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Mechanical ventilation with high tidal volumes has been associated
with pulmonary alveolar flooding. Understanding the mechanisms
underlyingcyclic stretch–induced increases inalveolarepithelialper-
meability may be important in designing preventive measures for
acute lung injury. In this work, we assessed whether cyclic stretch
leads to the generation of reactive oxygen species in type I–like al-
veolar epithelial cells, which increase monolayer permeability via
activation of NF-kB and extracellular signal–regulated kinase
(ERK).We cyclically stretched type I–like rat primary alveolar epithe-
lial cells at magnitudes of 12, 25, and 37% change in surface area
(DSA) for 10 to 120 minutes. High levels of reactive oxygen species
and of superoxide and NO specifically were detected in cells stretched
at 37% DSA for 10 to 120 minutes. Exogenous superoxide and NO
stimulationincreasedepithelialpermeability inunstretchedcells,which
was preventable by the NF-kB inhibitor MG132. The cyclic stretch–
induced increase in permeabilitywas decreased by the superoxide scav-
enger tironandbyMG132.Furthermore, tironhadadramaticprotective
effect on in vivo lung permeability under mechanical ventilation condi-
tions. Cyclic stretch increased the activation of the NF-kB signaling
pathway, which was significantly decreased with the ERK inhibitor
U0126. Altogether, our in vitro and in vivo data demonstrate the sensi-
tivity of permeability to stretch- and ventilation-induced superoxide
production, suggesting that using antioxidants may be helpful in
the prevention and treatment of ventilator-induced lung injury.
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ventilator-induced lung injury

Mechanical ventilation–induced lung injury is associated with
a high mortality rate in patients with adult respiratory distress
syndrome and is characterized by acute respiratory failure, al-
veolar cell dysfunction, and a profound increase in the epithelial
barrier permeability (1–3). The cellular events associated with
increased alveolar epithelial permeability include increased
activity of Na1–K1 ATPase pumps (3), MAPK activation (4),
cytoskeleton remodeling (5), and substantial changes in the
structure and content of tight junction proteins (6). Recently,
we have published mRNA data from primary type I–like rat
alveolar epithelial cells (RAECs) that were exposed to physio-
logical cyclic stretch (7). These data associated a high number of
genes affected by stretch with regulation of cellular metabolic
processes. Because oxygen is essential for all cellular metabolic
reactions, we hypothesize that cyclic stretch induces oxidative

stress by generating reactive oxygen species (ROS), which lead
to signaling cascades that increase epithelial permeability.

Stretching cells cyclically has been previously associatedwith the
generation of superoxide and the release of nitric oxide (NO) to the
cell culture medium (8–11); however, this has never been demon-
strated in type I–like RAECs, which are responsible for maintain-
ing the epithelial barrier properties. Exposing lung cells and tissues
to ROS without stretch has been widely shown to increase perme-
ability (12–15), and in intestinal and kidney epithelial monolayers,
NO dilated the tight junctions (16, 17). However, the mechanistic
pathways that link stretch, ROS generation, and lung barrier dys-
function have yet to be elucidated.

Previous studies, including our own, have demonstrated the
activation of NF-kB in lung epithelial cells by cyclic stretch
(18–20), and associated stretch-induced NF-kB activation with
ROS in other tissues (9). However, the vast majority of studies
that link oxidative stress and NF-kB activation in the lung (21–
24) have not used alveolar type I cells. In addition, we have
recently reported increased phosphorylation of ERK in re-
sponse to cyclic stretch (4), and the ERK pathway has been
reported to be involved in NF-kB activation by oxidants (25).

The goal of this study was to determine if cyclic stretch–induced
oxidative stress could alter the barrier properties of the alveolar
epithelium via NF-kB pathway and ERK activation. After iden-
tifying the specific ROS generated by cyclic stretch, we tested
their effect on permeability in unstretched cells. Then, we showed
that the cyclic stretch–induced increase in permeability via ROS
generation can be attenuated by ROS scavengers and by NF-kB
and ERK inhibitors. To confirm the causal interactions between
ROS, NF-kB, and ERK, we tested the response of NF-kB to the
same inhibitors.

MATERIALS AND METHODS

Isolation and Culture of Type I–Like RAECs

Primary rat type II alveolar epithelial cells were isolated from male
Sprague-Dawley rats and cultured as previously described (26, 27).
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CLINICAL RELEVANCE

Mechanical ventilation is associated with increases in the
pulmonary epithelial barrier permeability, yet the underlying
mechanisms are unknown. Oxidative injury has been asso-
ciated independently with stretch and increased permeability
in other tissues, but thesemechanisms have not been linked in
type I–like alveolar epithelial cells. Our data demonstrate for
the first time that cyclic stretch of primary type I–like rat
alveolar epithelial cells generates reactive oxygen species
that lead to increases in the cell monolayer permeability via
NF-kB activation and ERK phosphorylation. Our in vitro
and in vivo data demonstrate the sensitivity of permeability
to stretch- and ventilation-induced superoxide production,
suggesting that using antioxidants may be helpful in the
prevention and treatment of ventilator-induced lung injury.

mailto:margulie@seas.upenn.edu
doi: 10.1165/rcmb.2012-0252OC


All protocols were approved by our institutional ethics committee. The
cells were cultured for 4 to 5 days in modified Eagle’s medium with
10% FBS, after which they had adopted alveolar type I–like phenotype
(28) and had grown to a confluent monolayer.

Cyclic Stretch of RAEC Monolayers

The cells were stretched biaxially at a frequency of 0.25 Hz and across
a range of physiologically relevant magnitudes, including at 12, 25, and
37% change in surface area (DSA), roughly corresponding to 64, 86, and
100% total lung capacity, respectively, as previously described (4, 27).

Detection of General ROS, Superoxide, and NO

A broad spectrum of ROS were detected in living cells using the fluoro-
genic indicator CellRox (29). Mitochondrial superoxide was detected in
living cells using the fluorogenic dye MitoSOX (30, 31). These probes
were purchased from Invitrogen (Carlsbad, CA) and used according to
the manufacturer’s instructions. To prevent uptake of these tracers due
to transient membrane permeabilization or mixing during stretch, all the
tracers were added to the cell culture after stretch. Images were captured
on a Nikon TE-300 inverted epifluorescence microscope with Meta-
morph imaging software (Universal Imaging, West Chester, PA) and a
microscope-mounted Hamamatsu camera and controller (Hamamatsu,
Shizuoka, Japan). Identical image acquisition times and uniform settings
for intensity were used for all images of each type acquired. Average
pixel intensity was computed using Matlab (version 7.11.0 R2010b; The
MathWorks, Natick, MA).

Measuring NO concentration inmedium samples that were collected
immediately before and after stretch was done using the Griess reaction
assay, which detects the nitrite ion NO2

2 (11, 16). This assay kit was
purchased from Cayman Chemical Co. (Ann Arbor, MI) and used
according to the manufacturer’s instructions. To eliminate color inter-
ference of the NO scavenger carboxy-PTIO (cPTIO) (Cayman Chem-
ical Co.), the NO concentration data in each culture after stretch were
normalized to that of the same culture immediately before stretch.

Permeability Studies

Permeability in type I–like RAEC monolayers was estimated using
a fluorescent Bodipy-tagged Ouabain (radius z15–20 Å; Invitrogen,
Carlsbad, CA), which selectively binds to the Na1–K1 ATPase pumps
on the basolateral surface of the plasma membrane when the tight
junctions are breached (32–34). Bodipy fluorescence was captured as
detailed above and quantified as previously described (35).

In vivo permeability studies were conducted with male Sprague-
Dawley rats weighing 240 to 260 g. Treated animals were injected
intraperitoneally with 1 ml of tiron at a concentration of 400 mg/ml
solution suspended in sterile normal saline daily over a course of 5 days
in a protocol approved by the University of Pennsylvania Institutional
Animal Care and Use Committee. Untreated animals were injected
with saline. On Day 6, the animals were sedated with isoflurane, and
tracheostomy was performed. Animal ventilation was performed using
a Harvard Apparatus small-animal ventilator at 25 ml/kg VT (36) and
zero positive end-expiratory pressure at a frequency of 35 breaths/min
for 2 hours, all under isoflurane. Spontaneously breathing controls re-
ceived isoflurane but not mechanical ventilation. At the initiation
of mechanical ventilation or spontaneous respiration, all rats were
injected with 0.5 ml of a 25 mg/ml solution of FITC-conjugated albu-
min (A9771; Sigma-Aldrich, St. Louis, MO) in the lateral tail vein. At
the end of 2 hours, bronchoalveolar lavage (BAL) was performed with
5 ml of PBS, and reference whole blood was collected via direct cardiac
puncture and allowed to clot. The animals were killed by exsanguina-
tion. Albumin fluorescence in BAL and serum was determined using
a spectrophotometer with absorption/emission wavelengths of 480/520
nm. Aleveolar epithelial permeability was defined as the ratio of BAL
to serum fluorescence, and each ventilated group was normalized by
the average value from the spontaneously breathing group of animals.

Quantification of Cytoplasmic and Nuclear

p65 Components

Two different methods were used to quantify the cytoplasmic and nu-
clear content of the p65 subunit of NF-kB. The first method was based

on an image processing algorithm implemented in Matlab and applied
on immunofluorescent images (captured as detailed above), double-
labeled for p65 and DAPI. The DAPI channel was used as a mask to
generate two p65 images: cytoplasmic image and nuclear image. The
sum of pixel values in each image was then computed and divided by
the number of nonzero pixels in the image. In the second method, cell
lysates were separated into cytoplasmic and nuclear fractions as previ-
ously described (37), and p65 was quantified by Western blotting. The
cytoplasmic and nuclear p65 band intensities were normalized to the
band intensities of the cytoplasmic protein marker MEK1/2 and the
nuclear protein marker Jun, respectively.

Statistical Analysis

All experiments were performed at least three times, each time with
cells from a different animal. At least three culture wells were consid-
ered for each experimental group, and at least threemeasurements were
done per well. The data presented are expressed as mean6 SEM of fold
change above unstretched cells treated with vehicle control.

One-way ANOVA with repeated measures followed by a Tukey
post hoc test was applied to determine statistical significance between
three or more data sets (JMP, version 9.0.0). Statistical significance of
differences between two groups was determined using a two-tailed,
paired t test. Data were deemed statistically significant at P < 0.05.

RESULTS

ROS Generation in RAECs due to Cyclic Stretch

High levels of ROS were detected due to cyclic stretch in type
I–like RAECs using the cell-permeant fluorogenic probe for
detecting cellular oxidative stress (i.e., CellRox). Representa-
tive images of CellRox stain in stretched and unstretched cells
are presented in Figures 1a through 1f, and computed average
pixel intensity of the images is shown in Figure 1g. The average
pixel intensity of CellRox stain was increased after 10 and
60 minutes of cyclic stretch at 37% DSA in comparison to
unstretched cells (Figures 1c and 1e versus 1a; Figure 1g). In-
cubation with the superoxide scavenger tiron (10 mM; 120 min)
dramatically decreased the ROS in cultures stretched at 37%
DSA for 10 and 60 minutes in comparison to vehicle control
(distilled deionized water)-treated cells (Figures 1d and 1f ver-
sus 1c and 1e, respectively; Figure 1g), demonstrating that su-
peroxide is a major constituent of the ROS generated. These
data were in accordance with data from images of cells stained
with another fluorogenic indicator, carboxy H2DCFDA, show-
ing increased ROS stain in cells stretched for 60 minutes at 37%
DSA in comparison to unstretched cells and decreased stain in
tiron-treated stretched cultures (data not shown).

To identify the source of superoxide production within the
type I–like cells, we used MitoSOX, which selectively targets
the mitochondria in living cells and fluoresces upon oxidation.
The average pixel intensity in the MitoSOX stain images was
increased significantly after 60 and 120 minutes of stretch at
37% DSA in comparison to unstretched cells (Figures 2d and
2f versus 2a; Figure 2g) and after 120 minutes of stretch at 12%
DSA (Figures 2e and 2g). Used as a positive control, paraquat
significantly increased superoxide in unstretched cells compared
with vehicle control–treated cells (Figure 2b versus 2a; Figure
2g).

The release of NO from the cells due to stretch was detected
using the Griess reaction assay applied on culture medium that
was collected immediately before and after stretch and normal-
ized as described in the MATERIALS AND METHODS section. Sig-
nificantly elevated levels of NO were found in the culture
medium of type I–like RAECs stretched for 60 minutes at
37% DSA in comparison to unstretched cells (Figure 3). Signif-
icantly higher levels of NO were also detected in the culture
medium of cells that were stretched at magnitudes of 37% DSA
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for 10 minutes (1.466 0.22) and of 25% DSA for 10 and 60 minutes
(1.52 6 0.24 and 1.68 6 0.29, respectively) in comparison to
unstretched cells (1.00 6 0.00 by definition), whereas stretch at
12% DSA for 10 or 60 minutes did not yield a significant increase
in the NO level above unstretched cells (data not shown). The NO
scavenger cPTIO (1 mM; 90 min) decreased the levels of NO in the
medium of stretched cultures to that of unstretched cells treated
with vehicle control (PBS; Figure 3). As a positive control, exposing
unstretched cells to the NO donor SNAP (10 mM; 60 min) yielded
a significant and even more dramatic increase in the NO level in the
medium (Figure 3).

ROS-Induced Increase in RAEC Monolayer Permeability

via NF-kB and ERK Activation

The type I–like RAEC monolayer permeability was estimated
using the Bodipy Ouabain assay as described previously and

analyzed in detail below (32). In unstretched cells, the NO do-
nor SNAP (2 mM; 60 min) and the superoxide donor paraquat
(10 mM; 24 h) significantly increased Bodipy Ouabain binding in
comparison to vehicle control (DMSO)-treated cells (Figure 4).
Combining each of these treatments with MG132 (1 mM;
120 min), an inhibitor of p65 activation, significantly decreased
the binding compared with the SNAP- or paraquat-treated cul-
tures, suggesting that NF-kB contributes to ROS-induced increases
in permeability. Combining SNAP with the ERK phosphorylation
blocker U0126 (20 mM; 60 min) significantly reduced Bodipy Oua-
bain binding in comparison to cells treated only with SNAP,
but U0126 did not help preserve the monolayer integrity in
the paraquat-treated cultures, suggesting that ERK contributes
more to NO-induced increases in permeability than to permeabil-
ity increases after exposure to superoxide. Combining the
MG132 and U0126 treatments significantly reduced the binding
in SNAP- and paraquat-treated cultures. This reduction was not

Figure 1. Reactive oxygen species (ROS) stained with CellRox in type I–like rat alveolar epithelial cells (RAECs). Representative images of ROS in

unstretched cells treated with vehicle control (VC) (a) and the superoxide donor paraquat (b) and in cells that were stretched at 37% change in

surface area (DSA) for 10 minutes (c and d) and 60 minutes (e and f) treated with VC (c and e) and the superoxide scavenger tiron (d and f ). Bar ¼
10 mm. (g) Average pixel intensity computed in CellRox images of stretched and unstretched cells expressed as mean 6 SEM of fold change above

unstretched cells treated with VC. *P , 0.05 versus unstretched VC. yP , 0.05 versus stretched VC.

Figure 2. Superoxide stained with Mitosox in type I–like RAECs. Representative images of superoxide in unstretched cells treated with VC (a) and the

superoxide donor paraquat (b) and in cells that were stretched for 60 minutes at 12% DSA (c) and 37% DSA (d) and for 120 minutes at 12% DSA (e)

and 37% DSA (f). Bar ¼ 10 mm. (g) Average pixel intensity computed in Mitosox images of stretched and unstretched cells expressed as mean 6
SEM of fold change above unstretched cells treated with VC. *P , 0.05 versus unstretched VC.
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significantly larger than the reduction in the cultures treated with
SNAP or paraquat combined with MG132 alone, suggesting that
there was no synergistic effect of MG132 and U0126 on the
monolayer permeability.

The binding of the Bodipy Ouabain tracer significantly in-
creased in type I–like RAECs that were stretched at 37%
DSA for 60 minutes (Figure 5). Treating the cells with MG132
(1 mM; 120 min) significantly reduced the binding compared
with vehicle control (DMSO)-treated cultures, suggesting that
NF-kB mediates the stretch-induced barrier disruption in these
cells. Tiron (10 mM; 120 min) also significantly decreased Bodipy
Ouabain binding in the stretched cells almost to the level of
unstretched cells; however, the NO scavenger cPTIO (1 mM; 90
min) did not reduce stretch-induced binding, suggesting that
superoxide contributes more substantially than NO to the
stretch-induced epithelial barrier dysfunction in type I–like
RAECs. Testing the effect of each of the above-mentioned
inhibitors on unstretched cells did not yield significant differ-
ences in comparison to unstretched cells treated with vehicle
control, suggesting that these treatments do not affect the in-
tegrity of the tight junctions between the cells.

Finally, we tested permeability at injurious tidal volume (VT)
levels by mechanically ventilating rats at 25 ml/kg (36) for

2 hours with or without pretreatment with tiron. Whereas trans-
port of FITC-conjugated albumin into the airspace was signifi-
cantly and dramatically increased in animals under mechanical
ventilation compared with spontaneously breathing rats (Figure
6), pretreatment with tiron significantly attenuated permeability
to a level not different from the permeability level in the spon-
taneously breathing rats.

ERK-Dependent Activation of NF-kB due to Cyclic Stretch

Immunofluorescent stains of p65 after cyclic stretch for
60 minutes at 37% DSA revealed translocation of the p65 subunit
to the nucleus (Figures 7b and 7c). Using two different meth-
ods (i.e., image processing of p65 immunofluorescent stain
images and Western blotting of cell lysates that were sepa-
rated into cytoplasmic and nuclear fractions), we quantified
the cytoplasmic and nuclear content of p65 as described in the
MATERIALS AND METHODS section. Data obtained from the two
methods are presented in the bar graphs in Figure 7, expressed
as fold change above unstretched cells treated with vehicle con-
trol (DMSO). The two methods were in good agreement (P .
0.05 between the corresponding unstretched and stretched
data in Figure 7a versus 7g) and showed that stretch increased
nuclear p65 significantly in comparison to unstretched cells
(Figures 7a and 7g) but had no effect on the cytoplasmic
component. Whereas stretching the cells for 60 minutes at
12% DSA did not increase the nuclear p65 levels significantly
compared with unstretched cells (1.03 6 0.13 above
unstretched cells), stretching for 60 minutes at 25% DSA
significantly increased the nuclear p65 levels (1.33 6 0.07
above unstretched cells), comparable to the nuclear p65 lev-
els observed at 37% DSA (1.29 6 0.08 above unstretched
cells) (Figure 7a).

Treating the cells with MG132 (1 mM; 120 min) significantly
attenuated the nuclear p65 levels compared with vehicle con-
trol–stretched cells (Figure 7a). The superoxide scavenger tiron
(10 mM; 120 min) did not significantly reduce the p65 in the
cytoplasm or the nucleus of the stretched cells, suggesting that
superoxide does not play an important role in p65 regulation
due to stretch. Conversely, the ERK inhibitor U0126 (20 mM;
60 min) significantly reduced the nuclear p65 compared with
vehicle control–treated stretched cells, suggesting that ERK is
upstream of the p65. Here too, treating unstretched cells with
the specific inhibitors did not result in significant differences in
comparison to unstretched cells treated with vehicle control.

Figure 3. Nitric oxide release to the culture medium of type I–like

RAECs that were stretched for 60 minutes at 37% DSA in comparison
to unstretched cells. Stretched and unstretched cells were treated with

VC or with the nitric oxide scavenger cPTIO. Unstretched cells were

additionally treated with the nitric oxide donor SNAP. Data are

expressed as mean 6 SEM of fold change above unstretched cells
treated with VC. *P , 0.05 versus unstretched VC. yP , 0.05 versus

stretched VC.

Figure 4. Permeability measured

using Bodipy Ouabain in un-

stretched type I–like RAECs. The

cells were treated with VC or
with the nitric oxide donor SNAP

or with the superoxide donor

paraquat. Simultaneously with

each donor, we treated the cells
with the NF-kB activation inhibitor

MG132, extracellular signal–regu-

lated kinase pathway blocker
U0126, or a combination of both.

Data are expressed as mean 6
SEM of fold change above

unstretched cells treated with VC.
*P , 0.05 versus unstretched VC.
yP , 0.05 versus unstretched

SNAP. yyP , 0.05 versus

unstretched paraquat.
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Detailed Analysis of Permeability Measurement Using

the Bodipy Ouabain Assay

To assess the portion of binding of the Bodipy Ouabain com-
pound to the Na1–K1 ATPase pumps on the basolateral sur-
face of the plasma membrane that is attributed to breaching of
the tight junctions between the type I–like RAECs and not to
stretch-induced trafficking of the pumps to the basolateral sur-
face of the membrane (3, 33), we performed the following
studies. We treated unstretched and stretched cells (37%
DSA; 60 min) for 1 hour with 2 mM 2-deoxy-D-glucose and
10 mM antimycin A (AMA) to reduce the expression of tight
junctional proteins and to increase cell–cell spacing (6). Perme-
ability to Bodipy Ouabain was measured in both groups and
compared with vehicle control stretched and unstretched cells.
The results from these studies show that the amount of Bodipy
Ouabain binding in unstretched cells treated with AMA is
significantly larger than in unstretched cells treated with vehi-
cle control, suggesting that the AMA treatment opens the
route for Bodipy Ouabain passage between the cells (Figure
5, inset).

Second, let the amount of Bodipy Ouabain binding due to
stretch-induced trafficking of the Na1–K1 ATPase pumps to
the basolateral surface of the plasma membrane be Tstr, the
amount of Bodipy Ouabain binding due to stretch-induced
opening of gaps between the cells be Ostr, and the amount of
Bodipy Ouabain binding due to AMA-induced opening of gaps
between the cells be OAMA. Then, the amount of Bodipy Oua-
bain binding due to stretch-induced trafficking equals the dif-
ference between the binding in stretched cells treated with
AMA (Tstr 1 OAMA) and the binding in unstretched cells trea-
ted with AMA (OAMA). We assume that the pretreatment with
AMA before stretch opens the gaps between the cells almost
completely, and the remaining stretch-induced Bodipy Ouabain
binding can be attributed to trafficking of the pumps rather than
further opening of paracellular routes. If we subtract this differ-
ence from the binding in stretched cells treated with vehicle
control (Tstr 1 Ostr), we can find the Bodipy Ouabain binding
that is attributed exclusively to stretch-induced opening of gaps
between the cells (Ostr).

Substituting the data from these studies reveals a value greater
than zero for Ostr, suggesting that Bodipy Ouabain binding is
attributed to stretch-induced opening of gaps between the cells

and not only to trafficking of the pumps to the basolateral surface
of the plasma membrane. In fact, this calculated Ostr is 60%
higher than the difference in Bodipy Ouabain binding between
stretched and unstretched cells treated with AMA, which reflects
the binding attributed to trafficking alone (4.59 versus 2.76, re-
spectively). We have previously performed other systematic tests
to ensure that the Bodipy Ouabain binding is not due to endocy-
tosis, cell death, denuding of cells from the membrane, or to non-
specific Bodipy binding (32).

Other researchers have shown that ouabain has a deteriorat-
ing effect on the integrity of tight junctions in other types of
cells (38). However, the Bodipy Ouabain signal in unstretched
monolayers treated with vehicle control was very low (z1–3%
of the pixels in the image). Moreover, because we normalize all
the Bodipy Ouabain data to signals from unstretched mono-
layers treated with vehicle control, any minor damage to the
tight junctions that might be attributed to the exposure to

Figure 5. Permeability measured using Bodipy
Ouabain in type I–like RAECs that were stretched

for 60 minutes at 37% DSA in comparison to

unstretched (Uns) cells. The cells were treated

with VC or with the NF-kB activation inhibitor
MG132; the nitric oxide and superoxide scav-

engers cPTIO and Tiron, respectively; or with the

extracellular signal–regulated kinase pathway
blocker U0126. Data are expressed as mean 6
SEM of fold change above unstretched cells

treated with VC. *P , 0.05 versus unstretched

VC; yP , 0.05 versus stretched VC. Inset: Perme-
ability measured using Bodipy Ouabain in un-

stretched and stretched (37% DSA for 60 min)

type I–like RAECs with and without treatment

with 2 mM 2-deoxy-D-glucose and 10 mM anti-
mycin A to reduce the expression of tight junc-

tion proteins and to increase cell–cell spacing

(6). Data expressed as mean 6 SEM of fold
change above unstretched cells treated with

VC. *P , 0.05 versus unstretched VC; #P ,
0.05 versus unstretched AMA. NS ¼ no signifi-

cant difference between the marked groups.

Figure 6. Permeability to FITC-conjugated albumin in rats treated with

saline or 400 mg/ml tiron daily over a course of 5 days. Data from rats

mechanically ventilated for 2 hours at 25 ml/kg VT and zero positive

end-expiratory pressure at a frequency of 35 breaths/min under
isoflurane are compared with spontaneously breathing rats. Data are

expressed as mean 6 SEM of BAL/serum fluorescence ratio fold change

above spontaneously breathing rats. *P , 0.05 versus spontaneously

breathing rats; yP , 0.05 versus saline-treated mechanically ventilated
rats.
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ouabain is eliminated. Differences between the studies, such as
incubation time, type of cells, and substrate used, may be re-
sponsible for the different outcomes to ouabain exposure. Al-
together these studies ensure that the major component of the
Bodipy Ouabain binding can be attributed to paracellular per-
meability in alveolar epithelial cell monolayers.

DISCUSSION

To identify the mechanisms responsible for cyclic stretch–
induced increases in alveolar epithelial permeability and oppor-
tunities for intervention, we proposed that oxidative stress
mediates the increase in permeability of type I–like RAECs
exposed to mechanical deformation. We demonstrate that cyclic
stretch generates general ROS, superoxide, and NO in RAECs,
which can be inhibited by superoxide and NO scavengers. Using
superoxide and NO donors in unstretched cells, we show that
each ROS increases permeability in unstretched cells, which can
be eliminated by the NF-kB inhibitor MG132. In addition, we
show that the NO-induced increase in permeability can also be
eliminated by blocking ERK phosphorylation with U0126.
Next, we show that MG132 and tiron attenuate cyclic stretch–
induced increases in the monolayer permeability and that tiron
pretreatment has a dramatic protective effect on in vivo lung
permeability under mechanical ventilation conditions. Finally,
we demonstrate stretch-induced activation of the NF-kB signal-
ing pathway, which can be attenuated significantly with MG132
and U0126.

RAECs Generate ROS Rapidly during Cyclic Stretch

Significant increases in ROS were measured in type I–like
RAECs after only 10 minutes of cyclic stretch at 37% DSA,

and this elevated ROS state was sustained at 60 minutes of
stretch (Figure 1), when we also measured significantly in-
creased monolayer permeability (Figure 5). The levels of ROS
after 10 and 60 minutes of stretch were not significantly differ-
ent, suggesting that the system reached ROS saturation by
10 minutes of stretch or that antioxidant pathways managed to
eliminate further increase of the ROS level after that time and
a redox steady state was achieved. Consistently, the level of NO
released by the type I–like cells to the culture medium after
stretch at 25 or 37% DSA for 10 minutes was significantly higher
than in unstretched cultures, and this elevated NO level was
also present after 60 minutes of stretch (Figure 3).

The generation of ROS in the type I–like RAECs was also
differentially affected by the stretch magnitude. The level of
NO in stretched cells after 10 or 60 minutes was elevated only
after exposure to magnitudes of 25 and 37% DSA and not in
response to stretch 12% DSA, suggesting that the generation of
ROS in type I–like RAECs in response to cyclic stretch is mag-
nitude sensitive. Furthermore, both low and high stretch mag-
nitudes (12 and 37% DSA, respectively) yielded significant
superoxide generation after 120 minutes of stretch (Figure 2),
consistent with data obtained by other labs in type II RAECs
and in the A549 cell line after 120 minutes of stretch at 15 to
20% DSA (8). Like NO, stretching type I–like RAECs for
60 minutes yielded increases in superoxide at 37% DSA but
not at 12%, again demonstrating a dose response to stretch
(Figure 2). Tiron, the superoxide scavenger, was very efficient
in preventing the increase in general ROS level in type I–like
cells exposed to cyclic stretch at 37% DSA for short and long
durations (i.e., 10 and 60 min; Figure 1), suggesting that super-
oxide is a major contributor to the ROS generated by stretch in
these cells.

Figure 7. (a) Quantification of cytoplasmic and nuclear p65 subunit of NF-kB content in type I–like RAECs that were stretched at 37% DSA for

60 minutes and treated with VC (n ¼ 19), the superoxide scavenger tiron (n ¼ 7), the NF-kB activation inhibitor MG132 (n ¼ 14), and the ERK

inhibitor U0126 (n¼ 3) based on an image-processing algorithm applied on the p65-DAPI images. (b–f) Representative images of the p65 subunit of

NF-kB in type I–like RAECs that remained unstretched and treated with VC (b). (c–f) Cells that were stretched for 60 minutes at 37% DSA and treated
with VC (c), tiron (d), MG132 (e), and U0126 (f). Bar ¼ 10 mm. (g) Quantification of cytoplasmic and nuclear p65 subunit of NF-kB content in type

I–like RAECs that were stretched at 37% DSA for 60 minutes based on Western blotting (see representative bands below the graph). Cytoplasmic

p65 was normalized to the cytoplasmic marker protein MEK1/2, and nuclear p65 was normalized to the nuclear marker protein Jun. Data are

expressed as mean 6 SEM of fold change above unstretched cells treated with VC. *P , 0.05 versus unstretched VC; yP , 0.05 versus stretched VC.
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Superoxide Is the Major ROS Causing Increases in RAEC

Monolayer Permeability

In unstretched cells, the NO donor SNAP and the superoxide
donor paraquat significantly increased permeability (Figure 4).
However, in stretched cells (37% DSA; 60 min) treated with the
NO scavenger cPTIO and the superoxide scavenger tiron, only
tiron was able to significantly reduce the stretch-induced in-
crease in permeability to unstretched levels (Figure 5). Tiron
did not significantly affect cell viability in unstretched or stretched
preparations, assessed by counting ethidium homodimer-1–
stained cells in 78 monolayer images from 26 wells with mono-
layers of comparable density obtained from three different animals
(P . 0.05). This suggests that the superoxide-induced increase
in permeability is not via cell death. In fact, we have previously
shown that although there might be a modest contribution of
cell death to stretch-induced increases in the epithelial barrier
permeability, cell death mechanism contribution is lesser than
increases due to tight junction dysfunction (32). Because we
found that both scavengers were very efficient in preventing
the stretch-induced generation of general ROS and NO (Figures
1 and 3), we conclude that superoxide contributes consider-
ably more to stretch-induced permeability increases than NO.
We postulate that stretch may not generate enough NO to cause
a significant change in permeability because 10 mM of SNAP
was enough to elevate the NO level 20-fold in the culture medium
of unstretched cells (Figure 3), but 2 mM SNAP was required to
cause a change in permeability in unstretched cells (Figure 4) that
was in the same order of magnitude as the stretch-induced per-
meability change (Figure 5).

Finally, our in vivo permeability data showed a complete
preservation of the pulmonary epithelial barrier function in
tiron-treated animals that were subjected to injurious VT values
compared with untreated animals that presented extremely high
permeability levels (Figure 6). These results are in very good
agreement with other studies that showed protective effects of
different antioxidants, such as superoxide dismutase (39) or
Heme oxygenase-1 (40), in ventilator-induced lung injury. Fu-
ture studies should examine changes in lung function and histo-
logical evidence of injury in ventilated animals treated with
tiron or in spontaneously breathing animals treated with super-
oxide donors. This supports the conclusion that superoxide is
an important contributor to ventilation-induced increases in per-
meability. Altogether, our in vitro and in vivo data demonstrated
the sensitivity of permeability to ventilation/stretch-induced su-
peroxide production, suggesting that using antioxidants may be
helpful in the prevention and treatment of ventilator-induced
lung injury.

Role of NF-kB and ERK in Cyclic Stretch-ROS Induced

Increases in Permeability

Because the p65 subunit of NF-kB translocated from the cy-
toplasm to the nucleus after cyclic stretch at 37% DSA for
60 minutes (Figure 7) and because inhibition of NF-kB with
MG132 significantly attenuated the stretch-induced increase in
permeability (Figure 5), we conclude that NF-kB mediates the
increase in permeability due to cyclic stretch. Furthermore, in
unstretched cells exposed to the NO donor SNAP or the super-
oxide donor paraquat, MG132 prevented the permeability
increases we obtained in ROS-challenged preparations (Figure
4), suggesting that NF-kB is activated by oxidative stress. Be-
cause tiron significantly attenuated the stretch-induced increase
in permeability (Figure 5) but did not decrease the nuclear
NF-kB levels significantly, we propose that superoxide increases
permeability directly and indirectly via the NF-kB pathway.
In other words, our data suggest that superoxide increases

permeability via NF-kB activation but not exclusively via this
pathway. In fact, other researchers have shown in melanoma
cell lines that exposure to tiron at the same concentration used
here (10 mM) but for 24 hours (instead of 120 min) resulted in
increased NF-kB–DNA binding (41). However, when we
treated unstretched cell monolayers with tiron, we found that
the cytoplasmic p65 component (0.86 6 0.08) and the nuclear
p65 component (0.95 6 0.07) were not significantly different
from the values found in unstretched cells treated with vehi-
cle control.

Although the data presented here were collected in normal
cells, high levels of NO have been associated with septic condi-
tions (42) that often present in patients with adult respiratory
distress syndrome (43, 44). In 2006 we showed that, in type I–
like RAECs isolated from septic rats, NF-kB is translocated
even in unstretched cells (19). Future studies should therefore
examine whether oxidative stress mediates NF-kB activation in
cells from septic animals and whether NF-kB activation-induced
increase in permeability in these cells can be prevented by
MG132, tiron, or other ROS scavengers. Moreover, the exact
pathway through which activation of NF-kB, induced by stretch
or sepsis, leads to increased permeability is yet to be explored.
In fact, publications that link NF-kB activation and permeabil-
ity or changes in tight junction proteins in lung cells are scarce
(45, 46).

We demonstrated that ERK inhibitor U0126 significantly de-
creased the nuclear p65 levels in stretched type I–like cells
compared with vehicle control–treated stretched cells (Figure
7), suggesting that ERK is upstream of NF-kB activation. Sim-
ilar interrelations between NF-kB and ERK were reported in
studies with A549 cells that measured other cellular responses,
such as release of inflammatory mediators due to exposure to
neutrophil elastase (47) or regulation of toll-like receptor 2 and
surfactant protein-A due to LPS stimulation (48). Although
permeability to our approximately 15 to 20 Å tracer was not
significantly different in U0126-treated cells that were stretched
at 37% DSA for 60 minutes than in vehicle control–stretched
cells (Figure 5), U0126 did help preserve the barrier integrity in
unstretched cells treated with the NO donor SNAP, but it did
not eliminate the increase in permeability in unstretched cells
treated with the superoxide donor paraquat (Figure 4). We con-
clude that NO, but not superoxide, affects ERK activation.

However, we have previously published that U0126 did re-
duce permeability significantly in cells that were stretched at
37% DSA for 60 minutes in comparison to cells treated with
vehicle control when permeability was measured using an ap-
proximately 5 Å–radius carboxyfluorescein (4). In that study,
permeability in the U0126-treated cultures was still significantly
higher than in unstretched cells, and U0126 did not prevent the
stretch-induced reduction in the content of the tight junction
protein occludin. Taken together with our current study, inhi-
bition of ERK confers only partial protection of the RAEC
monolayer, specifically to small molecules.

Study Limitations

The cells used in this study were isolated primary type II RAECs
that were cultured for 4 to 5 days on fibronectin-coated sub-
strates to ensure their adoption of alveolar type I–like pheno-
type (28); freshly isolated type I cells were not used in this
study. Although the Day 4 to 5 type I–like cells have been
shown to express the type I AEC markers RTI40 and aquaporin
5 (49) and to grow to form confluent monolayers with tight
junctions between the cells (6) and were shown to preserve
the epithelial barrier function under low magnitudes of stretch
(32), they also exhibit somewhat different gene expression than
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freshly isolated type I cells (50). The contribution of these genes
to the cell response to stretch should be explored to ensure that
the responses of the in vitro cultured type I–like cells are similar
to those of the in vivo type I cells.

In the present work, we did not directly measure the distribu-
tion of the Na1–K1 ATPase pumps, to which the Bodipy Oua-
bain compound binds, in response to the different treatments
used. However, we have tested the effect of each treatment (and
their combinations if used) on the Bodipy Ouabain signal in
unstretched cells, and in all cases the signal was not significantly
different from that in unstretched cells treated with the appro-
priate vehicle control, suggesting that these treatments do not
affect the integrity of the tight junctions between the cells.
Moreover, we show that stretch affects cell–cell junctions and
increases the binding of the Bodipy Ouabain to the pumps (see
RESULTS and Figure 5, inset). Because MG132 and tiron, and
also with U0126 when a different permeability tracer was used
(4), reduce the stretch-induced Bodipy Ouabain signal, we con-
clude that these inhibitors do not activate the Na1–K1 ATPase
pumps in the cells, which would result in their altered distribu-
tion. The same conclusion is drawn for the treatments with the
ROS donors SNAP and paraquat because the inhibition treat-
ments with U0126 and MG132, which were shown to have no
effect on the pump distribution, attenuated the Bodipy Ouabain
signal in the SNAP- and paraquat-treated cells (Figure 4), sug-
gesting that these donors do not alter the pump distribution but
affect cell–cell junctions. In addition, although we have shown
that the Bodipy Ouabain assay provides a very good estimate of
paracellular permeability in type I–like RAEC monolayers, it
does not exclusively measure permeability, which may limit the
interpretation of the results (see Detailed Analysis of Perme-
ability Measurement using the Bodipy Ouabain Assay in the
RESULTS section).

Finally, although the gain and loss aspects of our experimen-
tal design using pharmacological agents confirm our hypothe-
sized associations between cyclic stretch, ROS generation,
NF-kB, and permeability in RAEC monolayers, we cannot ex-
clude the possibility of broader off-target effects of these agents
on other cellular processes.

Conclusions

In the present work, we demonstrate for the first time that cyclic
stretch of type I–like RAECs generates ROS, which lead to
increases in the cell monolayer permeability. Moreover, in ani-
mals treated with tiron over the course of 5 days, permeability
was significantly attenuated, suggesting that tiron protects the
pulmonary epithelial barrier under mechanical ventilation con-
ditions. The ROS-induced increase in permeability was shown
to be mediated by NF-kB activation and is associated with ERK
phosphorylation. Using antioxidants such as tiron or NF-kB
pathway–specific inhibitors may therefore be an effective strat-
egy for preventing or treating ventilator-induced lung injury.

Author disclosures are available with the text of this article at www.atsjournals.org.
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