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Abstract: Patients with type 2 diabetes (T2D) are often overweight/obese and affected by

arterial hypertension, dyslipidaemia, and have high serum levels of uric acid. Moreover, T2D

patient have a higher risk of developing cardiovascular or renal complications, which are

leading causes of morbidity and mortality in this population. Sodium-glucose cotransporter-2

inhibitors (SGLT2i) are a new class of glucose-lowering medications that block the reabsorp-

tion of glucose in the kidney, thereby increasing urinary glucose excretion, and lowering

blood glucose levels. The beneficial effects of SGLT2 inhibition extend beyond glycaemic

control, and include improvement in blood pressure, body weight, uric acid concentrations,

liver steatosis, oxidative stress, and inflammation. In dedicated cardiovascular outcome trials,

SGLT2i treatment was associated with a significant reduction in the rate of cardiovascular

events and renal endpoints. In this review, we summarize the evidence for extra-glycemic

effects of SGLT2i and the potential mechanisms driving cardiorenal protection exerted by

this class of medications.

Keywords: type 2 diabetes, sodium-glucose cotransporter-2 inhibitors, cardiovascular

effects, renal effects, review

Introduction
Type 2 diabetes (T2D) is a complex metabolic disease commonly associated with

overweight/obesity, hypertension, dyslipidemia, hyperuricemia and non-alcoholic

fatty liver disease (NAFLD).1 Diabetes confers a 2–4 fold excess risk for cardio-

vascular disease (CVD) and, in patients with T2D, CVD is the leading cause of

morbidity and mortality.2 Almost 40% of diabetic patients develop diabetic nephro-

pathy during their lifetime.3 Diabetic nephropathy is still a major cause of end-stage

renal disease and also an important cause of progressive morbidity and mortality. In

addition, patients with diabetic nephropathy have at markedly increased risk of

adverse cardiovascular outcomes.4 Therefore, an ideal glucose-lowering medication

(GLM) should not only improve glycaemic control but also have favourable impact

on weight, blood pressure, dyslipidemia, cardiovascular, and renal outcomes.

Prior studies have shown that targeting HbA1c below 7% was unable to

improve cardiovascular outcomes, when compared to less aggressive glucose

control.5,6 Therefore, the idea of a more comprehensive approach to cardiovascular

risk management in T2D has emerged. This was clearly supported by results of the

STENO-2 trial,7 wherein multifactorial intervention improved all diabetes-related

outcomes, including cardiovascular disease. Hence, the idea of “STENO-2 in a pill”

is particularly attractive.
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Sodium-glucose cotransporter-2 inhibitors (SGLT2i)

block sodium-dependent glucose transporter-2 (SGLT2)

located in the early proximal renal tubule which is

responsible for reabsorption of most (80–90%) of the

glucose filtered by the glomerulus.8 The resulting

increase in urinary glucose excretion lowers plasma glu-

cose concentrations. This mechanism of action is depen-

dent on blood glucose levels and is independent of the

action and availability of insulin. Glycosuria results in

a significant caloric loss and bodyweight reduction.

Glycosuria is also accompanied by osmotic diuresis and

reduction in blood pressure.9

In cardiovascular outcomes trials (CVOTs). SGLT2i

have shown capacity to reduce major adverse cardiovas-

cular events (MACE) and hospitalization for heart failure,

and were associated with slower progression of kidney

disease and with reduced rates of renal endpoints, such

as progression of albuminuria, doubling of serum creatine,

initiation of renal replacement therapy or death due to

renal disease.10–13 These effects appeared to be, at least

in part, independent of glucose-lowering efficacy. Most of

the beneficial effects of SGLT2i on cardiorenal endpoints

observed in CVOTs have been confirmed in large observa-

tional studies.14–20

In view of the robustness of these findings, current

international guidelines recommend that patients with

T2D and CVD or at high cardiovascular or renal risk

should receive an SGLT2 inhibitor.21–23 It should be

noted that, while solid data indicate cardiovascular protec-

tion also for GLP-1 receptor agonists (GLP-1RA), this

class of medications exert overall no action on hard renal

endpoints.24

Interestingly, however, the mechanisms that drive car-

diorenal protection by SGLT2i still must be elucidated.

Since publication of the ground-breaking results of the

Empagliflozin Cardiovascular Outcome Event Trial in

Type 2 Diabetes Mellitus Patients-Removing Excess

Glucose (EMPA-REG OUTCOME) trial, subsequently

confirmed by other robust CVOTs, the scientific commu-

nity is struggling to understand why a treatment originally

developed as a purely glucose-eliminating strategy exerts

so a strong systemic protection against major adverse out-

comes of T2D.

The aim of this review is to provide an update on extra-

glycemic effects and clinical advantage of SGLT2i which

derive from preclinical and clinical studies. We first sum-

marize results of the studies showing cardiorenal benefits of

SGLT2i and then review the evidence for extra-glycemic

effects of SGLT2i that may contribute to cardiorenal protec-

tion (Table 1).

Cardiac Effect and Cardiovascular

Outcomes
Three SGLT2i, empagliflozin, canagliflozin, and dapagli-

flozin have so far been evaluated in CVOTs trials.10–13 The

EMPA-REG OUTCOME trial, which was conducted in

7020 patients with T2D and established CVD, showed

that the primary composite outcome (MACE) of cardio-

vascular death, non-fatal myocardial infarction (MI), and

stroke occurred less frequently in patients randomized to

empagliflozin versus those randomized to placebo (HR

0.86, 95% CI 0.74–0.99; p=0.04). This difference was

largely driven by significantly lower rates of cardiovascu-

lar death in the empagliflozin group (HR 0.62, 95% CI

0.49–0.77; p<0.001). No significant differences were

found in the rates of stroke and myocardial infarction. In

the empagliflozin group, all-cause death rates were also

significantly reduced (HR 0.68, 95% CI 0.57–0.82;

p<0.001). These results were partially confirmed in the

CVOTs with others SGLT2i.25 In the Canagliflozin

Cardiovascular Assessment Study (CANVAS) program,

10,142 patients with T2D and high cardiovascular risk

(34.4% of whom had no history of prior CVD) were

randomly assigned to receive canagliflozin or placebo.

The primary composite endpoint (MACE) was reduced

by 14% by canagliflozin (p=0.02). No significant differ-

ences were found in individual components of the compo-

site outcome.11 A greater proportion of patients in primary

prevention were enrolled in the Dapagliflozin Effect on

Cardiovascular Events–Thrombolysis in Myocardial

Infarction 58 (DECLARE-TIMI 58) trial, wherein 59.4%

of the 17,160 patients had no established CVD.

Dapagliflozin failed to demonstrate significant benefit in

terms of reduction of MACE.12 Nonetheless, the meta-

analysis performed by Zelniker and colleagues comparing

the subgroup of DECLARE patients with known athero-

sclerotic CVD with the data from the other CVOTs with

SGLT2i revealed a non-significant interaction and no het-

erogeneity between the three CVOTs. A reduction in

MACE was observed only in patients with established

CVD, whereas no cardiovascular benefits were observed

in patients in primary prevention on MACE.25

A secondary analysis of Canagliflozin and Renal

Events in Diabetes with Established Nephropathy

Clinical Evaluation (CREDENCE) trial, wherein
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almost a half of patients was in primary prevention

(n=2181, 49.6%), showed that canagliflozin reduced

the risk of MACE by 20% (p=0.01) with consistent

reduction in both primary and secondary prevention

group (HR 0.68, 95% CI 0.61–0.94 and HR 0.85,

95% CI 0.69–1.06, respectively; p interaction 0.25).26

Noteworthy, consistent results have been observed

among trials regarding the rates of hospitalization for

Table 1 Putative Extra-Glycemic Effects of SGLT2i

Action Putative Mechanism Source of the Evidence

Blood pressure reduction Osmotic diuresis and Natriuresis

Reduction of arterial stiffness

Improved endothelial function

RCTs and CVOTs10–13,47,52,53

Small human studies93–95

Small human studies94,96

Body weight reduction Increased glucose excretion RCTs and CVOTs10–13,47–49

Uric acid reduction Reduced urate reabsorption RCTs and CVOTs59,60

Ketone bodies increase Glucagon secretion and suppression of insulin

production due to lower plasma glucose level

Direct effect on alfa cells

Small human studies62

Human alfa cells63

LDL and HDL cholesterol increase, triglycerides

reduction

Increased lipoprotein lipase activity

Accelerated clearance of VLDL

Delayed turnover LDL

RCTs and CVOTs10–13,77

Animal model (mice)78

Liver steatosis amelioration Reduction of liver fat content

Reduction in hepatocyte injury biomarkers

(AST, ALT, GGT)

Small human studies81–84

Large RCTs85,86

Hematocrit increase Reduction in plasma volume

Increase in erythropoietin

RCTs and CVOTs87,89

Small RCTs88

Cytoplasmic sodium and calcium concentration

decreased, mitochondrial calcium concentration

increased

Na+/H+ exchange inhibition Animal models (rabbits, rats and

mice)98,101

Cardiac fibrosis reduction Reduction of oxidative stress

M2 macrophage polarization

Reduction of TGF-β

Animal models (rats and mice)105,106

Epicardial adipose tissue volume reduction Weight loss? Unknown mechanism Small human study108

Oxidative stress reduction Decrease in NADPH oxidase activity

Lowering AGEs generation

Improving mitochondrial function

Improvement of glycemic control

Animal models (mice, rats)70–75

Lowering proinflammatory cytokine expression Improvement of glycemic control

Weight loss

Decrease in reactive oxygen species

production

Animal models, RCTs70,72,76

Arterial stiffness reduction Weight loss

Improvement of glycemic control

Oxidative stress reduction

Direct effects on vascular smooth muscle

relaxation?

Small human studies93–95

Endothelial dysfunction amelioration Oxidative stress reduction

Glucotoxicity reduction

Direct effect on endothelium?

Small human studies94,96
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heart failure (HHF). In all CVOTs HHF was significantly

reduced by 30–35%.10–13 The onset of the benefit was very

rapid, with the curves diverging within the first weeks after

randomization, suggesting a prominent hemodynamic

effect rather than anti-atherosclerotic mechanism. Similar

results were observed in a large randomized-controlled

trial (RCT) investigating dapagliflozin as a treatment for

heart failure (HF). In Dapagliflozin and Prevention of

Adverse Outcomes in Heart Failure trial (DAPA-HF)

4744 patients with New York Heart Association class II-

IV HF and an ejection fraction of 40% or less were

randomized to receive dapagliflozin or placebo on top of

their ongoing medications. The primary endpoint was

a composite of worsening HF (hospitalization or an urgent

visit resulting in intravenous therapy for HF) or cardiovas-

cular death. The primary endpoint occurred significantly

less frequently among those who received dapagliflozin

than among those who received placebo regardless of the

presence or absence of diabetes (HR 0.74, 95% CI 0.65 to

0.85; p<0.001).27 These data strongly substantiate the

extensive benefit provided by SGLT2i on the risk of HF.

Information with respect to the direct effects of SGLT2i

on myocardial function in humans is very limited and mostly

based on observational studies. These trials seem to suggest

that SGLT2i can improve left ventricular (LV) diastolic

function.28–30 Recently, in a RCT trial, 97 patients with

T2D and coronary artery disease were randomized to empa-

gliflozin or placebo. The primary endpoint was the 6-month

change in LV mass measured by cardiac MRI. Empagliflozin

was associated with a significant reduction in LV mass,

however, did not affect LV ejection fraction, LV end-

diastolic volume, LV end-systolic volume.31 Other RCTs

investigating the effects of SGLT2i on LV remodelling in

patients with T2D and HF are currently ongoing.32,33

A RCT exploring cardiac effects of SGLT2i using impe-

dance cardiography showed that 12 weeks of treatment with

dapagliflozin had no significant effects on cardiodynamic

parameters related to blood flow (stroke volume, cardiac

output, cardiac index), systolic function (ejection fraction,

acceleration and velocity indexes, systolic time ratio), circu-

latory function (systemic vascular resistance index), and fluid

status (thoracic fluid content), compared to placebo.34

Several possible mechanisms have been suggested to

explain the beneficial effect of SGLT2i on cardiovascular

outcomes, but not yet formally proven. Improved glycemic

control is unlikely to explain entirely the cardiovascular

benefit observed. First, the difference between the reduc-

tions of HbA1c in SGLT2i group and in placebo group in

the CVOTs was modest (0.3–0.5%) at the end of the

studies and similar to that achieved in CVOTs with

DPP4i35–38 or lixisenatide39 that failed to show cardiovas-

cular benefit. Second, glycemic control takes many years

to translate into cardiovascular protection, as shown in the

follow-up extension of Action in Diabetes and Vascular

Disease: Preterax and Diamicron Controlled Evaluation

(ADVANCE) and Action to Control Cardiovascular Risk

in Diabetes (ACCORD) studies.40,41 Instead, in CVOTs on

SGLT2i, the event-free survival curves separated soon

after randomization, especially in patients with prior

CVD. Finally, the recent trial DAPA-HF has demonstrated

that benefits are observed also in non-diabetic patients.27

Renal Effects and Renal Outcomes
Glomerular hyperfiltration is a complication of diabetes that

can pave the way of nephropathy, by inducing inflammation

and fibrosis.42 Inhibition of reabsorption of glucose and

sodium in the proximal tubule with consequent increase in

sodium delivery to the juxtaglomerular apparatus of the

macula densa leads to activation of the tubuloglomerular

feedback and consequent vasoconstriction of the afferent

arteriole, which reduces intraglomerular pressure. The final

result is a mitigation of hyperfiltration.43

The initial reduction in plasma volume and the renal

hemodynamic changes occurring during SGLT2i therapy

are associated with an initial small decline in estimated

glomerular filtration rate (eGFR) by 4–5 mL/min/1.73 m2

followed by a modest increase or stabilization of eGFR. This

benefit of SGLT2i in preventing deterioration of kidney

function was clearly observed in a post-hoc analysis of the

EMPA-REG OUTCOME trial where the eGFR steadily

declined over time in the placebo arm and stabilized in the

empagliflozin arm.44 As a result, empagliflozin prevented the

decline in eGFR that is typically observed in diabetic

patients. A meta-analysis of 48 RCTs, including 58,165

patients, has demonstrated that SGLT2i are associated with

statistically significant reductions in albuminuria compared

to placebo or active comparators. In a meta-regression ana-

lysis, the effects of SGLT2i on albuminuria tended to be

greater with higher levels of albuminuria at baseline.45

A secondary-prespecified analysis of the EMPA-REG

OUTCOME trial has shown that empagliflozin reduced the

rate of the composite renal endpoint (progression to macro-

albuminuria, doubling of serum creatinine accompanied by

an eGFR of ≤45 mL/min/1.73 m2, initiation of renal replace-

ment therapy, or death from renal disease) by 39% (p<0.001).

Empagliflozin was associated with a significant reduction of
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all the individual components of the composite renal out-

come. A consistent benefit was seen across eGFR and albu-

minuria subgroups.44 In the CANVAS program,

canagliflozin exerted a 40% reduction in the rate of the

prespecified composite renal outcome which comprised

a sustained 40% reduction in eGFR, the need for renal

replacement therapy, or death from renal causes (HR 0.60,

95% CI 0.47–0.77). Moreover, canagliflozin reduced the rate

of progression of albuminuria by 27%. Finally, regression of

albuminuria occurred more frequently among participants

assigned to canagliflozin (HR 1.70, 95% CI, 1.51 to

1.19).11 Treatment with canagliflozin was also evaluated in

patients with impaired kidney function in CREDENCE trial.

Patients with T2D who had chronic kidney disease (CKD),

defined as those with a decrease in eGFR and macroalbumi-

nuria, and with a background use of an angiotensin-

converting enzyme inhibitor or angiotensin-receptor blocker.

Canagliflozin significantly reduced the rate of the renal com-

posite outcome comprising end-stage renal disease, doubling

of serum creatinine, or death from renal causes by 34%,

compared with the placebo group (HR 0.66, 95% CI 0.53–-

0.81, p<0.001). Canagliflozin reduced the slope of the change

in eGFR from baseline, despite the initial decrease during the

first 3 weeks.13

Consistently, in the DECLARE study, dapagliflozin

therapy resulted in a lower rate of renal composite out-

come defined as a sustained decrease of 40% or more in

eGFR to less than 60 mL/min/1.73 m2, new end-stage

renal disease or death from renal causes (HR 0.53, 95%

CI, 0.43 to 0.66; p<0·0001) compared to placebo.46

Further information on the nephroprotective properties of

SGLT2i will be provided by clinical trials primarily designed

to evaluate outcomes in large population with non-diabetic

CKD: A Study to Evaluate the Effect of Dapagliflozin on

Renal Outcomes and Cardiovascular Mortality in Patients

With CKD (Dapa-CKD; ClinicalTrial.gov registration no.

NCT03036150), and The Study of Heart and Kidney

Protection With Empagliflozin (EMPA-KIDNEY; Clinical

Trials.gov registration no. NCT03594110).

Body Weight
By promoting excretion of 60–80 g of glucose per day

through the urine, SGLT2i lead to a significant loss of

240–320 calories per day, resulting in a consequent substan-

tial weight loss. SGLT2i treatment is associated with an

average 2–4 kg reduction of body weight.47 This reduction

is consistent across all studies, and for all molecules, when

SGLT2i were used in monotherapy or in combination with

other GLM. Notably, data resulting from dual-energy x-ray

absorptiometry studies of body composition showed that

60–70% of the total weight loss observed with the SGLT2i

dapagliflozin was fat mass.48 However, this result is not

always consistent with different methods for the analysis of

body composition.49 In a magnetic resonance imaging (MRI)

sub-study, dapagliflozin reduced visceral as well as subcuta-

neous adipose tissue.48

As observed in Ferrannini et al, although glycosuria is

persistent over time, weight loss reaches a plateau and is

much less than calorie loss expected by the amount of daily

glycosuria assuming no changes in energy intake. The curves

of weight loss observed and that predicted by model started

to diverge at 24 weeks when observed body weight stabi-

lized. Therefore, caloric intake must have increased to

explain this discrepancy.50 This effect differentiates the

bodyweight reduction effect of SGLT2i from the bodyweight

reduction of GLP-1RA. Although the effects are quantita-

tively similar,51 weight reduction is achieved with a normal/

increased caloric intake during SGLT2i therapy, whereas

GLP-1RA induce satiety and reduce caloric intake.

Nevertheless, the weight loss achieved in the first weeks of

treatment with SGLT2i appears to persist over time.10

Blood Pressure
In the proximal tubule of kidney, the reabsorption of glucose

is coupled with the reabsorption of sodium. Inhibition of

SGLT2 results in natriuresis and osmotic diuresis and, sub-

sequently, in reduction of plasma and extracellular volume.

This reduction takes account for the 5–6 mm Hg decrease in

systolic and the 1–2 mm Hg decrease in diastolic blood

pressure (BP) observed in Phase III studies.47 Greater reduc-

tions generally occurring in individuals with higher baseline

systolic BP. The results were consistent across different

SGLT2i and where similar in trials wherein SGLT2i were

compared to placebo or to others GLM event in patients

already receiving antihypertensive therapy.47,52 The BP

reduction seems independent from the improvement in gly-

cemic control. In fact, in studies conducted in diabetic

patients with CKD, in whom the anti-hyperglycemic effect

of SGLT2i was reduced to negligible levels, SGLT2i therapy

was still effective in improving BP.53 In contrast with GLP-

1RA,54 SGLT2i reduce BP without sympathetic nervous

system activation and no increasing heart rate.

Reduction in preload and afterload results in

a reduction of cardiac workload and myocardial oxygen

demand and in an improved LV function. Nevertheless, BP

reduction is unlikely to explain all cardiovascular benefit.
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In fact, other anti-hypertensive agents appear to be asso-

ciated with a smaller and later cardiovascular benefit.55

Moreover, reduction in BP is commonly associated with

reduction in the risk of stroke, whereas in CVOTs the risk

of non-fatal stroke was not reduced with the three SGLT2i.

Uric Acid
Hyperuricemia is commonly observed in T2D patients and

is related to insulin resistance.56 High uric acid concentra-

tions are associated with increased risk of hypertension,

CVD and CKD.57 Therefore, lowering serum uric acid

concentrations may contribute to reduce cardio-renal risk.

SGLT2i increase renal uric acid excretion, thereby redu-

cing serum uric acid concentrations. SGLT2i increase glu-

cose concentrations in the proximal tubules, wherein glucose

competes with urates for the transporter GLUT9b, reducing

urate reabsorption.58 In a study conducted in patients with

type 1 diabetes (T1D), after induction of glycosuria with

SGLT2i, plasma uric acid decreased while uric acid excretion

significantly increased.59 In a meta-analysis of 62 RCT,

comprising 34,941 patients with T2D, treatment with an

SGLT2i resulted in a superior reduction in serum uric acid

compared with placebo or active comparator. This reduction

became modest or absent in patients with CKD.60

Ketone Bodies
The decreased plasma glucose levels caused by glyco-

suria during SGLT2i therapy force cells to shift their

metabolism to enhanced fatty acid oxidation and lipoly-

sis for their energy requirement. Lipid oxidation gener-

ates acetyl-CoA that is converted in ketone bodies when

glucose oxidation is reduced. Lower plasma glucose

level stimulates glucagon secretion and suppression of

insulin production leading to an increase in the glucagon:

insulin ratio. These metabolic changes overall promote

ketogenesis.61 Moreover, some studies have suggested

that SGLT2i may exert a direct stimulatory effect on

alfa cells,62,63 although this finding is controversial and

has not been consistently replicated in all studies.64,65

Oxidation of ketone bodies produces more amounts of

ATP per molecule of oxygen than glucose or fatty acids

oxidation does and may provide a more efficient energy

source for the myocardium.61 In fact, enhanced produc-

tion of ketone bodies has been proposed as one mechan-

ism driving protection from cardiovascular death and

heart failure observed during SGLT2i therapy. Notably,

however, the ability to increase ketone bodies concentra-

tions also lead to one feared adverse reaction of SGLT2i,

namely diabetic ketoacidosis (DKA).66 DKA during

SGT2i therapy was previously considered to be “eugly-

cemic”, which was not subsequently confirmed, although

DKA in T2D treated with SGLT2i can present with

lower glucose levels than typical DKA in T1D. Risk of

DKA appeared to be particularly related to autoimmune

diabetes misdiagnosed for T2D, abrupt insulin withdra-

wal, alcoholism, and/or advanced age.66,67

Oxidative Stress and Inflammation
Oxidative stress is involved in the development of diabetic

complications and plays a key role in the progression of

atherosclerosis.68,69 Therefore, blunting oxidative stress

might improve cardiovascular outcomes and the overall

diabetic complication burden. SGLT2i have been recently

recognized to be able to reduce oxidative stress and to

restore the balance between pro- and anti-inflammatory

adipokines and cytokine, as briefly summarized below.

Tahara and colleagues reported that 12 weeks of treat-

ment with the SGLT2i ipragliflozin significantly reduced

liver levels of oxidative stress biomarkers (thiobarbituric

acid reactive substances and protein carbonyl), and plasma

levels of inflammation markers (interleukin 6 [IL-6], tumor

necrosis factor α [TNF-α], monocyte chemotactic protein-1

[MCP-1] and C-reactive protein [CRP]) in T1D rats.70

Empagliflozin reduced oxidative stress in the strepto-

zotocin-diabetic rat model by interfering with NADPH

oxidase activity. The expression of Nox1 and Nox2

enzymes was reduced and reactive oxygen species produc-

tion was reduced in response to different stimuli.71

In db/db mice, dapagliflozin attenuated the expression

of Nox4, isoform of NADPH oxidase, and the expression

of several proinflammatory genes, including transforming

growth factor-β (TGF-β), MCP-1, osteopontin and inter-

cellular adhesion molecule-1 (ICAM-1) in the kidney.

Furthermore, dapagliflozin suppresses the proinflamma-

tory macrophage infiltration into the glomeruli and in the

interstitial, mesangial matrix accumulation and interstitial

fibrosis in kidney.72

Empagliflozin therapy has been associated with

reduced levels of cardiac oxidative stress, inflammation,

and fibrosis and in animal model of pre-diabetes and

diabetes.73,74

Other studies conducted in animal model of diabetes or

in cultured human cells showed that SGLT2i may lower

free-radical production via advanced glycation end pro-

ducts (AGEs) generation, improving mitochondrial func-

tion or other mechanisms.75
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In a RCT conducted in 200 patients with T2D, treat-

ment with canagliflozin was associated with a 22% reduc-

tion in median serum IL-6 and a 7% increase in median

serum tumor necrosis factor-α (TNF-α) compared with

glimepiride. A trend for a decrease in CRP concentrations

was observed in the canagliflozin group but did not

achieve statistical significance. Small changes in plasmi-

nogen activator inhibitor-1 (PAI-1), vascular cell adhesion

molecule-1 (VCAM-1) and MCP-1, were seen with both

treatment but were not statistically significant.76

Lipid Profile
Data on the effects of SGLT2i on lipids are not consistent

among various studies. SGLT2i treatment was associated

with small increases in HDL cholesterol and decreases in

triglyceride levels.77 These favourable effects, however,

were accompanied by a small increase in LDL

cholesterol.10 Whether the increase in HDL cholesterol is

accompanied by an improvement in reverse cholesterol

transport (HDL capacity for cholesterol efflux from macro-

phages) is unclear. In a placebo-controlled randomized trial,

dapagliflozin was unable to significantly modify HDL cho-

lesterol levels and reverse cholesterol transport was not

improved.49

In diabetic mice expressing human cholesterol ester

transfer protein and human apolipoprotein B100, the

SGLT2i canagliflozin and a specific antisense oligonucleo-

tide against SGLT2 increased circulating levels of LDL

cholesterol and reduced triglycerides, as well as increased

lipoprotein lipase activity, decreased postprandial lipemia,

accelerated clearance of radiolabeled VLDL, and delayed

turnover of labeled LDL from circulation.78 Overall,

changes in lipid profile observed in humans are however

modest and are therefore unlikely to contribute substan-

tially to cardiovascular protection of SGLT2i.

Effects on the Liver
NAFLD may precede, coexist or follow the occurrence of

the metabolic syndrome and its individual features, includ-

ing T2D.79 In addition, NAFLD contributes to the patho-

physiology of T2D by modulating insulin resistance,

systemic inflammation and driving cardiovascular risk.80

Recent randomized controlled and open-label trials have

shown that SGLT2i can reduce liver steatosis and improve

biological markers of NAFLD in T2D patients. In

a randomised placebo-controlled double-blind trial,

Eriksson and colleagues reported that dapagliflozin reduced

liver fat content assessed by MRI compared to placebo in

T2D patients with MRI-defined NAFLD.81 Dapagliflozin

treatment was also associated with a significant reduction in

hepatocyte injury biomarkers alanine aminotransferase

(ALT), aspartate aminotransferase (AST), and gamma-

glutamyl transferase (GGT). Similar results were observed

in open-label trial conducted in 50 T2D patients with

NAFLD randomized to receive empagliflozin or standard

treatment. Empagliflozin performed significantly better in

reducing liver fat content assessed by MRI and ALT level,

but not AST or GGT.82

In other studies exploring the effects of SGLT2i on this

endpoint, NAFLD was diagnosed using computed tomo-

graphy (CT) or ultrasound and primary outcome was

change versus baseline in liver-to-spleen attenuation

ratio. Ipragliflozin exerted equally beneficial effects on

NAFLD compare to pioglitazone.83 Luseogliflozin was

found superior in increased liver-to-spleen attenuation

ratio compared to metformin.84

All these results come from studies with small sample

size. Therefore, further studies with larger sample size will

be needed to confirm the beneficial effects of SGLT2i on

NAFLD. So far, data coming from large RCTs have

reported that treatment with SGLT2i was associated with

a significant reduction of liver enzymes (ALT, AST, GGT)

comparing with placebo or active comparator.85,86

Hematocrit
SGLT2i treatment is associated with a modest increase in

hematocrit by 2–4%. The decrease in plasma volume occur-

ring early after initiation of SGLT2i is partly responsible for

such haemoconcentration. However, it has been postulated

that the increased hematocrit may also be a consequence of

direct stimulation of erythropoiesis through the increase in

erythropoietin secretion and induction of reticulocytosis.87

Indeed, chronic hyperglycemia stimulates reabsorption of

glucose via SGLT2 that increases energy consumption by

Na+K+ pump and oxygen consumption for ATP production.

This results in a relative tubulointerstitial hypoxia, leading to

transdifferentiation of erythropoietin-producing fibroblasts

into myofibroblasts that lose the capacity to produce erythro-

poietin and actively produce fibrogenic molecules instead.

SGLT2i has the potential to reduce activity of Na+K+ pump,

ATP consumption, and hypoxic microenvironment.

Myofibroblasts would thus recover their original capacity

of producing erythropoietin.88 Increased hematocrit may

lead to enhance delivery of oxygen to tissues and can con-

tribute to the beneficial effect of SGLT2i on cardiovascular

outcomes.61 In a post hoc analysis performed by Inzucchi
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and colleagues, based on evidence from previous studies, the

authors identified potential mediators empagliflozin benefits

on cardiovascular death among the variables measured in the

trial. The variables chosen for the mediation analysis

included: HbA1c, systolic and diastolic BP, lipids, weight,

albuminuria, eGFR, hematocrit, hemoglobin, and uric acid.

In analyses adjusting for change from baseline of each vari-

able, models showed that increase in hematocrit and hemo-

globin were associated with a reduced risk of cardiovascular

death. Changes in hematocrit and hemoglobin mediated

51.8% and 48.9%, respectively, of the effect of empagliflozin

versus placebo on the reduction in cardiovascular death rates.

Changes in albumin and uric acidmediated 25.5% and 24.6%

of the effect, respectively. The other mediators had no effects

in these analyses.89

Arterial Stiffness and Endothelial

Dysfunction
Arterial stiffness is a surrogate of vascular aging and it has

been validated as a strong predictor of cardiovascular

events and mortality.90 Endothelial dysfunction is consid-

ered the primum movens of the atherosclerotic process and

its contribution to the development of cardiovascular and

renal disease is well established.91 Therefore, both these

surrogates are considered reliable markers of cardiovascu-

lar risk.92

Several studies have documented a significant reduction

in arterial stiffness and an improvement in endothelial dys-

function after acute or chronic use of SGLT2i. In a trial

involving 40 T1D patients, empagliflozin significantly

reduced arterial stiffness parameters, such as carotid radial

pulse wave velocity and radial augmentation index.93

Furthermore, an acute treatment with dapagliflozin, but

not hydrochlorothiazide, significantly improved systemic

endothelial function measured as flow-mediated dilation

(FMD) of the brachial artery and arterial stiffness para-

meters in 16 patients with T2D.94 This effect was indepen-

dent of changes in BP. Similarly, canagliflozin improved

carotid-femoral pulse wave velocity in 30 patients with

T2D after 6 months of treatment.95 Shigiyama and collea-

gues reported that, in Japanese T2D patients, a treatment

with dapagliflozin plus metformin for 16 weeks was asso-

ciated with a significant improvement in FMD compared to

patients treated only with metformin.96 Nevertheless,

a recent multicenter study conducted in Japan suggested

that a treatment with empagliflozin is not associated with

an improvement in endothelial function. One hundred and

five patients with T2D and established CVD were rando-

mized to receive empagliflozin or placebo for 24 weeks.

Reactive hyperemia index was used as a marker of endothe-

lial function. No significant difference in change in reactive

hyperemia index was observed in the two groups.97

Na+/H+ Exchanger
Increased of cytosolic sodium concentration and upregulated

Na+/H+ exchanger activity have been shown to contribute to

heart failure and may contribute to arrhythmogenesis and

oxidative stress in diabetic hearts.98–100

Studies in experimental models have documented that

SGLT2i inhibited myocardial Na+/H+ exchanger. In the first

experiment, cardiomyocytes were isolated from hearts of

healthy rabbits and rats. Na+/H+ exchanger activity, sodium,

and calcium concentrations were measured fluorometrically

before and treatment with empagliflozin. Empagliflozin

treatment reduced cytoplasmic sodium and calcium concen-

tration and increased mitochondrial calcium concentration.

After a concomitant treatment with an inhibitor of Na+/H+

exchanger (cariporide), these effects were strongly reduced

suggesting a direct effect of empagliflozin on Na+/

H+exchanger.98

Similar results were observed in mouse cardiomyo-

cytes after a treatment with canagliflozin and dapagliflo-

zin, thus suggesting a class effect.101

The increased concentration of mitochondrial calcium is

not only crucial for cardiomyocytes excitation-contraction, but

also for preserving mitochondrial antioxidative capacity.102,103

Cardiac Fibrosis
Myocardial fibrosis contributes to impairment in cardiac

contractile function, to LV dysfunction leading to the devel-

opment of heart failure.104

Lee and colleagues conducted animal experiment in

healthy rats in which the ligation of the anterior descending

coronary artery resulted in infarction of the LV wall. In rats

treated with dapagliflozin, myocardial superoxide produc-

tion was significantly decreased, the presence of myofibro-

blast was significantly reduced, along with fibrosis of the LV.

Moreover, dapagliflozin significantly increased anti-

inflammatory (M2) macrophages in the infarcted heart.105

A recent study showed that treatment with empagliflozin

reduced the expression of TGF-β, the levels of collagen I and
III and cardiac fibrosis in diabetic mice compared to healthy

mice and diabetic mice with no treatment. Furthermore,

empagliflozin significantly reduced the expression of Nox4,
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lipid hydroperoxide concentration, and malondialdehyde

level.106

Epicardial Adipose Tissue Volume
Another mechanism that has been proposed for cardiac

benefit of SGLT2i is the reduction of epicardial adipose

tissue (EAT) mass. EAT volume was found to be strongly

correlated with the severity of coronary artery disease.107

In a RCT conducted in 40 patients with T2D and

coronary artery disease, EAT was measured with CT al

baseline and after 6 months of treatment with dapagliflozin

or others GLMs excluded SGLT2i (conventional therapy).

After 6 months, EAT volume decreased significantly com-

pared to baseline in the dapagliflozin group whereas

remained stable in the conventional therapy arm. In addi-

tion, TNF-α levels decreased significantly in the dapagli-

flozin group compared to the other arm.108

Circulating Stem/Progenitor Cells
Diabetes affects the bone marrow (BM) microenvironment,

leading to a shortage of BM-derived stem and progenitor cells

in the circulation.109 These include hematopoietic CD34+/

CD133+ stem cells (HSC) and endothelial progenitor cells

(EPC). Since these cells are endowed with vascular regenera-

tive properties, their pauperization reflects an impaired endo-

genous repair capacity. In fact, shortage of HSC predicts

future onset or deterioration of micro- and macro-angiopathy

in patients with T2D.110,111 Based on this premise, we tested

whether a therapy with SGLT2i improved circulating stem/

progenitor cell levels. In a randomized placebo-controlled trial

in T2D, dapagliflozin add-on therapy for 3 months failed to

improve HSC or EPC levels. Same results were found in an

observational study on patients receiving empagliflozin.112

Upon longer observation, optimization of glucose control

resulted in an increase in EPCs, but this was observed in

both the dapagliflozin and placebo group and is consistent

with prior studies on T2D patients treated with insulin.113

Conversely, Hess and colleagues have recently reported that

a therapy with empagliflozin can increase Aldehyde dehydro-

genase-expressing cells.114 Unfortunately, the identify of these

cells is still unclear, as is their role in T2D complications, such

that there is so far no evidence that cardiorenal protection by

SGLT2i can be attributed to effects on regenerative circulating

stem/progenitor cells.

Conclusions
Despite all the data so far accumulated in years of inten-

sive research, the mechanisms of cardio-renal protection

SGLT2i remain elusive. Figure 1 shows that many putative

mechanisms remain speculative or are only supported by

studies in preclinical models or small studies in humans. In

the absence of a single major effect or a unifying hypoth-

esis, we suggest that multiple diverse mechanisms could

contribute to the overall cardio-/nephroprotective effects

of SGLT2i in patients with diabetes. Whichever the exact

molecular pathway is, ancillary extra-glycemic effects of

Figure 1 Potential mechanisms for the cardio-/nephroprotective effects of SGLT2i. The effects observed in large clinical trials are shown in the green box, those resulted

from studies with a small number of patients or in animal models are shown in the red box.
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this class of medications decreased risk of cardiovascular

events, HHF, and diabetic kidney disease progression. This

strong evidence needs to be taken accurately into consid-

eration by clinicians treating patients with T2D, especially

those with cardiovascular or renal risk factors, established

CVD or renal disease.
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