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Abstract
Although alterations in ROS generating systems are well described in several vascular disorders,
there is very limited information on the perinatal regulation of these systems in the lung both
during normal development and in pulmonary hypertension. Thus, this study was undertaken to
explore how the two predominant superoxide generating systems, nicotinamide adenine
dinucleotide phosphate-oxidase (NADPH oxidase) and xanthine oxidase (XO), are
developmentally regulated in control lambs and in our established lamb model of increased
pulmonary blood flow (Shunt) over the first 2 months of life. We found that the levels of p47phox,
p67phox, and Rac1 subunits of NADPH oxidase complex were altered. During the first two months
of life there was no change in p47phox protein levels in either normal or Shunt lambs. However,
both p67phox and Rac1 protein levels decreased over time. In addition, p47phox protein levels were
significantly increased in shunt lambs at 2- and 4-, but not 8-weeks of age compared to age-
matched controls while levels of the p67phox subunit were decreased at 8-weeks of age in the
Shunts but unchanged at other time periods. Furthermore, Rac1 protein expression was
significantly increased in the Shunts only at 4 weeks of age. These data correlated with a
significant increase in NADPH oxidase-dependent superoxide generation at 2- and 4-, but not 8-
weeks of age in the Shunts. During normal development XO levels significantly increased over
time in normal lambs but significantly decreased in the Shunts. In addition, XO protein levels
were significantly increased in the Shunt at 2- and 4-weeks of age but significantly decreased at 8-
weeks. Again this correlated with a significant increase in XO-dependent superoxide generation at
2- and 4-, but not 8-weeks of age in the Shunts. Collectively, our findings suggest that NADPH
oxidase and XO are major contributors to superoxide generation both during the normal
development and during the development of pulmonary hypertension.
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INTRODUCTION
There is increasing evidence indicating that reactive oxygen species (ROS) are important for
normal vascular signaling but that ROS overproduction, which promotes intravascular
oxidative stress, is a key event in the development of endothelial dysfunction associated
with pulmonary hypertension (Archer et al., 1998; Cooper et al., 1996; Kaneko et al., 1998;
Mehta et al., 1995). The oxidative stress can be defined as an imbalance between cellular
antioxidant defenses and production of ROS and this is known to play a major role in the
pathogenesis of various cardiovascular disorders. Among cellular enzymatic systems
capable of producing ROS, xanthine oxidase (XO), nicotinamide adenine dinucleotide
phosphate- oxidase (NADPH oxidase), and uncoupled endothelial nitric oxide synthase
(eNOS) have been extensively studied in vascular cells (Jenkins et al., 2009; Kou et al.,
2008) and some experimental models of pulmonary hypertension (Liu et al., 2006).

We have generated a lamb model which mimics a congenital heart defect with increased
pulmonary blood flow, by the in utero placement of an aorta-to-pulmonary artery vascular
graft (Reddy et al., 1995). In these shunt lambs, we have previously identified the
development of progressive endothelial dysfunction (Steinhorn et al., 2001), decreased NO
signaling (Sharma et al., 2007b) and increased superoxide generation and oxidative stress
(Grobe et al., 2006; Sharma et al., 2007a). Previously, we have also shown that NADPH
oxidase and uncoupled eNOS contribute to the increased superoxide generation in shunt
lambs at 4 weeks of age (Grobe et al., 2006).

In this study, we explore how the superoxide generating enzymes are regulated during the
normal postnatal pulmonary development, and during early development of pulmonary
hypertension arising from inappropriately elevated pulmonary blood flow. To determine the
expression patterns of superoxide generating enzymes during the early development of
pulmonary hypertension, protein levels of NADPH oxidase subunits (p47phox, p67phox and
Rac1) and xanthine oxidase were quantified in peripheral lung tissue from 2-, 4-, and 8-
week old shunt lambs and compared to age-matched control lambs. NADPH-oxidase- and
XO-dependent superoxide generation was also determined in the 2-, 4-, and 8-week old
Shunt lambs and compared to their age-matched Controls. Our data indicate that there are
developmental changes in NADPH oxidase subunits and XO enzymes in both normal
development and in pulmonary hypertension.

MATERIALS AND METHODS
Surgical Preparations and Care

Eighteen mixed-breed Western pregnant ewes (137–141 days gestation, term = 145 days)
were operated on under sterile conditions with the use of local anesthesia (2% lidocaine
hydrochloride) and inhalational anesthesia (1–3% isoflurane). A midline incision was made
in the ventral abdomen and the pregnant horn of the uterus was exposed. Through a small
uterine incision, the left fetal forelimb and chest were exposed, and a left lateral
thoracotomy was performed in the third intercostal space. An 8.0-mm Gore-tex vascular
graft (~2-mm length; W. L. Gore and Assos., Milpitas, CA) was anastomosed between the
ascending aorta and main pulmonary artery with 7.0 prolene (Ethicon, Somerville, NJ) and
the thoracotomy incision was then closed in layers. The incisions in the uterus and the
abdomen were closed, and the sheep were allowed to deliver normally. This procedure is
previously described in detail (Reddy et al., 1995).

Two-, four-, and eight-weeks after normal delivery, lambs were anesthetized with ketamine
hydrochloride (~0.3 mg/kg/min), diazepam (0.002 mg/kg/min), and fentanyl citrate (1.0 µg/
kg/h), intubated, mechanically ventilated, and a midsternotomy incision was performed.
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Four biopsies of peripheral lung tissue were harvested from randomly selected lobes, and
~300 mg of peripheral lung were obtained for each biopsy. Oxygen saturations were
obtained in the aorta, right ventricle, right atrium, and distal pulmonary artery to confirm
graft patency and increased pulmonary blood flow.

At the end of the protocol, all lambs were euthanized with a lethal injection of sodium
pentobarbital followed by bilateral thoracotomy as described in National Institutes of Health
Guidelines for the Care and Use of Laboratory Animals. All protocols and procedures were
approved by the Committee on Animal Research of the University of California, San
Francisco and the Medical College of Georgia (for the tissue studies).

Western Blot analysis
Peripheral lung tissue from 2-, 4- and 8- week animals were homogenized in Triton X-100
lysis buffer (20 mM Tris-HCl (pH 7.6), 0.5% Triton X-100 and 20% glycerol) supplemented
with protease inhibitors (100 µg/ml PMSF, 1 µg/ml leupeptin and aprotinin), clarified by
centrifugation at 20,000 g for 20 min at 4°C, and the supernatant was stored at −80°C until
needed. Before use, the p rotein concentration was quantified using the Bio-Rad DC Protein
Assay (Bio-Rad Laboratories, Hercules, CA). The p47phox, p67phox and Rac1 protein levels
were analyzed using whole lung homogenates as we have previously published (Grobe et al.,
2006). 25–50µg of total protein per lane were loaded onto Long-Life 4–20% Tris-SDS-
HEPES gels (Gradipore, Frenchs Forest, Australia) and run to completion according to
manufacturer instructions. The proteins were transferred to Immuno-Blot PVDF membrane
(Bio-Rad Laboratories, Hercules, CA) and the membrane was blocked with 5% non-fat dry
milk in TBS-T for 1 h to overnight. The membranes were then probed with antibodies to
Rac1 (1:500; BD Transduction Labs, San Diego, CA), p47phox (1:100) (Grobe et al., 2006),
p67phox (1:500; BD Transduction Labs, San Diego, CA) and xanthine oxidase (1:500; Santa
Cruz Biotechnology, Santa Cruz, CA). Membranes were then incubated with an anti-rabbit
horseradish peroxidase secondary antibody (1:1,000, Pierce, Rockford, IL). Reactive bands
were visualized using the SuperSignal West Femto Maximum Sensitivity Substrate Kit and
Kodak 440CF image station (Kodak, New Haven, CT). Intensity of reactive bands was
quantified using the Kodak 1D software. Expression of each protein was normalized by
reprobing each gel with β-actin (Sigma, St. Louis, MO) as loading controls.

Confocal Immunohistochemistry
Snap frozen lung tissue samples from control and shunt lambs were embedded in Tissue-Tek
OCT compound (Sakura Finetek USA, Torrance, CA), cryosectioned at 5 µm, collected onto
Superfrost Plus slides (VWR Scientific, West Chester, PA), allowed to air-dry at room
temperature and stored at −80°C until needed. Double-labeling immunofluorescence was
performed on serial sections of control and shunt ovine lung using rabbit anti-p47phox (BD
Transductions Labs, Lexington, KY); rabbit anti-p67phox (BD Transductions Labs,
Lexington, KY); rabbit anti-Rac1 (BD Transduction Labs, San Diego, CA); rabbit anti-
xanthine oxidase (Santa Cruz Biotechnology, Santa Cruz, CA); mouse anti-eNOS (BD
Transductions Labs, Lexington, KY) and mouse anti-Caldesmon (Sigma Chemical Co., St.
Louis, MO). Fresh-frozen tissue sections were allowed to come to room temperature,
washed in phosphate buffer saline (PBS) and fixed in ice-cold acetone for 10 min. Sections
were air dried for 1 hr, permeabilized in PBS with 0.1% Triton X-100 for 10 min, blocked in
10% normal goat serum overnight at 4°C and then incubated in required primary antibody
for 1 hr at room temperature. Alexa Fluor® 488 goat anti-rabbit and Alexa Fluor® 546 goat
anti-mouse antibodies (Molecular Probes, Inc.) were used for detection of p47phox, p67phox,
Rac1 and XO in endothelial eNOS/smooth muscle Caldesmon, respectively. Sections were
washed several times in PBS, mounted and cover slipped in anti-fading aqueous mounting
medium.
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The confocal images were taken on a Deltavision fluorescent microscope using 20×
objective. A series of images at 2µm interval focal planes were collected into a single file or
z-stack to determine actual colocalization. Recorded images were processed using Adobe
Photoshop software.

Quantification of NOX2 and NOX4 mRNA by real-time RT-PCR
Quantitative RT-PCR by SYBR green I dye for specific detection of double stranded DNA
was employed to determine NOX1, NOX2 and NOX4 mRNA levels by our previously
described method (Sharma et al., 2009). 4 primer sets for NOX1 with the following
sequences: a) Forward, 5’- CTT GCC TCC ATT CTC TCC AGG -3’, Reverse, 5’- CAC
TCC AGT GAG ACC AGC AA -3’ b) Forward, 5’- GCC TGG AGC GGC ATC CCT TT
-3’, Reverse, 5’- TGC CAA AAG GCC CGT CCA CC -3’ c) Forward, 5’- TTA ACA GCA
CGC TGA TCC TG -3’, Reverse, 5’- TGT GGA AGG TGA GGT TGT GA -3’ d) Forward,
5’- GCA CAA GCA TGG CTT CAG TA -3’, Reverse, 5’- CTG GCG AAT ACT GCT GTT
CA -3’ were tested for NOX1 mRNA levels, but it was undetectable in either the control or
shunt samples. Sequences for NOX2 was Forward 5’- CGC ATC GTG GGG GAC TGG AA
-3’, Reverse, 5’- CAG TGC CAA AGG GCC CGT CA -3’; NOX4 Forward, 5’- TGG CCT
GAC AGG GGT CTG CAT -3’,Reverse, 5’- TGC AGC CAG GAG GGT GGG TA -3’; β-
actin Forward, 5’-CTC TTC CAG CCT TCC TTC CT-3’, Reverse, 5’-GGG CAG TGA
TCT CTT TCT GC-3’. Each sample was normalized to β-actin mRNA levels.

Quantification of Superoxide levels
Superoxide levels in lung tissue taken from shunt and control lambs were estimated by
electronic paramagnetic resonance (EPR) assay using the spin-trap compound 1-hydroxy-3-
methoxycarbonyl-2,2,5,5-tetramethylpyrrolidine•HCl (CMH) as we have previously
described (Grobe et al., 2006; Sharma et al., 2007a). Briefly, 100mg of tissue was sectioned
from fresh-frozen biopsies of lung tissue and immediately immersed, while still frozen, in
200 µl of EPR buffer (PBS supplemented with 5µM diethydithiocarbamate (DETC, Sigma-
Aldrich, St. Louis, MO), and 25µM desferrioxamine (Def MOS, Sigma-Aldrich). In order to
determine the relative contribution of NADPH oxidase and xanthine oxidase enzymatic
activity to superoxide production, equivalent samples were pre-incubated in 200 µM
apocynin (Sigma), an NADPH oxidase inhibitor (Liu et al., 2008) or in 200 µM allopurinol
(Sigma), an inhibitor of xanthine oxidase (Jankov et al., 2008; Liu et al., 2008). All samples
were then incubated for 30 minutes on ice then homogenized for 30 seconds with a VWR
PowerMAX AHS 200 tissue homogenizer. Following incubation, samples were analyzed for
protein content using Bradford analysis (Bio-Rad Laboratories, Hercules, CA). Sample
volumes were then adjusted with EPR buffer and 25 mg/ml CMH-hydrochloride in order to
achieve equal protein content and a final CMH concentration of 5 mg/ml. Samples were
further incubated for 60 minutes on ice and centrifuged at 14,000 × g for 15 minutes at room
temperature. 35 µl of supernatant from each sample was loaded into a 50 µl capillary tube
and analyzed with a MiniScope MS200 ESR (Magnettech, Berlin, Germany) at a microwave
power of 40 mW, modulation amplitude of 3000 mG, and modulation frequency of 100 kHz,
with a magnetic strength of 333.95–3339.94 mT. The resulting EPR spectra were analyzed
using ANALYSIS v.2.02 software (Magnettech), whereby the EPR maximum and minimum
spectral amplitudes for the CM•superoxide spin-trap product waveform were quantified.
Differences between levels of samples incubated in the presence and absence of apocynin or
allopurinol were used to determine NADPH oxidase- and xanthine oxidase-dependant
superoxide generation respectively. Superoxide levels were reported as µmols superoxide/
min/mg protein.
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Statistical Analysis
Statistical analysis was performed using GraphPad Prism version 4.01 for Windows
(GraphPad Software, San Diego, CA). The mean ± SD were calculated for all samples and
significance was determined either by the unpaired t-test (for 2 groups) and ANOVA (for ≥
3groups), followed by a Newman-Keuls post-hoc analysis. A value of P <0.05 was
considered significant.

RESULTS
All shunt lambs had patency of the vascular graft and increased pulmonary blood flow that
was confirmed by an increase in saturation between the right ventricle and distal pulmonary
artery. The pulmonary-to-systemic blood flow ratios were 3.1±1.4 at 2-weeks, 2.9±0.9 at 4-
weeks, and 2.0±0.4 at 8-weeks of age (P<0.05 shunt vs. age matched controls).

Developmental changes in p47phox protein levels
We initially evaluated the p47phox subunit protein levels in peripheral lung tissue from
Control and Shunt lambs at 2-, 4-, and 8-weeks of age using Western blot analysis (Fig.1 A
& B). Although there were no significant differences in p47phox protein levels in either
Control (Fig. 1 A) or Shunt (Fig. 1 B) lambs over the first two months of life we found that
p47phox protein levels were significantly increased in the 2-week (Fig. 1 C) and 4-week
Shunt (Fig. 1 D) lambs compared to their respective age-matched controls. There were no
differences in p47phox protein levels between the Shunt and Control lambs at 8 weeks of age
(Fig. 1 E). Immunohistochemistry was also performed on 4-week old Shunt and Control
lambs, and we identified p47phox protein localized to the pulmonary vasculature in both the
endothelial (Fig. 1 F) and smooth muscle cell layers (Fig. 1 G).

Developmental changes in p67phox protein levels
Unlike the p47phox subunit, we found that developmentally, p67phox protein levels were
significantly decreased between 2- and 4-weeks of age in both Control (Fig. 2 A) and Shunt
(Fig. 2 B) lambs. However, there was no further decrease in p67phox protein levels between
4- and 8-weeks of age in either Control or Shunt lambs (Fig. 2 A & B). In addition, we
found no significant differences in p67phox protein levels between Control and Shunt lambs
at 2- (Fig. 2 C) and 4-weeks (Fig. 2 D) of age. However, at 8-weeks Shunt lambs had
significantly decreased p67phox protein levels (Fig. 2 E). Immunohistochemistry was also
performed using 8-week old Shunt and Control lambs, we identified p67phox protein
localized to the pulmonary vasculature in both the endothelial (Fig. 2 F) and smooth muscle
cell layers (Fig. 2 G).

Developmental changes in Rac1 protein levels
As with the p67phox subunit, we found that developmentally, Rac1 protein levels were
significantly decreased between 2- and 4-weeks of age in both Control (Fig. 3 A) and Shunt
(Fig. 3 B) lambs. As with p67phox, there was no further decrease in Rac1 protein levels
between 4- and 8-weeks of age in either Control or Shunt lambs (Fig. 3 A & B). Further, we
found that although Rac1 protein levels were unchanged between Shunt-and Control lambs
at 2- (Fig. 3 C) and 8-weeks of age (Fig. 3 E) they were significantly elevated in Shunt
lambs at 4-weeks of age (Fig 3 D). Immunohistochemistry was also performed using 4-week
old Shunt and Control lambs, and identified Rac1 protein localized to the pulmonary
vasculature in both the endothelial (Fig. 3 F) and smooth muscle cell layers (Fig. 3 G).
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Changes in NOX2 and NOX4 mRNA levels
Using qRT-PCR we compared mRNA levels of the NOX2 and NOX4 subunits of the
NADPH oxidase complex (Fig 4 A–F) in 2-, 4- and 8-week old Shunt and Control lambs.
There was a significant down-regulation in NOX2 (Fig. 4 A) mRNA levels in the Shunt
lambs at 2-weeks of age as compared to age matched Controls. No changes in NOX2
mRNA levels were observed at 4- and 8-weeks of age (Fig. 4 B–C). There were no
differences in NOX4 mRNA levels at 2-, 4-, or 8-weeks of age in Shunt compared to age
matched Control lambs (Fig. 4 D–F). NOX1 mRNA was undetectable in either the Control
or Shunt samples.

Developmental changes in NADPH oxidase dependent superoxide generation
Superoxide levels were determined in peripheral lung tissue from Control and Shunt lambs
using electron paramagnetic resonance (Fig. 5). We found that developmentally, NADPH
oxidase superoxide generation was significantly increased at 4- and 8-weeks of age in both
Control (Fig. 5 A) and Shunt (Fig. 5 B) lambs. Superoxide generation was significantly
elevated in Shunt lambs at both 2-, and 4-weeks of age (Fig. 5 C & D). However, there were
no differences in the NADPH dependent superoxide levels between the Shunt and Control
lambs at 8-weeks of age (Fig. 5 E).

Developmental changes in Xanthine Oxidase (XO) protein levels
We next evaluated the XO protein levels in peripheral lung tissue from Control and Shunt
lambs at 2-, 4-, and 8-weeks of age (Fig. 6 A & B). Interestingly, in Control lambs there was
a significant increase in XO protein levels at 8-weeks of age (Fig. 6 A) while in Shunt lambs
there was a significant decrease in XO protein levels between 2- and 4-weeks of age that
was maintained at 8-weeks (Fig. 6 B). When Shunt lambs were compared for XO protein
levels to the relevant age matched Control lambs we found that Shunt lambs had
significantly increased XO protein levels at 2-weeks (Fig. 6 C) and 4-weeks (Fig. 6 D) but
that XO protein levels were significantly decreased at 8-weeks (Fig. 6 E).
Immunohistochemistry was performed on 4-week old Shunt and Control lambs, and we
identified XO protein localized to the pulmonary vasculature in both the endothelial (Fig. 6
F) and smooth muscle cell layers (Fig. 6 G).

Developmental changes in Xanthine Oxidase dependent superoxide generation
We also measured XO dependent superoxide generation in peripheral lung tissue from
Control and Shunt lambs at 2-, 4-, and 8-weeks of age using EPR (Fig. 7 A & B). Although
there were no significant differences in superoxide generation in either Control (Fig. 7 A) or
Shunt (Fig. 7 B) lambs over the first two months of life we found that XO dependent
superoxide levels were significantly increased in the 2-week (Fig. 7 C) and 4-week Shunt
(Fig. 7 D) lambs compared to their respective age-matched controls. There were no
differences in superoxide generation between the Shunt and Control lambs at 8-weeks of age
(Fig. 7 E).

DISCUSSION
There is mounting evidence that alterations in the homeostatic mechanisms governing ROS
generation, contributes to the endothelial dysfunction associated with pulmonary
hypertension (DeMarco et al., 2008; Nozik-Grayck and Stenmark, 2007). The major sources
of superoxide in the vasculature include NADPH oxidase, xanthine oxidase, uncoupled
eNOS, and mitochondria. Superoxide anions can also react with NO to generate
peroxynitrite that can in turn oxidize the eNOS cofactor, tetrahydrobiopterin (BH4), leading
to a state of eNOS uncoupling and further increases in superoxide generation (Zou et al.,
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2004). Peroxynitrite can also cause irreversible nitration of tyrosine residues in many
proteins, leading to alterations of protein structure and function, resulting in cellular damage
and cytotoxicity. Further, previously published studies in our Shunt lamb model of
pulmonary hypertension secondary to increased pulmonary blood flow demonstrate
physiologic and morphologic features in the postnatal period that recapitulate the human
disease, including increased pulmonary vasoconstriction and impaired pulmonary vascular
endothelium-dependent relaxation. We have also previously identified superoxide as one of
the primary oxidant molecules responsible for the increased oxidative stress in the lamb
model of pulmonary hypertension and detected alterations in ROS levels during the
development of the pulmonary hypertensive state in this model (Grobe et al., 2006; Sharma
et al., 2007a; Steinhorn et al., 2001). Therefore, in this study we explored how two of the
predominant superoxide generating systems; NADPH oxidase and xanthine oxidase (XO),
are developmentally regulated in the lung over the first 2 months of life both under normal
conditions and in the shunt lambs exposed to increased pulmonary blood flow. Our data
indicate that the perinatal regulation of these two systems in the lung is complex with
alterations associated with both normal development and conditions of increased flow.
Further, we found that both NADPH oxidase and XO contribute to the increased superoxide
generation in shunt lambs during the development of pulmonary hypertension. In this study,
we found increases in both NADPH oxidase-and XO-dependent superoxide levels in the
shunt lambs at 2-and 4-weeks of age but not at 8- weeks of age when compared to age-
matched Control lambs. Our previous studies have shown that superoxide levels are also
significantly higher in the Shunt lambs at 8-weeks of age compared to age-matched Control
lambs but this appears to be due to an increase in superoxide levels due to an uncoupling of
endothelial NO synthase (Oishi et al., 2008).

Our data that NADPH oxidase-dependent superoxide generation is implicated in the
development of the pulmonary hypertensive phenotype are in agreement with previously
published studies. For example, it has been shown that superoxide derived from the NADPH
oxidase complex are increased in spontaneously hypertensive rats (Zalba et al., 2000).
Increased oxidative stress, due to enhanced NADPH oxidase activity can also result in
diminished NO bioavailability and has been shown to be directly associated with
hypertension (Fortuno et al., 2005). Indeed in the context of oxidative stress in
cardiovascular diseases, NADPH oxidase is thought to be one of the predominant
superoxide producing enzyme systems (Mueller et al., 2005). NADPH oxidase is a
membrane bound multi-subunit enzyme that catalyzes the reduction-conversion of oxygen to
superoxide. The membrane component of NADPH oxidase comprises of a family of “NOX”
proteins (Brandes and Schroder, 2008), with cytosolic components, including the p47phox

and p67phox subunits, act as NOX-activating proteins (Brandes and Schroder, 2008). In this
study we have found an increase in the p47phox and Rac1 protein levels regulating NADPH
oxidase activity in our lamb model during the first two months of life. The direct role of
p47phox in NADPH-mediated superoxide generation is well established. Landmesser et al
have shown that the increase in vascular superoxide production in response to angiotensin II
administration was diminished in p47phox−/− knockout mice, and the severity of
hypertension caused by angiotensin II was reduced in these animals relative to wild-type
mice (Landmesser et al., 2002). Here, we further corroborate the role of p47phox subunit,
observing significant increases in p47phox protein levels in 2-and 4-week old shunt lambs. In
contrast, p67phox protein levels do not correlate with the increased NADPH oxidase
dependent superoxide levels in shunt lambs. The p67phox protein levels were unchanged in
2-and 4-week old shunt lambs and were actually decreased in 8-week old shunt lambs
compared to age-matched Control lambs. How these NADPAH oxidase subunits are
regulated in Shunt lambs is unclear. However, the pulmonary vascualture of Shunt lambs is
exposed to increased shear stress and pressure and studies have shown that both shear stress
(De Keulenaer et al., 1998; McNally et al., 2003) and stretch (Garvin and Hong, 2008)can
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enhance NADPH oxidase activity. However, it is important to realize that increased protein
levels of the NADPH oxidase subunits may not be all that is required to regulate superoxide
generation as NADPH oxidase activation also requires the translocation of cytosolic
subunits to the membrane and also the complete assembly of membrane and cytosolic
subunits. Studies have shown that upon cell stimulation or increased shear stress, the three
phox subunit proteins are en bloc recruited to the membrane and activate NADPH oxidase.
In addition, apocynin, which we utilized to determine NADPH oxidase dependent
superoxide generation, appears to prevent the membrane translocation of both p47phox and
p67phox subunits and subsequently block the assembly of the cytosolic components with the
NOX protein of NADPH oxidase (Hayashi et al., 2005; Vejrazka et al., 2005). Previous
studies have also shown that apocynin exposure can decrease NADPH stimulated
superoxide generation in vasculature (Cai and Harrison, 2000; Hayashi et al., 2005).
However, the effects of apocynin may not only be due to the prevention of the assembly of
NADPH oxidase subunits, as a recently published study has shown that apocynin is an
important antioxidant in phagocytic cells and can reduce H2O2 and hydroxyl formation, thus
acting as a radical scavenger (Heumuller et al., 2008).

Rac1 is a member of the Rho family of small GTP-binding proteins, which is a key regulator
of superoxide production by the NADPH oxidase (Hordijk, 2006). Upon stimulation by
signaling molecules and/or mechanical factors, Rac1 is activated by the exchange of GDP
for GTP. Consequently, p47phox and p67phox are recruited to the plasma membrane and
interact with the NOX complex. Thus, as a key initiator of cardiovascular signal
transduction stimulating superoxide production, Rac1 plays a prominent role in the
cardiovascular system in both health and disease (Brown et al., 2006). In our studies we
found that pulmonary Rac1 protein levels are significantly elevated at 4-weeks of age in the
Shunt lambs. We also found that developmentally, Rac1 as well as the p67phox protein levels
were significantly decreased between 2-and 4-weeks of age in both Control and Shunt
lambs. Thus, our results also suggest that other stimuli might be responsible for activation of
NADPH oxidase in Shunt lambs that is independent of changes in p67phox and Rac1 protein
levels. In our lamb model there is increased pulmonary blood flow and increases in both
shear stress and mechanical stretch that could be activating factors responsible for increased
NADPH oxidase dependent superoxide generation independent of changes in protein levels.
Indeed it has been previously shown that vascular NADPH oxidase response can be
stimulated by growth factors, cytokines, as well as mechanical forces like cyclic stretch,
laminar and oscillatory shear stress, thereby causing increased activity of NADPH oxidase
complex that can be independent of changes in subunit protein levels (Hordijk, 2006;
Sumimoto, 2008).

XO is another important potential source of superoxide generation in the vasculature,
generating superoxide as a by-product of the conversion of hypoxanthine to xanthine. A
recent study in hypoxia-exposed neonatal rats suggests that XO-derived superoxide induces
endothelial dysfunction, thus impairing pulmonary arterial relaxation and stimulating
vascular remodeling (Jankov et al., 2008). In our investigations, we also found a significant
elevation in XO protein levels and activity at 2-and 4-weeks of age in Shunt lambs,
suggesting that XO may contribute to the increased oxidative stress in this model. It is worth
noting that, as with the NADPH oxidase complex, we did not find increases in XO activity
at 8-weeks of age in the Shunt lung. Rather there was a significant decrease in XO protein
levels suggesting that increases in XO activity may play a role in the early phases of
pulmonary hypertension prior to the development of endothelial dysfunction. This
possibility is supported by a previous study where XO was shown to significantly contribute
to oxidative stress in the hypoxia-exposed rat lung that subsequently develop pulmonary
hypertension, where lung XO activity was found to be predominantly enhanced during the
initial 3 days of hypoxia exposure. This has led to the idea that the oxidative stress
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associated with XO occurs during the “induction phase” but this is a necessary step in the
resulting chronic hypoxic pulmonary hypertension (Hoshikawa et al., 2001). Our data are
also in agreement with other previous studies where vascular XO activity is stimulated in
pathologic conditions. For example, Viel et al have shown that vascular superoxide
production involves XO in the DOCA-salt hypertensive rat model (Viel et al., 2008). They
also found that superoxide production by XO was greater in mesenteric resistance arteries
than in the aorta of these rats suggesting that there may be vessel dependent regulation of
XO mediated superoxide generation (Viel et al., 2008). Furthermore, a recent study in
hypoxia-exposed neonatal rats has shown that XO-derived superoxide can induce
endothelial dysfunction, leading to impaired pulmonary arterial relaxation and is a major
contributor to the vascular remodeling in this model (Jankov et al., 2008). In our studies,
allopurinol, a known pharmacological inhibitor of XO, significantly blocked the superoxide
generation in the 2-, and 4-week old shunt lambs as compared to the age-matched controls
suggesting that XO derived superoxide is not involved in the normal signaling during the
rapid growth of the lung in the perinatal period. Others have also shown that allopurinol
treatment attenuated oxidative and nitrative stress thereby, preventing the chronic changes of
vascular remodeling in hypoxic neonatal rats (Jankov et al., 2008). Furthermore, allopurinol
exposure attenuated pulmonary hypertension, right ventricular hypertrophy, and pulmonary
vascular media thickening in rats exposed to hypoxia for 3 weeks (Hoshikawa et al., 2001)
again supporting a key role for XO-derived superoxide under the pathologic conditions that
leads to endothelial dysfunction and pulmonary hypertension. Again our studies do not
allow us to elucidate mechanistically how XO is regulated in the lung but as with the
NADPH oxidase, XO can be regulated by shear stress (McNally et al., 2003).

Our data suggest that NADPH oxidase meditated superoxide generation is significantly
increased in the first two months of life in the lungs of both Control and Shunt lambs.
However, XO dependent superoxide levels appear to be unchanged. In normal physiological
conditions, NADPH oxidase plays an important function by generating ROS in a highly
regulated manner and thereby, having a potential role in vascular signaling. NADPH
oxidase-derived ROS have been implicated in regulation of various biological processes
such as cytoskeleton remodeling, proliferation, differentiation, and migration during normal
development. Thus, as the lung is undergoing rapid growth in the perinatal period it is not
unexpected that NADPH oxidase derived superoxide levels are increased. Other studies also
suggest that XO does not have a major role in superoxide generation under physiologic
conditions but rather it appears to be activated in pathological situations such as in chronic
hypoxic pulmonary hypertension (Jankov et al., 2008). Thus, as therapies aimed at blocking
NADPH oxidase could adversely affect signals required for the normal development
targeting XO could represent a superior therapeutic "antioxidant" strategy for neonates with
pulmonary hypertension.

In conclusion our data indicate that vascular NADPH oxidase and XO-derived superoxide
are two of the major contributing factors for the elevated ROS levels and associated
endothelial dysfunction that occurs in the lungs of shunt lambs. These superoxide generating
systems are dynamically regulated postnatally, and aberrant regulation of these systems
occurs during the development and progression of pulmonary hypertension.
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Figure 1. Developmental changes in p47phox subunit levels in peripheral lung in Control and
Shunt lambs at 2-, 4-, and 8-weeks of age
Protein extracts (50µg), prepared from peripheral lung of Control (A) and Shunt (B) lambs at
2-, 4-, and 8-weeks of age, were separated on a 4–20% Tris-SDS-HEPES gel,
electrophoretically transferred to a PVDF membrane and analyzed using a specific
antiserum raised against p47phox protein. p47phox protein levels were normalized for loading
using β-actin. A representative blot is shown in each panel. Developmentally there are no
significant differences in the p47phox protein levels in either Control or Shunt lambs. Values
are mean ± SD; n=6 control and n=6 shunt at each age. The protein extracts (50µg), prepared
from peripheral lung of 2-(C), 4-(D), and 8-week (E) Control and Shunt animals, were also
analyzed to determine changes in p47protein levels between Control and Shunt lambs.
Again p47phox protein levels were normalized for loading using β-actin. Each panel contains
a representative blot. There is a significant increase in p47phox protein levels in Shunt lambs
at 2-and 4-weeks of age but not at 8-weeks of age. Values are mean ± SD; n=6 control and
n=6 shunt at each age; *P<0.05 vs. control. In vivo localization of p47phox protein in
pulmonary vasculature of 4-week old Control and Shunt lung tissues is shown (F–G). eNOS
was used as an endothelial cell marker and Caldesmon as marker of smooth muscle cells. A
stack of images was taken every 2µm using confocal microscopy to identify the actual co-
localization. Magnification is ×20.
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Figure 2. Developmental changes in p67phox subunit levels in peripheral lung in Control and
Shunt lambs at 2-, 4-, and 8-weeks of age
Protein extracts (50µg), prepared from peripheral lung of Control (A) and Shunt (B) lambs at
2-, 4-, and 8-weeks of age, were separated on a 4–20% Tris-SDS-HEPES gel,
electrophoretically transferred to a PVDF membrane and analyzed using a specific
antiserum raised against p67phox protein. P67phox protein levels were normalized for loading
using β-actin. A representative blot is shown in each panel. Developmentally there was a
significant decrease in p67phox protein levels in both Control (A) and Shunt (B) lambs at 4-
and 8-weeks compared to 2-weeks of age. Values are mean ± SD; n=6 control and n=6 shunt
at each age. *P<0.05 vs. 2-weeks of age. The protein extracts (50µg), prepared from
peripheral lung of 2-(C), 4-(D), and 8-week (E) Control and Shunt animals, were also
analyzed to determine changes in p67phox protein levels between Control and Shunt lambs.
Again p67phox protein levels were normalized for loading using β-actin. Each panel contains
a representative blot. There was a significant decrease in p67phox protein levels in Shunt
lambs at 8-weeks but no changes at 2-or 4weeks of age. Values are mean ± SD; n=6 control
and n=6 shunt at each age; *P <0.05 vs. control. In vivo localization of p67phox protein in
pulmonary vasculature of 8-week old Control and Shunt lung tissues is shown (F–G). eNOS
was used as an endothelial cell marker and Caldesmon as marker of smooth muscle cells. A
stack of images was taken every 2µm using confocal microscopy to identify actual co-
localization. Magnification is ×20.
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Figure 3. Developmental changes in Rac1 levels in peripheral lung in Control and Shunt lambs
at 2-, 4-, and 8-weeks of age
Protein extracts (50 µg), prepared from peripheral lung of Control (A) and Shunt (B) lambs
at 2-, 4-, and 8-weeks of age, were separated on a 4–20% Tris-SDS-HEPES gel,
electrophoretically transferred to a PVDF membrane and analyzed using a specific
antiserum raised against Rac1. Rac1 protein levels were normalized for loading using β-
actin. A representative blot is shown in each panel. Developmentally there was a significant
decrease in Rac1 protein levels in both Control (A) and Shunt (B) lambs at 4- and 8-weeks
compared to 2-weeks of age. Values are mean ± SD; n=6 control and n=6 shunt at each age.
*P<0.05 vs. 2-weeks of age. The protein extracts (50µg), prepared from peripheral lung of 2-
(C), 4-(D), and 8-week (E) Control and Shunt animals, were also analyzed to determine
changes in Rac1 protein levels between Control and Shunt lambs. Again Rac1 protein levels
were normalized for loading using β-actin. Each panel contains a representative blot. There
was a significant increase in Rac1 protein levels in Shunt lambs at 4-weeks but no changes
at 2-or 8-weeks of age. Values are mean ± SD; n=6 control and n=6 shunt at each age; *P
<0.05 vs. control. In vivo localization of Rac1 protein in pulmonary vasculature of 4-week
old Control and Shunt lung tissues is shown (F–G). eNOS was used as an endothelial cell
marker and Caldesmon as marker of smooth muscle cells. A stack of images was taken
every 2µm using confocal microscopy to identify actual co-localization. Magnification is
×20.
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Figure 4. NOX2 and NOX4 mRNA levels in peripheral lung in Control and Shunt lambs at 2-,
4-, and 8-weeks of age
NOX2 and NOX4 mRNA levels were quantified by qRT-PCR analysis. There was a
significant decrease in NOX2 mRNA levels in 2-week old Shunt lambs compared to age
matched Controls (A). Whereas, NOX2 mRNA levels were unchanged 4- and 8- week old
Shunt lambs (B–C). There were no detectable differences in NOX4 mRNA levels in 2-, 4-,
8- week Shunt lambs compared to age matched Controls (D–F). Values are mean ± SD; n=6
control and n=6 shunt at each age; *P <0.05 vs. control.
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Figure 5. NADPH oxidase-dependent superoxide levels in the peripheral lung of Control and
Shunt lambs
NADPH oxidase-dependent Superoxide levels in peripheral lung tissue of Control and Shunt
lambs at 2-, 4-, and 8-weeks of age were estimated using electron paramagnetic resonance
(EPR). Developmentally there is a developmental increase in superoxide production in both
the Control-(A) and Shunt-lambs (B). *P<0.05 vs. 2-weeks of age; †P<0.05 vs. 4-weeks of
age. In addition compared to age matched Control lambs, there is a significant increase in
NADPH oxidase dependent superoxide generation in Shunt lambs at 2-and 4-weeks (C & D)
but no change at 8-weeks of age (E). Values are mean ± SD; n=6 control and n=6 shunt at
each age. *P<0.05 vs. age matched Control lambs.
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Figure 6. Developmental changes in xanthine oxidase (XO) levels in peripheral lung in Control
and Shunt lambs at 2-, 4-, and 8-weeks of age
Protein extracts (50µg), prepared from peripheral lung of Control (A) and Shunt (B) lambs at
2-, 4-, and 8-weeks of age, were separated on a 4–20% Tris-SDS-HEPES gel,
electrophoretically transferred to a PVDF membrane and analyzed using a specific
antiserum raised against XO. XO protein levels were normalized for loading using β-actin.
A representative blot is shown in each panel. Developmentally there was a significant
increase in XO protein levels in the Control lambs (A) at 8-weeks of age compared to 2-
weeks of age. In addition there was a significant decrease in XO protein levels in Shunt (B)
lambs at both 4-and 8-weeks compared to 2-weeks of age. Values are mean ± SD; n=6
control and n=6 shunt at each age. *P<0.05 vs. 2-weeks of age. The protein extracts (50µg),
prepared from peripheral lung of 2-(C), 4-(D), and 8-week (E) Control and Shunt animals,
were also analyzed to determine changes in XO protein levels between Control and Shunt
lambs. Again XO protein levels were normalized for loading using β-actin. Each panel
contains a representative blot. There was a significant increase in XO protein levels in Shunt
lambs at both 2-and 4-weeks but no changes at 8-weeks of age. Values are mean ± SD; n=6
control and n=6 shunt at each age; *P <0.05 vs. control. In vivo localization of XO protein
in pulmonary vasculature of 4 week old Control and Shunt lung tissues is shown (F–G).
eNOS was used as an endothelial cell marker and Caldesmon as marker of smooth muscle
cells. A stack of images was taken every 2µm using confocal microscopy to identify actual
co-localization. Magnification is ×20.
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Figure 7. Xanthine oxidase (XO)-dependent superoxide levels in the peripheral lung of Control
and Shunt lambs
XO-dependent superoxide levels were determined in the peripheral lung tissues from control
and shunt lambs using EPR. Developmentally there were no significant differences in the
XO dependent superoxide generation in either the Control (A) or Shunt lambs (B). But there
was a significant increase in XO dependent superoxide generation in Shunt-compared to
Control-lambs at 2-and 4--weeks (C & D) but not at 8-weeks of age (E). Values are mean ±
SD; n=6 control and n=6 shunt at each age. *P<0.05 vs. age matched Control lambs.
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