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INTRODUCTION 

Pulmonary 制erialhypertension (PAH) is a severe and fatal disease which eventually 

leads to right heart failure and death. Endothelin・I(E"下1)，a 21・aminoacis peptide， has 

strong vasoconstrictive effects and is known to have important role in the development of 

PAH. Several drugs have been developed based on ET-1 system such鎚 endothelinreceptor 

antagonists and these drugs could improve the long term outcomes in PAH patients. However， 

until recent， there are still no drugs which could completely cure PAH. Because th巴

importance of E下1，gene modified mice based on ET-I system have been generated.町二1

transgenic (ETTG) miωwere es帥Iishedby transfeπing human ET-I gene into germline of 

the mice under transcriptional control of its native promote五百lesemice have increased E下l

level in plasma and tissues， especially brain， lungs， and kidney. One main obstacle i目白ePAH

studies is the di節cultyto obtain the human lung sample as seen in severe PAH. Therefore， 

condition mimicking human PAH is continued to be generated. In rats， vascular endothelial 

growth factor reωptor (VEGF-R) inhibitor SU5416 i"ωiion has been reported to induce 

severe Pl妊i.But experim巴ntsusing mice model still could not d巴velopsevere .PAH mainly 

because the results were unstable， reversible， and also not well established. Therefore， we tlγ 

to make severe PAH in mice. We hypothesize that using ETTG mice combined with SU5416 

and chronic hypoxia could induce severe PAH. 

METHODS 

In this study， we induced PAH in ETTG mice and wild type (Wηlittermates by 3 or 

6 chronic hypoxia using hypoxic chambers containing 10% of O2・SU5416injection was 

given to ETTG mice and combined with chronic hypoxia. The dose ofSU5416 was based on 

previous study and was administered at 20 mglkg three times a week. A託erexposure of 

chronic hypoxia， we tried to evaluate hemodynamic perimeter using right ventricular 

systemic pressure (RVSP) polygraph machine and Fulton's index to measure right ventricular 

hyperthrophy. Fulton's index was calculated using the formula of (right ve柑 icle)/(Ieft 

ventric1e+septum). Histological analysis was done by hematoxylin eosin (HE) staining and 

immunohistochemical staining of von Willebrand Factor (vWF) and interleukin (lL)・6.HE 

staining was done to analyze wall thickness in the small pulmonary arteries. Quantitative R下

PCR used these primers: E下1，ETAR， ETBR， IL・6，1レ6re∞ptor and GAPDH was used as 

reference. Immunoblotting was done for IL・6and GAPDH antibodies. In cell culture s旬dy，

we used human pulmonary arterial endothelial cells (HPAEC) and stimulated wi由 100nMof 

E下lおr24 hours. 
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importance of ET-l, gene modified mice based on ET-I system have been generated. ET-l 
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the mice under transcriptional control of its native promoter. These mice have increased ET-I 

level in plasma and tissues, especially brain, lungs, and kidney. One main obstacle in the PAH 

studies is the difficulty to obtain the human lung sample as seen in severe PAH. Therefore, 

condition mimicking human PAH is continued to be generated. In rats, vascular endothelial 

growth factor receptor (VEGF-R) inhibitor SU5416 injection has been reported to induce 

severe PAH. But experiments using mice model still could not develop severe .PAH mainly 

because the results were unstable, reversible, and also not well established. Therefore, we try 

to make severe PAH in mice. We hypothesize that using ETTG mice combined with SU5416 

and chronic hypoxia could induce severe PAH. 

METHODS 

In this study, we induced PAH in ETTG mice and wild type (Wn littermates by 3 or 

6 chronic hypoxia using hypoxic chambers containing 10% of O2• SU5416 injection was 

given to ETTG mice and combined with chronic hypoxia. The dose ofSU5416 was based on 

previous study and was administered at 20 mglkg three times a week. After exposure of 

chronic hypoxia, we tried to evaluate hemodynamic perimeter using right ventricular 

systemic pressure (RVSP) polygraph machine and Fulton'S index to measure right ventricular 

hyperthrophy. Fulton's index was calculated using the formula of (right ventricle)/(left 

ventricle+septum). Histological analysis was done by hematoxylin eosin (HE) staining and 

immunohistochemical staining of von Willebrand Factor (vWF) and interleukin (lL)-6. HE 

staining was done to analyze wall thickness in the small pulmonary arteries. Quantitative RT­

PCR used these primers: ET-l, ETAR, ETBR, IL-6, IL-6 receptor and GAPDH was used as 

reference. Immunoblotting was done for IL-6 and GAPDH antibodies. In cell culture study, 

we used human pulmonary arterial endothelial cells (HPAEC) and stimulated with 100 nM of 

ET-I for 24 hours. 



RESULTS 

Our results showed that a食:erinduction to chronic hypoxia for 6 weeks， both WT and 

ETTG mice had increased RVSP. ETTG mice had higher RVSP compared to WT mice， in 

hypoxia and normoxia condition. However， ETTG mi∞did not develop increased systemic 

blood pressure，ぉ∞mparedto WT mice. Fulton's index did not differ between ETTG and 

WT mice. Nevertheless， our result demonstrated the increase of pulmonary a此erialwall 

thickness in ETTG mice compared to control group. Incre渇seof E'下1expression was found 

after chronic hypoxia and significantly increased more in ETTG mice. We observed that 

chronic hypoxia induction in ETTG miωresulted in significant but only modest increas巴in

RVSP. Thus， we decided to treat ETTG mice with SU5416 in conjunction with 3-week 

hypoxia exposure. The result showed that trea仙沼ntwith SU5416 significantly increased 

RVSP， Fulton's index， and pulmonary arterial wall thickness. Trea回目1twith SU5416 further 

enhanced E'下1expression after chronic hypoxia. SU5416 also further enhanced the increase 

of ETA receptor expression and further enhanced the decrease of ETB receptor. Howeve巳

treatment with SU5416 with chronic hypoxia failed to produce severe PAH characterized by 

no detected plexiform lesions. Furthermore， we analyzed the expr，ぉsionof IL・6ぉ one

important marker in the progression of PAH. Our result demons甘atedthat IL・6expression 

was upregulated in lung a食erchronic hypoxia and SU5416 treatment further enhanced it in 

El寸Gmice. Expression of IL・6receptor also increased during chronic hypoxia. We found 

similar increasing pa杭ernin the protein exp陀ssionof lL-6 in the lung a合:erchronic hypoxia. 

Our immunohistochemical staining of IL.・6in the lung showed the increase expression of IL-

6 in pulmonary a巾 rialendothelial cells after chronic hypoxia and SU5416 further enhanced 

it. We also tried to elucidate the correlation between IL-6 and ET-l by performing in vitro 

experiment using HPAEC stimulated with E'下 in24 hours. The result showed that 

stimulation with E'下1enhanced IL・6expression in HPAEC. 

D1SCUSSION 

In the current study， we described for the first time the direct role of endothelin 

system in the development of PAH by using ETTG mice. We demonstrated由atour ETTG 

miωhave higher RVSP compared to WT littermates， even in normoxia condition. We also 

confirmed previous finding showing that ETTG did not develop systemic hypertension. Our 

results highlighted that pulmonary artery is more prone toward E'下1vasoconstrictive activity 
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ぉ comparedto systemic resistance arteries. Thus， emphasizing the importance of E'下1in 

PAH development. 

Our results showed that chronic hypoxia increase RVSP and pulmonary arterial vessel 

wall thickening but no effiωt observed on the proliferation of endothelial cells. Recent 

publications showed that SU5416 administration could induce severe PAH in rats but could 

not induce the same condition in mice. Our previous study using SV129 mice combined with 

SU5416 could induce relatively severe PAH and formation of plexogenic lesion. However 

severe PAH model and its plexiform lesion has not been genera旬:dand established. We 

presumed that combining SU5416 and chronic hypoxia in ETTG mice could induce severe 

PAH and its plexiform lesions. Unfortunately， the result showed no sign of severe PAH and 

plexiform lesions. Therefore， further studies are needed to elucidate the role of El二Iin the 

formation of plexiform lesions. 

We tried to analayze IL・6as one of the most impo由ntinterleukins in the 

development of PAH as well as the induction of ET-I because interaction between ET-l and 

IL・6is still elusive， pa託icularlyin endothelial cells. Our previous study showed that IL・6

expression was enhanced in endothelial cells. Other study showed that 町二1could also 

induce adipocytes. Our study demonstrated that， in pulmonary arterial endothelial cells，町二l

enhanced the expressiori of IL・6.Moreover， we assume that E'下1and 1レ6might 

synergistically aggravate PAH by stimulating each other. 

Finally， our study also showed and provided experimental evidence and rational巴for

the inhibition of endothelin system in PAH， which has been a，∞epted widely. 
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RESULTS 

Our results showed that after induction to chronic hypoxia for 6 weeks, both WT and 

ETTG mice had increased RVSP. ETTG mice had higher RVSP compared to WT mice, in 

hypoxia and normoxia condition. However, ETTG mice did not develop increased systemic 

blood pressure, as compared to WT mice. Fulton's index did not differ between ETTG and 

WT mice. Nevertheless, our result demonstrated the increase of pulmonary arterial wall 

thickness in ETTG mice compared to control group. Increase of ET-l expression was found 

after chronic hypoxia and significantly increased more in ETTG mice. We observed that 

chronic hypoxia induction in ETTG mice resulted in significant but only modest increase in 

RVSP. Thus, we decided to treat ETTG mice with SU5416 in conjunction with 3-week 

hypoxia exposure. The result showed that treatment with SU5416 significantly increased 

RVSP, Fulton's index, and pulmonary arterial wall thickness. Treatment with SU5416 further 

enhanced ET-l expression after chronic hypoxia. SU5416 also further enhanced the increase 

of ETA receptor expression and further enhanced the decrease of ETB receptor. However, 

treatment with SU5416 with chronic hypoxia failed to produce severe PAH characterized by 

no detected plexiform lesions. Furthermore, we analyzed the expression of IL-6 as one 

important marker in the progression of PAH. Our result demonstrated that IL-6 expression 

was upregulated in lung after chronic hypoxia and SU5416 treatment further enhanced it in 

ETTG mice. Expression of IL-6 receptor also increased during chronic hypoxia. We found 

similar increasing pattern in the protein expression of lL-6 in the lung after chronic hypoxia. 

Our immunohistochemical staining of IL-6 in the lung showed the increase expression of IL-

6 in pulmonary arterial endothelial cells after chronic hypoxia and SU5416 further enhanced 

it. We also tried to elucidate the correlation between IL-6 and ET-l by performing in vitro 

experiment using HPAEC stimulated with ET-l in 24 hours. The result showed that 

stimulation with ET-l enhanced IL-6 expression in HPAEC. 

DISCUSSION 

In the current study, we described for the first time the direct role of endothelin 

system in the development of PAH by using ETTG mice. We demonstrated that our ETTG 

mice have higher RVSP compared to WT littermates, even in normoxia condition. We also 

confirmed previous finding showing that ETTG did not develop systemic hypertension. Our 

results highlighted that pulmonary artery is more prone toward ET-l vasoconstrictive activity 
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as compared to systemic resistance arteries. Thus, emphasizing the importance of ET-l in 

PAH development. 

Our results showed that chronic hypoxia increase RVSP and pulmonary arterial vessel 

wall thickening but no effect observed on the proliferation of endothelial cells. Recent 

publications showed that SU5416 administration could induce severe PAH in rats but could 

not induce the same condition in mice. Our previous study using SV129 mice combined with 

SU5416 could induce relatively severe PAH and formation of plexogenic lesion. However 

severe PAH model and its plexiform lesion has not been generated and established. We 

presumed that combining SU5416 and chronic hypoxia in ETTG mice could induce severe 

PAH and its plexiform lesions. Unfortunately, the result showed no sign of severe PAH and 

plexiform lesions. Therefore, further studies are needed to elucidate the role of ET-I in the 

formation of plexiform lesions. 

We tried to analayze IL-6 as one of the most important interleukins in the 

development of PAH as well as the induction of ET-I because interaction between ET-I and 

IL-6 is still elusive, particularly in endothelial cells. Our previous study showed that IL-6 

expression was enhanced in endothelial cells. Other study showed that ET-I could also 

induce adipocytes. Our study demonstrated that, in pulmonary arterial endothelial cells, ET-l 

enhanced the expression of IL-6. Moreover, we assume that ET-l and IL-6 might 

synergistically aggravate PAH by stimulating each other. 

Finally, our study also showed and provided experimental evidence and rationale for 

the inhibition of endothelin system in PAH, which has been accepted widely. 
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Pulmonary arterial hypertension (PAH) is a severe and fatal disease which eventually leads ω 

right heart fai1ure and de柚. Endothelin-l (E下1)，a 21-amino acids peptide， has s仕ong

vasocons釘ictiveactivity and important role in PAH. Endothelin rωeptor antagonisωare known to 

improve long term outcomes in PAH patients. In rats， vascular endothelial growth factor receptor 

(VEGF-R)凶曲1伽 SU5416injection has been reported to induce severe PAH. However， in mice， 

吐lereis no model avai1able which demons位atessevere PAH _and plexiform lesions. Therefore， Dr. 

Gailan hypothesized伽 tE下l仕組sgenic(E甘 G)mice mice combined wi血 SU5416飢 dchronic 

hypoxia could induce severe PAH 

h也isstud弘Dr.Gailan induced PAH in ETIG mice and wild type (WT) littermates by 3 or 6 

weeks chronic hypoxia using hypoxic (10% of02). SU5416 i吋ection(20 mg/kg)出品ceaweekwas 

adminis回 tedωETIGmice and combined with Chronic hypoxia. Dr. Gailan analyzed 

hemodynamic p紅ameterusing right ven仕icularsystemic pr凶sure(RVSP)飢 dFulton's index (right 

ventricular hyperthrophy index). Innnnohistological， cell biological and molecular biological 

analyses were performed. 

After 6 weeks chronic hypoxia， bo也WT組 dETIG mice had increas巴dRVSP. ETIG mice had 

higher RVSP compared to WT mice， in hypoxia and normoxia. Pulmon紅yarterial wall thickness 

was increased in ETIG mice comp訂edto con仕01group. Dr. Gailan observed that chronic hypoxia 

泊ductionin ETIG mice resulted in moderate increase in RVSP. Thus， Dr. Gailan decided to treat 

ETIG mice wi出 SU5416in ∞町田ctionwi出 3・weekhypoxia exposure. The result showed白紙

仕切出entwi血 SU5416si群島組tlyincreased RVSP， Fulton's index， and pulmonary arterial wall 

白ickness.However，仕eatmentwith SU5416 with chronic hypoxia did not generate severe PAH and 

plexiform lesions. In addition， Dr. Gahan組 alyzedthe expression of IL-6 and demonstrated that 

IL-6 expression was upregulated泊 lungafter chronic hypoxia and SU5416 treatrnent enhanced it 

白rthermore.Inununohistochemical staining of IL-6 in the lung showed the increase expression of 

IL-6 in pulmonary arterial endothelial cells after chronic hypoxia and SU5416 further enhanced it. 

In vi甘oresults showed也atstimulation with E下1enhanced IL-6 exprl凶 sionin HPAEC after 24 

hours_ 

In the present study， Dr. Gailan demonstrated the direct role of endothelin system in the 

development of PAH by using ETIG mice. Dr. Gail組 showedthat ETIG mice have higher RVSP 

compared to WT littermates， even in normoxia condition. Dr. Gailan's results highlighted that 

pulmonary釘teryis more prone toward ET-l vasocons白色tiveactivityωcompared to systemic 

resistance arteries， emphasizing the importance of E下1in PAH development. 

Dr. Gailan's results showed也atchronic hypoxia increase RVSP and pulmonary arterial vessel 

wall thickening but no effect observed on the proliferation of endothelial cells. Therefore，負lrther

studies are needed to elucidate也erole of ET-l in the formation of plexiform lesions. 
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Pulmonary arterial hypertension (PAR) is a severe and fatal disease which eventually leads to 

right heart failure and death. Endothelin-l (ET-l), a 21-amino acids peptide, has strong 

vasoconstrictive activity and important role in PAR. Endothelin receptor antagonists are known to 

improve long term outcomes in PAR patients. In rats, vascular endothelial growth factor receptor 

(VEGF-R) inhibitor SU5416 injection has been reported to induce severe PAH. However, in mice, 

there is no model available which demonstrates severe PAR _and plexiform lesions. Therefore, Dr. 

Gahan hypothesized that ET-l transgenic (ETTG) mice mice combined with SU5416 and chronic 

hypoxia could induce severe PAR. 

In this study, Dr. Gahan induced PAR in ETTG mice and wild type (WT) littermates by 3 or 6 

weeks chronic hypoxia using hypoxic (10% of 02). SU5416 injection (20 mg/kg) thrice a week was 

administrated to ETTG mice and combined with chronic hypoxia. Dr. Gahan analyzed 

hemodynamic parameter using right ventricular systemic pressure (RVSP) and Fulton's index (right 

ventricular hyperthrophy index). Immnohistological, cell biological and molecular biological 

analyses were performed. 

After 6 weeks chronic hypoxia, both WT and ETTG mice had increased RVSP. ETTG mice had 

higher RVSP compared to WT mice, in hypoxia and normoxia. Pulmonary arterial wall thickness 

was increased in ETTG mice compared to control group. Dr. Gahan observed that chronic hypoxia 

induction in ETTG mice resulted in moderate increase in RVSP. Thus, Dr. Gahan decided to treat 

ETTG mice with SU5416 in conjunction with 3-week hypoxia exposure. The result showed that 

treatment with SU5416 significantly increased RVSP, Fulton's index, and pulmonary arterial wall 

thickness. However, treatment with SU5416 with chronic hypoxia did not generate severe PAH and 

plexiform lesions. In addition, Dr. Gahan analyzed the expression of IL-6 and demonstrated that 

IL-6 expression was upregulated in lung after chronic hypoxia and SU5416 treatment enhanced it 

furthermore. Inununohistochemical staining of IL-6 in the lung showed the increase expression of 

IL-6 in pulmonary arterial endothelial cells after chronic hypoxia and SU5416 further enhanced it. 

In vitro results showed that stimulation with ET-l enhanced IL-6 expression in HPAEC after 24 

hours_ 

In the present study, Dr. Gahan demonstrated the direct role of endothelin system in the 

development of PAR by using ETTG mice. Dr. Gahan showed that ETTG mice have higher RVSP 

compared to WT littermates, even in normoxia condition. Dr. Gahan's results highlighted that 

pulmonary artery is more prone toward ET-l vasoconstrictive activity as compared to systemic 

resistance arteries, emphasizing the importance of ET-l in PAH development. 

Dr. Gahan's results showed that chronic hypoxia increase RVSP and pulmonary arterial vessel 

wall thickening but no effect observed on the proliferation of endothelial cells. Therefore, further 

studies are needed to elucidate the role of ET-l in the formation of plexiform lesions. 
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