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Abstract
In mid-2013, sodium-glucose co-transporter 2 (SGLT2) 

inhibitors such as canagliflozin, dapagliflozin, and empagliflozin 
were introduced as possible treatments for type 2 diabetes 
mellitus (DM2). Cardiovascular safety studies demonstrated 
that not only were SGLT2 inhibitors safe, but they were also 
associated with a significant reduction in cardiovascular 
mortality and heart failure (HF) outcomes including 
hospitalizations. These findings encouraged the development 
of clinical trials aimed specifically at investigating the effects 
of this new drug class on HF with reduced ejection fraction 
(EF), including the DAPA-HF and EMPEROR-reduced studies. 
The demonstration of beneficial effects of SGLT2 inhibitors 
on the reduction of cardiovascular events in treated patients 
with symptomatic HF and reduced left ventricular EF 
(LVEF < 40 %) resulted in the extension of SGLT2 inhibitor 
indication to patients with symptomatic HF with reduced EF. 
The mechanisms behind these beneficial effects of SGLT2 
inhibitors are not entirely known. In this review, we analyze 
several current hypotheses for the cardioprotective effects 
of SGLT2 inhibitors, including reduced blood pressure, 
increased natriuresis, improved energy metabolism, 
prevention of inflammation, weight loss, improved glycemic 
control, inhibition of the sympathetic nervous system, 
prevention of myocardial remodeling, prevention of ischemia/
reperfusion injury, inhibition of Na+/H+ channels, increased 
autophagy and lysosomal degradation, SGLT1 inhibition, 
reduced hyperuricemia, reduced epicardial fat, increased 
erythropoietin levels, increased progenitor/precursor cells, 
reduced oxidative stress, and improved vascular function.

Introduction
As the global number of patients with type 2 diabetes 

mellitus (DM2) approaches 500 million, that of patients with 
heart failure (HF) reaches 64 million.1-3 HF and DM2 often 
co-occur, resulting in a worse prognosis for both conditions. 
Records suggest that DM2 can be present in up to 40% of 
patients with HF and reduced ejection fraction (EF) and up 
to 45% of those with preserved EF. Additionally,  patients 
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with DM2 are 2.5 to 5 times more likely to develop HF 
and 30% more likely to require hospitalization for HF.4 
The mechanisms involved in the association of DM2 and 
HF are multifactorial and include diastolic left ventricular 
(LV) dysfunction, metabolic alterations such as lipotoxicity, 
renin-angiotensin-aldosterone system activation, oxidative 
stress, microcirculatory dysfunction, endothelial dysfunction, 
dysautonomia, and altered myocardial calcium cycling.4,5 
Most treatments for DM2 involve increasing the activity of 
beta cells, insulin reposition, and the restoration of insulin 
sensitivity; pharmacological treatments for HF with reduced 
EF, on the other hand, involve the use of beta-blockers, renin-
angiotensin-aldosterone system inhibitors, neprilysin inhibitors, 
and mineralocorticoid receptor antagonists.2-4,6 In mid-2013, 
sodium-glucose co-transporter 2 (SGLT2) inhibitors such as 
canagliflozin, dapagliflozin, and empagliflozin were introduced 
as possible treatments for DM2. Surprisingly, the cardiovascular 
safety studies originally proposed by North-American and 
European regulatory agencies to ensure the safety of new 
antidiabetic drugs found that not only were SGLT2 inhibitors 
safe, but they were also associated with a significant 
reduction in cardiovascular mortality, and especially with 
HF outcomes.7-9 The cardiovascular safety studies of SGLT2 
inhibitors and their findings on the reduction of HF outcomes, 
specifically hospitalization for HF, encouraged the initiation of 
clinical trials dedicated to the effects of this new drug class on 
HF with reduced EF.10,11 More recently, the beneficial effects 
of SGLT2 inhibitors on the reduction of cardiovascular events 
in adequately treated patients with symptomatic HF (New 
York Heart Association [NYHA] functional class >/= II) with 
reduced EF (< 40%) led the United States Food and Drug 
Administration (FDA) and the Brazilian Health Regulatory 
Agency (Agência Nacional de Vigilância Sanitária; Anvisa) to 
extend the indication of SGLT2 inhibitors to the treatment 
of symptomatic HF with reduced EF.1,4,6 SGLT2 receptors are 
present in the proximal convoluted tubules of the kidney 
and mediate glucose uptake, accounting for 90% of renal 
glucose reabsorption. The inhibition of SGLT2 receptors leads 
to a reduction in their ability to reabsorb glucose, promoting 
its excretion in urine and leading to a reduction in plasma 
glucose levels. This effect is independent of insulin secretion 
so that this drug class is unlikely to cause hypoglycemia.12 
Although the reduction in cardiovascular events in patients 
with symptomatic HF and reduced EF after adjunctive 
treatment with dapaglifozin10 and empaglifozin11 has been 
demonstrated in rigorous clinical trials, the mechanism of 
action of this drug class in the treatment of HF has not been 
fully elucidated. This review aims to discuss the main possible 
mechanisms of action of SGLT2 inhibitors in HF.

Historical background
The need for cardiovascular safety testing of the three 

main SGLT2 inhibitors was especially emphasized by the 

DOI: https://doi.org/10.36660/abchf.20210007

https://orcid.org/0000-0003-4428-5186


ABC Heart Fail Cardiomyop. 2021; 1(1):33-4334

Review Article

Martins et al.
SGLT2 inhibitors in heart failure

FDA after studies showed that thiazolidinediones13-15 and 
saxagliptin16,17 could increase the risk of HF outcomes and 
especially hospitalization. The first clinical trial to establish 
the cardiovascular safety of SGLT2 inhibitors was the 
EMPA-REG OUTCOME study, published in 2015.9 This was 
a randomized, double-blind, placebo-controlled clinical 
trial of patients with established cardiovascular disease and 
DM2, who were randomly allocated to empagliflozin or 
placebo. The study involved 7020 patients, 4687 in the 
treatment group and 2333 in the placebo group, followed 
for a mean period of 3.1 years. The primary outcomes were 
cardiovascular death, nonfatal myocardial infarction (MI), 
and nonfatal stroke. The study yielded statistically significant 
findings on the safety and superiority of empagliflozin, with a 
32% relative risk reduction for all-cause mortality and a 35% 
relative risk reduction in hospitalization for HF, although the 
rates of atherothrombotic events such as MI and stroke did 
not differ between groups.9 The CANVAS8 study published in 
2017 had the same objective, and included 10142 patients 
with DM2 and high cardiovascular risk randomly allocated to 
canagliflozin or placebo and followed for a mean of 3.9 years. 
Primary outcome rates (all-cause cardiovascular mortality, non-
fatal MI, or stroke) were significantly lower in the canagliflozin 
group, occurring in 26.9 participants per 1000 patient-years 
as compared to 31.5 per 1000 patient-years in the placebo 
group. The study also identified possible renal benefits such 
as reduced albuminuria progression, improved glomerular 
filtration rates, and reduced renal replacement therapy and 
renal mortality.8

The year 2019 saw the publication of the largest and 
longest follow-up study of cardiovascular outcomes in this 
drug class: the DECLARE-TIMI 58,7 which investigated the 
effects of dapagliflozin on cardiovascular events. This was 
also a randomized clinical trial involving 17160 patients with 
DM2 and established atherosclerotic disease or multiple risk 
factors for its development. Patients were randomly allocated 
to 10 mg/day dapagliflozin or placebo and followed for a mean 
period of 4.2 years. The two primary effectiveness outcomes 
were MACE (a composite of cardiovascular death, MI, or 
ischemic stroke) and a composite of cardiovascular death 
and hospitalization for HF. The use of dapagliflozin resulted 
in lower rates of hospitalization for HF.7 The publication of the 
three aforementioned studies clarified the benefits of SGLT2 
inhibitors on cardiovascular outcomes in patients with DM2. 
However, since few patients in the EMPA-REG OUTCOME, 
CANVAS, and DECLARE-TIMI 58 studies had a diagnosis of 
HF at the start of these investigations, dedicated studies were 
developed to evaluate the possible benefits of these drugs in 
patients with established HF. A randomized, double-blind 
clinical trial on patients with chronic HF with reduced EF 
with or without DM2 was developed to evaluate the effects 
of 10mg dapagliflozin once daily relative to placebo addition 
to standard treatment for HF. The primary outcome was a 
composite of cardiovascular death, hospitalization for HF, 
or urgent-care visits for HF. The study revealed a significant 
reduction in the occurrence of the primary outcome, which 
was reported in 16.2% of the dapagliflozin group and 21.2% 
of the placebo group.7 Similar findings were obtained with 
empagliflozin,11 which also led to a significant reduction in the 

occurrence of major cardiovascular events in a population of 
patients with symptomatic HF and reduced EF, corroborating 
the benefits of this class of medications in the treatment of 
symptomatic HF with reduced EF.

Possible mechanisms of action of SGLT2 
inhibitors in heart failure

As previously mentioned, SGLT2 inhibitors, though initially 
developed for the treatment of DM2, have demonstrated clear 
benefits on cardiovascular outcomes, especially those related 
to HF with reduced EF, in addition to kidney outcomes in 
patients with or without diabetes.18 Though the mechanisms 
through which SGLT2 inhibitors affect HF with reduced 
EF have not been completely elucidated, experimental 
studies have suggested several possible explanations for this 
association (Figure 1). These include the following: 1) reduced 
blood pressure; 2) increased natriuresis; 3) improved energy 
metabolism; 4) prevention of inflammation; 5) weight loss; 
6) improved glycemic control; 7) inhibition of the sympathetic 
nervous system; 8) prevention of myocardial remodeling; 
9) prevention of ischemia/reperfusion injury; 10) inhibition of 
Na+/H+ channels; 11) increased autophagy and lysosomal 
degradation, SGLT1 inhibition; 12) reduced hyperuricemia; 
13) reduced epicardial fat; 14) increased erythropoietin 
(EPO) levels; 15) increased progenitor/precursor cells; 
16)  reduced oxidative stress; and 17) improved vascular 
function. Therefore, several hypotheses have been put forward 
to explain the effects of these drugs. The main ones will be 
discussed in the following sections.

Weight loss
Renal glucose excretion during treatment with SGLT2 

inhibitors results in a substantial caloric loss. This results in 
a significant loss of body weight as fatty acids are mobilized 
from adipose tissue.18-20 Clinical trials have demonstrated a 
significant reduction in body weight in patients treated with 
SGLT2 inhibitors.21 While this weight loss may contribute to 
the beneficial effects of SGLT2 inhibitors, other mechanisms 
must also be involved since the effects of weight loss measures 
on HF severity have been far smaller than those observed with 
SGLT2 inhibitors. Therefore, weight loss is unlikely to be the 
main mechanism through which SGLT2 inhibitors affect HF 
outcomes. Furthermore, the effects of SGLT2 inhibitors on 
weight loss are moderate and tend to decrease over time due 
to counterregulatory mechanisms such as increased energy 
intake triggered to maintain body weight.22 

Improved glucose control
Although SGLT2 inhibitors are effective at reducing 

glucose levels, this is unlikely to be directly associated with 
the benefits of this medication class on HF. Hyperglycemia 
alone is a weak risk factor for cardiovascular illness.23 
Additionally, the rapid efficacy of these investigations 
(observed days after treatment initiation) speaks against 
an association between glucose reduction and improved 
cardiovascular outcomes. The differences in glycemic control 
and cardiovascular outcomes reported in previous clinical 
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trials have been small, and post hoc analyses of these studies 
suggest that baseline glycated hemoglobin and changes in 
HbA1c are not necessarily associated with the effects of 
treatment with SGLT2 inhibitors.23 This was confirmed in 
the DAPA-HF study, which found that dapagliflozin was 
similarly effective in individuals with and without diabetes.10 
In patients without diabetes, its effectiveness was similar to 
that observed in individuals with prediabetes or reduced 
glucose tolerance relative to normoglycemic participants. 
Similar findings were obtained in a study of empagliflozin, 
another SGLT2 inhibitor, which proved effective in the 
treatment of HF with reduced EF regardless of the presence 
of DM2.11 Polynomial analyses in the DAPA-HF study 
demonstrated that baseline glycated hemoglobin was 
unrelated to the positive effects of dapagliflozin on HF and 
mortality.10 Additionally, in experimental models of HF, 
benefits of SGLT2 inhibition have been observed regardless 
of whether diabetes or hyperglycemia is present.24,25 

Blood pressure reduction
Hypertension is an important modifiable risk factor 

for HF. As such, it has been suggested that some of the 
beneficial effects of SGLT2 inhibitors on HF may be 
explained by their effects on blood pressure since SGLT2 
inhibitors are known to reduce these values.26 Although 
the mechanisms behind the antihypertensive activity 
of SGLT2 inhibition are not entirely clear, these effects 
are likely mediated by the osmotic and diuretic effects 
of SGLT2 inhibitors caused by the inhibition of sodium 
reabsorption in the proximal tubules of the kidney. SGLT2 
inhibition may increase urinary sodium excretion by 30 to 
60%.26,27 The anti-hypertensive effects of SGLT2 inhibitors 
are larger than those of thiazide diuretics when used in 

combination with beta-blockers or calcium antagonists.28,29 
By  decreasing blood pressure, SGLT2 inhibitors may 
decrease the cardiac post-load, reducing cardiac overload 
and improving efficiency. This could be the mechanism 
through which SGLT2 inhibitors affect HF outcomes. 
However, the effects of SGLT2 inhibition on blood pressure 
reduction are modest and unlikely to entirely explain the 
beneficial effects of this drug on cardiovascular and kidney 
function. Additionally, reduced blood pressure is expected 
to have a greater effect on stroke rates relative to other 
cardiovascular outcomes, which was not observed in the 
EMPA-REG OUTCOME study.9 Lastly, in the DAPA-HF trial, 
blood pressure reductions were modest and unlikely to be 
related to a significant reduction in cardiovascular events.10 

Increased natriuresis
SGLT2 inhibitors promote natriuresis and glycosuria, and 

it has been suggested that osmotic diuresis may improve HF 
outcomes. Analyses from the EMPA-REG OUTCOME study 
suggested that hemoconcentration (presumably secondary 
to volume contraction) was responsible for nearly 50% of the 
cardiovascular benefits observed in this investigation.9 Yet the 
benefits of SGLT2 inhibitors are unlikely to be explained by 
diuresis alone since other diuretic measures have not been 
associated with a reduction of cardiovascular events in HF 
studies. It has been suggested that SGLT2 inhibitors may 
differ from classical diuretics given their peculiar mechanism 
of action and, especially, their effects on the reduction of 
interstitial fluid. In a study comparing dapagliflozin and 
hydrochlorothiazide, for instance, reduced plasma volume 
and increased erythrocyte mass were observed with the 
former but not the latter.30 When compared to a loop diuretic 
(bumetanide), dapagliflozin was associated with a greater 
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Figure 1 – Possible mechanisms through which SGLT2 inhibitors improve heart failure outcomes. iSGLT2: sodium-glucose co-transporter 
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reduction in interstitial fluid rather than blood volume.31 
It has therefore been suggested that SGLT2 inhibition may 
have differential effects on interstitial fluid (vs. intravascular 
volume) which can limit the neurohumoral stimulation that 
occurs in response to the contraction of intravascular volume 
caused by traditional diuretics. 

Reduced sympathetic stimulus 
SGLT2 acts by stimulating the sympathetic nervous system. 

The effects of hyperstimulation of this system can include 
arterial stiffening and, consequently, chronic elevation of 
blood pressure, ultimately leading to vascular and kidney 
damage. Both effects are directly related to poorer HF 
outcomes.32 SGLT2 inhibitors are associated with a reduced 
sympathetic tone, and the ability to induce vasodilation by 
activating voltage-gated potassium channels and protein 
kinase G, which are crucial for the regulation of vascular 
tone. Additionally, they improve endothelial function and 
arterial stiffness.12 The sympathetic nervous system,33,34 in 
turn, plays a crucial role in blood pressure control and the 
physiopathology of hypertension, and its activation may be 
related to the development of HF.35,36 Several experimental37 
and clinical38 studies have suggested that SGLT2 inhibitors 
reduce the activation of the sympathetic nervous system. 
Though the exact mechanisms behind HF risk reduction and 
the beneficial effects of SGLT2 inhibitors are not fully known, 
some hypotheses are supported by stronger evidence, such 
as the effects of sympathetic tone, as illustrated in Figure 2. 

Interestingly, the reduction in sympathetic tone caused 
by SGLT2 inhibitors contributes to the reduction in HF 
hospitalizations.32 In older patients with HF refractory to 
clinical treatment, ipragliflozin improved sympathetic activity 
as assessed by 123 I-metaiodobenzylguanidine (MIBG) 
myocardial scintigraphy, suggesting that this may contribute to 
the cardioprotective activity of SGLT2 inhibitors.39 Additionally, 
hyperactivation of the sympathetic nervous system is associated 
with poor prognosis, ventricular arrhythmia or even sudden 
death. In the EMPA-REG OUTCOME study, empagliflozin 
was associated with a reduced incidence of sudden death.9 
Though the precise mechanisms underlying this association 
have not been fully elucidated, the attenuation of sympathetic 
hyperactivation caused by SGLT2 inhibitors may reduce the 
risk of complex arrhythmia and sudden death. The EMBODY40 
study, which is still ongoing, is investigating whether the effects 
of SGLT2 on sympathetic tone, through the re-establishment 
of the balance between sympathetic and parasympathetic 
tone, could improve survival and reduce the rates of 
cardiovascular events and sudden death. In this interesting 
study, patients with diabetes and HF will be randomized to 
empagliflozin or placebo. The findings from this investigation 
may provide novel evidence of the effects of this drug class 
on the reduction of electrical events of the heart. While the 
exacerbated activation of sympathetic tone is associated with 
unfavorable vascular remodeling several studies have reported 
significant reductions in arterial stiffness in patients with DM2 
treated with dapagliflozin,41 canagliflozin,42 or empagliflozin.43 
This effect is accompanied by improved endothelial function,41 
promoting reductions in arterial and central pressure with 

possible effects on the prevention of cardiovascular events. 
More recently, in a study of 97 patients with DM2, Sposito 
et al. showed that treatment with dapagliflozin improved 
endothelial function relative to glibenclamide as determined 
by Doppler-recorded reactive vasodilation.44 These findings 
indicate that the effect of SGLT1 inhibitors on sympathetic 
tone and vascular remodeling can contribute to their benefits 
for patients with HF.

Reduced inflammation 
Inflammation is a major contributor to HF severity. 

Inflammatory markers are increased in patients with HF and 
correlate with disease severity45,46 in HF with reduced and 
preserved EF.47 Inflammatory cytokines are known to cause 
endothelial dysfunction and increase fibrosis and extracellular 
matrix turnover. SGLT2 inhibitors have the potential to 
decrease inflammation-associated molecular processes such 
as extracellular matrix turnover and fibrosis.48 This can be 
illustrated by the fact that dapagliflozin suppresses collagen 
synthesis in the rat myocardium, demonstrating its antifibrotic 
effects through the modulation of inflammatory responses.48 
Despite these findings, it is still not entirely clear how SGLT2 
inhibitors modify and modulate the inflammatory process. It is 
thought that SGLT2 inhibitors initially dampen the macrophage 
inflammatory response by decreasing the availability of glucose, 
the preferred energy source for these cells.49 The nucleotide-
binding oligomerization domain, leucine-rich repeat, and 
pyrin domain-containing (NLRP3) inflammasome plays an 
important role in inflammatory mediation. The inflammasome 
is a complex of interacting proteins that trigger the maturation 
of pro-inflammatory cytokines to initiate the inflammatory 
response. This response is amplified by the production of 
tumor necrosis factor-alpha (TNF-alpha) and the activation of 
inducible nitric-oxide synthase. Therefore, the inflammasome, 
or the NLPR3 inflammasome, specifically, may play a central 
role in the modulation of chronic inflammation, affecting 
HF progression.50 Recent data suggest that SGLT2 inhibitors 
can reduce NRLP3 inflammasome activation in the heart51,52 
and that this effect is independent of glucose reduction. It is 
unclear whether the effects of SGLT2 inhibitors on the NRLP3 
inflammasome are direct or indirect. Beta-hydroxybutyrate 
is an effective blocker of the NLRP3 inflammasome,53 and 
SGLT2 inhibitors increase circulating beta-hydroxybutyrate 
levels, which may contribute to their mechanism of action.

Prevention of cardiac remodeling 
Cardiac remodeling refers to several structural alterations of 

the heart muscle, including cardiac hypertrophy, cardiomyocyte 
inflammation, and fibrosis. These alterations result in increased 
HR severity. SGLT2 inhibitors have beneficial effects on 
cardiac remodeling, as documented in several studies.24,30,54-58 
A  randomized trial investigated the effects of a 6-month 
treatment with empagliflozin or placebo on myocardial 
modeling in patients with diabetes and coronary artery disease 
using cardiac magnetic resonance imaging. The study showed 
that patients treated with empagliflozin exhibited a significant 
reduction in LV mass relative to those in the placebo group, 
despite the brevity of the treatment intervention.59 This result 
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suggests that SGLT2 inhibitors can promote the reverse 
remodeling of the heart muscle. Although we do not clearly 
know how SGLT2 inhibitors prevent remodeling, part of 
this mechanism can be explained by their anti-inflammatory 
effects, which can reduce fibrosis60,61 and, consequently, cardiac 
remodeling. The inhibition of SGLT2 receptors can therefore 
reverse the cardiac remodeling observed in HF, reducing the 
stress on the LV and improving ventricular function.

Suppression of myocardial fibrosis
As previously mentioned, SGLT2 inhibitors play an 

important role in the attenuation of myocardial fibrosis, a form 
of irreversible myocardial damage associated with ventricular 
dysfunction. HF is accompanied by cardiac remodeling due 
to the deposition of the extracellular matrix, composed of 
fibrosis and collagen deposition by cardiac fibroblasts. In 
patients with DM2, even a 3% increase in the extracellular 
volume of the myocardium can lead to a highly significant 
increase of up to 52% in the risk of death or hospitalization for 
HF. It has been proposed that SGLT2 inhibitors may suppress 
collagen synthesis, activating M2 macrophages and inhibiting 
myofibroblast differentiation.12,18,19 M2 macrophages secrete 
interleukin-10 (IL-10), an anti-inflammatory cytokine that plays 
a crucial role in tissue healing and homeostasis. The reduction 
in myocardial fibrosis can be demonstrated noninvasively by 
the assessment of the extracellular volume through advanced 
imaging methods such as cardiac magnetic resonance, 
a method that is widely used in contemporary clinical studies. 
In a study by Mason et al., where patients with diabetes and 
coronary artery disease were randomized to empagliflozin or 
placebo for 6 months (Figure 3), the SGLT2 inhibitor led to a 
1.4% reduction in extracellular volume (Figure 4) which was 
associated with a reduction in LV mass.58 

Reduced ventricular overload 
Another mechanism that may explain the benefits of 

SGLT2 inhibitors on all-cause mortality in patients with HF 
and reduced EF could be the reduction in pre- and post-load, 
and the ensuing improvement in ventricular functioning.12,18,19 
This occurs because the inhibition of SGLT2 in the proximal 
tubule promotes natriuresis and glycosuria, resulting in osmotic 
diuresis,18,60 and ultimately reducing ventricular filling pressure 
and myocardial work.19 The natriuretic response, through 
a tubuloglomerular feedback system, also leads to afferent 
arteriole vasoconstriction, reducing intraglomerular pressure 
and possibly explaining the renal preservation associated with 
the use of SGLT2 inhibitors.18 The variation in plasma volume 
leads to an increase in hematocrit, which was likely responsible 
for over 50% of the benefits of these drugs on cardiovascular 
mortality according to the EMPA-REG OUTCOME19 study. 
Another mechanism that may complement the change in 
plasma volume and hematocrit is increased erythropoiesis 
observed in some studies after the start of treatment with 
SGLT2 inhibitors. Additionally, unlike conventional diuretics, 
the uricosuric effect that may promote differences in 
cardiovascular outcomes since serum uric acid is associated 
with an increased risk of cardiovascular death was present in 
those using SGLT2 inhibitors.19 

Repairing vascular function
Endothelial and smooth vascular muscle dysfunctions 

contribute to the physiopathology of HF62 and contribute 
to increased morbidity and mortality rates. SGTL2 inhibitors 
improve vascular function by decreasing the activation 
of endothelial cells, inducing direct vascular relaxation. 
Additionally, SGLT2 inhibition reduces endothelial dysfunction 
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and molecular alterations associated with early atherogenesis, 
decreasing arterial stiffness and vascular resistance.63,64 
Additional benefits of SGLT2 inhibitors include the induction 
of vasodilation through the activation of protein kinase-G and 
voltage-gated potassium channels. Together with natriuresis 
and osmotic diuresis, the direct effects of SGLT2 inhibitors on 
the vascular system contribute to improved hemodynamic 
function in patients with HF.

Increasing erythropoietin (EPO) levels
The increase in hematocrit observed with the use of SGLT2 

inhibitors, even in individuals without diabetes, suggests that 
these medications can increase EPO secretion by the kidneys 
and ultimately promote erythropoiesis.65 This increase in EPO 
contributes to improvements in cardiomyocyte mitochondrial 
function, angiogenesis, cell proliferation, and inflammation, in 
addition to increasing oxygen supply to myocardial tissue.65 
The EMPA-Heart Cardio Link-6 randomized clinical trial 
demonstrated that one month of treatment with empagliflozin 
led to significant increases in EPO levels in patients with 
diabetes and coronary artery disease.65 These patients also 
exhibited a significant increase in hematocrit and reductions 
in ferritin and hemoglobin concentration. 

Reducing epicardial fat
Epicardial adipose tissue is the visceral fat that surrounds the 

heart and comes into direct contact with the coronary tunica. 
The attenuation of epicardial adipose tissue as demonstrated 
on computed tomography can indicate the presence of 
inflammatory alterations and coronary neovascularization and 
is therefore associated with an increased risk of cardiovascular 
events.20 SGLT2 inhibitors reduce the accumulation of adipose 
tissue and perivascular inflammation, minimizing the secretion 
of leptin and its effects on cardiac fibrosis.66 In patients with 
both diabetes and coronary artery disease, SGLT2 inhibition 
reduces the mass of epicardial adipose tissue and bioactive 
molecules such as TNF-alpha and the type 1 plasminogen 
activator inhibitor. This can therefore attenuate inflammation 
and even the remodeling associated with HF.67 

Increased vascular progenitor cells
Another mechanism that could explain the cardioprotective 

effect of SGLT2 inhibitors is the restoration of vascular repair 
through the mobilization of vascular progenitor cells in the 
bone marrow. Tissue revascularization requires a network of 
circulating cells to work together to mediate microvascular 
growth. There is evidence to suggest that SGLT2 inhibition 
may affect the balance of circulating progenitor vascular cells, 
monocytes, and inflammatory cells in patients with diabetes 
and established cardiovascular disease.18 In a previous study, 
Hess et al.68 observed that treatment with empagliflozin 
was associated with a reduction in M1 proinflammatory 
macrophages, and a subsequent increase in the number of 
polarized M2 macrophages which are associated with an 
anti-inflammatory response (Th2). Previous studies have 
demonstrated that phlorizin-induced SGLT2 inhibition 
increases antioxidant production, and the administration of 

empagliflozin reduces the production of NOX1, an important 
component of oxidative stress in the peripheral vasculature 
of rats with diabetes.69 Systemic reductions in oxidative 
stress promote the maturation of progenitor cells in the 
bone marrow.70 It has been proposed that the administration 
of SGLT2 inhibitors leads to an increase in the release of 
angiogenic progenitor cells from the bone marrow.68 

Improved metabolism and cardiac bioenergetics
Fatty acids are an important energy source for healthy 

heart tissue; however, HF is associated with impaired cardiac 
fatty acid oxidation. In these cases, the heart utilizes ketone 
bodies as an alternative energy source through enzymes 
such as beta-hydroxybutyrate dehydrogenase (BHD1). 
SGLT2  inhibitors can increase the production of ketone 
bodies, especially beta-hydroxybutyrate, increasing the 
energy supply to the heart muscle.18 In this way, the change 
in metabolic substrate contributes to increased efficiency and 
myocardial contractility. The increased ketone production is 
also believed to reduce acetyl CoA levels, which, in turn, 
reduce the hyperacetylation of mitochondrial enzymes, 
improving mitochondrial energy production.12

Inhibition of sodium/hydrogen exchangers 
Another explanation for the effects of SGLT2 inhibitors 

on HF involves their interaction with type 1 (NHE1) and 
3 (NHE3) sodium/hydrogen exchangers. NHE1 is found 
in myocardial and vascular tissues, and when activated, 
increases intracellular sodium and calcium levels, the first of 
which is associated with HF and cardiomyocyte injury. NHE3 
is found in the kidneys and promotes sodium reabsorption 
and subsequent water retention.12 SGLT2 inhibitors are 
believed to directly inhibit NHE1 and promote natriuresis by 
reducing NHE3 expression. This pathway may contribute to 
the explanation of the close link between diabetes and HF. 
They are stimulated by elevated glucose and insulin levels in 
diabetes and by the exacerbated neurohumoral activation 
in HF. Therefore, patients with decompensated HF can also 
experience an exacerbation of diabetes.12,46 In conclusion, 
the inhibition of NHE1 and NHE3 may be an important part 
of the cardiac and renal mechanisms through which SGLT2 
inhibitors treat HF.18 

Reduced leptin levels
Leptin, a protein associated with energy homeostasis, is 

a major contributor to the development of HF in individuals 
with diabetes. This protein stimulates SGLT2 receptors 
in the kidneys, causing sodium retention and influencing 
inflammation and cardiac fibrosis. SGLT2 inhibitors can 
suppress the effects of leptin in several ways. The reduction in 
visceral adipose tissue lowers leptin levels, while the inhibition 
of SGLT2 receptors in the kidneys reduces sodium absorption.18 
SGLT2 inhibitors also increase overall adiponectin levels, 
decreasing inflammatory action through TNF-alpha inhibition. 
Adiponectin is associated with reductions in body fat, which 
it promotes by inhibiting SGLT2. 
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Prevention of ischemia/reperfusion injury
Cell injury, necrosis, and programmed cell death (apoptosis, 

necroptosis, autophagy) are important physiopathological 
characteristics of several maladaptive processes in the heart, 
including myocardial ischemia and HF.71 Recent experimental 
evidence suggests that SGLT2 inhibition has cardioprotective 
effects against ischemia/reperfusion injuries. The authors of 
these studies hypothesize that the improved cardiovascular 
survival observed after treatment with SGLT2 inhibitors is 
associated with their direct cytoprotective effects which 
include protection against myocardial ischemia/reperfusion 
injury. The  first demonstration of the cardioprotective 
effects of canagliflozin against ischemia/reperfusion injury 
in diabetic and non-diabetic animals was obtained in a 
study of Langendorff‑perfused hearts from diabetic and 
non‑diabetic rats treated with canagliflozin for a 4-week 
period, who showed smaller infarcts than those in comparison 
conditions.61 These results also suggest that SGLT2 inhibitors 
may be introduced as a cardioprotective intervention in high-
risk cardiovascular patients, irrespective of diabetes status.61 
The beneficial effect of SGLT2 on ischemia/reperfusion injury 
is associated with a reduction in the activity of calmodulin 
kinase II, resulting in increased calcium flux in the sarcoplasmic 
reticulum and increased contractility. However, it is not yet 
clear if this effect occurs in humans.

Reducing hyperuricemia
Plasma uric acid has a negative effect on the prognosis 

of HF.72 Uric acid serum levels are intimately related to 
insulin resistance markers. Patients with DM2 are known 
to have lower serum uric acid levels than the general 
population, and to date, this has been attributed to the 
osmotic diuresis caused by elevated serum glucose. Slight 
reductions in plasma uric acid have been observed after 
treatment with SGLT2 inhibitors.73 This can be attributed 
to the increase in glycosuria in the proximal tubules 
since SGLT2 inhibitors promote uric acid secretion.74 
However, the issue of whether reduced hyperuricemia 
due to SGLT2 inhibition is a marker or cause of its effects 
remains open for discussion.

Conclusions
Several studies have demonstrated the benefits of 

SGLT2 inhibitors on cardiovascular outcomes. Yet the 
precise mechanisms behind the cardioprotective effects 
of SGLT2 inhibitors have not been entirely established. 
Several such mechanisms have been proposed, including 
reduced sympathetic activity, improved cardiovascular 
hemodynamics, and bioenergetic availability. These are 
all complex, interdependent factors that potentiate one 
another. As such, further studies are needed to shed 
light on the effects of SGLT2 inhibitors in the context of 
HF. SGLT2 inhibitors are promising drugs with proven 
effectiveness in the treatment of several chronic illnesses, 
starting with DM2 and extending to HF with reduced EF 
in 2019, and, as recently established by the DAPA-CKD 
study, consistent benefits on kidney function.
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