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Preface 

1. Candidates have the option of including, as par t of the thesis, the text of one 

or more papers submitted , or to be submitted, for publication, or the clearly -

duplicated tex t (no t the reprints) o f one or more published papers . These texts 

must conform to the "Guidelines for Thesis Preparation " with respec t to font 

size, line spacing and margin sizes and must be bound together as an integra l 

part of the thesis. (Reprints o f published paper s can be included i n the 

appendices a t the end of the thesis. ) 

2. The thesis mus t be more than a collection of manuscripts. All component s 

must be integrated int o a cohesive uni t with a logical progression from one 
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contribution) for al l papers included i n the thesis. I n addition, the candidate i s 

required to make an explicit statement i n the thesis as to who contributed t o 

such work and to what extent (see below) . This statement should appear i n a 

single section entitled "Contributions o f Authors" as a preface to the thesis. 

The supervisor mus t attest to the accuracy o f this statement a t the doctora l 
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Abstract 

Introduction: 

Idiopathic Pulmonar y arteriole hypertension (IPAH ) i s a rare but severel y 

debilitating disease that strikes women to men at a ratio of 3:1 . Endothelia l cel l 

(EC) dysfunction i s a hallmark o f the disease. This includes rapid growth of the 

ECs unti l the occlusion of the vasculature as well as decreased bloo d levels of 

vasodilators. Markedl y increase d level s of endothelin-1, a poten t 

vasoconstrictor an d smooth muscle mitogen, have been noted in IPAH 

patients. 

Recently mutations i n the bone morphogenic protei n receptor type I I (BMPRII ) 

have been linked to the disease. Interestingl y mutation s in activin-like kinase- 1 

(ALK-1) and endoglin have been linked to hereditary haemorrhagi c 

telangiectasia (HHT) , a disease that results in PAH clinically indistinguishabl e 

from IPAH. All of these proteins are either receptors or co-receptors t o 

members o f the TGFfS superfamily. Th e connection o f these mutations to the 

disease stil l remains largely a mystery to researchers and the effects of either 

bone morphogenic protein s 2, 4, 7 orTGFfi level s on endothelin-1 (ET-1) 

production i n human microvascular endothelia l cells cultured from norma l 

lungs (HMVEC-LBI) are unknown. 

Methods: 

HMVEC-LBI cells were cultured in the presence o f various concentrations o f 

BMP 2, 4, 7 and TGFfi, in complete media or serum starved conditions. After 

allotted time points the media was collected and assayed by ELISA , 

meanwhile the cells were lysed and protein content assayed for normalizatio n 

purposes. Smal l Mothers against Decapentaplegi c (SMAD ) 1/ 5 

phosphorylation was also measured. 



Results and Conclusions : 

Despite evidence that al l BMPs used were biologicall y active , namely throug h 

SMAD phosphorylation studies , only BMP7 at very high dosages increase d 

ET-1 production levels . TGFfi had a more pronounced effec t at earlier time 

points with lower concentrations. The results provide insight s on the effects o f 

an important group of proteins, the BMPs and TGFfi, on lung microvascula r 

ECs and which are likely the key cellular playe r I n IPAH development. Thes e 

findings may have clinical relevance in terms of control of the disease an d 

understanding the normal response of these cells BMPs and TGFfi. 



RESUME 

Introduction : 

L'hypertension pulmonal e arteriolair e idiopathiqu e (HPAI ) es t un e maladi e 

rare mai s extrememen t debilitante . Ell e affect e 3  femmes pou r 1  homme. L a 

caracteristique d e cette maladie es t une dysfonction de s cellules endotheliale s 

(CEs) qu i impliqu e un e croissanc e rapid e de s cellule s endotheliale s jusqu' a 

occlusion, ains i qu'un e reductio n de s tau x d e vasodilatateur s produits . Che z 

les patient s souffran t d'hypertensio n pulmonair e arteriell e (HPA) , on a observ e 

une augmentatio n marque e de s tau x d'endotheline- 1 (ET-1) , u n 

vasoconstricteur puissan t ains i qu'un agent mitogen de muscle lisse . 

Des mutations du « bon e morphogenic protei n recepto r type I I » (BMPR11 ) 

ont et e recemmen t reliee s a  l a maladie . I I es t interessan t d e note r qu'un e 

mutation de l'« activin-lik e kinase- 1 »  (ALK-1) ains i que de «  I'endogli n »  on t 

ete associee s a  l a telangiectasi e hemorragiqu e hereditair e (THH ) ,  un e 

maladie qui s'accompagne d'un e HP A cliniquemen t identiqu e a I'HPAI. Toute s 

ces proteine s son t soi t de s recepteur s o u de s co-recepteur s de s membre s d e 

la «  super» famill e de s «  transformin g growt h factor s bet a »  (TGFfl) . L a 

relation entr e ce s mutation s e t l a maladi e demeur e un e enigm e pou r le s 

chercheurs. Nou s n e connaissons pa s les effets de s BM P 2, 4, 7, et de TGFI3. 

sur l e tau x d e productio n d'ET- 1 pa r un e cultur e d e CE s provenan t d e 

reseau micro-vasculaire pulmonair e norma l (HMVEC-LBI) . 

Methodologie : 

L'HMVEC-LBI a  ete cultiv e e n presenc e d e concentration s variee s d e BM P 2 , 

4, 7  e t d e TGFfi , dan s de s condition s d e medi a enrichi s e t appauvris . A  de s 
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temps donne s d'un e echell e d e temps determinee , le s medi a on t et e recueilli s 

et 

soumis a  de s essai s pa r ELISA , alor s qu e le s CE s on t et e lysee s e t leu r 

contenu e n proteines analys e pou r fin de normalisation . L a phosphorylation d u 

« Smal l Mothers against Decapentaplegi c »  SMA D 1/ 5 a  aussi ete mesuree . 

Conclusions e t Resultats : 

Bien qu e le s etude s d e phosphorylatio n d u SMA D aien t demontr e qu e toute s 

les BMPs utilisee s etaien t biologiquemen t actives , seulemen t l a BM P 7  a  tres 

haute dose a  indui t un e augmentatio n d e l a productio n d'ET-1 . L e TGFfi a  e u 

un effe t plu s prononc e plu s tot , a  de plu s faible s concentrations . Ce s etude s 

nous renseignen t su r le s effets d'u n group e clairemen t importan t d e proteines , 

soit les BMPs et le TGFR, su r les CEs de reseau micro-vasculair e pulmonaire , 

un jou r cl e dan s l e developpemen t d e I'HPAI . Ce s observation s no n 

seulement apporten t un e meilleur e comprehensio n d e l a reponse normal e de s 

BMPs e t TGFfJ , mai s auss i peuven t etr e pertinente s sur e l e cliniqu e pou r l a 

traitement de la maladie . 
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Introduction 



1.1 Histor y of the disease 

The patholog y o f an illnes s consisten t with pulmonar y arteria l hypertensio n (PAH ) 

was firs t describe d i n 189 1 b y Romber g (1) . I n 1951 , David Dresdal e coine d th e 

term "primar y pulmonar y hypertension" , no w terme d idiopathi c PAH , for case s o f 

pulmonary hypertensio n withou t eviden t aetiolog y (2;3) . Asid e fro m th e 

vasodilator studie s o f Pau l Woo d i n th e 1950's , littl e progres s wa s mad e i n 

studying th e diseas e unti l a  World Healt h Organizatio n meetin g was organize d i n 

1973, followin g a n outbrea k o f seemingl y idiopathi c PA H relate d t o exposur e t o 

the diet pil l aminorex (4;5) . Anothe r anorexigen-relate d outbrea k o f PAH occurre d 

in th e earl y 1990' s afte r exposur e t o fenfluramine-lik e agent s (6) . Anorexige n 

exposure fo r longe r tha n 3  month s resulte d i n a  23.1-fol d increase d ris k o f 

developing PAH , a s compare d t o control s (6) . I n th e las t twent y year s man y 

advances i n understanding o f the disease hav e occurred i n the areas o f genetics , 

physiology, pathogenesis , and treatment . 

1.2 Descriptio n of the disease 

Pulmonary Hypertensio n simpl y refer s to elevation of pulmonary arteria l pressure , 

most commonl y relate d t o a n increase d pulmonar y vascula r resistance . Whe n 

pulmonary hypertensio n i s severe , patient s generall y succum b t o righ t hear t 

failure. (7) 
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Table 1: 

Revised Clinical Classification of Pulmonary 
Hypertension (Venice 2003) 

1. Pulmonary arterial hypertension (PAH) 
1.1. Idiopathic (TPAH) 
1.2. Familial (FPAH) 
1.3. Associated with (APAH): 

1.3.1. Collagen vascular disease 
1.3.2. Congenital systemic-to-pulmonary shunts*1 

1.3.3. Portal hypertension 
1.3.4. HIV infection 
1.3.5. Drugs and toxins 
1.3.6. Other (thyroid disorders, glycogen storage disease, Gaucher 

disease, hereditary hemorrhagic telangiectasia, 
hemoglobinopathies, myeloproliferative disorders, splenectomy) 

1.4. Associated with significant venous or capillary involvement 
1.4.1. Pulmonary veno-occlusive disease (PVOD) 
1.4.2. Pulmonary capillary hemangiomatosis (PCH) 

1.5. Persistent pulmonary hypertension of the newborn 
2. Pulmonary hypertension with left heart disease 

2.1. Left-sided atrial or ventricular heart disease 
2.2. Left-sided valvular heart disease 

3. Pulmonary hypertension associated with lung diseases and/or hypoxemia 
3.1. Chronic obstructive pulmonary disease 
3.2. Interstitial lung disease 
3.3. Sleep-disordered breathing 
3.4. Alveolar hypoventilation disorders 
3.5. Chronic exposure to high altitude 
3.6. Developmental abnormalities 

4. Pulmonary hypertension due to chronic thrombotic and/or embolic 
disease 

4.1. Thromboembolic obstruction of proximal pulmonary arteries 
4.2. Thromboembolic obstruction of distal pulmonary arteries 
4.3. Non-thrombotic pulmonary embolism (tumor, parasites, foreign 

material) 
5. Miscellaneous 

Sarcoidosis, histiocytosis X, lvmphangioinatosis, compression of 
pulmonary vessels (adenopathy, tumor, fibrosing mediastuiitis) 

The 2003 World Symposium on PH Classifications o f pulmonary hypertensio n 

table from Simonneau et al. 2004 (8). Reprinted by permission of Elsevier . 

The studie s i n thi s thesi s wil l b e mos t relevan t t o idiopathi c an d hereditar y PA H 

group 1  (table 1) . Idiopathic PA H i s a very rar e disease with an incidence o f 1  - 2 

cases pe r million . Fo r unexplaine d reason s th e idiopathi c for m o f th e diseas e 
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affects wome n a t a  highe r rat e tha n me n a t a  rati o o f 3: 1 (9).  Pulmonar y arteria l 

hypertension i s define d a s a n elevatio n o f mea n pulmonar y arteria l pressur e t o 

more tha n 2 5 m m H g a t res t o r t o mor e tha n 3 0 m m H g wit h exercise , i n th e 

presence o f a n elevate d pulmonar y vascula r resistanc e ( > 3  Wood units ) an d a 

pulmonary arter y wedg e pressur e o f <  1 5 m m Hg . Idiopathi c PA H ma y onl y b e 

diagnosed i n th e absenc e o f hear t disease , pulmonar y disorder s o r an y othe r 

secondary cause. 

The pathology o f PAH has certain hallmark features, most prominently the cellula r 

occlusion an d obliteratio n o f smal l precapillar y arterioles . Th e plexifor m lesion , 

classic fo r PAH , was originall y though t t o b e a n aberran t attemp t o f th e lun g t o 

revascularize th e occlude d o r obliterate d segment s o f th e vasculature . However , 

recent studie s whic h demonstrate d tha t th e plexifor m lesion s ar e primaril y 

composed o f endothelial cells , that the cells may be monoclonal i n origin, and that 

there i s a  mor e diffus e upstrea m endothelia l intima l proliferation , hav e le d t o th e 

hypothesis tha t deregulated endothelia l cel l growth ma y b e the cause o f PA H an d 

might represen t a  localize d endothelia l neoplasi a o f th e lung . (10) . Furthe r 

research ha s suggeste d tha t the initiatin g even t migh t b e widespread endothelia l 

apoptosis, with emergence o f apoptosis resistan t endothelia l clones that graduall y 

occlude th e vascula r lume n (11) . I n suppor t o f thi s hypothesis , man y o f thes e 

abnormal cell s expres s survivin , a  tumor-relate d antiapoptoti c peptid e (11;12) . 

Abnormal endothelia l proliferatio n i s perhap s th e mos t significan t endothelia l cel l 
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abnormality, bu t numerou s othe r abnormalitie s o f endothelia l functio n ar e als o 

found in PAH, including: 

• Reduce d level s o f nitri c oxid e synthase , th e enzym e tha t 

produces beneficia l nitri c oxide. 

• reduce d level s o f prostacycli n synthase , th e enzym e tha t 

produces beneficia l prostacycli n (13) 

• a n unfavourable imbalanc e i n the levels of beneficial prostacycli n 

and detrimenta l thromboxan e A2 , a s assesse d b y thei r 

metabolites (14 ) 

• Increase d level s o f endothelin- 1 (ET-1 ) a  poten t vasoconstricto r 

and muscle mitogen (15) (16) 

Neomuscularization o f smal l vessels als o contribute s t o the increase d pulmonar y 

vascular resistance . Alteratio n o f th e extracellula r matri x ma y promot e furthe r 

cellular proliferatio n a s wel l a s changin g th e physica l propertie s (complianc e an d 

elastance) o f th e vessel s (17) . Whil e i t ha d originall y bee n propose d tha t PA H 

was principall y relate d t o vasoconstriction , i t i s no w clea r tha t th e structura l 

remodeling i n vessels i s the predominan t facto r i n the developmen t o f PAH , with 

little, i f any , vasoconstrictiv e componen t bein g present . Th e increase d afte r loa d 

and vascula r resistanc e cause s righ t hear t dilatatio n an d lo w cardia c output , an d 

the hear t eventually i s unable to overcome the pressure and the patient succumb s 

to righ t hear t failure . Recen t therapies hav e extended mea n surviva l rate s from 3 

to 6 years bu t are not curative (9 ) 
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1.3 Endothelin- 1 

Figure 1 : A comparison of the amino acid content and secondary structur e of the 

three Endothelin s a s well as the venom Sarafotoxin Taken from Gray et al. 1996 

(18). Reprinted with permission from Elsevier . 

It had long been thought that the endothelial layer was simply a barrier to diffusio n 

through th e vesse l wal l (18) . Howeve r b y th e 1980' s i t wa s becom e clea r tha t 

endothelial cell s pla y a  vita l rol e i n th e maintenanc e o f vascula r homeostasis . 

Studies i n th e 1960' s an d 1970' s showe d tha t th e pulmonar y endotheliu m wa s 
6 



metabolically active , transformin g o r takin g u p a  variet y o f molecule s fro m th e 

pulmonary circulation . Furchgott' s detectio n o f a n endothelial-derive d relaxan t 

factor i n 198 0 le d t o th e identificatio n o f nitri c oxid e a s a  critica l endothelium -

derived vasodilato r (19;20) . I n 1985 , i t wa s recognize d tha t bovin e aorti c 

endothelial cel l conditione d medi a constricte d coronar y arter y section s (21) . 

Yanagisawa (22 ) isolated a naturally occurrin g 21 amino acid peptide that was the 

most poten t vasoconstricto r heretofor e identified . I t wa s terme d endothelin . 

Endothelin contain s two di-sulphide bond s i n a short-length polypeptide . This type 

of structur e ha d previousl y no t bee n see n i n mammals ; howeve r i t was simila r t o 

the structur e o f a  group o f toxins , know n a s sarafotoxins , foun d i n th e veno m o f 

burrowing asps and other venomous animals . 

There ar e thre e differen t endothelin s foun d i n huma n system s (figur e 1) . Al l o f 

which hav e a  mature 21 amino aci d polypeptide . I n their matur e form ET- 1 differ s 

from ET- 2 b y 2  amin o acid s an d ET- 3 b y 6  (18 ) .  ET- 1 i s foun d throughou t i n 

many tissu e type s (18) ; aside from endothelia l cell s i t i s produced i n many othe r 

cell types as well such as smooth muscle cells , neurons and astrocytes (23) . ET-2 

is mainl y produce d i n th e kidney s an d intestine , an d t o a  lesse r exten t th e 

myocardium, placent a an d uterus . ET- 3 circulate s i n th e plasm a lik e ET-1 , it i s 

also found i n large amount s i n the brai n and i n lower level s i n the gastrointestina l 

tract, kidneys and lungs (23) . 
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The huma n endothelin- 1 gen e i s 6.8k b i n lengt h an d ha s bee n localize d t o 

chromosome 6 . Prepro-ET- 1 mRN A i s 211 7 nucleotide s i n length . Th e gen e 

contains 5  exons an d 4 introns , al l o f the exons contribut e t o prepro-ET- 1 mRNA , 

as wel l a s 5 ' an d 3 ' flanking region s (figur e 3 ) (24).  Ther e ar e severa l regulator y 

sequences i n the flanking region s o f the gene . These includ e a  binding sequenc e 

for the transcription factor NF-1 , a n Activator Protein- 1 (AP-1 ) binding site, several 

copies of the hexanucleotid e CTGGG A (24).  Ther e i s also a  SMAD bindin g facto r 

at-193/-171 (25) . 

human PPET-t mRN A 7  E T EL P 

cap*———| J 
200 bD 

T^wpolyfA) 

^ghET-1 

•x-4-*™-*- .a* ,™,™*^™ ^ XghETM3 

0 1 2 3 4 5 6 ? 9 1 0 n  1 2 1 3 
tttW 

Figure 2: A representation o f the complete nucleotid e sequence o f human ET-1. 
From Inoueetal . 1994(24 ) 
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1.3.1 Endotheli n receptor s 

To dat e ther e ar e tw o know n receptor s fo r endotheli n i n mammalia n systems , 

identified as ET-A and ET-B, and localized to chromosomes 4  and 1 3 respectivel y 

(26,27). Th e recepto r protein s ar e 42 7 an d 44 2 amin o acid s i n length , an d 

depending o n which tissue i s studied sho w a  55% to 64 % identity t o one anothe r 

(18). The endothelin receptors are both classical g-protein couple d receptors , with 

a seve n transmembran e for m (28;29) . They ar e glycoproteins ; thi s characteristi c 

appears t o affec t th e ligan d bindin g propertie s o f the receptor s (28) . Exposur e t o 

insulin ca n u p regulate ET- A (30)  an d Angiotensin 2  ha s bee n show n to increas e 

the expressio n o f ET- B (31).  TGFf i ha s bee n show n t o dow n regulat e endotheli n 

binding sites , presumably ET-A , on smooth muscle s cell s in  vitro  (32).  Expressio n 

can b e down regulate d b y prolonge d exposur e t o ET- 1 (33) . Bot h o f the recepto r 

genes contai n severa l potentia l pol y adenylatio n site s i n thei r 3 ' untranslate d 

regions that may lead to unstable mRNA (18 ) 

ET-A ha s a  very hig h affinit y t o ET- 1 an d ET- 2 bu t ver y lo w affinit y t o ET-3 . Th e 

amino terminal loop structure and the linea r structure with Trp21 in position 21 are 

essential fo r ET- A bindin g o f ET- 1 (34) . A s a  resul t o f ET-B s les s stringen t 

requirements, i t i s capabl e o f bindin g al l thre e form s o f endotheli n equally , onl y 

requiring a linear C terminus with Trp at the 21'st position. 

In the micro-vasculatur e ET- A i s found predominantl y i n the smoot h muscl e cells , 

while ET- B i s mos t abundantl y expresse d i n endothelia l cell s (18) . ET- A i s th e 
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main recepto r responsibl e fo r constrictio n o f muscl e cell s upo n bindin g o f 

endothelin; howeve r i t had bee n demonstrated tha t eve n i n the presenc e o f ET- A 

antagonists th e presso r respons e ca n no t b e completel y suppresse d (35) . Thi s 

led th e researcher s t o sugges t th e presenc e o f ET- B receptor s o n th e smoot h 

muscle cell s whic h initiat e a  muc h les s intens e presso r respons e tha n t o ET- A 

receptors. Indee d ET-B mRNA i s expressed i n smooth muscle cells . However , th e 

ET-B recepto r i s predominantl y expresse d b y endothelia l cells . I n th e 

endothelium, ET- B i s th e sit e o f ET- 1 clearanc e fro m th e bloo d circulatio n an d 

endothelial ET- B activatio n induce s th e releas e o f vasorelaxan t factor s suc h a s 

nitric oxide and prostacyclin. 
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1.3.2 Physiologica l effects of ET-1 

ET E T 

Figure 3: A  figure showing al l the different signaling cascades afte r ET- 1 binds to 

either the ET-A or ET-B receptor. Fro m Remuzz i G et al. 2002 (36) . Reprin t 

permission granted from Nature Publishing Group . 

1.3.3 Cellula r effects of ET-1 

Binding of ET- 1 to the ET- A recepto r lead s to the activation of proteins G s and Gq, 

while ET- B activates G q and Gj . Gq activates phospholipas e C  (PLC), which the n 

hydrolyzes phosphotidylinosito l t o for m cytosoli c Inosito l triphosphat e (IP 3) an d 
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diacylglycerol (DAG ) (36-38) . IP 3 the n increase s i n intracellula r Ca 2+ b y releas e 

from intracellula r stores ; at the same time DA G activates Protei n Kinase C  (PKC), 

which increase s cellula r sensitivit y t o Ca 2+ (39) . DA G als o induce s a  signalin g 

mechanism tha t promote s lon g ter m cellula r action s suc h a s migratio n an d 

proliferation vi a th e MAP K syste m (36) . ET- 1 als o activate s phospholipas e A 2 

(PLA2) which increase s productio n o f arachidonic aci d an d i n turn prostaglandin s 

(36). ET- 1 als o stimulate s th e releas e o f N O i n endothelia l cells , whic h ca n 

antagonize som e o f th e effect s o f ET-1 , namely smoot h muscl e contractio n an d 

proliferation (36) . Howeve r thes e tw o agent s d o no t ac t i n paralle l a s N O 

synthesis i s rapi d an d ha s a  shor t hal f life ; ET- 1 i s controlle d a t a  transcriptiona l 

level (36) . As such NO effects ca n be brought on rapidly and decrease almos t just 

as quickl y (36) . ET- 1 take s longe r t o b e expresse d an d i t bind s tightl y t o th e 

receptors and can have a long-lasting effec t on its target cells (figure 4). 

The circulatin g level s o f ET- 1 ar e ver y low , i n th e picomola r level , howeve r a t 

least 75 % o f th e ET- 1 i s release d abluminall y toward s th e smoot h muscl e o f th e 

vasculature wher e th e concentratio n mus t b e significantl y highe r an d therefor e 

capable o f stimulating loca l receptor s suggestin g a  paracrine/autocrine rol e o f the 

protein. (40;41) 
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1.3.4 Systemi c effects of ET-1 

1.3.4.a Role of Endothelin in Organ Developmen t 

The endotheli n syste m ha s bee n show n t o b e importan t i n norma l physiologica l 

development. ET-3 , ET-B, and ECE- 1 contribut e to the development o f epiderma l 

melanocytes a s wel l a s enteri c neurons . ET-3- , ET-B - o r ECE-1 - knockou t mic e 

have norma l pigmentatio n o f th e eye s bu t lac k melanocyte s o f th e ski n an d hai r 

follicles nee d tha t fo r whit e fur . ET-1 , ET-A an d ECE- 1 hav e bee n show n t o b e 

vital i n th e norma l developmen t o f hea d an d cardia c neura l cres t derive d 

outpouring structures . ET- 1 an d ET- A knockou t mic e di e a t birt h fro m asphyxi a 

due to facial and throat malformation (42) 

1.3.4.b Endothelin in the Brain 

The endothelin system is found throughout the brain suggesting that i t has severa l 

roles there. ET-1 , ET-3, ET-A, and ET- B are expressed b y the vascular , neuronal , 

and glia l cells of the brain (43-45).  ET- 1 is the predominan t endotheli n i n the brai n 

with the exception o f ET-3 being predominan t i n the pituitary gland (46)  (47)  along 

with bot h ECE- 1 an d ECE-2 . Interventricula r injectio n o f ET- 1 increase s hear t 

rate, rena l sympatheti c nerv e activity , arteria l pressur e an d respirator y rat e 

(42;48). These change s ar e du e t o direc t glia l an d neurona l stimulatio n becaus e 

they occu r prio r t o th e effect s tha t ar e see n i n th e loca l vasculature . Th e 

endothelin system in the brain plays a critical role in normal respiration (18) . 
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1.3.4.c The Endothelin System in the Kidneys 

The endotheli n syste m play s a  vita l rol e i n norma l rena l physiology . I t control s 

renal bloo d flow , reabsorbtio n o f water an d sodiu m a s wel l a s acid bas e balance . 

ET-1 i s produce d i n th e bloo d vesse l endothelia l cell s o f th e kidney s an d ET- 1 

and ET- 3 are made i n different cell s o f the nephron includin g the epithelia l cell s o f 

the collecting duct s (49 ) (50;51) . Both recepto r type s are found i n the kidneys , bu t 

ET-B is the predominan t typ e i n the tubula r epithelia l cell s an d i s critica l t o wate r 

homeostasis. (42 ) 

1.3.4.d Endothelin and the Lungs 

In the lun g ET- 1 i s produced b y th e endothelia l cells , airwa y epithelia l cell s (52) , 

and macrophages . E T receptor s ar e foun d throughou t th e lungs , bu t i n varyin g 

ratios depending o n thei r location . Fo r example i n human bronch i ET- B ha s bee n 

found to be tenfold mor e abundant than ET-A . ET- B i s also found on the neurona l 

processes o f the intramura l tracheal autonomous nervou s system. There i s a hig h 

density o f receptors i n the tracheal and bronchial smooth muscl e (53) . 
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1.3.5 Endothelins and PAH 

Figure 4: Lung from normal patient (top) and IPAH patient (bottom). There is 
markedly increased staining in the lungs of IPAH patients. From Giaid A. et al. 
1993 (15). Reprinted by permission of the Massachusetts Medical Society. 
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Increased circulatin g plasm a ET- 1 level s hav e bee n describe d i n patient s wit h 

pulmonary hypertension , includin g PA H (16) . Immunohistochemica l stud y o f lun g 

tissue from patient s with pulmonar y hypertensio n demonstrate d greatl y increase d 

ET-1 level s i n remodelle d microvessel s an d plexifor m lesion s (figur e 5 ) (15) . 

However, i t remaine d unclea r whethe r th e increase d level s o f circulatin g ET- 1 i n 

the pulmonar y vasculatur e wer e onl y a  resul t o f overproductio n o f ET- 1 o r als o 

reduced pulmonar y ET- 1 clearance . A  recen t stud y o f patient s wit h PA H 

demonstrated tha t the majority have norma l ET- 1 extraction. Thus increased ET- 1 

levels i n PA H ar e mainl y du e to increase d synthesis . The discover y o f hig h ET- 1 

levels i n PA H suggeste d th e therapeuti c potentia l o f endotheli n recepto r 

antagonists. This hypothesis ha s proven correct i n clinical studies. 
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1.3.6 Processin g of Endothelin 

Promoters Inhibitors 

Endothelial 
Cell 

ET-1 Smooth 
Muscle 
Cell 

Figure 5: Processin g o f endothelin from prepro-ET-1 al l the way to mature 

protein. From Galie et al. 2004 (54) . Reprinte d by permission o f Oxford 

University Pres s 

Currently, ther e ar e thre e know n form s o f endothelin , thes e bein g endothelin-1 , 

endothelin-2 an d endothelin-3 . Th e endothelin s sho w considerabl e homolog y t o 

one anothe r an d t o th e sarafotoxin s o f Atractaspis  engaddensis  a  venomou s 

snake. Eac h is encoded b y a different gene and each produces it s own respectiv e 

big-ET. Th e ET- 2 gen e i s o n chromosom e 1  (55 ) whil e th e ET- 3 gen e i s o n 

chromosome 2 0 (56) . Th e huma n endotheli n 1  gen e encode s th e prepro-ET- 1 
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mRNA, which i s 2117bp (sourc e from NCBI ) i n length . The mRN A i s translated t o 

a 212 amino aci d polypeptid e (sourc e NCBI) . This prepro-ET-1 i s then cleaved b y 

a furin convertase i n to the 38 amino acid BIG-ET-1 . The final step i n the proces s 

to matur e ET- 1 involve s th e endotheli n convertin g enzyme s (ECE ) whic h cleav e 

BIG-ET-1 i n t o matur e 2 1 amin o acid s ET-1 . Big ET- 1 an d Bi g ET- 2 ar e bot h 

cleaved a t the same site Trp 21-Val22, whereas Bi g ET-3 i s cleaved Trp 21-lle22 (57). 

All matur e endothelin s contai n tw o disulphid e bond s a t positio n 1-1 5 an d 3-1 1 

(58). Ther e ar e n o storage granule s fo r ET- 1 i n endothelia l cell s so stimul i induc e 

transcription (54;59) . To dat e ther e ar e severa l know n stimul i fo r ET - production , 

including shear stress , insulin and angiotensin 2  (table 2). 

Table 2 : Stimuli that can promote or inhibit the expression of pre pro ET-1 gene 

Promo tcrs Inh ib i tors 

Hypoxia Nitric oxide 
Ischemia Prostacyclin 
Shear stress Atrial natriuretic 

peptides 
Pulsatile stretch Estrogens 
pH 
Angiotensin II 
Vasopressin 
Cathccolamines 
Insulin 
LDL (oxidized), HDL 
Cytokines 
Growth factors 
Adhesion molecules 
Thrombin 

A table demonstrating the known stimulators o r inhibitors o f ET-1 synthesis . 

From Galie N  et al.2004 (54) . Reprinted by permission o f Oxford Universit y Pres s 

18 



Prepro-ET-1 mRN A ha s a half life o f approximately 15-2 0 minutes and the matur e 

peptide ET- 1 ha s a  plasm a hal f lif e o f 4- 7 minute s (54) . Thi s implie s extremel y 

tight contro l ove r circulatin g levels . Ther e ar e 6  isoenzyme s o f ECE : ECE-1a , 

ECE-1b, ECE-1c, ECE-2 , ECE-3 (54;57).  Al l ECE- 1 isoform s are derived from the 

same gene ; howeve r the y diffe r i n thei r n-terminu s structur e du e t o differin g 

promoters (60) . Alternat e enzym e system s includin g chymase s an d no n EC E 

metalloproteases ca n creat e matur e ET-1 . ECE-1-/ECE-1 homozygou s knockou t 

mice embryo s showe d larg e amoun t o f matur e ET- 1 (61),.  Chymase s hav e als o 

been show n t o cleav e Bi g ET- 1 Tyr 31-Gly32 t o produc e ET-i_ 3i. Thi s alternativ e 

product ha s vasoconstrictive properties , an d compete s fo r bindin g with ET- 1 bu t 

its true physiologica l rol e remains unclea r (62). 

1.4 The TGFB/BMP system in heritable PAH 

Early description s o f primar y pulmonar y hypertensio n no w referre d t o a s 

idiopathic (IPAH ) ,  b y Dresdal e i n 195 4 establishe d tha t i t coul d b e familia l (2) . 

Mutations i n th e gen e fo r th e Bon e Morphogeni c Protei n Recepto r Typ e 2 

(BMPRII) wer e describe d i n 200 0 i n heritabl e PA H (63;64) . BMPRII , a  typ e 2 

receptor o f TGFf i superfamily , an d th e bon e morphogeni c protein s i t bind s ha d 

until tha t poin t bee n know n onl y a s factors i n the osteogeni c process . Hereditar y 

hemorrhagic telangiectasi a (HHT , Osler-Weber-Rend u syndrome ) i s als o 

associated wit h a  for m o f PA H indistinguishabl e fro m th e idiopathi c an d familia l 

forms. I n 2001, mutation s i n the gene for the Activin receptor-like kinas e 1  (ALK1 ) 
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were linke d t o thi s diseas e (65) . ALK1 i s a  typ e 1  receptor o f TGFfi , whic h als o 

binds othe r member s o f the TGFfi superfamily . Heritabl e PA H and HH T an d thei r 

respective mutation s provid e a  compellin g lin k betwee n th e TGFf t molecul e 

superfamily an d PAH. Approximately 25 % of al l seemingly spontaneous idiopathi c 

cases an d 60-70 % o f heritabl e PA H hav e identifiabl e mutation s i n BMPR- 2 (9) . 

Despite thi s hig h connection t o the disease onl y 20 % of al l people with mutation s 

in th e BMPRI I gen e actuall y develo p clinica l PAH . This ha s le d som e t o believ e 

that thes e mutation s onl y predispos e th e patient s t o PAH , an d secon d stimul i 

such a s a  vira l infectio n o r exposur e t o toxin s o r drug s ar e require d fo r ful l 

development o f the disease (figure 7). 
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Figure 6 : Diagram of TGFIS signaling and a list of diseases or defects associate d 

with their respective component . Fro m Miyazono et al. 2001 (66) Reprinte d with 
permission of Wiley-Liss, Inc . a subsidiary o f John Wiley & Sons, Inc 

1.4.1 BM P System 

The BMP s wer e firs t discovere d a s protein s involve d i n th e repai r an d 

development o f bone s an d cartilage . Two recepto r group s hav e bee n described ; 

the typ e 1  bon e morphogeni c receptor s BMPRI A an d BMPRIB , an d th e typ e 2 

receptors BMPR-I I with bot h a long and shor t variant (67 ) The shor t variant lack s 
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almost al l of exon 1 2 entirely (68) . Although the shor t form is found ubiquitously , i t 

is no t know n i f i t ha s a  differen t functio n tha n th e lon g varian t (68) . Ther e ar e 

several huma n disease s othe r tha n PA H tha t hav e bee n linke d t o mutation s i n 

various components o f the BMP signaling cascade: mutations i n BMPRIA resul t i n 

juvenile coloni c polyposi s (69) , an d a  mutatio n i n BMPRI B cause s hereditar y 

brachydactyly (70) . 

1.4.2. BMPRI I 
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Figure 7 : Crysta l structur e o f BMPRI I from Mac e e t al , 2006 (71) . Reprinte d b y 

permission o f Elsevier . 

The gen e fo r BMPRI I i s locate d o n chromosom e 2 , an d th e mRN A i s 11449b p 

with 1 3 exon s (sourc e NCB I accessio n NM_001204) . Th e matur e peptid e 
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consists o f 103 8 amin o acid s wit h a  shorte r splic e varian t o f 53 0 amin o acid s 

(72). BMPRI I i s activated primaril y b y BMP 2, 4, 6, and 7 but does no t bind TGFf t 

(73). Thes e ligand s bin d wit h hig h affinit y t o th e typ e I  receptors an d onl y lo w I 

affinity t o BMPRII . BMP-6 i s exceptional i n that i t binds tightly to BMPRII . As wit h 

the othe r typ e I I TGFfi family receptors , BMPRI I i s constitutively activ e an d onl y 

forms a  heterodime r wit h eithe r BMPRI A o r BMPRI B upo n bindin g o f ligand s 

(68). Unlik e othe r typ e I I receptor s o f TGFf i superfamily , BMPRI I ha s a  lon g 

carboxy termina l sequenc e followin g th e kinas e domain . Thi s domai n mus t b e 

essential t o prope r recepto r functionin g becaus e man y o f the mutation s foun d i n 

PAH patient s occu r i n this domai n (74) . I n cultured smoot h muscl e cells , the C 

domain interact s with c-Src tyrosine kinase (74) , Receptor for Activated C-Kinas e 

1 (RACK1 ) (75) , a s wel l a s LI M kinas e 1  (LIMK1)(76). TCTEX- 1 a  ligh t chai n o f 

the moto r comple x dynei n o f th e cytoskeleto n wa s als o show n t o b e 

phosphorylated b y th e cytoplasmi c c  termina l i n the lon g isofor m bu t no t b y th e 

short isofor m (77) . BMPRI I retain s th e three-finge r toxi n fol d o f th e TGFI3 . 

superfamily recepto r extracellula r domains ; i t also shares activi n type I I receptors 

(ActRII) mai n hydrophobi c patch , whic h i s use d t o bin d ligand s (figur e 7 ) (71) . 

Comparisons o f BMPRI I crysta l structur e t o othe r TGFf t famil y receptor s sho w 

many similiarities an d differences. B y use of these comparisons i t is believed tha t 

His87 o f BMPRI I play s a n importan t rol e i n ligan d bindin g an d recognitio n i t i s 

unique amongst this family o f receptors (71) . 
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To dat e ther e hav e bee n 14 4 BMPR-I I mutation s associate d wit h presumabl y 

heritable PAH . (68). All o f these mutation s caus e a  loss of receptor function; none 

cause a  gai n o f functio n (9) . Th e mutation s induc e failur e o f accurat e 

transcription, includin g nonsens e (earl y sto p i n transcription) , missens e (wron g 

amino acids) , and frameshif t (wher e everything downstream i s miscoded) defects . 

Splicing mutations , whic h resul t i n th e absenc e o r duplicatio n o f portion s o f th e 

receptor, hav e also bee n described . Thirty percen t o f the mutation s ar e missens e 

alterations o f th e highl y conserve d region s o f th e recepto r suc h a s th e kinas e 

domain o r th e bindin g domain . The balanc e o f mutation s i s mostl y fram e shif t o r 

nonsense, whic h woul d predictabl y lea d t o mRN A decay . Thi s ha s le d t o th e 

proposal that haploinsufficiency i s the common final result of these mutations . 

1.4.3 BM P signaling 

The BM P receptor s hav e severa l differen t downstrea m signalin g methods , som e 

of which hav e recentl y bee n discovered an d ar e no t fully understood . The classi c 

downstream signalin g cascad e commo n t o th e TGFf i superfamil y o f receptor s i s 

via th e Smal l Mother s agains t Decapentaplegi c o r SMA D pathway . Th e recepto r 

associated SMAD s (R-SMADs ) ar e SMAD1 , 2 , 3, 5, and 8 . While som e receptor s 

of th e superfamil y signa l throug h SMAD s 2  an d 3  th e BM P receptor s utiliz e 

SMADS 1 , 5 , an d 8  (68;78) . Thes e SMAD s the n associat e wit h th e co-SMAD , 

SMAD4, and translocate t o the nucleus . SMADs 6  and 7  are inhibitor y SMAD s (I-

SMADs), which counteract the effects of binding to the recepto r (79) . 
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The SMAD s ar e a  grou p o f well-conserve d protein s whic h contai n tw o highl y 

conserved region s Mad-homolog y 1(MH1 ) an d Ma d homolog y 2(MH2 ) (80) . Th e 

MH1 domain i s found o n the N  terminus whil e the MH 2 i s on the C  terminus; they 

are connecte d b y a  poorl y conserve d linke r regio n (80) . The N  terminus interact s 

with C  terminu s inhibitin g it s action s an d preventin g i t fro m interactin g wit h co -

SMAD4 (78) . Recepto r mediate d phosphorylatio n o f th e C  terminu s i n r-SMAD s 

ends this hindrance . The N  terminus MH 1 i s responsible for binding to the DNA a t 

specific sequence s 5-GTCT- 3 o r 5-AGAC- 3 th e MH 2 domai n interact s wit h othe r 

proteins suc h a s othe r SMAD s an d activate d receptor s (81;82) . Thi s bindin g i s 

weak a t bes t an d a s a  resul t th e SMA D complexe s interac t wit h transcriptio n 

factors such as FoxH1 i n the nucleus which allo w them to interact with their targe t 

sequences (83). 
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Figure 8 : Image demonstrating the SMAD1/5/8 pathwa y use d by the BM P 

receptors. From Newman et al. 2001 (84) . Reprinted b y permission of the 

Massachusetts Medica l Society . 

Recent studie s hav e suggeste d tha t BM P signalin g als o occur s throug h mitoge n 

activated protei n kinase s (MAPKs)(68;79;85;86 ) an d tha t th e BM P receptor s 

behave somewha t differentl y tha n other s i n the TG F superfamily . Al l othe r TGFf i 

receptor groups produc e a  heterodimer o f type 1  and type 2 only when a  ligand i s 

bound. However , the BMP receptor ma y form a  variety o f dimer complexes, found 
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with o r withou t a  boun d ligan d (68;87) . Th e vas t majorit y o f thes e preforme d 

complexes contai n on e BMPRI I an d eithe r a  typ e I  BM P recepto r BMPRI A o r 

BMPRIB. Fo r th e complexe s tha t ar e no t preformed , upo n bindin g o f a  BMP , a 

pattern o f dimerization identica l to that o f the preforme d complexe s occur s o n the 

cell surface . Th e individua l complexe s signa l differentl y upo n bindin g o f ligand s 

(68;87). Th e preforme d complexe s signa l vi a th e traditiona l SMA D pathwa y a s 

with othe r member s o f th e TGF- B superfamily . B y contrast , th e ligan d bindin g 

induced signalin g comple x signal s vi a MAPK s includin g p38MAP K an d 

p42/44MAPK (ERK1/2 ) a s wel l a s c-Jun-N-termina l kinase/stres s activate d 

protein kinas e (JNK/SAPK ) (86;88) . Transfection o f many o f the know n mutation s 

of BMPRII found in IPAH and FPAH into mouse epithelia l cell s resulted in a ligand 

independent initiatio n o f p38MAP K signaling . Thi s ha d le d t o a  hypothesi s tha t 

reduced surface appearance o f functioning BMPRI I leads to preferentia l activatio n 

of the p38MAPK pathway in PAH (89). 
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Figure 9: Dependin g on the preformed complex on the cell surface the BM P 

system signals through either the MAPK system or SMAD pathway. Fro m Moh e 

et al. 2002 (87 ) 

There ma y b e som e overla p betwee n thes e tw o separat e pathway s since , i n 

addition t o th e regula r phosphorylatio n sit e SX S o n SMAD1 , 4  additiona l 

phosphorylation site s hav e bee n identifie d whic h ar e Phospho-MAPK/CD K 

Substrates (PXSP ) site s (68,90) . Thes e latte r site s ar e responsibl e fo r basa l 

phosphorylation level s o f SMAD- 1 an d ar e consensu s site s fo r MAPK . Upo n 

phosphorylation o f th e PXS P sites , nuclea r localizatio n o f SMAD 1 i s prevente d 

(68). 
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1.4.4 BM P Signaling Control 

Evidence exist s for self-contro l o f BMP expression; however thi s does no t appear 

to b e th e primar y metho d o f BM P signalin g control . Severa l BMP-specifi c 

antagonists hav e bee n identified . Man y ar e secrete d extracellula r antagonist s 

which bin d th e BMPs , preventin g the m fro m bindin g t o thei r receptors . Thes e 

include: Noggin , th e Chordi n famil y o f proteins , Twiste d Gastrulatio n (Tsg) , an d 

the Da n family . Eac h ha s thei r ow n specificit y i n term s o f whic h BMP s the y ac t 

upon. Noggi n i s capable of binding BMP s 2 and 7  as well as growth differentiatin g 

factor (GDF ) 5  and 6 and vegetally localize d protei n (Vg-1) , but no other member s 

of the TGFR. superfamily. Chordi n bind s BMPs - 2, 4, and 7 but no other member s 

of the superfamily . Tsg bind s to the chordin BMP s 2  and 4 complexes to enhanc e 

its inhibitio n strength . However , Ts g als o act s a s a n agonis t b y increasin g th e 

cleavage o f chordin , thereby preventin g it s inhibitio n o f signaling . The Da n famil y 

has many member s which bin d to a variety o f BMPs ; this family i s thought t o pla y 

a role primarily i n early development an d not in adults. 

On th e cel l surfac e a  pseudoreceptor , BM P an d activi n boun d protei n (BAMBI) , 

modulates BM P signaling. I t is a transmembrane glycoprotei n with an extracellula r 

domain simila r t o tha t o f other receptor s o f TGFfi superfamily . BAMB I associate s 

with BMPRI A an d BMPRI B an d inhibit s thei r activation , eve n i n th e absenc e o f 

BMP ligan d (91;92) . Ther e ar e severa l intracellula r inhibitor y mechanism s fo r 
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BMP recepto r signaling . The iSMADs , SMAD6 and SMAD7, have severa l actions : 

they compet e wit h rSMAD s fo r TG F an d BM P recepto r binding ; the y bin d t o th e 

type 1  receptor s an d recrui t E3-ubiquiti n ligase s know n a s SMA D ubiquitinatio n 

regulatory facto r 1  an d 2  (Smurfl , Smurf2) . Whe n th e Smurf s bin d t o th e 

receptors, ubiquitinatio n an d degradatio n o f th e receptor s occu r thu s decreasin g 

the recepto r leve l availabl e fo r signalin g (93).  Smurf s 1  an d 2  ar e als o abl e t o 

ubiquitinate SMADs ; specificall y 1  an d 5 . SMAD 7 als o recruit s a  complex , 

GADD34 th e catalyti c uni t o f protei n phosphatas e 1 , t o activate d TGFI i typ e I 

receptor and dephosphorylates an d inactivates it . (94).  The actions of SMAD6 are 

inhibited b y associate d molecule s containin g th e SH 3 domai n o r STA M (AMSH ) 

which bind s t o th e iSMAD s an d inhibit s it s interaction s wit h BMPR I upo n BMP 2 

stimulation. Th e alternat e BM P signalin g pathwa y vi a MAP K ha s bee n show n t o 

phosphorylate AMSH and prevent i t from binding to SMAD6. 

Other intracellula r protein s ma y ac t a s co-activator s an d repressor s o f 

transcription. Sk i i s a n importan t TGFI i negativ e regulator , preventin g th e 

inhibition o f growt h normall y mediate d b y TGFfi . Increase d level s o f Sk i hav e 

been foun d i n tumou r cell s (95;96).  Althoug h it s affinit y t o BM P SMAD s 1/5/ 8 i s 

weak, Sk i is stil l able to decrease thei r signaling via other mechanisms , includin g 

stabilizing SMAD / DN A complexes preventin g newl y phosphorylate d SMAD s fro m 

gaining access to SMAD bindin g elements on the DNA. Knockout of Ski in utero is 

lethal (97). 
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1.4.5 TGFR i 

TGFfti i s th e prototypica l molecul e o f th e TGFR , superfamil y whic h include s 

inhibins, activin , anti-mulleria n hormone , bon e morphogeneti c proteins , 

decapentaplegic an d Vg-1 . I t i s a protei n secrete d b y man y cell s o f the bod y an d 

affects cel l proliferation an d survival . Like other members o f the superfamily i t has 

type I  an d typ e I I receptor s (T(3RI , T|3RII ) whic h dimeriz e t o produc e signal s 

downstream upo n binding . Th e typ e I I recepto r i s foun d ubiquitously , a s i s th e 

type I  activin lik e kinas e 5  (ALK5) . However , anothe r typ e I  activin lik e kinas e I 

(ALK1) i s no t foun d ubiquitously , bu t i s abundantl y presen t o n endothelia l cells . 

ALK-1 ha s recentl y bee n describe d o n chondrocytes , (98 ) fibroblast s (99) , 

myoblasts (100 ) a s wel l a s hepati c stellat e cell s (101).  ALK 1 ha s tw o 

chromosome 1 2 transcrip t isoforms , whic h diffe r i n thei r 5'UTR : a  longe r 4263b p 

mRNA transcrip t an d a  shorte r 4126b p transcript . The y bot h produc e th e sam e 

isoform o f matur e protei n whic h i s 50 3 amin o acid s i n lengt h an d ha s grea t 

homology wit h othe r typ e I  activi n lik e kinas e receptors , includin g i n h e serine -

threonine kinas e subdomains , a  glycin e an d serine-ric h regio n (calle d th e G S 

domain) precedin g the kinase domain, and a short C-terminal tai l (source NCBI) . 

The tw o differen t receptor s ac t throug h th e differen t SMA D pathway s wit h ALK 5 

activating SMAD s 2 and 3, while ALK1 use s SMADs 1 , 5, and 8 . ALK1 and ALK5 

are onl y activat e upo n bindin g o f thei r ligands , wit h th e typ e I I recepto r the n 
31 



phosphorylating th e type I  receptor, allowin g i t to produc e it s downstream effects . 

The exac t stoichiometr y o f the receptor s upo n bindin g i s no t ye t full y understood . 

In most cel l types where ALK5 i s the only type I  receptor fo r TGFfi , th e TpRI an d 

TpRII are found as homodimers i n the cytoplasm, and the crysta l structure o f cell -

surface T(3RI I suggests th e same arrangemen t occur s o n the plasm a membrane . 

The T(3RI / TpRI I comple x i s mos t likel y mad e u p o f a t leas t tw o TpRI I receptor s 

and tw o TpR I receptor s (83).  A s wit h BM P signaling , TGFf i signalin g ma y als o 

employ MAP K activatio n (102 ) (103) . Dependin g o n thei r concentration , th e 

receptors involved , an d th e typ e o f TG F superfamil y molecul e bein g studied , 

opposing effects ma y be seen in the same cel l type. I t is thought tha t signaling vi a 

ALK5 suppresse s proliferation . ALK 5 i s th e mor e commo n recepto r i n matur e 

endothelial cells . B y contrast , ALK 1 signalin g ha s bee n foun d t o b e pro -

proliferative an d i s highl y activ e i n developin g vessel s (104;105) . Thus , th e 

reaction o f an endothelial cel l to TGFR, stimulation i s very muc h dependant o n the 

balance o f ALK 1 o r ALK 5 stimulation . Eac h recepto r ha s a  differen t patter n o f 

gene stimulation . ALK 1 stimulatio n promote s pro-angiogeni c gene s suc h a s Id1, 

and IL1RL 1 whil e ALK 5 stimulate s expressio n o f maturatio n gene s suc h a s 

connexin 37, IG-H3, and plasminogen activator inhibitor- 1 (106)  (107)  (104) 

Endoglin (cd105) , a co-receptor o f TGFIi also found predominantl y o n endothelia l 

cells, interacts mor e tightly with ALK1 then ALK5. Mutations i n endoglin als o lea d 

to th e developmen t o f HHT . Ectopi c expressio n o f endogli n represse s signal s 

from ALK 5 (108).  Ther e appea r t o b e tw o splic e variant s o f endoglin , th e 
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predominant lon g for m L-endoglin , an d a  les s commo n shor t form , S-endoglin . 

Recent finding s i n L 6E9 myoblast s indicat e tha t th e mor e commo n lon g splic e 

variant increase s signalin g vi a ALK1 , therefore interferin g wit h ALK 5 signaling , 

while the less common shor t form interacts with ALK5 (100) 

1.4.6 Balanc e of TGF and BMP signaling in the Pulmonary Vasculature 

BMP an d TG F signalin g ha s bee n associate d wit h contro l o f cel l growth , 

proliferation, and apoptosis. Derangement o f these functions ma y be critical to the 

development o f PAH. Abnormal growth response s i n cells from patient s with PA H 

to these molecules are described below . Pulmonary vascular smooth muscle from 

normal lungs , or from lung s of patient s with idiopathi c PA H or P H of other cause s 

were culture d i n the presenc e o f various BMPs . TGFfi decreased th e proliferatio n 

of cell s fro m norma l an d non-idiopathi c P H lungs . However , th e IPAH-lun g 

derived PASM C showed increased proliferatio n a t all TGFB concentrations. BMP s 

also decrease d th e proliferatio n o f norma l an d non-IPA H lun g -derive d PASMC ; 

however, th e IPA H PASM C di d no t sho w thi s decreas e i n proliferation . Thi s 

suggests tha t BM P signalin g normall y ha s a n anti-proliferativ e effec t o n PASM C 

and thi s effec t i s los t i n lung s affecte d b y IPAH , an d thi s ma y permi t a n 

exaggerated, paradoxical proliferative effect of TGFB. (73) 
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Figure 10 : The loss of the normal suppressive effects of the BMPs and 
enhancement o f the stimulatory effect s of the TGFft molecules , creating an 
imbalance ha s been proposed to be the cause of PAH Figure from Newman e t 
al. 2008 (9) . Reprinted by permission o f Annals o f Internal Medicin e 

The effect s o f th e TGFft/BM P syste m hav e bee n studie d i n variou s endothelia l 

cell types . Whe n th e BMPRI I gen e i s knocke d dow n usin g siRNA , pulmonar y 

artery endothelia l cell s (PAEC ) develope d increase d apoptosi s (11) . Thus , som e 

BMPs ma y normall y ac t as surviva l factors for endothelia l cells . The size an d sit e 

of the vessel ma y also be importan t to the effect s o f BMPs , as well as the type o f 

BMP. Whe n th e effect s o f BMP 4 o n endothelia l cell s derive d fro m capillaries , 

veins an d arterie s derive d fro m variou s differen t tissue s wer e compared , huma n 

coronary an d aorti c endothelia l cell s wer e completel y resistan t t o BMP4-induce d 

apoptosis wherea s th e derma l microvascular , huma n umbilica l arter y an d vei n 

were sensitiv e t o BMP 4 inductio n o f apoptosis . Thi s stud y als o demonstrate d 
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increased level s o f the iSMAD s SMA D 6an d 7  i n larg e arter y derive d endothelia l 

cells. Th e iSMAD s hav e bee n show n t o b e particularl y effectiv e a t dow n 

regulating SMAD1 , 5 , 8 signaling. 
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Figure 11 : A  diagra m o f the hypothetica l developmen t an d diseas e progressio n 

of PAH . Fro m Michelaki s e t al . 2006 (12) . Reprinte d b y permissio n o f Wolter s 

Kluwer Healt h 
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1.4.7 The TGF/BMP System and its effects on the Endothelin System 

Very quickl y afte r th e initia l discover y o f ET-1 , i t wa s recognize d tha t TGFI i 

affected ET- 1 production . TGFI3 , increase s prepro-ET- 1 mRN A expressio n 

increases i n a dose and time-dependent manne r i n porcine aorti c endothelia l cell s 

(109). Thi s effec t seem s t o signa l vi a th e ALK 5 receptor , becaus e th e specifi c 

ALK5 inhibito r SB-43154 2 prevent s induction , whil e siRN A knockdow n o f th e 

alternate primaril y endothelia l typ e 1  TGFI3. receptor ALK 1 doe s no t preven t th e 

increased ET- 1 production . I n addition , TGF d wa s show n t o hinde r endothelia l 

cell proliferatio n an d mobility , an d thi s wa s als o reverse d b y th e ALK 5 inhibitor . 

Moreover, th e effect s o f TGF B wer e partiall y inhibite d b y th e ET- 1 recepto r 

antagonist bosentan , implyin g tha t par t o f th e TGFI2 . effec t result s fro m ET-1' s 

autocrine effect s o n endothelia l cells . (110).  BMP7 , another membe r o f the TGF p 

superfamily, increase s ET- 1 productio n i n Ra t Calvaria l Osteoblast s (111).  TGFI3> 

down regulate s endothelin- 1 selectiv e bindin g sites i n smooth muscl e cell-derive d 

A617 cells . (32) . Thes e site s ar e mos t likel y ET- A receptors . A  simila r effec t 

occurs i n hepati c stellat e cell s which , lik e endothelia l cells , expres s ALK 1 

(101;112). 
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Rationale for Studying the Possible Relationship Between the TGFIi System an d 

ET-1 Synthesi s 

Increased expressio n an d synthesi s o f endothelin-1 , th e highl y poten t 

vasoconstrictor an d smoot h muscl e mitogen , has bee n found i n the lung s o f PA H 

patients. Whil e thi s ma y b e par t o f th e greate r endothelia l dysfunctio n see n i n 

PAH, includin g increase d proliferation , loss o f apoptosis , an d abnorma l synthesi s 

of othe r vasoactiv e products , ther e ma y b e specifi c trigger s fo r th e exces s ET- 1 

production. Increasingly , th e pulmonar y microvascula r endothelia l cel l seem s 

central t o th e initiatio n an d progressio n o f PAH . Th e norma l behaviou r o f thes e 

cells ma y b e ver y differen t fro m endothelia l cell s o f othe r origins , an d finding s i n 

other cell s ma y no t b e extrapolate d t o th e lun g microvasculature . Th e relativel y 

recent connectio n betwee n th e bon e morphogeni c syste m an d familia l an d 

idiopathic PA H a s wel l as the closel y associate d TGF B syste m mutation s i n HH T 

suggest tha t these molecula r signalin g mechanism s ar e als o centra l t o PAH , and 

may b e a  tru e initiatin g factor , wit h a  secondar y trigge r a t time s bein g present . 

The TGF B syste m affect s ET- 1 synthesis . Thus a  connection betwee n th e TGF B 

system abnormalities an d heightened ET- 1 synthesis ma y be proposed. 
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Aim of Study 

The purpose o f this study was to determine which members o f the TGFfi family , i f 

any ha d a n effec t o n th e ET- 1 productio n level s o f norma l huma n microvascula r 

endothelial cell s of the lung . 
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2.1 INTRODUCTIO N 

Pulmonary arteria l hypertension (PAH) is a group of disorders that cause vascula r 

remodeling of the pre-capillary pulmonar y microvasculature , leading to increase d 

pulmonary vascula r resistance , righ t hear t failure, and ultimately death (7;8) . 

Endothelial cel l (EC) dysfunction i s a hallmark o f PAH, manifesting mos t 

significantly a s abnormal E C growth that occludes the microvascula r lumen , but 

also via reduced level s of endothelium-derived mediator s that normally hel p 

maintain vascular homeostasis , including prostacycli n and nitric oxide 

(7;13;14;113-115). Moreover , increased plasma and tissue levels of the 

endothelium-derived vasoconstricto r an d mitogen, ET-1, have been describe d 

(16). Identification o f increased ET- 1 levels has led to the development o f 

endothelin recepto r antagonists that have improved the course of the disease for 

many PA H patients (116-118 ) 

Whether the increased level s of ET- 1 in PAH were related to excess loca l 

synthesis, or to a reduction i n the normal pulmonary clearance o f circulating 

ET-1 from the bloodstream, or both , had been unclear . Histologi c study of lungs 

from patients with PAH established that excess loca l ET-1 expression an d 

synthesis was a major factor (119) . Physiologic measurements o f pulmonar y 

ET-1 extraction i n patients with PAH subsequently establishe d that the majorit y 

of patients have norma l or near-normal levels of ET-1 extraction (120) . Thus, 

the increased ET- 1 levels in PAH resul t mainly from excess synthesis . There is 

at present only limited evidence that ET- 1 synthesis can be reduced by therapy 

(121;122). The stimul i for this excess synthesis are unknown. Numerous factor s 
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that can alter ET- 1 production hav e been described, including transformin g 

growth factor bet a (TGFIi ) (123 ; 124). In vitro,  TGFG stimulates ET- 1 synthesi s 

in endothelial cell s from several vascular origins (109;110;125;126) . It s effects 

have no t been studied i n pulmonary microvascula r endothelia l cells . 

Identification o f families with PAH has led to the description o f genetic 

mutations in components of receptors for the TGFfi superfamily o f molecule s 

(87);(127). These components includ e a  receptor for bone morphogeni c 

proteins, BMPR-I I (63;64;68 ) and the TGFft recepto r component s activin-lik e 

kinase-l (ALK-1 ) and endoglin (65) . The end-effect o f the mutations seems to 

be a reduction i n signaling via the receptor type that i s expressed b y the 

mutated gene (haplotypi c insufficiency ) (128) . Activation o f these receptor s 

affects growth , apoptosis and differentiation i n many cel l types (129 ) and BM P 

signaling promotes pulmonar y endothelia l cel l survival (11) . The loss of this 

survival factor may contribute to the emergence o f apoptosis resistan t 

endothelial clones that narrow the microcirculation i n familial PAH (11) . 

Moreover, ALK-1 i s expressed i n the circulation solely on endothelial cells , and 

a mutation i n ALK-1 causes hereditar y hemorrhagi c telangiectasia (HHT) , and 

PAH that i s clinically indistinguishabl e from familial PAH (65) . Thus, there i s 

compelling evidenc e for involvement o f the TGFE superfamily o f molecules i n 

the pathogenesis o f several types of PAH (9) . Given normally lo w ET-1 levels i n 

humans, but high ET-1 levels in PAH, we hypothesized tha t the TGFR. 
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superfamily o f molecules would alte r ET- 1 production b y pulmonar y 

microvascular endothelia l cells , the cell critical to the pathogenesis o f PAH. 

2.2 MATERIALS AND METHOD S 

2.2.1 Cells and reagents: 

Lung-derived norma l human microvascula r bloo d vessel endothelia l cell s 

HMVEC-LBI (Lonza , Walkersville MD ) were cultured i n EGM-2MV mediu m 

(supplemented with 5% fetal bovine serum, 0.04% hydrocortisone, 0.4% huma n 

fibroblast growth factor, 0.1 % vascula r endothelia l growth factor, 0.1 % insuli n 

like growth factor, and 1 % GA-1000). These cel l lines are purified by double 

staining and flow cytometry an d are 90% pure for cells of vascular origin; they 

express CD31, but do not express podoplanin , a marker for cells of lymphati c 

origin (HMVEC -  LBI Lung Blood MV Endothelia l Cel l - Technical Sheet , Lonza , 

February 2008) . BMPs 2,4,7 and TGFfil wer e purchased from Peprotec h 

(Rocky Hill , NJ) . 

2.2.2 Experimental techniques: 

HMVEC-LBI cells (passage 5  only) were grown on 24 well plates unti l they 

reached confluence. Twelve wells were use d for each experimental condition , 

including each concentration a t each time point . The medium was collecte d 

post exposure to the peptides and i t was frozen at -70° C. for subsequen t 
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measurement o f ET-1 levels . At each time point , after aspiration o f the medium, 

the cells were lyse d with Reporte r Lysi s Buffer (Promega ) and the protei n 

concentration i n the lysate was measured by the BCA method (Pierce , 

Rockford IL) . ET-1 levels in the supernatant were measured with a commercia l 

ELISA ki t (Assay Designs , Ann Arbor, Michigan ) with antibodies specifi c for 

human ET-1 . The intra-assay coefficient o f variation was 5.8%, with an inter -

assay variation of 4.7%. Cross reactivit y to ET-2, ET-3 and Big ET was <  0.1% . 

The ET-1 levels we measured in experiments fel l within the mid-range o f the 

curve generated by the standard concentrations provide d with the ELIS A ki t -

therefore the ki t was capable of measuring a  reduction i n ET-1 levels as 

compared to CONTROLS, should have occurred i n an experiment. Th e 

complete medium had undetectable level s of ET-1. 

2.2.3 Experimenta l design: 

In the first experiment, once the HMVEC-LBI cells were confluent, the complet e 

medium was replaced with complete mediu m containing 0 , 0.156, 0.3125 , 

0.625, 1.25 , 2.5 , 5, or 10 ng/ml of TGF-G1, or 0,1,10,o r 10 0 ng/ml BMP-2, 4 or 

7. The supernatant was then collected and the cells processed as discusse d 

above. To examine the effects a t earlier time points , a time curve study of the 

response to TGFR. (2.5 ng/ml) was performed -  at time 0, after the EGM-2M V 

complete medium was replaced with complete mediu m containing the TGFfi. 

One, 4, 8, and 24 hours later the supernatant was collected and the cell s 

processed as discussed above. In a third experiment, to study the effects o f 
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basal medium without serum and growth supplements, cells were exposed to 

basal medium containing 0.1 % BSAfo r 1 6 hours, then the medium was 

removed and the cells were exposed to basal medium with BSA, with or without 

TGFft (2. 5 ng/ml) or BMP 2, 4, or 7 (100 ng/ml) for 8 hours. The supernatan t 

was then collected and the cells processed as discussed above . 

2.2.4 SMAD signaling: 

HMVEC-LBI cells were grown to confluence on 6-well plate s in EGM-2M V 

medium. The cells were then serum starved in basal medium (EGM medium + 

0.1% BSA ) overnight. Next , the medium was replaced with either basa l 

medium, complete EGM-2M V medium , or basal medium containing BM P 2, 4, 

or 7 (100 ng/ml) orTGFfi. (2.5 ng/ml) for 5 minutes. The cells were then lyse d 

directly in sample buffe r (2. 5 mM Tris-HCI, pH 6.8, 25° C, 2 % w/v SDS, 10% 

glycerol, 50 mM DTT, 0.01% w/v bromopheno l blue) , homogenized b y syringe 

aspiration through a 26-gauge needle , and separated on a 10% polyacrylamide 

gel. The proteins were transferred to a PVDF membrane (Pierce , Rockford IL ) 

and blocked in TBST (0.02 M Tris, 0.14 M  NaCI, 0.1% v/v Tween) with 5% 

powdered skim milk. The membranes were incubated overnight at 4°C with 

anti-SMAD5 (Cel l Signaling, Danvers, MA), anti-phosphorylated SMAD1/ 5 (Cel l 

Signaling, Danvers, MA), and anti-GAPDH (Fitzgerald , Concord, MA), all in 

TBST with 5% BSA. The membranes were then washed in TBST and 

incubated at room temperature for 1  hour with anti-rabbit-HRP (Cel l Signaling, 

Danvers, MA) and anti-mouse-HRP (Pierce , Rockford, IL) . After another wash, 
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the membranes were incubated with Western lightnin g enhanced lumino l 

(Perkin-Elmer, Waltham, MA) and then exposed to photographic film. Densit y o f 

the bands on the developed film was analyzed using Image J software (Nationa l 

Institutes of Health , Bethesda, MD). 

In a separate experiment , the time course of SMADs 1/ 5 phosphorylatio n wa s 

studied. The cells were serum starved overnight i n endothelial basa l medi a 

(EBM, Lonza) containing 0.1 % BSA . The medium was then replaced with fresh 

EBM alone or EBM containing 100ng/m l of BMP 2, 4, or 7, or 2.5ng/ml o f 

TGFfi. The cells were exposed to the experimental conditions for 1 5 minutes, 

45 minutes and 7 hours, after which the cells were lysed in sample buffer . Th e 

samples were then processed and analyzed as above. 

2.2.5 Statistica l methods : 

Data were expressed as mean ± SD. For each experimental group, at 24 or 48 

hours, to detect differences i n group means, one-way analysis-of-variance wa s 

used, followed where appropriate b y the Tukey-Kramer multipl e compariso n 

test. Two-tailed p  values < 0.05 are considered significan t 
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2.3 RESULTS : 

2.3.1 Effec t of BMPs on ET-1 levels in complete medium (Figure 13A): 

At the concentrations used , after 24 hours of exposure i n complete medium, 

neither BMP-2 , BMP-4 nor BMP-7 altered absolute ET- 1 levels , normalized ET -

1 levels or cell protein levels as compared to controls. Similarly, BMP- 2 and 

BMP-4 did no t raise absolute ET- 1 levels after 48 hours of exposure. However , 

after 48 hours, BMP-2 (10ng/ml ) slightl y increase d cel l protein levels , by 19% 

over controls (p<0.05) . By contrast, BMP- 4 (1 ng/ml) slightly reduced cel l 

protein levels (12% less than controls) and this resulted i n an 18 % increase in 

normalized ET- 1 levels versus controls (p<0.05) . At 48 hours , BMP-7, only at a 

dose of 10 0 ng/ml, increased absolute ET- 1 levels by 32% as compared to 

control (p<0.05) , and i t also increased ET- 1 levels normalized for cel l protein by 

27% versus controls . 

2.3.2 Effect of TGFIJ1 on ET-1 levels in complete medium (figure 13B): 

TGFR1 stimulated ET- 1 production by the pulmonary microvascula r endothelia l 

cells. At 24 hours, as compared to controls i t significantly increase d ET- 1 levels 

at all TGFG1 concentrations excep t 1 0 ng/ml, with a 47% increase at 2.5 ng/ml, 

and when normalized to cell protein, ET-1 levels were increased at al l 
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concentrations excep t 5  and 1 0 ng/ml (40% increase at 2.5 ng/ml) . Exposure to 

TGFR1 did not cause any alteration i n cell protein levels . A similar pattern was 

observed afte r 48 hours o f exposure to TGFG1, where protei n levels were no t 

increased, but ET-1 levels compared to controls were increased a t 0.625, 2.5 5 

and 1 0 ng/ml (30% increase at 2.5 ng/ml) , and ET-1 levels normalized to cel l 

protein were increase d compared to controls a t all TGFG1 concentration s 

between 0.625 and 1 0 ng/ml inclusive (31 % increas e at 2.5 ng/ml) . 

2.3.3 Time course of ET-1 stimulation by TGFR in complete medium (figur e 

14): 

As compared to CONTROL, exposure to TGFU (2.5 ng/ml) in complete mediu m 

significantly increase d normalized ET- 1 secretion a t 4, 8, and 24 hours . The 

difference was greatest a t 8 hours (27 % increase), with a smaller differenc e 

(15%) at 24 hours. TGFfi also increased absolute ET- 1 levels at those time 

points, and i t slightly (maximum 4%) increased cellula r protei n levels (data no t 

shown). 

2.3.4. Effects of BMPs and TGFB1 on SMAD levels (Figure 15): 

At 5 minutes, levels of SMAD-5 remained unchange d b y exposure to BMPs, 

TGFG1, or complete medium (figure 3 , upper). However , afte r 5 minutes o f 

exposure i n basal medium, BMPs 2, 4 and 7 and TGFR.1 as well as complet e 

medium increased level s of phosphorylated SMAD-1/5 . Phosphorylation o f 

SMADs 1/ 5 i n basal medium was rapid (figure 3  lower). I t was apparent at 15 
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minutes, and stil l present a t 45 minutes, with less phosphorylation b y BMP-7 a t 

that time. TGFft, stil l induced phosphorylatio n a t 7 hours. 

2.3.5 Effec t on ET-1 levels of BMPs 2, 4, and 7, and TGFB in basal medium 

(figure 16): 

In basal medium, an 8 hour exposure to BMPs 2, or 7 or TGFfi significantl y 

increased normalize d ET- 1 levels as compared to controls, with TGFfi inducin g 

a 5 1% increas e and BMP-7 a  27% increase. BMP-4 had no effect on ET- 1 

levels. Absolute ET- 1 levels were significantly increase d by BMP-7 (24% 

increase) and TGFI3. (20%) as compared to controls, but not by BMP-2 (dat a 

not shown). None of the BMPs affected cellula r protei n levels , but TGFf t 

decreased cellula r protein by 20%. 

2.4 DISCUSSIO N 

The results of the present studies demonstrate tha t ET-1 can be modulated b y 

some BMP s and by TGFft i n human pulmonar y microvascula r endothelia l cell s 

in vitro. With TGFfi., this stimulated increase i n ET-1 occurs within 4 hours , 

remains at 24 and 48 hours and is seen in basal or complete medium . Despit e 

inducing sustained SMADs 1/ 5 phosphorylation , BMPs 2 and 4 have minimal or 

none of the above effects , while BMP-7 at high doses has stimulatory effect s 
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similar to TGFft a t 48 hours in complete medium and at 8 hours i n basa l 

medium. 

An imbalance, with loss of the norma l suppressive effects o f the BMPs an d 

enhancement o f the stimulatory effects of the TGFft molecules , has been 

proposed to lead to the vascular abnormalities i n PAH (9) . For example, unlik e 

their normal growth-inhibitory effect s seen in controls, BMPs did not inhibi t 

proliferation of pulmonary artery smooth muscle cell s derived from patients with 

idiopathic PA H (73). By contrast, TGFG1 stimulated proliferatio n i n those sam e 

cells. These two effects were no t apparent i n smooth muscle cells from patient s 

with other causes of pulmonary hypertension . Furthermore, BMPs appear to be 

essential survival factors for some cel l types, preventing apoptosis i n 

pulmonary vascular endothelia l cells (11). Thus i t is essential to characterize 

the effects o f these peptides i n the clinically relevan t cel l population. The 

pulmonary microvascula r endothelia l cel l appears to be the primary source of 

the excess ET- 1 in PAH (15), although there may be some lesser contributio n 

from other cell s in the vessel wall. I n this study, we examined cells from 

individuals without pulmonary hypertension , to examine norma l signalin g 

pathways. Previously available commercial microvascula r endothelia l cel l lines 

were significantly contaminate d with endothelial cells of lymphatic origin. The 

line we used, HMVEC-LBI i s vascular i n origin. Thus, our results provide nove l 

information about the effects of the TGFIJ superfamily o f molecules on ET-1 

synthesis i n these cells most relevant to PAH. 
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The HMVEC-LB I are extremely dependent on adequate culture conditions , 

including the presence of complete medium. They do not survive well in basa l 

medium for extended periods of time. Therefore, our initia l experiments were al l 

performed with complete medium as the control. In that medium, only BMP- 7 

and TGFfi) increased ET-1 levels. The time course experiment (figur e 14 ) 

suggests tha t ET-1 levels can be stimulated to rise within 4 hours of exposur e 

to TGFfi, and that the levels continue to rise as compared to control levels . We 

chose 24 and 48 hour time points for our dose-response experiments , since 

differences a t those times would be more clearly detectable. A previous stud y 

has also used the 24 hour time poin t (110) . Due to the need for seru m 

starvation prio r to onset of the experimental period , the studies using basa l 

medium could not be extended beyon d 8 hours since cell mortality becam e an 

issue. However, i n the experiments we performed i n basal medium, the same 

pattern was seen, with BMP-7 and TGFIi increasing ET-1 . Complete mediu m 

clearly stimulates ET- 1 levels by itself, and this may reduce the ability to detec t 

earlier ET- 1 increases induced by BMP-7, such as were seen in basal medium. 

Activation o f the BMP receptor, or the type 1  TGFli receptor ALK-1, result s in 

phosphorylation o f SMADs 1  and 5 (127). Th e effects o f BMPs and TGFIi on 

SMADs 1/ 5 phosphorylatio n were studied in basal medium. Complete mediu m 

induces significant phosphorylation b y itself (figure 15) , likely due to the 

endogenous cytokine and TGFR-family molecule s presen t i n the growth 
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supplement an d fetal bovine serum. Our measurement o f SMAD level s 

confirms that the different biologi c effec t betwee n the BMPs studied and TGFI i 

was not related to abnormal ligand-recepto r interactions , or to defective BM P 

molecules. All the BMPs studied and TGFR.1 caused rapid SMADs 1/ 5 

phosphorylation, which would be the predicted signaling reaction for effectiv e 

receptor-ligand interactions . Also, levels of SMAD 5 did not change, indicating 

that the peptides did not affect the levels available for phosphorylation, but this 

latter finding would have been important only i f we had not demonstrated th e 

phosphorylation event . The time course experiments show that phosphorylatio n 

is rapid, within 5 minutes, and sustained at 45 minutes . By 7 hours i t has 

tapered of f for TGFIi or returned to basal levels for the BMPs. The appearanc e 

of increased ET- 1 levels in the medium takes several hours . The timing of the 

phosphorylation and secretion events suggests that they are linked, but 

separated by the delay necessary for de novo ET- 1 peptide synthesis. In future 

studies, siRNA inhibition of SMAD components o r the TGFIi family receptors , 

as has been reported elsewhere, might help clarify this issue in the cells we 

studied (110) . 

We studied the effects of BMPs 2, 4 and 7, which interact with BMPR-II , and 

TGFR1 which interacts with TGFIi receptors , but not BMPR-II (73) . The 

experiments i n Figure 1 3 were no t all performed simultaneously, and results for 

a given molecule should only be compared with its respective control , not to 

other molecules o r time points . BMP-2 and 4 did not alter ET-1 levels. BMP-7 
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stimulated ET- 1 production , but only at the highes t concentration studied (10 0 

ng/ml). Studies of BMPs as endothelial survival factors hav e employe d 

concentrations o f 200 ng/m l (11) . I t is noteworthy that in a previous stud y 

relevant to PAH, all these BMPs demonstrated effect s on pulmonary vascula r 

smooth muscl e cells at concentration from 1  to 100 ng/ml (73) . However, i t is 

also noteworthy tha t some cells, such as osteoblasts, only increase ET- 1 

production when stimulated with BMP-7 concentration of 10 0 ng/ml or highe r 

(111). Thus, the microvascular EC s seem to demonstrate a  true response to 

BMP-7, and i t may be that endothelial cells are much less sensitive to BMP 

effects than other vascular cell s such as smooth muscle . Indeed, a previou s 

study of endothelial cell s of various origins showed origin-dependent variabilit y 

in responses to a given BMP, in that case BMP-4 (130) . I t is unknown whethe r 

local pulmonary level s of BMP-7 reach these hig h concentrations in-vivo  i n 

patients with PAH. By contrast, TGFfi did stimulate ET- 1 production a t most 

concentrations studied , and these concentrations overlap those that have 

previously shown biologi c effects on pulmonary smooth muscle cells in vitro 

(73). That previous study , using cells from patients with idiopathic PAH , showed 

a paradoxical respons e to TGFR>1 as compared to controls, leading the authors 

to suggest that abnormalities i n TGFfi. superfamily signaling i n PAH might be 

more widespread than just via BMP receptors , and might also involve TGFf i 

receptors (73) . I f this concept i s true, then one stimulus for increased ET- 1 

production in PAH might be via TGFIi. 
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Our study has several limitations . First , the cells studied were no t from patient s 

with PAH. We chose to define "normal" behaviour i n these experiments . 

Second, the cells were studied i n isolation, without other vascular cel l types 

being present , and they represen t an imperfec t simulation o f events i n a vessel 

wall. Third, the relevance of in-vitro finding s to the clinical state is stil l unclear . 

Nonetheless, our study does show differing biologi c effects o f the various TGFf l 

superfamily o f molecules, and suggest a  potential role for TGF(3>1 in controlling 

pulmonary microvascula r ET- 1 production in-vivo.  Clinica l studies wil l be 

needed to confirm the applicability o f these findings to PAH. 

2.5 CONCLUSIONS : 

- BMPs 2 and 4 do not affect ET- 1 production b y human pulmonar y 

microvascular cell s in  vitro.  BMP-7 a t high concentrations stimulate s ET- 1 

production. The interaction of these BMP s with their receptor result s i n rapid 

phosphorylation o f SMAD 1/5 , indicatin g a functional receptor . -  TGFf i 

stimulates ET- 1 production by human pulmonary microvascula r cell s in vitro, 

and the interaction o f TGFfi with its receptor result s in phosphorylation o f 

SMADs 1/5 . This may have clinical relevance i n PAH. 
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2.8 FIGURE CAPTION S 

Figure 13 . A: Cel l culture medium levels of endothelin-1 normalize d to cellula r 

protein levels after 24 and 48 hours of exposure to bone morphogenic protein s 

(BMP) 2, 4, and 7 at various concentrations i n complete medium . Bars are 

group (n=12) mean ± SD. B: Cell culture mediu m level s of endothelin- 1 

normalized to cellular protei n levels after 24 and 48 hours of exposure to 

transforming growth factor-beta (TGFfi ) at various concentrations i n complete 

medium. *, p< 0.05 versus respective CONTROL . 

Figure 14 . Cell culture medium levels of endothelin-1 normalize d to cellula r 

protein levels after exposure to transforming growth factor-beta (TGFfi , 2.5 

ng/ml) for various times in complete medium. Bars are group (n=12 ) mean ± 

SD * , p< 0.05 versus CONTROL at the same time point . 

Figure 15 . Upper: Western blo t SMAD 5 levels and phosphorylated SMADs1/ 5 

levels after 5  minute exposures to basal medium, complete medium or basa l 

medium containing bone morphogenic protein s (BMPs) 2, 4, or 7 (100 ng/ml) or 

transforming growth factor-beta (TGFft ) (2. 5 ng/ml) . 

A GAPDH loadin g control is provided. Lower: Western blo t phosphorylate d 

SMADs1/5 level s after 1 5 or 45 minute or 7 hour exposures to basal medium, 

or basal medium containing bone morphogenic protein s (BMPs) 2 , 4, or 7 (100 

ng/ml) or transforming growth factor-beta (TGFIi ) (2. 5 ng/ml). A GAPD H 

loading control is provided. 
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Figure 16 : Cell culture mediu m level s of endothelin-1 normalize d to cellula r 

protein levels after 8  hours of exposure to bone morphogenic protein s (BMP) 2, 

4, and 7 (100 ng/ml) and transforming growth factor beta(TGFfl , 2.5 ng/ml ) i n 

basal medium. Bars are group (n=12) mean ± SD. *, p< 0.05 versus 

CONTROL. 
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Figure 14: 
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3.1 Conclusion and Discussio n 

Idiopathic an d familia l pulmonar y arteria l hypertension s ar e bot h rar e form s o f 

PAH. Bot h ar e characterize d b y occlude d arteriole s i n th e lun g a s wel l 

muscularization o f thes e sam e arterioles . Thes e disease s stil l remai n ver y 

much a  mystery , despit e man y advance s i n recen t years . Th e studie s 

conducted durin g th e cours e o f thi s thesi s wer e basic , bu t essentia l t o 

understanding th e norma l physiolog y an d respons e o f the bloo d microvascula r 

endothelial cells of the lung to various members of the TGFft superfamily . I t had 

long been known that there was a genetic lin k for PAH, but this link remaine d a 

mystery unti l 2000 . BMPR2 , th e typ e tw o recepto r o f th e BM P grou p o f 

proteins, wa s foun d t o b e thi s lin k (63;64;68) . A s note d severa l time s 

throughout thi s thesis, endothelial cel l dysfunction i s a hallmark o f this disease . 

Significantly increase d E C growth result s i n the occlusio n o f the microvascula r 

lumen. Also, norma l endothelium-derive d vasoactiv e molecule s ar e decreased ; 

including prostacycli n and nitric oxide (7;13;14;113-115) . Also, increased level s 

of endothelium-derived vasoconstricto r and mitogen, ET-1 have been described 

in plasm a an d tissu e (16) . Wit h thi s knowledge , advance d treatment s hav e 

become available, increasing life expectancy of patients after diagnosi s 

It i s currentl y though t tha t BM P an d TGFI i signalin g counterac t eac h othe r i n 

the cel l creatin g a  balanc e (9) . Normally , BMP s hav e a  growth-suppressiv e 

effect whil e TGFR . has a  stimulatory effect . Th e los s o f th e norma l signalin g o f 
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either ma y lea d t o th e vascula r abnormalitie s i n PA H (9) . BMP s d o no t inhibi t 

proliferation o f pulmonary arter y smooth muscl e cell s derived from patient s wit h 

idiopathic PAH , unlik e thei r actio n o n norma l smoot h muscl e cell s (73) . B y 

contrast, TGFI3 . stimulate s proliferatio n i n thos e PA H derive d cells , unlik e i n 

cells derive d fro m norma l lung s (73) . Furthermore , i n pulmonar y arter y EC s 

BMPs appea r t o hav e a n antiapoptoti c effec t (11) . We chos e t o us e HMVEC -

Lbl cell s becaus e the y ar e derive d fro m th e lun g bloo d microvasculatur e an d 

have bee n enriche d fo r th e vascula r populatio n EC s a s oppose d t o lymphatic , 

by selectin g agains t podoplanin , a  lymphati c E C marke r (131) . I t ha s bee n 

demonstrated tha t endothelia l cell s o f differen t origi n ca n hav e differen t 

responses t o stimuli , an d i t ha s eve n bee n show n tha t the y ca n respon d 

differently BMP s (130) . Thu s i t i s essentia l t o characteriz e th e effect s o f thes e 

peptides i n the mos t clinicall y relevan t cel l population . Th e endothelia l cell s o f 

the lun g microvasculatur e appea r t o b e the primar y sourc e o f the exces s ET- 1 

in PA H (15) . I n thi s study , w e examine d cell s fro m individual s withou t 

pulmonary hypertension , t o examin e norma l signalin g pathways . Ou r result s 

provide nove l informatio n abou t th e effect s o f th e TGFI i superfamil y o f 

molecules on ET-1 synthesis i n these cells most relevant to PAH. 

Our studie s demonstrat e tha t som e BMP s an d TGFf i modulat e ET- 1 huma n 

pulmonary microvascula r endothelia l cell s i n vitro. TGFR, effects o n ET- 1 level s 

occurred a s earl y a s 4  hours , an d remaine d unti l the las t time poin t tested , 48 

hours. Thi s stimulatio n occurre d wit h o r withou t th e presenc e o f seru m an d 
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other growt h factors . BMP- 7 a t hig h dose s ha s stimulator y effect s simila r t o 

TGFfi a t 48 hour s i n complete mediu m an d a t 8  hours i n basa l medium . BMP s 

2 an d 4  ha d n o significan t effec t o n ET- 1 level s whic h le d u s t o conside r tha t 

perhaps th e protein s bein g use d wer e no t biologicall y activ e o r bindin g 

abnormally t o th e receptors . However , the y a s wel l a s BM P 7  an d TGF B 

induced a  sustained phosphorylatio n o f SMADs 1/5 , th e specifi c SMAD s o f th e 

BMPR syste m a s wel l a s ALK1 an d therefore active . The HMVEC-LB I cell s d o 

not surviv e wel l i n basa l conditio n fo r extende d period s o f time . 

Therefore complet e mediu m wit h n o BMPs o r TGFfJ was use d as the contro l i n 

initial experiments . Th e result s indicat e tha t a s earl y a s 4  hours , ET- 1 level s 

increased b y exposure t o TGFft (figur e 14) . I n basa l condition s du e to concer n 

for cel l viability , experiment s coul d onl y b e performe d fo r a  maximu m o f 8 

hours, give n nee d fo r overnigh t seru m starvatio n prio r t o experiment . Unde r 

basal conditions a  similar pattern was observed i n terms of the proteins capabl e 

of stimulatin g increase d productio n o f ET-1 , i. e BMP 7 an d TGFft . Th e on e 

difference i n this case was that i t took only 8  hours to see a significant increas e 

with BMP7 , a s oppose d t o 4 8 hour s i n complet e medi a conditions . Complet e 

medium clearl y stimulate d ET- 1 level s b y itself , an d ma y hav e reduce d th e 

ability to detect earlie r ET- 1 increases induce d by BMP-7, such as were seen in 

basal medium. 

Phosphorylation o f SMAD s 1  an d 5  wa s assaye d a s the y ar e bot h 

phosphorylated b y ALK1 an d the BM P receptor s (127) . I n order to do so thes e 
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studies ha d t o b e conducte d unde r basa l condition s a s complet e mediu m 

induces significan t phosphorylatio n b y itsel f (figur e 15) , likel y du e t o th e 

endogenous cytokin e an d TGFR>-famil y molecule s presen t i n th e growt h 

supplement an d feta l bovin e serum . All the BMP s studie d an d TGFf t cause d a 

rapid and sustained SMAD s 1/ 5 phosphorylation . This would b e predicted i n an 

effective receptor-ligan d signalin g reactio n Phosphorylatio n i s rapid , withi n 5 

minutes, and sustaine d a t 45 minutes . B y the 7  hou r time poin t i t had returne d 

to basal for al l BMPs and tapered of f for TGFfi . The stagger betwee n increase d 

ET-1 level s an d SMA D 1/ 5 phosphorylatio n suggest s tha t the y ar e linked , bu t 

separated b y the delay necessary fo r de novo ET- 1 synthesis. The experiment s 

in Figur e 1 3 wer e no t performe d simultaneously , an d result s shoul d onl y b e 

compared t o thei r respectiv e control , an d no t an y othe r molecule s o r tim e 

points. BMP- 2 an d 4  di d no t alte r ET- 1 levels . BMP- 7 stimulate d ET- 1 

production, bu t onl y a t th e highes t concentratio n studie d (10 0 ng/ml) . Al l 

concentration use d throughou t thi s stud y wer e base d o n previousl y publishe d 

data (11;73) . I t ha s bee n demonstrate d tha t osteoblast s onl y increas e ET- 1 

production whe n stimulate d wit h BMP- 7 concentratio n o f 10 0 ng/m l o r highe r 

(111). Thus , th e microvascula r EC s see m t o demonstrat e a  tru e respons e t o 

BMP-7. I t i s unknow n whethe r loca l pulmonar y level s o f BMP- 7 reac h thes e 

high concentration s in-viv o i n patient s wit h PAH . B y contrast , TGFI i di d 

stimulate ET- 1 productio n a t mos t concentration s studied , an d thes e 

concentrations overla p thos e previousl y show n t o hav e a  biologi c effec t o n 

pulmonary smoot h muscl e cell s i n vitr o (73) . Tha t stud y use d smoot h muscl e 
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cells isolate d fro m IPA H patient s an d showed , a s compare d t o controls , a 

paradoxical respons e t o TGFft , suggestin g tha t i n IPA H ther e ma y b e mor e 

widespread abnormalitie s i n TGFf i superfamil y signalin g tha n jus t vi a BM P 

receptors (73) . I f thi s concep t i s true , the n on e stimulu s fo r increase d ET- 1 

production i n PA H migh t b e via TGFf i an d inhibitor s t o thi s pathwa y ma y b e a 

treatment option worth looking at in clinical studies. 

This stud y ha s severa l limitations . Firstly , th e cell s studie d wer e no t fro m 

patients wit h PAH . Therefore th e result s o f thes e experiment s likel y represen t 

normal behaviou r i n microvascula r EC s o f th e lung . Als o al l experiment s wer e 

done wit h th e cell s i n isolation ; n o co-culturin g wa s don e wit h othe r vascula r 

cells. This represent s a n imperfec t simulatio n o f events i n a vessel wall . Lastly , 

the relevance o f in-vitro findings does no t necessarily give a true representatio n 

of th e clinica l state . Nonetheless , ou r studie s d o sugges t a  potentia l rol e fo r 

controlling pulmonary microvascula r ET- 1 production in-vivo by TGFft . 

Further studie s 

The obviou s questio n i s whic h receptor s ar e responsibl e fo r th e response s 

observed an d vi a whic h pathwa y the y ar e actin g through . siRN A inhibitio n o f 

various TGFB/BM P signalin g component s hav e bee n reporte d elsewhere , an d 

this alon g wit h us e o f inhibitor s migh t hel p clarif y thi s issu e i n th e cell s w e 
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studied (110) . I t woul d b e importan t t o se e wha t effec t th e member s o f th e 

TGFft famil y hav e on the level s o f bot h endotheli n recepto r type s an d th e rati o 

between them . Several ne w ligand s for the primaril y endothelia l recepto r ALK 1 

have bee n reporte d (132) . We woul d lik e t o se e wha t effect s thes e ma y hav e 

on our cells in terms of ET-1 production as well as apoptosis. 
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Appendix A: Final published paper 

Star GP., Giovinazzo M., Langleben D. Effects of bone morphogenic proteins and 

transforming growth factor-beta on In-vitro production of endothelin-1 by human 

pulmonary microvascular endothelial cells. Vascular Pharmacology 2009; 50:45-50. 
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A B S T R A C T 

Backgimmd: Altered endothelial cell (ECV-denved mediator levels, including increased endothelin-1 (bT-'l), 
are hallmarks of human pulmonary arterial hypertension (PAH). Gene mutations for receptors for bone 
morphogenic proteins (BsVIP), or transforming growth factor-̂ * (TGF-fj} cause heritable PAH. The effects of 
BMPs and TGF-p on ET-1 production by human pulmonary microvascular EC {HMVEC-LBlj are unknown. 
Methods: HMVEC-LBl were exposed in-vitro to BMHs 2, 4. and 7 orTGF-|M in basal or complete medium. fcT 
production was measured, as well as total cellular protein. Levels of Smad 5 and phosphorylated Smads 1 /5 
were also measured. 
Results: BMP-4 did not increase ET-1 v/iijle BMP-2 increased ir minimally in basal medium. BMP-7 increased 
ET-1, but only at 100 ng/ml. By contrast, TGF-($ increased ET-1 throughout most of the studied dose range. All 
BMPs and 'iGF-{J increased levels of phosphorylated Smads 1/5 without depleting levels of Smad 5. 
Conclusions: With the exception of BMP-? at high-concentrations, the BVlPs that Interact, with BMP receptor 2, 
the receptor implicated in heritable PAH. do not or minimally modulate in-vitro constitutive ET-1 production 
by H YlVEC-iiJl. TGF-(-i increases ET-1 synthesis, and this may have clinical relevance in PAH. 

© 2008 Elsevier Inc. All rights reserved, 

1. In t roduc t io n 

Pulmonary arterial hypertension (PAH) is a group of disorders that 
cause vascular remodeling of the pre-capillary pulmonary microvascu-
lature, leading to increased pulmonary vascular resistance, right heart 
failure, and ultimately death (Humbert et al., 2004; Simonneau et ai., 
2004). Endothelial cell (EC) dysfunction is a hallmark of PAH, manifest­
ing most significantly as abnormal EC growth that occludes the 
microvascular lumen, but also via reduced levels of endothelium-
derived mediators that normally help maintain vascular homeostasis, 
including prostacyclin and nitric oxide (Archer et ai., 1998; Christ man 
et al., 1992; Ciaid and Saleh. 1995; Humbert et al., 2004; Pietra et ai., 
2004;Tuderet aL,1999). Moreover, increased plasma and tissue levels of 
the endothelium-derived vasoconstrictor and mitogen, ET-1, have been 
described (Ciaid et al., 1993; Stewart et aL, 1991). Identification of 
increased ET-1 levels has led to the development of endothelin receptor 
antagonists that have improved the course of the disease for many PAH 
patients (Barst et al., 2006; Langleben, 2007; Rubin et al., 2002). 

Whether the increased levels of ET-1 in PAH were related to excess 
local synthesis, or toa reduction in the normal pulmonary clearance of 
circulating ET-1 from the bloodstream, or both, had been unclear. 
Histologic study of lungs from patients with PAH established that 

* ConrcspCHnaiiio author. Division of Cardiology. Jewish Genera! Hospital, 3755 Cote 
Etc Catherine. Montreal, Quebec Canada. Tei.: +1 514 340 7531: tax: +1 5M 340 7534. 

E-triad<id&ea: diiVAtJansleben^incaiK.ca ;D. Lasigtebeit). 

excess local ET-1 expression and synthesis was a major factor (Ciaid 
et al., 1993). Physiologic measurements of pulmonary ET-1 extraction 
in patients with PAH subsequently established that the majority of 
patients have normal or near-normal levels of ET-1 extraction 
(Langleben et al., 2006). Thus, the increased ET-1 levels in PAH result 
mainly from excess synthesis. There is at present only limited 
evidence that ET-1 synthesis can be reduced by therapy (Langleben 
et al., 1999; Prins et al., 1994). The stimuli for this excess synthesis are 
unknown. Numerous factors that can alter ET-1 production have been 
described, including transforming growth factor beta (TGF-(?>) 
(Michael and Markewitz. 1996; Perez del Villaret al., 2005). In vitro. 
TCF-p» stimulates ET-1 synthesis in endothelial cells from several 
vascular origins{CastanaresetaL, 2007; Kuriharaetal., 19S9; Lee eta I., 
2000; Rodriguez-Pascualetal.. 2004). itseffects have not been studied 
in pulmonary microvascular endothelial cells. 

identification of families with PAH has led to the description of 
genetic mutations in components of receptors for the TCF-p. super-
family of molecules (Nohe et al., 2002; Yamashita et al., 1996). These 
components include a receptor for bone morphogenic proteins, 
BMPR-II (Deng et al, 2000; Lane et aL. 2000; Moirell. 2006) and the 
TCF-p.receptor components activin-hke kinase-] (ALK-I) and endoglin 
(Trembath et al., 2001). The end-effect of the mutations seems to be a 
reduction in signaling via the receptor type that is expressed by the 
mutated gene (haplotypic insufficiency) (Machado et al., 2001). 
Activation of these receptors affects growth, apoptosis and differentia­
tion in many cell types (Miyazono et aL 2005) and BMP signalling 
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promotes pulmonary endothelial cell survival (Teichert-Kuliszewska 
et al.; 2006). The loss of this survival factor may contribute to the 
emergence of apopiosis resistant endothelial clones that narrow the 
microcirculation in familial PAH 'Teichert-Kuliszewska et aL 2006). 
Moreover, ALK-1 is expressed in the circulation solely on endothelial 
cells, and a mutation in ALK-1 causes hereditary hemorrhagic telan­
giectasia (HHT), and PAH that is clinically indistinguishable from 
familial PAH (Trembath et at.. 2001). Thus, there is compelling evi­
dence for involvement of the TGF-J4 superfamily of molecules in the 
pathogenesis of several types of PAH (Newman et al., 2QQS). Given 
normally low ET-t levels in humans, but high ET-1 levels in PAH, 
we hypothesized that theTCF-fi superfamily of molecules would alter 
ET-1 production by pulmonary microvascular endothelial cells, the 
cell critical to the pathogenesis of PAH. 

2. Materials an d method s 

2.1. Cells  and reagents 

Lung-derived normal human microvascular blood vessel endothe­
lial cells HMVEC-LBI (Lonza. Walkevsville MD) were cultured in ECM-
2MV medium (supplemented with 5%  fetal bovine serum, 0.04% 
hydrocortisone, 0.4% human fibroblast growth factor. 0.1% vascular 
endothelial growth factor, 0.1% insulin tike growth factor, and 1% GA-
1000). These cell lines are purified by double staining and flow 
cytometry and are 90% pure for cells of vascular origin; they express 
CD31. but do not express podoplonin, a marker for cells of lymphatic 
origin (HMVEC - LB1 Lung Blood MV Endothelial Ceil - Technical 
Sheet, Lonza, February 2008). BMPs 2.4,7 and TGF-p. 1 were purchased 
from Peprotech (Rocky Hill, NJ). 

2.2. Experimental  techniques 

HMVEC-LBI cells (passage 5 only) were grown on 24 well plates until 
they reached confluence. Twelve wells were used for each experimental 
condition, including each concentration at each time point. The medium 
was collected post exposure to the peptides and it was frozen at - 70 °C 
for subsequent measurement of ET-1 levels. At each time point, after 
aspiration of the medium, the cells were lysed with Reporter Lysis Buffer 
(Promega) and the protein concentration in the iysate was measured by 
the BCA method (Pierce, Rockford 1L). ET-1 levels in the supernatant 
were measured with a commercial ELI5A kit (Assay Designs, Ann Arbor, 
Michigan) with antibodies specific for human ET-1. The infra-assay 
coefficient of variation was 5.8%. with an inter-assay variation of 4.7%. 
Cross reactivity to ET-2, ET-3 and Big ET was -0.1 %. The ET-1 levels we 
measured in experiments fell within the mid-range of the curve gen­
erated by the standard concentrations provided with the ELISA kit — 
therefore the kit was capable of measuringa reduction in ET-1 levels as 
compared to CONTROLS, should have occurred in an experiment The 
complete medium had undetectable levels of ET-1. 

Experimental design:  In the first experiment, once the HMVEC-LBI 
cells were confluent, the complete medium was replaced with complete 
medium containing 0, 0.156, 0.3125.0.625. 1.25, 2.5, 5, or 10 ng/ml of 
TGF-fsl. or 0,1.10, or 100 ng/ml BMP-2,4 or 7.The supernatant was then 
collected and the cells processed as discussed above. To examine the 
effects at earlier time points, a time curve study of the response toTGF-(3 
(2.5 ng/ml) was performed — at time 0, after the EGM-2MV complete 
medium was replaced with complete medium containing the TGF-p.. 
One. 4. S, and 24 h later the supernatant was collected and the cells 
processed as discussed above. In a third experiment, to study the effects 
of basa! medium without serum and growth supplements, cells were 
exposed to basal medium containing0.1% BSA for 16 h. then the medium 
was removed and the cells were exposed to basal medium with BSA, 
with or without TGF-[?> (2.5 ng/ml) or BMP 2.4, or 7 (100 ng/ml) for S h. 
The supernatant was then collected and the cells processed as discussed 
above. 

'hatmacoiczv 50  (2Q09) -!5-5Q 

2.3. 5  mad signalling 

HMVEC-LBI eel Is were grown to confluence on 6-well plates in EG M-
2MV medium. The ceils we re then serum starved in basal medium (EGM 
medium +0.1% BSA) overnight. Next, the medium was replaced with 
either basal medium, complete ECM-2MV medium, or basal medium 
containing BMP 2.4. or 7 (100 ng/ml) or TCF-f-*, {2.5 ngiml) for 5 min.The 
cells were then lysed directly in sample buffer(2,5 mMTris-HCl. pH 6.8. 
25 °C 2% w/v SDS, 10% glycerol. 50 mM DTT. 0.01% w/v bromophenol 
blue), homogenized by syringe aspiration through a 26-gauge needle, 
and separated on a 10% polyacryiamide gel. The proteins were 
transferred to a PVDF membrane (Pierce, Rockford iL) and blocked in 
TBST{0.02 M Tris, 0.14 M NaCl 0.1% v/vTween) with 5% powdered skim 
milk. The membranes were incubated overnight at 4 °C with anti-Smad5 
(Cell Signalling, Danvers. MA), anti-phosphorylated Smadl/5 (Cell 
Signalling, Danvers. MA), and anti-CAPDH (Fitzgerald, Concord, MA), 
all in TBST with 5% BSA. The membranes were then washed in TBSTand 
incubated at room temperature for 1 h with anri-rabbit-HRP (Cell 
Signalling. Danvers, MA) and anti-mouse-HRP (Pierce, Rockford. IL). 
After another wash, the membranes were incubated with Western 
lightning enhanced luminol (Peakin-Elmer, Waltham, MA) and then 
exposed to photographic film. Density of the bands on the developed 
film was analyzed using Imagej software (National Institutes of Health, 
Bethesda, MD). 

In a separate experiment , the t ime course of Smads 1/5 
phosphorylation was studied. The cells were serum starved overnight 
in endothelial basal media (EBM. Lonza) containing 0.1% BSA. The 
medium was then replaced with fresh EBM alone or EBM containing 
100 ng/ml of BMP 2. 4, or 7, or 2.5 ng/ml of TGF-p». The cells were 
exposed to the experimental conditions for 15 min, 45 min and 7 h, 
after which the cells were lysed in sample buffer. The samples were 
then processed and analyzed as above. 

2.4. Statistical  methods 

Data were expressed a smean tSD. For each experimental group, at 
24 or 48 h, to detect differences in group means, one-way analysis-of-
variance was used, followed where appropriate by the Tukey-Kramer 
multiple comparison test. Two-tailed p values 0.05 are considered 
significant. 

3. Result s 

3.1 Effect  of  BMPs  on £T-1 lewis  in  complete  medium  (Fig.  1A) 

At the concentrations used, after 24 h of exposure in complete 
medium, neither BMP-2. BMP-4 nor BMP-7 altered absolute ET-1 
levels, normalized ET-1 levels or cell protein levels as compared to 
controls. Similarly, BMP-2 and BMP-4 did not raise absolute ET-1 levels 
after 48 h of exposure. However, after 48 h, BMP-2 (10 ng/ml) slightly 
increased cell protein levels, by 19% over controls (p^.0.051 By 
contrast, BMP-4(1 ng/ml) slightly reduced cell protein levels (12% less 
than controls) and this resulted in an 18% increase in normalized ET-1 
levels versus controls (p<0.05). At 48 h. BMP-7. only at a dose of 
100 ng/ml, increased absolute ET-1 levels by 32% as compared to 
control (p--0.05), and it also increased ET-1 levels normalized for cell 
protein by 27% versus controls (Fig. 1 A). 

3.2. Effect of  TGF-fi  1  on ET-1  levels  in  complete  medium  (Fig,  1B) 

TCF-fil stimulated ET-1 production by the pulmonary microvas­
cular endothelial cells. At 24 h, as compared to controls it significantly 
increased ET-1 levels at all TGF-f41 concentrations except 10 ng/ml, 
with a 47% increase at 2.5 ng/ml, and when normalized to cell protein, 
ET-1 levels were increased at all concentrations except 5 and 10 ng/ml 
(40% increase at 2.5 ng/ml). Exposure to TGF-fil did not cause any 
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Fig. 1. A: Ceil coioar* medium levels oS esidodiciin-1 normalized to cclluiii protein 
levels alter 24 and 4S It or exposure to bone morphooeme protons i BMP} 2. 4. ap.d7ai 
various concentrations incomplete medium Bas's are g r o u p s - 12) mcaniSD. B: Ceil 
culture medium fevds of errdotheiitt-: normalized to cefiufar protein levels after 
24 and -48 h o? exposure to DMftstorming ja'owtli sartor-beta iTCF-fi} at various 
LOfteenrj-JEioiis in complete medium. *. p--0.05 versus respective CONTROL 

alteration in cell protein levels. A similar pattern was observed after 
48 h of exposure to TGF-[M, where protein levels were not increased, 
but ET-1 levels compared to controls were increased at 0.625. 2.5 5 
and 10 ng/ml (30% increase at 2.5 ng/ml), and ET-1 levels normalized 
to cell protein were increased compared to controls at all TCF-JM 
concentrations between 0.625 and 10 ng/ml inclusive (31% increase at 
23 ng/ml). 

3.3. Time  course of ET-1 stimulation by  TCF-/J» HI complete medium  (Fig,  2) 

As compared to CONTROL, exposure to TCF-p ( 2 5 ng/ml) in 
complete medium significantly increased normalized ET-1 secretion 
at 4 ,8 , and 24 h. The difference was greatest at S h (27% increase), with 
a smaller difference (15%) at 24 h.TGF-£1 also increased absolute ET-1 
levels at those time points, and it slightly (maximum 4%)  increased 
cellular protein levels (data not shown) (Fig. 2\ 

3.4. Effects  of  BMPs  and TGF-/31 on  Smad  levels  (Fig.  3) 

At 5 mm, levels of Smad-5 remained unchanged by exposure to BMPs, 
TGF-fil.or complete medium (Fig. 3, upper). However, after 5 min of 
exposure in basal medium, BMPs 2, 4 and 7 and TGF-Ji1 as well as 
complete medium increased levels of phosphoryiated Smad-1/5. Phos­
phorylation of SMADs 1/5 in basal medium was rapid (fig. 3 lower), 
it was apparent at 15 min, and still present at 45 min, with less 
phosphorylation by BMP-7 at that t ime TCF-^. still induced phosphor­
ylation at 7 h. 

3.5. Effect on  ET-]  levels  ofBMPs  2.  4, and  7. and TGF~p,  in  basal  medium 

In basal medium, an 8 h exposure to BMPs 2. or 7 or TCF-Pj. 
significantly increased normalized ET-1 levels as compared to CONTROLS, 
with TGF-£ inducing a 51% increase and BMP-7 a 27% increase. 8MP-4 
had no effect on ET-1 levels. Absolute ET-1 levels were significantly 
increased by BMP-7 (24% increase) and TCF-fi (20%) as compared to 
CONTROLS, but not by 8MP-2 (data not shown). None of the BMPs 
affected cellular protein levels, but TGF-£> decreased cellular protein 
by 20%. 

4. Discussion 

The results of the present studies demonstrate that ET-1 can be 
modulated by some BMPs and by TCF-[?. in human pulmonary 
microvascular endothelial cells in vitro. With TGF-fi, this stimulated 
increase in ET-1 occurs within 4 h. remains at 24 and 48 h and is seen 
in basal or complete medium. Despite inducing sustained SMADs 1/5 
phosphorylation, BMP 2. only in basal medium, induced a slight 
increase in normalized ET-1 levels, and BMP-4 had no effect in basal 
medium, while BMP-7 at high doses had stimulatory effects similar to 
TGF-p. at 4S h in complete medium and at 8 hours in b3s.1l  medium. 

An imbalance, with loss of the norma! suppressive effects of the 
BMPs and enhancement of the stimulatory effects of the TCF-f?. 
molecules, has been proposed to lead to the vascular abnormalities in 
PAH [Newman etai.. 20GS). For example, unlike their normal growth-
inhibitory effects seen in controls. BMPs did not inhibit proliferation of 
pulmonary artery smooth muscle cells derived from patients with 
idiopathic PAH (Morrell et al.. 2001). By contrast. TCF-f?>l stimulated 
proliferation in those same cells. These two effects were not apparent 
in smooth muscle cells from patients with other causes of pulmonary 
hypertension. Furthermore, BMPs appear to be essential survival 
factors for some ceil types, preventing apoptosis in pulmonary 
vascular endothelial cells (Teichert-Kuliszewska et al., 2006). Thus it 
isessential to characterize the effects of these peptides in the clinically 
relevant cell population. The pulmonary microvascular endothelial 
cell appears to be the primary source of the excess ET-1 in PAH (Giaid 
et ai.. 1993), although there may be some lesser contribution from 
other cells in the vessel wall. In this study, we examined cells from 
individuals without pulmonary hypertension, to examine normal 
signaling pathways. Previously available commercial microvascular 
endothelial cell lines were significantly contaminated with endothe­
lial cells of lymphatic origin. The line we used, HMVEC-LBi is vascular 
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in origin. Thus, our results provide novel information about the effects 
of the TGF-p. superfamily of moleailes on ET-1 synthesis in these ceils 
most relevant to PAH. 

The HMVEC-LBJ are extremely dependent on adequate culture 
conditions, including the presence of complete medium. Although 

BMP-2 

Fig. 4. Cel! culture medium icvcls ot eiidOEitclin-1 normalized ED eeliuSar protein tcvets 
aStet'SiioS exposure to bone morphogeny proteins ;BMPi 2, 4. jnd 7(100 n<i<ml) and 
transforming gfowrlt factor beta. iTCF-P). 2 5 n # m i ) in basal medium. Bars Jfc group 
in -12} ittcartiSD.*. p--0.05 versus CONTROL 

experiments in basal medium represent the ideal situation free of 
endogenous cytokines, the HMVEC-lBl do not survive well in basal 
medium for extended periods of time. Therefore, our initial experi­
ments were all performed with complete medium as the control. In 
that medium, only BMP-7 and TCF-0 increased ET-1 levels. The time 
course experiment (Fig. 2) suggests that ET-1 levels can be stimulated 
to rise within 4 hofexposuretoTGF-pi.and that the levels continue to 
rise as compared to control levels. We chose 24 and 48 h time points 
for our dose-response experiments, since differences at those times 
would be more clearly detectable. A previous study has also used the 
24 h time point [Castanares et ah, 2007). Due to the need for serum 
starvation prior to onset of the experimental period, the studies using 
basal medium could not be extended beyond 8 h since cell mortality 
became an issue. However, in the experiments we performed tn basal 
medium, the same pattern was seen, with BMP-7 and TGF-p. 
increasing ET-1, with a lesser effect for BMP-2. Complete medium 
clearly stimulates ET-1 levels by itself, and this may reduce the ability 
to detect earlier ET-1 increases induced by BMP-7, such as were seen in 
basal medium. 

Activation of the BMP receptor, or the type 1 TGF-f?» receptor ALK-1. 
result in phosphorylation of Smads 1 and 5 (Yamashita et at.. 1996). 
The effects of BMPs and TGF-f?> on Smads 1/5 phosphorylation were 
studied in basal medium. Complete medium induces significant 
phosphorylation by itself (Fig. 3). likely due to the endogenous 
cytokine and TGF-ĵ -family molecules present in the growth supple­
ment and fetal bovine serum. Our measurement of Smad levels 
confirms that the different biologic effect between the BMPs studied 
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and TGF-(?» was not related to abnormal ligand-receptor interactions, 
or to defective BMP molecules. All the BMPs studied and TCF-[?»1 
caused rapid Smads 1/5 phosphorylation, which would be the 
predicted signalling reaction for effective receptor-Jigand interactions. 
Also, levels of Smad 5 did not change, indicating that the peptides did 
not affect the levels available for phosphorylation, but this latter 
finding would have been important only if we had not demonstrated 
the phosphorylation event. The time course experiments show that 
phosphorylation is rapid, within 5 min.and sustained a t45min . By 7 h 
it has tapered off for TCF-[?> or returned to basal levels for the BMPs. 
The appearance of increased ET-! levels in the medium takes several 
hours The timing of the phosphorylation and secretion events 
suggests that they are linked, but separated by the delay necessary 
for de  novo  ET-1 peptide synthesis. In future studies, siRNA inhibition 
of Smad components or the TCF-0 family receptors, as has been 
reported elsewhere, might help clarify this issue in the cells we 
studied (Castanares et ai , 2007). 

We studied the effects of BN4Ps 2. 4 and 7, which interact with 
BMPR-H, and TGF-fil which interacts with TCF-P receptors, but not 
BMPR-ll (Moneil et a!., 2001}. The experiments in Fig. 1 were not all 
performed simultaneously, and results for a given molecule should 
only be compared its respective control, not to other molecules or 
time points. BMP-2 and 4 did not alter ET-1 levels. BMP-7 stimulated 
ET-1 production, but only at the highest concentration studied 
(100 ng/mi). Studies of BMPs as endothelial survival factors have 
employed concentrations of 200 ng/ml (Teichert-Kuliszewska et at., 
2006). It is noteworthy that in a previous study relevant to PAH, all 
these BMPs demonstrated effects on pulmonary vascular smooth 
muscle cells at concentration from 1 to 100 ng/ml {Morrell et al., 
2001). However, it is also noteworthy that some cells, such as 
osteoblasts, only increase ET-1 production when stimulated with 
BMP-7 concentration of 100 ng/ml or higher (Kitten and Andrews. 
2001). Thus, the microvascular ECs seem to demonstrate a true 
response to BMP-7, and it may be that endothelial cells are much less 
sensitive to BMP effects than other vascular cells such as smooth 
muscle. Indeed, a previous study of endothelial cells of various origins 
showed origin-de pen dent variability in responses to a given BMP, in 
that case BMP-4 (Kiyono and Shibuya, 2006). It is unknown whether 
local pulmonary levels of BMP-7 reach these high concentrations in 
vivo in patients with PAH. By contrast, TGF-£ did stimulate ET-1 
production at most concentrations studied, and these concentrations 
overlap those that have previously shown biologic effects on 
pulmonary smooth muscle cells in  vitro  (Morrell et af., 2001). That 
previous study, using cells from patients with idiopathic PAH, showed 
a paradoxical response toTCF-[?>l as compared to controls, leading the 
authors to suggest that abnormalities in TGF-f-̂  superfamily signalling 
in PAH might be more widespread than just via BMP receptors, and 
might also involve TGF-^ receptors (Morrell et al.. 2001). If this 
concept is true, then one stimulus for increased ET-1 production in 
PAH might be via TGF-^. 

Our study has several limitations. First, the cells studied were not 
from patients with PAH. We chose to define "normal" behaviour in 
these experiments. Second, dieceils were studied in isolation, without 
other vascular cell types being present, and they represent an 
imperfect simulation of events in a vessel wall. Third, the relevance 
of in vitro findings to the clinical state is still unclear. Nonetheless, our 
study does show differing biologic effects of the various TCF-(?> 
superfamily of molecules, and suggest a potential role for TCF-p.l in 
controlling pulmonary microvascular ET-1 production in  vivo. Clinical 
studies will be needed to confirm the applicability of these findings to 
PAH. 

5. Conclusions 

— BMP 2 and 4 have minimal effects on ET-1 production by human 
pulmonary microvascular cells in  vitro.  BMP-7 at high concentra­

tions stimulates ET-1 production. The interaction of these BMPs 
with their receptor results in rapid phosphorylation of Smad 1/5, 
indicating a functional receptor. 

— TGF-f?> stimulates ET-1 production by human pulmonary micro­
vascular cells in  vitro, and the interaction ofTGF-^ with its receptor 
results in phosphorylation of Smads 1/5. This may have clinical 
relevance in PAH. 
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