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1 Introduction

1.1 Cardiovascular diseases (CVDs) and sodium-glucose cotransporter 2 inhibitors
(SGLT2is)

Cardiovascular diseases (CVDs) are by far the leading cause of death around the world. In
2015 CVDs were responsible for 31% of all global deaths, representing a total of estimated
17.9 million deaths. Within this group the top two leading causes are ischemic heart disease
(IHD) and stroke (Joseph et al., 2017; Wang et al., 2016). By pointing out and targeting risk
factors such as overweight, obesity, physical inactivity, as well as harmful use of tobacco and
alcohol, most CVDs could be prevented. As a result of CVDs being the leading cause of death,
early detection, and management of people with high cardiovascular risk factors is crucial
(Mendis et al., 2011; Piepoli et al., 2016, 2020).

Besides the above mentioned, another important risk factor for the development of CVDs is
diabetes mellitus (DM). From 1980-2014 the number of patients with DM has risen from 108
million to 422 million, equating to a global prevalence of 8.5% among adults over 18 years of
age (Zhou et al., 2016). Estimations by the international diabetes federation project predict,
that by 2045 around 700 million people worldwide, representing one out of ten, will suffer from
DM (Saeedi et al., 2019). The most prevalent cause of mortality and morbidity among patients
with DM are CVDs. Adults within this population are two to four times more likely to die due to
IHD and stroke compared to those without DM (Matheus et al., 2013). One CVD which is
frequently associated with DM is heart failure (HF). DM increases the risk of developing HF by
more than two-fold in men and five-fold in women, with an estimated 25% of people with DM
suffering chronic HF (Williams & Evans, 2020).

Due to the tight interplay between DM and the development of CVDs, treating patients with
DM is an important aspect in preventing cardiovascular morbidity and mortality. A notable and
recently approved class of oral antidiabetic drugs are Sodium-glucose cotransporter 2
inhibitors (SGLT2is). SGLT2is can bind to the Sodium-glucose cotransporter 2 (SGLT2)
located in the S1 segment of the proximal tubule of the kidney. This transporter is responsible
for around 90% of glucose reabsorption. By blocking the SGLT2, SGLT2is increase glycosuria
and consequently decrease blood glucose levels (Beitelshees et al., 2019; Fonseca-Correa &
Correa-Rotter, 2021) (Figure 1).
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Figure 1. Schematic outline of the cellular mechanism of SGLT2is
By blocking the SGLT2 transporter in the proximal tubule SGLT2is prevent the glucose and sodium
reabsorption, leading to lower blood glucose levels. GLUT, glucose transporter; SGLT2, sodium-glucose

cotransporter 2; SGLT2is, sodium-glucose cotransporter inhibitors. Based on E. M. Wright et al., 2011.

Interestingly, SGLT2is have shown beneficial effects beyond decreasing blood glucose levels.
In several large randomized cardiovascular outcome trials (EMPA-REG Outcome 2015,
CANVAS 2017, DAPA-HF 2019, EMPEROR-Reduced 2020, DAPA-CKD 2020, EMPEROR-
Preserved 2021) it has been shown that all studied drugs of the SGLT2is family decrease the
risk of major adverse cardiovascular events and slow progression of diabetic kidney disease
in patients with as well as without DM (Anker et al., 2021; Heerspink et al., 2020; McMurray et
al., 2019; Neal et al., 2017; Packer et al., 2020; Zinman et al., 2015). Due to the positive and
protective outcomes of these trials and the lack of knowledge about the mechanisms behind
these effects, the SGLT2is have received special scientific attention.

At present, the exact mechanisms behind the cardiovascular- and renoprotective effects of the
SGLT2is are still unclear. As SGLT2 expression in human endothelial- and cardiac cells is
highly questionable (Chen et al., 2010; Mancini et al., 2018; Uthman et al., 2019), it is unlikely
that direct interactions between the drug and the transporter explain the cardiovascular
protective effects of SGLT2is. On the other hand, it is very improbable that the fast-occurring



cardiovascular benefits are solely related to the improvement in glycemic control. There are
several other hypotheses that try to explain the mechanisms by which SGLT2is can improve
the cardiovascular outcome. Reduction of plasma volume (Lambers Heerspink et al., 2013),
natriuresis (Karg et al., 2018), improved vascular resistance, reduced blood pressure (Chilton
et al., 2015; Scheen, 2019), suppression of damage mediated by advanced glycation end-
products (Ojima et al., 2015), decreased oxidative stress (Ishibashi et al., 2015), and a shift
towards ketone body metabolism (Ferrannini, Baldi, et al., 2016; Ferrannini, Mark, et al., 2016)
are just a few of the hypotheses proposed by researchers (Cowie & Fisher, 2020) (Figure 2).
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Figure 2. Proposed mechanisms responsible for the protective renal and cardiovascular effects of
SGLT2is

SGLT2, sodium-glucose cotransporter 2. Based on Cowie & Fisher, 2020.

1.2 Endothelial barrier function and vascular permeability

The endothelium, a monolayer of endothelial cells building the inner cellular lining of blood
vessels, is in direct and constant contact with the circulating blood, the circulating cells, and
the tissue around the blood vessels (Félétou, 2011; Haybar et al., 2019). In an average adult
human, the endothelial cell surface covers approximately 1 to 7m?and comprises 1 to 6 x 103
cells (Cines et al., 1998; Yau et al., 2015). Among other mechanisms, the endothelium is
responsible for the maintenance of vascular tone, the participation in inflammatory responses,
and the regulation of vascular permeability (Galley & Webster, 2004; Marchio et al., 2019).
Hence, a dysregulated vascular endothelium could also play a major role in the development
of CVDs (Sun et al., 2020).



For normal and physiological blood vessel function an intact monolayer of endothelial cells is
crucial. Endothelial cells are connected laterally by cell-cell junctions, while the basolateral part
is connected via integrins to the basement membrane composed of collagen, fibronectin,
laminin, and glycosaminoglycans. The most important barrier-forming adhesive structures
responsible for barrier integrity are adherens junctions (AJs). AJs are largely assembled from
vascular endothelial cadherin (VE-cadherin), a protein which is primarily in charge of sealing
the paracellular space. Other important barrier-forming adhesive structures are gap junctions
(GJs), which are essential for cell-cell communication, and tight junctions (TJs), which, in
addition to AJs, further close the paracellular space (Rodrigues & Granger, 2015) (Figure 3).
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Figure 3. Overview of barrier-forming adhesive structures
AJs, adherens junctions; GJs, gap junctions; TJs, tight junctions; VE-cadherin, vascular endothelial cadherin.
Based on Lillmann-Rauch & Asan, 2019.

Various stimuli, including histamine (Shasby et al., 2002), tumor necrosis factor-o. (TNF-a)
(Angelini et al., 2006), vascular endothelial growth factor (VEGF) (Esser et al., 1998), and
repeated mechanical stress (RMS) (Tian et al., 2016) have shown to increase endothelial
permeability. The underlying mechanisms seem to be associated with impaired AJs. Since VE-
cadherin is the major component of AJs, endothelial permeability has been postulated to be

closely linked to this barrier-forming protein (Dejana et al., 2008; Rodrigues & Granger, 2015).



One cell type which expresses numerous cell junction proteins and is frequently used to
investigate the effects of different stress stimuli on endothelial permeability and barrier function
are human coronary artery endothelial cells (HCAECs) (Jamaluddin et al., 2009, 2013; Skaria
et al., 2016; Wu et al., 2004). HCAECs are primary endothelial cells derived from human
coronary arteries which are cultured in-vitro. Thus, in-vitro experiments on HCAECs are a
suitable model to closely imitate physiological as well as pathophysiological situations
occurring in coronary arteries (Lakota et al., 2018). In addition, HCAECs have previously
shown to be more susceptible to inflammatory stimuli, as compared to other endothelial cells
such as human umbilical vein endothelial cells (HUVECS) or human microvascular endothelial
cells (HMVECs) (Lakota et al., 2007, 2009). Therefore, many studies on endothelial
dysfunction and vascular inflammation have been performed using HCAECs (Krogmann et al.,
2011; Ren et al., 2017; Wang et al., 2008).

1.3 Non-detrimental and detrimental repeated mechanical stress (RMS)

Endothelial cells are permanently exposed to hemodynamic forces. These hemodynamic
forces either appear in the form of shear stress, caused by blood flow and acting parallel to
the endothelial monolayer, or in the form of RMS, generated by pulsatile vessel deformation
following blood pressure profile (Birukov, 2009; Chien, 2007; Fernandes et al., 2018; Zhuang
et al., 2020) (Figure 4).
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Figure 4. Hemodynamic forces acting on endothelial cells
RMS, repeated mechanical stress. Based on Fernandes et al., 2018.



It is well established, that non-detrimental RMS and intraluminal pressure are crucial for the
maintenance of a healthy endothelial function (Fang et al., 2019). Several different studies
have reported protective effects of non-detrimental RMS on endothelial permeability (Birukova
et al., 2008; Collins et al., 2006). In addition, Birukova et al. reported beneficial effects of non-
detrimental RMS on the recovery of endothelial monolayer integrity after thrombin induction
(Birukova et al., 2006). In all these studies 5% repeated stretching (RS) of an endothelial cell

monolayer in-vitro are regarded as a non-detrimental RMS.

In contrast, exposing endothelial cells to detrimental levels of RMS leads to an increase in
inflammatory cytokines, enhanced expression of the proinflammatory surface molecule P-
selectin, increased reactive oxygen species (ROS) production, disassembly of AJs, and
endothelial barrier dysfunction (Kou et al., 2009; Moldobaeva et al., 2008; Yan et al., 2018).
Furthermore, detrimental RMS enhances the thrombin induced endothelial gap formation and
delays endothelial monolayer recovery (Birukova et al., 2006). Various studies have reported
10% RS to represent a detrimental RMS: in human aortic endothelial cells 10% RS leads to
markedly enhanced monocyte binding to the endothelial monolayer. Additionally, monocytes
cultured with endothelial cells exposed to 10% RS show an increased expression of
inflammatory cytokines, including Interleukin (IL)-6 and TNF-a (Loperena et al., 2018).
Moreover, 24h of 10% RS significantly reduces the overall adhesion of HUVECs to collagen
substrate (Omidvar et al., 2018) and exposure to 10% RS increases ROS production in
vascular cells as well as in whole vessels. However, exposure to 5% or 6% RS fails to induce
a significant increase of ROS production (Hishikawa et al., 1997; Hishikawa & Lischer, 1997;
Lehoux et al., 2000). Therefore, it has been proposed that ROS production is only increased

in cells exposed to a specific threshold of RMS (Lehoux, 2006).

1.4 Reactive oxygen species (ROS)

Under physiological conditions, cells remain in a well-balanced state between ROS production
and antioxidant clearance. If this homeostatic state is disrupted, ROS production outweighs
the antioxidant clearance, resulting in oxidative stress which can cause severe endothelial
dysfunction (Pignatelli et al., 2018). Many CVDs develop from a wide range of different
atherosclerotic risk factors, which include, but are not limited to, arterial hypertension, DM,
hypercholesterolemia, and obesity. All these cardiovascular risk factors have one common
feature, namely an increased ROS production (Pastori et al., 2014). Therefore, by minimizing
the production of ROS, the onset of vascular injury and hypertensive end organ damage could

be delayed or even prevented (Touyz & Schiffrin, 2004).



The main source of ROS production in endothelial cells, like in all vascular cell types, is the
cell membrane-associated nicotinamide adenine dinucleotide phosphate (NAD(P)H) oxidase
(NOX). NOXs have been described to be regulated by humoral factors, such as cytokines and
growth factors, as well as by physical factors including RMS and shear stress. For vascular
cells less important sources of ROS are the xanthine oxidase (XOR), the mitochondrial

respiratory chain, and an uncoupled nitric oxide synthase (NOS) (Birukov, 2009) (Figure 5).

RMS

/A SR N N
N\

NADPH NADP*
NOX Xanthine oxidase

b\ N Mitochondrial
\ / respiratory chain

v

Effects on vascular wall

Uncoupled NOS

— Vascular inflammation

— [Endothelial barrier dysfunction

— Vascular remodeling/ hypertension
— Atherogenesis

Figure 5. ROS induction via RMS

Upon RMS ROS production is upregulated via several different mechanisms. The most important ROS source
in vascular cells is represented by the active NOX. Elevated ROS levels can have various harmful effects.
Vascular inflammation, endothelial barrier dysfunction, hypertension, atherogenesis are just a few of these
effects. NOS, nitric oxide synthase; NOX, NAD(P)H oxidase; RMS, repeated mechanical stress; ROS,
reactive oxygen species. Based on Birukov, 2009.

In HUVECs exposure to RMS results in a significant increase of ROS levels, predominantly
produced by NOX. Pre-incubation with either a ROS scavenger or a NOXs inhibitor

significantly reduces this increase of ROS levels (Matsushita et al., 2001).



It is well known that increased ROS levels are a crucial promotor of endothelial barrier
dysfunction and permeability (He et al., 2020; Pignatelli et al., 2018; Tseng et al., 2017; Zhou
et al., 2013). In HUVECSs stimulation with TNF-a leads to an increase of ROS levels and VE-
cadherin phosphorylation, subsequently resulting in separation of lateral cell-cell junctions,
internalization of VE-cadherin, and endothelial gap formation. Interestingly, blocking the
increase of ROS levels via applying the ROS scavenger N-acetyl-I-cysteine (NAC) prevents
VE-cadherin phosphorylation, intercellular gap formation and redistribution of VE-cadherin
from cell-cell junctions. Thus, it has been suggested that the TNF-a induced endothelial barrier
dysfunction is mediated through intracellular oxidants (Nwariaku et al.,, 2004).
Correspondingly, in aging rat arteries increased ROS production causes an internalization and
degradation of VE-cadherin and its loss from AJs, ultimately resulting in the disruption of these
junctions. Blocking ROS not only reverts the degradation of VE-cadherin but also decreases
the disruption of endothelial AJs (Chang et al., 2018).

Stimulating resting HCAECs with TNF-a also leads to a significant increase of intracellular
ROS levels. Preincubation with the SGLT2is Empagliflozin (EMPA) and Dapagliflozin (DAPA)
completely abolishes this increase of ROS levels, suggesting the reduction of ROS levels as
one possible mechanism of how SGLT2is exert their cardioprotective effects (Uthman et al.,
2019).



1.5 Aim of the study

This research project deals with the effects of three common SGLT2is (EMPA, DAPA and
Canagliflozin [CANA]) on HCAECs exposed to non-detrimental and detrimental RMS. In
particular, the following questions are evaluated:

1. Do SGLT2is, namely EMPA, DAPA and CANA, ameliorate the endothelial barrier
dysfunction in HCAECs exposed to a detrimental RMS?

2. Is the endothelial protective feature of SGLT2is due to a decrease of ROS levels ?

To answer these questions the following readout parameters are investigated in HCAECs

exposed to a non-detrimental and detrimental RMS:

1. Endothelial permeability
2. VE-cadherin expression
3. ROS levels

The findings of the study provide insights into the mechanisms of SGLT2is mediated protective
effects on the endothelial barrier function and could be of relevance for a deeper understanding

of the cellular mechanisms associated with CVDs.



2 Materials and Methods

2.1 Materials

2.1.1 Devices
Product name Manufacturer
Accu-jet® pro pipette controller Brand
Acculab ALC 2100.1 Sartorius

AR 4-8 exhaust filter with lubricant feedback

Leybold GmbH

Bench-top pH meter pH 209-209R

Hanna Instruments

Centrifuge 5430 R Eppendorf
Centrifuge 5810 R Eppendorf
Clean Air, biological safety cabinet, class Il Telstar

Cooler (4°C)

Bosch, Liebherr

Corning® Costar® serological pipettes (5ml, 10ml, 25ml)

Corning®

CP225D-0CE precision scale

Sartorius

Criterion™ blotter 560 BR

Bio-Rad-Laboratories

Criterion™ foam pads

Bio-Rad-Laboratories

Digital Sonifier® SLPe/Low power ultrasonic systems 2000
Lpt/LPe

Branson

Digital triple heat block

VWR International

DM6 B wide field microscope Leica
DMi8 Advanced Light live cell microscope Leica
Electronic benchtop laboratory autoclave 3150EL Tuttnauer

Electrophoresis chamber Criterion™ cell 135 BR

Bio-Rad-Laboratories

Flexcell® Fx 5000™ tension system Flexcell® International
- Computer-controlled vacuum unit Cooperation
- Baseplate to hold flexible silicon rubber-bottomed culture
dish
Flexcell® water trap + drying filter Flexcell® International
Cooperation
Freezer (-20°C) Liebherr
Gasprofi 1 SCS WLD-TEC
Heracell™ 150i CO; incubator Thermo

10



Fisher Scientific®

Ice maker

Hoshizaki

K-Series cryostorage freezer (-180°C)

Worthington Industries

Lab microscope 090-135-001 Leica
MacBook Pro (Retina 13inch, 2015) Apple
MDF-DU700VH-PE VIP freezer Panasonic
MDF-DU702VH-PE VIP freezer Panasonic
MDF-U73V VIP freezer Panasonic

Microfuge PCV-2400

Grant Instruments

Microscope camera (EC4) Leica
MilliQ synthesis ultrapure water system Merck
Mr. Frosty™ freezing container Thermo

Fisher Scientific®

MTS 2/4 digital microtiter shaker

IKA

Odyssey® CLx

LI-COR Biosciences

Pipetboy/Pipetgirl

Integra

PMR-30 compact fixed- angle plaftorm rocker

Grant Instruments

PowerPac™ basic power supply

Bio-Rad-Laboratories

Research® plus single channel variable volume pipettors Eppendorf
(0.1-2.5pl, 0.5-10pl, 2-20pl, 10-100pl, 20-200pl, 100-1000ul, 500-

5000ul)

See-saw rocker SSL4 Stuart™

SpectraMax M2e microplate reader

Molecular Devices

TCM20™ automated cell counter

Bio-Rad-Laboratories

Transferpette®-8 multichannel
(10-100pl, 5-50ul, 20-200pl)

Brand

Trivac® B D8B ATEX rotary vane vacuum pump

Leybold GmbH

Julabo TW8 water bath

VWR International

Variomag® mono komet

H + P Labortechnik

Variomag® monotherm grau

H + P Labortechnik

Vortex-Genie™ 2

Scientific Industries

Vortex mixer

VWR International

Table 1. Devices
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2.1.2 Disposables

Product name

Manufacturer

Aluminium foil

ITS

BD Plastipak™ sterile syringe (20ml)

BD Diagnostic System

Bioflex® 6 well plates collagen | coated Flexcell® International
Cooperation
Blotting paper VWR

Cell counting slides for TC10™/TC20™ cell counter

Bio-Rad-Laboratories

CELLSTAR® cell culture T25 + T75 flask

Greiner Bio One

CELLSTAR® multi well culture plates
(polystyrene, sterile, with lid) [6 + 12 well plate]

Greiner Bio One

Corning® Costar® serological pipettes (5ml, 10ml, 25ml)

Corning®

Criterion™ XT Bis-Tris precast gels

Bio-Rad-Laboratories

Disposable pipette tips (5000pl)

Eppendorf

Disposable pipette tips (graduated, refill, PP, natural, non-sterile)
[10ul, 200ul, 1250ul]

Greiner Bio One

Falcon tube Cesllistar® tubes (15ml, 50ml)

Greiner Bio One

Falcon® cell scrapers

VWR International

Glas pasteur pipettes

Brand

Immobilion®-FL PVDF-membrane

Merck

Kartell™ 96-well microtitration plates

Thermo
Fisher Scientific®

Low temperature freezing vials (2ml)

VWR International

Microcentrifuge tubes (0.5ml)

Brand

Microplate, 96-well, high binding

Greiner Bio One

Non-coded push cap tubes (1.4ml)

Micronic

Reaction tubes (graduated, PP, natural, attached cap) [1.5ml]

Greiner Bio One

Safe-lock tubes (2ml)

Eppendorf

Soft nitrile examination gloves

Klinion

Sterile disposable scalpels

Swann-Morton®

Sterile syringe filter (0.22um, 0.45um)

VWR International

Superfrost plus TM adhesion microscope slides

Thermo
Fisher Scientific®

Table 2. Disposables

12



2.1.3 Antibodies

Primary antibodies

Antigen Clone | Isotype | Reactivitiy | Applicati | Dilution | Manufacturer
on
VE-cadherin | D87F2 | Rabbit | Human, wWB 1:1000 Cell Signaling
IgG Bovine, (molecular Technology
Pig weight in
kilodalton
(kDA) 130)
VE-cadherin | 16B1 Mouse | Human Immuno- 1:60 Thermo Fisher
19G staining Scientific®
a-tubulin T9026 | Mouse | Human, WB 1:20000 | Sigma-
IgG Bovine, (molecular Aldrich®
Rat, Yeast, | weight in
Mouse, kDA 55)
Chicken,
Fungi,
Amphibian
Table 3. Primary antibodies for western blot (WB) and immunostaining
Secondary Antibodies
Antigen Clone | Isotype | Reactivitiy | Applicati | Dilution | Manufacturer
on
AlexaFluor™ Goat Mouse Immuno- 1:400 Thermo Fisher
488 anti- staining Scientific®
Mouse
19G
IRDye®680R | 926- Goat Rabbit WB 1:5000 LI-COR
D 68071 | anti-
Rabbit
IgG
IRDye®800C | 926- Goat Mouse WB 1:5000 LI-COR
w 32210 | anti-
Mouse
IgG

Table 4. Secondary antibodies for WB and immunostaining
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2.1.4 Other reagents and chemicals

Product name Manufacturer
4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid Sigma-Aldrich®
(HEPES) [CsH18N204S]
Alcohol ketonatus 70% Denteck
Avidin, FITC conjugate Thermo

Fisher Scientific®
Bovine serum albumin (BSA) Sigma-Aldrich®
Bromophenol blue sodium salt Merck
Calcium chloride dihydrate (CaCl, - 2H,0) Merck
Canagliflozin (CANA) MedChemExpress
CellROX™ deep red reagent Thermo

Fisher Scientific®

Copper (Il) sulphate (CuSQOa4 - H>0)

Merck

Dapagliflozin (DAPA) MedChemExpress
Dimethylsulfoxid (DMSO) Merck

Disodium phosphate (Na,HPO4) Sigma-Aldrich®
DL-dithiothreitol (DTT) Sigma-Aldrich®
Empagliflozin (EMPA) MedChemExpress

Ethylenediaminetetraacetic acid disodium salt dihydrate (EDTA)

Sigma-Aldrich®

EZ-Link™ NHS-LC-LC-biotin

Thermo
Fisher Scientific®

Folin & Ciocalteu’s phenol reagent

Sigma-Aldrich®

Formaldhyde 37%

Merck

Gelatin BD Diagnostic System
Glycerol Sigma-Aldrich®
Glycine AppliChem GmbH

Halt™ protease and phosphatase inhibitor cocktall

VWR International

Intercept™ blocking buffer

LI-COR

Isopropanol Merck
Magnesium chloride hexahydrate (MgCl; - 6H,0) Merck
Mercaptoethanol (C2HsOS) Sigma-Aldrich®
Methanol Merck

4-Morpholinepropanesulfonic acid (MOPS)

Sigma-Aldrich®

N-acetyl-I-cysteine (NAC)

Merck
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Potassium chloride (KCI)

Merck

Potassium dihydrogen phosphate (KH2PO.) Merck
Potassium sodium tartrate (KNa-tartrate [KNaC4sH4Os¢ - 4H20]) | Merck
Precision plus Protein™ all-blue prestained standards Bio-Rad
ProLong™ gold antifade mountant with 4',6-Diamidino-2- | Thermo
phenylindol (DAPI) Fisher Scientific®
Rhodamine/Phalloidin Thermo

Fisher Scientific®
Sodium bicarbonate (NaHCO3) Merck
Sodium carbonate (Na;CO3) Merck
Sodium chloride (NaCl) Merck
Sodium dihydrogen phosphate dihydrate (Na;HPO, - 2H,0) Merck
Sodium dodecyl sulfate (SDS) Sigma-Aldrich®
Sodium hydroxide (NaOH) Merck
Triton™ X-100 Merck

Trizma® base

Sigma-Aldrich®

Tween® 20

Sigma-Aldrich®

Table 5. Other reagents and chemicals

2.1.5 Cell media and additives

Product name Manufacturer
Endothelial cell growth kit-VEGF (ATCC® PCS-100-041™) ATCC®
Fetal bovine serum (FBS) TICO Europe
Gibco™ amphotericin B Thermo

Fisher Scientific®

Gibco™ L-glutamine

Thermo
Fisher Scientific®

Gibco™ trypsin-EDTA

Thermo
Fisher Scientific®

M199 medium

PAN Biotech GmbH

Penicillin/Streptomycin

Sigma-Aldrich®

Vascular cell basal medium PCS-100-030™ (VCBM)

ATCC®

Table 6. Cell media and additives
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Media

Composition

Medium for adherent human coronary artery
endothelial cells, vascular cell growth medium
(10% VCGM)

411.5ml VCBM,

+ 50ml FBS,

+ 28.5ml endothelial growth kit-VEGF,
+ 5ml amphotericin B,

+ 5ml penicillin/streptomycin,

store at 4°C

Medium for adherent human coronary artery
endothelial cells, experimental medium
(2% VCGM)

451.5ml VCBM,

+10ml FBS,

+ 28.5ml endothelial growth kit-VEGF,
+ 5ml amphotericin B,

+ 5ml penicillin/streptomycin,

store at 4°C

Stop medium M199

435ml M199 medium,

+ 50ml FBS,

+ 5ml amphotericin B,

+ 5ml L-glutamine,

+ 5ml penicillin/streptomycin,
store at 4°C

Freezing medium

15ml PBS (1x),
+ 4ml FBS,
+ 1ml DMSO

Table 7. Composition of cell culture media

2.1.6 Buffers and gels

Name Composition

1% BSA/PBS

1g BSA dissolved in 100ml PBS (1x)

Cell lysis buffer

2.5ml homogenization buffer, 0.025ml DTT 100mM, 0.125ml
Triton-100X 10%, 0.025ml Halt™ protease & phosphatase

inhibitor single-use cocktail

DTT 100mM

0.015 g DTT, dissolved in 1ml milliQ water

Formalin 4%

108.1ml formaldhyde 37% + 891.9m| PBS

Gelatin coating solution

375mg gelatin dissolved in 50ml milliQ water

Homogenization buffer

0.25M sucrose + 0.02M CgH1gN204S, pH adjusted to 7.4

Lowry A

10g Na»COs3, 500ml 0.1M NaOH

16




Lowry B

29 KNaC4H4Os - 4H>0, 100ml milliQ water

Lowry C

1g CuSOQO; - H20, 100ml milliQ water

Lowry solution 1

20ml Lowry A, 200ul Lowry B, 200pl Lowry C

Lowry solution 2

Folin & Ciocalteu’s phenol reagent, dilute 1/1 in milliQ water

NaHCO3 0.1M 4.2g NaHCOg3 dissolved in 500ml milliQ water

PBS (10x) 400g NaCl, 10g KCI, 72g Na;HPO., 12g KH,PO., 5000ml
milliQ water, pH 7.4

PBS (1x) 100ml PBS (10x), 900mI milliQ water, adjusted to pH 7.4

PBS-Tween 1000mI PBS (1x), 1ml Tween® 20

PBS+ (1x) 11 PBS (1x), 0.1g MgCl - 6H,0, 0.1g CaCl, - 2H,0

Primary antibody solution
(WB)

5ml Intercept™ blocking buffer, 5ml PBS (1x), 100ul Tween®
20, desired dilution of the primary antibody

- VE-cadherin dilution 1/1000

- a-tubulin dilution 1/20000

SDS page electrophoresis
(MOPS
running buffer, 10X)

running buffer,

60.6g Trizma® base, 104.6g MOPS, 10.0g SDS, 3.0g EDTA,
1000ml milliQ water

SDS page electrophoresis
running buffer, (MOPS

running buffer, 1x)

100ml MOPS running buffer (10x), 900ml milliQ water

SDS page sample buffer
(5x)

1.0g SDS, 0.025g bromophenol blue, 0.150g Trizma® base,
4ml milliQ water, 5ml glycerol, 1ml C2HsOS

Secondary
antibody solution (WB)

5ml Intercept™ blocking buffer, 5ml PBS(1x), 100ul Tween®
20 (10%), 2ul of the desired secondary antibody (dilution

1/5000)
- IRDye®680RD 926-68071 Goat anti-Rabbit 1gG for
VE-cadherin
- IRDye®800CW 926-32210 Goat anti-Mouse IgG for a-
tubulin

Transfer buffer (10x)

30.0g Trizma® base, 144.0g glycine, 900ml milliQ water

Transfer buffer (1x)

100ml transfer buffer (10x), 200ml methanol, 700mI milliQ

water

Triton-100X 0.01%

0.1ml Triton-100X 10% + 100ml milliQ water

Triton-100X 10%

5ml Triton-100X dissolved in 45ml milliQ water

Tween® 20 (10%)

9ml milliQ water, 1ml Tween® 20

Table 8. Composition of buffers and gels
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2.1.7 Endothelial cells

Product code Description Source

PCS-100-020 Human coronary artery | ATCC®, USA
endothelial cells (HCAECS)

C-12221 Human coronary artery | PromoCell, Germany
endothelial cells (HCAECS)

Table 9. Endothelial cells

2.1.8 Fluorescence filters

Fluorescence filters for Leica DM6 B wide field microscope
Name | Excitation (Ex) filter | Emission (Em) filter Use
in nanometer (nm) in nm
DAPI | Bandpass filter (BP), | BP, CW 460/HPB 50 Nuclei staining
center wavelength (ProLong™  gold antifade
(CW) 350/half power mountant with DAPI: Ex-/Em
bandwith (HPB) 50 peak 360/460nm)

L5 BP, CW 480/HPB 40 | BP, CW 527/HPB 30 VE-cadherin staining
(AlexaFluor™ 488 secondary
antibody: Ex-/Em peak
490/525nm)

Y3 BP, CW 546/HPB 10 | BP, CW 585/HPB 40 F-actin staining
(Rhodamine/Phalloidin: Ex-/Em
peak 540/565nm)

Y5 BP, CW 620/HPB 60 | BP, CW 700/HPB 75 ROS detection
(CellROX™ deep red reagent:
Ex-/Em peak 644/665nm)

Table 10. Fluorescence filters for Leica DM6 B wide field microscope

Fluorescence filters for Leica DMi8 Advanced Light live cell microscope
Name | Excitation (Ex) filter | Emission (Em) filter | Use
in nanometer (nm) in nm
A BP, short-wave half | Longpass filter, cut-on | Nuclei staining
power point (HPP) | wavelength 425
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340/long-wave  HPP

380

(ProLong™  gold antifade
mountant with DAPI: Ex-/Em
peak 360/460nm)

C1 BP, short-wave HPP

450/long-wave  HPP

490

BP, short-wave HPP
500/long-wave HPP

550

Cell permeability detection
(Avidin, FITC conjugate: Ex-
/Em peak 494/518nm)

Table 11. Fluorescence filters for Leica DMi8 Advanced Light live cell microscope

2.1.9 Software

Name

Company

Image Studio™ Ver. 5.2.5

LI-COR Biosciences

Image J 1.52e

Research Services Branch (imageJ.nih.gov)

LASEZ3.4.0

Leica

M2e SoftMaxPro 6.5.1

Molecular device

Microsoft Office for Mac

Microsoft Corporation

GraphPad Prism 9.3.1

Graph Pad Software

FlexSoft ® FX5000™ software

Flexcell® International Corporation

Table 12. Software
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2.2 Methods

2.2.1 Human coronary artery endothelial cells (HCAECS) cultivation

For all experiments commercially available HCAECs (PCS-100-020 from ATCC, Manassas,
VA, USA; C-12221 from PromoCell, Heidelberg, Germany) at passage 7 were used. Cells
were cultured in 10% VCGM including additives (for details please refer to 2.1.5). During cell
culture, cells were constantly incubated within a humidified atmosphere of 5% carbon
dioxide/95% air at 37°C (CO- Incubator Heracell 150i).

Passaging was performed by trypsinization using 0.05% trypsin-EDTA for 1 minute (min) after
reaching approximately 80% confluence. Stop medium M199 was used to wash off the cells
and stop the trypsin reaction. The cell suspension was collected in a 50ml falcon tube and
centrifuged at 234g for 10min at 4°C (Centrifuge 5810 R, Eppendorf). Subsequently, the
supernatant was removed, the cell pellet resuspended in VCGM and reseeded in the desired

density.

2.2.2 Cell counting

To assess the number of viable cells, 10ul of cell suspension were pipetted into each of the
two counting chambers of the cell counting slides for the TC20™ automated cell counter.
Following, the TCM20™ automated cell counter calculated the number of cells/ml for each

chamber. The mean of the two results was taken as the actual cell number.

2.2.3 Freezing and thawing of cells

For freezing cells, trypsin dissociated cells were counted (for details see 2.2.2), centrifuged to
form cell pellets and resuspended with freezing media, at a concentration of 500.000 cells/ml.
The cell suspension was transferred into CryoS freezing tubes (1ml/tube), put into an
isopropanol filled Mr. Frosty™ freezing container and transferred to a -80°C freezer. After 24h,

the freezing tubes were transferred to liquid nitrogen tanks for long-term storage.

Thawing was performed using a 37°C water bath. Freezing tubes were left in the water bath
until only small amounts of cell suspension were still frozen. Thereafter, the cell suspension of
each freezing tube was resuspended with 1ml pre-heated 10% VCGM and subsequently

pipetted into cell culture flasks/plates. 24h later the medium was replaced by new 10% VCGM.
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2.2.4 Preparation for RMS experiments

Before seeding HCAECs on collagen | pre-coated Bioflex® 6 well plates, these plates were
coated overnight with either biotinylated gelatin or gelatin + DMSO. To prepare biotinylated
gelatin, gelatin was dissolved in bicarbonate buffer (0.1mol/l NaHCOs, pH 8.3) to a final
concentration of 10mg/ml at room temperature (RT) with constant stirring. EZ-Link NHS-LC-
LC-biotin dissolved in DMSO (5.7mg/ml) was added to 10mg/ml gelatin solution to generate a
solution of 0.57mg/ml biotin and 9mg/ml gelatin. The biotin conjugation to gelatin was
performed for 1h at RT with constant stirring. Thereafter 1.7ml aliquots of biotinylated gelatin
were frozen in -20°C. Additionally, a solution of gelatin + DMSO, but without biotin, was
prepared the same way. The same amount of DMSO, which was used to generate a solution
of 0.57mg/ml biotin, was added without biotin to 10mg/ml gelatin solution. Again 1.7ml aliquots
of gelatin + DMSO were frozen in -20°C.

One day prior seeding stretch plates with HCAECs, an aliquot of biotinylated gelatin or gelatin
+ DMSO was thawed in a 37°C water bath for 10min, diluted with 0.1mol/l bicarbonate buffer
(pH 8.3) to a final gelatin concentration of 0.25mg/ml, sterilized by filtering through a 0.22um
filter and added to 6-well stretch plates (3ml/well). Absorption of the biotinylated gelatin or
gelatin + DMSO was performed at 4°C in the dark overnight. After protein absorption, plates
were washed twice with PBS (pH 7.4, 1ml/well) and seeded with 100.000 cells/well. Plates
used for cell permeability detection were coated with biotinylated gelatin, while plates for all

other experiments were coated with gelatin + DMSO.
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2.2.5 Experimental setup

Exposure to RMS was performed with the Flexcell® Fx 5000™ tension system for 24h at a
frequency of 1 hertz. 5% RS was used as a non-detrimental RMS, while 10% RS was used as
a detrimental RMS (for reasoning of these values refer to 1.3). A schematic outline of the
Flexcell® Fx 5000™ tension system and the corresponding baseplate can be seen in Figure
6.

Surge Power
protector source

FX5000 »
Ethernet Vacuum line

cable to system

Vacuum
pump

Computer

Incubator
access b
port

== Flexin

w— Flex out

—~
Water trap ( J)

Baseplate

CO, Incubator

Figure 6. Flexcell® Fx 5000™ tension system
a Schematic outline of the Flexcell® Fx 5000™ tension system. b Baseplate kit for the Flexcell® Fx 5000™

tension system. Based on User manual Flexcell® Fx 5000™ tension system, 2009.

18h before exposure to RMS, cells were starved by changing the medium to 2% VCGM. 2h
prior to exposure to RMS, cells were incubated with 0.06% DMSO (vehicle), 1uM EMPA, 1uM
DAPA, 3uM CANA, or 5mM of the ROS scavenger NAC (Zafarullah et al., 2003).

After exposure to RMS for 24h, the readout parameters endothelial cell permeability, ROS
levels, and VE-cadherin expression were determined. In addition, immunofluorescence
images for VE-cadherin and filamentous actin (F-actin) were generated after exposure to RMS
for 24h (Figure 7).
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Figure 7. Experimental setup

F-actin, filamentous actin; HCAECs, human coronary artery endothelial cells; NAC, N-acetyl-I-cysteine; RMS,
repeated mechanical stress; ROS, reactive oxygen species; RS, repeated stretching; SGLT2i, sodium-
glucose cotransporter 2 inhibitor; VCGM, vascular cell growth medium; VE-cadherin, vascular endothelial

cadherin.

2.2.6 Endothelial cell permeability

The cell permeability assessment of this study is based on a method described by Dubrovskyi
et al., which makes it possible to visualize cell permeability via high affinity interactions
between FITC-avidin and biotinylated gelatin (Dubrovskyi et al., 2013). A graphical layout of

the assay principle can be seen in Figure 8.
After exposure to RMS for 24h, 10ul of FITC-avidin was added to the 2.5ml culture medium of

each well, leading to a working concentration of 25ug/ml. Due to the light sensitivity of FITC-

avidin the light of the flow cabinet was turned off and the plates were covered in aluminum foll,

23



before placing them in the incubator for an additional 3min. Thereafter, cells were washed
three times with PBS+ to remove excessive FITC-avidin. Subsequently, cells were fixed with
4% formalin for 10min, washed three times with PBS+, permeabilized with 0.01% Triton-100X
(2-3min), and washed again three times with PBS+. Next, membranes were cut out of the
stretch plates. One drop of DAPI was added on clean microscope slides, and the membranes

were transferred face down on the microscope slides.

Images were taken with the Leica DMi8 Advanced Light live cell microscope using two
fluorescence filters, DAPI for picturing the nuclei, and A for picturing cell permeability. For each
independent experiment six pictures per condition/well were taken (200x magnification).
Quantification of these images was carried out in a blinded manner with ImageJ 1.8.0 by two
different researchers. Fluorescence intensity per cell was calculated according to the following
formula: Total fluorescence intensity/number of nuclei. In the following it is described as
fluorescence intensity/cell (Fl/cell).

Low permeability High permeability
O - Gelatin
, - Biotin
A - Avidin
* - FITC label

- Endothelial cell

Figure 8. Cell permeability assay

Permeability is assayed via the high affinity binding between FITC-avidin and biotinylated gelatin. If the
endothelial monolayer becomes disrupted, gaps between endothelial cells occur and FITC-avidin can freely
bind to biotinylated gelatin. These bindings result in a fluorescence signal. The intensity of this fluorescence
signal is determined by the number of bindings between FITC-avidin and biotinylated gelatin, which in turn

represents the degree of permeability. Based on Dubrovskyi et al., 2013.
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2.2.7 ROS measurement

After exposure to RMS for 24h, 4pul of the CelROX™ reagent for oxidative stress detection
was added to each well and incubated for an additional 30min in the incubator. Subsequently,
cells were washed one time with PBS+ and fixed with 4% formalin for 15min. Thereatfter, cells
were washed once again with PBS+, the membrane was cut out of the stretch plate, and
transferred to microscope slides with one drop of DAPI solution.

Imaging was performed within 2h after fixation with a Leica DM6 B wide-field microscope. For
ROS detection the fluorescence filter Y5 was used, while for nuclei staining the fluorescence
filter DAPI was used. For each independent experiment six pictures per condition/well were
taken (400x magnification). Quantification of these images was carried out in a blinded manner
with ImageJ 1.8.0 by two different researchers. Fluorescence intensity was divided by the

corresponding cell number, generating Fl/cell.

2.2.8 Immunofluorescence staining

After exposure to RMS for 24h, monolayers of HCAECs were fixed with 4% formalin for 20min.
Cells were washed three times with PBS+ and non-specific bindings of the antibodies were
blocked by incubation with 1% BSA/PBS. Next, cells were incubated with VE-cadherin
monoclonal antibodies (1/60 dilution in 1% BSA/PBS) for 1h at RT. Unbound antibodies were
removed by washing three times with PBS+. Afterwards, goat anti-mouse secondary
antibodies (1/400 dilution in 1% BSA/PBS, AlexaFlour® 488) and Rhodamine/Phalloidin (1/40
dilution in 1% BSA/PBS) were added to each well for 30min, followed by three times washing
with PBS+. Membranes were loaded on microscope slides with mounting fluid containing DAPI
and imaged with Leica DM6 B wide field microscope at 1000x magnification. The fluorescence
filter L5 was used for VE-cadherin staining, the fluorescence filter Y3 for F-actin staining and

the fluorescence filter DAPI for nuclear staining.

2.2.9 Western blot

After exposure to RMS for 24h, cells were washed two times with ice-cold PBS, lysed with cell
lysis buffer and scraped from the stretch plates. Cell lysates were sonicated on ice in repeated
short cycles (5s, energy mode, 20joules, 70% amplitude, repeated 3x) using the Digital
Sonifier® SLPe with microtip. After centrifugation at 208179 (Eppendorf centrifuge 5430 R) at

4°C for 10min, the supernatant was collected and stored at -80°C until use.
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Prior to western blotting, protein contents of the samples were measured using the Lowry
protein determination assay. BSA standards were prepared, samples were diluted 1/20 using
milliQ water, and kept on ice. Next, 100ul of each of the diluted standards/samples was
incubated with 500ul of Lowry solution 1 for 10min at RT. Then, 50ul of Lowry solution 2 was
added to each standard/sample. After 30min incubation in the dark at RT, 200ul of each
standard/sample was transferred to a 96-well plate. Subsequently, protein levels were
determined using the SpectraMax M2e microplate reader with the software SoftMaxPro 6.5.
Following, protein concentrations were adjusted to 1mg/ml per sample using homogenization
buffer.

For electrophoresis the Criterion™ XT Bis-Tris precast gel was inserted into the
electrophoresis chamber Criterion™ cell 135 BR. Next, the electrophoresis chamber was filled
with MOPS running buffer (1x) to the filling lines. Subsequently, samples were diluted 4/1 with
sample buffer and heated for 5min at 95°C. The gel was then loaded with 2l precision plus
Protein™ all-blue prestained standard and 15ul sample per following lane. To separate

proteins a constant voltage of 120 Volt (V) was applied for 50-85min.

Following electrophoresis, the proteins were transferred to a Immobilion®-FL transfer
membrane using the Bio-Rad PowerPac™. For protein transfer the gel was placed on the
membrane in between blotting papers and Criterion™ foam pads in the Criterion™ blotter 560
BR. Thereafter, the transfer chamber was filled with 4°C cold transfer buffer, an ice pack was
added, and the gel was blotted at 100V for 30min.

Next, the membrane was removed and blocked with 15ml Intercept™ blocking buffer at RT for
60min. For protein probing, the membrane was incubated with the desired primary antibody
solution with gentle shaking at 4°C overnight. To detect VE-cadherin a monoclonal antibody
(mAB) from rabbit in a dilution 1/1000 was used. For detection of a-tubulin a mAB from mouse
in a dilution 1/20000 was used. After incubation with the primary antibody solution, membranes
were washed three times for 5min with PBS-Tween and incubated with the corresponding
infrared dye-labelled secondary antibody solutions (IRDye®680RD 926-68071 Goat anti-
Rabbit IgG for VE-cadherin and IRDye®800CW 926-32210 Goat anti-Mouse 1gG for a-tubulin,
both 1/5000 dilution) at RT in the dark for 60min.

Thereafter, membranes were washed three times for 5min with PBS-Tween and scanned with
the Odyssey CLx operator at auto-scan setting for dynamic range, 169um resolution, and

medium quality. Quantification of the bands was performed with Image Studio™ software
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according to the manufacturer’s instruction. Each signal of the target protein was normalized

to the reference protein a-tubulin.

2.2.10 Statistical analysis

Data are presented as the mean =+ standard deviation (SD). The exact number of independent
experiments is mentioned as “n” and is listed in the respective figure legend. All data were
normalized to non-detrimental RMS (5% RS) + vehicle. Statistical analyses were performed
using GraphPad Prism 9.3.1. for Mac. Data were analysed by one-way ANOVA with Bonferroni

post hoc correction. P-values less than 0.05 were considered statistically significant.
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3 Results

3.1 SGLT2is do not influence endothelial barrier function of HCAECs exposed to non-
detrimental RMS

First, the influence of SGLT2is on endothelial permeability and VE-cadherin expression of
HCAECs exposed to non-detrimental RMS was measured. Compared to vehicle alone, none
of the SGLT2is affected endothelial permeability or VE-cadherin expression of HCAECs
subjected to non-detrimental RMS (Figure 9 a + b). In the following experiments vehicle

treated HCAECs exposed to non-detrimental RMS served as a baseline control group.

2.0 159

1.59 1.0

1.0

0.5+

VE-cadherin/a-tubulin
(x-fold compared to 5% RS + vehicle)

0.5+

0.0 T

5% RS 5% RS 5% RS 5% RS
+vehicle +EMPA +DAPA +CANA

0.0 T

5% RS 5% RS 5% RS 5% RS
+vehicle +EMPA +DAPA + CANA

VE-cadherin
(130kDa)
a-tubulin
(55kDa)

Figure 9. Cell permeability and VE-cadherin expression levels of HCAECs exposed to non-detrimental
RMS with and without addition of SGLT2is

Cell permeability
(Fl/cell, x-fold compared to 5% RS + vehicle)

a Permeability of an endothelial cell layer exposed to non-detrimental RMS with and without addition of
SGLT2is (n=5 individual experiments). Representative images are shown below the bar graph (200x
magnification). b VE-cadherin expression of endothelial cells exposed to non-detrimental RMS with and
without addition of SGLT2is. a-tubulin served as a loading control. Representative bands of VE-cadherin and
a-tubulin are shown below the bar graph (n=4 individual experiments). Data are normalized to 5% RS +
vehicle and presented as mean * SD. CANA, Canagliflozin; DAPA, Dapagliflozin; EMPA, Empagliflozin;
Fl/cell, fluorescence intensity/cell; kDa, kilodalton; RS, repeated stretching; VE-cadherin, vascular endothelial

cadherin.
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3.2 SGLT2is ameliorate endothelial barrier dysfunction caused by detrimental RMS

Next, HCAECs were exposed to detrimental RMS. Compared to non-detrimental RMS,
detrimental RMS significantly increased cell permeability (1.614 + 0.426-fold, p<0.001). 1uM
EMPA, 1uM DAPA and 3uM CANA significantly attenuated the detrimental RMS induced
hyper-permeability (detrimental RMS + vehicle vs. detrimental RMS + EMPA, DAPA or CANA:
1.614 + 0.426-fold vs. 1.202 + 0.456-fold, p<0.001; 1.055 + 0.372-fold, p<0.001; 1.202 + 0.386-
fold, p<0.001) (Figure 10).
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Cell permeability
(Fl/cell, x-fold compared to 5% RS + vehicle)

0.0 T
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Figure 10. Cell permeability of HCAECs exposed to RMS with and without addition of SGLT2is

Permeability of an endothelial cell layer exposed to RMS with and without addition of SGLT2is (n=5 individual
experiments). Representative images are shown below the bar graph (200x magnification). Data are
normalized to 5% RS + vehicle and presented as mean + SD. ***p<0.001. CANA, Canagliflozin; DAPA,

Dapagliflozin; EMPA, Empagliflozin; Fl/cell, fluorescence intensity/cell; RS, repeated stretching.
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Images of fluorescence stainings suggested lower VE-cadherin expression in HCAECs
exposed to detrimental RMS (compared to non-detrimental RMS), especially in regions of cell-

cell contacts. Addition of SGLT2is seemed to restore VE-cadherin expression (Figure 11).

VE-cadherin

F-actin

DAPI

Overlay

5% RS 10% RS 10% RS 10% RS 10% RS
+ vehicle + vehicle + EMPA + DAPA + CANA

Figure 11. Fluorescence stainings of HCAECs exposed to RMS with and without addition of SGLT2is
Images of fluorescence stainings of HCAECs exposed to RMS with and without addition of SGLT2is (n= 3
individual experiments). Cells were stained for VE-cadherin, F-actin and DAPI. Representative images are
shown (1000x magnification). Arrows indicate VE-cadherin expression in regions of cell-cell contacts. CANA,
Canagliflozin; DAPA, Dapagliflozin; EMPA, Empagliflozin; F-actin, filamentous actin; RS, repeated stretching;
VE-cadherin, vascular endothelial cadherin.

To quantify differences in VE-cadherin expression between the various conditions western
blots were performed. Compared to non-detrimental RMS, detrimental RMS led to significant
VE-cadherin loss (0.67 + 0.15-fold, p<0.001, Figure 12 a; 0.69 + 0.07-fold, p<0.001, Figure
12 b; 0.76 + 0.11-fold, p<0.01, Figure 12 c). Incubation with EMPA, DAPA and CANA
significantly reduced this loss in VE-cadherin expression (detrimental RMS + vehicle vs.
detrimental RMS + EMPA, DAPA or CANA: 0.67 + 0.15-fold vs. 0.90 + 0.11-fold, p<0.01,
Figure 12 a; 0.69 + 0.07-fold vs 0.95 + 0.09-fold, p<0.05, Figure 12 b; 0.76 + 0.11-fold vs.
0.99 + 0.12-fold, p<0.01, Figure 12 c).
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Figure 12. VE-cadherin expression levels of HCAECs exposed to RMS with and without addition of
SGLT2is

a VE-cadherin expression levels of HCAECs exposed to RMS and incubated with EMPA (n= 6 individual
experiments). b VE-cadherin expression levels of HCAECs exposed to RMS and incubated with DAPA (n= 6
individual experiments). ¢ VE-cadherin expression levels of HCAECs exposed to RMS and incubated with
CANA (n= 6 individual experiments). a-tubulin served as a loading control. Representative bands of VE-
cadherin and a-tubulin are shown below the bar graphs. Data are normalized to 5% RS + vehicle and
presented as mean * SD. *p<0.05; **p<0.01; ***p<0.001. CANA, Canagliflozin; DAPA, Dapagliflozin; EMPA,

Empagliflozin; kDa, kilodalton; RS, repeated stretching; VE-cadherin, vascular endothelial cadherin.
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3.3 Detrimental RMS increases ROS levels in HCAECs

In a next step, the effect of detrimental RMS on ROS levels was measured. Compared to non-
detrimental RMS, HCAECs exposed to detrimental RMS showed significantly higher ROS
levels (2.475 + 1.296-fold, p<0.001). Incubation with 5mM of the ROS scavenger NAC led to
significantly lower ROS levels in HCAECs exposed detrimental RMS (detrimental RMS +
vehicle vs. detrimental RMS + NAC: 2.475 + 1.296-fold vs. 1.131 + 0.585-fold, p<0.001)
(Figure 13).
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Figure 13. ROS levels of HCAECs exposed to RMS

ROS levels of HCAECs exposed to RMS with and without addition of NAC. Representative images are shown
below the bar graph (400x magnification). Data are normalized to 5% RS + vehicle and presented as mean
+ SD. ***p<0.001. Fl/cell, fluorescence intensity/cell; NAC, N-acetyl-I-cysteine; ROS, reactive oxygen species;

RS, repeated stretching.
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3.4 SGLT2is reduce ROS levels in HCAECs exposed to detrimental RMS

Compared to vehicle treated HCAECs exposed to detrimental RMS, incubation with EMPA,
DAPA and CANA also led to significantly lower ROS levels (detrimental RMS + vehicle vs.
detrimental RMS + EMPA, DAPA or CANA: 2.392 + 0.945-fold vs. 1.554 + 0.978-fold, p<0.001;
1.406 £ 0.766-fold, p<0.001; 1.802 + 0.867-fold, p<0.05) (Figure 14).
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Figure 14. ROS levels of HCAECs exposed to RMS with and without addition of SGLT2is

ROS levels of HCAECs exposed to RMS with and without addition SGLT2is (n= 5 individual experiments).
Representative images are shown below the bar graph (400x magnification). Data are normalized to 5% RS
+ vehicle and presented as mean + SD. *p<0.05, ***p<0.001. CANA, Canagliflozin; DAPA, Dapagliflozin;
EMPA, Empagliflozin; Fl/cell, fluorescence intensity/cell; ROS, reactive oxygen species; RS, repeated

stretching.
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3.5 NAC and EMPA attenuate the detrimental RMS induced increase in endothelial

permeability

Incubation with 5mM of the ROS scavenger NAC significantly attenuated the detrimental RMS
induced increase in endothelial permeability (detrimental RMS + vehicle vs detrimental RMS
+ NAC: 1.476 + 0.534-fold vs. 1.044 + 0.282-fold, p<0.001). This magnitude of reduction was
similar to the reduction in cell permeability by EMPA (detrimental RMS + vehicle vs. detrimental
RMS + EMPA: 1.476 + 0.534-fold vs. 1.069 + 0.360-fold, p<0.001). Furthermore, the
combination of EMPA and NAC significantly reduced the detrimental RMS induced increase
in cell permeability (detrimental RMS + vehicle vs. detrimental RMS + EMPA/NAC: 1.476 +
0.534-fold vs. 0.961 + 0.336-fold, p<0.001). However, no significant difference was found
between EMPA and EMPA/NAC treated HCAECs exposed to detrimental RMS (detrimental
RMS + EMPA vs. detrimental RMS + EMPA/NAC: 1.069 + 0.360-fold vs. 0.961 + 0.336-fold)
(Figure 15).
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Figure 15. Cell permeability of HCAECs exposed to RMS with and without addition of EMPA and NAC
Permeability of an endothelial cell layer exposed to RMS with and without addition of NAC and EMPA (n=5
individual experiments). Representative images of cell permeability are shown below the bar graph (200x
magnification). Data are normalized to 5% RS + vehicle and presented as mean + SD. ***p<0.001. EMPA,

Empagliflozin; Fl/cell, fluorescence intensity/cell; NAC, N-acetyl-l-cysteine; RS, repeated stretching.
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4 Discussion

The present study confirms that exposing HCAECs to detrimental RMS leads to endothelial
barrier dysfunction, demonstrated by reduced VE-cadherin expression and increased
endothelial permeability. With regards to the aims of this study, the key findings are: (1)
SGLT2is, namely EMPA, DAPA and CANA, protect HCAECs against the detrimental RMS
induced loss of VE-cadherin expression and rise in endothelial cell permeability; (2) detrimental
RMS induces an increase of ROS levels; (3) the protective effects of SGLT2is on endothelial
barrier dysfunction are likely mediated via a reduction of ROS levels.

4.1 Effects of SGLT2is on endothelial barrier function in HCAECs exposed to RMS

Endothelial cells are constantly exposed to hemodynamic forces. The two main hemodynamic
forces acting on endothelial monolayers are shear stress, following blood flow, and RMS,
caused by blood pressure profile. Due to the difficulty of conducting in-vivo experiments on the
effects of these different hemodynamic forces on endothelial barrier function, many
investigations focused on in-vitro models on either one of these two forces. Multiple studies
which investigated the effects of RMS on endothelial barrier function have regarded 5% RS as
a non-detrimental RMS and even reported protective effects of 5% RS on endothelial barrier
function (Birukova et al., 2006, 2008; Collins et al., 2006). In turn, exposure to 10% RS or more
has been regarded to represent detrimental RMS by several studies (Liu & Lin, 2022; Loperena
et al.,, 2018; Omidvar et al., 2018). Based on these findings we chose 5% RS as a non-
detrimental RMS and 10% RS as detrimental RMS in our study design.

Prior research has demonstrated that exposing endothelial cells to detrimental RMS either
leads to a direct increase in cell permeability or enhances endothelial permeability via pro-
inflammatory mediators (Birukov et al., 2003; Birukova et al., 2006, 2012; Gawlak et al., 2014;
Tian et al., 2016). Results of the present study confirm that exposure to detrimental RMS
induces an increase in cell permeability in HCAECs. Compared to non-detrimental RMS,
exposure to detrimental RMS led to a significant increase in endothelial permeability. In
addition, immunofluorescence staining suggested lower VE-cadherin expression in HCAECs
exposed to detrimental RMS, especially at cell-cell adhesion sides. Moreover, the VE-cadherin
content in cell lysates of HCAECS exposed to detrimental RMS was significantly lower than in
HCAECs exposed to non-detrimental RMS, suggesting a detrimental RMS triggered VE-

cadherin loss.
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Controversially, our western blot results are not fully in line with the results of Tian et al., who
also proposed a VE-cadherin dissociation from the cell membrane but no general VE-cadherin
loss in mechanically stressed endothelial cells. Even though detrimental RMS caused a
downregulation of intercellular VE-cadherin expression in human pulmonary arterial
endothelial cells, no noticeable difference in the VE-cadherin content in cell lysates was found
compared to a static condition (Tian et al., 2016). In contrast, exposing mouse lung vascular
endothelial cells to detrimental RMS led to a significant downregulation of VE-cadherin
expression in cell lysates (Zhang et al., 2021). Due to the disagreement in these findings, it
becomes likely that different endothelial cell types react differently to detrimental RMS. Thus,
further studies should focus on the effects of detrimental RMS on VE-cadherin expression and
regulation in different endothelial cell types.

Most notably, all SGLT2is employed in our study attenuated the increase in endothelial
permeability and VE-cadherin loss in HCAECs subjected to detrimental RMS. To our
knowledge this is the first study to report protective effects of SGLT2is in HCAECs exposed to
detrimental RMS. However, SGLT2is have already been reported to exert protective effects
on endothelial barrier function in endothelial cells subjected to different stress stimuli (Angé et
al., 2021; Ripoll et al., 2021; Zhou et al., 2018). In diabetic cardiac microvascular endothelial
cells (CMECs) incubation with EMPA preserved endothelial barrier function and integrity via
AMPK mediated suppression of mitochondrial ROS production (Zhou et al., 2018). In addition,
a recent study by Angé et al. also reported AMPK mediated preservation of VE-cadherin
integrity and endothelial barrier protection by CANA in lipopolysaccharide (LPS) stimulated
HMVECs (Angé et al., 2021). Intriguingly, AMPK activation has also been reported to be
involved in lowering elevated ROS levels, among other mechanisms by reducing mitochondrial
injury and NOX suppression (Marino et al., 2021; Song & Zou, 2012). It is moreover well
established that increased ROS levels are a crucial promotor of endothelial barrier dysfunction
and permeability (He et al., 2020; Pignatelli et al., 2018; Tseng et al., 2017; Zhou et al., 2013).
In aging rat arteries increased ROS production caused an internalization and degradation of
VE-cadherin and its loss from AJs, ultimately resulting in the disruption of these junctions.
Blocking ROS not only reverted the degradation of VE-cadherin but also decreased the
disruption of endothelial AJs (Chang et al., 2018). Therefore, we hypothesized elevated ROS

levels as a potential barrier impairing mechanism in HCAECs exposed to detrimental RMS.
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4.2 Role of the reduction of ROS levels on the protective effects of SGLT2is

To elucidate whether increased ROS levels are involved in the detrimental RMS induced
endothelial barrier dysfunction, ROS levels in HCAECs were determined after exposure to
non-detrimental and detrimental RMS. Exposing HCAECs to detrimental RMS resulted in
significantly higher ROS levels compared to exposure to non-detrimental RMS. Moreover,
incubation with the ROS scavenger NAC not only led to significantly lower ROS levels in
HCAECs subjected to detrimental RMS, but also ameliorated the detrimental RMS induced
rise in endothelial permeability. Therefore, this study suggests elevated ROS levels as a
potential factor triggering permeability in HCAECs exposed to RMS. Furthermore, these results
are in line with the findings of Davidovich et al., who reported that the RMS induced rise in
alveolar epithelial permeability can be reduced by applying a ROS-scavenger (Davidovich et
al., 2013). Even though epithelial and endothelial cells are not the same cell type and might
react to RMS via different pathways, it is likely that excessive ROS levels are a general
response of cells subjected to detrimental RMS.

Next, we investigated whether the reduction of ROS levels is involved in the SGLT2is mediated
amelioration of endothelial barrier dysfunction in HCAECs exposed to detrimental RMS. For
that reason, ROS levels of HCAECs subjected to detrimental RMS with and without addition
of SGLT2is were determined. It is known that EMPA and DAPA reduce inflammation induced
ROS levels in resting endothelial cells and thereby ameliorate endothelial dysfunction (Juni et
al., 2021; Uthman et al., 2019). In addition, EMPA decreased mitochondrial ROS levels in
CMEC:s stimulated with TNF-a (Juni et al., 2019). Moreover, the most recent study by Uthman
et al. reported that EMPA reduced Na*/H* exchanger isoform 1 activity in HUVECs and
HCAECs stimulated with TNF-a and thereby diminishes oxidative stress levels (Uthman et al.,
2022). Results of this study further demonstrated that all SGLT2is employed in our study
significantly reduce ROS levels in HCAECs exposed to detrimental RMS. However, the ROS
level reducing effect by EMPA and DAPA was stronger than the ROS level reducing effect by
CANA. Interestingly, a previous in-vitro study reported that CANA exerted a dose dependent
effect on ROS levels. In LPS induced macrophages incubation with high doses of the SGLT2i
CANA (>20 uM) significantly attenuated ROS levels. However, incubation with 10 uM CANA
was not able to attenuate ROS levels in LPS induced macrophages (Xu et al., 2018). In
contrast, in our experimental setup ROS levels of HCAECs exposed to detrimental RMS were
already significantly attenuated by incubation with 3uM CANA. Therefore, it is likely that
different cell types as well as different models of cellular stress have an impact on the dose of

CANA required to significantly reduce ROS levels.
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As mentioned above, incubation with the ROS-scavenger NAC reduced the detrimental RMS
induced increase in endothelial permeability. However, the combination of NAC with EMPA
had no additional reducing effect on the detrimental RMS induced rise in endothelial
permeability compared to EMPA alone. These results indicate that EMPA and NAC may exert
their protective effects on endothelial permeability via a similar mechanism. This, in turn,
further supports the hypothesis that the reduction of ROS levels is a crucial mechanism by
which EMPA ameliorates endothelial barrier dysfunction in HCAECs exposed to detrimental
RMS.

4.3 Study limitations

There are some limitations of this study that need to be considered.

First, experiments were conducted in an in-vitro model of HCAECs, which is not able to fully
imitate the complex biophysical and biochemical interplays which occur in-vivo. Therefore,
this study can only provide conclusions for the administration of SGLTZ2is in HCAECs exposed
to RMS. The protective effects of SGLT2is on endothelial barrier dysfunction and ROS levels
in HCAECs exposed to a detrimental RMS could yet be cell specific and not be applicable on
other endothelial cell types. Moreover, we did not investigate the effect of RMS on vascular
smooth muscle cells, fibroblast, monocytes, macrophages, and other cell types present in the
vascular system. Hence, we cannot draw conclusion about how these cell types react to RMS

and whether co-culture with HCAECs would have led to different results.

Second, in the present in-vitro study HCAECs were only exposed to non-detrimental and
detrimental RMS. However, in-vivo endothelial cells are exposed to multiple hemodynamic
forces such as RMS and shear stress (Owatverot et al., 2005; Qiu & Tarbell, 2000). Itis already
known that disturbances in both hemodynamic forces are associated with endothelial
dysfunction and increased cardiovascular risk (Brooks et al., 2004; Chistiakov et al., 2015;
Cunningham & Gotlieb, 2005; Girdo-Silva et al., 2021; Thacher et al., 2010). Since the
experiments of the present study only mimicked one aspect of these hemodynamic forces, it
is not possible to draw conclusions of the effects of shear stress, or the combination of shear

stress and RMS on endothelial dysfunction.

Third, the protective effects of EMPA, DAPA and CANA on endothelial barrier dysfunction in
HCAECs were only investigated with specific drug concentrations. Namely 1uM EMPA, 1uM
DAPA, and 3uM CANA. These doses were based on previous in-vitro studies, which in turn

were based on maximum plasma concentrations of each drug found at clinically relevant doses
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(Scheen, 2014; Uthman et al., 2018, 2020; Zhang et al., 2021). On that account, results of this
study cannot conclude whether higher or lower SGLT2is dosages exert similar protective

effects on endothelial barrier dysfunction.

Fourth, the effects of SGLT2is on endothelial barrier dysfunctions were determined after a
relatively short time period of 26h. However, in the large cardiovascular outcome trials
SGLT2is only showed their cardiovascular beneficial effects when they were given on a daily
basis for a long period of time (several month/years) (Neal et al., 2017; Wiviott et al., 2019;
Zinman et al., 2015). As a result, we cannot draw any conclusion about the long-term effects
of SGLT2is treatment on endothelial barrier function in HCAECs exposed to detrimental RMS.

4.4 Conclusion

The results of this in-vitro study suggest that SGLT2is exert their protective effects in cultures
of HCAECs exposed to a detrimental RMS, at least partly, via a reduction of ROS levels and
stabilization of endothelial barrier function. Our findings could also be of relevance for a deeper

understanding of the cellular mechanisms associated with CVDs.

39



5 Summary

One of the most challenging tasks facing modern healthcare are cardiovascular diseases
(CVDs), which are the leading cause of death around the world. That is why prevention, early
detection, and optimal therapy of CVDs are extremely important for the medical care of the
affected patients. A key element of a healthy cardiovascular status is an intact endothelium
which consists of a monolayer of endothelial cells and is in direct contact with the circulating
blood. Therefore, the endothelium is permanently exposed to hemodynamic forces in the form
of shear stress and repeated mechanical stress (RMS). Alterations in these forces directly
affect the endothelium and can potentially activate destructive pathways. In combination with
other cardiovascular risk factors, such as diabetes mellitus (DM), hypercholesterolemia,
obesity, and excessive hemodynamic forces these alterations can ultimately result in CVDs.

Sodium-glucose cotransporter 2 inhibitors (SGLT2is), a recently approved class of diabetic
drugs lowering blood sugar levels by inhibiting glucose reabsorption in the kidney, have shown
beneficial effects beyond reducing the blood glucose level. Multiple independent clinical
studies demonstrated that all SGLT2is decrease the risk of developing CVDs. However, the

mechanisms behind these cardioprotective effects are still not fully elucidated.

The present study investigated the effects of the SGLT2is Empagliflozin (EMPA), Dapagliflozin
(DAPA) and Canagliflozin (CANA) on human coronary artery endothelial cells (HCAECS)
exposed to RMS which was applied by repeated stretching (RS) of the endothelial cell
monolayer. Endothelial permeability, vascular endothelial cadherin (VE-cadherin) expression
levels and ROS levels were determined after exposure to non-detrimental (5% RS) and
detrimental RMS (10% RS) for 24h.

One of our key findings is, that all SGLT2is protected HCAECs against the detrimental RMS
induced rise in endothelial cell permeability and loss of VE-cadherin expression. In addition,
exposing HCAECs to detrimental RMS led to increased ROS levels, which were significantly
reduced by incubation with all SGLT2is. Incubation with the ROS scavenger N-acetyl-I-
cysteine (NAC) not only reduced ROS levels but also ameliorated endothelial permeability in
HCAECs exposed to detrimental RMS, suggesting increased ROS levels as a potential factor

triggering permeability in HCAECs exposed to detrimental RMS.
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In summary, the present in-vitro study suggests that the protective effects of SGLT2is in the
context of CVDs might be mediated, at least in part, via a stabilization of endothelial barrier

function and reduction of ROS levels.
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7 Appendix

7.1 List of manufacturers

AppliChem GmbH, Darmstadt, Germany; www.applichem.com

ATCC®, Manassas, VA, USA; www.atcc.org

BD Diagnostic Systems, Frankling Lakes, NJ, USA; www.bdbiosciences.com
Bio-Rad-Laboratories, Hercules, CA, USA; www.bio-rad.com

Bosch, Stuttgart, Germany; www.bosch.de

Brand, Wertheim/Grossostheim, Germany; www.brand.de

Branson, Brookfield, CT, USA; www.bransonic.com

Cell Signaling Technology, Danvers, MA, USA; www.cellsignal.com
Corning®, Corning, NY, USA; www.corning.com

Denteck, Zoetermeer, The Netherlands; www.denteck.nl

Eppendorf, Hamburg, Germany; www.eppendorf.com

Flexcell® International Cooperation, Burlington, NC, USA; www.flexcellint.com

Grant Instruments, Shepred, UK; www.grantinstruments.com

Greiner Bio One, Kremsminster, Austria; www.greinerbioone.com

H + P Labortechnik, OberschleiRheim, Germany; www.hp-lab.com
Hanna Instruments, Woonsocket, RI, USA; www.hannainst.com
Hoshizaki, Toyoake, Japan; www.hoshizaki-europe.com

IKA, Staufen, Germany; www.ika.com

Integra, Zizers, Switzerland; www.integra-biosciences.com

ITS, Apeldoorn, The Netherlands; www.itsfoil.nl

Klinion, Oud Beijerland, The Netherlands; www.klinion.com

Leica Microsystems, Wetzlar, Germany; www.leica-microsystems.com
Leybold GmbH, Cologne, Germany; www.leybold.com

LI-COR Biosciences, Lincoln, NE, USA; www.licor.com

Liebherr, Bulle Switzerland; www.liebherr.com

MedChemExpress, Sollentuna, Sweden; www.medchemexpress.com
Merck, Darmstadt, Germany; www.merck.de

Micronic, Lelystad, The Netherlands; www.micronic.com

Molecular Devices, San José, CA, USA; www.moleculardevices.com
PAN Biotech GmbH, Aidenbach, Germany; www.pan-biotech.de
Panasonic, Kadoma, Japan; www.panasonic.com

PromoCell, Heidelberg, Germany; www.promocell.com

Sartorius, Gottingen, Germany; www.sartorius.com
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Scientific Industries, Bohemia, NY, USA; www.scinetificindustries.com
Sigma-Aldrich®, Zwijndrecht, The Netherlands; www.sigmaaldrich.com
Stuart™, Stone, UK; www.stuart-equipment.com

Thermo Fisher Scientific®, Waltham, MA, USA; www.thermofisher.com

TICO Europe, Amstelveen, The Netherlands; www.ticoeurope.com

Tuttnauer, Breda, The Netherlands; www.tuttnauer.com

VWR International, Radnor, PA, USA; www.vwr.com

WLD-TEC, Arenshausen, Germany; www.wld-tec.com

Worthington Industries, Columbus, OH, USA; www.worthingtonindustries.com
Telstar, Woerden, The Netherlands; www.telstar.com

7.2 Molecular formulas

4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) CsH1sN204S

Calcium chloride dihydrate CacCl; - 2H,0
Copper (Il) sulphate CuSO; - H,O
Disodium phosphate NazHPO.
Magnesium chloride hexahydrate MgCl; - 6H.0
Mercaptoethanol CoHeOS
Potassium chloride KCI

Potassium dihydrogen phosphate KH2PO.
Potassium sodium tartrate (KNa-tartrate) KNaC4H4Os - 4H-0
Sodium bicarbonate NaHCOs3
Sodium carbonate Na.COs

Sodium chloride NacCl

Sodium dihydrogen phosphate dihydrate Na HPO, - 2H>0

Sodium hydroxide NaOH
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Abstract: SGLT-2i’s exert direct anti-inflammatory and anti-oxidative effects on resting endothelial
cells. However, endothelial cells are constantly exposed to mechanical forces such as cyclic stretch.
Enhanced stretch increases the production of reactive oxygen species (ROS) and thereby impairs
endothelial barrier function. We hypothesized that the SGLT-2i’s empagliflozin (EMPA), dapagliflozin
(DAPA) and canagliflozin (CANA) exert an anti-oxidative effect and alleviate cyclic stretch-induced
endothelial permeability in human coronary artery endothelial cells (HCAECs). HCAECs were pre-
incubated with one of the SGLT-2i’s (1 uM EMPA, 1 uM DAPA and 3 uM CANA) for 2 h, followed
by 10% stretch for 24 h. HCAECs exposed to 5% stretch were considered as control. Involvement of
ROS was measured using N-acetyl-l-cysteine (NAC). The sodium-hydrogen exchanger 1 (NHE1) and
NADPH oxidases (NOXs) were inhibited by cariporide, or GKT136901, respectively. Cell permeability
and ROS were investigated by fluorescence intensity imaging. Cell permeability and ROS produc-
tion were increased by 10% stretch; EMPA, DAPA and CANA decreased this effect significantly.
Cariporide and GKT136901 inhibited stretch-induced ROS production but neither of them further
reduced ROS production when combined with EMPA. SGLT-2i’s improve the barrier dysfunction
of HCAECs under enhanced stretch and this effect might be mediated through scavenging of ROS.
Anti-oxidative effect of SGLT-2i’s might be partially mediated by inhibition of NHE1 and NOXs.

Keywords: sodium glucose co-transporter 2 inhibitors (SGLT-2i’s); cell permeability; reactive oxygen
species (ROS); sodium-hydrogen exchanger 1 (NHE1); NADPH oxidases (NOXs)

1. Introduction

Cardiovascular diseases are the leading cause of death and disability around the
world, especially in patients with diabetes [1]. Clinical trials showed that sodium glucose
co-transporter 2 inhibitors (SGLT-2i’s), a class of novel glucose lowering agents, improve
cardiovascular outcomes in diabetic [2,3] and non-diabetic patients [4]. One contribut-
ing mechanism could be the direct endothelial protective effect of SGLT-2i’s. Endothe-
lial dysfunction plays a pivotal role in the progression of heart failure (HF). Increased
ROS production within endothelial cells limits nitric oxide (NO) bioavailability for ad-
jacent cardiac myocytes and decreases protein kinase G activity, which favours cardiac
hypertrophy via hypophosphorylation of titin [5]. An in vivo experiment suggested that
canagliflozin (CANA) restored endothelium-dependent relaxation of pulmonary arteries
in hyperglycemic mice [6]. Recently, another study showed that empagliflozin (EMPA)
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attenuated diastolic function in non-diabetic HF pigs via restoration of NO availability and
PKG activity [7]. The improved diastolic function might explain the beneficial effect of
EMPA on patients with HF [8,9]. Additionally, an in vitro study showed that EMPA amelio-
rated the inflammatory reaction of hyperglycemia-treated endothelial cells [10]. EMPA and
dapagliflozin (DAPA) prevented inflammation induced reactive oxygen species (ROS) pro-
duction in human endothelial cells [11,12]. Those experiments were performed in resting
endothelial cells, while in situ endothelial cells are constantly exposed to mechanical forces,
e.g., cyclic stretch caused by contraction and relaxation of arteries [13]. Physiological cyclic
stretch plays a crucial role in preserving endothelial monolayer integrity [14], whereas,
under pathological circumstances (e.g., hypertension), enhanced stretch induces ROS ac-
cumulation, inflammatory reactions, vascular stiffness and ultimately endothelial barrier
dysfunction [15,16]. Using the Flexcell® Tension Systems, in vitro stretch experiments
showed that 10% cyclic stretch promoted endothelium-monocyte adhesion and disrupted
the integrity of the endothelial monolayer [17,18]. In contrast, 5% stretch did not induce
endothelial dysfunctions and could therefore resemble a physiological condition [17].

ROS play an essential role in regulating the vascular function and might influence
endothelial barrier dysfunction [19]. Increased ROS production promoted internalization
and degradation of vascular endothelial (VE)-cadherin, the major component of adherent
junctions (AJs) between endothelial cells, and therefore disrupted the integrity of the
endothelial monolayer and increased endothelial permeability [20,21]. In alveolar epithelial
cells, enhanced stretch promoted ROS production and subsequently increased cellular
permeability; scavenging ROS reverted this stretch-induced barrier dysfunction, suggesting
that ROS promote the permeability of dynamic cells [22].

Based on the fact that SGLT-2i’s reduce ROS production in resting human endothelial
cells [11,12], and that enhanced cyclic stretch increases oxidative stress and cell permeability
of endothelial cells [19], we hypothesized that SGLT-2i’s exert an anti-oxidative effect on
stretched HCAECs and thereby ameliorate stretch-induced endothelial barrier dysfunction.

2. Results
2.1. SGLT-2i’s Prevent Increased Cell Permeability and ROS Production of HCAECs Exposed to
10% Stretch

Compared with 5% stretch, 10% stretch increased cell permeability 1.61 + 0.43 fold.
1 uM EMPA, 1 uM DAPA and 3 uM CANA significantly decreased the 10% stretch-induced
cell permeability (x-fold compared to 5% stretch, EMPA: 1.20 £ 0.46, DAPA: 1.06 + 0.37,
CANA: 1.20 + 0.39, p all <0.001 vs. 10% stretch, Figure 1a).

Additionally, 10% stretch increased ROS production 2.39 & 0.95 fold, 1 uM EMPA,
1 uM DAPA and 3 uM CANA significantly reduced the 10% stretch-induced ROS pro-
duction (x-fold compared to 5% stretch, EMPA: 1.55 4 0.98, DAPA: 1.41 + 0.77, CANA:
1.80 £ 0.87, p all <0.05 vs. 10% stretch, Figure 1b), suggesting a class anti-oxidative effect of
SGLT-2i’s.
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Figure 1. SGLT-2i’s inhibit barrier leakage and ROS production of HCAECs exposed to 10% stretch.
Cells were pre-incubated for 2 h with vehicle or one of the SGLT-2i’s (1 uM EMPA, 1 uM DAPA and
3 uM CANA), and were subsequently exposed to 5% stretch plus vehicle, 10% stretch with vehicle or
SGLT-2i’s for 24 h. Cell permeability was measured with live cell imaging, and 6 images were made

-
=

from each condition in each individual experiment (a) n = 5 individual experiments). ROS levels
were measured at 24 h, and six images were taken from each condition in each individual experiment
(b) n =5 individual experiments). Representative images are shown in the lower panel and data are
presented as mean =+ SD. * p < 0.05 vs. 10% stretch, *** p < 0.001 vs. 10% stretch.

2.2. SGLT-2i’s Revert Loss of VE-Cadherin Induced by 10% Stretch

Fluorescence staining suggested that HCAECs exposed to 10% stretch showed elonga-
tion in morphology and loss of VE-cadherin. All three SGLT-2i’s restored VE-cadherin loss
but did not attenuate altered morphology caused by 10% stretch (Figure 2a). Western Blot
was carried out to confirm changes in VE-cadherin expression: EMPA, DAPA and CANA
reverted stretch induced VE-cadherin degradation (x-fold compared to 5% stretch, EMPA:
0.90 £ 0.11 vs. 10% stretch: 0.67 £ 0.15, DAPA: 0.95 £ 0.09 vs. 10% stretch: 0.69 £ 0.07,
CANA: 0.99 + 0.12 vs. 10% stretch: 0.76 & 0.11, p all <0.05, Figure 2b—d). None of the
SGLT-2i’s influenced permeability and VE-cadherin expression of HCAECs exposed to 5%
stretch (Figure Sla,b).
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Figure 2. SGLT-2i’s restore VE-cadherin loss of HCAECs exposed to 10% stretch. Cells were treated
with 5% stretch plus vehicle, 10% stretch plus either vehicle or one of the SGLT-2i’s (1 uM EMPA,
1 uM DAPA and 3 pM CANA). VE-cadherin and F-actin were stained after 24 h, and representative
images of staining are presented (a) n = 3. VE-cadherin levels were quantified with western blot for
EMPA treatment (b) n = 6, DAPA treatment (c) n = 6 and CANA treatment (d) n = 6. Representative
bands of VE-cadherin and a-tubulin (internal reference) are shown in the lower panels of each bar
graph (b-d) and data are presented as mean + SD. * p < 0.05 vs. 10% stretch, ** p < 0.01 vs. 10%

stretch, *** p < 0.001 vs. 10% stretch. Whole (uncropped) western blots can be found as supplemental
information).

2.3. EMPA-Related Improvement of Endothelium Barrier Dysfunctions Might Be Mediated by
ROS Inhibition

Previous studies showed that ROS promotes cellular permeability [23]. As part of
our experiments, we also found that pyocyanin, a previously reported ROS inducer [24],
increased endothelial permeability and disrupted VE-cadherin of HCAECs (Figure S3a,b).

NAC (5 mM) was applied on cells exposed to 10% stretch and it was found that NAC
almost completely reverted the stretch induced ROS production (x-fold compared to 5%
stretch, NAC: 1.13 & 0.58 vs. 10% stretch: 2.48 & 1.30, p < 0.001, Figure 3a). Fluores-
cence staining showed that 5 mM NAC also reverted stretch-induced VE-cadherin loss
of HCAECs, without attenuating elongation of cells (Figure 3b), and NAC significantly
decreased cell permeability (x-fold compared to 5% stretch, NAC: 1.04 + 0.28 vs. 10%
stretch: 1.48 & 0.54, p < 0.001). Furthermore, compared with 1 uM EMPA, the combination
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of NAC and EMPA did not further reduce the increased cell permeability of HCAECs
exposed to 10% stretch (x-fold compared to 5% stretch, EMPA+NAC: 0.96 & 0.34 vs. EMPA
alone: 1.07 & 0.36, p > 0.05, Figure 3c), suggesting that the protective effect of EMPA might
be mediated through ROS inhibition.
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Figure 3. Alleviated stretch induced barrier dysfunction by EMPA might be mediated through ROS
inhibition. ROS measurement and immunofluorescence staining were carried out in cells treated
with 5% stretch plus vehicle, 10% stretch plus either vehicle or 5 mM NAC. After 24 h, 6 images per
condition were taken from each individual experiment for ROS measurement (a) n = 5 individual
experiments. Representative images of VE-cadherin and F-actin staining are presented in (b) (n = 3).
Cell permeability was measured in cells treated with 5% stretch plus vehicle, 10% stretch plus vehicle,
1 uM EMPA, 5 mM NAC or combination of EMPA and NAC. Six images per condition were taken
from each individual experiment (¢, n = 5 individual experiments). Representative images of ROS
and cell permeability are shown in the lower panel of each bar graph (a,c) and data are presented as
mean £ SD. *** p < 0.001 vs. 10% stretch. ns: not significant.

2.4. ROS Inhibition of EMPA Might Partly Be Mediated through Inhibiting NHE1 and NOXs

Cariporide (10 uM) significantly reduced ROS production of cells undergoing 10%
stretch (x-fold compared to 5% stretch, cariporide: 1.32 & 0.89 vs. 10% stretch: 2.48 £ 1.30,
p < 0.001). The combination of cariporide with EMPA did not further reduce ROS produc-
tion (x-fold compared to 5% stretch, EMPA+cariporide: 1.47 & 0.85 vs. EMPA, p > 0.05,
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Figure 4a). These results correspond to the previous study showing that cariporide inhibits
ROS in endothelial cells, however in that study EMPA had also an inhibitory effect on ROS
largely unrelated to NHE 1 inhibition [11].
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Figure 4. ROS inhibition by SGLT-2i’s might be mediated through inhibition of NHE1 and NOXs.
ROS levels were measured in cells treated with 5%. stretch, 10% stretch plus vehicle, 1 uM EMPA,
10 uM cariporide/1 uM GKT136901 and combination of EMPA and cariporide/GKT136901 (a,b).
Six images were taken from each individual experiment (a) n = 5 individual experiments; (b) n =5
individual experiments. Cell permeability was measured in HCAECs treated with 5% stretch plus
vehicle, 10% stretch plus either vehicle, 10 uM cariporide or 1 uM GKT136901 (c,d). Six images of
each condition were taken from each individual experiment (¢, n = 5 individual experiments; (d)n=5
individual experiments. Representative images are shown in the lower panels and data are presented
as mean =+ SD. ** p < 0.01 vs. 10% + Vehicle, *** p < 0.001 vs. 10% + Vehicle. ns: not significant.

Regarding potential targets involved in ROS production, a previous study showed that
enhanced cyclic stretch activated NOXs, leading to ROS production [15]. Correspondingly,
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1 uM GKT136901 (a specific inhibitor for NOX1 and NOX4) significantly decreased ROS
production of cells exposed to 10% stretch (x-fold compared to 5% stretch, GKT136901:
1.30 £ 0.79 vs. 10% stretch: 2.19 4 1.12, p < 0.001). A combination of GKT136901 and EMPA
exerted a similar inhibitory effect, comparable to EMPA alone (x-fold compared to 5%
stretch, EMPA+GKT136901: 1.34 4 0.58 vs. EMPA alone: 0.96 + 0.54, p > 0.05, Figure 4b),
suggesting that the inhibition of NOXs next to, or located upstream of NHE1, mediated the
inhibition of ROS by EMPA in stretched endothelial cells.

Additionally, cariporide and GKT136901 both reverted the increase in cell permeability
caused by 10% stretch (Figure 4c,d), further suggesting that ROS inhibition could be the
mechanism behind the anti-leakage effects of SGLT-2i’s.

2.5. SGLT-2i’s Do Not Inhibit Interleukin Secretions of HCAECs Exposed 10% Stretch

Compared with 5% stretch, 10% stretch increased IL-6 and IL-8 secretions of HCAECs,
which were not inhibited by EMPA, DAPA or CANA (Figure 5a—f).
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Figure 5. SGLT-2i’s do not inhibit interleukin secretion of endothelial cells exposed to 10% stretch.
Cells were pre-incubated for 2 h with vehicle or one of SGLT-2i’s (1 uM EMPA, 1 uM DAPA and
3 uM CANA), and were subsequently exposed to 5% stretch plus vehicle, 10% stretch with vehicle
or SGLT-2i’s for 24 h. IL-6 and IL-8 were measured by ELISA (a—f) n = 6. Data are presented as
mean £ SD. * p < 0.05 vs. 10% stretch. ns: not significant.
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3. Discussion

The major findings of the present study are: (1) SGLT-2is revert the increase in
endothelial permeability and degradation of VE-cadherin caused by enhanced cyclic stretch;
(2) this effect might be mediated through ROS inhibition; and (3) EMPA-related reduction
in ROS production in stretched cells is likely mediated via inhibition of NHE1 and NOXs.

3.1. SGLT-2i’s Improve Stretch-Induced Endothelial Barrier Dysfunction

Enhanced stretch increased cell permeability of HCAECs and caused VE-cadherin
breakdown. All three SGLT-2i’s, EMPA, DAPA and CANA reverted this stretch-induced
cellular permeability and VE-cadherin degradation of HCAECs.

Previous studies suggested that endothelial cells exposed to enhanced stretch show
increased permeability [25], which was partly mediated by polymerization of F-actin and
disruption of VE-cadherin-mediated AJs [26]. Enhanced stretch also induced phospho-
rylation of VE-cadherin at Tyr658 via activating the vascular endothelial growth factor
pathway, thus leading to the internalization and degradation of VE-cadherin [25]. Corre-
spondingly, our data (Figure 2a—d) show that pathologically enhanced stretch increases
endothelial permeability via VE-cadherin degradation, which is illustrated by compro-
mised VE-cadherin mediated junctions in immunofluorescence staining and the decreased
VE-cadherin expression in western blots.

3.2. SGLT-2i’s Inhibit ROS Production under Cyclic Stretch

In vivo data suggested that enhanced stretch induced oxidative stress in arteries [13],
and in line with these previous findings we demonstrated in vitro that 10% stretch increased
ROS production in HCAECs (Figure 1b), with ROS being a crucial promoter for endothelial
dysfunction [23,27]. Previous data proved that EMPA and DAPA inhibited inflammation
induced ROS production in resting endothelial cells [11,12], thereby restoring nitric oxide
bioactivity and ameliorating endothelial dysfunctions. In the present study, we report that
SGLT-2i’s attenuated oxidative stress in HCAECs exposed to enhanced stretch.

To look into the functional link between ROS and cell permeability, we applied py-
ocyanin on static cells to induce ROS production [12,24]. We observed a strong increase
in endothelial permeability along with F-actin polymerization and VE-cadherin disrup-
tion in cells treated with pyocyanin (Figure S3a,b). These findings indicate the role of
ROS as a potential permeability triggering factor, with probably multiple pathways con-
tributing. For instance, enhanced ROS activate Rho signaling pathways and promote the
polymerization of F-actin, thus disrupting the structure of VE-cadherin mediated AJs [28].
Furthermore, ROS directly caused Src-dependent degradation of VE-cadherin from AJs,
leading to impaired endothelial barrier function [29]. The scavenging ROS in our model
reverted the increased ROS levels caused by 10% stretch and concomitantly alleviated the
stretch induced VE-cadherin disruption and endothelial permeability. This is consistent
with a previous study showing that ROS inhibition decreased stretch induced alveolar
epithelial permeability [22]. Intriguingly, we found that EMPA and NAC protected the cells
to a similar extent; the combination of the two agents did not further increase this effect.
Taken together, these findings suggest that ROS inhibition might be a crucial mechanism
by which SGLT-2i’s prevent stretch-induced endothelial permeability.

3.3. NHE1 and NOXs Might Be Partially Involved in the Anti-Oxidative Effect of EMPA

In order to elucidate the underlying mechanism of the anti-oxidative effect of SGLT2i’s
in our model, we focused on EMPA and specifically inhibited NHE1 and NOXs with
cariporide and GKT136901, respectively. Cariporide and GKT136901 almost completely
blocked the stretch induced ROS production, and neither of them further reduced ROS
production when combined with EMPA, suggesting that the ROS inhibition of EMPA is
partially mediated by NHE1 and NOXGs.

Previous studies of our group suggested the cardiovascular protective effects of SGLT-
2i’s were partly mediated via NHE1 inhibition [30-32]. SGLT-2i’s inhibited NHE1 activation
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and sodium influx in isolated mice hearts, thus inducing coronary vasodilation. Addi-
tionally, stretch directly activated NHE1 of cardiac myocytes, in turn promoting a calcium
influx and increasing heart contraction force [33]. DAPA reduced NHE1 expression in
cardiomyocytes, thus lowering intracellular sodium concentration and improving myocar-
dial function of diabetic mice [34]. Juni et al. also found that cariporide reduced ROS
production of endothelial cells by 38%, however they also found that EMPA could reduce
ROS even more in the presence of cariporide suggesting an effect of EMPA unrelated
to NHEL1 [11]. Another study showed that cariporide attenuated homocysteine induced
endothelial dysfunction via reducing oxidative stress and inflammatory reactions [35]. In
line with these studies we here prove that NHE1 activation is involved in stretch-induced
ROS production of HCAECs and that the anti-oxidative effect of EMPA might be partly
mediated via NHEL1 inhibition. However, there is an ongoing discussion about the role
of NHET1 activity in the cardiovascular protection of SGLT-2i’s. Chung and his colleagues
reported a neutral effect of EMPA on NHE] activity with isolated rat myocytes [36], which
is contrary with a more recent study conducted by Zuurbier et al. [37].

Another source of ROS in blood vessels are NOXs; previous studies showed that
enhanced cyclic stretch significantly increased expression levels of NOX2 and NOX4, and
apocynin (a specific NOX2 blocker) reverted this effect in endothelial cells [13,38]. In mice,
EMPA reverted upregulation of NOX2 and NOX4 and attenuated ischemia-reperfusion
injury in the kidneys, suggesting inhibition of NOXs might be another mechanism for ROS
inhibition of EMPA [39].

Interestingly, GKT136901 and cariporide exerted similar anti-oxidative effects on
stretched HCAECs in our study. Several studies revealed the potential interactions between
NOXs and NHEL1 in oxidative stress of endothelial cells. Activated NOXs produced
hydrogen peroxide, a type of stable ROS that maintains the opening of mitochondrial
ATP-dependent potassium channels (mitoKATP) and thus enhances the production of
mitochondrial ROS by the electron transport chain [40,41]. Mitochondrial ROS are then
released to cytosol and in turn activates NHE-1 and sodium—calcium exchange, promoting
influx of calcium into the cytosol [42]. Finally, increased cytosolic calcium enhances
mitochondrial calcium load and further promotes ROS production [43].

Taken together, our data support that NOXs and NHE1 might contribute to the
enhanced ROS production in stretched HCAECs, but how SGLT-2i’s interrupt this signaling
cascade is still unclear and warrants further investigations.

3.4. SGLT-2i’s Do Not Alter Interleukin Secretion of Stretched Cells

In vivo and in vitro studies have shown that pathological mechanical forces stimulate
cytokine production and expression of adhesion molecules, leading to stiffness of vessels
and monocyte adhesion [17,44]. Interestingly, none of the three SGLT-2i’s inhibited stretch-
induced interleukin secretion (Figure 5), which is in contrast to previous data showing
that SGLT-2i’s inhibit interleukin production of endothelial cells from humans, as well as
from ApoE(-/-) mice [45,46]. One potential explanation might be that the stretch-induced
interleukin secretion of HCAECs is much milder than that caused by lipopolysaccharide
(1.5-2 fold vs. 6-7 fold) [46], making it a less optimal model to investigate the potential
anti-inflammatory effects of SGLT-2i’s.

3.5. Limitation and Conclusions

This study was only performed in HCAECs from non-diabetic donors and further
research is required to test the effects of SGLT-2i’s in diabetic cells. For the underlying
mechanisms of ROS inhibition by SGLT-2i’s, we indirectly demonstrated that inhibition of
NHE1 and NOXSs is involved, and how they interact in stretch-induced oxidative stress is
yet unknown. Another drawback of this study is that we did not look into the involvement
of SGLT-2 in the observed effects. However, the expression of SGLT-2 in human ECs is
highly questionable. Using western blot, we recently reported a potential signaling of
SGLT-2 in HCAECs, but as the bands persisted existing after the target gene was silenced
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at mRNA level, we doubted the specificity of these bands and performed qPCR targeting
SGLT2 in HCAEC showing no detectable levels of SGLT2 [12]. In animal endothelial
cells however, the presence of SGLT-2 within has been recently proven [10], but these
findings might not be comparable to our data because of the different species. Moreover,
investigations into other mechanisms underlying SGLT-2i’s anti-oxidative effect are needed.
For instance, EMPA might attenuate the overproduction of ROS in endothelial cells via
ameliorating mitochondrial injury [11]. Another study suggested that the beneficial effect
of EMPA on mitochondria was mediated via the activation of adenosine monophosphate-
activated protein kinase AMPK [47]. However, the involvement of AMPK phosphorylation
is still under discussion. In the previous studies of Uthman et al., AMPK activation was
not observed in EMPA or DAPA, but only in CANA treated cells [46].

In conclusion, SGLT-2i’s protect human endothelial cells against cyclic stretch-induced
increased permeability and this effect is most likely mediated through ROS inhibition. Our
observations provide novel insights into the possible mechanisms of the cardiovascular
protection of SGLT-2i’s on mechanically stimulated cells, thus helping to improve treatment
of endothelial dysfunctions induced by disturbed mechanical forces.

4. Materials and Methods
4.1. Cell Culture and Cyclic Stretch Protocol

HCAECs (PCS-100-020 from ATCC, Manassas, VA, USA; C-12221 from PromoCell,
Heidelberg, Germany) were used for cell culture with vascular cell growth medium (ATCC)
containing supplements as previously described [46].

HCAECs were seeded onto BioFlex® 6-well plates (Flexcell International, McKeesport,
PA, USA) at a density of 10,000-20,000 cells/cm?, and all plates were pre-coated overnight
with 0.25 mg/mL gelatine dissolved in 0.1 M sodium bicarbonate buffer (NaHCO3,
pH =8.3). All experiments were performed with cells at passage 7 when they reached
90-100% confluency. Cyclic stretch was applied using the FX-5000T Flexcell Tension
Plus system (Flexcell International, McKeesport, PA, USA). Based on previous in vitro
studies [17,18], 5% stretch was considered as the physiological model and 10% as the
pathological condition. HCAECs were subjected to stretch for 24 h at a frequency of 1 Hz.
Cells were starved for 18 h before experiments and pre-incubated for 2 h with vehicle or
SGLT-2i’s (1 uM EMPA, 1 uM DAPA and 3 uM CANA, all from MedChem, Sollentuna,
Sweden). The schematic outline of this study is shown in Figure Al.

To elucidate involved mechanisms, 5 mM N-acetyl-l-cysteine (NAC, Merck Millipore,
Watford, England) was applied to scavenge ROS, 1 pM GKT136901 (Calbiochem, San
Diego, CA, USA) to inhibit nicotinamide adenine dinucleotide phosphate oxidases (NOXs),
and 10 uM cariporide (Sigma Aldrich, St Louis, MO, USA) to inhibit sodium-hydrogen
exchanger 1 (NHE1).

4.2. Cell Permeability Assay

A cell permeability assessment was performed using the method described by
Dubrovskyi et al., which is based on high affinity binding between avidin and biotin [16].

EZ-Link NHS-LC-LC-Biotin (Thermo Fisher Scientific, Waltham, MA, USA) was added
to 10 mg/mL of gelatin solution (dissolved in 0.1 M NaHCO3 buffer), to generate a solution
of 0.57 mg/mL biotin and 9 mg/mL gelatin. The biotinylation of gelatin was performed at
room temperature for 1h with constant stirring, and biotinylated gelatin was than aliquoted
and stored at —20°C. For coating, gelatin aliquots were diluted in 0.1 M NaHCO3 buffer
to generate a working solution with 0.25 mg/mL biotinylated gelatin and sterilized by a
filter with a pore size of 0.2 um (VWR international, Radnor, PA, USA). Three ml working
solution were added to each well on the Bioflex plate. Plates were covered with aluminium
foil and stored at 4 °C overnight, and unabsorbed protein was removed by washing twice
with phosphate buffered saline (PBS, pH =7.4).

After stretch, fluorescein isothiocyanate (FITC) labeled avidin (Thermo Fisher Sci-
entific, Waltham, MA, USA) was added to medium (working concentration, 25 ug/mL)
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and incubated for 3 min, after which excessive avidin was removed by PBS washing. The
plastic membranes of BioFlex plates with cells were loaded on glass cover slides with
mounting fluid (Thermo Fisher Scientific, Waltham, MA, USA) containing 4’,6-diamidino-
2-phenylindole (DAPI). Membranes were imaged with Leica DMi8 Advanced Light Mi-
croscopy (Leica Microsystems, Wetzlar, Germany) at 200 x magnification, and six pictures
of each condition were made from each individual experiment. The fluorescence was quan-
tified using Image J1.8.0 and divided by the cell number to generate a mean fluorescence
intensity (MFI). To reduce any bias, the quantification was carried out by two independent
investigators (X.L. & G.R.) in a blinded manner.

4.3. ROS Measurement

After 24 h of cyclic stretch, CellROX ® Deep Red Reagent (Thermo Fisher Scientific,
Waltham, MA, USA) was added on each well to generate a working concentration of
5 uM, and plates were covered with aluminium foil and incubated at 37 °C in a humidified
incubator for 30 min. Cells were than washed once with pre-warmed PBS and fixed with 4%
formalin for 15 min. The plastic membranes of BioFlex plates were loaded on glass cover
slides with mounting fluid containing DAPL. Membranes were imaged with Leica DM6
Wide-Field Microscopy (Leica Microsystems, Wetzlar, Germany) at 400 x magnification, and
6 pictures of each condition were taken from each individual experiment. The fluorescence
was quantified using Image J1.8.0 and divided by cell number to generate a MFI. To reduce
any bias, the quantification was carried out by two independent investigators (X.L. & G.R.)
in a blinded manner.

4.4. Immunofluorescence Staining

After 24 h of stretch, monolayers of HCAECs were fixed with 4% formalin for 10 min.
Cells were washed three times with PBS and blocked for 30 min with 1% bovine serum
albumin (PAA Cell Culture Company, Cambridge, UK). VE-cadherin monoclonal antibody
(1:60 dilution, Thermo Fisher Scientific, Waltham, MA, USA) was added to each well and
incubated at room temperature for 1h, unbound antibody was removed by PBS washing.
Afterwards, goat anti-mouse secondary antibody (1:400, Alexa Flour® 488, Thermo Fisher
Scientific, Waltham, MA, USA) and Rhodamine Phalloidin (1:40, Thermo Fisher Scientific,
Waltham, MA, USA) was added to each well for 30 min, followed by three times washing
with PBS. Membranes were loaded on glass cover slides with mounting fluid containing
DAPI and imaged with Leica DM6 Wide-Field Microscopy at 1000 x magnification.

4.5. Infrared Western Blot

Whole cell lysates from two wells with the same treatments were combined. After
24 h of stretch, cells were washed with ice-cold PBS and collected in a lysis buffer, made
from a homogenisation buffer (0.25 M sucrose and 0.02 M HEPES, pH = 7.4) with 0.5%
Triton-100X, 1 mM dithiothreitol and HaltTM Protease and Phosphatase Inhibitor Single-
Use Cocktail (diluted 1:100 Thermo Fisher Scientific, Waltham, MA, USA). The total protein
concentration was determined by the Lowry method [48] and adjusted to 1000 ug/mL per
blot. Membranes were incubated with primary antibodies against VE-cadherin (1:1000,
CST, Danvers, MA, USA) and «-tubulin (1:20,000, Thermo Fisher Scientific, Waltham, MA,
USA) overnight, followed by three times washing with PBS containing 0.1% tween 20
and incubation with the complementary secondary antibodies (1:5000, Li-Cor, Lincoln,
NE, USA) for 1 h. The membranes were scanned with the Odyssey CLx operator (Li-Cor,
Lincoln, NE, USA) after final washing, and quantifications of the signals of each band were
carried out using Image StudioTM Software (Version 5.2, Li-Cor, Lincoln, NE, USA).

4.6. Enzyme-Linked Immunosorbent Assay (ELISA)

Two wells of supernatant from cell culture were combined and centrifuged at 4 °C for
10 min and with a centrifuge force of 150 g. Interleukin-6 (IL-6) and interleukin-8 (IL-8) in

63



Int. ]. Mol. Sci. 2021, 22, 6044

12 0of 15

the supernatant were measured with ELISA kits (R&D Systems, Minneapolis, MN, USA)
according to manufacturer’s instructions.

4.7. Lactate Dehydrogenase (LDH) Activity

To determine cell death, activity of LDH in supernatant was detected photospectromet-
rically at 25 °C, with pyruvate and nicotinamide adenine dinucleotide hydrogen (NADH).
The formation rate of NAD+ from NADH was determined over 240 s and used for the
measurement of total LDH activity. Compared with 5% stretch, 10% did not increase LDH
activity of HCAECs, suggesting that apoptosis might not be involved in stretch induced
permeability (Figure S2).

4.8. Sample Size and Statistical Analysis

Sample size estimation revealed that at least 5 independent experiments in each group
are required to reach a power of 80%, given a physiologically relevant difference of 25%
between control and intervention group and an o of 0.05 (10% standard deviation).

Statistical analyses were performed using GraphPad Prism 8.3.0 (GraphPad, San Diego,
CA, USA). All data were normalized to 5% stretch and are presented as mean =+ standard
deviation (SD). One-way ANOVA with Bonferroni post hoc correction was carried out
when comparing the difference between cells treated with SGLT-2i’s and 10% stretch.
p < 0.05, referred as *; ** for p < 0.01 and *** for p < 0.001, were considered statistically
significant.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/ijms22116044/s1.
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Appendix A
Serum Pre- Cyclic stretch
Reduction incubation
1. 5% stretch HCAECS: EZDIIFN?esdium Vehicle 5% stretch+\ehicle
2. 10% swetch pCAECs| 2 MBS 1 Vehicle 10% stretch+Vehicle
3.10% stretch | | 2% FBS . P
L SGLT.2i's HCAECS C;H Medium SGLT-2i's 10% stretch+SGLT-2i's
A | |
Time(h)  -18h -2h Oh Z#h

Cell permeability assay
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Figure A1. Study design Cells were starved for 18 h by serum reduction before a 2 h pre-incubation
with either vehicle (0.06% DMSO) or one of the SGLT-2i’s (1 uM EMPA, 1 uM DAPA and 3 uM
CANA) under starving conditions, followed by stimulation with 10% stretch for 24 h. HCAECs
exposed to 5% stretch with vehicle were considered as control. Cell permeability, ROS levels, cell
morphology, VE-cadherin expression, interleukin production and LDH activity were measured after
24 h.
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Abstract

Purpose Vascular inflammation and disturbed metabolism are observed in heart failure and type 2 diabetes mellitus. Glycolytic
enzyme hexokinase II (HKII) is upregulated by inflammation. We hypothesized that SGLT2 inhibitors Canagliflozin (Cana),
Empagliflozin (Empa) or Dapagliflozin (Dapa) reduces inflammation via HKII in endothelial cells, and that HKII-dependent
inflammation is determined by ERK 1/2, NF-kB. and/or AMPK activity in lipopolysaccharide (LPS)-stimulated human coronary
artery endothelial cells (HCAECsS).

Methods HCAECs were pre-incubated with 3 pM or 10 uM Cana, 1 uM, 3 uM or 10 uM Empa or 0.5 uM, 3 uM or 10 uM
Dapa (16 h) and subjected to 3 h LPS (1 pg/mL). HKII was silenced via siRNA transfection. Interleukin-6 (IL-6) release was
measured by ELISA. Protein levels of HK I and II, ERK1/2, AMPK and NF-«kB were detected using infra-red western blot.
Results LPS increased IL-6 release and ERK1/2 phosphorylation; Cana prevented these pro-inflammatory responses (IL-6: pg/
ml, control 46 + 2, LPS 280 + 154 p < 0.01 vs. control, LPS + Cana 96 + 40, p < 0.05 vs. LPS). Cana reduced HKII expression
(HKII/GAPDH, control 0.91 +0.16, Cana 0.71 £ 0.13 p < 0.05 vs. control, LPS 1.02 +0.25, LPS + Cana 0.82 + 0.24 p < 0.05 vs.
LPS). Empa and Dapa were without effect on IL-6 release and HKII expression in the model used. Knockdown of HKII by 37%
resulted caused partial loss of Cana-mediated IL-6 reduction (pg/ml, control 35+ 5, LPS 188 + 115 p < 0.05 vs. control, LPS +
Cana 124 + 75) and ERK1/2 activation by LPS. In LPS-stimulated HCAECs, Cana, but not Empa or Dapa, activated AMPK.
AMPK activator A769662 reduced IL-6 release.

Conclusion Cana conveys anti-inflammatory actions in LPS-treated HCAECs through 1) reductions in HKII and ERK1/2
phosphorylation and 2) AMPK activation. These data suggest a novel anti-inflammatory mechanism of Cana through HKII.

Keywords Canagliflozin - Hexokinase 2 - Endothelial cells - Inflammation

Introduction

Chronic vascular inflammation is a common early signature in
patients with type 2 diabetes mellitus (T2DM) and is strongly
associated with an increased risk of cardiovascular discase
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human cells and in small animal models of inflammation [5, 6,
8-11]. Targeting enhanced glycolysis via HKII inhibition may
hence alleviate the inflammation that is involved in the vas-
cular pathology of T2DM.

The kidney-targeted sodium-glucose cotransporter 2
(SGLT2) inhibitors Canagliflozin (Cana), Empagliflozin
(Empa), and Dapagliflozin (Dapa) exhibited pronounced ben-
eficial effects on cardiovascular outcome in patients with and
without T2DM, including reductions in heart failure events,
hospital admissions, and chronic kidney disease [12—-15].
Recent data suggest that direct, SGLT2 unrelated, cardiovas-
cular actions of SGLT2 inhibitors account, at least in part, for
the reported cardiovascular benefits [16-21]. Interestingly,
several of these studies suggest an anti-inflammatory mecha-
nism underlying the positive clinical outcomes of SGLT2 in-
hibitors [18, 22, 23]. Others report that glucose uptake is hin-
dered by SGLT2 inhibitors in a variety of cell types, including
endothelial cells [24-26].

At the site of the endothelium, inflammation is best char-
acterized by the release of pro-inflammatory cytokines and
enhanced expression of adhesion molecules. Both facilitate
leukocyte recruitment and translocation through the vascular
wall leading to endothelial dysfunction [27]. The presence of
leukocytes also promotes fibrosis and enables atherosclerotic
plaque formation in the coronary circulation. In cell and ani-
mal models of diabetes as well as in patients with T2DM,
elevated levels of circulating and endothelial inflammatory
markers, such as interleukin 6 (IL-6) and vascular cell adhe-
sion molecule 1, as well as markers of endothelial dysfunction
are generally observed [28-32].

Diabetes mellitus associates with changes in the gut
microbiome, increasing the leakiness of LPS through the gut
wall, thereby further inducing tissue inflammation [33]. LPS
can bind to the toll-like receptor 4 (TLR4) that is expressed on
endothelial cells. TLR4 binding simultaneously activates nuclear
factor-kB (NF-«kB) and the mitogen-activated protein kinases
(MAPK), including extracellular regulated kinases 1 and 2
(ERK1/2) [34]. In macrophages, activation of TLR4 by LPS
shifts the cell metabolism to a glycolytic phenotype, with elevat-
ed glucose consumption, lactate production, and increased HKII
expression and activity [7]. Furthermore, a central regulator of
cellular metabolic pathways and an anti-inflammatory signaling
protein is the adenosine monophosphate (AMP)-activated kinase
(AMPK) [35, 36]. Previous studies have reported that SGLT2
inhibitors can activate AMPK, and that AMPK activation may
contribute to the anti-inflammatory mechanism of these drugs
[18, 19, 37]. Collectively, these findings suggest a strong asso-
ciation between cell metabolism and inflammation. Targeting
metabolic intermediates of glycolysis to attenuate inflammation
may be a key strategy to reduce early vascular abnormalities
occurring in diabetes-associated cardiovascular disorders.

An anti-inflammatory action of SGLT2 inhibitors has not
been previously linked to changes in endothelial glycolytic
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enzymes, such as HKII. Therefore, in this present study, we
hypothesized that (1) SGLT2 inhibitors Cana, Empa, and
Dapa reduce LPS-stimulated inflammation in human cardiac
endothelial cells; (2) HKII is involved in the possible anti-
inflammatory effects of the SGLT2 inhibitors; and (3)
ERK1/2, NF-kB, and AMPK activity have a role in the HKII-
dependent anti-inflammatory actions of SGLT2 inhibitors.

Methods
Cell Culture and Experimental Procedure

HCAECs were purchased from Promocell (Heidelberg,
Germany) and grown in vascular basal cell medium with sup-
plements (ATCC, Manassas, VA, USA), containing 5-ng/ml
vascular endothelial growth factor, 5-ng/ml epidermal growth
factor, 5-ng/ml fibroblastic growth factor, 15-ng/ml insulin-
like growth factor 1, 10-mM L-glutamine, 0.75-U/ml heparin
sulfate, 1-pg/ml hydrocortisone, 50-ptg/ml ascorbic acid, 1%
amphotericin B, 1% penicillin-streptomycin, and 10% FBS.
Cells were grown at 37 °C in a Heracell™ 150i CO, incubator
(Thermo Fisher Scientific, Waltham, MA, USA). All experi-
ments were performed with cells from passage 5 to 8 when
they reached 80-90% confluency. At the start of each exper-
iment, cells were pre-incubated overnight (16 h) with vehicle
or different compounds, including SGLT2 inhibitors at con-
centrations 3- and 10-uM Cana, 1-, 3- and 10-uM Empa,
0.5-, 3- and 10-uM Dapa (all three from MedChem,
Sollentuna, Sweden), 1-uM TAK-242 to inhibit LPS-
induced TLR4 signaling, 50-uM PD-98059 to inhibit ERK
phosphorylation (Cambridge Bioscience, Cambridge, UK),
100-uM A7869662 to activate AMPK, or a combination of
two compounds, in serum-reduced (2% FBS) media. The next
day, HCAECs were subjected to 1-pg/mL LPS (Sigma
Aldrich, Saint Louis, MO, USA) with vehicle or intervention
for 3 h.

Transfection with Small Interfering RNA (siRNA) for
HKII

Knockdown of HKII in HCAECs was performed as previous-
ly described [38, 39]. In short, cells in 6-wells plates with
confluency between 50 and 80% were transfected with 20-
nM siRNA for HKII (Art# 4390824, ID# S6560, lot#
ASO2DUJU, Thermo Fisher Scientifics) or negative control
(AM4611, Ambion by Thermo Fischer Scientifics) for 24 h
using Lipofectamine RNAiMax (Invitrogen by Thermo
Fischer Scientifics, Waltham, MA, USA) and in antibiotic-
and antimycotic-free medium. Cells were passaged 24 h after
the start of transfection at a ratio of 1:2. Thereafter, the cells
were cultured in antibiotic- and antimycotic-free medium for
48 h before the media was collected for IL-6 levels
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determination and cells were lysed for western blotting. At
end experiment, a confluency of 80-90% was reached by
the cells.

Western Blot

Whole cell lysates were collected directly at the end of the
experiment. Briefly, cells were rinsed with ice-cold PBS and
collected in lysis buffer, made from RIPA buffer (150-mM
NaCl, 50-mM TrisHCI, 1% Nonidet P40, 0.25% sodium
deoxycholate, and 0.1% SDS), supplemented with 1-mM
phenylmethylsulfonyl fluoride, 2-mM Na;VO,, 1-mM dithio-
threitol, 1-mM sodium pyrophosphate, 50-uM sodium fluo-
ride, and a protease inhibitor mixture (17-uM leupeptin, 1-uM
aprotinin, and 12-puM pepstatin (all three from Sigma
Aldrich)). After centrifugation at 14000 g, 4 °C for 10 min,
the supernatant was collected and stored at — 80 °C until use.
Samples were sonicated on ice in repeated short cycles (5 s,
energy mode, 20 Joules, 70% amplitude, repeated for 4 times)
using the Low Power Ultrasonic Systems 2000 Lpt/LPe with
microtip (Branson, Danbury, CT, USA).

Western blotting was performed as described previous-
ly [40]. Sample protein contents, determined with the
Lowry method, were adjusted to the same concentration
for each blot. After overnight incubation with primary
antibodies against phospho-AMPK, AMPK, HKI, HKII,
phospho-ERK, ERK, and GLUT1 (1:1000, all from
CST, Danvers, MA, USA) and household protein
GAPDH (CST, 1:5000), membranes were washed with
phosphate-buffered saline (PBS) containing 0.1% tween
(Sigma) and incubated with the complementary secondary
antibody (IRdye, 1:5000, Li-Cor, Lincoln, NE, USA) for
1 h at room temperature before they were washed again.
The membranes were scanned with the Odyssey CLx op-
erator (Li-Cor) at auto-scan setting for dynamic range,
169-um resolution and medium quality, and quantifica-
tion of the bands was performed with Image Studio™
Software (Version 5.2, Li-Cor). For quantification of the
band signals, the signal from each band was normalized to
the signal from the largest band on the membrane accord-
ing to the manufacturer’s instructions, to reduce the
chances of technical variation. Whole membrane scans
used for the results sections are provided in the ESM
(Electronic Supplementary Materials).

Enzyme-Linked Immunosorbent Assay (ELISA)

The supernatant from each well was collected and spun at 250
g, 4 °C for 10 min. Levels of IL-6 were determined using
ELISA (R&D Systems, Minneapolis, MN, USA) according
to manufacturer’s instructions.

Hexokinase Activity

HK activity was measured photospectrometrically in cell ex-
tracts at 25 °C with glucose-6-phosphate dehydrogenase, glu-
cose, adenosine triphosphate, and nicotinamide adenine dinu-
cleotide (NAD"), in the presence of rotenone to inhibit mito-
chondrial respiration [41]. The rate of NADH formation from
NAD" was determined over 180 s and used for the measure of
total HK activity. HK activity was corrected for total protein
concentration in each sample.

Sample Size Calculation and Statistical Analyses

Four experiments were needed to detect a physiologically rel-
evant difference of 25% between control and intervention,
given a standard deviation of 10%, a power of 80%, and an
a of 0.05. Data are presented as mean + standard deviation
(SD). The distribution of the data was tested using the
Shapiro-Wilk test. Normal distributed data were tested by
one-way ANOVA with Bonferroni post hoc testing or by a
Student’s ¢ test. Non-normally distributed data were tested
with Kruskal-Wallis and Mann-Whitney U test with
Bonferroni correction. In each experiment, we attempted to
avoid experimental bias by single-well use by pooling two
wells with cells. The number of experiments mentioned in
the figures refers to the number of technical replicates with
cells from two donors (PCS-100-020 from ATCC, LOT#
59885589 and C-12221 from PromoCell, LOT#
42570191.1). Graphs were created in Graphpad Prism 8 and
statistical analysis was performed using IBM SPSS Statistics
25. The cut-off values for statistical significance were indicat-
ed in the figures by *, **, and *** for p < 0.05, p < 0.01, and p
< 0.001, respectively.

Results

Cana, but not Empa or Dapa, Attenuates IL-6 Release
in LPS-Induced HCAECs

Exposing HCAECs to 1-pg/mL LPS for 3 h significantly in-
creased IL-6 release. Cana (10 uM) almost completely
blocked LPS-induced IL-6 release (Fig. 1a), whereas Empa
(1 uM, Fig. 1b) or Dapa (0.5 uM, Fig. 1¢) did not significantly
alter IL-6 levels in the cell media. In addition, HCAECS treat-
ed with 10-uM Empa or Dapa exhibited no change in LPS-
induced IL-6 release (ESM Fig. 1a-b). At a concentration of 3
uM, however, none of the SGLT2 inhibitors were able to
lower LPS-induced IL-6 release (ESM Fig. 1c—¢). No changes
in IL-6 release were observed in healthy HCAECs exposed to
an SGLT?2 inhibitor (Fig. 1a—c). TAK-242 was able to nullify
LPS-induced IL-6 release, confirming the involvement of
TLR4 in IL-6 production by LPS (Fig. 1d).
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Fig. 1 Cana, but not Empa or a .
Dapa, attenuates IL-6 release in 500~ *x * 500 —_—
LPS-induced HCAECs. Cells * 1 -LPS * 1 -LPS
were pre-incubated for 16 h with 4004 -+ LPS 400 -+ LPS
vehicle or an SGLT2 inhibitor . .
and subsequently stimulated by 1- E 300 E 300
pg/mL LPS for 3 h with vehicle 2 2
or an SGLT2 inhibitor. IL-6 re- © 200 © 200
lease into the cell media was de- 2 2
termined for Cana- (a, n =4, 10 1004 1004
uM), Empa- (b, n=6, 1 uM), and
Dapa- (¢, n =6, 0.5 uM) treated 0 04
HCAECs. TAK-242 (d, n =3, Cana - ¥ _ + Empa - + - +
100 uM) served as a positive
control to validate the inhibition C p=0.054 . o
of LPS-induced IL-6 release in 400+ _ 300 +————+——
our model. Data are presented as —p009 . -LPS —— O -LPS
mean + SD. *p < 0.05, *¥p < 3004 mm +LPS m +LPS
0.01, tested by one-way ANOVA = = 2004
with Bonferroni correction £ E
2 200+ 2
«® <@
4 2 1004
100
0- i
Dapa - + N + TAK-242 - + - +

Cana Reduces IL-6 Release by Lowering HKII
Expression

Increased glycolysis, and in particular elevated HKII expres-
sion, is a signature of an activated inflammatory condition
[5-11]. Incubating HCAECs for 19 h with 10-uM Cana re-
sulted in a reduced expression of HKII in non-stimulated and
LPS-stimulated HCAECs (Fig. 2a). In contrast, administration
of 1-uM Empa or 0.5-puM Dapa did not affect HKII expres-
sion in non-stimulated HCAECs (ESM Fig. 2). Furthermore,
the expression of HKI and the total HK activity were unaffect-
ed by Cana in non-stimulated HCAECs (Fig. 2b+c).

Using siRNA transfection, knockdown of HKII by 37 +
9% was achieved (Fig. 3a), without affecting HKI expression
(Fig. 3b). Incubation with LPS caused augmented IL-6 release
in siRNA HKII-treated HCAECs; however, this time Cana
was unable to significantly reduce LPS-induced IL-6 release
(Fig. 3¢), indicating the involvement of HKII in the attenuat-
ing effect of Cana on cytokine release.

Inhibition of LPS-Induced ERK Phosphorylation by
Cana Is Mediated by HKII

To further explore downstream effects of Cana on LPS-
induced IL-6 generation, we investigated whether Cana affect-
ed changes in the phosphorylation of ERK1/2 and NF-«B.
First, LPS caused augmented ERK1/2 phosphorylation and
Cana reduced LPS-induced ERK1/2 phosphorylation (Fig.
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4a). While NF-kB phosphorylation was also increased with
LPS, Cana did not affect NF-kB phosphorylation (Fig. 4b).

To examine the possible involvement of HKII in LPS-
induced ERK1/2 phosphorylation, we investigated LPS ef-
fects on ERK1/2 in cells treated with siRNA for HKII.
Reducing HKII completely mitigated LPS activation of
ERK /2 (Fig. 4c). As a consequence, Cana was without effect
on LPS-induced ERK1/2 phosphorylation. These data indi-
cate that decreasing HKII is upstream of ERK1/2 phosphory-
lation by Cana. Conversely, using PD-98059 to inhibit ERK 1/
2 phosphorylation in HCAECs, we also observed reduced
HKII expression in HCAECs (Fig. 4d), indicating HKII re-
ductions also occur downstream of ERK1/2 phosphorylation.
These data suggest that reducing HKII expression blocks
LPS-induced ERK1/2 phosphorylation, and that reduced
ERK1/2 activity leads to lower HKII levels, irrespective of
LPS treatment. ERK 1/2 phosphorylation and HKII reduc-
tions are intrinsically intertwined.

Cana Induces AMPK Phosphorylation in Healthy and
LPS-Stimulated HCAECs

Previous studies have suggested the activation of AMPK as a
contributing factor to SGLT2 inhibitor’s anti-inflammatory
actions in various cell types [18, 19, 25], offering the possi-
bility that Cana’s reducing effect on IL-6 production can also
be mediated through AMPK activation. However, it is still
unknown whether HKII is involved in AMPK effects on in-
flammation. Therefore, we investigated whether Cana
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Fig. 2 Cana reduces HKII, but a b
not HKI, expression. Cells were 1.5
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activated AMPK, if AMPK activation resulted in reduction of
IL-6 release, and if AMPK activation was dependent on HKII.
First, we show that Cana phosphorylated AMPK at Thr172 in
LPS-induced HCAECs (Fig. 5a). Second, activation of
AMPK by A769662 (ESM Fig. 3a) leads to inhibition of
LPS-induced IL-6 release (Fig. 5b). Furthermore, Cana ad-
ministration resulted in increased AMPK phosphorylation in
HKII knockdown HCAECs exposed to LPS (Fig. 5¢), indi-
cating that HKII is not involved in activation of AMPK by
Cana. Empa and Dapa did not enhance AMPK phosphoryla-
tion in either non-stimulated or LPS-stimulated HCAECs
(ESM Fig. 3b and c).

Discussion

The main findings of the present study are that the SGLT2
inhibitor Canagliflozin alleviates the release of the pro-
inflammatory cytokine IL-6, lowers HKII expression, inhibits
ERK1/2 phosphorylation, and activates AMPK in LPS-

stimulated and/or non-stimulated HCAECs. The other two
SGLT2 inhibitors Empa and Dapa did not show a significant
reduction in IL-6 release, HKII expression, and AMPK activ-
ity in the model used. Reduced HKII expression seems to be
associated with Cana’s anti-inflammatory effect by mediating
LPS-induced IL-6 release and ERK1/2 phosphorylation, but
not AMPK activation. These data suggest that under
normoglycemic and inflammatory conditions, Cana exerts
an anti-inflammatory activity by lowering HKII. A graphic
summary of our findings is provided in Fig. 6.

Anti-inflammatory Actions of Cana

We observed that the SGLT?2 inhibitor Cana, but not Empa or
Dapa, directly reduces the release of the pro-inflammatory
cytokine IL-6 by LPS-activated endothelial cells. Our data
correspond well with previous studies, showing that Cana
reduces IL-6 release in IL-1f3-stimulated human endothelial
cells and in LPS-stimulated macrophages [18, 42]. However,
the effect of Cana on IL-6 release reduction was absent at a
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Fig. 3 Knockdown of HKII a b
caused partial loss of Cana- 150 * 150
mediated IL-6 reduction
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lower concentration of 3 pM, suggesting that Cana may only
be effective in attenuating IL-6 release at the higher concen-
trations. While we observed no direct cell effect of Empa or
Dapa on LPS-induced IL-6 release, attenuated markers of en-
dothelial dysfunction, i.e., ROS and nitric oxide, have been
reported in activated endothelial cells exposed to Empa or
Dapa, but without change in the expression of adhesion mol-
ccules [22, 23]. In the present study, we cannot rule out that
Empa and Dapa do affect LPS-induced IL-6 release due to the
higher variations observed in the experiments using Empa or
Dapa. An explanation for the divergence between the effects
of Cana vs. Empa or Dapa on LPS-induced cytokine release
could be the different concentrations used. Cana was used at
10 uM, whereas Empa and Dapa were used at 1 pM and 0.5
uM, respectively, which are considered clinically relevant
concentrations. However, using Empa or Dapa at 10 uM did
also not cause reduced LPS-induced IL-6 release. Notably, the
half maximal inhibitory concentration (IC50) of Cana for
SGLT!1 is estimated to be 710 nM, while Empa and Dapa have
an IC50 for SGLT! of 8300 nM and 1400 nM, respectively
[43]. Thus in this context, SGLT1 and perhaps also other

@ Springer

SGLT isoforms might be inhibited by Cana with the concen-
trations used in the present study.

One hypothesis for the direct cellular effects of SGLT2
inhibitors is the off-target inhibition of the Na*/H" ex-
changer 1 (NHE1). NHET1 activity is enhanced in endothe-
lial cells exposed to LPS [44]. Inhibition of NHEI by a
variety of different NHE inhibitors reduced LPS-induced
apoptosis, cytokine production, and NF-kB activation [44,
45]. Cardiac NHE1 inhibition by SGLT2 inhibitors was
reported as a class effect, showing similar inhibitory po-
tentials for NHE1 by Cana, Empa, and Dapa [16].
Accordingly, NHE1 might have been activated by LPS
stimulation, and Cana might have inhibited NHEI. Yet,
since we observed different outcomes of Cana, Empa,
and Dapa on LPS-induced cytokine release, NHE1 inhibi-
tion could not account for the anti-inflammatory effects of
Cana in our model.

LPS induces inflammation after binding to TLR4 and acti-
vating downstream signaling events. These events lead to
NF-«kB activation and its translocation to the cell nucleus to
stimulate production of pro-inflammatory molecules [27, 34,
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Fig. 4 Cana inhibits LPS-induced ERK phosphorylation but does not
affect NF-«kB. ERK1/2 phosphorylation (a, n = 8) and NF-kB phosphor-
ylation (b, n = 7) were measured in LPS stimulated and non-stimulated
HCAECs. ERK1/2 phosphorylation was also determined in HKII knock-
down HCAECs exposed to Cana and/or LPS (¢, n = 4). HKII expression

45]. Concomitantly, MAPK that are involved in inflammatory
processes, including ERK1 and ERK2, become activated [34].
In the present study, Cana inhibited LPS-induced ERK1/2
phosphorylation in HCAECs. Yet, since Cana does not affect
NF-kB activation, which is observed in the present study as
well as by other investigators [18], Cana may not act on the
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was measured in cells subjected to PD-98059 (d, n = 5). Representative
bands are shown below each figure. Whole membrane scans are shown in
the ESM. Data are presented as mean + SD. *p < 0.05, *¥*p < 0.01, **¥p <
0.001, tested by one-way ANOVA with Bonferroni correction

classical LPS-pathway upstream of both ERK1/2 and NF-«B.
It is reported that Cana inhibits cell proliferation at clinically
relevant concentrations, including the concentration used in
the present study (10 uM) [18, 24, 46]. Cana’s anti-
proliferative effect could be explained by a reduction in
ERK1/2 activity, since ERK1/2 not only exerts pro-
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Fig. 5 Cana induces AMPK phosphorylation, independent of HKII, in
LPS-stimulated HCAECs. Cells were pre-incubated for 16 h with vehicle
or Cana (10 pM) and subsequently stimulated by 1-pg/mL LPS for 3 h
with vehicle or Cana. Phosphorylation of AMPK at site threonine 172 by
Cana was determined in normal HCAEC:s (a, n = 7). Activation of AMPK

apoptotic and pro-inflammatory actions but also plays a role in
proliferation and survival pathways [47]. In summary, reduc-
tion of ERK1/2 activity by Cana is observed during LPS stim-
ulation, which may to some degree be related to the anti-
inflammatory actions of Cana, although more research is
needed to understand the role of ERK1/2 in the functional
effects of Cana.
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by A769662 inhibits LPS-induced IL-6 release (¢, n = 5). In HKII knock-
down HCAECs, Cana still phosphorylated AMPK (¢, n = 4).
Representative bands are shown below each figure. Whole membrane
scans are shown in the ESM. Data are presented as mean + SD. *p <
0.05, tested by one-way ANOVA with Bonferroni correction

Hexokinase as Target to Reduce Inflammation

Enhanced glycolysis is a central phenomenon in inflammation
induced by LPS. A recent study showed that inflammation
was associated with enhanced endothelial glycolysis and ac-
cumulation of glycolytic intermediates in human aortic endo-
thelial cells [48]. HKII is one of several rate-limiting enzymes

75



Cardiovasc Drugs Ther (2021) 35:1083-1094

1091

Fig. 6 Summary of Cana effects
in LPS-stimulated HCAECs.
Cana reduces IL-6 release, at least
in part, by lowering HKII and
blocking ERK1/2 activation.
Cana also activates AMPK, and
AMPK activation is associated
with reduced LPS-induced IL-6
release in HCAECs. Effects of
Cana are indicated by red marks
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of glycolysis. HKII has been previously reported to be upreg-
ulated during inflammatory processes. In primary astrocytes
exposed to hypoxia, HKII expression and activity were in-
creased [49]. LPS strongly induced HKII gene expression
after 24 h in human monocyte-dendritic cells [7]. In the pres-
ent study, knockdown of HKII caused partial loss of Cana-
mediated IL-6 reduction in HCAECs. Targeting hexokinase
and therefore inhibiting glycolytic overload was previously
proposed as a treatment strategy against inflammatory re-
sponses [8, 9]. We observed that Cana was able to reduce
HKII expression in healthy HCAECs and LPS-stimulated
HCAECs. We did not see an upregulation of HKII expression
by LPS in our model, but this is likely due to the short time
period that the HCAECs were exposed to LPS (3 h) as com-
pared with previous studies showing enhanced HKIT after 12 h
or 24 h of LPS stimulation [6, 7]. To investigate whether
reduction of HKII expression was associated with the anti-
inflammatory effects of Cana, Cana effects were studied in
partial HKII knockdown cells. While IL-6 release was still
induced by LPS, Cana was unable to attenuate IL-6 release
under reduced HKII conditions. This may imply that reduced
LPS-induced IL-6 release by Cana is, at least partly, mediated
by HKII. Furthermore, silencing HKII abrogated LPS-
induced ERK1/2 phosphorylation, suggesting that HKII plays
an important role in the induction of ERK 1/2 activation during
inflammation (or vice versa). Our data propose that Cana’s
effect on reduced ERK1/2 phosphorylation and IL-6 release
during inflammation is, at least partly, related to Cana’s effect
on reduced HKII expression.

AMPK Activation by Cana

Activation of AMPK by SGLT2 inhibitors have been previ-
ously reported [19, 25, 42]. We observed that Cana activated
AMPK phosphorylation in LPS-stimulated HCAECs.
Furthermore, AMPK activation by A769669 resulted in re-
duced LPS-induced IL-6 release. Cana was shown to reduce

V-6

inflammation in IL-1{ stimulated human endothelial cells
[18], an effect that was at least partially associated with
AMPK activation. The same authors reported that activation
of AMPK by Cana was associated with inhibition of mito-
chondrial complex 1 inhibition in human kidney cells, mouse
hepatocytes, and fibroblasts [25]. In LPS-stimulated immune
cells, Cana at concentrations between 10 and 40 uM exhibited
anti-inflammatory effects, reduced glucose metabolism, and
promotes AMPK activation [42]. Cana’s inhibition of glucose
metabolism is in line with our observation that HKII is re-
duced by Cana. Cana was still able to induce AMPK phos-
phorylation in HKII knockdown HCAECs stimulated with
LPS, suggesting that Cana’s effect on AMPK is not mediated
by HKII. HK expression and AMPK activity have been report-
ed to be negatively related with each other in inflammatory
conditions and may both be effective targets to alleviate
inflammation-induced endothelial dysfunction [8, 9, 35]. Our
data show that Cana activates AMPK and that AMPK activa-
tion reduces LPS-induced cytokine release. Furthermore, re-
duced HKII expression by Cana is not responsible for the in-
creased AMPK phosphorylation; thus, it is likely that Cana
increased AMPK activity through a different pathway or that
Cana activates AMPK prior to Cana’s HKII lowering effect.

Empa and Dapa have primarily been related to direct
AMPK activation in cardiac cells [19, 37, 50]. In our experi-
ments, only Cana, not Empa and Dapa, induced AMPK phos-
phorylation in human cardiac endothelial cells (supplementary
data), which is also reported in another endothelial cell study
[18]. Activation of AMPK by SGLT?2 inhibitors may possibly
depend on the cell type and species origin (human cardiac
endothelial cells vs. mouse cardiac fibroblasts and
cardiomyocytes).

Finally, Cana has been found to activate autophagy in non-
endothelial cell types [42]. The effects of Cana on autophagy
in endothelial cells have not been studied. Our observations
that Cana inhibits ERK1/2 and activates AMPK suggest that
Cana increases autophagy in endothelial cells.
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Limitations and Conclusion

This study was only performed in non-diabetic HCAECs to
understand the anti-inflammatory actions of SGLT2 inhibitors.
We performed experiments in HCAECs that originate from two
donors; therefore, the generalization of the results might be
problematic and more experiments from different cell batches,
types, and donors are needed to further validate our results.
Nonetheless, the use of a single donor in human cell studies
seems to be commonplace (e.g., in Hela cells [51], A549 cells
[52], and HCAECs [53-56]). The effects of LPS on cellular
stress were only investigated at a single time point in the present
study. In our experiments, we assessed HKII expression in the
cell lysate. The cellular location of HKII is crucial for its detri-
mental or protective function and its effects on cell metabolism
[57]. Future studies should investigate the effect of Cana on the
cellular localization of HKII, i.e., whether Cana affects mito-
chondrial bound HKII as well as cytosolic HKIIL.

In conclusion, Canagliflozin’s direct anti-inflammatory ac-
tions in human cardiac endothelial cells are associated with
reduced hexokinase 2 expression.
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