Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 May 2023 d0i:10.20944/preprints202305.0041.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Review

A Significance of an Amelioration of Endothelial
Dysfunction by Sodium-Glucose Cotransporter 2
Inhibitors for an Improvement of Heart Failure and
Chronic Kidney Disease

Hidekatsu Yanai »*, Hiroki Adachi !, Mariko Hakoshima !, and Hisayuki Katsuyama !

! Department of Diabetes, Endocrinology and Metabolism, National Center for Global Health and Medicine
Kohnodai Hospital, 1-7-1 Kohnodai, Chiba 272-8516, Japan
* Correspondence: dyanai@hospk.ncgm.go.jp; Tel.: +81-473-72-3501; Fax: +81-473-72-1858

Abstract: Beyond plasma glucose-lowering, sodium-glucose cotransporter 2 inhibitors (SGLT2i)
significantly reduced the hospitalization for heart failure (HF) and retarded the progression of
chronic kidney disease (CKD) in patients with type 2 diabetes. Endothelial dysfunction is not only
involved in the development and progression of cardiovascular disease (CVD), and is also
associated with the progression of CKD. In patients with type 2 diabetes, hyperglycemia, insulin
resistance, hyperinsulinemia and dyslipidemia induce the development of endothelial dysfunction.
SGLT2i have shown an improvement in endothelial dysfunction, as assessed by flow-mediated
vasodilation, in individuals at high risk for CVD. Along with an improvement of endothelial
dysfunction, SGLT2i showed improvements in oxidative stress, inflammation, mitochondrial
dysfunction, glucotoxicity such as advanced glycation end products signaling and nitric oxide
bioavailability. The improvements in endothelial dysfunction and such endothelium-derived
factors may play an important role in preventing the development of coronary artery disease,
coronary microvascular dysfunction and diabetic cardiomyopathy which cause HF and in retarding
CKD. The suppression of the development of HF and the progression of CKD achieved by SGLT2i
might have been largely induced by the improvement of vascular endothelial function by SGLT2i.

Keywords: endothelial dysfunction; chronic kidney disease; heart failure; sodium-glucose
cotransporter 2 inhibitors

1. Introduction

Beyond plasma glucose-lowering, sodium-glucose cotransporter 2 inhibitors (SGLT2i)
significantly reduced the major adverse cardiovascular events (MACE) with the history of
cardiovascular disease (CVD) or multiple risk factors for CVD in patients with type 2 diabetes [1, 2].
The EMPA-REG OUTCOME using empagliflozin, one of SGLT2i, showed that empagliflozin
significantly reduced 3 point-MACE including death from CV causes, nonfatal myocardial infarction,
or nonfatal stroke, by 14% compared to placebo [1]. What the EMPA-REG OUTCOME surprised
physicians was that empagliflozin reduced the hospitalization for heart failure (HF) by 35%, as
compared with placebo. Reduction of the hospitalization for HF was also observed in the CANVAS
Program which used canagliflozin [2]. Interestingly, the difference in the hospitalization for HF
between placebo and SGTL2i appeared from the early phase after SGLT2i administration in both
trials. What did these results mean? Most of type 2 diabetic patients included in the EMPA-REG
OUTCOME had the history of CVD, and approximately 65% of patients in the CANVAS Program
had the history of CVD [1-3]. The difference in the hospitalization for HF between placebo and
SGTL2i from the early phase after administration was induced by high CVD risk background of
studied patients? The DECLARE-TIMI 58 included about 40% of type 2 diabetic patients with CVD
showed that one of SGLT2i, dapagliflozin, reduced the hospitalization for HF by 27% [4]. The
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DECLARE-TIMI 58 also showed the difference in the hospitalization for HF between placebo and
SGTL2i from the early phase after SGLT2i administration. The result obtained from the DECLARE-
TIMI 58 challenged that the high-risk background of studied patients induced an early separation of
the hospitalization for HF curves between SGLT2i- and placebo-treated patients. Another reasonable
answer is that patients with type 2 diabetes are likely to develop HF, and SGLT2i improves the factors
that exacerbate HF in patients with type 2 diabetes.

The advantage brought by SGLT2i is that they are effective not only in suppressing the onset of
HF, but also in suppressing the development and progression of chronic kidney disease (CKD).
Empagliflozin reduced incident or worsening nephropathy by 39% as compared with placebo, and
decreased doubling of serum creatinine level and renal-replacement therapy by 44% and 55%,
respectively [6]. Canagliflozin also lowered the renal-specific composite of end-stage renal disease
(ESRD), a doubling of the creatinine level, or death from renal causes by 34% [2]. Dapagliflozin
reduced the composite of a sustained decline in the estimated glomerular filtration rate (eGFR) of at
least 50%, ESRD, or death from renal causes by 44% [6]. SGLT2i such as empagliflozin, canagliflozin
and dapagliflozin retarded a decline of eGFR in patients with type 2 diabetes. A short-term (12 weeks)
empagliflozin treatment reduced urinary albumin-to-creatinine ratio (UACR) by 7% in patients with
normo-albuminuria, by 25% in patients with microalbuminuria, and by 32% in patients with
macroalbuminuria, as compared with those who used placebo. The reductions in UACR were
maintained with empagliflozin in all three groups compared with placebo during a long-term
treatment (164 weeks) [7].

SGLT2i reduced the development of atherosclerotic CVD (ASCVD) and HF and retarded CKD.
Endothelial dysfunction is a very early event in atherosclerosis. Cardiomyocyte is the main player in
cardiac function and development of HF, however, its function is underpinned by non-
cardiomyocytes such as vascular endothelial cells. In particular, vascular endothelial cells are
important cells for maintaining blood perfusion to myocardial cells. CKD has been found to be an
important risk factor not only for ESRD but also for CVD, and the concept of cardiorenal syndrome
(CRS) has attracted attention. In CKD patients, systemic vascular endothelial damage is observed
from an early stage, which can explain the frequent development of CVD in CKD patients [8].

Endothelial dysfunction is a crucial determinant for the development and progression of
ASCVD, HF and CKD, all of which were improved by SGLT2i use in patients with type 2 diabetes.
Here, we discuss the effects of SGLT2i on endothelial dysfunction, and the influence of an
improvement of endothelial function by SGLT2i on the pathogenesis of ASCVD, HF and CKD.

2. Endothelial dysfunction due to diabetes and/or insulin resistance

The endothelium-derived molecules and their effects, induced by endothelial dysfunction due
to diabetes or insulin resistance on atherosclerosis were shown in Figure 1.
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Figure 1. The endothelium-derived molecules and their effects, induced by endothelial dysfunction

due to diabetes or insulin resistance on atherosclerosis. AGE, advanced glycation end products;
ADMA, asymmetric dimethylarginine; eNOS, endothelial nitric oxide synthase; EPCs, endothelial
progenitor cells; ET-1, endothelin-1; ICAM-1, intercellular adhesion molecule-1; LDL, low-density
lipoprotein; NO, nitric oxide; PAI-1, plasminogen activator inhibitor-1; RAGE, receptor for advanced
glycation end products; ROS, reactive oxygen species; SR, scavenger receptor; TNF-a, tumor necrosis
factor-o; VCAM-1, vascular cell adhesion molecule-1.

Vascular endothelial dysfunction is an important early stage of atherosclerosis development.
Endothelial nitric oxide synthase (eNOS) produces the nitric oxide (NO) in endothelial cells, and
eNOS is closely associated with regulation of anti-atherogenetic processes such as vasorelaxation, an
inhibition of the adhesion between leukocyte and endothelial cells, the suppression of migration and
proliferation of vascular smooth muscle cells, and the inhibition of platelet aggregation [9-11]. NO
promotes vasodilation, and suppresses proliferation and migration of vascular smooth muscle cells,
and suppresses the expression of vascular cell adhesion molecule-1 (VCAM-1) and intercellular
adhesion molecule-1 (ICAM-1). Further, NO contributes to the inhibition of cytokine activity such as
tumor necrosis factor-a. (TNF-a) and platelet aggregation, and reduction in procoagulant factors. NO
also suppresses the adhesion of monocytes and macrophages to the vascular wall. Elevated TNF-a
levels and hyperglycemia are implicated in endothelial dysfunction in patients with diabetes [12-14].
TNF-a and hyperglycemia have been reported to elevate plasminogen activator inhibitor-1 (PAI-1)
and ICAM-1 and VCAM-1 expression in endothelial cells. PAI-1 and vascular adhesion molecules are
elevated in patients with diabetes, which may largely contribute to the pathogenesis of
atherosclerosis in diabetic patients [15, 16]. Therefore, reduced NO production by endothelial cells
induces inflammatory proliferative changes in the vascular wall and allow monocytes to enter the
vascular wall, leading to atherosclerotic lesions. Actually, endothelium-dependent vasorelaxation
response is attenuated and vascular endothelial function is impaired due to decreased activity of
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eNOS, in vascular walls of patients with insulin resistance [17]. The experiments with endothelial
cells have shown that eNOS is activated to produce NO by insulin-mediated activation of
phosphatidylinositol3 (PI3) kinase and the phosphorylation of its downstream Akt [18, 19]. Insulin
induces NO production by eNOS.

There is growing evidence that elevated expression of the eNOS inhibitor, asymmetric
dimethylarginine (ADMA), is associated with the development of endothelial dysfunction [20-22].
Further, elevation of ADMA is associated with an increased risk of CVD. Plasma ADMA levels are
positively correlated with insulin resistance in nondiabetic, normotensive people, suggesting a
significant association between ADMA and insulin resistance [23].

Endothelial dysfunction is characterized by the enhancement of endothelin-1 (ET-1) expression
and reduced expression of eNOS in endothelial cells. ET-1 is a potent vasoconstrictor whereas eNOS
induces strong vasodilatation by production of NO [24, 25]. Diabetic status induces the formation
and accumulation of advanced glycation end products (AGEs). The receptor for AGEs (RAGE) plays
a crucial role in the promotion of inflammation and the activation of endothelial cells, which is closely
associated with the development and progression of atherosclerosis in patients with diabetes [26, 27].

Hyperglycemia may cause the overproduction of mitochondrial reactive oxygen species (ROS),
leading to the feed-forward redox stimulation of NADPH oxidases. This vicious cycle may contribute
to the development of pathological conditions and facilitate organ damage in diabetes [28]. Such an
oxidative stress increases production of oxidized low-density lipoprotein (LDL) which is easily up-
taken by macrophages via scavenger receptor (SR), resulting in foam cell formation.

Endothelial progenitor cells (EPCs) are derived from bone marrow, and can enter blood and
differentiate into mature endothelial cells [29], and plays an important role in repairing vascular
endothelial damage [30]. Lower level of EPCs was significantly associated with a higher CVD
incidence in diabetic patients [31].

3. A significance of endothelial dysfunction for development of HF in patients with type 2
diabetes

3.1. Patients with type 2 diabetes are likely to develop HF?

Diabetes as well as obesity is one of crucial risk factors for HF [32]. The association of glucose
metabolism with CV outcome, left ventricular mass (LVM) and LV hypertrophy (LVH) were
investigated by using 15,010 subjects with euglycemia, prediabetes and type 2 diabetes in the
population-based Gutenberg Health Study [33]. The prevalence of LVH was higher in the order of
type 2 diabetes (23.8%), prediabetes (17.8%), and euglycemia (10.2%). Prediabetes and type 2 diabetes
were associated with increased LVM, independent of age, sex, and CV risk factors. The co-prevalence
of type 2 diabetes with LVH reduced life expectancy. The patients with type 2 diabetes without
hypertension, albuminuria, and ischemic heart disease showed significantly higher LVM than
healthy controls [34]. LVM was significantly and positively associated with the duration of diabetes
and HbAlc levels in patients with type 2 diabetes. The development of symptomatic HF, HF
hospitalization, and CV death in asymptomatic left ventricular systolic dysfunction patients with and
without diabetes were examined [35]. Patients with diabetes had a higher risk of development of HF
(hazard ratio [HR], 1.53; 95% confidence interval [95%CI], 1.32 to 1.78; P < 0.001), HF hospitalization
(HR, 2.04; 95%CI, 1.65 to 2.52; P < 0.0001), and the composite outcome of development of HF or
cardiovascular death (HR, 1.48; 95%ClI, 1.30-1.69; P < 0.001). It was determined whether the risk of
adverse CV outcomes associated with diabetes differs in patients with reduced and preserved
ejection fraction HF (HFrEF and HFpEF) [36]. The prevalence of diabetes was 28.3% in patients with
HFpEF and 28.5% in those with HFrEF. Diabetes was associated with a greater relative risk of CV
death or HF hospitalization in patients with HFpEF (HR, 2.0; 95%CI, 1.70 to 2.36) than in patients
with HFrEF (HR, 1.60; 95%ClI, 1.44 to 1.77). In short, diabetes was an independent predictor of CV
morbidity and mortality in patients with HF, regardless of EF. Surprisingly, 28% of patients with type
2 diabetes who were not diagnosed with HF had HF such as HFrEF (5%) and HFpEF (23%) [37]. Such
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HF-prone property of diabetic patients might have brought an early separation of the curve for HF
hospitalization between SGLT2i- and placebo-treated patients in various trials.

3.2. The pathological conditions leading to the development of HF in patients with type 2 diabetes

3.2.1. The mechanisms leading to coronary artery disease (CAD) in patients with type 2 diabetes

The pathological conditions leading to the development of HF in patients with type 2 diabetes
were shown in Figure 2.
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Figure 2. The pathological conditions leading to the development of heart failure in patients with type
2 diabetes. AGE, advanced glycation end products; ER, endoplasmic reticulum; FA, fatty acids; RAAS,
renin-angiotensin-aldosterone system; RAGE, receptor for advanced glycation end products.

In patients with diabetes, hyperglycemia, insulin resistance, hyperinsulinemia and dyslipidemia
induce the development of endothelial dysfunction and atherosclerosis. Coronary arterial stenosis by
atherosclerosis causes obstructive CAD such as angina pectoris. Coronary endothelial dysfunction is
thought to be a precursor of obstructive CAD, and is also adversely associated with CV outcomes
[38]. In the setting of coronary artery spasm, several clinical studies have demonstrated reduced NO
activity which is observed in endothelial dysfunction [39]. The observation that animal models with
mutations of the eNOS gene are predisposed to developing coronary artery spasm further supports
the contribution of coronary endothelial dysfunction in the pathogenesis of coronary artery spasm
[40].
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3.2.2. The mechanisms leading coronary microvascular dysfunction (CMD) in patients with type 2
diabetes

Diabetics are often affected by coronary microvascular dysfunction (CMD). This is a condition
that consists of a combination of vasomotor changes and long-term structural changes in the coronary
arterioles, leading to dysregulation of blood flow in response to changes in the oxygen demand of
myocardial cells [41]. Hyperglycemia, insulin resistance may play a central role in leading to
oxidative stress, inflammatory activation, and altered endothelial barrier function. CMD contributes
significantly to CV events without obstructive CAD, and the development of HF, especially HFpEF,
in patients with diabetes.

3.2.3. The mechanisms leading to diabetic cardiomyopathy (DCM) in patients with type 2 diabetes

Multiple mechanisms including hyperglycemia contribute to the development of DCM [42-45].
In patients with diabetes, the presence of myocardial dysfunction in the absence of overt CAD,
valvular disease and other conventional CV risk factors has led to the descriptive terminology, “DCM”
[43]. Impaired cardiac insulin resistance, mitochondrial dysfunction, increases in oxidative stress,
reduced NO bioavailability, accumulation of AGEs, impaired mitochondrial and cardiomyocyte
calcium handling, inflammation, renin angiotensin-aldosterone system (RAAS) activation, cardiac
autonomic dysfunction, endoplasmic reticulum (ER) stress have been implicated in the development
and progression of DCM. Exposure to increased serum lipid levels including fatty acids (FA) and
triglycerides (TG) causes cardiac lipotoxicity which is also associated with the development of DCM
[44].

Endothelial dysfunction plays a critical role in the onset, development and progression of DCM
[46]. Hyperglycemia, hyperinsulinemia, and insulin resistance induce the endothelial dysfunction,
including the reduced function of barrier, impairment of NO bioavailability, excessive production of
ROS, oxidative stress, and inflammation. Endothelial dysfunction induces an impairment of
myocardial metabolism, a mishandling of intracellular Ca2+, ER stress, mitochondrial dysfunction,
excess production of AGEs, and extracellular matrix deposit. Such various hazardous factors induced
by endothelial dysfunction lead to cardiac stiffness, fibrosis, and remodeling, resulting in cardiac
diastolic and systolic dysfunction, and the development of HF.

3.2.4. A significance of endothelial dysfunction for development of pathogenic conditions for HF in
patients with type 2 diabetes

Endothelial dysfunction plays an important role in the development of CAD, CMD and DCM
which cause HF.

4. A significance of endothelial dysfunction for development of CKD in patients with type 2
diabetes

It is known that endothelial dysfunction is not only involved in the onset and progression of
CVD, but also an aggravating factor for albuminuria and progression of renal damage, and the
severity of endothelial damage increases with the progression of CKD. Endothelial dysfunction plays
a central role in pathology of CRS. Endothelial dysfunction is deeply involved in renal microvascular
hemodynamics, such as regulation of glomerular filtration and interstitial blood flow, and
maintenance of the vascular network, and also plays an important role in the tubulo-glomerular
feedback (TGF) and natriuresis. In CKD patients, systemic endothelial dysfunction is observed from
an early stage, which may explain why CVD occurs frequently in patients with CKD [7]. The sub-
analysis of the Irbesartan in Patients with Type 2 Diabetes and Microalbuminuria (IRMA 2) study
showed that endothelial dysfunction was the predicting factor for the progression to diabetic
nephropathy in microalbuminuria patients with type 2 diabetes, independently of the traditional risk
factors [47]. The flow-mediated vasodilation (FMD) as the marker for endothelial dysfunction was
significantly impaired in the patients with elevated urinary albumin excretion compared to
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normoalbuminuric subjects [48], suggesting a significant association between endothelial
dysfunction and albuminuria.
The possible mechanisms leading to CKD in patients with type 2 diabetes were show in Figure
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Figure 3. The possible mechanisms leading to CKD in patients with type 2 diabetes. ADMA,
asymmetric dimethylarginine;, DDAH, dimethylarginine dimethylaminohydrolase; Epo,
erythropoietin; Glu, glucose; SGLT2, sodium-glucose cotransporter 2; TGF, tubulo-glomerular
feedback.

Elevated levels of oxidative stress and ADMA represent the novel risk factors for endothelial
dysfunction [49]. There are substantial data demonstrating that elevation in ADMA and oxidative
stress markers in CKD patients [50, 51]. Brachial artery endothelium-dependent vasodilatation which
reflects endothelial function, oxidative stress, and ADMA levels are associated with stage of CKD [7].
Elevation of plasma and tissue ADMA levels in CKD are induced by both reduced renal excretion
and reduced catabolism by dimethylarginine dimethylaminohydrolase (DDAH), which is inhibited
by oxidative stress in CKD [52].

ADMA is closely associated with the loss of glomerular capillary and glomerular sclerosis,
leading to the progression of CKD [53]. DDAH regulates L-arginine: methylarginine levels in specific
renal cells [54], thereby regulating cell-specific L-arginine uptake and NO generation in renal tubular
epithelium. The TGF sensitivity is coupled to NO in the macula densa. The TGF was enhanced by
ADMA. ADMA has been found to accumulate in the erythrocytes of patients with renal failure [55].
Serum ADMA levels were significantly decreased in CKD patients with anemia whom were treated
with recombinant human erythropoietin (Epo) [56], which may indicate that the activated erythrocyte
turnover reduced accumulation of ADMA in erythrocytes. In such patients, urinary protein levels,
carotid intima-media thickness (IMT), pulse wave velocity (PWV), plasma brain natriuretic peptide
(BNP) were also significantly decreased. Furthermore, recent studies have shown that erythropoietin
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protects endothelial function and integrity [57]. Erythropoietin could therefore prevent renal tissue
injury and CKD progression.

The ADMA/DDAH may play an important role in the epithelial-mesenchymal transition (EMT)
of tubular epithelial cells, which was investigated by using diabetic mice [58]. In the kidneys of
diabetic mice, the loss of DDAH induced higher degree of renal interstitial fibrosis and collagen
deposition, and larger induction of EMT-related changes and oxidative stress than in the kidney of
wild-type mice. Excess oxidative stress induces the injury of epithelial cells of renal tubules, and
injured epithelial cells produce endothelial dysfunction-associated molecules and inflammatory
cytokines [59]. The injury of renal tubules induces inflammation by myeloid cells and also induces
transformation of interstitial fibroblasts into myofibroblasts, which leads to renal fibrosis. Such a
myofibroblastic transformation induces the impaired Epo production by renal interstitial fibroblasts,
which causes renal anemia. Such anemia and inflammation induced by epithelial dysfunction of renal
tubules further increase oxidative stress in the kidney, which thus contributes to unfavorable cycle
for the progression of CKD.

Endothelial dysfunction is deeply associated with the development and progression of CKD and
diabetic kidney disease (DKD).

5. The effects of SGLT2i on endothelial dysfunction

5.1. The effects of SGLT2i on vascular function tests

The noninvasive vascular function tests such as FMD and PWYV have been performed to evaluate
vascular dysfunction and to identify the individuals at high risk for CVD [60-62]. FMD has been used
as a method to assess endothelial function, and PWV has been used as the marker for arterial stiffness.

The addition of dapagliflozin to metformin (16 weeks) improved endothelial function assessed
by FMD, in patients with poorly controlled early-stage type 2 diabetes [63]. In this study, a reduction
in oxidative stress contributed to an improvement in FMD. The 2-day treatment with dapagliflozin
decreased systolic blood pressure (BP) and oxidative stress [64]. FMD was significantly increased,
and PWV was reduced, even after correction for mean BP. Canagliflozin reduced BP and improved
arterial stiffness, as assessed by PWV after 6 months, independently of the BP-lowring effect [65]. The
effect of SGLT2i on diastolic function and FMD were evaluated in 184 patients with type 2 diabetes
and HFpEF [66]. Short-term (12 weeks) SGLT2i-treatment improved diastolic function, and on
multiple regression statistically significant associations were seen between the marker for diastolic
function and the change in FMD [67]. The 12-month canagliflozin-treatment improved diastolic
function and FMD in patients with type 2 diabetes and chronic HF (CHF) [67]. The effect of treatment
with tofogliflozin for 6 months on cardiac and vascular endothelial function in patients with type 2
diabetes and heart diseases was evaluated. Tofogliflozin treatment (6 months) significantly decreased
left ventricular end-diastolic dimensions and significantly increased FMD [68]. An improvement of
diastolic function was significantly correlated with the increase in acetoacetic acid and 3-
hydroxybutyrate levels, suggesting that the elevation of ketone bodies by SGLT2i might improve left
ventricular dilatation. FMD was significantly improved after the six-month treatment of SGLT2i [69],
and multiple regression analysis demonstrated that the change in serum TG was the strongest
predictive factor for an improvement of FMD. The switching to SGLT2i was associated with a
statistically significant improvement in endothelial function in diabetic patients with CHF after 3
months, and SGLT2i treatment was significantly associated with an improvement of FMD even by
multivariable stepwise regression analysis [70]. The meta-analysis including 26 clinical studies
assessing the effects of dipeptidyl peptidase-4 (DPP-4) inhibitors, GLP-1 RAs, and SGLT2i on FMD
showed that only SGLT2i significantly improved FMD (mean difference [MD], 1.14%; 95% CI, 0.18 to
1.73, p = 0.016), but neither DPP-4 inhibitors (MD, 0.86%; 95% CI: -0.15 to 1.86, p = 0.095) nor GLP-1
RA (MD, 2.37%; 95% CI, -0.51 to 5.25, p = 0.107) improved FMD [71]. Another meta-analysis including
4 trials demonstrated that SGLT2i significantly increased FMD by 1.66% (95%ClI, 0.56 to 2.76;
p=0.003) as compared with placebo or active comparator [72].
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5.2. The effects of SGLT2i on factors-associated with endothelial dysfunction

The effects of SGLT2i on factors-associated with endothelial dysfunction were shown in Figure
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Figure 4. The effects of SGLT2i on endothelium-derived factors induced by endothelial dysfunction.
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AGE, advanced glycation end products; ADMA, asymmetric dimethylarginine; eNOS, endothelial
nitric oxide synthase; ICAM-1, intercellular adhesion molecule-1; LDL, low-density lipoprotein; NF«B,
nuclear factor-kappa B; NO, nitric oxide; PAI-1, plasminogen activator inhibitor-1; RAGE, receptor
for advanced glycation end products; ROS, reactive oxygen species; SOD-2, super oxide dismutase-2;
SR, scavenger receptor; VCAM-1, vascular cell adhesion molecule-1.

In addition to reducing plasma glucose, empagliflozin normalized endothelial function and
ROS in aorta and blood of diabetic rats [73]. In addition, SGLT2i ameliorated the pro-inflammatory
phenotype and glucotoxicity such as AGE/RAGE signaling in diabetic animals. Ipragliflozin
ameliorated impaired eNOS in the abdominal aorta and reduced ROS generation in diabetic mice
[74]. Furthermore, ipragliflozin decreased the expression of VCAM-1 and ICAM-1 in the abdominal
aorta. In vitro studies showed dapagliflozin-mediated attenuation of TNF-o.- and hyperglycemia-
induced increases in ICAM-1, VCAM-1, PAI-1 and nuclear factor-kappa B (NF«B) expression [75].
Phlorizin ameliorated the endothelial dysfunction link with the activation of the PI3K/AKT/eNOS
signaling pathway and augmentation of the release of NO, in palmitic acid-induced human
umbilical vein endothelial cells [76]. L-arginine is a physiological precursor to the formation of NO.
SGLT2i treatment increased L-arginine/ADMA ratio [77]. Reduced cardiac production of NO and
elevated oxidative stress were observed in the ob/ob—/- mice. An increase in L-arginine/ ADMA
ratio increased NO bioavailability, improving cardiac contractile function and coronary
microvascular function in the ob/ob-/- mice [77]. Empagliflozin and dapagliflozin restored NO
bioavailability by inhibiting ROS production rather than affecting eNOS expression/signaling,
barrier function and ICAM-1 and VCAM-1 expression in TNFa-induced endothelial cells [78].
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SGLT2i reduced BP, and significantly reduced norepinephrine, and improved endothelial
function [79], suggesting a beneficial effect of SGLT2i-mediated improvement in activation of the
sympathetic nervous system (SNS) on endothelial function. Empagliflozin reduced frailty in
diabetic and hypertensive elderly patients, most likely by decreasing the mitochondrial generation
of ROS in endothelial cells [80]. The disruption of the endothelial cell glycocalyx leads to cellular
dysfunction promoting inflammation and CVD progression. Empagliflozin mitigated endothelial
inflammation and attenuated ER stress signaling caused by sustained glycocalyx disruption [81].
Luseogliflozin ameliorated FA-induced endothelial dysfunction by increasing super oxide
dismutase 2 (SOD2) expression and decreasing ROS production in the thoracic aorta of high-fat
diet-induced obese mice [82]. Along with an improvement in kidney function, oxidized LDL, and
diastolic function, FMD significantly increased by canagliflozin in type 2 diabetic patients with CHF
[67].

6. The effects of SGLT2i on causative pathological conditions leading to HF in patients with
type 2 diabetes

6.1. The effects of SGLT2i on CAD

In the meta-analysis including 22 clinical trials, SGLT2i did not result in any significant
differences in the incidence rate of angina pectoris (relative risk [RR], 0.98; 95%CI, 0.83 to 1.14; p =
0.92), angina unstable (RR, 0.95; 95% CI, 0.84 to 1.07; p = 0.84), or myocardial infarction (RR, 0.94;
95%CL, 0.79 to 1.11; p = 0.98) between SGLT2i and control groups [83]. Another meta-analysis showed
that SGLT2i significantly reduced MACE, including hospitalization and all-cause mortality in
patients with or without ASCVD, and showed a beneficial trend in patients with HFpEF, and no
benefits in patients with stroke or myocardial infarction [84]. The meta-analysis including 15,301
patients with CAD showed that SGLT2i were associated with a risk reduction of MACE (HR, 0.84;
95% CI, 0.74 to 0.95), hospitalization for HF (HR, 0.69; 95%CI, 0.58 to 0.83) and a composite of CV
death or hospitalization for HF (HR, 0.78; 95%CI, 0.71 to 0.86) in CAD patients [85]. Although no data
has been shown so far that SGLT2i suppresses the onset of CAD, it has been demonstrated that
SGLT2i suppresses the hospitalization for HF in CAD patients.

6.2. The effects of SGLT2i on CMD

SGLT2i treatment ameliorated both cardiac contractile function and coronary microvascular
function as assessed by fractional area change (FAC) and coronary flow velocity reserve (CFVR),
respectively, in prediabetic ob/ob-/- mice [77]. Coronary flow reserve (CFR) is regulated not only by
focal stenosis but also by diffuse atherosclerosis and CMD in patients with CAD. The CFR was
reduced in the db/db group, however, empagliflozin significantly increased CFR [86]. The number
and microvascular coverage of cardiac pericytes were reduced in the db/db mice, however, which
were improved by empagliflozin. In short, empagliflozin improved CMD and reduced cardiac
pericyte loss in diabetic mice.

6.3. The beneficial effects of SGLT2i on DCM

The beneficial effects of SGLT2i on DCM were shown in Table 1. SGLT2i have multiple beneficial
factors to improve DCM [87-98]. SGLT2i decreased fibrosis, reduced inflammation and improved
systolic function. SGLT2i improved diastolic function and reduced mortality in a model of DCM [90].
SGLT2i may be a promising therapeutic option for DCM.


https://doi.org/10.20944/preprints202305.0041.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 May 2023

Table 1. The beneficial effects of SGLT2i on DCM

Beneficial factors by SGLT2i to improve DCM
Reduction of endoplasmic reticulum stress

Inhibition of oxidative stress

Attenuated myocardial fibrosis and apoptosis

Reduced inflammation

Improvement of myocardial fatty acid and glucose metabolism
Improvement of mitochondrial function

Attenuated arrhythmogenesis

Normalizing intracellular Ca2+ handling in cardiomyocytes
Inhibition of excessive autophagy

10 Improvement of myocardial energetics

0 XN N

7. The effects of SGLT2i on CKD

There are several renal protective mechanisms due to SGLT2i [99-101]. An improvement in
metabolic factors including reduction of body weight and BP, an increase in insulin sensitivity, and
a decrease in serum uric acid, may be associated with SGLT2i-mediated renal protection [102]. An
increased ketone bodies utilization by diabetic failing renal cells may be beneficially associated with
amelioration of renal function. Ketone bodies are also used by the diabetic failing myocardium as a
super fuel to improve heart function, and an improvement in CRS leads to further improvement of
renal function. SGLT2i decreases the overload of the proximal tubules and improves the
tubulointerstitial hypoxic milieu, leading to the recovery of Epo production by fibroblasts [103].
Therefore, increased hematocrit by SGLT2i suggests the recovery of tubulointerstitial function in
DKD [103]. Elevated Epo may also contribute to the renal protective effect of SGLT2i [104]. The
treatment with human erythropoietin protected the kidney of streptozotocin-induced diabetic rats
[105]. Epo was reported to protect podocytes from the injury by AGEs in mice [106]. Epo ameliorated
the injury of podocyte in advanced DKD in db/db mice [107]. An elevated expression of SGLT2
increases the renal NaCl reabsorption in the proximal tubule, inducing a significant reduction in
distal NaCl delivery to the macula densa [108]. The decreased NaCl delivery to macula densa is
sensed as a decrease in plasma volume, which leads to maladaptive glomerular afferent arterial
vasodilatation, such abnormally enhanced TGF increases intraglomerular pressure [109], worsening
renal function. SGLT2i restores normal TGF [110], which may reduce albuminuria and maintain
eGFR. The above mentioned renal protective mechanisms by SGLT2i are significantly associated with
an improvement of endothelial dysfunction.

Several meta-analyses reported beneficial effects of SGLT2i on CKD. SGLT2i was significantly
associated with the reduction of albuminuria in patients with type 2 diabetes and CKD [111]. SGLT2i
improved the CVD risk and renal outcomes in patients with type 2 diabetes and CKD [112]. In
patients with cardiometabolic and kidney disease, SGLT2i improved CV and kidney outcomes,
regardless of type 2 diabetes, HF, and/or CKD status [113]. The magnitude of risk reduction was
largest for hospitalization for HF and progression of CKD. In the meta-analysis investigated the CVD
and renal outcomes with SGLT2i vs. GLP-1RAs in type 2 diabetic patients with CKD, SGLT2i were
associated with a decreased risk of CVD and renal events, but GLP-1RAs were not [114]. SGLT2i
significantly reduced the risk for renal events as compared with GLP-1RAs. SGLT2i reduced the risk
of renal outcomes and MACE for patients with type 2 diabetes and CKD stage 3b-4 [115]. SGLT2i
significantly reduced the risk of the primary outcome including worsening kidney function, ESRD,
or renal death in CKD patients [116].

8. Conclusions

SGLT2i improve endothelial dysfunction measured by FMD in individuals at high risk for CVD.
The improvements in endothelial dysfunction and endothelium-derived factors may play an
important role in preventing the development of CAD, CMD and DCM which cause HF and in
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retarding CKD. The suppression of HF and CKD progression achieved by SGLT2i may be largely due
to the improvement of endothelial function by SGLT2i.
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