have demonstrated that SGLT2Is
have protective effects on the heart in patients with

T2DM. EMPA-REG OUTCOME  showed that
Renal proximal tubule
Glucose
(80%-90%) SGLT2inhibitors 8
@ _inhibit____
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&
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Figure 2 Glucose-lowering mechanisms of SGLT2 inhibitors. The renal proximal
tubule accounts for the absorption of all the filtered glucose (~180 g/day) while
SGLT?2, which is located in the early part of the proximal tubule (SI), accounts for
the 80%—90% of filtered glucose reabsorption. Therefore, SGLT2Is prevent major
reabsorption (80-90%) of filtered glucose in the early proximal tubule and increase
urinary glucose excretion.
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empagliflozin may reduce the risk of CV mortality, all-
cause mortality, and HHF by 38%, 32%, and 35%, respec-
tively, during treatment of 3.1 years in 7,020 patients with
T2DM who were at high CV risk.” CANVAS showed cana-
gliflozin lowered the 3P-MACE primary end point by 14%
and incidence of HHF by 33% in T2DM patients.® The
mechanisms of cardioprotective effect of SGLT2Is are not
fully clear. It is unlikely that HHF events are reduced by
SGLT2Is due to mitigating coronary atherosclerosis, since
these drugs do not decrease the risk of myocardial infarction
and stoke.” This benefit for HF could not be attributed to
their promoting sodium excretion, since they produce
decreased natriuretic peptides only modestly, and diuretics
do not have favorable effects on the evolution of HF.
Recently, DECLARE-TIMI 58 also demonstrated that
another SGLT2I named dapaglifiozin decreased the inci-
dence of HHF and composite 3P-MACE primary end
point by 17%.” EMPRISE demonstrated that compared
with sitagliptin, treatment with empagliflozin decreased
risk of HHF among T2DM patients with or without
CVD.® 1t has that  SGLT2Is
prevents deterioration of cardiac function in various models
of HE.***? These studies suggest that SGLT2Is play an
important role in prevention of DCM. It is very important
to understand potential mechanisms of SGLT2Is in DCM to
find new treatment targets in patients with DCM.

been  reported

Potential Mechanisms of SGLT?2
Inhibitors in DCM

As known, SGLT?2 is located mainly in the renal proximal
tubule, responsible for absorption of glucose. SGLT2
mRNA has also been detected in testes, cerebral arteries,
and the cerebellum.**** However, SGLT2 is not expressed
in normal or failing myocardium,* indicating direct ben-
efits of SGLT2Is for hearts is not through inhibition of
SGLT2.

SGLT?2 Inhibitors and lon Homeostasis in
DCM

Myocardial Ca*" and Na* homeostasis are essential for cardi-
omyocyte energy production and respiration, proper cardiac
signal transduction, and heart-rhythm regulation.***’ Ca®"
homeostasis is mainly regulated by ion channels and exchan-
gers, such as the Na™—Ca”" exchanger (NCX), L-type Ca*"
channels, ryanodine receptors, and sarcoplasmic reticulum
calcium ATPase 2a (SERCAZ2a), which is responsible

for contraction and relaxation of cardiomyocy‘tes.‘“’#‘8

Meanwhile, Na" homeostasis is usually in charge of the Na'—
H" exchanger (NHE), NCX, and the Na'—K" pump, which
directly affects cardiomyocyte Ca*" concentrations.**~” Both
calcium and sodium concentrations are changed in
DCM. #3133 Changes in Na" transport in the diabetic heart
are attributed to declined NCX activities but increased NHE
activity, leading to excess cytoplasmic Na™>*>® Increased
intracellular Na* and Ca®" lead to mitochondrial dysregulation,
energy imbalance, excess ROS production, and cardiac hyper-
trophy and fibrosis.>

Recent studies have suggested that SGLT2Is have an
important effect on ion homeostasis in the diabetic heart
(Figure 3). A study demonstrated that 1-10uM dapagliflozin
increased the amplitude of shortening and Ca®" transience in
cardiomyocytes of streptozotocin (Stz)-induced diabetic
rats.®® Dapaglifiozin decreased only cardiomyocyte systolic
Ca®', with no change in intracellular diastolic Ca>*, while
there was no such effect in the diabetic group. These changes
happened after only 5 minutes’ intervention with dapaglifio-
zin, indicating dapaglifiozin exerted acute negative inotropic
effects on diabetic cardiomyocytes through the mechanisms
of Ca®" transport.”" Baartscheer et al demonstrated that
empaglifiozin (0.25-1 uM) reduced cardiomyocyte sodium
([Na*].) and calcium ([Ca*'].) and increase mitochondrial
calcium ([Ca®'],,) independently of SGLT2 inhibition itself
through inhibition of NHE activity.®' With the exposure of 5
mM and 11 mM glucose, empagliflozin both inhibited NHE
and reduced [Na']., which supported the view that changes
in extracellular glucose concentration had no relationship
with these direct effects in cardiomyocytes by empagliflozin.
In addition, dapagliflozin (1 pM) and canagliflozin (3 pM)
also have a direct cardiac effect by decreasing NHE1 activity
and reducing [Na']., indicating a direct class effect of
SGLT2Is on cardiomyocytes.”> The interaction between
SGLT2Is and NHE1 was further proved by molecular bind-
ing study, which showed that these SGLT2Is had strong
binding capacity with the extracellular Na'-binding point of
NHE.** SGLT2Is may have an extra off-target effect on
NHE]1, which could explain the CV benefits. A subsequent
study showed that dapaglifiozin (0.4 puM) attenuated the
upregulation of cardiac NHEI1 also in lipopolysaccharide-
induced mouse cardiac fibroblasts through AMPK
activation.”’ Therefore, the impact of SGLT2Is on NHE
may be different in different cardiac cells. Two studies
recently showed SGLT2Is improve diastolic function in
a T2DM mouse model. The first study showed that empagli-
flozin improved Ca®" homeostasis by increasing phospho-
lamban phosphorylation and enhancing SERCA2a function,
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Figure 3 Potential molecular mechanisms of SGLT2 inhibitors on iron homeostasis, mitochondrial function, and cardiac microvasculature in diabetic cardiomyopathy.

SGLT2Is can reduce cardiomyocyte sodium (Na®) and calcium (Ca®*) by inhibition of NHE activity in cardiomyocytes. In addition, SGLT2ls also regulate Ca**

through

enhancing SERCA2a function and CaMKII activation. SGLT2Is can enhance mitochondrial function by improvement of mitochondrial fusion—fission proteins, such as Mfnl:
Mfn2 ratio and Fisl, as well as Drpl, which is dependent of AMPK activation. Activation of the PGCla—NRF|-Tfam signaling pathway by SGLT2Is play a crucial role in
regulation of mitochondrial biogenesis in the diabetic heart. Microcirculation can be improved by SGLT2Is by eNOS phosphorylation and NO-dependent improvement of
endothelial function. All these changes have beneficial effects on attenuation of cardiac stiffness and diastolic dysfunction

thus further contributing to improvement in cardiac relaxa-
tion and diastolic function in diabetic mice.** Since calcium
plays an important role in activating cardiac hypertrophic
signaling pathways, including MAPKSs, empaglifiozin also
activated the three MAPK-signaling pathways in diabetic
hearts by modulation of intracellular Ca**, leading to cardiac
hypertrophy.®*®> In the second study, empagliflozin amelio-
rated LV diastolic function by decreasing CaMKII Thr?*
activation with subsequent lower phosphorylation of ryano-
dine receptors in a model of DCM, indicating that improve-
ment in diastolic function was likely mediated by reduced
spontaneous diastolic sarcoplasmic reticulum calcium

leakage.®®

SGLT?2 Inhibitors and Mitochondrial
Function in DCM

Mitochondria are important for the maintenance of cardiac
physiological function by their actions in ROS production,
Ca”" handling, cell apoptosis, and energy production.®’ The
mechanisms of cardiac mitochondrial dysfunction in DCM
involve altered energy metabolism, oxidative stress,
impaired mitochondrial calcium handling, cell apoptosis,

and altered mitochondrial dynamics and biogenesis.®®

Mitochondria are dynamic structures that maintain balance
%9 Mitochondrial

fusion contributes to the composition of normal mitochon-

through constant fusion and division.

dria and maintenance of mitochondrial function.
Mitochondrial fission is a mechanism for the elimination
of dysfunctional mitochondria through autophagy in cells.”®
Mitochondrial fusion is mediated by the interaction
between Mfnl and Mfn2 in the outer membrane of mito-
and Opal in the

mitochondria.’

chondria inner membrane of
! On the other hand, mitochondrial division
is recruited to specific sites of the outer membrane of
Fisl, and MFF.”

Mitochondrial dysfunction, impaired dynamics, and cardiac

mitochondria by the role of Drpl,

contractile dysfunction are observed in diabetic patients.®’

Accumulating evidence suggests that SGLT2Is may
regulate mitochondrial function and dynamics in DCM
(Figure 3). DM exhibits a marked expansion of myocardial
mitochondrial ultrastructure, including intermyofibrillar
mitochondria, decreasing matrix electron density, loss
and fusion of cristae, and mitochondrial fragmentation in
cardiac tissue, while these ultrastructural anomalies are
improved by empagliflozin treatment.”* In a rat model of
metabolic syndrome, dapaglifiozin preserved depolarized
mitochondrial membrane

potential and suppressed
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prolonged ventricular repolarization and oxidative stress
by improvement of mitochondrial fusion—fission proteins,
eg, through normalization of the Mfnl:Mfn2 ratio and
Fisl, beyond a glucose-lowering effect.”> Empagliflozin
inhibits mitochondrial fission by increasing Drpl1S637
phosphorylation and decreasing Drp1S616 phosphoryla-
tion through the activation of AMPK, ultimately leading
to suppressed ROS and reserved cardiac microvascular
function.”* Another study showed that empaglifiozin
inhibited mitochondrial fission by suppressing Fisl upre-
gulation after myocardial infarction in diabetic hearts and
contributed to normalization of the size and number of
mitochondria and promotion of autophagy in the diabetic
rat heart. As a consequence, empagliflozin reduced dia-
betic myocardial infarction size.””> As such, SGLT2Is have
an important role in regulation of mitochondrial dynamics,
including mitochondria fusion and fission. However, the
exact role of mitochondrial fission and fusion in the occur-
rence and progression of DCM remains unclear. In addi-
tion, the detailed molecular mechanism of SGLT2Is
regulating mitochondrial fusion and fission is uncertain.
It is still uncertain whether AMPK activation, one of the
important regulators in mitochondrial fission, is a class
effect of SGLT2Is or a drug-specific effect of empagliflo-
zin. Future studies are needed.

As is known, DCM is related to high incidence of atrial
fibrillation (AF). A recent study showed that empagliflozin
can ameliorate atrial structural and electrical remodeling
through improving mitochondrial respiratory function and
mitochondrial biogenesis in a high-fat diet in Stz-induced
diabetic rats.”® ThePGC1o—NRF1-Tfam signaling pathway
plays a crucial role in regulation of mitochondrial biogenesis
in diabetic rats.”® Empagliflozin upregulates PGCla, NRF1,
and Tfam in the diabetic heart. PGCla is regulated by
AMPK and conducted by NRF1 and Tfam.”””’® As such,
empagliflozin prevents the atrial fibrillation inducibility in
diabetic rats. Inhibition of atrial remodeling in DM may be
a potential benefit in DCM.

SGLT?2 Inhibitors and Cardiac

Microvasculature in DCM

Coronary microvascular dysfunction plays an important
role in development and progression of DCM. It influences
coronary blood flow, cardiac blood perfusion, and diastolic
and systolic function.”® Structural abnormalities of coron-
ary artery microcirculation include inflammatory infiltra-
tion, lumen obstruction, perivascular fibrosis, and vascular

remodeling.*® Regarding functional aspects, coronary
microcirculation abnormalities include dysfunction of
endothelial cells and smooth-muscle cells and ischemic
reperfusion and dysfunction of vascular relaxation and
constriction.* Cardiac microvascular endothelial cells
(CMECs), the main cells in cardiac microcirculation, suf-
than
cardiomyocytes.®' The progression of DM contributes to
depletion of CMEC viability and metabolic defects in
vascular smooth-muscle cells. Thickening of the basement

fer hyperglycemic injury much more easily

membrane in small coronary vessels and microvessels
leads to the occurrence and development of coronary
microvascular disease and myocardial fibrosis, as well as
a decrease in myocardial perfusion, which affects diastolic
and contractile functioning in the heart.®?

In a recent study, empagliflozin had a direct protective
effect on diabetic coronary microcirculation through two
mechanisms: enhancement of endothelial function and
decreased vascular remodeling. Empagliflozin improved
eNOS phosphorylation and endothelium-dependent con-
traction and relaxation in cardiac microvasculature,
thereby reducing endothelial inflammation and vascular

permeability’**?

(Figure 3). In addition, empaglifiozin
improved cardiac microcirculation perfusion through
increased microvessel density and lessened vascular
remodeling.”* Empagliflozin also increased CMEC survi-
val through inhibition of mitochondrial ROS production
and oxidative stress.’* Through these changes, empagliflo-
zin enhanced myocardial blood circulation and perfusion.
Consistently with these results, Adingupu et al demon-
strated that empaglifiozin improved coronary microvascu-
lar function in terms of coronary flow—velocity reserve via
NO-dependent improvement in endothelial function in
prediabetic ob/ob ™~ mice, since empagliflozin raised the
L-arginine:ADMA ratio, a marker of endothelial function.
Contractile function measured by fractional area change
was also improved by empaglifiozin.®* Another study
reported CMEC and cardiomyocyte function in a novel
coculture system. CMECs promoted cardiomyocyte con-
traction and relaxation. Inhibition of NO production in
CMEC:s lessened the beneficial effect of CMECs on con-
traction and relaxation function of cardiomyocytes.
Empagliflozin decreased excess mitochondrial and cyto-
plasmic ROS production in CMECs, thus enhancing NO
bioavailability and leading to enhancement of cardiomyo-
cyte relaxation and contraction.® Then, a question was
raised as to whether the molecular mechanisms of
SGLT2Is on CMECs are specific to the inhibition of
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SGLT2. SGLT1 has been found in the heart, while SGLT2
has been found in the kidneys.***” Uthman et al showed
that empagliflozin (1 pM) and dapaglifiozin (1 pM)
restored NO bioavailability by inhibiting ROS generation
in TNFa-induced human coronary arterial endothelial cells
(HCAEC:) independently of SGLT2 inhibition, as SGLT2
mRNA was in fact not detectable in HCAECs.®® In order
to clarify the molecular mechanism of SGLT2I effects on
CMECs, further studies on gene knockdown by SGLT2
siRNA in CMECs or isolated endothelial cells are needed
urgently.

SGLT2 Inhibitors and Oxidative and
Endoplasmic Reticulum Stress in DCM

In DM, hyperglycemia and insulin resistance promote ROS
production and activation of ERS, including dysfunction of
Ca*" handling and excess unfolded proteins.®® These meta-
bolic abnormalities all lead to the occurrence and progression
of DCM.”>* The interaction of oxidative stress and ERS
promotes cardiomyocyte apoptosis, necrosis, and autophagy,
and thus affects the systolic and diastolic functions of the
myocardium.'” Studies have reported the potential role of
SGLT2Is as cardiac antioxidant modulators through inhibi-
tion of oxidative stress beyond their glucose-lowering
effects.”> ™ Suppression of oxidative stress by SGLT2Is
leads to attenuation of cardiac fibrosis and hypertrophy in
DM.?*® Several studies have explored potential molecular
mechanisms of antioxidative stress in SGLT2Is (Figure 4).
First, changes in Zn®" of cardiomyocytes were associated
with antioxidative effects and attenuation of LV-developed
pressure in insulin-resistant metabolic syndrome rats.”’
Acute and chronic hyperglycemia both induced increased
oxidative stress and rising levels of free Zn”>" in cardiomyo-

which contributed to cardiac dysfunction.”®"’

cytes,
Dapaglifiozin increased the protein levels of the Zn*" trans-
porters ZIP7 and ZIP14, which account for Zn*" influx into
cardiomyocytes. On the contrary, dapagliflozin decreased
ZnT7, which is in charge of Zn*" efflux in cardiomyocytes,
thus resulting in Zn>" upregulation in cardiomyocyte and
cardiac antioxidative effects.”” NADPH oxidase is one of
the main mechanisms of ROS production in the diabetic
heart.'® Li et al showed that empagliflozin enhanced cardiac
structure and function and alleviated excessive oxidative
stress by reducing NOX4 and increasing Nrf2 and HO1
expression in cardiac tissue of diabetic mice. It seems that
empaglifiozin causes translocation of Nrf2 to the cell nucleus

and activates the Nrf2—ARE signal to suppress oxidative
stress in the diabetic heart.'""

Nrf2 is a target of SGLT2Is in suppression of oxida-
tive stress in DCM. Empagliflozin reverses these
changes by activation of the sGC—cGMP-PKG pathway.
Furthermore, with inhibition of the sGC—-cGMP-PKG
pathway by sGC siRNA in hearts, the cardiac benefits
in DCM of empagliflozin are reversed.'® Consistently,
a study proved that in cardiomyocytes from patients
with HF with preserved ejection fraction and obese
diabetic rats, empaglifiozin reduced inflammatory and
oxidative stress in both cardiomyocyte cytosol and mito-
chondria in HF with preserved ejection fraction and
improved the NO-sGC-cGMP cascade and PKGIa
activity via reduced PKGlo oxidation and polymeriza-
tion, leading to reduced cardiomyocyte passive
stiffness.'®® This may lead to enhancement of cardiac
diastolic function. These studies indicate that sGC—
cGMP-PKG may be a promising therapeutic option for
DCM. In addition to antioxidative stress, Zhou et al
demonstrated empagliflozin protected against DCM by
inhibition of the ERS pathway. Empagliflozin downre-
gulated the expression of CHOP and GRP78, a marker
reflecting activation of ERS, and decreased mRNA
levels of ERS-associated factors, including ATF4,
TRAF2, and XBP1, in the myocardia of diabetic rats.
As a consequence, empagliflozin decreased caspase 3
expression and cardiomyocyte apoptosis, and eventually

enhanced cardiac function in Stz-induced diabetic

rats. 104

SGLT?2 Inhibitors and Inflammation
Factors and Cardiac Fibrosis in DCM

Inflammatory response has been implicated in the develop-
ment of DCM. Activation and expression of proinflamma-
tory cytokines, such as IL6 and IL8, TNFa, MCPI,
VCAMI, and ICAMI, all lead to cardiac oxidative stress,
These

inflammatory responses exist in various kinds of cardiac

fibrosis, apoptosis, and cardiac dysfunction.'’

cells, including cardiomyocytes, coronary endothelial cells,
and cardiac fibroblasts.

Anti-inflammation effects of SGLT2Is play a role in
protection against DCM. Several studies have demon-
strated that SGLT2Is lessened cardiac macrophage infiltra-
tion and decreased inflammatory cytokines (TNFo and
TGFB) in diabetic mice.”**!'*> Insulin resistance and
hyperglycemia can activate a molecular marker, NLRP3,
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Figure 4 Potential molecular mechanisms of SGLT?2 inhibitors on oxidative stress, endoplasmic reticulum stress, inflammation factors, and fibrosis in diabetic cardiomyo-
pathy. SGLT2lIs can inhibit oxidative stress by rising levels of free Zn*" in cardiomyocytes, translocation of Nrf2 to the cell nucleus, activation of the Nrf2-ARE signal, and
activation of the sGC—cGMP-PKG pathway. SGLT2lIs also inhibit ERS through inhibition of CHOP and GRP78. Inflammation factors, such as NLRP3, ASC, caspase |, IL6,
TNFa, and MCPI, are all attenuated by SGLT2Is dependent of AMPK activation. SGLT2Is prevent cardiac fibrosis through the SGKI1-ENac and TGFB-Smad pathways. All
these changes by SGLT2Is lead to attenuation of cardiomyocyte apoptosis, hypertrophy, and fibrosis.

in DCM, leading to activation of procaspase 1, IL1B, and
IL18.'°° A study proved that dapagliflozin attenuated
NLRP3, ASC, IL1B, IL6, and caspase 1, as well as
TNFa mRNA levels, markedly through the activation of
AMPK in hearts of diabetic mice.'”” In cardiac fibroblasts
in vitro, dapagliflozin (0.3-0.5 uM) attenuated lipopoly-
saccharide-induced upregulation of the NLRP3 inflamma-
some, while phlorizin (an SGLT1 and SGLT2 inhibitor,
100 uM)) alone had no effect on the NLRP3 inflamma-
some, indicating that the anti-inflammation effects of
dapaglifiozin were independent of SGLT1 and SGLT2
inhibition.'”” In a T2DM rat model, empagliflozin acti-
vated AMPK and promoted autophagy in the heart, con-
sequently decreasing levels of cardiac proinflammatory
cytokines, including IL6, TNFo, and MCP1, supporting
the theory of a direct effect of empagliflozin in attenuation
of cardiac inflammation.'”® As such, AMPK activation
may be a key point in inhibition of the anti-inflammatory
effects of dapagliflozin. Moreover, dapaglifiozin also
activates another key molecule — mTOR — a mediator
of survival and metabolism, leading to activation of Akt

and FOXO3 and attenuating the progression of DCM.'®”
These effects suggestd that SGLT2Is can be beneficial for
cardiac inflammation in DCM.

Beneficial effects of SGLT2Is on diastolic function can be
mediated by improved antifibrotic effects. Empaglifiozin
attenuates cardiac fibrosis associated with the amelioration

inflammation.”>*°

of cardiac oxidative stress and
Empaglifiozin can inhibit the SGK1—epithelial sodium chan-
nel profibrosis signaling pathway, leading to decreased myo-
cardial interstitial fibrosis in a female rodent model of
DM."'? It has been reported that SGK 1 is directly associated
with cardiac profibrotic/hypertrophic effects and is highly
expressed in the heart under hyperglycemia.''"*''? Another
study showed that empagliflozin suppressed cardiac fibrosis
through inhibition of the TGFp—Smad pathway in T2DM

191 Empagliflozin significantly attenuates TGF,-

mice.
induced fibroblast activation and cell-mediated ECM remo-
deling, together with suppression of critical profibrotic mar-
kers, including COL1A1, ACTA2 (aSMA), CTGF, FN1, and
MMP2 in vitro, which suggests antifibrotic effects with

empaglifiozin.'"

submit your manuscript

4782

Dove

Drug Design, Development and Therapy 2020:14


http://www.dovepress.com
http://www.dovepress.com

Dove

Li and Zhou

SGLT?2 Inhibitors and Renin—Angiotensin—
Aldosterone System in DCM

The RAAS plays an important role in the pathogenesis
of DCM. Inappropriate activation of the RAAS exacer-
bates cardiac remodeling, interstitial fibrosis, and diasto-
lic dysfunction in DCM.'"'* As SGLT2Is contribute to
cardiorenal protection in DM, the RAAS may be
a potential target. SGLT2Is can result in natriuresis,
which can trigger elevated plasma angiotensin II
(Angll) as compensation for the sodium and water
loss.''>''® The Angll levels by raised SGLT2Is could
act through Angll type II receptors, thus leading to
RAAS blockade and subsequent vasodilation, anti-
inflammatory effects, and positive systolic
effects.”!”""'® As such, these drugs may act via nonclas-
sic RAAS pathways. However, the action of SGLT2Is
on the renal RAAS
(AGT) is an important biomarker that reflects renal
RAAS activity.

increases AGT mRNA levels in cultured human prox-

is uncertain. Angiotensinogen

Intervention with elevated glucose
imal tubular cells."'” Therefore, SGLT2Is may lower
blood-glucose levels and cause a decrease in AGT levels
in human early proximal tubular cells. On the contrary,
SGLT2Is can increase glucose excretion in the distal
proximal tubule and lead to an increase in AGT produc-
tion. The different effects of SGLT2Is on early proximal
tubular and later proximal tubular cells determines the
different impacts on renal RAAS. A study showed treat-
ment with dapaglifiozin expressively decreased urinary
Angll and AGT levels in T2DM rats.'*® Canagliflozin
AGT
T2DM mice and mitigated renal inflammation and
2l The evidence that SGLT2Is activate the
intrarenal RAAS in DM is poor. Future study is needed

prevented intrarenal upregulation in

fibrosis.

to evolve better biomarkers for the intrarenal RAAS.
RAAS inhibition of SGLT2Is presumably plays an
important role in cardiorenal protection from DM that
is the same as RAAS inhibitors.

Others

Decreased ketogenesis is often seen in T2DM related to
insulin resistance and hyperinsulinemia.'?* Ketones may
play a crucial role in balancing energy metabolism in
prevention of DCM, instead of glucose utilization.'*?
SGLT2Is can increase ketone concentration in both
DM and non-DM.'**'?5 Increasing ketone levels pro-

motes ketone oxidation and improves cardiac energy

utilization in mice with DCM.'?® It has been demon-
strated that ketones, such as 3-hydroxybutyrate, can
promote cardiac contractility and exert beneficial hemo-
dynamic effects in HF.'”” As such, SGLT2Is enhance
ketone-body metabolism and have a beneficial effect in
myocardium energy metabolism. SGLT2Is have shown
favorable effects on lipid profile. An increase in LDL-C
and HDL-C levels and a decrease in triglycerides and
small, dense LDL levels have been seen by application
of SGLT2Is.'*® Furthermore, a study showed empagli-
flozin induced significant decrease in cardiac lipotoxi-
city, such as sphingolipids and glycerophospholipids, as
well as the fatty-acid CD36 in T2DM rats.'* Lipid
metabolism in the heart, which has a crucial role in
the development of DCM and HF,"*° is improved by
empagliflozin.

Studies have shown that the density and number of sym-
pathetic nerve fibers are significantly increased in diabetic
hearts,
nerves

suggesting  overactivation of  sympathetic

in DCM 131,132
Overactivation of the sympathetic nervous system promotes

playing an important role
cardiac hypertrophy, fibrosis, cardiomyocyte apoptosis, and
cardiac dysfunction.'*® Dapagliflozin decreases tyrosine-
hydroxylase density and myocardial norepinephrine content,
contributing to attenuation of myocardial damage and fibro-
sis, indicating that improved sympathetic nerve activity is
a potential mechanism for the cardiac protection of SGLT2Is
in DCM.'% Chronic activation of the hexosamine biosyn-
thetic pathway and subsequent excessive O-GIlcNAcylation
is associated with DM and affects heart function in hypergly-
cemia. O-GlcNAcylation impairs cardiac Ca®" homeostasis,
mitochondrial function, and ERS by modulating key protein
targets, such as phospholamban, calmodulin kinase II, and
FOXOIl, in the diabetic heart.** 137
prevents DCM by decreasing O-GlcNAcylated protein levels

Dapagliflozin

in diabetic lipodystrophic mice.'*® The study establishing
this specifically highlighted that O-GlcNAcylated levels of
FOXO1 decreased by SGLT2Is contributed to improvement
in cardiac function and attenuation of DCM."*® Targeting the
O-GlcNAcylation of specific proteins by SGLT2Is seems to
be a possible method in the prevention and treatment
of DCM.

Conclusion

At present, there is no effective method to prevent the
development of DCM. Simply glucose-lowering cannot
prevent progression of DCM and subsequent HF.
CV-outcome trials have revealed unexpectedly strong

Drug Design, Development and Therapy 2020:14

submit your manuscript

4783

Dove


http://www.dovepress.com
http://www.dovepress.com

Li and Zhou

Dove

cardioprotective effects of SGLT2Is in patients with
T2DM independently of glucose lowering. More and
more studies are focusing on the direct potential mechan-
ism of SGLT2Is on the heart itself in a hyperglycemic
studies on SGLT2Is
in protection from and treatment of DCM were summar-

state. In this review, related
ized. Restorative cardiac iron homeostasis, improved

mitochondrial function, and microcirculation, anti-

inflammation, antifibrosis, and antioxidative stress,
enhanced ketone-body metabolism and beneficial meta-
bolic effects, declined sympathetic nerve activity,
O-GlIcNAcylation, and RAAS inhibition are implicated
in the cardioprotective effects of SGLT2Is. Among all
the molecules, the AMPK pathway is the most important
and closely related to SGLT2Is in DCM, which is acti-
vated by SGLT2Is in various kinds of cardiac cells, such
as cardiomyocytes, cardiac fibroblasts, immune cells, and
vascular endothelial cells.'** The mitochondrion is the
determinant organelle in the heart for SGLT2Is actions.
SGLT2Is improve impaired mitochondrial respiratory
function, mitochondrial biogenesis, and mitochondrial
ultrastructure and dynamics in DCM. It is possible that
multiple mechanisms are involved in the action of
SGLT2Is on DCM. Further studies are essential to
improve our understanding of molecular mechanisms of
SGLT2Is in DCM, which provides a new treatment strat-

egy for DCM.
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