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Combined iNO and endothelial progenitor cells improve lung
alveolar and vascular structure in neonatal rats exposed to

prolonged hyperoxia

Aizhen Lu', Bo Sun? and Liling Qian'

BACKGROUND: Stem cells or inhaled nitric oxide (iNO) are
reported to improve lung structures in bronchopulmonary
dysplasia (BPD) models. We hypothesized that combined iNO
and transplanted endothelial progenitor cells (EPCs) might
restore lung structure in rats after neonatal hyperoxia.
METHODS: Litters were separated into eight groups: room
air, hyperoxia, hyperoxia + iNO, hyperoxia + iINO + L-NAME,
hyperoxia + EPCs, hyperoxia + EPCs + L-NAME, hyper-
oxia + EPCs + iNO, and hyperoxia + EPCs + iNO + L-NAME.
Litters were exposed to hyperoxia from the 21st day, then,
sacrificed. EPCs were injected on the 21st day. L-NAME was
injected daily for 7 d from the 21st day. Serum vascular endo-
thelial growth factor (VEGF), radial alveolar count (RAC), VIII
factor, EPCs engraftment, lung VEGF, VEGFR2, endothelial nitric
oxide (eNOS) and SDF-1 expression, and NO production were
examined.

RESULTS: Hyperoxia exposure led to air space enlargement,
loss of lung capillaries, and low expression of VEGF and eNOS.
Transplanted EPCs, when combined with iNO, had significantly
increased engraftment in lungs, compared to EPCs alone,
upon hyperoxia exposure. There was improvement in alveo-
larization, microvessel density, and upregulation of VEGF and
eNOS proteins in the hyperoxia-exposed EPCs with iNO group,
compared to hyperoxia alone.

CONCLUSION: Combined EPCs and iNO improved lung
structures after neonatal hyperoxia. This was associated with
the upregulation of VEGF and eNOS expression.

ronchopulmonary dysplasia (BPD) is a chronic lung

disease associated with significant mortality and mor-
bidity in premature infants. New BPD is characterized by
arrested alveolar and vascular growth (vascular hypothesis
of BPD) (1,2). Alveolar formation is a highly coordinated
process between the development of airways and pulmonary
vasculature (3). Exposure to inflammation caused by exces-
sive O, supplementation is hypothesized to interfere with the
coordinated process of normal human lung development.
Neonatal hyperoxia exposure is known to disrupt alveolar

formation and growth, providing a useful model for study-
ing BPD (4).

Cell-based therapy is a novel approach that offers much
promise in the prevention and treatment of BPD, including
embryonic stem cells, mesenchymal stem cells, placental stem
cells, umbilical cord stem cells, amniotic fluid and amnion-
derived cells, and lung progenitor cells. Endothelial progeni-
tor cells (EPCs) are precursors of endothelial cells, which have
the capacity of self-renewal and proliferation. EPCs is one of
the key cells mediating vascular growth, which can mobilize
from bone marrow and home to the site of vascular injuries,
promoting neovascularization (5). There is data showing that
reduced numbers or dysfunction of EPCs at birth is associated
with the development of BPD (6,7). In addition, a reduction in
the number of EPCs in the bone marrow, circulation and lungs
has also emerged in animal models of BPD (8). Evidences that
angiogenic cells treatment can restore lung structure have been
demonstrated. Balasubramaniam et al. (9) showed that bone
marrow-derived angiogenic cells injected into the pulmo-
nary circulation can restore lung alveolar and vascular struc-
ture after neonatal hyperoxia in infant mice. Grisafi et al. (10)
showed that amniotic fluid stem cells delivered intratracheally
can restore partly alveolarization and angiogenesis in an adult
rat model of hyperoxia lung injury. Although stem cell therapy
is a promising novel therapy for vascular injury-related dis-
eases, studies have demonstrated that only a small portion of
transplanted cells can home to the target (11,12).

Previous studies suggest that impaired nitric oxide (NO)
production may contribute to the pathogenesis of BPD
(13,14), and that administration of NO (inhaled NO or NO
donor) can improve lung vascular and airspace structure in
newborns or BPD models (15-17). However, the reasons that
NO improves lung structures are not well defined, a likely
hypothesis is that NO promotes angiogenesis (18). This
effect is partly mediated via the synthesis of vascular endo-
thelial growth factor (VEGF) (19). In addition, mice defi-
cient in endothelial nitric oxide synthase (eNOS) have been
shown to display reduced EPCs mobilization and impaired
angiogenesis (20), suggesting that NO may be required for
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Figure 1. Characterization of isolated endothelial progenitor cells (EPCs).
(@) Bone marrow derived mononuclear cells appeared as spindle-shaped
and cluster arrangement after 5 d of culture under endothelial-specific
conditions. Magnification x100, bar = 100 um. (b) Testing of Dil-acLDL
uptake and FITC-UEA-1 binding revealed that most of the cells were
double Dil-acLDL/FITC-UEA-1 positive, indicating that the isolated mono-
nuclear cells were EPCs. Magnification X200, bars = 50 um. (c) Flow cytom-
etry showed that the cultured mononuclear cells were mostly CD34* cells.
Left panel showed the scatter plot and right panel showed the histogram
of cultured cells.

EPC-induced angiogenesis. NO has been reported to modify
differentiation, survival, and adhesion of EPCs in vitro (21),
which are important factors in EPCs homing to and incorpo-
ration into regions of vascular injury.

In our previous studies, we observed that circulating EPCs
levels were reduced in infants with BPD, and that inhaled NO
(iNO) increased circulating EPCs number and expression of
serum VEGF (22). We also found that iNO upregulated VEGE
vascular endothelial growth factor receptor 2 (VEGFR2), and

Copyright © 2015 International Pediatric Research Foundation, Inc.

25 1

20 +

*

|
10 1 T
5 - | |
0 L) LI I I ]
RA  H HN HNL HE

Figure 2. Effect of transplanted endothelial progenitor cells (EPCs) and
inhaled nitric oxide (iNO) treatment on serum VEGF (n = 15, *P < 0.05).

— represents group of HE, HEL, HEN, and HENL. H, group of hyperoxia;
HN, group of hyperoxia + iNO; HNL, group of hyperoxia + iNO + L-NAME;
HE, group of hyperoxia +EPCs; HEL, group of hyperoxia + EPCs + L-NAME;
HEN, group of hyperoxia + EPCs + iNO; HENL, group of hyper-

oxia + EPCs + iNO + L-NAME; RA, group of room air; VEGF, vascular endo-
thelial growth factor.

Serum VEGF (pg/ml)
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eNOS expression in the lungs of animal with acute lung injury
and promoted EPCs mobilization from bone marrow (23), and
VEGF plays an important role in EPCs homing (24). In the
present study, we established a BPD model with a prolonged
hyperoxia exposure, mimicking the clinical late phase of BPD.
We treated the models with iNO and EPCs, and hypothesized
that the combined treatment could improve structures of alve-
oli and vessels, which was possibly contributed by the increase
of transplanted EPCs homing to the lungs associated with the
upregulation of VEGF and eNOS expression in the lungs after
iNO treatment.

RESULTS

Characterization of EPCs

Bone marrow-derived mononuclear cells cultured under
endothelial-specific conditions developed a spindle-shaped
appearance by day 5 and a typical cell cluster by day 7
(Figure 1a). The confluence of cells was about 80% at day 7.
The differentiating EPCs were positive for Dil-ac-LDL uptake
and FITC-UEA-1 binding. About 85% of the cells demon-
strated expression of both these markers (Figure 1b), which
is compatible with differentiating EPCs. Flow cytometry
demonstrated positive staining for CD34 in about 70% of
cells (Figure 1c). These data confirmed that the cultured cells
were mostly EPCs.

Body Weight

There was no significant difference in body weight at the
day 0 among eight groups. The body weight at the day 28
was significantly different among eight groups. In compari-
son with room air controls (RA group), hyperoxia (H group)
caused a significant reduction in body weight (67.5+4.4 g vs.
46.0+2.7 g, P <0.05). Body weight was higher in the animals of
iNO and/or EPCs treatment groups (hyperoxia + iNO (HN),
hyperoxia + iNO + L-NAME (HNL), hyperoxia +EPCs (HE),
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Figure 3. Engraftment of transplanted endothelial progenitor cells (EPCs) in lungs. (a) Engraftment of transplanted EPCs in lungs with immunohisto-
chemical 5-Bromo-2-deoxyUridine (BrdU) staining. Upper panel shows the representative photomicrographs; black arrows point to the stained engrafted
cells. Magnification x200, bar = 50 um. The bottom panel shows the mean number of transplanted EPCs per high-powered field (n = 15, *P < 0.05). (b)
Transplanted EPCs engraftment in lungs with immunofluorescent BrdU staining. Upper panel shows the representative photomicrographs; white arrows
point to the stained engrafted cells. Magnification x100, bar = 100 um. The bottom panel shows the mean number of transplanted EPCs per high-pow-
ered field (n = 15, *P < 0.05). HE, group of hyperoxia +EPCs; HEL, group of hyperoxia + EPCs + L-NAME; HEN, group of hyperoxia + EPCs + iNO; HENL, group

of hyperoxia + EPCs + iNO + L-NAME.

hyperoxia + EPCs + L-NAME (HEL), hyperoxia + EPCs +iNO
(HEN), and hyperoxia + EPCs + iNO + L-NAME (HENL))
comparing with that in mono-hyperoxia group (H)
(50.9+1.6g, 40.5+0.9g, 52.2+1.8g, 50.1+0.7g, 50.3+3.1g,
0.2+1.66g vs. 46.0+2. 7g, P < 0.05, respectively). Body
weights were not significantly different among iNO and/or
EPCs treatment groups.

Serum VEGF

There was a significant difference among the serum VEGF con-
centration of the eight groups (Figure 2). The serum VEGF in
the HN group was significantly higher than that in the H group
(13.9+1.66 pg/mlvs. 6.38 £0.719 pg/ml, P < 0.05, n = 15). And
the serum VEGF in the HE group was significantly higher than
that in the HN group (14.7 £5.64 pg/ml vs. 13.9+1.66 pg/ml,
P <0.05, n = 15). The serum VEGEF level in EPCs intervention
groups (HE, HEL, HEN, and HENL groups) was significantly
higher than that in the non-EPCs intervention groups (RA and
H groups, P < 0.05, respectively). There was no difference in
concentration among EPCs intervention groups (HE, HEL,
HEN, and HENL groups).

786 Pediatric RESEARCH Volume 77 | Number 6 | June 2015

Engraftment of Transplanted EPCs in Lungs
Immunohistochemistry and immunofluorescence revealed
transplanted EPCs labeled with 5-Bromo-2-deoxyUridine
(BrdU) engrafted in subendothelial and alveolar interstitial
locations of the lung (Figure 3, n=15). iNO (HEN group) pro-
moted greater localization of transplanted EPCs in the lungs
than EPCs alone (HE group) (P < 0.05), treatment of neonatal
rats with L-NAME (HEL and HENL group) suppressed the
localization of transplanted EPCs in lungs (P < 0.05, respec-
tively) more than EPCs intervention alone (HE group) or EPC
plus iNO (HEN group).

Lung Morphometry

Neonatal exposure to hyperoxia resulted in a simplified lung
structure, characterized by enlarged air spaces and a reduc-
tion in the complexity of lung structure (Figure 4a, RA vs. H;
n=15). The restoration of lung air space was quantified by mor-
phometric analysis (Figure 4c, n = 15). Comparing with RA
group, the radial alveolar count (RAC) in the hyperoxia groups
(H, HN, HNL, HE, HEL, HEN, and HENL) were significantly
less (P < 0.05, respectively). Comparing with mono-hyperoxia

Copyright © 2015 International Pediatric Research Foundation, Inc.
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Figure 4. Effects of transplanted endothelial progenitor cells (EPCs) and inhaled nitric oxide (iNO) treatment on RAC and microvessel density.

(a) Representative photomicrographs illustrating lung morphology from different groups. Magnification X200, bar = 50 um. (b) Representative photo-
micrographs illustrating factor VIII staining used to identify microvessel density in the lungs. Black arrows point to microvessels, magnification x200,

bar = 50 um. (c) Effects of transplanted EPCs and iNO treatment on RAC (n = 9; °P < 0.05 vs. H, HN, HNL, HE, HEL, HEN, and HENL; *P < 0.05). (d) Effects of
transplanted EPCs and iNO treatment on microvessel density (n = 9; 5P < 0.05 vs. H, HN, HNL, HE, HEL, HEN, and HENL; *P < 0.05). — represents group of
HN, HNL, HE, HEL, HEN, and HENL. H, group of hyperoxia; HN, group of hyperoxia + iNO; HNL, group of hyperoxia + iNO + L-NAME; HE, group of hyperoxia
+EPCs; HEL, group of hyperoxia + EPCs + L-NAME; HEN, group of hyperoxia + EPCs + iNO; HENL, group of hyperoxia + EPCs + iNO + L-NAME; RA, group of

room air; RAC, radial alveolar count.

treatment (H), treatment with iNO (HN) or EPCs (HE) only
did not increase RAC significantly (8.03+0.27, 8.26+0.34 vs.
7.98+0.23, respectively). However, combined iNO and EPC
treatment improved the RAC significantly compared with
hyperoxia treatment (8.59 £ 0.26 vs. 7.98+0.23, P < 0.05).

Lung Microvessels

The lung microvessel density was significantly different among
eight groups (Figure 4b,d, n = 15). Factor VIII staining showed
that the lung microvessel density of hyperoxic rats (H, HN,
HNL, HE, HEL, HEN, and HENL) was significantly less than
that of normoxic rats (RA) (P < 0.05, respectively). iNO and/
or EPCs treatments (HN, HNL, HE, HEL, HEN, and HENL)
increased microvessel density significantly compared with
hyperoxia alone (H group) (P < 0.05, respectively). Comparing
with iNO treatment (HN and HNL), EPCs treatment (HE and
HEN) increased microvessel density dramatically (P < 0.05,

Copyright © 2015 International Pediatric Research Foundation, Inc.

respectively). L-NAME (HENL group) significantly inhibited
the improvement of microvessel density compared with EPCs
plus iNO intervention (HEN) (P < 0.05).

Lung VEGF, VEGFR2, and eNOS Expression

There was a significant difference in VEGF mRNA expression
among the eight groups (Figure 5a, n = 15). VEGF mRNA
expression was significantly lower in the hyperoxia groups (H,
HN, HNL, HE, HEL, HEN, and HENL) than that in the RA
group (P < 0.05, respectively). EPCs treatment (HE) improved
VEGF mRNA expression significantly than that in the H group
(0.69+0.09 vs. 0.23+0.16, P < 0.05). L-NAME (HEL) inhibited
thisincrease (0.31+0.08 vs.0.69 +0.09, P < 0.05). There was a sig-
nificant difference in VEGF protein expression among the eight
groups (Figure 5b, n = 15). The hyperoxia group (H) had less
VEGF protein expression than that in the RA group (0.52+0.01
vs. 0.82+0.01, P < 0.05). iNO (HN) or EPCs treatment (HE)

Volume 77 | Number 6 | June 2015 Pediatric RESEARCH 787
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Figure 5. Effect of transplanted endothelial progenitor cells (EPCs) and inhaled nitric oxide (iNO) treatment on lung VEGF, VEGFR2, eNOS, and SDF-1

expression. (a) Effect of transplanted EPCs and iNO treatment on mRNA expression of lung VEGF, VEGFR2, eNOS, and SDF-1 (n = 15, *P < 0.05)—in the first
and second panel represents groups of H, HN, HNL, HE, HEL, HEN, and HENL. (b) Effect of transplanted EPCs and iNO treatment on protein expression of
lung VEGF, VEGFR2, and eNOS. The upper panel shows the protein expression of lung VEGF, VEGFR2, and eNOS by western blot, and the bottom panel
shows the effects of EPCs and iNO treatment on protein expression of lung VEGF, VEGFR2, and eNOS (n = 15, *P < 0.05)—in the subpanel of VEGF relative
intensity represents groups of H, HN, HNL, HE, and HEL—in the subpanel of eNOS relative intensity represents HN, HNL, HE, HEL, HEN, and HENL. eNOS,
endothelial nitric oxide synthase; H, group of hyperoxia; HN, group of hyperoxia + iNO; HNL, group of hyperoxia + iNO + L-NAME; HE, group of hyperoxia
+EPCs; HEL, group of hyperoxia + EPCs + L-NAME; HEN, group of hyperoxia + EPCs + iNO; HENL, group of hyperoxia + EPCs + iNO + L-NAME; RA, group of

room air; SDF-1, stromal cell-derived factor-1; VEGF, vascular endothelial growth factor; VEGFR2, vascular endothelial growth factorreceptor 2. GAPDH,

glyceraldehyde-3-phosphate dehydrogenase.

only did not increase VEGF protein expression in the lung. The
EPC plus iNO (HEN) improved VEGF protein expression than
iNO (HN) or EPCs (HE) did (P < 0.05, respectively).

There was a significant difference in VEGFR2 mRNA expres-
sion among the eight groups (Figure 5a, n = 15). VEGFR2
mRNA expression was significantly lower in the hyperoxia
intervention groups (H, HN, HNL, HE, HEL, HEN, and
HENL) than in the air group (P < 0.05, respectively). However,
no significant difference was found in VEGFR?2 protein expres-
sion among the six groups (Figure 5b, n = 15).

There was a significant difference in the eNOS mRNA expres-
sion among the eight groups (Figure 5a, n = 15). The hyper-
oxia group (H) had significantly less eNOS mRNA expression
than that in the RA group (0.46 £0.10 vs. 0.05+0.36, P < 0.05).
iNO (HN) or EPCs treatment (HE) only did not increase
eNOS expression in the lung. The EPCs plus iNO improved
eNOS mRNA expression than hyperoxia (H) (0.96+0.57 vs.
0.46+0.10, P < 0.05). There was a significant difference in
eNOS protein expression among the eight groups (Figure 5b,
n =15). Compared with the RA group, hyperoxia (H) inhibited

788 Pediatric RESEARCH Volume 77 | Number 6 | June 2015

the eNOS protein expression significantly (0.32+0.01 vs.
0.51+0.03, P < 0.05). eNOS protein expression was signifi-
cantly higher in the iNO and/or EPCs treatment groups (HN,
HNL, HE, HEL, HEN, and HENL) than that in the RA or H
group (P < 0.05, respectively).

No difference was found in the SDF-1 mRNA expression
among the eight groups (Figure 5a).

NO Production
There was no significant difference in lung NO production
among the eight groups.

DISCUSSION

We found that ex vivo generated EPCs could home to hyper-
oxic lungs of neonatal rats. iINO improved the engraftment of
transplanted EPCs in hyperoxic lungs. Combined EPC trans-
plantation and iNO could improve lung structures after neona-
tal hyperoxia. This may be associated with the upregulation of
VEGF and eNOS expression in the lungs.

Copyright © 2015 International Pediatric Research Foundation, Inc.
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Figure 6. Study design and treatment protocols. One-day-old
Sprague-Dawley rats were maintained in room air (group of RA) or
exposed to hyperoxia (FiO, 85%, group of H, HN, HNL, HE, HEL, HEN,

and HENL). Litters had been exposed to iNO (5 ppm) for 7 d from the
21st day of the experiment in the group of HN, HNL, HEN, and HENL.
Animals received EPCs (1 x 10° cells) by tail vein injection on the 21st

day of the experiment in the group of HE, HEL, HEN, and HENL. Animals
were administered with L-NAME (20 mg/kg/day) daily for 7 d by intra-
peritoneal injections from the 21st day of the experiment in the group
of HNL, HEL, and HENL. All litters were sacrificed on the 28th day of the
experiment for blood and lung evaluations. EPCs, endothelial progenitor
cells; H, group of hyperoxia; HN, group of hyperoxia + iNO; HNL, group of
hyperoxia + iNO + L-NAME; HE, group of hyperoxia +EPCs; HEL, group of
hyperoxia + EPCs + L-NAME; HEN, group of hyperoxia + EPCs + iNO; HENL,
group of hyperoxia + EPCs + iNO + L-NAME; RA, group of room air.

Identification of EPCs

The identification of EPCs included morphological, func-
tional, and phenotypic testing. The cultured EPCs were spin-
dle-shaped cells. EPCs are endothelial precursor cells that have
endothelial cell function. This includes ac-LDL uptake and
UEA-1 binding (25). At present, there is controversial regard-
ing EPC phenotype. Murine bone marrow-derived EPCs have
a high CD34* cell content (26). The cells we cultured were
spindle-shaped, demonstrated ac-LDL uptake and UEA-1
binding, and expressed CD34. This suggested that the cells we
cultured were EPCs.

Combined EPC Transplantation and iNO Improved Lung

Structure in an Animal Model of Hyperoxic Lung Injury

Injected venous EPCs migrated and engrafted into lungs
of neonatal hyperoxic rats, and improved lung vascular-
ity significantly. Mono-EPCs treatment did not improve
alveolar structure as determined by RAC measurements.
When combined with iNO, both the lung airspaces and vas-
cularity were significantly improved, suggesting that EPCs

Copyright © 2015 International Pediatric Research Foundation, Inc.

transplantation and iNO can effect synergistically in hyper-
oxic lungs.

EPCs may have a beneficial effect on BPD. The distal lung
harbors EPCs (27) that contribute to lung repair, and their
depletion in the developing lung is associated with arrested
lung development (28,29). Studies showed that provided
angiogenic cells could promote alveolar and vascular growth
after neonatal hyperoxic exposure, and restore lung structure
to normal in infant mice (9). However, in this study, we found
that in the late phase of BPD, a single dose of EPCs adminis-
tered through the peripheral venous route only increased lung
microvessels, with no improvement in alveolar structure as
determined by RAC measurements. Compared with the two
previous studies (9,10), the reason why mono-EPCs treatment
did not result in any improvement in alveolar structure could
be due to the selected route of administration.

It has been reported that iNO can improve lung structure
after hyperoxic injury. Inflammation plays an important role
in the development of hyperoxic lung injury. iNO can down-
regulate NF-xB transcription factors (30), reduce expression
of proinflammatory cytokines, inhibit leukocyte trafficking
in lungs and release of inflammatory mediators (31), protect
barrier function of the alveolar capillary membrane (32), and
increase the antioxidant capacity of the lungs (33). In addition,
provided with NO donor (17), could improve alveolar and vas-
cular growth of hyperoxia-injuried lungs, which may be related
with the increased expression of VEGF and eNOS in the lung.
In this study, we used iNO from the 21st day of the experiment
with a low dose of 5 ppm. This mono-iNO treatment did not
improve neither vascular nor alveolar growth, and this may
be related to the dose of iNO used. However, we found that
mono-iNO treatment improved serum and lung VEGF expres-
sion. We also found that addition of iNO could increase the
engraftment of EPCs in lungs, increase lung microvessels and
improve alveolar structure.

Lung eNOS and VEGF Were Increased When Combining EPCs
Transplantation With iNO
Hyperoxia decreased the amount of lung VEGF and eNOS
expression. iNO and/or EPCs treatment increased VEGF
mRNA and eNOS expression in the lungs. Compared with iNO
or EPCs alone, EPCs plus iNO promoted more transplanted
EPCs engraftment in the lungs and increased VEGF protein
expression, but did not increase eNOS expression in the lungs.
eNOS is a biomarker for EPCs (34). In vitro studies have
shown that eNOS/NO signaling enhance the mobilization,
homing, and adhesion of EPCs (35,36). eNOS/NO signal-
ing is associated with BPD (13). On the basis of these stud-
ies, we speculated that transplanted EPCs engrafted the lungs,
expressed more eNOS, produced more internal NO, and
enhanced production of VEGF mRNA in the lungs.

EPCs plus iNO increased VEGF expression in the lungs.
VEGEF is an important growth factor for angiogenesis during
lung development. It was reported that NO induces VEGF
synthesis (37), and VEGF induces EPCs mobilization and
migration and incorporation into damaged vessels (20). We

Volume 77 | Number 6 | June 2015 Pediatric RESEARCH 789
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speculated that iNO increased NO levels in the lungs, stimu-
lating local VEGF production, which helped capture migrating
EPC:s for new lung vasculature. However, we found no signifi-
cant difference in lung NO production in the eight groups.

SDEF-1 is an important cytokine for EPCs mobilization and
homing. However, in our study, we found that hyperoxia
decreased the expression of SDF-1, but it was not statistically
significant. Transplanted EPCs and EPCs plus iNO did not
improve SDF-1 expression in the lungs. Qi et al. (23) reported
that the expression of SDF-1 was elevated in plasma from a pig-
let model of acute lung injury. There are few reports of SDF-1
expression in lung diseases. We speculate that variable detec-
tion times may be the reason for these inconsistent results.

The present study has some limitations. First, we did not test
different doses of iNO to find the optimal concentration of
improving lung structure. Second, we used L-NAME (a pan-
NOS inhibitor) to suppress the activity of eNOS. However,
L-NAME also can decrease matrix metalloproteinase-12
(MMP-12) and increase in matrix metalloproteinase inhibitor
1 (TIMP-1) and TIMP-2 expression, leading to improved alve-
olar structure (38). We did not examine this effect in this study.

Collectively, our animal model mimics one extreme clinical
situation, namely those newborns who need oxygen for a very
long period even if their lung growth has already arrested. Our
study showed the therapeutic effects of combining EPCs trans-
plantation with iNO on the arrested lung growth of long period
hyperoxic injury. It has been reported that EPCs improve lung
structure by secreting angiocrine, which induces and sustains
regenerative lung alveolarization (39). In addition, NO has
been reported to promote angiogenesis (18). In this study, we
observed that lung eNOS and VEGF expression were increased
after this combining treatment, suggesting that combining
iNO and EPCs promote angiogenisis synergistically. However,
the exact mechanism of how combination treatment improves
lung structure is a more complicated process, requiring further
investigation.

METHODS

Ethics Statement

Animal study protocols were carried out in conformity with the
Institutional Guidelines for the Care and Use of Laboratory Animals
and approved by the Animal Ethics Committee of Children’s Hospital
of Fudan University (Permit Number: 2010002). All surgery was
performed under anesthesia, and all efforts were made to minimize
suffering.

Animals and Study Design

Four-week-old Sprague-Dawley rats weighing 60-80 g and 18-d preg-
nant Sprague-Dawley rats were purchased from Shanghai Slaccas
Laboratory Animal and maintained at the animal center of our hos-
pital. Litters from pregnant rats were allowed to deliver and recover
in room air for 24 h after birth. Neonatal rats were randomly distrib-
uted into the following eight groups: RA, H, HN, HNL, HE, HEL,
HEN, and HENL. Fifteen newborn rats were placed in each group
(Figure 6). Briefly, litters with hyperoxia were maintained in a cham-
ber and exposed to 85% O, for 28 d. Tail vein injection of EPCs (1 x 10°
cells) was performed on the 21st day of the experiment in the group of
HE, HEL, HEN, and HENL. L-NAME was injected intraperitoneally
daily for 7 d (20 mg/kg/day) from the 21st day of the experiment in
the group of HNL, HEL, and HENL. iNO (5 ppm) has been admin-
istered for 7 d from the 21st day of the experiment in the group of
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HN, HNL, and HENL. NO gas at 1,000 ppm (Noventek, Shanghai,
China) was supplied to the inspiratory line, and mixed gas containing
85% O, and NO was delivered to the chamber at a flow rate of 9-10
/min. This rapid flow was employed to minimize the transit time
of NO in the chamber, thereby lowering the concentration of NO,.
Concentrations of NO and NO, were monitored continuously at the
exhalation line with an electrochemical NO/NO, analyzer (Bedfont,
Rochester, UK). Measured NO, concentration was less than 1 ppm
during experiment. Silicon dioxide was used to maintain humidity
less than 70% and soda lime to maintain CO, levels less than 0.05%.
Inspired oxygen levels and humidity were monitored and recorded
three times daily. Lactating dams were switched daily between hyper-
oxia exposure and room air to minimize prolonged oxygen toxicity.

Isolation and Characterization of Bone Marrow-Derived EPCs
Mononuclear cells were isolated from the femoral and tibia bone
marrow of 4-wk-old rats using density gradient centrifugation with
percoll-1083 (Sigma, St. Louis, MO). Cells were placed on six-well
plates coated with fibronectin (Sigma), and cultured in EGM-2MV
medium (Lonza, Allendale, NJ). After 3 d culture, nonadherent cells
were removed by washing with Dulbecco’s phosphate-buffered saline,
and then new medium was added. At the 7th to 10th day, the conflu-
ence of adherent cells was above 80% and cells were harvested for
in vitro studies. Briefly, cells were first incubated with Dil-acetylated
low-density lipoprotein (Dil-ac-LDL, final concentration of 10 ug/
ml; Biomedical Technologie, Ward Hill, MA) at 37 °C for 4h and
then treated with FITC-labeled ulex europaeus agglutinin-1 (FITC-
UEA-1, final concentration of 10 pg/ml; Sigma) for 1h. After stain-
ing, cells were fixed with 4% paraformaldehyde for 10 min. Samples
were washed with Dulbecco’s phosphate-buffered saline three times
and viewed for double staining cells using a fluorescence microscope.
CD34 expression on EPCs was analyzed using flow cytometry (BD
FACS Cabibur).

Labeling EPCs With BrdU and EPC Transplantation

EPCs were labeled prior to injection. Briefly, 10 pl of BrdU solution
(I mmol/l BrdU in 1 x Dulbecco’s phosphate-buffered saline; BD
Bioscience, San Jose, CA) was added to each ml of culture media 72h
prior to harvesting cells. The harvested cells were then resuspended in
saline to 1x10°/200 ul, and 200 ul was injected into each rat tail vein.

Body Weight
Each animal was weighted at the day 0 and day 28 of the experiment.

Processing of the Lungs

The animals were sacrificed on the 28th day. Briefly, animals were
anesthetized, and thoracic cavity was opened. Blood sample was
drawn from the right ventricle for serum VEGEF test. Vascular blood
in lungs was removed by 20 ml of cool saline perfusion through a can-
nula placed into the pulmonary artery with left auricle cut. Then, the
lungs and heart were removed en bloc, and the right lung was cut away
in liquid nitrogen for real-time PCR (upper right lobe), western blot
(middle right lobe), and NO (lower right lobe) assays. The left lung
was perfused for 30 min via pulmonary artery with 4% paraformal-
dehyde at a pressure of 60 cm H,O while the lungs were first inflated
to an airway pressure of 30cm H,O for 1 min, and then deflated to
10cm H,O for the rest time. The left lungs were removed and fixed for
another 12h in the 4% paraformaldehyde for immunohistochemical
analysis.

ELLISA

The serum concentration of VEGF was quantified using a commercial
ELLISA kit (Abcam, Cambridge, UK). The ELLISA was performed
according to the manufacturer’s instructions.

Lung Morphometry

The formalin-fixed left lungs were paraffin-embedded and cut into
5-um-thick serial sections. Lung sections were stained with hema-
toxylin and eosin. The RAC was assessed as previously described (40).

Immunohistochemistry for Factor VIII

Lung sections were stained for the presence of factor VIII
(von Willebrand factor; 1:200; Biocare, Concord, CA), an
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endothelial-specific marker. Images of factor VIII-stained slides were
captured using a x20 objective and evaluated to assess microvessel
density. The number of factor VIII-positive vessels was counted for
each high-powered field. Images were captured randomly from five
nonoverlapping high-powered fields from each slide, and three slides
were examined per animal. Results were expressed as number of ves-
sels per field.

Immunohistochemistry and Immunofluorescence of
Transplanted EPCs

BrdU has been widely used to label cells since 1970s, and reports have
described the migration and differentiation of BrdU-labeled cells in
vivo after longer periods of time. In this study, we use immunohisto-
chemistry and immunofluorescence to detect BrdU to make it more
accurate.

Immunohistochemistry. Lung sections were incubated with
50% formamide/2 SSC and 2mol/l HCl and then washed with
Tris-buffered saline. Sections were incubated with BrdU anti-
body (1: 400 dilution; Santa Cruz Biotechnology, Dallas, TX) at
4 °C overnight, then incubated with corresponding biotinylated
secondary antibodies and avidin-biotin-peroxidase (Vectastain
Elite ABC kit; 1:200 dilution; Vector Laboratories, Burlingame,
CA) for 45min at 37 °C. Immunoreactivity was visualized using
diaminobenzidine.

Immunofluorescence. Lung sections were incubated with 50% for-
mamide/2 SSC and 2mol/l HCI and then washed with Tris-buffered
saline. Sections were then incubated with BrdU antibody (APC-BrdU
antibody; 1:500 dilution; BD Bioscience) at 37 °C for 2 h, washed, and
examined. Digital images were captured using a Leica digital imaging
system at 20x objective with random sampling of all the tissue in an
unbiased fashion for quantitative analysis. Images were captured ran-
domly from five nonoverlapping fields from each slide. Three slides
were examined per each animal.

Quantitative Real-Time PCR

Total lung RNA was extracted from frozen lung tissue using trizol
reagent. One microgram of RNA was reverse-transcribed to make
cDNA using the commercial RT reagent Kit (TaKaRa, Shiga, Japan).
Real-time PCR was performed with 2 pl of cDNA using the com-
mercial real time PCR Kit (TaKaRa) for 40 cycles (95 °C for 20 s, 58
°C for 30 s, 72 °C for 40 s). Glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) was used as an internal control gene. The primer
sequences: VEGFo. (sense), 5'-GCCCTGAGTCAAGAGGACAG-3’,
and (antisense), 5-CAGGCTCCTGATTCTTCCAG-3"; VEGFR2
(sense), 5-TTTGGTAGCGGGATGAA-3’, and (antisense), 5'-ATG
GGATTGGTGAGGATGA-3'; eNOS (sense), 5-TGACCCTCACC
GATACAACA-3',and (antisense),5-CTGGCCTTCTGCTCATTTT
C-3’; SDF-1a. (sense), 5-TGTGCATTGACCCGAAATTA-3’, and
(antisense), 5-CTTTGTGCTGGCAAATCTCAA-3’, GAPDH
(sense), 5-AGACAGCCGCATCTTCTTGT-3’, and (antisense),
5’-CTTGCCGTGGGTAGAGTCAT -3" were used. After validation
of amplification efficiencies of target genes and the internal control
gene, quantification of target gene expression was calculated using
a 27%4<T method.

Western Blot Analysis

Lung tissue samples were analyzed for VEGF, VEGFR2, and
eNOS protein expression using western blot analysis. Briefly, the
frozen right lower lobes of rats were minced and homogenized in
RIPA buffer containing a protease inhibitor cocktail. Fifty micro-
grams of total protein were separated on 10% SDS-polyacrylamide
gels, and then electrophoretically transferred to a nitrocellulose
membrane. Blots were blocked for 2h in 10% nonfat dry milk in
Tris Buffered Saline with 0.1% Tween 20 at room temperature. The
membranes were incubated with rabbit polyclonal VEGF antibody
(1:500, Abcam), rabbit polyclonal VEGFR2 antibody (1:1,000,
Abcam), and rabbit polyclonal eNOS antibody (1:1,000, Abcam)
at room temperature overnight at 4 °C. After washing, mem-
branes were incubated with horseradish-peroxidase-conjugated
anti-rabbit IgG (1:3,000 dilutions, Abgent, San Diego, CA) and
horseradish-peroxidase-conjugated GAPDH (Kangchen, Shanghai,
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China). The immunoreactivity was visualized using enhanced
chemiluminescence.

NO Assay

NO production of the right vice lobe was evaluated by measuring
the total NO27/NO3~ produced using the Griess reaction (Jiancheng
Bioengineering Institute, Nanjing, China).

Statistical Analysis

All the continuous data were presented as means and SD. Continuous
parametric variables were subjected to ANOVA for differences among
groups, followed by post hoc Bonferroni testing for between-group
differences. Nonparametric variables were subjected to Kruskal-
Wallis testing for differences among groups, followed by Wilcoxon-
Mann-Whitney test for between-group differences. P values less than
0.05 were regarded as statistically significant.
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