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1 This study investigates the role of nitric oxide (NO) and reactive oxygen species (ROS) on
endothelial function of pulmonary arteries in a mice model of hypoxia-induced pulmonary
hypertension.

2 In pulmonary arteries from control mice, the NO-synthase inhibitor N“-nitro-L-arginine methyl
ester (L-NAME) potentiated contraction to prostaglandin F,, (PGF,,) and completely abolished
relaxation to acetylcholine. In extrapulmonary but not intrapulmonary arteries, acetylcholine-induced
relaxation was slightly inhibited by polyethyleneglycol-superoxide dismutase (PEG-SOD) or catalase.

3 In pulmonary arteries from hypoxic mice, ROS levels (evaluated using dihydroethidium staining)
were higher than in controls. In these arteries, relaxation to acetylcholine (but not to sodium
nitroprusside) was markedly diminished. L-NAME abolished relaxation to acetylcholine, but failed
to potentiate PGF,,-induced contraction. PEG-SOD or catalase blunted residual relaxation to
acetylcholine in extrapulmonary arteries, but did not modify it in intrapulmonary arteries. Hydrogen
peroxide elicited comparable (L-NAME-insensitive) relaxations in extra- and intrapulmonary arteries
from hypoxic mice.

4 Exposure of gp9lphox’™ mice to chronic hypoxia also decreased the relaxant effect of
acetylcholine in extrapulmonary arteries. However, in intrapulmonary arteries from hypoxic
gp91phox’ mice, the effect of acetylcholine was similar to that obtained in mice not exposed to
hypoxia.

5 Chronic hypoxia increases ROS levels and impairs endothelial NO-dependent relaxation in mice
pulmonary arteries. Mechanisms underlying hypoxia-induced endothelial dysfunction differ along
pulmonary arterial bed. In extrapulmonary arteries from hypoxic mice, endothelium-dependent
relaxation appears to be mediated by ROS, in a gp91phox-independent manner. In intrapulmonary
arteries, endothelial dysfunction depends on gp91phox, the latter being rather the trigger than the
mediator of impaired endothelial NO-dependent relaxation.
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Introduction

In pulmonary circulation as in other vascular beds, endothelial
cells play a critical role in maintaining homeostasis, via the
release of vasculoprotective factors such as nitric oxide (NO).
Indeed, overexpression of endothelial NO synthase (eNOS)
prevents remodeling of the pulmonary vasculature induced by
chronic hypoxia (Ozaki et al., 2001), and conversely, eNOS-
deficient mice display enhanced pulmonary vascular remodel-
ing and hypertension in response to hypoxia (Steudel et al.,
1998). Endothelial dysfunction, which is mainly characterized
by impaired synthesis and/or bioactivity of endothelium-
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derived NO, is an early event in pathogenesis of many
cardiovascular disorders (Li & Forstermann, 2000) and
appears as a key event in pulmonary hypertension (Chen &
Oparil, 2000; Hampl & Herget, 2000; Budhiraja et al., 2004).
Although upregulation of eNOS and/or enhanced relaxation
to endothelium-derived NO have been reported (Isaacson
et al., 1994; Resta et al., 1997; Shirai et al., 2003; Jernigan
et al., 2004a), numerous studies rather show a decrease
of endothelium-dependent relaxation in the pulmonary
arterial bed during pulmonary hypertension (Adnot er al.,
1991; Murata et al., 2002; Sauzeau et al., 2003; Abe et al.,
2004; Elmedal et al., 2004). An increase in arginase
activity (Xu et al., 2004) and in pulmonary level of the
endogenous NOS inhibitor assymmetric dimethylarginine
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(Millatt et al., 2003), as well as alterations in eNOS/
caveolin-1 interaction (Murata et al., 2002) are potential
mechanisms contributing to endothelial dysfunction in
pulmonary hypertension.

In many vascular beds, reactive oxygen species (ROS) play
a key role in endothelial dysfunction. Elevated superoxide
anions may decrease both synthesis and bioactivity of
endothelium-derived NO (Cai & Harrison, 2000; Li &
Forstermann, 2000). Hydrogen peroxide, the dismutation
product of superoxide, is an endothelium-derived relaxing
factor in some arteries (Matoba et al., 2000), and under
pathological situations such as systemic hypertension, eNOS-
derived hydrogen peroxide mediates endothelium-dependent
vasodilatation (Landmesser et al., 2003). Because hydrogen
peroxide possesses a longer half-life than superoxide, and
not only modulates tone but also promotes growth and
hypertrophy of vascular smooth muscle cells (Zafari et al.,
1998; Taniyama & Griendling, 2003), there is growing interest
for this mediator in pathophysiology of many cardiovascular
diseases. A potential role of ROS in the development of
pulmonary hypertension is supported by experimental
data showing that several antioxidants prevent some
cardiopulmonary alterations triggered by chronic hypoxia
(Lai et al., 1998; Hoshikawa et al., 2001; Elmedal et al., 2004).
Moreover, it has been shown in different models of pulmonary
hypertension that diminished pulmonary vasorelaxation
to exogenous NO is related to increased level of ROS
(Wanstall et al., 1997; Brennan et al., 2003; Jernigan et al.,
2004b). Recently, evidence has been provided using genetic
mice models that NADPH oxidase-dependent superoxide
production enhances responsiveness of pulmonary arteries
to contractile agonists in hypoxic pulmonary hypertension
(Liu et al., 2006). In addition, depletion in tetrahydrobiopterin
(an important NOS cofactor regulating eNOS coupling)
results in increased superoxide synthesis, hypertension and
remodeling within pulmonary vasculature even under normoxic
conditions, and to a greater susceptibility to hypoxia-induced
pulmonary hypertension (Khoo et al., 2005). However, there is
very few direct evidence indicating that ROS participate to and/
or modulate endothelial function in pulmonary arteries,
particularly in the course of pulmonary hypertension.

Therefore, the present study investigates endothelial
function, and more specially the role of NO and ROS, in
pulmonary arteries from mice exposed or not to chronic
hypoxia. In this species, little information exists concerning
endothelium-dependent reactivity of isolated pulmonary
arteries, and studies on the pulmonary effects of chronic
hypoxia mainly focus on changes in the hemodynamics of
perfused lungs or muscularization of pulmonary arterioles. As
there exist differences along pulmonary arterial bed in NO-
related alterations in animals subjected to chronic hypoxia
(Shirai et al., 2003; Elmedal et al., 2004), both extra- and
intrapulmonary arteries were examined for endothelium-
dependent reactivity and ROS levels. The role of superoxide
anions and hydrogen peroxide was investigated using specific
decomposing enzymes, superoxide dismutase (SOD) and
catalase, respectively. The potential role of NADPH oxidase
was studied in mice with genetic deletion of the gp91phox
subunit, which mediates endothelial dysfunction in some
models of systemic hypertension (Jung et al., 2004). A
preliminary report of this study has been presented in abstract
form (Fresquet et al., 2005).

Methods
Animals

The investigation conforms with the Guide for the Care and
Use of Laboratory Animals (NIH Publication No. 85-23,
revised 1996). Agreement (number A 33409) was obtained by
French authorities. Male C57BL6 (24-30 g, 11-14 weeks old;
Elevage Janvier, Le Genest St Isle, France) or gp9lphox '
mice (25-27 g, 11-12 weeks old, C57BL6 background (Jung
et al., 2004)) were exposed to chronic hypoxia in a hypobaric
chamber (380 mmHg) for 21 days. Control mice (normoxic
group) were housed in room air at ambient atmospheric
pressure. For comparison, one group of mice was placed for 21
days in a chamber under atmospheric pressure. All groups
were kept at the same light/dark cycle. The chamber was open
third a week for 30 min for animal care and cleaning.

Hematocrit and right ventricular (RV') hypertrophy

Mice were killed by cervical dislocation. In some experiments,
blood sample was rapidly removed by heart puncture and
hematocrit was determined using standard capillary tube
technique. The heart and lungs were removed and placed in
physiological salt solution (PSS) containing (in mM): NaCl
119; KC14.7; CaCl, 1.5; MgSO, 1.17; KH,PO, 1.18; NaHCO;
25; and glucose 5.5. The RV was dissected from the left
ventricle and septum (LV 4+ S). Tissues were weighed and the
weight ratio RV/LV + S was calculated.

Vascular reactivity

Extrapulmonary arteries (left and right main branches) and
intrapulmonary arteries (first-order branch) were dissected free
of connective tissue. Segments of pulmonary artery (1.6—
2.0mm length) were mounted in a Mulvany myograph (Multi
Myograph System, model 610M, J.P. Trading, Aarhus, Den-
mark) as described previously (Leblais ez al., 2004). Passive
length—tension relationship demonstrated that the optimal
resting tension for both extrapulmonary and intrapulmonary
arteries corresponded to an equivalent transmural pressure of
15 and 30 mmHg, in arteries from control and hypoxic mice,
respectively. This is in accordance with previous data obtained
in rat, showing that optimal resting tension was higher in
pulmonary arteries from hypoxic animals, compared to
controls (Bonnet et al., 2001). Thus, unless otherwise
indicated, arteries from control and hypoxic mice were studied
under a resting tension corresponding to an equivalent
transmural pressure of 15 and 30 mmHg, respectively. Internal
diameters of extra- and intrapulmonary arteries mounted
under these conditions were in the range of 0.8-1.2 and 0.5—
0.7 mm, respectively (see Table 1). After a 60 min equilibration
period under resting tone, viability of arteries was evaluated
using PSS containing 80 mM KCI (equimolar substitution with
NaCl). Arteries developing a wall tension below 1 mNmm™!
(extrapulmonary arteries) or 0.5mNmm~' (intrapulmonary
arteries) were discarded.

Concentration—response curves to prostaglandin F,,
(PGF,,, added in a cumulated manner from 10nM to
100 uM) were constructed, in the absence or presence of the
NOS inhibitor N“-nitro-L-arginine methyl ester (L-NAME,
300 uM, added 30min before PGF,,). The effect of endothe-

British Journal of Pharmacology vol 148 (5)



716 F. Fresquet et al

Pulmonary endothelial dysfunction in hypoxic mice

Table 1 Contractile effect of PGF,, (in the absence
or presence of 300 uM L-NAME) in extrapulmonary
and intrapulmonary arteries from normoxic and
hypoxic mice

Contraction to PGF,,
pD: | S
(mNmm™")

Extrapulmonary arteries
Normoxia (int ¢f: 0.79-0.85 mm)
Alone
+L-NAME

5.204+0.05
5.4410.04*

1.1940.06
1.23+£0.04

Hypoxia (int ¢f: 1.04-1.10 mm)

Alone 5.7340.117°%1.8240.10*
+L-NAME 5.8240.09 1.74+0.13
Intrapulmonary arteries
Normoxia (int ¢F: 0.53-0.57 mm)
Alone 5.104+0.09  0.90+0.05
+L-NAME 5.36+0.09** 0.98+0.06

Hypoxia (int &F: 0.69-0.73 mm)
Alone
+L-NAME

5.5440.05"" 1.69+0.09""
5.61+0.13  1.63+0.05

Arteries from normoxic and hypoxic mice were studied under
a resting tension corresponding to an equivalent transmural
pressure of 15 or 30mmHg, respectively (see Methods).
Corresponding internal diameters (int ¢§) of arterial seg-
ments are indicated.

*P<0.05, **P<0.01: significant difference compared to
respective controls (without L-NAME; paired Student’s
t-test). T TP<0.01, **"P<0.001: significant difference
compared to normoxia (unpaired Student’s ¢-test). n=6-9.

lium-dependent (acetylcholine, added in a cumulated manner
from 1nM to 100 uM) or endothelium-independent (sodium
nitroprusside, SNP, added in a cumulated manner from 0.1 nM
to 10 uM) relaxing agents was investigated in arteries sub-
maximally precontracted with PGF,, (using a concentration
producing about 90% of the response to 80mMm KClI).
Concentration—response curves to acetylcholine were per-
formed in the absence or presence of L-NAME (300 uM), the
soluble guanylyl cyclase inhibitor 1H-(1,2,4)oxadiazolo[4,3a]-
quinoxalin-1-one (ODQ, 1 uM), SOD (200 Uml™"), permeant
polyethyleneglycol-SOD (PEG-SOD, 120 Uml™!) or catalase
(250 Uml™"). All agents were added 30 min before PGF,,. In
some other experiments, hydrogen peroxide (0.1 uM to 1 mMm,
added in a cumulated manner) was applied to arteries
submaximally precontracted with PGF,,. Concentration—
response curves to hydrogen peroxide were performed in the
absence or presence of catalase (250 Uml™'), L-NAME
(300 um) or ODQ (1 um).

Detection of ROS

Fixed frozen ring segments of extra- and intrapulmonary
arteries were cut into 10 um-thick sections and placed on a
glass slide. Slides were first preincubated on ice in phosphate-
buffered saline, in the absence or presence of PEG-SOD
(135Uml™") or PEG-catalase (250 Uml™") for 30min, and
then exposed to the fluorescent dye dihydroethidium (DHE,
2.5uM) in the dark for a further 30 min period. Slides were
rinsed and examined with a Nikon microphot microscope

equipped with a camera (excitation wave length 530nm,
emission wave length 610nm). Fluorescence intensity was
quantified with MetaMorph Offline® software.

Drugs

Acetylcholine chloride, L-NAME, SOD, PEG-SOD, catalase
and PEG-catalase were supplied by Sigma Chemical Co. (St
Quentin-Fallavier, France). ODQ was supplied by Tocris
(Bristol, U.K.), Dinoprost tromethamine (PGF,,) by Pharma-
cia (Puurs, Belgique), DHE by Molecular Probes (Cergy
Pontoise, France) and hydrogen peroxide by Cooper (Melun,
France). All drugs were prepared in distilled water, except
ODQ and DHE (stock solution in DMSO).

Data analysis

Contractile effects are expressed in mNmm~'. Relaxant effects
are expressed as the percentage of the initial tone induced by
PGF,,. To determine the potency of PGF,,, the ECs, value
(concentration that produces 50% of the maximum response)
was estimated in each individual concentration—response curve
using the Boltzman equation fit and converted into pD,. Data
are given as meanzts.e.m. of n experiments (n: number of
mice). Concentration—response curves were compared using
analysis of variance (ANOVA) for repeated measures. Other
parameters were compared using Student’s -test. Differences
were considered statistically significant when P <0.05.

Results
Hypoxia-induced pulmonary arterial hypertension

Exposure of C57BL6 mice to hypobaric hypoxia for 3 weeks
resulted in a significant increase in both hematocrit (from
34.1+2.6%, n="17 control mice, to 45.8 +3.2%, n = 14 hypoxic
mice, P<0.05) and RV/LV + S ratio (from 0.27+0.01, n=82
control mice, to 0.43+0.01, n=119 hypoxic mice, P<0.001).
In mice placed for 3 weeks in the chamber under atmospheric
pressure, RV/LV +S ratio (0.354+0.04; n=4) was not sig-
nificantly different compared to mice housed in room air at
ambient atmospheric pressure, but significantly differed
(P<0.01) from ratio obtained in hypoxic mice.

Role of NO in modulating contractile responses in
pulmonary arteries from normoxic and hypoxic mice

Exposure of C57BL6 mice to chronic hypoxia induced an
increase in maximal effect and potency of PGF,,, in both
extra- and intrapulmonary arteries (Table 1). Hypoxia also
induced a marked increase in the contractile responses to
80mM KCI (from 1.30+0.02 to 1.90+0.03mNmm~' in
extrapulmonary arteries, P<0.001; and from 0.74+0.02 to
1.2240.03mNmm~"! in intrapulmonary arteries, P<0.001;
n=67-120). In arteries removed from mice placed for 3 weeks
in the chamber under atmospheric pressure, the effects of
PGF,, and 80mM KCI were not significantly different
compared to those obtained in arteries from control mice
(data not shown).

The relaxant influence of ‘basal’ NO release was assessed by
comparing PGF,,-induced contraction, in the presence or
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absence of the NOS inhibitor, L-NAME (300 uM). In extra-
and intrapulmonary arteries from control mice, sensitivity to
PGF,, (but not its maximal effect) was significantly increased
in the presence of L-NAME (Table 1). In contrast, in arteries
from hypoxic mice, L-NAME failed to potentiate PGF,,-
induced contraction (Table 1).

Pulmonary arteries from normoxic and hypoxic mice were
examined under different resting tension (equivalent transmur-
al pressure of 15 and 30 mmHg, respectively, see Methods).
When arteries from normoxic mice were studied under the
same resting tension than arteries from hypoxic mice (i.e.
30 mmHg), PGF,,-induced contraction was still potentiated by
L-NAME. The pD, values for PGF,, were 5.42+0.10 and
5.9740.12, in the absence or presence of 300 uM L-NAME,
respectively, in extrapulmonary arteries (n=11; P<0.001),
and 5.50+0.06 and 5.86+0.12, in the absence or presence of
300uM L-NAME, respectively, in intrapulmonary arteries
(n=9; P<0.05). This demonstrates that the loss of potentiat-
ing effect of L-NAME on PGF,,-induced contraction in
arteries from hypoxic mice was related to chronic hypoxia,
but not to increased resting tension.

Role of NO and ROS in the relaxant effect of
acetylcholine in pulmonary arteries from normoxic
and hypoxic mice

In extra- and intrapulmonary arteries of control mice
(submaximally precontracted with 1040 uM PGF,,), acetyl-
choline elicited a concentration-dependent relaxant effect
(Figure la and b). In arteries removed from mice placed for
3 weeks in the chamber under atmospheric pressure, the effect
of acetylcholine was not significantly different from that
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obtained in arteries of control mice (data not shown). In
arteries from hypoxic mice, the concentration of PGF,, used
for precontraction was decreased to 1-10uM, in order to
obtain a precontraction similar in amplitude to that in arteries
of control mice. In these conditions, the effect of acetylcholine
was markedly reduced in both extra- and intrapulmonary
arteries from hypoxic mice in comparison to controls (Figure
la and b), whereas the relaxant effect of SNP (endothelium-
independent NO-donating agent) was either not significantly
modified (extrapulmonary arteries, Figure 1c) or even sig-
nificantly increased (intrapulmonary arteries, Figure 1d).

To investigate the participation of NO, the effect of
acetylcholine was studied in the absence or presence of
L-NAME or ODQ (an inhibitor of the activation of soluble
guanylyl cyclase by NO). In control mice, L-NAME (300 uM)
or ODQ (1uM) almost completely abolished the effect of
acetylcholine, in both extra- and intrapulmonary arteries
(Figure 2a and b). To investigate the role of ROS in
participating and/or modulating endothelium-dependent re-
laxation, the effect of acetylcholine was studied in the absence
or presence of SOD (which dismutes superoxide anion into
hydrogen peroxide), PEG-SOD (a permeant SOD) or catalase
(which decomposes hydrogen peroxide into water and oxygen).
SOD (200 U ml™") did not significantly modify acetylcholine-
induced relaxation, neither in extra- nor in intrapulmonary
arteries of control mice (Figure 2c¢ and d). PEG-SOD
(120 Uml™") and catalase (250 U ml™") slightly but significantly
diminished (by about 30%) the effect of acetylcholine in
extrapulmonary, but not in intrapulmonary arteries from
control mice (Figure 2¢ and d).

In pulmonary arteries from hypoxic mice, L-NAME
inhibited the remaining effect of acetylcholine (Figure 3a and

[ Hypoxia

b Intrapulmonary arteries
Oe

20
40
60 1
80

100

9 8 7 6 5 4
-log [Acetylcholine (M)]

d 05
20 -
40 -
60 -
80 1

*

100

10 9 8 7 6 5
-log [SNP (M)]

Figure 1 Relaxant effect of acetylcholine (a, b) and sodium nitroprusside (c, d) in extrapulmonary (a, ¢) and intrapulmonary (b, d)
arteries from wild-type mice exposed or not to hypoxia. In each panel, the response is expressed as the percentage of relaxation
of the tone induced by PGF,,. *P<0.05, ***P <0.001: significant difference compared to normoxia (ANOVA). n=15-53 (a, b) or

5-12 (c, d).
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Figure 2 Relaxant effect of acetylcholine in extrapulmonary (a, ¢) and intrapulmonary (b, d) arteries from control mice (wild-
type). The effect of acetylcholine was studied in the absence or presence of 300 uM L-NAME, 1 um ODQ (a, b), 200 U ml~' SOD,
120 Uml~' PEG-SOD or 250 Uml ™' catalase (c, d). In each panel, the response is expressed as the percentage of relaxation of the
tone induced by PGF,,. ¥*P<0.05, ***P<0.001: significant difference compared to controls (ANOVA). n=3-15 (a, b) or 5-15

(c, d).
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Figure 3 Relaxant effect of acetylcholine in extrapulmonary (a, c¢) and intrapulmonary (b, d) arteries from hypoxic mice (wild-
type). The effect of acetylcholine was studied in the absence or presence of 300 uM L-NAME (a, b), 200 UmlI~' SOD, 120 Uml™"
PEG-SOD or 250 Uml ' catalase (c, d). In each panel, the response is expressed as the percentage of relaxation of the tone induced
by PGF,,. *P<0.05: significant difference compared to controls (ANOVA). n=7-53 (a, b) or 4-53 (c, d).

b). In extrapulmonary arteries from hypoxic mice, addition of contrast, in intrapulmonary arteries from hypoxic mice,
SOD did not modify acetylcholine-induced relaxation, whereas relaxant effect of acetylcholine remained unaffected in the
both PEG-SOD and catalase blunted it (Figure 3c). In presence of SOD, PEG-SOD or catalase (Figure 3d).
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Relaxant effect of hydrogen peroxide in pulmonary
arteries from normoxic and hypoxic mice

To determine whether differences in the influence of catalase
between extra- and intrapulmonary arteries could be owing to
differential sensitivity to hydrogen peroxide, the relaxant effect
of this agent was compared in both types of arteries. After
precontraction with PGF,,, exogenously applied hydrogen
peroxide elicited a similar concentration-dependent relaxant
effect in both extra- and intrapulmonary arteries, from either
control or hypoxic mice (Figure 4a and b). Hydrogen
peroxide-induced relaxation was insensitive to L-NAME or
ODQ, but abolished by catalase (Figure 4a and b).
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ROS content in pulmonary arteries from normoxic and
hypoxic mice

To determine the influence of chronic hypoxia on ROS levels
of pulmonary arteries, in situ staining with the fluorescent
probe DHE was applied on tissue slides. Extra- and
intrapulmonary arteries from hypoxic mice exhibited a
significant increase in DHE staining (of about 2.5 to four-
fold) throughout the vascular wall compared to arteries from
controls (Figure 5a and b). Staining was blunted by PEG-SOD
and PEG-catalase, indicating that it effectively originated from
superoxide and hydrogen peroxide. Comparison of absolute
values of fluorescence obtained under the same experimental
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Figure 4 Relaxant effect of hydrogen peroxide in extrapulmonary (a) and intrapulmonary (b) arteries from wild-type mice exposed
or not to hypoxia. The effect of hydrogen peroxide was studied in the absence or presence of 250 U ml~! catalase, 300 um L-NAME
or 1 uM ODQ. In each panel, the response is expressed as the percentage of relaxation of the tone induced by PGF,,. **P<0.01,
***P<0.001: significant difference compared to controls (ANOVA). n=4-23.
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Figure 5 Representative photomicrographs and histograms of DHE staining in extrapulmonary (a) and intrapulmonary (b) arteries
from wild-type mice exposed or not to hypoxia. Slides were preincubated in the absence or presence of 135U ml~' PEG-SOD or
250 Uml~' PEG-catalase before the addition of DHE. In histograms, fluorescent intensity is expressed as relative values (percentage of
fluorescence obtained in arteries from normoxic mice). *P<0.05, **P <0.01: significant difference (Student’s z-test). n=4.
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Figure 6 Relaxant effect of acetylcholine (a, b) and sodium nitroprusside (c, d) in extrapulmonary (a, ¢) and intrapulmonary (b, d)
arteries from gp91phox~/~ mice exposed or not to hypoxia. In each panel, the response is expressed as the percentage of relaxation
of the tone induced by PGF,,. **P<0.01: significant difference (ANOVA). n="7-8.

conditions revealed that following chronic hypoxia, extra-
pulmonary artery displayed greater ROS levels than intrapul-
monary arteries (7.040.4 and 4.0+ 1.3 x 10*arbitrary units,
respectively; n=3; P<0.01).

Relaxant effect of acetylcholine in pulmonary arteries
from hypoxic gp91phox™ mice

To further document a role of ROS in hypoxia-induced
endothelial dysfunction, and also to determine whether
differences between extra- and intrapulmonary arteries could
be related to differential role of NADPH oxidase, some
experiments were performed in arteries from mice with genetic
deletion of the gp91phox subunit. Like those from wild-type,
extrapulmonary arteries from hypoxic gp9lphox”’~ mice
exhibited a decrease in the relaxant effect of acetylcholine, in
comparison to those from gp91phox~ mice not subjected to
chronic hypoxia (Figure 6a). In contrast, unlike those from
wild-type, intrapulmonary arteries from hypoxic gp91phox™
mice displayed relaxation to acetylcholine that was not
significantly different from that obtained in intrapulmonary
arteries from mice not exposed to hypoxia (Figure 6b).
Exposure of gp91phox”  mice to chronic hypoxia did not
modify the relaxant effect induced by SNP in extra- and
intrapulmonary arteries (Figure 6¢ and d).

Discussion
The present study investigates for the first time endothelial

function of isolated pulmonary arteries from hypoxic mice. It
shows that chronic hypoxia increases ROS levels and impairs

endothelial NO-dependent relaxation in these arteries. More-
over, it shows that the mechanisms underlying hypoxia-
induced impairment of acetylcholine-induced relaxation mark-
edly differed between extra- and intrapulmonary arteries. This
study provides also the first evidence for a role of gp91phox in
hypoxia-induced endothelial dysfunction of intrapulmonary
arteries.

In control mice, the potentiating effect of L-NAME on
PGF,,-induced contraction (Table 1) indicates that in pul-
monary arteries as in many other vascular beds, ‘basal’ (i.e.
non agonist-stimulated) NOS activity attenuates contractile
responses. L-NAME also almost totally abolished endothe-
lium-dependent relaxation to acetylcholine (Figure 2), indicat-
ing that eNOS-derived NO is the major endothelium-derived
relaxing factor in mice pulmonary arteries. The lack of effect
of exogenous SOD on acetylcholine-induced relaxation (Fig-
ure 2) shows that extracellular superoxide anions did not
diminish the biological activity of endothelium-derived NO in
pulmonary arteries from control mice. In contrast to SOD,
permeant PEG-SOD or catalase induced a slight inhibition of
acetylcholine-induced relaxation in extrapulmonary arteries
from control mice (Figure 2). This inhibitory effect of both
PEG-SOD and catalase is consistent with the view that, upon
stimulation with acetylcholine, intracellular superoxide serves
as a substrate for synthesis of hydrogen peroxide, which
reaches the extracellular space and induces smooth muscle
relaxation. Conversion of intracellular superoxide into hydro-
gen peroxide during preincubation period with PEG-SOD and
subsequent inactivation of hydrogen peroxide by endogenous
catalase might explain the inhibitory effect of PEG-SOD
on acetylcholine-induced relaxation. The relaxant properties
of exogenously applied hydrogen peroxide have been
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demonstrated in various vascular beds, including murine ones
(Matoba et al., 2000; Ellis et al., 2003; Rabelo et al., 2003) and
are also demonstrated here in extrapulmonary arteries from
control mice (Figure 4). Moreover, in mice mesenteric arteries,
hydrogen peroxide appears as an endothelium-derived relaxing
factor, for which eNOS is an important source (Matoba et al.,
2000). The full inhibition of acetylcholine-induced relaxation
by L-NAME in extrapulmonary arteries from control mice
(Figure 2) is consistent with this mechanism. The complete
inhibition also obtained in the presence of ODQ (Figure 2),
despite the contribution of hydrogen peroxide to acetylcholine-
induced relaxation, is striking and deserves further investiga-
tions. Similar data have been previously reported in mice aorta
(Ellis et al., 2003). ODQ interfered rather with the production
of hydrogen peroxide than its biological activity, as relaxation
elicited by exogenously applied hydrogen peroxide was
unaffected by ODQ (Figure 4). It has been shown that ODQ
displays other pharmacological properties than guanylyl
cyclase inhibition (Muller ez al., 1998) and interferes with the
mechanism of vasorelaxation mediated by acetylcholine
through inhibition of NOS (Feelisch et al., 1999). Whereas
acetylcholine-induced relaxation was diminished by PEG-SOD
and catalase in extrapulmonary arteries, it remained unaf-
fected in intrapulmonary arteries (Figure 2). This not only
argues against nonspecific effects of the exogenously applied
enzymes but also demonstrates that in mice the mechanisms
underlying endothelium-dependent relaxation differed between
extra- and intrapulmonary arteries. Differences between extra-
and intrapulmonary arteries are unlikely owing to differential
sensitivity to hydrogen peroxide, as this agent exerted similar
effects in both types of arteries (Figure 4). Altogether, data
obtained in control mice suggest that in intrapulmonary
arteries, endothelium-dependent relaxation to acetylcholine is
mediated by eNOS-derived NO, but not by ROS. However, in
extrapulmonary arteries, eNOS-derived NO and to a limited
extent ROS (especially hydrogen peroxide) mediate endothe-
lium-dependent relaxation.

Pulmonary hypertension from hypoxic origin was demon-
strated here by RV hypertrophy and increase in hematocrit in
mice subjected to hypoxia. Extra- and intrapulmonary arteries
removed from hypoxic mice exhibited enhanced contractile
response to KCl and PGF,, (Table 1). Differential results have
been reported in the literature concerning hypoxia-induced
alteration of reactivity to vasoconstrictors in rat pulmonary
arteries. They might be explained by differences in applied
passive tension, vessel sizes or presence/absence of endothe-
lium. Nevertheless, hyper-reactivity of pulmonary arteries to
some vasoconstrictors was previously observed in models of
pulmonary hypertension (McCulloch er al., 1998; Keegan
et al., 2001; Abe et al., 2004). Hypoxia-induced hyper-
reactivity of pulmonary arteries to PGF,, was associated with
a loss of the potentiating effect of L-NAME on contraction
(Table 1), but not with a decrease in the relaxant effect of SNP
(Figure 1). This suggests that ‘basal’ NO production, rather
than NO relaxant effect, was diminished in pulmonary arteries
from hypoxic mice, and that endothelial dysfunction may be
partially responsible for hyper-reactivity to contractile ago-
nists. As responses to receptor-dependent (PGF,,) and -
independent (KCI) contractile agents were both modified,
contractile mechanisms downstream to elevation of cytosolic
calcium in smooth muscle cells were likely affected following
chronic hypoxia. Various mechanisms may contribute to

hyper-reactivity to vasoconstrictors, including activation of
the Rho-kinase pathway (Abe et al., 2004), and enhanced
generation of superoxide or cyclooxygenase-derived constrict-
ing products (Cortes et al., 1996; Miller et al., 2000;
Pannirselvam ez al., 2005; Liu et al., 2006).

Hypoxia-induced endothelial dysfunction was further
demonstrated in both extra- and intrapulmonary arteries by
a profound decrease in the relaxant effect of acetylcholine,
whereas relaxation to SNP was either not diminished (extra-
pulmonary artery) or even increased (intrapulmonary arteries)
(Figure 1). The latter effect may be owing to the upregulation
of soluble guanylyl cyclase or cGMP-dependent protein kinase
following chronic hypoxia (Li et al., 1999; Jernigan et al.,
2003). Endothelial dysfunction was associated with an
increased level of ROS in all vascular layers of pulmonary
arteries from hypoxic mice, as demonstrated using DHE
(Figure 5), a fluorescent dye that reacts with both superoxide
and hydrogen peroxide (Munzel et al., 2002). Despite elevation
of ROS (including superoxide, presumably), relaxant re-
sponses to acetylcholine were not amplified in the presence
of SOD or PEG-SOD (Figure 3) and relaxant responses to
SNP were not modified (Figure 1) in pulmonary arteries from
hypoxic mice. This might be explained by differential
subcellular localization of superoxide and NO production, or
to a major contribution of hydrogen peroxide (which does
decrease NO bioavailability) in ROS elevation, as suggested by
the inhibitory effect of PEG-catalase on DHE staining.

In extrapulmonary arteries from hypoxic mice, residual
relaxation to acetylcholine was abolished by PEG-SOD or
catalase (Figure 3), suggesting a role of ROS, and most likely
of hydrogen peroxide, as mediator of endothelium-dependent
relaxation. Comparison of acetylcholine-induced relaxation
between normoxic and hypoxic mice suggests that in extra-
pulmonary arteries, the NO-dependent component was abol-
ished following chronic hypoxia, whereas the ROS-dependent
one was preserved. Hypoxia-induced alterations of relaxation
to acetylcholine were still observed in extrapulmonary arteries
from mice deleted for gp91phox gene (Figure 6). This indicates
that hypoxia-induced endothelial dysfunction in extrapulmon-
ary artery is independent of gp91phox. This does not exclude a
role of other catalytic subunits of NADPH oxidase. Un-
coupled eNOS is another potential source of ROS in systemic
and pulmonary hypertension (Landmesser et al., 2003; Khoo
et al., 2005). It has been shown that hydrogen peroxide
activates eNOS (Cai et al., 2003) and this mechanism might
account for the inhibitory effect of L-NAME on acetylcholine-
induced relaxation in extrapulmonary arteries from hypoxic
mice. However, this appears unlikely as L-NAME inhibited
acetylcholine- but not hydrogen peroxide-induced relaxation
in these arteries. The hypothesis of eNOS-dependent hydrogen
peroxide production requires further investigations. Because
hydrogen peroxide also promotes growth and hypertrophy of
vascular smooth muscle cells (Zafari et al., 1998; Taniyama &
Griendling, 2003), it may represent a key mediator of hypoxia-
induced remodeling of the pulmonary vasculature.

One major finding of the present study is that in
intrapulmonary arteries (in contrast to extrapulmonary
arteries), hypoxia-induced endothelial dysfunction is not
observed in mice deleted for gp91phox gene (Figure 6). The
gp91phox subunit has been implicated in hypoxia-induced
hyper-responsiveness of pulmonary arteries to contractile
agonists (Liu et al., 2006). The present study brings the first
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evidence for a role of this NADPH oxidase subunit in hypoxia-
induced endothelial dysfunction in pulmonary arterial bed.
Interestingly, potentiation by hypoxia of SNP-relaxant re-
sponses was not observed in intrapulmonary artery from

gp91phox~/~ mice (Figure 6d), suggesting that it is related to

NADPH oxidase activity and that it might be an adaptive
consequence of endothelial dysfunction. The lack of potentiat-
ing effect of SOD and PEG-SOD on acetylcholine-induced
relaxation, despite the involvement of gp91phox, is consistent
with the idea that NADPH oxidase activity is the trigger, but
not the direct mediator of impaired endothelial NO-dependent
relaxation. In blood vessels, evidence exists that oxidative
stress may initiate the production of cyclooxygenase-derived
contractile factors (Pannirselvam et al., 2005), and that the
latter may counteract endothelium-dependent relaxation in
systemic hypertension (Vanhoutte et al., 2005). The potential
contribution of these mechanisms in hypoxia-induced en-
dothelial dysfunction deserves further investigations.

In conclusion, this study gives new insights into
chronic hypoxia-induced endothelial dysfunction and
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