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Belik J, Jerkic M, McIntyre BA, Pan J, Leen J, Yu LX,
Henkelman RM, Toporsian M, Letarte M. Age-dependent endo-
thelial nitric oxide synthase uncoupling in pulmonary arteries of
endoglin heterozygous mice. Am J Physiol Lung Cell Mol Phys-
iol 297: L1170-L1178, 2009. First published October 9, 2009;
doi:10.1152/ajplung.00168.2009.—Endoglin is a TGF-f3 superfamily
receptor critical for endothelial cell function. Mutations in this gene
are associated with hereditary hemorrhagic telangiectasia type I
(HHT1), and clinical signs of disease are generally more evident later
in life. We previously showed that systemic vessels of adult Eng
heterozygous (Eng™’~) mice exhibit increased vasorelaxation due to
uncoupling of endothelial nitric oxide synthase (eNOS). We postu-
lated that these changes may develop with age and evaluated pulmo-
nary arteries from newborn and adult Eng™*’~ mice for eNOS-depen-
dent, acetylcholine (ACh-induced) vasorelaxation, compared with that
of age-matched littermate controls. While ACh-induced vasorelax-
ation was similar in all newborn mice, it was significantly increased in
the adult Eng*’~ vs. control vessels. The vasodilatory responses were
inhibited by L-NAME suggesting eNOS dependence. eNOS uncou-
pling was observed in lung tissues of adult, but not newborn, het-
erozygous mice and was associated with increased production of
reactive O, species (ROS) in adult Eng*”~ vs. control lungs. Inter-
estingly, ROS generation was higher in adult than newborn mice and
so were the levels of NADPH oxidase 4 and SOD 1, 2, 3 isoforms.
However, enzyme protein levels and NADPH activity were normal in
adult Eng™’~ lungs indicating that the developmental maturation of
ROS generation and scavenging cannot account for the increased
vasodilatation observed in adult Eng™'~ mice. Our data suggest that
eNOS-dependent H>O» generation in Eng™’~ lungs accounts for the
heightened pulmonary vasorelaxation. To the extent that these mice
mimic human HHT1, age-associated pulmonary vascular eNOS un-
coupling may explain the late childhood and adult onset of clinical
lung manifestations.

lung; newborn; pulmonary vascular resistance; hereditary hemor-
rhagic telangiectasia

LUNG BLOOD FLOW IS MOSTLY dependent on the regional arteriolar
and venular intraluminal diameter that ultimately determines
the pulmonary vascular resistance (PVR). Nitric oxide (NO) is
constitutively produced by endothelial and smooth muscle cells
(39) via synthases (NOS) of which there are three isoforms:
endothelial (eNOS), neuronal (nNOS), and inducible (iNOS).
Although there is evidence that iNOS and nNOS are expressed
in the fetal pulmonary vasculature (38), lung eNOS protein
expression increases during gestation suggesting that its vas-
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cular tissue content and/or activity is in part responsible for the
high PVR prenatally and the changes occurring after birth (15).
In sheep, lung eNOS expression is maximal in late gestation
(34), whereas in rats it is highest either before (33), or imme-
diately after, birth (23). Postnatally, lung vascular tissue eNOS
expression was shown to decrease with age in pigs (17).
eNOS converts L-arginine to L-citrulline to generate NO. Its
activity is dependent on Ca**/calmodulin (CaM), but also on
subcellular localization, posttranslational modifications, and
interaction with several regulatory proteins, including Hsp90
(11, 14). Hsp90 facilitates CaM-induced release from caveolae
and acts as a scaffold factor for eNOS; it is necessary for eNOS
phosphorylation at Ser1177 (13, 43). This complex process
controls the state of eNOS activation and the fidelity of
NADPH-dependent electron flux from the reductase to the
oxygenase domain, where NO synthesis occurs. Reduced avail-
ability of the substrate L-arginine (47), or the cofactor tetrahy-
drobiopterin (BH,4) (46), as well as changes in Hsp90-eNOS
interactions (36) or Thr495 dephosphorylation (27), can un-
couple the electron transfer reactions and result in the produc-
tion of superoxide instead of NO. eNOS is then said to be
uncoupled. Under these conditions, superoxide is quickly con-
verted into peroxynitrite if NO is also present locally, or into
H»0, via superoxide dismutase (SOD) (22). H>O, is converted
into H>O and O, by catalase and glutathione peroxidase (9).

Our recent studies (44) reported that endoglin, a coreceptor
of the TGF- superfamily primarily expressed in endothelial
cells, associates with eNOS and Hsp90 and stabilizes the
activation complex, resulting in NO production (44). Endoglin
(Eng) null mice die at midgestation of cardiovascular defects,
whereas heterozygous (Eng™~) mice are models of hereditary
hemorrhagic telangiectasia (HHT) type 1 (2, 41). We have
previously shown that eNOS activity is uncoupled in systemic
resistance arteries of Eng™/~ mice (44).

Lung vascular abnormalities are observed in HHT patients.
Pulmonary arteriovenous malformations are much more fre-
quent in HHT1 than in the general population and in HHT1 vs.
HHT?2 patients (5, 25). Subjects with HHT most commonly
manifest pulmonary symptoms and other signs of disease
including epistaxis and telangiectases later in childhood and
adult life (5, 45), suggesting that the clinical consequences of
ENG mutations are more readily manifested with aging.

The purpose of the present study was to compare newborn
and adult Eng™~ pulmonary arteries to those of age-matched
littermate controls in terms of vasorelaxation, eNOS uncou-
pling, superoxide production, and levels of enzymes responsi-
ble for synthesis and degradation of superoxide. Confirming
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our hypothesis, the data from this study show that eNOS
uncoupling, and not the age-related changes in superoxide
generation/degradation, can account for the heightened pulmo-
nary vasorelaxation observed in adult, but not newborn, Eng
heterozygous mice.

METHODS

Mice. N17-N19 Eng™’~ and Eng™’* mice were generated by
successive backcrosses onto the C57BL/6 background. All procedures
were conducted according to criteria established by the Canadian
Council on Animal Care and were approved by The Hospital for Sick
Children Research Institute Animal Care Committee. The pups were
reared with their mothers and studied between 5—8 days of age (earliest age
that allows for successful dissection of near-resistance pulmonary arter-
ies), whereas adults were tested at §—12 wk. Mice were killed by
pentobarbital sodium overdose, and the lungs were extracted imme-
diately after death, rapidly and passively drained of blood, and
maintained on cold Krebs-Henseleit solution for biochemical assays
and dissection of pulmonary arteries. Lungs were also perfused and
snap-frozen for subsequent measurements of reactive oxygen species
(ROS) generation and enzyme protein levels.

Organ bath studies. Third-generation lung intralobar pulmonary
artery ring segments (average diameter 80—100 wm and length = 2
mm) were dissected free from surrounding tissue and mounted in a
wire myograph (Danish Myo Technology). Isometric changes were
digitized and recorded online (Myodaq, Danish Myo Technology and
Aarhus, Denmark). Tissues were bathed in Krebs-Henseleit buffer
(115 mM NaCl, 25 mM NaHCOs3, 1.38 mM NaHPO4, 2.51 mM KCI,
246 mM MgSO4-7 H>O, 1.91 mM CaCl,, 5.56 mM dextrose),
bubbled with air/6% CO,, and maintained at 37°C. After a 1-h
equilibration, the optimal tissue resting tension was determined by
repeated stimulation with 128 mM KCI until maximum active tension
was reached. All subsequent force measurements were obtained at
optimal resting tension.

Pulmonary vascular muscle force generation was evaluated by
stimulating with either the thromboxane A,-mimetic U46619 or
phenylephrine (adult vessels). Contractile responses were normalized
to the tissue cross-sectional area as follows: (width X diameter) X 2
and expressed as mN/mm?. Relaxation was induced with the endo-
thelium-dependent and -independent agonists ACh and sodium nitro-
prusside (SNP), respectively, following precontraction with U46619
or phenylephrine (adult) at concentrations equivalent to 75% of the
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maximal agonist-induced contraction (EC7s). The nonspecific NOS
inhibitor L-NAME was used at 10~* M concentration.

Vessel measurements by X-ray micro-computerized tomography
and morphometry. Anaesthetized mice were intubated by tracheo-
tomy, and breathing was supported using a pressure-controlled ven-
tilator. Mice were perfused at 20 mmHg via the right ventricle with
warm heparinized PBS followed by Microfil (Flow Tech) at 40
mmHg, using a pressure Servo System PS/200 (Living Systems
Instrumentation). Specimens were scanned at 29 wm using a Micro-
CT scanner (GE Healthcare). Three-dimensional volume data were
reconstructed using the Feldkamp algorithm for cone beam CT geo-
metry. The pulmonary arterial internal diameters of the first three gener-
ation vessels (main pulmonary artery considered as first generation) were
measured using Display and Amira software (TGS, Berlin, Germany) in
three mice of each genotype. Images were rotated to clearly determine
wall boundaries of the vessels.

Paraffin-embedded transverse lung sections of five 8- to 12-wk-old
mice of each genotype were stained with Movat pentachrome, and five
independent fields were quantified using Openlab software (Florence,
Italy). Morphometric analysis of pulmonary arterial vessels (60—120
pm) was obtained at X100 magnitude, and the inner diameter of 20
randomly selected vessels (from 6-7 fields) was measured.

Preparation of tissue extracts. Lung extracts were prepared in lysis
buffer consisting of 50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 1.5 mM
MgCl,, 0.1% SDS, 0.5% deoxycholate, 1% Nonidet P-40 (or Triton
X-100), 1 mM PMSF, and complete protease inhibitors (Roche). Lung
tissue was homogenized in a rotor/stator type homogenizer while
pulmonary arteries and bronchi were frozen in liquid nitrogen and
ground with mortar and pestle before ice-cold lysis buffer was added.

After 1 h on ice, the homogenates were centrifuged at 13,000 g for
20 min, and the supernatants were collected. Total protein concentra-
tion was measured according to the Bradford method (3); extracts
were diluted to a final protein concentration of 4 mg/ml.

Immunoblotting studies. Tissue extracts were incubated in Laemmli
buffer at 100°C for 5 min and electrophoresed on 4-12% gradient
SDS/PAGE gels. Fractionated proteins were electrotransferred to
nitrocellulose membranes (Amersham Biosciences, Mississauga, Canada) at
4°C for 1 h at a constant voltage of 100 V. Membranes were blocked
with 2% fish gelatin or 5% milk in TBS-T (20 mM Tris, pH 7.6, 137
mM NaCl, 0.1% Tween 20) for 1 h at 23°C. The blots were incubated
at 4°C overnight with commercially available antibodies as follows:
CD105/endoglin, rat IgG2a clone MJ7/18, 1:500 dilution (Southern
Biotech, Birmingham, AL); eNOS 1:3,000, Hsp90 1:1,000, and

Fig. 1. Force generation in response to agonist stimulation.
Thromboxane A» analog U46619 or phenylephrine (PE; adult)-
induced force generation of pulmonary arteries obtained from
adult Eng™™* (n = 15-16), Eng™’~ (n = 16-19), newborn
Eng™* (n = 15), Eng*’~ (n = 12). No genotype-dependent
difference in agonist-induced force dose-response curves was
noted for the newborn and adult arteries.
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gp91phox/Nox2 1:1,000 (mouse IgG1; BD Biosciences, Mississauga,
ON); SOD1 1:4,000, catalase 1:2,000, and SOD3/EC-SOD 1:3,000
(goat IgG, R&D, Minneapolis, MN); Nox4, rabbit IgG, 1:200 (Lab
Vision, Fremont, CA); SOD2, rabbit IgG, 1:3,000 (Lifespan Bio-
sciences, Seattle, WA).

After being washed with TBS-T for 30 min, the blots were
incubated with IgG conjugated with horseradish peroxidase (1:20,000
dilution in TBS-T containing 5% milk) for 60 min and washed again
with TBS-T for 40 min, all at 23°C. The enhanced chemiluminescence
(ECL; Perkin Elmer, Shelton, CT) reagent was used for detection. The
membrane blots were stripped and tested with antibodies to 3-actin
(Sigma Aldrich; dilution 1:40,000).

eNOS-Hsp90 association and immunoblotting. Lungs were ex-
cised, cut into 5-mm segments, equilibrated for 2 h in serum-free
MCDB 131 media, and stimulated with vehicle or 1 wM ionomycin
for 15 min. Samples were washed in PBS, and extracts were prepared
in 10 mmol/l Tris-HCI, pH 7.4 (1% Triton X-100 with protease and
phosphatase inhibitors, Roche Biochemicals). Samples were pre-
cleared with protein A/G mixture, and equal protein amounts were
immunoprecipitated with anti-eNOS and immunoblotted using Hsp90
and eNOS antibodies. Bands were visualized by chemiluminescence
and quantified by densitometry.

H2DCFDA fluorescence and H>O> measurement. Lungs were ho-
mogenized in Krebs-Henseleit buffer, pH 7.4, supplemented with 0.1
M NaHPO, and 1 mM NaNs, with a buffer to wet tissue weight ratio
of 6:1. Homogenates were centrifuged at 13,000 g for 15 min. ROS
levels in the supernatant were assessed using 10 wmol/l H2ZDCFDA
(Molecular Probes, Invitrogen, Burlington, ON) at 37°C. Fluores-
cence was quantified on a SpectraMax Gemini EM microplate spec-
trofluorometer (Molecular Devices, MDS Analytical Technologies,
Sunnyvale, CA) using 488-nm excitation and 525-nm emission wave-
lengths. Levels were normalized per microgram of protein.

Eng™’* and Eng~’/~ embryonic endothelial cells (35) were grown
in Optilux 96-well black clear-bottom plates and serum-starved for
3 h. Cells were incubated with 5 wmol/l DHE in the presence and
absence of ionomycin (5 X 1077 M), L-NAME (10~ * M), or apocya-
nin (10~* M). Live cells were observed through the CY3 fluorescence
channel and photographed using a Nikon TE2000 inverted micro-
scope equipped with an environmental chamber set to 37°C and 5%
CO,. The number of positive nuclei/field was quantified based on size
and intensity using Volocity 3D imaging software (Improvision).

H,0, levels in the lung homogenate supernatants were measured
using a calibrated H>O- specific sensor (World Precision Instruments,
Sarasota, FL). Protein concentrations were measured using the Brad-
ford assay, and H>O- readings were expressed as pmol H>O./g of
extract protein.

NADPH oxidase activity. NADPH oxidase activity was measured
in the adult mice utilizing the commercially available Cytochrome C
Reductase (NADPH) Assay Kit (Sigma Aldrich, Oakville, ON) as
previously reported by others (16, 32).

Chemicals. Unless otherwise indicated, all chemicals were ob-
tained from Sigma Aldrich.

Data analysis. Data were evaluated by one- or two-way ANOVA
with multiple comparisons obtained by the Tukey-Kramer test, when
appropriate. Statistical significance was accepted at P < 0.05. All
statistical analyses were performed with the Number Cruncher Sta-
tistical System (Kaysville, UT). Data are presented as means = SE.

RESULTS

Age differences in pulmonary arterial responses. Force gen-
eration, in response to agonist stimulation, was evaluated in
newborn and adult pulmonary arteries (Fig. 1). Direct compar-
ison of newborn and adult vessels using the U46619 agonist
revealed higher force generation in adults. When comparing
the adult Eng™~ arteries vs. those of littermate controls, the

ENDOGLIN AND AGE-RELATED CHANGES IN PULMONARY VASORELAXATION

phenylephrine (PE) agonist dose-response curves were identi-
cal to those observed with U46619. No significant differences
in force generated in response to these agonists were observed
for the newborn or adult Eng™’™ arteries vs. those of littermate
controls.

Significant age-related differences were observed in the
endothelium-dependent relaxation response of pulmonary ar-
teries from Eng*’~ mice compared with control littermates.
Whereas the relaxation response was similar in the newborns,
ACh induced a significantly greater relaxation in the Eng™/~
adult arteries when compared with age-matched control vessels
(Fig. 2).

To address the role of eNOS in the heightened vasorelax-
ation of the adult Eng™~ mice, we measured the pulmonary
arterial ACh-induced relaxation response in the presence of
L-NAME (10~* M), a NOS inhibitor. L-NAME inhibited the
vasorelaxation in all groups of mice, suggesting that the en-
hanced ACh-induced relaxation in adult heterozygous mice is
eNOS dependent (Fig. 2). No significant differences were
observed for the endothelium-independent (SNP) relaxation
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Fig. 2. Age-related differences in endothelium-dependent relaxation. Endo-
thelium-dependent (ACh-induced) relaxation response of U46619 (newborn)
or phenylephrine (adult) precontracted (EC;s) pulmonary arteries. Control:
adult Eng™’* (n = 55), Eng™~ (n = 47); newborn Eng*’" (n = 18), Eng*’~
(n = 17); L-NAME: adult Eng*’* (n = 8), Eng™’~ (n = 8). **P < 0.01 vs.
Eng*’*; 1P < 0.01 vs. non L-NAME-treated vessels by 2-way ANOVA and
Tukey-Kramer multiple comparison test. Adult, but not newborn, Eng*’~
arteries showed increased ACh-induced relaxation compared with Eng*’/*
arteries.
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dose-response curves between Eng*’~ pulmonary arteries and
controls (Fig. 3). Of note, the SNP, but not the ACh-induced
relaxation response, was higher in adult than newborn mice
(Figs. 2 and 3). The adult ACh and SNP response patterns
between Eng™/~ pulmonary arteries and controls were similar
when U46619 agonist was used instead of PE (data not shown).

To determine the mechanism accounting for the enhanced
vasorelaxation observed in adult Eng“ ~ mice, we evaluated
wild-type newborn and adult mouse pulmonary arterial re-
sponse to H,O,. A similar vasorelaxation dose-response to
H>0, was evident for both age groups (Fig. 4).

Increased diameter of large pulmonary arteries in adult
Eng™’~ mice. To evaluate whether the enhanced vasorelax-
ation observed in Eng'/~ mice resulted in altered vessel
diameter, lungs of adult Eng*’~ and control mice were imaged
by micro CT, and the internal diameter of the pulmonary
arteries was measured. A significantly greater (P < 0.01)
diameter was documented in the Eng ™/~ first three generation
vessels compared with control vessels (Fig. 5). Furthermore,
fourth-generation vessels, such as those used for arterial
response, were measured on histological sections of per-
fused lungs. The average inner diameter of the adult Eng ™/~
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Fig. 3. Age-related differences in endothelium-independent relaxation. Endo-
thelium-independent (SNP-induced) relaxation response of U46619 precon-
tracted (EC7s) pulmonary arteries obtained from adult Eng™" (n = 10),
Eng*’~ (n = 12), and newborn Eng*’* (n = 10), Eng*’~ (n = 10). A
significant difference was observed in SNP-induced pulmonary arterial vasore-
laxation with age but not with genotype.
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Fig. 4. Vasorelaxation dose response to H,O». H>O> dose-response relaxation
of newborn (n = 4) and adult (n = 4) wild-type C57BL/6 mouse pulmonary
arteries precontracted (EC7s) with U46619 or phenylephrine, respectively.
H20- is a pulmonary vasorelaxant in newborn and adult mice.

mice pulmonary arteries (87.1 = 0.9 wm; n = 5) was
significantly greater (P < 0.001) than that of control mice
(79.5 £ 1.0 pm; n = 5).

Hsp90:eNOS association and H»,O» generation. As ex-
pected for heterozygous mice, the lung tissue content of
endoglin was 50% relative to the littermate control group.
However, endoglin levels were significantly higher (P <
0.01) in the adult vs. newborn mice in both Eng*’~ and
control groups (Fig. 6). Lung eNOS expression on the
contrary decreased with age and was significantly higher in
the newborn when compared with adults (P < 0.05). No
significant genotype-dependent difference in lung eNOS
expression was observed at either age in these mice. The
expression of lung Hsp90 was unchanged with age in both
heterozygous and control mice.

The extent of Hsp90:eNOS association estimated for un-
stimulated and ionomycin-stimulated lung tissue was similar in
Eng™'~ and control newborn mice (Fig. 7). In adult lungs, a
significant increase in ionomycin-stimulated Hsp90:eNOS as-
sociation was observed in Eng™’*, but not Eng*’~, mice.
When compared with the adult Eng™™", a lower level of
Hsp90:eNOS association was observed for the Eng™~ lungs
under basal and stimulated conditions (Fig. 7).

The ROS content, as measured by the H2DCFDA fluores-
cence assay, was similar in newborn Eng™*’~ and control lung
tissue (Fig. 8A). In contrast, the H2DCFDA fluorescence was
significantly increased in adult Eng™'~ mouse lungs compared
with the control group. A significant increase in H2DCFDA
fluorescence was also documented in the adult lung tis-
sue when compared with the newborn regardless of geno-
type (Fig. 8A).

We also evaluated the H,O, content in the adult mouse
lungs. It was significantly higher in the adult Eng™’~ than in
the control group (Fig. 8B; P < 0.05). No differences in lung
H,0, levels were observed between Eng™* and Eng ™/~ new-
born mice.
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Fig. 5. Measurements of large pulmonary artery diameter by micro-comput-
erized image (Micro-CT) in adult Eng™’* and Eng"™’~ mice. A and
B: representative Micro-CT image of large pulmonary arterial vessels (Ist to
3rd generation) showing increased diameter in Eng™/~ mice compared with
Eng*'* littermates (C). N = 3 for each genotype **P < 0.01 compared with
Eng*/* mouse values by 2-way ANOVA. Large pulmonary arterial vessels
have a greater internal diameter in Eng™~ mice than Eng™’* littermates.
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NADPH oxidase and SOD lung tissue content. NADPH
oxidase activity was measured to address a possible role of this
enzyme in the enhanced lung H,O, content in the adult Eng“ -
compared with the control group. The lung NADPH oxidase
activity was similar for both groups of adult mice (Fig. 8C).

No significant differences in the levels of the two NADPH
oxidase isoforms most expressed in the lungs (Nox2 and Nox4)
were observed when comparing Eng™’~ and control mice (Fig. 9).
Similarly, the levels of enzymes responsible for superoxide
dismutation (SOD isoforms 1, 2, and 3) were not distinct
between Eng™’~ and control lung samples (Fig. 9).

When the lung content of these enzymes was evaluated
across ages, the adult mouse lungs showed a significantly
higher (P < 0.01) content of Nox4, and all SOD isotypes,
compared with the newborn lungs (Fig. 9).

Constitutive eNOS-derived ROS production in Eng-deficient
endothelial cells. To evaluate the source and contribution of
the eNOS- and Nox-mediated enzymes to ROS production, we
utilized embryonic Eng™*’* and Eng~'~ endothelial cells (35).
Compared with mouse Eng ™" endothelial cells, a significantly
greater number of Eng ™'~ cells showed nuclear DHE staining
(P < 0.01), indicating higher ROS production under basal

ENDOGLIN AND AGE-RELATED CHANGES IN PULMONARY VASORELAXATION

conditions (Fig. 10). Ionomycin (10~° M) stimulation signifi-
cantly increased (P < 0.01) DHE staining in the Eng*’™", but
not Eng~/~, endothelial cells. To determine the role of eNOS
and Nox on ROS production, we tested the effect of inhibitors
of both enzymes. In the presence of L-NAME, the constitutive
ROS production by Eng™’~ cells was significantly reduced
(P < 0.01), suggesting eNOS dependence. In contrast, Nox
inhibition with apocynin did not reduce the Eng’/~ nuclear
DHE staining, suggesting that Nox is not implicated in this
constitutive ROS production (Fig. 10). The SOD mimetic
Tempol (1073 M) significantly reduced the basal Eng™/~
nuclear DHE staining, further suggesting that superoxide is the
main ROS generated by the Eng-deficient cells.

DISCUSSION

We documented a significant increase in pulmonary arterial
vasorelaxation in adult, but not newborn, Eng heterozygous
mice. Whereas the pulmonary arteries of newborn Eng™/~
mice showed similar vasomotor properties, an enhanced va-
sorelaxation potential was observed in vessels from Eng™/~
adult arteries compared with age-matched control littermates.
This increased endothelium-dependent pulmonary arterial re-
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Fig. 7. Coimmunoprecipitation of eNOS with Hsp90 in Eng*’* and Eng™/~
adult and newborn mice. Hsp90:eNOS association in lungs of newborn (n =
6) and adult (n = 7) Eng™* and Eng™/~ mice without and with ionomycin
(107 M) stimulation. *P < 0.05 and **P < 0.01 vs. Eng™’* control and
ionomycin-treated, respectively; 1P < 0.01 vs. Eng™~ ionomycin stimu-
lated.

laxation was associated with lower basal and stimulated
Hsp90:eNOS association levels, as well as increased lung
tissue H,O, generation. No significant differences in the levels
of expression of the superoxide-producing enzymes Nox2 and
Nox4, and of the ROS scavengers SOD and catalase, were
documented in the lungs of the Eng™'~ mice. Yet, the lung
content of Nox4 and SODI, 2, and 3 isoforms significantly
increased with age. Together, these data suggest that the
developmentally dependent enhanced eNOS uncoupling, rather
than the age-dependent maturation of superoxide-producing
and -scavenging enzymes, is the cause of increased endothelium-
dependent vasorelaxation in the Eng™’/~ mice.

Endoglin is a homodimeric glycoprotein (M, = 180,000)
that acts as an ancillary receptor for several TGF-3 superfamily
ligands. We have previously shown that endoglin associates
with eNOS in caveolae and facilitates Hsp90/eNOS association
(44). Corroborating this evidence, mesenteric resistance arter-
ies from Eng*’~ mice showed enhanced vasodilation that was
inhibited by L-NAME and reversed by antioxidant treatment,
implying uncoupling of eNOS and eNOS-dependent ROS
formation (44).

L1175

Little is known about the role of endoglin in the pulmonary
vascular tissue and more specifically in the newborn. This
protein is present in pulmonary vascular tissue of fetal, prema-
ture, and term neonates (1, 10), and its expression increases in
infants developing chronic lung disease (7). Given its known
angiogenic effects (19), its presence early in life and enhanced
expression in normal lungs suggest that endoglin is important
for pulmonary vascular development and branching.

As demonstrated for the systemic vessels (44), eNOS un-
coupling is the likely cause of increased pulmonary vasorelax-
ation in the Eng ™/~ mice. As such, endoglin haploinsufficiency
in the adult mice results in increased production of eNOS-
dependent superoxide and is then dismutated to higher H,O,
content and increased vasorelaxation.

As previously shown by others, H,O, has a vascular dilatory
and constricting effect in mice. In the cerebral circulation,
H,0; is a vasodilator (8, 9), whereas in renal vessels and aorta,
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Fig. 8. ROS and NADPH oxidase activity measurements in Eng™/* and
Eng*’~ adult and newborn mice. A: H2DCFDA fluorescence measurements in
lung extracts of newborn Eng ™" (n = 15), Eng™’~ (n = 4) and adult Eng*’'*
(n = 18) and Eng*’~ (n = 18) mice. **P < 0.01 compared with newborn and
1P < 0.01 compared with adult Eng™’* mouse lung tissue values. B: H.O»
content in adult mice (n = 14/group); *P < 0.05 compared with Eng*’*
values. C: lung NADPH oxidase activity measured as cytochrome ¢ reduction
in adult Eng™* (n = 4) and Eng*’~ (n = 4) mice. When compared with
Eng*’'*, the Eng™’~ adult mouse lungs have a higher H-O» content but show
no difference in NADPH oxidase activity.

AJP-Lung Cell Mol Physiol - VOL 297 « DECEMBER 2009 + www.ajplung.org

0TO0Z ‘9T yase uo Bio ABojoisAyd-Bunidfe wouy papeojumoq



http://ajplung.physiology.org

L1176

Newborn Adult
| Eng*’* | Eng*" |1 Eng*"* | Eng*" | mrx10°
Nox2uew o & B S SIS S~ & & —58

Noxd cl - - e —T70
f-Actin T e ——— ———— - o — 42
SOD1 ™ S e el —16

B-Actin - — 42

SOD2 ™ s s elaaeeee —5

B-Actn IR B EBW I RSB Re® gy — 2

sop3 sSeseew 3

P-ACHN  S———————— - — 42
Catalase WHESES SEESE S S — G5

. 125
¥
2 . |
T

W l T
£ 100 - 1 7 I AN .
T
© %K
e ok
o 5 F 70N
2
-
< %k
e *
) 50
[
>
2
o L
£ 25 *k
>
N
[=
w

Nox2 Nox4 SOD1 SOD2 SOD3 Catalase
|:| Eng"‘/"‘ Newborn - Eng"'/' Newborn [//// Eng"'/"' Adult |:| Eng"'/' Adult
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it exhibits a constrictor effect (12, 42). In the pulmonary
circulation, H>O, has been reported to have vasorelaxant and
constrictive effects depending on the species and vessel gen-
eration (conductance vs. resistance vessels) studied (4, 20, 21,
31, 48).

In the present study, we showed that H,O, has a vasorelax-
ing effect on the newborn and adult pulmonary arteries. Al-
though this relaxant effect is mostly seen at rather high con-
centrations, H>O» tissue diffusion in the muscle bath is ex-
pected to be low. Whereas small quantities released by the
endothelial cells will relax the adjacent smooth muscle in vivo,
higher concentrations are likely required under the ex vivo
assay conditions to evaluate the H,O, vascular effect.

ENDOGLIN AND AGE-RELATED CHANGES IN PULMONARY VASORELAXATION

The lung tissue superoxide content is dependent not only on
synthesis but on the expression and activity of enzymes pro-
moting their conversion and degradation, such as SOD and
catalase. In the present study, we did not find a significant
difference in the expression of these enzymes when comparing
lung tissue of Eng™*’~ and control mice, suggesting that higher
levels of H,O, are not due to increased rate of conversion from
superoxide in the mutant mice.

It is possible that a more complex process accounts for the
increased pulmonary vascular H,O, generation observed in
adult Eng™~ mice. In vascular tissue, ACh triggers NO syn-
thesis by eNOS via M3 subtype muscarinic receptors, but it
also induces endothelial H>O, release (26) that was shown to
cause relaxation of rat aorta via a calcium- and endothelium-
dependent pathway (49). ACh can also trigger H,O, produc-
tion through NADPH oxidase activation in rat renal arteries
(12). ACh induced prostaglandin-independent relaxation in
mesenteric arteries of eNOS™'~ mice, confirming that it can
stimulate H,O, even in the absence of eNOS (29, 30). Yet, in
the present study, we demonstrated that eNOS inhibition with
L-NAME abolished the ACh-induced relaxation in Eng™'~ and
control mice, suggesting that the enhanced pulmonary vasodi-
lation of the heterozygous mice is eNOS dependent.
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Fig. 10. ROS generation in embryonic Eng*’* and Eng~'~ endothelial cells.
Endothelial cells were incubated with 5 wmol/l DHE in the presence and
absence of ionomycin (5 X 1077 M), L-NAME (103 M), apocynin (10~* M),
and Tempol (1073 M). Live cells were observed through the CY3 fluorescence
channel, and the number of positive nuclei/field was quantified based on size
and intensity using Volocity 3D imaging software. N = 4 wells for each group.
#tP < 0.01 compared with basal levels by 1-way ANOVA and Tukey-Kramer
multiple comparison testing. Eng™/~ cells basal mean DHE staining is signif-
icantly greater (P < 0.01) when compared with Eng*/" cells by unpaired
Student’s 7-test.
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The enhanced ACh-induced relaxation observed in lungs of
adult Eng™~ mice is not related to NADPH oxidase. Such
conclusion is based on the following data. The expression of
Nox2 and Nox4, the two most commonly found NADPH
oxidase enzyme isoforms in the lung, was similar in Eng™/~
and control mice. The lung NADPH oxidase activity was
similar in the heterozygous vs. control adult mice. Further-
more, when ROS generation was evaluated in Eng™" and
Eng™'~ embryonic endothelial cells, we observed that Eng™/~
cells produced much higher levels of constitutive ROS (P <
0.01) when compared with Eng*’* cells. Treatment with the
NOS inhibitor significantly diminished ROS generation,
whereas the Nox inhibitor had no effect, suggesting that
superoxide production is eNOS dependent and Nox indepen-
dent in Eng™'~ cells.

Mutations in the ENG gene, leading to haploinsufficiency
and a nonfunctional protein, are the underlying cause of HHT1
and the predominant predisposing factor for pulmonary arte-
riovenous malformations. These are most commonly diag-
nosed in late childhood and adult ages (5, 25, 37). We specu-
late that endoglin deficiency contributes to pulmonary arterio-
venous malformations via increased eNOS-derived ROS and
consequent H,O, production, leading to enhanced focal va-
sorelaxation, as well as vascular tissue damage. In the present
study, we documented that Eng™/~ adult pulmonary arteries
have a larger diameter when compared with those of controls,
further supporting the evidence for greater pulmonary vasodi-
lation in Eng haploinsufficient mice.

We have previously published that urinary and plasma
concentrations of nitrites, a NO metabolite, are lower in
Eng™*’~ than in Eng™’" mice (18). Systemic resistance vessels
from Eng*’~ mice showed increased ROS generation and
abnormal vasomotor function that was corrected following
administration of the ROS scavenger Tempol (44). Together,
these data are highly suggestive of eNOS uncoupling-induced
vascular ROS generation. The antioxidant N-acetylcysteine has
shown significant beneficial effects in HHT1 subjects with
epistaxis suggesting that oxidative stress contributes to the
clinical manifestations (6).

In the present study, no significant difference in the endo-
thelium-dependent relaxation potential was observed when
comparing newborn Eng*’~ and control mice. In keeping with
eNOS uncoupling being the causative factor responsible for
increased vasorelaxation in adult mice, Hsp90:eNOS associa-
tion, a marker of enzyme coupling, was significantly decreased
in the adult Eng™'~ mice compared with age-matched controls.
Yet, no difference in Hsp90:eNOS association levels was
observed in Eng*’~ and control newborns, suggesting that
eNOS is coupled early in life, even when endoglin levels are
reduced. Such age-dependent difference in the potential for
eNOS uncoupling may relate to developmental changes in
tetrahydrobiopterin (BH4) regulation. There is no evidence of
Hsp90 involvement in NADPH oxidase-dependent superoxide
generation.

Endothelial BH,4 availability is critical for pulmonary vas-
cular NO generation and maintenance of lung vascular ho-
meostasis (24). Developmentally, the serum and urine bio-
pterin levels are highest early in life and decrease with age
(40). These age-dependent changes have been shown to play a
role in the maintenance of eNOS-coupled state during fetal and
newborn life. In sheep, pulmonary arterial eNOS stimulation

L1177

produces superoxide and H»O, in 4-wk-old, but not fetal,
animals, indicating an age-dependent transition from coupling
to uncoupling of this enzyme (28). Further investigation of
these developmental differences is warranted for the better
understanding of the uncoupling process and possible preven-
tion and treatment of the pulmonary pathology in HHT pa-
tients.

In summary, we showed that Eng haploinsufficiency results
in pulmonary vascular eNOS uncoupling in the adult, but not
newborn, mice. Pulmonary arteries from adult Eng*’'~ mice
are more dilated and have an enhanced endothelium-dependent
smooth muscle relaxation potential. This increased vasorelax-
ation may play a role in the formation of pulmonary arterio-
venous malformations later in life and may explain the gener-
ally late onset of pulmonary clinical manifestations in HHT.
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