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Abstract: Sodium–glucose co-transporter 2 (SGLT2) inhibitors have been approved as a new class
of anti-diabetic drugs for type 2 diabetes mellitus (T2DM). The SGLT2 inhibitors reduce glucose
reabsorption through renal systems, thus improving glycemic control in all stages of diabetes mellitus,
independent of insulin. This class of drugs has the advantages of no clinically relevant hypoglycemia
and working in synergy when combined with currently available anti-diabetic drugs. While improv-
ing sugar level control in these patients, SGLT2 inhibitors also have the advantages of blood-pressure
improvement and bodyweight reduction, with potential cardiac and renal protection. In randomized
control trials for patients with diabetes, SGLT2 inhibitors not only improved cardiovascular and
renal outcomes, but also hospitalization for heart failure, with this effect extending to those without
diabetes mellitus. Recently, dynamic communication between autophagy and the innate immune
system with Beclin 1-TLR9-SIRT3 complexes in response to SGLT2 inhibitors that may serve as a po-
tential treatment strategy for heart failure was discovered. In this review, the background molecular
pathways leading to the clinical benefits are examined in this new class of anti-diabetic drugs, the
SGLT2 inhibitors.

Keywords: SGLT2 inhibitors; cardiac protection; autophagy; innate immunity

1. Introduction

Patients with diabetes mellitus suffer from chronic morbidity with certain disabili-
ties [1,2]. Anti-diabetic drug development has been one of the most important areas of
medical research for this chronic disease affecting more than 463 million in the world [3].
The latest progress in the drug class development is sodium–glucose co-transporter 2
(SGLT2) inhibitors, which took an innovative approach to an age-old problem: to decrease
glucose load in patients with diabetes. The SGLT2 inhibitors involve blocking glucose
reabsorption in the proximal tubule of the kidney so that 90% of the sugar normally re-
absorbed early in the proximal tubule is cleared in the urine. SGLT2 inhibition causes
sodium to no longer be reabsorbed, and through natriuresis, additional metabolic benefits,
including a reduction in body fluid, bodyweight, and blood pressure, as well as improved
albuminuria, were observed [4]. Randomized clinical trials (RCTs) of SGLT2 inhibitors of
empagliflozin, dapagliflozin, and canagliflozin showed that these drugs not only lowered
glucose concentration in the serum, but also exerted cardiovascular (CV) benefits [5–7].
SGLT2 inhibitors also were shown to offer kidney protection in patients with diabetes [8]
and improve heart failure (HF) with or without diabetes [9,10]. Regarding the improved
hemodynamics by SGLT2 inhibition, there are hypotheses postulating that these drugs
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lead to both glucose and sodium reduction in the blood, resulting in an increase in urinary
sodium excretion and reducing the reabsorption of both factors in the kidneys [11]. This
effect reduces generalized congestion and intravascular volume, and decreases both cardiac
afterload and preload, resulting in improved HF hospitalizations. Normally in a diabetic
patient, the heart picks up the use of free fatty acids as a switch from glucose; however, this
in turn impairs cardiac function [12]. The SGLT2 inhibitors, in this case, have been reported
to increase ketone synthesis and ketones have been proposed to improve cardiac energetics
and cardiac efficiency [13]. Ongoing research studies are conducted to shed more light on
the relevance of the ketone hypothesis.

2. Clinical Trials

Many hypotheses have been proposed as to the potential mechanisms of benefit of
SGLT2 inhibitors. The reduction in the risk of cardiovascular and renal adverse events with
SGLT2 inhibitors occurs shortly after therapy initiation and persists with ongoing treatment.
The speed of onset of the benefits strongly suggests that pleiotropic effects in addition
to sugar-lowering are responsible, since it would take a respectable amount of time to
achieve these benefits. Table 1 summarizes the RCTs that established the clinical benefits
of the SGLT2 inhibitors. The Empagliflozin Cardiovascular Outcome Event (EMPA-REG
OUTCOME) trial showed that in type 2 diabetes mellitus (T2DM), patients randomized to
empagliflozin had cardiovascular benefit independently of baseline HbA1c levels and of
reductions in HbA1c, including a significant 14% reduction of major adverse cardiovascular
event (MACE), which is a composite of myocardial infarction, stroke, and cardiovascular
death; a significant 38% reduction of cardiovascular death; a 32% reduction in all-cause
death; and a 32% reduction of hospitalization for HF [5]. These results were followed
by the Canagliflozin Cardiovascular Assessment Study (CANVAS) program, which also
reported a significant 14% reduction of MACE in patients randomized to canagliflozin
when compared with those on a placebo [6]. In the Dapagliflozin Effect on Cardiovascular
Events-Thrombolysis in Myocardial Infarction 58 (DECLARE-TIMI 58) trial, reductions in
hospitalization for HF were similarly observed in patients with HF with reduced ejection
fraction (HFrEF) and HF with preserved ejection fraction (HFpEF) [7]. In the Canagliflozin
and Renal Endpoints in Diabetes with Established Nephropathy Clinical Evaluation (CRE-
DENCE) trial, the study was terminated early because primary endpoints were met earlier
in patients randomized to canagliflozin by reducing the risk of the composite endpoint of
end-stage kidney disease, doubling of serum creatinine, or renal or cardiovascular death
by 30% [8]. Recently, in the Study to Evaluate the Effect of Dapagliflozin on the Incidence
of Worsening Heart Failure or Cardiovascular Death in Patients with Chronic Heart Failure
(DAPA-HF) trial, patients with HFrEF, regardless of the presence or absence of diabetes,
randomized to dapagliflozin were associated with decreased hospitalization for HF [9]. In
addition, in the Empagliflozin Outcome Trial in Patients with Chronic Heart Failure with
Reduced Ejection Fraction (EMPEROR-Reduced) trial, among patients receiving recom-
mended therapy for HF, those in the empagliflozin group had a lower risk of cardiovascular
death or hospitalization for HF than those in the placebo group, regardless of the presence
or absence of diabetes [10]. Table 1 summarizes the aforementioned trials.
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Table 1. Clinical Trials of SLGT2 Inhibitors.

General Population Special Population *

Clinical Trials EMPA-REG OUTCOME
[5] CANVAS Program [6] DECLAR-TIMI 58 [7] CREDENCE [8] (patients

with CKD) *
DAPA-HF [9] (patients

with HF) *
EMPEROR-Reduced [10]

(patients with HF) *

Intervention Empagliflozin 10 or 25
mg qd vs. placebo

Canagliflozin 100 or 300
mg qd vs. placebo

Dapagliflozin 10 mg qd
vs. placebo

Canagliflozin 100 mg qd
vs. placebo

Dapagliflozin 10 mg qd
vs. placebo

Empagliflozin 10 mg qd
vs. placebo

Population 7020 T2DM patients with
99.2% established CVD

10,142 T2DM patients
with 65.6% established
CVD and 34.4% CV risk

factors

17,160 T2DM patients
with 40.6% established
CVD and 59.4% CV risk

factors

4401 T2DM patients with
50.4% established CVD

and 49.6% CV risk
factors

4744 patients with 42%
T2DM and 58% without

T2DM

3730 patients with 50%
T2DM and 50% without

T2DM

Follow-up 3.1 years 3.6 years 4.2 years 2.6 years 1.5 years 1.3 years
Baseline A1c 7–10% 7–10.5% 6.5–12.0% 6.5–12.0% No restriction No restriction

eGFR ≥30 ≥30 ≥60 30–89 ≥30 ≥20

Primary outcomes 3P MACE, HR 0.86, 95%
CI 0.74–0.99

3P MACE, HR 0.86, 95%
CI 0.75–0.97

3P MACE, HR 0.93 95%
CI 0.84–1.03; CV death or

HHF, HR 0.83, 95% CI
0.73–0.95

New ESRD or 2x
creatinine level or renal
or CV death, HR 0.66,

95% CI 0.53–0.81

HHF, CV death, urgent
hospital visit, and IV

therapy for HF, HR 0.74,
95% CI 0.65–0.85

Adjudicated CV death or
HHF, HR 0.75, 95% CI

0.65–0.86

CV death HR 0.62, 95% CI
0.49–0.77

HR 0.87, 95% CI
0.72–1.06

HR 0.98, 95% CI
0.82–1.17

HR 0.78, 95% CI
0.61–1.00

HR 0.82, 95% CI
0.69–0.98

HR 0.92, 95% CI
0.75–1.12

All-cause mortality HR 0.68, 95% CI
0.57–0.82

HR 0.87, 95% CI
0.74–1.01

HR 0.93, 95% CI
0.82–1.04

HR 0.83, 95% CI
0.68–1.02

HR 0.83, 95% CI
0.71–0.97

HR 0.92, 95% CI
0.77–1.10

MI HR 1.18, 95% CI
0.70–1.09

HR 1.18, 95% CI
0.73–1.09

HR 1.18, 95% CI
0.77–1.01

HHF HR 0.65, 95% CI
0.50–0.85

HR 0.65, 95% CI
0.52–0.87

HR 0.65, 95% CI
0.61–0.88

HR 0.61, 95% CI
0.47–0.80 HR 0.70, 95% 0.59–0.83 HR 0.69, 95% CI

0.59–0.81

CI, confidence interval; CV, cardiovascular; CVD, cardiovascular disease; ESRD, end-stage renal disease; HHF, hospitalization for heart failure; HR, hazard ratio; IV, intravenous; MACE, major adverse
cardiovascular event; MI, myocardial infarction; qd, once daily; T2DM, type 2 diabetes mellitus. * Patients with underlying chronic kidney disease (CKD) or heart failure (HF).
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3. Physiological Perspectives on Cardiac Protections
3.1. Glycemia

SGLT2 and, to a lesser extent, SGLT1 are responsible for tubular glucose reabsorption
in proximal tubules and are integral to glucose homeostasis. The SGLT2 inhibitors block
the reabsorption of sugar in the renal tubules independent of insulin action, and the
increased urinary glucose excretion is associated with a lowering of fasting plasma glucose,
postprandial glucose, and hemoglobin A1c (HbA1c). Thus, SGLT2 inhibitors decrease
the chance of hypoglycemia that is frequently encountered in some other classes of anti-
diabetic medications. Compared with sulfonylurea, SGLT2 inhibitors were observed with
a 90% of risk reduction of hypoglycemia [14,15]. In addition, studies also have shown that
SGLT2 inhibitors, in combination with complex insulin regimens, had lower insulin dose
requirements and lowered body mass without incurring hypoglycemia [16]. RCTs showed
that the three most commonly prescribed SGLT2 inhibitors (empagliflozin, dapagliflozin,
and canagliflozin) are effective for a mean HbA1c reduction of 0.6% to 1.0% compared
with placebo [5–7]. In patients with chronic kidney disease (eGFR 30–60 mL/min/1.73 m2),
the HbA1c reduction was lessened [17]. The reduction of HbA1c was lowered to a certain
extent depending on the combination therapy medication, which can be explained by the
difference in the HbA1c reduction efficacy in different clinical trials.

3.2. Circulating Volume

Osmotic diuresis induced by SGLT2 inhibition, a distinctly different mechanism
than that of other diuretic classes, results in greater electrolyte-free water clearance and
fluid clearance from the interstitial fluid space than from the circulation that may relieve
congestion, with minimal impact on blood volume [18]. In subjects receiving SGLT2i
inhibitor, a twofold interstitial fluid volume reduction compared to blood volume was
observed, while in subjects receiving diuretics, only a 78% reduction was seen [18]. Thus,
by reducing the interstitial fluid volume to a greater extent than blood volume, SGLT2
inhibitors may provide better control of congestion without reducing arterial filling and
perfusion. The natriuretic effect of SGLT2 inhibition is typically an increase in urine volume
of 300 mL per day for the first 2–3 days that returns to baseline levels in several weeks,
with re-establishment of the sodium–water balance and an approximately 7% reduction in
plasma volume (interquartile range 5–12%) by 3 months of treatment [19].

Furosemide acts by inhibition of the luminal Na–K–Cl co-transporter in the thick
ascending limb of the loop of Henle, causing sodium, chloride, potassium, and water loss
in urine. Tolvaptan acts by inhibition of the V2 receptor, thereby decreasing the expression
of the aquaporin channels, causing decreasing water reabsorption. Asymptomatic hypona-
tremic patients exhibit subtle disturbances in gait that improve following correction of the
serum Na+ concentration [20,21]. A clinical study showed that the SGLT2 inhibitors are not
merely a diuretic agent that generally uniformly reduces the body fluid volume regardless
of the baseline fluid status, specifically the fluid response to dapagliflozin varies depending
on the baseline volume fluid status [22]. Therefore, SGLT2 inhibitors exert different diuretic
actions from loop diuretics and vasopressin V2 receptor antagonists and may induce a
novel clinical benefit that may support the safety with low risk of fluid shortage when
administering SGLT2 inhibitors to patients without fluid retention [22]. The diminished
extracellular fluid reduction effect of SGLT2 inhibitors in patients without extracellular
fluid retention may contribute to maintaining a suitable body-fluid status [22].

3.3. Body Mass

SGLT2 inhibitor use leads to increased excretion of glucose, resulting in an estimated
loss of approximately 200–320 calories, corresponding to 50–80 g of urinary glucose per
day [23,24]. Initially, it was thought that this may be solely responsible for the bodyweight
loss caused by SGLT2 inhibitors, but other mechanisms for bodyweight loss were also
suggested, because weight reductions were also observed even when administered to renal
dysfunction patients with impaired urine secretion [25]. One possible mechanism was
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the effect of decreasing body-fluid volume due to the osmotic diuretic effect as a result
of accelerated urinary glucose excretion, while another mechanism was suggested to be
the promotion of fat decomposition [26]. Bioimpedance spectroscopy studies confirmed
that the reduction in body mass with SGLT2 inhibitors was related to reducing both
visceral and subcutaneous adipose tissue mass while preserving lean tissue mass [27,28].
SGLT2 inhibitor users typically report a bodyweight reduction of 2 kg in the first weeks of
treatment that plateaus after 6 months, with around 3 kg weight loss [29,30]. In addition,
at week 24, weight loss was positively correlated with anthropometric measurements
(waist and hip circumferences) and hepatic enzyme levels, and negatively correlated with
adiponectin, HDL-C, and β-Hydroxybutyrate levels [31].

3.4. Blood Pressure

Blood-pressure reduction by SGLT2 inhibitors is assumed to be related to their osmotic
diuretic effect, although they have very slight natriuretic effects compared to diuretics.
However, if osmotic diuresis was the sole mechanism, then the antihypertensive effect
would diminish as kidney function deteriorates, but this is not the case [32]. A meta-
analysis suggests that SGLT2 inhibition is consistently associated with systemic blood-
pressure reduction of around 4 mmHg systolic and 2 mmHg diastolic [27]. The reduction in
extracellular fluid volume seen with the initiation of SGLT2 inhibitor therapy is postulated
to be the main reason for the initial systolic and diastolic blood pressure decrease of 5/2
mmHg in the first 2 weeks of therapy [33,34]. The decrease in systolic blood pressure
at 1 month was accompanied by an increase in urinary volume and urinary excretion
of both glucose and sodium, as well as bodyweight loss [35]. Over a longer course, a
further reduction in body mass, owing to loss of visceral and subcutaneous adipose tissue,
modulation of the RAAS, and reduced plasma uric acid levels, also is likely to contribute
to a reduction in blood pressure [36,37]. The BP-lowering effect at 6 months after the
administration of SGLT2 inhibitors is considered to be due to the plasma volume reduction
resulting from both urinary sodium excretion and improvement of vascular endothelial
function secondary to bodyweight loss induced by SGLT2 inhibition [35].

3.5. Heart Rate

Clinical data regarding treatment in Japanese patients with T2DM showed that SGLT2
inhibitors significantly decreased heart rate in patients with high baseline HR levels
(≥70/min before treatment) [38]. Despite the reduction in blood pressure and plasma
volume, heart rate did not increase with the use of SGLT2 inhibitors, suggesting inhibition
of cardiac sympathetic tone and/or an increased parasympathetic tone were at play [27].
An elevated resting heart rate is a risk factor for vascular complications in patients with and
without T2DM. Recently, the beneficial effects of SGLT2 inhibitors on cardiovascular and
renal events were reported in large-scale clinical trials, and their mechanisms and the effect
of SGLT2 inhibitors and resting heart rate were explored. Higher resting heart rate and
HR and adipose tissue insulin resistance (adipo-IR) levels at baseline were independently
associated with a greater reduction in resting heart rate [39]. In salt-treated obese and
metabolic syndrome rats, which develop hypertension with an abnormal circadian rhythm
of blood pressure, a non-dipper type of hypertension, did not exhibit a circadian rhythm
of sympathetic nervous activity [38]. Treatment with the SGLT2 inhibitor tofogliflozin
significantly decreased blood pressure and normalized circadian rhythms without inducing
compensatory changes in heart rate, which may be the source of its beneficial effects on
cardiovascular outcome in high-risk patients with T2DM [40].

3.6. Adipose Tissue

Obesity is defined as abnormal or excessive fat accumulation that can be detrimental
to health, and is associated with decreased sensitivity to leptin, resulting in an inability to
detect satiety despite high energy stores and high levels of leptin [41,42]. One common
HF associated with T2DM is obesity-related HF with a preserved ejection fraction (HF-
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pEF). It has been postulated that the synthesis of leptin in this disorder leads to sodium
retention and plasma volume expansion, as well as to cardiac and renal inflammation and
fibrosis [43]. Remarkably, leptin-mediated neurohormonal activation appears to enhance
the expression of SGLT2 in the renal tubules, and SGLT2 inhibitors’ natriuretic actions
at multiple renal tubular sites can oppose the sodium retention produced by leptin [43].
In addition, SGLT2 inhibitors reduce the accumulation and inflammation of perivisceral
adipose tissue, minimize the secretion of leptin, and diminish its paracrine actions on
the heart and kidneys to promote fibrosis [43]. Since such fibrosis is fundamental to the
impairment of cardiac distensibility and glomerular function that characterizes obesity-
related HFpEF, SGLT2 inhibitors can contribute to reduced perivisceral, perivascular, and
pericardial adipose tissue deposition and inflammation. Furthermore, epicardial adipose
tissue volume is associated with the severity of coronary artery disease and cardiometabolic
disease, with resultant development of atrial fibrillation and cardiomyopathy [44].

In an animal study, empagliflozin increased energy expenditure, heat production,
and the expression of uncoupling protein 1 in brown fat and in inguinal and epididymal
white adipose tissue [45]. Furthermore, empagliflozin reduced M1-polarized macrophage
accumulation while inducing the anti-inflammatory M2 phenotype of macrophages within
white adipose tissue and liver, lowering plasma TNFα levels and attenuating obesity-
related chronic inflammation [45]. Hence, empagliflozin suppressed weight gain by en-
hancing fat utilization and browning and attenuated obesity-induced inflammation and
insulin resistance. Dapagliflozin improves glucose control, induces moderate weight loss,
and reduces cardiovascular risk in patients with T2DM through decreasing epicardial
adipose tissue by 20% from baseline [46].

3.7. Ketone Bodies

Recent large RCTs on SGLT2 inhibitors have demonstrated ample evidence of cardiac
protection [5–10]. The proposed mechanism included SGLT2-inhibitors increasing circulat-
ing ketone bodies (such as β-hydroxybutyrate), with a subsequent increase in myocardial
ketone body oxidation, serving to improve cardiac ATP production as a preferred substrate
to fatty acids or glucose in the diabetic heart [47]. In addition, ketone bodies also bear a
potent anti-inflammatory function that can reduce the atherosclerotic processes and slow
the progression of cardiovascular disease [48]. Plasma levels of ketone bodies rise with
prolonged treatment with SGLT2 inhibitors, and the shift toward ketone body production
(and away from glucose oxidation) has been proposed as a potential mechanism for the
rapid cardiovascular benefit of SGLT2 inhibitors [49]. In a mice study with empagliflozin,
the presence of ketones, representing only a few percent of total calories from available
fuels, did not increase cardiac efficiency, but rather resulted in an increased ATP production
that in turn allowed improved bioenergetics of the heart [50].

3.8. Uric Acid

There is evidence that SGLT2 inhibitors can lower uric acid, which may also contribute
to reduced cardio–renal risk. Uric acid is thought to increase oxidative stress and levels of
reactive oxygen species, activate the renin–angiotensin–aldosterone system, increase levels
of inflammatory cytokines, and induce activation of the NLRP3 (NACHT, LRR, and PYD
domains-containing protein 3) inflammasome, seen in diabetic nephropathy and HF [51].
Studies have shown that uric acid promotes pro-inflammatory responses and fibrosis
within the vascular wall, increases the turnover of vascular smooth muscle, increases the
rate of apoptosis of endothelial cells, and depletes nitric oxide levels via reduced nitric
oxide production and increased conversion into 6-aminouracil [52]. Chronically elevated
circulating uric acid concentrations, therefore, are associated with increased risks of hyper-
tension, cardiovascular disease, and renal disease [53]. Uric acid concentrations are often
elevated in T2DM, and SGLT2 inhibitors can increase uric acid excretion, reduce circulating
uric acid, and improve cardiovascular and renal function, leading to reduction of adverse
cardiovascular events and slowing the progression of chronic kidney disease [54,55]. The
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mechanism by which SGLT2 inhibitors reduce serum uric acid has not been clearly es-
tablished, but studies suggested that it may possibly involve the renal SLC2A9 (GLUT9)
transporter [56]. The SLC2A9 gene encodes a facilitative glucose transporter and has two
splice variants that are highly expressed in the apical membrane of the proximal tubule
in the nephron, transporting both uric acid and d-glucose in the kidney [57]. The GLUT9,
encoded by SLC2A9, which causes renal hypouricemia, is reportedly involved in SGLT2
inhibitor-mediated uric acid excretion via an increase in glucose excretion in the urine
and an increased exchange of uric acid in the apical membrane of tubular cells [19,58].
In a meta-analysis of 62 clinical trials with SGLT2 inhibitors, uric acid was reduced by
35–45 µmol/L, with the effect seen within days of treatment initiation and persisting
throughout the duration of the trial [59].

3.9. Endothelial and Vascular Functions

Several studies have reported improved endothelial function and reduced aortic stiff-
ness with the use of SGLT2 inhibitors dapagliflozin and empagliflozin [60,61]. Within
a few weeks of treatment with SGLT2 inhibitors, there was lowered office and 24 h am-
bulatory central systolic pressure that was determined by arterial stiffness of the large
arteries. Since central systolic pressure is considered an important surrogate parameter of
afterload relating to future cardiovascular outcomes, these data suggested the beneficial
roles of SGLT2 inhibitors in patients with T2DM [62,63]. In addition, other parameters of
arterial stiffness, such as central pulse pressure, forward pressure wave amplitude, and
backward (or reflected) pulse wave amplitude, also showed significant improvement after
SGLT2 inhibitor use [62,63] Taken together, the reductions in central blood pressure, pulse
pressure, and forward wave amplitude in patients with T2DM can improve endothelial
function and vascular stiffness, which subsequently decreases cardiovascular events.

3.10. Inflammation

The inflammatory reaction is currently thought to be the center stage of the develop-
ment and progression of cardiovascular dysfunction, especially in patients with T2DM [64].
Through improving adipose tissue function and inducing decreases in serum leptin, cy-
tokine, and chemokine concentrations, such TNF-α and IL-6, while increasing adiponectin,
SGLT2 inhibitors serve to reduce inflammation [65]. Experimental findings showed that
SGLT2 inhibition reduced circulating levels of C-C motif chemokine 2, IL-6, and TNF in
ApoE–/– knockout mice [66], and levels of TNF, IL-6, and C-reactive protein in hepatic cells
and adipocytes in diet-induced obese mice [45]. Thus, the pleiotropic effects of SGLT2
inhibitors help to modify a host of inflammatory responses in a range of cells and tis-
sues by multiple molecular pathways that improve oxidative stress, cytokine production,
immune-system function, and obesity-related inflammation.

3.11. AGE-Mediated Effects

Advanced glycation end products (AGEs) and receptors for AGE (RAGE) play a role in
diabetic cardiovascular disease. AGEs accumulate in the plasma and vascular tissues and,
by directly interacting with the extracellular matrix, lead to arterial stiffness and decreased
elasticity [67]. RAGE on the surface of endothelial cells, vascular smooth muscle cells,
and monocytes promote oxidative stress, leading to inflammatory and fibrotic reactions
in the cardiovascular system and arterial tree [68]. Activation of AGE/RAGE signaling is
associated with an increased arterial wall stiffness, arrhythmias, coronary artery disease,
acute myocardial infarction, systolic and diastolic dysfunction, and HF [69]. In a mice
study, empagliflozin improved SGK1/ENaC profibrotic signaling and associated interstitial
fibrosis, as well as left ventricular hypertrophy and left ventricular relaxation, in addition
to glycemic indices [70]. In another diabetic rat study, treatment with empagliflozin also
normalized endothelial function and reduced oxidative stress in the aorta with reversal of
the pro-inflammatory phenotype and glucotoxicity (AGE/RAGE signaling) [71]. Methyl-
glyoxal, a primary precursor of AGEs, decreases the phosphorylation of eNOSSer1177 and
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protein kinase B (Akt), resulting in inhibition of eNOS activity. SGLT2i may decrease the
levels of methylglyoxal, preventing AGE formation and AGE/RAGE signaling, and thus
improving decreased phosphorylation of eNOSSer1177 and Akt, consequently bestowing
atheroprotective effects [72,73].

3.12. Autophagy

The relationship between autophagy and cardiovascular diseases is intricate. Al-
though basal autophagy is critical to maintaining cell homeostasis, both increases and
decreases in autophagy to an excessive degree can induce alterations in normal heart and
blood vessel functions [74]. Autophagy is induced by stimuli such as hypoxia, oxidative
stress, infection, endoplasmic reticulum stress, and nutrient starvation [73]. Dysregulation
in autophagy is associated with a wide range of pathologies, including cardiovascular dis-
ease [74]. SGLT2 inhibitors were shown to suppress cardiomyocyte autosis (autophagic cell
death) and confer cardioprotective effects in animal studies. Using myocardial infarction
mouse models, treatment with empagliflozin significantly reduced infarct size and myocar-
dial fibrosis, thus leading to improved cardiac function and survival [74]. During ischemia
and nutritional glucose deprivation, when autosis is set in high gear, empagliflozin directly
inhibits the activity of the Na+/H+ exchanger 1 (NHE1) in the cardiomyocytes to regulate
excessive autophagy [75]. In primary isolated cardiomyocytes, empagliflozin was shown
to improve myocyte contractility without affecting their beating frequency [75]. Since HF is
associated with upregulation of NHE1 activity in the myocardium, with resultant increased
cytosolic sodium and calcium concentrations in cardiomyocytes and increased oxidative
stress and arrhythmogenesis, SGLT2 inhibitors may have therapeutic use [76].

3.13. Crosstalk between Autophagy and Innate Immunity

The autophagy core of the Beclin 1 protein complex moiety alters significantly after
empagliflozin treatment [77]. In our dual epitope-tagging strategy to isolate Beclin 1 protein
complexes, Beclin 1 was identified to bind with Toll-like receptor 9 (TLR9) and sirtuin
3 (SIRT3) after SGLT2 inhibitor treatment. TLR9 is an important receptor belonging to
the innate immunity system. After binding to viral or bacterial DNA, TLR9 triggers pro-
inflammatory reactions and activates innate immunity. SIRT3 is located in the mitochondria
and has been implicated in regulating cellular respiration, ROS, and thermogenesis. The
identification of the binding of Beclin 1–TLR9 and SIRT3 implies that SGLT2 inhibitors acti-
vate the communications between autophagy–Beclin 1 and innate immunity–TLR9 system.

The study showed that empagliflozin treatments enhance the activation of TLR9
and binding with Beclin 1 to trafficking to mitochondria and increase the abundance of
SIRT3. The increased abundance of SIRT3 then direct the Beclin 1-TLR9 complex to increase
the mitochondrial respiration rate and exert its protection against ROS and apoptosis.
This Beclin 1–TLR9–SIRT3 complex triggers the communication of the autophagy and
innate immune system and protects the mice from doxorubicin-related cardiac toxicity [77].
Empagliflozin’s protective effects are essentially abolished in the SIRT3 or TLR9 knockout
mice. In patients with SIRT3 point mutation and reduced enzymatic activity, the effects of
empagliflozin on mitochondria is also reduced [77]. This evidence from mice to human
signifies that the protective effects of SGLT2 inhibitors in the heart works through the
collaborative effects of Beclin 1 in the autophagy machinery, TLR9 with innate immunity
and inflammasome signaling, and the mitochondrial SIRT3.

The increased autophagy and activation of the Beclin 1/TLR9/SIRT3 axis lead to the
question of whether other clinical effects of the SGLT2 inhibitors can be explained with this
crosstalk. It is possible that there are tissue-specific functions of the Beclin 1–TLR9 complex.
Moreover, the current SGLT2 inhibitors have certain degrees of SGLT1 inhibitions. It is not
known whether SGLT1 inhibition plays any role in the Beclin 1–TLR9 axis.

Recent findings also identified that TLR9 and Beclin 1 crosstalk to regulate muscle
function and glucose metabolism during exercise [78], and along with the NAD-dependent
deacetylase SIRT3, act in synergy in mitochondria in response to empagliflozin, and
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may serve as a potential treatment strategy for HF [77]. The possibility of an intersection
between the autophagy machinery and innate immune responses indicates that bidirectional
regulation between two systems may exist and provide a fine-tuning regulation with an
SGLT2 inhibitor. TLR9 signaling is important in myocardial infarction, atherosclerosis, and
cancer immunotherapy. The binding of Beclin 1 to TLR9 indicates that modulating Beclin 1
function with SGLT2 inhibitors may have therapeutic possibilities in these diseases (Figure 1).

Figure 1. SGLT2 inhibitors activate the Beclin 1–TLR9–SIRT3 complex and connect the autophagy and the innate immune
system. The existence of an integrated Beclin 1, TLR9, and SIRT3 network involving autophagy, oxidative stress, and
mitochondria is essential for the ability of SGLT2 to protect the heart. SGLT2 inhibitor treatment enhances the activation of
TLR9 to bind with Beclin 1 and increases the abundance of mitochondrial SIRT3. The bindings of Beclin 1 and TLR9 via
SGLT2 inhibitors trigger the communications between the autophagic, innate immune system, and inflammatory machinery.
The increased abundances of SIRT3 after SGLT2 inhibitor treatments then direct the Beclin 1–TLR9 complex to traffic toward
the mitochondria, where the activated TLR9 enhances the mitochondrial respiration rate and exerts its protection against
ROS and apoptosis. Of particular interest from a therapeutic standpoint is the finding that due to the deficiency of SIRT3 in
mice and humans, both lose the SGLT2 inhibitors’ protective effects.

4. Adverse Effects of SGLT2 Inhibitors

Using SGLT2 inhibitors in patients with T2DM is not, however, equivalent to taking a
panacea. Certain side effects, namely genital tract infection, amputations, bone fractures,
electrolyte imbalance, and importantly, diabetic ketoacidosis (DKA), have been reported in
the large clinical trials [5–7]. While using SGLT2 inhibitors, DKA is observed occasionally
in patients with T2DM with critical illness, or more often in patients with type 1 diabetes
mellitus. The postulated mechanisms are: insulinopenia, expression of counterregulatory
stress hormones, and increase in free fatty acids. A study of diabetic rats treated with
SGLT2 inhibitors found the combination of insulinopenia and dehydration was the key to
the development of DKA [79]. However, although euglycemic DKA in patients with T2DM
using SGLT2 inhibitor has been reported, meta-analyses of clinical studies have found no
increased risk of DKA for patients taking SGLT2 inhibitors compared to placebo [80].
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5. Summary

The pleiotropic effects of SGLT2 inhibition can be explained by the potential mech-
anisms through multiple pathways (Figure 2). The clinical benefits of SGLT2 inhibitors
are observed clinically (left-side pathway), serum-level (central pathway), and molecu-
larly (right-side pathway). In addition to the results from basic and translational research,
SGLT2 inhibitors also did not fall short of the expected function to protect the heart. In
our real-world study, we found that in patients with T2DM, SGLT2i as first-line treatment
may be associated with decreased events of heart-failure hospitalization, acute coronary
syndrome, and all-cause mortality, compared with metformin as first-line treatment [81].

Figure 2. SGLT2 inhibitors and the pleiotropic effects on cardiac protection. The left panel with the stethoscope symbol
shows the macroscopic actions of SGLT2 inhibitors that can be observe clinically. The middle panel with the syringe symbol
illustrates the microscopic changes by SGLT2 inhibitors that can be checked via a blood test. The right panel with the symbol
of a drop of blood outlines the molecular mechanisms of SGLT2 inhibitors that can be studied in basic science laboratories.



Int. J. Mol. Sci. 2021, 22, 7170 11 of 14

6. Conclusions

SGLT2 inhibitors not only effectively decrease serum glucose, but also exert a variety
of clinical benefits through decreased circulatory volume, reduction in systemic blood pres-
sure, a shift towards ketone bodies as the metabolic substrate for the heart and improved
endothelial function and suppression of AGE–RAGE signaling. Together, these pathways
contributed to the cardiac protection shown in the clinical trials, including significantly
improved cardiovascular events such as myocardial infarction, HF, and cardiovascular
death. This consistent evidence of therapeutic benefits of SGLT2 inhibitors on a broad spec-
trum of cardiorenal endpoints in large RCTs should lead to the recommendation of these
agents in updated ADA, AACE, ACC, AHA, and ESC guidelines as first-line treatments
for atherosclerotic cardiovascular disease and HF.
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I.S.; Bělohlávek, J.; et al. Dapagliflozin in Patients with Heart Failure and Reduced Ejection Fraction. N. Engl. J. Med. 2019, 381,
1995–2008. [CrossRef]

10. Packer, M.; Anker, S.D.; Butler, J.; Filippatos, G.; Pocock, S.J.; Carson, P.; Januzzi, J.; Verma, S.; Tsutsui, H.; Brueckmann, M.; et al.
Cardiovascular and Renal Outcomes with Empagliflozin in Heart Failure. N. Engl. J. Med. 2020, 383, 1413–1424. [CrossRef]

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

http://doi.org/10.1056/NEJMoa1800256
http://doi.org/10.1056/NEJM199807233390404
http://doi.org/10.1016/j.diabres.2019.107843
http://doi.org/10.1016/j.jacc.2019.11.036
http://www.ncbi.nlm.nih.gov/pubmed/32000956
http://doi.org/10.1056/NEJMoa1504720
http://doi.org/10.1056/NEJMoa1611925
http://doi.org/10.1056/NEJMoa1812389
http://doi.org/10.1056/NEJMoa1811744
http://www.ncbi.nlm.nih.gov/pubmed/30990260
http://doi.org/10.1056/NEJMoa1911303
http://doi.org/10.1056/NEJMoa2022190
http://doi.org/10.1016/j.kint.2017.12.027


Int. J. Mol. Sci. 2021, 22, 7170 12 of 14

12. Lopaschuk, G.D.; Ussher, J.R.; Folmes, C.D.; Jaswal, J.S.; Stanley, W.C. Myocardial fatty acid metabolism in health and disease.
Physiol. Rev. 2010, 90, 207–258. [CrossRef]

13. 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]

14. Ridderstråle, M.; Andersen, K.R.; Zeller, C.; Kim, G.; Woerle, H.J.; Broedl, U.C.; EMPA-REG H2H-SU trial investigators.
Comparison of empagliflozin and glimperidie as add-on to metformin in patients with type 2 diabetes: A 104 week randomised,
active-controlled, double-blind, phase 3 trial. Lancet Diabetes Endocrinol. 2014, 2, 691–700. [CrossRef]

15. Del Prato, S.; Nauck, M.; Durán-Garcia, S.; Maffei, L.; Rohwedder, K.; Theuerkauf, A.; Parikh, S. Long-term glycaemic response
and tolerability of dapagliflozin versus a sulphonylurea as add-on therapy to metformin in patients with type 2 diabetes: 4-year
data. Diabetes Obes. Metab. 2015, 17, 581–590. [CrossRef]

16. Van Baar, M.J.B.; van Ruiten, C.C.; Muskiet, M.H.A.; Bloemendaal, L.; Ijzerman, R.G.; van Raalte, D.H. SGLT2 Inhibitors in
Combination Therapy: From Mechanisms to Clinical Considerations in Type 2 Diabetes Management. Diabetes Care 2018, 41,
1543–1556. [CrossRef]

17. Dekkers, C.C.; Gansevoort, R.T. Sodium-glucose cotransporter 2 inhibitors: Extending the indication to non-diabetic kidney
disease? Nephrol. Dial. Transplant. 2020, 35 (Suppl. S1), i33–i42. [CrossRef] [PubMed]

18. Hallow, K.M.; Helmlinger, G.; Greasley, P.J.; McMurray, J.J.V.; Boulton, D.W. Why do SGLT2 inhibitors reduce heart failure
hospitalization? A differential volume regulation hypothesis. Diabetes Obes. Metab. 2018, 20, 479–487. [CrossRef] [PubMed]

19. Lambers Heersprink, H.J.; de Zeeuw, D.; Wie, L.; Leslie, B.; List, J. Dapagliflozin a glucose-regulating drug with diuretic properties
in subjects with type 2 diabetes. Diabetes Obes. Metab. 2013, 15, 853–862. [CrossRef]

20. Berl, T.; Quinttnat-Pelletier, F.; Verbails, J.; Schrier, R.W.; Bichet Dg Ouyang, J.; Czerwiec, F.S.; Saltwater Investigators. Oral
tolvaptan is safe and effective in chronic hyponatremia. J. Am. Soc. Nephrol. 2010, 21, 705–712. [CrossRef] [PubMed]

21. Decaux, G. The syndrome of inappropriate secretion of antidiuretic hormone (SIADH). Semin. Nephrol. 2009, 29, 239–256.
[CrossRef]

22. Ohara, K.; Masuda, T.; Morinari, M.; Okada, M.; Miki, A.; Nakagawa, S.; Murakami, T.; Oka, K.; Asakura, M.; Miyazawa, Y.; et al.
The extracellular volume status predicts body fluid response to SGLT2 inhibitor dapagliflozin in diabetic kidney disease. Diabetol.
Metab. Syndr. 2020, 12, 37. [CrossRef]

23. Abdul-Ghani, M.A.; Norton, L.; DeFronzo, R.A. Efficacy and safety of SGLT2 inhibitors in the treatment of type 2 diabetes
mellitus. Curr. Diab. Rep. 2012, 12, 230–238. [CrossRef]

24. Nishimura, R.; Osonoi, T.; Kanada, S.; Jinnouchi, H.; Sugio, K.; Omiya, H.; Ubukata, M.; Sakai, S.; Samukawa, Y. Effects of
luseogliflozin, a sodium-glucose co-transporter 2 inhibitor, on 24-h glucose variability assessed by continuous glucose monitoring
in Japanese patients with type 2 diabetes mellitus: A randomized, double-blind, placebo-controlled, crossover study. Diabetes
Obes. Metab. 2015, 17, 800–804.

25. Kohan, D.E.; Fioretto, P.; Tang, W.; List, J.F. Long-term study of patients with type 2 diabetes and moderate renal impairment
shows that dapagliflozin reduces weight and blood pressure but does not improve glycemic control. Kidney Int. 2014, 85, 962–971.
[CrossRef]

26. Obata, A.; Kubota, N.; Kubota, T.; Iwamoto, M.; Sato, H.; Sakurai, Y.; Takamoto, I.; Katsuyama, H.; Suzuki, Y.; Fukazawa, M.; et al.
Tofogliflozin improves insulin resistance in skeletal muscle and accelerates lipolysis in adipose tissue in male mice. Endocrinology
2016, 157, 1029–1042. [CrossRef]

27. Storgaard, H.; Gluud, L.L.; Bennett, C.; Grøndahl, M.F.; Christensen, M.B.; Knop, F.K.; Vilsbøll, T. Benefits and harms of sodium-
glucose co-transporter 2 inhibitors in patients with type 2 diabetes: A systematic review and meta-analysis. PLoS ONE 2016, 11,
e0166125. [CrossRef]

28. Henry, R.R.; Murray, A.V.; Marmolejo, M.H.; Hennicken, D.; Ptaszynska, A.; List, J.F. Dapagliflozin, metformin XR, or both: Initial
pharmacotherapy for type 2 diabetes, a randomised controlled trial. Int. J. Clin. Pract. 2012, 66, 446–456. [CrossRef]

29. Yoshida, A.; Kusakabe, H.; Takamura, T.; Kaku, K.; Suganami, H. The SGLT2 Inhibitor Tofogliflozin Reduces Weight in People
with Type 2 Diabetes due to Fluid Loss Initially and to Lipolysis in Late. Diabetes 2018, 67 (Suppl. S1). [CrossRef]

30. Cefalu, W.T.; Leiter, L.A.; Yoon, K.H.; Arias, P.; Niskanen, L.; Xie, J.; Balis, D.A.; Canovatchel, W.; Meininger, G. Efficacy and safety
of canagliflozin versus glimperide in patients with type 2 diabetes inadequately controlled with metformin (CANTATA-SU): 52
week results from a randomised, double-blind, phase 3 non-inferiority trial. Lancet 2013, 382, 941–950. [CrossRef]

31. 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]

32. Oliva, R.V.; Bakris, G.L. Blood pressure effects of sodium-glucose co-transport 2 (SGLT2) inhibitors. J. Am. Soc. Hypertens. 2014, 8,
330–339. [CrossRef] [PubMed]

33. Scheen, A.J. Pharmacodynamics, efficacy and safety of sodium-glucose co-transporter type 2 (SGLT2) inhibitors for the treatment
of type 2 diabetes mellitus. Drugs 2015, 75, 33–59. [CrossRef]

34. Vasilakou, D.; Karagiannis, T.; Athanasiadou, E.; Mainou, M.; Liakos, A.; Bekiari, E.; Sarigianni, M.; Matthews, D.R.; Tsapas, A.
Sodium-glucose cotransporter 2 inhibitors for type 2 diabetes: A systematic review and meta-analysis. Ann. Intern. Med. 2013,
159, 262–274. [CrossRef]

http://doi.org/10.1152/physrev.00015.2009
http://doi.org/10.2337/dc16-2724
http://doi.org/10.1016/S2213-8587(14)70120-2
http://doi.org/10.1111/dom.12459
http://doi.org/10.2337/dc18-0588
http://doi.org/10.1093/ndt/gfz264
http://www.ncbi.nlm.nih.gov/pubmed/32003836
http://doi.org/10.1111/dom.13126
http://www.ncbi.nlm.nih.gov/pubmed/29024278
http://doi.org/10.1111/dom.12127
http://doi.org/10.1681/ASN.2009080857
http://www.ncbi.nlm.nih.gov/pubmed/20185637
http://doi.org/10.1016/j.semnephrol.2009.03.005
http://doi.org/10.1186/s13098-020-00545-z
http://doi.org/10.1007/s11892-012-0275-6
http://doi.org/10.1038/ki.2013.356
http://doi.org/10.1210/en.2015-1588
http://doi.org/10.1371/journal.pone.0166125
http://doi.org/10.1111/j.1742-1241.2012.02911.x
http://doi.org/10.2337/db18-1152-P
http://doi.org/10.1016/S0140-6736(13)60683-2
http://doi.org/10.1210/jc.2011-2260
http://doi.org/10.1016/j.jash.2014.02.003
http://www.ncbi.nlm.nih.gov/pubmed/24631482
http://doi.org/10.1007/s40265-014-0337-y
http://doi.org/10.7326/0003-4819-159-4-201308200-00007


Int. J. Mol. Sci. 2021, 22, 7170 13 of 14

35. Kawasoe, S.; Maruguchi, Y.; Kajiya, S.; Uenomachi, H.; Miyata, M.; Kawasoe, M.; Kubozono, T.; Ohishi, M. Mechanism of the
blood pressure-lowering effect of sodium-glucose cotransporter 2 inhibitors in obese patients with type 2 diabetes. BMC Pharm.
Toxicol. 2017, 18, 23. [CrossRef] [PubMed]

36. Burns, K.D.; Cherney, D. Renal angiotensinogen and sodium-glucose cotransporter-2 inhibition: Insights from experimental
diabetic kidney disease. Am. J. Nephrol. 2019, 49, 328–330. [CrossRef] [PubMed]

37. Thomas, M.C.; Cherney, D.Z.I. The actions of SGLT2 inhibitors on metabolism, renal function and blood pressure. Diabetologia.
2018, 61, 2098–2107. [CrossRef] [PubMed]

38. Sano, M. Hemodynamic effects of sodium-glucose cotransporter 2 inhibitors. J. Clin. Med. Res. 2017, 9, 457–460. [CrossRef]
39. Matsubayashi, Y.; Nojima, T.; Yoshida, A.; Suganami, H.; Yamada, T.; Fujihara, K.; Tanaka, S.; Kaku, K.; Sone, H. Influence of

SGLT2 Inhibitor on Resting Heart Rate (RHR) and Factors Related to Its Changes. Diabetes 2018, 67 (Suppl. S1). [CrossRef]
40. Wan, N.; Rahman, A.; Hitomi, H.; Nishiyama, A. The Effects of Sodium-Glucose Cotransporter 2 Inhibitors on Sympathetic

Nervous Activity. Front. Endocrinol. 2018, 9, 421. [CrossRef]
41. Obesity: Preventing and managing the global epidemic. Report of a WHO consultation. World Health Organ. Tech. Rep. Ser. 2000,

894, 1–253.
42. Pan, H.; Guo, J.; Su, Z. Advances in understanding the interrelations between leptin resistance and obesity. Physiol. Behav. 2014,

130, 157–169. [CrossRef]
43. Packer, M. Do sodium-glucose co-transporter-2 inhibitors prevent heart failure with a preserved ejection fraction by counterbal-

ancing the effects of leptin? A novel hypothesis. Diabetes Obes. Metab. 2018, 20, 1361–1366. [CrossRef]
44. Ansaldo, A.M.; Montecucco, F.; Sahebkar, A.; Dallegri, F.; Carbone, F. Epicardial adipose tissue and cardiovascular diseases. Int. J.

Cardiol. 2019, 278, 254–260. [CrossRef] [PubMed]
45. Xu, L.; Nagata, N.; Nagashimada, M.; Zhuge, F.; Ni, Y.; Chen, G.; Mayoux, E.; Kaneko, S.; Ota, T. SGLT2 Inhibition by

Empagliflozin Promotes Fat Utilization and Browning and Attenuates Inflammation and Insulin Resistance by Polarizing M2
Macrophages in Diet-induced Obese Mice. EBioMedicine 2017, 20, 137–149. [CrossRef]

46. Iacobellis, G.; Gra-Menendez, S. Effects of Dapagliflozin on Epicardial Fat Thickness in Patients with Type 2 Diabetes and Obesity.
Obesity 2020, 28, 1068–1074. [CrossRef]

47. Prattichizzo, F.; de Nigris, V.; Micheloni, S.; Sala, L.L.; Ceriello, A. Increases in circulating levels of ketone bodies and cardiovas-
cular protection with SGLT2 inhibitors: Is low-grade inflammation the neglected component? Diabetes Obes. Metab. 2018, 20,
2515–2522. [CrossRef] [PubMed]

48. Staels, B. Cardiovascular Protection by Sodium Glucose Cotransporter 2 Inhibitors: Potential Mechanisms. Am. J. Med. 2017, 130,
S30–S39. [CrossRef]

49. Ferrannini, E.; Mark, M.; Mayoux, E. Cardiovascular protection in the EMPA-REG OUTCOME trial: A ‘thrifty substrate’
hypothesis. Diabetes Care 2016, 39, 1108–1114. [CrossRef]

50. Verma, S.; Rawat, S.; Ho, K.L.; Wagg, C.S.; Zhang, L.; Teoh, H.; Dyck, J.E.; Uddin, G.M.; Oudit, G.Y.; Mayoux, E.; et al.
Empagliflozin Increases Cardiac Energy Production in Diabetes: Novel Translational Insights into the Heart Failure Benefits of
SGLT2 Inhibitors. JACC Basic Transl. Sci. 2018, 3, 575–587. [CrossRef] [PubMed]

51. Lytvyn, Y.; Perkins, B.A.; Cherney, D.Z.I. Uric acid as a biomarker and a therapeutic target in diabetes. Can. J. Diabetes 2015, 39,
239–246. [CrossRef] [PubMed]

52. Cowie, M.R.; Fisher, M. SGLT2 inhibitors: Mechanisms of cardiovascular benefit beyond glycaemic control. Nat. Rev. Cardiol.
2020, 17, 761–772. [CrossRef] [PubMed]

53. Johnson, R.J.; Kang, D.H.; Feig, D.; Kivlighn, S.; Kanellis, J.; Watanabe, S.; Tuttle, K.R.; Rodriguez-Iturbe, B.; Herrera-Acosta, J.;
MazzaliIs, M. There a Pathogenetic Role for Uric Acid in Hypertension and Cardiovascular and Renal Disease? Hypertension
2003, 41, 1183–1190. [CrossRef]

54. Bailey, C.J. Uric acid and the cardio-renal effects of SGLT2 inhibitors. Diabetes Obes. Metab. 2019, 21, 1291–1298. [CrossRef]
55. Davies, M.J.; Trujillo, A.; Vijapurkar, U.; Damaraju, C.V.; Meininger, G. Effect of canagliflozin on serum uric acid in patients with

type 2 diabetes mellitus. Diabetes Obes. Metab. 2015, 17, 426–429. [CrossRef]
56. Chino, Y.; Samukawa, Y.; Sakai, S.; Nakai, Y.; Yamaguchi, J.; Nakanishi, T.; Tamaia, I. SGLT2 inhibitor lowers serum uric acid

through alteration of uric acid transport activity in renal tubule by increased glycosuria. Biopharm. Drug Dispos. 2014, 35, 391–404.
[CrossRef]

57. Doblado, M.; Moley, K.H. Facilitative glucose transporter 9, a unique hexose and urate transporter. Am. J. Physiol. Endocrinol.
Metab. 2009, 297, E831–E835. [CrossRef]

58. Mcgill, J.B. The SGLT2 inhibitor empagliflozin for the treatment of type 2 diabetes mellitus: A bench to bedside review. J. Diab.
Ther. 2014, 5, 43–63. [CrossRef]

59. 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. 2018, 20, 458–462. [CrossRef]
[PubMed]

60. 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]

http://doi.org/10.1186/s40360-017-0125-x
http://www.ncbi.nlm.nih.gov/pubmed/28391776
http://doi.org/10.1159/000499598
http://www.ncbi.nlm.nih.gov/pubmed/30921790
http://doi.org/10.1007/s00125-018-4669-0
http://www.ncbi.nlm.nih.gov/pubmed/30132034
http://doi.org/10.14740/jocmr3011w
http://doi.org/10.2337/db18-1154-P
http://doi.org/10.3389/fendo.2018.00421
http://doi.org/10.1016/j.physbeh.2014.04.003
http://doi.org/10.1111/dom.13229
http://doi.org/10.1016/j.ijcard.2018.09.089
http://www.ncbi.nlm.nih.gov/pubmed/30297191
http://doi.org/10.1016/j.ebiom.2017.05.028
http://doi.org/10.1002/oby.22798
http://doi.org/10.1111/dom.13488
http://www.ncbi.nlm.nih.gov/pubmed/30073768
http://doi.org/10.1016/j.amjmed.2017.04.009
http://doi.org/10.2337/dc16-0330
http://doi.org/10.1016/j.jacbts.2018.07.006
http://www.ncbi.nlm.nih.gov/pubmed/30456329
http://doi.org/10.1016/j.jcjd.2014.10.013
http://www.ncbi.nlm.nih.gov/pubmed/25600084
http://doi.org/10.1038/s41569-020-0406-8
http://www.ncbi.nlm.nih.gov/pubmed/32665641
http://doi.org/10.1161/01.HYP.0000069700.62727.C5
http://doi.org/10.1111/dom.13670
http://doi.org/10.1111/dom.12439
http://doi.org/10.1002/bdd.1909
http://doi.org/10.1152/ajpendo.00296.2009
http://doi.org/10.1007/s13300-014-0063-1
http://doi.org/10.1111/dom.13101
http://www.ncbi.nlm.nih.gov/pubmed/28846182
http://doi.org/10.2169/internalmedicine.0701-17


Int. J. Mol. Sci. 2021, 22, 7170 14 of 14

61. Tanaka, A.; Shimabukuro, M.; Machii, N.; Teragawa, H.; Okada, Y.; Shima, K.R.; Takamura, T.; Taguchi, I.; Hisauchi, I.; Toyoda, S.;
et al. Effect of Empagliflozin on Endothelial Function in Patients with Type 2 Diabetes and Cardiovascular Disease: Results from
the Multicenter, Randomized, Placebo-Controlled, Double-Blind EMBLEM Trial. Diabetes Care 2019, 42, e159–e161. [CrossRef]

62. Striepe, K.; Jumar, A.; Ott, C.; Karg, M.V.; Schneider, M.P.; Kannenkeril, D.; Schmieder, R.E. Effects of the selective sodium-glucose
cotransporter 2 inhibitor empagliflozin on vascular function and central hemodynamics in patients with type 2 diabetes mellitus.
Circulation 2017, 136, 1167–1169. [CrossRef] [PubMed]

63. Solini, A.; Giannini, L.; Seghieri, M.; Vitolo, E.; Taddei, S.; Ghiadoni, L.; Bruno, R.M. Dapagliflozin acutely improves endothelial
dysfunction, reduces aortic stiffness and renal resistive index in type 2 diabetic patients: A pilot study. Cardiovasc. Diabetol. 2017,
16, 138. [CrossRef] [PubMed]

64. Schmidt, A.M. Diabetes and Cardiovascular Disease: Emerging Therapeutic Approaches. Arter. Thromb. Vasc. Biol. 2019, 39,
558–568. [CrossRef] [PubMed]

65. Bonnet, F.; Scheen, A.J. Effects of SGLT2 inhibitors on systemic and tissue low-grade inflammation: The potential contribution to
diabetes complications and cardiovascular disease. Diabetes Metab. 2018, 44, 457–464. [CrossRef]

66. Han, J.H.; Oh, T.J.; Lee, G.; Maeng, H.J.; Lee, D.H.; Kim KMChoi, S.H.; Jang, H.C.; Lee, H.S.; Park, K.S.; Kim, Y.B.; et al. The
beneficial effects of empagliflozin, an SGLT2 inhibitor, on atherosclerosis in ApoE–/– mice fed a Western diet. Diabetologia 2017,
60, 364–376. [CrossRef]

67. Kolhaas, M.; Liu, T.; Knopp, A.; Zeller, T.; Ong, M.F.; Böhm, M.; O’Rourke, B.; Maack, C. Elevated cytosolic Na+ increases
mitochondrial formation of reactive oxygen species in failing cardiac myocytes. Circulation 2010, 121, 1606–1613. [CrossRef]

68. Lin, L.; Park, S.; Lakatta, E.G. RAGE signaling in inflammation and arterial aging. Front. Biosci. 2009, 14, 1403–1413. [CrossRef]
69. Kosmopoulos, M.; Drekolias, D.; Zavras, P.D.; Piperi, C.; Papavassiliou, A.G. Impact of advanced glycation end products (AGEs)

signaling in coronary artery disease. Biochim. Biophys. Acta Mol. Basis Dis. 2019, 1865, 611–619. [CrossRef]
70. Habibi, J.; Aroor, A.R.; Sowers, J.R.; Jia, G.; Hayden, M.R.; Garro, M.; Barron, B.; Mayoux, E.; Rector, R.S.; Whaley-Connell, A.;

et al. Sodium glucose transporter 2 (SGLT2) inhibition with empagliflozin improves cardiac diastolic function in a female rodent
model of diabetes. Cardiovasc. Diabetol. 2017, 16, 9. [CrossRef]

71. Oelze, M.; Kröller-Schön, S.; Welschof, P.; Jansen, T.; Hausding, M.; Mikhed, Y.; Stamm, P.; Mader, M.; Zinßius, E.; Agdauletova,
S.; et al. The sodium-glucose co-transporter 2 inhibitor empagliflozin improves diabetes-induced vascular dysfunction in the
streptozotocin diabetes rat model by interfering with oxidative stress and glucotoxicity. PLoS ONE 2014, 9, e112394. [CrossRef]

72. 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]

73. Rahadian, A.; Fukuda, D.; Salim, H.M.; Yagi, S.; Kusunose, K.; Yamada, H.; Soeki, T.; Sata, M. Canagliflozin prevents diabetes-
induced vascular dysfunction in ApoE-deficient mice. J. Atheroscler. Thromb. 2020, 27, 1141–1151. [CrossRef] [PubMed]

74. Gatica, D.; Chiong, M.; Lavandero, S.; Klionsky, D.J. Molecular Mechanisms of Autophagy in the Cardiovascular System. Circ.
Res. 2015, 116, 456–467. [CrossRef] [PubMed]

75. Jiang, K.; Xu, Y.; Wang, D.; Chen, F.; Tu, Z.; Qian, J.; Xu Sh Xu, Y.; Hwa, J.; Li, J.; Shang, H.; et al. Cardioprotective mechanism of
SGLT2 inhibitor against myocardial infarction is through reduction of autosis. Protein Cell 2021, 1–24. [CrossRef]

76. Clancy, C.E.; Chen-Izu, Y.; Bers, D.M.; Belardinelli, L.; Boyden, P.A.; Csernoch, L.; Despa, S.; Fermini, B.; Hool, L.C.; Izu, L.; et al.
Deranged sodium to sudden death. J. Physiol. 2015, 593, 1331–1345. [CrossRef]

77. Wang, C.Y.; Chen, C.C.; Lin, M.H.; Su, H.T.; Ho, M.Y.; Yeh, J.K.; Tsai, M.L.; Hsieh, I.C.; Wen, M.S. TLR9 Binding to Beclin 1 and
Mitochondrial SIRT3 by a Sodium-Glucose Co-Transporter 2 Inhibitor Protects the Heart from Doxorubicin Toxicity. Biology 2020,
9, 369. [CrossRef] [PubMed]

78. Liu, Y.; Nguyen, P.T.; Wang, X.; Zhao, Y.; Meacham, C.E.; Zou, Z.; Bordieanu, B.; Johanns, M.; Vertommen, D.; Wijshake, T.; et al.
TLR9 and Beclin 1 Crosstalk Regulates Muscle AMPK Activation in Exercise. Nature 2020, 578, 605–609. [CrossRef] [PubMed]

79. Perry, R.J.; Rabin-Court, A.; Song, J.D.; Cardone, R.L.; Wang, Y.; Kibbey, R.G.; Shulman, G.I. Dehydration and insulinopenia are
necessary and sufficient for euglycemic ketoacidosis in SGLT2 inhibitor-treated rats. Nat. Commun. 2019, 10, 548. [CrossRef]

80. Saad, M.; Mahmoud, A.N.; Elgendy, I.Y.; Abuzaid, A.; Barakat, A.F.; Elgendy, A.Y.; Al-Ani, M.; Mentias, A.; Nairooz, R.; Bavry,
A.A.; et al. Cardiovascular outcomes with sodium–glucose cotransporter-2 inhibitors in patients with type II diabetes mellitus: A
meta-analysis of placebo-controlled randomized trials. Int. J. Cardiol. 2017, 227, 352–358. [CrossRef]

81. Chen, T.H.; Li, Y.R.; Chen, S.W.; Lin, Y.S.; Sun, C.C.; Chen, D.Y.; Mao, C.T.; Wu, M.; Chang, C.H.; Chu, P.H.; et al. Sodium-glucose
cotransporter 2 inhibitors versus metformin as first-line therapy in patients with type 2 diabetes mellitus: A multi-institution
database study. Cardiovasc. Diabetol. 2020, 19, 189. [CrossRef] [PubMed]

http://doi.org/10.2337/dc19-1177
http://doi.org/10.1161/CIRCULATIONAHA.117.029529
http://www.ncbi.nlm.nih.gov/pubmed/28923906
http://doi.org/10.1186/s12933-017-0621-8
http://www.ncbi.nlm.nih.gov/pubmed/29061124
http://doi.org/10.1161/ATVBAHA.119.310961
http://www.ncbi.nlm.nih.gov/pubmed/30786741
http://doi.org/10.1016/j.diabet.2018.09.005
http://doi.org/10.1007/s00125-016-4158-2
http://doi.org/10.1161/CIRCULATIONAHA.109.914911
http://doi.org/10.2741/3315
http://doi.org/10.1016/j.bbadis.2019.01.006
http://doi.org/10.1186/s12933-016-0489-z
http://doi.org/10.1371/journal.pone.0112394
http://doi.org/10.7150/thno.54498
http://doi.org/10.5551/jat.52100
http://www.ncbi.nlm.nih.gov/pubmed/32101837
http://doi.org/10.1161/CIRCRESAHA.114.303788
http://www.ncbi.nlm.nih.gov/pubmed/25634969
http://doi.org/10.1007/s13238-020-00809-4Online ahead of print. 
http://doi.org/10.1113/jphysiol.2014.281204
http://doi.org/10.3390/biology9110369
http://www.ncbi.nlm.nih.gov/pubmed/33138323
http://doi.org/10.1038/s41586-020-1992-7
http://www.ncbi.nlm.nih.gov/pubmed/32051584
http://doi.org/10.1038/s41467-019-08466-w
http://doi.org/10.1016/j.ijcard.2016.11.181
http://doi.org/10.1186/s12933-020-01169-3
http://www.ncbi.nlm.nih.gov/pubmed/33167990

	Introduction 
	Clinical Trials 
	Physiological Perspectives on Cardiac Protections 
	Glycemia 
	Circulating Volume 
	Body Mass 
	Blood Pressure 
	Heart Rate 
	Adipose Tissue 
	Ketone Bodies 
	Uric Acid 
	Endothelial and Vascular Functions 
	Inflammation 
	AGE-Mediated Effects 
	Autophagy 
	Crosstalk between Autophagy and Innate Immunity 

	Adverse Effects of SGLT2 Inhibitors 
	Summary 
	Conclusions 
	References

