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Abstract: Sodium-glucose co-transporter 2 (SGLT2) inhibitors block glucose reabsorption in the renal
proximal tubule, an insulin-independent mechanism that plays a critical role in glycemic regulation
in diabetes. In addition to their glucose-lowering effects, SGLT2 inhibitors prevent both renal damage
and the onset of chronic kidney disease and cardiovascular events, in particular heart failure with both
reduced and preserved ejection fraction. These unexpected benefits prompted changes in treatment
guidelines and scientific interest in the underlying mechanisms. Aside from the target effects of
SGLT2 inhibition, a wide spectrum of beneficial actions is described for the kidney and the heart, even
though the cardiac tissue does not express SGLT2 channels. Correction of cardiorenal risk factors,
metabolic adjustments ameliorating myocardial substrate utilization, and optimization of ventricular
loading conditions through effects on diuresis, natriuresis, and vascular function appear to be the
main underlying mechanisms for the observed cardiorenal protection. Additional clinical advantages
associated with using SGLT2 inhibitors are antifibrotic effects due to correction of inflammation and
oxidative stress, modulation of mitochondrial function, and autophagy. Much research is required
to understand the numerous and complex pathways involved in SGLT2 inhibition. This review
summarizes the current known mechanisms of SGLT2-mediated cardiorenal protection.

Keywords: type 2 diabetes mellitus; gliflozins; cardiovascular disease; diabetic kidney disease;
cardiorenal protection; cardiorenal syndrome

1. Introduction

The sodium-glucose co-transporter 2 or sodium-glucose linked transporter 2 (SGLT2)-
inhibitors (SGLT2-Is), also named gliflozins, are a relatively novel class of oral agents used
in the treatment of type 2 diabetes mellitus (T2DM). Their mechanism of action involves
the inhibition of SGLT2 channels located in the renal proximal convoluted tubule, which is
responsible for approximately 90% of filtered glucose reabsorption [1].

SGLT2-Is reduce the renal threshold for glucose excretion from about 10 mmol/L
(180 mg/dL) to 2.2 mmol/L (40 mg/dL) [2]. The consequent increase in urinary glucose
elimination lowers blood glucose levels. This reduces glucotoxicity and improves β-cell
function and whole-body insulin sensitivity in the same way other anti-hyperglycemic
drugs do [3].
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Phlorizin, the ancestor of SGLT inhibitors, was isolated in 1835 from apple tree root
bark, with its glycosuric properties being identified a century later [4,5]. In the past decade,
several SGLT2-Is have been developed as derivatives of this drug, including dapagliflozin,
canagliflozin, empagliflozin, ertugliflozin, ipragliflozin, sotagliflozin, remogliflozin etabon-
ate, luseogliflozin, and tofogliflozin. In addition to their structural differences, these
compounds exhibit variable half-life and selectivity for SGLT2 co-transporters. Only the
first four were currently approved for clinical use in Europe.

The protective effects of SGLT2-Is in controlling glycemia cardiovascular (CV) out-
comes are known, even during acute events [6–10]. Therefore, early clinical studies on
SGLT2-Is focused on ameliorating glucose plasma levels and other diabetes-related effects.
However, the CV benefits observed in several studies aroused great interest in their thera-
peutic advantages, which go beyond the glycemic control and prompted the design of a
series of CV outcome trials (CVOTs) conducted during the past 6 years. Unexpectedly, for
the first time in the history of diabetology, these drugs demonstrated a compelling reduced
risk of cardiovascular disease (CVD) in general, with a more prominent effect on CV death
and hospitalization for heart failure. They also showed a reduced risk of chronic kidney
disease (CKD), including in non-diabetic subjects.

The research undertaken so far to identify the mechanisms of action of SGLT2-Is
has led to impressive results. The lack of a consistent glucose dependency of cardiorenal
protection, with no significant difference between subjects with or without T2DM and
across the level of glucose control within T2DM patients, suggested a prevalent role for
non-glucose mediated pathways [11]. In the past decade, recent observations based mainly
on preclinical studies have revealed a surprisingly wide variety of beneficial actions. On
the kidney, SGLT2-Is works by restoring the aberrant tubule-glomerular feedback (TGF)
and reducing intra-glomerular pressure. On the heart, they modulate the cardiac sodium–
hydrogen exchangers. Other effects are systemic metabolic and hemodynamic adjustments,
attenuation of mitochondrial dysfunction, oxidative stress and inflammation, stimulation
of autophagy, and more [12].

In this review, the authors have gathered the extensive scientific research published so
far and summarized the current state of knowledge of the mechanisms of SGLT2 inhibition
in cardiorenal protection. Figures 1 and 2.
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2. The Anti-Hyperglycemic Effect of SGLT2-Is

SGLT2-Is are an effective class of agents for the management of hyperglycemia of
T2DM, achieving reductions in glycosylated hemoglobin (HbA1c) of 7–10 mmol/mol
(0.6–0.9%) when compared with placebo [13]. Based on the inhibition of glucose reab-
sorption from pre-urine, the glucose-lowering effect of SGLT2-Is only occurs in a hy-
perglycemic/glycosuric state and, compared to other therapeutic strategies for diabetes,
through an action independent of insulin, they are not affected by the deterioration of
β-cell function or insulin sensitivity, nor associated with a hypoglycemic risk, even in
non-diabetic subjects [14].

The anti-hyperglycemic efficacy of these drugs decreases progressively as blood glu-
cose concentration falls, such that in well-controlled diabetic patients only light glycosuria
is detected. Similarly, gliflozins administered to nondiabetic normoglycemic individuals
induce small amounts of urinary glucose excretion and negligible lowering of circulating
glucose levels [15]. This glycemic pattern is consistent with the observation that hypo-
glycemia with SGLT2-Is, at least when used as monotherapy, is uncommon.

The other factor influencing the extent of the glucose-lowering effect is the glomerular
filtration rate (GFR); hence the higher the GFR, the greater is the absolute amount of
glucose excreted in the urine. Conversely, the lower the GFR, the smaller is the glycosuria.
Anyway, it was found that the inhibition towards renal glucose reabsorption was constant
across all levels of renal function, indicating that, regardless of GFR, inhibition of glucose
reabsorption might reach its maximum [16]. Accordingly, an average of 0.79% reduction in
HbA1c is obtained in normal renal function, 0.3–0.4% in the estimated GFR (eGFR) range
of 30–59 mL/min/1.73 m2, until the total ineffectiveness when the parameter is less than
30 mL/min/1.73 m2 [17].

Administration of SGLT2-Is induces adaptations of hormones involved in glucose
metabolism, possibly to compensate for increased urinary excretion of glucose, consisting
of a decrease in plasma insulin and an increase in plasma glucagon levels with reduced
insulin to glucagon ratio [15,18]. It has recently been reported that SGLT2-Is increase
pre-proglucagon gene expression by acting directly upon pancreatic α-cells [19].

A substantial increase in the levels of glucagon-like peptide 1 (GLP-1), one of the
brain-gut peptides promoting the glucose-dependent release of insulin and the inhibition
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of glucagon secretion, has been observed in T2DM patients treated with sotagliflozin, an
agent that inhibits both SGLT-1 in the gastro-intestinal tract and SGLT-2 in the kidney. This
effect likely depends on delayed SGLT1-mediated intestinal glucose absorption and may
contribute to controlling blood glucose and body weight exerted by this drug [20].

2.1. The Durability of SGLT2-Is

The durability of a glucose-lowering agent is the capacity to maintain HbA1c control
over time and to postpone the need for intensification of antidiabetic treatment. The pro-
gressive loss of β-cell function characterizing the natural history of T2DM is a main causal
factor for an impending deterioration of glycemic control. An eventual increase in insulin
resistance caused by aging or weight gain, or other pathological states, may associate.

Only a few studies have evaluated the effects of SGLT2-Is durability. Some authors
calculated that the time of HbA1c neutrality (i.e., return to baseline values) was 6–8 years
for canagliflozin and full dosage of empagliflozin, a result similar to that for the maxi-
mum dose of rosiglitazone and pioglitazone, but superior to that for metformin (5 years)
and the dypeptidyl peptidase IV (DPP-4) inhibitors and sulfonylurea classes medications
(3–4 years) [21]. A recently published post-hoc analysis of the EMPA-REG OUTCOME trial
documented the durability of empagliflozin based on a markedly delayed time to insulin
initiation and an early but sustained reduction of daily insulin requirements in patients
already treated with insulin [22]. This last effect was reported even with other SGLT2-Is by
a previous meta-analysis of nine early-phase RCTs [23].

Clinical studies confirmed the durability of glycometabolic effects for gliflozin at a
comparable extent with respect to RCTs and of greater magnitude than those obtained with
inhibitors of DPP4 [24–26].

The amelioration by SGLT2 inhibition of either β-cell function or peripheral insulin
sensitivity, or both, may explain the postponement/reduction of insulin requirement. These
effects, demonstrated in both experimental models and human studies, could result from
correction of glucotoxicity, reductions in body weight and liver fat, lowering of tissue
inflammation, modulation of adipocyte-derived cytokine production, and increase of β-cell
proliferation [18,22,27–30]. Among these hypothesized factors, it has been calculated that
a long-term weight loss of at least 2% is significantly associated with maintaining the
anti-diabetic therapeutic efficacy [31]. Interestingly, in this study, gliflozins exhibited a
lower coefficient of failure than other commonly used glucose-lowering medications.

2.2. The Combination Therapy with Other Anti-Hyperglycemic Agents

The use of SGLT2-Is in combination with other specific anti-diabetic drugs has been
the subject of various studies.

The association with the GLP-1 receptor agonists (GLP-1RAs) could prevent the
decrease in plasma insulin and the increase in plasma glucagon induced by gliflozins
and obtain a greater decline in both circulating blood glucose and body weight [32]. In
an RCT evaluating T2DM inadequately controlled with metformin, the co-initiation of
dapagliflozin with exenatide injections once weekly, in comparison to either drug given as
monotherapy, determined after 28 weeks of therapy, a greater reduction of body weight
in the exenatide plus dapagliflozin group and a −2.0% change from baseline HbA1c with
respect to −1.6% in the exenatide group and −1.4% in the dapagliflozin group [33]. In a
later meta-analysis of RCTs, administration of the maximum dose of a GLP-1RA on top
of an SGLT2-I compared to SGLT2-I alone resulted in a significant decrease of HbA1c by
0.91%, body weight by 1.95 kg, and systolic blood pressure (BP) by 3.64 mmHg. These
advantages paid the price of an increased risk for any hypoglycemia and gastrointestinal
adverse events [34].

In a systematic review and meta-analysis of 14 RCTs involving 4828 treatment naïve
or metformin-treated patients, the combination therapy of an SGLT2-I with a DPP-4 in-
hibitor significantly decreased HbA1c (−0.71%), body weight (−2.05 kg), and systolic BP
(−5.90 mm Hg), but increased total cholesterol of 3.24%, HDL-C of 6.15% and LDL-C of
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2.55% and the risk of genital infections, when compared to DPP-4 inhibition monother-
apy [35]. In addition, it was shown that low doses of the SGLT2-I might be a better choice
when combination therapy is required being associated slightly but significantly with more
reduction in body weight and diastolic BP and with less increase in TC and LDL-C. In
an indirect meta-analysis, SGLT2-Is achieved better glycemic control and greater weight
reduction than DPP4 inhibitors, without increasing the risk of hypoglycemia in patients
with T2DM inadequately controlled with insulin [36].

A recent review summarized the advantages resulting from clinical trials and meta-
analyses of SGLT2-Is plus insulin therapy as a treatment regimen for T2DM patients.
Compared with placebo, SGLT2 inhibitors plus insulin therapy could significantly decrease
HbA1c, the daily insulin dose requirement, and body weight. Other benefits are improve-
ments in insulin resistance and β-cell function and reduction in blood pressure and visceral
adipose tissue volume. Against these desirable effects, an increased risk of genital infection,
euglycemic diabetic ketoacidosis, and volume depletion have been reported. Overall, the
combination therapy appears to be an effective therapeutic option for insulin-treated T2DM
patients, provided that careful monitoring of adverse events is ensured [37].

In a meta-analysis of ten eligible placebo-controlled trials, the combination of SGLT2-
Is with insulin treatment is beneficial in patients with T1DM compared with placebo,
providing reduction of HbA1c, mean amplitude of glucose excursions, body weight, and
insulin requirements, without increasing the risk of hypoglycemia but increasing that of
genital infections and diabetic ketoacidosis. The authors concluded that although adverse
events occur, the available data provide evidence that the combination of SGLT inhibitors
with insulin treatment is beneficial in patients with T1DM [38].

Combined therapy with SGT2-Is plus pioglitazone would theoretically provide several
advantages. The strong diuretic effect of gliflozins could mitigate the fluid retention
induced by pioglitazone, particularly in patients at risk for developing HF. The body fat
and weight gain observed with the thiazolidinedione might also be attenuated with the
addition of an SGLT2-I agent [39]. For the moment, we only know that compared to
pioglitazone alone, the addition of an SGLT2-I may improve glycemic control and reduce
both body weight and BP, but increase genital tract infections [40].

2.3. The Adverse Effects of SGLT2-I Therapy

In addition to the largely demonstrated protective effects, SGLT2-Is present some
side effects, listed as majors and minors, also reported by analysis from clinical trials [41].
Side effects vary (e.g., hypoglycemia, bladder cancer, bone fracture, Fournier’s gangrene,
legs amputation, etc.). However, as observed from several authors, the primary and
well-recognized are euglycemic diabetic ketoacidosis (DKA) and urinary tract infection
(UTIs) [41]. DKA is reported with an incidence rate varying from 0.16 to 0.76 events per
1000 patient-year and recognized associated risk factors are malnutrition, infectious, weight
loss, vomiting, or imbalance of insulin doses [42]. The etiopathogenesis is still not fully
clear. Some authors observe that SGLT-Is, through direct and indirect effects, stimulate
lipolysis, liver ketogenesis, and an insulin production reduction, thus increasing ketone
storage and ketonemia, and consequently the risk of DKA [43]. Moreover, it seems that
increased renal reabsorption of ketones and the hypovolemia induced by SGLT-Is could
increase this risk.

The increased risk of UTIs is the other main side effect, as reported in several clinical tri-
als [41]. This effect is linked to the drug class action of increased glycosuria through the SGLT2
inhibition, which increases the risk of glucose accumulation at the urinary tract level and then
the risk of bacteria proliferation [44]. For this reason, this risk could be reduced if patients are
adequately instructed in regular personal intimate hygiene [44]. Moreover, it appears that this
effect does not carry the risk of pyelonephritis or upper urinary tract infection [45].

Other adverse effects mentioned in the trials, particularly in CANVAS, are the in-
creased risk of bone fracture and lower limb amputation [46]. However, other trials such as
DECLARE and EMPAREG, or large population studies, have not confirmed these results,
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highlighting a risk of incurring such adverse effects similar to that for other antidiabetic
drugs [47–50]. Finally, SGLT2-Is could predispose to dehydration and increased risk for falls;
therefore, this class of drugs requires caution when prescribed to the older population [44].

3. The Mechanism of Kidney Glucose Reabsorption
3.1. In Healthy Subjects

The kidney plays a key role in the balance of glucose metabolism. Under normal
circumstances, the kidney is responsible for 20–25% of the endogenously derived glucose
through gluconeogenesis, and of filtration and reabsorption from pre-urine of approxi-
mately 180 g per day of glucose [51]. The filtered glucose load elevates as glucose plasma
concentration increases with full reabsorption until the system reaches saturation, which
normally occurs when glycemia is around 180–215 mg/dL. Higher glycemic levels lead to
glycosuria, and the maximum renal reabsorption capacity is about 375 mg/min in a healthy
individual [52,53].

The SGLTs are a family of six isoforms of proteins and mediate the transport of glucose,
ions, osmolytes, vitamins, and amino acids. Among these, SGLT2 is a symporter located
on the apical membrane of the S1 portion of the proximal tubule cells (PCTs). SGLT2
symporters cotransport glucose and sodium in a 1:1 ratio. They show a high affinity and
a high capacity to move glucose across the luminal membrane actively, and this active
transport occurs against the concentration gradient [54,55]. At the anti-luminal site, glucose
leaves the intercellular space by passive diffusion via GLUT1 and 2 transporters, whereas
sodium is extruded by an active outward movement driven by ATP [56,57] (Figure 3).
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In the kidney of normal subjects, approximately two-thirds of the total sodium reab-
sorption occurs in the proximal tubule in exchange for H+ through the sodium-hydrogen
exchanger (NHE) 3. The latter is an isoform primarily expressed in renal and gastrointesti-
nal cells. The NHE3 exchangers colocalize with SGLT2 symporters, and their activities are
linked via the accessory membrane-associated protein 17 [58]. As a result, the increased
activity of one may increase the activity of the other and vice versa, which is why SGLT2-Is
can block NHE3 [59,60]. As proof of this reciprocal influence, NHE3 was upregulated dur-
ing hyperglycemia in vitro and in the diabetic state in vivo [61]. Interestingly, upregulation
of NHE3 via transcriptional, translational, and post-translational mechanisms was also
described in the proximal tubule of rats suffering from HF [62]. On the other hand, tubular
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NHE3 knockout in a mouse model of T1DM decreased SGLT2 expression and inhibited
natriuresis induced by SGLT2-Is [63]. Likewise, SGLT2 inhibition was associated with a
marked inhibition of NHE3, even in the absence of glucose. This result can explain the sig-
nificant SGLT2-I-induced natriuresis as demonstrated in proximal tubules of non-diabetic
rats perfused with phlorizin [64].

The SGLT1 isoform, primarily found in the gastrointestinal tract and in the S2 and S3
portions of PCT, has a higher affinity but a lower capacity than the SGLT2 isoform. It reabsorbs
about 10% of filtered glucose with a glucose to sodium coupling ratio of 1:2 [65]. Blockage
of SGLT2 can be partially compensated by SGLT1 activity, which can provide up to 50% of
glucose reabsorption as a double uptake of sodium is required for each molecule of glucose
absorbed [66].

Work on SGLT1 and SGLT2 knock-out mice allowed a better understanding of the
mechanisms and effects of inhibition of these receptors and opened up new therapeutic
avenues in humans [67]. These studies showed not only a reduction in plasma blood sugar
in the early stages but also a lower loss of β pancreatic cells, thus preserving their pancreatic
insulin storage [28,68]. Moreover, it has been shown that such effects appear even in the
presence of SGLT1 inhibition alone, particularly for what concerns the stimulus to secrete
GLP-1 and the increased glucose tolerance. [69]. A study in which SGLT1 knockout mice
were treated with dapagliflozin demonstrated an association with reduced hyperfiltration,
blood glucose, kidney weight, glomerular size, and microalbuminuria [70]. These findings
may suggest an additive action between SGLT1 and SGLT2 inhibition.

3.2. In Diabetic Patients

The capacity of renal glucose reabsorption is enhanced in diabetes due to an SGLT2
overexpression in the PTCs (proximal tubule cells), which can be explained by their persis-
tent exposure to high glucose (HG) levels [71]. Investigations in animal models of diabetes
reported an increase in SGLT2 mRNA levels by 38–56% associated with an enhanced ex-
pression of the hepatocyte nuclear transcription factor-1α (HNF-1α) [72,73]. A recent study
has suggested that plasma glucose levels regulate both expression and function of this tran-
scription factor which specifically would rule the expression of SGLT2 [74]. Consequently,
diabetic patients have a higher threshold for urinary glucose excretion and higher glucose
reabsorption than healthy humans [75,76]. These pathophysiological changes minimize
glycosuria and create a vicious circle that exacerbates glucose accumulation.

It is known that the apical glucose uptake is strictly connected to the basolateral Na+/K+-
ATPase activity. This means that under hyperglycemic conditions, the increase in the sodium-
coupled glucose reabsorption via SGLT1 and 2 leads to a reduction in sodium concentration in
the downstream tubular lumen [77]. At the end of the Henle loop, this concentration is falsely
perceived as an effective hypovolemia by the macula densa of the juxtaglomerular apparatus,
and this triggers the TGF. In particular, high sodium levels in the cells inhibit the conversion
of ATP into the potent vasoconstrictor adenosine. As a result, fewer adenosine receptors
are activated, leading to a reduction in vasodilation of afferent arteriole. In contrast, the
intrarenal activation of the renin-angiotensin-aldosterone system (RAAS) constricts the efferent
arteriole [78,79]. The resulting increase in intraglomerular pressure induces hyperfiltration
and glomerular injury with urinary albumin excretion. An absolute and supraphysiologic
elevation in the glomerular filtration rate (GFR) is observed early in the natural history of
10–67% and 6–73% of T1DM and T2DM patients, respectively [80].

To meet the synthesis of ATP required for the transporters to function, the renal oxygen
demand is physiologically very high, second only to that of the heart. As approximately
80% of the kidney energy is spent on the reabsorption of sodium from the pre-urine, the
majority of oxygen consumption occurs in the PTCs [81]. Therefore, another consequence of
glycosuria is the increase in energy expenditure for the Na+/K+-ATPase activity and the rise
in oxygen demand by the renal cortex and the outer medulla determining local hypoxia [82].
This was demonstrated in animal models of diabetes, where renal oxygen consumption
increased by 40% in the cortical segments and by 16% in the collecting duct segment [83].
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Other mechanisms make the diabetic kidney particularly exposed to hypoxia. Genes
regulated by the hypoxia-inducible factor 1α (HIF-1α), including erythropoietin, are not
increased in diabetic kidney disease (DKD). This is most probably due to the hypoxia-
related tubulointerstitial dysfunction, which results in a decreased number of red blood
cells and a further reduction in oxygen delivery [84,85]. In addition, hypoxia stimulates
the production of inflammatory and pro-fibrotic pathways determining loss of peritubular
capillaries and ischemic injury exacerbating hypoxia [86].

4. Effects of SGLT2-Is on CV and Renal Outcomes: Brief Overview of Results from
Main Trials

Although the target organs affected in diabetes are many, cardio-renal complications
have the greatest impact in terms of morbidity, mortality, and burden on the National
Health System [87–91]. Four CVOTs using empagliflozin, canagliflozin, dapagliflozin, and
ertugliflozin in T2DM patients have been conducted. Primary outcomes were a 3-point
MACE, i.e., a combination of CV mortality, non-fatal myocardial infarction, and non-fatal
stroke [46–48,92]. The primary outcome of another CVOT assessing sotagliflozin in patients
with T2DM, CKD, and risks for CVD changed mid-trial from the 3-point MACE to the total
number of CV deaths due to lack of funding [93].

The diabetic population enrolled had a high risk for CV events or an established
CV disease. The renal function was variously compromised, but eGFR was at least
≥30 mL/min/1.73 m2.

All these trials showed a reduction in CV events in the treated groups compared to
placebo, but only empagliflozin and canagliflozin demonstrated a significant effect on the
3-point MACEs.

The main results of EMPAREG OUTCOME, CANVAS, and DECLARE-TIMI 58 were
summarized in a meta-analysis performed by Zelniker et al. This analysis showed that im-
proved CV outcomes were achieved in T2DM patients with atherosclerotic CVD, whereas
no difference emerged in primary prevention [94]. These findings endorse the 2020 Euro-
pean Society of Cardiology guidelines recommendations for SGLT2-I administration as
first-line therapy in patients with T2DM and established CVD [95].

In addition to the primary outcome, several secondary or exploratory endpoints were
collected from these trials, including those relative to heart failure (HF) and kidney disease.

Surprisingly, all gliflozins significantly reduced ~30% of hospitalization for heart
failure, both in new-onset or recurrent HF. Hospitalization for heart failure reduction rather
than prevention of atherothrombotic events was, therefore, considered the major benefit
associated with the use of gliflozins in CV patients [94]. Moreover, as hospitalization for
heart failure reduction was observed after 2–3 months of treatment, it is unlikely that
this favorable CV outcome was dependent on other gliflozins-associated effects such as
lowering of glycemia and improvement of other atherosclerotic risk factors [96].

Concerning kidney disease, three CVOTs in T2DM patients demonstrated the ability of
SGLT2-Is to reduce a composite of renal outcomes by 40–70%, including doubling of serum
creatinine, development of macroalbuminuria, need for dialysis and/or transplantation
and kidney death [46–48]. Notably, albuminuria and GFR have been highly associated with
the risk of cardiovascular events in subjects with type 2 diabetes [97–99]. Based on these
striking results, additional trials were designed to test the SGLT2-I specific effects on HfrEF.
DAPA-HF, EMPEROR-Reduced, and others, as SOLOIST-WHF trials have investigated the
combined SGLT2 and SGLT1 inhibitor in T2DM patients hospitalized for HF. The DEFINE-
HF trial has evaluated the improvement in HF symptoms, and EMPERIAL trials have tested
the response to 6-min walk tests. Concerning CKD endpoints, CREDENCE in patients
with DKD and DAPA-CKD in patients with any form of CKD, as well as other minor
studies such as DELIGHT, DERIVE, and DIAMOND, were designed in populations with or
without diabetes, at risk for or suffering from these cardiac or renal pathologies [100–109].

Both dapagliflozin in the DAPA-HF and empagliflozin in the EMPEROR-Reduced
trial achieved the primary composite outcome of reduced worsening HF and death from
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CV causes. The results were consistent in different subgroups regarding sex, T2DM, renal
function, and current HF therapy, including angiotensin receptor-neprilysin inhibitors. In
both trials, SGLT2-Is also significantly reduced adverse renal outcomes.

Overall, the trials investigating kidney endpoints indicated that SGLT2-Is reduced
the incidence of renal outcomes to more than 40% in patients with T2DM with or without
prevalent CVD. It also delayed CKD progression in both diabetic and non-diabetic patients
and lowered the incidence of major adverse CV events and other CV outcomes in patients
with renal impairment. The highest CV benefit was observed in diabetic subjects with
an estimated-GFR <60 mL/min per 1.73 m2. The positive results of the CREDENCE
trial led in 2019 to FDA approval of canagliflozin for the treatment of DKD [105]. A
brilliant result was shown in the most recent DAPA- CKD trial performed in CKD patients
with and without T2DM. Dapagliflozin not only significantly improved the prognosis
of important renal parameters but also reduced the combined risk of death from CV
causes or hospitalization for heart failure by 29%. Furthermore, dapagliflozin reduced
all-cause mortality by 31% [106]. Therefore, both CREDENCE and DAPA-CKD represent
two milestones in the cardiorenal protection of T2DM patients and in treating CKD with CV
prognosis. Moreover, as DAPA-HF, EMPEROR-Reduced and DAPA–CKD clinical trials also
included non-diabetic participants in their studies, this suggests that the clinical benefits of
this pharmacological treatment also apply to patients without T2DM. The evidence of a
diabetes-independent therapeutic effect was stronger in HF than in kidney disease.

Based on these results, the international cardiology societies promptly updated their
guidelines on HF treatment. They recommended using either dapagliflozin or empagliflozin
in patients with HFrEF who were already on guideline-directed medical therapy [110,111].
This aimed to reduce HF events and CV death in these patients and was independent of
the presence of T2DM.

Likewise, the current American Diabetes Association guidelines recommend using an
SGLT2-I with demonstrated CV benefit (empagliflozin, canagliflozin) in T2DM patients
with either established atherosclerotic CVD or multiple CV risk factors to reduce the risk of
major adverse CV events and/or HF hospitalization. This included both patients already
treated with metformin and those commencing treatment for diabetes. In T2DM patients
with established HFrEF, a SGLT2-I with proven benefit (empagliflozin, canagliflozin, da-
pagliflozin, ertugliflozin) is recommended to reduce the risk of worsening HF and CV
death [112]. The same guidelines recommend treating T2DM patients with DKD (esti-
mated GFR ≥ 25 mL/min/1.73 m2 and urinary albumin ≥ 300 mg/g creatinine) with
canagliflozin, empagliflozin, or dapagliflozin to reduce renal disease progression and CV
events. Moreover, it was also considered the use of SGLT2-Is for CV risk reduction in
T2DM patients with non-diabetic CKD (eGFR ≥ 25 mL/min/1.73 m2 or urinary albumin
creatinine ≥ 300 mg/g) [113].

The management of HF with preserved ejection fraction (HFpEF) was a major unmet
clinical need until October 2021, when the results of the EMPEROR-Preserved trial were
published. This study showed for the first time that empagliflozin treatment in patients
with EF > 40% and NYHA class II–IV determined a 21% risk reduction of the primary
composite outcome of CV death or hospitalization for heart failure. This result was mainly
related to a 29% lower risk of hospitalization for heart failure rather than any substantial
effect on CV death. The benefit was consistent across patients with or without diabetes [114].
The positive effect was registered 18 days after randomization, in both in- and out-patient
HF events, with a similar risk reduction for EF of >40% to <50% and 50% to <60%, even if
attenuated at higher EF values [115]. Notably, the enrolled patients had a higher burden of
comorbidities, more severe cardiac dysfunction, higher median NT-proBNP and greater
use of mineralocorticoid receptor antagonists compared with previous HFpEF trials [116].
These results could inaugurate a new era for the management of HFpEF. Updating of
guidelines from cardiological and diabetological societies is expected.

The main characteristics of clinical trials evaluating CV and renal outcomes among
patients treated with SGLT2-Is are reported in Tables 1 and 2.
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Table 1. Main clinical trials evaluating cardiovascular outcomes among patients treated with SGLT2-Is.

Drug Trial
(Ref.)

Patients Follow-Up
(Median)

Outcomes Hazard Ratio
(95% CI)

Empagliflozin EMPAREG OUTCOME study [47] 7020 T2DM patients at high
risk for CV events and an
eGFR ≥ 30 mL/min/1.73 m2

3.1 years
(2.6 years of treatment)

composite of death from CV causes,
nonfatal myocardial infarction, or
nonfatal stroke

0.86 (0.74–0.99)

empagliflozin 10 mg vs.
empagliflozin 25 mg vs.
matching placebo

death from cardiovascular causes
nonfatal myocardial infarction
nonfatal stroke

0.62 (0.49–0.77)
0.87 (0.70–1.09)
1.24 (0.92–1.56)

hospitalization for heart failure 0.65 (0.50–0.85)
death from any cause 0.68 (0.57–0.82)

EMPEROR-Reduced [101] 3730 diabetic or not diabetic patients
with class II, III, or IV HF and
EF ≤ 40%

16 months cardiovascular death or hospitalization for
worsening heart failure

0.75 (0.65–0.86)

empagliflozin 10 mg vs. placebo
(in addition to recommended

therapy)

hospitalization for heart failure 0.70 (0.58–0.85)

EMPEROR-Preserved [114] 26.2 months cardiovascular death or hospitalization for
worsening heart failure

0.79 (0.69–0.90)

5988 diabetic or not diabetic patients
with class II-IV HF and EF > 40%

hospitalization for heart failure 0.73 (0.61–0.88)

empagliflozin 10 mg vs. placebo
(in addition to usual therapy)

EMPERIAL [104] 12 weeks change in 6-minute walk test distance ns
patients with HFrE (EF ≤ 40%,
n = 312) or with HFpEF (EF > 40%,
n = 315)

KCCQ-TSS (Kansas City Cardiomyopathy
Questionnaire Total Symptom Score)

ns

empagliflozin 10 mg vs. placebo CHQ-SAS (Chronic Heart Failure
Questionnaire Self-Administered
Standardized format) dyspnoea score

ns

Canagliflozin CANVAS study [46] 10,142 participants with T2DM and
high CV risk

188.2 weeks composite of death from CV causes,
nonfatal myocardial infarction, or
nonfatal stroke

0.86 (0.75–0.97)

100 mg (with an optional increase to
300 mg) vs. placebo
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Table 1. Cont.

Drug Trial
(Ref.)

Patients Follow-Up
(Median)

Outcomes Hazard Ratio
(95% CI)

Dapagliflozin DECLARE-TIMI 58 [48] 17,160 T2DM patients at high
risk for CV events (only
7% of patients had an
eGFR < 60 mL/min/1.73 m2)

4.2 years composite of CV death, myocardial
infarction, or ischemic stroke

0.93 (0.84–1.03)

dapagliflozin 10 mg vs. placebo CV death or hospitalization for HF 0.83 (0.73–0.95)
hospitalization for HF 0.73 (0.61–0.88)

DAPA-HF Trial [100] 4304 diabetic (68%) or not diabetic
patients with class II-IV HF

18.2 months worsening HF (hospitalization or urgent
visit resulting in IV therapy for HF) or
CV death

0.74 (0.65–0.85)

dapagliflozin 10 mg vs. placebo first worsening HF event 0.70 (0.59–0.83)
(in addition to recommended

therapy)
CV death 0.83 (0.71–0.97)

DEFINE HF [103] 263 diabetic or not diabetic patient
with class II-III HF

12 weeks mean NT-proBNP ns

dapagliflozin 10 mg vs. placebo % of patients with ameliorated
functional status

1.8 (1.03–3.06)

Sotagliflozin SCORED [93] 10,584 T2DM patients with CKD and
CV risk

sotagliflozin 200–400 mg
vs. placebo

16 months composite of CV death, hospitalization fo
HF, and urgent visit for HF

0.74 (0.63–0.88)

SOLOIST-WHF [102] 1222 T2DM patients recently
hospitalized for worsening HF

sotagliflozin 200–400 mg
vs. placebo

9 months CV deaths and hospitalization or urgent
visits for HF

0.67 (0.52–0.85)

CV death 0.84 (0.58–1.22)
death from any cause 0.82 (0.59–1.14)

Ertugliflozin VERTIS CV study [92] 8246 T2DM patients with
established CV disease and an
eGFR ≥ 30 mL/min/ 1.73 m2

3 years composite of CV death, myocardial
infarction, or ischemic stroke

0.97 (0.85–1.11)

ertugliflozin 5 or 15 mg
vs. placebo

death from CV causes or hospitalization
for HF

0.88 (0.75–1.03)

death from CV causes 0.92 (0.77–1.11)
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Table 2. Main clinical trials evaluating renal outcomes among patients treated with SGLT2-Is.

Drug Trial
(Ref.)

Patients Follow-Up
(Median)

Outcomes Hazard Ratio
(95% CI)

Empagliflozin EMPAREG OUTCOME
study [47]

7020 T2DM patients with high
risk for CV events and
eGFR ≥ 30 mL/min/1.73 m2

3.1 years
(2.6 years of treatment)

incident or worsening nephropathy 0.61 (0.53–0.70)

progression to macroalbuminuria 0.65 (0.54–0.72)
empagliflozin 10 mg vs. doubling of the serum creatinine

level
0.56 (0.39–0.79)

empagliflozin 25 mg vs. initiation of renal-replacement
therapy

0.45 (0.21–0.97)

placebo post hoc composite of doubling of
serum creatinine, renal replacement
therapy, or death for renal causes

0.54 (0.40–0.75)

incident albuminuria 0.95 (0.87–1.04)

Canagliflozin CANVAS–R study [46] 5812 T2DM patients with high
risk for CV events and
eGFR > 30 mL/min/1.73 m2

126.1 weeks lower progression of albuminuria 0.73 (0.67–0.79)

canagliflozin 100 or 300 mg vs. placebo composite of 40% reduction in eGFR,
renal replacement therapy, or death
from renal causes

0.60 (0.47–0.77)

CREDENCE study [105] 4401 T2DM patients with
albuminuric CKD (eGFR of
30 to <90 mL/min/1.73 m2)

2.62 years composite of ESRD (dialysis,
transplantation, or sustained
eGFR < 15 mL/min/1.73 m2),
doubling of serum creatinine, or
death from renal or CV causes

0.70 (0.59–0.82)

canagliflozin 100 mg vs. placebo composite of ESRD, a doubling of
the creatinine level, or death from
renal causes

0.66 (0.53–0.81)

composite of cardiovascular death,
myocardial infarction, or stroke

0.80 (0.67–0.95)

hospitalization for heart failure 0.61 (0.47–0.80)

Dapagliflozin DECLARE-TIMI 58 [48] 7160 T2DM patients at high
risk for CV events (only 7% with
eGFR < 60 mL/min/1.73 m2)

dapagliflozin 10 mg vs. placebo

4.2 years composite of ≥40% reduction in
eGFR, new ESRD, or death from
renal or CV causes

0.76 (0.67–0.87)
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Table 2. Cont.

Drug Trial
(Ref.)

Patients Follow-Up
(Median)

Outcomes Hazard Ratio
(95% CI)

DAPA-CKD study [106] 4304 diabetic (68%) or not diabetic
patients suffering from CKD
(UACR 200–5000 mg/g and eGFR
25–75 mL/min/1.73 m2)

2.4 years composite of ≥50% sustained
decline in eGFR or ESRD or CV or
renal death

0.56 (0.45–0.69)

dapagliflozin 10 mg vs. placebo composite of CV death and
hospitalization for heart failure

0.71 (0.55–0.92)

DELIGHT study [107] 461 T2DM patients with albuminuria
(UACR 30–3500 mg/g) and eGFR of
25–75 mL/min/1.73 m2, treated with
ACE-Is or ARBs

24 weeks variation of albumin-to-creatinine
ratio

−21.0% for dapagliflozin
(p = 0.011)

dapagliflozin 10 mg vs.
dapagliflozin 10 mg–saxagliptin

2.5 mg vs.
placebo

−38.0% for dapagliflozin +
saxagliptin (<0.0001)

DERIVE study [108] 321 T2DM patients with CKD in stage
3A (eGFR of 45–59 mL/min/1.73 m2)

dapagliflozin 10 mg vs. placebo

24 weeks change from baseline in urine eGFR decrease at week 4 with a trend
to recovery at weeks 12 and 24
eGFR similar to placebo after a
3 week period without
treatment

DIAMOND study [109] 53 non-diabetic patients with CKD (24-h
urinary protein excretion > 500 mg and
≤3500 mg, eGFR ≥ 25 mL/min/1.73 m2)
on stable RAS blockade

27 received dapagliflozin 10 mg
then placebo

26 received placebo then dapagliflozin
10 mg

cross-over trial
(6 weeks for each

treatment and
washout period)

mean proteinuria

measured GFR

no significant change from
baseline
change with dapagliflozin at
week 6 by −6.6 mL/min/
1.73 m2

(−9.0 to −4.2; p < 0.0001)
(fully reversible within 6 weeks
after dapagliflozin
discontinuation)

Ertugliflozin VERTIS CV study [92] 8246 T2DM patients with established
CV disease and eGFR ≥ 30 mL/min/
1.73 m2

ertugliflozin 5 or 15 mg vs. placebo

3 years composite of death from renal causes,
renal replacement therapy, or
doubling of serum creatinine

0.81 (0.63–1.04)
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5. The Renal Effects of SGLT2 Inhibition: Correction of Hyperfiltration, Albuminuria,
and Hypoxia

SGLT2 inhibition corrects the primary PTC hyper-reabsorption typical of diabetic
disease. SGLT2-Is enhance glycosuria and natriuresis, recover the TGF by increasing sodium
delivery to the macula densa, and promote vasoconstriction of afferent and vasodilation of
efferent arterioles [59]. Although further studies are needed, the interaction between NHE3
and SGLT2 provides a potential mechanism via which SGLT2-Is may exert renal protection
in diabetes, since the central role of sodium is delivered to the macula densa cells in the
resetting of TGF deranged by hyperglycemia [117].

By modulating renal hemodynamics, SGLT2-Is can reduce glomerular hypertension
and hyperfiltration followed by barotrauma and albuminuria. These are all early events of
great relevance in the prevention of DKD, and thus SGLT2-Is attenuate its progression in
the long term. This is observed in rodent models of diabetes but is also well documented in
young and otherwise healthy T1DM hyper-filtering patients [118–121]. In a more recent
study in a murine model of T1DM, empagliflozin increased urinary adenosine excretion and
reduced hyperfiltration via afferent arteriolar constriction measured in vivo using multi-
photon microscopy [122]. The renoprotection demonstrated by large prospective trials in
T2DM patients could depend on different mechanisms from those described for T1DM. A
randomized controlled trial (RCT) compared the hemodynamic effects of 3-month therapy
with gliclazide vs. dapagliflozin in T2DM patients with eGFR > 60 mL/min/1.73 m2 and
overt proteinuria. The study demonstrated that SGLT2 inhibition reduced measured GFR
and filtration fraction without increasing renal vascular resistance. This suggests a possible
role for post-glomerular vasodilation, possibly mediated by an increased production of
prostaglandin preventing TGF-mediated pre-glomerular vasoconstriction [123]. The ar-
terial stiffness typical of older T2DM patients could limit the potential for preglomerular
vasoconstriction, thus explaining the lower intraglomerular pressure and less prominent
hyperfiltration compared to T1DM patients.

As reported in several studies, the renal hemodynamic changes by SGLT2-Is may
result in an initial drop of eGFR followed by stabilization, the so-called “checkmark” sign
(
√

) [122,124–126]. Long-term treatment with SGLT2-Is compared to placebo is associated
with a slower decline of GFR and a reduction of albuminuria by 30–50% in treated T2DM
patients [127,128]. These endpoints were achieved independently of blood pressure (BP)
changes or glucose control, even in subjects with overt DKD [129,130].

The increased albumin excretion observed in both T1DM and T2DM patients with DKD
appears mainly related to alterations in the glomerular filtration barrier and podocytes [131,132].
In diabetic and non-diabetic mice with kidney injury induced by bovine serum albumin
injection for three weeks, dapagliflozin limited proteinuria, damage and dysfunction of
glomeruli, and loss of podocytes to a similar extent as an ACE inhibitor [133]. Interestingly,
the study identified the presence of SGLT2 in podocytes and increased mRNA and protein
expression after induction of proteinuria, thus indicating another potential mechanism of
SGLT2-I nephroprotection.

Chronic hypoxia is apparent in the development and progression of CKD, includ-
ing DKD. Therefore, the increased renal oxygen tension, secondary to reduced oxygen
utilization for sodium reabsorption, may contribute to the nephroprotective effects of
SGLT2-Is [134,135].

Based on the demonstration of the HG-enhanced activity and expression of NHE3
in mesangial cells, it can be hypothesized that NHE3 inhibition in these cells represents a
potential mechanism by which SGLT2-Is could prevent glomerulosclerosis and ameliorate
DKD [136].

6. Direct Effect of SGLT2-Is on Myocardial Sodium Homeostasis

Despite the negligible expression of SGLT2 in the heart, SGLT2 inhibition is strongly
implicated in cardiac sodium homeostasis because of its profound effects on ion trans-
porters [137].
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The sodium content of cardiomyocytes plays a critical role in cardiac electro-mechanical
coupling and contractility and the mitochondrial processes of oxidation-reduction. There-
fore, it is unsurprising that dysregulated Na+ handling is centrally involved in the develop-
ment and progression of HF [138].

Na+ homeostasis in cardiomyocytes is tightly coupled with that of Ca2+ through the
activity of multiple ion channels, including sarcolemmal Na+/Ca2+ exchanger (NCX),
which exchanges 3 Na+ for 1 Ca2+ and mitochondrial Na+/Ca2+ exchanger (NCLX). Their
activity is closely related to calcium concentration. Physiologically, NCX mainly removes
calcium from the intra- to the extracellular space, except in the early phase of action potential
when, independent of the [Na+] and [Ca2+] transmembrane gradient, NCX transports Ca2+

in the reverse direction into the cytosol. NCLX is mainly responsible for mitochondrial
Ca2+ release into the cytosol [139].

In HF, the concentration of Na+ in cardiomyocyte cytosol is significantly increased
due to an imbalance between ion influx and efflux. Cytosolic Ca2+ concentration is also
elevated secondary to increased efflux from the mitochondria via NCLX [140]. Lowering
intra-mitochondrial Ca2+ concentration suppresses the Ca2+-dependent upregulation of
dehydrogenases in the tricarboxylic acid cycle to increase the production of reducing equiv-
alents. The result is a decrease of NADH with less ATP production and decreased NADPH
with disruption of mitochondrial antioxidant cellular defenses. Both Na+ and Ca2+ cytoso-
lic overload activate Ca2+/Calmodulin-dependent kinase II (CaMKII), a serine/threonine
kinase with a central role in regulating multiple Na+ and Ca2+ channels/transporters.
Ca2+/CMKII is markedly upregulated in HF and is implicated in arrhythmogenesis and
adverse myocardial remodeling [141,142].

Overall, the dysregulation of Na+ and Ca2+ homeostasis typically present in HF con-
tributes to systolic, diastolic, and mitochondrial dysfunction, and to arrhythmogenesis and
detrimental remodeling [143]. The raised concentration of Na+ in a failing myocardium
has mainly been associated with three factors, the enhancement of the late sodium cur-
rent (INaL) responsible for significant Na+ influx, the hyperactivity and hyperexpression
of sarcolemmal NHE1, the major NHE isoform present in the heart, which couples the
extrusion of one H+ with the influx of one Na+, and the upregulation of NCX expression
and activity [144–147]. Hyperexpression of SGLT1 transporter mRNA or protein could also
contribute to sodium overload, whose presence has repeatedly been confirmed in healthy
hearts instead of SGLT2. Reduced capacity of Na+ extrusion from the cytosol, a debated
process mediated by the Na+/K+ ATPase, may also contribute [139,148].

As found in preclinical studies, the aforementioned alterations may be in part corrected
by SGLT2-Is. The inhibition of NHE1 in an elevated glucose environment by empagliflozin
acutely decreased cytoplasmic Na+ and Ca2+ concentrations, increased mitochondrial
Ca2+, and improved myocardial contractility in rats and rabbits [149]. In in vitro studies,
gliflozins reduced the sodium concentration within mouse and human cardiomyocytes,
possibly by directly inhibiting NHE-1 [150,151]. An inhibitory effect of SGLT2-Is on cardiac
INaL was recently demonstrated in a mouse model of HF [152].

SGLT2-Is could directly inhibit two members of the SGLT family, SGLT1 and the
sodium–myoinositol cotransporter-1 (SMIT1), both of which are hyper-expressed and
hyperactive in the cardiomyocytes of diabetic patients. Except for sotagliflozin, which was
designed as a dual SGLT1/SGLT2 inhibitor, the other gliflozins exert high selectivity for
SGLT2 over SGLT1, making a significant contribution to SGLT1 inhibition in vivo unlikely
but worthy of further investigation (Figure 3) [153].

Empagliflozin has been shown to counteract abnormal Ca2+ handling in HF by re-
ducing CaMKII activity [154]. The reduction of Na+ overload in HF with SGLT2-I treat-
ment decreases reactive oxygen species (ROS) production and the occurrence of oxidative
stress [155]. The result of the above mechanisms leads to improved systolic and diastolic
function with reduced risk of arrhythmia.
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7. Improvement of Conventional CV and Renal Risk Factors by SGLT2-Is

Previous research on anti-hyperglycemic or multifactorial treatment in diabetes found
that even if a reduction in CV events was achieved, this benefit only becomes apparent after
years of treatment [156]. Instead, the mortality benefit attributed to SGLT2-Is appeared
within a short timeframe, as indicated by the early separation of the Kaplan–Meier curves
in the CVOTs [157,158]. Given this rapid occurrence, the outcomes are unlikely explained
by the improvement of conventional risk factors. Nevertheless, a role cannot be completely
excluded since even direct beneficial actions on the heart and kidneys can be affected by a
systemic setting influenced by the amelioration of these parameters.

7.1. Improved Glucose Control

The CV benefits of SGLT2-Is are unlikely due to the correction of hyperglycemia-
related metabolic abnormalities for three simple reasons. They are disproportionately
great for the relatively small reduction of HbA1c (0.6–1.0%), they exert a similar effect
in diabetic and non-diabetic patients, and the pursuit of an intensive glycemic control
in large clinical trials designed ad hoc did not translate into a significant CV outcome
benefit. Moreover, a mediation analysis of EMPA-REG OUTCOME by Inzucchi et al.
showed a slight contribution of HbA1c reduction to the observed cardioprotective effects of
empagliflozin [159]. As well as hypertension, chronic hyperglycemia is a major risk factor
for developing DKD, a progressive disorder that represents the worldwide leading cause
of both dialysis and transplantation [160].

In the kidney, cellular glucose uptake is non-insulin-dependent and increases in pro-
portion to the plasma concentration. In a hyperglycemic context such as diabetes, glucose
overloads, glomerular cells, and PTCs are diverted into non-glycolytic pathways. This
results in glycosylation of proteins, generation of advanced glycation end (AGE) products,
and activation of the corresponding receptors (RAGEs), which promote mitochondrial
dysfunction, oxidative stress, inflammation, and apoptosis [161]. By reducing plasma
glucose levels, SGLT2-Is, like any glucose-lowering strategy, may prevent these adverse
metabolic effects. Nevertheless, the renoprotection observed in the CREDENCE trial is out
of proportion concerning the modest reduction of blood glucose levels, and drugs with
greater glucose-lowering effectiveness did not produce the same rapid and marked benefits
as SGLT2-Is [105].

7.2. Loss of Body Weight

SGLT2-Is have been specifically designed to promote glycosuria and thus loss of
calories, a unique feature compared to all the other glucose-lowering drugs. A daily energy
waste of approximately 200–300 kcal has been calculated; therefore, weight loss is expected,
contributed to by the decreased insulin secretion and activation of catabolic pathways such
as increased lipolysis and fat oxidation, as described later [162].

In rats with high-fat diet-induced obesity, dapagliflozin demonstrated greater efficacy
in improving peripheral insulin sensitivity and reducing weight gain than vildagliptin [163].
Similar results were obtained in obese mice with streptozotocin-induced diabetes treated
with dapagliflozin and liraglutide [164]. A clinical trial on the use of SGLT2-Is registered a
weight loss of approximately 2 to 3 kg during the initial 6–12 months of therapy. To further
confirm the weight loss associated with the use of this class of drugs, a meta-analysis on
29 RCTs with a low risk of bias showed that in a total of 12,000 patients, the mean weight
loss ranged from−2.26 kg to−0.79 kg when patients were treated with 300 mg canagliflozin
and 25 mg ipragliflozin, respectively [165]. Initially, the weight loss is mainly due to fluid
depletion, but subsequent fat tissue is lost, including that from visceral depots [166]. In the
real world, the impact of SGLT2 inhibition on body weight seems to be significantly lower
than anticipated in the clinical trials studies [167]. Although an increased body mass index
is a well-known CV risk factor, independently associated with a greater risk for CKD and
ESRD, the modest weight loss cannot explain the significant reduction in CV mortality. This
may also partially contribute to kidney protection exerted by SGLT2 inhibition [168–170].
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7.3. Reduction of Arterial Blood Pressure

SGLT2 inhibition has been shown to increase by 67% the survival of spontaneously
hypertensive rats and to change the BP circadian rhythm from a non-dipper to a dipper
profile in animals and human studies [171,172]. A meta-analysis of various clinical trials
documented a BP decline of comparable entity to low-dose hydrochlorothiazide. The
BP decline was quantified as –3.62 mmHg for systolic and −1.70 mmHg for diastolic BP,
regardless of the SGLT2-I dosage [173]. BP lowering is likely dependent on a combination of
osmotic diuresis and mild natriuresis due to a higher tubular lumen glucose concentration
and urine sodium excretion, respectively [174]. It has been calculated that these effects
induce a negative water and sodium balance of ~700 mL and ~100 mEq within the first
48–72 h of therapy [59]. As intravascular volume is mildly depleted, this may suggest that
SGLT2-I therapy activates RAAS. The effects of RAAS activation, however, do not include a
reduction in angiotensin levels, which can be attributed to the anti-hypertensive effect. The
association between RAAS and AGLT2-inhibition is simple. Plasma renin activity increases
in the first three to six months of treatment, but remains unchanged in the long-term
therapy similar to aldosterone [175].

Several anti- contributor mechanisms have been proposed that could explain the
anti-hypertensive effect of SGLT1-is. Body weight reduction is one, and accounts for
about 40% of the change in BP. Other mechanisms are the controversial suppression of the
sympathetic nerve activity and the improvement in endothelial dysfunction and arterial
stiffness [176–180]. Nevertheless, it is difficult to account for the modest antihypertensive
effect of SGLT2-Is playing a significant role in improving CV risk. This latter is expected to
be achieved after many years and translate into reduced atherothrombosis, with a primary
effect on the incidence of strokes rather than cardiac events alone. On the contrary, results
from meta-analyses on T2DM patients receiving gliflozin indicated no relationship between
BP and CV outcomes and no changes in reducing in risk of stroke [181–183].

SGLT2-Is have been demonstrated to be very effective in the prevention of DKD, even
more than ACE inhibitors or ARBs, and to enhance RAAS blockage [59]. However, even in
the case of renoprotection, the modest drop in BP associated with SGLT2 inhibition suggests
that other factors are predominantly involved [184]. Moreover, the intensive control of BP
does not seem to prevent end-stage kidney disease in T2DM patients [185].

7.4. Reduction of Serum Uric Acid

Uric acid has been associated with CV diseases and with inflammation and oxidative
stress. In addition, the majority of these studies showed that elevated levels of uric acid are
a potential contributor risk factor in the development and progression of CKD [186,187].

A meta-analysis on 62 RCTs provides relatively robust evidence for a moderate reduc-
tion in serum uric acid following SGLT2-Is, which persists during long-term treatment, but
is absent in patients with eGFR < 60 mL/min [188]. The effect is likely determined by a
uricosuric action possibly associated with increased glycosuria. This was demonstrated in
a recent study reporting a suppression of urate reabsorption through glucose transporter
9 and urate transporter in the distal segments of renal tubular cells [189]. Also, in this
case, a reduction in the uric acid levels alone is not sufficient to explain the overall clinical
benefits of SGLT-Is in cardiorenal protection. It is more likely that, instead, this is just one
of the several therapeutic advantages.

7.5. Effects on Serum Lipids

Even if a decrease of low-density lipoprotein cholesterol (LDL-C) levels is described
in a retrospective study in diabetic patients newly treated with dapagliflozin, a slight but
net increase in LDL-C levels is mostly observed in clinical studies with SGLT2-Is [190–193].
Interestingly, this adverse effect not consistent with the cardiorenal benefit of gliflozins
seems to be counteracted by favorable changes in the ratio of both LDL and HDL subclass
particles. Hayashi et al. showed that a 12-week dapagliflozin therapy in T2DM patients
decreased by 20% the potent atherogenic small dense LDL-C, and increased by 18% the large
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buoyant less atherogenic LDL-C [194]. Concomitantly, an 18% increase of the favorable
high-density lipoprotein cholesterol 2 (HDL2-C) without modifications of HDL3-C was
documented. In the same study, no effect on plasma lipids and lipoprotein subspecies
was associated with sitagliptin administration. In a small multicenter prospective study in
22 T2DM patients, 12 weeks of canagliflozin taking increased the very large and large HDL
lipoproteins by 10.9% and 11.5%, respectively [195].

Moreover, a reduction of triglyceride levels is described in both clinical and preclinical
studies with SGLT2-Is [190,196].

The mild decrease of triglyceride and increase of both HDL-C and LDL-C levels are
confirmed by a recent meta-analysis including 36 RCTs in T2DM patients using a gliflozin
for at least 24 weeks [197].

From a pathophysiological point of view, SGLT2-Is might increase the liver provision
of cholesterol substrates through enhancement of lipolysis, leading to increased cholesterol
synthesis, decreased activity of LDL receptors, and finally, increased serum LDL-C level.
On the other hand, the increased lipolysis and the improved insulin sensitivity determined
by attenuation of systemic glucotoxicity might reduce the serum levels of triglycerides and
thereby increase HDL-C [198].

Two observations may arise from these findings. On the one hand, the changes in
lipid profile induced by SGLT2-Is fit perfectly with the correction of the highly atherogenic
diabetic dyslipidemia, a triad notoriously characterized by an increase of triglycerides
and small dense LDL-C and a decrease of HDL-C [198]. On the other hand, these minor
lipidemic modifications may only represent ancillary players concerning the wide range of
beneficial pleiotropic mechanisms behind the remarkable cardiorenal benefits of SGLT2
inhibition [199].

7.6. SGLT2-Is and Atherosclerosis

The positive impact of SGLT2-Is on the development and progression of atherosclerosis
cannot be disregarded regarding the data reported above.

On the other hand, clinical data collected so far cannot prove a delay in the progression
of atherosclerosis. Despite the significant reduction in CV mortality, CVOTs with SGLT2-Is
demonstrated no benefit in reducing non-fatal atherosclerotic CV events, such as myocardial
infarction and stroke. This finding is possibly due to the prevalent role of other mechanisms,
and perhaps to the short observation time [46–48]. The issue also remains open regarding
the many human and animal data suggesting multiple possible pathways mediated by
SGLT2 inhibition, not only through glucose-lowering, but also lipid metabolism and foam
cell formation, vascular inflammation and oxidative stress, endothelial dysfunction, and
prevention of platelet activation, as discussed in recent reviews [200,201].

8. Metabolic Reprogramming by SGLT2-Is

In patients treated with SGLT2-Is, the acute reduction in plasma glucose levels, sec-
ondary to glycosuria, leads to a lower plasma insulin concentration and insulin-to-glucagon
ratio. A fasting-like state of energy depletion is established when glucose entry into cells
is reduced, lipolysis is intensified, and ketogenesis stimulated. This results in elevated
circulating fatty acids (FAs) and ketone bodies, mainly β-hydroxybutyrate (β-HB) [18,202].
In these conditions, both heart and kidney shift from glucose to FA and ketone body
utilization [203,204].

In a model of obese non-diabetic mice, canagliflozin led to a loss of BW and improved
glucose tolerance, although plasma insulin is decreased. In addition, canagliflozin increased
plasma ketones and improved plasma lipid profiles [205]. The study demonstrated that
this reduction in fat mass and stimulation of lipolysis is mediated by the activation of the
fibroblast growth factor 21, a powerful but still debated hormone involved in the modula-
tion of energy homeostasis and metabolism [206]. In individuals with T2DM, dapagliflozin
ameliorated insulin sensitivity and caused a shift from glucose to lipid oxidation, which,
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together with the increased glucagon-to-insulin ratio, are the pathophysiological bases for
the enhanced ketone synthesis [202].

Even if the SGLT2-I-induced metabolic reprogramming is well documented, its rele-
vance and significance for cardiorenal protection are still controversial. Some researchers
have recently hypothesized that SGLT2-I controls cell life programming and promotes a
switch from a defense to an energy-saving dormancy state [207].

8.1. Metabolic Effects of SGLT2 Inhibition at Heart Level

Under normal conditions, FA metabolism and carbohydrate oxidation contribute
60% and 40%, respectively, to cardiomyocytes’ energy supply. Under stress, carbohydrates
become the main fuel for the heart as they can instead be metabolized by glycolysis
under anaerobic conditions, even though this leads to a much lower ATP production
compared to that generated during mitochondrial oxidation. On the other hand, FAs
oxidation requires a greater oxygen consumption than that used by glucose as the ATP
production/O2 consumption (P/O) ratio is 2.33 for FAs vs. 2.53 for glucose, which could
exacerbate an eventual myocardial ischemia [140]. The heart is, by mass, the organ with
the highest consumption of ketone bodies, which are a super fuel and can be used as an
additional substrate for energy production in HF. The cardiomyocytes of a failing heart
are often subjected to an insufficient oxygen supply over long periods. During this lack
of oxygen, ketone bodies can be better substrates than FAs at producing ATP due to a
more favorable P/O ratio (2.50). Ketone bodies are also better than glucose, even though
their P/O values are not significantly different [155,208,209]. β-HB must be converted into
acetoacetate to generate energy. The advantage is that before being oxidized, acetoacetate
is first activated to acetoacetyl-CoA by succinyl-CoA:3-ketoacid CoA transferase (SCOT), a
reaction that does not require ATP. In contrast, the activation of glucose by hexokinase and
of FAs by acyl-CoA synthetases requires ATP [210]. Accordingly, HF is characterized by
increased transcription of genes associated with the oxidation of ketone bodies. Increased
transcription of the gene encoding SCOT is one example; this gene encodes the rate-limiting
ketolytic enzyme [211].

HF has also been associated with altered metabolic regulation of branched-chain
amino acids (BCAAs), which could be restored by empagliflozin [212,213].

The shift in fuel energetics results in improved myocardial energy efficiency and
possibly improved cardiac function [214–216]. In a small trial of HF patients, β-HB infusion
improved cardiac output by 40% and left ventricle (LV) EF by 8% compared with placebo
infusion. Equivalent hemodynamic effects were observed in age-matched volunteers [217].
In a mouse model of prediabetes, empagliflozin treatment improved LV contractility and
cardiac microcirculation in combination with an increase in plasma ketone bodies, glucagon
concentration, and glucagon/insulin ratio [218]. In a porcine model of ischemic non-
diabetic HF induced by left anterior descending artery occlusion, empagliflozin increased
the utilization of BCAAs, FAs, and ketone bodies with concurrent improvement in LV
function and mitigation of HF remodeling [219]. In a doxorubicin-induced non-diabetic HF
mouse model, empagliflozin significantly increased β-HB plasma concentrations and ATP
production and prevented the development of cardiomyopathy [220].

In addition to their involvement in energy metabolism, other protective effects have
been proposed for ketone bodies, such as a significant reduction of oxidative stress and in-
flammation and an extended lifespan described in mouse studies [221,222]. The mechanism
responsible may be inhibition of class I histone deacetylases by β-HB. This is correlated
with enhanced transcription of genes encoding oxidative stress resistance factors (FOXO3A
and MT2) and of increased activity of the nucleotide-binding domain-like receptor protein
3 (NLRP3) inflammasomes [221,222].

When administered to T2DM patients, SGLT2-Is induced a greater reduction in IL-1β
secretion, increased β-HB, and decreased serum insulin levels than sulfonylureas. In the
same study, ex vivo experiments on macrophages demonstrated an inhibitory effect of high
β-HB and low insulin concentrations on the activation of the NLRP3 inflammasome [223].
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8.2. Metabolic Effects of SGLT2 Inhibition on the Kidney

In conditions characterized by elevated levels of circulating FAs and damaged glomeruli
such as T2DM and metabolic syndrome, albumin-bound FAs can be filtered, causing abnor-
mal FA reabsorption by the proximal tubule with consequent tubulointerstitial inflamma-
tion and renal dysfunction. Upregulation of kidney injury molecule-1 is responsible for
this FA-induced pathological process [224]. SGLT2-Is may reduce kidney injury by causing
a shift from whole-body glucose to FA oxidation, decreasing the accumulation of toxic
lipid metabolites (fatty acyl CoAs, diacylglycerol, and ceramides) in podocytes, mesangial
cells, and PTCs. This attenuates oxidative stress, endoplasmic reticulum stress, and pro-
inflammatory and fibrotic processes [59].

The relationship between ketone bodies and the kidney is more intricate than for the
heart and needs further clarification. Ketones are freely taken up and oxidized by the
kidney in proportion to their plasma concentration. They could represent a more efficient
energy source considering that a complete switch from FA to ketone oxidation theoretically
improves renal oxygen efficiency by 9–10% [59,225]. However, SCOT is expressed at lower
levels in the kidney than myocardium, indicating comparatively lower use of ketone bodies
as an energy source [215,226]. If so, the accumulation of non-utilized ketones could promote
beneficial effects against inflammation, oxidative stress, and fibrosis, as described in the
heart [210]. On the other hand, past experiments demonstrated that plasma ketone concen-
trations dilate the afferent arterioles, thereby promoting glomerular hyperfiltration that
may exacerbate diabetic nephropathy [227]. More recent studies reported that the diabetic
kidney is characterized by enhanced ketogenic activity, even in the absence of SGLT2 inhibi-
tion, because of increased expression of the key enzyme 3-hydroxy-3-methylglutaryl-CoA
synthase 2. Excess ketones may be involved in the pathogenesis of DKD [228].

9. Improved Heart Overload by SGLT2-Is: Effect on Diuresis and Vascular Function

Despite the lack of SGLT2 expression in the heart, SGLT2-Is may reduce HF events
within a short period. This effect could be associated with improved ventricular loading
conditions due to early hemodynamic effects. This involves the simultaneous reduction in
preload, secondary to natriuresis and osmotic diuresis, and in afterload, through lowering
BP and correction of vascular dysfunction [229].

9.1. Impact of the Diuretic Effect of SGLT2-Is on Intra- and Extravascular Volumes

As described in animal models treated with dapagliflozin and in various human
studies with dapagliflozin, canagliflozin, and empagliflozin, SGLT2-Is may modestly reduce
plasma volume by inducing natriuresis and osmotic diuresis [230–233]. In a study of
patients with T2DM, a condition characterized by sodium retention, SGLT2 inhibition
with dapagliflozin significantly decreased the skin sodium content after 6 weeks [234]. A
mediation analysis of the EMPA-REG OUTCOME trial confirmed the importance of plasma
volume contraction, indicating that hemoconcentration accounted for approximately 50% of
the observed CV benefit [159].

On the other hand, the importance of correcting plasma volume overload in CV out-
comes by SGLT2-Is may be questionable because of multiple observations. In a secondary
analysis of the EMPEROR-Reduced trial, the magnitude of benefit was not significantly
different in patients with recent volume overload [235]. In the DAPA-HF trial, treatment
with dapagliflozin did not necessitate a reduction of diuretic dosage [100]. The change in
plasma volume seems to be a transient early occurrence that is not sustained in the long
term [232,233,236]. For example, an open-label study of 22 patients receiving empagliflozin
for 5 days reported that sodium excretion and urine volume increased after the first dose
but returned to baseline after multiple doses [237]. It is likely that the kidneys rapidly
adapt via compensatory sodium reabsorption at more distal tubular segments to maintain a
neutral sodium balance. Finally, loop diuretics have not changed HF prognosis despite be-
ing used for decades to increase sodium and fluid excretion, likely because of concomitant
detrimental neurohormonal changes [238,239].
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The effects of diuretics differ in several respects from those of SGLT2-Is; the main
difference is that diuretics directly antagonize sodium entry into the macula densa leading
to increased RAAS and systemic sympathetic activity [233]. Instead, the proximal tubular
location of the SGLT2-Is action leads to increased sodium chloride delivery to the macula
densa, which could account for the small or absent activation of neurohormonal and
sodium retaining response compared to what would normally be expected in response
to the observed reduction in blood volume and pressure [240]. This would explain why,
in a comparative study of dapagliflozin and hydrochlorothiazide, a reduction in plasma
volume and an increase in erythrocyte mass was observed with dapagliflozin but not with
hydrochlorothiazide over a 12-week treatment period [231].

Other data indicate that the diuresis induced by SGLT2 inhibition is expected to
produce a greater electrolyte-free water clearance compared with classical Na+-driven
diuretics. The hypothesis of differential regulation of intra- and extravascular volumes by
SGLT2-Is is suggested by a study in healthy volunteers that described by using a mathe-
matical model, a 2-fold greater reduction in electrolyte free water and thus interstitial fluid
after 7 days of dapagliflozin treatment compared to the loop diuretic bumetanide which
reduced intravascular volume [241]. In a sub-study of the Empire HF trial, a reduction in
the estimated extracellular fluid and plasma volumes was shown in a population of mostly
non-diabetic patients with HFrEF treated with empagliflozin [242].

A differential effect of regulating interstitial fluid may be relevant in patients with HF
in whom, in many instances, intravascular contraction is present and often aggravated by
diuresis. Instead, the contraction of extravascular volume by SGLT2-Is may reduce conges-
tion and pulmonary edema in HF and improve cardiac function via lowering preload [229].
Accordingly, the end diastolic volume observed with cardiac magnetic resonance was
reduced in T2DM patients treated with empagliflozin [243].

9.2. Improvement of Arterial Function and Stiffness by SGLT2-Is

Another mechanism by which SGLT2-Is could improve cardiac function is a reduction
in afterload through the dampening of arterial stiffening, as reported by multiple clinical
and preclinical data in diabetes.

In a post-hoc analysis of data from five phase III trials in T2DM patients, empagliflozin
was shown to reduce pulse pressure, a surrogate measure of arterial stiffness and vascular
resistance [180]. Reduced arterial stiffness by empagliflozin has also been reported in a sub-
analysis of a clinical trial of T2DM patients and a study of young T1DM patients [244,245]. A
significant increase in shear stress, the main hemodynamic factor stimulating endothelium
to produce vasodilators and atheroprotective substances, and in flow-mediated dilation of
the brachial artery was observed when comparing treatment with empagliflozin versus
incretin drugs. Both treatments resulted in a similar level of glycemic control [246]. The
acute treatment of 16 T2DM patients with dapagliflozin significantly improved systemic
endothelial function and arterial stiffness independent of BP changes, a finding which
was not confirmed in a larger follow-up trial by the same investigation group [247,248].
Canagliflozin and tofogliflozin yielded similar vascular benefits in other clinical studies
of T2DM patients [249,250]. Animal studies have confirmed a significant reduction of
aortic stiffness and vascular dysfunction by SGLT2-Is. A mechanistic investigation of aortic
preparations from animals demonstrated that dapagliflozin induced vasodilatation through
activation of voltage-gated potassium (Kv) channels and protein kinase G (PKG) [251–253].
The changes in central hemodynamics and aortic function induced by SGLT2 inhibition may
be more pronounced than those suggested by the rather small reduction of BP as measured
at the brachial artery. RCT evidence has shown that, in type 2 diabetics, empagliflozin
reduces central and 24 h systolic and diastolic BP, central pulse pressure, and various
vascular parameters of aortic stiffness after 6 weeks of treatment [254]. Overall, the literature
supports the argument that SGLT2-Is reduce HF events, at least in part, via improved
vascular function, considering that central systolic blood pressure is primarily determined
by arterial stiffness of large arteries and an important surrogate parameter afterload strongly
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linked to future CV outcomes [255]. The mechanisms underlying the amelioration of arterial
dysfunction and stiffness by SGLT2-Is in diabetes are not fully understood. Considering the
expression of SGLT2 in the arterial wall, modulation of vascular homeostasis via regulation
of both endothelial and smooth muscle function and thus arterial remodeling appears
likely [256].

10. Anti-Inflammatory and Anti-Oxidant Effects of SGLT2-Is

Evaluation of inflammation and oxidative stress, two key pathways known to cause
organ damage in diabetes, was not among the aims of the main CV and renal outcome trials
of SGLT2-Is. However, a meta-analysis of 15 randomized and 8 observational clinical studies
of these drugs showed a consistent reduction in biomarkers of both inflammation (CRP, IL-6,
and TNF-α) and oxidative stress (8-iso-prostaglandin F2α and 8-hydroxy-2′-deoxyguanosine)
and an increase of the cardioprotective adiponectin derived from adipose tissue [257]. In
a recent real-world observational pilot trial, treatment with various SGLT2-Is modified the
redox status and antioxidant enzyme activity in the urine of T2DM patients [258].

In addition to the amelioration of hyperglycemia and AGE/RAGE signaling related to
glucotoxicity, the correction of multiple risk factors may indirectly confer inflammation-
relieving properties to SGLT2-Is.

Gliflozins reduce the adipose tissue excess, a condition closely associated with low-
level chronic inflammation characterized by abnormal cytokine and chemokine production
and activation of inflammatory pathways that interfere with insulin signaling, includ-
ing mitogen-activated protein kinases (MAPK), IκB-kinase β (IκKβ)/nuclear factor κB
(NF-κB) and mammalian target of rapamycin (mTOR)/S6 kinase [259]. In T2DM patients,
canagliflozin decreased circulant leptin by 25% and increased adiponectin by 17% com-
pared with glimepiride [260]. In murine models of obesity, empagliflozin treatment was
associated with modulation of NLRP3 inflammasome signaling and activation of fat brown-
ing and macrophage polarization to the anti-inflammatory M2 phenotype [261,262]. The
reduced mass and inflammation of perivisceral adipose tissue induced by SGLT2-Is may
minimize the inflammatory paracrine actions on visceral organs such as the heart and kid-
ney to promote cardiac fibrosis and renal glomerulosclerosis [263]. In particular, SGLT2-Is
exert a drug class effect of reduction of epicardial adipose tissue, the true visceral fat of
heart, associated with attenuated inflammation and less secretion of deleterious adipokines,
that can positively affect both structure and function of adjacent myocardium [264,265]. A
particularly relevant role seems to be played by attenuation of leptin secretion and related
paracrine effects [266,267].

SGLT2-I treatment results in a slight diminution of circulating uric acid, a waste
product released from ischemic tissues and dying cells, notoriously able to activate the
NLRP3 inflammasome when crystallized [188,268]. A study on macrophages stimulated
with uric acid demonstrated that even the soluble form activates this pathway [269].

SGLT2-I therapy may take advantage of the potent anti-inflammatory properties of
ketone bodies that, like lowering insulin and uric acid, reduce the IL-1β secretion by
immune cells [270]. In a pilot trial of T2DM patients at high CV risk, despite a similar
glucose-lowering effect, empagliflozin determined a greater reduction of IL-1β secretion
than glimepiride. This response was associated with increased serum β-HB and decreased
circulant insulin, two conditions inhibiting NLRP3 inflammasome activation as verified in
the same study in ex vivo macrophages [223].

Strictly connected to the anti-inflammatory property, SGLT2-Is also correct oxidative
stress and endothelial dysfunction [271,272]. In diabetic rodents, ipragliflozin mitigated
the biomarkers of oxidative stress and inflammation and prevented the development of
endothelial dysfunction [273–275]. The same responses were evocated by empagliflozin in
rat models of T1DM and T2DM [276,277].

Instead, findings on endothelial function from clinical studies are conflicting. In the
DEFENCE trial of 80 patients with early-onset T2DM, dapagliflozin improved endothelial
functions assessed by flow-mediated dilation and oxidative stress evaluated through the
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urine biomarker 8-hydroxy-2′-deoxyguanosin [278]. By contrast, in the EMBLEM trial of
117 patients with T2DM and established CVD, a 24-week treatment with empagliflozin
did not improve endothelial dysfunction measured with the reactive hyperemia peripheral
arterial tonometry index [279].

Experiments in vitro with empagliflozin, therefore not influenced by changes in sys-
temic milieu, suggest that SGLT2 inhibition may directly attenuate inflammation and
oxidative stress, determining reduced superoxide production and enhanced expression
of glutathione s-reductase and catalase in leukocytes in diabetic patients and downregu-
lating IKK/NF-κB, MKK7/JNK, and JAK2/STAT1 signaling pathways in LPS-stimulated
macrophages [280,281].

10.1. Evidence of Beneficial Anti-Inflammatory, Anti-Oxidant, and Anti-Fibrotic Effects on Heart

Inflammation is a critical factor in the development and progression of HF and diabetic
cardiomyopathy; therefore, a therapeutic target is possibly centered by SGLT2-Is [282].

In diabetic mice, dapagliflozin was proven to halt cardiac inflammation by inhibiting
NLRP3 inflammasome, resulting in attenuation of fibrosis and amelioration of LVEF. In the
same study, experiments in cardio myofibroblasts in vitro replicated the anti-inflammatory
and anti-fibrotic effects, indicating their independency from inhibition of SGLT2 and
systemic variations [283]. In HF rodent models, empagliflozin inhibited NLRP3 inflamma-
some in a Ca2+-dependent manner [284]. Other investigations indicated that the activation
of AMP-activated protein kinase (AMPK) could be the mediator of myocardium anti-
inflammatory effect of SGLT2-Is inhibition [285,286].

Several data document that SGLT2-Is reduce myocardial oxidative stress, a hallmark
of cardiac diseases, including HF. An already discussed mechanism is the correction of
myocardiocyte Na+ overload that generates the extrusion of Ca2+ from mitochondria,
impairment of Ca2+-induced stimulation of Krebs cycle dehydrogenases, and ultimately
deficit of reducing equivalents NADH and NADPH. In turn, the increased formation
of ROS can cause cellular Na+ accumulation (e.g., by stimulation of INaL), leading to
a vicious cycle that may be stopped by gliflozin [287]. Empagliflozin normalized some
oxidative stress parameters (high malondialdehyde, lower antioxidant enzymes GSH-Px,
and SOD) and reduced the hyperexpression of NOX4 in hearts of T2DM mouse models.
These effects were mediated by translocation of nuclear factor erythroid 2 (Nrf2) into
the nucleus and activation of Nrf2/antioxidant response element signaling, the primary
pathway involved in regulating oxidative stress [288]. In heart and cardiomyocyte models
of isoprenaline-induced cardiac oxidative stress, canagliflozin augmented antioxidant and
anti-inflammatory signaling (involving AMPK, Akt, eNOS, Nrf2, and heme oxygenase-1)
and attenuated pro-oxidant, pro-inflammatory, and pro-apoptotic responses (mediated by
iNOS, TGF-β, Nox4, caspase-3, and Bax) [289].

Since inflammation and oxidative stress stimulate myocardial fibrosis, SGLT2 may
favorably affect this process that underlies the structural LV remodeling in diabetic and
HF patients [209]. In post-infarcted rats, dapagliflozin attenuated myofibroblast infiltration
and cardiac fibrosis via modulation of macrophage phenotype through reactive oxygen and
nitrogen species/STAT3-dependent pathway [290]. Empagliflozin reduced cardiac fibrosis
in animal models of diabetes and hypertension [288,291]. In more detail, empagliflozin
significantly reduced the high level of TGF-β1 expression and Smad1, Smad2, Smad3
proteins involved in the fibrosis pathway, as well as the high levels of type I and III collagen
in the myocardium of diabetic mice. In addition, empagliflozin significantly increased
the expression of Smad7, a known TGF-β1 and myocardial fibrosis inhibitor [288]. These
benefits likely depend on a direct effect on human cardiac myofibroblasts, as an exposition
of these cells to empagliflozin induce a more quiescent phenotype and a significantly
attenuated cell-mediated extracellular matrix remodeling [292]. The regulation of Sestrin 2,
a stress-inducible protein that regulates AMPK-mTOR and maintains redox homeostasis,
is reported as a novel mechanism by which empagliflozin may improve obesity-related
myocardial hypertrophy/fibrosis and cardiac dysfunction [293].
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HFpEF, a frequent form of HF in diabetic patients, has been the subject of much
research with SGLT2-Is. This condition is characterized by a special metabolic and pro-
inflammatory status, accompanied by oxidative stress and disturbances of microvascular
endothelial cells, whose normal activity greatly contributes to cardiomyocyte function and,
when deranged, to HFpEF development [294]. In a co-culture of cardiac microvascular en-
dothelial cells and cardiomyocytes, the stimulation of endothelial cells with TNF-α induced
mitochondrial overproduction of ROS with decreased NO bioavailability and microvascular
dysfunction with deterioration of cardiomyocyte systolic and diastolic function, all alter-
ations restored by empagliflozin [295]. A hypophosphorylation of myofilament proteins
may be the fault behind the increased LV stiffness, as observed in a study in myocardial
tissue samples from an HFpEF dog model [296]. Empagliflozin was able to directly reduce
the myofilament passive stiffness and improve diastolic function in murine and human
HF myocardium by enhancing the phosphorylation level of titin and other myofilament
regulatory proteins [297]. The involved mechanism has been identified in improving the
NO-soluble guanylyl cyclase (sGC)-cGMP-PKG signaling observed in diabetic mice after 8
weeks of treatment with empagliflozin [298]. This result has been recently substantiated
in more in-depth mechanistic research in vitro, showing that human and murine HFpEF
myocardium treated with empagliflozin exhibited reduced markers of oxidative stress
(H2O2, 3-nitrotyrosine, GSH, lipid peroxide) and inflammation (ICAM-1, VCAM-1, TNFα
and IL-6). The consequent amelioration of NO levels, sGC activity, cGMP concentration,
and PKG type Iα activity improved both endothelial vasorelaxation and phosphorylation
of myofilament proteins with attenuated cardiomyocyte stiffness [299].

10.2. Evidence of Beneficial Anti-Inflammatory, Anti-Oxidant and Anti-Fibrotic Effects on Kidney

SGLT2-Is may halt the activation of inflammatory, oxidant, and profibrotic pathways
involved in the pathogenesis of several functional and structural disorders of CKD [300].

A primary mechanism may rely on correcting enhanced glucose entry via SGLT2
transporter during hyperglycemia, as demonstrated in in vitro investigations in cultured
human PTCs exposed to HG medium. The blockade of glucose reabsorption in PTCs
by SGLT2-Is suppressed inflammation by inhibiting the NF-κB pathway and promoted
autophagic flux via increased AMPK activity and mTOR inhibition [301,302]. In another
study, HG and the associated increase of AGEs in PTCs suppressed the expression of the
anti-fibrotic mediator RECK via induction of oxidative stress-dependent TRAF3IP2/NF-κB
and p38 MAPK/miR-21 pathways, whereas treatment with empagliflozin ameliorated
these alterations and inhibited the epithelial-to-mesenchymal transition and the tubule
cell migration [303]. A study demonstrated that HG-treated PTCs presented an increased
production of angiotensinogen in consequence of excess intracellular ROS, a peptide that
may contribute to DKD development. This hyperproduction was limited by the blockade
of SGLT2 [304].

In a model of T2DM mice, dapagliflozin attenuated the activation of NLPR3 inflam-
masome and the progression of DKD, as indicated by reduced renal expression of mRNA
of collagens type 1 and type 3 [305]. Among the inflammatory molecules, IL-6 seems to be
a key mediator for CKD development. The blockade of its receptor with Tocilizumab in
T2DM mice blunted the activation of NLRP3 inflammasome and reduced both proteinuria
and glomerular mesangial matrix accumulation [306].

Canagliflozin stimulated antioxidant/anti-inflammatory signaling pathways in rats
treated with isoprenaline and prevented apoptosis of kidney cells by inhibiting Bax pro-
tein upregulation and caspase-3 activation. At the histological examination of kidney
sections, attenuation in inflammatory cell infiltration, collagen deposition, and fibrosis
were observed [307]. Other histopathological investigations showed beneficial changes by
dapagliflozin in renal tissue from obese prediabetic rats, improving parameters related to
inflammation, fibrosis, endoplasmic reticulum stress, and apoptosis [308]. In a recent study
using a rat model of T2DM, dapagliflozin prevented the typical hystopathological lesions
of DKD, i.e., glomerulomegaly, glomerular basement thickening, mesangial hypercellular-
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ity, and tubular damage [309]. The responsible mechanisms identified by immunohisto-
chemical examination were a reduced expression in glomerular, mesangial, and tubular
epithelial cells of α-smooth muscle actin, a hallmark of tubular epithelial-myofibroblast
trans-differentiation and extracellular matrix deposition and glomerulosclerosis. The analy-
sis of renal tissue homogenate showed an improvement of apoptotic markers (BCL-2 and
BAX) and of TNF-α with a partial restoration of lowered renal expression of pentraxin
3 (PTX3), a factor that favorably attenuates the inflammatory activity of macrophages,
promotes the M2 phenotype of these cells and downregulates NF-kB, IL-1β, TNF-α and
monocyte chemoattractant protein 1 [310].

Consistent with what is described for the heart, activation of inflammation ultimately
promotes tubulointerstitial fibrosis, a process blunted by SGLT2-Is. In T2DM and T2DM
mouse models, dapagliflozin reduced mesangial expansion, macrophage infiltration, and
interstitial fibrosis, through significant attenuation of STAT1 and TGFβ1 expression, both
factors associated with tubulointerstitial fibrosis in DKD [119,311].

A transcriptomic analysis of plasma biomarkers from T2DM patients treated for
2 years with canagliflozin concerning those treated with glimepiride showed a decrease
of genes encoding TNF receptor 1, IL-6, matrix metalloproteinase 7, and fibronectin 1,
suggesting that SGLT2 inhibition may attenuate molecular processes typically related to
DKD progression, such as inflammation, ECM turnover, and fibrosis [312]. At the same
time, metabolomics analysis of kidney biopsy samples from patients with DKD treated
with dapagliflozin demonstrated an upregulation of genes involved in the pathway of
eNOS and endothelial function, in addition to molecular processes associated with energy
metabolism and mitochondrial function [313].

11. Modulation of Mitochondrial Function and Autophagy by SGLT2-Is
11.1. Evidence in Heart

SGLT2-Is may multifariously modulate mitochondrial function [155].
As previously mentioned, these drugs increase the plasma levels of ketone bodies,

which can enhance the oxidation efficiency of the mitochondrial coenzyme Q couple and
the free energy of cytosolic ATP hydrolysis and redistribute sodium and calcium ions
through binding with NHE and/or SMIT1 with a resulting amelioration of mitochondrial
energy production [140,155].

Disorders of mitochondrial dynamics are associated with contraction dysfunction
and damage of the myocardium until the appearance of lethal cardiac failure [314,315].
SGLT2-Is can control both mitochondrial fusion and fission. The first is a process that
increases the energy production capacity by intensively fusing mitochondria under the
strict control of mitofusion1 (Mfn1), mitofusion2 (Mfn2), and Opa1. Mitochondrial fission
is the removal of damaged organelles by their division in smaller parts and subsequent
mitophagy, a selective form of autophagy implicated in the maintenance of mitochondrial
homeostasis and cell survival, under the regulation of Dynamin-related protein 1 (Drp1)
and mitochondrial fission factor (Mff) [209,316]. Dapagliflozin suppressed prolonged
ventricular repolarization in a rat model of metabolic syndrome through augmentation of
mitochondrial energy production and normalization of Mfn1/Mfn2 ratio [317]. In infarcted
diabetic rats, empagliflozin improved myocardial microvascular injury via an AMPK-
dependent inhibition of cardiomyocyte mitochondrial fission and reduced the necrosis area
by normalizing the size and number of mitochondria in non-necrotic tissue [318,319].

Large evidence supports the important role of autophagy, a lysosome-mediated
degradative pathway, in maintaining cardiac homeostasis and adaptation to stress [320].
Autophagy-mediated clearance of damaged organelles reduces inflammasome activation
and may in part explain the anti-inflammatory and anti-oxidant properties of SGLT2-
Is [283,319]. Since treatment with SGLT2-Is mimics a state of nutrient deprivation, the
activation of AMPK, the master regulator of cellular energy homeostasis, could be the
mediating mechanism of autophagy and cardioprotection [321]. Accordingly, canagliflozin
significantly inhibited the inflammatory response and the increased autophagy flow in
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immune cells by activating AMPK [322]. Similarly, empagliflozin enhanced autophagy at
the cardiac level by activating AMPK in a model of early-stage diabetes [323]. Also, SGLT2
inhibition by empagliflozin in myocardial infarction mouse models with and without DM
demonstrated a reduced infarct size and myocardial fibrosis mediated by inhibiting the
autophagic flux in the cardiomyocytes [324]. In another study, empagliflozin protected the
heart from doxorubicin toxicity through an integrated Beclin 1, TLR9, and SIRT3 network
involving autophagy, oxidative stress, and mitochondria [325].

11.2. Evidence in Kidney

Altered mitochondrial dynamics plays an equally important role in the pathogenesis
of DKD and other renal diseases, characterized by enhanced mitochondrial fragmentation
and impaired autophagy of various cell types, particularly of those more vulnerable to mi-
tochondrial dysfunction such as PTCs and podocytes [326]. In a rat model of mitochondrial
dysfunction induced by a high-fat diet, ipragliflozin restored the renal tubular levels of
Mfn2 and Opa1, controlling the mitochondrial fusion and those of the GTPases involved
in mitochondrial biogenesis [327]. In human renal PTCs cultured under HG-conditions,
empagliflozin reversed mitochondrial dynamics by improving the expression of proteins
involved in mitochondrial fusion and fission and enhancing autophagy [328].

The marked impairment of capacity for autophagy in both podocytes and renal tubu-
lar cells in T2DM and other kidney diseases contributes to renal injury [329]. SGLT2-Is
may correct this defect by inducing hypoxia-like transcriptional patterns that enhance
SIRT1/HIF-2α signaling cells [330,331]. In obese diabetic mice, empagliflozin activated au-
tophagy in podocytes, preventing their effacement, detachment, and death, thus reducing
albuminuria [332].

12. Effects of SGLT2-Is on Erythropoietin and Erythropoiesis

All SGLT-2-Is have demonstrated a modest increase (2–4%) of hematocrit in their
respective CVOTs, likely in dependence of hemoconcentration caused by enhanced diuresis.
However, the different time course of change in urine volume and hematocrit supports other
mechanisms, namely stimulation of erythropoiesis according to the concomitant increase in
erythropoietin level and reticulocyte count during SGLT2-I treatment [333,334]. In a recent
RCT, empagliflozin increased hemoglobin concentration and hematocrit after 3 months
of treatment, which was most likely attributable to increased erythropoiesis rather than
hemoconcentration, given the simultaneous increase in iron utilization [335]. Erythropoi-
etin is produced by renal interstitial fibroblasts under the regulation of hypoxia-inducible
factors [336]. The excessive glucose uptake via SGLT2 in diabetic patients overloads these
cells and increases the mitochondrial oxygen consumption to meet the high demand to
supply ATP for the Na+/K+ pump, resulting in renal cortex hypoxia [337]. Animal studies
have shown that selective damage of PTCs induces trans-differentiation of erythropoietin-
producing fibroblasts into myofibroblasts that actively synthesize fibrogenic molecules but
have lost the ability to produce erythropoietin [338]. On this basis, the hypoxic microenvi-
ronment in the proximal tubules may explain why the serum erythropoietin is low in T2DM
patients, even when kidney function is normal and further decreases as the glycosylated
hemoglobin level increases [339].

By reducing glucose reabsorption, SGLT2-Is might reduce the metabolic stress of proxi-
mal tubules and improve tubulointerstitial hypoxia, thus inducing myofibroblasts to resume
erythropoietin production. Ultimately, the increase of hematocrit during SGLT2-I therapy
would indicate the recovery of tubulointerstitial function in the diabetic kidney [333].

According to another investigation, the increase of erythropoiesis by SGLT2 inhibi-
tion involves the suppression of hepcidin, a peptide that increases in pro-inflammatory
conditions and inhibits erythropoiesis [340]. Other mechanisms operating in a state of
SGLT2 inhibition might be the reduced afferent renal blood flow with decreased oxygen
delivery, the increased but less efficient oxygen-consuming active sodium reabsorption at
the distal tubule leading to the expression of hypoxia-inducible factors and the stimulation
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of erythropoietin by β-HB [341]. On the other hand, among the pathways whereby SGLT2-
Is exert their nephroprotective effects in diabetic patients, the improved tissue oxygen
tension within the renal cortex has been taken into account, which is not congruent with
enhanced production of erythropoietin. In a recent in vivo study in diabetic rats treated
with dapagliflozin, a significant reduction in microvascular kidney oxygen tension was
demonstrated in the deeper cortex and outer medulla, right where SGLT1 are primarily
located, but not in the superficial cortex that includes few if any S3 segments. Consistent
with this observation, hypoxia-responsive erythropoietin mRNA levels were elevated,
and reticulocyte counts increased [342]. These findings likely reflect the interplay of the
TGF-induced afferent arteriolar constriction, decreased sodium reabsorption in the early
proximal tubule, and increased sodium reabsorption at the S3 segment PTCs.

The enhanced erythropoiesis by SGLT2-Is is observed in diabetic patients with both
normal or reduced kidney function [343]. Among patients with CKD, SGLT2 inhibition
was associated with a reduced risk of anemia-associated outcomes, including the need for
erythropoiesis-stimulating agents [344].

The elevation of erythropoietin may be among the mechanisms mediating the nephro-
protection by SGLT2-Is, as supported by observations in animal models of DKD [345].
Similarly, the increased red cell mass may contribute to improved myocardial tissue oxygen
supply and reduced LV mass in diabetic patients with coronary artery disease [341,346]. In
post-hoc mediation analyses of data from the EMPAREG OUTCOME trial, it was estimated
that the change of hematocrit and hemoglobin respectively mediated 51% and 54% of the
risk reduction of CV death that mainly depends on the reduction of HF events [347].

13. Concluding Remarks and Future Perspectives

In the past few years, evidence from large RCTs revealed the unexpected but powerful
and indisputable cardiorenal protective properties of SGLT2-Is, well beyond their initial
therapeutic target of lowering glucose, that occur early after the start of treatment mainly
due to its non-glycemic effects and is therefore efficacious even in patients without diabetes.
Based on these benefits, for the first time in the history of diabetology, the guidelines
of diabetes have undergone an epochal change for which treatment adjustments are not
dictated primarily by HbA1c value, but rather by the coexistence of or risk for kidney or
cardiovascular disease. And again, for the first time, medicaments intended for the treatment
of diabetes were included in the therapeutic equipment of heart failure. These features
rendered these drugs unique in the current therapeutic landscape of diabetes and HF.

In recent years, we have witnessed a huge effort of scientific research attempting to
identify the mechanisms underlying the sparkling results of clinical trials, and the field
remains in active ferment. Certain aspects have been clearly defined, such as the nephro-
protection relying mainly on the target action of SGLT2 inhibition that generates reduced
glucose reabsorption and modulation of afferent arteriole tone, interfering with the major
pathophysiological culprits of proteinuric CKD progression, i.e., glomerular hypertension
and hyperfiltration. Instead, it is amazing how inhibitors of SGLT2 can exert strong protec-
tion of the heart, of even greater magnitude than on the kidney and comparable to that of
existing anti-heart failure drugs, without SGLT2 being expressed in cardiomyocytes. The
modulation of sodium homeostasis and some other effects appear to result from actions
carried out directly at the myocardial level. Otherwise, the literature has been enriched
with an expanding plethora of pathophysiological theories that prioritize metabolic, di-
uretic, hemodynamic, or other changes and involve multi-factorial, complementary, and
intertwined pathways. However, since it is unlikely that a class of drugs interacts with a
myriad of specific targets, it is more reasonable to speculate that SGLT2 inhibitors influence,
if not just one, only some upstream targets in the pathophysiology of heart failure. Thus,
the mechanistic details of the SGLT-2 inhibitor action need further investigation.

Based on the impressive benefits on cardiorenal protection that emerged from trials,
SGLT2-Is deserve to be specifically explored as potential therapeutic means against the
so-called “cardiorenal syndrome”, a term coined about twenty years ago to define the
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strong interaction between HF and renal disorders, as already known for two centuries.
Likely, the medications may counteract the development of this syndrome through the cor-
rection of strong risk factors such as diabetes and hypertension, and some well-established
pathophysiological mechanisms such as oxidative stress and inflammation.

Many other uncertainties need to be removed, as an example to disclose if the effects
are class-driven or molecule-specific and if other pathologies can benefit from therapy,
such as type 1 diabetes mellitus, nonalcoholic steatohepatitis, or obesity, as well as non-
diabetic chronic kidney diseases. Crucially, it is unknown whether the benefit extends over
a long period or involves protection against atherosclerotic cardiovascular disease and if
the therapy can not only attenuate but even prevent cardiac and renal damage. This data
will help identify those patients who can benefit most from these drugs, and hopefully
extend their use to as many people as possible. In this regard, clinicians must be aware
that SGLT2-Is may be used, paying great attention to patients with moderate CKD, and
that adverse events, such as UTIs, occur more frequently in elderly patients. Likewise,
it is crucial that in ketosis-prone conditions, including alcoholism, ketogenic diet, and
prolonged fasting states for any reason, gliflozins are administered under strict monitoring
and after previous patients training.
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121. Škrtić, M.; Yang, G.; Perkins, B.A.; Soleymanlou, N.; Lytvyn, Y.; Von Eynatten, M.; Woerle, H.J.; Johansen, O.E.; Broedl, U.C.;
Hach, T.; et al. Characterisation of glomerular haemodynamic responses to SGLT2 inhibition in patients with type 1 diabetes and
renal hyperfiltration. Diabetologia 2014, 57, 2599–2602, Erratum in Diabetologia 2017, 60, 1159–1160. [CrossRef] [PubMed]

122. Kidokoro, K.; Cherney, D.Z.I.; Bozovic, A.; Nagasu, H.; Satoh, M.; Kanda, E.; Sasaki, T.; Kashihara, N. Evaluation of Glomerular
Hemodynamic Function by Empagliflozin in Diabetic Mice Using In Vivo Imaging. Circulation 2019, 140, 303–315. [CrossRef]
[PubMed]

123. van Bommel, E.J.; Muskiet, M.; van Baar, M.J.; Tonneijck, L.; Smits, M.; Emanuel, A.L.; Bozovic, A.; Danser, A.J.; Geurts, F.; Hoorn,
E.J.; et al. The renal hemodynamic effects of the SGLT2 inhibitor dapagliflozin are caused by post-glomerular vasodilatation
rather than pre-glomerular vasoconstriction in metformin-treated patients with type 2 diabetes in the randomized, double-blind
RED trial. Kidney Int. 2020, 97, 202–212, Erratum in Kidney Int. 2020, 97, 1061. [CrossRef] [PubMed]

124. Heerspink, H.J.L.; Perkins, B.A.; Fitchett, D.H.; Husain, M.; Cherney, D.Z.I. Sodium Glucose Cotransporter 2 Inhibitors in the
Treatment of Diabetes Mellitus. Circulation 2016, 134, 752–772. [CrossRef]

125. Wanner, C.; Heerspink, H.J.; Zinman, B.; Inzucchi, S.E.; Koitka-Weber, A.; Mattheus, M.; Hantel, S.; Woerle, H.-J.; Broedl, U.C.;
von Eynatten, M.; et al. Empagliflozin and Kidney Function Decline in Patients with Type 2 Diabetes: A Slope Analysis from the
EMPA-REG OUTCOME Trial. J. Am. Soc. Nephrol. 2018, 29, 2755–2769. [CrossRef]

126. De Nicola, L.; Gabbai, F.B.; Garofalo, C.; Conte, G.; Minutolo, R. Nephroprotection by SGLT2 Inhibition: Back to the Future? J.
Clin. Med. 2020, 9, 2243. [CrossRef]

127. Heerspink, H.J.; Kosiborod, M.; Inzucchi, S.E.; Cherney, D.Z. Renoprotective effects of sodium-glucose cotransporter-2 inhibitors.
Kidney Int. 2018, 94, 26–39. [CrossRef]

128. Cherney, D.Z.I.; Zinman, B.; Inzucchi, S.E.; Koitka-Weber, A.; Mattheus, M.; von Eynatten, M.; Wanner, C. Effects of empagliflozin
on the urinary albumin-to-creatinine ratio in patients with type 2 diabetes and established cardiovascular disease: An exploratory
analysis from the EMPA-REG OUTCOME randomised, placebo-controlled trial. Lancet Diabetes Endocrinol. 2017, 5, 610–621.
[CrossRef]

129. Wanner, C.; Inzucchi, S.E.; Lachin, J.M.; Fitchett, D.; Von Eynatten, M.; Mattheus, M.; Johansen, O.E.; Woerle, H.J.; Broedl, U.C.;
Zinman, B. Empagliflozin and Progression of Kidney Disease in Type 2 Diabetes. N. Engl. J. Med. 2016, 375, 323–334. [CrossRef]

130. Giugliano, D.; De Nicola, L.; Maiorino, M.I.; Bellastella, G.; Garofalo, C.; Chiodini, P.; Ceriello, A.; Esposito, K. Preventing major
adverse cardiovascular events by SGLT-2 inhibition in patients with type 2 diabetes: The role of kidney. Cardiovasc. Diabetol. 2020,
19, 35. [CrossRef]

131. Steffes, M.W.; Schmidt, D.; Mccrery, R.; Basgen, J.M.; International Diabetic Nephropathy Study Group. Glomerular cell number
in normal subjects and in type 1 diabetic patients. Kidney Int. 2001, 59, 2104–2113. [CrossRef] [PubMed]

132. Pagtalunan, M.E.; Miller, P.L.; Jumping-Eagle, S.; Nelson, R.G.; Myers, B.D.; Rennke, H.G.; Coplon, N.S.; Sun, L.; Meyer, T.W.
Podocyte loss and progressive glomerular injury in type II diabetes. J. Clin. Investig. 1997, 99, 342–348. [CrossRef] [PubMed]

133. Cassis, P.; Locatelli, M.; Cerullo, D.; Corna, D.; Buelli, S.; Zanchi, C.; Villa, S.; Morigi, M.; Remuzzi, G.; Benigni, A.; et al. SGLT2
inhibitor dapagliflozin limits podocyte damage in proteinuric nondiabetic nephropathy. JCI Insight 2018, 3. [CrossRef] [PubMed]

134. Tanaka, S.; Tanaka, T.; Nangaku, M. Hypoxia as a key player in the AKI-to-CKD transition. Am. J. Physiol. Physiol. 2014, 307,
F1187–F1195. [CrossRef] [PubMed]

135. Hesp, A.C.; Schaub, J.A.; Prasad, P.V.; Vallon, V.; Laverman, G.D.; Bjornstad, P.; van Raalte, D.H. The role of renal hypoxia in the
pathogenesis of diabetic kidney disease: A promising target for newer renoprotective agents including SGLT2 inhibitors? Kidney
Int. 2020, 98, 579–589. [CrossRef]

http://doi.org/10.1056/NEJMoa2107038
http://www.ncbi.nlm.nih.gov/pubmed/34449189
http://doi.org/10.1161/CIRCULATIONAHA.121.056824
http://www.ncbi.nlm.nih.gov/pubmed/34459213
http://doi.org/10.1002/ejhf.2064
http://www.ncbi.nlm.nih.gov/pubmed/33251670
http://doi.org/10.1038/ki.1983.72
http://doi.org/10.1152/ajpregu.00357.2011
http://doi.org/10.1371/journal.pone.0100777
http://doi.org/10.1161/CIRCULATIONAHA.113.005081
http://doi.org/10.1007/s00125-014-3396-4
http://www.ncbi.nlm.nih.gov/pubmed/25280671
http://doi.org/10.1161/CIRCULATIONAHA.118.037418
http://www.ncbi.nlm.nih.gov/pubmed/30773020
http://doi.org/10.1016/j.kint.2019.09.013
http://www.ncbi.nlm.nih.gov/pubmed/31791665
http://doi.org/10.1161/CIRCULATIONAHA.116.021887
http://doi.org/10.1681/ASN.2018010103
http://doi.org/10.3390/jcm9072243
http://doi.org/10.1016/j.kint.2017.12.027
http://doi.org/10.1016/S2213-8587(17)30182-1
http://doi.org/10.1056/NEJMoa1515920
http://doi.org/10.1186/s12933-020-01010-x
http://doi.org/10.1046/j.1523-1755.2001.00725.x
http://www.ncbi.nlm.nih.gov/pubmed/11380812
http://doi.org/10.1172/JCI119163
http://www.ncbi.nlm.nih.gov/pubmed/9006003
http://doi.org/10.1172/jci.insight.98720
http://www.ncbi.nlm.nih.gov/pubmed/30089717
http://doi.org/10.1152/ajprenal.00425.2014
http://www.ncbi.nlm.nih.gov/pubmed/25350978
http://doi.org/10.1016/j.kint.2020.02.041


Int. J. Mol. Sci. 2022, 23, 3651 35 of 44

136. Ganz, M.B.; Hawkins, K.; Reilly, R.F. High glucose induces the activity and expression of Na(+)/H(+) exchange in glomerular
mesangial cells. Am. J. Physiol. Physiol. 2000, 278, F91–F96. [CrossRef]

137. Chen, J.; Williams, S.; Ho, S.; Loraine, H.; Hagan, D.; Whaley, J.M.; Feder, J.N. Quantitative PCR tissue expression profiling of the
human SGLT2 gene and related family members. Diabetes Ther. 2010, 1, 57–92. [CrossRef]

138. Chen-Izu, Y.; Shaw, R.M.; Pitt, G.S.; Yarov-Yarovoy, V.; Sack, J.T.; Abriel, H.; Aldrich, R.W.; Belardinelli, L.; Cannell, M.B.; Catterall,
W.A.; et al. Na+ channel function, regulation, structure, trafficking and sequestration. J. Physiol. 2015, 593, 1347–1360. [CrossRef]

139. Trum, M.; Riechel, J.; Wagner, S. Cardioprotection by SGLT2 Inhibitors—Does It All Come Down to Na+? Int. J. Mol. Sci. 2021, 22,
7976. [CrossRef]

140. Bertero, E.; Prates Roma, L.; Ameri, P.; Maack, C. Cardiac effects of SGLT2 inhibitors: The sodium hypothesis. Cardiovasc. Res.
2018, 114, 12–18. [CrossRef]

141. Mustroph, J.; Neef, S.; Maier, L.S. CaMKII as a target for arrhythmia suppression. Pharmacol. Ther. 2017, 176, 22–31. [CrossRef]
[PubMed]

142. Mustroph, J.; Sag, C.M.; Bähr, F.; Schmidtmann, A.-L.; Gupta, S.N.; Dietz, A.; Islam, M.T.; Lücht, C.M.; Beuthner, B.E.; Pabel, S.;
et al. Loss of CASK Accelerates Heart Failure Development. Circ. Res. 2021, 128, 1139–1155. [CrossRef] [PubMed]

143. Pabel, S.; Hamdani, N.; Luedde, M.; Sossalla, S. SGLT2 Inhibitors and Their Mode of Action in Heart Failure—Has the Mystery
Been Unravelled? Curr. Heart Fail. Rep. 2021, 18, 315–328. [CrossRef] [PubMed]

144. Yu, S.; Li, G.; Huang, C.L.-H.; Lei, M.; Wu, L. Late sodium current associated cardiac electrophysiological and mechanical
dysfunction. Pflügers Arch.-Eur. J. Physiol. 2017, 470, 461–469. [CrossRef] [PubMed]

145. Baartscheer, A.; Schumacher, C.A.; Van Borren, M.M.G.J.; Belterman, C.N.W.; Coronel, R.; Fiolet, J.W.T. Increased Na+/H+-
exchange activity is the cause of increased [Na+]i and underlies disturbed calcium handling in the rabbit pressure and volume
overload heart failure model. Cardiovasc. Res. 2003, 57, 1015–1024. [CrossRef]

146. Packer, M. Activation and Inhibition of Sodium-Hydrogen Exchanger Is a Mechanism That Links the Pathophysiology and
Treatment of Diabetes Mellitus With That of Heart Failure. Circulation 2017, 136, 1548–1559. [CrossRef]

147. Studer, R.; Reinecke, H.; Bilger, J.; Eschenhagen, T.; Böhm, M.; Hasenfuss, G.; Just, H.; Holtz, J.; Drexler, H. Gene expression of the
cardiac Na(+)-Ca2+ exchanger in end-stage human heart failure. Circ. Res. 1994, 75, 443–453. [CrossRef]

148. Sayour, A.A.; Oláh, A.; Ruppert, M.; Barta, B.A.; Horváth, E.M.; Benke, K.; Pólos, M.; Hartyánszky, I.; Merkely, B.; Radovits, T.
Characterization of left ventricular myocardial sodium-glucose cotransporter 1 expression in patients with end-stage heart failure.
Cardiovasc. Diabetol. 2020, 19, 159. [CrossRef]

149. Baartscheer, A.; Schumacher, C.A.; Wust, R.C.; Fiolet, J.W.T.; Stienen, G.; Coronel, R.; Zuurbier, C.J. Empagliflozin decreases
myocardial cytoplasmic Na+ through inhibition of the cardiac Na+/H+ exchanger in rats and rabbits. Diabetologia 2016, 60,
568–573. [CrossRef]

150. Uthman, L.; Baartscheer, A.; Bleijlevens, B.; Schumacher, C.A.; Fiolet, J.W.T.; Koeman, A.; Jancev, M.; Hollmann, M.W.; Weber,
N.C.; Coronel, R.; et al. Class effects of SGLT2 inhibitors in mouse cardiomyocytes and hearts: Inhibition of Na+/H+ exchanger,
lowering of cytosolic Na+ and vasodilation. Diabetologia 2017, 61, 722–726. [CrossRef]

151. Trum, M.; Riechel, J.; Lebek, S.; Pabel, S.; Sossalla, S.T.; Hirt, S.; Arzt, M.; Maier, L.S.; Wagner, S. Empagliflozin inhibits Na+ /H+

exchanger activity in human atrial cardiomyocytes. ESC Heart Fail. 2020, 7, 4429–4437. [CrossRef] [PubMed]
152. Philippaert, K.; Kalyaanamoorthy, S.; Fatehi, M.; Long, W.; Soni, S.; Byrne, N.J.; Barr, A.; Singh, J.; Wong, J.; Palechuk, T.; et al.

Cardiac Late Sodium Channel Current Is a Molecular Target for the Sodium/Glucose Cotransporter 2 Inhibitor Empagliflozin.
Circulation 2021, 143, 2188–2204. [CrossRef] [PubMed]

153. Lapuerta, P.; Zambrowicz, B.; Strumph, P.; Sands, A. Development of sotagliflozin, a dual sodium-dependent glucose transporter
1/2 inhibitor. Diabetes Vasc. Dis. Res. 2015, 12, 101–110. [CrossRef] [PubMed]

154. Mustroph, J.; Wagemann, O.; Lücht, C.M.; Trum, M.; Hammer, K.; Sag, C.M.; Lebek, S.; Tarnowski, D.; Reinders, J.; Perbellini, F.;
et al. Empagliflozin reduces Ca/calmodulin-dependent kinase II activity in isolated ventricular cardiomyocytes. ESC Heart Fail.
2018, 5, 642–648. [CrossRef] [PubMed]

155. Maejima, Y. SGLT2 Inhibitors Play a Salutary Role in Heart Failure via Modulation of the Mitochondrial Function. Front.
Cardiovasc. Med. 2020, 6, 186. [CrossRef] [PubMed]

156. Sasso, F.C.; Pafundi, P.C.; Simeon, V.; De Nicola, L.; Chiodini, P.; Galiero, R.; Rinaldi, L.; Nevola, R.; Salvatore, T.; Sardu, C.; et al.
Efficacy and durability of multifactorial intervention on mortality and MACEs: A randomized clinical trial in type-2 diabetic
kidney disease. Cardiovasc. Diabetol. 2021, 20, 145. [CrossRef]

157. Abdul-Ghani, M.; Del Prato, S.; Chilton, R.; DeFronzo, R.A. SGLT2 Inhibitors and Cardiovascular Risk: Lessons Learned From the
EMPA-REG OUTCOME Study. Diabetes Care 2016, 39, 717–725. [CrossRef]

158. Butler, J.; Hamo, C.E.; Filippatos, G.; Pocock, S.J.; Bernstein, R.A.; Brueckmann, M.; Cheung, A.K.; George, J.T.; Green, J.B.; Januzzi,
J.L.; et al. The potential role and rationale for treatment of heart failure with sodium-glucose co-transporter 2 inhibitors. Eur. J.
Heart Fail. 2017, 19, 1390–1400. [CrossRef]

159. Inzucchi, S.E.; Zinman, B.; Fitchett, D.; Wanner, C.; Ferrannini, E.; Schumacher, M.; Schmoor, C.; Ohneberg, K.; Johansen, O.E.;
George, J.T.; et al. How Does Empagliflozin Reduce Cardiovascular Mortality? Insights From a Mediation Analysis of the
EMPA-REG OUTCOME Trial. Diabetes Care 2017, 41, 356–363. [CrossRef]

160. Koye, D.N.; Magliano, D.; Nelson, R.G.; Pavkov, M.E. The Global Epidemiology of Diabetes and Kidney Disease. Adv. Chronic
Kidney Dis. 2018, 25, 121–132. [CrossRef]

http://doi.org/10.1152/ajprenal.2000.278.1.F91
http://doi.org/10.1007/s13300-010-0006-4
http://doi.org/10.1113/jphysiol.2014.281428
http://doi.org/10.3390/ijms22157976
http://doi.org/10.1093/cvr/cvx149
http://doi.org/10.1016/j.pharmthera.2016.10.006
http://www.ncbi.nlm.nih.gov/pubmed/27742568
http://doi.org/10.1161/CIRCRESAHA.120.318170
http://www.ncbi.nlm.nih.gov/pubmed/33593074
http://doi.org/10.1007/s11897-021-00529-8
http://www.ncbi.nlm.nih.gov/pubmed/34523061
http://doi.org/10.1007/s00424-017-2079-7
http://www.ncbi.nlm.nih.gov/pubmed/29127493
http://doi.org/10.1016/S0008-6363(02)00809-X
http://doi.org/10.1161/CIRCULATIONAHA.117.030418
http://doi.org/10.1161/01.RES.75.3.443
http://doi.org/10.1186/s12933-020-01141-1
http://doi.org/10.1007/s00125-016-4134-x
http://doi.org/10.1007/s00125-017-4509-7
http://doi.org/10.1002/ehf2.13024
http://www.ncbi.nlm.nih.gov/pubmed/32946200
http://doi.org/10.1161/CIRCULATIONAHA.121.053350
http://www.ncbi.nlm.nih.gov/pubmed/33832341
http://doi.org/10.1177/1479164114563304
http://www.ncbi.nlm.nih.gov/pubmed/25690134
http://doi.org/10.1002/ehf2.12336
http://www.ncbi.nlm.nih.gov/pubmed/30117720
http://doi.org/10.3389/fcvm.2019.00186
http://www.ncbi.nlm.nih.gov/pubmed/31970162
http://doi.org/10.1186/s12933-021-01343-1
http://doi.org/10.2337/dc16-0041
http://doi.org/10.1002/ejhf.933
http://doi.org/10.2337/dc17-1096
http://doi.org/10.1053/j.ackd.2017.10.011


Int. J. Mol. Sci. 2022, 23, 3651 36 of 44

161. Maeda, S.; Matsui, T.; Takeuchi, M.; Yamagishi, S.-I. Sodium-glucose cotransporter 2-mediated oxidative stress augments
advanced glycation end products-induced tubular cell apoptosis. Diabetes Metab. Res. Rev. 2013, 29, 406–412. [CrossRef] [PubMed]

162. Ferrannini, G.; Hach, T.; Crowe, S.; Sanghvi, A.; Hall, K.D.; Ferrannini, E. Energy Balance After Sodium–Glucose Cotransporter
2 Inhibition. Diabetes Care 2015, 38, 1730–1735. [CrossRef] [PubMed]

163. Sa-Nguanmoo, P.; Tanajak, P.; Kerdphoo, S.; Jaiwongkam, T.; Pratchayasakul, W.; Chattipakorn, N.; Chattipakorn, S.C. SGLT2-
inhibitor and DPP-4 inhibitor improve brain function via attenuating mitochondrial dysfunction, insulin resistance, inflammation,
and apoptosis in HFD-induced obese rats. Toxicol. Appl. Pharmacol. 2017, 333, 43–50. [CrossRef] [PubMed]

164. Millar, P.; Pathak, N.; Parthsarathy, V.; Bjourson, A.J.; O’Kane, M.; Pathak, V.; Moffett, R.C.; Flatt, P.R.; Gault, V.A. Metabolic and
neuroprotective effects of dapagliflozin and liraglutide in diabetic mice. J. Endocrinol. 2017, 234, 255–267. [CrossRef] [PubMed]

165. Wang, H.; Yang, J.; Chen, X.; Qiu, F.; Li, J. Effects of Sodium-glucose Cotransporter 2 Inhibitor Monotherapy on Weight Changes
in Patients With Type 2 Diabetes Mellitus: A Bayesian Network Meta-analysis. Clin. Ther. 2019, 41, 322–334.e11. [CrossRef]
[PubMed]

166. Bolinder, J.; Ljunggren, Ö.; Kullberg, J.; Johansson, L.; Wilding, J.; Langkilde, A.M.; Sugg, J.; Parikh, S. Effects of Dapagliflozin on
Body Weight, Total Fat Mass, and Regional Adipose Tissue Distribution in Patients with Type 2 Diabetes Mellitus with Inadequate
Glycemic Control on Metformin. J. Clin. Endocrinol. Metab. 2012, 97, 1020–1031. [CrossRef] [PubMed]

167. Brown, E.; Wilding, J.P.; Barber, T.M.; Alam, U.; Cuthbertson, D.J. Weight loss variability with SGLT2 inhibitors and GLP-1
receptor agonists in type 2 diabetes mellitus and obesity: Mechanistic possibilities. Obes. Rev. 2019, 20, 816–828. [CrossRef]

168. Zheng, R.; Zhou, D.; Zhu, Y. The long-term prognosis of cardiovascular disease and all-cause mortality for metabolically healthy
obesity: A systematic review and meta-analysis. J. Epidemiol. Community Health 2016, 70, 1024–1031. [CrossRef]

169. Foster, M.C.; Hwang, S.-J.; Larson, M.; Lichtman, J.H.; Parikh, N.I.; Vasan, R.S.; Levy, D.; Fox, C.S. Overweight, Obesity, and the
Development of Stage 3 CKD: The Framingham Heart Study. Am. J. Kidney Dis. 2008, 52, 39–48. [CrossRef]

170. Hsu, C.-Y.; McCulloch, C.E.; Iribarren, C.; Darbinian, J.; Go, A.S. Body Mass Index and Risk for End-Stage Renal Disease. Ann.
Intern. Med. 2006, 144, 21–28. [CrossRef]

171. Tamura, K.; Wakui, H.; Azushima, K.; Uneda, K.; Umemura, S. Circadian blood pressure rhythm as a possible key target of SGLT2
inhibitors used for the treatment of Type 2 diabetes. Hypertens. Res. 2016, 39, 396–398. [CrossRef] [PubMed]

172. Rahman, A.; Hitomi, H.; Nishiyama, A. Cardioprotective effects of SGLT2 inhibitors are possibly associated with normalization
of the circadian rhythm of blood pressure. Hypertens. Res. 2017, 40, 535–540. [CrossRef] [PubMed]

173. Georgianos, P.I.; Agarwal, R. Ambulatory Blood Pressure Reduction With SGLT-2 Inhibitors: Dose-Response Meta-analysis and
Comparative Evaluation With Low-Dose Hydrochlorothiazide. Diabetes Care 2019, 42, 693–700. [CrossRef] [PubMed]

174. Majewski, C.; Bakris, G.L. Blood Pressure Reduction: An Added Benefit of Sodium–Glucose Cotransporter 2 Inhibitors in Patients
With Type 2 Diabetes. Diabetes Care 2015, 38, 429–430. [CrossRef]

175. Puglisi, S.; Rossini, A.; Poli, R.; Dughera, F.; Pia, A.; Terzolo, M.; Reimondo, G. Effects of SGLT2 Inhibitors and GLP-1 Receptor
Agonists on Renin-Angiotensin-Aldosterone System. Front. Endocrinol. 2021, 12, 738848. [CrossRef]

176. Cefalu, W.T.; Stenlöf, K.; Leiter, L.A.; Wilding, J.; Blonde, L.; Polidori, D.; Xie, J.; Sullivan, D.; Usiskin, K.; Canovatchel, W.; et al.
Effects of canagliflozin on body weight and relationship to HbA1c and blood pressure changes in patients with type 2 diabetes.
Diabetologia 2015, 58, 1183–1187. [CrossRef]

177. Sjöström, C.D.; Johansson, P.; Ptaszynska, A.; List, J.; Johnsson, E. Dapagliflozin lowers blood pressure in hypertensive and
non-hypertensive patients with type 2 diabetes. Diabetes Vasc. Dis. Res. 2015, 12, 352–358. [CrossRef]

178. Dimova, R.; Tankova, T. Does SGLT2 Inhibition Affect Sympathetic Nerve Activity in Type 2 Diabetes? Horm. Metab. Res. 2020,
53, 75–84. [CrossRef]

179. Sugiyama, S.; Jinnouchi, H.; Kurinami, N.; Hieshima, K.; Yoshida, A.; Jinnouchi, K.; Nishimura, H.; Suzuki, T.; Miyamoto, F.;
Kajiwara, K.; et al. The SGLT2 Inhibitor Dapagliflozin Significantly Improves the Peripheral Microvascular Endothelial Function
in Patients with Uncontrolled Type 2 Diabetes Mellitus. Intern. Med. 2018, 57, 2147–2156. [CrossRef]

180. Chilton, R.; Tikkanen, I.; Cannon, C.P.; Crowe, S.; Woerle, H.J.; Broedl, U.C.; Johansen, O.E. Effects of empagliflozin on blood
pressure and markers of arterial stiffness and vascular resistance in patients with type 2 diabetes. Diabetes Obes. Metab. 2015, 17,
1180–1193. [CrossRef]

181. Benham, J.L.; Booth, J.E.; Sigal, R.J.; Daskalopoulou, S.S.; Leung, A.A.; Rabi, D.M. Systematic review and meta-analysis: SGLT2
inhibitors, blood pressure and cardiovascular outcomes. Int. J. Cardiol. Heart Vasc. 2021, 33, 100725. [CrossRef] [PubMed]

182. Guo, M.; Ding, J.; Li, J.; Wang, J.; Zhang, T.; Liu, C.; Huang, W.; Long, Y.; Gao, C.; Xu, Y. SGLT2 inhibitors and risk of stroke in
patients with type 2 diabetes: A systematic review and meta-analysis. Diabetes Obes. Metab. 2018, 20, 1977–1982. [CrossRef]
[PubMed]

183. Zhou, Z.; Jardine, M.J.; Li, Q.; Neuen, B.L.; Cannon, C.P.; de Zeeuw, D.; Edwards, R.; Levin, A.; Mahaffey, K.W.; Perkovic, V.; et al.
Effect of SGLT2 Inhibitors on Stroke and Atrial Fibrillation in Diabetic Kidney Disease. Stroke 2021, 52, 1545–1556. [CrossRef]
[PubMed]

184. Scheen, A.; Delanaye, P. Effects of reducing blood pressure on renal outcomes in patients with type 2 diabetes: Focus on SGLT2
inhibitors and EMPA-REG OUTCOME. Diabetes Metab. 2017, 43, 99–109. [CrossRef] [PubMed]

185. Wang, J.; Chen, Y.; Xu, W.; Lu, N.; Cao, J.; Yu, S. Effects of intensive blood pressure lowering on mortality and cardiovascular and
renal outcomes in type 2 diabetic patients: A meta-analysis. PLoS ONE 2019, 14, e0215362. [CrossRef] [PubMed]

http://doi.org/10.1002/dmrr.2407
http://www.ncbi.nlm.nih.gov/pubmed/23508966
http://doi.org/10.2337/dc15-0355
http://www.ncbi.nlm.nih.gov/pubmed/26180105
http://doi.org/10.1016/j.taap.2017.08.005
http://www.ncbi.nlm.nih.gov/pubmed/28807765
http://doi.org/10.1530/JOE-17-0263
http://www.ncbi.nlm.nih.gov/pubmed/28611211
http://doi.org/10.1016/j.clinthera.2019.01.001
http://www.ncbi.nlm.nih.gov/pubmed/30711143
http://doi.org/10.1210/jc.2011-2260
http://www.ncbi.nlm.nih.gov/pubmed/22238392
http://doi.org/10.1111/obr.12841
http://doi.org/10.1136/jech-2015-206948
http://doi.org/10.1053/j.ajkd.2008.03.003
http://doi.org/10.7326/0003-4819-144-1-200601030-00006
http://doi.org/10.1038/hr.2016.1
http://www.ncbi.nlm.nih.gov/pubmed/26818654
http://doi.org/10.1038/hr.2016.193
http://www.ncbi.nlm.nih.gov/pubmed/28100918
http://doi.org/10.2337/dc18-2207
http://www.ncbi.nlm.nih.gov/pubmed/30894383
http://doi.org/10.2337/dc14-1596
http://doi.org/10.3389/fendo.2021.738848
http://doi.org/10.1007/s00125-015-3547-2
http://doi.org/10.1177/1479164115585298
http://doi.org/10.1055/a-1298-4205
http://doi.org/10.2169/internalmedicine.0701-17
http://doi.org/10.1111/dom.12572
http://doi.org/10.1016/j.ijcha.2021.100725
http://www.ncbi.nlm.nih.gov/pubmed/33659605
http://doi.org/10.1111/dom.13295
http://www.ncbi.nlm.nih.gov/pubmed/29573118
http://doi.org/10.1161/STROKEAHA.120.031623
http://www.ncbi.nlm.nih.gov/pubmed/33874750
http://doi.org/10.1016/j.diabet.2016.12.010
http://www.ncbi.nlm.nih.gov/pubmed/28153377
http://doi.org/10.1371/journal.pone.0215362
http://www.ncbi.nlm.nih.gov/pubmed/30978254


Int. J. Mol. Sci. 2022, 23, 3651 37 of 44

186. Kimura, Y.; Tsukui, D.; Kono, H. Uric Acid in Inflammation and the Pathogenesis of Atherosclerosis. Int. J. Mol. Sci. 2021, 22,
12394. [CrossRef] [PubMed]

187. Goldberg, A.; Garcia-Arroyo, F.; Sasai, F.; Rodriguez-Iturbe, B.; Sanchez-Lozada, L.G.; Lanaspa, M.A.; Johnson, R.J. Mini Review:
Reappraisal of Uric Acid in Chronic Kidney Disease. Am. J. Nephrol. 2021, 52, 837–844. [CrossRef]

188. Zhao, Y.; Xu, L.; Tian, D.; Xia, P.; Zheng, H.; Wang, L.; Chen, L. Effects of sodium-glucose co-transporter 2 (SGLT2) inhibitors on
serum uric acid level: A meta-analysis of randomized controlled trials. Diabetes Obes. Metab. 2017, 20, 458–462. [CrossRef]

189. Novikov, A.; Fu, Y.; Huang, W.; Freeman, B.; Patel, R.; Van Ginkel, C.; Koepsell, H.; Busslinger, M.; Onishi, A.; Nespoux, J.; et al.
SGLT2 inhibition and renal urate excretion: Role of luminal glucose, GLUT9, and URAT1. Am. J. Physiol. Physiol. 2019, 316,
F173–F185. [CrossRef]

190. Calapkulu, M.; Cander, S.; Gul, O.O.; Ersoy, C. Lipid profile in type 2 diabetic patients with new dapagliflozin treatment; actual
clinical experience data of six months retrospective lipid profile from single center. Diabetes Metab. Syndr. Clin. Res. Rev. 2019, 13,
1031–1034. [CrossRef]

191. Inagaki, N.; Goda, M.; Yokota, S.; Maruyama, N.; Iijima, H. Effects of Baseline Blood Pressure and Low-Density Lipoprotein
Cholesterol on Safety and Efficacy of Canagliflozin in Japanese Patients with Type 2 Diabetes Mellitus. Adv. Ther. 2015, 32,
1085–1103. [CrossRef] [PubMed]

192. Halimi, S.; Vergès, B. Adverse effects and safety of SGLT-2 inhibitors. Diabetes Metab. 2014, 40 (Suppl. 1), S28–S34. [CrossRef]
193. Szekeres, Z.; Toth, K.; Szabados, E. The Effects of SGLT2 Inhibitors on Lipid Metabolism. Metabolites 2021, 11, 87. [CrossRef]
194. Hayashi, T.; Fukui, T.; Nakanishi, N.; Yamamoto, S.; Tomoyasu, M.; Osamura, A.; Ohara, M.; Yamamoto, T.; Ito, Y.; Hirano, T.

Dapagliflozin decreases small dense low-density lipoprotein-cholesterol and increases high-density lipoprotein 2-cholesterol in
patients with type 2 diabetes: Comparison with sitagliptin. Cardiovasc. Diabetol. 2017, 16, 8, Erratum in Cardiovasc. Diabetol. 2017,
16, 149. [CrossRef] [PubMed]

195. Kamijo, Y.; Ishii, H.; Yamamoto, T.; Kobayashi, K.; Asano, H.; Miake, S.; Kanda, E.; Urata, H.; Yoshida, M. Potential Impact on
Lipoprotein Subfractions in Type 2 Diabetes. Clin. Med. Insights: Endocrinol. Diabetes 2019, 12, 1179551419866811. [CrossRef]

196. Liu, Y.; Xu, J.; Wu, M.; Xu, B.; Kang, L. Empagliflozin protects against atherosclerosis progression by modulating lipid profiles
and sympathetic activity. Lipids Health Dis. 2021, 20, 5. [CrossRef]

197. Chen, M.-B.; Wang, H.; Cui, W.-Y.; Xu, H.-L.; Zheng, Q.-H. Effect of SGLT inhibitors on weight and lipid metabolism at 24 weeks
of treatment in patients with diabetes mellitus. Medicine 2021, 100, e24593. [CrossRef]

198. Filippas-Ntekouan, S.; Tsimihodimos, V.; Filippatos, T.; Dimitriou, T.; Elisaf, M. SGLT-2 inhibitors: Pharmacokinetics characteris-
tics and effects on lipids. Expert Opin. Drug Metab. Toxicol. 2018, 14, 1113–1121. [CrossRef]

199. Lazarte, J.; Kanagalingam, T.; Hegele, R.A. Lipid effects of sodium-glucose cotransporter 2 inhibitors. Curr. Opin. Lipidol. 2021, 32,
183–190. [CrossRef]

200. Liu, Z.; Ma, X.; Ilyas, I.; Zheng, X.; Luo, S.; Little, P.J.; Kamato, D.; Sahebkar, A.; Wu, W.; Weng, J.; et al. Impact of sodium glucose
cotransporter 2 (SGLT2) inhibitors on atherosclerosis: From pharmacology to pre-clinical and clinical therapeutics. Theranostics
2021, 11, 4502–4515. [CrossRef]

201. Barraclough, J.Y.; Patel, S.; Yu, J.; Neal, B.; Arnott, C. The Role of Sodium Glucose Cotransporter-2 Inhibitors in Atherosclerotic
Cardiovascular Disease: A Narrative Review of Potential Mechanisms. Cells 2021, 10, 2699. [CrossRef]

202. Daniele, G.; Xiong, J.; Solis-Herrera, C.; Merovci, A.; Eldor, R.; Tripathy, D.; DeFronzo, R.A.; Norton, L.; Abdul-Ghani, M.
Dapagliflozin Enhances Fat Oxidation and Ketone Production in Patients With Type 2 Diabetes. Diabetes Care 2016, 39, 2036–2041.
[CrossRef] [PubMed]

203. Ferrannini, E.; Baldi, S.; Frascerra, S.; Astiarraga, B.; Heise, T.; Bizzotto, R.; Mari, A.; Pieber, T.R.; Muscelli, E. Shift to Fatty
Substrate Utilization in Response to Sodium–Glucose Cotransporter 2 Inhibition in Subjects Without Diabetes and Patients With
Type 2 Diabetes. Diabetes 2016, 65, 1190–1195. [CrossRef] [PubMed]

204. Ferrannini, E.; Baldi, S.; Frascerra, S.; Astiarraga, B.; Barsotti, E.; Clerico, A.; Muscelli, E. Renal Handling of Ketones in Response
to Sodium–Glucose Cotransporter 2 Inhibition in Patients With Type 2 Diabetes. Diabetes Care 2017, 40, 771–776. [CrossRef]
[PubMed]

205. Osataphan, S.; Macchi, C.; Singhal, G.; Chimene-Weiss, J.; Sales, V.; Kozuka, C.; Dreyfuss, J.; Pan, H.; Tangcharoenpaisan, Y.;
Morningstar, J.; et al. SGLT2 inhibition reprograms systemic metabolism via FGF21-dependent and -independent mechanisms.
JCI Insight 2019, 4. [CrossRef] [PubMed]

206. Tezze, C.; Romanello, V.; Sandri, M. FGF21 as Modulator of Metabolism in Health and Disease. Front. Physiol. 2019, 10, 419.
[CrossRef] [PubMed]

207. Avogaro, A.; Fadini, G.P.; Del Prato, S. Reinterpreting Cardiorenal Protection of Renal Sodium–Glucose Cotransporter 2 Inhibitors
via Cellular Life History Programming. Diabetes Care 2020, 43, 501–507. [CrossRef]

208. Aubert, G.; Martin, O.J.; Horton, J.L.; Lai, L.; Vega, R.B.; Leone, T.C.; Koves, T.; Gardell, S.J.; Krüger, M.; Hoppel, C.L.; et al. The
Failing Heart Relies on Ketone Bodies as a Fuel. Circulation 2016, 133, 698–705, Erratum in Circulation 2018, 138, e422. [CrossRef]
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