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Abstract

Sodium-glucose cotransporter 2 (SGLT?2) inhibitors, a class of drugs that promote urinary glucose excretion in the treatment of
diabetes, have provoked large interest of scientific and professional community due to their positive and, somehow, unexpected
results in the three major cardiovascular outcome trials (EMPA-REG OUTCOME trial with empagliflozin, CANVAS Program
with canagliflozin, and DECLARE-TIMI 58 with dapagliflozin). In fact, along with the reduction of major adverse cardiovas-
cular events, SGLT?2 inhibitors reduced significantly hospitalization for heart failure regardless of existing atherosclerotic car-
diovascular disease or a history of heart failure. The latter have reminded us of the frequent but neglected entity of diabetic
cardiomyopathy which is currently poorly understood despite its great clinical importance. Physiological mechanisms respon-
sible for the benefits of SGLT2 inhibitors are complex and multifactorial and still not well defined. Interestingly, the time frame of
their effect excludes a glucose- and antiatherosclerotic-mediated effect. It would be of great importance to better understand
SGLT?2 inhibitor mechanisms of action since they could have a potential to be used in early stages of diabetes as cardioprotective
agents. There are widely available biomarkers as well as echocardiography that are used in everyday clinical practice and could
elucidate physiological mechanisms in the heart protection with SGLT2 inhibitors treatment but studies are still lacking. The
purpose of this minireview is to summarize the latest concepts about SGLT2 inhibitors and its benefits regarding diabetic
cardiomyopathy especially on its early stage development and to discuss controversies and potential future developments in

the field.
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Introduction

Great interest of scientific and professional community is pro-
voked when the unexpected beneficial effects of certain drug
occur, especially on entities that are epidemiologically very
significant as type 2 diabetes.
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This is currently emerging with sodium-glucose
cotransporter 2 (SGLT2) inhibitors that have also reminded
us of the neglected but common entity of diabetic cardiomy-
opathy, which is probably even more frequent than ischemic
events in diabetes [1].

Before the results of the three major outcome trials with
SGLT2 inhibitors (EMPA-REG OUTCOME trial with
empagliflozin, CANVAS Program with canagliflozin, and
DECLARE-TIMI 58 with dapagliflozin), no one could have
predicted that SGLT?2 inhibitors, that work to promote urinary
glucose excretion in the treatment of hyperglycemia, would no-
tably reduce mortality in patients with type 2 diabetes, possibly
driven by a reduction in heart failure as opposed to
atherothrombotic events [2—4]. But how do SGLT2 inhibitors
work to reduce hospitalization for heart failure, not only in pa-
tients suffering from the disease, but also in those who (still) do
not have this disease, as it was shown by DECLARE-TIMI 58
trial is still controversial. Physiological mechanisms responsible
for these benefits are not yet well understood. The time frame of
the effect precludes a glucose- and antiatherosclerotic-mediated
effect and while struggling to understand the potential
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mechanisms responsible for cardioprotective effects of SGLT2
inhibitors and their clinical implications, some questions have
come into focus: can SGLT?2 inhibitors be used to prevent heart
failure in diabetes, do SGLT?2 inhibitors reverse pathological car-
diac remodeling in subjects with diabetes, and can SGLT2 inhib-
itors be a treatment for heart failure in patients without type 2
diabetes [5-8]? So, in addition to having partly changed the US
and European guidelines when it comes to patients with
established atherosclerotic disease, these drugs have the potential
to further be used in the sphere of prevention and
cardioprotection [9].

The purpose of this minireview is to summarize the latest
concepts about SGLT2 inhibitors and its benefits regarding
diabetic cardiomyopathy especially on its early stage develop-
ment as well as to discuss controversies and potential future
developments in the field.

Discussion and future perspective

Cardiovascular disease is the primary cause of morbidity and
mortality in type 2 diabetes. Diabetic patients are predisposed
to a distinct cardiomyopathy (diabetic cardiomyopathy) inde-
pendent of concomitant macro- and micro-vascular complica-
tion which is characterized by the development of myocardial
fibrosis, cardiomyocyte hypertrophy, and apoptosis. The path-
ophysiology underlying diabetic cardiomyopathy is multifac-
torial, with elevated oxidative stress as a key contributor [10].
This clinical entity is currently poorly understood, but is ob-
viously of great clinical importance, given the robust associa-
tion of diabetes with heart failure and increased cardiovascular
mortality [11]. Despite its great significance, a specific strate-
gy to prevent or treat heart failure associated with diabetes has
not been established [12].

SGLT-2 inhibitors have become the topic of interest due to
the benefits in cardiovascular outcome trials beyond other
antidiabetic drugs. They are a novel class of antidiabetic drugs
which produce glycosuric and natriuretic effects by inhibiting
glucose and sodium reabsorption from the proximal tubules in
the kidney. The sodium-glucose co-transporters (SGLT) are a
family of active glucose transporter proteins with two major
isoforms, SGLT-1 and SGLT-2. SGLT-1 expression is found in
the heart, liver, small intestine, lung, and kidney, while SGLT-
2 is predominantly found in the kidney [13]. According to the
authors of a new meta-analysis of the three major cardiovas-
cular outcome trials with these drugs (the EMPA-REG
OUTCOME trial, the CANVAS Program, and the
DECLARE-TIMI 58 trial), SGLT?2 inhibitors have moderate
benefits on atherosclerotic major adverse cardiovascular
events that seem confined to patients with established athero-
sclerotic cardiovascular disease and also have robust benefits
on reducing hospitalization for heart failure and progression of
renal disease regardless of existing atherosclerotic
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cardiovascular disease or a history of heart failure (31% rela-
tive risk reduction of hospitalization for heart failure and 45%
relative risk reduction of progression of renal disease) [14].
With these three large clinical outcome studies, it seems likely
that the cardiovascular benefit of SGLT2 inhibitors is a class
effect. However, there are some limitations when interpreting
the results, especially regarding mechanistic investigations
and analyses because the exact inclusion criteria and defini-
tions of endpoints varied among the included trials, the pres-
ence of established atherosclerotic cardiovascular disease and
heart failure was investigator-reported in all trials, and echo-
cardiographic or biomarker studies were not performed to
evaluate, for example, specific cardiac phenotypes such as
heart failure with a preserved ejection fraction or heart failure
with a reduced ejection fraction [8]. Moreover, it is also pos-
sible that in those trials a certain number of patients had
asymptomatic left ventricular dysfunction that represents ei-
ther systolic or diastolic abnormalities in the absence of clin-
ically detectable cardiac disease and is highly prevalent in
diabetic patients, with estimates ranging from 50 to 70%
[15, 16].

The mechanisms underlying cardiovascular and renal pro-
tection by SGLT2 inhibitors in diabetes are multifactorial,
complex, and not completely understood. The current hypoth-
eses of possible mechanisms of action to explain cardiac pro-
tection and effect on cardiac performance regarding heart fail-
ure by SGLT2 inhibitors are discussed below:

1. Glucose excretion caused by SGLT?2 inhibitors results in
loss of calories and subsequently decreased body weight
[17]. Weight loss reflects both reduced fat and fluid loss
observed with SGLT2 inhibition and partially contrib-
utes to the blood pressure reduction noticed with
SGLT2 inhibitor therapy [18].

2. A metabolic study in diabetic patients demonstrated that
lowering elevated blood glucose levels with
empagliflozin reduced glucose toxicity and improved
[3-cell function and insulin sensitivity [19]. Decreasing
chronic hyperglycemia by promoting urinary glucose
excretion (opposite to improving glucose uptake caused
by insulin, incretins, and thiazolidinediones) may reduce
the effects of glucotoxicity on the heart, thus reducing
the risk of heart failure in diabetic patients. Decreases in
glucose flux associated with SGLT2 inhibitors could al-
so modulate inflammatory processes as inflammatory
M1 macrophages preferentially utilize glucose through
the glycolysis pathway. In this way, SGLT2 inhibitors
may act to dampen the inflammatory response, which
is known to contribute to diabetic cardiomyopathy [6].

3. Therapy with SGLT2 inhibitors is associated with re-
ductions in plasma uric acid concentrations and there
are evidences suggesting that uric acid levels can pre-
dict an adverse prognosis in heart failure [20, 21].
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There are also some data showing that uric acid may
play a causative role in hypertension, metabolic syn-
drome, endothelial dysfunction, and renal damage
[22]. Interestingly, the hypertension associated with
hyperuricemia in rats is linked to reduced expression
of macula densa neuronal nitric oxide synthase which
normally affects cardiac function through modulating
cardiac excitation-contraction coupling by facilitating
sarcoplasmic reticulum calcium release [23].
Decreasing uric acid could work through these mech-
anisms in cardiovascular protection. Nevertheless, the
potential benefits of uric acid reduction with SGLT2
inhibitors need further investigations.

The heart can use different energy sources. Diabetic
cardiomyopathy is characterized by increased fatty
acid uptake and oxidation causing alterations in car-
diac mitochondrial energy metabolism thus contribut-
ing to contractile dysfunction and reduced cardiac ef-
ficiency [24]. In the setting of diabetes with heart
failure, ketone bodies can act as a “super fuel” by
releasing energy more efficiently than glucose or fatty
acids and it has been shown that SGLT2 inhibitors
can switch metabolism from glucose to fatty acid ox-
idation with increased synthesis of ketones [25, 26].
This could contribute to increased heart function dur-
ing SGLT2 inhibitor therapy. Furthermore, ketone
bodies have a significant role in epigenetic and cellu-
lar signaling and can work as antioxidants and anti-
inflammatory molecules reducing oxidative stress and
inflammation, which are key contributors to the de-
velopment of diabetic cardiomyopathy [27-30]. At
present, whether SGLT2 inhibitors might influence
cardiac function through modulating ketone bodies
needs more studies [31].

Hemodynamic effects of SGLT2 inhibitors via natriure-
sis and osmotic diuresis cause a reduction in blood pres-
sure and intravascular volume that decrease cardiac load
(simultaneously reduce both preload and afterload).
Blood pressure could also be altered through reduced
arterial stiffness and, as already mentioned, through
weight loss [32]. Reducing the load of the heart could
give the rapid results observed with SGLT?2 inhibition.
However, how could this affect patients without heart
failure at baseline remains to be clarified. Furthermore,
from previous studies, it is known that commonly used
diuretics were not associated with reduced cardiovascu-
lar death [6].

Based on the observation that the reduction in blood
pressure seen with SGLT?2 inhibitors was not associated
with increased heart rate, it has been proposed that the
diuretic effect of SGLT2 inhibitors does not activate neu-
rohumoral factors and in this way is beneficial for heart
failure [33].

10.

I1.

An increase in glucagon level noticed with SGLT?2 in-
hibitor therapy has been proposed as a possible contrib-
utor to the reduced cardiovascular risk considering its
inotropic effect and consequently better cardiac perfor-
mance. This effect is not abolished by autonomic block-
ade, which implies a specific action of the hormone on
the heart independent of the catecholamine release in-
duced by glucagon [34—36]. Furthermore, this inotropic
action in human heart is well represented in the non-
failing heart, but declines in the failing heart.
Therefore, the plasma levels of glucagon could contrib-
ute to the maintenance of the heart function when the
heart failure is in its early stages. Glucagon has known
antiarrhythmogenic effect as well [37]. Paradoxically,
this hormone has been always considered deleterious in
diabetes so consequences of changes in glucagon levels
remain to be more clearly defined.

There are some discrepancies in the renin-angiotensin-
aldosterone system (RAAS) activity and SGLT?2 inhibi-
tion. Studies in type 1 and type 2 diabetes found that
RAAS activity was increased maybe due to a compen-
satory response to decreased blood pressure, volume
contraction, and natriuresis. However, SGLT?2 inhibition
leads to an effect consistent with afferent vasoconstric-
tion as opposed to efferent vasodilation associated with
RAAS inhibition [38, 39]. SGLT2 inhibition-induced
volume contraction is accompanied by an increase in
circulating RAAS mediators which could be significant
for patients concomitantly treated with RAAS inhibitors
because combined use of RAAS and SGLT2 inhibitors
may lead to synergistic beneficial effects. Future studies
are needed to evaluate the combined strategy of RAAS
and SGLT2 inhibitors [40].

Elevation of hematocrit and erythropoietin has been re-
ported during treatment with SGLT2 inhibitors and that
may be connected to increased oxygen delivery from
SGLT?2 inhibitor-associated hemoconcentration which
could increase cardiac efficiency [6, 39]. Moreover, the
increase in hematocrit in diabetic patients receiving
SGLT?2 inhibitors could be regarded as a surrogate mark-
er of renal recovery from tubulointerstitial injury [33].
Anti-oxidative, anti-inflammatory, antifibrotic, and anti-
apoptotic effects of SGLT2 inhibitors have been shown
in experimental diabetic cardiomyopathy models. They
all play an important role to the development of diabetic
cardiomyopathy [13].

SGLT2 inhibitors may directly inhibit sodium-hydrogen
exchange, which may lead to a reduction in cardiac re-
modeling, injury, hypertrophy, fibrosis, and systolic dys-
function [41]. Baartscheer et al. showed that the SGLT2
inhibitor empagliflozin inhibited cardiomyocyte
sodium-hydrogen exchanger and, through this mecha-
nism, reduced cytoplasmic sodium and calcium levels,
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while increasing mitochondrial calcium levels [42]. Tt is
an important finding since heart failure is associated with
intracellular cardiomyocyte sodium and calcium loading
[43, 44].

12. Tt has been proposed that SGLT2 inhibitors may reestab-
lish the balance between pro- and anti-inflammatory
adipokines [8]. Adipose tissue is namely an active para-
crine and endocrine organ that releases several active
mediators that influence not only body weight homeo-
stasis but also atherosclerosis, insulin resistance, diabe-
tes, inflammation, coagulation, and fibrinolysis [45].
Perivascular and epicardial fat has also been implicated
in the origin of heart failure, through altered paracrine
regulation of adipokines on the myocardium [46]. It has
been shown that canagliflozin reduces serum leptin
levels and increases the levels of the anti-inflammatory
adipokine adiponectin when compared with the sulfo-
nylurea glimepiride. Additionally, other studies have
demonstrated that dapagliflozin reduces epicardial adi-
pose tissue volume [47, 48].

13. Renoprotection of SGLT2 inhibitors together with the
natriuresis they induce could explain the reduction in
hospitalization for heart failure [49]. Furthermore, reduc-
tions in both the hospitalization for heart failure and
progression of kidney disease and their downstream
complications may reduce the risk of cardiovascular
death [14].

14. There are interesting electrophysiological findings with
SGLT?2 inhibitors which may be linked to the reduction
of fatal arrhythmias and thus reduced cardiovascular
events in diabetic patients. Namely, in a retrospective
study by Sato et al. it was found that treatment with
SGLT?2 inhibitors reverses ventricular repolarization het-
erogeneity in people with type 2 diabetes, independent
of their effect on glycemic control [50]. One should also
consider glucagon anti-arrhythmogenic effects as men-
tioned already.

Better understanding of SGLT2 inhibitor mechanisms of
action as well as a better knowledge of risk factors and evo-
lution of diabetic cardiomyopathy would allow the design of
effective prevention strategies [51]. In order to provide infor-
mation on the mechanisms potentially involved in the diabetic
cardiac dysfunctions and possible pharmacological interven-
tions in subjects at risk, larger studies with pathway-specific
biomarkers that are validated against hard endpoints and echo-
cardiographic evaluation are needed. Biomarkers and echo-
cardiography are broadly available so changes in myocardial
structure and function could be detected before the appearance
of heart failure symptoms, as well as being of prognostic value
[52]. When planning cardiovascular studies in type 2 diabetes,
selection of biomarkers is a complex issue; the selected bio-
markers should cover all aspects of the known
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pathophysiology of the cardiovascular disease and their levels
should also be modifiable by therapy since heart failure is not
the result of a single pathophysiologic process. Indeed, it is a
syndrome initiated by cardiac pressure or/and volume over-
load characterized by a broad range of pathophysiological
presentation, properties, and potential outcomes [53, 54].

For example, a well-validated and widely used biomarker
N-terminal pro-brain natriuretic peptide (NT-proBNP) that is
released into the bloodstream in direct proportion to the me-
chanical stress of the myocardium has been proved useful in
screening asymptomatic subjects at risk of developing heart
failure, such as the elderly and those with diabetes, asymp-
tomatic coronary artery disease, and hypertension [55].
Despite this, in experimental studies and studies on humans,
the effects of SGLT2 inhibitors on plasma NT-proBNP have
been inconsistent. In fact, in some studies, therapy with
SGLT?2 inhibitors has reduced the value of NT-proBNP, but
in the others, NT-proBNP values were increased or unchanged
during SGLT?2 inhibitor treatment [39, 56-58]. Considering its
significance, especially as a marker of risk, it would be appro-
priate to determine the effect of SGLT2 inhibitors on NT-
proBNP and other natriuretic peptides in asymptomatic indi-
viduals and in those with developed heart failure symptoms.
Interestingly, atrial natriuretic peptide (ANP) and endothelin-3
are endogenous vasoactive factors that exert potent diuretic
and natriuretic actions, and it has been shown that they inhibit
SGLT?2 activity in the kidney [59]. ANP release is impaired in
asymptomatic patients with cardiomyopathy. If SGLT2 trans-
porters are already inhibited with SGLT?2 inhibitors, although
speculative, ANP could exert and enhance its other functions
like renin secretion rate and aldosterone production inhibition
or modulate arterial and cardiac baroreflex mechanism, and
SGLT?2 inhibition treatment could possibly restore the ANP
secretagogue response in heart failure as it was shown with
RAAS inhibition [60]. To the best of our knowledge, this
hypothesis has not been discussed yet.

There are other widely available biomarkers that could
also elucidate physiological mechanisms in the heart pro-
tection with SGLT inhibitor treatment. Such an example is
C-reactive protein (CRP). Multivariate analysis indicated
that increased CRP level is an independent predictor of
adverse outcomes in patients with acute or chronic heart
failure and, for example, in the Framingham Heart Study,
CRP was noted to identify asymptomatic older subjects
who were at high risk of the future development of heart
failure [55]. Furthermore, there are emerging data on adi-
pose tissue as a source of plasma CRP so it has been ad-
dressed as a novel proatherogenic plasma adipokine [45].
Despite this, data on CRP and other inflammatory markers
are relatively scarce in humans and further studies in dia-
betes patients with specific assessment of inflammatory
markers are still necessary to determine the contribution
of the anti-inflammatory action of SGLT2 inhibitors to
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the reduction of cardiovascular complications [61].
Together with inflammation, oxidative stress also plays
an important role in diabetic myocardial damage. Since it
is difficult to measure reactive oxygen species directly in
humans, indirect markers of oxidative stress have been
sought like myeloperoxidase (MPO). The levels of plasma
MPO correlate with the severity of heart failure and are an
independent predictor of death from heart failure [55]. The
results of prospective studies (showing for example that
high MPO levels were able to predict increased risk of
developing coronary artery disease in healthy individuals),
as well as the ready availability of commercial assays,
make MPO one of the most promising biomarkers of oxi-
dative stress for cardiologists, but was not yet evaluated in
studies with SGLT2 inhibitors [62].

SGLT-2 inhibitors have also shown improvement in cardi-
ac function in diabetic cardiomyopathy models and myocar-
dial ischemic models of mice and rats but information with
respect to SGLT2 inhibitors effect on myocardial function is
very limited in humans [13, 51]. To prevent the progression of
heart failure in diabetic patients, a sensitive method of diag-
nosing the presence of diabetic cardiomyopathy is important.
Still, clinical diagnostic methods to monitor myocardial dis-
ease progression in diabetic patients are not well established
[63]. A recent sensitive and non-invasive method for the eval-
uation of myocardial systolic and diastolic function—2D-
speckle-tracking echocardiography (STE)—has been devel-
oped and validated (against tissue Doppler, sonomicrometry
and cardiac magnetic resonance) in large number of patients,
including subjects with type 2 diabetes and has been shown
that among type 2 diabetes patients with a normal 2D ejection
fraction, an abnormal global longitudinal strain measured by
STE has been found in 30-50% of the subjects. That means
that STE could be used to detect subclinical cardiac dysfunc-
tion in diabetic patients [51]. More studies on cardiac function
and SGLT2 inhibitors, especially using STE are needed.

In addition to diabetic cardiomyopathy, there are several
ongoing studies at the moment addressing the issue of
SGLT?2 inhibitors in individuals with chronic heart failure
and chronic kidney disease without established diabetes
[64]. Lastly, we would also encourage more studies on
mechanisms of arrhythmias and SGLT2 inhibition as well
as the effects of SGLT2 inhibitors on the sympathetic ner-
vous system and neurohumoral activation.

It would be of great importance to better understand
SGLT2 inhibitor mechanisms of action since they could
have a potential to be used in early stages of diabetes as
cardioprotective agents. Biomarkers and echocardiographic
parameters (especially STE) could be used to monitor dif-
ferent stages of diabetic cardiomyopathy and the detection of
the relative changes in these parameters from baseline rather
than an absolute cut-off value as in cardio-oncology might
be helpful.
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