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The Endothelial-mesenchymal Transition in Systemic
Sclerosis Is Induced by Endothelin-1 and Transforming
Growth Factor-β and May Be Blocked by Macitentan, a
Dual Endothelin-1 Receptor Antagonist
PaolaCipriani,PaolaDiBenedetto,PieroRuscitti,DariaCapece,FrancescaZazzeroni,
VasilikiLiakouli,IleniaPantano,OnorinaBerardicurti,FrancescoCarubbi,GianlucaPecetti,
StefanoTurricchia,EdoardoAlesse,MarcIglarz,andRobertoGiacomelli

ABSTRACT. Objective. Highendothelin-1(ET-1)andtransforminggrowthfactor-β(TGF-β)levelsmayinducein
healthyendothelialcells(EC)anendothelial-to-mesenchymaltransition(EndMT).Thesamecytokines
areassociatedwithfibrosisdevelopmentinsystemicsclerosis(SSc).AlthoughEndMThasnotbeen
definitivelyshowninSSc,thisprocess,potentiallyinducedbyastimulatoryloopinvolvingthese2
cytokines,overexpressedinthisdiseasemightcontributetofibroblastaccumulationinaffectedtissues.
Macitentan(MAC),anET-1receptorantagonistinterferingwiththisloop,mightpreventEndMTand
fibroblastaccumulation.
Methods. EC,isolatedfromhealthycontrols(HC)andpatientswithSSc,weretreatedwithET-1and
TGF-βandsuccessivelyanalyzedforgeneandproteinexpressionsofendothelialandmesenchymal
markers,andforSma-andMad-related(SMAD)phosphorylation.Further,inthesupernatants,we
evaluatedET-1andTGF-βproductionbyELISAassay.IneachassayweevaluatedtheabilityofMAC
toinhibitboththeTGF-βandET-1effects.
Results.WeshowedthatbothTGF-βandET-1treatmentsinducedanactivationoftheEndMTprocess
inSSc-ECasreportedinHCcells.TheELISAassaysshowedamutualTGF-βandET-1inductionin
bothSSc-ECandHC-EC.AstatisticallysignificantincreaseofSMADphosphorylationaftertreatment
wasobservedinSSc-EC.Ineachassay,MACinhibitedbothTGF-βandET-1effects.
Conclusion.OurworkisthefirstdemonstrationinliteraturethatSSc-EC,underthesynergisticeffect
ofTGF-βandET-1,maytransdifferentiatetowardmyofibroblasts,thuscontributingtofibroblast
accumulation.MAC,interferingwiththisprocessin vitro,mayofferanewpotentialtherapeutic
strategyagainstfibrosis.(JRheumatolFirstReleaseAugust152015;doi:10.3899/jrheum.150088)
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Systemicsclerosis(SSc)isachronicdiseasecharacterizedby
theactivationoftheimmunesystem,fibroproliferativevascu-
lopathy,andtissuefibrosis1.Vascularabnormalitiesareinvolved
inmanyorgandysfunctions,includinglung,heart,andkidney2,
andprobablydrivethefirstsymptomofthedisease,theRaynaud

phenomenon.Althoughdifferentmediatorshavebeenidentified
asactiveplayers in thevascularremodelinginSSc,suchas
endothelin-1 (ET-1) and transforming growth factor-β
(TGF-β)1,2,3,themechanismsunderlyingSScvasculopathyand
howthisdamagemayleadtofibrosisremainpoorlyunderstood.
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Inthissetting,myofibroblastsareconsideredtheeffector
cellinthefibroticprocess.Thedifferentiationofquiescent
fibroblasts toward cells displaying a proliferating,
matrix-producing,contractilephenotypehasbeenshownto
beabasicstepinthisprocess4.Further,theuseofin vivo
animalmodelsinwhichfibrillarcollagen-producingcells
havebeentracked,helpedustounderstandthatbothpericytes
andresidentfibroblastsareasourceofactivatedmyofibro-
blasts as shown during the evolution of chronic kidney
fibroticdiseases5,6,7.Severalreports8,9,10 showedthatmyo-
fibroblasts may also originate through the mesenchymal
transitionofendothelialcells(EC),theso-calledendothe-
lial-to-mesenchymaltransition(EndMT),firstobservedin
studiesoncardiacdevelopment11,andtodate,emergingasa
possible pathogenetic mechanism in different diseases,
includingdiabeticnephropathy,cardiacfibrosis,intestinal
fibrosis,pulmonaryhypertension,andSSc12,13,14,15,16.

During EndMT, resident EC delaminate from the
polarizedcelllayerandinvadetheunderlyingtissue.ThisEC
“mesenchymal”phenotypeischaracterizedbythelossof
cell-celljunctionsandECmarkers,suchasVonWillebrand
factor (vWF), CD31, and vascular endothelial-cadherin
(VE-cadherin), as well as the acquisition of invasive
propertiesassociatedwiththegainofmesenchymalmarkers,
suchasα-smoothmuscleactin(α-SMA),smoothmuscle22
(Sm22),andcollagen1(Col1A1)11,17,18,19.Despiteevidence
suggesting that EndMT is involved not only in patho-
logical12,13,14,15,16,17,18,19 butalso inphysiologicalcondi-
tions20,theunderlyingmolecularmechanismsinvolvedin
thisprocessarelargelyunknown.Evidencehasshownthe
crucialroleofTGF-βsignalingintheinitiationofEndMT17.
Ofnote,thesamemoleculeisalsoconsideredapivotalplayer
inmanyfibroticdiseases,includingSSc21,22,23.TGF-βexerts
itsprofibroticrolebybindingwithspecificreceptors,andthe
signal is transduced to the nucleus by members of the
Sma- andMad-related(SMAD)family.Ithasbeenshown
thatTGF-βmayinducephosphorylationofbothSMAD1and
SMAD5, togetherwith phosphorylation of SMAD2/3, in
differentcelllinessuchasEC,epithelialcells,fibroblasts,
andcancer-derivedcelllines24,25,26.Theactivationofintra-
cellular transcription factors supported the production of
otherfibroticmolecules,suchasET-127.Further,TGF-β–medi-
atedET-1releasehasbeenassociatedtothefibroticresponse
observedinsclerodermafibroblastsinthecontextofskinand
lungfibrosis28.

ET-1,a21–aminoacidpeptide,isknowntobeoneofthe
most potent vasoconstrictors. In addition to its role in
regulatingvasculartonethroughitsinteractionwith2specific
receptors,endothelinreceptorA(ETRA)andB(ETRB),this
peptidefurtherdisplayssomefibroticactivity.In vitro studies
showedthatET-1promotesmyofibroblastswitchinfibro-
blasts,includingtheSScfibroblasts19.

Abetterunderstandingofthemechanismsresponsiblefor
EndMTmaybeofprimaryimportanceinrecognizingclini-

cally useful biomarkers, predicting fibrotic remodeling,
and/ordevelopingeffectiveantifibrotictherapiesindifferent
fibroticconditions.ConsideringthatEndMTmayinducea
profibrotic phenotype and contribute significantly to the
vessel’sinstabilityandcapillaryrarefactionduringSSc,we
investigated the ability of ET-1 in inducing EndMT in
SSc-EC and the possible role of macitentan (MAC) in
blockingthisprocess.MACisanovelETRA/ETRBantag-
onist, showing in a longterm event-driven Phase III trial
(SERAPHIN)theabilitytoreducetheriskofmorbidityand
mortalityinpatientswithpulmonaryarterialhypertension29.

Toourknowledge,oursisthefirstreportshowingthat
SSc-EC may undergo EndMT and that ET-1 strongly
modulates thisprocess.Further,EndMTmaybepartially
blockedbyMAC.OurdatasuggestthatthisnewET-1antag-
onist,interferingin vivo withthisprocess,mightofferanew
therapeuticopportunityforfibrosisinSSc,aconditionstill
lackinganappropriatetherapy.

MATERIALS AND METHODS
EC isolation and culture. AfterobtainingapprovalfromtheSanSalvatore
UniversityHospital ethicscommitteeandwritten informedconsent from
patients,microvascularECwereacquiredfrom10patientswithSScwiththe
diffusecutaneousformofrecentonset(diseaseduration<3yrscalculated
since the first non-Raynaud symptom of SSc)30,31 by skin biopsies.
DemographicandclinicalcharacteristicsofthepatientsareshowninTable1.

Patients discontinued corticosteroids, oral vasodilators, intravenous
prostanoids,orotherpotentiallydisease-modifyingdrugsatleast1month
beforebiopsies.Nonetookimmunosuppressants.

Tenfrozenhealthycontrol(HC)ECsamplesobtainedfromage-matched
womendonors(skinsamplesforresearchpurposes)wereusedascontrols.

Biopsysamples(1×0.5cm)oftheinvolvedforearmskin(skinscore
1/2atthebiopsysite)werewashedwithphosphatebufferedsaline(PBS;
LifeTechnologies),and4explantswereplacedintoa50-mltubecontaining
15mloftrypsin(Sigma-Aldrich)andthentodigestfor45minat37°C.Cells
wereculturedinEGM2-MV(Lonza)at37°Cinahumidifiedatmosphereof
5%CO2.

Before thecellsreachedconfluence,afterabout1week, thehetero-
geneouspoolofcellswasexposedtoaCD31-positiveselectionperformed
with the Dynabeads magnetic CD31 MicroBeads cell-sorting system
(Invitrogen,LifeTechnologies).Thebeadsrapidlytargetedandpartially
coatedtheECexpressingtheCD31receptor.

After incubation, the cellswere placed in amagnet (DynaMPC-S;
Invitrogen,LifeTechnologies) for 2min, following themanufacturer’s
recommended protocol for washings and final extraction. The
CD31-negativecellswereremovedduringthesuccessivewashings.The
positive-selected cells were 99% EC with specific phenotype (CD-31,
CD-34,CD-144;Figure1A).Thecellswereusedatthirdpassages(P3).
EC treatment with TGF-β, ET-1, and MAC. Toestablishtheoptimalconcen-
trationsofTGF-β(R&D),ET-1(Sigma-Aldrich),andMACinoursystem,
a dose/response curve was performed onα-SMA expression (data not
shown)usingP3ECobtainedfromboth1controland1patient.

Eachexperimentwasperformedintriplicateandtheoptimalstimulation
doseforTGF-βwasassessedtobe10ng/ml,forET-1,itwasassessedtobe
200nM,andforMAC,itwas1µm.

For EndMT gene and protein expressions, EC were treated in the
followingconditions:(1)untreated(UT)EC,(2)EC+TGF-β(10 ng/ml),
(3)ECpretreated(1h)withMAC(1µm)beforebeingtreatedwithTGF-β,
(4)EC+ET-1(200nM),and(5)ECpretreated(1h)withMAC(1µm)
beforebeingtreatedwithET-1.ECwereculturedfor6daysinaccordance
withpublishedstudies19,32.
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ToassessSMAD1/5andSMAD2/3phosphorylation,ECweretreated
inthefollowingconditions:(1)UTEC,(2)EC+TGF-β(10 ng/ml),(3)EC
pretreated(1h)withMAC(1µm)beforebeingtreatedwithTGF-β,(4)EC
+ET-1(200nM),and(5)ECpretreated(1h)withMAC(1µm)beforebeing
treatedwithET-1.Theexperimentalconditionswereappliedfor24h.
Quantitative real-time (qRT)-PCR analysis. TotalRNAwasextractedfrom
ECusingNucleoSpinRNAXS(MachereyNagel)accordingtomanufac-
turer’sinstructionsandreversetranscribedintocDNAwiththeThermoScript
reversetranscription–PCRsystem(Invitrogen,LifeTechnologies).

The qRT-PCR was performed using SYBR green kits (Applied
Biosystems).Resultswereanalyzedafter45cyclesofamplificationusing
theABI7500FastRealTimePCRSystem.Primersweredesignedonthe
basis of the reported sequences [Primer bank National Center for
BiotechnologyInformation:β-actin:5¢-CCTGGCACCCAGCACAAT-3¢
(forward)and5¢-AGTACTCCGTGTGGATCGGC-3¢ (reverse);vWF:
5¢-AGCCTTGTGAAACTGAAGCAT-3¢ (forward)and5¢-GGCCAT
CCCAGTCCATCTG-3¢ (reverse);CD31:5¢-CCAAGGTGGGATCGT
GAGG-3¢ (forward) and 5¢-TCGGAAGGATAAAACGCGGTC-3¢
(reverse); VE-cadherin: 5¢-GTT CAC GCA TCG GTT GTT CAA-3¢
(forward)and5¢-CGCTTCCACCACGATCTCATA-3¢ (reverse);Sm22:
5¢-CCGGTTAGGCCAAGGCTC-3¢ (forward)and5¢-GCGGCTCAT
GCCATAGGA-3¢ (reverse);α-SMA:5¢-CGGTGCTGTCTCTCTATG
CC-3¢ (forward) and5¢-CGCTCAGTCAGGATCTTCA-3¢ (reverse);
Col1A1:5¢-AGGGCCAAGACGAAGACAGT-3¢ (forward)and5¢-AGA
TCACGTCATCGCACAACA-3¢ (reverse)].Eachgenewasnormalized
tothoseforβ-actin.
Western blot. To performWestern blot assays, EC cells were pelleted,
washedtwicewithPBS,andlysedinsodiumdodecylsulfate(SDS)sample
buffer.TheproteinconcentrationwascalculatedbyBradfordproteinassay
reagent(Bio-Rad).Therewere50μgofproteinsseparatedbySDS-polyacry-
lamidegelandtransferredtonitrocellulosemembranes.After1hatroom
temperatureinblockingbuffer[5%nonfatmilkinTris-bufferedsaline/1%
tween20(TBS/T)],themembraneswerewashed3timesfor5mineachin
TBS/Tandincubatedovernightat4°Cwiththeprimaryantibodies:CD31,
VE-cadherin (R&D Systems), Sm22 (Abcam), vWF, α-SMA, Col1A1
(SantaCruz),Phospho-SMAD1/5,andPhospho-SMAD2/3(CellSignaling),
dilutedin5%bovineserumalbumininTBS/T.Following3washeswith
TBS/T,horseradishperoxidase-conjugatedsecondaryantibodies(SantaCruz
Biotechnology)dilutedinblockingbufferwasaddedfor30minatroom
temperatureandwashed3timeswithTBS/T.Thedetectionwasdonewith
enhancedchemiluminescencedetectionelectrochemiluminescentreaction
(AmershamPharmaciaBiotechnology).Alltheresultswerenormalizedto
the levelsofproteinsofUTHC-ECandnormalized to the actin signal

(Sigma-Aldrich).Immunoreactivebandswerequantifiedwithdensitometry
usingImageJsoftware(NationalInstitutesofHealth).
ELISA. TheconcentrationsofTGF-βandET-1releasedinECsupernatants
weredeterminedbyELISAusingQuantikineHumanImmunoassaykits(all
byR&DSystems)accordingtothemanufacturer’sprotocol.
Statistical analysis. GraphPadPrism5.0softwarewasusedforstatistical
analyses.Resultsareexpressedasmedian(range).Becauseofthenonpara-
metricdistributionofourdata,theMann-WhitneyUtestwasusedasappro-
priateforanalyses.Statisticalsignificancewasexpressedbyapvalue≤0.05.

RESULTS
Effect of MAC on endothelial marker expression in SSc-EC.
As shown in Figure 1 (B, C, D), after TGF-β or ET-1
treatment, the mRNA expression of endothelial markers
markedly decreased in both HC-EC and SSc-EC when
comparedwithUTcells.Ofnote,MACsignificantlyreverted
boththeTGF-βandtheET-1effectsonHC-ECandSSc-EC.
AsshowninFigure1E,theseresultswereconfirmedatthe
proteinlevelbyWesternblottinganalyses.
Effect of MAC on mesenchymal markers expression in
SSc-EC. In both HC-EC and SSc-EC, TGF-β or ET-1
treatmentinducedasignificantincreaseofmRNAexpression
ofthemyofibroblastmarkerswhencomparedwithUTcells
(Figure2A,B,C).MACrevertedboththeTGF-βandthe
ET-1effectsonHC-ECandSSc-EC,mirroringtheresults
obtainedintheendothelialmarkersanalyses.TheWestern
blotinFigure2Dshowedthatatproteinlevels,theresults
mirrorthechangesobservedingeneexpressionlevels.
The synergic ET-1/TGF-β production in SSc-EC. ET-1
productionwasassessedusingaspecificELISAassaybefore
andaftercellstreatmentwithTGF-βfor24h.Theresults
showedthatET-1wassignificantlyincreasedinUTSSc-EC
whencomparedwithUTHC-EC[UTHC-EC:5.35pg/ml
(4.00–6.40)vsUTSSc-EC:11.20pg/ml(9.60–12.70),p=
0.0002]. Further, TGF-β significantly induced ET-1
production with significantly higher levels in SSc-EC
when compared with HC-EC [HC-EC + TGF-β: 10.90
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Table 1. Clinicalanddemographicfeaturesofthe10patientswithdiffuseSSc.

Sex/Age,Yrs YrofSSc mRSS/Scoreat Autoantibodies LungInvolvement HeartInvolvement/ Raynaud
Onset/DiseaseDuration SkinBiopsy fromHRCT/PFT Scleroderma Phenomenon/
atSkinBiopsy,Yrs RenalCrisis DigitalUlcers

F/46 2010/2 12/2 ANA/Scl-70 Normal/Normal Normal/No Yes/No
F/21 2009/3 13/1 ANA/Scl-70 Normal/Normal Normal/No Yes/Yes
F/31 2011/1 13/2 ANA/Scl-70 Normal/Normal Normal/No Yes/Yes
F/36 2010/2 11/2 ANA/Scl-70 Normal/Normal PAH/No Yes/Yes
M/20 2010/2 11/1 ANA/Scl-70 Normal/Normal Normal/No Yes/No
F/41 2010/2 15/2 ANA/Scl-70 Normal/Normal Normal/No No/No
F/30 2010/2 10/1 ANA/Scl-70 Normal/Normal Normal/No Yes/No
F/21 2010/2 09/1 ANA/Scl-70 Normal/Normal Normal/No Yes/No
F/31 2009/3 14/1 ANA/Scl-70 Normal/Normal Normal/No Yes/No
F/42 2009/3 16/2 ANA/Scl-70 Fibrosis/Normal Normal/No Yes/No

SSc:systemicsclerosis;mRSS:modifiedRodnanskinscore,maximumpossiblescore51;HRCT:high-resolutioncomputedtomography;PFT:pulmonary
functiontest;ANA:antinuclearantibodies;Scl-70:antitopoisomerase;PAH:pulmonaryarterialhypertension.
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pg/ml (9.50–12.40) vs SSc-EC + TGF-β: 21.65 pg/ml
(19.70–23.50),p=0.0002;Figure3A].

WefurtherevaluatedtheTGF-βproductionafterET-1
stimulation.Already in UT condition, SSc-EC produced
significantlyhigherlevelsofTGF-βwhencomparedwithHC
cells[UTHC-EC:30.90pg/ml(28.20–35.20)vsUTSSc-EC:
62.85pg/ml(60.90–66.10),p=0.0002].ET-1significantly
inducedTGF-βproduction,andthis increasewassignifi-
cantly higher in SSc-EC when compared with HC-EC
[HC-EC+ET-1:60.10pg/ml(57.90–63.90)vsSSc-EC+
ET-1:92.75pg/ml(88.90–95.70),p=0.0002;Figure3B].
SMAD phosphorylation is inhibited by MAC treatment in
SSc-EC. TheWesternblotinFigure3CshowsthatinUT
SSc-EC,thelevelsofSMADphosphorylationwerehigher
than in HC-EC. After TGF-β treatment, we observed a
significant increase of SMAD phosphorylation in both
HC-EC and SSc-EC, the latter significantly higher than
HC-EC.AfterET-1treatment,inbothHC-ECandSSc-EC,
theSMADphosphorylationwassignificantlyincreasedwhen
comparedwithUTEC.Further,afterET-1 treatment, the
levelsofSMADphosphorylationinSSc-ECwerehigherthan
inHC-EC.MACsignificantlyblockedtheET-1effecton
SMADactivationinbothHC-ECandSSc-EC.Further,we
observed that MAC significantly inhibited the SMAD
phosphorylationinducedbyTGF-β.

DISCUSSION
Toourknowledge,ourworkisthefirsttodemonstratethat
ET-1 inducesEndMT inSSc-ECand that thispathologic
processmaybeinhibitedbyMAC,anewET-1dualreceptors
blocker.ItiswellknownthatET-1isstronglyupregulatedin
patientswithSScandanendothelialdysfunctionisinvolved
inSScpathogenesis.Inadditiontoitswell-knownvasocon-
strictiveaction,ET-1displaysawide rangeofbiological
effectssuchasproliferation,fibrosis,andinflammation,and
involving different cell types. ET-1 induces a profibrotic
phenotypeinfibroblaststhroughtheincreasedexpressionof
extracellularmatrixproteins,suchasTypeIandTypeIII
collagenandfibronectin,aswellasdecreasingtheexpression
ofmatrixmetalloproteinase133,34.Ontheotherhand,much
evidencesupportsthehypothesisthatET-1mayinducethe
α-SMAexpressioninhumanEC,aswellasan increased
collagenproduction,thusmodulatingtheirtransdifferenti-
ationtowardmyofibroblasts8,9,10.Therecruitmentofmyofi-
broblastsinaffectedtissues,associatedwiththepersistence
oftheirelevatedbiosyntheticfunctions,maybeconsidered
aspivotaldeterminantsfortheextentandtheprogressionrate
ofthefibrosisinSSc10.

Available literature suggests that myofibroblasts may
derivefromseveralsources,includingtheexpansionoftissue
residentfibroblasts,themigrationofbonemarrow-derived
circulatingfibrocytes,pericytes,andtheepithelialcellsthat
underwent epithelial-mesenchymal transition5,7. A more
recentstudyshowedthatEC,underspecificstimuli,canalso

be considered a source of myofibroblasts undergoing
EndMT,andthisphenotypictransitioncouldmainlybeof
interest in SSc pathogenesis by providing a cellular link
betweenvasculopathyandfibrosis10.

WeshowedthatSSc-ECacquiredamyofibroblast-like
phenotypeaftertreatmentwithET-1,aspreviouslyobserved
for normal EC after treatmentwith ET-1 andTGF-β9,27.
Further,toassesstheabilityofSSc-ECtomirrorthebehavior
ofnormalEC,westimulatedthesecellswithTGF-β,also
showingthatthiscytokinemaymodulateEndMTinSSc-EC.
Infact,SSc-ECdisplayedareductionofendothelialmarkers
(CD31,vWF),aswellasanincreaseofprofibroticmarkers,
suchasstressfibers(Sm22,α-SMA)andcollagen,afterET-
1 and TGF-β stimulation. It has been shown that the
endothelial damage in SSc skin is characterized by a
progressive loss of the endothelial-specific marker VE-
cadherin35,astrictlyendothelial-specificadhesionmolecule
locatedatjunctionsbetweenEC36.Ithasbeenrecentlyshown
thatduringEndMT,VE-cadherinexpressionisreducedinEC
undergoing transdifferentiation37.Of note, in our experi-
ments,weshowedthatafterET-1andTGF-βstimulation,
SSc-EC displayed a significant decrease ofVE-cadherin
expression,suggestingtheinductionoftheEndMTprogram
inourcells.Thisevidenceallowsustospeculatethatthis
profibroticswitchmaybeconsideredanormalresponseof
ECinanyconditioncharacterizedbyanoverexpressionof
TGF-βandET-1,suchasthephysiologicwoundhealingor
thepathologic response toanunknown trigger,asoccurs
duringSSc.

Werecentlyreportedthepathologicrolethatperivascular
mesenchymalcellsmayplayinthefibroticevolutionduring
SSc38,39,40 andtheresultsofourpresentworksuggestthatin
theprocess leading toSScfibrosis,notonlyperivascular
mesenchymalcellsbutalsoECmaycontribute tomyofi-
broblastgenerationthroughtheEndMTprogram.

Inthissetting,consideringtheroleofET-1intriggering
EndMT41,ET-1blockademayrepresentanimportantand
still unexplored target to preserve EC integrity, thus
decreasingthefibroblastaccumulationinSSc.

Inourexperimentalmodel,MACtreatmentsignificantly
revertedtheET-1effect,asexpected,butinterestinglyMAC
wasalsoabletoinhibittheTGF-β–mediatedEndMTonboth
HC-ECandSSc-EC.TheinhibitoryeffectofMAConthe
EndMTinducedbyTGF-βsuggeststhatET-1mayrepresent
theultimatemediatoroftheTGF-βactions.Inlinewiththis
evidence, it has been reported42,43 that in both EC and
fibroblast,TGF-βinducestheET-1genepromoteractivity
by SMAD activation. To clarify this aspect, we further
assessed theET-1productionafterTGF-βstimulationby
ELISAassays.OurresultsconfirmedthatTGF-βstimulation
increased the ET-1 production by EC. Of note, SSc-EC
displayedhigherET-1production,alreadyatbasallevels,
whencomparedwithHC-EC.Further,weobservedthatET-1
stimulationwasabletoincreasetheTGF-βproductionin

6 The Journal of Rheumatology 2015; 42:10; doi:10.3899/jrheum.150088

Personal non-commercial use only. The Journal of Rheumatology Copyright © 2015. All rights reserved.

 www.jrheum.orgDownloaded on April 23, 2024 from 

http://www.jrheum.org/


7Cipriani, et al: Synergistic effect of ET-1 and TGF-β on SSc-EC

Personal non-commercial use only. The Journal of Rheumatology Copyright © 2015. All rights reserved.

Fi
gu

re 
3.
ET

-1
an
dT

GF
-β
pr
od
uc
tio
na

nd
pS

M
AD

ex
pre

ssi
on
in
SS

c-E
C.
(A

)E
T-
1a

nd
(B

)T
GF

-β
EL

IS
A
ass

ay
s.
ET

-1
an
dT

GF
-β
w
ere

qu
an
tif
ied

in
th
es
up
ern

ata
nts

of
bo

th
HC

-E
C
an
dS

Sc
-E
C

cu
ltu
res

.(
A)
T
he
re
lea

se
of
ET

-1
in
UT

ce
lls
w
as
sig

nif
ica

ntl
yi
nc
rea

sed
in
SS

c-E
C.
T
he
pr
od
uc
tio
no

fT
GF

-β
af
ter
E
T-
1t
rea

tm
en
tw

as
sig

nif
ica

ntl
yh

igh
er
in
SS
c-E

C
wh

en
co

mp
are

dw
ith
H
C-

EC
.(B

)S
po
nta

ne
ou
sT

GF
-β
pr
od
uc
tio
na

fte
rE

T-
1s

tim
ulu

sw
as
sig

nif
ica

ntl
yi
nc
rea

sed
in
SS

c-E
C.
A
ny
si
ng
le
do
tin

th
ef
igu

res
re
pre

sen
ts
the

m
ed
ian

of
tri

pli
ca
te
ex
pe
rim

en
ts
for

ea
ch
pa

tie
nt.
(C

)
W
est
ern

bl
ot
sh
ow

ed
th
at
pS
M
AD

1/
5a

nd
pS

M
AD

2/
3w

ere
si
gn
ifi
ca
ntl
yi
nc
rea

sed
in
th
eU

TS
Sc
-E
C
wh

en
co

mp
are

dw
ith
H
C-
EC

.T
GF

-β
an

dE
T-
1i
nd
uc
ed
a
sig

nif
ica

nt
inc

rea
se
of
bo
th
SM

AD
1/5

an
dS

M
AD

2/
3p

ho
sp
ho
ryl

ati
on
in
bo

th
HC

-E
C
an
dS

Sc
-E
C,
bu

tt
he
le
ve
ls
of

ph
os
ph
ory

lat
ed
pr

ote
ins

w
ere

al
wa

ys
si
gn
ifi
ca
ntl
yi
nc
rea

sed
in
S
Sc
-E
C
wh

en
co

mp
are

dw
ith
H
C-
EC

.M
AC

inh
ibi
ted

th
eT

GF
-β
an

dE
T-
1e

ffe
cts
.P
ict
ure

sa
re
rep

res
en
tat
ive

of
al
le
xp
eri
me

nts
.P
rot
ein

ba
nd
sw

ere
qu

an
tif
ied

by
de

ns
ito
me

try
an

dt
he
va

lue
sw

ere
ex

pre
sse

da
sp
rot
ein

re
lat
ive

qu
an
tif
ica

tio
n/β

ac
tin
re
lat
ive

qu
an
tif
ica

tio
n.
*p

=
0.0

2.
**
p
=0

.00
02
.*
**
p
=0

.00
01
.E

T-
1:
en
do
the

lin
-1;
T
GF

-β
:tr

an
sfo

rm
ing

gr
ow

th
fac

tor
-β
;p
SM

AD
:p
ho
sp
ho
Sm

aa
nd
M

ad
;S
Sc
:s
ys
tem

ic
scl
ero

sis
;E

C:
en
do
the

lia
lc
ell
s;
HC

:h
ea
lth
yc

on
tro
ls;
U
T:
un
tre
ate

d;
SM

AD
:S
ma

-a
nd
M

ad
-re
lat
ed
;M

AC
:m

ac
ite
nta

n.

 www.jrheum.orgDownloaded on April 23, 2024 from 

http://www.jrheum.org/


bothHC-ECandSSc-EC,thelattershowingsignificantly
highervaluesofTGF-βbeforetreatment.Underourexperi-
mentalconditions,UTHC-ECandUTSSc-ECdidnotshow
anychangeintheirphenotypicfeatures,althoughSSc-EC
constitutivelyproducedhigherlevelsofET-1andTGF-βthan
HC-EC.WeshowedthatHC-ECandSSc-ECin vitro begin
theirmorphologicalchangesafter6daysofstrongstimu-
lationbyET-1andTGF-β,asettingmirroringthecytokines
milieuinwhichthesecellsmaybeexposedin vivo,consid-
eringthenumberofthesemoleculesproducedbyactivated
fibroblastsandinflammatory-recruitedcells.

Analternativehypothesistoexplaintheinhibitoryeffect
ofMAConTGF-β–inducedEndMTcouldbethecooperation
betweenTGF-βreceptorsandETRininducingthisprogram.
IthasbeenshownthatG-protein–coupledreceptorssuchas
ET-1receptorsmaycrossoverandinteractwiththepathways
ofserine/threoninekinasereceptors,suchastheTGF-βType
I receptor (TβRI). Therefore, agonists of ETRmay also
activateTβRIsignalingandtheirdownstreamproducts,such
asphosphoSmaandMad(pSMAD)44,45.Inthissetting,the
effects ofET-1maybe due to crosstalk between these 2
receptorsinducedbythehijackofTβRIsignalingmachinery
byETR46.Ourresultsshowedthat,similarlytoTGF-β,ET-1
induced the phosphorylation of SMAD in HC-EC and
SSc-EC,confirmingthehypothesisofapossibleTGF-β/ET-1
receptorcooperation.Ofnote,inUTSSc-EC,thelevelsof
pSMADweresignificantlyincreasedwhencomparedwith
UTHC-EC.Wemayspeculatethat inourexperimentsat
basalcondition,theTGF-βsignalingpathwaywasalready
activatedasaresultoftheoverexpressionofTGF-βandET-1
duringSSc,thusconditioningthehigherlevelsofpSMAD
observedinSSc-EC.Inthisscenario,MAC,interactingwith
theETR,might also inhibit theTβRI transactivationand
consequent SMAD phosphorylation induced after both
TGF-βandET-1 stimulation46.A further speculativeand
unexploredaspectmaybetheblockofTβRI.However,to
date,unlikeET-1,westilldonothaveanylicenseddrugable
tointerferewithTβRI47,andfromaclinicalpointofview,
ET-1receptorantagonistnowrepresentstheonlypossibility
wehavetomodulatethisfunctionalcomplex.

We showed for the first time, to our knowledge, the
finding that ET-1 induces a phenotypic switch toward
mesenchymalcellsinSSc-EC,characterizedbyadownreg-
ulationofendothelialmarkersandanincreasedexpression
ofprofibroticgenesandproteins.Takentogether,ourresults
pointoutthepossiblecontributionofdamagedendotheliain
thegenerationofprofibroticcells,andsupportthehypothesis
ofapathologiclinkbetweenvascularandfibroticalterations
inthepathogenesisofSSc.

FocusingontheinvolvementofTGF-βandET-1asearly
mediatorsofbothvascularandfibroticcomponentsofSSc,
wesuggestthatthesemoleculesmaybeconsideredkeythera-
peutictargetsintheearlyphasesofthedisease.MAC,the
newdualETRantagonist(asshowninourin vitro study),in

inhibitingtheEndMT,mayoffernewpotentialtherapeutic
strategiesthattargettheTGF-β/ET-1loop,andmayprevent
theearlypathwaysleadingtofibrosisinSSc.

Furtherstudiesareneededtotranslatethesepreclinical
findingsintotheclinicalsetting.Infact,althoughmanyin
vitro studiessuggestedtheantifibroticeffectofanotherET-1
receptorantagonist,bosentan42,48,noclinicalbenefitswere
observedwhenthisdrugwasusedinpatientswithSScwith
lungfibrosis49.Itmustbetakenintoaccountthatthefailure
oftheclinicaltrialsevaluatingitsefficacyoninterstitiallung
disease may be biased by the choice of a non-sensitive
primaryendpoint,aswellastheheterogeneityoftheenrolled
patientsandthelackofhistologicalclassifications.Onthis
basis,anyfurtherstudyoftheET-1receptorantagonistin
patientswithfibrosismightneedmorestringentinclusion
criteriaandperhapsprimaryandsecondaryendpointsthat
mightbemoreresponsivetochange50.
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