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Abstract

Nogo-B, a reticulon-4 isoform, modulates the motility and adhesion
of vascular endothelial cells after binding to its receptor, Nogo-B
receptor (NgBR). Nogo-B/NgBR pathway contributes to vascular
remodeling and angiogenesis, but the role of this pathway in the
angiogenesis of developing lungs remains unknown. We previously
reported that angiogenesis function of pulmonary artery endothelial
cells (PAECs) is impaired by increased reactive oxygen species
formation in a fetal lamb model of intrauterine pulmonary
hypertension (IPH). Here, we report that Nogo-B/NgBR pathway is
altered in IPH, and that decreased NgBR expression contributes to
impaired angiogenesis in IPH.Weobserved a decrease inNgBR levels
in lysates of whole lung or PAECs from fetal lambs with IPH
compared with controls. Overexpression of NgBR in IPH PAECs
rescued the in vitro angiogenesis defects and increased the
phosphorylation of both Akt and endothelial nitric oxide synthase
at serine1179 as well as the levels of both manganese superoxide
dismutase andGTP cyclohydrolase-1. Consistentwith the phenotype
of IPH PAECs, knockdown of NgBR in control PAECs decreased the

levels of nitric oxide, increased the levels of reactive oxygen species,
and impaired in vitro angiogenesis. Our data demonstrate that NgBR
mediates PAEC angiogenesis response through the modulation of
Akt/endothelial nitric oxide synthase functions, and its decreased
expression is mechanistically linked to IPH-related angiogenesis
defects in the developing lungs.
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Clinical Relevance

We report a previously unexplored role of Nogo-B receptor
(NgBR) in endothelial nitric oxide synthase coupling and
angiogenesis of developing lungs. Our finding not only expands
our knowledge of NgBR in lung development, but also provides
a new therapeutic target for future research that may help our
management in infants suffering from persistent pulmonary
hypertension of the newborn.

Reticulons (RTNs) are a family of proteins
that share a common C-terminal domain,
and are particularly abundant in the
endoplasmic reticulum (1, 2). RTN-4, also
known as neurite outgrowth inhibitor
(Nogo), is an RTN protein encoded by
RTN-4 gene in humans (3, 4). Three different
isoforms (Nogo-A, -B, and -C) have been
identified as the end products resulting from
differential splicing, differential promoter

usage, and encoding (5, 6). Some isoforms,
like Nogo-B, have more than one subisoform,
such as Nogo-B1 and Nogo-B2 (1, 7).
Nogo-A and Nogo-C are highly expressed
in the central nervous system, with Nogo-C
being additionally found in the skeletal
muscle. Nogo-A, and probably also Nogo-C
(8), appear to be neuron-specific inhibitors
of axonal regeneration. In contrast, Nogo-B
is widely distributed in the nervous system,

vessel wall, heart, spleen, skeletal muscle,
and testis (1, 9). Nogo-B acts as a
chemoattractant for endothelial cells, similar
to vascular endothelial growth factor (VEGF),
and antagonizes the platelet-derived growth
factor–stimulated migration of smooth
muscle cells (10). Marked neointimal
expansion and defects in ischemia-induced
arteriogenesis and angiogenesis occur in
Nogo-A/B–deficient mice, suggesting that
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Nogo-B has a protective role in blood vessel
homeostasis (11). Nogo-B receptor (NgBR)
was identified as a specific receptor essential
for Nogo-B–stimulated chemotaxis and
morphogenesis of endothelial cells (10, 12).
Morpholino-mediated NgBR knockdown
in zebrafish blocks intersomitic vessel
formation, indicating a critical role for
Nogo-B/NgBR signaling pathway in
blood vessel development (13).

Persistent pulmonary hypertension
of the newborn (PPHN) is a disease of
neonates, characterized by decreased blood
vessel density and/or impaired pulmonary
vasodilation (14). Prenatal constriction
of ductus arteriosus in the fetal lamb
creates persistent intrauterine pulmonary
hypertension (IPH), and is the most
commonly used animal model to study
PPHN (15). We previously reported that
pulmonary artery endothelial cells (PAECs)
isolated from IPH lungs show increased
reactive oxygen species (ROS) formation
and endothelial nitric oxide (NO) synthase
(eNOS) uncoupling (16, 17) as compared
with control PAECs. IPH PAECs also show
impaired in vitro and ex vivo angiogenesis,
which may contribute to the histological
and physiological changes in PPHN (18).
We also reported that expression and
activity of manganese superoxide dismutase
(MnSOD) are decreased in IPH PAECs,
which further increased ROS formation
(19). Nogo-A is known to antagonize ROS
generation and protects premature cortical
neurons (20). The role of Nogo-B/NgBR
in ROS generation and pulmonary blood
vessel formation remains unknown. A
recent study reported that hypoxia induces
Nogo-B expression in smooth muscle cells
of the mouse pulmonary arteries, and
serum levels of Nogo-B were also found to
be increased in patients with idiopathic
pulmonary hypertension (21). However,
alterations in Nogo-B/NgBR signaling and
its mechanistic link to oxidative stress in
PPHN remain unexplored.

In the current study, we investigated
the role of NgBR in regulating angiogenesis
response of PAECs from developing lungs
and alterations in NgBR signaling in IPH,
usingPAECs fromfetal lambswithorwithout
IPH. We observed that (1) NgBR is involved
in modulating fetal PAEC angiogenesis;
(2) activation of eNOS is involved in
NgBR-modulated angiogenesis; and (3) IPH
is associated with altered NgBR expression,
angiogenesis, and eNOS activity in PAECs.
Our results demonstrate that NgBR is

important for the in vitro angiogenesis of
PAECs from developing lungs.

Materials and Methods

Animal studies were approved by the
Medical College of Wisconsin

Institutional Animal Care and Use
Committee. Identity of PAECs was
verified by factor VIII antigen (22)
and acetylated low density lipoprotein
uptake (23). Right upper lobe lung tissue
was obtained for Western blotting and
for immunofluorescence staining.

Figure 1. Nogo-B receptor (NgBR) and its ligand, Nogo-B (NgB), are widely distributed in fetal sheep
lungs. (A) NgBR (green) is detected in airway (AW), artery (A), and vein (V) in lung sections; CD31 (red)
staining is in the endothelial lining of pulmonary vessels (A and V); colocalization of NgBR and
CD31 (yellow) is observed in the lining of A and V, indicating endothelial localization of NgBR. (B)
NgBR (green) and smooth muscle a-actin (red) colocalize (yellow) in the muscular layer of A, indicating
smooth muscle location of NgBR. (C) Nogo-B (green) is also widely distributed in the lung, including
A, V, pneumocytes, and AW, and colocalizes (yellow) with CD31 (red) of a vein in this section.
(D) Nogo-B is also distributed in smooth muscle cells (red) of A and AW. Nogo-B level is increased,
whereas NgBR level is decreased in pulmonary artery endothelial cells (PAECs) and lungs from
lambs with intrauterine pulmonary hypertension (IPH). (E) Levels of both Nogo-B1 and Nogo-B2,
subisoforms of Nogo-B, are increased in IPH PAECs (1.42-fold and 14.8-fold for Nogo-B1 and Nogo-
B2, respectively) compared with control PAECs. The level of NgBR decreased by roughly 72% in IPH-
PAECs compared with control PAECs. (F) Similar to PAECs, levels of Nogo-B1and Nogo-B2 were
also increased in IPH lungs (5.44-fold and 2.98-fold for Nogo-B1 and Nogo-B2, respectively), whereas
the level of NgBR was decreased by roughly 87%. The findings are similar when using CD31 as the
loading control. Data are shown as mean (6 SE). Open bar, control; closed bar, IPH; white arrow,
microvasculature. *P , 0.05 compared with control PAECs or lungs. IOD, integrated optical density.
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Antibodies and Chemicals
NgBR rabbit monoclonal antibody was from
Epitomics (Burlingame, CA). Nogo-B rabbit
antibody was from Imgenex (San Diego,
CA). Recombinant human VEGF was
obtained from National Cancer Institute at
Frederick–Biological Resources Branch of the
National Cancer Institute (Frederick, MD).

NgBR Overexpression Plasmid DNA
Human NgBR cDNA was cloned into
pIRES-neo vector (Clontech, Mountain
View, CA) as described previously (12).

Design of NgBR Small Interfering RNA
and Primers for RT-PCR
NgBR small interfering RNA (siRNA) and
primers were designed according to the
conserved regions of mRNAs (12) and are
detailed in the online supplement.

NgBR Overexpression
and Knockdown
NgBR overexpression and knockdown were
performed according to manufacturer’s
protocol and are detailed in the online
supplement.

Akt Activation
Akt is activated by phosphorylation at Thr308.
Phospho-Akt then activates eNOS by
phosphorylation at Ser1179 (24). PAECs were
serum starved and then stimulated with
VEGF (10 ng/ml). Akt and phospho-Akt
levels were quantified by Western blotting.

Western Blotting
PAECs and lung lysates were homogenized
in 3-(N-Morpholino)propanesulfonic acid,
4-Morpholinepropanesulfonic acid (MOPS)
buffer and lysate protein was resolved
by SDS-PAGE as detailed in the
online supplement. Low temperature
electrophoresis was used to study eNOS
dimer formation (25). Phosphorylation of
eNOS was normalized to the corresponding
total eNOS protein levels.

Immunohistochemistry Staining
Fetal sheep lung was inflated with 10%
formalin for fixation. Paraffin sections were
deparaffinized, and blocked with serum
(Dako, Carpinteria, CA) for 30 minutes
before staining with primary antibodies.
Alexa-Fluor–conjugated antibody was
applied as the secondary antibody.

In vitro Angiogenesis Assays
The in vitro angiogenesis assays were
performed as we previously reported

(18, 25) and detailed in the online
supplement.

Measurements of NO and ROS Levels
NO and ROS levels were quantified
using 4-amino-5-methylamino-29, 79-
difluorofluoresceine diacetate (DAF–FM-DA)
and dihydroethidium (DHE), respectively,
as we previously described (18, 26, 27) and
detailed in the online supplement. Data
for stimulated NO2

21NO3
2 levels were

normalized to the corresponding protein
levels (25).

MnSOD Activity Assay
MnSOD-specific activity was measured
using a colorimetric assay (Cayman
Chemical, Ann Arbor, MI) and was
normalized to the protein content (19).
Absorbance was read at 450 nm.

Statistical Analysis
Data are shown as mean (6 SE). Student’s
t test, or Mann-Whitney U test, was used
for comparing two groups wherever
appropriate. ANOVA with Newman-Keuls
post hoc test was used to compare data from
more than two groups. A P value of less than
0.05 was considered statistically significant.

Results

Distribution of Nogo-B and NgBR
in the Lung
NgBR and its ligand, Nogo-B, are both
widely distributed in fetal sheep lungs
(Figures 1A–1D), including endothelial
cells of the arteries and veins, epithelial cells
of the airway, and pneumocytes in alveoli.
Colocalization of NgBR (green) and CD31
(red) indicates endothelial distribution
of NgBR (Figure 1A). Colocalization
of NgBR (green) and smooth muscle
a-actin (red) indicates smooth muscle
distribution of NgBR (Figure 1B). Similar
colocalization with CD31 and a-actin
was also observed for Nogo-B (Figures 1C
and 1D, green).

Nogo-B/NgBR Expression Is Altered
in IPH
Two bands were observed in Western blot
for Nogo-B, the ligand for NgBR, in lysates
from both PAECs and lung homogenates
(Figures 1E and 1F), similar to previous
reports in the literature (7). The expression
of Nogo-B was higher in IPH PAECs than
in controls (1.32 6 0.15 versus 0.92 6
0.09 for Nogo-B1; 0.11 6 0.03 versus

Figure 2. NgBR plasmid effectively increases NgBR level in IPH PAECs and small interfering RNA
(siRNA) for NgBR decreases NgBR level in control PAECs. (A) Plasmid containing hemagglutinin-tagged
human NgBR increased NgBR level by almost 40%. (B) Among the three siRNAs designed against
NgBR, siRNA-2 decreased the NgBR level (z10-fold) in control PAECs. NS, nonsilencing siRNA; 1–3
refer to corresponding siRNAs. *P , 0.05 compared with NS siRNA. Data are shown as mean (6 SE).
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0.01 6 0.01 for Nogo-B2; n = 4, P , 0.05),
whereas the expression of its receptor,
NgBR, was lower in IPH PAECs than
controls (0.06 6 0.01 versus 0.29 6 0.01;
n = 4, P , 0.05, Figure 1E). Similar to
in vitro results, Nogo-B expression in IPH
lungs was also higher than controls (0.49 6
0.16 versus 0.09 6 0.05 for Nogo-B1, P =
0.08; 0.158 6 0.010 versus 0.053 6 0.004
for Nogo-B2, n = 3, P , 0.05), whereas,
NgBR expression in IPH lungs was lower
than controls (0.09 6 0.04 versus 0.71 6
0.09; n = 3, P , 0.05; Figure 1F). The
results were identical using either b-actin
or CD31 as the loading control.

NgBR Expression Modulates In Vitro
Angiogenesis of PAECs
To explore the role of NgBR in the impaired
angiogenesis previously observed in IPH,
we overexpressed NgBR in IPH PAECs or
knocked down NgBR in control PAECs.
NgBR overexpression in IPH PAECs
increased the NgBR expression by roughly
40% (0.75 6 0.25 versus 0.53 6 0.05; n = 4,
P , 0.05), but did not affect Nogo-B

expression (Figure 2A). We attempted
NgBR knockdown using three different
siRNAs in control PAECs, as described in
MATERIALS AND METHODS, and found that
only one of them, siRNA-2, significantly
decreased endogenous NgBR expression
by roughly 10-fold (0.013 6 0.002 versus
0.111 6 0.015; n = 3, P , 0.05; Figure 2B)
and mRNA levels by roughly 90%.
Consistent with the expression pattern
of NgBR and Nogo-B in IPH PAECs,
knockdown of NgBR in control PAECs also
increased Nogo-B1 expression (0.27 6 0.01
versus 0.51 6 0.01; n = 3, P , 0.05;
Figure 2B). We used siRNA-2 subsequently
for the angiogenesis, NO, and ROS studies
in control cells.

NgBR overexpression in IPH PAECs
increased tube formation to 240.5 (6
13.8)% when compared with IPH PAECs
alone (n = 10, P , 0.05; Figure 3A). The
gaps for scratch recovery decreased from
760.5 (6 29.3) mm to 572.9 (6 13.4) mm
(n = 12, P , 0.05; Figure 3B) with NgBR
overexpression. These observations suggest
that restoring NgBR expression can rescue

the impaired angiogenesis and migration
responses of IPH PAECs.

NgBR knockdown in control
PAECs decreased the tube formation to
41.5 (6 2.9)% of nonsilencing (NS) siRNA
transfected controls (n = 6, P , 0.05;
Figure 3C). The gaps for scratch recovery
increased from 363.2 (6 10.1) to 538.4
(6 15.6) mm (n = 12, P , 0.05; Figure 3D)
with NgBR knockdown in control PAECs,
suggesting that knockdown of NgBR
can recapitulate the angiogenesis defects
observed in IPH PAECs. NgBR knockdown
did not affect cell viability and growth
by 6 and 24 hours (Figure 3E). These
results suggest that NgBR is essential
for maintaining the migration and
angiogenesis functions of PAECs.

NgBR Expression Modulates NO
and ROS Formation in PAECs
We previously reported that IPH PAECs
have decreased NO and increased ROS
levels due to eNOS uncoupling (26) and
increased reduced nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase

Figure 3. Altered NgBR level affects in vitro angiogenesis in PAECs. (A) Baseline in vitro tube formation was impaired in IPH PAECs; NgBR overexpression
rescued the in vitro tube formation defects of IPH PAECs. (B) NgBR overexpression increased the migration of IPH PAECs, as demonstrated by the
decreased gap for IPH PAECs overexpressing NgBR. (C) NgBR knockdown with siRNA-2 impaired in vitro tube formation of control PAECs. (D) NgBR
knockdown decreased the migration of control PAECs, as demonstrated by increased gap for control PAECs treated with NgBR siRNA-2. (E) NgBR
knockdown did not affect cell viability and growth. Open bar, control; closed bar, NgBR knockdown. *P , 0.05 compared with empty plasmid; †P, 0.05
compared with NS siRNA. Data are shown as mean (6 SE).
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activity (25). We examined whether the
decreased NgBR expression in IPH PAECs
is related to altered NO and ROS formation
using DAF and DHE staining, respectively,
as described previously (25, 26). As shown
in Figure 4A, NgBR overexpression in IPH
PAECs increased the DAF fluorescence
from 2.84 (6 0.30) 3 106 relative light
unit (RLU) to 10.82 (6 1.36) 3 106 RLU
(n = 5, P , 0.05, Figure 4A) whereas DHE
fluorescence decreased from 5.72 (6 0.62)3
106 RLU to 4.13 (6 0.61) 3 106 RLU

(n = 8, P , 0.05; Figure 4B). Consistent
with the epifluorescence results, NgBR
overexpression increased the total
NO2

21NO3
2 levels and decreased the

levels of 2-hydroxy-ethidium, a specific
marker for O2

2. Total NO2
21NO3

2 levels
in IPH PAECs with NgBR overexpression,
empty plasmid, and NgBR overexpression
with L-NG-nitroarginine (L-NNA)
treatment were 29.6 (6 4.7) pmoles/mg
total protein, 13.4 (6 1.2) pmoles/mg total
protein, and 11.0 (6 1.5) pmoles/mg total

protein, respectively (n = 6, P , 0.05 by
AONVA). 2-Hydroxy-ethidium levels,
reflecting O2

2 formation, decreased in IPH
PAECs after NgBR overexpression (0.0216
0.003 nmoles/mg protein) as compared
with empty plasmid control (0.030 6 0.002
nmoles/mg protein) (n = 6, P , 0.05).
No statistical difference in other indicators
(E1-E1, HE-E1, HE-HE, and E1) of ROS
was observed (P . 0.5).

NgBR knockdown in control
PAECs decreased DAF fluorescence from

Figure 4. Altered NgBR level affects nitric oxide (NO) and reactive oxygen species (ROS) formation in PAECs. (A) NgBR overexpression in IPH PAECs
increased 4-amino-5-methylamino-29, 79-difluorofluoresceine (DAF) fluorescence, indicating increased NO formation. (B) NgBR overexpression in
IPH PAECs decreased dihydroethidium (DHE) fluorescence, indicating decreased ROS formation. (C) NgBR knockdown in control PAECs decreased DAF
fluorescence and (D) increased DHE fluorescence. L-NAME, Nv-nitro-L-arginine methyl ester hydrochloride; SOD, polyethylene glycol–conjugated copper
zinc superoxide dismutase. *P , 0.05 compared with empty plasmid; #P , 0.05 compared with L-NAME treated cells; †P , 0.05 compared with
NS siRNA; ‡P , 0.05 compared with cells not treated with SOD. Data are shown as mean (6 SE).
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3.71 (6 0.48)3 106 RLU to 0.52 (6 0.05)3
106 RLU (n = 5, P, 0.05; Figure 4C),
whereas DHE fluorescence increased from
2.84 (6 0.43)3 106 RLU to 7.01 (6 1.46)3
106 RLU (n = 5, P , 0.05; Figure 4D).
The signals for DAF and DHE decreased
significantly with Nv-nitro-L-arginine
methyl ester hydrochloride and
polyethylene glycol–SOD treatments,
respectively, verifying the specificity of DAF
staining for NO production and DHE
staining for ROS formation. These results
suggest that NgBR facilitates the regulation
of NO and ROS formation in PAECs from
developing lungs.

NgBR Modulates eNOS Coupling
and the Levels of MnSOD and
GTP-Cyclohydrolase-I Proteins
NO is an important upstream and
downstream mediator of angiogenic factors
involved in blood vessel formation. As
shown in Figure 4A, NgBR overexpression
rescued the attenuation of DAF
fluorescence in IPH PAECs. This suggests

that NgBR facilitates coupled eNOS
activity. Consistent with the results of NO
levels, we observed increased eNOS
serine1179 phosphorylation (0.64 6 0.05 for
NgBR overexpression versus 0.40 6 0.05
for empty plasmid; n = 3, P , 0.05;
Figure 5A), dimer formation (1.15 6 0.0.07
for NgBR overexpression versus 0.71 6
0.03 for empty plasmid; n = 3, P , 0.05;
Figure 5B), and GTP-cyclohydrolase-I
(GCH1) protein levels (0.16 6 0.01 for
NgBR overexpression versus 0.11 6 0.01
for empty plasmid; n = 3, P , 0.05;
Figure 5A) in IPH PAECs overexpressing
NgBR. Total eNOS protein level did not
change after NgBR overexpression.
However, the signal for eNOS dimerization
was low, and required the use of Femto
mixed with Pico ECL (1:50) for detection of
eNOS dimer in IPH PAECs. Increased
eNOS phosphorylation at serine1179 and
dimer formation are two well known
indicators of eNOS activation (25, 26). In
addition, GCH1 is the rate-limiting enzyme
for the synthesis of tetrahydrobiopterin

(BH4), a required cofactor for coupled
eNOS activity (25). Increased GCH1
protein levels suggest that NgBR
overexpression facilitates eNOS recoupling
in IPH PAECs.

Increased ROS formation by NADPH
oxidase is known to contribute to the
impaired angiogenesis in IPH PAECs
(18, 26). We observed a decrease in DHE
fluorescence in IPH PAECs overexpressing
NgBR, suggesting decreased ROS formation
(Figure 4B). However, we did not observe
any change in the levels of NADPH oxidase
subunits, either p47phox or gp91phox

(Figure 5C). We observed a modest
increase in MnSOD protein levels with the
overexpression of NgBR (1.69 6 0.10 for
NgBR overexpression versus 1.27 6 0.02
for empty plasmid; n = 3, P , 0.05;
Figure 5C), which may lead to more
efficient scavenging of ROS and increased
NO bioavailability. Although the MnSOD
protein levels only increased by one-third,
MnSOD-specific activity in IPH PAECs
increased significantly, by approximately

Figure 5. NgBR level modulates endothelial NO synthase (eNOS) phosphorylation and GTP-cyclohydrolase-1 (GCH1) and manganese superoxide
dismutase (MnSOD) protein levels in PAECs. NgBR overexpression (OE) increased GCH1 protein level (A), eNOS phosphorylation, eNOS dimer formation
(B), and MnSOD level (C) in IPH PAECs. NgBR knockdown (KD) decreased GCH1 level (D), eNOS phosphorylation (D) and dimer formation (E), and
MnSOD level (F) in control PAECs. Open bar, control; closed bar, NgBR overexpression or knockdown. *P, 0.05 compared with control. Data are shown
as mean (6 SE).
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56%, from 2.84 (6 0.12) to 4.43 (6 0.15)
U/mg protein after NgBR overexpression
(n = 5, P , 0.05). Our previous observation
that impaired MnSOD transport into
mitochondria contributes significantly to
the decreased MnSOD activity in IPH
PAECs may explain the discrepancy
between MnSOD levels and MnSOD
activity that we observed in this study (19).

To verify the role of NgBR in eNOS
activation and ROS formation further, we
performed NgBR knockdown in control
PAECs. NgBR knockdown decreased eNOS
phosphorylation (0.40 6 0.11 for NgBR
knockdown versus 1.35 6 0.12 for NS
siRNA; n = 3, P , 0.05) and GCH1 protein
levels (0.10 6 0.01 for NgBR knockdown
versus 0.20 6 0.01 for NS siRNA; n = 3,
P , 0.05) in control PAECs (Figure 5D).
There was no change in eNOS protein level,
but dimer formation decreased after NgBR
knockdown (0.02 6 0.01 for NgBR
knockdown versus 0.05 6 0.01 for NS
siRNA; n = 3, P , 0.05; Figure 5E).
Similarly, NgBR knockdown decreased
MnSOD protein levels in control PAECs
(0.48 6 0.02 for NgBR knockdown versus
0.67 6 0.04 for NS siRNA; n = 3, P , 0.05;
Figure 5E).

We investigated the mechanism(s) by
which NgBR recouples eNOS in IPH
PAECs further using VEGF stimulation.
NgBR overexpression increased basal eNOS
serine1179 phosphorylation and VEGF-
stimulated eNOS phosphorylation by
roughly 2.4-fold and roughly 1.9-fold,
respectively, in IPH PAECs (Figure 6A).
Parallel to the change in eNOS
phosphorylation, NgBR overexpression also
increased basal Akt phosphorylation and
VEGF-stimulated Akt phosphorylation
to roughly 2.5 fold and roughly 1.5-fold,
respectively, in IPH PAECs (Figure 6A).
NgBR knockdown in control PAECs
resulted in reciprocal changes with
decreased eNOS and Akt phosphorylation
under basal and VEGF stimulation
conditions (Figure 6B).

ROS Affect NgBR Levels in PAECs
We also investigated whether ROS affect NgBR
levels in PAECs. We treated control PAECs
with 40 mM H2O2 every 8 hours, for 24 or
48 hours, to increase ROS formation, or
treated IPH PAECs with 500 mM
N-acetylcysteine (NAC), a thiol-containing
antioxidant, every 24 hours for 48 hours to
decrease ROS. H2O2 treatment of control
PAECs decreased the NgBR protein levels

at both 24 and 48 hours (0.41 6 0.07 for
H2O2 24 h versus 0.31 6 0.03 for H2O2

48 h versus 0.81 6 0.03 for control; n = 3,
P , 0.05; Figure 7A). In contrast, NAC
treatment of IPH PAECs increased the
NgBR protein levels (0.14 6 0.02 for NAC
versus 0.06 6 0.01 for untreated IPH
PAECs; n = 4, P , 0.05; Figure 7B). These
findings suggest that ROS levels in PAECs
modulate the expression of NgBR in PAECs.

Discussion

Our study provides novel data on the role
of NgBR in the evolution of IPH-related
defects in blood vessel formation in the
developing lungs. Our results show that
NgBR levels are decreased, whereas Nogo-B
is increased, in IPH lungs of fetal lambs,

a widely used model of PPHN, and that
altered NgBR expression in PAECs impairs
in vitro angiogenesis. We observed these
alterations of NgBR in both cultured PAECs
and in the intact lungs, suggesting that these
changes are significant to the evolution of
IPH. We also demonstrated that the altered
NgBR expression in PAECs modulates NO
levels and ROS formation by affecting eNOS
coupling and MnSOD expression/activity,
respectively. We previously reported that
IPH PAECs have several phenotype changes,
including eNOS uncoupling (17), decreased
GCH1 expression and BH4 formation (25),
decreased MnSOD expression and activity
(19), and increased NADPH oxidase activity
(18, 26). These phenotype changes in IPH
PAECs lead to decreased NO and increased
ROS formation, which together contribute
to the impaired angiogenesis (18). The

Figure 6. NgBR modulates eNOS coupling through Akt pathway. (A) NgBR overexpression in IPH
PAECs increased the basal phosphorylation of eNOS and Akt, as well as vascular endothelial
growth factor (VEGF)-stimulated phosphorylation of eNOS and Akt. (B) NgBR knockdown in control
PAECs decreased the basal phosphorylation of eNOS and Akt, as well as VEGF-stimulated
phosphorylation of eNOS and Akt. Open bar, empty plasmid or NS siRNA transfected unstimulated
PAECs; closed bar, plasmid or siRNA transfected unstimulated IPH PAECs; hatched bar, VEGF-
stimulated empty plasmid or NS siRNA transfected PAECs; back-hatched bar, VEGF-stimulated,
plasmid, or siRNA transfected PAECs. *P , 0.05 compared with the corresponding unstimulated
PAECs group for empty, NgBR plasmid or NS siRNA transfected cells; ‡P , 0.05 compared with
empty plasmid or NS siRNA transfected, unstimulated PAECs; †P , 0.05 compared with plasmid or
siRNA transfected, unstimulated PAECs. Data are shown as mean (6 SE).
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increased levels of MnSOD and GCH1 after
NgBR overexpression in IPH PAECs may
facilitate eNOS recoupling. As expected,
these changes were associated with an
observed improvement in angiogenesis. The
molecular mechanism(s) by which NgBR
increases MnSOD and GCH1 protein levels
requires further investigation.

Our data also suggest that ROS
formation affects the expression of NgBR
in PAECs (Figure 7). Exposure to H2O2,
which increases ROS levels in control
PAECs (26, 28), has led to decreased NgBR
protein levels, similar to our observation in
IPH PAECs. In contrast, scavenging ROS
by NAC increased the NgBR expression
in IPH PAECs. Our findings suggest that
ROS levels in IPH may contribute to
decreases in NgBR expression in PAECs.

Although the ligand, Nogo-B, plays an
important role in blood vessel formation

and maintenance, its depletion in mice is
nonlethal (29). We hypothesized that NgBR
may have more critical roles in modulating
angiogenesis (13). As shown in our
previous report (13), ablation of NgBR in
zebrafish resulted in more severe defects
of intersomitic blood vessel formation
compared with the defects caused by Nogo-
B deficiency (29). In addition, NgBR
knockdown in human umbilical vein
endothelial cells not only abolished Nogo-
B–stimulated cell migration, but also
reduced VEGF-stimulated cell migration
(13). These data suggest that NgBR
is also essential for other angiogenic
factors besides Nogo-B. Here, our results
demonstrated that changes in NgBR
expression altered the in vitro angiogenesis
of PAECs. Mechanistically, the increased
MnSOD expression and activity in IPH
PAECs overexpressing NgBR may lead to

decreased ROS levels and increased NO
bioavailability. Increased GCH1 levels
observed in IPH PAECs with NgBR
overexpression may help recouple eNOS
by increased BH4 formation (25). This
possibility is further supported by increased
eNOS ser1179 phosphorylation and dimer
formation, NO levels, and decreased ROS
formation after NgBR overexpression in the
IPH PAECs. The observed changes in Akt
phosphorylation after changes in NgBR
expression strongly suggest that NgBR also
modulates Akt/eNOS signaling pathway.
The detailed molecular mechanism by
which NgBR regulates expression of GCH1
and MnSOD, as well as phosphorylation of
Akt and eNOS, requires further
investigation.

In conclusion, our data demonstrate
that NgBR modulates angiogenesis in the
developing lungs through increased Akt/
eNOS activity and MnSOD expression/
activity in PAECs. To the best of our
knowledge, this is the first report of
a relationship between NgBR expression
and eNOS activation. Our study provides
new insights into the mechanistic role of
NgBR in the impaired angiogenesis in IPH.
Further understanding of the molecular
mechanisms by which IPH decreases NgBR
expression may facilitate development of
new therapeutic approaches to restore
lung growth in IPH. n
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