S International Journal of
Molecular Sciences

Review

Effects of Sodium-Glucose Co-Transporter 2 Inhibitors on
Vascular Cell Function and Arterial Remodeling

William Durante *'/, Ghazaleh Behnammanesh and Kelly J. Peyton

check for

updates
Citation: Durante, W.;
Behnammanesh, G.; Peyton, K.J.
Effects of Sodium-Glucose
Co-Transporter 2 Inhibitors on
Vascular Cell Function and Arterial
Remodeling. Int. ]. Mol. Sci. 2021, 22,
8786. https://doi.org/10.3390/
ijms22168786

Academic Editor:

Anastasios Lymperopoulos

Received: 23 July 2021
Accepted: 11 August 2021
Published: 16 August 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Medical Pharmacology and Physiology, University of Missouri, Columbia, MO 65212, USA;
gb3nc@mail. missouri.edu (G.B.); durantek@health.missouri.edu (K.J.P.)
* Correspondence: durantew@health.missouri.edu

Abstract: Cardiovascular disease is the leading cause of morbidity and mortality in diabetes. Recent
clinical studies indicate that sodium-glucose co-transporter 2 (SGLT2) inhibitors improve cardiovas-
cular outcomes in patients with diabetes. The mechanism underlying the beneficial effect of SGLT2
inhibitors is not completely clear but may involve direct actions on vascular cells. SGLT2 inhibitors
increase the bioavailability of endothelium-derived nitric oxide and thereby restore endothelium-
dependent vasodilation in diabetes. In addition, SGLT2 inhibitors favorably regulate the proliferation,
migration, differentiation, survival, and senescence of endothelial cells (ECs). Moreover, they exert
potent antioxidant and anti-inflammatory effects in ECs. SGLT2 inhibitors also inhibit the contraction
of vascular smooth muscle cells and block the proliferation and migration of these cells. Further-
more, studies demonstrate that SGLT2 inhibitors prevent postangioplasty restenosis, maladaptive
remodeling of the vasculature in pulmonary arterial hypertension, the formation of abdominal aortic
aneurysms, and the acceleration of arterial stiffness in diabetes. However, the role of SGLT2 in
mediating the vascular actions of these drugs remains to be established as important off-target effects
of SGLT?2 inhibitors have been identified. Future studies distinguishing drug- versus class-specific
effects may optimize the selection of specific SGLT2 inhibitors in patients with distinct cardiovascular
pathologies.

Keywords: sodium-glucose co-transporter 2 inhibitors; diabetes; endothelial dysfunction; cardiovas-
cular disease; neointima formation; arterial stiffness

1. Introduction

Diabetes mellitus is a metabolic disease that occurs due to a deficiency of insulin
production and/or action, which is characterized by a state of chronic hyperglycemia [1].
The prevalence of diabetes, especially type 2 diabetes mellitus (T2DM), is rising rapidly in
most regions of the world and represents a major global cause of premature mortality [2,3].
Cardiovascular disease is the principle driver of mortality and morbidity in diabetes. Pa-
tients with diabetes have a two- to four-fold increased rate of death due to vascular disease,
resulting in a decidedly shortened life span [4-6]. Diabetes is strongly associated with the
development of both microvascular, including retinopathy, nephropathy, neuropathy, and
macrovascular complications, such as ischemic heart disease, peripheral vascular disease,
and cerebrovascular disease, that results in organ and tissue damage in approximately
one-third to one-half of individuals [7-9]. Atherosclerosis is a major contributor to the
macrovascular manifestations of the disease. Patients with diabetes develop atherosclerosis
at a younger age, with greater severity, and with a wider distribution relative to patients
without the disease [7]. Furthermore, diabetic patients exhibit greater rates of restenosis fol-
lowing percutaneous coronary revascularization and stenting [10-12]. Besides its adverse
effect on the length and the quality of life, the growing diabetes pandemic threatens to
inflict an economically costly demand on health services, further highlighting the need to
develop new therapies to manage the vascular complications triggered by this disease [13].
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While the etiology of vascular disease in diabetes is complex and multidimensional,
defects in endothelial cell (EC) and vascular smooth muscle cell (VSMC) function play an
essential role. The endothelium lines the intimal surface of blood vessels and serves as
a critical modulator of vascular function and structure. It dynamically controls vascular
permeability and tone, inflammation, vessel wall morphology and composition, and throm-
bosis by generating a myriad of mediators, of which nitric oxide (NO) plays a primary
role [14-16]. The release of NO by endothelial NO synthase (eNOS) executes a vital task in
safeguarding vascular health. It modulates blood pressure and blood flow by inhibiting
vascular tone. NO also elicits antithrombotic and anti-inflammatory effects by hindering
the aggregation and adhesion of platelets and the recruitment, infiltration, and activation
of leukocytes within the vessel wall. Furthermore, NO blocks VSMC proliferation and
migration as well as oxidative phosphorylation. Disruption of NO synthesis results in the
dysfunction of ECs and the loss of their homeostatic function, leading to EC apoptosis,
enhanced endothelial permeability, impaired endothelium-dependent vasodilation, EC
activation, inflammation, thrombosis, and neointima formation, which together aids in the
development of vascular disease. Endothelial malfunction, as measured by depressed NO
levels and endothelium-dependent vasodilation, is a characteristic feature of diabetes that
has been detected in both humans and animals [17-21]. In addition, diminished prolifera-
tion and migration of ECs is frequently observed in diabetes, and this may contribute to the
muted angiogenic response noted in many diabetic tissues [22-24]. Interestingly, several
of the metabolic abnormalities observed in T2DM, including hyperglycemia, excess free
fatty acid liberation, and insulin resistance, contribute to EC dysfunction by influencing
the synthesis and/or degradation of NO [25]. A number of downstream effector molecules
have been identified that negatively impact the bioavailability of NO in diabetes, including
oxidative stress, inflammatory mediators, reduced sensitivity of the phosphatidylinositol-3
kinase (PI3K)/Akt pathway that activates eNOS, and accelerated formation of advanced
glycation end products (AGEs) [26]. AGEs are protein and lipids that are glycated as a
result of exposure to sugars. AGEs interact with the receptor for AGEs (RAGE) stimulating
ROS production and the sustained activation of the pro-inflammatory transcription factor
nuclear factor-«kB (NF-«B) that drives inflammation in diabetes mellitus.

VSMC dysfunction also contributes to vascular pathologies in diabetes. VSMCs are
highly differentiated cells found within the medial layer of blood vessels [27]. They play
a critical role in regulating blood pressure and blood distribution, as well as maintain-
ing the structural integrity of the blood vessel. VSMCs express a unique constellation
of proteins that are required for their contractile function. However, VSMCs possess re-
markable plasticity and readily shift from a differentiated, quiescent, contractile phenotype
to a synthetic phenotype that is characterized by the loss of their contractile proteins
and increases in extracellular matrix synthesis, and elevated rates of proliferation and
migration in response to various stimuli and environmental cues [28]. This phenotypic
switching allows VSMCs to participate in vascular remodeling leading to the repair of
injured blood vessels, but if not properly controlled it can promote the development of
occlusive vascular disease such as postangioplasty restenosis, atherosclerosis, pulmonary
arterial hypertension, and aneurysm formation [29-32]. Notably, VSMC proliferation and
migration is augmented in diabetes facilitating the development of intimal lesions [33], and
as a result diabetic patients account for a significant proportion of all peripheral vascular
and coronary revascularization procedures [34,35].

Sodium-glucose cotransporter 2 (SGLT2) inhibitors are the newest class of glucose-
lowering agents [36]. These drugs act by inhibiting glucose reabsorption in the proximal
tubule of the kidney leading to glycosuria and decreases in both fasting and postpran-
dial glycemia in patients with T2DM. A large number of these compounds have been
developed and four have been approved for use by the Food and Drug Administra-
tion and the European Medicines Agency (canagliflozin, dapagliflozin, empagliflozin,
and ertugloflozin), while others have been licensed in Japan and India (ipragliflozin,
luseogliflozin, tofogliflozin, and remogliflozin). A number of large clinical trials have



Int. J. Mol. Sci. 2021, 22, 8786

30f19

convincingly demonstrated that SGLT2 inhibitors improve cardiovascular outcomes in
T2DM patients, including a reduced risk of cardiovascular death and hospitalization for
heart failure [37-40]. These trials led to the current international recommendation that pa-
tients with T2DM and cardiovascular disease should receive a SGLT2 inhibitor along with
metformin regardless of baseline or personalized glycosylated hemoglobin (HbA¢) levels.
Intriguingly, the reduction of adverse cardiovascular events occurs rapidly following the
start of therapy, suggesting that mechanisms other than improvements in hyperglycemia
are responsible for this effect as glycemic control requires years to have a measureable
impact [41,42]. Consistent with this notion, post hoc analysis of clinical trials indicates that
baseline HbA ¢ or reductions in HbA;c are not associated with any treatment benefit with
SGLT2 inhibitors [37-40]. Moreover, dapagliflozin was recently shown to be efficacious
even in patients without diabetes [43], providing further proof that the salutary action of
SGLT?2 inhibitors extend beyond its anti-glycemic action.

Numerous hypotheses have been proposed to explain the cardiovascular benefits
of SGLT2 inhibitors, including reductions in body mass, adipose tissue, blood pressure,
plasma uric acid levels, plasma volume and inflammation, improvements in renal function
and lipid profile, liver steatosis, cardiac structure, increases in natriuresis and hematocrit,
and alterations in energy metabolism [44—46]. In addition, the ability of SGLT2 inhibitors
to prevent atherosclerosis has been speculated to contribute to the cardioprotective ac-
tion of these drugs, and this topic has been the subject of a number of excellent recent
reviews [47-49]. In this focused review, we discuss the effects of SGLT2 inhibitors on
endothelial NO synthesis, vascular cell function, and arterial remodeling, and propose
that the direct actions of SGLT2 inhibitors on ECs and VSMCs contribute to their favorable
effects on the cardiovascular system.

2. Effect of SGLT2 Inhibitors on Endothelium-Dependent Vasodilation

The impact of SGLT?2 inhibitors on EC function has been investigated in numerous
clinical studies. Administration of empagliflozin for 6 months significantly improves EC
function, as assessed by flow-mediated dilation (FMD), in T2DM patients with established
coronary artery disease [50]. Multiple regression analysis indicates that the change in
plasma triglyceride levels is the strongest predictive factor for the improvement in FMD.
In addition, 12 weeks of empagliflozin treatment improves EC function in patients with
type 1 diabetic mellitus (T1DM) [51]. Another, small exploratory study found that em-
pagliflozin markedly elevates brachial artery shear stress and FMD in T2DM, and suggests
that empagliflozin-mediated increases in wall shear stress, secondary to a rise in hematocrit
and blood viscosity, stimulates the release of NO which underlies the beneficial effects of
the drug on EC function [52]. However, a recently published multicenter, randomized,
placebo-controlled, double-blind trial found that 24 weeks of empagliflozin treatment of
T2DM patients is not associated with an improvement in endothelial function, as measured
by reactive hyperemia peripheral tonometry [53]. Both canagliflozin and tofogliflozin have
been demonstrated to improve EC function in T2DM patients with heart failure [54,55].
The enhancement in EC function by canagliflozin is immediate and consistently observed
throughout a 12-month follow-up period. Dapagliflozin add-on therapy to metformin for
16 weeks also increases brachial artery FMD in patients with inadequately controlled early-
stage T2DM [56]. The improvement in FMD likely involves a reduction of oxidative stress,
as demonstrated by the decline in urinary 8-hydroxy-2’-deoxyguanosine. Dapagliflozin
also augments peripheral microvascular endothelial function in patients with poorly con-
trolled T2DM that corresponds to reductions in patient’s blood pressure and abdominal
fat mass [57]. Furthermore, an active-controlled trial found that dapagliflozin corrects
endothelial dysfunction in T2DM patients with atherosclerotic disease [58]. In contrast, a
prospective, randomized, blinded end point study showed that dapagliflozin preserves
renal artery vasodilating capacity in T2DM patients with hypertension, but it fails to modify
FMD [59]. Thus, many, but not all, clinical studies support a role for SGLT2 inhibitors
in alleviating endothelial dysfunction in diabetes. Variances between the studies may
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reflect differences in dose and duration of SGLT2 inhibitor treatment, patient populations,
background medications, use of different techniques to measure EC function, and potential
off-target effects of specific SGLT2 inhibitors, among other factors.

Preclinical studies have consistently documented a salutary effect of SGLT2 inhibitors
on NO bioavailability and EC function. An early report found that empagliflozin improves
eNOS phosphorylation (activation) and endothelium-dependent vasodilation in strepto-
zotocin (STZ)-induced T1DM rats by interfering with oxidative stress and AGE-RAGE
signaling [60]. Treatment with empagliflozin also restores eNOS phosphorylation and
EC function while limiting AGE expression and nitrosative stress in the db/db mouse
model of T2DM [61]. These beneficial effects occurred independent of any changes in
blood pressure and body weight. Similarly, empagliflozin improves coronary microvas-
cular function as reflected by the increase in coronary flow velocity reserve in obese, pre-
diabetic ob/ob mice [62]. Interestingly, empagliflozin elevates the arginine/asymmetric
dimethylarginine ratio in these animals, which would provide additional substrate to
drive eNOS-mediated NO production. Furthermore, empagliflozin-mediated improve-
ments in endothelium-dependent vasodilation have been noted in a co-morbid rheumatoid
arthritis/T2DM rat model, Zucker diabetic fatty rats, metabolic syndrome ZSF1 rats, and
in STZ-treated apolipoprotein-E (apoE)-deficient mice [63—-66]. Amelioration of EC dys-
function in these studies is associated with increases in vascular eNOS activity, eNOS
and AMP-activated kinase (AMPK) expression, and decreases in systolic blood pressure,
vasoconstrictor eicosanoids, angiotensin-II, endothelin-1, P-selectin, vascular cell adhesion
protein-1 (VCAM-1), and AGE-RAGE signaling. In addition, dapagliflozin administration
improves endothelial function and significantly reduces vascular adhesion molecule ex-
pression and NF-«B activation, and macrophage vessel wall infiltration in apoE-null mice
fed a high fat diet, and attenuates endothelial dysfunction in diabetic db/db mice [67,68].
The SGLT2 inhibitor ipragliflozin also restores eNOS activity and endothelium-dependent
vasorelaxation in STZ-induced diabetic mice [69]. Therefore, a preponderance of evidence
supports a role for SGLT2 inhibitors in preserving NO bioavailability and endothelial
function in diabetes by influencing the activity or expression of numerous molecules that
impact eNOS, oxidative stress, inflammation, vascular reactivity, and blood pressure.

3. Effect of SGLT2 Inhibitors on EC Function
3.1. SGLT2 Inhibitors Increase NO Bioavailability

SGLT?2 inhibitors exert significant direct effects on ECs. In an early study, the natural
occurring SGLT2 inhibitor phlorozin was found to restore NO synthesis in human umbil-
ical vein ECs (HUVEC) treated with palmitic acid [70]. The amelioration of endothelial
dysfunction is dependent on the activation of the PI3K/Akt/eNOS signaling pathway,
but how phlorozin stimulates PI3K to elevate NO levels is not known. Similarly, em-
pagliflozin and dapagliflozin prevents the tumor necrosis factor-alpha (TNFa)-mediated
loss of NO bioavailability in human coronary artery ECs [71]. However, in this case, the
SGLT2 inhibitors have no effect on eNOS expression, activity, or localization, but they
abolish the rise in intracellular reactive oxygen species (ROS) evoked by TNF«, suggesting
that SGLT2 inhibitors elevate NO levels by interfering with the scavenging of NO by
ROS. Using a co-culture system of human cardiac microvascular ECs (CMECs) and rat
ventricular myocytes, Juni et al. [72] demonstrated that CMECs positively affect cardiac
function, principally through the release of endothelium-derived NO. Furthermore, they
showed that exposure to uremic serum mitigates the endothelium-mediated improvements
in cardiomyocyte contractility, and that empagliflozin counters the detrimental action of
uremic serum on CMECs. Mechanistically, uremic serum stimulates the production of
mitochondrial ROS that accumulate in the cytoplasm and limit the bioavailability of NO. By
blocking the generation of mitochondrial oxidants, empagliflozin retards the scavenging
of NO, independent of any changes in eNOS expression or activity. Similar beneficial
effects by empagliflozin are noted when CMECs are incubated in the presence of TNFx
and interleukin-1f (IL-1p) [73]. Murine aortic rings cultured in hyperglycemic conditions
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display severely blunted endothelial NO-dependent vasodilation that is dependent on
ROS production and corrected by empagliflozin [74]. The effect of empagliflozin appears
class-specific as it is reproduced by dapagliflozin, and canagliflozin. Despite the restoration
of NO and ROS levels, empagliflozin does not attenuate the TNFa-induced upregulation
of adhesion molecules and EC barrier permeability [71]. Interestingly, a recent report found
that empagliflozin, dapagliflozin, and canagliflozin ameliorate EC barrier dysfunction
evoked by cyclic stretch through inhibition of ROS production, likely via blockade of the
sodium-hydrogen exchanger 1 (NHE1) and NADPH oxidases (NOXs) [75]. Thus, the
ability of SGLT2 inhibitors to prevent EC barrier dysfunction may be stimulus-dependent.

3.2. SGLT2 Inhibitors Block EC Inflammation

SGLT?2 inhibitors also elicits direct anti-inflammatory effects on ECs. In particular,
incubation of cultured human ECs with clinically relevant concentrations of canagliflozin
inhibits the IL-1p3-stimulated adhesion of pro-monocytic U937 cells and the expression
and secretion of interleukin-6 (IL-6) and monocyte chemoattractant protein-1 (MCP-1),
whereas therapeutic levels of empagliflozin or dapagliflozin have no effect [76]. The
anti-inflammatory effects of canagliflozin are not associated with any change in NF-«B
signaling or adhesion receptor expression, but are paralleled by an increase in AMPK
activity. Moreover, expression of a dominant-negative mutant of AMPK attenuates the
inhibition of MCP-1 expression by canagliflozin, while the direct AMPK activator A769662
mimics the actions of canagliflozin, indicating that AMPK plays a fundamental role in
mediating the anti-inflammatory actions of canagliflozin. In addition, canagliflozin blocks
the release of IL-6 by lipopolysaccharide-stimulated ECs [77]. This anti-inflammatory effect
of canagliflozin involves activation of AMPK activity and reduced hexokinase II expression.
Administration of dapagliflozin also suppresses the hyperglycemia-mediated increase in
intercellular adhesion molecule-1 (ICAM-1) expression, while empagliflozin decreases the
adhesion of human mononuclear leukocytes to human ECs as well as the production of the
chemokine C-C motif ligand 2 and 5 by angiotensin II [67,78]. Therefore, SGLT2 inhibitors
afford protection against multiple inflammatory stimuli.

3.3. SGLT2 Inhibitors Preserve the EC Glycocalyx

SGLT2 inhibitors may also limit inflammation by preserving the structural integrity
of the endothelial glycocalyx. The glycocalyx is a mesh of proteoglycans, glycosamines,
and glycolipids that lines the luminal surface of the endothelium. It serves as a barrier that
protects the vessel wall from circulating inflammatory cells, limits vascular permeability,
and acts as a sensor of mechanical forces, such as shear stress. Notably, the endothelial
glycocalyx senses biomechanical stimuli triggering a host of intracellular events that lead
to changes in endothelial morphology, the activation of eNOS, and release of NO [79].
Degradation of the glycocalyx by heparanase III abolishes mechanoactivation-induced
NO synthesis by ECs and flow-induced vasodilation of resistance arteries. Acute and
long-term hyperglycemia results in the degradation of the glycocalyx, leading to increases
in vascular permeability, impaired mechanotransduction, and endothelial dysfunction in
both diabetic patients and mice [80-82]. Interestingly, empagliflozin is able to restore the
glycocalyx of heparinase IlI-treated human abdominal ECs by attenuating the degradation
of heparin sulfate and possibly by re-establishing the heparin sulfate moiety [83]. Impor-
tantly, empagliflozin rescues the cellular elongation response to fluid flow in heparinase
III-conditioned ECs and also blunts the interaction between ECs and neutrophil-like NB4
cells. Collectively, these findings indicate that empagliflozin reinstates mechanotrans-
duction and the anti-inflammatory phenotype in ECs by maintaining the glycocalyx. In
addition, a recent clinical study reported that 12-month treatment of T2DM patients with
glucagon-like peptide-1 receptor agonists and SGLT2 inhibitors results in a significantly
thicker endothelial glycocalyx than that seen in patients treated with insulin [84]. Moreover,
the increase in glycocalyx thickeness by dual therapy correlates with improved arterial
function, highlighting the potential importance of targeting the glycocalyx in diabetes.
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3.4. SGLT?2 Inhibitors Regulate Vascular Repair and Angiogenesis

More recently, we discovered that SGLT2 inhibitors block the angiogenic response
of human and murine ECs [85]. Treatment of HUVECs with clinically relevant concen-
trations of canagliflozin inhibits cell proliferation, while supra-pharmacological levels of
empagliflozin and dapagliflozin are needed to block EC growth. Canagliflozin curbs the
growth of human and mouse aortic ECs in a concentration-dependent fashion, but the
degree of inhibition is greater in human relative to mouse cells, indicating that human cells
are more sensitive to the anti-proliferative action of canagliflozin. These results are in con-
trast with other reports showing that canagliflozin has no effect on EC proliferation [76,86].
Discrepancies between these studies may reflect differences in treatment duration, where
the utilization of longer duration experiments may better detect the anti-proliferative na-
ture of canagliflozin and more accurately mimic the chronic administration of the drug in
human patients. The blockade of EC growth by canagliflozin occurs in the absence of cell
death and is associated with a reduction in DNA synthesis, the arrest of ECs in the Gy /Gy
phase of the cell cycle, and a profound decline in cyclin A expression. Although SGLT2
is expressed in HUVEC [76,85], it is unlikely to mediate the anti-proliferative action of
canagliflozin, since similar effects would have been noted with pharmacologically relevant
concentrations of empagliflozin or dapagliflozin. Instead, we found that restoration of
cyclin A levels rescues the proliferative response of canagliflozin-treated ECs, establishing
cyclin A as a critical new target of canagliflozin. The mechanism underlying the inhibition
of cyclin A expression by canagliflozin is not known, but may be related to the blockade of
mitochondrial metabolism. Recent reports indicate that the metabolism of glutamine by
the tricarboxylic acid (TCA) cycle plays a central role in stimulating cyclin A expression
and EC growth [87-89]; however, canagliflozin blocks mitochondrial glutamate dehydro-
genase and complex I activity, preventing the replenishment of TCA cycle intermediates by
glutamine which are needed for cell proliferation [90].

Canagliflozin also modestly inhibits the migration of ECs and markedly attenuates
the differentiation of ECs into tubes and the sprouting of capillaries from mouse aortas [85].
The ability of canagliflozin to robustly inhibit EC proliferation and tube formation is of
potential pharmacological importance as these cellular processes are involved in vascular
repair and angiogenesis. In fact, canagliflozin was recently shown to limit intra-tumor
vascularization in a xenograft model of liver cancer and may be of use in patients with
proliferative diabetic retinopathy, where uncontrolled EC proliferation and angiogenesis
initiates the disease [86,91]. Of concern, canagliflozin may further compromise limb blood
flow in T2DM patients with peripheral artery disease by blocking angiogenesis. This
may, in part, explain the significant risk of lower limb amputation by canagliflozin in this
patient population, which is not seen with other SGLT2 inhibitors [37-40]. Consistent with
this hypothesis, oral administration of canagliflozin for 8 weeks impedes the recovery of
hindlimb function following unilateral hindlimb ischemia in diabetic db/db mice [92].
The canagliflozin-treated diabetic mice exhibit smaller gastrocnemius muscle fiber sizes,
decreased microvascular density, and diminished perfusion compared to diabetic mice
feed a control diet. Notably, canagliflozin also impairs hindlimb function and perfusion in
wild-type mice undergoing unilateral hindlimb ischemia, suggesting that the actions of
canagliflozin are not dependent on a hyperglycemic environment. Similarly, canagliflozin
hampers angiogenesis and blood reperfusion in the ischemic lower limb of diabetic mice
fed a high fat diet [93]. The impairment in hindlimb perfusion by canagliflozin is partially
mediated by blocking the retention and paracrine function of bone marrow-derived mes-
enchymal stem cells (BM-MSCs). In particular, canagliflozin inhibits the proliferation and
migration, and increases the apoptosis of BM-MSCs. These effects by canagliflozin likely
occur due to mitochondrial dysfunction as evidenced by reductions in ATP production,
oxygen consumption, and glutamate dehydrogenase activity. BM-MSCs paracrine function,
as reflected by reduced exosome and vascular endothelial growth factor (VEGF) secretion,
is also compromised by canagliflozin. Moreover, the therapeutic efficacy of BM-MSC
transplantation in restoring hindlimb perfusion is compromised when BM-MSCs are pre-
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conditioned with canagliflozin. Surprisingly, an earlier study found that canagliflozin
accelerates the recovery of hindlimb blood flow following femoral artery ligation and
excision in diabetic NOD/SCID mice [94]. Furthermore, dapagliflozin was shown to pro-
mote neovascularization in the ischemic hindlimb of STZ-treated mice fed a high fat diet
by improving paracrine function of skeletal muscle cells through the prolyl hydroxylase
domain 2 /hypoxia-inducible factor -1 signaling axis [95]. The reason for these conflicting
reports is not entirely clear but may be related to the use of different SGLT2 inhibitors, the
dose and duration of SGLT2 inhibitor treatment, and /or utilization of alternative animal
models of diabetes.

The mobilization of circulating stem cells (CSCs) and endothelial progenitor cells
(EPGs) also promotes angiogenesis and vascular repair following injury. However, treat-
ment of T2DM patients with dapagliflozin or empagliflozin for 12 weeks does not signif-
icantly increase CSCs or EPGs in these patients [96]. Similarly, a pilot study found that
short-term treatment with canagliflozin fails to elevate EPGs in diabetic individuals, but
did improve EPG migratory function in a manner that paralleled a rise in eNOS expression,
suggesting a possible involvement of EPGs in the repair process [97]. Intriguingly, a recent
report found that dapagliflozin enhances endothelial repair of injured carotid arteries in
STZ-treated diabetic mice by restoring the mobilization and trafficking of CD49d+ gran-
ulocytes to sites of vascular damage [98]. The ability of SGLT2 inhibitors to facilitate
the trafficking of bone marrow-derived hematopoietic cells to areas of arterial damage,
illustrates a novel aspect by which SGLT2 inhibitors provide vascular protection.

3.5. SGLT?2 Inhibitors Suppress EC Senescence

Recently, EC senescence has been identified as a potential mediator of endothelial dys-
function in diabetes. This process is characterized by irreversible growth arrest, activation
of tumor suppressor genes, inflammation, oxidative stress, apoptosis, and downregula-
tion of eNOS-derived NO formation [99]. Senescent ECs have been detected in the aorta
of diabetic rats, and ECs subjected to high glucose concentrations exhibit increases in
senescence-associated 3-galactosidase activity [100-102]. In porcine ECs, high glucose-
induced senescence results in a decline in eNOS expression and NO synthesis, a rise in
oxidative stress and inflammation, and a local activation of the angiotensin system [103].
However, empagliflozin and the dual SGLT1/2 inhibitor LX-4211 prevents the induction of
senescence and the phenotypic changes in ECs, and these effects are associated with an
upregulation of SGLT1/2 receptors. Both drugs also reduce glucose uptake in the presence
of high levels of glucose, suggesting that SGLT2 inhibitors may attenuate endothelial
glucotoxicity in diabetes. In agreement with these results, CMECs isolated from diabetic
mice have higher rates of senescence compared to cells attained from non-diabetic control
animals [104]. Mechanistic studies revealed that empagliflozin inhibits CMEC senescence
via an AMPK-mediated suppression of mitochondrial fission and a subsequent drop in
mitochondrial ROS generation. By preventing cellular senescence through neutralizing
fission-induced ROS production, empagliflozin also improves CMEC permeability and
barrier function, and this is paired with a suppression of ICAM-1 and VCAM-1 expres-
sion and restoration of eNOS activity. In addition, empagliflozin-mediated repression of
mitochondrial fission restores the migratory capacity of diabetic CMECs by preserving
F-actin homeostasis. Empagliflozin also represses the expression of senescence markers in
atheroprone regions of the aorta in Zucker diabetic lean rats [65].

3.6. SGLT?2 Inhibitors Promote EC Viability

SGLT?2 inhibitors may also influence the viability of ECs. The culture of HUVECs in a
hyperglycemic environment results in the loss of NO synthesis and an increase in cell death
that is reversed by empagliflozin [64]. Empagliflozin also prevents the death of cultured
human microvascular ECs exposed to hypoxia/reoxygenation conditions and increases
the survival of murine coronary endothelium following cardiac ischemia-reperfusion
injury [105]. In both instances, the protective effect of empagliflozin is dependent on
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the activation of signal transducer and activator of transcription 3 (STAT-3). However,
the precise EC death pathways that are affected by empagliflozin requires additional
exploration.

4. Expression of SGLT2 in Vascular Cells

Several studies have demonstrated the presence of SGLT2 in vascular endothelium.
Expression of SGLT2 protein is detected in cultured HUVECs, human aortic ECs, and
human coronary artery ECs, but SGLT2 mRNA is not observed in these cells or in human
CMECs [70-72,76,78,85]. The receptors appear functional as SGLT2 inhibitors are capable of
blocking glucose uptake by human ECs [76]. Both SGLT2 protein and mRNA are expressed
by cultured porcine coronary artery ECs and a weak immunofluorescence signal for SGLT2
is detected in the luminal surface of porcine coronary artery segments [103]. Similarly,
SGLT?2 protein and mRNA is present in murine aortic blood vessels, and an operative
SGLT?2 receptor is detected in cultured mouse aortic ECs [74]. Thus, SGLT2 expression is
observed across various blood vessels and animal species. In addition, SGLT2 expression is
regulated in a dynamic manner in ECs by various biochemical stimuli, including palmitic
acid, hydrogen peroxide, hyperglycemia, TNF«, and angiotensin II [70,71,85,103,106].
However, the signaling pathways responsible for the induction of SGLT2 in ECs have not
been delineated. Finally, less is known regarding the expression and functional relevance
of SGLT?2 in vascular smooth muscle; but, SGLT2 protein and mRNA is detected in rat and
human aortic VSMCs, and the expression is upregulated by interleukin-17A [107,108].

5. Effect of SGLT2 Inhibitors on VSMC Function and Arterial Remodeling

SGLT2 inhibitors have also been demonstrated to modify VSMC function. We recently
discovered that clinically relevant concentrations of canagliflozin inhibits the prolifera-
tion and migration of human and rat aortic VSMCs [109]. These inhibitory actions of
canagliflozin are concentration-dependent and occur in the absence of cell death. The
anti-proliferative action of canagliflozin is associated with the arrest of VSMCs in the
Go/Gj1 phase of the cell cycle and a prominent decrease in DNA synthesis. In addition,
canagliflozin stimulates the transcription of the heme oxygenase-1 (HO-1) gene, leading
to a rise in VSMC HO-1 activity. The induction of HO-1 by canagliflozin is dependent
on the activation of the ROS-NF-E2-related factor-2 (Nrf2) signaling pathway, as it is
prevented by antioxidants or by overexpressing dominant-negative Nrf2. In contrast,
empagliflozin and dapagliflozin fails to upregulate HO-1 activity, suggesting that the
induction of HO-1 represents a compound-specific effect rather than a class effect. Signifi-
cantly, the induction of HO-1 contributes to the anti-proliferative and anti-migratory actions
of canagliflozin. Silencing HO-1 expression increases the proliferation and migration of
canagliflozin-challenged VSMCs, and the exogenous administration of the HO-1 products,
carbon monoxide and bilirubin, can substitute for HO-1 and rescue the anti-proliferative
and anti-migratory response of canagliflozin-treated cells. Collectively, these findings indi-
cate that HO-1-derived carbon monoxide and bilirubin underlie the ability of canagliflozin
to block VSMC growth and motility. However, knockdown of HO-1 expression does not
completely restore VSMC function, suggesting that other factors may also participate in
mediating the functional effects of canagliflozin. In this respect, we previously identified
AMPK as a potent inhibitor of VSMC proliferation and migration, providing an additional
pathway by which canagliflozin regulates VSMC function [110]. Therapeutic concentra-
tions of empagliflozin have likewise been shown to inhibit proliferation and DNA synthesis
in rat aortic VSMCs [107]. Interestingly, the attenuation of VSMC growth by empagliflozin
is only seen when cells are grown in high, but not low, glucose medium, suggesting that
the drug elicits its anti-proliferative action by blocking glucose uptake through SGLT2.
More recently, empagliflozin has also been demonstrated to block the proliferation and
migration of human aortic VSMCs grown in normal glucose conditions and exposed to
interleukin-17A [108]. In these cells, silencing SGLT2 expression does not fully abrogate
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the effects of empagliflozin, indicating that some of the functional actions of the drug occur
in a SGLT2-independent manner.

SGLT?2 inhibitors also inhibit the contraction of VSMCs. Dapagliflozin dilates pre-
contracted rabbit aortic rings in a concentration-dependent manner [111]. The vasodilatory
effect of dapagliflozin is independent of the endothelium and relies on the direct activation
of protein kinase G and voltage-dependent potassium channels. Acute administration
of dapagliflozin also relaxes isolated aortic rings from mice in a dose-dependent and
endothelium-independent fashion [67]. Similarly, phlorizin and canagliflozin relaxes
murine pulmonary arteries in a dose-dependent manner [112]. However, vasorelaxation
induced by these SGLT2 inhibitors may be vascular bed-dependent since they have no effect
on coronary arteries. Interestingly, chronic delivery of canagliflozin significantly enhances
sodium nitroprusside-dependent relaxation in coronary, but not in pulmonary, arteries
of diabetic mice. In addition, dapagliflozin completely restores the NO donor sodium
nitroprusside-mediated vasodilation of mesenteric arteries in db/db mice [68]. These latter
findings suggest that SGLT2 inhibitors differentially regulate vascular relaxation in diabetes
depending on the type of arteries and duration of treatment. Whether SGLT2 inhibitors
affect other properties of VSMCs or influences phenotypic switching in these cells remains
to be investigated.

Emerging evidence indicates that SGLT2 inhibitors improve vascular remodeling in
various pathological states. An early report found that glycemic control with empagliflozin
ameliorates pericoronary arterial fibrosis, coronary arterial thickening, and vasodilating
dysfunction in db/db mice [113]. These beneficial effects of empagliflozin are associated
with diminished oxidative stress in cardiovascular tissues. Subsequently, it was determined
that empagliflozin tends to attenuate neointima formation following guidewire-induced
endothelial denudation injury of femoral arteries in db/db mice, while the combined
treatment with empagliflozin and linagliptin strikingly blocks intimal thickening after in-
jury [107]. In addition, the SGLT2 inhibitor ipragliflozin suppresses cuff-induced neointima
formation of femoral arteries of apoE-deficient mice, and the migration of VSMCs chal-
lenged with platelet-derived growth factor (PDGF)-B [114]. Furthermore, luseogliflozin lim-
its neointimal hyperplasia after wire injury in mice fed a high fat diet [115]. The beneficial
effect of luseogliflozin is likely mediated via the reduced infiltration of PDGF-B-expressing
macrophages into perivascular adipose tissue. Given its anti-inflammatory effects, the
restoration of adiponectin expression by luseogliflozin may contribute to the limitation of
macrophage infiltration into perivascular adipose tissue [115]. Empagliflozin also reduces
pulmonary vascular remodeling, right ventricular hypertrophy and fibrosis, and mortality
in the monocrotaline rat model of pulmonary hypertension [116]. Empagliflozin-treated
animals display less pulmonary artery muscularization and medial wall thickness relative
to vehicle control rats and this is coupled with increased rates of apoptosis and reduced
rates of proliferation within the pulmonary arterial wall. Moreover, empagliflozin retards
exercise-induced pulmonary hypertension in obese ZSF1 rats [117].

Administration of empagliflozin also antagonizes angiotensin Il-induced dissect-
ing abdominal aortic aneurysms in apoE-null mice [118]. The protection afforded by
empagliflozin is dose-dependent and is independent of the blood glucose- and blood
pressure-lowering actions of the drug. It is associated with a decline in the expres-
sion of inflammatory chemokines, VEGF, matrix metalloproteinase (MMP)-2 and MMP-
9, and reduced macrophage infiltration into the aortic walls of apoE-knockout mice.
Empagliflozin-treatment also reduces the vascular activation of p38 mitogen-activated pro-
tein kinase (MAPK) and NF-«kB, which have been implicated in the development of aortic
aneurysms [118,119]. The impairment of NF-«B activation by empagliflozin is noteworthy
as it would limit the release of inflammatory and proangiogenic molecules, and result in
blunted vascular cell activation. Importantly, a recent clinical study demonstrated that
empagliflozin attenuates neointimal hyperplasia after drug-eluting stent implantation in pa-
tients with T2DM [120]. In particular, patients given empagliflozin in addition to standard
therapy for 12 months after coronary stenting had significantly less neointima compared to
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patients receiving intense therapy with other glucose-lowering drugs. Changes in blood
pressure is the strongest predictor for neointimal hyperplasia reduction, whereas no corre-
lation with changes in blood glucose parameters is observed. This work supports the use
of SGLT2 inhibitors in diabetic patients undergoing coronary revascularization therapy.

6. Effect of SGLT2 Inhibitors on Arterial Stiffness

Arterial stiffening is a major contributor and predictor of cardiovascular disease and
mortality [121]. Development of arterial stiffness is an intricate process that involves vas-
cular cell proliferation, migration, hypertrophy, and alterations in the composition of the
extracellular matrix [122,123]. These changes largely occur in the media and intima of
blood vessels, and are primarily characterized by the fragmentation and disappearance
of elastin with a corresponding increase in collagen and calcium deposition. While ar-
terial stiffness increases with ageing, this process is accelerated and observed earlier in
the presence of obesity, insulin-resistance, and diabetes [124,125]. Moreover, prevailing
evidence shows that arterial stiffness is not only a central element in the pathogenesis of
T2DM but it also has an independent predictive value for vascular complications associated
with the disease [126]. Thus, interventions aimed at attenuating arterial stiffness are being
developed to improve cardiovascular disease outcomes in patients with obesity, diabetes,
and insulin-resistance [127,128].

Multiple studies indicate that empagliflozin dampens arterial stiffening in diabetes.
A post hoc analysis of data from five clinical trials revealed that empagliflozin reduces
pulse pressure, a surrogate measure of arterial stiffness, in patients with T2DM [129]. Sub
analysis of a clinical trial comprising 58 patients with T2DM reported that therapy with
empagliflozin improves arterial stiffness as indicated by reduced central systolic blood
pressure, central pulse pressure, and reflected wave amplitude compared to placebo [130].
Aside from age and sex, changes in systolic 24-h ambulatory blood pressure and high
sensitivity C-reactive protein are determinants of the empagliflozin-induced improvement
in arterial stiffness, linking an anti-inflammatory effect to the salutary vascular effects of
the drug. Empagliflozin is also associated with a decline in arterial stiffness in young
T1DM subjects [131]. Furthermore, a preclinical study found that empagliflozin reduces
systemic and renal artery stiffness in db/db mice [61]. Dapagliflozin also improves arterial
stiffness in diabetic animals, while a pilot study found that it eases aortic stiffness in T2DM
patients [68,132]. However, a larger follow-up trial failed to detect any effect of the drug on
arterial stiffness in diabetic patients [59]. Post hoc analysis of five clinical trials showed
that canagliflozin improves pulse pressure in patients with T2DM [133]. More recently,
tofogliflozin was demonstrated to attenuate arterial stiffness, as reflected by a decrease in
brachial-ankle pulse wave velocity, in patients with T2DM, whereas luseogliflozin fails to
improve arterial stiffness in this patient population, as assessed by cardio-ankle vascular
index and pulse wave velocity [134,135]. Failure of luseogliflozin to mitigate arterial
stiffening may reflect the limited sample size and study duration. The mechanism by
which SGLT2 inhibitors attenuate arterial stiffness is not fully known, but may be related to
the suppression of AGE expression, decreased nitrosative stress, increased bioavailability
of NO, attenuated accumulation of VSMCs within the vessel wall, and /or diminished
arterial fibrosis [61].

7. Summary and Future Directions

There is a growing appreciation for the role of SGLT2 inhibitors in preventing cardio-
vascular disease and mortality via mechanisms beyond glucose control. Emerging work
indicate that SGLT2 inhibitors play a crucial role in promoting vascular homeostasis by
regulating vascular cell function and arterial remodeling. A model illustrating the effects
of SGLT2 inhibitors on EC function is shown in Figure 1. Of particular importance, SGLT2
inhibitors have been demonstrated to improve the bioavailability of NO, which is inti-
mately associated with vascular health. These drugs enhance NO levels by increasing the
expression of eNOS, the phosphorylation and activation of eNOS, and/or decreasing the
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scavenging of NO by ROS. Through these actions, SGLT2 inhibitors have been documented
to restore endothelium-dependent vasodilation in patients with T2DM and in animal mod-
els of diabetes. They also restrict the generation of vasoconstrictors to further vasodilation
in diabetes. In addition, SGLT2 inhibitors exert many salutary effects on ECs. They inhibit
the endothelial production of ROS, the activation of AGE-RAGE signaling, EC death and
senescence, and stimulate endothelial repair at sites of arterial damage by improving EPC
function and recruiting granulocytes to the region of injury. Furthermore, SGLT2 inhibitors
are potent repressors of inflammation that prevent the endothelial expression of adhesion
receptors, pro-inflammatory cytokines, and inflammatory chemokines, while elevating the
expression of the anti-inflammatory adipokine, adiponectin. Moreover, SGLT2 inhibitors
dampen inflammation and restore biomechanical signaling-induced NO-mediated vasodi-
lation by augmenting the thickness of the endothelial glycocalyx. The effect of SGLT2
inhibitors on angiogenesis is unclear as both increases and decreases in angiogenesis have
been reported. Similarly, while canagliflozin inhibits the proliferation, migration, and
differentiation of cultured ECs into tubes under normoglycemic conditions, empagliflozin
restores the migration of diabetic ECs. Clearly, additional studies are needed to precisely
determine the effect of individual SGLT2 inhibitors on the angiogenic response of ECs
under various experimental conditions.

[SGLTZ Inhibitors]

|

ECs

v v v

1 NO bioavailability {1 Inflammation 1! Angiogenesis
1eNOS expression dadhesion receptors d proliferation
1eNOS activity dinflammatory cytokines 1 T migration
1 NO scavenging ldinflammatory chemokines 1 differentiation
1 EDV tTadiponectin 1 Endothelial repair
1 Vasoconstrictors 1 Senescence 1 granulocyte trafficking
1 ROS { Death 1 EPC function
3 AGE-RAGE signaling 1 Glycocalyx

1 BM-induced NO synthesis
1 inflammation

Figure 1. Effect of SGLT2 inhibitors on EC function. SGLT2 inhibitors increase NO bioavailability by elevating eNOS
expression and activity, and/or limiting NO scavenging, thereby promoting endothelium-dependent vasodilation (EDV). In
addition, SGLT2 inhibitors block the generation of vasoconstrictors and ROS, the activation of the AGE-RAGE signaling
pathway, and EC death and senescence. They also attenuate inflammation by inhibiting the endothelial expression of

adhesion receptors, inflammatory cytokines and chemokines, while enhancing the expression of adiponectin. Furthermore,

SGLT?2 inhibitors stimulate endothelial repair by improving EPC function and increasing the trafficking of granulocytes

to injured arteries. SGLT2 inhibitors also preserve the structural integrity of the endothelial glycocalyx, resulting in

sustained biomechanical (BM)-induced NO synthesis and a reduction in inflammation. Finally, SGLT2 inhibitors suppress

EC proliferation and differentiation, but elicit variable effects on angiogenesis and EC migration.

SGLT?2 inhibitors also modulate VSMC function and arterial remodeling (Figure 2).
Studies from our laboratory and others found that SGLT2 inhibitors block VSMC con-
traction, proliferation, and migration, leading to vasodilation and diminished neointima
formation. Preclinical and clinical studies support a role for SGLT2 inhibitors in retarding
blood vessel stenosis following arterial injury and alleviating the maladaptive remodel-
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ing of pulmonary arterioles in pulmonary arterial hypertension. SGLT2 inhibitors also
reduce arterial stiffness in diabetic humans and animals by limiting collagen deposition
and VSMC content within the vessel, potentially by increasing NO synthesis and reducing
nitrosative stress and AGE expression. In addition, SGLT2 inhibition prevents the devel-
opment of abdominal aortic aneurysm in mice by limiting inflammation and MMP-2/9
expression by targeting specific upstream signaling pathways. Collectively, these actions
by SGLT?2 inhibitors illustrate a novel promising therapeutic strategy to prevent occlusive
and dissecting vascular disease.

[SGLTZ Inhibitors

v | v
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VSMCs { Arterial stiffness 1 AAA
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4 migration T NO { p38 MAPK
4 nitrosative stress 4 NF-xf3
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{ neointima formation

U
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Figure 2. Effect of SGLT2 inhibitors on VSMC function and arterial remodeling. SGLT2 inhibitors block VSMC contraction,
proliferation, and migration, leading to vasodilation and diminished neointima formation following coronary angioplasty

or in pulmonary arterial hypertension. In addition, SGLT2 inhibitors attenuate arterial stiffening by depressing collagen

deposition, VSMC accumulation within the vessel wall, nitrosative stress, and AGE expression, and raising NO levels.

SGLT?2 inhibitors also reduce abdominal aortic aneurysm formation by blocking vascular inflammation and MMP-2/9
activity, possibly through inhibition of p38 MAPK and NF-«B activation.

Notably, the beneficial effects of SGLT2 inhibitors on vascular cell function and re-
modeling are observed in the presence and absence hyperglycemia, suggesting that SGLT2
inhibitors will be effective in treating vascular disease beyond the diabetic population.
This is in-line with recent work showing dapagliflozin attenuates the risk of worsening
cardiac dysfunction and cardiovascular death in patients with heart failure and reduced
ejection fraction, regardless of the presence or absence of diabetes [43]. Similarly, a recently
completed study found that empagliflozin lowers the risk of cardiovascular death and
hospitalization for heart failure in both diabetic and non-diabetic patients [136]. Thus, both
the vascular and cardiac protective actions of SGLT2 inhibitors are independent of their
glucose-lowering effect.

While substantial progress has been made in determining the effect of SGLT2 in-
hibitors on vascular cell function, important questions remain. Studies have detected the
presence of SGLT2 in vascular cells and glucose entry in ECs via SGLT2; however, it remains
unclear whether the beneficial effects of SGLT2 inhibitors occur via the inhibition of this
transporter. Future gain- and loss-of-function studies targeting SGLT2 in vascular cells are
needed in order to establish whether the cellular actions of these drugs are dependent on
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SGLT2. Similarly, vascular cell-specific SGLT2 knockout animals should be generated to test
whether SGLT2 mediates the salutary effects of SGLT2 inhibitors on vascular remodeling.
This is an important issue as there is a growing realization that SGLT2 inhibitors elicit
numerous off-target effects. This is especially the case for canagliflozin. Clinically relevance
concentrations of this drug have been reported to activate AMPK, stimulate HO-1 gene
expression, repress cyclin A protein expression, block mitochondrial glutamate dehydroge-
nase and mitochondrial complex I activity, and inhibit the activity of uridine 5’-diphospho-
glucuronlsyltransferase and the sodium-hydrogen exchanger [85,90,109,137-140]. In fact,
the inhibition of endothelial inflammation by canagliflozin has been ascribed to the ac-
tivation of AMPK, while the inhibition of VSMC proliferation and migration by this
SGLT?2 inhibitor is linked to the induction of HO-1 [76,109]. This underscores the need
to consider these pleiotropic effects when assessing the effect of SGLT2 inhibitors on vas-
cular cell function. Interestingly, SGLT2 inhibitors alter cellular metabolism by reducing
glucose oxidation and increasing lipid oxidation resulting in a shift toward ketone produc-
tion [141,142]. Given the importance of glycolysis and lipolysis in modulating vascular
cell phenotype [143], examination of the capacity of SGLT2 inhibitors to rewire vascular
cell metabolism represents an attractive area of investigation. A better understanding of
the pleiotropic and metabolic actions of the various SGLT2 inhibitors may uncover extra
potential benefits for specific SGLT2 inhibitors and aid in the selection of the optimal SGLT2
inhibitor for specific cardiovascular complications.

In conclusion, SGLT2 inhibitors are well tolerated drugs that reduce the incidence
of cardiovascular death and heart failure hospitalization in patients with and without
diabetes. The mechanism by which SGLT2 inhibitors exert their beneficial effects is not
fully known; however, their ability to regulate vascular cell proliferation, migration, dif-
ferentiation, oxidative stress, inflammation, contractility, senescence, and death, and also
mitigate aberrant arterial remodeling is of prime importance. Intriguingly, their pharma-
cological properties extend beyond SGLT2 inhibition and glycemic control, suggesting
their potential use in a wide spectrum of cardiovascular disorders. Future studies that
fully characterize the functional, metabolic, and molecular actions of individual SGLT2
inhibitors in vascular cells may provide additional insight into how these drugs prevent
the development vascular disease and may lead to a more refined therapeutic approach
that utilizes specific SGLT2 inhibitors in distinct patient populations.

Author Contributions: Writing—original draft preparation, W.D. Writing—review and editing,
W.D., G.B. and K.J.P,; Figure design and creation, K.J.P.; Supervision, W.D.; Project administration,
W.D.; Funding acquisition, W.D. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was funded by the American Diabetes Association, grant number 1-17-IBS-290
and the University of Missouri School of Medicine TRIUMPH Initiative. The APC was funded by the
University of Missouri School of Medicine TRIUMPH Initiative.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

1.  Expert Committee on the Diagnosis and Classification of Diabetes Mellitus. Report of the expert committee on the diagnosis and
classification of diabetes mellitus. Diabetes Care 2003, 26, S5-S20. [CrossRef]

2. Van Dieren, S.; Beulens, ] W.J.; van der Schouw, Y.T.; Grobbee, D.E.; Neal, B. The global burden of diabetes and its complications:
An emerging pandemic. Eur. ]. Cardiovasc. Prev. Rehabil. 2010, 17 (Suppl. 1), S3-S8.

3. Harding, J.L.; Pavkov, D.J.; Shaw, J.E.; Gregg, E.W. Global trends in diabetes complications: A review of current evidence.
Diabetologia 2019, 62, 3-16. [CrossRef]

4. Gu, K; Crowe, C.C.; Harris, M.I. Mortality in adults with and without diabetes in a national cohort of the U.S. population,
1971-1993. Diabetes Care 1998, 21, 1138-1145. [CrossRef]

5. Resnick, H.E.; Howard, B.V. Diabetes and cardiovascular disease. Annu. Rev. Med. 2002, 53, 245-267. [CrossRef] [PubMed]


http://doi.org/10.2337/diacare.26.2007.S5
http://doi.org/10.1007/s00125-018-4711-2
http://doi.org/10.2337/diacare.21.7.1138
http://doi.org/10.1146/annurev.med.53.082901.103904
http://www.ncbi.nlm.nih.gov/pubmed/11818473

Int. J. Mol. Sci. 2021, 22, 8786 14 of 19

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.
33.

34.

Taylor, K.S.; Heneghan, C.J.; Farmer, A.J.; Fuller, AM.; Adler, A.L; Aronson, ].K.; Stevens, R.J. All-cause and cardiovascular
mortality in middle-aged people with type 2 diabetes compared with people without diabetes in a large U.K. primary care
database. Diabetes Care 2013, 36, 2366—2371. [CrossRef] [PubMed]

Beckman, J.A.; Creager, M.A.; Libby, P. Diabetes and atherosclerosis: Epidemiology, pathophysiology, and management. JAMA
2002, 287, 2570-2581. [CrossRef]

Fowler, M.J. Microvascular and macrovascular complications of diabetes. Clin. Diabetes 2008, 26, 77-82. [CrossRef]

Turner, R.; Holman, R.; Matthews, D.; Oakes, S.; Bassett, P; Stratton, I.; Cull, C.; Manley, S.; Frighi, V. UK Prospective Diabetes
Study (UKPDS). VIIIL Study design, progress, and performance. Diabetologia 1991, 34, 877-890.

Kip, K.E.; Faxon, D.P; Detre, K.M.; Yeh, W.; Kelsey, S.E,; Currier, ].W. Coronary angioplasty in diabetic patients. The National
Heart, Lung, and Blood Institute Percutaneous Transluminal Coronary Angioplasty Registry. Circulation 1996, 94, 1818-1825.
[CrossRef] [PubMed]

West, N.E.J.; Ruygrok, PN.; Disco, C.M.C.; Webster, M.W.I; Lindeboom, W.K.; O'Neill, WW.; Mercado, N.F.; Serruys, P.W. Clinical
and angiographic predictors of restenosis after stent deployment in diabetic patients. Circulation 2004, 109, 867-873. [CrossRef]
[PubMed]

Lu, CH,; Tsai, M.L.; Chen, C.C.; Hsieh, M.].; Chang, S.H.; Wang, C.Y.; Lee, C.H.; Chen, D.Y.; Yang, C.H.; Hsieh, I.C. Comparison
of very long-term clinical and angiographic outcomes of bare metal stent implants between patients with and without type 2
diabetes. Prim. Care Diabetes 2017, 11, 445-452. [CrossRef]

American Diabetes Association. Economic costs of diabetes in the U.S. in 2017. Diabetes Care 2018, 41, 917-928. [CrossRef]
Cahill, PA.; Redmond, E.M. Vascular endothelium—Gatekeeper of vessel health. Atherosclerosis 2016, 248, 97-109. [CrossRef]
[PubMed]

Heiss, C.; Rodriguez-Mateos, A.; Kelm, M. Central role of eNOS in the maintenance of endothelial homeostasis. Antioxid. Redox
Signal. 2015, 22, 1230-1242. [CrossRef] [PubMed]

Kruger-Genge, A.; Blocki, A.; Franke, R.-P.; Jung, F. Vascular endothelial cell biology: An update. Int. ]. Mol. Sci. 2019, 20, 4411.
[CrossRef]

Meraji, S.; Jayakody, L.; Senaratne, M.P.; Thomson, A.B.; Kappagoda, T. Endothelium-dependent relaxation in aorta of BB rat.
Diabetes 1987, 36, 978-981. [CrossRef]

Durante, W.; Sen, A.K,; Sunahara, FA. Impairment of endothelium-dependent relaxation in aortae from spontaneously diabetic
rats. Br. |. Pharmacol. 1988, 94, 463-468. [CrossRef]

Williams, S.B.; Cusco, J.A.; Roddy, M.-A; Johnstone, M.T.; Creager, M.A. Impaired nitric oxide-mediated vasodilation in patients
with non-insulin-dependent diabetes mellitus. J. Am. Coll. Cardiol. 1996, 27, 567-574. [CrossRef]

De Vriese, A.S.; Verbeuren, T.].; Van de Voorde, J.; Lameire, N.H.; Vanhoutte, PM. Endothelial dysfunction in diabetes. Br. J.
Pharmacol. 2000, 130, 963-974. [CrossRef] [PubMed]

Rask-Madsen, C.; King, G.L. Mechanisms of disease: Endothelial dysfunction in insulin resistance and diabetes. Nat. Clin. Pract.
Endocrinol. Metabol. 2007, 3, 46. [CrossRef]

Santilli, S.; Fiegel, V.; Aldridge, D.; Knighton, D. The effect of diabetes on the proliferation of aortic endothelial cells. Ann. Vasc.
Surg. 1992, 6, 503-510. [CrossRef]

Yan, J.; Tie, G.; Park, B.; Yan, Y.; Nowicki, P.T.; Messina, L.M. Recovery from hind limb ischemia is less effective in type 2 than in type 1
diabetic mice: Roles of endothelial nitric oxide synthase and endothelial progenitor cells. J. Vasc. Surg. 2009, 50, 1412-1422. [CrossRef]
Warren, C.M.; Ziyad, S.; Briot, A.; Der, A.; Iruela-Arispe, M.L. A ligand-independent VEGFR?2 signaling pathway limits angiogenic
responses in diabetes. Sci. Signal. 2014, 7, ral. [CrossRef] [PubMed]

King, G.L. The role of hyperglycaemia and hyperinsulinemia in causing vascular dysfunction in diabetes. Ann. Med. 1996, 28,
427-432. [CrossRef]

Xu, J.; Zou, M.-H. Molecular insights and therapeutic targets for diabetic endothelial dysfunction. Circulation 2009, 120, 1266-1286.
[CrossRef] [PubMed]

Owens, G.K. Regulation of differentiation of vascular smooth muscle cells. Phys. Rev. 1995, 75, 487-517. [CrossRef] [PubMed]
Liu, M.; Gomez, D. Smooth muscle cell phenotypic diversity: At the crossroads of lineage tracing and single-cell transcriptomics.
Arterioscler. Thromb. Vasc. Biol. 2019, 39, 1715-1723. [CrossRef] [PubMed]

Dzau, V.J.; Brau-Dellaeus, R.C.; Shedding, D.G. Vascular proliferation and atherosclerosis: New perspectives and therapeutic
approaches. Nat. Med. 2002, 8, 1249-1256. [CrossRef]

Jeffrey, TK.; Wanstall, ].C. Pulmonary vascular remodeling: A target for therapeutic intervention in pulmonary hypertension.
Pharmacol. Ther. 2001, 92, 1-20. [CrossRef]

Schiffin, E.L. Vascular remodeling in hypertension: Mechanisms and treatment. Hypertension 2012, 59, 367-374. [CrossRef]
Roostalu, U.; Wong, ] K. Arterial smooth muscle dynamics in development and repair. Dev. Biol. 2018, 435, 109-121. [CrossRef]
Faries, P.L.; Rohan, D.I; Takahara, H.; Wyers, M.C.; Contreras, M.A.; Quist, W.C.; King, G.L.; Logerfo, EW. Human vascular
smooth muscle cells of diabetic origin exhibit increased proliferation, adhesion, and migration. J. Vasc. Surg. 2001, 33, 601-607.
[CrossRef] [PubMed]

The Diabetes Control and Complications Trial Research Group; Nathan, D.M.; Genuth, S.; Lachin, J.; Clearly, P.; Crofford, O.;
Davis, M.; Rand, L.; Siebert, C. The effect of intensive treatment of diabetes on the development and progression of long-term
complications in insulin-dependent diabetes mellitus. N. Engl. ]. Med. 1993, 329, 977-986. [CrossRef]


http://doi.org/10.2337/dc12-1513
http://www.ncbi.nlm.nih.gov/pubmed/23435157
http://doi.org/10.1001/jama.287.19.2570
http://doi.org/10.2337/diaclin.26.2.77
http://doi.org/10.1161/01.CIR.94.8.1818
http://www.ncbi.nlm.nih.gov/pubmed/8873655
http://doi.org/10.1161/01.CIR.0000116750.63158.94
http://www.ncbi.nlm.nih.gov/pubmed/14757691
http://doi.org/10.1016/j.pcd.2017.04.006
http://doi.org/10.2337/dci18-0007
http://doi.org/10.1016/j.atherosclerosis.2016.03.007
http://www.ncbi.nlm.nih.gov/pubmed/26994427
http://doi.org/10.1089/ars.2014.6158
http://www.ncbi.nlm.nih.gov/pubmed/25330054
http://doi.org/10.3390/ijms20184411
http://doi.org/10.2337/diab.36.8.978
http://doi.org/10.1111/j.1476-5381.1988.tb11548.x
http://doi.org/10.1016/0735-1097(95)00522-6
http://doi.org/10.1038/sj.bjp.0703393
http://www.ncbi.nlm.nih.gov/pubmed/10882379
http://doi.org/10.1038/ncpendmet0366
http://doi.org/10.1007/BF02000821
http://doi.org/10.1016/j.jvs.2009.08.007
http://doi.org/10.1126/scisignal.2004235
http://www.ncbi.nlm.nih.gov/pubmed/24399295
http://doi.org/10.3109/07853899608999103
http://doi.org/10.1161/CIRCULATIONAHA.108.835223
http://www.ncbi.nlm.nih.gov/pubmed/19786641
http://doi.org/10.1152/physrev.1995.75.3.487
http://www.ncbi.nlm.nih.gov/pubmed/7624392
http://doi.org/10.1161/ATVBAHA.119.312131
http://www.ncbi.nlm.nih.gov/pubmed/31340668
http://doi.org/10.1038/nm1102-1249
http://doi.org/10.1016/S0163-7258(01)00157-7
http://doi.org/10.1161/HYPERTENSIONAHA.111.187021
http://doi.org/10.1016/j.ydbio.2018.01.018
http://doi.org/10.1067/mva.2001.111806
http://www.ncbi.nlm.nih.gov/pubmed/11241133
http://doi.org/10.1056/NEJM199309303291401

Int. J. Mol. Sci. 2021, 22, 8786 15 of 19

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Logerfo, EW.; Coffman, J.D. Vascular and microvascular disease of the foot in diabetes: Implications for foot care. N. Engl. ]. Med.
1984, 311, 1615-1619. [CrossRef]

Kalra, S. Sodium glucose co-transporter 2 (SGLT2) inhibitors: A review of their basic and clinical pharmacology. Diabetes Ther.
2014, 5, 355-366. [CrossRef] [PubMed]

Zinman, B.; Wanner, C.; Lachin, ].M.; Fitchett, D.; Bluhmki, E.; Hantel, S.; Mattheus, M.; Devins, T.; Johansen, O.E.; Woerle, H.].;
et al. Empagliflozin, cardiovascular outcomes, and mortality in type 2 diabetes. N. Engl. . Med. 2015, 373, 2117-2128. [CrossRef]
Neal, B.; Perkovic, V.; Mahaffey, KW.; de Zeeuw, D.; Fulcher, G.; Erondu, N.; Shaw, W.; Law, G.; Desai, M.; Matthews, D.R.
CANVAS Program Collaborative Group. Canagliflozin and Cardiovascular and Renal Events in Type 2 Diabetes. N. Engl. ]. Med.
2017, 377, 644—657. [CrossRef]

Perkovich, V.; Jardine, M.].; Neal, B.; Bompoint, S.; Heerspink, H.].L.; Charytan, D.M.; Edwards, R.; Agarwal, R.; Bakris, G.; Bull,
S.; et al. CREDENCE Trial Investigators. Canagliflozin and renal outcomes in type 2 diabetes and nephropathy. N. Engl. ]. Med.
2019, 380, 2295-2306. [CrossRef]

Wiviott, S.D.; Raz, I.; Bonica, M.P.; Mosenzon, O.; Kato, E.T.; Cahn, A ; Silverman, M.G.; Zelniker, T.A.; Kuder, ].F; Murphy, S.A;
et al. DECLARE-TIMI 58 Investigators. Dapagliflozin and cardiovascular outcomes in type 2 diabetes. N. Engl. ]. Med. 2019, 380,
347-357. [CrossRef] [PubMed]

Holman, R.R.; Paul, S.K,; Bethel, M.A.; Matthews, D.R.; Neil, A.W. 10-year follow-up of intensive glucose control in type 2
diabetes. N. Engl. |. Med. 2008, 359, 1577-1589. [CrossRef]

Hayward, R.A.; Reaven, P.D.; Wiitala, W.L.; Bahn, G.D.; Reda, D.J.; Ge, L.; McCarren, M.; Duckworth, W.C.; Emanuele, N.V.
Follow-up of glycemic control and cardiovascular outcomes in type 2 diabetes. N. Engl. J. Med. 2015, 372, 2197-2206. [CrossRef]
[PubMed]

McMurray, J.J.V.; Solomon, S.D.; Inzucchi, S.E.; Kober, L.O.; Kosiborod, M.N.; Martinez, F.A.; Ponikowski, P.; Sabatine, M.S.;
Anand, 1.S.; Belohlavek, J.; et al. DAPA-HF Trial Committees and Investigators. Dapagliflozin in patients with heart failure and
reduced ejection fraction. N. Engl. ]. Med. 2019, 381, 195-200. [CrossRef] [PubMed]

Cavaiola, T.S.; Pettus, J. Cardiovascular effects of sodium glucose cotransporter 2 inhibitors. Diabetes Metab. Syndr. Obes. 2018, 11,
133-148. [CrossRef] [PubMed]

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

Vallon, V.; Verma, S. Effects of SGLT2 inhibitors on kidney and cardiovascular function. Ann. Rev. Physiol. 2021, 83, 503-528.
[CrossRef] [PubMed]

Kang, Y;; Zhan, F.; He, Z; Liu, Z.; Song, X. Anti-inflammatory effects of sodium-glucose co-transporter 2 inhibitors on atheroscle-
rososis. Vasc. Pharmacol. 2020, 133134, 106779. [CrossRef] [PubMed]

Yanai, H.; Katsuyama, H.; Hamasaki, H.; Adachi, H.; Moriyama, S.; Yoshikawa, H.; Sako, A. Sodium-glucose cotransporter 2
inhibitors: Possible anti-atherosclerotic effects beyond glucose control. J. Clin. Med. Res. 2016, 8, 10-14. [CrossRef]

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

Sawada, T.; Uzu, K.; Hashimoto, N.; Onishi, T.; Takaya, T.; Shimane, A.; Taniguchi, Y.; Yasaka, Y.; Ohara, T.; Kawai, H.
Empagliflozin’s ameliorating effect on plasma triglycerides: Association with endothelial recovery in diabetic patients with
coronary artery disease. |. Atheroscler. Thromb. 2020, 27, 644—656. [CrossRef]

Lunder, M.; Janic, M.; Japelj, M.; Juretic, A.; Janez, A.; Sobovic, M. Empagliflozin on top of metformin treatment improves arterial
function in patients with type 1 diabetes mellitus. Cardiovasc. Diabetol. 2018, 17, 153. [CrossRef]

Irace, C.; Cutruzzola, A.; Parise, M.; Fiorentino, R.; Frazetto, M.; Gnasso, C.; Casciaro, F.; Gnasso, A. Effect of empagliflozin on
brachial artery shear stress and endothelial function in subjects with type 2 diabetes mellitus: Results from an exploratory study.
Diabetes Vasc. Dis. Res. 2020, 17, 1479164119883540. [CrossRef]

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 study. Diabetes Care 2019, 42, e159-e161. [CrossRef]
[PubMed]

Sezei, A.; Sekino, H.; Unosawa, S.; Taoka, M.; Osaka, S.; Tanaka, M. Canagliflozin for Japanese patients with heart failure and
type II diabetes mellitus. Cardiovasc. Diabetol. 2019, 18, 76. [CrossRef] [PubMed]

Tochiya, M.; Makine, H.; Tamanaha, T.; Matsuo, M.; Hishida, A.; Koezuka, R.; Ohata, Y.; Tomita, T.; Son, C.; Miyamoto, Y.; et al.
Effect of tofogliflozin on cardiac and vascular endothelial function in patients with type 2 diabetes and heart diseases: A pilot
study. |. Diabetes Investig. 2020, 11, 400-404. [CrossRef]

Shigijama, F.; Kumashiro, N.; Miyagi, M.; Ikehara, K.; Kanda, E.; Uchino, H.; Hirose, T. Effectiveness of dapagliflozin on vascular
endothelial function and glycemic control in patients with early-stage type 2 diabetes mellitus: DEFENCE study. Cardiovasc.
Diabetol. 2017, 16, 84. [CrossRef]

Sugiyama, S.; Jinnouchi, H.; Kurinami, N.; Hieshima, K.; Yoshida, A.; Jinnouchi, K.; Nishimura, H.; Suzuki, T.; Miyamoto, E;
Kajiwara, K.; et al. The SGLT?2 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/10.1056/NEJM198412203112506
http://doi.org/10.1007/s13300-014-0089-4
http://www.ncbi.nlm.nih.gov/pubmed/25424969
http://doi.org/10.1056/NEJMoa1504720
http://doi.org/10.1056/NEJMoa1611925
http://doi.org/10.1056/NEJMoa1811744
http://doi.org/10.1056/NEJMoa1812389
http://www.ncbi.nlm.nih.gov/pubmed/30415602
http://doi.org/10.1056/NEJMoa0806470
http://doi.org/10.1056/NEJMoa1414266
http://www.ncbi.nlm.nih.gov/pubmed/26039600
http://doi.org/10.1056/NEJMoa1911303
http://www.ncbi.nlm.nih.gov/pubmed/31535829
http://doi.org/10.2147/DMSO.S154602
http://www.ncbi.nlm.nih.gov/pubmed/29695924
http://doi.org/10.1038/s41569-020-0406-8
http://doi.org/10.1146/annurev-physiol-031620-095920
http://www.ncbi.nlm.nih.gov/pubmed/33197224
http://doi.org/10.1016/j.vph.2020.106779
http://www.ncbi.nlm.nih.gov/pubmed/32814163
http://doi.org/10.14740/jocmr2385w
http://doi.org/10.7150/thno.54498
http://www.ncbi.nlm.nih.gov/pubmed/33754074
http://doi.org/10.5551/jat.50807
http://doi.org/10.1186/s12933-018-0797-6
http://doi.org/10.1177/1479164119883540
http://doi.org/10.2337/dc19-1177
http://www.ncbi.nlm.nih.gov/pubmed/31533913
http://doi.org/10.1186/s12933-019-0877-2
http://www.ncbi.nlm.nih.gov/pubmed/31167663
http://doi.org/10.1111/jdi.13122
http://doi.org/10.1186/s12933-017-0564-0
http://doi.org/10.2169/internalmedicine.0701-17

Int. J. Mol. Sci. 2021, 22, 8786 16 of 19

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Sposito, A.C.; Breder, I.; Soares, A.A.S.; Kimura-Medorima, S.T.; Munhoz, D.B.; Cintra, R M.R; Bonilha, I.; Oliveira, D.C.; Breder,
J.C.; Cavalcante, P; et al. Dapagliflozin effect on endothelial dysfunction in diabetic patients with atherosclerotic disease: A
randomized active-controlled trial. Cardiovasc. Diabetol. 2021, 20, 74. [CrossRef]

Solini, A.; Seghieri, M.; Giannini, L.; Biancalana, E.; Parolini, F.; Rossi, C.; Dardano, A.; Taddei, S.; Ghiadoni, L.; Bruno, R.M. The
effects of dapagliflozin on systemic and renal vascular function display an epigenetic signature. J. Clin. Endocrinol. Metab. 2019,
10, 4253-4263. [CrossRef] [PubMed]

Oelze, M.; Kroller-Schon, S.; Welschof, P; Jansen, T.; Hausding, M.; Mikhed, Y.; Stamm, P.; Mader, M.; ZinBius, 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]
Aroor, A.R.; Das, N.A,; Carpenter, A.]J.; Habibi, J.; Jia, G.; Ramirez-Perez, FI.; Marinez-Lemus, L.; Manrique-Acevedo, C.M.;
Hayden, M.R,; Duat, C.; et al. Glycemic control by the SGLT2 inhibitor empagliflozin decreases aortic stiffness, renal resistivity
index and kidney injury. Cardiovasc. Diabetol. 2018, 17, 108. [CrossRef] [PubMed]

Adingupu, D.D.; Gopel, 5.0.; Gonros, J.; Behrendt, M.; Sotak, M.; Miliotis, T.; Dahlqvist, U.; Gan, L.-M.; Jonsson-Rylander, A.-C.
SGLT2 inhibition with empagliflozin improves coronary microvascular function and cardiac contractility in prediabetic ob/ob
mice. Cardiovasc. Diabetol. 2019, 18, 16. [CrossRef] [PubMed]

Ahmed, Y.M.; Messiha, B.A.; El-Daly, M.E.; Abo-Saif, A.A. Effects of tricagrelor, empagliflozin and tamoxifen against
experimentally-induced vascular reactivity defects in rats in vivo and in vitro. Pharmacol. Rep. 2019, 71, 1034-1043. [CrossRef]
Steven, S.; Oelze, M.; Hanf, A.; Kroller-Schon, S.; Kashani, F.; Roohani, S.; Welschof, P.; Kopp, M.; Godtel-Armbrust, U.; Xia, N.;
et al. The SGLT2 inhibitor empagliflozin improves the primary diabetic complications in ZDF rats. Redox Biol. 2017, 13, 370-385.
[CrossRef]

Park, S.-H.; Farooq, M.A.; Gaertner, S.; Bruckert, C.; Qureshi, A.W.; Lee, H.-H.; Benrahla, D.; Pollet, B.; Stephan, D.; Ohlmann, P.;
et al. Empagliflozin improved systolic blood pressure, endothelial dysfunction and heart remodeling in the metabolic syndrome
ZSF1 rat. Cardiovasc. Diabetol. 2020, 19, 19. [CrossRef] [PubMed]

Ganbaater, B.; Fukuda, D.; Shinohara, M.; Yagi, S.; Kusonose, K.; Yamada, H.; Soeki, T.; Hirata, K.; Sata, M. Empagliflozin
ameliorates endothelial dysfunction and suppresses atherogenesis in diabetic apolipoprotein E-deficient mice. Eur. ]. Pharmacol.
2020, 875, 173040. [CrossRef]

Gaspari, T.; Spizzo, I; Liu, H.; Hu, Y.; Simpson, RW.; Widdop, R.E.; Dear, A.E. Dapagliflozin attenuates human vascular
endothelial cell activation and induces vasorelaxation: A potential mechanism for inhibition of atherogenesis. Diabetes Vasc. Dis.
Res. 2018, 15, 364. [CrossRef]

Lee, D.M.; Battwson, M.L,; Jarrell, D.K.; Hou, S.; Ecton, K.E.; Weir, T.L.; Gentile, C.L. SGLT2 inhibition via dapagliflozin improves
generalized vascular dysfunction and alters gut microbiota in type 2 diabetes mice. Cardiovasc. Diabetol. 2018, 17, 62. [CrossRef]
[PubMed]

Salim, H.M.; Fukuda, D.; Yagi, S.; Soeki, T.; Shimabukuro, M.; Sata, M. Glycemic control with ipragliflozin, a novel selective
SGLT2 inhibitor, ameliorated endothelial dysfunction in streptozotocin-induced diabetic mice. Front. Cardiovasc. Med. 2016, 3, 43.
[CrossRef]

Li, C.-Y.; Wang, L.-X,; Dong, S.S.; Hong, Y.; Zhou, X.-H.; Zheng, W.W.; Zheng, C. Phlorizin exerts direct protective effects on
palmitic acid (PA)-induced endothelial dysfunction by activating the PI3K/Akt/eNOS signaling pathway and increasing levels
of nitric oxide (NO). Med. Sci. Monit. Basic Res. 2018, 24, 1-9. [CrossRef] [PubMed]

Uthman, L.; Homayr, A.; Juni, R.P; Spin, E.L.; Kerindongo, R.; Boomsma, M.; Hollmann, M.W.; Preckel, B.; Koolwijk, P.; van
Hinsberg, V.W.M.; et al. Empagliflozin and dapagliflozin reduce ROS generation and restore NO bioavailability in tumor necrosis
factor-a-stimulated human coronary arterial endothelial cells. Cell. Physiol. Biochem. 2019, 53, 865-886.

Juni, R.P,; Al-Shama, R.; Kuster, D.W.D.; van der Velden, ].; Hamer, H.M.; Vervloet, M.G.; Eringa, E.C.; Koolwijk, P.; van Hinsbergh,
V.W.M. Empagliflozin restores kidney disease-induced impairment of endothelial regulation of cardiomyocyte relaxation and
contraction. Kidney Int. 2021, 99, 1088-1101. [CrossRef] [PubMed]

Juni, R.P,; Kuster, D.W.D.; Goebel, M.; Helmes, M.; Van Der, V.J.; Koolwijk, P.; Paulus, W.J.; van Hinsbergh, VW.M. Cardiac
microvascular endothelial enhancement of cardiomyocyte function is impaired by inflammation and restored by empagliflozin.
JACC Basic Transl. Sci. 2019, 4, 575-591. [CrossRef] [PubMed]

El-Daly, M.; Venu, V.K.P; Saifeddine, M.; Mihara, K.; Kang, S.; Fedak, PW.M.; Alston, L.A.; Hirota, S.A.; Ding, H.; Triggle, C.R,;
et al. Hyperglycemic impairment of PAR2-mediated vasodilation: Prevention by inhibition of aortic endothelium sodium-glucose-
co-transporter-2 and minimizing oxidative stress. Vasc. Pharmacol. 2018, 109, 56-71. [CrossRef]

Li, X.; Romer, G.; Kerindongo, R.P.; Hermanides, J.; Albrecht, M.; Hollman, 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]

Mancini, S.J.; Boyd, D.; Katwan, O.].; Strembitska, A.; Almabrouk, T.A.; Kennedy, S.; Palmer, T.M.; Salt, L.P. Canagliflozin
inhibits interleukin-13-stimulated cytokine and chemokine secretion in vascular endothelial cells by AMPK-activated protein
kinase-dependent and independent mechanisms. Sci. Rep. 2018, 8, 5276. [CrossRef] [PubMed]

Uthman, L.; Kuschma, M.; Romer, G.; Boomsma, M.; Kessler, J.; Hermanides, J.; Hollmann, M.W.; Preckel, B.; Zuurbier, C.]J.;
Weber, N.C. Novel anti-inflammatory effects of canagliflozin involving hexokinase II in lipopolysaccharide-stimulated human
coronary endothelial cells. Cardiovasc. Drugs Ther. 2020. [CrossRef] [PubMed]


http://doi.org/10.1186/s12933-021-01264-z
http://doi.org/10.1210/jc.2019-00706
http://www.ncbi.nlm.nih.gov/pubmed/31162549
http://doi.org/10.1371/journal.pone.0112394
http://doi.org/10.1186/s12933-018-0750-8
http://www.ncbi.nlm.nih.gov/pubmed/30060748
http://doi.org/10.1186/s12933-019-0820-6
http://www.ncbi.nlm.nih.gov/pubmed/30732594
http://doi.org/10.1016/j.pharep.2019.06.004
http://doi.org/10.1016/j.redox.2017.06.009
http://doi.org/10.1186/s12933-020-00997-7
http://www.ncbi.nlm.nih.gov/pubmed/32070346
http://doi.org/10.1016/j.ejphar.2020.173040
http://doi.org/10.1177/1479164117733626
http://doi.org/10.1186/s12933-018-0708-x
http://www.ncbi.nlm.nih.gov/pubmed/29703207
http://doi.org/10.3389/fcvm.2016.00043
http://doi.org/10.12659/MSMBR.907775
http://www.ncbi.nlm.nih.gov/pubmed/29307883
http://doi.org/10.1016/j.kint.2020.12.013
http://www.ncbi.nlm.nih.gov/pubmed/33359500
http://doi.org/10.1016/j.jacbts.2019.04.003
http://www.ncbi.nlm.nih.gov/pubmed/31768475
http://doi.org/10.1016/j.vph.2018.06.006
http://doi.org/10.3390/ijms22116044
http://doi.org/10.1038/s41598-018-23420-4
http://www.ncbi.nlm.nih.gov/pubmed/29588466
http://doi.org/10.1007/s10557-020-07083-w
http://www.ncbi.nlm.nih.gov/pubmed/33048256

Int. J. Mol. Sci. 2021, 22, 8786 17 of 19

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Ortega, R.; Collado, A.; Selles, F.; Gonzalez-Navarro, H.; Sanz, M.-].; Real, ].T.; Piqueras, L. SGLT2 (sodium-glucose cotransporter
2) inhibition reduces Ang II (Angiotensin II)- induced dissecting abdominal aortic aneurysm in apoE (apolipoprotein E) knockout
mice. Arterioscler. Thromb. Vasc. Biol. 2019, 39, 1614-1628. [CrossRef] [PubMed]

Zhang, X.; Sun, D.; Song, ] W.; Zullo, J.; Lipphardt, M.; Coneh-Gould, L.; Goligorsky, M.S. Endothelial cell dysfunction and
glycocalyx—a vicious circle. Matrix Biol. 2018, 71-72, 421-431. [CrossRef]

Niewdorp, M.; van Haeften, T.W.; Gouverneur, M.C.; Mooij, H.L.; van Lieshout, M.H.; Levi, M.; Meijers, ].C.M.; Holleman, F.;
Hoekstra, J.B.L.; Vink, H.; et al. Loss of endothelial glycocalyx during acute hyperglycemia coincides with endothelial dysfunction
and coagulation activation in vivo. Diabetes 2006, 55, 480—486. [CrossRef]

Broekhuizen, L.N.; Lemkes, B.A.; Mooij, H.L.; Meuwese, M.C.; Verberne, H.; Vink, H. Effect of sulodexide on endothelial
glycocalyx and vascular permeability in patients with type 2 diabetes mellitus. Diabetologia 2010, 53, 2646-2655. [CrossRef]
Targosz-Korecka, M.; Jaglarz, M.; Malek-Zietek, K.E.; Gregorius, A.; Zakrzewska, A.; Sitek, B.; Rajifur, Z.; Chlopicki, S.; Szymonski,
M. AFM-based detection of glycocalyx degradation and endothelial dysfunction in the db/db mouse model of diabetes. Sci. Rep.
2017, 7, 15951. [CrossRef]

Cooper, S.; Teoh, H.; Campeau, M.A.; Verma, S.; Leask, R.L. Empagliflozin restores the integrity of the glycocalyx in vitro. Mol.
Cell. Biochem. 2019, 459, 121-130. [CrossRef]

Ikonomidis, I.; Pavlidis, G.; Thymis, J.; Birba, D.; Kologeris, A.; Kousathana, F.; Kountouri, A.; Balampanis, K.; Parissis, J.;
Andreadou, I; et al. Effects of glucagon-like peptide-1 receptor agonists, sodium-glucose cotransporter-2 inhibitors, and their
combination on endothelial glycocalyx, arterial function, and myocardial work index in patients with type 2 diabetes mellitus
after 12 month treatment. J. Am. Heart Assoc. 2020, 9, e015716. [PubMed]

Behnammanesh, G.; Durante, Z.E.; Peyton, K.J.; Martinez-Lemus, L.A.; Brown, S.M.; Bender, S.B.; Durante, W. Canagliflozin
inhibits human endothelial cell proliferation and tube formation. Front. Pharmacol. 2019, 10, 362. [CrossRef]

Kaji, K.; Nishimura, N.; Seki, K,; Sato, S.; Saikawa, S.; Nakanishi, K.; Furukawa, M.; Kawaratani, H.; Kitade, M.; Morija, K.; et al.
Sodium glucose cotransporter 2 inhibitor canagliflozin attenuates liver cancer cell growth and angiogenic activity by inhibiting
glucose uptake. Int. J. Cancer 2018, 142, 1712-1722. [CrossRef] [PubMed]

Huang, H.; Vandekeere, S.; Kalucka, ].; Bierhansl, L.; Zecchin, A.; Bruning, U.; Visnagri, A.; Yuldasheva, N.; Goveia, ].; Cruys, B.;
et al. Role of glutamine and interlinked asparagine metabolism in vessel formation. EMBO ]. 2017, 36, 2334-2352. [CrossRef]
[PubMed]

Kim, B.; Li, ].; Jang, C.; Arany, Z. Glutamine fuels proliferation but not migration of endothelial cells. EMBO J. 2017, 36, 2321-2333.
[CrossRef]

Peyton, K.J.; Liu, X.M,; Yu, Y,; Yates, B.; Behnammanesh, G.; Durante, W. Glutaminase-1 stimulates the proliferation, migration,
and survival of human endothelial cells. Biochem. Pharmacol. 2018, 156, 204-214. [CrossRef]

Secker, P.E; Beneke, S.; Schlichenmaier, N.; Delp, J.; Gutbier, S.; Leist, M.; Dietrich, D.R. Canagliflozin mediated dual inhibition of
mitochondrial glutamate dehydrogenase and complex I: An off-target adverse effect. Cell Death Dis. 2018, 9, 226. [CrossRef]
Simé, R.; Carrasco, E.; Garcia-Ramirez, M.; Hernandez, C. Angiogenic and antiangiogenic factors in proliferative diabetic
retinopathy. Curr. Diabetes Rev. 2006, 2, 71-98. [CrossRef] [PubMed]

Nalugo, M.; Harroun, N.; Li, C.; Belaygorod, L.; Semenkovich, C.F.; Zayed, M.A. Canagliflozin impedes ischemic hind-limb
recovery in the setting of diabetes. Vasc. Med. 2021, 26, 131-138. [CrossRef] [PubMed]

Lin, Y;; Nan, J.; Shen, J.; Lv, X,; Chen, X,; Lu, X.; Zhang, C.; Xiang, P.; Wang, Z.; Li, Z. Canagliflozin impairs blood reperfusion of
ischaemic lower limb partially by inhibiting the retention and paracrine function of bone marrow derived mesenchymal stem
cells. EBioMedicine 2020, 52, 102637. [CrossRef]

Sherman, S.E.; Bell, G.I,; Teoh, H.; Al-Omran, M.; Connelly, K.A.; Bhatt, D.L.; Hess, D.A.; Verma, S. Canagliflozin improves the
recovery of blood flow in an experimental model of severe limb ischemia. JCC Basic Trans. Sci. 2018, 3, 327-329. [CrossRef]
[PubMed]

Nugrahaningrum, D.A.; Marcelina, O.; Liu, C.; Wu, S.; Kasim, V. Dapagliflozin promotes neovascularization by improving
paracrine function of skeletal muscle cells in diabetic hindlimb ischemia mice through PHD2 /HIE-1c axis. Front. Pharmacol. 2020,
11, 1104. [CrossRef] [PubMed]

Bonora, B.M.; Capellari, R.; Albiero, M.; Avogaro, A.; Fadini, G.P. Effect of SGLT2 inhibitors on circulating stem and progenitor
cells in patients with type 2 diabetes mellitus. J. Clin. Endocrinol. Metab. 2018, 103, 3773-3782. [CrossRef]

Nandula, S.R.; Kundu, N.; Awal, H.B.; Brichacek, B.; Fakhri, M.; Aimalla, N.; Elzarki, A.; Amdur, R.L.; Sen, S. Role of canagliflozin
on function of CD34+ve endothelial progenitor cells (EPCs) in patients with type 2 diabetes mellitus. Cardiovasc. Diabetol. 2021,
20, 44. [CrossRef] [PubMed]

Albiero, M; Tedesco, S.; Afmendolagine, EL; D’Anna, M.; Migliozzi, L.; Zuccolotto, G.; Rosato, A.; Cappellari, R.; Avogaro, A.;
Fadini, G.P. Inhibition of SGLT2 rescues bone marrow traffic for vascular repair. Role of glucose control and ketogenesis. Diabetes
2021, db201045. [CrossRef]

Erusalimsky, J.D. Vascular endothelial senescence: From mechanism to pathophysiology. J. Appl. Physiol. 2007, 212, 682—689.
[CrossRef]

Brodsky, S.V.; Gealekman, O.; Chen, J.; Zhang, F.; Togashi, N.; Crabtree, M.; Gross, S.S.; Nasjletti, A.; Goligorsky, M.S. Prevention
and reversal of premature endothelial senescence and vasculopathy in obesity-induced diabetes by ebselen. Circ. Res. 2004, 94,
377-384. [CrossRef]


http://doi.org/10.1161/ATVBAHA.119.312659
http://www.ncbi.nlm.nih.gov/pubmed/31294626
http://doi.org/10.1016/j.matbio.2018.01.026
http://doi.org/10.2337/diabetes.55.02.06.db05-1103
http://doi.org/10.1007/s00125-010-1910-x
http://doi.org/10.1038/s41598-017-16179-7
http://doi.org/10.1007/s11010-019-03555-2
http://www.ncbi.nlm.nih.gov/pubmed/32326806
http://doi.org/10.3389/fphar.2019.00362
http://doi.org/10.1002/ijc.31193
http://www.ncbi.nlm.nih.gov/pubmed/29205334
http://doi.org/10.15252/embj.201695518
http://www.ncbi.nlm.nih.gov/pubmed/28659375
http://doi.org/10.15252/embj.201796436
http://doi.org/10.1016/j.bcp.2018.08.032
http://doi.org/10.1038/s41419-018-0273-y
http://doi.org/10.2174/157339906775473671
http://www.ncbi.nlm.nih.gov/pubmed/18220619
http://doi.org/10.1177/1358863X20961153
http://www.ncbi.nlm.nih.gov/pubmed/33095685
http://doi.org/10.1016/j.ebiom.2020.102637
http://doi.org/10.1016/j.jacbts.2018.01.010
http://www.ncbi.nlm.nih.gov/pubmed/30062217
http://doi.org/10.3389/fphar.2020.01104
http://www.ncbi.nlm.nih.gov/pubmed/32848736
http://doi.org/10.1210/jc.2018-00824
http://doi.org/10.1186/s12933-021-01235-4
http://www.ncbi.nlm.nih.gov/pubmed/33581737
http://doi.org/10.2337/db20-1045
http://doi.org/10.1152/japplphysiol.91353.2008
http://doi.org/10.1161/01.RES.0000111802.09964.EF

Int. J. Mol. Sci. 2021, 22, 8786 18 of 19

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

Matsui-Hirai, H.; Hayashi, T.; Yamamoto, S.; Ina, K.; Maeda, M.; Kotani, H.; Iguchi, A.; Ignarro, L.]J.; Hattori, Y. Dose-dependent
modulatory effect of insulin on glucose-induced endothelial senescence in vitro and in vivo: A relationship between telomeres
and nitric oxide. J. Pharmacol. Exp. Ther. 2011, 337, 591-599. [CrossRef]

Arunachalam, G.; Samuel, S.M.; Marei, I.; Ding, H.; Triggle, C.R. Metformin modulates hyperglycemia-induced endothelial
senescence and apoptosis through SIRT1. Br. J. Pharmacol. 2014, 171, 523-535. [CrossRef] [PubMed]

Khemais-Benkhiat, S.; Belcastro, E.; Idris-Khoda, N.; Park, S.-H.; Amoura, L.; Abbas, M.; Auger, C.; Kessler, L.; Mayoux, E.;
Toti, F,; et al. Angiotensin II-induced redox-sensitive SGLT1 and SGLT2 expression promotes high glucose-induced endothelial
senescence. J. Cell. Mol. Med. 2020, 24, 2109-2122. [CrossRef]

Zhou, H.; Wang, S.; Zhu, P.; Hu, S.; Chen, Y.; Ren, ]J. Empagliflozin rescues diabetic myocardial microvascular injury via
AMPK-mediate inhibition of mitochondprial fission. Redox Biol. 2018, 15, 335-346. [CrossRef]

Nikolaou, P.E.; Efentakis, P.; Qourah, F.A.; Femmino, S.; Makridakis, M.; Kanaki, Z.; Varela, A.; Tsoumani, M.; Davos, C.H.;
Dimitriou, C.A.; et al. Chronic empagliflozin treatment reduces myocardial infarct size in nondiabetic mice through STAT-3-
mediated protection of microvascular endothelial cells and reduction of oxidative stress. Antioxid. Redox Signal. 2021, 34, 551-571.
[CrossRef]

Park, S.-H.; Belcastro, E.; Hasan, H.; Matsushita, K.; Marchandot, B.; Abbas, M.; Toti, F.; Auger, C.; Jesel, L.; Ohlmann, P; et al.
Angiotensin II-induced upregulation of SGLT1 and SGLT2 contributes to human microparticle-stimulated endothelial senescence
and dysfunction: Protective effect of gliflozins. Cardiovasc. Diabetol. 2021, 20, 65. [CrossRef]

Takahashi, H.; Nomiyama, T.; Terawaki, Y.; Horikawa, T.; Kawanami, T.; Hamaguchi, Y.; Tanaka, T.; Motonaga, R.; Fukuda, T.;
Tanabe, M.; et al. Combined treatment with DPP-4 inhibitor linaglipton and SGLT2 inhibitor empagliflozin attenuates neointima
formation after vascular injury in diabetic mice. Biochem. Biophys. Rep. 2019, 18, 100640. [PubMed]

Sukhanov, S.; Higashe, Y.; Yoshida, T.; Mummidi, S.; Aroor, A.; Russell, ].R.; Bender, S.B.; DeMarco, V.G.; Chandrasekar, B. The
SGLT2 inhibitor empagliflozin attenuates interleukin-17A-induced human aortic smooth muscle cell proliferation and migration
by targeting TRAF3IP2/ROS/NLRP3/caspase-1-dependent IL-1f3 and IL-18 secretion. Cell. Signal. 2021, 77, 109825. [CrossRef]
[PubMed]

Behnammanesh, G.; Durante, G.L.; Khanna, Y.P,; Peyton, K.J.; Durante, W. Canagliflozin inhibits vascular smooth muscle cell
proliferation and migration: Role of heme oxygenase-1. Redox Biol. 2020, 32, 101527. [CrossRef]

Peyton, K.J; Yu, Y.; Yates, B.; Shebib, A.R.; Liu, X.M.; Wang, H.; Durante, W. Compound C inhibits vascular smooth muscle cell
proliferation and migration in a an AMPK-activated protein kinase-independent fashion. J. Pharmacol. Exp. Therapeut. 2011, 338,
476-484. [CrossRef]

Li, H.; Shin, S.E.; Seo, M.S.; An, ]J.R.; Choi, I.-W,; Jung, W.-K,; Firth, A.L.; Lee, D.-S.; Yim, M.-].; Choi, G.; et al. The anti-diabetic
drug dapagliflozin induces vasodilation via activation of PKG and Kv channels. Life Sci. 2018, 197, 46-55. [CrossRef] [PubMed]
Han, Y.; Cho, Y.-E.; Ayon, R.; Guo, R.; Youossef, K.D.; Pan, M.; Dai, A.; Yuan, ].X.-Y.; Makino, A. SGLT2 inhibitors attenuate
NO-dependent vascular relaxation in the pulmonary artery but not in the coronary artery. Am. J. Physiol. Lung Cell Mol. Physiol.
2015, 309, L1027-L1036. [CrossRef]

Lin, B.; Koibuchi, N.; Hasegawa, Y.; Sueta, D.; Toyama, K.; Uekawa, K.; Ma, M.; Nakagawa, T.; Kusaka, H.; Kim-Mitsuyama,
S. Glycemic control with empagliflozin, a novel selective SGLT2 inhibitor, ameliorates cardiovascular injury and cognitive
dysfunction in obese type 2 diabetic mice. Cardiovasc. Diabet. 2014, 13, 148. [CrossRef]

Mori, K.; Tsuchiya, K.; Nakamura, S.; Miyachi, Y.; Shiba, K.; Ogawa, Y.; Kitamura, K. Ipragliflozin-induced adipose expansion
inhibits cuff-induced vascular remodeling in mice. Cardiovasc. Diabetol. 2019, 18, 83. [CrossRef] [PubMed]

Mori, Y.; Terasaki, M.; Hiromura, M.; Saito, T.; Kushima, H.; Koshibu, M.; Osaka, N.; Ohara, M.; Fukui, T.; Ohtaki, H.; et al.
Luseogliflozin attenuates neointimal hyperplasia after wire injury in high-fat diet-fed mice via inhibition of perivascular adipose
tissue remodeling. Cardiovasc. Diabetol. 2019, 18, 143. [CrossRef] [PubMed]

Chowdhury, B.; Luu, A.Z.; Luu, V.Z,; Kabir, M.G,; Pan, Y.; Teoh, H.; Quan, A.; Sabongui, S.; Al_omran, M.; Bhatt, D.L.; et al. The
SGLT2 inhibitor empagliflozin reduces mortality and prevents progression in experimental pulmonary hypertension. Biochem.
Biophys. Res. Commun. 2020, 524, 50-56. [CrossRef] [PubMed]

Satoh, T.; Wang, L.; Levine, A.; Baust, ].; Wyman, S.; Wu, Y.; Watkins, C.; McTiernan, C.F; Gladwin, M.T. Metabolic syndrome
contributes to the pulmonary arterial dysfunction in pulmonary hypertension in heart failure with preserved ejection fraction.
Eur. Heart ]. 2020, 41 (Suppl. 2), ehaa946.3810.

Martorell, S.; Hueso, L.; Gonzalez-Navarro, H.; Collada, A.; Sanz, M.J.; Piqueras, L. Vitamin D receptor activation reduces
angiotensin II-induced dissecting aneurysm in apolipoprotein E-knockout mice. Arterioscler. Thromb. Vasc. Biol. 2016, 36,
1587-1597. [CrossRef]

Saito, H.; Hasegawa, Y.; Ishigaki, Y.; Yamada, T.; Gao, J.; Imai, J.; Uno, K.; Keneko, K.; Ogihara, T.; Shimosawa, T.; et al. Importance
of endothelial NF-«B signaling in vascular remodeling and aortic aneurysm formation. Cardiovasc. Res. 2013, 97, 106-114.
[CrossRef]

Hashikata, T.; Ikutomi, M.; Jimba, T.; Shindo, A.; Kakuda, N.; Katsushika, S.; Yokoyama, M.; Kishi, M.; Sato, T.; Matsushita, M.;
et al. Empagliflozin attenuates neointimal hyperplasia after drug-eluting-stent implantation in patients with type 2 diabetes.
Heart Vessel. 2020, 35, 1378-1389. [CrossRef]

Mitchell, G.F; Hwang, S.J.; Vasan, R.S.; Larson, M.G.; Pencina, M.].; Hamburg, N.M.; Vita, ].A.; Levy, D.; Benjamin, E.]J. Arterial
stiffness and cardiovascular events: The Framingham Heart Study. Circulation 2010, 121, 505-511. [CrossRef]


http://doi.org/10.1124/jpet.110.177584
http://doi.org/10.1111/bph.12496
http://www.ncbi.nlm.nih.gov/pubmed/24372553
http://doi.org/10.1111/jcmm.14233
http://doi.org/10.1016/j.redox.2017.12.019
http://doi.org/10.1089/ars.2019.7923
http://doi.org/10.1186/s12933-021-01252-3
http://www.ncbi.nlm.nih.gov/pubmed/31032431
http://doi.org/10.1016/j.cellsig.2020.109825
http://www.ncbi.nlm.nih.gov/pubmed/33160017
http://doi.org/10.1016/j.redox.2020.101527
http://doi.org/10.1124/jpet.111.181784
http://doi.org/10.1016/j.lfs.2018.01.032
http://www.ncbi.nlm.nih.gov/pubmed/29409796
http://doi.org/10.1152/ajplung.00167.2015
http://doi.org/10.1186/s12933-014-0148-1
http://doi.org/10.1186/s12933-019-0886-1
http://www.ncbi.nlm.nih.gov/pubmed/31234839
http://doi.org/10.1186/s12933-019-0947-5
http://www.ncbi.nlm.nih.gov/pubmed/31672147
http://doi.org/10.1016/j.bbrc.2020.01.015
http://www.ncbi.nlm.nih.gov/pubmed/31980166
http://doi.org/10.1161/ATVBAHA.116.307530
http://doi.org/10.1093/cvr/cvs298
http://doi.org/10.1007/s00380-020-01621-0
http://doi.org/10.1161/CIRCULATIONAHA.109.886655

Int. J. Mol. Sci. 2021, 22, 8786 19 of 19

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

Humphrey, ].D.; Tellides, G. Central artery stiffness and thoracic aortopathy. Am. J. Physiol. Heart Circ. Physiol. 2019, 316,
H169-H182. [CrossRef]

Lacolley, P.; Regnault, V.; Segers, P.; Laurent, S. Vascular smooth muscle cells and arterial stiffening: Relevance in development,
aging, and disease. Physiol. Rev. 2017, 97, 1555-1617. [CrossRef]

Jia, G.; Aroor, A.R.; Sowers, J.R. Arterial stiffness: A nexus between cardiac and renal disease. Cardiorenal. Med. 2014, 4, 60-71.
[CrossRef] [PubMed]

Liao, J.; Farmer, J. Arterial stiffness as a risk factor for coronary artery disease. Curr. Atheroscler. Rep. 2014, 16, 387. [CrossRef]
Sarwar, N.; Gao, P.; Seshasai, S.R.K.; Gobin, R.; Kaptoge, S.; Di Angelantonio, E.; Ingelsson, E.; Lawlor, D.A.; Selvin, E.; Stampfer,
M.; et al. Diabetes mellitus, fasting blood glucose concentration, and risk of vascular disease: A collaborative meta-analysis of 102
prospective studies. Lancet 2010, 375, 2215-2222.

Aroor, A.R.; McKarns, S.; DeMarco, V.G.; Jia, G.; Sowers, ].R. Maladaptive immune and inflammatory pathways lead to
cardiovascular insulin resistance. Metabolism 2013, 62, 1543-1552. [CrossRef]

Jia, G.; Aroor, A.R.; DeMarco, V.G.; Martinez-Lemus, L.A.; Meininger, G.A.; Sowers, ].R. Vascular stiffness in insulin resistance
and obesity. Front. Physiol. 2015, 6, 231. [CrossRef]

Chilton, R.; Tikkhanen, 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] [PubMed]

Bosch, A.; Ott, C.; Jung, S.; Striepe, K.; Karg, M.V.; Kannenkeril, D.; Dienemann, T.; Schmieder, R.E. How does empagliflozin
improve arterial stiffness in patients with type 2 diabetes mellitus. Sub analysis of a clinical trial. Cardiovasc. Diabetol. 2019, 18, 44.
[CrossRef] [PubMed]

Cherney, D.Z.; Perkins, B.A.; Soleymanlou, N.; Har, R.; Fagan, N.; Johansen, O.E.; Woerle, H.-J.; von Eynatten, M.; Broedl, U.C.
The effect of empagliflozin on arterial stiffness and heart rate variability in subjects with uncomplicated type 1 diabetes mellitus.
Cardiovasc. Diabetol. 2014, 13, 28. [CrossRef]

Solini, A.; Giannini, L.; Seghieri, M.; Vitolo, E.; Taddei, S.; Ghiadoni, L. 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]

Pfeifer, M.; Townsend, R.R.; Davies, M.].; Vijapurkar, U.; Ren, J. Effects of canagliflozin, a sodium-glucose co-transporter 2
inhibitor, on blood pressure and markers of arterial stiffness in patients with type 2 diabetes mellitus: A post hoc analysis.
Cardiovasc. Diabetol. 2017, 16, 29. [CrossRef]

Katakami, N.; Mita, T.; Yoshi, H.; Shiraiwa, T.; Yasuda, T.; Okada, Y.; Torimoto, K.; Umayahara, Y.; Kaneto, H.; Osonoi, T,
et al. Effect of tofogliflozin on arterial stiffness in patients with type 2 diabetes: Prespecified sub-analysis of the prospective,
randomized, open-label, parallel-group comparative UTOPIA trial. Cardiovasc. Diabetol. 2021, 20, 4. [CrossRef]

Kario, K.; Okada, K.; Murata, M.; Suzuki, D.; Yamagiwa, K.; Abe, Y.; Usui, L; Tsuchiya, N.; Iwashita, C.; Harada, N.; et al. Effects
of luseogliflozin on arterial properties in patients with type 2 diabetes mellitus: The multicenter, exploratory LUSCAR study.
J. Clin. Hypertens. 2020, 22, 1585-1593. [CrossRef]

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. |. Med. 2020, 383, 1413-1424. [CrossRef]
[PubMed]

Villani, L.A.; Smith, B.K.; Marcinko, K.; Ford, R.J.; Broadfield, L.A.; Green, A.E.; Houde, V.P.; Muti, P; Tsakiridis, T.; Steinberg,
G.R. The diabetes medication canagliflozin reduces cancer cell proliferation by inhibiting mitochondrial complex-I supported
respiration. Mol. Metab. 2016, 5, 1048-1056. [CrossRef]

Hawley, S.A.; Ford, R.J.; Smith, B.K.; Gowans, G.J.; Mancini, S.J.; Pitt, R.D.; Day, E.A.; Salt, L.P; Steinberg, G.R.; Hardie, D.G. The
Na™*/glucose cotransporter inhibitor canagliflozin activates AMPK by inhibiting mitochondrial function and increasing cellular
AMP levels. Diabetes 2016, 65, 2784-2794. [CrossRef] [PubMed]

Pattanawongsa, A.; Chau, N.; Rowland, A.; Miners, J.O. Inhibition of human UDP-glucuronosyltransferase enzymes by
canagliflozin and dapagliflozin: Implications for drug-drug interactions. Drug Metab. Dispos. 2015, 43, 1468-1476. [CrossRef]
Uthman, L.; Baartscheer, A.; Bleijlevens, B.; Schumacher, C.A.; Fiolet, ] W.T.; Koeman, A. Class effects of SGLT2 inhibitors in
mouse cardiomyocytes and hearts: Inhibition of Na+/H+ exchanger, lowering cytosolic Na+ and vasodilation. Diabetologia 2018,
61, 722-726. [CrossRef]

Ferrannini, E.; Muscelli, E.; Frascerra, S.; Baldi, S.; Mair, A.; Heise, T.; Broedl, U.C.; Woerle, H.-]. Metabolic response to
sodium-glucose cotransporter 2 inhibition in type 2 diabetic patients. J. Clin. Invest. 2014, 124, 499-508. [CrossRef] [PubMed]
Ferrannini, E.; Baldi, S.; Frascerra, S.; Astiarraga, B.; Heise, T.; Bizzotto, R.; Mari, A.; Pieber, T.R.; Muscelli, E. Shift to fatty acid
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]

Eelen, G.; de Zeeuw, P; Treps, L.; Harjes, U.; Wong, B.W.; Carmeliet, P. Endothelial cell metabolism. Physiol. Rev. 2018, 98, 3-58.
[CrossRef] [PubMed]


http://doi.org/10.1152/ajpheart.00205.2018
http://doi.org/10.1152/physrev.00003.2017
http://doi.org/10.1159/000360867
http://www.ncbi.nlm.nih.gov/pubmed/24847335
http://doi.org/10.1007/s11883-013-0387-8
http://doi.org/10.1016/j.metabol.2013.07.001
http://doi.org/10.3389/fphys.2015.00231
http://doi.org/10.1111/dom.12572
http://www.ncbi.nlm.nih.gov/pubmed/26343814
http://doi.org/10.1186/s12933-019-0839-8
http://www.ncbi.nlm.nih.gov/pubmed/30922297
http://doi.org/10.1186/1475-2840-13-28
http://doi.org/10.1186/s12933-017-0621-8
http://www.ncbi.nlm.nih.gov/pubmed/29061124
http://doi.org/10.1186/s12933-017-0511-0
http://doi.org/10.1186/s12933-020-01206-1
http://doi.org/10.1111/jch.13988
http://doi.org/10.1056/NEJMoa2022190
http://www.ncbi.nlm.nih.gov/pubmed/32865377
http://doi.org/10.1016/j.molmet.2016.08.014
http://doi.org/10.2337/db16-0058
http://www.ncbi.nlm.nih.gov/pubmed/27381369
http://doi.org/10.1124/dmd.115.065870
http://doi.org/10.1007/s00125-017-4509-7
http://doi.org/10.1172/JCI72227
http://www.ncbi.nlm.nih.gov/pubmed/24463454
http://doi.org/10.2337/db15-1356
http://www.ncbi.nlm.nih.gov/pubmed/26861783
http://doi.org/10.1152/physrev.00001.2017
http://www.ncbi.nlm.nih.gov/pubmed/29167330

	Introduction 
	Effect of SGLT2 Inhibitors on Endothelium-Dependent Vasodilation 
	Effect of SGLT2 Inhibitors on EC Function 
	SGLT2 Inhibitors Increase NO Bioavailability 
	SGLT2 Inhibitors Block EC Inflammation 
	SGLT2 Inhibitors Preserve the EC Glycocalyx 
	SGLT2 Inhibitors Regulate Vascular Repair and Angiogenesis 
	SGLT2 Inhibitors Suppress EC Senescence 
	SGLT2 Inhibitors Promote EC Viability 

	Expression of SGLT2 in Vascular Cells 
	Effect of SGLT2 Inhibitors on VSMC Function and Arterial Remodeling 
	Effect of SGLT2 Inhibitors on Arterial Stiffness 
	Summary and Future Directions 
	References

