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Background: Premature infants are at increased risk for 
airway diseases, such as wheezing and asthma, because of 
early exposure to risk factors including hyperoxia. As in adult 
asthma, airway remodeling and increased extracellular matrix 
(ECM) deposition is involved.
Methods: We assessed the impact of 24–72 h of moderate 
hyperoxia (50%) on human fetal airway smooth muscle (fASM) 
ECM deposition through western blot, modified in-cell west-
ern, and zymography techniques.
results: Hyperoxia exposure significantly increased colla-
gen I and collagen III deposition, increased pro- and cleaved 
matrix metalloproteinase 9 (MMP9) activity, and decreased 
endogenous MMP inhibitor, TIMP1, expression. Hyperoxia-
induced change in caveolin-1 (CAV1) expression was assessed 
as a potential mechanism for the changes in ECM deposi-
tion. CAV1 expression was decreased following hyperoxia. 
Supplementation of CAV1 activity with caveolar scaffolding 
domain (CSD) peptide abrogated the hyperoxia-mediated 
ECM changes.
conclusion: These results demonstrate that moderate 
hyperoxia enhances ECM deposition in developing airways 
by altering the balance between MMPs and their inhibitors 
(TIMPs), and by increasing collagen deposition. These effects 
are partly mediated by a hyperoxia-induced decrease in CAV1 
expression. In conjunction with prior data demonstrating 
increased fASM proliferation with hyperoxia, these data fur-
ther demonstrate that hyperoxia is an important instigator of 
remodeling in developing airways.

Postnatal supplemental oxygen (hyperoxia) remains a sig-
nificant risk factor for the development of pediatric and 

neonatal lung diseases. Premature infants are at particular 
risk because of their immature pulmonary systems and their 
disproportionate exposures to hyperoxia and/or respiratory 
support such as mechanical ventilation. While perinatal expo-
sure to hyperoxia has been most commonly associated with 
alveolar disease such as bronchopulmonary dysplasia (BPD), 

there is increasing evidence that hyperoxia exposure has sig-
nificant impact on the developing airway and may predispose 
to chronic airway diseases such as wheezing and asthma (1–4).  
Indeed, reactive airway diseases are the major long-term 
sequelae in infants who survive BPD, and they also affect 
infants who have no demonstrated evidence of BPD. These 
airway effects are often chronic, and may predispose to child-
hood, and even adult, asthma.

Airway remodeling, characterized by increased airway 
smooth muscle (ASM) mass and increased extracellular matrix 
(ECM) deposition in the airway wall, is a key feature of reac-
tive airway diseases such as asthma (5–8). Prior studies by our 
group have demonstrated the proproliferative effects of mod-
erate levels of hyperoxia (up to 50%) in human fetal airway 
smooth muscle (fASM) cells, while higher levels of oxygen lead 
to increased apoptosis (9). While these changes in ASM prolif-
eration are intriguing, the effects of hyperoxia on the broader 
aspects of airway remodeling, particularly ECM effects, have 
not been investigated in the developing airway. Of note, there 
is growing appreciation for the relationship between ASM and 
the ECM. Intriguingly, there is increasing evidence that ASM 
is an important modulator of the ECM, making this relation-
ship a particularly interesting, though complex, one to study 
(7,10–13).

The ECM is a dynamic structure that is composed of numer-
ous components, including collagens, fibronectin, and pro-
teoglycans. Breakdown of the ECM and/or changes to its 
composition can influence cell motility, proliferation, cellular 
signaling, and contractility (14). Increased ECM deposition 
may lead to stiffer more fibrotic airways. This can result in 
increased airway resistance, particularly in a still developing 
and more compliant neonatal lung. Of note, increased levels 
of collagen I and III precursors and mRNA have been found at 
autopsy in infants exposed to hyperoxia who developed BPD 
and airway disease (1,15).

In addition, expression of key ECM modulators—matrix 
metalloproteinases (MMPs)—is elevated in infants with neo-
natal lung disease (16,17). MMP2 and MMP9 are increased in 
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bronchoalveolar lavage (BAL)  fluid samples of neonates with 
respiratory distress who develop BPD while increased collagen 
deposition has been noted in the pulmonary parenchyma of 
these infants on histologic assessment (15,17,18). Hyperoxia 
exposure is one factor that has been shown to increase MMP 
expression (19). MMPs are zinc-dependent endopeptidases 
that are most commonly associated with their role in degra-
dation of the extracellular matrix. The gelatinases (MMPs 2 
and 9) have been specifically implicated in pulmonary disease 
as contributors to hyperoxia-induced lung disease and asthma 
(17,20). Tissue inhibitors of metalloproteinases (TIMPs) are 
the primary regulators of MMPs; they are able to bind and 
inactivate them in a one to one ratio (21). The balance between 
MMPs and TIMPs is therefore an important one.

Caveolin-1 (CAV1) has emerged as an important regula-
tor of remodeling in pulmonary diseases, including asthma. 
CAV1 is the primary structural element of caveolae, which 
are lipid-, cholesterol-, and sphingomyelin-rich membrane 
domains that serve as points of concentration for numerous 
cell-signaling components, including receptors, ion channels, 
and other key cell signaling components (22–24). Altered lev-
els of CAV1 carry significant structural and functional impli-
cations (25–27).

CAV1 plays an important role in regulation of fibrosis and 
ECM deposition in the lung. A number of studies, including 
prior work from our group, have shown that CAV1 knock-out 
mice demonstrate increased airway hyper-reactivity, as well 
as increased airway remodeling with elevated levels of colla-
gen and myofibroblasts (28–31). CAV1 and caveolae have also 
been shown to inhibit the secretion and activity of multiple 
MMPs, including MMPs 1, 2, and 9 (32). These multiple asso-
ciations of CAV1 and caveolar signaling with remodeling and 
fibrosis make it an intriguing area of investigation for hyper-
oxia-induced injury in the developing airway.

In this study, we used fetal ASM cells (fASM) as an in vitro 
model of one important aspect of the developing airway, and 
we examined the effects of moderate hyperoxia exposure on 
fASM ECM deposition and on CAV1 expression. Alteration 
in CAV1 expression was assessed as a potential mechanism of 
hyperoxia-induced remodeling effects.

METHODS
Cell Culture
Deidentified and cultured human fASM cells were purchased from 
Novogenix (Los Angeles, CA) or provided by Dr. Pandya (University 
of Leicester, England). The Mayo Clinic IRB found these protocols 
and specimens IRB exempt. Leicester protocols were also approved 
by ethics committees at the University of Leicester. In brief, human 
tracheobronchial airway smooth muscle cells were enzymatically 
dissociated from 18 to 20 wk gestational age (canalicular stage) lung 
tissue, as previously described (33). Isolated cells were not pooled 
together from multiple samples, and as such each sample or “n” repre-
sents cells isolated from an individual lung. Cells were cultured using 
standard conditions in 10% fetal bovine serum (FBS), phenol red free 
Dulbecco’s Modified Eagle Medium (DMEM)/F12 growth media. 
Prior to treatments, cells were growth arrested in 0.5% FBS media for 
24 h. Previously described smooth muscle markers (smooth muscle 
actin, calponin, and acetylcholine receptor) were used to confirm 
phenotype throughout the duration of experiments (9,34). All cells 
were from passages 2–10. Preliminary experiments performed in our 

lab demonstrated no phenotypic or behavioral changes between low 
and high passage cells within this range.

Cellular Exposures
fASM cells were exposed to 50% hyperoxia for 24–72 h following 
serum starvation in 0.5% FBS for a minimum of 24 h. To investigate 
the role of CAV1 expression on the observed ECM changes, an ana-
log of the CSD peptide was used. Native, nontransfected cells were 
pretreated with 1 µmol/l CSD for 30 min prior to hyperoxia exposure.

Western Blot
Whole cell lysates or concentrated conditioned media were sepa-
rated on SDS-PAGE gels (7, 10, or 4–15% gradient gels, Criterion Gel 
System; Bio-Rad, Hercules, CA) via standard techniques. Proteins 
were transferred to nitrocellulose membranes using a Bio-Rad Trans-
Blot Turbo system and blocked in Odyssey Blocking buffer (Li-Cor 
Biosciences, Lincoln, NE) prior to overnight incubation in a 1 µg/ml 
solution of primary antibody of interest. Primary antibodies included: 
caveolin-1, collagen I, collagen III (Abcam, Cambridge, MA), Cavin-
1, Cavin-3, fibronectin, matrix metalloproteinase 2 (MMP2), matrix 
metalloproteinase 9 (MMP9), tissue inhibitor of metalloproteinase 1 
(TIMP1), and tissue inhibitor of metalloproteinase 2 (TIMP2) (Santa 
Cruz Biotechnology, Santa Cruz, CA). Secondary antibodies were con-
jugated to 800CW or 680CW IR dye (Li-Cor Biosciences) and imaging 
was performed using a Li-Cor OdysseyXL system prior to quantifi-
cation via densitometry. Glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) expression was used to normalize cell lysate protein con-
centrations. Concentrated conditioned media was normalized to cell 
lysate protein concentrations as determined by Lowry protein assays.

Zymography
Standard protocols for gelatin zymography were used to measure 
MMP-2 and MMP-9 activity in concentrated media from fASM cells 
exposed to hyperoxia. Media was concentrated using Millipore cen-
trifugal filter tubs (Beverly, MA). Samples were separated using 10% 
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) gelatin zymography gels (Bio-Rad). Gels were developed using 
Bio-Rad renaturization and developing buffers according to the rec-
ommended protocols. Gels were stained in Coomassie blue, destained 
in a solution of 50% methanol, 40% DI water, and 10% acetic acid, and 
then quantified by densitometry using a Li-Cor Odyssey XL system. 
Activity was standardized to cell lysate protein concentration.

Modified In-Cell Western
Extracellular matrix deposition was measured using a modified in-
cell western technique, as previously described (34,35). Briefly, cells 
grown to 60% confluence in 96-well plates were exposed to nor-
moxia or 50% hyperoxia for 72 h. Cells were then lysed with 0.016 N 
NH4OH, rinsed with TBS, and blocked in Li-Cor Odyssey Blocking 
buffer prior to overnight incubation in the primary antibody of inter-
est at a 10 µg/ml concentration. Primary antibodies included collagen 
I and collagen III (Abcam) and fibronectin (Santa Cruz). Plates were 
incubated in IR-conjugated secondary antibodies at a concentration 
of 5 µg/ml for 60 min. Quantification was determined via densitom-
etry after imaging with a Li-Cor OdysseyXL system. Blank wells 
without cells were treated with media and all primary and secondary 
antibodies to control for any background signal.

siRNA Transfection
Lipofectamine was used to transfect 60–70% confluent fASM cells 
with scrambled or caveolin-1 siRNA under serum-free, antibiotic-
free conditions. 20% FBS media was added, producing 10% FBS con-
ditions for overnight incubation. Cells were then serum starved and 
exposed to 50% hyperoxia for 24 h. Transfection efficiency was deter-
mined by assessing caveolin-1 expression by western blot.

Statistical Analysis
A minimum of four fASM samples, with two replicates per sam-
ple, were used for all experiments. A Sigma Plot software pack-
age (SYSTAT, San Jose, CA) was used for statistical analysis. Data 
were analyzed via Students t-test or one-way ANOVA, followed by 
Student-Newman-Keuls post hoc analysis. Statistical significance was 
set at P < 0.05, with values reported as mean ± SEM.
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RESULTS
Hyperoxia Increases fASM Extracellular Matrix Production
A modified in-cell western technique was used to assess the 
impact of moderate hyperoxia exposure on three ECM com-
ponents: collagen I, collagen III, and fibronectin. Cells were 
exposed to 50% oxygen or 21% oxygen for 72 h prior to analy-
sis. Hyperoxia exposure significantly increased collagen I and 
collagen III deposition, but did not impact fibronectin deposi-
tion (P < 0.05, Figure 1). Blank control wells did not demon-
strate fluorescence.

Hyperoxia Modulates MMP and TIMP Activity and Expression
MMP2 and MMP9 are gelatinases involved in ECM remodel-
ing that have been found to have increased expression in BAL 
samples from neonates with BPD and reactive airway disease 
(18,19). In light of this clinical data, we used gelatin zymog-
raphy to assess MMP2 and MMP9 activity in concentrated 
media from fASM cells exposed to hyperoxia vs. room air. 
Hyperoxia exposure significantly increased pro- and cleaved 
MMP9 activity, but it did not affect MMP2 activity (Figure 2).

To determine whether this change in MMP9 activity was due 
to increased expression of MMP9 vs. increased activation/loss 
of inhibition, western analysis of MMP2, MMP9, and MMP 
inhibitors TIMPs 1 and 2 (TIMPs) was performed on concen-
trated media from control vs. hyperoxia-exposed fASM cells. 
Western blot protein expression in concentrated media was 
normalized to the protein concentrations of the corresponding 
lysates. Expression of TIMP1 was significantly decreased with 
hyperoxia exposure, while expression of TIMP2, MMP2, and 
MMP9 was unchanged (Figure 3). It is likely that the decrease 

in TIMP1 expression contributes to the increase in MMP9 
activity because TIMP1 is a major regulator of MMP9.

Hyperoxia Impacts Caveolar Protein Levels
Western blot analysis was used to assess the impact of hyper-
oxia on caveolar protein levels as a possible mechanism for 
the hyperoxia-induced changes in ECM proteins and ECM 
modulators. CAV1 expression was significantly decreased 
with hyperoxia (P < 0.05, Figure 4). Expression of cavin-1 and 
cavin-3, constituent proteins involved in plasma membrane 
insertion and removal of CAV1, was unchanged.

CAV1 Modulates ECM Remodeling in Hyperoxia-Exposed fASM
To assess the role of decreased CAV1 expression on fASM 
ECM deposition, cells were transfected with CAV1 siRNA, 
and expression of ECM molecules in concentrated media was 
assessed via western blot. CAV1 siRNA resulted in increased 
collagen III in concentrated media in both room air and hyper-
oxic conditions. Collagen I was significantly increased with 
the combination of CAV1 siRNA transfection and hyperoxia 
exposure. These effects of the CAV1 siRNA were more pro-
nounced with hyperoxia exposure (P < 0.05, Figure 5).

In an additional set of experiments, nontransfected cells 
were treated with caveolar scaffolding domain (CSD) (an ana-
log of the active portion of CAV1) prior to hyperoxia expo-
sure to assess the effects of supplementation of CAV1 on ECM 
expression with hyperoxia exposure. CSD pretreatment abro-
gated the hyperoxia-induced increase in collagen I and III 
expression in concentrated media (P < 0.05, Figure 6). There 
was no change in fibronectin expression.

Figure 1. Moderate hyperoxia increases fetal airway smooth muscle 
(fASM) extracellular matrix deposition. Exposure of fASM cells to 50% 
hyperoxia for 72 h significantly increased deposition of collagen I and col-
lagen III. Fibronectin deposition was not affected. Values are means ± SEM 
from n of 4 samples. * indicates significant difference from 21% O2 control 
with P < 0.05.
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Figure 2. The effect of moderate hyperoxia on matrix metalloproteinase 
(MMP) activity. Fetal airway smooth muscle cells were exposed to 21 or 
50% oxygen for 24 h. Conditioned media was collected, concentrated, and 
analyzed via gelatinase zymograph for MMP9 and MMP2 activity. MMP 
activity in concentrated media was normalized to cellular lysate protein 
concentration. Both pro- and cleaved MMP9 activity were significantly 
increased with hyperoxia exposure. MMP2 activity was not changed. 
Values are means ± SEM from n of 4 samples. * indicates significant  
difference from 21% O2 control with P < 0.05.
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To assess the impact of decreased CAV1 expression on MMP 
activity, we used gelatin zymography to assess MMP2 and 
MMP9 activity in concentrated media from fASM cells trans-
fected with CAV1 siRNA. CAV1 siRNA transfection had no 
impact on MMP2 or MMP9 activity (Figure 7a). Similarly, we 
assessed MMP2, MMP9, TIMP1, and TIMP2 protein expres-
sion in concentrated media from transfected cells. There was 
no change in protein expression of any of these ECM modula-
tors with CAV1 siRNA transfection (Figure 7b).

DISCUSSION
In this study, we examined the impact of hyperoxia exposure 
on expression and deposition of ECM molecules and media-
tors in primary human fASM cells. Exposure to hyperoxia 
resulted in a significant increase in collagen I and collagen III 
deposition in the context of increased pro- and cleaved MMP9 
activity. TIMP1 activity was decreased, and this likely contrib-
uted to the observed increase in MMP9 activity. CAV1 expres-
sion was also significantly decreased with hyperoxia exposure; 
this implies a potential mechanism for the observed changes 
in ECM expression. Supplementation of CAV1 activity (using 
CSD peptide) ameliorated the hyperoxia-induced changes in 
collagen I deposition. Overall, these data demonstrate that 

Figure 3. Impact of moderate hyperoxia on matrix metalloproteinase (MMP) and tissue inhibitors of metalloproteinase (TIMP) expression and ratios. 
fetal airway smooth muscle cells were exposed to 21 or 50% oxygen for 24 h. Conditioned media was collected, concentrated, and analyzed via west-
ern blot for MMP and TIMP expression. Protein expression in the conditioned media was normalized to the protein concentration of the corresponding 
cellular lysate. (a) Hyperoxia significantly decreased TIMP1 expression. MMP2, MMP9, and TIMP2 expression was unaffected. (b) MMP9/TIMP1 ratio was 
significantly increased while MMP2/TIMP2 ratio was unaffected. Values are means ± SEM from n of 4 samples. Legend: Black = 21% oxygen, gray = 50% 
oxygen. * indicates significant difference from 21% O2 control with P < 0.05.
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Figure 4. Effect of hyperoxia on caveolar protein expression in fetal 
airway smooth muscle cells. Cells were exposed to 21 or 50% oxygen for 
24 h. Hyperoxia exposure significantly decreased caveolin-1 expression 
but did not impact cavin-1 or cavin-3 expression. Values are means ± SEM 
from n of 4 samples. * indicates significant difference from 21% O2 control 
with P < 0.05.
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moderate hyperoxia can induce remodeling in fASM cells and 
could contribute to airway remodeling in neonates exposed to 
hyperoxia.

Supplemental oxygen remains a common perinatal expo-
sure. It has been well established that it is associated with 
the development of pulmonary diseases, including airway 
diseases such as wheezing and asthma. Clinical practice has 
been modified to minimize neonatal hyperoxia exposure and 
moderate levels (<50%) of hyperoxia are now used to attempt 
to decrease the potential negative repercussions. However, 
even moderate hyperoxia causes abnormal redox stress in an 
immature and developing lung that is used to the relatively 
hypoxic intrauterine environment. We chose a moderate 
(50%) level of hyperoxia because prior in vitro and in vivo 
murine studies have demonstrated increased ASM reactivity 
and remodeling behavior under similar conditions (3,36–39). 
Actual in vivo ASM oxygen exposure may be much lower 
since inspired oxygen is adjusted to target oxygen saturation 
in the low to mid 90’s in most clinical settings. It is, how-
ever, possible that ASM in the premature airway is exposed 
to higher levels of oxygen than in a healthy airway due to 
epithelial breakdown and barrier dysfunction in the setting 
of prolonged hyperoxia exposure in the NICU postnatally. 
It  remains important to better understand the response of 
the ASM to hyperoxia to help determine ways to prevent 
the deleterious effects of oxygen exposure in the developing 
lung. In this study, we demonstrated that moderate hyperoxia 
increases ECM deposition and that it also causes remodeling 
in fASM cells.

Airway remodeling and wall thickening is a primary struc-
tural change that occurs in reactive airway disease (6,12,40). 
This wall thickening occurs through a combination of ASM 
proliferation and increased ECM deposition, resulting in 
stiffer, fibrotic airways. These changes can decrease airway 
caliber, which may lead to wheezing and obstructive airway 
pathophysiology (6,12,14). We have previously demonstrated 
that hyperoxia increases proliferation of fetal ASM cells (9). 
Intriguingly, this effect was dose-dependent, with moderate 
hyperoxia (40–60%) resulting in increased proliferation, while 
higher levels (>60%) resulted in increased apoptosis. In addi-
tion to the proliferative effects of hyperoxia, we also previously 
demonstrated that high levels (>70%) of oxygen exposure 
result in mitochondrial dysfunction and fission. In the cur-
rent study, we have demonstrated that moderate hyperoxia 
also modulates ASM deposition of ECM molecules, increasing 
deposition of collagens I and III, and potentially contributing 
further to airway remodeling and airway dysfunction.

Prior studies demonstrate that increased ECM deposition in 
the developing lung occurs in the setting of BPD, respiratory 
distress syndrome (RDS), and hyperoxia exposure. However, 
the majority of these studies have focused on alveolar ECM 
deposition and BPD in the setting of high (>60%) levels of 
oxygen. A study of pulmonary tissue from infants who died of 
RDS or BPD found increased collagen I and III precursor pro-
teins and mRNA throughout the lungs of these infants (15). A 
recent publication focused on the impact of neonatal hyperoxia 

on the murine airway; it found increased collagen deposition 
at 21 d of age in the airways with both 40 and 70% oxygen 
exposure (39). There is also evidence that early exposure to 
hyperoxia can have a long-term impact on airway collagen 
content. Mice exposed to 65% oxygen at birth that subse-
quently demonstrated growth restriction have been found to 
have increased airway collagen deposition in adulthood (56 d 

Figure 5. CAV1 knockdown increases extracellular matrix (ECM) expres-
sion in fetal airway smooth muscle (fASM) cells. fASM cells were trans-
fected with CAV1 or scrambled siRNA prior to exposure to 21 or 50% 
oxygen. Knockdown of CAV1 increased collagen III expression in 21% 
oxygen. Both collagen I and III were significantly increased following CAV1 
transfection and 50% oxygen exposure. Transfection with scrambled 
siRNA did not result in significant ECM change from control (data not 
shown). Protein expression in concentrated media was normalized to 
cellular lysate protein concentration. Values are presented as mean ± SEM. 
Legend: Black = 21% oxygen, light gray = 21% oxygen transfected with 
CAV1 siRNA, dark gray = 50% oxygen, cream = 50% oxygen transfected 
with CAV1 siRNA. * indicates significant difference from 21% control.
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Figure 6. Pretreatment with caveolar scaffolding domain (CSD) peptide 
abrogates hyperoxia-induced extracellular matrix deposition. Cells were 
treated with vehicle or CSD peptide for 30 min prior to exposure to 21 
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old) (37,38). Our data suggest that ASM deposition of collagen 
in response to hyperoxia may be an important contributor to 
these changes.

Similarly, altered levels of MMPs have been noted in BAL 
specimens from preterm infants; the highest levels have been 
found in those who develop BPD and pulmonary disease 
(17,18,20,41). MMPs are the primary regulators of the ECM; 
they breakdown the matrix to allow for new matrix forma-
tion, cell migration, and release of growth factors and other 
signaling molecules contained in the ECM (42,43). We found 
increased activity of both the pro- and cleaved forms of MMP9 
with moderate hyperoxia exposure. Interestingly, MMP9 is 
commonly cited as elevated in BALs from neonates with pul-
monary disease, and it has been implicated as a key media-
tor of injury in hyperoxia-induced lung injury models of BPD. 
A murine model of BPD using exposure to high levels (85%) 
oxygen demonstrated increased levels of MMP9 as well as 
increased whole lung collagen expression. Knockout of MMP9 
ameliorated these effects (19). Increased levels of MMP9 and 
decreased TIMP1 have also been found in baboon models of 

hyperoxia-induced alveolar disease (44). Our findings were 
similar: The increased MMP9 activity we found is likely due to 
decreased TIMP1 expression with hyperoxia exposure because 
TIMP1 is a primary inhibitor of MMP9 activity.

Caveolae are important sites for cellular regulation, sig-
nal integration, and cross-talk of signaling pathways because 
of the number of ion channels and receptors they contain 
(22,24). CAV1 is a particularly important cellular mediator; it 
is involved in numerous pathways, including cellular signaling, 
fibrosis, and proliferation. Decreased levels of CAV1 are asso-
ciated with increased fibrosis and ECM deposition (22,24,45). 
In light of these prior studies, we evaluated the effect of moder-
ate hyperoxia on CAV1 expression in fASM cells as a potential 
mechanism for the increased ECM deposition that is observed 
with hyperoxia exposure. CAV1 levels were decreased with 
hyperoxia, while cavin levels were unchanged. This finding 
demonstrates the importance of CAV1 on airway structure 
and function.

More interesting is the fact that replacement of CAV1 activ-
ity through treatment with CSD peptide reversed the observed 

Figure 7. Impact of CAV1 knockdown on matrix metalloproteinase (MMP) activity and MMP and tissue inhibitors of metalloproteinase (TIMP) expression. 
Fetal airway smooth muscle cells were exposed to 21% with or without CAV1 siRNA transfection. (a) Conditioned media was collected, concentrated, and 
analyzed via gelatinase zymograph for MMP2 and MMP9 activity. There was no effect of CAV1 siRNA transfection on MMP activity. (b) Conditioned media 
was collected, concentrated and analyzed via western blot for MMP and TIMP expression. Protein expression in the conditioned media was normalized 
to the protein concentration of the corresponding cellular lysate. There was no effect of CAV1 siRNA transfection on MMP or TIMP protein expression in 
concentrated media. Values are means ± SEM from n of 4 samples. * indicates significant difference from 21% O2 control with P < 0.05.
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changes in ECM expression that occurred in response to hyper-
oxia exposure. Similarly, CAV1 knockdown via siRNA transfec-
tion increased ECM expression in concentrated media. These 
changes in ECM expression are similar to prior studies that 
have found increased collagen expression with CAV1 knock-
down. However, to our knowledge, there is no prior evidence 
that implicates hyperoxia as a mediator of CAV1 expression. Of 
note, these CAV1-mediated changes in ECM expression do not 
appear to be mediated through changes activity or expression 
of MMP2, MMP9, TIMP1, or TIMP2. It is more likely that the 
ECM changes result from loss of CAV1 suppression of other 
proliferative and fibrotic pathways, such as TGF-β. Modulation 
of CAV1 expression may represent a newly identified mecha-
nism through which hyperoxia negatively impacts the develop-
ing airway. In light of the availability of the CAV1 analog, CSD 
peptide, this may represent a possible point of intervention to 
ameliorate the deleterious effects of oxygen on the developing 
airway. Further study is needed to better understand the impact 
of hyperoxia on CAV1 expression in the airway, and to explore 
the potential therapeutic implications.

The use of fetal ASM cells was both a limitation and advan-
tage in this study. Most previous studies of hyperoxia exposure 
in the airway have been performed in adult cell lines, mature 
adult airway samples, or in animal models. The ability to use 
developing human ASM cells provides a unique opportunity 
to better understand the biology of the developing human air-
way. Limitations of our data include the fact that these are fetal 
ASM cells which may somewhat limit the generalizability of 
this data. All cells were from the canalicular stage, at 18–20 wk 
gestational age, which is the phase of lung development where 
terminal airway branching takes places and preliminary gas 
exchange becomes possible. Premature infants born during the 
late canalicular stage are at the earliest stage of viability making 
this a relevant clinical time point for study. We were blinded 
as to exact gestational age of each sample. While there may be 
some variability depending on exact gestational age, the over-
all results were the same across the samples.

In summary, our findings demonstrate that moderate hyper-
oxia induces ECM remodeling behavior in developing fASM. 
Hyperoxia exposure increased collagen I and III deposition 
and MMP9 activity. These data demonstrate that moderate 
hyperoxia can induce airway remodeling that may then con-
tribute to the development of airway thickening, thereby con-
tributing to development of airway diseases such as wheezing 
and asthma. CAV1 expression was significantly decreased, 
and supplementation of CAV1 activity with the CSD peptide 
abrogated the hyperoxia-induced effects on collagen expres-
sion. In light of these data, CAV1 signaling likely plays a role 
in mediating the hyperoxia-induced ECM effects. CSD peptide 
may open a new avenue for therapeutic intervention in neo-
nates exposed to supplemental oxygen.
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