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1 INTRODUCTION

1.1 Type 2diabetes mellitusand cardiovascular disease

Diabetes mellitu¢DM)is a chronic metabolic ddesecharactersed by persisterly highblood
sugarlevelsreferred to ashypergly@emia. The most common typed diabetesare type 1
DM andtype 2DM (T2DM), with the latter accounting for 995% of casefl). Type 1DMis
charactersed by an absolute insulin deficiency dicean autoimmune responsdestroying
the insulinproducingi -cells in the pancreasBy contrast,T2DM is charactesed by a
combination of insulin resistance and relative insulin deficiency caused by an interplay of
multiple factorsincludingoverweightor obesity(1,2) The incidence and prevalence@M are
rising worldwide. According to théorld Health Organiation, the number of people witibM
increased from 108nillion in 1980 to 422 million 2014, and the prevalence has doubled
from 4.7% to 85% over the sameperiod of time (1). Thus, M is approaching epidemic
proportions globallyleading to a significant social and economic burden for indivearad

society(3).

If left untreated,DM leads to microvascular complicatiomgluding damagéeo the nervous
system Qeuropathy), the renal systemriephropathy, andthe retina(retinopathy), as well as
macrovascular complicatioriacludingcardiovascular diseag€VD)) stroke, and peripheral
artery diseasg4,5) Among theseCVDis the leadingcause of morbidity and mortality iDM

(3). Indeed,people with DM ardwice aslikely to have a history of coronary artery disease or
stroke than those without DM6). The pathophysiologieading to CVIn people withDM
includes a complex combination of traditional and nontraditional risk factire.traditional
risk factorsare hypergly@emia, hypertension, dyslipggmia, family history of C\V/[and
smoking and thenontraditional risk factorencludeinsulin resistance, inflammation, vascular
wall abnormalitiesand endothelial dysfunction (ED),8) Endothelial dysfunctiordescribes

a statein whichthe endothelium undergoes functional and structural alterations, losing its
normal functionand shifting towardsvasoconstrictive, proinflammatorand prothrombotic
properties (9). Notably, endothelial dysfunctionis presenteven before atherosclerotic
plaques or cardiovascular everdsseandthusmay be used agprognostic markefor future

cardiovascular evenid.0).
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1.2 Endothelialdysfunction

In adults the blood vesselgarteries, arterioles, capillaries, venulesd veiny measure about
10,000 km in length andcover an areaof approximately D0m? (11,12) The vascular
endothelium isrepresented bya single layer of endothelial cells anchored to thedmsnt
membrane It lines the internal lumen of the entire vasculature and serves as an interface
between blood and thesurrounding tissug13). Once considered écellophanewrapper€
functioning only as semipemeable barrier between blood and tissue, the endothelium is
now recognsed ascrucial for maintaining vascular homeostadi$). Indeed, the endothelium
functions as amultifunctional paracrie and endocrine organ(14). As such it regulates
vascular tonghrough the effects of locally synthesd vasoactive substancebkat modulate
both vasorelaxation and vasoconstrictioln addition, exdothelial cells regulatecellular
adhesion, vascular permeability,smooth muscle cell proliferatignand vessel wall

inflammation(13).

These functions of the endothiam dependmostly on thebioavailabiliy of the vasodilator
nitric oxide NO), which representsa volatile gas serving asmessenger molecule in many
physiological and pathological processes within the mammalian bddy16) NO is
synthessed by the enzymenitric oxide synthase (NOS) which has three major isoforms:
neuronal inducible and endothelial NO@NOSJ)16). AlthougheNOS wasrce considered a
constitutively expressed enzymaymerous studies have led to the understanding that eNOS
expression is modulated by differestimuli (17). In fact,pro-inflammatory cytokine such as
tumour necrosis factoalphao ¢ b @dvabeen shown to decrease eN@&nscriptionand
eNOS mRNA stabiljtthus redudng NO levels in endothelial cell$8,19) Under physiologial
conditions the endothelium maintains the balance of opposing dilator and constrictor
influences however,in DM, this balance ishifted towardsa proconstrictivestate, resulting

in endothelial dysfunctior(9,20) Accordinglypne ofthe hallmarls of endothelial dysfunction

is reduced bioavaability of NO resulting from decreased NO production by eNOS and
amplified production of reactive oxygen species (R@&)inactivate N(O(21,22) In addition

to impaired endotheliurdependent vasodil@gon, endothelial activatioqa prothrombotic
and proinflammatorystate of the endotheliumwith upregulated expression afelladhesion
molecules, enzymes, cytokineand chemokinedgs also involved irndothelial dysfunction
(23). Given thatendothelial dysfunctioms found in TRMfrom the onset of the disease and is

closely linkedto adverse outcomesit is not surprising that the cellular and molecular
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mechanismsinderlyingendothelial dysfunctiorhaveattracted considerable interestmong
researcherg9,13,15,24)

1.3 Cellular mechanisms involved iANP -inducedendothelial dysfunction

T2DM is associated with vascular inflammatjcend the proA Y ¥t I YYI 62 NBE Oe 2]

plays a key role inr2DM-induced endothelial dysfunction(25,26) Indeed it has been
suggested that b Grducesinsulin resistanceand elevated plasma& b Qevelshave been

foundin patientswith diabetes and obesit{27¢29).

¢ b Ggexpressed by various immune cells and vascular, eéllsendothelial cellsacting as
both a source andatargetfor ¢ b @30). In addition, ¢ b Gd'released from adipose tissue,
possibly explaining the elevated levels in patienith obesity(29). ¢ b &Rerts its effectdy
binding to one of two receptors on the cell surfaCENFR land TNFR2) (26). Figure 1
illustrates several key mechanisrimyolved inendothelial dysfunctiorunder inflammairy

conditions.
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Figure 1. Mechanisms involved in TNFinduced endothelial dysfunction ENOS, endothelial nitric oxide
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¢ b GriducesNFS . | OGAGF GA2Y

The bnding of¢ b Grducesthe activation of nuclear factokappaB (NF¢ . (96) NF°Bis a
nuclear transcription factor expressed in all cell typest inducesthe expressiorof various
genes(31). Following activation, NF . (i NJ sficthe2n@leus &here it modulateghe
expression of inflammatory cytokines suchda® Cand cell adhesion moleculesncluding
intercellular adhesion moleculk (ICAM1) andvascular adhesion molecule(VCAML) (31¢
34). NR¢ . activity can be regulated by phosphorylatioepending on thesite of
phosphorylation it can lead to increased or decreased levels gane transcription.
Phosphorylation of p65 at S536 is believed to enhaN&€ B activity, thus increasng gene
transcription of cell adhesion molecule$35). This alters the adhesive properties of the
endothelium promoting the adhesion and migration of immune cel{se.g. monocytes,
neutrophils, lymphocytesand macrophages)nto the subendothelial spac€30,33) In
responsethese cells, particuldy macrophagesproduce cytokinesuch ast b G30). Many
of thesecytokines(including¢ b ¢ihducethe production of RO&0,36)

¢ b GriducesROS production

The brmation of ROS plays a major role in the inductioeradothelial dysfunctiom € ¢ b Ch @
ROSncludemolecules derivd from molecular oxygen such &ge radicals, oxygen ionand
peroxides These moleculesre highly reactive with their environment and can damage the
cellswhen ROS levels risBhysiologically, intracellular R@& kept at low concentratiors
(i.e., picomolar rangeaindactas second messengg(37). However, il disease state such as
DM, vasculaROSporoductionincreaseswhile antioxidant systems are depletecheatingan
imbalancecalledoxidative stresshat contributesto the development of CV[38). One of he
primary sources of ROS the diabetic endothelium arenicotinamideadeninedinucleotide
phosphate oxidases (NOX) (39). NOX are RO&enerating enzymes, witliour isoforms
expressed in endothelial cell40). These enzymes cataéythe oxidation of NADPH to NADP
to reduce molecular oxygen to superoxi@l). In DM the increased expression and activity
of NOX lead to ROS overproductiomhich reduces preexisting NO by the formation

of peroxynitrite (40).
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eNOSuncoupling and regulation

Apart from NOX, eNOS can also generate ROS by a mechanisnealgdincouplingyhich

is mediated by ROS overproductioks a resulteNOS no longer produces NO but instead
generatessuperoxideitself. In other words, eNOS contributes to an excesgproduction of
ROSandaloss of NG40).

BesidesROSeNOSss regulated byariousother mechanismsincludinglipid modificatiors,
cellularlocalsation, proteinprotein interactions (e.g.with caveolin)and phosphorylationall
of which can alter NO bioavailabylit{42). After transcription eNOS is modifiedby lipid
modifications which are necessary foits membrane associatior{43) and intracellular
localsation to caveola€44). Caveolae arplasmalemmal membrani@avaginations contaiimg
caveolin proteins, which regulate signal transductidmotugh interactiors with multiple
proteins including eNO@5). Under basal conditiongNOS is bound tcaveolinl (Cawv-1), the
principal structural protein in caveolagadingto an inhibition ofeNOS(46,47) Upon cell
stimulation, eNO$ activated through dissociation frotav-1 and subsequent translocation
from the caveolae to the cytosq¥8) However, inendothelial dysfunctionincreased
Cawv1/eNOS interactiorcan reduce eNOS activity and consequerstler NO generation
(45,47)

Apart from its interaction with Cawv1l, eNOS activity can be modulatethrough
phosphorylation(49). To date, there are five known eNOS serine/threonir{8er/Thr)
phosphorylation sites. &ending on the kinases and the Ser/Thr residues, phosphorylation
leads toopposingeffects on eNOS activit{p0). For instancephosphorylation at Ser1177
leads to increase@NOS activity whilphosphorylation afThr495leads to decreased eNOS
activity (49,50) Likewise, shear stregmediated eNOS activation occurs via activation of
phosphatidylinositol &inase (PI3K) and subsequent adima of Akt kinase which
phosphorylates Ser1177 residuief eNOS. ThiBI3KkAkt signdling and downstream serine
phosphorylation of eNOS result imcreased eNOS activityHowever in DM, the
phosphorylation of eNOS via PI8Kimpaired resulting in reduced NO productionand

decreased vasorelaxatiq®1).
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¢ b driduced \ascular permeability

Another important event in the pathogenesisefdothelial dysfunctionn both types of DM
is increasedrascular permeability38,52) whichis mediated by cytoskeletal changes ating
disruption of endothelial cell junction®3). Vascular endotheliadadherin {Ecadherin) is a
transmembraneorotein expressed in endothelial cells atite major componenbf adherens
junctions, which confer celtto-cell adhesion. Thereforahe expression of \dgadherin is
crucial in the control of vascular permeabilig4,55) Theextracellulardomainof VEcadherin
forms atransdimer by binding to the extracellular domain of the adjacent cell or a cis dimer
by lateralbinding of cadherinsvithin the plasma membran€s6). The cytoplasmic domain
interacts withthe cytoskeletorof the cell(55). One major componet of the cytoskelebn in
endothelial cells igsilamentousactin (Factin). Ehdothelial F-actin can bedivided irto three
different groups by its intracellular distributiothe first type is foundcloseto the plasma
membrane as thin layer, the second,in the cytoplasm forming stress figs; and the third,
near the nucleus of the cellhe distribution of~actin within the cell has been shown to
modify permeability(57). In endothelial cellsthe reorgansation of Factin is very dynamic
resuling in phenotype changesand allowing cells to migrateFor example,quiescent
endothelial cellpresenta thick cortical actin ring anéew stress fibes, whereas activated
cells have a thin cortical ring and increasefdrmation of stress files (53). Stress fibe
formation leads to retraction of adjacent cellseating gaps between the endothelial cells
and thus increaing vessel leakagé57). Likewise increased permeabilitglue to ¢ b Chias
been linked tahe downregulation of Viadherin(58)andthe reorgansation andcontraction

of Factin (59).
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1.4 EmpaglifiozifEMPA)

Empagliflozin (EMPAbelongsto the class ofsodiumglucose cotransporter?z (SGLTR
inhibitors (gliflozis), a relatively new class of oral antihnypergigmic agents(60). It can be
used asa monotherapy oras anadd-on treatment forT2DM at a dosage of 10@r 25 mg per

day (60,61) BEMPA lowers glucose levslby inhibiting SGLT2 in the proximal tubule of the
kidney(Fgure 2) (61). SGLTs are carrier proteins on the luminal membrane of renal epithelial
cells andare responsible for glucose reabsorptioAfter blood filtration, glucose isactively
reabsorbed by active transpgrtvith SGLTs coupling the transport of sodium with that of
glucose(62). The requiredsodiumgradient across the apical membrane is providedhsy
basolaterally locatedodiumpotassiumadenosindriphosphatas§ ATPaseWwhich exchanges
intracellular sodium ions fagxtracellulampotassiumions(62,63) Intracellular glucose diffuses
passively out bthe cellviaglucose transporters at the basolateral membrane. SGLT2 accounts
for more than 90% of glucose reabsorptjevhereassodiumglucose cotransportet (SGLTLL
accountsfor less than 10%Thus, SGLT2 inhibon results in increased urinarglucose

excretion thereby lowering blood sugar levg|g2).

Ej/le Na* Glucose
SGLT2
PT < Glucose
Glucose Na*
~90%
SCLT1 reabsorption

~10%
reabsorption ?
Gluzlgsey Glucose Na* K*

Figure2. Glucose absorption and localisation of SGLT2 in the kid#éyPaseadenosinetriphosphataseEMPA
empagliflozin Glg glucose GLUT2, glucose transporter 2PT, proximal tubule SGLT]1 sodiumglucose
cotransporter 1 SGLTXSodiumglucose cotransporte?. lllustration adapted fronChao and Henry, 20162).
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In 2008,US Food and Drug Administration (FDA) regulatreqsiired cardiovascular safety
studies to evaluate the cardiovascular risk of ngucoselowering drug (64) The results of

the GEmpagliflozin Cardiovascular Outcome Event Trial in Type 2 Diabetes Mellitus Riatients
Removing Excess GlucegEMPAREG OUTCOMt#were publishedin 2015 (65). This trial
included 7020 patients with TM at high risk of cardiovascular events (elgistory of
myocardial infarction or stroke, evidence of coronary artery disease, unstable amgina
peripheral artery disease). In addition to the standard care, treatment with 10 mg or 25 mg
EMPA per day was compared witie placebo.Interestingly, leyond loweringglucoseevels
EMPA showed cardipotective and renakprotective effects(65,66) At the 3.1-year follow

up, BMPAtreatment hadresulted in a 38% risk reductiamcardiovasculamortality and 35%
relative risk reduction in hospitahtion forheart failurecompared with theplacebo(65). The
reduction in these numbers cannot be explainedaagductionin general cardiovascular risk
factors (e.g, HbAlc, body weightand blood pressure)alone (67) Therefore, aditional
mechanismdave tobe consideregdasthe cardioprotective effecteof EMPAare likely to be

multifactorial (68,69)

Paients with T2ZDM are at a high risk of developingCVD particularly heart failure (70).
Although poor glyaemic controlis linkedto the risk of developingpeart failure moststudies
on glucoselowering agens have failed todemonstrate a redudion in cardiovascular
morbidity and mortality in patients withT2DM (70,71) Recentin vivo studies have
investigatedthe direct effects othe SGLT2 inhibitor EMP the cardiovasculasystem(72¢
74). For instance, Baartscher et @lemonstratedthat EMPA inhibits thesodium hydrogen
exchangerl (NHEL) in cardiomyocyteswhich is accompanied by restoredodium and
cdcium levels(72,73) This isan interestingfinding becauseelevated cytosolicsodiumand
calciumlevels are drivers dieart failureandare considered to triggearrhythmogenesisaind
oxidative stress in diabetic hear{75¢77). Moreover, upregulatedNHEL activity plays a
pivotal role in the initiation and progression ehdothelial dysfunctiorin DM (78¢80). In fact,
hyperglyaemia (78,80) and ¢ b CHave both been found to increase NHE1 activity in
endothelial cellg81). As shown irFigure 3, upregulated NHE activity results in increased
cytosolic sodium and provokescalcium loading through reversemode sodiuni calcium
exchanger NCX activity. The NCX is a transmembrane protthat, under physiological

conditions exchange extracellularsodium for intracellular calcium Under conditionsin
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which cytosolicsodiumaccumulatesthis transport can be reversedhe NCXhen extrudes
intracellularsodiumin exchange focalcium resulting in an increase of intracellulealcium
This mechanism is assumed to be cruciandothelial dysfunction as it has been shown to
decrease eNOS activiignd increasecell adhesion molecule expression and ROS levels
(79,82,83) Accordinglythe inhibition of NHEL has been shown to sustaendothelium
dependent vasodilation under hyperggamic conditiong79). Thusijt is possible thaNHE1

inhibition contributes to the cardioprotective effects of EMPA.

Figure 3. Schematic illustration of NHE and NCX activity NCX sodiunycalcium exchanger NHEL,
sodiunmy hydrogenexchangerl.

In addition to Baartscher et al. showing NHihibition by EMPAseveral SGLT2 inlitibrs
have been reported to induce vasoditan (74,85). Indeed, EMPA caused coronary
vasodiétion in ex vivo isolated healthy mice hear{g3) Likewiseseveral studies employing
a diabetic rat modetiemonstratedimprovedendotheliumdependentvasodilaton by EMPA
(74,84) The authors of one such studyalso demonstrated that EMPA improve the
phosphorylation of eNOS at Serllif/isolated aortic tissugthus providinga possible causal
mechanism(74). Apart from improved vasorelaxatioisGLT2 inhitors in general havalso
been shown taeduceoxidative stresgn animal model$74,84;86). For exampleSalim efal.
demorstrated that ipragliflozin ameliorats impaired vascular function in diabetic miday
inhibiting oxidative stres¢86). Similarto these findings EMPA has been shown suppress

oxidative stresen diabetic ratdy reducingthe expression and activity dhe ROSgenerating
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enzyme NOXh aortic vessel and cardiac tiss(@4,84) However, ncreased ROS associated
with decreasedbioavailabilityof NOare hallmarks ofndothelial dysfunctionin DM (40).
Therefore, &hough it isnot currently known how EMP£Aeduces cardovasculamortality in
humans,an attenuation of vascularendothelial dysfunctionrmay represent one potential

mechanism
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1.5 Hypothess of the study

DMA& | 2a20AF0SR gA0GK @FaodzZ I NJAYFELFYYFdIA2Yy S |
patients with diabetesp ¢ b C flling andugegdndothelial dysfunctionby impairing NO

OA21I G ATl oAt AGE QAL &S Q08 éxpresshH Kndy-1/&NDS © ¢ b C
inhibitory proteigLINB G SAY Ay 0 SNI OG A 2y & dhe phaspibrglaichhE ¢ b Ch
eNOS at Ser1177, which is related to reduced eNOS activity. NO is further redaodbg h

induced increase in N@derived ROS. RO&8so react directly with NO, cause eNOS
uncouplingand suppresthe LIK 2 & LIK2 NBf | G A2y 2F Sbh{indlicés { SNMmw
endothelial dysfunctiorby promotingcelladhesion molecule expression following enhanced

NFSB signaling. Together withthe ¢ b @nduced increase in permeabilitgell adhesion

molecule expression facilitates the migration of immune cells. ilbieeased permeability is

linked to the disruption of \Meacherin and the formation of stress fies. Therefore, ve
hypothesisd i K & 9at! LINRPGSOGa (GKS SYyR20GKSf Adzy o6& |

induced mechanisms depicted kigure 4.

In particular, the followingif’e hypotheseswere formed for thisstudy:

I.  Hypothesis 1 The ¢ b @iduced decrease ieNOSphosphorylation at Serl177 is

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

II.  Hypothesis 2:The ¢ b @riduced increase iitav1 expression is attenuated by the
addition of EMPA (see Results section 4.3.2).

lll.  Hypothesis 3The¢ b @nduced enhancedelladhesion molecule expression via-NF
¢ . dlikgdsyinhibited by the addition of EMPA (see Results section 4.4).

IV. Hypothesis 4 The ¢ b @riduced increase in ROS is suppressed by the addition of
EMPA (see Results section 4.5).

V. Hypothesis ¥ ¢-imdhited alterations irthe barrier function (permeability) are
prevented by the addition of EMPA (see Results sections 4.6 and 4.7).
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T2DM

\’

Vascular inflammation (TNFa)
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NOJ

Figure4: Simplified diagram illustrating possible targets for EMPMolecular targetshighlighted in light grey
were investigated within this studyCavl, caveolinl; EMPA empagliflozin eNOS$ endothelial nitric oxide
synthase EQ endothelial dysfunctionNFSB, y dzOf S I Ng NDni@id axitld NOX NADPH oxidas@-eNOS
Serl177 phosphorylated eNOS at Serll77 residiROS reactive oxygen species VEcadherin, vascular
endothelial cadherin¢ b CtamouNJ y S O N2 & K2®M Hpe D diabetds mellitus
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1.6 Aimsof the study

Type 2 diabetesda | 432 O0AF GSR gAGK St SwhichilSad to visdulary |
inflammation, endothelial dysfunctignand cardiovascular complications. The gluecose
lowering drugEMPAInduces cardiovascular protection in patients wittDM; however, the
protective mechanisms of EMPA endothelial dysfunctiorare currently unclear.

The amsof this study wereto evaluate whether EMP@animprove endothelial function in an
in vitro model2 ¥  ¢sbntifated human endothelial cells and to establish the underlying
cellular and molecular mechanisms.

The results of the present work will increase our understanding of the mechanisms involved
in the cardiovascular benefits of EMPA and may helpete@al new treatment optiongor
endothelial dysfunction in patients witfikDM.

t

S
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2 MATERIALS

A detailed list of manufacturers is included in #ygpendix 7.1 List of manufactures).

2.1 Cell culture

Devices

Tuttnauer 3150ehutoclave(VWR) Eppendorf 5810 Rentrifuge (VWR), Eppendos430 R
centrifuge(VWR)Class IClean Air Biosafety Cabinet (Telstar Laboratotypaent), Heracell
150i CQ incubator (ThermoFisher Scientific),inverted microscope with phaseontrast
equipment (Leica)fluorescenceactivated cell sortingFACyCanto Il (BD), Leica DIRIA(X)
microscope (Leica), MiHQ Synthesis ultrapure water systems (Mer&igriomagvionotherm
hotplate stirrer Thermo Fisher ScientijicSpectraMax M2plate reader(MolecularDevices),
vortex (VWR), JulabTW8water bath(VWR)andZ2 coulter particle count and size arsay

(Beckman)

Consumables

3-way stopcock BD), black 96well nonbinding microplate (Greiner B@ne), bottle-top
vacuum filters (Corning25 c? cell culture flask (VWRY,5 cné cell culture flask (Greiner Bio
One), 6-/12-well cell culture plates (Greiner Bi®ne), 10 millimetres mm) cover glasses
(VWR),15ml/50 ml Falcon tubes (Greiner Bi@ne), 5 ml Falcon tubes (Corning}.5ml
microtubes (GreinerBio-One), 10ul /10-200ul/1250 ul pipette tips (GreinerBio-One),
5ml/10 ml/25 ml serological pipette tips (Corning].2um sterile syringe filters(VWR),
Superfrost microscope slides (VWR),mI syringe BD), transwellpolyestermembranecell
culture inserts with 0.4> Y  LS(@Gking),and Z2 automated counter sample vials

(Beckman)

Chemicals

Amphotericin B (Thermo Fish8cientifig, bovine serum albumirBSAPAA) calcium chloride
dihydrate (CaCGl; Merck), collagenase A (Roche Diagnostits);diatnidinc2-phenylindole
(DAPIpntifadesolution(Invitrogen), dimethyl sulfoxide dried (DM3@erck), endothelial cell
growth medium (ECGM) + ECQGJpplement (Promocell), EMPA i 1 1 i; Méd€Ehanh
Express), fetal bovine seru(@BSTICO Europe), ftwescein isothiocyanate labelled bovine

serum albumin (FITBSASigma), formaldehyde (Merck), gelatBj, Isoton Il (Beckman); L
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glutamine 100X (Gibco), magnesium chloride hexahyd(stgCh- 6HO; Sigma), medium
M199 (ParBiotech), normal sheep serum (Jackson ImmunoResearch), pefsic#ptomycin
(Sigma), potassiurthloride (KCj Merck), potassium phosphate monobasiKHPQ; Sigma),
rhodamire phalloidin (Invitrogen), sodium chloride (Na®llercK), sodium dihydrogen
phosphate dihydratdNaHPQ - 2HO; Merck),¢ b G8igma),Triton X-100 (Sigmatrypsin

EDTA 0.05% (Gihcbhermo Fisher Scientifj@and ZapOglobin Il lytic reagent (Beckman)

Antibodies
Antibodies for FACS
Antibody Species Dilution Manufacturer
PEICAM1 Mouse 1:400 BD
PEisotypecontrol Mouse 1:400 BD
PEVCAM1 Mouse 1:400 BD
Antibodies forimmunofluorescencestaining
Antibody Species Dilution Manufacturer
VEcadherin Rabbit 1:400 CST
Von Willebrandactor Sheep 15 Bio-Rad

Tablel. Antibodies used for FACS analysis and immunofluorescence staining

ROS detection kit

Kit

Manufacturer

ROSD® Total ROfetection kit

EnzoLife Siences

Table2. ROS detection kit

Buffer solutions

Buffer Buffer name Buffer composition
abbrevation
Bl 10x PBS 400 g NacCl,
10 g KCl,
72 g NaHPQ - 2H:0,
12 g KHPQ,
dissolve in & ultrapurewater, pH 7.4
B2 PBS 100 ml 10x PB®1)
add 900 ml ultrapure water, autoclave, store &C4
B3 PBS+ 0.1g Cagl
0.1g Mgd,
add 1000 ml PB8B2) filter sterile, store at 4C
B4 Umbilical cord | 500 ml PBS¢B3),
buffer 5 ml penicillinstreptomycin,
add 5 ml amphotericin B
M1 Stop medium | 435 ml M199,

50 ml FBS,
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5 ml Lglutamine,

5 mipenicillinstreptomycin,

add 5 ml amphotericin B, store at@
M2 Cell culture 423 ml ECGM,

medium 50 ml FBS,

12 ml ECGM supplement,

5 ml Lglutamine,

5 ml penicillinstreptomycin,

add 5 ml amphotericin B, store at@
M3 Starving 463 ml ECGM,

medium 10ml FBS,

12 ml ECGM supplement,

5 ml Lglutamine,

5 ml penicillinstreptomycin,

add 5 ml amphotericin B, store at@

Table3: Buffer solutions

2.2 Protein biochemistry
Devices

Digital heatblock (VWR), Eppendot430 R centrifugéVWR),Qiterion blotter (Bio-Rad),
PowerPac HCsupply (BieRad),gel holder cassette (BieRad),riterion cell (BioRad),low
power ultrasonicsystems 2000 Lpt/LPe 40:0.15:4C (Brans@alyssey CLx imaging system (LI
COR Biosciences), SpectraMax M2ee reader(MolecularDevice$, PowerPacHC (BieRad),
ultrasonic microtig 109-122-1066 (Bransonjindvortex (VWR)

Consumables

96-well microplates (Fisher Scientific), cell scrapeimi@ blade (VWR), Criterion Xiecast
gels (BieRad), filter paper 10x1€entimetres(VWR)gel-loading filtertips (Greiner Bio One),
ImmobilonFLpolyvinylidene difluoridenembrane (poresize 0.45 um Merck), incubation
box (Westburg BV2-ml microtubes (VWRRBENd0.5-ml microtubes (Sarstedt)

Chemicals

4-morpholinepropanesulfonic acigMOP$S C/HisNQy;, Sigma), aprotinin (Sigma), blocking
buffer Odyssey (Licor), BS#AA), bromophenol blue (Merck), copper(Bulphate
(CuS@- H.0; Merck), Didithiothreitol (Sigma), ethylenediaminetetraacetic acid disodsatt
dihydrate (EDTA&; Sigma), Folin & Ciocalt@uphenol reagent (Sigma), glycerol (Sigma),



MATERIALS

17

isopropanol (Merck), leupeptin (Sigma), mercaptoethg@iHsOS Sigma), methanol (Merck),

nonidet P40 (Sigma), pepstatin A (Sigma), phenylmetharmsdifluoride (PMSFSigma),

potassium sodium tartrat¢KNatartrate (KNaGHsOs - 4H0), Merck), Precision Plus Protein

All-Blue prestained protein standards (BRad), Sigma 7 (Sigma), sodiuntarbonate
(NaCQ; Merck), sodium deoxycholate (Sigma), sodium dodetyphate (SDSSigma),
sodium hydroxide (NaOH Merck), sodium orthovaadate (NaVQ,; Sigma) sodium

pyrophosphate tetrabasic (SPT&Hgma), Trizmbase (Sigma), Trizntgdrochloride (TrisHCI

Sigma)and Tween20 (Sigma)

Antibodies used for western bloanalyses

Primaryantibodies

Target protein Molecular weight| Species | Dilution Manufacturer

in kilodalton (kDa)
Cavl 24 Mouse 1:20000 |BD
GAPDH 37 Rabbit 1:5,000 Abcam
NFS . 65 Rabbit 1:1,000 CST
p-b C¢ . LJc p | 65 Rabbit 1:1,000 CST
p-eNOSSerll1l77) | 140 Rabbit 1:500 CST
Total eNOS 140 Rabbit 1:1,000 CST

Secondanyantibodies

Name Species | Dilution Manufacturer
Goatanti-Mouse 680 RD Goat 1:5,000 LFCOR Bioscience
Goatanti-Mouse 800CW Goat 1:5,000 LFCOR Bioscience
Goatanti-Rabbit680RD Goat 1:5,000 LFCOR Bioscience
Goatanti-Rabbit 800CW Goat 1:5,000 LFCOR Bioscience

Table4. Antibodies used for western blot analyses

Proteaseinhibitor mix

Proteaseinhibitor | 1 mgaprotinin,
mix 1 mg leupeptin,
1 mgpepstatin A,

7.4, store at20°C

10 ml TrisHCI solution (& M diluted in ultrapure water), adjust pH to

Table5. Components of protease inhibitor mix
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Buffer solutions

Buffer
abbrevation

Buffer name

Buffer composition

BS

RIPA buffer

219 mg NacCl,

197 mg TrigHCl,

250 mg nonidet P40,
62.5 mg deoxycholate,
25 mg SDS,

add 25 ml ultrapure water

B6

Lysis RIPA buffer

5 ml RIPA buffeB5),

50> PMSF 100 mM,

100> NagVQr 100 mM,

nnan  >f -ihdNBid a s

p n Dkekdithiothreitol 100 mM,

pn >t {t¢. wmMnn Ya

B7

5x Sample buffer

1 g SDS,

150 mg Trizmbase,

25 mg bromophenol blue,

4 ml ultrapure water,

5 ml glycerol,

heat up to 50°C, adjust pH to 6.8

add 1 miGHsOSand store atroom temperature

B8

10x MOPSunning
buffer

60.6 g Sigma-9,

104.6 g MOPS,

10 g SDS,

3 g EDTA&,

add 1,000 ml ultrapure water

B9

10x transfer buffer

30 g Sigma-9,
144 g glycine,
add 1,000 ml ultrapure water

B10

1x transfer buffer

200 ml 10x transfer buffefB9)
400 ml methanol,
1,600 ml ultrapure water

B11

Blocking buffer

Commercial solution purchased from LCOR
Biosciences

B12

Antibody buffer
solution

15 ml blocking buffe(B11)
150 plTween20 (10%, diluted in ultrapure wate

B13

PBSTween (10%)

2,000 ml 1x PBEB2)
add 2 ml Tweet20, and adjust to pH 8.0

Table6: Components of buffer solutions
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Reagents for Lowry protein determination

Solution1 (Lowry reagent A:B:C iratio 100:1:1)

Lowry A 10 g NaCQ,

500 ml 0.1 M NaOH
Lowry B 2 g KNagtHsOs - 410,

100 ml ultrapure water
Lowry C 1 g CuS©O 5H0,

100 ml ultrapure water

Solution 2

C2fAYy 9 [ A20Ff{iSdzQa LIKSy2f NBI ISyl
dilute (1:1) in ultrapure water

Table7: Components of solution 1 and solution 2 for Lowagsay
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3 METHODS

3.1 Cell culture

3.1.1 Background

We usedhuman umbilical veins cellsiyVEQsas an invitro model to study theeffects of
EMPA orthe humanendothelium.For HUVEC isolation, human umbilical cords were obtained
from the maternity ward of the Academic Medical Centr@ith the consent of theRhics
Committee (Waiver: W12167#12.17.096 Amsterdam, the Netherlands). All cell culture work

was carried out in alass Illaminar airflow biosafety cabinetsingsteriletechniques.

3.1.2 Isolation of HUVECSs

Umbilical cordswere kept inB4 at room temperatureuntil the isolation of HUVEC®Triorto
use, all cell culturélaskswere coated with gelatirf0.75%)o enhance cell attachmenihe
gelatin washeatedin a water bath at 37Cuntil it becameliquefied and spread evenly over
the growth surface HUVEE€were isolated from pooled donors with at leasto umbilical
cords used per isolation order to avoid biasEach umbilical cord contaad one vein and two
arteries(Figure 5A). The veircouldbeidentified by its larger lumen and thinner wall compared
with the arteries The twoends of each veiwere cannulated(Figure 5Band O, connected to
three-way stopcocks and rinsed withB4until the fluid clearedThe veins werghen perfused
with 1%collagenase A and incubated at°®for 20 min(Figure 50). The reaction was stopped
usingM1, andthe cell suspension was collected and spun dawd°Cand 1,100 rpmfor 10
min. The supernatant was discardeghd the pellet resuspended M2. Residualgelatin was
removed from the culture flasksand cells were seeded im 1XT25 flask After 24h,
nonadherent cells and blood components were removed by washingBthree times,and

freshM2 was added to the primary culture.
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Figureb. Isolation of HUVEC$A) Identification of the two umbilical arteries and one umbilical vieithe human
umbilical cord (B) Cannulatin of the umbilical vein(C) Cord with injectedollagenase A during incubation.

HUVEC$iuman umbilical vein endothelial cells.

3.1.3 dQultivation and characteration of HUVECs

Cells were maintained in a humidified atmosphere of G&/95% air at 37C and the cell
mediumwas changed evemther day until ce§reachedconfluency Thus, cells were washed
three times with B2, and the new cell mediumM2 was added. The primary culture aitd
subsequentpassages reached 100% confluency dfitex to sixdays andwo to three days,
respectively. HUVEQ®@gere then preparedfor splitting. The M2 cell medium was discarded
and cellsvere washedhree times withB2 Subsequently, cells were incubated witlypsin
EDTA(0.05%)at 37°Cfor 1 min. Cells in trypsin solutionwere further loosered by gently
tapping the flasksand the process was stopped witil. Next the cell suspensionwas
collectedand spun down at4Cand 1,100 rpm for 10 min. The supernatant was removed and
the cell pelletresuspended iM2. The resultingellsuspension was seeded in thppropriate
cellflask the primary culture (P0O) was grown in T25 flasks until confluent and passaged (1:3)
into T75 flask One T75 flask containipassage 1R1) wasfurther split intothree T75 flags
(P2) for further passaging dour 6-/12-well plates (PRfor experimentl use Experiments

were performed with cellérom passage andpassage 3 when reaching@®%confluency.

Confluencyand morphologyof HUVECwere assessed by light microsa@pxaminatiors, as
well asimmunofluorescencestaining forvon Willebrand factor YWH. Purity ofthe HUVECs

wasverified by flow cytometric analysis of VWF expression



N

METHODS 2

3.1.4 Experimentalsetup

The present study was undertaken to determine the eff@ftEMPA administration on TBF
induced endothelial dysfunction in HUVEGwitro. All experiments were performed with
1 uM EMPAA5-mM EMPAstock solution dissolved in 100% DMSO was add#tBtto obtain
a final concentration of 1 pMIVhenHUVEC®assage 2) reached 8Q90% confluencycells
were starved overnight (18) byFBS deprivation from 20in M2 to 2%in M3. Next, HUVECs
were pretreated withthe vehicle (0.02% DMSO) oM EMPA for 2h. Preincubaed cells
wereaccordinglysubjected tahe vehicle(control group), 1 uM EMPAEMPA group)1Ong/m|

¢ b Ghdthe vehicle(¢ b Qroup) or 10ng/mi¢ b Gihd 1 uM EMPAC b @EMPA group)
Depending on the respective analysis;ubation times varied from4 h to 24 h. Cells were
treated for 4h to detectROS andelladhesion molecules (ICAMand VCAM.) by FACSor
for 6 h and24 h for westernblot analysisAfter 24h, the permeability was measurednd cell

immunofluorescencélF)imagesfor F-actin andVEcadherinwere generatedFigure 6).

Serum Pre-
reduction incubation Incubation
2. EMPA HUVECs EMPA EMPA
3. TNFa HUVECs TNFa + Vehicle
4. TNFa + EMPA HUVECs EMPA TNFa + EMPA
| /1] /] |
Time (h) -2 o 'l 4 6 H 24
Flow cytometry Western blot Western blot
ICAM-1 SGLT2 SGLT2
VCAM-1 p-eNOS/eNOS p-eNOS/eNOS
ROS Cav-1 Cav-1
p-NF-kB/NF-kB p-NF-kB/NF-«kB
IF-Staining
F-Actin
VE-cad
Permeability

Figure6. Experimental setupCavl, caveolinl; EMPAempagliflozineNOSendothelial NGsynthase HUVEGCs

human umbilical vein endothelial cell€AM1, intercellular adhesion molecule NFS ,y dzOf S+ NJNBF OG 2 NJ ¢
nitric oxide NOX NADPH oxidase-eNOSphosphorylated eNQ®-NF , phosphorylated NF ; ROSreactive

oxygen specigs/Ecadherin, vascular endothelial cadherig b Cl dzY 2 dzNJ y S O N¥CAMlavastulaO G 2 NJ b

adhesion moleculd.
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3.2 Westernblot

3.2.1 Cell lysis and sonication

Forwestern blotting cells were cultured isixwell plates. After 6 and 24h, the medium was
removed and the following steps were performed on ice usingdo#d buffers. HUVECs were
rinsed three times withB2 Residual B2 was removed and B6 (200pl/well) was added.
Adherent cells were removed ugjra cell scrapeandthe cell suspensiowastransferred into
microtubesand spun dowrat 4°Cand140,000rpm for 20 min. The resulting supernatant was

aspirated andcollected Samplesvere stored at80°Cuntil use.

3.2.2 Evaluation of potein concentrationand western blotting

Before protein determination, samples were sonicated to ensure total ofslBUVECS-or
sonication, samples were kept on ice and teshtvith ultrasoundn repeated short cycles (5,
5 ONsec, 20 OFBec, energy mode 20J, 70% amplitude) to prevent excessive hdtign
concentratiors were determined with the Lowryassay The BSAstandard was prepared,
samples were diluted 1:20 using ultrapure watand all were kept on ice.Then 100ul of
each d the diluted samples/standardsasmixed with 50Qul Lowry solution Xor 10 min at
room temperature Next,50ul Lowry solution 2 was added to each sample. Aftem80
incubation in the dark, 20Ql sample/standard wadransferred to a 96well plate and
analysed usingthe SpectraMax plate reader with the software SoftMaxPro 6.Bdsulting

protein concentrations were adjusteatccordinglyusingB5.

To denaturethe samples,B7 was addedn aratio of 5:1, and samples werevortexed and

boiled at 95Cfor 5 min. Samples werdghen separated using SEFFAGEOne 15-ul sample per

slot wasloaded ono a precast polyacrylamide galongwith 2 ul all blue prestained protein

standard asa molecular weight markerand the gels wererun at 120V for 15 h covered in

B8 Once electrophoresiswas complete proteins were transferred to apolyvinylidene

difluoride membrane with ®45-um poresizefor antibody stainingThe membrane andour

filter paperswere soaked in methanol anB10for 20 min.! & (0 NdanA&icES NG & ONXB | { ¢
with the following materials in ordesponge two filter papers gel, membrane another two

filter papers, and anothersponge Then,it wasfixed using dransfer cassette. The cassette
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andone ice pack were placed ineatransfer tank fillel with B10.Transfeswere runat 100V
for 30min. Subsegently, the membrane was blocked usiBdlat room temperaturefor 1 h.
Bllwas removed andhe membranes were incubatedvernightwith the desiredantibody
diluted inB12at 4°C In this studyantibodiesto phospheeNOS (Serl177), total eN@Sy-1,
phospheNFS . LJc p O0f pocld&p Zbafl ylyokraldehyde Jhosphate
dehydrogenaseGAPDMwere used.

After antibody incubation, membranes weweasted three times with coldB13for 5min, and

blots were incubated with secondary antibodyrabm temperaturefor 1 h Next, membranes
were wasthed three times with coldB13and scanned using Odyssey CLX imaging at manual
settings, 169um resolution and medium qualityWestern blot signals were quafed using
Odyssey Imaging Studio software@OR Biosciencegjhich wasalsoused for quantification

The esults were presented asratio of target proteinto reference protein GAPDH.

3.3 Huorescenceactivated cell sorting analysis

Different protocolsvere used ér the flow cytometric analyses of vWielladhesion molecule

expressionand intracellular ROS detection (see below).

HUVECsere culturedand subjected to thestandardtreatment protocols(see 3.1.4). After
4 h incubation,cells wereharvested by trypinisation asdescribedpreviously(3.1.3). Cells
were resuspended in coB3(for celladhesion molecules and¥F analyss) or in the washing
buffer provided by the manufacturer (for ROS analysasJd samples were prepared for
counting.Next, 10ul sample was added to 16l of Isoton Il andhree drops of ZagOglobin I
lytic reagent. The total numberof cells was determined usinga cell counter, and
concentrationswere adjusted to 1x10cells per mlFrom each sampld, ml wasaliquoted
into FACS tubeasnd spun dowrat 4°Cand1,100rpm for 5min. The supernatant wasspirated

and, depending on the targepreparedaccording tadifferent protocols.

For analysis aofelladhesion moleculesetls were blocked with 100l 1%BSA irB2at room
temperaturefor 30 min Afterwards, 025 pl PEconjugatedisotype, PEEonjugated VCAM,
or PEconjugated ICAM. antibody was addedand cellswere incubated for 30min at £Cin
the dark.Before cellanalysis the cells were washedwice with B2, spun down at 4Cand

1,100 rpm for 5min, and resuspended in 500 uL cda
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For the analyses ofWF, cells wereresuspendedn 875 ul B2 and fixed bythe addition of
125l paraformaldehyde at“cfor 1 h Thereafter, cells were spun down &tChand 1,100
rpm for 5 min and the pelletwasresuspended with Inl 2% Tween (iB2). After 15 min at
37°C cells werecentrifugedat 4°Cand 1,100 rpm for 5 min andgubsequently blocked with
10ul 20% normal sheeperum (inB2) at room temperaturefor 30 min.Next, 2 pul FITE
conjugatedanti-vWF antibody was added and incubated on ice foma@ Before celanalysis
cells were washetlice with B2,spun down at 4Cand 1,100 rpm for 5min, and resuspended

in 500 pL cold2

For ROS detectigix10° cells were stained with.025uM oxidative stress detection reagent

for 30min at 37G and amples were kepin the darkat room temperatureuntil analysis.

Lastly, cells were analsed using thecFACEanto llat 488 rhm excitation wavelength and using

a 585 and 530nm emission bangbass filter. A minimum of 3000 events wereountedper
sample. Datavere saved in FCS format apdocessed using FlowJo software version 10.5.0
for Windows FlowJo LCC, Ashland, OR, USA)

3.4 Permeability

Cellpermeability was assessed after Réf experimental treatment by measuritige transfer

of FITAabeled BSA across the HUVEC monolayer, which is proportional to the mor®layer
permeability(Figure 7). HUVECs wergeededonto individual transwell polyester membrane
insertswith 0.4> Y  L3dzBXSfter reachinga confluent monolayer, HUVECs were treated
according to the experimental setup for B4Afterwards,the medum of both compartments

was replaced b3, and 500l FITEBSA (10ng/ml) was added to the upper compartment.
After 2h of incubation at 37Cin the dark samples fromthe lower compartment \gre
collected and transferred to a black 9&ll microplate Fluorescence was determined by
JectraMaxM2e plate reacer with filters appropriate for 486m excitation 535nm emission

andthe highest sensitivity.
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Transwell insert —‘ ’ ‘ ’
FITC-BSA l

o
Upper compartment ° o0 o o ©

o o O o
HUVECs | °© o o ‘] L J

o
Semipermeable membrane—f————— e | SeEeE—— ®
o
o o

Lower compartment S o o

Figure7. Permeability assaySchematidllustration of a transwell insert witha HUVE@nonolayergrown on the
semipermeable membrand\fter 2h, the amount oFITEBSAeakedfrom the upper to the lower compartment
across the HUVEC monolayer was measui&tl/EChuman umbilical vein endothelial ceITEBSAfluorescein

isothiocyanate labelletiovine serum albumin.

3.5 Staining

To studythe distribution of VEcadherinand Factin, HUVEEwere seeded onto gelatioated
coverslipsn a 12well plate When reaching confluengeellswere subjected to the treatment
protocol (seesection3.1.4). After 24 h, cells were rinsed 3 times witB3, followed byfixation
with 400 ul paraformaldehydd3.7% diluted irB2) atroom temperaturefor 10 min Cells were
then rinsedthree times withB2and permeabibed with 600pl 0.01%/Triton XLOO PB%or 5
min. Afterrinsingthree times with B2, cells were blockedat room temperaturefor 20 min
with BSA (1% diluted B2) for VEcadherinand Factin or with sheepserum (5% diluted iB2)
for vWF staining. HUVECs were stained for 30 min wiiter FITGconjugated antvWF
antibody (1:5) or phalloidinhodamine (1:40). For We&adherin staining, cells were
subsequently rinsed witB2andincubatedwith anti-VEcadherin (1:100) overnight anavith
DyLight 488goat antirabbit secondary antibodyhe nextday for 1 h Finally, cells were
washedthree times with B2, and the coverslips were mounted omicroscopeslidesusing
DAPIlantifade gold reagentfThe samples were stored at@and protected from light. Images
were taken witha widefield microscope LeacDM6 B and edited with theeica Application

Suite Xsoftware LASC 3.0.1.15878.
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3.6 Statistical analysis

Data are presented as the mes# standard error of the mean (SEM). The exact number of
independent experiments igivenl & day ¢ | YR figule legendnie&Rcadethe (i K S
statistical significance was calculated using Graptiach 7 for Mac (GradPad Software, La

Jolla, USA). Dataere analysed with oneway analysis of varianceombined with Dunnédfs
multiple comparisons tesand the mean of each colunwascomparedwith the mean of the

¢ b @élumn P values less thal05 were considered statistically significaifihot indicated

otherwise the differences are not significant.
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4  RESULTS

In the present study, we investigated whethére SGLT2 inhibitor EMPgan improve
endothelial functionunder inflammatory conditionsusing an in vitro culture of ¢ b €h
stimulated HUVEC®e examinedtie effecs of EMPA oreNOSsignaling, the expression of
celladhesion molecules such as ICAMnd VCAM, RO$ormation, VEcacherinand Factin

distribution, and endothelial barrier function.

4.1 Charactersation of HUVECS cultured in vitro

Cultured HUVECare commonly used asn in vitro model for studying thehuman
endothelium We used pasecontrast microscopyimmunofluorescence stainingnd flow

cytometric analysiso characterissHUVEQultures obtained from human umbilical veins

Phase contrasinicroscopy revealed a cobls®ne appearanceof the cultured cell{Figure
8A), whichtypically resemblesndothelial cellsThe expression of vWIspecificendotheium
cell marker was studied by immunofluorescence staining and flow cytometWFsignals
were detected in themajority of cells with a predominant locatioraround the nucleus
(visualsed using bludluorescent DARIFigure 8B and Q. This is in line with the results
obtained from flow cytometry, which revealed théte culturesconsisted of 99.2% vWF

positivecels (data not shown).

Overall we demonstrated that ourhuman umbilical veigderived cellculture featureda
classical endothelial cell phenotypéth a cobblestondike growthpattern andthe expression

of vVWE all of which arandicativeof the successfuisolation andculture ofHUVEE
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Figure8. Characterisation of HUVEC®#\) Appearanceof a cobblestondike growthpattern in the cell culture
assessed by phase contrast microscdByC)Wide-field microscopyof confluent HUVEGSsith a magnification
of 40x (B) and100% (Q) showingfluorescence stainingf the endothelial cell markevWF (green) and DAPI (blue)
51 t L diamidin@2ephenylindole HUVECGshuman umbilical vein endothelial cellsWF, von Willebrand

factor.
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4.2 Expression of SGLT2 in HUVECs

To investigatevhether EMPA alters SGRExpressionthe protein expression of SGLT2 was
assessetby westernblotting. We detected SGLT2 expression in all sampléier 6h, SGLT2
expressiordid not differbetween the groupscpntrol: 0.602+ 0.0670;EMPA0.550+ 0.0616

¢ b CO.472+0.0906; ¢ b Ch b 9 @.489+9.0918 p>0.05 for all groups Figure 9A).
However, after 24, exposure to¢ b CGésulted in increased SGLT2 levélse expressionof

SGLT2 washot affected by the addition of EMPA(control: 0.516+0.107; EMPA:
0654tn dncy nT1.02th OMMpPT ¢ HAIBHO.GEO6! p<Oam  FT2NJ. ¢bCh
control; p<0.n p T 2 NJEMBAFiture®B). Recent findings from our group indicate that

the results presented here on SGR expression in HUVEC should be viewed critically. For

details refer t05.2.
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Figure9. SGLT2 protein expression in HUVECSs after 6 h and 3GhT2 protein levels after 64 @nd 24 hB)

were determined ashe ratio of SGLT2: GAPDH. Ditan six experimentsn(=6) are shown as the meas SEM.

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

analysids shown. EMPAempagliflozin GAPDH, glyceraldehydepBosphate dehydrogenasélUVEGduman

umbilical vein endothelial cellSGLT2odiumglucose cotransporte?; ¢ b CttmouNJ Yy SONR aA a T OG 2 NJ
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4.3 Effects of¢ b Ch EMRKABN the phosphorylation of eNO%ind protein
expression of eNOS arthv-1

Reduced phosphorylation and increased interaction of eNOS with inhibitory prGteti
decrease eNOS activity, thus altey NO synthesisBecauseEMPA showed vasodilative
properties in healthy mouse hearts, weuwsght to investigate the effect of EMPA on eNOS
phosphorylationat Serl177and onCav-1 expressionn HUVECs.

4.3.1 Protein expression and phosphorylation of eNOS

Western blot analysis for phosphorylated eNOS at Serl177 and total edl@&8edno
significant differences betweethe groups after h (p-eNOScontrol, 0.773+0.0725; EMPA
0.841tn ®ncnp,TL.0¢Eb Gh pomT ¢ KA &BBBEL 005 for all groups
Figure 10A; total eNOScontrol, 0.826+ 0.110; EMPA0.888+0.0667;¢ b C(.885+0.0764;
¢ b Ch b 90a815%0.0915; p>0.05 for all groupsFigure 10@ @ ! FGSNI vn K 2F ¢t
whole cell lysate analyses presented no difference in phosphorylaticontrQl:
0.762+0.0987 EMPA:0.871+0.0689r ¢:l0@48+0.0874 ¢ b Ch b 9 @321+0.12,
p>0.05 for all groups;Figure 10B) but a decreased expression of total eN@&ntrol:
0.726+0.113 EMPA:0.881+0.0976I' ¢:l0R95+0.025IT ¢ b Ch:H) BB+ 0.0286
p<0.01F 2 NJ ¢.lwadirol; %8.00m T 2 NJ. EMP@.MAgaid,2no significant effect was
observedwith the addition of EMPAl 2  ¢(iot@ 'eNOSE b G/8.¢ b Ch b 9@>t0.05
Figure 10D).
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Figure 10. 9 F¥S50ia 2F ¢bCh YR 9at! 2y GKS LINRGSAY SELN
(A)Phosphorylationof eNOS at Serll7after 6 h (A) and 24 h (Byas determined asthe ratio of peNOS

(Serl1177)o total eNOS. Expression of total eN&iter 6 h (C) and 24 h (Basdetermined aghe ratio of total

eNOSto GAPDH. Datfrom six experinents f=6) are shown as the mear SEM.Asterisls (*) indicate

statistically significant differencg**p < 0.@; ***p < 0.001). One representative western blot analyséshown

EMPA empagliflozin eNOS, endothelial NO synthaseAPDHglyceraldehyde3-phosphate dehydrogenase-
eNOSphosphorylated eNQ® b Cttimour necrosis factoh @®

4.3.2 Protein expression ofCav-1

While EMPA treatment alone did not chan@aw1 expression, HUVE@sgposed to¢ b Ch

showed significantly increasechw1 protein expressiomfter 6 h of incubation However, no

significant effect of EMPAvas found in¢ b @&&Xposed HUVECsofitrol: 0.268+0.0396;

EMPA: 0.292n1 ®nHYy pU0.888tm @My dbn T ¢ 0837+P.O746 <0np TFT2NJ ¢ b Ch
vs.control; p<O.nm T 2 MEIEMBACK N dnnm  WRchdirdl éandfdr ¢ b WS.EMPA

Figure 11A). Furthemore, after 24h of incubation, no significant differences were observed
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among the groupscpntrol: 0.292+0.0534.; EMPA: 0.364n ® 51 ¢ m n: D.54040.0952;
¢ b Ch b 90523 0.0903; p>0.05 for all groupsFigure 11B).
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FigurelLO F¥SOG& 2F ¢bCh | yR 9at !l EfpyessioiN®airSaktef 6 HONFdniNB B A A 2y 2°
(B) was determined asthe ratio of Cav1 to GAPDH. Datérom six experiments 1=6) are shown as the

mears+ SEM. Asterisks (*) indicate statistically significant differené¢&3p(< 0.01). One representative

western blot analysiss shown. Caud, caveolinl, EMPA empagliflozin GAPDHglyceraldehyde phosphate
dehydrogenase¢ b CthmouNJ Yy SONR &A & FIF OlG 2N h o



RESULTS 34

4.4 Effectsof¢t b Ch EMBARIthe phosphorylation and protein expression

of NR¢ .andthe expression of celadhesion moleculs

Increasedcell adhesion molecule expression playsentralrole in inflammatoryprocesses
and is associated with NF. | O (i th@slwé doagyft @ elucidate the influence of EMPA
2y ¢ibdGded ICAML and VCAM. expression in HUVECs and its potential molecular

connectionwithNF . L) G Kgl @ a o

4.4.1 Phosphorylation and protein expressionf NF¢ .

Western blot analysisevealed thathe phosphorylatiorof NF¢ . is&igpificantly increased

AY 1! +9/ & SELRZhaldR4hiiHbwetebtit RRANA @Y 2F 9at! (2
alter the phosphorylation of NE . LJc p h or &fterS2¥ (6&h: control 0.114+0.0112
EMPAO0.132+0.0157T ¢,4.@1%*0.0919r ¢ b Ch,B.9784#0)0689 p<0.001F 2 NJ ¢ b Ch
vs. control and for ¢ b Cvs. EMPA; Figure 12A; 24h: control, 0.107+0.0114 EMPA
0.148+0.026IT ¢,0E31+0.0832ZT ¢ b Ch,10B846+01108 p<Onnm F2% ¢bCh
control andfor ¢ b V8. EMPAFigure 12B).

By contrast,NF¢ .wasexpressed in all samples with no significant differences between the
groups after 6 h or 24 h (6h: control 1.09+0.133 EMPA 0.969+0.0995T ¢,b Ch
0.986+0.0828 ¢ b Ch H.03&0.127 p<0.nnm T 2WJcohttoiCandfor ¢ b G/B.
EMPA;Figure 12C, 24h: control, 0.925+0.175 EMPA 1.05+0.198T ¢,hl@%+0.304

¢ b Ch b 91a104H0.147 p>0.05 for all groupsFigure 12D).
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Figuel29 FFSOGA& 2F ¢bCh |yR 9at! 2y (KS LBK2Rhodg@rddidn GA2Yy |
of NRS . Ll p [AFatdS2MIh B) wakdetérmined asthe ratio of pNFS . tANP* . LIc-p.#65 b C

protein levels after 6 h@ and 24 h D) were determined ashe ratio of NF¢ . tdcGBAPDH. Datfrom six

experiments 1 =6) are shown as the mean+ SEM. Asterisks (*) indicate statistically significant differences

(*** p <0.001). One representatre western blot analysis shown. EMPempagliflozin GAPDIHglyceraldehyde

3-phosphate dehydrogenas®lF* ,y dzOf S| NJ pINFO,pkodphotylated NF ; ¢ b Ctimour necrosis
FILOG2NI h @

4.4.2 Expression of cell adhesion molecules

Ct2¢ O2G2YSGUNRO lylfeaira ol & SYLX2@StRe (2 SO
expression ofcell adhesion molecules ICAM and VCAML after 4h. Although EMPA

treatment alone had no effect, significant induction of IGAMNnd VCAM. expression was

found after 4K 2F ¢bCh aGAYdzZ I GA2y O2YLI NBR gAGK d

EMPAadministration did not attenuatethe ¢ b @riduced upregulation otell adhesion
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molecules (ICAM.: control, 6,169+1,408 EMPA 6,207+1,427T  ¢,b5G%03+ 3,476,

¢ b Ch b 949600+2837 p<0.001F 2 NJ wskcahtrol and for¢ b G/8. EMPA Figure
13Aand C VCAML: control, 695+37.3 EMPA691+35.2T ¢ ,4,877+474T ¢b Ch,b9at !
4321+52Lp<0nnm FT2MDEYECRNR f | ws.RMPARBidNde ¥3BaGd'D).
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mean fluorescence intensifMFI)of ICAML1 (A) and VCAM (B) in flow cytometry athe mears+ SEM of five
experiments if =5). Asterisks (*) indicate statistically significant differenc&$f*<0.001). (C D)Representative
histograms from flow cytometry analyses showing individual fluorescence intensity prafil€AML1 (C) and

VCAML (D) surface expression on HUVEEMPAempagliflozinICAML, intercellular adhesion molecule MF|,

mean fluorescence intensitg b Cthmoury S O NE a A :&/CAML, Ga$caildiladhesion molecule
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4.5 Effects oft b Ch EMBARrintracellular ROSormation

Intracellular ROS production was measunedHUVECssing a commercial flow cytometkyt

F O0O2NRAY3I (G2 (GKS YI ThdaF O o daANE AP A 2 Xy & [| NEzO& A & X i
significantlyincreasedROSevels However, the addition of EMPAddnot reduceROSevels

(control: 17,790+1,71G EMPA: 17,428+ 1,680T ¢:b2BN69+2,152T ¢bCh:b9at !
25,815+2,218 p<0.05F 2 NJ vs.loo@tholand¥ 2 NJ Ws.IEMPA Figure 14Aand B).
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Figurel4 9 T ¥FS0OGa 27F ¢bCh I y R fdnaatioh. (APBAr graphsf i fiGdsekcerdz inteNgityw h {
shownasthe mears+ SEM of seven experimenta € 7). Asterisks (*) indicate statistically significant differences

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

intensity profiles of intracellular ROS production in HUVEEMPA empagliflozin eNOS, endothelial NO
synthaseMF|, mean fluorescence intensitROSreactive oxygen specie¢ b Ctomoury SONR &aA a T OG 2 NJ !
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4.6 Effectsoft b Ch EMBARMermeability

To investigate whether EMPA affects endothelial monolayer permeability, we assessed
permeabilityusing FITBSA permeability assayAfter 24K =~ ésbn@ilated groups showed

a tendencyto increased permeabilityHowever, treatment with EMPAad no protective

effect on the monolayer(in pg/mL albumin leakageontrol: 113+ 13.0 EMPA107+15.8

¢ b AF9+27.3T ¢ b Ch:BBAILS.L p=0.0520F 2 NJ Mslcadtrol; p<Onp F2NJ ¢ b Ch
vs.EMPAFiqure 15).
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Figure1l5. 9 FFSOGa 27F ¢bCh | y RFludrestehcénnsity bdFNIBSA wad rhehsiiréd
culture mediumto determinethe permeabilityof the endothelial cell layelColumns represergixexperiments
(n=6) shown aghe mears+ SEM.Asterisks (*) indicate statistically significant differences (*p < 0. BB)PA
empagliflozin FITEBSA fluorescein isothiocyanatgabelled bovine serum albumirt b Ctumour necrosis
FILOG2NI h @
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4.7 Effects of¢ b Ch EMBARIthe cellular localsation of Factin and VE

cadherin

Althouch FITG { ! LISNXSI 0Af AG& I aamedatedinkrBaseifizhe NS O3S |
permeability of theHUVEC layeimmunofluorescencstaining showedlistinct morphological
differences.¢ b @reated HUVEOsecame elongated and fored increased actin stress fibs

which werealigned in parallel bundlesdong with less apparent &adheiin at endothelial cell

borders Consistent with the results from the permeability assay major effects of EMPA

treatment were observed(Figure 16).
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Control EMPA
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TNFa TNFa+EMPA
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Figure16. 9 F¥SO0ia 2F ¢bCh |yR 9at! Adin ahk\GEadd&inh WidzfielNJ f 2 O f .
microscojic images40x magnificatior) of HUVECSs stained forAP(blue), Factin (red)andVEcadherin (green).

EMPA empagliflozin DAPJ n -damidino2-phenylindole ¢ b CtumouNJ y S ONZ & A MEcadhériQd 2 NJ h

vascular endothelial cadherin.
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5 DILUSSION

In the present study, we investigated whethitvie SGLT2nhibitor EMPAexerts pleiotropic
effects onhumanendothelial cells under inflammatory conditions. The major findingshisf
study indicate that EMPA does not prevehto @riducedendothelial alterationsin human
umbilical vein cellsTherefore, these findingsuggest that the clinically observed reduction of
adverse cardiovascular eventsth EMPA is not mediated via direct airtflammatory effects

of EMPA on blood vessels and endothelial dysfunction.

5.1 HUVECasa model for the human endothelium

Primary isolated HUVECs ammmonlyusedas an irvitro model for the human endothelium
becausdhey are moraeadilyavailablethan endothelial cells fronother human blood vessels
andare easyto isolate and cultue. Cultured HUVEs display a typical tblestone patternas
they reach confluency87). Thisdistinct phenotype allowsheir differentiation from other
cells such as fibroblastshat may contaminate theendothelial cellculture. Fibroblasts can
easily be distinguished fromendothelial cel due to their long, slender spindleshaped
morphology(88). In addition, HUVECs can be characted by endothelial cell markers such
as VWRusing immunostaining87). VWF is a plasmglycoprotein thatis primarily produced
by endothelial ceb and eitherstored inorganelles calle@VeibekPalade bodies or secreted
(88,89) Thus, ve generatedmmunofluorescenceémages for vWkrom HUVEC cultuse The
immunofluorescencestaining showed green fluorescent VWF in the cytagh of al cells
indicatingthat our cultures consised of endothelial cellsThisfindingwasconfirmedby FACS
analysis of VWF, which reveald¢dat the primary cultures camsted of more than 99%

vWFpositivecells.
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Although HUVECs are regularly used for research on the human endothelium, other
endothelial cell§e.g, human coronary artery endothelial ce]ldCAEQscanalsobe usedfor
studying specific pathological conditionsuch as endothelial inflammian (87,90)
Inflammation has been implicated in thenitiation and progression of atherosclerosis.
Interestingly Lakota et alrevealedthat HCAECs display greater susceptibility to inflammatory
stimuli than HUVECsThey reported afour-fold greater inductio of pro-inflammatory
cytokine IE6 release ana 20-fold higher induction of 6 MRNA expression compareath
HUVESE, however, HUVECs reactetb stimulation with a slightly greater increase inell
adhesion molecule expressio(®1). In line withthesefindings Briones et aldemonstrated
that HCAECs and HUVECs produfferdnt patterns of chemokine expressiofollowingin
vitro stimulation with¢ b G92). These datandicatethat endothelial cells derived from veins

or arteries ca elicitentirely different responsesluring inflammation.

Consistent with these resulta recentstudyin our laboratoryrevealeddifferent responses of
HUVECs and HCAECS tb Gtimulation and treatment with EMPA. Firstr data from the
guantitative measurement of endothelial permeability and the fluorescent staining of the
endothelial monolayer suggest that permeabiighigher in HCAE@san inHUVECsSecond

we found significantipregulation ofCaw-1 after 6-h stimulation with¢ b Gi"HUVECkut not

in HCAECZ®.hird, we detectedno significant effect of EMPén ¢ b @rduced loss oNO or
increaseof ROS in HUVE@#hereasEMPAreducedROSyenerationandrestoredNO levelsn

¢ b @reated HCAEQ®93). Thesedata suggesthat HUVECS and HCAEGHaed differently

to inflammatory stimulation and thathe SGLZ inhibitor EMPAmay exert different effeas
depending on theselltype.

5.2 SGLT2xpressionand regulationin endothelial cells

SGLT2 is a carrier protein expressed on the luminal membrane of renal epithelial cells in the
proximal tubule of the kidney61,62) However, the presence of SGLT2 in endothelial cells is
a subject of current researchnd various studies have examined SGLT2 expression at protein

and mRNA levels thesecells(94¢96).

To answer the question of wheth@GLT2 is expressed in HUVECs and¢hbwC h EMPANJ
affectsthe SGLT2 in HUVECSs,imeestigatedSGLT2 protein expression using a commercially
available antibody. Western blot analysisSGLT2 suggested that SGLT2 protein is expressed
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by HUVECSur analysesevealed increased SGLT2 expression afté¢242 ¥ ¢ b Ch A G A Yd
but no effectfrom the addition of EMPASimilarlyA Y 1 ARy S& SLIA G KPriDA I £ OS
increased SGLT2 mRNA expression after 96 h and SGLT2 protein expression af(é7)120 h
Regarding SGLT2 expression itself, a recent study by Li etiehtéd that SGLT1 and SGLT2

MRNA is present in HUVECSs. Furtiane, the authorsshowedthe upregulated expression of

SGLT1 and SGLT2mdothelial dysfunctiortaused by palmitic aciénd this expressiomwas

suppressed by the addition ¢fhe SGLT inhibatr phlorizin(96). By contrast, Mancini et al.

could not detect SGLT2 mRNA expressiaitihrer HUVECs or human aortic endothelial cells

(98). Similarlyjn a study ofporcine coronary artery endothelial cel8GLT2 mRNA leselere
undetectable in control endotlial cells but stimulation with hyperglyaemia or oxidative

stress resulted in consistent SGLTRNA leval Despite undetectabléSGLT2 mRNiA the

control group this study further observed band ofapproximately72 kDa detected by SGLT2

labelling in contol endothelial cells. This bandcreasedin intensityin the stimulated cells

and was swppressed by 100nM EMPA(99). In our experimentswe could not detect any

effects of EMPAN SGLT2 expression eitte@one or in combinationvith TN §lotably, in a

recent studywe were unable tsilence SGLT2 expressiortHUVE€and HCAESUsing SiRNA

(93). Thus we cannot excludehat the bands seen in western bkusing acommercially

available antibodypecificto human SGLT&ight not bea SGLT2 proteiriTherefore SGLT2
expressionin HUVECs remains questionable and further investigatimoncerningthe

expression and activitgf SGLT2 in endoghial cellsare needed.

5.3 Effects of EMPA on Cdv

ENOS activity is also regulated by subcellular localization of eNOS and interaction with
different proteins (100. In resting endothelial cells, eNOS is associated with caveolae
interacting with inhibitory protein Cag, and therefore Cat can regulate NO production

(47,101) Thus, dissociatiofirom the caveolae and therefore Gdavis required for eNOS

activation (101) and Cas can therefore inhibit N@roduction (47). Indeed, enhanced
vasoconstriction has been linked increased Cat expression and decreased NO production

in rat aorta(47). Therefore, we examined whether EMPA reducesTaxpression in HUVECS.
TheroleofCam AYy SyYyR20GKStAlIf OStfa KIFa -inQud LINBGJ.

signaling. For instance, Shao et al. reported that downregulation oflGzan attenuate
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hyperpermeability in primary rat pulmonary microvascular endothelial celtkergoingt b Ch
treatment (102) Moreover, increased Cdl levels have been observed in endothelial cells
exposedi 2  ¢(b0O8)These results confirm our findings in HUVECs. After 6h but not after
HNnK 2F AyOdzol dA2yT | ! +£9/{ &dzo-BBdein®Rressién ¢ b Ch
levels compared to the control. However, EMPA did not changel @apressin at both time

points. Considering our previous observation in HUVECs and HCAECS that eNOSLand Cav
revealed no significant changes in thexcdr Ydzy 2 LINB OA LA G G SR &addr LI SES
¢ b Ch b Qraated cells, it is unlikely that EMPA modulates eNG$ interactiong(93).

5.4 Effeds of EMPA on eNO&pressionand phosphorylation

ENOSis crucialfor the regulation of vascular functigrand alteratiors of eNOSactivity and
expressioncontribute to endothelial dysfunctiofl04) Recent studiediave indicated that
BEMPAcaninduce vasorelaxatio(l05¢107) BecauseeNOS synthesés NO which is important
for endotheliumdependent vasorelaxation we examined the effe of EMPA on eNOS
signdling (108) Phosphorylation can modulateN®©S activity, wheby different sites of
phosphorylation have opposing effects. For examles phosphorylationof Thr495 has an
inhibitory effect, whereasSer1177phosphorylation enhances eNOS acti\it§8) ¢ b Ches
been shown tadecreaseNO bioavailability by ecreasing eNOfghosphorylationat Ser1177
(109) In addition ¢ b Gaas reported to syppress eNOS expression in HUVECs, primarily
through destabikation of eNOS miRA (19). However,after 6-h incubdion, we observedno
decreassin eNOSphosphorylationor total eNOSprotein with ¢ b Gahd no effect of EMPA
By contrast, weobserved asignificantreduction in eNOSerl1177phosphorylationand total
eNOSprotein expressionafter 24h in HUVECe&xposed to¢ b Cwith no effed of EMPA.
Becaus& b Ch  NBoRomigpSROSSer117dbut also totaleNOSexpressionit most likely
caused arincreasedbreakdown of eNOS (MRN#&) decreased eNOS synthesiher than
acting on phosphorylatiorf110,111) One possible explanatiocould be thatthe times of
analyss were suboptimal For example, Yang et aetected decreaseghosphorylation of
Serl177 in HUVECSs after 15 mirtdb Qreatment. However they used 5thg/ml for their
study, which idive timesthe concentrationthat we used(109) Thishypothesswould be in
line with the results of Zhao et.alvho observed no change ingNOSSer1177 after 3 using
5ng/ml ¢ b G"HUVECKL12)
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Nevertheless, we did not observaarestoration of eNOS phosphorylation atmtal eNOS

expression by EMPAN ageement, a seprate study did not detect any changes in
phosphorylationand expres®n of eNOS in myocardial tisshy EMPA alon€113) Also

consistent with our findingsJuni et alreported no effecs of EMPAoN either total eNOS

protein content or eNOS phosphorylation at SerlitvZardiac microvascular endothelial cells
(CMECs)fter 6h, using the same concentrations of EMPA&(&A 0 YR ¢bCls omn
those in our study107)

By contrast other studies haveshown that EMPA restoreeNOSphosphorylation(Ser1177)
in CMECdrom diabetic mice.This effect was accompanied by preserved endothelium
dependent relaxation ithe thoracic aorta(106) Likewisea recent study showed tha&aNOS
phosphorylation at Serl177 was impair@drats with diabetesinduced bystreptozotocin
injection and that EMPA dosgeperdently improved phosphorgtion at that site (74)
Moreover, EMPAhas ben shown to inhibit eNOS phosphorylationtla¢ Thr495sitein Zucker
diabetic fatty rats and partially preveat impaired acetylcholinelependent relaxation in
isolated aortic ringsThe authors suggest that the improved Signaling wasnot based on
upregulated eNOS expressidiut rather on the prevention of oxidative damage this
cascadg84). Becausdhese studies were ggformed in vivo, it cannot be excluded that the
effect of EMPA oneNOSphosphorylation isnot a direct effet on endothelial cells.This
hypathesis is corsistent with the findings that EMPA did not restore eNOS Serll77
phosphorylationwhen added to culturednurine CMEG for 6 h. However treatment with
EMPA10 mg/kg/day) for 20 weeks restoredNOS Serl1177 phosphorylationrCMEEisolated
from diabetic mice heasg Thesestudiesalsodiffered notablyin the stimulus used to decrease

phosphorylation(¢ b G/8.streptozotocininjection) (106,107)

In a recent studywe investgaed the effect of EMPA on intracellular Nfbavailability in
HUVECS and HCAECs exposé¢ditcCEMPA was able to restore NO levels in the presence of
¢ b A HCAECs, butto significant changes were observatfter the addition of EMPAN
HUVECST hese findingsuggesthat EMPA haa celtspecificeffect. Nonethelessthe addition

of EMPAaffected neitherHUVECs nor HC&Hwith respect to the phosphorylation of eNOS
at Ser1177193) Considering these findings isunlikely that EMPAnhancesNO synthesis via
eNOS expression or Serliptosphorylationn HUVECs
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5.5 Effeds of EMPA onNFS . activation and cell adhesion molecule

expression

NFS .activation is believed to ba key event in the pathobiology ddM (33). NF¢ . A a
regulated at multiple leval including postiranslational phosphorylation of subuniép. The
phosphorylation of p65 at S536 is known to enhance transcriptiactatity of N (35), and
the activation of NF¢ results inthe transcription ofcelladhesion moleculesncluding VCAM

1 and ICAML, and cytokinesuch agt b G33). Thus,¢ b Gsan activator ofNF¢ |, as well as
an NFC . regulated product (33) Indeed ¢ b Chas beenreported to induce the
phosphorylation oNF¢ .subunitp65(112)andto increasecelladhesion molecule expression
in HUVEC§114) Interestingly, Zhou et ademonstratedthat EMPA(10 mg/kg/day for 20
weeks)is able to reverse the diabetinduced upregulation ofelladhesion molecules ICAM
1 and VCAM. in CMECdrom streptozotocininduced diabeticmice (106) Another study
reportedthat ICAM1 mRNAexpressiorwas upregulated in the aorta @ucker diabetic fatty
rats by 25% and normatid by highdose EMPAherapy (30 mg/kg/dayfor sixweekg but not
by low-dose EMPA (10 mg/kgay for sixweekg (84) Therefore, wesought toinvestigate the
possible role of NFB as a target foEMPAIn HUVECs exposed tob by evaluatingthe
protein expressiorand phosphorylatiorof NF¢ . 0 Llkc p & cdbadigsion moleculé R
expression.Western blot analysis dahe phosphorylated subunit of NF . Llcp AY
revealedthat ¢ b Gekposure for 6 and 24h significantly increased phosphorylatiofhis
resultis in line with our finding$rom flow cytometric analyses afell adhesion molecules
ICAM1 and VCAM, which were upregulated after 4 of ¢ b Gtimulation.However, EMPA
aloneor in combination with¢ b QIid notalter the expression of p6BIF® .or celladhesion
molecules. These data are in agement with previous findingin HUVECs showing no effect
of EMPA on cytokine (&) and chemokine (MGP secretion in Hv stimulated HUVEGS8).
Juni et al excludal the role of NF¢ .in the protective effects of EMPAn CMEC$&ecause
EMPAchangel neitherthe transcription ofNFS .nor the protein expression of VCAMIn

¢ b @reated CMECs &r 6h (107) Regarding other SGLT2 inhibitors, direct anti
inflammatory actions ofcanagliflozinand dapagliflozin have previouslybeen observed in
HUVECSs using inflammatory stimuli, including lland¢ b G98,115) By contrast,a recent
study demonstrated thatanagliflozintreatment (30 mg/kg/day for eight weeks)reduces

ICAM1 expression in the aortaf streptozotocininduced diabetianice. However no effect
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of canagliflozinl mM)was found invitro usingHUVECsT heauthorsof the studysuggestd
low SGLT2 expression in HUVEES possiblemechanism(116) Interestingly,Gaspari et al
reported that dapagliflozinhas directdosedependentanti-atherogenic effects in cultured
HUVECSdn their studythe addition oflow-dosedapagliflozin(1.0¢2.0nM), but not high-dose
dapagliflozin5nM), to ¢ b GT0Ong/ml) stimulated HUVESSor 24 h, resultingin a significant
reductionof ¢ b @ediated induction of N& . S E LIN&abl§i, the¥ §llso reportedhat
dapagliflozinalone had no effecton ICAM1 or VCAML protein expressior(115) Lastly
Mancini et al. reported that cell adhesion molecule expressiondiRél .signdling were not
affected at clinically relevant concentrationsa#nagliflozin(98), a finding thatsupports our

data showing no effect of EMPA énb @riducedcelladhesion molecule expression.

The results of thse studes support the possibility of an SGL-3Recific effect onNF* .
activation andcell adhesion moleculeexpression in endothelial cells. Nonetheledise

reasons foipossible divergent results between the studies nadgolie in the inflammatory
stimuli (Ikm ivs.¢ b @ s well as the concentratioof the SGLT2 inhitor used (1 pWs.1¢

5nM).

5.6 Effects of BMPA on ROS formation

ElevatedROS level arean important hallmark of endothelial dysfunctiqd17) ¢ b Ccan

reduce NO bioavailability biys ability to increase intracellular R@$808,110) In turn, ROS

increase cytokine expressipresulting in a vidus circle of inflammatio30). Thus it is not

surprising that several therapeutic strategies aim to inhibit vascular oxidative §fr#8%In

2dzNJ ai(dzRe > dirtratellulah FAS&NES té& & Bignificant degreeafter 4h of
incubation This is in line with datrom others confirmingti K+ & ¢ b Ch Ay ONBI 4Sa
HUVECEL19) Howeverjnourstudyii KS | RRAGA 2y #rotrédace ROBlUels ¢ b Ch
in HUVECs.

Previous in vitrestudieshave reported divergent effects of SGLifihibitorson intracellular
ROSormation. For exampleBaer et alfound that the addition ofdapagliflozi500nM) but
not EMPA(500nM) could reducehe oxidative stress level in human renal proximal tubular
epithelial cells under hyperglgemic conditions(120) By contrast an earlier report
demonstratedotal inhibition of ROS by EMPAGinb &timulatedCMECsThese effects could

not be explained by a direct antioxidant activiy EMPAusinga concentration ofl UM and
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10 uM (107) Another studyfoundthat EMPA decreas@xidative stress in a dostependent
manner in tacrolimusinduced diabetic huma kidney 2 cells using low and high
concentration(100nM and 500nM) (121) However, this protective effect dMPAwas not
observedusing lower concentration (10 and 50nM) or in another cell type tacrolimus-
treated insulinsecreting betacell derivedl cellg (121) Furthermore, a in vitro studyby Xu
et al. reported reduced oxidative stress levels aodind anti-inflammatory effectsof
canagliflozinn lipopolysaccharidetimulated mouse and human immune cellfeauthors
suggesed the inhibition of intracellularglucose metabolism anithe promotion ofautophagy
as causal mechanismdowever the attenuation ofROS was observexhly usinghigh doses
(20puM and 30uM) of canagliflozin(122) By contrast neither EMPAnNnor dapagliflozinat
concentrations of 1060, or 100uM reducedsuperoxiddevelsin renal tubule epithelial cells
At concentrations of 50 uM and 100uM, canagliflozinactually increased superoxide
production, suggesting a cytotoxic effectag#nagliflozirat higherconcentrationg123) This
study usedthe superoxide detectiorkit from Enzo Life Sciencelterestingly, in a recent
study, we observed no effect of EMPA dapagliflozinon the To C-induced incease in ROS
formation in HCAECs usirtetotal ROS detection kitom Enzo Life Sciencddowever,using
live cell imagingwe found areduction in ROS by EMP®3). This may beéecause the
commercial kitin contrast to ive cell imagingdetectstotal levels of ROS but not superoxide
in living cells. Another possible explanationti&t during the preparation ofhe cells for the
FACSased ROS detectioh b Gihd/or EMPA were not present while loading the cells with
the dye Thus it is possible thaanimmediaterapid effect of EMPAvasnot detected using
FACSIn HUVECG$iowever, wedid not observe a significant reduction in ROS with EMPA or

dapagliflozireven with the use ofive cell imaging93).

Taken together with our datahese studies indicate that the effexof SGLT2 inhibitors on
ROSdepend on the type and concentration &GLTanhibitor, as well asthe cell type

employed

5.7 Hfects of EMPA ompermeability

Changes in vascular permeability contribute to vascular complicatiddsljand VEcadherin
and Factin play a pivotal role ithe maintenanceof normal barrier function in endothelial

cells(57,106) The dwnregulation of VEadherinand increased formation of-&ctin fibres
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leading tothe retraction of adjacent cellare associated witincreasedpermeability(57,59)

These changdsavebeen observed in afothelial tissue exposed toé b E539).

We hypothessed thatEMPAmay sustairthe barrier function under inflammatory conditions.
Therefore, we investigatedhe effeas of EMPA y R ®rbti@ permeability of the HUVEC
monolayer Using FIT@SAbased permeability assay we observed the increased
permeabilityof the HUVE@onolayer wherS E LJ2 & SR (i 2 | iddwaBriganinipéicech n K
endothelial barrier function gven thoughstatistically significant levels were not reachgd
controlvs.¢ b Ch Y LJ Howevebthemdditian of EMPA did not result the attenuation

2 T (i K $nediatedCendothelial barrier dysfunctioly contrast EMPAwas reported to
sustainthe barrier function in diakbtic CMECby inhibiting VEcadherin downregulation and
attenuating hyperpermeability. The authors explaidthese protective effectdy the ability

of EMPAto reduce oxidative stress in CMEQ@®6) Importantly, this study used CMECs
derived from the hearts of normal, diabetiand EMPAreated diabetic mice, and thus
treatment with EMPA occurred in vivo. Other important differences from our experimental
design are the differences in cellpe (CMECss. HUVECs) and stimulustreptozotocin
injectionvs.¢ b Ch 0 & wS 3 typeAwe Feceitl sted $hé éffestof EMPA and
dapagliflozin A y  ¢éstim@ifated HCAECs. We observed a higher baseline monolayer
permeability in HCAE@san inHUVECS, suggestingthat HCAERIS Y2 NBE NBalLl2yaA g
However, neither EMPA nalapagliflozinhad a protective effect on pereability in HCAECs

(93).

Tolink theeffect2 ¥ ¢ b Ch 2y to dSohhoBdical cliakgésdin HUVECs and to
investigate the potential effect of EMPA on changes in the activskgleton we generated
immunofluorescent imageg. b &timulated HUVECSs displayed increafethation ofstress
fibres aligned in parallel bundleslong with less apparent M#adherin atendothelial cell
borders. However, thaddition of EMPA t& b &timulated HUVECSs displayed no effect on
stress fibe formation or VEcadherin distribution Consistentwith our observation in the
immunofluorescencestaining, Shao et al. reported increased central actin stressefibr
formation inrat primary pulmonay microvascular endothelial cells whémey weretreated
with ¢ b Gdr 2h (102)

In conclusion, dsed onour findings it seems unlikely thathe endothelial barriehas a role

asthe target for possiblebeneficial effect of EMPA in HUVECs exposed tb Ch
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5.8 Study limitations

Some limitationsof thisstudy need to be considere#irst, anajor limitation of our cell model
is the lack of flow. In vitro experiments revealedhat endothelial ce change their
morphology and function when exposed to mechanical seesach as shear stre§$24) For
example, bear gress has been shown to aeate eNOS by phosphorylation at Ser1{¥Z5)
An important reguator of the vasculatone istherefore missing in the present studgndit is

possiblethat the absence of mechanical stress influenced the results.

Second, endothelial cells were obtained fréme umbilical cords of subjectsithout diabetes
and treated unde normogly@emic conditionsThismaybe considered &imitation because
hypergly@emia is assued to be the major cause oéndothelial dysfunctiorin DM (126)
Although the underlying mechanisms are multifactorial,vitro and invivo studies have
shown that inhibied eNOS activity127)and increasd oxidative stresgl128)are involved in
hypergly@emiainducedendothelial dysfunctionNeverthelessAzcutia et al. reported that
high glucose levels alorae not sufficientto promote vascular inflammation, suggesting that
an additional preinflammatory environment is neededr the pro-atherosclerotic actions of
hypergly@emia (129) Therefore further studies are needed to investtp the effects of
SGLT2 inhibitors in endothelial celisder hypergfcaemic conditiors alone and in

combination withaninflammatory stimulugsuch agt b ¢

Third,we employedan invitro modelusing cultured HUVEGshich does not fully mimic the
complex biophysicalnd biochemicalelationshipsthat occur invivo. Thus, differences drug
effectivenessmay existand further invivo research is needed for a possibi@nslation to a
clinical setting Nonetheless, a recent study wittanagliflozindemonstrated that human
endothelial cells are more sensitive the antiproliferative actions ofcanagliflozinthan
murine endothelial cellsindicating that animal studiesay notaccuratelyreflect the effects

of SGLT2 inhibitord 30)

Fourth, we used 10ng/mL ¢ b Cas a model of endothelial inflammatipralthough
physiological concentrations fodnn the serum of patients are lowgi31,132) For instance,
Damas et alfound serum concentratiomof 5 ng/ml ¢ b drv patients who did not surve
aaute sepsig132) Moreover,¢ b Gvas reported toexert cytotoxc effects at concentratiors

above 10ng/ml (114) However this concentration is commonly used to induce endothelial
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dysfunction in in vitro studie€l15,133) and we could not establish a model of endothelial
inflammation usingonly 3 k Y f in& @l $tudy wehadperformed previously93). Thus,

a concentration of 1@ég/mlwas usedn this study

Fifth, becausethe effects of the SGLT2 inhibitor EMPA @ndothelial dysfunctionwere
studiedover a periof 4¢24 h, thelongterm effectsof treatmentwere not examinedIn the
EMPAREQGOUTCOMHial, the separation between the EMPA and placebo event cuwas
observed within 612 weeks of treatmen{134) Therebre, bnger studies are requiretb

translateour findings to the clinicadetting

5.9 Conclusion

Our in vitro data suggest thahe clinically observed reductiom adverse cardiovascular
events by EMPA is not mediated via direct amtiammatory effects oEMPA orHUVEE
However, in a recent study we found that EMPA counteracts @riiduced endothelial
dysfunction by reducing ROS levels and restoring NO bioavailability in HCAECs suggesting a
cellspecific effect of EMP@3). Neverthelessfurther investigation is needed tanderstand

the underlying mechanisms the cardiovascular benefits of EMPA
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6 SUMMARY

Background

Endothelial dysfunction is present in patients witipe 2diabetes mellitus T2ZDM) and has
been linked to cardiovascular disea§éVD,) which isthe leading cause of mortality in
diabetes T2DMis associated with vascular inflammatj@md levels ofumour necrosis factor

h ¢ & Care elevated in theplasma of patientsvith diabetes and obesityEmpagliflozin
(EMPAJs a relatively new glucoswering drugthat inhibits sodiumglucosecotransporter

2 in the proximal tubule of the kidneyesulting inincreased glycosuridogether with
decreased plasmiavels ofglucose Interestingly, in th& MPAREGUTCOMEial, EMPAvas
alsoshown to reduceanajor adverse cardiovascular events when added to the standard care
of patients with TOM and established CVBlowever, he underlying molecular mechanisms
of the cardiovascular protectiotom EMPAare currently unclearSpecificallyit is unknown
whether and how EMPA affects the endotheliufherefore, the aira of the presentstudy
were to evaluatewhether EMPA protectshe endothelum from ¢ b @rducedinjury and to

investigate theunderlyingmechanisms.

6.1 Methods

Human umbilical vein endothelial ce(ldUVEQswere cultured invitro, preincubated with
either 1 uM EMP Aor the corresponding vehiclal{methyl sulfoxideDMSOjnd subsequently
either left untreated (control group) or exposed tng/ml¢ b Gilone ¢ b Ch  )DNIR dzLJ
combination withl uM EMPA¢ b @EMPA group)Vesternblotting was performed to assess
the expression otaveolinl (Cav-1), nitric oxidesynthase (eNOSandy dzOf S| NJNFI OG 2 NJ
¢ . 0 & dzo dgywilliaghefihgsphorylationof endothelialeNOSand NF° .subunitp65.

Cell alhesion molecule expressipmcluding intercellular adhesion molecule 1 (IGAMand
vascular cell adhesion molecule 1 (VCAdd)well aseactive oxygen specieRQ$formation,
wasdetermined by fluorescencactivated cell sortingp further explorethe potential targets

of pro-inflammatory¢ b Ch |y .Rmm@ireostainingfor filamentous actinand vascular
endothelial cadherin\{(Ecadherin) was performed to demonstratethe HUVEC monolayer

andpermeability assays were uséul assesdts endothelialbarrier function
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6.2 Results

Total eNOSexpressionwasreducedin HUVECs exposed tob Gdr 24h (¢ b G/8.control:

p <0.01), whereas eNOSphosphorylation was not altered¢(b Cvs. control: p>0.05).
However the reduction of ¢ b @tediated total eNOSexpressionwas unaffeted by
treatment with EMPAC b G/8.¢ b @BMPA: > 0.05). Cavl expression was increased after

6 h incubation with¢ b G¢ b G/8.contro p<ndnnanmo YR ¢l a y2i NBaG?2
vs.¢C b Ch b 9 a>10.05) Afted 4h, the pro-inflammatory activation of HUMCswith ¢ b Ch

led to increasedintracellular ROSormation (¢ b Cvs. control: p<0.05); however, the
addition of EMPA did not attenuate ROS accumulatiorb O/s. ¢ b @EMPA: > 0.05).
Likewise,¢ b Cihcrea®d cell adhesion molecule expressiaafter 4h (ICAM1: ¢ b C/s,
control, p<0.001; VCAM.: ¢ b @&3$.control, p<0.001)and the phosphorylation ofNF® p65

after 24h (¢ b G/8.control: p< 0.001) However, these effects wenaot abolished by the
presence oEMPA(ICAMM Y ¢vb.€CH Ch b 9p>0.05 VCAMMY b €CHCh b9 at !
p>0.05p-NF* . Wb p¥.¢c b @EMPAp >0.05. Permeability was assesséd evaluate

the effect of EMPA on barrier functiofexposure of HUVECs&adb ddr 24h resulted in a
slight increase in permeability¢ (b Cvs. control: p = 0.0520),but this ¢ b @rduced
permeability was not altered by the addition of EMPRAKR O/s. ¢ b Ch b 9 a>0D5y LJ
Immunostaining revealethe increased formation of stress fissin ¢ b &timulated HUVECSs
which was not prevented by EMPXEcadherin marked the borders of HUVE@ad its

distribution remained unaffecteth allgroups

6.3 Conclusion

Our in vitro data suggest that the clinically observed reduction in adverse cardiovascular
events by EMPA is not mediated via direct antliammatory effects of EMPA on HUVECSs.
However, in a recent study we found that EMPA counteraicts @riduced endothéal
dysfunction by reducing ROS levels and restoring NO bioavailability in human coronary artery
cells suggesting a cedpecific effect of EMPAlevertheless, further investigation is needed to

understand the underlying mechanisms of the cardiovascugaekbts of EMPA.
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Abcam, UKwww.abcam.com

Beckman, USA; www.beckman.com

BD DiagnosteSystemsUSAwww.bdbiosciences.com
Bio-Rad, USA; www.bitad.com

Cell Signaling Technology, USA; www.cellsignal.com
Corning, USAyww.corning.com

Enzo Life Sciences, Switzerland; www.enzolifesciences.com
Greiner Bio One, Austria; www.greinerbioone.com
Invitrogen, USAyww.thermofisher.com

Jackson ImmunoResearch, USA; www.jacksonimmuno.com
Leica Microsystems, Germany; www.lefo&rosystems.com
LFCOR Biosciences, USA; www.licor.com

MedChem Express, USA; www.medchemexpress.com
Merck, Germany; www.merck.de

MERCK Millipore, Germanyww.merckmillipore.de

Molecular Devices, USA; www.moleculardevices.com

PAA, Germany; www.gelifesciences.com
PANBiotechGmbH Germany; www.paiiotech.com
Promocell, Germany; www.promocell.com

Roche, Switzerland; www.rocti#agnosics.ch

SigmaAldrich, The Netherlands; www.sigmaaldrich.com

Telstar Laboratory Equipment, The Netherlang@w.telstarlifesciences.com

Thermo Fisher Scientific, USA; www.thermofisher.com
VWR International, USaww.vwr.com

Branson Ultrasonics, USAyww.bransonic.com
Westburg BV, The Netherlands; www.westburg.eu

Sarstedt, Germanyyww.sarstedt.com
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Molecular formulas

GHsOS 2-mercaptoethanol

CGHisNOQsS 3-(N-morpholino)propanesulfonic acid (MOPS)
ca* calcium

Cad calcium chloride

CQ carbondioxide

CuSQ@- H0 copper(ll) sulfatenonohydrate

H* hydrogen

KHPO potassium phosphate monobasic
KNaGH4Os - 4H:0 potassium sodiuntartrate tetrahydrate
MgCh - 6HO magnesium chloride hexahydrate

Na?* sodium

Na&CQ sodium carbonate

NeeHPQ - 2H:0 sodium dihydrogen phosphate dihydrate
NagVOy sodium orthovanadate

NaCl sodium chloride

NaOH sodium hydroxide

NO nitric oxide

Table8: Molecular formulas
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Abstract

Background/Aims: Heart failure is characterized by chronic low-grade vascular inflammation,
which in itself can lead to endothelial dysfunction. Clinical trials showed reductions in
heart failure-related hospitalizations of type 2 diabetic patients using sodium glucose co-
transporter 2 inhibitors (SGLT2i's). Whether and how SGLT2i's directly affect the endothelium
under inflammatory conditions is not completely understood. The aim of the study was to
investigate whether the SGLT2i Empagliflozin (EMPA) and Dapagliflozin (DAPA) reduce tumor
necrosis factor o (TNFa) induced endothelial inflammation in vitro. Methods: Human coronary
arterial endothelial cells (HCAECs) and human umbilical vein endothelial cells (HUVECs) were
(pre-)incubated with 1 uM EMPA or DAPA and subsequently exposed to 10 ng/ml TNFa. ROS
and NO were measured using live cell imaging. Target proteins were either determined by
infrared western blotting or fluorescence activated cell sorting (FACS). The connection between
Cav-1 and eNOS was determined by co-immunoprecipitation. Results: Nitric oxide (NO)
bioavailability was reduced by TNFa and both EMPA and DAPA restored NO levels in TNFa-
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stimulated HCAECs. Intracellular ROS was increased by TNFa, and this increase was completely
abolished by EMPA and DAPA in HCAECs by means of live cell imaging. eNOS signaling was
significantly disturbed after 24 h when cells were exposed to TNFa for 24h, yet the presence of
both SGLT2is did not prevent this disruption. TNFa-induced enhanced permeability at t=24h
was unaffected in HUVECs by EMPA. Similarly, adhesion molecule expression (VCAM-1 and
ICAM-1) was elevated after 4h TNFa (1.5-5.5 fold increase of VCAM-1 and 4-12 fold increase
of ICAM-1) but were unaffected by EMPA and DAPA in both cell types. Although we detected
expression of SGLT2 protein levels, the fact that we could not silence this expression by means
of siRNA and the mRNA levels of SGLT2 were not detectable in HCAECs, suggests aspecificity
or our SGLT2 antibody and absence of SGLT2 in our cells. Conclusion: These data suggest
that EMPA and DAPA rather restore NO bioavailability by inhibiting ROS generation than by
affecting eNOS expression or signaling, barrier function and adhesion molecules expression in
TNFa-induced endothelial cells. Furthermore, the observed effects cannot be ascribed to the

inhibition of SGLT2 in endothelial cells.
© 2019 The Author(s). Published by
Cell Physiol Biochem Press GmbH&Co. KG

Introduction

Type 2 diabetes (T2D) and heart failure have a bi-directional relationship, whereby the
development and progression of one disease may impact the other. Both conditions promote
a systemic pro-inflammatory state in the heart and vasculature. Insulin resistance has
been associated with increased levels of circulating inflammatory factors, including tumor
necrosis factor a (TNFa), which was linked to endothelial dysfunction [1]. TNFa, a 17 kDa
cytokine, is released by different cell types, mainly leukocytes and other immune cells, as
a response to systemic inflammation. TNFa signaling promotes endothelial dysfunction by
negatively affecting NO bioavailability, endothelial nitric oxide synthase (eNOS) signaling,
and increasing reactive oxygen species (ROS), permeability and adhesion molecules in the
endothelium [2-6].

A novel class of glucose-lowering compounds targeting the kidney-specific sodium
glucose co-transporter 2 (SGLT2) have been applied as a treatment strategy in T2D
patients. Cardiovascular outcome trials show that empagliflozin (EMPA) effectively reduces
cardiovascular-related death and that EMPA, dapagliflozin (DAPA) and canagliflozin
(CANA) consistently reduce heart failure-related hospitalization in T2D patients [7-9]. The
underlying mechanisms for the beneficial actions of SGLT2 inhibitors (SGLT2i’s) remain
unclear. In vivo studies suggest anti-inflammatory actions of SGLT2i’s in the aortic valve,
coronary microvascular endothelial cells, the kidney and the heart [10-14]. However, these
in vivo results cannot discriminate between anti-inflammatory actions of SGLT2i’s explained
by systemic alterations or via a direct effect on cardiovascular cells. One of the first studies
addressing direct anti-inflammatory effects of SGLT2i’s reported moderate reductions in
adhesion molecule expression in TNFa treated endothelial cells at certain concentrations of
DAPA [15]. EMPA has been reported to restore cell viability and ATP content in endothelial
cells exposed to hypoxia reoxygenation injury [16]. A recent study by Mancini et al. reported
anti-inflammatory properties of the SGLT2i CANA in IL-1 stimulated endothelial cells [17].

To date, the effects of the SGLT2i’'s EMPA and DAPA in TNFa-stimulated endothelial cells,
especially different cardiac endothelial cells is not completely understood [18]. EMPA, DAPA
and CANA appear to act differently on endothelial cells. Due to the contradictory results
with regard to the direct effects of SGLT2i’s in vascular inflammation [15, 17], it has been
challenging to speculate on the direct endothelial cell effects of EMPA. Therefore, we aimed
to examine whether the SGLT2i’s EMPA and DAPA ameliorate endothelial function in TNFa-
treated primary human endothelial cells. We hypothesized that EMPA and DAPA attenuate
TNFa-induced endothelial inflammation through direct actions on endothelial cells.

866



PUBLICATIONS

Cellular Physiology Cell Physiol Biochem 2019;53:865-886

B ; DOI: 10.33594/000000178 © 2019 The Author(s). Published by
and BIOChemIStry Published online: 16 November 2019 | Cell Physiol Biochem Press GmbH&Co. KG 867

Uthman et al.: SGLT2's in TNFa-Induced Endothelial Cells

Materials and Methods

Cell culture

HCAECs were purchased from ATCC (Manassas, VA, USA) and grown in vascular basal cell medium
with supplements (ATCC), 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 ug/ml ascorbic acid, 1% amphotericin B, 1% penicillin-
streptomycin and 10% FBS (TICO).

The isolation of Human umbilical vein endothelial cells (HUVECs) from human umbilical cords
has been waived by the medical ethical committee: W12-167#12.17.096 Amsterdam, the Netherlands.
HUVECs were freshly isolated from human umbilical cords as described previously [19, 20]. HUVECs were
grown in endothelial cell growth medium (Promocell, Heidelberg, Germany) supplemented with 10%
heat-inactivated fetal bovine serum (FBS; TICO Europe, Amstelveen, Netherlands), 1% amphotericin B
solution (Gibco, Paisley, UK) and 1% penicillin-streptomycin (Sigma-Aldrich, St. Louis, MO, USA). HUVECs
purity was determined and confirmed (Supplementary Fig. 1 - for all supplemental material see www.
cellphysiolbiochem.com) by flow cytometry analysis (FACS) of von Willebrand Factor (vWF) using
Fluorescein (FITC)-labelled Anti-vWF antibody (Bio-Rad, Wiesbaden, Germany).

All cells were cultured in gelatin (0.75%) coated flasks and maintained in a humidified atmosphere of
5% carbon dioxide/95% air at 37°C (CO, Incubator Heracell 150i, Thermo Fisher Scientific, Waltham, MA,
USA). Cultures were passaged by brief trypsinization using 0.05% Trypsin-EDTA (Gibco) and medium M199
(PAN biotech, Aidenbach, Germany) supplemented with 10% FBS, 1% amphotericin B, 1% penicillin-
streptomycin and 1% L-glutamine. All experiments were initiated with HUVECs from passage 2 to 3 and
HCAECs from passage 5 to 8 when they reached 80-90% confluency.

Before treatment, the cells were washed three times with phosphate buffered saline (PBS) and
starved overnight by FBS reduction to 2% in the media. Experiments were carried out under three or four

Serum Pre-
reduction incubation

Conditions: ) l l l
o
o |

Incubation

Time (h) | | [ I [ |
-18 -2 0 4 6 24
Flow cytometry Westernblot Westernblot
ICAM-1 SGLT-2 SGLT-2
VCAM-1 Cav-1 p-eNOS
ROS p-eNOS
eNOS Permeability
Life cell imaging Flow cytometry
ROS ICAM-1
NO VCAM-1
Co-Immuno Staining
Precipitation VE-Cadherin
Cav-1/eNOS F-Actin

Fig. 1. Experimental protocol outline. Cells were starved by serum reduction for 16h before pre-incubation
with an SGLT2i (1 uM) or vehicle (0.02% DMSO) for 2h. Stimulation with 10 ng/ml TNFa occurred for
4-24h. Cells were treated for 4h for detection of adhesion molecules (ICAM-1, VCAM-1) and intracellular
ROS levels, for 6h and 24h for western blot analysis, ROS and NO. Permeability and cell staining were
assessed after 24h.
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conditions: vehicle, EMPA alone, TNFa (10 ng/ml; Sigma Aldrich), and TNFa with SGLT2i treatment using
EMPA (MedChem Express, NJ, USA). Since a previous study in TNFa stimulated HUVECs showed restored
eNOS signaling and adhesion molecules expression in the presence of DAPA [15], DAPA (MedChem Express)
was also investigated for several measurements. Thus, EMPA or DAPA 5 mM stock solutions dissolved in
100% DMSO was added in the medium to a final concentration of 1 uM. Cells were pre-incubated with either
EMPA, DAPA or vehicle (DMSO) containing media for 2 h. Subsequently, cells were treated with EMPA, DAPA
or vehicle, either in the presence or absence of 10 ng/ml TNFa (Fig. 1).

Intracellular NO measurement

The measurement of nitric oxide level was performed as previously described [18]. In brief, exposure
to 10ng/ml TNF«, 1pm EMPA or DAPA, and/or the combination thereof occurred for 6 h, during which
the cells were incubated with copper-based NO probe (Cu2FL2E, 96-0396, Strem) for the final 45 min
of treatment at a final concentration of 20uM . The cells were then washed, followed by live-cell imaging
at 37°C and 5% CO, environment on a Zeiss Axiovert 200M Marianas inverted fluorescence microscope
(Intelligent Imaging Innovations) with a 63X oil-immersion objective. All fluorescent images were corrected
for background signals. Quantification of fluorescent images of HCAECs and HUVECs were performed using
digital cell masking software (Slidebook 6, Intelligent Imaging Innovations) and Image], respectively.

ROS detection - live cell imaging

The seeding of cells and measurement of ROS were conducted as described previously [18]. In brief,
HCAECs were exposed to 10ng/ml TNFa, 1um EMPA or DAPA, and/or the combination thereof for 6h, during
which the cells were incubated with the fluorescent dye-based ROS probe for the last 30 min of treatment
(CM-H2DCFDA, C6827, Thermo Fisher) ata final concentration of 5uM in PBS (220/12257974/1110, Braun).
Washing the cells was followed by live-cell imaging at 37°C and 5% CO, environment on a Zeiss Axiovert
200M Marianas inverted fluorescence microscope (Intelligent Imaging Innovations, Denver, CO, USA) with
a 63X oil-immersion objective. All fluorescent images were corrected for background and negative controls.
Quantification of fluorescent images of HCAECs and HUVECs were performed using digital cell masking
software (Slidebook 6, Intelligent Imaging Innovations) and Image], respectively.

ROS detection - FACS assay

Intracellular ROS levels were also determined using ROS-ID Total ROS detection Kit (Enzo Lifescience
Europe, Lausen, Switzerland) according to the supplier’s instructions as described previously [21]. Briefly,
cells were cultured in 6-well plates, harvested by brief trypsinization and centrifuged for 5 min at 31 g and
22 °C. The pellet was resuspended in the provided washing buffer. Cell number was counted and adjusted
using Z2 coulter counter (Beckman Coulter, Brea, CA, USA). One million cells were stained with 0.125 pM
of detection reagent for 30 min at 37°C. Samples were kept in the dark at room temperature until analysis.
Measurements were carried out using FACS Canto II (Becton Dickinson, Franklin Lakes, NJ, USA) at 488
nm excitation wavelength and using a 585 and 530 nm emission band-pass filter. A minimum of 30000
events per sample was analyzed. Data processing was performed using Flow]o software version 10.5.0 for
Windows (Flow]o LCC, Ashland, OR, USA).

Western blot

Whole cell lysates were collected directly after 6 h and 24 h for Western blot analyses. Therefore,
cells were rinsed with ice cold PBS and collected in lysis buffer, made from RIPA buffer (150 mM NacCl,
50mM TrisHCI, 1% Nonidet P40, 0.25% sodium deoxycholate and 0.1% SDS), supplemented with 1 mM
phenylmethylsulfonyl fluoride, 2 mM Na,VO,, 1 mM dithiothreitol, 1 mM sodium pyrophosphate and
protease inhibitor mixture (17 uM leupeptin, 1 uM aprotinin and 12 uM 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 sec, 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 before [22]. Protein levels, determined by the Lowry
method, were adjusted to the same concentration for each blot. After overnight incubation with primary
antibodies against caveolin 1 (Cav-1, Becton Dickinson, Franklin Lakes, NJ, USA, #610406, 1:20000),
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