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Abstract

Type 2 Diabetes Mellitus (T2DM) is associated with an elevated incidence of cardiovascular and renal diseases, responsible for mortality
rates significantly higher than in the general population. The management of both cardiovascular risk and progression of kidney disease
thus seem crucial in the treatment of the diabetic patient. The availability of new classes of drugs which positively affect both cardiovas-
cular and renal risk, regardless of the glycemic control, represents a revolution in the treatment of T2DM and shifts the attention from
the intensive glycemic control to a holistic management of the diabetic patient. Among these, sodium-glucose cotransporter-2 inhibitors
(SGLT?2i) have been associated with a remarkable reduction of cardiovascular and renal mortality, lower hospitalization rates for heart
failure and lower progression of renal damage and albuminuria. Thus, their use in selected subpopulations seems mandatory. Aim of

this review was the assessment of the current evidence on SGLT2i and their related impact on the cardiovascular and renal profiles.
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1. Introduction

Type 2 Diabetes Mellitus (T2DM) is among the major
risk factors for both cardiovascular (CVDs) and renal dis-
eases [1]. T2DM accounts for a 2-fold increase of CVDs,
the main cause of death among T2DM patients, and, as
well, it represents the main cause of renal damage and
end-stage kidney disease (ESKD) [1-3]. In fact, almost
35% of T2DM patients display a chronic kidney disease
(CKD), and the concomitant presence of T2DM and re-
nal disease results in an overall mortality risk 23% higher
than in non-diabetic patients with preserved renal func-
tion [4]. Despite the current pharmacological (e.g., renin-
angiotensin-aldosterone system blockers - RAAS, opti-
mization of both glycemic and blood pressure control) and
other (e.g., lifestyle modifications) interventions, the risk of
both CVDs and CKD among individuals with diabetes still
remains elevated [5].

The recent introduction of new anti-hyperglycemic
drugs has marked a conceptual turning point in T2DM
treatment. In fact, sodium-glucose cotransporter inhibitors
(SGLT2i) and glucagon-like peptide 1 receptor agonists
(GLP1-RA) have been proven to significantly affect both

cardiovascular (CV) and renal outcomes in individuals with
diabetes, regardless of glycemic control, and are now in-
dicated by international guidelines among the first choice
drugs for patients with T2DM as secondary prevention in
patients with established atherosclerotic CVDs or for pri-
mary prevention of CV events in high-risk patients [6,7]. In
particular, SGLT2i have been associated with a remarkable
reduction of CV and renal mortality, lower rates of hospital-
ization for heart failure (HF) and lower progression of renal
damage [8].

This review aims to assess SGLT2i effects on both
cardio- and renal protection and the pharmacodynamic
mechanisms potentially involved.

2. Clinical Impact of SGLT-2 Inhibitors and
Potential Cardioprotective Effects

CV risk is almost doubled in T2DM patients than in
the general population [1]. In fact, T2DM enhances the
risk of coronary artery disease (CAD), HF (also in absence
of significant CAD), ischemic stroke and peripheral arteri-
opathy, by mechanisms often mediated by both the induc-
tion and progression of atherosclerosis phenomena [2,3,9].
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Thus, the impact of CV events on overall mortality rates
renders CV risk reduction mandatory in the management
of T2DM patients [10]. In this view, besides the already
known treatments, the clinician must apply all measures
suitable to reduce the CV risk of diabetic patients [11].

In this regard, the two new classes of antihyper-
glycemic drugs, SGLT2i and GLP1-RA, have represented
a radical change in the therapeutic algorithm, due to their
demonstrated ability to reduce both CV and renal events in
patients with T2DM and CKD. In particular SGLT21i, be-
yond their glucose-lowering effect due to the reduced re-
absorption and the increased renal excretion, have demon-
strated a remarkable favorable impact on CV mortality [ 12—
19]. The reduction of atherosclerotic CVDs occurs by a sig-
nificant decrease of CV death rates. On the contrary, data
on both ischemic stroke and myocardial infarction (MI) re-
duction seems controversial, though the overall trend favor-
able to a reduction of the risk of cardio and cerebrovas-
cular events. SGLT2i exert the maximum beneficial ef-
fect on the reduction of hospitalization rates due to HF so
significantly that particularly dapagliflozin, empagliflozin
and sotagliflozin are recommended by the European guide-
lines in all patients with reduced left ventricular ejection
fraction (LVEF) (class of recommendation: Ia), even in
non-diabetic patients [7]. Although the heterogeneous en-
rollment criteria among the different trials cited so far and
the focus of some trials on primary prophylaxis and oth-
ers on secondary, CV risk reduction seems almost compa-
rable among all SGLT2i (empagliflozin, canagliflozin, da-
pagliflozin, ertugliflozin, sotagliflozin). However, clini-
cal trials aimed at direct comparison between drugs seem
mandatory to confirm this hypothesis.

Empagliflozin Cardiovascular Outcome Event Trial
in Type 2 Diabetes Mellitus Patients (EMPA-REG OUT-
COME) assessed the CV risk reduction of Empagliflozin
(Table 1, Ref. [12—18]) on T2DM patients affected by ei-
ther coronary, peripheral or cerebrovascular disease versus
placebo, after a median follow-up of 3.1 years [12]. Em-
pagliflozin treatment resulted in a 38% reduction of CV
death and 32% of death from any cause, and a 35% reduc-
tion of hospitalization for HF, without any efficacy on MI
and stroke events.

CANVAS (Canagliflozin Cardiovascular Assessment
Study) Program trial, includes two separate sub-studies: the
CANVAS, investigating CV outcomes, and the CANVAS-
R, to examine benefit on albuminuria (Table 1), instead fo-
cused on Canagliflozin [13,19]. T2DM patients with either
CVD or CV risk factors, after a median follow-up of 3.6
years, showed a 14% reduction of the composite outcome
(CV death, non-fatal Ml/stroke), as well as a reduced in-
cidence of HF hospitalization. No significant effect was
instead observed as for all-cause and CV mortality.

Dapagliflozin potential CV benefits were instead anal-
ysed in the Dapagliflozin Effect on Cardiovascular Events
(DECLARE-TIMI 58) (Table 1) [15]. After a median

follow-up of 4.2 years, a population of T2DM patients with
established atherosclerotic CVDs or multiple CV risk fac-
tors showed, as compared to placebo, a 17% reduction of
the composite outcome (CV death/hospitalization for HF).
Despite a 7% reduction rate, major adverse cardiac events
(MACEs: death from CV causes, non-fatal MI or ischemic
stroke) did not significantly varied with respect to placebo.
Individual analysis of the composite outcome clarified that
this effect was mainly driven by a strong reduction in hos-
pitalization for HF, without any evidence of change in CV
death. A further focus on HF population is provided by
the DAPA-HF (Dapagliflozin and Prevention of Adverse
Outcomes in Heart Failure) randomized clinical trial, de-
signed to prospectively assess both efficacy and safety of
Dapagliflozin on 4744 patients (both diabetic and not) with
HF, ejection fraction <40% and NYHA Class > II (HF
with reduced ejection fraction, HFrEF) (Table 1) [16]. Da-
pagliflozin revealed a risk reduction of both HF worsening
and CV death, regardless of the presence of T2DM.

The VERTIS CV clinical trial (Evaluation of Er-
tugliflozin Efficacy and Safety Cardiovascular Outcomes
Trial) focused on CV outcome in T2DM patients at high
CV risk, after treatment with Ertugliflozin, as compared to
placebo (Table 1) [17]. After a median follow-up of 3.5
years, Ertugliflozin demonstrated non-inferior to placebo
as for the composite primary outcome (CV death, non-fatal
ML, or stroke). Moreover, consistent with the other SGLT?24,
it revealed superior to placebo in reducing hospitalization
for HF. Other secondary endpoints (e.g., CV death and all-
cause mortality) were instead not reached.

Similar impact on CV outcomes was also demon-
strated by Sotagliflozin, underlining how this effect is com-
parable among all SGLT2i. The SCORED (Sotagliflozin
on Cardiovascular and Renal Events in Patients with Type
2 Diabetes and Moderate Renal Impairment Who Are at
Cardiovascular Risk) trial showed that Sotagliflozin is able
to significantly reduce the composite outcome of deaths
from CV causes, hospitalizations for HF, and urgent visits
for HF in patients with T2DM, CKD and risk for CV dis-
ease, independently by the presence of albuminuria [18].
On the other hand, the rate of deaths from CV events did
not show statistically significant differences compared to
placebo, although the trial was stopped early due to lack of
funds. However, in the SOLOIST-WHF trial, Sotagliflozin
has been shown to significantly reduce the rate of CV mor-
tality and re-hospitalization in T2DM patients with recent
HF worsening [20].

A recent metanalysis including findings from EMPA-
REG OUTCOME, CANVAS Program and DECLARE-
TIMI 58 furtherly investigated the cardioprotective role
of SGLT2i [8]. SGLT2i confirmed beneficial in reducing
MACE:s (HR 0.89; 95% CI: 0.83-0.96), with an overall risk
reduction of about the 11% as compared to placebo. Further
meta-analyses, in addition to confirming the reduced inci-
dence of HF and HF hospitalization, has shown
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Table 1. Overall scheme of the main randomized clinical trials on SGLT2i and related findings.

Empagliflozin Canagliflozin Dapagliflozin Ertugliflozin Sotagliflozin
RCT EMPA-REG CANVAS CREDENCE DECLARE-TIMI 58 DAPA-HF VERTIS-CV  SCORED
Reference [12] [13] [14] [15] [16] [17] [18]
Publication date 2017 2017 2019 2019 2019 2020 2021
No. of patients 7020 10142 4401 17160 4744 8246 10584
Median follow up (years) 3.1 24 2.62 4.2 1.52 3.0 1.33
eGFR, mL/min/m? >30 >30 30<x<90 >60 >30 >30 25 <x <60
Reduced Composite Outcome (CV death, fatal/non-fatal MI and/or ischemic stroke) —14% —14% -20% 7% n.a. 3% n.a.
Reduced Composite Outcome (CV death, hospitalization for HF and/or urgent visits for HF) n.a. n.a. n.a. n.a. n.a. n.s. —26%
Reduced CV Death -38% -13% —22% 2% -18% —8% ns.
All-cause death -32% -13% -17% 7% -17% 7% n.s.
Reduced Fatal/non-fatal MI n.s. -15% n.a. —11% n.a. +4% n.a.
Reduced ischemic stroke n.s. -10% n.a. +1% n.a. +6% n.a.
Reduced hospitalization for HF -35% -33% -39% —27% -30% -30% -33%
Reduced progression of renal damage n.a. —40% -34% —47% —29% -19% n.a.
Reduced Proteinuria n.a. —27% -40% n.a. n.a. n.a. n.a.
Any cause hospitalization n.a. —6% n.a. n.a. n.a. n.a. n.a.

Abbreviations: RCT, Randomized Controlled Trial; eGFR, estimated glomerular filtration rate; CV, cardiovascular; MI, Myocardial Infarction; HF, Heart Failure, n.a., not applicable; n.s., not
significant.
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how treatment with SGLT2i also positively impacts on the
incidence of MACEs (MI and stroke) and on CVD-related
and all-cause mortality [21,22]. Moreover, SGLT?2i treat-
ment appears to reduce the risk of arrhythmias, in particular
atrial fibrillation and ventricular tachycardia [23]. Toyama
et al. [24] focused on the role exerted by SGLT2i in CKD
patients (eGFR <60 mL/min/1.73 m?), showing also in pa-
tients with renal damage a significantly reduced risk of CV
death, non-fatal MI or non-fatal stroke, as well as of HF.
No significant effect was instead observed as for all-cause
mortality. More recently, also real-world studies extended
the results of CV RCTs. In fact, a reduced risk of CV mor-
tality, MACESs, and hospitalization for HF were observed,
as compared to other glucose-lowering drugs, both ongo-
ing and newly initiated [25-28]. All RCTs and real-world
studies on SGLT2i share the common observation of a re-
duced risk of hospitalization for HF, which seems the most
significant benefit in the CV risk reduction by SGLT2i both
in diabetic and not individuals [16,29,30]. Risk reduction
for HF hospitalizations is remarkably early after treatment
initiation, with a significant benefit also in patients with-
out any previous history of HF. Furthermore, treatment with
SGLT?2i in patients with HF is associated with a significant
improvement in the reported quality of life [31]. However,
arecent meta-analysis hypothesizes that the reduction in the
risk of hospitalization for HF and death from CV events
associated with SGLT2i treatment in patients with HFrEF
is significant only in patients with LVEF <30%, with ef-
ficacy that would decline as LVEF increases [32]. How-
ever, the authors suggest that further studies are needed to
confirm these results. Overall, the positive impact exerted
by SGLT2i on the reduction of CV events and hospitaliza-
tions for HF would also determine a significant reduction in
the economic burden of T2DM on National Health Services
[33]. While the effects of SGLT2i treatment in chronic HF
are now relatively known, their impact in the treatment of
acute HF has not yet been clarified, although it is currently
being evaluated through the EMPULSE trial [34].

Although the effects of SGLT2i both on glycemic
control and on CV risk and the progression of renal dam-
age appear homogeneous, there are significant differences
in the mechanisms of action of the individual molecules
which could result in a different clinical impact. In this re-
gard, Sotagliflozin, compared to other SGLT?2i, is also an
inhibitor of SGLT1, which is present not only in the proxi-
mal renal tubule, but also in the heart and small intestine
[35,36]. This peculiarity determines a reduced intestinal
absorption of glucose and consequently a reduction in post-
prandial glycaemia, as well as an enhancement of the gly-
cosuric effect (about three times greater) [35,37]. A recent
meta-analysis showed that non-selective SGLT2i such as
Sotagliflozin may be superior to highly selective SGLT2i
in terms of HF outcomes [38]. However, specific compar-
ative clinical trials appear necessary to evaluate the pos-
sible superiority of Sotagliflozin in terms of reduction of

CV risk and progression of renal damage compared to other
SGLT?2i.

Suggested Mechanisms for A Cardiovascular Benefit

The gliflozin pleiotropic effect in modifying CV out-
comes has been widely investigated, though always new
hypothesises have been arising. Mechanisms potentially in-
volved in the impact of gliflozins on CV outcomes can be
differentiated into three main groups: haemodynamic ef-
fects, metabolic effects, and impact on known CV risk fac-
tors (Fig. 1).

2.1 Hemodynamic Effects

Impact on cardiac preload. T2DM patients have an
increased tissue sodium content [39]. Muscle and skin
sodium reservoir are the most relevant in contributing to
fluid retention and preload [40]. In addition, elevated tissue
sodium levels have shown as independently associated with
left ventricular (LV) hypertrophy in patients with CKD [41].
According to a double-blind randomized study, sodium tis-
sue levels of diabetic patients decrease after 6 weeks treat-
ment with Dapagliflozin [39] and Empagliflozin [42], re-
ducing estimated extracellular and plasma volume. A me-
diation analysis of the EMPA-REG OUTCOME trial sug-
gested an association between a reduction in plasma volume
and a CV benefit [43]. Gliflozins, by inhibiting SGLT2
in the renal proximal tube, would induce natriuresis and
glucosuria [44,45]. The presence of not reabsorbed glu-
cose and sodium in the tubule stimulate osmotic diuresis.
As a result, both sodium and chloride concentration are
lower into the tubular fluid, thus inhibiting the NA-K-2Cl
cotransporter and preventing sodium reabsorption in the
loop of Henle [46]. Consequently, there is a reduction in
plasma volume and total body sodium content [41], mod-
ifying cardiac preload condition, with a positive impact
on Franklin-Starling curve of left ventricle [47]. Indeed,
SGLT2i have been shown to determine a significant im-
provement in LV volumes, LV mass and LV systolic func-
tion [48] and in pulmonary congestion through the reduc-
tion of lung fluid volumes [49]. However, other diuretics
(e.g., thiazides and loop diuretics) have not shown any ben-
efit in CV outcome, as confirmed in two studies compar-
ing dapagliflozin vs hydrochlorothiazide and bumetanide,
respectively [45,50]. SGLT2i have been suggested to in-
duce an electrolyte-free water clearance from the intersti-
tial fluid higher than blood volume, and a decreased acti-
vation of the RAAS through the neurohormonal pathway
[45]. More recent evidence contrasts with the data of the
first trials [51,52]. When evaluated in patients with T2DM
with preserved kidney function on a controlled standard-
ized sodium diet (150 mmol/day), SGLT2i seem to be able
to reduce blood pressure without a clear increase in urinary
sodium excretion [51]. Therefore, the osmotic diuresis in-
duced by them could be mainly due to an increased glyco-
suria rather than to an effect on natriuresis [52]. Further
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Fig. 1. Map of the main mechanisms potentially involved in the cardiorenal impact of SGLT2i. The haemodynamic and metabolic

effects of glyflozines and their effect on independent cardiovascular risk factors are intertwined with a positive impact on cardiovascular

outcomes. Furthermore, their glycosuric and natriuretic effects favor a reduction in the degree of albuminuria and preserve the GFR.

studies appear necessary to clarify the preload reduction
mechanisms exercised by SGLT2i.

Impact on cardiac afterload. SGLT2i may affect af-
terload by acting on both blood pressure (BP) and arterial
stiffness. In fact, SGLT2i have been shown to be one of
the most effective classes of glucose-lowering drugs in re-
ducing systemic BP [53]. The beneficial effect on BP is
achieved most likely by natriuresis and osmotic diuresis,
weight loss and reduction of sympathetic nervous activity
[54]. EMPAREG-OUTCOME firstly assessed the role of
SGLT?2 inhibitors as BP lowering drugs [12], as later con-
firmed by 2 meta-analyses, showing a reduction of systolic
BP by 2.46 mmHg and diastolic BP by 1.46 mmHg, and 24-
h outpatient systolic and diastolic BP by 3.76 mmHg and
1.83 mmHg, respectively. A more significant reduction in
blood pressure was also highlighted during treatment with
Dapagliflozin [55], while indirect data from a metanalysis
showed that Canagliflozin 300 mg better performed in re-
ducing systolic BP than other SGLT2i, whilst no difference
was observed for the diastolic pressure [56]. SGLT2i effect
was more prominent during night than daytime [57], and a
particular benefit using Empagliflozin was found in Asian
high-risk patients with uncontrolled nocturnal hypertension
[58], and black patients [59]. While the glomerular filtra-
tion rate (eGFR) affects the glycosuric function of SGLT2i,
the hypotensive effect is preserved even in patients at a
more advanced stage of CKD [60].This occurs due to the
persistence of both natriuretic and diuretic effects of these
drugs inside the residual nephrons. Likewise, also the kali-
uretic effect increases. This, together with the reduction
of reducing potassium retention in the diabetic patient with

&% IMR Press

CKD, contemporarily improves the sensitivity to RAAS in-
hibitors, with consequent potential synergic effects of these
two classes of drugs in BP control [43].

Arterial stiffness can be estimated by pulse wave ve-
locity and is associated with future CV outcomes [61]. Ina
small cohort of T2DM patient, after 48-h of Dapagliflozin
administration a reduction of pulse wave velocity, and sub-
sequently of the arterial stiffness, was observed. Alongside,
beneficial effect of Dapagliflozin has been shown also on
the endothelial function [61], as further assessed in other
studies with Dapagliflozin and in in vitro models [62,63].
Other markers of arterial stiffness (e.g., central systolic BP,
forward/backward pulse wave amplitude) have been inves-
tigated with empagliflozin and dapagliflozin, with encour-
aging results [55,64,65].

2.2 Metabolic Effects

Metabolic substrates modifications. Heart adenosine
triphosphate (ATP) consumption is physiologically very
high due to its continuous contraction to sustain life. About
90% of ATP production derives from fatty acids and car-
bohydrates oxidation, with the further use of only a few
other metabolic substrates (e.g., ketone bodies and amino
acids) to sustain ATP demand in normal circumstances [66].
Glucose metabolism is efficient, also improving myocardial
oxygen demand. In T2DM, high free fatty acids (FFAs)
levels and impaired glucose uptake due to insulin resis-
tance lead to a reduction in glucose oxidation. There-
fore, there is a shift in fatty acid metabolism, which be-
comes less efficient. This occurs due to a higher my-
ocardial oxygen demand, lipotoxicity from increased free
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oxygen radical production and sarcoplasmic reticulum cal-
cium uptake impairment, thus boosting development of di-
astolic dysfunction [66]. Ketone bodies represent a good
alternative substrate, as assessed by a study comparing
ketone infusion and placebo in patient with HF, show-
ing an increased stroke volume, cardiac output and LVEF
[67]. SGLT2i are known to increase ketone bodies produc-
tion, mostly -hydroxybutyrate (SOHB), more likely due
to an increased glucagon production secondary to glyco-
suria and reduced ketone bodies kidney excretion. There-
fore, it has been hypothesised that this metabolic shift may
offer a good option to an improvement of the cardiac ef-
ficiency, thus preventing HF [67,68]. A further hypothe-
sis may involve the increasing 5-OHB levels and the sub-
sequent inhibition of histone deacetylase, which induces
a prevention of pro-hypertrophic transcription pathways.
In addition, a reduced $-OHB oxidation with decreased
acetyl-CoA production may also lead to a metabolic shift
versus oxidation of glucose-derived pyruvate. Moreover,
low acetyl-CoA levels may decrease harmful hyperacety-
lation of mitochondrial enzymes, resulting in an improve-
ment in mitochondrial energy production [69]. Others au-
thors have suggested that SGLT2i promote branched-chain
aminoacid (BCAA) degradation, known aberrant in failing
myocardium, as an alternative fuel source [70]. Though
challenging, all of these hypotheses lack of adequate sci-
entific evidence, and need further studies to be confirmed.

Inhibition of Sodium-Hydrogen Exchange. Myocar-
dial intracellular sodium regulates calcium cycling which,
in turn, modulates contractility, oxidative state, and may
potentially lead to arrhythmias. The balance between both
electrolytes is impaired in HF, with increased levels of my-
ocyte intracellular sodium. As a result, there is an in-
creased activity of the Na™/Ca?* exchanger, which leads
to increased sarcoplasmic reticulum calcium levels. This
pathway, though improving cardiac contractility and car-
diac dysfunction, is also burdened by an increased risk
of arrhythmia and oxidative stress by reducing the mito-
chondrial calcium levels due to the activation of mitochon-
drial Na*/Ca2" exchanger [40,71]. As a consequence, in-
creased myocardial sodium and calcium levels may repre-
sent early drivers of CV death and HF [40,72]. In indi-
viduals with diabetes, sodium intracellular concentration is
increased, which expose them to a higher risk [71]. Em-
pagliflozin lowers cardiac intracellular Nat and Ca?*, with
an increased mitochondrial Ca?* concentration in rabbit
and rat. This effect is achieved through inhibition of the
Nat/H* exchanger 1 (NHE1) [73]. A further study using
Dapagliflozin and Canagliflozin in mice demonstrated that
NHET1 inhibition is a class effect [74]. SGLT2 receptors
are not expressed in the heart, which renders unclear how
direct NHEI inhibition occurs. Moreover, in the kidney
SGLT?2i stimulate natriuresis by downregulating S40 activ-
ity of Nat/H™ exchanger 3 (NHE3), which is increased
in HF, improving sodium homeostasis [75]. Inhibition of

NHE1 and NHE3 may represent a good therapeutic tool to
prevent cardiac remodelling and HF [75]. Of note, though
benefits of NHE1 inhibition has been shown in experimen-
tal models, several trials using NHE-1 inhibitors did not re-
port any positive result [76].

Impact on adipokines levels. Epicardial fat cells
in the heart play an important role in paracrine regula-
tion. Adipokines production may contribute to CAD de-
velopment [77]. In depth, leptin production promotes
myocardial inflammation, while adiponectin displays anti-
inflammatory and cardioprotective effects. Adipokines are
altered in obesity, insulin resistance, and T2DM, in favour
to a proinflammatory state. SGLT2i have been suggested
to restore the unpaired balance between both states, by
reducing leptin levels [78]. A reduction of serum lep-
tin levels by Canagliflozin was demonstrates, as compared
to glimepiride [79]. In addition, also a reduction in the
pro-inflammatory cytokine interleukin-6 (IL-6) was ob-
served, while Tumor Necrosis Factor-o (TNF-«) was not
affected. SGLT2i was also demonstrated to be involved in
the reduction of ectopic epicardial fat, TNFa and plasmino-
gen activator inhibitor-1 (PAI-1) [77,80]. A lot of hypothe-
ses have been suggested about the mechanisms by which
SGLT2i may alter adipokines levels, though we are still ex-
ploring the unknown.

Cardiac remodelling. Cardiac fibrosis is among the
most important pathways in HF development. Aberrantly
activated fibroblasts induce an increased extracellular ma-
trix proteins secretion in myocardium. This alteration leads
to a reduced ventricular performance and contractility [81].
In addition, also LV hypertrophy, inflammation, and car-
diomyocyte cell death play an important role in cardiac re-
modelling. SGLT2i role in cardiac remodelling has been
largely suggested. Empagliflozin have shown an attenua-
tion in extracellular matrix remodelling and suppression of
several profibrotic markers in in vitro study on human car-
diac fibroblast [82]. Improvement in cardiac function and
fibrosis was also assessed in in vivo studies in several ani-
mal models [83—85]. SGLT2i showed also an improvement
of LV remodelling and mass, interstitial myocardial fibrosis
and epicardial adipose tissue in both patients with [86,87]
or without T2DM [80]. Further studies by cardiac magnetic
resonance imaging on T2DM patients with CAD showed a
positive impact of Empagliflozin in reducing LV mass [88]
and extracellular volume [89] after a 6-months treatment as
compared to placebo.

Ischemia/Reperfusion (I/R) injury improvement. Data
from animal studies have hypothesized an improvement in
I/R injury also in humans. Canagliflozin has been shown
to reduce infarct sizes, apparently in a glucose indepen-
dent way [90]. Moreover, I/R injury have been suggested
as mediated by the Ca?*/calmodulin-dependent kinase II
(CaMKII) [91]. CaMKII have been found overexpressed
in T2DM patients, with consequent reduced Ca?* levels in
the sarcoplasmic reticulum and, as a result, contractile dys-
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function and a pro-arrhythmic state. An in vitro study, on
both animal and human ventricular myocytes, disclosed a
reduced CaMKII activity induced by Empagliflozin, with a
subsequent improvement in cardiac contractility [92]. Re-
cently, however, Empagliflozin has not been shown to im-
prove myocardial flow reserve and microvascular perfu-
sion, in patients with T2DM [93].

Circulating Pro-Vascular Progenitor Cells.  Pro-
vascular progenitor cell depletion is believed as the under-
lining condition for impaired vascular repair in T2DM pa-
tients. EMPA-HEART CardioLink-6 trial showed an im-
provement in sub-populations of circulating pro-angiogenic
progenitor cells (CD133+) and atherogenic monocytes,
with high aldehyde dehydrogenase activity levels with Em-
pagliflozin [94]. This mechanism may play a role in im-
proving T2DM-associated regenerative cell depletion, with
a benefit in CV outcomes.

2.3 Modulation of Traditional Risk Factors

Body weight. Obesity is among major independent
risk factors for CV events [95]. SGLT2i are among the most
effective hypoglycaemic drugs in reducing body weight
[53], being able to reduce approximately 300 kcal/day,
through glycosuria, which causes a 2-3 kg weight loss, re-
gardless of background therapy. This benefit is reached
during the first weeks of therapy, with the maximum effect
after 6 months and a successive stabilization [96]. How-
ever, the expected weight loss would have been higher than
the current reports. This imbalance between observed and
expected weight-loss might be due to a compensatory in-
crease in energy intake, as also suggested by several ani-
mal study [96-98]. In a network metanalysis, the higher
weight reduction was achieved with Canagliflozin 300 mg
as compared to Dapagliflozin 5 mg, whereas no difference
was found for Canagliflozin 100 mg as compared to other
SGLT2i [99].

Blood pressure. The role played by SGLT2i as blood
lowering drugs has been already discussed in “hemody-
namic effects” section. The concomitant use of SGLT2i
with other antihypertensive drugs may exert a synergistic
effect on both blood pressure control and cardio-renal out-
comes. In fact, the kaliuretic effect of SGLT2i improves
sensitivity to RAAS inhibitors, thus enhancing their abil-
ity to control blood pressure [43]. Moreover, the ability of
SGLT?2i to trigger a reduction in the intraglomerular pres-
sure due to a vasoconstriction of the afferent arteriole (see
below) seems complementary to RAAS inhibitors ability to
induce vasodilation of the efferent arteriole, which results
in a reduction of renal hyperfiltration and, consequently, a
limitation of GFR decline and improvement of albuminuria
degree.

Dyslipidaemia. Lipid profile disorders are common
both in the general population and in T2DM individuals,
with an increased CV risk. SGLT2i are associated with a
slight increase in both low-density lipoprotein cholesterol
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(LDL-C) and high-density lipoprotein cholesterol (HDL-
C), with decreased triglycerides and small dense LDL levels
[100]. This issue has been largely discussed in several tri-
als (CANVAS and EMPAREG OUTCOME) and metanaly-
sis [12,13,101,102]. It has recently been hypothesized that
SGLT2i may stimulate an increase in cholesterol absorp-
tion, resulting in an increased HDL-C levels [103]. Beyond
the changes in lipid serum levels, also benefit from changes
in lipoprotein sub-fraction have been observed. As an ex-
ample, in a Japanese study, Dapagliflozin have been asso-
ciated with suppression of atherogenic small dense LDL-
C and increased HDL-C and of the less atherogenic large
buoyant LDL-C [104].

Hyperuricemia improvement. Uric acid plays a dif-
ferent role according to where it acts. In fact, in plasma it
has antioxidant properties whilst, on the contrary, in the cy-
toplasm or in an atherogenic plaque it plays a pro-oxidant
role, promoting oxidative stress and thus contributing to
CVDs development. A recent metanalysis assessed that
Empagliflozin manage to reduce uric acid levels when com-
pared with controls [105]. Moreover, a sub-analysis of the
EMPA-REG OUTCOME study on the association between
uric acids levels and cardiorenal outcomes disclosed a re-
duction in hospitalization for HF and approximately a 25%
decrease of CV death [43]. However, further studies are
needed to better explain cause-effect relationships.

Chronic kidney disease (CKD). CKD is burdened by
an increased CV risk both in the general population and in
T2DM patients and will be discussed in depth below.

3. Clinical Impact of SGLT2i and Potential
Renoprotective Effects

CKD, defined by persistent albuminuria or decline in
eGFR, occurs in approximately 35% of diabetic patients,
with a subsequent significant increase in mortality [4]. As
compared to T2DM alone, presence of both T2DM and
CKD is responsible for a higher CV risk and, subsequently,
for higher CV mortality rates [ 106]. Moreover, an increased
mortality rate was observed also in patients with early signs
of CKD progression (e.g., reduced eGFR), as well as in
those with asymptomatic microalbuminuria [107]. In fact,
the presence of albuminuria represents a significant risk fac-
tor for both CV morbidity and mortality, most of all dur-
ing the early phases of CKD, and it is also associated with
the other microvascular complications of T2DM [108,109].
Moreover, individuals with T2DM and CKD with protein-
uria are exposed to a much higher CV risk than those with-
out [4]. Also poor glycaemic control seems strictly asso-
ciated with diabetic nephropathy (DN) and represents the
major cause of both CKD and ESKD [110]. In fact, lower
blood glucose levels (HbAlc <7%) have been demon-
strated to reduce the progression of both T2DM, CV and
renal events. Thus, a strict glycaemic control, along with
blood pressure control and use of renin-angiotensin inhibit-
ing agents, is recommended to reduce the progression of


https://www.imrpress.com

kidney dysfunction and worsening albuminuria in diabetic
patients [111]. This plays a major role in the risk reduc-
tion of CV events observed in patients with both CKD and
T2DM [11].

The choice of the most appropriate antihyperglycemic
therapeutic regimen in individuals with diabetes is always
guided by various factors (e.g., HbAlc levels, risk of hy-
poglycaemia and CV risk profile). However, a pivotal
role is played by the renal function, as many antihyper-
glycemic drugs require a dose reduction according to eGFR,
and some are even not recommended with an eGFR <45
mL/min/1.73 m2. SGLT2i, on the other hand, show some
advantages with respect to other drug classes, regardless
of their antihyperglycemic effect. Among these we may
find an insulin-independent action (i.e., they can be used
in any stage of the diabetic disease), the reno-protective ef-
fect, which renders them a valid therapeutic approach even
in diabetic patients with CKD and renal function [112], a
low risk of hypoglycaemia and, finally, various pleiotropic
effects (e.g., reduction of body weight, BP and uricemia),
as previously discussed. In fact, in patients with CKD,
SGLT2i determine a significant reduction in mortality from
all causes and in renal outcomes, regardless of the patient’s
characteristics before treatment [22,113].

3.1 SGLT2i and Renal Damage Progression

SGLT2i have been largely proven to reduce the pro-
gression of renal damage in T2DM patients (Table 1) [8,13—
15,114,115]. In fact, a secondary analysis of the EMPA-
REG OUTCOME trial showed a significant association be-
tween Empagliflozin treatment and a lower progression of
renal damage, as well as of a reduced rate of renal ad-
verse events (—39% as for incident nephropathy or worsen-
ing of a pre-existing nephropathy and —38% as for progres-
sion of albuminuria) [114]. Empagliflozin was also associ-
ated with a 55% reduction risk of renal replacement therapy
[114]. A similar finding was reported also for canagliflozin
(CANVAS program), with a significant reduction of com-
posite outcome (sustained doubling of serum creatinine,
ESKD and death from renal causes) as compared to placebo
[115], as further confirmed in the CREDENCE trial [14].
The DECLARE-TIMI 58 confirmed the reduction of renal
outcomes also in patients treated with Dapagliflozin [15],
as well as DAPA-HF TRIAL in patients with chronic HF
[16]. A recent metanalysis largely confirmed the ability of
SGLT2i to induce a 45% risk reduction of renal damage pro-
gression [HR 0.55; 95% CI: 0.48-0.64] and an overall re-
duction of composite outcome (worsening of renal function,
ESKD, and mortality by renal causes) [8].

The known close relationship between the SGLT2i
glycosuric effect and the renal function at baseline has sug-
gested the hypothesis that their impact on renal outcomes
might be affected by the degree of renal failure. The afore-
mentioned metanalysis also shows a maximum reduction of
renal damage progression in the individuals either without

any kidney disease at baseline or with a mild kidney dis-
ease (estimated reduction of renal outcomes of 56% with a
eGFR >90 mL/min/1.73 m? at baseline, 44% with a eGFR
between 60 and 90 mL/min/1.73 m? and 33% with eGFR
<60 mL/min/1.73 m?) [8]. Though the glycosuric effect of
SGLT?2i in patients with CKD seems attenuated, their ability
to preserve eGFR and improve the degree of albuminuria in
DN subsequently appears preserved (though different) also
in the case of a eGFR <60 mL/min/1.73 m? [116].

SGLT2i show a bi-phasic effect on eGFR, determin-
ing an initial and reversible reduction in the short-term, fol-
lowed by a substantial preservation on the long-term rather
than placebo, as shown both in EMPAREG OUTCOMES
and CANVAS trials [114,115]. EMPA-REG OUTCOMES
assessed effect of Empagliflozin on eGFR at the beginning,
during, and on the long-term after the discontinuation of
the drug [114]. After an initial reduction of eGFR during
the first 4 weeks, during a follow-up of 192 weeks we ob-
serve a stabilization of eGFR, likewise to what reported for
other classes of drugs (e.g., ACE-inhibitors). Moreover,
after the discontinuation of treatment, we can assist to a
restoration of initial values of eGFR, despite what occurs
among patients treated with placebo. In fact, unlike the ini-
tial decline (0.19 #+ 0.11 mL/min/1.73 m?) and the subse-
quent stabilization of eGFR trend in patients treated with
Empagliflozin, those treated with placebo display a pro-
gressively declining slope (eGFR reduction equal to 1.67
+ 0.13 mL/min/1.73 m?), underlining the protective role
of SGLT2i in the long-term. Likewise, CANVAS trial re-
ported an annual decline of eGFR by Canagliflozin signifi-
cantly lower than placebo (between-slopes difference equal
to 1.2 mL/min/1.73 m?/year) [115]. The initial reduction
in eGFR secondary to the treatment with gliflozins does
not preclude the clinical benefits observed in the long term
[117] and occurs by specific functional mechanism, rather
than due to a permanent structural damage. The inhibition
of Na™/glucose transporters modifies the load of sodium
entering the macula densa, thus inducing renal hyperfil-
tration. Then, the hydrostatic pressure inside the Bowman
capsule reduces, with a subsequent reduction of the eGFR
[118]. However, as reported in murine models, after an ini-
tial reduction, the increase of the re-absorption of NaCl at
the level of Henle loop is accompanied by a contemporary
reprise of eGFR values, which remain constant over time,
thus contributing to preserve the renal function on the long-
term. In fact, the hyperfiltration has been always consid-
ered a mechanism at the basis of renal damage, including
DN. In the end, through the regulation of ionic fluxes and
the limitation of oxygen consumption, with a subsequent re-
duction in the inflammatory stimulus induced by hypoxia,
SGLT2i provide a valid contribution to preserve kidneys in-
tegrity. These characteristics support the potential role of
SGLT2i in add-on to RAAS blockers in individuals with
T2DM and CKD [114]. As this effect has been observed
for all SGLT24i, it can be counted as a class effect.
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3.2 SGLT2i and Albuminuria

Albuminuria is both a marker of glomerular dam-
age and a CV risk factor. Two recent trials reported a
reduction in albuminuria in patients receiving either Da-
pagliflozin vs. placebo [119], or Empagliflozin in add-on
to standard of care [120], respectively over a 104- and 52-
weeks follow-up. We have already reported the 38% rel-
ative risk reduction of macroalbuminuria progression ob-
served in the EMPA-REG OUTCOME trial, as compared
to placebo, though the onset de novo was not demonstrated.
Also Canagliflozin, as reported by the CANVAS Study, dis-
closed a 18% risk reduction of albuminuria, with modifica-
tions directly proportional to the degree of albuminuria (—
9% in patients with normoalbuminuria at baseline, —34% in
those with microalbuminuria and —36% in macroalbumin-
uric patients) [115].

However, unlike Empagliflozin, Canagliflozin was
also able to reduce the de novo onset of albuminuria. In
fact, SGLT2i seem able both to prevent the onset of pro-
teinuria in diabetic patients and to face its worsening in pa-
tients albuminuric at baseline. Likewise, also Dapagliflozin
has been proven to significantly reduce the degree of al-
buminuria (39.6% at a dosage of 5 mg and 33.9% for 10
mg, vs 15.8% of placebo) [15]. As well, the 18.9% of pa-
tients treated with Dapagliflozin 10 mg and the 17.8% of
those treated with Dapagliflozin 5 mg displayed a reduc-
tion of albuminuria till normality ranges. Similar results
are also demonstrable in patients with CKD. In the DAPA-
CKD trial [121], Dapagliflozin has been shown to reduce
the urinary albumin-to-creatinine ratio (UACR) by 35.1%
in patients with eGFR <75 mL/min/1.73 m?, reducing the
risk of progression and favor the backstage from macroal-
buminuria to microalbuminuria or normoalbuminuria. In
patients with T2DM and CKD, the reduction in the degree
of albuminuria due to SGLT2i appears independently asso-
ciated with long-term kidney and cardiovascular outcomes
[122].

3.3 Kidney Benefits: Suggested Mechanisms

SGLT2i improves albuminuria and slow down the pro-
gression of renal damage. This effect more likely oc-
curs through a multifactorial mechanism, including re-
duced arterial and intraglomerular pressure, renal hyperfil-
tration, increased natriuresis, uric acid reduction, and anti-
inflammatory effects (Fig. 1). The nephroprotective effect
of a better glycemic compensation by SGLT2i more likely
occurs in the long-term. However, it is independent of the
drugs class used.

Reduced glomerular hyperfiltration via tubule-
glomerular feedback. Renal hyperfiltration represents
both a marker of intraglomerular hypertension and a risk
factor for renal disease progression in T2DM [123]. Thus,
it is a central mechanism involved in the pathogenesis
of DN. SGLT2i induce a significant reduction of renal
hyperfiltration [124]. The reduced renal absorption of
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sodium and glucose induced by SGLT2i in the proximal
tubules causes an increased sodium delivery to macula
densa, perceived by the juxtaglomerular apparatus as an
increase of circulating plasma. The activation of this
tubule-glomerular feedback is triggered by a paracrine
mechanism mediated by adenosine, an afferent arteriolar
vasoconstriction and a reduction in intraglomerular hy-
pertension and renal hyperfiltration [114,124—-126]. Thus,
SGLT2i mechanism of reduction of the intraglomerular
pressure (afferent arteriolar vasoconstriction) seems es-
sentially different, more likely complementary, to the
one induced by RAAS (efferent arteriolar vasodilatation)
[116]. The reduction of renal hyperfiltration determines a
suppression of albuminuria. Moreover, the active tubular
transport work caused by hyperfiltration induces oxygen
consumption. The subsequent hypoxia is involved in the
development of renal interstitial fibrosis. By the reduction
of glomerular hyperfiltration, SGLT2i favor a reduced
oxygen consumption, thus contributing to preserve renal
function. Moreover, the reduction of intraglomerular
pressure by SGLT2i could also trigger the suppression of
both inflammation and glomerular fibrosis mechanisms,
typical of DN [127].

Blood pressure reduction. A remarkable role in
nephroprotection by SGLT?2i is closely related to their abil-
ity to significantly reduce systemic blood pressure. Unlike
the effects on the reduction of the intraglomerular pressure,
which seems immediate, those on systemic blood pres-
sure are more likely deployed on the long-term, as already
largely discussed (see previous sections).

Increased erythropoietin (EPO). SGLT2i have also
stimulate the renal production of EPO which, in turn, trig-
gers an increase in haematocrit [50]. EPO has a direct
nephroprotective effect by the suppression of inflammatory
response and oxidative damage, which determines a reduc-
tion of tubular injury, interstitial fibrosis and inflammation,
as well as attenuated albuminuria [128].

Lowering uric acid level. Uric acid plays a key role in
the development of tubular damage during DN. This more
likely occurs due to mechanisms mediated by either inflam-
mation or endothelial dysfunction [129]. Therapies aimed
to reduce uric acid levels during DN seem related to a lower
decline of eGFR [129]. SGLT2i have been proven able to
exert this role, with an approximatively 10-15% reduction
rate of plasma uric acid levels thanks both to the exchange
of glucose and uric acid by glucose transporter 9 (GLUT 9)
and to the subsequent secretion of uric acid [105,130]. This
mechanism might thus represent a further pathway of the
nephroprotection exerted by SGLT2i [105].

Glomerulosclerosis reduction. Inflammation and ox-
idative stress during DN stimulate the synthesis of extracel-
lular matrix, thus triggering a pro-sclerotic state [131]. The
aforementioned antioxidant and anti-inflammatory effects
of SGLT2i on kidneys might contribute to a reduction of
the renal glomerulosclerosis.
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4. Conclusions

SGLT2i availability represents a “conceptual revolu-
tion” in the management of T2DM patients. Beyond their
anti-hyperglycemic effect, SGLT2i are able to reduce CV
risk and progression of kidney disease in individuals with
or without diabetes. The remarkable effects observed in
selected subpopulations (e.g., individuals with HF) render
their use mandatory in these subjects, even at the cost of a
lower HbA 1c reduction.
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