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1. Hypertension artérielle pulmonaire (HTP)  

   1.1.  Idiopathique  

   1.2.  Familiale  

      1.2.1. Mutations BMPR2  

      1.2.2. Mutations ALK1, endogline (avec ou sans maladie de Rendu-Osler)  

      1.2.3. Mutations inconnues  

    1.3.  Induites par médicaments ou toxiques  

    1.4.  Associée à :    

      1.4.1. Connectivites   

      1.4.2. Infection par le VIH  

      1.4.3. Hypertension portale  

      1.4.4. Cardiopathies congénitales avec shunt  

      1.4.5. Bilharziose  

      1.4.6. Anémie hémolytique chronique  

   1.5. HTAP persistante des nouveaux-nés  

  

1’.   Maladie veino-occlusive pulmonaire et/ou hémangiomatose capillaire pulmonaire  

!

 

2. Hypertension pulmonaire associée à une cardiopathie gauche  

   2.1. Dysfonction systolique  

   2.2. Dysfonction diastolique  

   2.3. Valvulopathies 

!

 

3. Hypertension pulmonaire des maladies respiratoires et/ou hypoxémiques chroniques  

   3.1. Bronchopathie chronique obstructive  

   3.2. Maladies interstitielles chroniques  

   3.3. Autres maladies respiratoires restrictives et/ou obstructives  

   3.4. Pathologies du sommeil  

   3.5. Hypoventilation alvéolaire  

   3.6. Exposition chronique à l’altitude  

   3.7. Anomalies du développement  

!
 

4. Hypertension pulmonaire post-embolique chronique  

!

 

5. HTP de mécanisme multifactoriel ou incertain  

   5.1. Maladies hématologiques : syndromes myéloprolifératifs, splénectomie.  

   5.2. Maladies systémiques : sarcoïdose, histiocytose, lymphangioleiomyomatose,  

neurofibromatose, vascularites. 

   5.3. Maladies métaboliques : glycogénoses, maladie de Gaucher, dysthyroïdies.   

   5.4. Autres : obstructions vasc. pulm. tumorales, médiastinites fibreuses, insuffisance  

rénale chronique en dialyse.   

!
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Abstract
Background: Endothelial dysfunction is a major complication of pulmonary endarterectomy (PTE)
that can lead to pulmonary edema and persistent pulmonary hypertension. We hypothesized that
endothelial dysfunction is related to increased endothelial-cell (EC) death.

Methods: In piglets, the left pulmonary artery (PA) was ligated to induce lung ischemia then
reimplanted into the main PA to reperfuse the lung. Animals sacrificed 5 weeks after ligation (n =
5), 2 days after reperfusion (n = 5), or 5 weeks after reperfusion (n = 5) were compared to a sham-
operated group (n = 5). PA vasoreactivity was studied and eNOS assayed. EC apoptosis was
assessed by TUNEL in the proximal and distal PA and by caspase-3 activity assay in the proximal
PA. Gene expression of pro-apoptotic factors (thrombospondin-1 (Thsp-1) and plasminogen
activator inhibitor 1 (PAI-1)) and anti-apoptotic factors vascular endothelial growth factor (VEGF)
and basic fibroblast growth factor (bFGF) was investigated by QRT-PCR.

Results: Endothelium-dependent relaxation was altered 5 weeks after ligation (p = 0.04). The
alterations were exacerbated 2 days after reperfusion (p = 0.002) but recovered within 5 weeks
after reperfusion. EC apoptosis was increased 5 weeks after PA ligation (p = 0.02), increased
further within 2 days after reperfusion (p < 0.0001), and returned to normal within 5 weeks after
reperfusion. Whereas VEGF and bFGF expressions remained unchanged, TSP and PAI-1
expressions peaked 5 weeks after ligation (p = 0.001) and returned to normal within 2 days after
reperfusion.

Conclusion: Chronic lung ischemia induces over-expression of pro-apoptotic factors. Lung
reperfusion is followed by a dramatic transient increase in EC death that may explain the
development of endothelial dysfunction after PE. Anti-apoptotic agents may hold considerable
potential for preventing postoperative complications.
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Background
Chronic thromboembolic pulmonary hypertension
(CTEPH) is due to chronic obstruction of large pulmonary
arteries by organized blood clots after one or more epi-
sodes of acute pulmonary embolus [1,2]. CTEPH, initially
thought to be rare, is being increasingly diagnosed, prob-
ably because effective medical and surgical treatments
have been developed driven by progress in diagnostic
tools [3]. Pulmonary thromboendarterectomy (PTE) is
the treatment of choice for patients with CTEPH, as it
restores perfusion to previously occluded zones and nor-
malizes pulmonary vascular resistance [2]. However, PTE
is associated with two major complications, persistent
pulmonary hypertension and acute pulmonary edema,
both of which can be related to endothelial cell (EC) dys-
function [4-6].

ECs play a pivotal role in preserving vascular integrity and
preventing thrombosis. Good EC function is essential to
maintain vascular homeostasis in health and disease.
Apoptosis is among the biological processes that regulates
EC number. EC death has been documented after
ischemia and reperfusion in several organs [7,8]. Acute
lung ischemia and reperfusion induced apoptosis in over
30% of parenchymal lung cells in humans and animal
models after lung transplantation [9,10]. Thus, increased
apoptosis may contribute substantially to the develop-
ment of many of the adverse events seen after PTE, most
notably pulmonary edema and persistent pulmonary
hypertension.

The balance between pro-apoptotic and anti-apoptotic
factors determines the overall amount of apoptosis.
Therefore, we investigated whether expression of genes for
pro-apoptotic and anti-apoptotic factors was affected by
chronic lung ischemia and reperfusion. We studied two
pro-apoptotic factors, thrombospondin-1 (Thsp-1) and
plasminogen activator inhibitor-1 (PAI-1), and two anti-
apoptotic factors, vascular endothelial growth factor
(VEGF) and basic fibroblast growth factor (bFGF). Our
working hypothesis was that abnormal expression of
these pro-apoptotic and anti-apoptotic factors during
chronic lung ischemia and reperfusion was associated
with increased EC apoptosis and endothelial dysfunction.
To evaluate this hypothesis, we investigated whether
chronic pulmonary artery (PA) obstruction followed by
reperfusion in piglets altered EC function and pulmonary
vascular reactivity and/or EC apoptosis. Should such alter-
ations be documented, we planned to investigate their
mechanism, most notably the balance of pro-apoptotic
and anti-apoptotic gene expressions. Finally, we investi-
gated the effects of pentoxifylline, a nonselective anti-
apoptotic factor, on EC viability and function in our
ischemia/reperfusion model.

Methods
Experimental design
Groups
We used 50 piglets with a mean weight of 21.8 ± 3.9 kg.
All procedures were approved by our institutional animal
care committee.

In the first part of the study, we assessed EC apoptosis and
endothelial function during chronic ischemia-reperfusion
of the left lung induced by left PA ligation and re-anasto-
mosis, which were performed as previously described
[5,6]. The second part of the study investigated whether
pentoxifylline prevented EC apoptosis and improved
endothelial function after reperfusion.

The piglets were randomly divided into four groups of 10
animals. Animals were killed 5 weeks after ligation of the
left PA (ligated group), 2 days after re-anastomosis of the
left PA previously ligated for 5 weeks (acute reperfusion
group), 5 weeks after re-anastomosis of the left PA previ-
ously ligated for 5 weeks (chronic reperfusion group), or
5 weeks after left PA dissection without ligation (sham
group).

Tissue preparation
After heparin administration, the animals were killed by
exsanguination. The left lung was removed from each ani-
mal and the PA flushed with 500 ml of 0.9% normal
saline solution. The proximal PA was harvested down to
the sub-segmental division, and samples from the periph-
eral third of the lung parenchyma were examined. The
proximal and distal ECs of the left PA were examined sep-
arately.

Baseline wet-lung weight was estimated by measuring the
weight of the left lung at the end of the experiment. They
were then dried in an oven at 60°C. Dry weights were
obtained after the weights no longer changed on succes-
sive weighings (i.e., after about 30 d). The wet to dry-lung
weight ratio was then determinated.

Detection of apoptotic cells
TUNEL assay
Cells undergoing apoptosis were detected using the
ApopTag® Red In Situ Apoptosis Detection Kit (Qbiogene,
Illkirch, France), as specified by the manufacturer. Briefly,
paraffin-embedded sections were deparaffinized and pre-
treated with proteinase K (20 !g/ml) for 15 minutes.
Equilibration buffer was added directly onto the speci-
men, after which terminal deoxynucleotidyl transferase
(TdT) enzyme in reaction buffer was added for 1 hour at
37°C. Sections were washed in working strength Stop/
Wash buffer for 10 minutes. Pre-warmed working strength
anti-digoxigenin conjugate (rhodamine) was added to the
sections and incubated at room temperature for 30 min-
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utes. The samples were washed with PBS and observed
under a fluorescence microscope after Hoechst staining
(Sigma, Saint-Quentin Fallavier, France). Then, ECs in the
proximal and distal PA were counted in a blinded fashion
by two investigators working independently from each
other, and the proportion of ECs undergoing apoptosis
was calculated. The mean of the two counts by the two
investigators was taken.

Caspase 3 Activity
Activity of the enzyme caspase 3 was measured using a
colorimetric assay kit (R&D Systems, Lille, France) accord-
ing to the manufacturer's instructions.

Endothelial cell function
Pulmonary artery reactivity
At the end of the study, intrapulmonary arterial segments
were dissected out, and endothelial relaxation was inves-
tigated as described previously [11]. Acetylcholine hydro-
chloride, calcium ionophore A23187, and sodium
nitroprusside were used for relaxation after precontraction
to phenylephrine.

Lung eNOS Protein
Endothelial nitric oxide synthase (eNOS) protein was
measured by Western blot in homogenized lung tissue as
described previously [11].

Gene expression analysis by real-time quantitative RTQ-
PCR
We used real-time quantitative polymerase-chain-reaction
technology (RTQ-PCR) to measure the expression of
genes for vascular endothelial growth factor (VEGF), basic
fibroblast growth factor (bFGF), thrombospondin-1
(Thps-1), and plasminogen activator inhibitor-1 (PAI-1).
RNA was extracted using Trizol reagent (Gibco Life Tech-
nologies, Maryland, USA). RNA concentration and quality
were determined by electrophoresis on agarose gel and
spectrophotometry. Then, reverse transcription was per-
formed using random hexamer primers and reverse tran-
scriptase (Biotech Ltd, UK). PCR primers were designed
using Primer Express Software (Applied Biosystems, Fos-
ter, CA). To avoid inappropriate amplification of residual
genomic DNA, intron-spanning primers were selected and
internal control 18S rRNA primers provided. For each
sample, the amplification reaction was performed in
duplicate using SyberGreen mix and specific primers. Sig-
nal detection and result analysis were achieved using ABI-
Prism 7000 sequence detection software (Applied Biosys-
tems, Foster, CA). Expression of the gene of interest was
computed relative to expression of the internal standard
mRNA, r18S, using the following formula: relative mRNA
= 1/2(Ctgene of interest-Ctr18S).

Effect of pentoxifylline
To investigate whether an anti-apoptotic drug, pentoxifyl-
line [12], prevented EC damage and dysfunction, we stud-
ied 10 additional piglets, whose left PA was ligated for 5
weeks then reperfused for 2 days. A pentoxifylline bolus
(40 mg) was injected into the left PA immediately before
reperfusion. The results in this group (pentoxifylline
group) were compared to those in the acute reperfusion
group and sham group.

Statistical analysis
Data are expressed as mean ± SD. One-way analysis of var-
iance and simple linear regression studies were done
using the Statview software package version 5 (Abacus
Concept, Berkeley, CA). Probability values less than 0.05
were considered significant.

Results
Ischemia/reperfusion induced endothelial-cell apoptosis
Significant EC apoptosis was found in the proximal left
PA 5 weeks after ligation (14.8 ± 1% versus 8.1 ± 1.8% in
sham animals; p < 0.0001). The proportion of apoptotic
endothelial cells peaked 2 days after reperfusion (42.9 ±
1.9%) and returned to control values 5 weeks after reper-
fusion (9.8 ± 1.6%) (Figure 1A, B)

Caspase-3 activity in the proximal PA followed a similar
pattern, but the increase fell short of statistical significance
at the end of the ischemic period (Figure 1C). Caspase-3
activity increased significantly after reperfusion (0.101 ±
0.028 mg/ml versus 0.019 ± 0.008 mg/ml in the sham ani-
mals;p < 0.0001) and returned to control values within 5
weeks after reperfusion (0.034 ± 0.015 mg/ml).

Similarly, in the distal PAs, the proportion of apoptotic
ECs increased significantly during the ischemic period
(18.9 ± 3.9% versus 6.6 ± 1.8% in sham animals; p <
0.0001), peaked 2 days after reperfusion (46.4 ± 4.5%),
and returned to control values within 5 weeks after reper-
fusion (Figure 2A, B). The proportions of apoptotic ECs in
the proximal and distal PAs correlated significantly with
each other (p < 0.0001, R = 0.97).

Effect of ischemia/reperfusion on endothelial function
Neither PA contraction to phenylephrine nor PA relaxa-
tion response to sodium nitroprusside was affected by
ligation or reperfusion. However, maximal relaxation in
response to acetylcholine (Figure 3) was lower in the acute
reperfusion group than in the sham (p = 0.0001) groups,
although no significant differences in acetylcholine EC50
were noted across the three groups. Moreover, maximal
relaxation in response to calcium ionophore (Figure 3)
was lower in the acute reperfusion group than in the sham
group. The EC50 to calcium ionophore was lower in the
sham group than in the acute reperfusion group. The
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A: Proportion of endothelial cells undergoing apoptosis in the proximal pulmonary arteriesFigure 1
A: Proportion of endothelial cells undergoing apoptosis in the proximal pulmonary arteries. The proportion increased signifi-
cantly from 8.1 ± 1.8% in sham animals (S) to 14.8 ± 1% 5 weeks after ligation of the left pulmonary artery (L), peaked at 42.9 
± 1.9% 2 days after reperfusion (AR), and returned to 9.8 ± 1.6% 5 weeks after reperfusion (CR). *p < 0.0001 versus sham, **p 
< 0.0001 versus all other groups. S: sham group; L: ligated group; AR: acute reperfusion group; CR: chronic reperfusion group. 
B: TUNEL staining of endothelial cells in the sham group, ligated group, acute reperfusion group after 2 days, and chronic 
reperfusion group after 5 weeks. Apoptotic cells are yellow. S: sham group; L: ligated group; AR: acute reperfusion group; CR: 
chronic reperfusion group. C: Caspase-3 activity in the proximal pulmonary arteries. Caspase-3 activity increased from 0.019 ± 
0.008 mg/ml in sham animals (S) to 0.035 ± 0.015 mg/ml 5 weeks after ligation of the left pulmonary artery (L), peaked at 0.101 
± 0.028 mg/ml 2 days after reperfusion (AR), and returned to 0.034 ± 0.015 mg/ml after 5 weeks of reperfusion (CR). *p < 
0.0001 versus sham.
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impairment in endothelium-dependent relaxation
seemed correlated to the steady state of eNOS protein lev-
els: eNOS protein was significantly decreased in the acute
reperfusion group compared to the sham group (Figure
4).

Wet to dry ratios were not significantly different among
the four groups.

Gene expression in lung tissue from piglets with chronic 
ischemia/reperfusion
No changes in levels of VEGF or bFGF mRNA were
detected during ischemia or reperfusion (Figure 5A).
However, Thps-1 and PAI-1 mRNAs peaked at the end of
the ischemic period (p = 0.0003 and p = 0.0025, respec-

tively when compared to sham group). After reperfusion,
expression levels decreased significantly (p = 0.0008 and p
= 0.0163, respectively compared to the values found after
the ischemic period) and returned towards normal values.
(Figure 5B).

Effect of pentoxifylline
Injecting pentoxifylline immediately before reperfusion
resulted in a significant decrease in the proportion of
apoptotic ECs in the distal PA, from 46.4 ± 4.5% to 36.3
± 2.9% (p < 0.0001). However, the proportion of apop-
totic cells remained higher than in the sham group (6.6 ±
1.8%; p < 0.0001) (Figure 6A). Neither contraction to phe-
nylephrine nor relaxation to sodium nitroprusside were
affected by PA ligation or reperfusion. However, maximal
relaxation in response to acetylcholine (Figure 6B) was
lower in the acute reperfusion group than in the pentoxi-
fylline (p = 0.0001) and sham (p = 0.0001) groups; it was
higher in the sham group than in the pentoxifylline group
(p = 0.01). No differences in acetylcholine EC50 were seen
across the three groups. Maximal relaxation in response to
calcium ionophore was lower in the acute reperfusion
group than in the pentoxifylline (p = 0.002) and sham (p
= 0.0001) groups; it was higher in the sham group than in
the pentoxifylline group (p = 0.001). The EC50 to calcium
ionophore was lower in the sham group than in the acute
reperfusion and pentoxifylline groups (1·35.10-7 ±
1.1·10-7 M versus 3.39·10-7 ± 1.2·10-7 M, p = 0.0001; and
versus 4.07·10-7 ± 1.9·10-7 M, p = 0.0001). The EC50 to
calcium ionophore was similar in the acute reperfusion
and pentoxifylline groups.

Reperfusion was followed by a significant decrease in
eNOS protein (acute reperfusion group versus sham
group). However, no significant difference was found
between the acute reperfusion group and the pentoxifyl-
line group (Figure 6C).

Discussion
This study provides the first evidence that chronic lung
ischemia followed by reperfusion is associated with signif-
icant EC apoptosis in proximal and distal PAs. EC apopto-
sis occurred during chronic lung ischemia, reached 46% 2
days after reperfusion, and returned to control values
within 5 weeks after reperfusion. EC apoptosis was associ-
ated with significant endothelial function impairment,
most notably regarding eNOS expression and nitric oxide
synthesis. Our gene expression studies provided a likely
explanation to the abnormalities in EC apoptosis and
endothelial function. We found overexpression of the
pro-apoptotic factors Thps-1 and PAI-1 after 5 weeks of PA
ligation. Moreover, pentoxifylline injection before lung
reperfusion protected against EC apoptosis and endothe-
lial dysfunction. These data suggest prevention of EC
death after reperfusion as a key target for treatments

A: Proportion of endothelial cells undergoing apoptosis in the distal pulmonary arteriesFigure 2
A: Proportion of endothelial cells undergoing apoptosis in 
the distal pulmonary arteries. The proportion increased sig-
nificantly from 6.6 ± 1.8% in sham animals (S) to 18.9 ± 3.9% 
5 weeks after ligation of the left pulmonary artery (L), peaked 
at 46.4 ± 4.5% 2 days after reperfusion (AR), and returned to 
5.4 ± 1.5% 5 weeks after reperfusion (CR). *p < 0.0001 ver-
sus sham animals, **p < 0.0001 versus all other groups. S: 
sham group; L: ligated group; AR: acute reperfusion group; 
CR: chronic reperfusion group. B: TUNEL staining of 
endothelial cells in pulmonary artery branches ranging from 
20 to 200 !m. Apoptotic cells are yellow (arrows). S: sham 
group; L: ligated group; AR: acute reperfusion group; CR: 
chronic reperfusion group.
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B
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aimed at preventing the development of pulmonary
edema and persistent pulmonary hypertension after PTE.

Apoptosis is the process of normal program to cell death
that allows normal cell turnover and wall remodelling in
blood vessels. Chronic PA occlusion, as occurs in CTEPH,
may result in chronic pulmonary EC ischemia. However,
the development of the bronchial circulation in areas of
chronic PA occlusion has been shown to preserve pulmo-
nary aerobic metabolism and to reduce the severity of
lung oedema after reperfusion [6,11]. Interestingly, we
showed that this systemic blood supply failed to prevent
EC apoptosis in the reperfused PA bed, since almost half
the ECs underwent apoptosis after reperfusion in our
model. EC apoptosis occurred in both the proximal and
the distal PA beds, as established not only by TUNEL assay
but also by the dramatic increase in caspase-3 activation 2
days after reperfusion. This finding corroborates previous
results made in the setting of acute ischemia-reperfusion
injury of the lung and other organs [7-10].

Apoptosis is a quiet and well-organized cell death modal-
ity that is associated with less inflammation, compared to
necrosis [13,14]. Apoptotic cells are phagocytized by mac-
rophages before their membrane breaks down, so that
their intracellular enzymes are not released. Apoptosis is

triggered and modulated by two pathways. The intrinsic
pathway involves the mitochondria and is activated by
reactive oxygen species; whereas the extrinsic pathway is
activated when ligands bind to their receptors, for
instance tumour necrosis factor alpha (TNF-") to TNF-
receptors and Fas-ligand to Fas. Activation is rapid for the
intrinsic pathway but may take up to several hours for the
extrinsic pathway [14]. Increased apoptosis immediately
after reperfusion in human lung transplantation was first
reported by Fischer et al. in 2000, who found a time-
dependent increase in apoptotic cell numbers after trans-
plant reperfusion [9,10]. Although they found almost no
positive TUNEL staining after cold or warm ischemia, the
number of apoptotic cells increased over time after reper-
fusion. Subsequent studies established that cell death con-
sistently peaked after reperfusion, both when acute
ischemia was followed by transplantation and when
chronic ischemia was followed by PA revascularisation.
We found that nearly half the ECs were apoptotic 2 days
after reperfusion and that control levels of apoptosis were
recovered within 5 weeks. Similarly, in a rat lung trans-
plant model over 30% of cells in the lung parenchyma
were apoptotic 2 hours after reperfusion [10]. The peak in
apoptotic cell number coincided with the peak of caspase-
3 activity in our model, supporting a crucial role for the
caspase pathway in cell death activation.

Relative eNOS protein expression as assessed by densitometric quantification of endothelial nitric oxide synthase on immuno-blots prepared from lung preparations in the sham group (S) acute reperfusion group (AR)Figure 3
Relative eNOS protein expression as assessed by densitometric quantification of endothelial nitric oxide synthase on immuno-
blots prepared from lung preparations in the sham group (S) acute reperfusion group (AR).
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Increased EC death is the likely explanation to the
endothelial function impairment, most notably the defi-
cient nitric oxide production, documented in our study. A
role for pro-apoptotic and anti-apoptotic proteins in pul-
monary endothelial dysfunction has been hypothesized.
This hypothesis, however, had not been previously stud-
ied in PA endothelium exposed to chronic ischemia. We
found significant increases in mRNAs for two potent pro-
apoptotic factors, Thsp-1 and PAI-1, in lung tissue
exposed to chronic ischemia. In contrast, VEGF and bFGF
remained unchanged. After reperfusion, pro-apoptotic
protein expression returned to control values, although
EC apoptosis increased to its peak. These results suggest
that chronic lung ischemia induces overexpression of pro-
apoptotic factors and that PA reperfusion after chronic
ischemia may trigger massive EC apoptosis, leading to
endothelial damage.

Our results indicating overexpression of pro-apoptotic
proteins, including Thsp-1 and PAI-1, prompted us to
investigate the effects of a nonselective inhibitor of EC
apoptosis, pentoxifylline. Pentoxifylline is a potent anti-
inflammatory agent that attenuates neutrophil-mediated
lung injury and prevents EC dysfunction in several models
of acute lung injury [12]. Pentoxifylline administration to
patients with ischemic cardiomyopathy inhibited pro-
inflammatory cytokines and reduced apoptosis by
decreasing TNF-" and Fas concentrations in plasma [15].
Pentoxifylline probably prevents apoptosis both by inhib-
iting TNF-" production and by diminishing reactive oxy-
gen species in our model. The extrinsic pathway can be
activated during chronic ischemia via the release of
cytokines (e.g., TNF-") and of other proinflammatory
inflammatory mediators in the lung, whereas the intrinsic
pathway can be triggered after reperfusion by the release
of reactive oxygen species.

Reperfusion pulmonary edema is a major cause of mor-
bidity and mortality after PTE for CTEPH that requires in
prolonged mechanical ventilation and may be fatal
[16,17]. Increased permeability of the small lung vessels is
the underlying mechanism. Onset is usually within 24
hours after reperfusion and is associated with neutrophil
activation and sequestration in the lung [18]. Arterial
hypoxemia and radiographic infiltrates in the reperfused
pulmonary segments are noted. Severity is variable, rang-
ing from mild reperfusion injury manifesting only as focal
infiltrates to severe alveolar flooding. Treatment is prima-
rily supportive, with mechanical ventilation and pharma-
cological support. Extracorporeal support has been used
in selected patients with overwhelming reperfusion
injury. Our results suggest that massive EC death shortly
after reperfusion may cause pulmonary edema and pul-
monary hypertension mediated by endothelial cell dys-
function [6,11]. Thus, EC apoptosis may be among the
primary causes of reperfusion pulmonary edema and per-
sistent pulmonary hypertension, the two main complica-
tions of PTE. Therefore, anti-apoptotic therapy holds
promise for improving outcomes after PTE for CTEPH.
Blocking the apoptotic cascade before reperfusion dimin-
ished ischemia-reperfusion lung injury and improved
graft function [19]. Similar results were obtained with
other organs, such as the heart and kidney [20,21]. Cas-
pase inhibitors are now available commercially and their
potential benefits in transplant patients are being evalu-
ated in clinical trials.

In conclusion, our results show that chronic lung
ischemia is associated with overexpression of pro-apop-
totic genes. A 46% rate of apoptosis and significant
endothelial dysfunction were noted 2 days after reper-
fusion of chronically ischemic PA endothelium. EC apop-
tosis was significantly reduced by pentoxifylline injected

Percent reduction of maximal contraction to phenylephrine produced by acetylcholine stimulation and calcium ionophore stimulation of pulmonary artery rings taken from the left lungs of sham animals (S), animals with chronic ischemia (left pulmonary artery ligation for 5 weeks, L), and animals with acute reperfusion (revascularisation 2 days earlier, after liga-tion for 5 weeks, AR)Figure 4
Percent reduction of maximal contraction to phenylephrine 
produced by acetylcholine stimulation and calcium ionophore 
stimulation of pulmonary artery rings taken from the left 
lungs of sham animals (S), animals with chronic ischemia (left 
pulmonary artery ligation for 5 weeks, L), and animals with 
acute reperfusion (revascularisation 2 days earlier, after liga-
tion for 5 weeks, AR).
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A: Relative expression of lung vascular endothelial growth factor and basic fibroblast growth factor mRNA in control piglets (sham) and animals exposed to chronic ligation (L) alone or followed by reperfusion for 2 days (acute reperfusion group, AR) or 5 weeks (chronic reperfusion group, CR)Figure 5
A: Relative expression of lung vascular endothelial growth factor and basic fibroblast growth factor mRNA in control piglets 
(sham) and animals exposed to chronic ligation (L) alone or followed by reperfusion for 2 days (acute reperfusion group, AR) 
or 5 weeks (chronic reperfusion group, CR). B: Relative expression of thrombospondin-1 and plasminogen activator inhibitor-
1 mRNA in control piglets (sham) and animals exposed to chronic ligation (L) alone or followed by reperfusion for 2 days 
(acute reperfusion group, AR) or 5 weeks (chronic reperfusion group, CR). Expression levels were significantly increased 5 
weeks after ligation of the left pulmonary artery (L) (*p = 0.0003 and *p = 0.0025, respectively) and significantly decreased after 
acute reperfusion (AR) ($p = 0.0008 and $p = 0.0163, respectively).
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A: Proportion of endothelial cells undergoing apoptosis in the distal pulmonary arteries in the sham group and in piglets exposed to ligation for 5 weeks followed by reperfusion for two days, with (AR P+) or without (AR P-) pentoxifylline adminis-tration immediately before reperfusionFigure 6
A: Proportion of endothelial cells undergoing apoptosis in the distal pulmonary arteries in the sham group and in piglets 
exposed to ligation for 5 weeks followed by reperfusion for two days, with (AR P+) or without (AR P-) pentoxifylline adminis-
tration immediately before reperfusion. Typical results from two animals of each group are shown. B: Percent reduction of 
maximal contraction to phenylephrine produced by acetylcholine stimulation and calcium ionophore stimulation of pulmonary 
artery rings taken from left lungs 2 days after reperfusion with (AR P+) or without (AR P-) pentoxifylline administration (pen-
toxifylline+ and pentoxifylline-groups, respectively). Values are means ± SEM. The concentration-response curves were signifi-
cantly flattened in the pentoxifylline-group and partially restored by administration of pentoxifylline. S: sham group; P-: acute 
reperfusion without pentoxifylline; P+: acute reperfusion with pentoxifylline. C: Western blot of eNOS protein content (mean 
± SEM) 2 days after reperfusion with pentoxifylline (AR P+ group) or without pentoxifylline (AR P- group) compared to the 
sham group. Typical results from two animals of each group are shown.
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immediately before lung reperfusion, which significantly
improved endothelial function. EC death may explain
reperfusion pulmonary edema and persistent pulmonary
hypertension occurring immediately after PTE. Therefore,
anti-apoptotic therapy holds considerable promise for
preventing the severe complications in patients undergo-
ing PTE.
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Regression of flow-induced pulmonary arterial vasculopathy after
flow correction in piglets

Olaf Mercier, MD, Edouard Sage, MD, Marc de Perrot, MD, Ly Tu, BSc, Elisabeth Marcos, BSc, Benoı̂t Decante, MSc,

Bruno Baudet, BSc, Philippe Hervé, MD, Philippe Dartevelle, MD, Saadia Eddahibi, PhD, and Elie Fadel, MD

Objectives: Chronic thromboembolic pulmonary hypertension is due to partial obstruction of the pulmonary ar-
terial bed and may resolve after pulmonary thromboendarterectomy. Persistent pulmonary hypertension, the main
complication after pulmonary thromboendarterectomy, may reflect vessel alterations induced by high flow in un-
obstructed lung territories. The aim of this study was to determine whether correcting high flow led to reversal of
the vasculopathy in piglets.

Methods: The effects of high pulmonary blood flow were investigated 5 weeks after creation of an aortopulmo-
nary shunt (n¼ 10), and reversibility of vessel disease was evaluated at 1 week (n ¼ 10) and 5 weeks after shunt
closure (n ¼ 10), compared to sham-operated animals (n ¼ 10). Hemodynamic variables, pulmonary artery
reactivity, and morphometry were recorded. We also investigated the endothelin, angiopoietin, and nitric oxide
synthase pathways.

Results: High flow increased medial thickness in distal pulmonary arteries (55.6% " 1.2% vs 35.9% " 0.8%;
P< .0001) owing to an increase of smooth muscle cell proliferation (proliferating cell nuclear antigen labeling).
The endothelium-dependent relaxation was altered (P<.05). This phenomenon was associated to an overexpres-
sion of endothelin-1, endothelin-A, angiopoietin 1, angiopoietin 2, and Tie-2 (P< .05). After 1 week of shunt
closure, all overexpressed genes returned to control values, the proliferation of smooth muscle cells stopped
,and smooth muscle cell apoptosis increased (terminal deoxynucleotidyl transferase–mediated dUTP nick end
labeling), preceding the normalization of the wall thickness hypertrophy and the pulmonary artery vasoreactivity
observed at 5 weeks after shunt closure.

Conclusion: These results demonstrate that endothelin-1 and angiopoietin pathways are involved in vasculop-
athy development and may be important therapeutic targets for preventing persistent pulmonary hypertension
after pulmonary thromboendarterectomy.

Chronic thromboembolic pulmonary hypertension (CTEPH)
is a life-threatening disease with an overall 5-year survival of
10% in patients whosemean pulmonary artery (PA) pressure
exceeds 50 mm Hg.1 CTEPH is more common than previ-
ously thought and may occur in up to 3.8% of patients
with acute pulmonary embolism.2Organized thromboticma-
terial causing chronic vascular obstruction is the pathogenic
mechanism, and pulmonary thromboendarterectomy (PTE)
provides long-term hemodynamic and functional benefits
and increases life expectancy.3-5 However, PTE is associated
with 5% to 23%mortality, related chiefly to reperfusion pul-
monary edema and persistent pulmonary hypertension (PH)
despite removal of the thrombotic material.3-5

Two vascular territories can be distinguished in the lung
after pulmonary thromboembolism: the obstructed territory
characterized by chronic ischemia and the unobstructed ter-
ritory exposed to chronic high blood flow resulting from
redistribution of the cardiac output.6,7 This unobstructed
territory contributes to the elevated pulmonary vascular re-
sistance,8 inasmuch as chronic high flow causes distal arte-
riopathy with vascular remodeling9,10 similar to that found
in primary PH.11-15

Pulmonary thromboendarterectomy in patients with high
pulmonary vascular resistance is associated with high rates
of mortality and postoperative persistent PH. Preoperative
prostacyclin infusion, which induces PA vasodilatation
and inhibits vascular remodeling, has been found to decrease
post-PTE mortality in patients with preoperative pulmonary
resistance values exceeding 1200 dyne $ s $ cm5.16 These
findings support the hypothesis that the distal arteriopathy
induced by chronic high blood flow in unobstructed territo-
ries may be the cause of persistent PH after PTE.

Knowledge of the pathobiological mechanisms underly-
ing PH has significantly improved over the past decade.
Three pathways seem to play a key role in the development
of PH: endothelin, angiopoietin, and nitric oxide synthase
(NOS).17-19 The endothelial dysfunction seen in PH is asso-
ciated with an imbalance between endothelium-derived
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Abbreviations and Acronyms
CTEPH ¼ chronic thromboembolic pulmonary

hypertension
eNOS ¼ endothelial nitric oxide synthase
ET ¼ endothelin
iNOS ¼ inducible nitric oxide synthase
NOS ¼ nitric oxide synthase
PA ¼ pulmonary artery
PBS ¼ phosphate-buffered saline
PCNA ¼ proliferating cell nuclear antigen
PH ¼ pulmonary hypertension
PTE ¼ pulmonary thromboendarterectomy
SMC ¼ smooth muscle cell
TUNEL ¼ terminal deoxynucleotidyl transferase–

mediated dUTP nick end labeling

vasoconstrictor/mitogenic factors and vasodilatator/nonmi-
togenic factors. However, few studies to understand
mechanisms underlying CTEPH had been published. An-
giopoietin-1 expression was found to be increased in pa-
tients with CTEPH, as in various other forms of PH.19

We studied the effects of chronic high blood flow to the
lungs in an experimental animal model of aortopulmonary
shunting. We determined whether the effects of high pulmo-
nary blood flow resolved after restoring normal blood flow
to simulate the effects of PTE. We analyzed nitric oxide, en-
dothelin, and angiopoietin pathways to understand patho-
physiologic mechanisms.

MATERIALS AND METHODS
Forty Large White piglets weighing 21 " 3 kg were used. The study

complied with the ‘‘Principles of Laboratory Animal Care,’’ developed

by the National Society for Medical Research, and the ‘‘Guide for the

Care and Use of Laboratory Animals,’’ written by the Institute of Labora-

tory Animal Resources and published by the National Institutes of Health
(publication No.86-23, revised in 1985).

Experimental Design
The piglets were randomly allocated to four groups (n ¼ 10 in each

group). The studies were done 5 weeks after performing an aortopulmonary

shunt to increase blood flow into PAs (shunt-open group), 1 week (1-week

shunt-closed group) and 5 weeks (5-week shunt-closed group) after closure

of this shunt, and 5 weeks after PA dissection without shunt in the sham
group.

Surgical Procedures
Aortopulmonary shunt. An aortopulmonary shunt was performed

as previously described by Rendas, Lennox, and Reid.20 An 8-mm diameter

polytetrafluoroethylene bypass was implanted between the ascending aorta
and the main PA. Fractionated heparin was given until harvesting of the

lungs or closure of the shunt to avoid postoperative occlusion of the shunt.

Aortopulmonary shunt closure. Themidline sternotomywas re-

opened. After systemic heparinization, the aorta and main PA were partially

clamped on each side of the bypass, which was divided and sutured.

Hemodynamic Measurements and Lung Harvesting
Pulmonary hemodynamics were measured before the animals were

killed. Aortic blood flow was measured with a flow probe (Transonic Sys-

tems, Inc, Ithaca, NY) placed on the origin of the aorta upstream from the
aortopulmonary shunt. The pulmonary and systemic flow values were mea-

sured downstream from the shunt.

Pressures and blood gases were measured by direct puncture down-

stream from the aortopulmonary shunt. Then, the animal was exsanguinated
and the lungs rapidly removed from the chest. Patency of the shunt was as-

sessed by direct visual inspection. Biopsy specimens weighing 300 to 500

mg from the left upper lobe were snap-frozen in liquid nitrogen and stored

at#70$C or left to fix in 4% paraformaldehyde solution.

Light Microscopy and Morphometry
Fixed lung sections were processed by standard histologic techniques

and embedded in paraffin. We sought to identify 30 to 40 arteries of less

than 200 mm in diameter in each piglet. Medial thickness (MT) was calcu-

lated as followes:

%MT ¼ (ED# ID) 3 100/ED
Where ED ¼ external diameter and ID ¼ internal diameter.

Evaluation of In Situ PA–Smooth Muscle Cell (SMC)
Death and Proliferation and Collagen Accumulation

To assess the PA–SMC proliferation, we evaluated the proliferating cell

nuclear antigen (PCNA). Tissue sections were deparaffinized in xylene, fol-
lowed by treatment with a graded series of alcohol washes, rehydratation in

phosphate-buffered saline (PBS) (pH 7.5), and then incubated with target

retrieval solution (Dako, Trappes, France) into a water bath at 90$C for

20 minutes. Endogenous peroxidase activity was blocked with H2O2 in
PBS (3% vol/vol) for 5 minutes. Slides were then washed in PBS and incu-

bated for 30 minutes in a protein-blocking solution consisting of PBS sup-

plemented with 3% bovine serum albumin. The slides were subsequently
incubated for 30 minutes with anti-PCNA mouse monoclonal antibody

(PC-10, 1:200, Dako, Trappes, France). Antibodies were washed off and

the slides were processed with the alkaline phosphatase LSABþ system-

HRP detection kit (DAKO, Carpinteria, Calif). Brown color was generated
by using a diaminobenzidine substrate and nuclei were counterstained with

hematoxylin.

Detection of cells undergoing apoptosis was evaluated by the ApopTag

Red In Situ Apoptosis Detection Kit (Qbiogene, Illkirch, France), as spec-
ified by the manufacturer.

So that collagen accumulation could be assessed, the paraffin-embedded

sections were deparaffinized and stained with Masson trichrome stain.

Assessment of PA reactivity
Pulmonary artery rings were studied as previously described.21 Endothe-

lin-1 (ET-1), sodium nitroprusside, acetylcholine hydrochloride, and indo-

methacin were purchased from Sigma Chemical Company (St Louis, Mo).

Real-Time Quantification by Polymerase Chain
Reaction Assay

Real-timepolymerase chain reactionassaywas conductedaspreviously de-

scribed.12 Except for the report gene 18S, angiopoietins, and Tie-2, all the

primers (ET-1, ETA, ETB, endothelial NOS [eNOS], inducible NOS
[iNOS]) were specific porcine primers previously described by Rondelet and

associates.12 Primers for 18S ribonucleic acid, angiopoietins and Tie-2 had

been used previously in our laboratory for human experimentation and were
designed onPrimerExpress software (AppliedBiosystems,FosterCity,Calif).

Assay of Lung Phosphodiesterase 5 Activity
Phosphodiesterase 5 assays were carried out from frozen lung tissue

according to established procedures.22
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Statistical Analysis
All results are reported as means" SEM. The Kolmogorov–Smirnov test

was applied to test for normality of the distribution of each variable. One-

way analysis of covariance was performed using the weight of the piglets
as the covariate, followed by Fisher’s test for between-group comparisons.

All statistical analyses were performed using Statview IV software (Abacus

Concepts, Berkeley, Calif).

RESULTS
Effect of the Aortopulmonary Shunt on
Hemodynamic Variables

None of the piglets died during or after the surgical proce-
dures. The animals in the shunt-closed groups were kept lon-
ger than animals in the other two groups and therefore had
a greater mean weight gain. Aortography performed before
the animals were killed showed that the shunt was patent
in piglets from the shunt-open group and occluded in piglets
from the shunt-closed groups. As summarized in Table 1,
cardiac output and mean PA pressure were elevated in the
shunt-open group. Heart rate and mean arterial pressure
were not significantly changed after 5 weeks of shunting.
Cardiac output and mean PA pressure returned to sham
values 1 and 5 weeks after shunt closure, and no changes
were found in heart rate and mean arterial pressure. As ex-
pected PA PO2 was increased in the shunt-open group com-
pared with the sham group; PA PO2 in the shunt-closed
groups was not significantly different from that in the
sham group. The pulmonary/systemic flow values were sim-
ilar in the shunt-open groups.

Pulmonary Vascular Remodeling
In the sham group, medial wall thickness of PAs less than

200 mm in diameter was 35.9% " 0.8%. Five weeks after
shunt creation, distal vascular remodeling was visible as
a significant increase in medial wall thickness when com-
pared with sham values (55.6% " 1.2% vs 35.9% "
0.8%; P< .001). Decrease in distal medial thickness fol-
lowed closure of the shunt at 1 week (50% " 1.4% vs
55.6% " 1.2%; P ¼ .062) and 5 weeks (40.9% " 1% vs
55.6% " 1.2%; P< .001), respectively. Medial thickness
values returned to near sham values after 5 weeks of closure
of the shunt (Figures 1A and 1B).

Proliferating cell nuclear antigen labeling demonstrated
a proliferation of SMCs in the distal PA wall in shunted
animals. As early as 1 week after shunt closure, the number
of PCNA-positive cells decreased markedly and returned to
sham values (22.4% " 15% vs 6% " 9%; P < .05).
Conversely, the number of apoptotic cells as detected by
terminal deoxynucleotidyl transferase–mediated dUTP
nick end labeling (TUNEL) in PAwalls in the shunted group
was similar to that in the sham group (6.6% " 6% vs 9.2%
" 10%; P ¼ not significant), peaked at 1 week after the
shunt closure, and then returned toward sham values at
5 weeks after shunt removal (23.1% " 18% vs 9.5% "
9%; P< .05). Collagen accumulation around the PAs was
not different between groups (Figures 2A and 2B).

Pulmonary Vascular Reactivity and Endothelial
Function (Figure 3)

Contraction of PA rings in response to phenylephrine was
not significantly different in the four groups. Incubation of
arteries with increasing doses of ET-1 induced dose-depen-
dent contraction that was similar in the shunt-open, 1-week
shunt-closed, and sham groups. In the 5-week shunt-closed
group, however, maximal contraction induced by ET-1 was
significantly lower than in the sham group (1722 mg vs 2380
mg; P ¼ .019), although median effective concentration
values were not significantly different.

The relaxation response to sodium nitroprusside was not
affected by aortopulmonary shunt creation or occlusion.
Aortopulmonary shunting was followed by a decrease in
maximal relaxation to acetylcholine (51.9% " 5.42% vs
66.8% " 6.6%; P ¼ .045). Maximal relaxation to acetyl-
choline was not restored 1 week after closure of the shunt
(52.1%" 4.62% vs 51.9%" 5.42%; P¼ .97) but returned
to normal values at 5 weeks (67.6% " 5.4% vs 66.8% "
6.6%; P ¼ .93). Median effective concentration values
were unchanged.

Expression of Genes Involved in the ET-1, NOS, and
Angiopoietin-1 Pathways

Increased lung blood flow induced an increase in ET-1,
ETA, angiopoietin-1, angiopoietin-2, and Tie-2 mRNA

TABLE 1. Changes in hemodynamic variables and blood gas levels induced by opening and by closing an aortopulmonary shunt

Shunt closed

Sham Shunt open One week Five weeks

Weight (kg) 24 " 4 28 " 3 46 " 8 40 " 6

HR (beats/min) 98 " 4 89 " 3 89 " 9 89 " 9

Q (L $ min#1) 2 " 0.14 3.3 " 0.3* 2.14 " 0.6z 2.2 " 0.27y
Mean SAP (mm Hg) 55 " 3 51 " 4 51 " 3 57 " 4

Mean PAP (mm Hg) 10.1 " 0.5 15.7 " 1.2* 10.2 " 2z 10.2 " 1.2y
PaO2 (mm Hg) 336.65 " 18 262 " 19* 282 " 36 367 " 20y
PA PO2 (mm Hg) 41.7 " 2.6 47.2 " 2.7 38.5 " 3z 36.5 " 1.6y
HR, Heart rate; Q, cardiac outflow; SAP, systemic arterial pressure; PAP, pulmonary arterial pressure; PaO2, systemic PO2; PA PO2, pulmonary artery PO2. *P<.05 sham group vs

shunt-open group. yP< .05 shunt-open group vs 5-week shunt-closed group. zP< .05 shunt-open group vs 1-week shunt-closed group.
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levels, without changes in steady-state levels of ETB or iNOS
(Figures 4 and 5). For eNOS,mRNA levels were higher in the
shunt-open group than in the sham group, whereas protein
contents in lung tissue were not different (data not shown).

One week after shunt closure, ET-1, ETA, angiopoietin-1,
angiopoietin-2, and Tie-2 mRNA levels returned to normal
values. The normalization of morphometric parameters as
seen 5 weeks after the shunt closure was preceded by a de-
crease of all overexpressed gene mRNA.

Five weeks after closure of the aortopulmonary shunt, we
observed an increase of ETBmRNA levels and a paradoxical
increase of normalized ET-1 mRNA levels (Figure 4).

Phosphodiesterase 5 Activity
To determine whether the decrease in endothelium-de-

pendent relaxation was related to an increase in phosphodi-
esterase 5 activity induced by high blood flow, we measured
phosphodiesterase 5 activity in lung tissue from piglets in all

FIGURE 1. A, Morphometry (3400) of pulmonary arteries of less than 150-mm diameter in the sham group, the shunt-open group, and the shunt-closed

groups. The percentage of medial thickness was the highest in the shunt-open group (P< .05). Medial thickness started to decrease after 1 week of shunt

closure and raised a decrease of 75% after 5 weeks of shunt closure (P<.001). B, Box plot of the percentage of medial thickness of small pulmonary arteries

(<150 mm) in the sham (35.9% " 0.8%), shunt-open (55.6% " 1.2%), 1-week shunt-closed (48.7% " 1%), and 5-week shunt-closed (40.9% " 1%)

groups. MT, Medial thickness; ED, external diameter; ID, internal diameter.
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groups. Phosphodiesterase 5 activity was not affected by
creation or closure of the shunt (data not shown).

DISCUSSION
This study showed that 5 weeks of aortopulmonary shunt-

ing induced pulmonary vasculopathy manifesting as medial
thickness of the distal PAs owing to SMC proliferation, im-
paired endothelium-dependent vasorelaxation, and increase
of ET-1, ETA, angiopoietin-1, angiopoietin-2, and Tie-2 ex-
pression in lung parenchyma. This study also demonstrates
for the first time that after shunt closure, in the early phase
(1 week), we observed a normalization of gene expression
and later (5 weeks) a decrease of distal PA medial thickness,
a normalization of endothelium-dependent vasorelaxation,
and an increase of ETB expression.

After pulmonary embolism, the unobstructed lung terri-
tory is exposed to chronic high blood flow owing to redis-
tribution of the cardiac output.6,7 This overflow induces

a progressive increase of PA pressure and shear stress
owing to a distal PA vasculopathy. We also speculate that
the long-term improvement in pulmonary vascular resis-
tance seen after PTE in humans may reflect resolution of
flow-induced arterial disease. Similarly, in patients with se-
vere CTEPH, extensive PA lesions induced by overflow
may result in failure of PTE to lower pulmonary vascular
resistance and, therefore, in increased postoperative morbid-
ity and mortality.6-8 Our model of aortopulmonary shunting
had been previously used as a model of lung disease associ-
ated with congenital heart disorder.12 Because it was not as-
sociated with chronic ischemic lung territories, this model
neglected the potential effect of these territories on the non-
ischemic lung territories. However, this model adequately
reproduces functional vascular changes seen in the unob-
structed territories of patients with CTEPH. Indeed, as in
humans, the aortopulmonary shunting induced a high
pulmonary blood flow and increased PA pressure. To assess

FIGURE 2. A, Evaluation of in situ PA–SMCs death as assessed by TUNEL (e–h), PA–SMC proliferation by PCNA coloration (a–d), and collagen accu-

mulation byMasson trichrome staining (i–l) in the shunt-open, 1-week shunt-closed, 5-week shunt-closed, and sham groups (3400). Positive cells in TUNEL

and PCNA staining are colored in brown. Collagen is colored in blue byMasson trichrome staining. PAwall thickness in the shunt-open group is related to the

proliferation of SMCs (b) without intravascular collagen accumulation (j). The decrease of PA medial thickness observed 5 weeks after the shunt closure

started at 1 week with a decrease of PCNA-positive cells (c) and increased TUNEL-positive cells (g). PA, Pulmonary artery; SMC, smooth muscle cell;

TUNEL, terminal deoxynucleotidyl transferase–mediated dUTP nick end labelling, PCNA, proliferating cell nuclear antigen. B, Percentage of PCNA- and

TUNEL-positive cells in the wall of distal PAs for all groups of piglets. There is an SMC proliferation in the wall of distal PAs in the shunt-open group

that stopped at the shunt closure. SMCapoptosis increased 1week after the shunt closure and returned to normal value 5weeks after the closure.PA,Pulmonary

artery; SMC, smoothmuscle cell; TUNEL, terminal deoxynucleotidyl transferase–mediated dUTP nick end labelling,PCNA, proliferating cell nuclear antigen.

FIGURE 3. Vasoconstriction to endothelin-1 and relaxation to acetylcholine of PA rings from the sham group, the shunt-open group, and the shunt-closed

groups. Aortopulmonary shunting induced a decrease in maximal relaxation to acetylcholine (51.9% " 5.42% vs 66.8% " 6.6%: P ¼ .045). Five-week

shunt closure was associated with recovery of the maximal relaxation to acetylcholine (67.6% " 5.4% vs 66.8% " 6.6%; P ¼ .93), whereas its remains

unchanged 1 week after shunt closure. In the 5-weeks shunt-closed group, ET-1-induced maximal contraction was lower than in the sham group (1722

mg vs 2380 mg, P ¼ .019). PA, Pulmonary artery; ET-1, endothelin-1.
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possible therapeutic targets to treat this overflow-induced
vasculopathy, we first investigated the mechanism of
changes in pulmonary vascular wall thickness after shunt
establishment and closure.

In patients with CTEPH, Moser and Braunwald6 had
already reported marked structural changes of chronic PH
in the open PAs. This high flow–induced vasculopathy is
due to high pressure and high shear stress related to the re-
distribution of the cardiac outflow toward the unobstructed
PA bed.7 This distal vasculopathy contributes as well as
the proximal occlusion of PAs to the elevated pulmonary
vascular resistance. Indeed, in our animal model, the over-
flow pulmonary vasculopathy, as induced by 5-week aorto-
pulmonary shunting, was associated with increased medial
thickness of distal PAs related to SMC proliferation as
showed by PCNA labeling. These findings are similar to
the vascular remodeling reported in unobstructed territories
of patients with CTEPH,6 suggesting thus that the overflow,
with the increase of the shear stress that it induces, can be re-

sponsible for the vascular remodeling. This remodeling is
then associated with the progressive increase of PA resis-
tances. We also found that 1 week after PA flow normaliza-
tion, the SMC proliferation decreased whereas apoptosis, as
assessed by TUNEL, increased markedly. This imbalance
between SMC proliferation and apoptosis was not associated
with alteration of vascular collagen accumulation.

High blood flow in the lungs was associated with an in-
crease in ET-1 and ETA levels in lung tissue. ET-1 is a potent
vasoconstrictor and mitotic peptide for vascular SMCs. ET-1
overexpression has been found in animal studies of flow-
induced PH12-14 and in patients with primary PH.17,18 ET-1
overproduction is probably a response to stimuli such as
shear stress resulting from arterial pressure elevation.23

One week after shunt closure, lung ET-1 and ETA levels
break, whereas PA remodeling still persists. However, 5
weeks after shunt closure, the normalization of PA wall
thickness was associated with restoration of lung ET-1 syn-
thesis. These data suggest that ET-1 may be involved in the

FIGURE 4. Quantification of endothelin-1 (ET-1) and its receptors (ETA and ETB) mRNAs in lung parenchyma by reverse-transcriptase polymerase chain

reaction. High flow in the lungs induced increases in ET-1 and ETAmRNAs but did not change steady-state level of ETB. Shunt closure was followed by early

(1 week) decrease in ET-1 and ETA mRNA levels. ETB mRNA level increased secondarily 5 weeks after the shunt closure.

FIGURE 5. Quantification of angiopoietin-1, angiopoietin-2 and Tie-2 mRNA levels in the lung parenchyma from sham, shunt-open, and shunt-closed

groups. High flow in the lungs induced an increase in angiopoietin-1, angiopoietin-2, and Tie-2 mRNA levels. Tie-2 mRNA level increased whereas the an-

giopoietin-1/angiopoietin-2 ratio remained the same. Shunt closure was followed by a decrease of expression of these genes.
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development and resolution of flow-induced lung vessel
disease.

Rondelet and associates12 reported that ET-1 inhibition by
the ETA/ETB antagonist bosentan prevented pulmonary
vascular remodeling in a piglet model of high flow–induced
pulmonary vasculopathy. Interestingly, in our model, when
flow was returned to normal by closing the shunt, ETB over-
expression in lung tissue occurred, whereas ETA expression
returned to sham values. ETB is selectively found in the dis-
tal PA bed,24 both on SMCs and on endothelial cells.25 SMC
ETB mediates the same signals as ETA, inducing vasocon-
striction and mitosis. In contrast, endothelial ETB serves
as a clearance receptor for ET-1 and modulates ET-1 expres-
sion via a negative feedback loop and via the release of ves-
sel relaxants such as nitric oxide.23 As the maximal
contraction of PA ring induced by ET-1 was significantly
lower in the 5-week shunt-closed group than in the sham
group, ETB overexpression after shunt closure may reflect
overexpression of the endothelial subtype rather than of
the SMC subtype. ETB and ET-1 expressions follow the
same evolution. This suggests that ETB may play a role in
the control of ET-1 clearance and consequently may contrib-
ute to the regression of the distal arterial abnormalities in-
duced by high flow.

In our study, eNOS RNA expression increased in the
shunt-open group because of chronically increased shear
stress, whereas endothelium-dependent relaxation of isolated
pulmonary rings, which reflects nitric oxide production, was
impaired. Of several studies investigating high-flow PH
and eNOS expression,12,15,26-28 only one15 found increased
eNOS protein levels; this increase was not found in lung
homogenate but instead in fifth-generation isolated PA cells.
In our model, the decrease in endothelium-dependent relax-
ation suggests that flow-induced PH may be related to alter-
ation of the nitric oxide/cyclic guanosine monophosphate
pathway. To investigate this possibility, we measured phos-
phodiesterase 5 activity in lung tissue from piglets with open
aortopulmonary shunt. We found no change in phosphodies-
terase 5 activity. Rondelet and associates29 reported that the
phosphodiesterase 5 inhibitor seldinafil induced a partial
improvement in flow-induced PH in piglets. These results
suggest that alteration of the nitric oxide/cyclic guanosine
monophosphate pathway may result from deterioration in
eNOS activity and/or in nitric oxide stability. After shunt
closure, endothelium-dependent relaxation of isolated PA
rings returned gradually to normal, indicating improved
matching of nitric oxide production to the number of SMCs.

Angiopoietin-1 is a peptide that contributes to lung vessel
development by recruiting and promoting the division of
vascular SMCs.19 Angiopoietin-1 and Tie-2 overexpres-
sions were found in lung parenchyma from patients with
PH.19 Thus, angiopoietin-1 may contribute to the excessive
muscularization of distal PAs that characterizes PH. In our
study, angiopoietin-1 and Tie-2 expressions increased after

shunt opening and decreased after shunt closure. However,
angiopoietin-2 expression followed angiopoietin-1 and
Tie-2 expressions. Indeed, angiopoietin-2 blocks the angio-
poietin-1/Tie-2 signal, resulting in a loosening of the tight
vascular structure.30 Altough angiopoietin-2 expression in-
creased in the shunt-open group and then decreased after
the closure of the shunt, the rate angiopoietin-1/angiopoie-
tin-2 remained the same in the four groups whereas Tie-2
was overexpressed in the shunt-open group and returned
to normal in the shunt-closed groups. Thus, our results sup-
port that angiopoietin pathway may contribute to this vascu-
lar remodeling.

CONCLUSION
Flow-induced PA disease is associated with the increase

of ET-1 and Tie-2 expressions in the lung parenchyma.
Shunt closure to replicate the effects of PTE on nonob-
structed lung territories was followed by normalization of
ET-1 and Tie-2 expression and then gradually by resolution
of the arterial abnormalities. These peptides hold promise as
targets for treatments designed to improve PA disease in pa-
tients with CTEPH at risk of persistent PH after PTE.
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Endothelin A receptor blockade improves regression of flow-induced
pulmonary vasculopathy in piglets

Olaf Mercier, MD,a Edouard Sage, MD,b Mohammed Izziki, PhD,b Marc Humbert, MD, PhD,b

Philippe Dartevelle, MD,b Saadia Eddahibi, PhD,b and Elie Fadel, MD, PhDb

Objectives: In patients with chronic thromboembolic pulmonary hypertension, high flow in unobstructed lung
regions may induce small-vessel damage responsible for persistent pulmonary hypertension after pulmonary
thromboendarterectomy. In piglets, closure of an experimental aortopulmonary shunt reverses the flow-
induced vascular lesions and diminishes the elevated levels of messenger RNA (mRNA) expression for
endothelin-1 and endothelin receptor A (ETA). We wanted to study the effect of the ETA antagonist TBC
3711 on reversal of flow-induced pulmonary vascular lesions.

Methods: Twenty piglets were studied. In 15 piglets, pulmonary vasculopathy was induced by creating an aor-
topulmonary shunt. After 5 weeks of shunting, some animals were studied (n ¼ 5); others underwent shunt clo-
sure for 1 week with (n ¼ 5) or without (n ¼ 5) TBC3711 treatment. Anti-ETA treatment started 1 week before
and ended 1 week after the shunt closure. The controls were sham-operated animals (n ¼ 5).

Results:High blood flow led to medial hypertrophy of the distal pulmonary arteries (54.9%" 1.3% vs 35.3%"
0.9%; P< .0001) by stimulating smooth muscle cell proliferation (proliferating cell nuclear antigen) and in-
creased the expression of endothelin-1, ETA or endothelin receptor type A or endothelin receptor A, angiopoietin
1, and Tie2 (real-time polymerase chain reaction). One week after shunt closure, gene expression levels were nor-
mal and smooth muscle cells showed increased apoptosis (terminal deoxynucleotidyl transferase–mediated dUTP
nick end labeling) without proliferation. However, pulmonary artery wall thickness returned to control values
only in the group given TBC3711 (33.2% " 8% with and 50.3% " 1.3% without; P< .05).

Conclusions: Anti-ETA therapy accelerated the reversal of flow-induced pulmonary arterial disease after flow
correction. In patients with chronic thromboembolic pulmonary hypertension and severe distal pulmonary vas-
culopathy, anti-ETA agents may prove useful for preventing persistent pulmonary hypertension after pulmonary
thromboendarterectomy. (J Thorac Cardiovasc Surg 2010;140:677-83)

Chronic thromboembolic pulmonary hypertension (CTEPH)
is due to partial obstruction of the pulmonary arterial tree by
organized clots, which increase the pulmonary vascular resis-
tance (PVR), leading to progressive pulmonary hypertension
(PH) and right heart failure.1 The main treatment is pulmo-
nary thromboendarterectomy (PTE), which provides long-
term hemodynamic and functional benefits and increases
life expectancy.2-5 However, PTE is associated with a 10%
mortality rate related chiefly to persistent PH despite
removal of the thrombotic material.2-4 Persistent PH may
reflect the existence of lesions in small precapillary vessels
that are not accessible to surgery.6 Histopathologic studies
show microvascular changes similar to those seen in idio-

pathic PH and Eisenmenger syndrome.7-9 These distal
lesions in the unobstructed territories may contribute to the
progression of the hemodynamic abnormalities and
symptoms in the absence of further pulmonary embolism.10,11

Compared with acute pulmonary embolism, CTEPH with
a similar degree of vascular obstruction is associated with far
higher PVR values as assessed by lung perfusion scanning.8

In patients with CTEPH, the unobstructed territories are
chronically exposed to high blood flow owing to cardiac out-
put redistribution.10,12 This high blood flow may contribute
to increase the PVR,13 inasmuch as chronic high flow causes
distal arteriopathy with vascular remodeling7,14 similar to
that found in primary PH.15-19 As a result, alterations
develop in the distal pulmonary arteries, adding to the
PVR increase induced by the proximal occlusion. Greater
severity of the microvascular disease is associated with
higher PVR values, which in turn predict higher mortality
after PTE.6 We have developed a piglet model of pulmonary
vasculopathy induced by high blood flow to the lungs
through an aortopulmonary shunt left open for 5 weeks.
There was no chronic pulmonary artery obstruction in our
model, which therefore does not provide any information
about potential effects of chronically occluded territories
on nonoccluded territories. However, our model replicates
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the functional vascular changes seen in the nonoccluded ter-
ritories of patients with CTEPH.20 We21 previously reported
that the shunt induced thickening of the media of small pul-
monary arteries (<200 mm in diameter) and overexpression
of endothelin-1 (ET-1), endothelin receptor type A (ETA),
angiopoietin-1 (Ang-1), and Tie2. One week after shunt clo-
sure, we found normal expression of mRNAs for ET-1,
ETA, Ang-1, and Tie2 and partial reversal of the medial hy-
pertrophy.21 These data suggest that ET-1 and ETA may
hold promise as therapeutic targets in patients with severe
distal microvascular disease in unobstructed territories.
Treatments targeting ET-1 have been used in other forms
of PH. However, there is no evidence that ET-1 antagonist
treatment given before PTE improves postoperative out-
comes in patients with severe distal vascular changes.

The objective of this study was to evaluate the effects of
the selective ETA antagonist TBC3711 on reversal of
flow-induced pulmonary vasculopathy after shunt closure
in our piglet model.

MATERIALS AND METHODS
We studied 20 Large White piglets weighing 21" 3 kg. The study com-

plied with the National Institutes of Health ‘‘Guidelines for the Care and
Use of Laboratory Animals’’ and was approved by the institutional commit-

tee on animal welfare.

Experimental Design
Twenty piglets were randomly allocated to 4 groups of 5. An aortopul-

monary shunt was created in 3 groups to increase the blood flow to the

pulmonary arteries. After 5 weeks of shunting, the animals in 1 of these

groups were humanely killed (high-flow group) and those in the other 2
groups underwent shunt closure and thenwere humanely killed 1week later.

Of these 2 shunt-closure groups, 1 was untreated and killed 1 week after

shunt closure (flow-correction group) and the other was treated with the se-

lective ETA antagonist TBC3711 (flow-correction plus anti-ETA group),

which was started 1 week before shunt closure and continued until 1

week after shunt closure, when the animals were killed. The animals in

the fourth group were killed 5 weeks after a sham operation consisting in
dissection of the pulmonary artery (sham group).

Previous in vitro studies in humans and piglets have established that

TBC3711 is a selective ETA antagonist.22,23 We used TBC3711 capsules
in 2 daily oral doses of 11 mg $ kg#1 for 2 weeks.23

Surgical Procedures
An aortopulmonary shunt was created and closed as previously

described.21

Hemodynamic measurements and lung harvesting. Pul-
monary hemodynamic variables, aortic blood flow, pressures, and blood

gases were measured as previously described.21

Biopsy specimens weighing 300 to 500 mg were taken from the left up-

per lobe, snap-frozen in liquid nitrogen, and stored at –70$C or fixed in 4%
paraformaldehyde solution.

Light microscopy and morphometry. Fixed lung sections

were processed by standard histologic techniques and embedded in paraffin.

We sought to identify 30 to 40 arteries measuring less than 200 mm in diam-

eter in the lung specimens from each piglet. Media thickness (MT) was
calculated as follows:%MT¼ (ED#ID/ED) $ 100, where ED is the exter-

nal diameter and ID the internal diameter.

In situ evaluation of smooth muscle cell death and
proliferation and of collagen accumulation. We evaluated

the proliferation of pulmonary artery smooth muscle cells (PA-SMCs) by
labeling the proliferating cell nuclear antigen (PCNA).21 Cells undergoing

apoptosis were detected with the ApopTag Red In Situ Apoptosis Detection

Kit (Qbiogene, Illkirch, France). To assess collagen accumulation, we

deparaffinized paraffin-embedded sections and stained them with Masson
trichrome stain.

Real-time quantification by polymerase chain reaction
assay (RT-PCR). RT-PCR assays were conducted as previously

described.16 The primers for ET-1, ETA, and endothelin receptor type B

(ETB) were the specific porcine primers previously described by Rondelet
and associates.16 For Ang-1, Tie2, and 18S RNA, we used primers designed

on Primer Express software (Applied Biosystems, Foster City, Calif).

Statistical Analysis
All results are reported as means " standard error of the mean. The

Kolmogorov–Smirnov test was used on each variable to determine whether

the values were normally distributed. One-way analysis of covariance was

performed using the weight of the piglets as the covariate, followed by
Fisher’s test for between-group comparisons. All statistical analyses were

performed with Statview IV software (Abacus Concept, Berkeley, Calif).

RESULTS
The animals in the 2 flow-correction groups were kept 1

week longer than the animals in the high-flow and sham
groups and, accordingly, exhibited higher mean weights
when humanely killed (34 " 5 kg and 40 " 8 kg in the
flow-correction groups with and without anti-ETA treatment,
respectively, and 25 " 3 kg and 27 " 4 kg in the high-flow
and sham groups, respectively).

Effect of the Aortopulmonary Shunt on
Hemodynamic Variables

Compared with the sham-operated animals, animals in the
high-flow group had higher values for cardiac output (3.4 "
0.4 L/min vs 2.1 " 0.16 L/min) and mean pulmonary artery

Abbreviations and Acronyms
Ang-1 ¼ angiopoietin-1
CTEPH ¼ chronic thromboembolic pulmonary

hypertension
ET-1 ¼ endothelin-1
ETA ¼ endothelin receptor type A
ETB ¼ endothelin receptor type B
mRNA ¼ messenger RNA
PA-SMC ¼ pulmonary artery smooth muscle cell
PCNA ¼ proliferating cell nuclear antigen
PH ¼ pulmonary hypertension
PTE ¼ pulmonary thromboendarterectomie
PVR ¼ pulmonary vascular resistance
RT-PCR ¼ real-time polymerase chain reaction
TUNEL ¼ terminal deoxynucleotidyl transferase–

mediated dUTP nick
end labeling
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pressure (15.9" 1.2 mm Hg vs 10.2" 0.5 mm Hg; P<.05)
(Table 1). In both flow-corrected groups, cardiac output and
mean pulmonary artery pressure were similar and returned to
sham values. Heart rate and mean systemic arterial pressure
were similar in all groups.

Pulmonary Vascular Remodeling
Five weeks after shunt creation (high-flow group), media

thickness of pulmonary arteries less than 200 mm in diameter
was significantly greater than in the sham group (54.9% "
1.3% vs 35.3% " 0.9%; P< .001). One week after shunt
closure alone (flow-correction group), media thickness was
nonsignificantly decreased compared with the high-flow
group (50.3% " 1.3% vs 54.9% " 1.3%; P ¼ .062).
When anti-ETA treatment was given, media thickness 1
week after shunt closure was not significantly different
from the value in the sham group (33.2% " 8% vs 35.3%

" 0.9%; P ¼ not significant) (Figure 1). One week after
shunt closure, media thickness had decreased significantly
more in animals that received anti-ETA treatment (P¼ .001).
PCNA labeling showed PA-SMC proliferation in the dis-

tal arteries in the high-flow group (22.6% " 14% vs 6.4%
" 9% in the sham group; P< .05), with a return to sham
values 1 week after shunt closure. Conversely, the number
of apoptotic cells detected by terminal deoxynucleotidyl
transferase–mediated dUTP nick end labeling (TUNEL) in
pulmonary arterial walls was not significantly different
between the high-flow group and the sham group (6.9% "
5% vs 9.4% " 10%; P ¼ not significant) but was signifi-
cantly higher in the flow-correction group than in the sham
group (23.2% " 16% vs 9.4% " 10%; P< .05). Flow-
correction plus anti-ETA treatment was associated with
decreased PA-SMC proliferation (5.9% " 6% vs 22.6%
" 14% PCNA-positive cells; P< .05) and with an increase
in apoptotic PA-SMCs (17.7% " 9% vs 9.4% " 10%;
P< .05). PCNA and TUNEL labeling were similar in both
flow-correction groups. Collagen accumulation around the
pulmonary arteries was not different across groups
(Figures 2 and 3).

Expression of Genes Involved in the ET-1 and Ang-1
Pathways (Figures 4 and 5)
Compared with the sham group, the high-flow group had

higher mRNA levels for ET-1, ETA, Ang-1, and Tie2; there
was no difference for steady-state ETB mRNA.
ETA, Ang-1, and Tie 2 mRNA levels were not signifi-

cantly different from the sham values in either of the flow-
correction groups. ET-1 expression in the flow-correction
group was also similar to the sham value. In the flow-
correction plus anti-ETA group, ET-1 expression was lower
than in the high-flow group but higher than in the sham group.

DISCUSSION
In a model of flow-induced pulmonary vasculopathy in-

duced by 5 weeks of aortopulmonary shunting, the distal arte-
rial medial hypertrophy resulting from smooth muscle cell
proliferation and the overexpression of ET-1, ETA, Ang-1,
and Tie2 in the lung parenchyma showed greater improve-
ments 1 week after shunt closure in the animals given a selec-
tive ETA antagonist for 2weeks than in the untreated animals.

TABLE 1. Changes in hemodynamic variables

Sham High flow Flow correction Flow correctionþanti-ETA

Weight (kg) 25 " 3 27 " 4 41 " 7 34 " 5

HR (beats/min) 95 " 5 90 " 2 90 " 8 90 " 16

Q (L/min) 2.1 " 0.16 3.4 " 0.4* 2.2 " 0.6y 1.67 " 0.2y
Indexed Q (mL $min#1 $ kg#1) 90 " 26 118 " 36* 45 " 10z 49 " 14z
mSAP (mm Hg) 56 " 2 52 " 4 50 " 4 47.4 " 6

mPAP (mm Hg) 10.2 " 0.5 15.9 " 1.2* 10.1 " 2y 9 " 3y
ETA, endothelin receptor type A; HR, heart rate; Q, cardiac output; mSAP, mean systemic arterial pressure; mPAP, mean pulmonary arterial pressure. *P< .05 vs sham group.

yP< .05 vs high-flow group. zP< .05 vs sham and high-flow groups.
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FIGURE 1. Box plot of the percentage of media thickness of small pulmo-

nary arteries (<200 mm) assessed bymorphometry (3400) in the sham group

(35.5% " 0.9%), high-flow group (54.9% " 1.3%), flow-correction group

(50.3% " 1.3%), and flow-correction plus anti-ETA group (33.2% "
8%). Media thickness returned to sham values 1 week after shunt closure in

the group given anti-ETA therapy.MT,Media thickness; ED, external diam-

eter; ID, internal diameter.
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This finding supports a key role for ET-1 and ETA in the de-
velopment of flow-induced pulmonary vasculopathy.

After pulmonary embolism, the unobstructed lung territory
is exposed to chronic high blood flow owing to redistribution
of the cardiac output.10,12 In patients with severe CTEPH
(defined as very high PVR), extensive distal pulmonary
lesions induced by high blood flow may result in failure of
PTE to lower the PVR and, therefore, in increased

postoperative morbidity and mortality rates.10,12,13 In our
animal model,21 5 weeks of aortopulmonary shunting led
to hypertrophy of the distal arterial media related to smooth
muscle cell proliferation, as shown by PCNA labeling. We
found that the flow-induced distal vasculopathy was associ-
ated with overexpression of mRNAs for ET-1, ETA, Ang-
1, and Tie2. When we used shunt closure to replicate the
effects of PTE on nonoccluded territories, we found that

FIGURE 2. Evaluation of in situ proliferation of pulmonary artery smooth muscle cells (PA-SMCs) by PCNA labeling (A, B, C, D) of PA-SMC death by

TUNEL (E, F, G, H) and of collagen accumulation by Masson trichrome staining (I, J, K, L) in the high-flow, flow-correction, flow-correction plus anti-ETA,

and sham groups (3400). Positive cells by TUNEL and PCNA labeling are brown. Collagen is stained blue by Masson’s trichrome. Pulmonary artery medial

hypertrophy in the high-flow group is related to PA-SMC proliferation (B, arrow) without intravascular collagen accumulation (J). The decrease in media

thickness 1 week after shunt closure alone or with anti-ETA was associated with a decrease in PCNA-positive cells (C, D) and with an increase in

TUNEL-positive cells (G, H, asterisk). Anti-ETA therapy was started 1 week before shunt closure and the smaller media thickness value in the group given

anti-ETA indicates that the treatment was effective in diminishing the medial hypertrophy. TUNEL, Terminal deoxynucleotidyl transferase–mediated dUTP

nick end labeling; ETA, endothelin receptor type A; PCNA, proliferating cell nuclear antigen.
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the distal vasculopathy improved and the mRNAs for ET-1,
ETA, Ang-1, and Tie 2 returned to sham values within 1
week. Reversal of the vasculopathy was associated with a de-
crease in PA-SMC proliferation and with an increase in PA-
SMC apoptosis. In an earlier study, we21 examined piglets 5
weeks after shunt closure and found a marked improvement
in the distal vascular alterations with no change in the ET-1
pathway but with overexpression of ETB mRNA. We sug-
gested that, in our model, ETB might be involved in control-
ling ET-1 clearance and, consequently, might contribute to
reversal of the flow-induced vasculopathy. This study21

showed that increased expression of ET-1 mRNA was asso-
ciated with the development of distal pulmonary vasculop-
athy. Indeed, among endogenous vasoconstrictors, ET-1
has one of the strongest and longest lasting effects. Further-
more, ET-1 has been shown to play a pathogenic role in
idiopathic PH, which is characterized by distal vascular
lesions similar to those induced by high blood flow. We
therefore investigated the effect of an ET-1 receptor antago-
nist on reversal of flow-induced vasculopathy after flow
correction. We21 studied a selective ETA antagonist because
of the possible beneficial role of the ETB receptor on reversal
of flow-induced distal vasculopathy.

Administration of an ETA antagonist exerted a substantial
effect on reversal of the flow-induced distal vasculopathy af-
ter flow correction. One week after shunt closure, reversal of
the medial hypertrophy of distal arteries was complete in the
group given the ETA antagonist and incomplete in the un-
treated group. In both groups, reversal of the medial hyper-
trophy after flow correction was due to decreased PA-SMC
proliferation and increased PA-SMC apoptosis. Thus,
medial hypertrophy reversal after flow correction was accel-
erated by treatment with a selective ETA antagonist.

One week after the shunt closure, normalization of ET-1,
ETA, Ang-1, and Tie2 mRNA expressions preceded the nor-
malization of media thickness. This result is consistent with

the key role of ET-1 and Ang-1 in distal pulmonary remod-
eling. ET-1 expression analysis in the group given anti-ETA
therapy could be not strictly accurate inasmuch as ET-1 is
the therapeutic target. Therefore, we hypothesized that the
higher level of ET-1 expression in the group given anti-
ETA therapy could be related to a negative feedback effect.
Over the past decade, several targeted treatments have been

used in patients with PH, including prostacyclin analogs,
endothelin-receptor antagonists, and phosphodiesterase-5 in-
hibitors. Marked structural changes in nonoccluded pulmo-
nary arteries have been reported in CTEPH,7 and these
targeted treatments have been used in patients with inoperable
CTEPH. As mortality after pulmonary endarterectomy is
increased in patients with high preoperative and postoperative
PVR, such treatments are also strongly recommended preop-
eratively in patients with severe CTEPH. Data on the efficacy
of endothelin-receptor antagonist therapy in CTEPH are
limited and come mainly from nonrandomized trials. Many
studies24-27 found encouraging results with the ETA/ETB
antagonist bosentan in patients with inoperable CTEPH or
persistent PH after PTE. Right heart catheterization values,
functional status and tests, and pro–brain natriuretic peptide
levels improved significantly with bosentan treatment. In
a multicenter randomized trial comprising a 4-month
parallel-group comparison of bosentan with a placebo, bosen-
tan therapy significantly improved PVR and cardiac index
values.28 A study of patients with inoperable CTEPH diag-
nosed in 2003 or later, that is, after the introduction of targeted
therapies, showedan82% survival after 1 year and a 70% sur-
vival after 3 years.5 Nevertheless, long-term survival is best
with PTE, which therefore remains the treatment of choice.5

These findings are consistent with a key role for distal pulmo-
nary vasculopathy in patients with CTEPH and therefore with
amajor place for treatments targeting the endothelin receptors.
Conceivably, endothelin-receptor antagonist therapy

might prove useful as a bridge to PTE in patients who

FIGURE 3. Percentage of PCNA and TUNEL-positive cells in the distal pulmonary artery wall in all groups of piglets. PA-SMC proliferation was noted in

the high-flow group but was no longer present 1 week after shunt closure. PA-SMC apoptosis was increased 1 week after shunt closure with or without anti-

ETA therapy. TUNEL, Terminal deoxynucleotidyl transferase–mediated dUTP nick end labeling; ETA, endothelin receptor type A; PCNA, proliferating cell

nuclear antigen. P< .05 vs sham.
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have a high operative risk with very high PVR values (>900
dyn $ s $ cm#5) and moderate proximal artery occlusion as
assessed by pulmonary angiography and thoracic computed
tomography. A discrepancy between high PVR values and
limited proximal occlusion is indirect evidence of major
damage to the distal nonoccluded arterial bed. Our findings
suggest that endothelin receptor antagonist therapy started
before PTE in patients with high-risk CTEPH may acceler-
ate the postoperative reversal of the flow-induced vasculop-
athy, thereby decreasing postoperative mortality.

CONCLUSION
ET-1 and its receptor ETA play a key role in the develop-

ment of flow-induced pulmonary vasculopathy in the nonoc-
cluded pulmonary arterial bed of patients with CTEPH.
Flow correction by aortopulmonary shunt closure to repli-
cate the effects of PTE in patients with CTEPHwas followed
by rapid normalization of ET-1 expression and incomplete

reversal of distal artery medial hypertrophy. When the selec-
tive ETA antagonist TBC3711 was used in addition to flow
correction, reversal of the flow-induced alterations was
accelerated. This ETA antagonist may hold promise for
improving post-PTE outcomes in patients with CTEPH
who have high PVR values, most notably those with moder-
ate proximal occlusion.

We are grateful to Encysive Pharmaceuticals for donating the
TBC3711 used in this study.

References
1. Riedel M, Stanek V, Widimsky J, Prerovsky I. Long-term follow-up of patients

with pulmonary thromboembolism. Late prognosis and evolution of hemody-

namic and respiratory data. Chest. 1982;81:151-8.
2. Jamieson SW, Kapelanski DP, Sakakibara N, Manecke GR, Thistlethwaite PA,

Kerr KM, et al. Pulmonary endarterectomy: experience and lessons learned in

1,500 cases. Ann Thorac Surg. 2003;76:1457-62.
3. Dartevelle P, Fadel E, Chapelier A, Macchiarini P, Cerrina J, Parquin F, et al.

Angioscopic video-assisted pulmonary endarterectomy for post-embolic pulmo-

nary hypertension. Eur J Cardiothorac Surg. 1999;16:38-43.
4. Hartz RS, Byrne JG, Levitsky S, Park J, Rich S. Predictors of mortality in pulmo-

nary thromboendarterectomy. Ann Thorac Surg. 1996;62:1255-9.
5. Condliffe R, Kiely DG, Gibbs JS, Corris PA, Peacock AJ, Jenkins DP, et al.

Improved outcomes in medically and surgically treated chronic thromboembolic

pulmonary hypertension. Am J Respir Crit Care Med. 2008;177:1122-7.

R
e

la
t
iv

e
  

m
R

N
A

/1
8

S
 

Sham Sh un t- op en 1  wk   Sh un t- 

cl os ed 

1  wk   Sh un t- 

cl os ed  +  an ti 

ET A 

*p <0 .0 5 vs . 

Sh am 

**p <0 .0 5 vs . 1 

wk   sh un t- cl os ed 

0 

0. 5 

1 

1. 5 

2 

2. 5 

3 

3. 5 

4 

4. 5 

ET -1 

* 
* 

0. 5 

1. 5 

ET -A

0 

1 

2 

* 

0 

1 

2 

3 

4 

5 

ET -B

** 

5 

2, 5 

FIGURE 4. Quantification by RT-PCR of the mRNAs for endothelin-1

(ET-1) and its receptors (ETA and ETB) in lung parenchyma. High blood

flow in the lungs increased the expression of ET-1 and ETA mRNAs but

did not change the steady-state level of ETB mRNA expression. One

week after shunt closure, ET-1 and ETA mRNA levels had returned to nor-

mal. Except for ET-1, mRNA levels decreased similarly after flow correc-

tion with and without anti-ETA therapy. The ET-1 level remained

elevated in the anti-ETA group. *P< .05 vs sham. **P< .05 vs 1 week

shunt-closed.

0
0.5

1
1.5

2
2.5

3
3,5

4
4.5 *

AN G- 1 

0

1

2

3

4

5

Sh am Sh un t- op en 1  wk   Sh un t- 

cl os ed 

1  wk   Sh un t- 

cl os ed  +  an ti 

ET A 

R
e

la
t
iv

e
 m

R
N

A
/1

8
S

 

TI E  2 

*

*p <0 .0 5 vs . 

Sh am 

5

FIGURE 5. Quantification of angiopoietin-1 (Ang-1) and Tie 2 mRNA

levels in lung parenchyma from the sham, high-flow, flow-correction, and

flow-correction plus anti-ETA groups. High blood flow in the lungs in-

creased the expression of angiopoietin-1 and Tie2 mRNAs. Shunt closure

with or without anti-ETA reversed the overexpression of these genes.

ETA, Endothelin receptor type A.

Evolving Technology/Basic Science Mercier et al

682 The Journal of Thoracic and Cardiovascular Surgery c September 2010

E
T
/B
S



6. Dartevelle P, Fadel E, Mussot S, Chapelier A, Hervé P, de Perrot M, et al. Chronic
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20. Galiè N, Kim NH. Pulmonary microvascular disease in chronic thromboembolic

pulmonary hypertension. Proc Am Thorac Soc. 2006;3:571-6.
21. Mercier O, Sage E, de Perrot M, Tu L, Marcos E, Decante B, et al. Regression of

flow-induced pulmonary arterial vasculopathy after flow correction in piglets.

J Thorac Cardiovasc Surg. 2009;137:1538-46.
22. Wu C, Decker ER, Blok N, Bui H, You TJ, Wang J, et al. Discovery, modeling,

and human pharmacokinetics of N-(2 acetyl-4,6-dimethylphenyl)-3-(3,4-

dimethylisoxazol-5-ylsulfamoyl)thiophene-2-carboxamide (TBC3711), a second

generation, ETA selective, and orally bioavailable endothelin antagonist. J Med
Chem. 2004;47:1969-86.

23. Perreault T, Berkenbosch JW, Barrington KJ, Decker ER, Wu C, Brock TA, et al.

TBC3711, an ET(A) receptor antagonist, reduces neonatal hypoxia-induced

pulmonary hypertension in piglets. Pediatr Res. 2001;50:374-83.
24. Bresser P, Pepke-Zaba J, Jaı̈s X, Humbert M, Hoeper MM. Medical therapies for

chronic thromboembolic pulmonary hypertension: an evolving treatment para-

digm. Proc Am Thorac Soc. 2006;3:594-600.
25. Bonderman D, Nowotny R, Skoro-Sajer N, Jakowitsch J, Adlbrecht C,

Klepetko W, et al. Bosentan therapy for inoperable chronic thromboembolic

pulmonary hypertension. Chest. 2005;128:2599-603.
26. Hoeper MM, Kramm T, Wilkens H, Schulze C, Schäfers HJ, Welte T, et al.
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