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1 INTRODUCTION 

1.1 Type 2 diabetes mellitus and cardiovascular disease 

Diabetes mellitus (DM) is a chronic metabolic disease characterised by persistently high blood 

sugar levels referred to as hyperglycaemia. The most common types of diabetes are type 1 

DM and type 2 DM (T2DM), with the latter accounting for 90ς95% of cases (1). Type 1 DM is 

characterised by an absolute insulin deficiency due to an autoimmune response destroying 

the insulin-producing ̡ -cells in the pancreas. By contrast, T2DM is characterised by a 

combination of insulin resistance and relative insulin deficiency caused by an interplay of 

multiple factors including overweight or obesity (1,2). The incidence and prevalence of DM are 

rising worldwide. According to the World Health Organization, the number of people with DM 

increased from 108 million in 1980 to 422 million in 2014, and the prevalence has doubled 

from 4.7% to 8.5% over the same period of time (1). Thus, DM is approaching epidemic 

proportions globally, leading to a significant social and economic burden for individuals and 

society (3). 

If left untreated, DM leads to microvascular complications including damage to the nervous 

system (neuropathy), the renal system (nephropathy), and the retina (retinopathy), as well as 

macrovascular complications including cardiovascular disease (CVD), stroke, and peripheral 

artery disease (4,5). Among these, CVD is the leading cause of morbidity and mortality in DM 

(3). Indeed, people with DM are twice as likely to have a history of coronary artery disease or 

stroke than those without DM (6). The pathophysiology leading to CVD in people with DM 

includes a complex combination of traditional and nontraditional risk factors. The traditional 

risk factors are hyperglycaemia, hypertension, dyslipidaemia, family history of CVD, and 

smoking, and the nontraditional risk factors include insulin resistance, inflammation, vascular 

wall abnormalities, and endothelial dysfunction (ED) (7,8). Endothelial dysfunction describes 

a state in which the endothelium undergoes functional and structural alterations, losing its 

normal function and shifting towards vasoconstrictive, proinflammatory, and prothrombotic 

properties (9). Notably, endothelial dysfunction is present even before atherosclerotic 

plaques or cardiovascular events arise and thus may be used as a prognostic marker for future 

cardiovascular events (10). 
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1.2 Endothelial dysfunction 

In adults, the blood vessels (arteries, arterioles, capillaries, venules, and veins) measure about 

10,000 km in length and cover an area of approximately 100 m2 (11,12). The vascular 

endothelium is represented by a single layer of endothelial cells anchored to the basement 

membrane. It lines the internal lumen of the entire vasculature and serves as an interface 

between blood and the surrounding tissue (13). Once considered a άcellophane wrapperέ 

functioning only as a semipermeable barrier between blood and tissue, the endothelium is 

now recognised as crucial for maintaining vascular homeostasis (11). Indeed, the endothelium 

functions as a multifunctional paracrine and endocrine organ (14). As such, it regulates 

vascular tone through the effects of locally synthesised vasoactive substances that modulate 

both vasorelaxation and vasoconstriction. In addition, endothelial cells regulate cellular 

adhesion, vascular permeability, smooth muscle cell proliferation, and vessel wall 

inflammation (13). 

These functions of the endothelium depend mostly on the bioavailability of the vasodilator 

nitric oxide (NO), which represents a volatile gas serving as a messenger molecule in many 

physiological and pathological processes within the mammalian body (15,16). NO is 

synthesised by the enzyme nitric oxide synthase (NOS), which has three major isoforms: 

neuronal, inducible, and endothelial NOS (eNOS) (16). Although eNOS was once considered a 

constitutively expressed enzyme, numerous studies have led to the understanding that eNOS 

expression is modulated by different stimuli (17). In fact, pro-inflammatory cytokines such as 

tumour necrosis factor alpha ό¢bCʰύ have been shown to decrease eNOS transcription and 

eNOS mRNA stability, thus reducing NO levels in endothelial cells (18,19). Under physiological 

conditions, the endothelium maintains the balance of opposing dilator and constrictor 

influences; however, in DM, this balance is shifted towards a proconstrictive state, resulting 

in endothelial dysfunction (9,20). Accordingly, one of the hallmarks of endothelial dysfunction 

is reduced bioavailability of NO resulting from decreased NO production by eNOS and 

amplified production of reactive oxygen species (ROS) that inactivate NO (21,22). In addition 

to impaired endothelium-dependent vasodilation, endothelial activationςa prothrombotic 

and proinflammatory state of the endothelium with upregulated expression of cell adhesion 

molecules, enzymes, cytokines, and chemokinesςis also involved in endothelial dysfunction 

(23). Given that endothelial dysfunction is found in T2DM from the onset of the disease and is 

closely linked to adverse outcomes, it is not surprising that the cellular and molecular 
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mechanisms underlying endothelial dysfunction have attracted considerable interest among 

researchers (9,13,15,24). 

1.3 Cellular mechanisms involved in TNFh -induced endothelial dysfunction 

T2DM is associated with vascular inflammation, and the pro-ƛƴŦƭŀƳƳŀǘƻǊȅ ŎȅǘƻƪƛƴŜ ¢bCʰ 

plays a key role in T2DM-induced endothelial dysfunction (25,26). Indeed, it has been 

suggested that ¢bCʰ induces insulin resistance, and elevated plasma ¢bCʰ levels have been 

found in patients with diabetes and obesity (27ς29). 

¢bCʰ is expressed by various immune cells and vascular cells, with endothelial cells acting as 

both a source and a target for ¢bCʰ (30). In addition, ¢bCʰ is released from adipose tissue, 

possibly explaining the elevated levels in patients with obesity (29). ¢bCʰ exerts its effects by 

binding to one of two receptors on the cell surface (TNFR 1 and TNFR 2) (26). Figure 1 

illustrates several key mechanisms involved in endothelial dysfunction under inflammatory 

conditions. 

 

Figure 1: Mechanisms involved in TNFh-induced endothelial dysfunction. ENOS, endothelial nitric oxide 

synthase; Cav-1, caveolin-1; NO, nitric oxide; NF-ˁ.Σ ƴǳŎƭŜŀǊ ŦŀŎǘƻǊ ˁ.Τ p-eNOS Ser1177, phosphorylated eNOS at 

Ser1177 residue; PI3K, phosphatidylinositol 3-kinase; wh{Σ ǊŜŀŎǘƛǾŜ ƻȄȅƎŜƴ ǎǇŜŎƛŜǎΤ ¢bCʰ, tumour necrosis 

factor h ; TNFR, ǘǳƳƻǳǊ ƴŜŎǊƻǎƛǎ ŦŀŎǘƻǊ ʰ ǊŜŎŜǇǘƻǊΦ LƭƭǳǎǘǊŀǘƛƻƴ ŀŘŀǇǘŜŘ ŦǊƻƳ ½ƘŀƴƎΣ нллу (26).  
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¢bCʰ induces NF-ˁ. ŀŎǘƛǾŀǘƛƻƴ 

The binding of ¢bCʰ induces the activation of nuclear factor kappa B (NF-ˁ.ύ (26). NF- Bˁ is a 

nuclear transcription factor expressed in all cell types that induces the expression of various 

genes (31). Following activation, NF-ˁ. ǘǊŀƴǎƭƻŎŀǘŜs to the nucleus, where it modulates the 

expression of inflammatory cytokines such as ¢bCʰ and cell adhesion molecules, including 

intercellular adhesion molecule 1 (ICAM-1) and vascular adhesion molecule 1 (VCAM-1) (31ς

34). NF-ˁ. activity can be regulated by phosphorylation. Depending on the site of 

phosphorylation, it can lead to increased or decreased levels of gene transcription. 

Phosphorylation of p65 at S536 is believed to enhance NF- Bˁ activity, thus increasing gene 

transcription of cell adhesion molecules (35). This alters the adhesive properties of the 

endothelium, promoting the adhesion and migration of immune cells (e.g. monocytes, 

neutrophils, lymphocytes, and macrophages) into the subendothelial space (30,33). In 

response, these cells, particularly macrophages, produce cytokines such as ¢bCʰ (30). Many 

of these cytokines (including ¢bCʰ) induce the production of ROS (30,36). 

¢bCʰ induces ROS production 

The formation of ROS plays a major role in the induction of endothelial dysfunction ōȅ ¢bCʰΦ 

ROS include molecules derived from molecular oxygen such as free radicals, oxygen ions, and 

peroxides. These molecules are highly reactive with their environment and can damage the 

cells when ROS levels rise. Physiologically, intracellular ROS are kept at low concentrations 

(i.e., picomolar range) and act as second messengers (37). However, in a disease state such as 

DM, vascular ROS production increases while antioxidant systems are depleted, creating an 

imbalance called oxidative stress that contributes to the development of CVD (38). One of the 

primary sources of ROS in the diabetic endothelium are nicotinamide adenine dinucleotide 

phosphate oxidases (NOX) (39). NOX are ROS-generating enzymes, with four isoforms 

expressed in endothelial cells (40). These enzymes catalyse the oxidation of NADPH to NADP+ 

to reduce molecular oxygen to superoxide (41). In DM, the increased expression and activity 

of NOX lead to ROS overproduction, which reduces preexisting NO by the formation 

of peroxynitrite (40). 
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eNOS uncoupling and regulation 

Apart from NOX, eNOS can also generate ROS by a mechanism called eNOS uncoupling, which 

is mediated by ROS overproduction. As a result, eNOS no longer produces NO but instead 

generates superoxide itself. In other words, eNOS contributes to an excessive production of 

ROS and a loss of NO (40). 

Besides ROS, eNOS is regulated by various other mechanisms, including lipid modifications, 

cellular localisation, protein-protein interactions (e.g., with caveolin), and phosphorylation, all 

of which can alter NO bioavailability (42). After transcription, eNOS is modified by lipid 

modifications, which are necessary for its membrane association (43) and intracellular 

localisation to caveolae (44). Caveolae are plasmalemmal membrane invaginations containing 

caveolin proteins, which regulate signal transduction through interactions with multiple 

proteins including eNOS (45). Under basal conditions, eNOS is bound to caveolin 1 (Cav-1), the 

principal structural protein in caveolae, leading to an inhibition of eNOS (46,47). Upon cell 

stimulation, eNOS is activated through dissociation from Cav-1 and subsequent translocation 

from the caveolae to the cytosol (48). However, in endothelial dysfunction, increased 

Cav-1/eNOS interaction can reduce eNOS activity and consequently alter NO generation 

(45,47). 

Apart from its interaction with Cav-1, eNOS activity can be modulated through 

phosphorylation (49). To date, there are five known eNOS serine/threonine (Ser/Thr) 

phosphorylation sites. Depending on the kinases and the Ser/Thr residues, phosphorylation 

leads to opposing effects on eNOS activity (50). For instance, phosphorylation at Ser1177 

leads to increased eNOS activity while phosphorylation at Thr495 leads to decreased eNOS 

activity (49,50). Likewise, shear stressςmediated eNOS activation occurs via activation of 

phosphatidylinositol 3-kinase (PI3K) and subsequent activation of Akt kinase, which 

phosphorylates Ser1177 residues of eNOS. This PI3K-Akt signalling and downstream serine 

phosphorylation of eNOS result in increased eNOS activity. However, in DM, the 

phosphorylation of eNOS via PI3K is impaired, resulting in reduced NO production and 

decreased vasorelaxation (51). 
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¢bCʰ-induced vascular permeability 

Another important event in the pathogenesis of endothelial dysfunction in both types of DM 

is increased vascular permeability (38,52), which is mediated by cytoskeletal changes and the 

disruption of endothelial cell junctions (53). Vascular endothelial cadherin (VE-cadherin) is a 

transmembrane protein expressed in endothelial cells and the major component of adherens 

junctions, which confer cell-to-cell adhesion. Therefore, the expression of VE-cadherin is 

crucial in the control of vascular permeability (54,55). The extracellular domain of VE-cadherin 

forms a trans dimer by binding to the extracellular domain of the adjacent cell or a cis dimer 

by lateral binding of cadherins within the plasma membrane (56). The cytoplasmic domain 

interacts with the cytoskeleton of the cell (55). One major component of the cytoskeleton in 

endothelial cells is filamentous actin (F-actin). Endothelial F-actin can be divided into three 

different groups by its intracellular distribution: the first type is found close to the plasma 

membrane as a thin layer; the second, in the cytoplasm forming stress fibres; and the third, 

near the nucleus of the cell. The distribution of F-actin within the cell has been shown to 

modify permeability (57). In endothelial cells, the reorganisation of F-actin is very dynamic, 

resulting in phenotype changes and allowing cells to migrate. For example, quiescent 

endothelial cells present a thick cortical actin ring and few stress fibres, whereas activated 

cells have a thin cortical ring and increased formation of stress fibres (53). Stress fibre 

formation leads to retraction of adjacent cells, creating gaps between the endothelial cells 

and thus increasing vessel leakage (57). Likewise, increased permeability due to ¢bCʰ has 

been linked to the downregulation of VE-cadherin (58) and the reorganisation and contraction 

of F-actin (59). 

  



INTRODUCTION 7 

 

 

1.4 Empagliflozin (EMPA) 

Empagliflozin (EMPA) belongs to the class of sodium-glucose cotransporter 2 (SGLT2) 

inhibitors (gliflozins), a relatively new class of oral antihyperglycaemic agents (60). It can be 

used as a monotherapy or as an add-on treatment for T2DM at a dosage of 10 or 25 mg per 

day (60,61). EMPA lowers glucose levels by inhibiting SGLT2 in the proximal tubule of the 

kidney (Figure 2) (61). SGLTs are carrier proteins on the luminal membrane of renal epithelial 

cells and are responsible for glucose reabsorption. After blood filtration, glucose is actively 

reabsorbed by active transport, with SGLTs coupling the transport of sodium with that of 

glucose (62). The required sodium gradient across the apical membrane is provided by the 

basolaterally located sodium/potassium adenosine triphosphatase (ATPase), which exchanges 

intracellular sodium ions for extracellular potassium ions (62,63). Intracellular glucose diffuses 

passively out of the cell via glucose transporters at the basolateral membrane. SGLT2 accounts 

for more than 90% of glucose reabsorption, whereas sodium-glucose cotransporter 1 (SGLT1) 

accounts for less than 10%. Thus, SGLT2 inhibition results in increased urinary glucose 

excretion, thereby lowering blood sugar levels (62). 

 

 

Figure 2. Glucose absorption and localisation of SGLT2 in the kidney. ATPase, adenosine triphosphatase; EMPA, 

empagliflozin; Glc, glucose; GLUT-2, glucose transporter 2; PT, proximal tubule; SGLT1, sodium-glucose 

cotransporter 1; SGLT2, sodium-glucose cotransporter 2. Illustration adapted from Chao and Henry, 2010 (62). 
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In 2008, US Food and Drug Administration (FDA) regulations required cardiovascular safety 

studies to evaluate the cardiovascular risk of new glucose-lowering drugs (64). The results of 

the άEmpagliflozin Cardiovascular Outcome Event Trial in Type 2 Diabetes Mellitus Patients ð 

Removing Excess Glucoseέ (EMPA-REG OUTCOME) were published in 2015 (65). This trial 

included 7020 patients with T2DM at high risk of cardiovascular events (e.g., history of 

myocardial infarction or stroke, evidence of coronary artery disease, unstable angina, or 

peripheral artery disease). In addition to the standard care, treatment with 10 mg or 25 mg 

EMPA per day was compared with the placebo. Interestingly, beyond lowering glucose levels, 

EMPA showed cardioprotective and renal-protective effects (65,66). At the 3.1-year follow-

up, EMPA treatment had resulted in a 38% risk reduction in cardiovascular mortality and 35% 

relative risk reduction in hospitalisation for heart failure compared with the placebo (65). The 

reduction in these numbers cannot be explained by a reduction in general cardiovascular risk 

factors (e.g., HbA1c, body weight, and blood pressure) alone (67). Therefore, additional 

mechanisms have to be considered, as the cardioprotective effects of EMPA are likely to be 

multifactorial (68,69). 

Patients with T2DM are at a high risk of developing CVD, particularly heart failure (70). 

Although poor glycaemic control is linked to the risk of developing heart failure, most studies 

on glucose-lowering agents have failed to demonstrate a reduction in cardiovascular 

morbidity and mortality in patients with T2DM (70,71). Recent in vivo studies have 

investigated the direct effects of the SGLT2 inhibitor EMPA on the cardiovascular system (72ς

74). For instance, Baartscher et al. demonstrated that EMPA inhibits the sodium/hydrogen 

exchanger 1 (NHE-1) in cardiomyocytes, which is accompanied by restored sodium and 

calcium levels (72,73). This is an interesting finding because elevated cytosolic sodium and 

calcium levels are drivers of heart failure and are considered to trigger arrhythmogenesis and 

oxidative stress in diabetic hearts (75ς77). Moreover, upregulated NHE-1 activity plays a 

pivotal role in the initiation and progression of endothelial dysfunction in DM (78ς80). In fact, 

hyperglycaemia (78,80) and ¢bCʰ have both been found to increase NHE-1 activity in 

endothelial cells (81). As shown in Figure 3, upregulated NHE-1 activity results in increased 

cytosolic sodium and provokes calcium loading through reverse-mode sodium/calcium 

exchanger (NCX) activity. The NCX is a transmembrane protein that, under physiological 

conditions, exchanges extracellular sodium for intracellular calcium. Under conditions in 
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which cytosolic sodium accumulates, this transport can be reversed. The NCX then extrudes 

intracellular sodium in exchange for calcium, resulting in an increase of intracellular calcium. 

This mechanism is assumed to be crucial in endothelial dysfunction , as it has been shown to 

decrease eNOS activity and increase cell adhesion molecule expression and ROS levels 

(79,82,83). Accordingly, the inhibition of NHE-1 has been shown to sustain endothelium-

dependent vasodilation under hyperglycaemic conditions (79). Thus, it is possible that NHE-1 

inhibition contributes to the cardioprotective effects of EMPA. 

 

 

Figure 3. Schematic illustration of NHE-1 and NCX activity. NCX, sodium/calcium exchanger; NHE-1, 

sodium/hydrogen exchanger 1. 

In addition to Baartscher et al. showing NHE-1 inhibition by EMPA, several SGLT2 inhibitors 

have been reported to induce vasodilation (74,85). Indeed, EMPA caused coronary 

vasodilation in ex vivo isolated healthy mice hearts (73). Likewise, several studies employing 

a diabetic rat model demonstrated improved endothelium-dependent vasodilation by EMPA 

(74,84). The authors of one such study also demonstrated that EMPA improves the 

phosphorylation of eNOS at Ser1177 in isolated aortic tissue, thus providing a possible causal 

mechanism (74). Apart from improved vasorelaxation, SGLT2 inhibitors in general have also 

been shown to reduce oxidative stress in animal models (74,84ς86). For example, Salim et al. 

demonstrated that ipragliflozin ameliorates impaired vascular function in diabetic mice by 

inhibiting oxidative stress (86). Similar to these findings, EMPA has been shown to suppress 

oxidative stress in diabetic rats by reducing the expression and activity of the ROS-generating 
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enzyme NOX in aortic vessel and cardiac tissues (74,84). However, increased ROS associated 

with decreased bioavailability of NO are hallmarks of endothelial dysfunction in DM (40). 

Therefore, although it is not currently known how EMPA reduces cardiovascular mortality in 

humans, an attenuation of vascular endothelial dysfunction may represent one potential 

mechanism. 

  



INTRODUCTION 11 

 

 

1.5 Hypotheses of the study 

DM ƛǎ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ǾŀǎŎǳƭŀǊ ƛƴŦƭŀƳƳŀǘƛƻƴΣ ŀƴŘ ƭŜǾŜƭǎ ƻŦ ¢bCʰ ŀǊŜ ŜƭŜǾŀǘŜŘ ƛƴ ǘƘŜ ǇƭŀǎƳŀ ƻŦ 

patients with diabetesΦ ¢bCʰ ǎƛƎƴŀlling induces endothelial dysfunction by impairing NO 

ōƛƻŀǾŀƛƭŀōƛƭƛǘȅ Ǿƛŀ ǎŜǾŜǊŀƭ ƳŜŎƘŀƴƛǎƳǎΦ ¢bCʰ ƛƴŎǊŜŀǎŜǎ Cav-1 expression and Cav-1/eNOS 

inhibitory proteinςǇǊƻǘŜƛƴ ƛƴǘŜǊŀŎǘƛƻƴǎΦ aƻǊŜƻǾŜǊΣ ¢bCʰ ŘŜŎǊŜŀǎŜǎ the phosphorylation of 

eNOS at Ser1177, which is related to reduced eNOS activity. NO is further reduced by a ¢bCʰ-

induced increase in NOX-derived ROS. ROS also react directly with NO, cause eNOS 

uncoupling, and suppress the ǇƘƻǎǇƘƻǊȅƭŀǘƛƻƴ ƻŦ Ŝbh{ ŀǘ {ŜǊммттΦ Lƴ ŀŘŘƛǘƛƻƴΣ ¢bCʰ induces 

endothelial dysfunction by promoting cell adhesion molecule expression following enhanced 

NF- Bˁ signalling. Together with the ¢bCʰ-induced increase in permeability, cell adhesion 

molecule expression facilitates the migration of immune cells. The increased permeability is 

linked to the disruption of VE-cadherin and the formation of stress fibres. Therefore, we 

hypothesised ǘƘŀǘ 9at! ǇǊƻǘŜŎǘǎ ǘƘŜ ŜƴŘƻǘƘŜƭƛǳƳ ōȅ ŀǘǘŜƴǳŀǘƛƴƎ ƻƴŜ ƻǊ ǎŜǾŜǊŀƭ ƻŦ ǘƘŜ ¢bCʰ-

induced mechanisms depicted in Figure 4. 

 

In particular, the following five hypotheses were formed for this study: 

I. Hypothesis 1: The ¢bCʰ-induced decrease in eNOS phosphorylation at Ser1177 is 

restored by the addition of EMPA (see Results section 4.3.1). 

II. Hypothesis 2: The ¢bCʰ-induced increase in Cav-1 expression is attenuated by the 

addition of EMPA (see Results section 4.3.2). 

III. Hypothesis 3: The ¢bCʰ-induced enhanced cell adhesion molecule expression via NF-

ˁ. ǎƛƎƴŀlling is inhibited by the addition of EMPA (see Results section 4.4). 

IV. Hypothesis 4: The ¢bCʰ-induced increase in ROS is suppressed by the addition of 

EMPA (see Results section 4.5). 

V. Hypothesis 5Υ ¢bCʰ-induced alterations in the barrier function (permeability) are 

prevented by the addition of EMPA (see Results sections 4.6 and 4.7). 



INTRODUCTION 12 

 

 

 

 

Figure 4: Simplified diagram illustrating possible targets for EMPA. Molecular targets highlighted in light grey 

were investigated within this study. Cav-1, caveolin-1; EMPA, empagliflozin; eNOS, endothelial nitric oxide 

synthase; ED, endothelial dysfunction; NF- Bˁ, ƴǳŎƭŜŀǊ ŦŀŎǘƻǊ ˁB; NO, nitric oxide; NOX, NADPH oxidase; p-eNOS 

Ser1177, phosphorylated eNOS at Ser1177 residue; ROS, reactive oxygen species; VE-cadherin, vascular 

endothelial cadherin; ¢bCʰ, tumouǊ ƴŜŎǊƻǎƛǎ ŦŀŎǘƻǊ ʰ; T2DM, type 2 diabetes mellitus. 
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1.6 Aims of the study 

Type 2 diabetes iǎ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ŜƭŜǾŀǘŜŘ ǇƭŀǎƳŀ ƭŜǾŜƭǎ ƻŦ ¢bCʰ, which lead to vascular 

inflammation, endothelial dysfunction, and cardiovascular complications. The glucose-

lowering drug EMPA induces cardiovascular protection in patients with T2DM; however, the 

protective mechanisms of EMPA on endothelial dysfunction are currently unclear. 

The aims of this study were to evaluate whether EMPA can improve endothelial function in an 

in vitro model ƻŦ ¢bCʰ-stimulated human endothelial cells and to establish the underlying 

cellular and molecular mechanisms. 

The results of the present work will increase our understanding of the mechanisms involved 

in the cardiovascular benefits of EMPA and may help to reveal new treatment options for 

endothelial dysfunction in patients with T2DM. 
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2 MATERIALS 

A detailed list of manufacturers is included in the Appendix (7.1 List of manufacturers). 

2.1 Cell culture 

Devices 

Tuttnauer 3150el autoclave (VWR), Eppendorf 5810 R centrifuge (VWR), Eppendorf 5430 R 

centrifuge (VWR), Class II Clean Air Biosafety Cabinet (Telstar Laboratory Equipment), Heracell 

150i CO2 incubator (Thermo Fisher Scientific), inverted microscope with phase-contrast 

equipment (Leica), fluorescence-activated cell sorting (FACS) Canto II (BD), Leica DM-RA(X) 

microscope (Leica), Milli-Q Synthesis ultrapure water systems (Merck), Variomag Monotherm 

hotplate stirrer (Thermo Fisher Scientific), SpectraMax M2e plate reader (Molecular Devices), 

vortex (VWR), Julabo TW8 water bath (VWR), and Z2 coulter particle count and size analyser 

(Beckman). 

Consumables 

3-way stopcock (BD), black 96-well nonbinding microplate (Greiner Bio-One), bottle-top 

vacuum filters (Corning), 25 cm2 cell culture flask (VWR), 75 cm2 cell culture flask (Greiner Bio-

One), 6-/12-well cell culture plates (Greiner Bio-One), 10 millimetres (mm) cover glasses 

(VWR), 15 ml/50 ml Falcon tubes (Greiner Bio-One), 5 ml Falcon tubes (Corning), 1.5 ml 

microtubes (Greiner Bio-One), 10 µl /10-200 µl/1250 µl pipette tips (Greiner Bio-One), 

5 ml/10 ml/25 ml serological pipette tips (Corning), 0.2 µm sterile syringe filters (VWR), 

Superfrost microscope slides (VWR), 20 ml syringe (BD), transwell polyester membrane cell 

culture inserts with 0.4 ˃ Ƴ ǇƻǊŜs (Corning), and Z2 automated counter sample vials 

(Beckman). 

Chemicals 

Amphotericin B (Thermo Fisher Scientific), bovine serum albumin (BSA; PAA), calcium chloride 

dihydrate (CaCl2; Merck), collagenase A (Roche Diagnostics), п Σс-diamidino-2-phenylindole 

(DAPI) antifade solution (Invitrogen), dimethyl sulfoxide dried (DMSO; Merck), endothelial cell 

growth medium (ECGM) + ECGM supplement (Promocell), EMPA (/іїIіћ/ƭhћ; Medchem 

Express), fetal bovine serum (FBS; TICO Europe), fluorescein isothiocyanate labelled bovine 

serum albumin (FITC-BSA; Sigma), formaldehyde (Merck), gelatin (BD), Isoton II (Beckman), L-
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glutamine 100X (Gibco), magnesium chloride hexahydrate (MgCl2 · 6H2O; Sigma), medium 

M199 (Pan-Biotech), normal sheep serum (Jackson ImmunoResearch), penicillin-streptomycin 

(Sigma), potassium chloride (KCl; Merck), potassium phosphate monobasic (KH2PO4; Sigma), 

rhodamine phalloidin (Invitrogen), sodium chloride (NaCl; Merck), sodium dihydrogen 

phosphate dihydrate (Na2HPO4 · 2H2O; Merck), ¢bCʰ (Sigma), Triton X-100 (Sigma), trypsin-

EDTA 0.05% (Gibco, Thermo Fisher Scientific), and Zap-Oglobin II lytic reagent (Beckman). 

Antibodies 

Antibodies for FACS 

Antibody Species Dilution Manufacturer 

PE-ICAM-1 Mouse 1:400 BD 

PE-isotype control Mouse 1:400 BD 

PE-VCAM-1 Mouse 1:400 BD 

Antibodies for immunofluorescence staining 

Antibody Species Dilution Manufacturer 

VE-cadherin Rabbit 1:400 CST 

Von Willebrand factor Sheep 1:5 Bio-Rad 
Table 1. Antibodies used for FACS analysis and immunofluorescence staining 

ROS detection kit 

Kit Manufacturer 

ROS ID® Total ROS detection kit Enzo Life Sciences 
Table 2. ROS detection kit 

Buffer solutions 

Buffer 
abbreviation 

Buffer name Buffer composition 

B1 10x PBS 400 g NaCl, 
10 g KCl, 

72 g Na2HPO4 · 2H2O, 
12 g KH2PO4, 
dissolve in 5 L ultrapure water, pH 7.4 

B2 PBS- 100 ml 10x PBS (B1), 
add 900 ml ultrapure water, autoclave, store at 4°C 

B3 PBS+ 0.1 g CaCl2, 
0.1 g MgCl2, 
add 1,000 ml PBS (B2), filter sterile, store at 4°C 

B4 Umbilical cord 
buffer 

500 ml PBS+ (B3), 
5 ml penicillin-streptomycin, 
add 5 ml amphotericin B 

M1 Stop medium 435 ml M199, 
50 ml FBS, 
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5 ml L-glutamine, 
5 ml penicillin-streptomycin, 
add 5 ml amphotericin B, store at 4°C 

M2 Cell culture 
medium 

423 ml ECGM, 
50 ml FBS, 
12 ml ECGM supplement, 
5 ml L-glutamine,  
5 ml penicillin-streptomycin, 
add 5 ml amphotericin B, store at 4°C 

M3 Starving 
medium 

463 ml ECGM, 
10 ml FBS, 
12 ml ECGM supplement, 
5 ml L-glutamine, 
5 ml penicillin-streptomycin, 
add 5 ml amphotericin B, store at 4°C  

Table 3: Buffer solutions 

2.2 Protein biochemistry 

Devices 

Digital heatblock (VWR), Eppendorf 5430 R centrifuge (VWR), Criterion blotter (Bio-Rad), 

PowerPac HC supply (Bio-Rad), gel holder cassette (Bio-Rad), Criterion cell (Bio-Rad), low 

power ultrasonic systems 2000 Lpt/LPe 40:0.15:4C (Branson), Odyssey CLx imaging system (LI-

COR Biosciences), SpectraMax M2e plate reader (Molecular Devices), PowerPac HC (Bio-Rad), 

ultrasonic microtips 109-122-1066 (Branson), and vortex (VWR). 

Consumables 

96-well microplates (Fisher Scientific), cell scraper 18-mm blade (VWR), Criterion XT precast 

gels (Bio-Rad), filter paper 10x15 centimetres (VWR), gel-loading filter tips (Greiner Bio One), 

Immobilon-FL polyvinylidene difluoride membrane (pore size, 0.45 µm; Merck), incubation 

box (Westburg BV), 2-ml microtubes (VWR), and 0.5-ml microtubes (Sarstedt). 

Chemicals 

4-morpholinepropanesulfonic acid (MOPS, C7H15NO4; Sigma), aprotinin (Sigma), blocking 

buffer Odyssey (Licor), BSA (PAA), bromophenol blue (Merck), copper(II) sulphate 

(CuSO4 · H2O; Merck), DL-dithiothreitol (Sigma), ethylenediaminetetraacetic acid disodium salt 

dihydrate (EDTA-Na2; Sigma), Folin & CiocalteuΩs phenol reagent (Sigma), glycerol (Sigma), 
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isopropanol (Merck), leupeptin (Sigma), mercaptoethanol (C2H6OS; Sigma), methanol (Merck), 

nonidet P40 (Sigma), pepstatin A (Sigma), phenylmethanesulfonyl fluoride (PMSF; Sigma), 

potassium sodium tartrate (KNa-tartrate (KNaC4H4O6 · 4H2O); Merck), Precision Plus Protein 

All-Blue prestained protein standards (Bio-Rad), Sigma 7-9 (Sigma), sodium carbonate 

(Na2CO3; Merck), sodium deoxycholate (Sigma), sodium dodecyl sulphate (SDS; Sigma), 

sodium hydroxide (NaOH; Merck), sodium orthovanadate (Na3VO4; Sigma), sodium 

pyrophosphate tetrabasic (SPTB; Sigma), Trizma base (Sigma), Trizma hydrochloride (TrisHCl; 

Sigma), and Tween 20 (Sigma). 

 

Antibodies used for western blot analyses 

Primary antibodies 

Target protein Molecular weight 
in kilodalton (kDa) 

Species Dilution Manufacturer 

Cav-1 24 Mouse 1:20,000 BD 

GAPDH 37 Rabbit 1:5,000 Abcam 

NF-ˁ. 65 Rabbit 1:1,000 CST 

p-bCˁ. Ǉср ό{ŜǊросύ 65 Rabbit 1:1,000 CST 

p-eNOS (Ser1177) 140 Rabbit 1:500 CST 

Total eNOS 140 Rabbit 1:1,000 CST 

Secondary antibodies 

Name Species Dilution Manufacturer 

Goat anti-Mouse 680 RD Goat 1:5,000 LI-COR Biosciences 

Goat anti-Mouse 800CW Goat 1:5,000 LI-COR Biosciences 

Goat anti-Rabbit 680RD Goat 1:5,000 LI-COR Biosciences 

Goat anti-Rabbit 800CW Goat 1:5,000 LI-COR Biosciences 
Table 4. Antibodies used for western blot analyses 

Protease inhibitor mix 

Protease-inhibitor 
mix 

1 mg aprotinin, 
1 mg leupeptin, 
1 mg pepstatin A, 
10 ml Tris-HCl solution (0.5 M diluted in ultrapure water), adjust pH to 
7.4, store at ҍ20°C 

Table 5. Components of protease inhibitor mix 
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Buffer solutions 

Buffer 
abbreviation 

Buffer name Buffer composition 

B5 RIPA buffer  219 mg NaCl, 
197 mg Tris-HCl, 
250 mg nonidet P40, 
62.5 mg deoxycholate, 
25 mg SDS, 
add 25 ml ultrapure water 

B6 Lysis RIPA buffer 5 ml RIPA buffer (B5), 
50 ˃ l PMSF 100 mM, 
100 ˃ l Na3VO4 100 mM, 
плл ˃ƭ ǇǊƻǘŜŀǎŜ-inhibitor -mix, 
рл ˃ƭ DL-dithiothreitol 100 mM, 
рл ˃ƭ {t¢. млл Ƴa  

B7 5x Sample buffer 1 g SDS, 
150 mg Trizma base, 
25 mg bromophenol blue, 
4 ml ultrapure water, 
5 ml glycerol, 
heat up to 50°C, adjust pH to 6.8, 
add 1 ml C2H6OS and store at room temperature 

B8 10x MOPS running 
buffer 

60.6 g Sigma 7-9, 
104.6 g MOPS, 
10 g SDS, 
3 g EDTA-Na2, 
add 1,000 ml ultrapure water 

B9 10x transfer buffer 30 g Sigma 7-9, 
144 g glycine, 
add 1,000 ml ultrapure water 

B10 1x transfer buffer 200 ml 10x transfer buffer (B9), 
400 ml methanol, 
1,600 ml ultrapure water 

B11 Blocking buffer Commercial solution purchased from LI-COR 
Biosciences 

B12 Antibody buffer 
solution  

15 ml blocking buffer (B11), 
150 µl Tween-20 (10%, diluted in ultrapure water) 

B13 PBS-Tween (10%) 2,000 ml 1x PBS (B2), 
add 2 ml Tween-20, and adjust to pH 8.0 

Table 6: Components of buffer solutions 
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Reagents for Lowry protein determination 

Solution 1 (Lowry reagent A:B:C in ratio 100:1:1) 

Lowry A 10 g Na2CO3, 
500 ml 0.1 M NaOH 

Lowry B 2 g KNaC4H4O6 · 4H2O, 
100 ml ultrapure water 

Lowry C 1 g CuSO4 · 5H2O, 
100 ml ultrapure water 

Solution 2 
Cƻƭƛƴ ϧ /ƛƻŎŀƭǘŜǳΩǎ ǇƘŜƴƻƭ ǊŜŀƎŜƴǘ, 
dilute (1:1) in ultrapure water 

Table 7: Components of solution 1 and solution 2 for Lowry assay 
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3 METHODS 

3.1 Cell culture 

3.1.1 Background 

We used human umbilical veins cells (HUVECs) as an in vitro model to study the effects of 

EMPA on the human endothelium. For HUVEC isolation, human umbilical cords were obtained 

from the maternity ward of the Academic Medical Centre with the consent of the Ethics 

Committee (Waiver: W12-167#12.17.096 Amsterdam, the Netherlands). All cell culture work 

was carried out in a class II laminar airflow biosafety cabinet using sterile techniques. 

3.1.2 Isolation of HUVECs 

Umbilical cords were kept in B4 at room temperature until the isolation of HUVECs. Prior to 

use, all cell culture flasks were coated with gelatin (0.75%) to enhance cell attachment. The 

gelatin was heated in a water bath at 37°C until it became liquefied and spread evenly over 

the growth surface. HUVECs were isolated from pooled donors with at least two umbilical 

cords used per isolation in order to avoid bias. Each umbilical cord contained one vein and two 

arteries (Figure 5A). The vein could be identified by its larger lumen and thinner wall compared 

with the arteries. The two ends of each vein were cannulated (Figure 5B and C), connected to 

three-way stopcocks, and rinsed with B4 until the fluid cleared. The veins were then perfused 

with 1% collagenase A and incubated at 37°C for 20 min (Figure 5C). The reaction was stopped 

using M1, and the cell suspension was collected and spun down at 4°C and 1,100 rpm for 10 

min. The supernatant was discarded, and the pellet resuspended in M2. Residual gelatin was 

removed from the culture flasks, and cells were seeded in a 1xT25 flask. After 24 h, 

nonadherent cells and blood components were removed by washing with B2 three times, and 

fresh M2 was added to the primary culture. 
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Figure 5. Isolation of HUVECs. (A) Identification of the two umbilical arteries and one umbilical vein in the human 

umbilical cord. (B) Cannulation of the umbilical vein. (C) Cord with injected collagenase A during incubation. 

HUVECs, human umbilical vein endothelial cells. 

3.1.3 Cultivation and characterisation of HUVECs 

Cells were maintained in a humidified atmosphere of 5% CO2/95% air at 37°C, and the cell 

medium was changed every other day until cells reached confluency. Thus, cells were washed 

three times with B2, and the new cell medium M2 was added. The primary culture and its 

subsequent passages reached 100% confluency after five to six days and two to three days, 

respectively. HUVECs were then prepared for splitting. The M2 cell medium was discarded, 

and cells were washed three times with B2. Subsequently, cells were incubated with trypsin-

EDTA (0.05%) at 37°C for 1 min. Cells in trypsin solution were further loosened by gently 

tapping the flasks, and the process was stopped with M1. Next, the cell suspension was 

collected and spun down at 4°C and 1,100 rpm for 10 min. The supernatant was removed and 

the cell pellet resuspended in M2. The resulting cell suspension was seeded in the appropriate 

cell flask: the primary culture (P0) was grown in T25 flasks until confluent and passaged (1:3) 

into T75 flasks. One T75 flask containing passage 1 (P1) was further split into three T75 flasks 

(P2) for further passaging or four 6-/12-well plates (P2) for experimental use. Experiments 

were performed with cells from passage 2 and passage 3 when reaching 80ς90% confluency. 

Confluency and morphology of HUVECs were assessed by light microscope examinations, as 

well as immunofluorescence staining for von Willebrand factor (vWF). Purity of the HUVECs 

was verified by flow cytometric analysis of vWF expression. 
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3.1.4 Experimental setup 

The present study was undertaken to determine the effects of EMPA administration on TNFa-

induced endothelial dysfunction in HUVECs in vitro. All experiments were performed with 

1 µM EMPA. A 5-mM EMPA stock solution dissolved in 100% DMSO was added to M3 to obtain 

a final concentration of 1 µM. When HUVECS (passage 2-4) reached 80ς90% confluency, cells 

were starved overnight (16 h) by FBS deprivation from 10% in M2 to 2% in M3. Next, HUVECs 

were pretreated with the vehicle (0.02% DMSO) or 1 µM EMPA for 2 h. Preincubated cells 

were accordingly subjected to the vehicle (control group), 1 µM EMPA (EMPA group), 10 ng/ml 

¢bCʰ and the vehicle (¢bCʰ group), or 10 ng/ml ¢bCʰ and 1 µM EMPA (¢bCʰ+EMPA group). 

Depending on the respective analysis, incubation times varied from 4 h to 24 h. Cells were 

treated for 4 h to detect ROS and cell adhesion molecules (ICAM-1 and VCAM-1) by FACS, or 

for 6 h and 24 h for western blot analysis. After 24 h, the permeability was measured, and cell 

immunofluorescence (IF) images for F-actin and VE-cadherin were generated (Figure 6). 

 

Figure 6. Experimental setup. Cav-1, caveolin-1; EMPA, empagliflozin; eNOS, endothelial NO synthase; HUVECs, 

human umbilical vein endothelial cells; ICAM-1, intercellular adhesion molecule 1; NF-ˁ., ƴǳŎƭŜŀǊ ŦŀŎǘƻǊ ˁ.; NO, 

nitric oxide; NOX, NADPH oxidase; p-eNOS, phosphorylated eNOS; p-NF-ˁ., phosphorylated NF-ˁ.; ROS, reactive 

oxygen species; VE-cadherin, vascular endothelial cadherin; ¢bCʰ, ǘǳƳƻǳǊ ƴŜŎǊƻǎƛǎ ŦŀŎǘƻǊ ʰ; VCAM-1, vascular 

adhesion molecule-1. 
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3.2 Western blot 

3.2.1 Cell lysis and sonication 

For western blotting, cells were cultured in six-well plates. After 6 h and 24 h, the medium was 

removed, and the following steps were performed on ice using ice-cold buffers. HUVECs were 

rinsed three times with B2. Residual B2 was removed, and B6 (200 µl/well) was added. 

Adherent cells were removed using a cell scraper, and the cell suspension was transferred into 

microtubes and spun down at 4°C and 140,000 rpm for 10 min. The resulting supernatant was 

aspirated and collected. Samples were stored at ҍ80°C until use. 

3.2.2 Evaluation of protein concentration and western blotting 

Before protein determination, samples were sonicated to ensure total lysis of HUVECs. For 

sonication, samples were kept on ice and treated with ultrasound in repeated short cycles (5x, 

5 ON-sec, 20 OFF-sec, energy mode 20J, 70% amplitude) to prevent excessive heating. Protein 

concentrations were determined with the Lowry assay. The BSA standard was prepared, 

samples were diluted 1:20 using ultrapure water, and all were kept on ice. Then, 100 µl of 

each of the diluted samples/standards was mixed with 500 µl Lowry solution 1 for 10 min at 

room temperature. Next, 50 µl Lowry solution 2 was added to each sample. After 30 min 

incubation in the dark, 200 µl sample/standard was transferred to a 96-well plate and 

analysed using the SpectraMax plate reader with the software SoftMaxPro 6.5.1. Resulting 

protein concentrations were adjusted accordingly using B5. 

To denature the samples, B7 was added in a ratio of 5:1, and samples were vortexed and 

boiled at 95°C for 5 min. Samples were then separated using SDS-PAGE. One 15-µl sample per 

slot was loaded onto a precast polyacrylamide gel along with 2 µl all blue prestained protein 

standard as a molecular weight marker, and the gels were run at 120 V for 1.5 h covered in 

B8. Once electrophoresis was complete, proteins were transferred to a polyvinylidene 

difluoride membrane with 0.45-µm pore size for antibody staining. The membrane and four 

filter papers were soaked in methanol and B10 for 20 min. ! άǘǊŀƴǎŦŜǊ sandwichέ ǿŀǎ ŎǊŜŀǘŜŘ 

with the following materials in order: sponge, two filter papers, gel, membrane, another two 

filter papers, and another sponge. Then, it was fixed using a transfer cassette. The cassette 
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and one ice pack were placed into a transfer tank filled with B10. Transfers were run at 100 V 

for 30 min. Subsequently, the membrane was blocked using B11 at room temperature for 1 h. 

B11 was removed and the membranes were incubated overnight with the desired antibody 

diluted in B12 at 4°C. In this study, antibodies to phospho-eNOS (Ser1177), total eNOS, Cav-1, 

phospho-NF-ˁ. Ǉср ό{росύΣ bC-ˁ. ǇсрΣ {D[¢н, and glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) were used. 

After antibody incubation, membranes were washed three times with cold B13 for 5 min, and 

blots were incubated with secondary antibody at room temperature for 1 h. Next, membranes 

were washed three times with cold B13 and scanned using Odyssey CLX imaging at manual 

settings, 169-µm resolution, and medium quality. Western blot signals were quantified using 

Odyssey Imaging Studio software (LI-COR Biosciences), which was also used for quantification. 

The results were presented as a ratio of target protein to reference protein GAPDH. 

3.3 Fluorescence-activated cell sorting analysis 

Different protocols were used for the flow cytometric analyses of vWF, cell adhesion molecule 

expression, and intracellular ROS detection (see below). 

HUVECs were cultured and subjected to the standard treatment protocols (see 3.1.4). After 

4 h incubation, cells were harvested by trypsinisation as described previously (3.1.3). Cells 

were resuspended in cold B3 (for cell adhesion molecules and vWF analyses) or in the washing 

buffer provided by the manufacturer (for ROS analysis), and samples were prepared for 

counting. Next, 10 µl sample was added to 10 ml of Isoton II and three drops of Zap-Oglobin II 

lytic reagent. The total number of cells was determined using a cell counter, and 

concentrations were adjusted to 1x106 cells per ml. From each sample, 1 ml was aliquoted 

into FACS tubes and spun down at 4°C and 1,100 rpm for 5 min. The supernatant was aspirated 

and, depending on the target, prepared according to different protocols. 

For analysis of cell adhesion molecules, cells were blocked with 100 µl 1% BSA in B2 at room 

temperature for 30 min. Afterwards, 0.25 µl PE-conjugated isotype, PE-conjugated VCAM-1, 

or PE-conjugated ICAM-1 antibody was added, and cells were incubated for 30 min at 4°C in 

the dark. Before cell analysis, the cells were washed twice with B2, spun down at 4°C and 

1,100 rpm for 5 min, and resuspended in 500 µL cold B2. 
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For the analyses of vWF, cells were resuspended in 875 µl B2 and fixed by the addition of 

125 µl paraformaldehyde at 4°C for 1 h. Thereafter, cells were spun down at 4°C and 1,100 

rpm for 5 min, and the pellet was resuspended with 1 ml 2% Tween (in B2). After 15 min at 

37°C, cells were centrifuged at 4°C and 1,100 rpm for 5 min and subsequently blocked with 

10 µl 20% normal sheep serum (in B2) at room temperature for 30 min. Next, 2 µl FITC-

conjugated anti-vWF antibody was added and incubated on ice for 30 min. Before cell analysis, 

cells were washed twice with B2, spun down at 4°C and 1,100 rpm for 5 min, and resuspended 

in 500 µL cold B2. 

For ROS detection, 1×106 cells were stained with 0.125 µM oxidative stress detection reagent 

for 30 min at 37°C, and samples were kept in the dark at room temperature until analysis. 

Lastly, cells were analysed using the FACS Canto II at 488 nm excitation wavelength and using 

a 585- and 530-nm emission band-pass filter. A minimum of 30,000 events were counted per 

sample. Data were saved in FCS format and processed using FlowJo software version 10.5.0 

for Windows (FlowJo LCC, Ashland, OR, USA). 

3.4 Permeability 

Cell permeability was assessed after 24 h of experimental treatment by measuring the transfer 

of FITC-labelled BSA across the HUVEC monolayer, which is proportional to the monolayerΩs 

permeability (Figure 7). HUVECs were seeded onto individual transwell polyester membrane 

inserts with 0.4-˃Ƴ ǇƻǊŜ size. After reaching a confluent monolayer, HUVECs were treated 

according to the experimental setup for 24 h. Afterwards, the medium of both compartments 

was replaced by M3, and 500 µl FITC-BSA (10 mg/ml) was added to the upper compartment. 

After 2 h of incubation at 37°C in the dark, samples from the lower compartment were 

collected and transferred to a black 96-well microplate. Fluorescence was determined by a 

SpectraMax M2e plate reader with filters appropriate for 485 nm excitation, 535 nm emission, 

and the highest sensitivity. 
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Figure 7. Permeability assay. Schematic illustration of a transwell insert with a HUVEC monolayer grown on the 

semipermeable membrane. After 2h, the amount of FITC-BSA leaked from the upper to the lower compartment 

across the HUVEC monolayer was measured. HUVEC, human umbilical vein endothelial cell; FITC-BSA, fluorescein 

isothiocyanate labelled bovine serum albumin. 

3.5 Staining 

To study the distribution of VE-cadherin and F-actin, HUVECs were seeded onto gelatin-coated 

coverslips in a 12-well plate. When reaching confluence, cells were subjected to the treatment 

protocol (see section 3.1.4). After 24 h, cells were rinsed 3 times with B3, followed by fixation 

with 400 µl paraformaldehyde (3.7% diluted in B2) at room temperature for 10 min. Cells were 

then rinsed three times with B2 and permeabilised with 600 µl 0.01%/Triton X-100 PBS for 5 

min. After rinsing three times with B2, cells were blocked at room temperature for 20 min 

with BSA (1% diluted in B2) for VE-cadherin and F-actin or with sheep serum (5% diluted in B2) 

for vWF staining. HUVECs were stained for 30 min with either FITC-conjugated anti-vWF 

antibody (1:5) or phalloidin-rhodamine (1:40). For VE-cadherin staining, cells were 

subsequently rinsed with B2 and incubated with anti-VE-cadherin (1:100) overnight and with 

DyLight 488 goat anti-rabbit secondary antibody the next day for 1 h. Finally, cells were 

washed three times with B2, and the coverslips were mounted on microscope slides using 

DAPI antifade gold reagent. The samples were stored at 4°C and protected from light. Images 

were taken with a widefield microscope Leica DM6 B and edited with the Leica Application 

Suite X software LAS-X 3.0.1.15878. 

Upper compartment

Lower compartment

Semipermeable membrane

HUVECs

FITC-BSA

Transwell insert



METHODS 27 

 

 

3.6 Statistical analysis 

Data are presented as the means ± standard error of the mean (SEM). The exact number of 

independent experiments is given ŀǎ άƴέ ŀƴŘ ƛǎ ƭƛǎǘŜŘ ƛƴ ǘƘŜ figure legend in each case. The 

statistical significance was calculated using GraphPad Prism 7 for Mac (GraphPad Software, La 

Jolla, USA). Data were analysed with one-way analysis of variance combined with Dunnett´s 

multiple comparisons test, and the mean of each column was compared with the mean of the 

¢bCʰ column. P values less than 0.05 were considered statistically significant. If not indicated 

otherwise, the differences are not significant. 
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4 RESULTS 

In the present study, we investigated whether the SGLT2 inhibitor EMPA can improve 

endothelial function under inflammatory conditions using an in vitro culture of ¢bCʰ-

stimulated HUVECs. We examined the effects of EMPA on eNOS signalling, the expression of 

cell adhesion molecules such as ICAM-1 and VCAM-1, ROS formation, VE-cadherin and F-actin 

distribution, and endothelial barrier function. 

4.1 Characterisation of HUVECs cultured in vitro 

Cultured HUVECs are commonly used as an in vitro model for studying the human 

endothelium. We used phase-contrast microscopy, immunofluorescence staining, and flow 

cytometric analysis to characterise HUVEC cultures obtained from human umbilical veins. 

Phase contrast microscopy revealed a cobblestone appearance of the cultured cells (Figure 

8A), which typically resembles endothelial cells. The expression of vWF, a specific endothelium 

cell marker, was studied by immunofluorescence staining and flow cytometry. vWF signals 

were detected in the majority of cells with a predominant location around the nucleus 

(visualised using blue-fluorescent DAPI; Figure 8B and C). This is in line with the results 

obtained from flow cytometry, which revealed that the cultures consisted of 99.2% vWF 

positive cells (data not shown). 

Overall, we demonstrated that our human umbilical veinςderived cell culture featured a 

classical endothelial cell phenotype with a cobblestone-like growth pattern and the expression 

of vWF, all of which are indicative of the successful isolation and culture of HUVECs. 
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Figure 8. Characterisation of HUVECs. (A) Appearance of a cobblestone-like growth pattern in the cell culture 

assessed by phase contrast microscopy. (B/C) Wide-field microscopy of confluent HUVECs with a magnification 

of 40× (B) and 100× (C) showing fluorescence staining of the endothelial cell marker vWF (green) and DAPI (blue). 

5!tLΣ п Σс-diamidino-2-phenylindole; HUVECs, human umbilical vein endothelial cells; vWF, von Willebrand 

factor. 
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4.2 Expression of SGLT2 in HUVECs 

To investigate whether EMPA alters SGLT2 expression, the protein expression of SGLT2 was 

assessed by western blotting. We detected SGLT2 expression in all samples. After 6 h, SGLT2 

expression did not differ between the groups (control: 0.602 ± 0.0670; EMPA: 0.550 ± 0.0616; 

¢bCʰ 0.472 ± 0.0906; ¢bCʰҌ9at!Υ 0.489 ± 0.0918; p > 0.05 for all groups; Figure 9A). 

However, after 24 h, exposure to ¢bCʰ resulted in increased SGLT2 levels. The expression of 

SGLT2 was not affected by the addition of EMPA (control: 0.516 ± 0.107; EMPA: 

0.654 ± лΦлсулΤ ¢bCʰ: 1.02 ± лΦммфΤ ¢bCʰҌ9at!: 0.989 ± 0.0506; p < 0.лм ŦƻǊ ¢bCʰ Ǿǎ. 

control; p < 0.лр ŦƻǊ ¢bCʰ Ǿǎ. EMPA; Figure 9B). Recent findings from our group indicate that 

the results presented here on SGLT-2 expression in HUVEC should be viewed critically. For 

details refer to 5.2. 

 

Figure 9. SGLT2 protein expression in HUVECs after 6 h and 24 h. SGLT2 protein levels after 6 h (A) and 24 h (B) 

were determined as the ratio of SGLT2:GAPDH. Data from six experiments (n = 6) are shown as the means ± SEM. 

Asterisks (*) indicate statistically significant differences (**p < 0.01; *p < 0.05). One representative western blot 

analysis is shown. EMPA, empagliflozin; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; HUVECs, human 

umbilical vein endothelial cells; SGLT2, sodium-glucose cotransporter 2; ¢bCʰ, tumouǊ ƴŜŎǊƻǎƛǎ ŦŀŎǘƻǊ ʰΦ 
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4.3 Effects of ¢bCʰ ŀƴŘ EMPA on the phosphorylation of eNOS and protein 

expression of eNOS and Cav-1 

Reduced phosphorylation and increased interaction of eNOS with inhibitory protein Cav-1 

decrease eNOS activity, thus altering NO synthesis. Because EMPA showed vasodilative 

properties in healthy mouse hearts, we sought to investigate the effect of EMPA on eNOS 

phosphorylation at Ser1177 and on Cav-1 expression in HUVECs. 

4.3.1 Protein expression and phosphorylation of eNOS 

Western blot analysis for phosphorylated eNOS at Ser1177 and total eNOS revealed no 

significant differences between the groups after 6 h (p-eNOS: control, 0.773 ± 0.0725; EMPA, 

0.841 ± лΦлспрΤ ¢bCʰ, 1.01 ± лΦлфомΤ ¢bCʰҌ9at!, 1.01 ± 0.0673; p >0.05 for all groups; 

Figure 10A; total eNOS: control, 0.826 ± 0.110; EMPA, 0.888 ± 0.0667; ¢bCʰ, 0.885 ± 0.0764; 

¢bCʰҌ9at!, 0.815 ± 0.0915; p > 0.05 for all groups; Figure 10CύΦ !ŦǘŜǊ нп Ƙ ƻŦ ¢bCʰ ŜȄǇƻǎǳǊŜΣ 

whole cell lysate analyses presented no difference in phosphorylation (control: 

0.762 ± 0.0987; EMPA: 0.871 ± 0.0689Τ ¢bCʰ: 0.848 ± 0.0874; ¢bCʰҌ9at!: 0.921 ± 0.121; 

p > 0.05 for all groups; Figure 10B) but a decreased expression of total eNOS (control: 

0.726 ± 0.113; EMPA: 0.881 ± 0.0976Τ ¢bCʰ: 0.295 ± 0.0251Τ ¢bCʰҌ9at!: 0.318 ± 0.0286; 

p < 0.01 ŦƻǊ ¢bCʰ Ǿǎ. control; p < 0.00м ŦƻǊ ¢bCʰ Ǿǎ. EMPA). Again, no significant effect was 

observed with the addition of EMPA ǘƻ ¢bCʰ (total eNOS: ¢bCʰ vs. ¢bCʰҌ9at!; p > 0.05; 

Figure 10D). 
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Figure 10. 9ŦŦŜŎǘǎ ƻŦ ¢bCʰ ŀƴŘ 9at! ƻƴ ǘƘŜ ǇǊƻǘŜƛƴ ŜȄǇǊŜǎǎƛƻƴ ŀƴŘ ǇƘƻǎǇƘƻǊȅƭŀǘƛƻƴ ƻŦ Ŝbh{. 

(A) Phosphorylation of eNOS at Ser1177 after 6 h (A) and 24 h (B) was determined as the ratio of p-eNOS 

(Ser1177) to total eNOS. Expression of total eNOS after 6 h (C) and 24 h (D) was determined as the ratio of total 

eNOS to GAPDH. Data from six experiments (n = 6) are shown as the means ± SEM. Asterisks (*) indicate 

statistically significant differences (* *p < 0.01; ***p < 0.001). One representative western blot analysis is shown. 

EMPA, empagliflozin; eNOS, endothelial NO synthase; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; p-

eNOS, phosphorylated eNOS; ¢bCʰ, tumour necrosis factor h Φ 

4.3.2 Protein expression of Cav-1 

While EMPA treatment alone did not change Cav-1 expression, HUVECs exposed to ¢bCʰ 

showed significantly increased Cav-1 protein expression after 6 h of incubation. However, no 

significant effect of EMPA was found in ¢bCʰ-exposed HUVECs (control: 0.268 ± 0.0396; 

EMPA: 0.297 ± лΦлнурΤ ¢bCʰ: 0.885 ± лΦлуфлΤ ¢bCʰҌ9at!: 0.887 ± 0.0746; p < 0.лр ŦƻǊ ¢bCʰ 

vs. control; p < 0.лм ŦƻǊ ¢bCʰ vs. EMPA; p < лΦллм ŦƻǊ ¢bCʰ vs. control and for ¢bCʰ vs. EMPA; 

Figure 11A). Furthermore, after 24 h of incubation, no significant differences were observed 
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among the groups (control: 0.292 ± 0.0534.; EMPA: 0.364 ± лΦлсмпΤ ¢bCʰ: 0.549 ± 0.0952; 

¢bCʰҌ9at!: 0.523 ± 0.0903; p > 0.05 for all groups; Figure 11B). 

 

Figure 11. 9ŦŦŜŎǘǎ ƻŦ ¢bCʰ ŀƴŘ 9at! ƻƴ ǇǊƻǘŜƛƴ ŜȄǇǊŜǎǎƛƻƴ ƻŦ /ŀǾ-1. Expression of Cav-1 after 6 h (A) and 24 h 

(B) was determined as the ratio of Cav-1 to GAPDH. Data from six experiments (n = 6) are shown as the 

means ± SEM. Asterisks (*) indicate statistically significant differences (** *p < 0.001). One representative 

western blot analysis is shown. Cav-1, caveolin-1; EMPA, empagliflozin; GAPDH, glyceraldehyde 3-phosphate 

dehydrogenase; ¢bCʰ, tumouǊ ƴŜŎǊƻǎƛǎ ŦŀŎǘƻǊ ʰΦ 
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4.4 Effects of ¢bCʰ ŀƴŘ EMPA on the phosphorylation and protein expression 

of NF-ˁ. and the expression of cell adhesion molecules 

Increased cell adhesion molecule expression plays a central role in inflammatory processes 

and is associated with NF-ˁ. ŀŎǘƛǾŀǘƛƻƴΦ Thus, we sought to elucidate the influence of EMPA 

ƻƴ ¢bCʰ-induced ICAM-1 and VCAM-1 expression in HUVECs and its potential molecular 

connection with NF-ˁ. ǇŀǘƘǿŀȅǎΦ 

4.4.1 Phosphorylation and protein expression of NF-ˁ. 

Western blot analysis revealed that the phosphorylation of NF-ˁ. Ǉср is significantly increased 

ƛƴ I¦±9/ǎ ŜȄǇƻǎŜŘ ǘƻ ¢bCʰ ŦƻǊ с h and 24 h. However, the ŀŘŘƛǘƛƻƴ ƻŦ 9at! ǘƻ ¢bCʰ ŘƛŘ ƴƻǘ 

alter the phosphorylation of NF-ˁ. Ǉср ŀŦǘŜǊ с h or after 24 h (6 h: control, 0.114 ± 0.0112; 

EMPA, 0.132 ± 0.0157Τ ¢bCʰ, 1.01 ± 0.0919Τ ¢bCʰҌ9at!, 0.979 ± 0.0689; p < 0.001 ŦƻǊ ¢bCʰ 

vs. control and for ¢bCʰ vs. EMPA; Figure 12A; 24 h: control, 0.107 ± 0.0114; EMPA, 

0.148 ± 0.0261Τ ¢bCʰ, 0.631 ± 0.0832Τ ¢bCʰҌ9at!, 0.646 ± 0.108; p < 0.ллм ŦƻǊ ¢bCʰ vs. 

control and for ¢bCʰ vs. EMPA; Figure 12B). 

By contrast, NF-ˁ. was expressed in all samples with no significant differences between the 

groups after 6 h or 24 h (6 h: control, 1.09 ± 0.133; EMPA, 0.969 ± 0.0995Τ ¢bCʰ, 

0.986 ± 0.0828Τ ¢bCʰҌ9at!, 1.03 ± 0.127; p < 0.ллм ŦƻǊ ¢bCʰ vs. control and for ¢bCʰ vs. 

EMPA; Figure 12C, 24 h: control, 0.925 ± 0.175; EMPA, 1.05 ± 0.198Τ ¢bCʰ, 1.25 ± 0.304; 

¢bCʰҌ9at!, 1.10 ± 0.147; p > 0.05 for all groups; Figure 12D). 
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Figure 12. 9ŦŦŜŎǘǎ ƻŦ ¢bCʰ ŀƴŘ 9at! ƻƴ ǘƘŜ ǇƘƻǎǇƘƻǊȅƭŀǘƛƻƴ ŀƴŘ ǇǊƻǘŜƛƴ ŜȄǇǊŜǎǎƛƻƴ ƻŦ bF-ˁ.. Phosphorylation 

of NF-ˁ. Ǉср ŀŦǘŜǊ с Ƙ όA) and 24 h (B) was determined as the ratio of p-NF-ˁ. Ǉср to NF-ˁ. ǇсрΦ bC-ˁ. p65 

protein levels after 6 h (C) and 24 h (D) were determined as the ratio of NF-ˁ. Ǉср to GAPDH. Data from six 

experiments (n = 6) are shown as the means + SEM. Asterisks (*) indicate statistically significant differences 

(*** p < 0.001). One representative western blot analysis is shown. EMPA, empagliflozin; GAPDH, glyceraldehyde 

3-phosphate dehydrogenase; NF-ˁ., ƴǳŎƭŜŀǊ ŦŀŎǘƻǊ ˁ.; p-NF-ˁ., phosphorylated NF-ˁ.; ¢bCʰ, tumour necrosis 

ŦŀŎǘƻǊ ʰΦ 

4.4.2 Expression of cell adhesion molecules 

Cƭƻǿ ŎȅǘƻƳŜǘǊƛŎ ŀƴŀƭȅǎƛǎ ǿŀǎ ŜƳǇƭƻȅŜŘ ǘƻ ŜǾŀƭǳŀǘŜ ǘƘŜ ŜŦŦŜŎǘ ƻŦ ¢bCʰ ŀƴŘ 9at! ƻƴ the 

expression of cell adhesion molecules ICAM-1 and VCAM-1 after 4 h. Although EMPA 

treatment alone had no effect, significant induction of ICAM-1 and VCAM-1 expression was 

found after 4 Ƙ ƻŦ ¢bCʰ ǎǘƛƳǳƭŀǘƛƻƴ ŎƻƳǇŀǊŜŘ ǿƛǘƘ ǳƴǎǘƛƳǳƭŀǘŜŘ I¦±9/ǎΦ bŜǾŜǊǘƘŜƭŜǎǎΣ 

EMPA administration did not attenuate the ¢bCʰ-induced upregulation of cell adhesion 

0.0

0.5

1.0

1.5

p
-N

F
-k

B
 p

6
5
/N

F
k
B

 p
6
5
 2

4
h

0.0

0.5

1.0

1.5
p

-N
F

-k
B

 p
6
5
/N

F
k
B

 p
6
5
 6

h

+
+

+
-

-
+

TNFŬ -
-EMPA

GAPDH

NF-əB

p-NF-əB

+
+

+
-

-
+

TNFŬ -
-EMPA

GAPDH

GAPDH

NF-əB

p-NF-əB

A B

C D

0.0

0.5

1.0

1.5

N
F

-k
B

 p
6
5
/G

A
P

D
H

 6
h

0.0

0.5

1.0

1.5

2.0

N
F

-k
B

p
6
5
/G

A
P

D
H

 2
4
h

***
***

***
***



RESULTS 36 

 

 

molecules (ICAM-1: control, 6,169 ± 1,408; EMPA, 6,207 ± 1,427Τ ¢bCʰ, 51,503 ± 3,476; 

¢bCʰҌ9at!, 49,600 ± 2,837; p < 0.001 ŦƻǊ ¢bCʰ vs. control and for ¢bCʰ vs. EMPA; Figure 

13A and C; VCAM-1: control, 695 ± 37.3; EMPA, 691 ± 35.2Τ ¢bCʰ, 4,377 ± 474Τ ¢bCʰҌ9at!, 

4,321 ± 521; p < 0.ллм ŦƻǊ ¢bCʰ vs. ŎƻƴǘǊƻƭ ŀƴŘ ŦƻǊ ¢bCʰ vs. EMPA; Figure 13B and D). 
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Figure 13. 9ŦŦŜŎǘǎ ƻŦ ¢bCʰ ŀƴŘ 9at! ƻƴ ǘƘŜ ŜȄǇǊŜǎǎƛƻƴ ƻŦ ŎŜƭƭ ŀŘƘŜǎƛƻƴ ƳƻƭŜŎǳƭŜǎ. (A, B) Bar graphs show the 

mean fluorescence intensity (MFI) of ICAM-1 (A) and VCAM-1 (B) in flow cytometry as the means + SEM of five 

experiments (n = 5). Asterisks (*) indicate statistically significant differences (*** p < 0.001). (C, D) Representative 

histograms from flow cytometry analyses showing individual fluorescence intensity profiles of ICAM-1 (C) and 

VCAM-1 (D) surface expression on HUVECs. EMPA, empagliflozin; ICAM-1, intercellular adhesion molecule 1; MFI, 

mean fluorescence intensity; ¢bCʰ, tumour ƴŜŎǊƻǎƛǎ ŦŀŎǘƻǊ ʰ; VCAM-1, vascular adhesion molecule 1. 
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4.5 Effects of ¢bCʰ ŀƴŘ EMPA on intracellular ROS formation 

Intracellular ROS production was measured in HUVECs using a commercial flow cytometry kit 

ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ The iƴŎǳōŀǘƛƻƴ ƻŦ I¦±9/ǎ ǿƛǘƘ ¢bCʰ ŦƻǊ п h 

significantly increased ROS levels. However, the addition of EMPA did not reduce ROS levels 

(control: 17,790 ± 1,710; EMPA: 17,428 ± 1,680Τ ¢bCʰ: 26,169 ± 2,152Τ ¢bCʰҌ9at!: 

25,815 ± 2,218; p < 0.05 ŦƻǊ ¢bCʰ vs. control and ŦƻǊ ¢bCʰ vs. EMPA; Figure 14A and B). 

 

Figure 14. 9ŦŦŜŎǘǎ ƻŦ ¢bCʰ ŀƴŘ 9at! ƻƴ ƛƴǘǊŀŎŜƭƭǳƭŀǊ wh{ formation. (A) Bar graphs of the fluorescence intensity 

shown as the means ± SEM of seven experiments (n = 7). Asterisks (*) indicate statistically significant differences 

(*p < 0.05). (B) Representative histograms from flow cytometry analyses showing individual fluorescence 

intensity profiles of intracellular ROS production in HUVECs. EMPA, empagliflozin; eNOS, endothelial NO 

synthase; MFI, mean fluorescence intensity; ROS, reactive oxygen species; ¢bCʰ, tumour ƴŜŎǊƻǎƛǎ ŦŀŎǘƻǊ ʰΦ 
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4.6 Effects of ¢bCʰ ŀƴŘ EMPA on permeability 

To investigate whether EMPA affects endothelial monolayer permeability, we assessed 

permeability using FITC-BSA permeability assays. After 24 ƘΣ ¢bCʰ-stimulated groups showed 

a tendency to increased permeability. However, treatment with EMPA had no protective 

effect on the monolayer (in µg/mL albumin leakage, control: 113 ± 13.0; EMPA: 107 ± 15.8; 

¢bCʰ 179 ± 27.3Τ ¢bCʰҌ9at!: 175 ± 15.1; p = 0.0520 ŦƻǊ ¢bCʰ vs. control; p < 0.лр ŦƻǊ ¢bCʰ 

vs. EMPA; Figure 15). 

 

Figure 15. 9ŦŦŜŎǘǎ ƻŦ ¢bCʰ ŀƴŘ 9at! ƻƴ ǇŜǊƳŜŀōƛƭƛǘȅ. Fluorescence intensity of FITC-BSA was measured in 

culture medium to determine the permeability of the endothelial cell layer. Columns represent six experiments 

(n = 6) shown as the means + SEM. Asterisks (*) indicate statistically significant differences (*p < 0.05). EMPA, 

empagliflozin; FITC-BSA, fluorescein isothiocyanateςlabelled bovine serum albumin; ¢bCʰ, tumour necrosis 

ŦŀŎǘƻǊ ʰΦ 
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4.7 Effects of ¢bCʰ ŀƴŘ EMPA on the cellular localisation of F-actin and VE-

cadherin 

Although FITC-.{! ǇŜǊƳŜŀōƛƭƛǘȅ ŀǎǎŀȅǎ ŘƛŘ ƴƻǘ ǊŜǾŜŀƭ ŀ ¢bCʰ-mediated increase in the 

permeability of the HUVEC layer, immunofluorescence staining showed distinct morphological 

differences. ¢bCʰ-treated HUVECs became elongated and formed increased actin stress fibres 

which were aligned in parallel bundles along with less apparent VE-cadherin at endothelial cell 

borders. Consistent with the results from the permeability assay, no major effects of EMPA 

treatment were observed (Figure 16). 
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Figure 16. 9ŦŦŜŎǘǎ ƻŦ ¢bCʰ ŀƴŘ 9at! ƻƴ ǘƘŜ ŎŜƭƭǳƭŀǊ ƭƻŎŀƭƛǎŀǘƛƻƴ ƻŦ C-actin and VE-cadherin. Wide-field 

microscopic images (40× magnification) of HUVECs stained for DAPI (blue), F-actin (red) and VE-cadherin (green). 

EMPA, empagliflozin; DAPI, п Σс-diamidino-2-phenylindole; ¢bCʰ, tumouǊ ƴŜŎǊƻǎƛǎ ŦŀŎǘƻǊ ʰ; VE-cadherin, 

vascular endothelial cadherin. 
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5 DISCUSSION 

In the present study, we investigated whether the SGLT2 inhibitor EMPA exerts pleiotropic 

effects on human endothelial cells under inflammatory conditions. The major findings of this 

study indicate that EMPA does not prevent ¢bCʰ-induced endothelial alterations in human 

umbilical vein cells. Therefore, these findings suggest that the clinically observed reduction of 

adverse cardiovascular events with EMPA is not mediated via direct anti-inflammatory effects 

of EMPA on blood vessels and endothelial dysfunction. 

5.1 HUVECs as a model for the human endothelium 

Primary isolated HUVECs are commonly used as an in vitro model for the human endothelium 

because they are more readily available than endothelial cells from other human blood vessels 

and are easy to isolate and culture. Cultured HUVECs display a typical cobblestone pattern as 

they reach confluency (87). This distinct phenotype allows their differentiation from other 

cells, such as fibroblasts, that may contaminate the endothelial cell culture. Fibroblasts can 

easily be distinguished from endothelial cells due to their long, slender, spindle-shaped 

morphology (88). In addition, HUVECs can be characterised by endothelial cell markers such 

as vWF using immunostaining (87). VWF is a plasma glycoprotein that is primarily produced 

by endothelial cells and either stored in organelles called WeibelςPalade bodies or secreted 

(88,89). Thus, we generated immunofluorescence images for vWF from HUVEC cultures. The 

immunofluorescence staining showed green fluorescent vWF in the cytoplasm of all cells, 

indicating that our cultures consisted of endothelial cells. This finding was confirmed by FACS 

analysis of vWF, which revealed that the primary cultures consisted of more than 99% 

vWF-positive cells. 
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Although HUVECs are regularly used for research on the human endothelium, other 

endothelial cells (e.g., human coronary artery endothelial cells [HCAECs]) can also be used for 

studying specific pathological conditions such as endothelial inflammation (87,90). 

Inflammation has been implicated in the initiation and progression of atherosclerosis. 

Interestingly, Lakota et al. revealed that HCAECs display greater susceptibility to inflammatory 

stimuli than HUVECs. They reported a four-fold greater induction of pro-inflammatory 

cytokine IL-6 release and a 20-fold higher induction of IL-6 mRNA expression compared with 

HUVECs; however, HUVECs reacted to stimulation with a slightly greater increase in cell 

adhesion molecule expression (91). In line with these findings, Briones et al. demonstrated 

that HCAECs and HUVECs produce different patterns of chemokine expression following in 

vitro stimulation with ¢bCʰ (92). These data indicate that endothelial cells derived from veins 

or arteries can elicit entirely different responses during inflammation. 

Consistent with these results, a recent study in our laboratory revealed different responses of 

HUVECs and HCAECs to ¢bCʰ stimulation and treatment with EMPA. First, our data from the 

quantitative measurement of endothelial permeability and the fluorescent staining of the 

endothelial monolayer suggest that permeability is higher in HCAECs than in HUVECs. Second, 

we found significant upregulation of Cav-1 after 6-h stimulation with ¢bCʰ in HUVECs but not 

in HCAECs. Third, we detected no significant effect of EMPA on ¢bCʰ-induced loss of NO or 

increase of ROS in HUVECs, whereas EMPA reduced ROS generation and restored NO levels in 

¢bCʰ-treated HCAECs (93). These data suggest that HUVECS and HCAECS respond differently 

to inflammatory stimulation and that the SGLT2 inhibitor EMPA may exert different effects 

depending on the cell type. 

5.2 SGLT2 expression and regulation in endothelial cells 

SGLT2 is a carrier protein expressed on the luminal membrane of renal epithelial cells in the 

proximal tubule of the kidney (61,62). However, the presence of SGLT2 in endothelial cells is 

a subject of current research, and various studies have examined SGLT2 expression at protein 

and mRNA levels in these cells (94ς96). 

To answer the question of whether SGLT2 is expressed in HUVECs and how ¢bCʰ ƻǊ EMPA 

affects the SGLT2 in HUVECs, we investigated SGLT2 protein expression using a commercially 

available antibody. Western blot analysis of SGLT2 suggested that SGLT2 protein is expressed 
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by HUVECs. Our analyses revealed increased SGLT2 expression after 24 Ƙ ƻŦ ¢bCʰ ǎǘƛƳǳƭŀǘƛƻƴ 

but no effect from the addition of EMPA. Similarly, ƛƴ ƪƛŘƴŜȅ ŜǇƛǘƘŜƭƛŀƭ ŎŜƭƭǎΣ ¢bCʰ όмл pg/ml) 

increased SGLT2 mRNA expression after 96 h and SGLT2 protein expression after 120 h (97). 

Regarding SGLT2 expression itself, a recent study by Li et al. indicated that SGLT1 and SGLT2 

mRNA is present in HUVECs. Furthermore, the authors showed the upregulated expression of 

SGLT1 and SGLT2 in endothelial dysfunction caused by palmitic acid, and this expression was 

suppressed by the addition of the SGLT inhibitor phlorizin (96). By contrast, Mancini et al. 

could not detect SGLT2 mRNA expression in either HUVECs or human aortic endothelial cells 

(98). Similarly, in a study of porcine coronary artery endothelial cells, SGLT2 mRNA levels were 

undetectable in control endothelial cells, but stimulation with hyperglycaemia or oxidative 

stress resulted in consistent SGLT2 mRNA levels. Despite undetectable SGLT2 mRNA in the 

control group, this study further observed a band of approximately 72 kDa detected by SGLT2 

labelling in control endothelial cells. This band increased in intensity in the stimulated cells 

and was suppressed by 100 nM EMPA (99). In our experiments, we could not detect any 

effects of EMPA on SGLT2 expression either alone or in combination with TNFh Φ Notably, in a 

recent study, we were unable to silence SGLT2 expression in HUVECs and HCAECs using siRNA 

(93). Thus, we cannot exclude that the bands seen in western blots using a commercially 

available antibody specific to human SGLT2 might not be a SGLT2 protein. Therefore, SGLT2 

expression in HUVECs remains questionable and further investigations concerning the 

expression and activity of SGLT2 in endothelial cells are needed. 

5.3 Effects of EMPA on Cav-1 

ENOS activity is also regulated by subcellular localization of eNOS and interaction with 

different proteins (100). In resting endothelial cells, eNOS is associated with caveolae 

interacting with inhibitory protein Cav-1, and therefore Cav-1 can regulate NO production 

(47,101). Thus, dissociation from the caveolae and therefore Cav-1 is required for eNOS 

activation (101), and Cav-1 can therefore inhibit NO-production (47). Indeed, enhanced 

vasoconstriction has been linked to increased Cav-1 expression and decreased NO production 

in rat aorta (47). Therefore, we examined whether EMPA reduces Cav-1 expression in HUVECs. 

The role of Cav-м ƛƴ ŜƴŘƻǘƘŜƭƛŀƭ ŎŜƭƭǎ Ƙŀǎ ōŜŜƴ ǇǊŜǾƛƻǳǎƭȅ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘƛƴ ¢bCʰ-induced 

signaling. For instance, Shao et al. reported that downregulation of Cav-1 can attenuate 
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hyperpermeability in primary rat pulmonary microvascular endothelial cells undergoing ¢bCʰ 

treatment (102). Moreover, increased Cav-1 levels have been observed in endothelial cells 

exposed ǘƻ ¢bCʰ (103). These results confirm our findings in HUVECs. After 6h but not after 

нпƘ ƻŦ ƛƴŎǳōŀǘƛƻƴΣ I¦±9/{ ǎǳōƧŜŎǘŜŘ ǘƻ ¢bCʰ ŘƛǎǇƭŀȅŜŘ ŜƭŜǾŀǘŜŘ /ŀǾ-1 protein expression 

levels compared to the control. However, EMPA did not change Cav-1 expression at both time 

points. Considering our previous observation in HUVECs and HCAECS that eNOS and Cav-1 

revealed no significant changes in the co-ƛƳƳǳƴƻǇǊŜŎƛǇƛǘŀǘŜŘ ŎƻƳǇƭŜȄŜǎ ōŜǘǿŜŜƴ ¢bCʰ- and 

¢bCʰҌ9at!-treated cells, it is unlikely that EMPA modulates eNOS/Cav-1 interactions (93). 

5.4 Effects of EMPA on eNOS expression and phosphorylation 

ENOS is crucial for the regulation of vascular function, and alterations of eNOS activity and 

expression contribute to endothelial dysfunction (104). Recent studies have indicated that 

EMPA can induce vasorelaxation (105ς107). Because eNOS synthesises NO which is important 

for endothelium-dependent vasorelaxation, we examined the effect of EMPA on eNOS 

signalling (108). Phosphorylation can modulate eNOS activity, whereby different sites of 

phosphorylation have opposing effects. For example, the phosphorylation of Thr495 has an 

inhibitory effect, whereas Ser1177 phosphorylation enhances eNOS activity (108). ¢bCʰ has 

been shown to decrease NO bioavailability by decreasing eNOS phosphorylation at Ser1177 

(109). In addition, ¢bCʰ was reported to suppress eNOS expression in HUVECs, primarily 

through destabilisation of eNOS mRNA (19). However, after 6-h incubation, we observed no 

decreases in eNOS phosphorylation or total eNOS protein with ¢bCʰ and no effect of EMPA. 

By contrast, we observed a significant reduction in eNOS Ser1177 phosphorylation and total 

eNOS protein expression after 24 h in HUVECs exposed to ¢bCʰ, with no effect of EMPA. 

Because ¢bCʰ ǊŜŘǳŎŜŘ not only p-eNOS Ser1177 but also total eNOS expression, it most likely 

caused an increased breakdown of eNOS (mRNA) or decreased eNOS synthesis rather than 

acting on phosphorylation (110,111). One possible explanation could be that the times of 

analysis were suboptimal. For example, Yang et al. detected decreased phosphorylation of 

Ser1177 in HUVECs after 15 min of ¢bCʰ treatment. However, they used 50 ng/ml for their 

study, which is five times the concentration that we used (109). This hypothesis would be in 

line with the results of Zhao et al., who observed no change in p-eNOS Ser1177 after 3 h using 

5 ng/ml ¢bCʰ in HUVECs (112). 
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Nevertheless, we did not observe any restoration of eNOS phosphorylation and total eNOS 

expression by EMPA. In agreement, a separate study did not detect any changes in 

phosphorylation and expression of eNOS in myocardial tissue by EMPA alone (113). Also 

consistent with our findings, Juni et al. reported no effects of EMPA on either total eNOS 

protein content or eNOS phosphorylation at Ser1177 in cardiac microvascular endothelial cells 

(CMECs) after 6 h, using the same concentrations of EMPA (1 ҡaύ ŀƴŘ ¢bCʰ όмл ƴƎκƳƭύ as 

those in our study (107). 

By contrast, other studies have shown that EMPA restores eNOS phosphorylation (Ser1177) 

in CMECs from diabetic mice. This effect was accompanied by preserved endothelium-

dependent relaxation in the thoracic aorta (106). Likewise, a recent study showed that eNOS 

phosphorylation at Ser1177 was impaired in rats with diabetes induced by streptozotocin 

injection and that EMPA dose-dependently improved phosphorylation at that site (74). 

Moreover, EMPA has been shown to inhibit eNOS phosphorylation at the Thr495 site in Zucker 

diabetic fatty rats and partially prevent impaired acetylcholine-dependent relaxation in 

isolated aortic rings. The authors suggest that the improved NO signalling was not based on 

upregulated eNOS expression but rather on the prevention of oxidative damage in this 

cascade (84). Because these studies were performed in vivo, it cannot be excluded that the 

effect of EMPA on eNOS phosphorylation is not a direct effect on endothelial cells. This 

hypothesis is consistent with the findings that EMPA did not restore eNOS Ser1177 

phosphorylation when added to cultured murine CMECs for 6 h. However, treatment with 

EMPA (10 mg/kg/day) for 20 weeks restored eNOS Ser1177 phosphorylation in CMECs isolated 

from diabetic mice hearts. These studies also differed notably in the stimulus used to decrease 

phosphorylation (¢bCʰ vs. streptozotocin injection) (106,107). 

In a recent study, we investigated the effect of EMPA on intracellular NO bioavailability in 

HUVECS and HCAECs exposed to ¢bCʰ. EMPA was able to restore NO levels in the presence of 

¢bCʰ in HCAECs, but no significant changes were observed after the addition of EMPA in 

HUVECs. These findings suggest that EMPA has a cell-specific effect. Nonetheless, the addition 

of EMPA affected neither HUVECs nor HCAECs with respect to the phosphorylation of eNOS 

at Ser1177 (93). Considering these findings, it is unlikely that EMPA enhances NO synthesis via 

eNOS expression or Ser1177 phosphorylation in HUVECs. 
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5.5 Effects of EMPA on NF-ˁ. activation and cell adhesion molecule 

expression 

NF-ˁ. activation is believed to be a key event in the pathobiology of DM (33). NF-ˁ. ƛǎ 

regulated at multiple levels, including post-translational phosphorylation of subunit p65. The 

phosphorylation of p65 at S536 is known to enhance transcriptional activity of NF-ˁ. (35), and 

the activation of NF-ˁ. results in the transcription of cell adhesion molecules, including VCAM-

1 and ICAM-1, and cytokines such as ¢bCʰ (33). Thus, ¢bCʰ is an activator of NF-ˁ., as well as 

an NF-ˁ. regulated product (33). Indeed, ¢bCʰ has been reported to induce the 

phosphorylation of NF-ˁ. subunit p65 (112) and to increase cell adhesion molecule expression 

in HUVECs (114). Interestingly, Zhou et al. demonstrated that EMPA (10 mg/kg/day for 20 

weeks) is able to reverse the diabetes-induced upregulation of cell adhesion molecules ICAM-

1 and VCAM-1 in CMECs from streptozotocin-induced diabetic mice (106). Another study 

reported that ICAM-1 mRNA expression was upregulated in the aorta of Zucker diabetic fatty 

rats by 25% and normalised by high-dose EMPA therapy (30 mg/kg/day for six weeks) but not 

by low-dose EMPA (10 mg/kg/day for six weeks) (84). Therefore, we sought to investigate the 

possible role of NF- Bˁ as a target for EMPA in HUVECs exposed to ¢bCʰ by evaluating the 

protein expression and phosphorylation of NF-ˁ. όǇср ǎǳōǳƴƛǘύ ŀƴŘ cell adhesion molecule 

expression. Western blot analysis of the phosphorylated subunit of NF-ˁ. Ǉср ƛƴ I¦±9/ǎ 

revealed that ¢bCʰ exposure for 6 h and 24 h significantly increased phosphorylation. This 

result is in line with our findings from flow cytometric analyses of cell adhesion molecules 

ICAM-1 and VCAM-1, which were upregulated after 4 h of ¢bCʰ stimulation. However, EMPA 

alone or in combination with ¢bCʰ did not alter the expression of p65 NF-ˁ. or cell adhesion 

molecules. These data are in agreement with previous findings in HUVECs showing no effects 

of EMPA on cytokine (IL-6) and chemokine (MCP-1) secretion in IL-м-̡stimulated HUVECs (98). 

Juni et al. excluded the role of NF-ˁ. in the protective effects of EMPA in CMECs because 

EMPA changed neither the transcription of NF-ˁ. nor the protein expression of VCAM-1 in 

¢bCʰ-treated CMECs after 6 h (107). Regarding other SGLT2 inhibitors, direct anti-

inflammatory actions of canagliflozin and dapagliflozin have previously been observed in 

HUVECs using inflammatory stimuli, including IL-мʲ and ¢bCʰ (98,115). By contrast, a recent 

study demonstrated that canagliflozin treatment (30 mg/kg/day for eight weeks) reduces 

ICAM-1 expression in the aorta of streptozotocin-induced diabetic mice . However, no effect 
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of canagliflozin (1 mM) was found in vitro using HUVECs. The authors of the study suggested 

low SGLT2 expression in HUVECs as a possible mechanism (116). Interestingly, Gaspari et al. 

reported that dapagliflozin has direct dose-dependent anti-atherogenic effects in cultured 

HUVECs. In their study, the addition of low-dose dapagliflozin (1.0ς2.0 nM), but not high-dose 

dapagliflozin (5 nM), to ¢bCʰ (10 ng/ml) stimulated HUVECs for 24 h, resulting in a significant 

reduction of ¢bCʰ-mediated induction of NF-ˁ. ŜȄǇǊŜǎǎƛƻƴ. Notably, they also reported that 

dapagliflozin alone had no effect on ICAM-1 or VCAM-1 protein expression (115). Lastly, 

Mancini et al. reported that cell adhesion molecule expression and NF-ˁ. signalling were not 

affected at clinically relevant concentrations of canagliflozin (98), a finding that supports our 

data showing no effect of EMPA on ¢bCʰ-induced cell adhesion molecule expression. 

The results of these studies support the possibility of an SGLT2-specific effect on NF-ˁ. 

activation and cell adhesion molecule expression in endothelial cells. Nonetheless, the 

reasons for possible divergent results between the studies may also lie in the inflammatory 

stimuli (IL-м ̡vs. ¢bCʰ), as well as the concentration of the SGLT2 inhibitor used (1 µM vs. 1ς

5 nM). 

5.6 Effects of EMPA on ROS formation 

Elevated ROS levels are an important hallmark of endothelial dysfunction (117). ¢bCʰ can 

reduce NO bioavailability by its ability to increase intracellular ROS (108,110). In turn, ROS 

increase cytokine expression, resulting in a vicious circle of inflammation (30). Thus, it is not 

surprising that several therapeutic strategies aim to inhibit vascular oxidative stress (118). In 

ƻǳǊ ǎǘǳŘȅΣ ¢bCʰ ƛƴŎǊŜŀǎŜŘ intracellular ROS levels to a significant degree after 4 h of 

incubation. This is in line with data from others confirming ǘƘŀǘ ¢bCʰ ƛƴŎǊŜŀǎŜǎ wh{ ƭŜǾŜƭǎ ƛƴ 

HUVECs (119). However, in our study, ǘƘŜ ŀŘŘƛǘƛƻƴ ƻŦ 9at! ǘƻ ¢bCʰ Řƛd not reduce ROS levels 

in HUVECs. 

Previous in vitro studies have reported divergent effects of SGLT2 inhibitors on intracellular 

ROS formation. For example, Baer et al. found that the addition of dapagliflozin (500 nM) but 

not EMPA (500 nM) could reduce the oxidative stress level in human renal proximal tubular 

epithelial cells under hyperglycaemic conditions (120). By contrast, an earlier report 

demonstrated total inhibition of ROS by EMPA in ¢bCʰ-stimulated CMECs. These effects could 

not be explained by a direct antioxidant activity of EMPA using a concentration of 1 µM and 
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10 µM (107). Another study found that EMPA decreases oxidative stress in a dose-dependent 

manner in tacrolimus-induced diabetic human kidney 2 cells using a low and high 

concentration (100 nM and 500 nM) (121). However, this protective effect of EMPA was not 

observed using lower concentrations (10 and 50 nM) or in another cell type (tacrolimus-

treated insulin-secreting beta-cell derived 1 cells) (121). Furthermore, an in vitro study by Xu 

et al. reported reduced oxidative stress levels and found anti-inflammatory effects of 

canagliflozin in lipopolysaccharide-stimulated mouse and human immune cells. The authors 

suggested the inhibition of intracellular glucose metabolism and the promotion of autophagy 

as causal mechanisms. However, the attenuation of ROS was observed only using high doses 

(20 µM and 30 µM) of canagliflozin (122). By contrast, neither EMPA nor dapagliflozin at 

concentrations of 10, 50, or 100 µM reduced superoxide levels in renal tubule epithelial cells. 

At concentrations of 50 µM and 100 µM, canagliflozin actually increased superoxide 

production, suggesting a cytotoxic effect of canagliflozin at higher concentrations (123). This 

study used the superoxide detection kit from Enzo Life Sciences. Interestingly, in a recent 

study, we observed no effect of EMPA or dapagliflozin on the TbCʰ-induced increase in ROS 

formation in HCAECs using the total ROS detection kit from Enzo Life Sciences. However, using 

live cell imaging, we found a reduction in ROS by EMPA (93). This may be because the 

commercial kit, in contrast to live cell imaging, detects total levels of ROS but not superoxide 

in living cells. Another possible explanation is that during the preparation of the cells for the 

FACS-based ROS detection, ¢bCʰ and/or EMPA were not present while loading the cells with 

the dye. Thus, it is possible that an immediate rapid effect of EMPA was not detected using 

FACS. In HUVECs, however, we did not observe a significant reduction in ROS with EMPA or 

dapagliflozin even with the use of live cell imaging (93). 

Taken together with our data, these studies indicate that the effects of SGLT2 inhibitors on 

ROS depend on the type and concentration of SGLT2 inhibitor, as well as the cell type 

employed. 

5.7 Effects of EMPA on permeability 

Changes in vascular permeability contribute to vascular complications in DM, and VE-cadherin 

and F-actin play a pivotal role in the maintenance of normal barrier function in endothelial 

cells (57,106). The downregulation of VE-cadherin and increased formation of F-actin fibres 
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leading to the retraction of adjacent cells are associated with increased permeability (57,59). 

These changes have been observed in endothelial tissue exposed to ¢bCʰ (59). 

We hypothesised that EMPA may sustain the barrier function under inflammatory conditions. 

Therefore, we investigated the effects of EMPA ŀƴŘ ¢bCʰ on the permeability of the HUVEC 

monolayer. Using FITC-BSA-based permeability assays, we observed the increased 

permeability of the HUVEC monolayer when ŜȄǇƻǎŜŘ ǘƻ ¢bCʰ ŦƻǊ нп Ƙ, indicating an impaired 

endothelial barrier function (even though statistically significant levels were not reached; 

control vs. ¢bCʰΥ Ǉ Ґ лΦлрнлύΦ However, the addition of EMPA did not result in the attenuation 

ƻŦ ǘƘŜ ¢bCʰ-mediated endothelial barrier dysfunction. By contrast, EMPA was reported to 

sustain the barrier function in diabetic CMECs by inhibiting VE-cadherin downregulation and 

attenuating hyperpermeability. The authors explained these protective effects by the ability 

of EMPA to reduce oxidative stress in CMECs (106). Importantly, this study used CMECs 

derived from the hearts of normal, diabetic, and EMPA-treated diabetic mice, and thus, 

treatment with EMPA occurred in vivo. Other important differences from our experimental 

design are the differences in cell type (CMECs vs. HUVECs) and stimulus (streptozotocin 

injection vs. ¢bCʰύΦ wŜƎŀǊŘƛƴƎ ǘƘŜ ŎŜƭƭ type, we recently tested the effects of EMPA and 

dapagliflozin ƛƴ ¢bCʰ-stimulated HCAECs. We observed a higher baseline monolayer 

permeability in HCAECs than in HUVECs, suggesting that HCAECs ŀǊŜ ƳƻǊŜ ǊŜǎǇƻƴǎƛǾŜ ǘƻ ¢bCʰΦ 

However, neither EMPA nor dapagliflozin had a protective effect on permeability in HCAECs 

(93). 

To link the effect ƻŦ ¢bCʰ ƻƴ ǇŜǊƳŜŀōƛƭƛǘȅ to morphological changes in HUVECs and to 

investigate the potential effect of EMPA on changes in the actin cytoskeleton, we generated 

immunofluorescent images. ¢bCʰ-stimulated HUVECs displayed increased formation of stress 

fibres aligned in parallel bundles, along with less apparent VE-cadherin at endothelial cell 

borders. However, the addition of EMPA to ¢bCʰ-stimulated HUVECs displayed no effect on 

stress fibre formation or VE-cadherin distribution. Consistent with our observation in the 

immunofluorescence staining, Shao et al. reported increased central actin stress fibre 

formation in rat primary pulmonary microvascular endothelial cells when they were treated 

with ¢bCʰ for 2 h (102). 

In conclusion, based on our findings, it seems unlikely that the endothelial barrier has a role 

as the target for possible beneficial effects of EMPA in HUVECs exposed to ¢bCʰ. 
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5.8 Study limitations 

Some limitations of this study need to be considered. First, a major limitation of our cell model 

is the lack of flow. In vitro experiments revealed that endothelial cells change their 

morphology and function when exposed to mechanical stresses such as shear stress (124). For 

example, shear stress has been shown to activate eNOS by phosphorylation at Ser1177 (125). 

An important regulator of the vascular tone is therefore missing in the present study, and it is 

possible that the absence of mechanical stress influenced the results. 

Second, endothelial cells were obtained from the umbilical cords of subjects without diabetes 

and treated under normoglycaemic conditions. This may be considered a limitation because 

hyperglycaemia is assumed to be the major cause of endothelial dysfunction in DM (126). 

Although the underlying mechanisms are multifactorial, in vitro and in vivo studies have 

shown that inhibited eNOS activity (127) and increased oxidative stress (128) are involved in 

hyperglycaemia-induced endothelial dysfunction. Nevertheless, Azcutia et al. reported that 

high glucose levels alone are not sufficient to promote vascular inflammation, suggesting that 

an additional pro-inflammatory environment is needed for the pro-atherosclerotic actions of 

hyperglycaemia (129). Therefore, further studies are needed to investigate the effects of 

SGLT2 inhibitors in endothelial cells under hyperglycaemic conditions alone and in 

combination with an inflammatory stimulus (such as ¢bCʰ). 

Third, we employed an in vitro model using cultured HUVECs, which does not fully mimic the 

complex biophysical and biochemical relationships that occur in vivo. Thus, differences in drug 

effectiveness may exist, and further in vivo research is needed for a possible translation to a 

clinical setting. Nonetheless, a recent study with canagliflozin demonstrated that human 

endothelial cells are more sensitive to the antiproliferative actions of canagliflozin than 

murine endothelial cells, indicating that animal studies may not accurately reflect the effects 

of SGLT2 inhibitors (130). 

Fourth, we used 10 ng/mL ¢bCʰ as a model of endothelial inflammation, although 

physiological concentrations found in the serum of patients are lower (131,132). For instance, 

Damas et al. found serum concentrations of 5 ng/ml ¢bCʰ in patients who did not survive 

acute sepsis (132). Moreover, ¢bCʰ was reported to exert cytotoxic effects at concentrations 

above 10 ng/ml (114). However, this concentration is commonly used to induce endothelial 
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dysfunction in in vitro studies (115,133), and we could not establish a model of endothelial 

inflammation using only 2 ƴƎκƳƭ ¢bCʰ in a pilot study we had performed previously (93). Thus, 

a concentration of 10 ng/ml was used in this study. 

Fifth, because the effects of the SGLT2 inhibitor EMPA on endothelial dysfunction were 

studied over a period of 4ς24 h, the long-term effects of treatment were not examined. In the 

EMPA-REG OUTCOME trial, the separation between the EMPA and placebo event curves was 

observed within 6ς12 weeks of treatment (134). Therefore, longer studies are required to 

translate our findings to the clinical setting. 

5.9 Conclusion 

Our in vitro data suggest that the clinically observed reduction in adverse cardiovascular 

events by EMPA is not mediated via direct anti-inflammatory effects of EMPA on HUVECs. 

However, in a recent study we found that EMPA counteracts ¢bCʰ-induced endothelial 

dysfunction by reducing ROS levels and restoring NO bioavailability in HCAECs suggesting a 

cell-specific effect of EMPA (93). Nevertheless, further investigation is needed to understand 

the underlying mechanisms of the cardiovascular benefits of EMPA. 
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6 SUMMARY 

Background 

Endothelial dysfunction is present in patients with type 2 diabetes mellitus (T2DM) and has 

been linked to cardiovascular disease (CVD), which is the leading cause of mortality in 

diabetes. T2DM is associated with vascular inflammation, and levels of tumour necrosis factor 

ʰ ό¢bCʰ) are elevated in the plasma of patients with diabetes and obesity. Empagliflozin 

(EMPA) is a relatively new glucose-lowering drug that inhibits sodium-glucose cotransporter 

2 in the proximal tubule of the kidney, resulting in increased glycosuria together with 

decreased plasma levels of glucose. Interestingly, in the EMPA-REG OUTCOME trial, EMPA was 

also shown to reduce major adverse cardiovascular events when added to the standard care 

of patients with T2DM and established CVD. However, the underlying molecular mechanisms 

of the cardiovascular protection from EMPA are currently unclear. Specifically, it is unknown 

whether and how EMPA affects the endothelium. Therefore, the aims of the present study 

were to evaluate whether EMPA protects the endothelium from ¢bCʰ-induced injury and to 

investigate the underlying mechanisms. 

6.1 Methods 

Human umbilical vein endothelial cells (HUVECs) were cultured in vitro, preincubated with 

either 1 µM EMPA or the corresponding vehicle (dimethyl sulfoxide; DMSO) and subsequently 

either left untreated (control group) or exposed to 10 ng/ml ¢bCʰ alone (¢bCʰ ƎǊƻǳǇ) or in 

combination with 1 µM EMPA (¢bCʰ+EMPA group). Western blotting was performed to assess 

the expression of caveolin-1 (Cav-1), nitric oxide synthase (eNOS), and ƴǳŎƭŜŀǊ ŦŀŎǘƻǊ ˁ. (NF-

ˁ.ύ ǎǳōǳƴƛǘ Ǉср, as well as the phosphorylation of endothelial eNOS and NF-ˁ. subunit p65. 

Cell adhesion molecule expression, including intercellular adhesion molecule 1 (ICAM-1) and 

vascular cell adhesion molecule 1 (VCAM), as well as reactive oxygen species (ROS) formation, 

was determined by fluorescence-activated cell sorting to further explore the potential targets 

of pro-inflammatory ¢bCʰ ŀƴŘ 9at!. Immunostaining for filamentous actin and vascular 

endothelial cadherin (VE-cadherin) was performed to demonstrate the HUVEC monolayer, 

and permeability assays were used to assess its endothelial barrier function. 
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6.2 Results 

Total eNOS expression was reduced in HUVECs exposed to ¢bCʰ for 24 h (¢bCʰ vs. control: 

p < 0.01), whereas eNOS phosphorylation was not altered (¢bCʰ vs. control: p > 0.05). 

However, the reduction of ¢bCʰ-mediated total eNOS expression was unaffected by 

treatment with EMPA (¢bCʰ vs. ¢bCʰ+EMPA: p > 0.05). Cav-1 expression was increased after 

6 h incubation with ¢bCʰ (¢bCʰ vs. control: p < лΦллмύ ŀƴŘ ǿŀǎ ƴƻǘ ǊŜǎǘƻǊŜŘ ōȅ 9at! ό¢bCʰ 

vs. ¢bCʰҌ9at!Υ Ǉ > 0.05). After 4 h, the pro-inflammatory activation of HUVECs with ¢bCʰ 

led to increased intracellular ROS formation (¢bCʰ vs. control: p < 0.05); however, the 

addition of EMPA did not attenuate ROS accumulation (¢bCʰ vs. ¢bCʰ+EMPA: p > 0.05). 

Likewise, ¢bCʰ increased cell adhesion molecule expression after 4 h (ICAM-1: ¢bCʰ vs. 

control, p < 0.001; VCAM-1: ¢bCʰ vs. control, p < 0.001) and the phosphorylation of NF-ˁ. p65 

after 24 h (¢bCʰ vs. control: p < 0.001). However, these effects were not abolished by the 

presence of EMPA (ICAM-мΥ ¢bCʰ vs. ¢bCʰҌ9at!, p > 0.05; VCAM-мΥ ¢bCʰ vs. ¢bCʰҌ9at!, 

p > 0.05; p-NF-ˁ. ǇсрΥ ¢bCʰ vs. ¢bCʰ+EMPA, p > 0.05). Permeability was assessed to evaluate 

the effect of EMPA on barrier function. Exposure of HUVECs to ¢bCʰ for 24 h resulted in a 

slight increase in permeability (¢bCʰ vs. control: p = 0.0520), but this ¢bCʰ-induced 

permeability was not altered by the addition of EMPA (¢bCʰ vs. ¢bCʰҌ9at!Υ Ǉ > 0.05). 

Immunostaining revealed the increased formation of stress fibres in ¢bCʰ-stimulated HUVECs, 

which was not prevented by EMPA. VE-cadherin marked the borders of HUVECs, and its 

distribution remained unaffected in all groups. 

6.3 Conclusion 

Our in vitro data suggest that the clinically observed reduction in adverse cardiovascular 

events by EMPA is not mediated via direct anti-inflammatory effects of EMPA on HUVECs. 

However, in a recent study we found that EMPA counteracts ¢bCʰ-induced endothelial 

dysfunction by reducing ROS levels and restoring NO bioavailability in human coronary artery 

cells suggesting a cell-specific effect of EMPA. Nevertheless, further investigation is needed to 

understand the underlying mechanisms of the cardiovascular benefits of EMPA. 
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APPENDIX 

List of manufacturers 

Abcam, UK; www.abcam.com 

Beckman, USA; www.beckman.com 

BD Diagnostics Systems, USA; www.bdbiosciences.com 

Bio-Rad, USA; www.bio-rad.com 

Cell Signaling Technology, USA; www.cellsignal.com 

Corning, USA; www.corning.com 

Enzo Life Sciences, Switzerland; www.enzolifesciences.com 

Greiner Bio One, Austria; www.greinerbioone.com 

Invitrogen, USA; www.thermofisher.com 

Jackson ImmunoResearch, USA; www.jacksonimmuno.com 

Leica Microsystems, Germany; www.leica-microsystems.com 

LI-COR Biosciences, USA; www.licor.com 

MedChem Express, USA; www.medchemexpress.com 

Merck, Germany; www.merck.de 

MERCK Millipore, Germany; www.merckmillipore.de 

Molecular Devices, USA; www.moleculardevices.com 

PAA, Germany; www.gelifesciences.com 

PAN-Biotech GmbH, Germany; www.pan-biotech.com 

Promocell, Germany; www.promocell.com 

Roche, Switzerland; www.roche-diagnostics.ch 

Sigma-Aldrich, The Netherlands; www.sigmaaldrich.com 

Telstar Laboratory Equipment, The Netherlands; www.telstar-lifesciences.com  

Thermo Fisher Scientific, USA; www.thermofisher.com 

VWR International, USA; www.vwr.com 

Branson Ultrasonics, USA; www.bransonic.com 

Westburg BV, The Netherlands; www.westburg.eu 

Sarstedt, Germany; www.sarstedt.com 
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Molecular formulas 

C2H6OS 2-mercaptoethanol 

C7H15NO4S  3-(N-morpholino)propanesulfonic acid (MOPS) 

Ca2+ calcium 

CaCl2 calcium chloride 

CO2 carbon dioxide 

CuSO4 · H2O copper(II) sulfate monohydrate 

H+ hydrogen 

KH2PO4 potassium phosphate monobasic 

KNaC4H4O6 · 4H2O potassium sodium tartrate tetrahydrate 

MgCl2 · 6H2O magnesium chloride hexahydrate 

Na2+ sodium 

Na2CO3 sodium carbonate 

Na2HPO4 · 2H2O sodium dihydrogen phosphate dihydrate 

Na3VO4 sodium orthovanadate 

NaCl sodium chloride 

NaOH sodium hydroxide 

NO nitric oxide 

Table 8: Molecular formulas 

Journal publication 

Uthman L, Homayr A, Juni RP, Spin EL, Kerindongo R, Boomsma M, et al. Empagliflozin and 

Dapagliflozin reduce ROS generation and restore NO bioavailability in tumor necrosis factor h -

stimulated human coronary arterial endothelial cells. Cell Physiol Biochem. 2019;53(5):865ς
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