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The goal of this Special Issue is to highlight the ever-increasing progress in pharma-
cological research on sodium-glucose co-transporter (SGLT) type 2 (SGLT2) inhibitors or
gliflozins. Originally developed for restoring euglycemia in diabetes mellitus, this drug
class has increasingly been demonstrated to exert beneficial effects in patients, extending
beyond blood glucose regulation. For instance, they reduce cardiovascular disease mortal-
ity, ameliorate kidney disease progression, lower blood pressure, and confer weight loss,
even in non-diabetics or in people with end-stage chronic kidney disease. Indeed, during
the time period between the opening of this Special Issue and its closing last year, several
gliflozins were approved by the FDA for heart failure treatment with or without concomi-
tant diabetes. In light of this background, this Special Issue of the International Journal
of Molecular Sciences focused on studies that explore the biological and pharmacological
effects of SGLT2i’s in human physiology and disease.

A few reviews published in this Special Issue focused on the already documented
beneficial effects of SGLT2 inhibitors beyond glycemic control and diabetes mellitus. We
provided a review with a research hypothesis on the sympatholytic effects of these drugs, as
exemplified by dapagliflozin, as well as on the potential underlying molecular mechanisms
for these effects [1]. We postulated that dapagliflozin downregulates adrenal G protein-
coupled receptor kinase-2 (GRK2) and tyrosine hydroxylase (TH), both of which lead to
reduced catecholamine synthesis and secretion from the chromaffin cells of the adrenal
medulla [1]. At the same time, dapagliflozin stimulates the production of ketone bodies in
the myocardium, such as beta-hydroxybutyrate, which can block the free fatty acid receptor
type 3 (FFAR3), also known as G protein-coupled receptor-41 (GPR41), a receptor known to
stimulate norepinephrine release from sympathetic neurons [2]. Thus, SGLT2 inhibitors
may reduce sympathetic nervous system activity via both adrenal and cardiac sympathetic
neuronal mechanisms. Another review explored the clinical evidence pertaining to SGLT2
inhibitors as well as the mechanisms underlying their kidney-protective effects [3]. SGLT2
inhibitors have been found to protect against kidney injury via glycemic control indepen-
dently of blood glucose regulation, e.g., blood pressure lowering, hemodynamic correction,
protection from lipotoxicity, and uricemic control [3]. Indeed, SGLT2 inhibitors are fast
becoming part of the cornerstone pharmacotherapy of diabetic kidney disease.

In a detailed review, Trum et al. focused on the effects of SGLT2 inhibitors in heart
failure with preserved ejection fraction (HFpEF) patients [4]. SGLT2 inhibitors may soon
become the first class of approved drug to improve cardiovascular outcomes in this heart
failure subpopulation. The proposed mechanisms for their benefits in HFpEF include
metabolic and hemodynamic effects, as well as effects on inflammation, neurohumoral
activation, and intracellular ion homeostasis [4,5]. Importantly, SGLT2 appears to be
absent from the human adult myocardium; therefore, exactly how SGLT2 inhibitors di-
rectly benefit the myocardium remains a molecular mystery. The review focused on the
growing body of evidence for SGLT2 inhibitors that affect cardiac intracellular Na+ as a
molecular mechanism, i.e., an SGLT2-independent mechanism [4,5]. The authors provided
an overview of physiological cardiomyocyte Na+ handling and its deterioration in heart

Int. J. Mol. Sci. 2023, 24, 6873. https://doi.org/10.3390/ijms24086873 https://www.mdpi.com/journal/ijms

https://doi.org/10.3390/ijms24086873
https://doi.org/10.3390/ijms24086873
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0001-9817-6319
https://doi.org/10.3390/ijms24086873
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms24086873?type=check_update&version=2


Int. J. Mol. Sci. 2023, 24, 6873 2 of 4

failure, and then proceeded to describe the salutary effects of the gliflozins on Na+ home-
ostasis by influencing sodium/proton exchanger (NHE)-1 activity, late sodium currents,
and calcium/calmodulin-dependent kinase II (CaMKII) activity [4]. Given the aforemen-
tioned controversy surrounding the absence of myocardial SGLT2, Sayour et al. reviewed
the effects of dual SGLT1/2 inhibitors, such as sotagliflozin, and explored the additional
benefits afforded by SGLT1 inhibition [6]. In addition, the authors elegantly demonstrated
the clinical significance of myocardial SGLT1 inhibition and how this blockade might factor
into the clinical benefits of SGLT2 inhibitors [6].

Finally, a couple of reviews included in the Special Issue discussed the vascular effects
of SGLT2 inhibitors [7] and their safety from a pharmacogenetic standpoint [8]. Regarding
the vascular benefits and mechanisms of SGLT2 inhibitors, these drugs enhance the bioavail-
ability of endothelium-derived nitric oxide, restoring endothelium-dependent vasodilation
in diabetes [7]. In addition, SGLT2 inhibitors favorably regulate the proliferation, migration,
differentiation, survival, and senescence of vascular endothelial cells [7]. Moreover, they
exert potent antioxidant and anti-inflammatory effects in the vessel wall endothelium [7].
SGLT2 inhibitors can even inhibit vascular smooth muscle contraction and cell proliferation,
thereby exerting protective effects against post-angioplasty restenosis, maladaptive vas-
cular remodeling (underlying pulmonary arterial hypertension—PAH), abdominal aortic
aneurysm development, and diabetes-associated arterial stiffness [7].

The Special Issue also features a few interesting and original research articles on novel
effects of SGLT2 inhibitors in renal tubular and vascular endothelial cells. Shirakawa and
Sano investigated the molecular mechanisms of SGLT2 inhibitors’ renoprotective effects
by examining the transcriptional activity of osteopontin, a key mediator of renal and
cardiac fibrosis [9,10]. They found that high-glucose conditions increased SGLT2- and
GLUT-mediated glucose uptake, leading to the formation of elevated mitochondrial reac-
tive oxygen species (ROS) and transcriptional activation of osteopontin [9]. Importantly,
canagliflozin blocked the overexpression of myoinositol oxygenase and prevented aberrant
glycolytic metabolism, as well as mitochondrial ROS formation in proximal tubular cells on
high glucose [9]. Empagliflozin, on the other hand, was shown by Pirkbauer et al. to atten-
uate the expression of several pro-inflammatory response genes in normoglycemic human
proximal tubular cells treated with interleukin-1β (IL-1β) [11]. Upon a comprehensive tran-
scriptomic analysis, these authors were able to identify novel genes, such as CXCL8/IL8,
LOX, NOV, PTX3, and SGK1, that may be causally involved in glycemia-independent
nephroprotection by SGLT2 inhibitors such as empagliflozin [11]. Additional mechanis-
tic evidence for the renoprotective effect of empagliflozin was provided by Huang et al.,
who showed that empagliflozin attenuated high-fat diet (HFD)-induced body weight
gain, insulin resistance, and inflammation in mice via the downregulation of renal tubular
CD36, a class B scavenger receptor that mediates free fatty acid (FFA) uptake in renal
proximal tubular cells. CD36 was upregulated in the tubular area of the kidney, whereas
empagliflozin attenuated CD36 expression [12]. The authors went on to show that em-
pagliflozin induces CD36 downregulation via peroxisome proliferator-activated receptor
(PPAR)-γ modulation [12]. Thus, empagliflozin can ameliorate FFA-induced renal tubular
injury via the PPARγ/CD36 pathway [12] (Figure 1). Nevertheless, an interesting and
provocative study by Zhang et al. suggested that blood glucose levels per se do not al-
ter glucose influx or efflux kinetics in renal proximal tubules since the SGLT2 inhibitor
luseogliflozin was not found to exert significant effects on glucose influx parameters under
any level of blood glucose concentration [13]. The authors speculated that this was because
glucose influx occurs through basolateral GLUT2, which is not a direct target of SGLT2
inhibitors [13].



Int. J. Mol. Sci. 2023, 24, 6873 3 of 4

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW  4 of 5 

 

 

 

 

 

 

 

 

 

 

Figure 1: Protective effects of SGLT2 inhibitors in renal cells (left), vascular (coronary and aortic) endothelial 

cells (middle), and ventricular myocytes (right), reported in this special issue [12, 14-16]. See text for details. 

EMPA: Empagliflozin; DAPA: Dapagliflozin; CANA: Canagliflozin; ACh: Acetylcholine.   
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Figure 1. Protective effects of SGLT2 inhibitors in renal cells (left), vascular (coronary and aortic) en-
dothelial cells (middle), and ventricular myocytes (right), as reported in this Special Issue [12,14–16].
See text for details. EMPA: Empagliflozin; DAPA: Dapagliflozin; CANA: Canagliflozin; ACh: Acetylcholine.

Apart from the kidney, the effects of SGLT2 inhibitors in cardiovascular cell types
were also examined in a few other studies. Li et al. examined the effects of three SGLT2
inhibitors—empagliflozin, dapagliflozin, and canagliflozin—on anti-oxidative protection
and cyclic stretch-induced endothelial permeability in human coronary artery endothe-
lial cells (HCAECs) [14]. All three drugs improved the barrier dysfunction of HCAECs
under enhanced stretch via the scavenging of ROS [14] (Figure 1). In addition, the anti-
oxidant actions of the three SGLT2 inhibitors were partly mediated by the inhibition of
NHE1 and various isoforms of nicotinamide adenine dinucleotide phosphate oxidase
(NOX) [14]. Canagliflozin was also found to ameliorate maximal vasorelaxation to acetyl-
choline in ischemia/reperfusion (IR)-subjected rat aortic rings [15] (Figure 1). Mechanisti-
cally, canagliflozin significantly reduced IL-1α and IL-6 mRNA expressions. Both genes
were upregulated by IR, downregulating NoxO1 gene expressions, decreasing intercellular
adhesion molecule (ICAM)-1 and nitrotyrosine levels, and increasing platelet and endothe-
lial cell adhesion molecule (PECAM)-1 immuno-reactivity [15]. Thus, canagliflozin (and
potentially other SGLT2 inhibitors) alleviates endothelial dysfunction following IR injury.
Finally, the anti-arrhythmic potential of empagliflozin in murine ventricular tissue was
examined by Jhuo et al. [16]. Compared with HFD-fed mice, empagliflozin significantly
shortened the QT interval and effective refractory period (ERP) of the left ventricle [16].
Empagliflozin also attenuated connexin (Cx)-40 and Cx43 downregulation induced by HFD,
an effect not shared by the oral hypoglycemic agent glibenclamide. Importantly, reduced
the number of fibrotic areas of the HFD-fed murine ventricles [16] (Figure 1). Therefore, em-
pagliflozin may protect against ventricular arrhythmias induced by a high-fat diet. Given
that empagliflozin has the highest specificity for SGLT2 among the FDA-approved SGLT2
inhibitor drugs, it will be intriguing to see in future studies whether the anti-arrhythmic
effect of empagliflozin is shared by other SGLT2 inhibitors.

Conflicts of Interest: The author declares no conflict of interest.



Int. J. Mol. Sci. 2023, 24, 6873 4 of 4

References
1. Lymperopoulos, A.; Borges, J.I.; Cora, N.; Sizova, A. Sympatholytic Mechanisms for the Beneficial Cardiovascular Effects of

SGLT2 Inhibitors: A Research Hypothesis for Dapagliflozin’s Effects in the Adrenal Gland. Int. J. Mol. Sci. 2021, 22, 7684.
[CrossRef] [PubMed]

2. Kimura, I.; Inoue, D.; Maeda, T.; Hara, T.; Ichimura, A.; Miyauchi, S.; Kobayashi, M.; Hirasawa, A.; Tsujimoto, G. Short-chain fatty
acids and ketones directly regulate sympathetic nervous system via G protein-coupled receptor 41 (GPR41). Proc. Natl. Acad. Sci.
USA 2011, 108, 8030–8035. [CrossRef] [PubMed]

3. Takata, T.; Isomoto, H. Pleiotropic Effects of Sodium-Glucose Cotransporter-2 Inhibitors: Renoprotective Mechanisms beyond
Glycemic Control. Int. J. Mol. Sci. 2021, 22, 4374. [CrossRef] [PubMed]

4. 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] [PubMed]

5. Packer, M. Critical Reanalysis of the Mechanisms Underlying the Cardiorenal Benefits of SGLT2 Inhibitors and Reaffirmation of
the Nutrient Deprivation Signaling/Autophagy Hypothesis. Circulation 2022, 146, 1383–1405. [CrossRef] [PubMed]

6. Sayour, A.A.; Ruppert, M.; Oláh, A.; Benke, K.; Barta, B.A.; Zsáry, E.; Merkely, B.; Radovits, T. Effects of SGLT2 Inhibitors beyond
Glycemic Control—Focus on Myocardial SGLT1. Int. J. Mol. Sci. 2021, 22, 9852. [CrossRef] [PubMed]

7. Durante, W.; Behnammanesh, G.; Peyton, K.J. Effects of Sodium-Glucose Co-Transporter 2 Inhibitors on Vascular Cell Function
and Arterial Remodeling. Int. J. Mol. Sci. 2021, 22, 8786. [CrossRef] [PubMed]

8. Klen, J.; Dolžan, V. Treatment Response to SGLT2 Inhibitors: From Clinical Characteristics to Genetic Variations. Int. J. Mol. Sci.
2021, 22, 9800. [CrossRef] [PubMed]

9. Shirakawa, K.; Sano, M. Sodium-Glucose Co-Transporter 2 Inhibitors Correct Metabolic Maladaptation of Proximal Tubular
Epithelial Cells in High-Glucose Conditions. Int. J. Mol. Sci. 2020, 21, 7676. [CrossRef]

10. Pollard, C.M.; Desimine, V.L.; Wertz, S.L.; Perez, A.; Parker, B.M.; Maning, J.; McCrink, K.A.; Shehadeh, L.A.; Lymperopoulos, A.
Deletion of Osteopontin Enhances β2-Adrenergic Receptor-Dependent Anti-Fibrotic Signaling in Cardiomyocytes. Int. J. Mol. Sci.
2019, 20, 1396. [CrossRef] [PubMed]

11. Pirklbauer, M.; Sallaberger, S.; Staudinger, P.; Corazza, U.; Leierer, J.; Mayer, G.; Schramek, H. Empagliflozin Inhibits IL-1β-
Mediated Inflammatory Response in Human Proximal Tubular Cells. Int. J. Mol. Sci. 2021, 22, 5089. [CrossRef]

12. Huang, C.-C.; Chou, C.-A.; Chen, W.-Y.; Yang, J.-L.; Lee, W.-C.; Chen, J.-B.; Lee, C.-T.; Li, L.-C. Empagliflozin Ameliorates Free
Fatty Acid Induced-Lipotoxicity in Renal Proximal Tubular Cells via the PPARγ/CD36 Pathway in Obese Mice. Int. J. Mol. Sci.
2021, 22, 12408. [CrossRef] [PubMed]

13. Zhang, A.; Nakano, D.; Kittikulsuth, W.; Yamashita, Y.; Nishiyama, A. Luseogliflozin, a SGLT2 Inhibitor, Does Not Affect Glucose
Uptake Kinetics in Renal Proximal Tubules of Live Mice. Int. J. Mol. Sci. 2021, 22, 8169. [CrossRef] [PubMed]

14. Li, X.; Römer, G.; Kerindongo, R.P.; Hermanides, J.; Albrecht, M.; Hollmann, M.W.; Zuurbier, C.J.; Preckel, B.; Weber, N.C. Sodium
Glucose Co-Transporter 2 Inhibitors Ameliorate Endothelium Barrier Dysfunction Induced by Cyclic Stretch through Inhibition
of Reactive Oxygen Species. Int. J. Mol. Sci. 2021, 22, 6044. [CrossRef] [PubMed]

15. Korkmaz-Icöz, S.; Kocer, C.; Sayour, A.A.; Kraft, P.; Benker, M.I.; Abulizi, S.; Georgevici, A.-I.; Brlecic, P.; Radovits, T.;
Loganathan, S.; et al. The Sodium-Glucose Cotransporter-2 Inhibitor Canagliflozin Alleviates Endothelial Dysfunction Fol-
lowing In Vitro Vascular Ischemia/Reperfusion Injury in Rats. Int. J. Mol. Sci. 2021, 22, 7774. [CrossRef] [PubMed]

16. Jhuo, S.-J.; Liu, I.-H.; Tasi, W.-C.; Chou, T.-W.; Lin, Y.-H.; Wu, B.-N.; Lee, K.-T.; Lai, W.-T. Characteristics of Ventricular
Electrophysiological Substrates in Metabolic Mice Treated with Empagliflozin. Int. J. Mol. Sci. 2021, 22, 6105. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.3390/ijms22147684
http://www.ncbi.nlm.nih.gov/pubmed/34299304
http://doi.org/10.1073/pnas.1016088108
http://www.ncbi.nlm.nih.gov/pubmed/21518883
http://doi.org/10.3390/ijms22094374
http://www.ncbi.nlm.nih.gov/pubmed/33922132
http://doi.org/10.3390/ijms22157976
http://www.ncbi.nlm.nih.gov/pubmed/34360742
http://doi.org/10.1161/CIRCULATIONAHA.122.061732
http://www.ncbi.nlm.nih.gov/pubmed/36315602
http://doi.org/10.3390/ijms22189852
http://www.ncbi.nlm.nih.gov/pubmed/34576016
http://doi.org/10.3390/ijms22168786
http://www.ncbi.nlm.nih.gov/pubmed/34445519
http://doi.org/10.3390/ijms22189800
http://www.ncbi.nlm.nih.gov/pubmed/34575958
http://doi.org/10.3390/ijms21207676
http://doi.org/10.3390/ijms20061396
http://www.ncbi.nlm.nih.gov/pubmed/30897705
http://doi.org/10.3390/ijms22105089
http://doi.org/10.3390/ijms222212408
http://www.ncbi.nlm.nih.gov/pubmed/34830289
http://doi.org/10.3390/ijms22158169
http://www.ncbi.nlm.nih.gov/pubmed/34360935
http://doi.org/10.3390/ijms22116044
http://www.ncbi.nlm.nih.gov/pubmed/34205045
http://doi.org/10.3390/ijms22157774
http://www.ncbi.nlm.nih.gov/pubmed/34360539
http://doi.org/10.3390/ijms22116105
http://www.ncbi.nlm.nih.gov/pubmed/34198942

	References

