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Abstract: Extremely premature neonates requiring oxygen therapy develop an accumulation of reactive oxygen species (ROS), impaired alveolarization and dysmorphic pulmonary vasculature. Regulators of ROS (i.e. antioxidants),
alveolarization (i.e. matrix metalloproteinases - MMPs) and microvascular maturation (i.e. vascular endothelial
growth factor - VEGF) are altered in bronchopulmonary dysplasia (BPD). We tested the hypothesis that early treatment with MnTBAP, a superoxide dismutase mimetic and superoxide anion and peroxynitrite scavenger, alters lung
biomarkers of angiogenesis and alveolarization during hyperoxia with intermittent hypoxia (IH) in neonatal rats.
Neonatal rats were exposed to 50% O2 with brief IH episodes (12% O2) from P0 to P14, or to room air (RA). On P0,
P1 & P2, the pups received a daily IP injection of 1, 5, or 10 mg/kg MnTBAP, or saline. At P14, the pups were either
euthanized, or allowed to recover in RA until P21. RA littermates were similarly treated. Lung VEGF, sVEGFR-1, MMP2, MMP-9 and TIMP-1 were determined. Low-dose MnTBAP (1 mg/kg) prevented the increase in lung VEGF induced
by intermittent hypoxia noted in the control group. This dose was also effective for decreasing MMP-9 and MMP-9/
TIMP-1 ratio suggesting an anti-inflammatory effect for MnTBAP. IH decreased MMP-2 with no ameliorating effect
by MnTBAP. Our data demonstrate that brief, repeated intermittent hypoxia during hyperoxia can alter biomarkers
responsible for normal microvascular and alveolar development. In addition to prevention of hypoxic events, the use
of antioxidants needs to be explored as a possible therapeutic intervention in neonates at risk for the development
of oxidative lung injury.
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Introduction
With improvements in management of extremely low gestational age neonates (ELGANs) and a
rise in overall survival of this fragile population,
the development of bronchopulmonary dysplasia (BPD) among these infants continues to
contribute to morbidity and mortality. Supplemental oxygen and mechanical ventilation
exposes the lungs of ELGANs to oxidative stress
and inflammatory insults, thus contributing to
the interruption of normal alveolar and pulmonary vascular growth and development, and
resulting in alveolar simplification and disrupted vasculogenesis [1-4]. Exposure of the premature lungs to supraphysiologic levels of oxy-

gen has been shown to directly damage the
lung via formation of reactive oxygen species
(ROS) [5-10]. In addition, ELGANs often experience frequent episodes of apnea and arterial
oxygen desaturations, leading to intermittent
hypoxia, which has also been shown to elicit
increased ROS production and exacerbation of
lung disease [11, 12].
Development of the pulmonary vasculature has
been found to be a necessary factor for proper
alveolarization [13, 14]. Vascular endothelial
growth factor (VEGF) plays an essential role in
regulation of pulmonary vascular growth and
development, stimulating angiogenesis, vessel
remodeling, and endothelial survival [15]. Stu-
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dies have found decreased VEGF expression in
BPD animal models, and in the lungs of premature infants who died with BPD [2, 16, 17].
Decreased VEGF levels in tracheal aspirates
from premature infants who subsequently
developed BPD have also been noted [18, 19].
Conversely, it has been shown that hypoxia
upregulates VEGF production in rats and human
fetal lungs [14, 20].
Matrix metalloproteinases (MMPs) are enzymes
that degrade type IV collagen, which is the
major constituent of lung basement membranes. The regulation of MMP activity is necessary for normal matrix turnover and contributes to the development of normal lung
architecture [21]. MMP-2 is secreted mainly by
noninflammatory cells such as fibroblasts,
endothelial and epithelial cells and participates
in lung development while MMP-9 is secreted
mainly by inflammatory cells such as neutrophils, macrophages and is implicated in lung
diseases [22, 23]. Several studies have implicated MMP-2 and MMP-9 in chronic lung disease, and animal models of BPD [21, 24-26].
From those studies, MMP-2 appears to
decrease in chronic lung disease and hypoxia
leading to arrested alveolarization and abnormal arterial remodeling which are hallmarks of
BPD [22]. In contrast, MMP-2 is increased with
long-term exposure to 100% O2 suggesting an
association with ROS and oxidative stress [27].
Increased MMP-9 activity has been shown to
correlate with severity of inflammation and oxidative stress, leading to capillary leaks and airway remodeling noted in chronic lung disease
[28, 29]. MMP-9 activity is increased in lung
specimens from premature baboon and murine
BPD models [25, 30, 31], and has also been
found to be elevated in bronchoalveolar lavage
fluid (BALF), tracheal aspirate fluid (TAF) and
plasma in premature infants who developed
BPD [23, 24, 26]. However, MMP-9-null mice
demonstrated worsening lung disease, suggesting that MMP-9 may be expressed to attenuate inflammation, and may play a protective
role in the lungs [32].
Fetal lung antioxidant enzymes increase dramatically towards the last 10-15% of gestation
[33, 34]. This period of development is not
reached in premature infants, thus their pulmonary antioxidant stores may be inadequate,
and their ability to upregulate antioxidant activity in response to oxidative stress may also be
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impaired [35, 36]. Antioxidant supplementation
and overexpression of endogenous antioxidants improved survival and protection in animal models [7, 40] and improved pulmonary
outcome at 1 year of age in preterm infants
[41]. MnTBAP is a superoxide dismutase mimetic, which acts as a superoxide-scavenger,
thereby reducing peroxynitrite formation [42].
We tested the hypothesis that early treatment
with MnTBAP alters lung biomarkers of angiogenesis and alveolarization during hyperoxia
with intermittent hypoxia (IH), simulating frequent apneas experienced by premature neonates, in neonatal rats.
Material and methods
All experiments were approved by the Memorial
Health Services Institutional Animal Care and
Use Committee. Animals were treated humanely, according to the guidelines outlined by the
United States Department of Agriculture and
the Guide for the Care and Use of Laboratory
Animals. Euthanasia of the animals was conducted according to the guidelines of the
American Veterinary Medical Association.
Experimental design
Certified infection-free, timed-pregnant Sprague Dawley rats were purchased from Charles
River Laboratories (Wilmington, MA) at 19 days
gestation. The animals were housed in an animal facility with a 12-hour-day/12-hour-night
cycle and provided standard laboratory diet
and water ad libitum until delivery. Within
approximately 5 hours of birth, newborn rat
pups delivering on the same day were pooled
and randomly assigned to expanded litters of
18 pups/litter (9 males and 9 females). One
dam remained with the same litter for the entire
study. Each pup was weighed and measured for
linear growth (crown to rump length in centimeters). The IH cycles consisted of 50% hyperoxia
followed by brief episodes of hypoxia (12% O2)
for 2 minutes for a total of 12 cycles per day as
previously described [43]. Briefly, three episodes of hypoxia were grouped, each 10 minutes apart, followed by hyperoxia to complete 6
hours, before the cycle repeated. The oxygen
concentration remained at 12% for 2 minutes.
A total of 16 groups were studied. Groups 1 to
4 were exposed to IH from birth (P0) to P14 during which they received early IP injections of
MnTBAP or saline from P0-P2 prior to euthanaAm J Transl Res 2013;5(6):594-607
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sia on P14. The treatment groups were as follows: Group 1) MnTBAP 1 mg/kg/day; Group 2)
MnTBAP 5 mg/kg/day; Group 3) MnTBAP 10
mg/kg/day; and Group 4) equivalent volume
saline. These groups (1-4) were euthanatized at
P14 immediately following exposure to IH.
Groups 5 to 8 were also exposed to IH cycling
from P0 to P14, received similar MnTBAP doses
from P0-P2, but were allowed to recover in
room air (RA) from P14 to P21. Groups 9 to 16
served as RA controls. Groups 9 to 12 received
similar MnTBAP doses or saline from P0-P2 and
were euthanatized on P14. Groups 13 to 16
received similar MnTBAP doses or saline from
P0-P2 and were euthanatized on P21. The
doses of MnTBAP were based on previous
reports which showed that IP injections of 5
mg/kg/day prolonged the lifespan of neonatal
mice with nullizygous SOD2 [44, 45]. The first 2
weeks of life have been shown to be most critical in ELGANs. Therefore, the pups were treated during the first 3 days of life which are equivalent to 3 weeks in human neonates.
Sample collection
Lung samples from the left lower lobe were
taken from 8 male and 8 female rats in each
group and rinsed in ice-cold phosphate buffered saline (pH 7.4) on ice. The specimens were
placed in sterile polypropylene tubes, snap frozen in liquid nitrogen and stored at -80°C until
assay.
VEGF and sVEGFR-1 assays
VEGF and sVEGFR-1 levels in the lung homogenates were assayed using commercially-available rat sandwich immunoassay kits purchased
from R & D Systems, Minneapolis, MN, USA.
The VEGF assay predominantly binds the monomeric VEGF164 but also detects the VEGF120 isoform. The assay recognizes the 164-amino acid
splice variant of mouse VEGF (or receptor) and
has a 98% and 92% affinity to the rat sequences, respectively. The assay utilizes a monoclonal anti-VEGF (or receptor) detection antibody
conjugated to horseradish peroxidase and
color development with tetramethylbenzidine/
hydrogen peroxide (TMB solution). All assays
were performed according to the manufacturer’s protocol. VEGF and sVEGFR-1 levels in the
samples were determined from a linear standard curve ranging from 0 to 2000 pg/mL and
0 to 8000 pg/mL, respectively. The coefficient
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of variation from inter- and intra-assay precision
assessment was less than 10%. VEGF and sVEGFR-1 levels in the lung homogenates were standardized using total cellular protein levels.
MMP-2 and TIMP-1 assays
MMP-2 and TIMP-1 levels in the lung homogenates were measured using commercially available rat ELISA kits purchased from Cell
Applications, Inc. (San Diego, CA, USA). The
assays are specific and precise quantitative
methods for determination of MMP-2 or TIMP-1
in tissue homogenates. The MMP-2 assay recognizes the pro and active forms of MMP-2 and
does not cross-react with other MMPs or TIMPs.
Standards and samples were incubated in
microtiter wells precoated with anti-MMP-2 or
anti-TIMP-1 antibodies. Any MMP-2 or TIMP-1
present was bound to the wells and other components in the sample were removed by washing and aspiration. Endogenous levels of free
active MMP-2 or TIMP-1 in the sample were
detected. The concentrations in the sample
were measured by extrapolation from a standard curve which ranged from 0 – 10,000 pg/
mL for MMP-2 and 0 – 2,000 pg/mL for TIMP-1.
MMP-2 or TIMP-1 levels were directly proportional to the generation of color and were represented by the rate of change of absorbance at
450 nm. Samples that were above the standard curve range was diluted and corrected for
dilution. The inter- and intra-assay variability for
MMP-2 and TIMP-1 were less than 10%. MMP-2
and TIMP-1 levels in the lung homogenates were
standardized using total cellular protein levels.
MMP-9 assay
MMP-9 levels in the lung homogenates were
analyzed using commercially- quantikine rat
total MMP-9 immunoassay kits purchased from
R & D Systems. The kit measures total rat
MMP-9 (Pro-, active, and TIMP-complexed
MMP-9). It contains NS0-expressed recombinant rat MMP-9 and antibodies raised against
the recombinant factor. This immunoassay has
been shown to accurately quantitate the recombinant protein. The concentration of MMP-9 in
the sample was determined by extrapolation
from a standard curve which ranged from 0 to
10 ng/mL. The inter- and intra-assay variabilities were <10% and the sensitivity was 0.028
ng/mL. MMP-9 levels in the lung homogenates
were standardized using total cellular protein
levels.
Am J Transl Res 2013;5(6):594-607
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Figure 1. Dose response effects of MnTBAP treatment on lung VEGF levels in neonatal rats following intermittent
hypoxia during hyperoxia (A, P14) and recovery in RA (B, P21). Data are presented as mean±SEM (n=18 pups per
group, 9 males and 9 females). Animals were treated with IP injections of 1, 5, or 10 mg/kg MnTBAP on P0, P1 and
P2 or equivalent volume saline (placebo controls).

Total cellular protein levels
On the day of the assay, the lung samples were
homogenized and centrifuged at 5,000 rpm at
4°C for 20 minutes, then filtered. A 10 mL portion of the filtrate was utilized for total cellular
protein levels using the Bradford method (BioRad, Hercules, CA) with bovine serum albumin as
a standard. The standard curve was linear from
0.05 to 1.45 mg/ml of protein.
Statistical analysis
One-way and two-way analysis of variance
(ANOVA) were used to determine differences
among the groups for normally-distributed data,
and Kruskal-Wallis test was used for non-normally-distributed data following Bartlett’s test for
equality of variances. Post hoc analysis was performed using the Tukey, Bonferoni and StudentNewman-Keuls tests for significance. To compare data between RA and hyperoxia with
intermittent hypoxia (IH) groups, unpaired t-test
was employed for normally distributed data and
Mann Whitney U tests were used for non-normal
data following Levene’s test for equality of variances. Significance was set at p<0.05 and data
are reported as mean±SEM. All analyses were
two-tailed and performed using SPSS version
16.0 (SPSS, Inc. Chicago IL).
Results
Effect on growth
The groups treated with MnTBAP during hyperoxia/hypoxia cycling were generally heavier
than RA controls. MnTBAP did not have long
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lasting effects on growth as it appeared to preserve body weight accretion closer to the time
of administration (Data not shown).
Effect on VEGF
At P14, saline controls that underwent IH
cycling showed a significant increase in VEGF
production (pg/mg protein) compared to RA
(277.3±24.0 vs. 203.9±21.9, p<0.05). In contrast, treament with all doses of MnTBAP prevented significant IH-induced increases of
VEGF (164.7±18.0, 207.7±17.0; and 207.3±
25.0) for the 1, 5, and 10 mg/kg doses, respectively. When compared to their RA littermates,
treatment with 1 mg/kg MnTBAP in IH cycling
resulted in a significant reduction in VEGF
(164.7±18.0 vs. 283.2±46.4, p<0.01). Interestingly, there was a bi-phasic dose response
when MnTBAP was administered in RA exposed
animals which resulted in higher levels of VEGF
with the lowest and highest doses of MnTBAP,
and lower levels with the intermediate dose. A
similar finding was not noted with treatment in
IH cycling (Figure 1A). At P21 during recovery in
RA, VEGF continued to rise in all IH-exposed
rats compared to the RA littermates. This
response occurred in the Saline-control
(637.1±109.9 vs. 188.9±25.2) as well as the 1
(585.5±84.7 vs. 177.7±40.3) and 5 mg/kg
(559.7±63.3 vs. 370.0±42.0) treatment doses
of MnTBAP, but not the highest dose of 10 mg/
kg (489.5±24.7 vs. 1478.8±133.4). The higher
doses of MnTBAP increased the production of
VEGF in RA in a dose-dependent fashion.
However, when administered in IH cycling, the
response was opposite with decreased VEGF
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Figure 2. Dose response effects of MnTBAP treatment on lung sVEGFR-1 levels in neonatal rats following intermittent hypoxia during hyperoxia (A, P14) and recovery in RA (B, P21). Data are presented as mean±SEM (n=18 pups
per group, 9 males and 9 females). Animals were treated with IP injections of 1, 5, or 10 mg/kg MnTBAP on P0, P1
and P2 or equivalent volume saline (placebo controls).

Figure 3. Dose response effects of MnTBAP treatment on lung MMP-2 levels in neonatal rats following intermittent
hypoxia during hyperoxia (A, P14) and recovery in RA (B, P21). Data are presented as mean±SEM (n=18 pups per
group, 9 males and 9 females). Animals were treated with IP injections of 1, 5, or 10 mg/kg MnTBAP on P0, P1 and
P2 or equivalent volume saline (placebo controls).

production as a function of increasing MnTBAP
dose (Figure 1B).
Effect on sVEGFR-1
Soluble VEGFR-1 (measured as pg/mg protein)
is an endogenous inhibitor of VEGF acting as a
VEGF trap. At P14 in the saline control group, IH
cycling caused a significant increase in lung
sVEGFR-1 levels (4573.6±183.7, p<0.01) compared to RA (2449.9±160.8). This trend persisted to a lesser degree when treated with
MnTBAP. However, during IH cycling, treatment
with MnTBAP caused a significant reduction in
sVEGR-1 levels (3452.6±166.4, p<0.001 and
3741.8±132.5, p<0.01) at 1 and 5 mg/kg
doses compared to saline control. Treatment
with MnTBAP in RA resulted in a progressive
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dose-response increase in sVEGFR-1 levels
(3022.2±91.0, 3080.9±158.5, and 3595.8±
148.7) for the 1, 5 and 10 mg/kg doses compared to saline control (2449.9±160.8, p<0.05)
(Figure 2A). Despite recovery at P21, levels of
sVEGFR-1 remained elevated in IH exposed
saline controls compared to RA. MnTBAP treatment did not affect sVEGR-1 levels in IH groups.
On the other hand, in RA groups, MnTBAP treatment resulted in higher levels of sVEGFR-1 at
the 5 (4898.0±221.1, p<0.01) and 10 (5838.4
±292.2, p<0.001) mg/kg doses compared to
saline (3807.9±144.9). Additionally, sVEGFR-1
levels were lower with MnTBAP treatment in IH
cycling at the 5 (4109.0±269.8 vs. 4898.0
±221.1, p<0.05) and 10 (4548.9±187.7 vs.
5838.4±292.2, p<0.01) compared to RA treatment groups (Figure 2B). Generally, changes in
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Figure 4. Dose response effects of MnTBAP treatment on lung MMP-9 levels in neonatal rats following intermittent
hypoxia during hyperoxia (A, P14) and recovery in RA (B, P21). Data are presented as mean±SEM (n=18 pups per
group, 9 males and 9 females). Animals were treated with IP injections of 1, 5, or 10 mg/kg MnTBAP on P0, P1 and
P2 or equivalent volume saline (placebo controls).

Figure 5. Dose response effects of MnTBAP treatment on lung TIMP-1 levels in neonatal rats following intermittent
hypoxia during hyperoxia (A, P14) and recovery in RA (B, P21). Data are presented as mean±SEM (n=18 pups per
group, 9 males and 9 females). Animals were treated with IP injections of 1, 5, or 10 mg/kg MnTBAP on P0, P1 and
P2 or equivalent volume saline (placebo controls).

sVEGR-1 levels followed similar changes in
VEGF levels across different treatment groups.
Effect on MMP-2
MMP-2 degrades components of the extracellular matrix and plays a key role in cell migration, tissue remodeling, and lung alveolarization. MMP-2 levels (pg/mg protein) remained
unchanged with IH cycling alone or MnTBAP
treatment in RA at P14 (Figure 3A). However,
treatment with the lowest dose of 1 mg/kg
MnTBAP in IH cycling resulted in lower MMP-2
levels (31656.0±1189.9, p<0.05) compared to
the similarly treated RA littermates (35987.8±
1137.2). No effects were noted with the higher
doses in RA or IH cycling. Conversely, at P21,
there was a latent response of decreased
MMP-2 levels in the saline control group exposed to IH cycling (24084.6±1568.0, p<
599

0.001) compared to the RA saline control group
(32860.7±1531.1). A similar but less significant reduction was noted for the lowest
MnTBAP dose of 1 mg/kg (25293.4±1226.1,
p<0.05) compared to RA (30110.5±1811.6).
The higher dose groups remained comparable
to their RA littermates. However, treatment in
RA was lower with those doses (24702.0
±1496.0, p<0.01 and 24021.0±1102.0, p<
0.001, respectively) compared to saline
(32860.7±1531.1) (Figure 3B).
Effects on MMP-9
At P14, IH cycling did not affect MMP-9 levels
significantly in saline control group compared
to RA (Figure 4A). However, with MnTBAP treatment, there was a significant and consistent
reduction in MMP-9 (pg/mg protein) during
IH-cycling with the 1 (16.9±1.7, p<0.01), 5
Am J Transl Res 2013;5(6):594-607
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Figure 6. Dose response effects of MnTBAP treatment on lung MMP-2/TIMP-1 ratios levels in neonatal rats following
intermittent hypoxia during hyperoxia (A, P14) and recovery in RA (B, P21). Data are presented as mean±SEM (n=18
pups per group, 9 males and 9 females). Animals were treated with IP injections of 1, 5, or 10 mg/kg MnTBAP on
P0, P1 and P2 or equivalent volume saline (placebo controls).

Figure 7. Dose response effects of MnTBAP treatment on lung MMP-9/TIMP-1 ratios in neonatal rats following intermittent hypoxia during hyperoxia (A, P14) and recovery in RA (B, P21). Data are presented as mean±SEM (n=18
pups per group, 9 males and 9 females). Animals were treated with IP injections of 1, 5, or 10 mg/kg MnTBAP on
P0, P1 and P2 or equivalent volume saline (placebo controls).

(17.3±1.2, p<0.01), and 10 (16.4±1.9, p<0.01)
mg/kg doses compared to saline control
(27.4±2.3) as well as their RA counterparts
(25.7±2.3, 25.6±2.5, and 25.5±3.0, respectively). MnTBAP treatment did not affect MMP-9
levels in the RA groups (Figure 4A). At P21,
after RA recovery, there was no difference in
MMP-9 levels between IH and RA saline control
groups (Figure 4B). MnTBAP treatment resulted
in a dose-related sustained decrease of MMP-9
production in the IH-cycled groups (9.2±2.2,
p<0.01, 9.2±2.2, p<0.01, and 5.9±2.1, p<
0.001) for the 1, 5, and 10 mg/kg doses,
respectively compared to saline treatment
(19.8±1.8). Similarly, treatment in RA resulted
in a significant reduction in MMP-9 levels
(2.9±2.3, p<0.01) at the highest dose of
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MnTBAP (10 mg/kg) compared to saline (23.8
±7.1) (Figure 4B).
Effect on TIMP-1
TIMP-1 (measured as pg/mg protein) is a 28.5
kDa glycoprotein that forms a no covalent 1:1
complex with MMPs, thereby inhibiting their
proteolytic activities. At P14, IH cycling resulted
in a significant increase in TIMP-1 activity in
saline control group (4703.7±57.9, p<0.01)
compared to RA (4084.6±159.2, Figure 5A).
Treatment with MnTBAP did not affect TIMP-1
activity in IH cyling groups in all dose ranges. In
contrast, only the highest dose of MnTBAP
increased TIMP-1 levels (4710.0±152.5, p<
0.05) compared to saline (4080.6±159.2) in
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RA. A similar elevation was noted with the 5
mg/kg MnTBAP dose (4736.6±132.5, p<0.05)
when administered in IH cycling compared to
RA treated counterpart group (4208.0±178.4)
(Figure 5A). At P21, no difference was noted
between IH and RA saline controls. Only the
MnTBAP dose of 1 mg/kg resulted in elevated
TIMP-1 levels (3803.0±133.0, p<0.05) when
administered in IH cycling compared to saline
(3158.9±414.2) (Figure 5B).
MMP/TIMP ratios
TIMP-1 inhibits the active form of many MMPs
and is the most widely distributed TIMP.
Therefore the ratio of MMPs to TIMPs may be
more important than their actual levels. Figure
6A shows that at P14, MMP-2/TIMP-1 ratios
declined in saline controls with IH cycling
(6.95±0.2, p<0.01) compared to RA (8.6±0.54).
This effect was also noted with MnTBAP treatment at the 1 (6.95±0.24 vs. 7.9±0.31, p<0.05)
and 5 (7.2±0.13 vs. 8.7±0.5, p<0.01) mg/kg
doses compared to their RA counterparts.
Generally, there was no effect of MnTBAP treatment on MMP-2/TIMP-1 ratio when treatment
groups were compared with their saline controls irrespective of oxygen exposure. At P21,
there was no significant difference between IH
cycling and RA saline controls groups (Figure
6B). However, there was a latent decline in
MMP-2/TIMP-1 ratios in the IH cycled group
treated with 1 mg/kg MnTBAP (6.65±0.23,
p<0.001) compared to RA (9.75±0.52). With
regard to MMP-9/TIMP-1 ratios, there was no
significant difference in the MMP-9/TIMP-1
ratios between IH and RA saline controls.
However, the ratios were most significantly
affected by MnTBAP treatment both at P14
(Figure 7A, IH cycling) and P21 (Figure 7B, both
groups). We noted a significant reduction of
MMP-9/TIMP-1 ratio with all doses of MnTBAP
treatment in IH cycling at P14 (0.0037±0.00031,
0.0037±0.0034, and 0.0035±0.0043) for the
1, 5 and 10 mg/kg doses respectively compared to saline control (0.0058±0.00049,
p<0.01), as well as their RA counterparts. There
was no significant change in MMP-9/TIMP-1
ratio in association with MnTBAP treatment in
RA groups. At P21, there was a progressive
dose response decline in MMP-9/TIMP-1 ratios
both in IH cycling and RA groups. In IH cycling,
all MnTBAP doses resulted in lower MMP-9/
TIMP-1 ratios (0.0025±0.00063, 0.0026±
0.00061, and 0.0016±0.00057) compared to
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saline (0.0065±0.00057, p<0.05). However, in
RA groups, significance was achieved only with
the 5 (0.0044±0.00033, p<0.05) and 10
(0.00072±0.00059, p<0.001) mg/kg doses of
MnTBAP treatment compared to saline (0.0071
±0.00026).
Discussion
The present study demonstrates that recurrent
intermittent hypoxic events during hyperoxia,
occurring in the first few weeks of life, although
brief, results in significant alterations in lung
biomarkers of angiogenesis and alveolarization. Treatment of MnTBAP in rats for the first 3
days of life is equivalent to 3 weeks in human
infants. MnTBAP does not appear to have
adverse effects on growth and may even protect weight accretion. However, this protective
effect on growth was not sustained when drug
treatment was terminated. This finding is important since infants with the lowest early postnatal body growth are most susceptible to development of BPD [46, 47]. These same infants
are most susceptible to experience frequent,
brief intermittent hypoxic events due to immature respiratory control, airway obstruction and
ineffective ventilation [48, 49]. The intermittent
hypoxic events can last as little as a few seconds to as much as several minutes [50]. We
used a well-established model to simulate brief
intermittent hypoxia experienced by ELGANs
lasting only one minute [43, 51]. This model
produces oxidative stress and oxidative DNA
damage as evidenced by elevated levels of
8-isoprostane, a reliable biomarker for lipid
peroxidation and oxidative stress and 8-hydroxydeoxyguanosine (8-OHdG), a reliable biomarker for oxidative DNA damage, confirming
previous findings by other investigators [52].
Studies using a longer period of intermittent
hypoxia (10 minutes) during hyperoxia, demonstrated arrested alveolar development and oxidative stress [53]. In the present study, a shorter, one-minute clustered approach was used
with therapeutic interventions specifically targeting oxidative stress and ROS. Our data demonstrated three major findings: 1) low-dose
MnTBAP was sufficient to decrease elevated
lung VEGF levels which had resulted from frequent, brief, intermittent hypoxic episodes; 2)
using our animal model, we demonstrated that
MMP-2 is suppressed by IH; and 3) MnTBAP
decreased the inflammatory marker, MMP-9,
as well as the MMP-9/TIMP-1 ratio, in a doseAm J Transl Res 2013;5(6):594-607
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dependent manner which may indicate an antiinflammatory effect for MnTBAP. Together,
these findings support our hypothesis and
enable us to conclude that exposure of the preterm lungs to brief, intermittent hypoxia will
result in long-term and possibly, permanent
changes in biomarkers that regulate lung angiogenesis and alveolarization. More importantly,
the use of antioxidants may have potential beneficial effects, to decrease lung inflammation.
The respiratory tract is in direct contact with
inhaled O2 making it the primary target for
O2-induced injury and superoxide anion release
from the mitochondrial electron transport chain
[54]. Under normal circumstances, superoxide
anions are scavenged by endogenous SOD
enzymes [42]. MnSOD participates in lung
defense against ROS and is induced by hyperoxia and inflammation. Preterm infants have a
limited ability to induce MnSOD in response to
O2 [54]. Therefore, treatment with a manganese-based metalloporphyrin, such as MnTBAP,
during the critical first few weeks of life may aid
in superoxide scavenging [42, 55]. It is well
known that peroxynitrite and superoxide anion
(which can be scavenged by MnTBAP) are ROS
that induce inflammatory responses and
deplete and inactivate endogenous MnSOD
[42]. Consequently, it can be speculated that
administration of exogenous MnTBAP may prevent alveolar and endothelial dysfunction associated with ROS and inflammation. However,
this drug has not been studied extensively in
animal models of BPD. Additionally, the appropriate effective dose of MnTBAP needed to
achieve its potential benefits is not known. Our
data showed that the lowest dose of MnTBAP (1
mg/kg) was both adequate to prevent the
hypoxia-induced VEGF increases and at the
same time, decrease MMP-9. We examined the
lungs at P14 because in rats, bulk alveolarization ends at postnatal day 10 and the lungs
enters the stage of microvascular maturation
[56]. It was crucial for us to also examine the
lungs at P21 following one week of reperfusion/recovery because damage to the lungs
appears to worsen during reoxygenation following hypoxia [7]. This may be due to further generation of ROS and does not appear to be neutralized by endogenous antioxidant defenses.
However; it can be prevented by exogenous
SOD [57].
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VEGF and sVEGFR-1 levels
The first test of our hypothesis was to measure
the effect of MnTBAP upon levels of VEGF and
its endogenous inhibitor, sVEGFR-1. Our data
showed that VEGF was increased in the saline
placebo controls at both P14 and P21. At first
glance, this finding appears to contrast with
previous studies which demonstrated that
VEGF is decreased in BPD animal models [16,
17]. However, on further evaluation, it became
apparent that the increase in VEGF was most
likely due to the repeated, IH episodes
employed in our model. Our model differs from
several previously studied BPD models, which
used constant hyperoxia, but did not employ IH.
We contend that our model of brief intermittent
hypoxia most closely resembles that experienced by ELGANs. Shima et al. [58] showed
that the VEGF half-life under normoxia is 30-45
minutes in the human epithelial cell line.
However, under hypoxic conditions, there was a
10-fold increase in the half-life to 6-9 hours
suggesting increased stability of the VEGF molecule. Our group has previously shown that in
ELGANs who developed BPD, VEGF levels in tracheal aspirate fluid were significantly elevated
from as early as 3 days and remained elevated
up to 8 weeks of life compared to their baseline
levels [19]. Therefore, it seems reasonable to
assume, that repeated hypoxic episodes may
result in increased VEGF accumulation and stability. MnTBAP effectively prevented the
increase in VEGF at P14, but the effect was not
sustained during recovery/reperfusion (P21).
Endogenous SOD response to hyperoxia in rats
peaks at P10-P12 [33] and become depleted
after that period. The ability for rats to upregulate oxygen-stimulated SOD activity disappears
at P19-P20 [33]. This perhaps contributed to
the decreased effect of MnTBAP. Alternatively,
since the half-life of MnTBAP in the lungs is 9.5
hours [59], it is possible that the duration of
MnTBAP administration was not sufficient and
therefore led to an accumulation of ROSinduced VEGF by P21.
Another possible explanation is that MnTBAP’s
conversion of superoxide anions to H2O2 leads
to H2O2 accumulation, especially if catalase
and/or glutathione peroxidase stores were
reduced or depleted. In the absence of catalase and glutathione peroxidase to convert
H2O2 to H2O and O2, the accumulating H2O2 may
lead to upregulation of VEGF [60]. One interest-
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ing and unexpected finding was the increase in
lung VEGF levels with the 10 mg/kg dose of
MnTBAP in the RA groups at P21. This is of particular concern since it has been shown that an
upregulation of VEGF increases mortality and
morbidity in neonatal mice [61]. Normal cellular
metabolism produces a basal level of ROS,
which may be necessary to maintain a cellular
“redox homeostasis” and for cellular signaling
systems [55]. The high doses of MnTBAP (10
mg/kg) may be “toxic” by way of depleting
these basal levels of ROS with “over-scavenging” of superoxide anion and accumulation of
H2O2. It was also interesting to note that sVEGFR-1 levels increased, parallel to the VEGF levels, in the RA groups, providing further evidence
for VEGF/VEGFR-1 signaling through ROS. The
mirror increases in sVEGFR-1 and VEGF noted
in various groups confirms the regulatory role of
sVEGFR-1 as an endogenous inhibitor of VEGF.
MMPs and TIMP levels
Hypoxia decreases MMP-2 leading to arrested
alveolarization and abnormal arterial remodeling which are hallmarks of BPD [22]. Even
though there was no difference between RA
and IH saline with regard to MMP-2, at P14, the
lowest MnTBAP dose suppressed MMP-2 during IH cycling. During reperfusion/recovery, we
noted a decrease in MMP-2 with IH cycling that
was not due to MnTBAP treatment. Instead,
high dose MnTBAP had a suppressive effect in
the RA groups. MMP-2 is present in large
amounts in the developing lungs and is localized in pulmonary arteries [62]. Our data provide further evidence for a hypoxic rather than
a hyperoxic effect on MMP-2 and may suggest
decreased microvascular maturation in
response to hypoxia. Additionally, our data
points to the importance of finding the fine balance between levels of ROS and antioxidants,
as high dose MnTBAP caused reduced MMP-2
in RA controls, which may have deleterious
effects on the lung microstructure. TIMP-1 is
the specific inhibitor of MMP-9 but can also
inhibit MMP-2. MMP-2/TIMP-1 ratio was suppressed at P14 but this was due to intermittent
hypoxia and not MnTBAP. This apparent imbalance favoring TIMP-1 may result in abnormal
alveolarization and pulmonary artery remodeling. In contrast, MnTBAP selectively suppressed
MMP-9 and MMP-9/TIMP-1 ratios. Given that
MMP-9 is the main gelatinase released by
inflammatory cells, it is prudent to suggest that
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MnTBAP may be functioning in the context of
inflammation. The inability to mount an early
anti-inflammatory response in preterm infants
may play a significant role in the development
of BPD. Dik et al. [63] monitored serial bronchoalveolar lavage MMP-9 levels in premature
infants diagnosed with respiratory distress syndrome (RDS) and found that an early response
to inflammatory lung injury represented by an
early upregulation in MMP-9 occurred within
the first week of life and was associated with
resolving RDS. However, infants who went on to
develop CLD demonstrated decreased early
MMP-9 levels and a delayed rise in MMP-9. Our
findings may support the suggestion that
MMP-9 is a biomarker for lung inflammation
[25] and may play a role in neonatal inflammatory lung injury and BPD [32]. The most significant finding in our study and the second test of
our hypothesis was the suppressive effect of
MnTBAP on MMP-9 levels, which persisted during the recovery/reperfusion phase (P21). It is
possible that early antioxidant supplementation with MnTBAP attenuated the early inflammatory response to intermittent hypoxia with
subsequent decline in MMP-9 at P14. The lack
of a late increase in MMP-9, which has been
seen in CLD, along with the progression of
decreasing MMP-9, may suggest an effective
anti-inflammatory effect of MnTBAP. Treatment
with the 10 mg/kg dose of MnTBAP resulted in
a dose-dependent decrease in MMP-9. Through
a superoxide-dependent mechanism, MMP-9
can be upregulated by cytokine-induced inflammation [64]. It is possible that to maintain a
normal MMP-9 baseline, a basal level of ROS
may be required. Again, ROS “over-scavenging”
by MnTBAP could explain the reduction in
MMP-9 in our RA controls.
In summary, our data showed that a low dose of
MnTBAP (1 mg/kg) effectively prevented
increases in lung VEGF levels that can occur in
response to intermittent hypoxia. This dose
was also effective for decreasing MMP-9 levels
and the MMP-9/TIMP-1 ratio, which would have
anti-inflammatory effects. Due to the possibility
that H2O2 accumulation might occur at higher
doses, MnTBAP should be studied in conjunction with other antioxidants such as catalase
and glutathione peroxidase. We further demonstrated that MMP-2 is suppressed by intermittent hypoxia, findings which are in keeping with
previous studies [22]. However, this MMP-2
effect was not reversed with MnTBAP and sugAm J Transl Res 2013;5(6):594-607
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gests that impaired pulmonary vascular remodeling might occur under these conditions. While
the results of our study have significant clinical
implications, there are some limitations that
need consideration. TIMP-1 is a well known
specific inhibitor of MMPs, but measurement of
TIMP-2 might be of some value as it also binds
and regulates MMP-2. Measurement of H2O2,
catalase, and glutathione peroxidase would be
useful to determine whether their accumulation or depletion are responsible in part for
some of the biological effects that we noted,
and to demonstrate whether concomitant treatment with catalase and/or glutathione peroxidase would be more effective. In conclusion,
our data demonstrate that brief, repeated intermittent hypoxia during hyperoxia can alter biomarkers responsible for normal microvascular
and alveolar developmental. Our findings indicate that in addition to prevention of hypoxic
events, the use of antioxidants should be considered as a possible therapeutic intervention
in neonates at risk for the development of oxidative lung injury.
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