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Earlier studies indicated a role for reactive oxygen species (ROS) in
host defense against Pseudomonas aeruginosa infection. However,
the role of nicotinamide adenine dinucleotide phosphate–reduced
(NADPH) oxidase (NOX) proteins and the mechanism of activation
forNADPHoxidase in P. aeruginosa infection are notwell-defined. Here,
we investigated the role of NOX2 and NOX4 proteins in P. aeruginosa
infection, ROS generation, and endothelial barrier function in
murine lungs and in human lung microvascular endothelial cells
(HLMVECs). Airway instillation of P. aeruginosa strain 103 (PA103)
significantly increased ROS concentrations in bronchial alveolar
lavage (BAL) fluid, along with the expression of NOX2 and NOX4,
but not NOX1 andNOX3, in lung tissue. In addition, PA103-infected
HLMVECs revealed elevated concentrations of ROS, NOX2, and
NOX4. In murine lungs and HLMVECs, PA103 induced the NF-kB
pathway, and its inhibition blocked PA103-dependent NOX2 and
NOX4 expression. Barrier function analysis showed that heat-killed
PA103 induced endothelial permeability in a dose-dependent man-
ner, which was attenuated by treatment with small interfering (si)
RNA specific for NOX4, but not NOX2. Furthermore, the knockdown
ofNOX4,butnotNOX2,with siRNA reducedPA103-mediatedapopto-
sis inHLMVECs. Invivo, thedown-regulationofNOX4withNOX4siRNA
attenuatedPA103-induced lung vascular permeability. Thedeletionof
NOX2inmiceexertednoeffectonpermeability,butofferedsignificant
resistance to P. aeruginosa–induced lung inflammation. These data
show that P. aeruginosa lung infection up-regulates NOX2 and NOX4
expression and ROS generation, which play distinct roles in regulating
lung inflammation, apoptosis, and permeability.
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Reactiveoxygen species (ROS)have longbeen recognized as pivotal
contributors to inflammatory injury caused by a variety of pathogens
(1–3). The nicotinamide adenine dinucleotide phosphate–reduced
(NADPH) oxidase–2 (NOX2) protein plays an important role
in a variety of signaling pathways, and offers protection against
bacterial invasion. To date, seven members have been identi-
fied, including NOX1–5, dual oxidase (DUOX) 1 and DUOX2
(4). The NOX2 NADPH oxidase system consists of six subunits,
namely, Nox2, p22 phagocyte oxidase (p22phox), p40phox,
p47phox, p67phox, and Ras-related C3 botulinum toxin substrate
1 (Rac1). The activation of NOX2 requires the sequential phos-
phorylation and membrane translocation of cytosolic cofactors,
p40phox, p47phox, p67phox, and Rac1 (4). NADPH oxidase
activation by bacterial infection results in increased and bacte-
ricidal ROS production (5).

NOX4 was originally identified as an NADPH oxidase homo-
logue highly expressed in kidneys (6). It is also found in endo-
thelial cell (7), epithelial cells (8), smooth muscle cells (9), and
fibroblasts (10). Unlike NOX2, NOX4 produces ROS at low
concentrations, which is believed to play a role in signal trans-
duction rather than in killing bacteria. Furthermore, NOX4 ac-
tivity is independent of the translocation of key cofactors to the
membrane-anchored NOX4 that are usually critical in the activa-
tion of other NOX proteins. Various stimuli, such as endoplasmic
reticulum stress (11), shear stress (12), hypoxia (13), hyperoxia (14),
ischemia (15), transforming growth factor–b1 (16), and TNF-a
(17), have all been shown to induce the expression of NOX4. A
recent study showed that NOX4 accounts for approximately 75%
of vascular endothelial ROS (18).

Pseudomonas aeruginosa is a common pathogen associated
with respiratory-tract infections in diverse clinical settings. Studies
have shown that the oxidative stress induced by P. aeruginosa in-
fection accentuates lung injury. Its infection induces an activation of
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CLINICAL RELEVANCE

Using in vivo and in vitro Pseudomonas aeruginosa infection
models, we show that nicotinamide adenine dinucleotide
phosphate–reduced oxidase–2 (NOX2) and NOX4 are up-
regulated in response to P. aeruginosa in murine lung tissue
and human lung microvascular endothelial cells. The inhibition
of the NF-kB pathway attenuates the effects of P. aeruginosa
on NOX2 and NOX4 expression. However, blocking NOX4,
but not NOX2, attenuated P. aeruginosa–mediated apoptosis
and lung permeability, whereas NOX2 deficiency offered re-
sistance to lung inflammation. These results suggest differen-
tial roles for NOX4 and NOX2 in P. aeruginosa–mediated
lung inflammation, apoptosis, and permeability.
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phagocytes to produce a burst of ROS, an innate immune defense
mechanism. However, an uncontrolled response can aggravate
tissue damage. In addition, P. aeruginosa causes both endothelial
and epithelial barrier dysfunction by direct contact with the endo-
thelium and epithelium (19, 20). The mechanisms of NOX acti-
vation and involvement in P. aeruginosa infection remain largely
unknown. Here, we investigated the effects of P. aeruginosa infec-
tion on the expression of NOX proteins, ROS generation, and lung
permeability in a murine model. We found that P. aeruginosa in-
duced NOX4 and NOX2 expression in the lung by activation of the
NF-kB signaling pathway. The down-regulation of NOX4 with
small interfering (si)RNA attenuated P. aeruginosa–mediated mu-
rine lung permeability and endothelial barrier dysfunction, without
affecting inflammatory responses and ROS in bronchoalveolar la-
vage (BAL) fluid. However, the genetic knockdown of NOX2 in
mice inhibited P. aeruginosa–induced cytokines and ROS concen-
trations in BAL fluid, without altering total cell counts and lung
permeability. These studies are the first to demonstrate a differential
role for NOX4 and NOX2 in P. aeruginosa–induced lung inflam-
mation and endothelial barrier dysfunction.

MATERIALS AND METHODS

Reagents and Cells

Details regarding reagents and cells are provided in the online supplement.

Preparation of P. aeruginosa

The parent strain P. aeruginosa 103 (PA103) was selected for most
experiments because it is a well-characterized and highly toxic strain.
The PA103 strain expresses Type III proteins and secretes exoenzyme
U (Exo U) and exoenzyme T (Exo T). Strain PA103 stock was pre-
pared as described previously (21). Briefly, bacteria from frozen stocks
were streaked onto trypticase soy agar plates and grown in a deferrated
dialysate of trypticase soy broth supplemented with 10 mM nitrilotri-
acetic acid (Sigma Chemical Co., St. Louis, MO), 1% glycerol, and 100
mM monosodium glutamate at 338C for 13 hours in a shaking incuba-
tor. Cultures were centrifuged at 8,500 3 g for 5 minutes, and the
bacterial pellet was washed twice in Ringer lactate and diluted into the
appropriate number of colony-forming units (CFU) per milliliter in Ringer
lactate solution, as determined by a spectrophotometer. The bacterial
concentration was confirmed by diluting all samples and plating out the
known dilution on sheep blood agar plates.

Murine Model

All animal experiments were approved by the Institutional Animal Care
and Use Committee of the University of Illinois at Chicago. Adult
C57BL/6J mice, weighing approximately 20–25 g, were purchased from
Jackson Laboratories (Bar Harbor, ME). Male gp91phox2/2 mice on
a C57BL/6 background were maintained as a homozygous colony,
and female mice were used as wild-type controls. In vivo NOX4 knock-
down was performed by intratracheal NOX4 siRNA transfection, using
jetPEI (Polyplus-Transfection Inc., New York, NY) as a transfecting
agent (for details, please see the online supplement). For bacterial
infection, mice received PBS or PA103 intratracheally at a dose of
1 3 106 CFU/mouse under anesthesia. Twenty-four or 48 hours after
treatment, BAL was obtained using 1 ml of sterile Hanks’ Balanced
Salt Buffer for the measurement of cell count, protein concentration,
H2O2, and cytokines. Left lungs were removed and fixed for hematoxylin–
eosin staining or immunohistochemistry with NOX antibodies, and right
lungs were snap-frozen in liquid nitrogen and stored at 2808C for
Western blotting.

In Vivo Inhibition of NF-kB Activity

Details are provided in the online supplement.

Detection of ROS in Live HLMVECs, and Measurement

of H2O2

Details are provided in the online supplement.

Immunofluorescence Staining

Details are provided in the online supplement.

Permeability Assays

Endothelial permeability was monitored by a highly sensitive biophysi-
cal assay with an electrical cell-substrate impedance sensing system, as
described previously (22), or by transwell tracer experiment with fluo-
rescent dextran. Details are provided in the online supplement.

Analysis of Apoptosis

The apoptosis of HLMVECs exposed to P. aeruginosa was analyzed
by terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) staining and theWestern blotting of cleaved caspase 3. Details
are provided in the online supplement.

Real-Time and Quantitative PCR

Total RNA from control and experimental lung samples was isolated
using the TRIzol solution (Invitrogen-GIBCO BRL, Life Technologies,
Foster City, CA). Details are provided in the online supplement.

Western Blot Analysis

Protein extracts frommurine lungs or HLMVEC lysates were separated
by SDS-PAGE and transferred onto nitrocellulose membranes, fol-
lowed by incubation with specific antibodies of interest. Equal protein
loading was verified by reprobing with anti–b-actin antibody.

Statistical Analysis

Results are presented as the means 6 SDs of 3 to 10 independent
experiments. Stimulated samples were compared with control samples
by unpaired Student t test. For multiple-group comparisons, ANOVA,
followed by the post hoc Fisher test, was used. P , 0.05 was considered
statistically significant.

RESULTS

P. aeruginosa Induces Acute Lung Injury with Increased

Production of Hydrogen Peroxide in the Lungs

We first determined the extent of inflammatory response and ROS
generation induced by P. aeruginosa (1 3 106 CFU/mouse) in vivo.
After 24-hour and 48-hour infections of mice withP. aeruginosa strain
PA103, no significant mortality was observed at either time point.
The infection of mice with P. aeruginosa led to a significant increase
in inflammatory cells in the lungs, compared with PBS control sam-
ples (12.6 6 2.813 105/ml versus 1.186 0.093 105/ml, respectively;
P, 0.01) at 24 hours and 48 hours of infection (14.56 2.363 105/ml
versus 1.18 6 0.09 3 105/ml, respectively; P , 0.01) (Figure 1A).
Likewise, a significant increase in BAL protein content was observed
at 24 hours and 48 hours after infection (0.43 6 0.03 mg/ml versus
0.156 0.05 mg/ml, and 0.486 0.08 mg/ml versus 0.156 0.05 mg/ml,
respectively; both P , 0.01) (Figure 1B). In addition, P. aeruginosa
induced a significant increase in BAL H2O2 (2.06 6 0.15 mM versus
1.316 0.15 mM, respectively, P , 0.05, at 24 hours; 2.196 0.18 mM
versus 1.31 6 0.15 mM, respectively, P , 0.01, at 48 hours) (Figure
1C). These data suggest that P. aeruginosa induced an inflammatory
response with a time-dependent increase in ROS.

P. aeruginosa Exerts Oxidative Stress In HLMVECs

Next, we determined whether the P. aeruginosa infection
of endothelial cells leads to the generation of ROS in vitro.
P. aeruginosa induced ROS production in HLMVECs in
a dose-dependent manner (Figures 1D and 1E). The release
of H2O2 into the culture media of infected HLMVECs was
also dose-dependent on P. aeruginosa infection (Figure 1F).
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Combined with the in vivo murine lung data, our in vitro results
clearly demonstrate that P. aeruginosa infection is associated with
an increase in ROS production.

P. aeruginosa Lung Infection Induces NOX2 and NOX4

Expression, but Not NOX1 and NOX3

We next investigated whether NOX activation is the source
of elevated ROS underlying the oxidative stress in P. aerugi-
nosa–infected lungs. The expressions of NOX2 and NOX4 pro-
teins were significantly up-regulated at 24 hours after P.
aeruginosa treatment, and this up-regulation persisted up to
48 hours, as determined by Western blotting (Figure 2A). In-
terestingly, no increase in NOX1 and NOX3 expression in lung
tissue was evident at either time point. Densitometry analysis
revealed that the expression of NOX4 increased approximately
3.2-fold, and that of NOX2 increased approximately 2.3-fold
(Figure 2B). The immunohistochemical staining of lung tissue
for NOX proteins confirmed an increase in the expression of
NOX2 and NOX4 proteins, but not NOX1 or NOX3 (Figure
2C). The expression of NOX2 was detectable in neutrophils,
lung endothelial cells, and lung epithelial cells, whereas the
expression of NOX4 was seen mainly in lung endothelial and
epithelial cells (Figure 2C). Real-time PCR showed an in-
crease only in NOX2 mRNA (z 4.5-fold) and NOX4 mRNA
(z 3.8-fold) (Figure 2D). These data suggest that P. aeruginosa
infection selectively induces the expression of NOX2 and NOX4
in the lung.

P. aeruginosa Induces NOX2 and NOX4 Expression

in HLMVECs

Consistent with the in vivo data, only NOX2 and NOX4 were
up-regulated in HLMVECs in response to P. aeruginosa treatment,
whereas NOX1 and NOX3 expression levels remained unaltered
(Figures 2E and 2F). Of the three doses tested, P. aeruginosa in-
duced NOX2 expression as early as 9 hours at the maximum dose
of 10 multiplicity of infection (MOI). However, NOX4 expression
was induced at 5 MOI and at later time points (16 hours and
24 hours). All three doses of P. aeruginosa elevated NOX2 and
NOX4 expression. These results show the increased expression of

NOX2 and NOX4, but not NOX1 and NOX3, by P. aeruginosa in
HLMVECs.

P. aeruginosa–Induced NOX2 and NOX4 Expression

Is Mediated by NF-kB Activation

The immunomodulation of the NF-kB pathway seems to affect
host defense against infection by P. aeruginosa in murine airway
epithelia (23). We therefore wanted to determine whether the
induction of NOX2 and NOX4 by P. aeruginosa in HLMVECs
and lungs is mediated by NF-kB signaling. As shown in Figure
3A, after 24 hours of the infection of murine lungs with
P. aeruginosa, inhibitor of kappa B (IkB) phosphorylation was
observed, and this phosphorylation was further enhanced at 48
hours after P. aeruginosa instillation. Consequently, IkB de-
gradation was noticeable at 24 hours, and IkB had reached
nondetectable concentrations by 48 hours after infection. The
inhibition of NF-kB in vivo by the intravenous injection of
1 mg/kg NF-kB inhibitor attenuated the induction of NOX2
and NOX4 in lung tissue by P. aeruginosa (Figure 3B). Next,
we investigated the effects of blocking NF-kB activation on P.
aeruginosa–induced NOX2 and NOX4 expression in HLMVECs.
As shown in Figure 3C, P. aeruginosa activated NF-kB, as evi-
denced by the enhanced translocation of p65/RelA from the cy-
tosol to the nucleus, and by the time-dependent phosphorylation
of IkB in HLMVECs (Figure 3D). Compared with scrambled
siRNA (scRNA) control samples, the knockdown of p65 with
p65 siRNA in HLMVECs inhibited the induction of NOX2
and NOX4 by P. aeruginosa (Figure 3E). These data show that
P. aeruginosa infection activates the NF-kB pathway both in vivo
in murine lungs and in vitro in endothelial cells. Further, these
results show for the first time that the P. aeruginosa–induced
expression of NOX2 and NOX4 proteins in endothelial cells or
in the lungs is mediated by the NF-kB signaling pathway.

NOX4, but Not NOX2, Mediates P. aeruginosa–Induced

Endothelial Barrier Dysfunction via Vascular

Endothelial Cadherin

Next, we assessed the role of NOX2 and NOX4 on P. aeruginosa–
mediated endothelial barrier function. As shown in Figure 4A,

Figure 1. Pseudomonas aerugi-

nosa (PA) induces lung inflam-
mation and oxidative stress.

Bronchoalveolar lavage (BAL)

was collected at 24 and 48 hours

after bacterial treatment. (A) A
cell pellet was resuspended in

200 ml PBS for cell counting.

(B) BAL protein and (C) H2O2

concentrations are shown.
P. aeruginosa induced signifi-

cant lung injury, as evidenced

by increased BAL cell count,

protein content, and reactive
oxygen species (ROS) produc-

tion. *P, 0.01, compared with

PBS control samples (n ¼ 4).
(D) Human lung microvascular

endothelial cells (HLMVECs), cul-

tured in 35-mm dishes to ap-

proximately 90% confluence,
were exposed to Pseudomonas

aeruginosa strain 103 (PA103) at multiplicities of infections (MOIs) 1, 5, and 10 for 9 hours. Cells were then loaded with 5-(and-6)-carboxy-2’,7’-dichloro-

dihydro-fluorescein diacetate (carboxy-H2DCFDA) (5 mM) for 30 minutes, and the oxidation of DCFDA was monitored under fluorescent microscopy (3200).

Scale bars, 30 mm. (E) ROS production in each group was quantified. (F) H2O2 concentrations in culture media were assayed. PA103 induced significant ROS
production in HLMVECs in a dose-dependent manner. *P , 0.05 and **P , 0.01, versus PBS control samples (n ¼ 6). con, control.
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P. aeruginosa significantly increased endothelial permeability in
a dose-dependent and time-dependent manner, compared with
vehicle control samples. The knockdown of the NOX4 gene
in HLMVECs by siRNA (as evidenced by Western blotting,
approximately 80% of NOX4 protein was down-regulated),

restored endothelial permeability (Figure 4B). Interestingly, unlike
NOX4, the knockdown of NOX2 exerted no effect on
P. aeruginosa–induced endothelial cell (EC) barrier disruption
(Figure 4C). To verify these results, an FITC-dextran transwell
assay was performed. The down-regulation of NOX4 attenuated

Figure 2. P. aeruginosa infection induces nicotinamide adenine dinucleotide phosphate–reduced oxidase–2 (NOX2) and NOX4 expression in

murine lung tissue and HLMVECs. (A) Lungs were harvested at 24 hours and 48 hours for analyses of NOX proteins by Western blotting, or of
mRNA by real-time PCR (D) (n ¼ 4/group). Western blots were examined using an image analyzer, and NOX protein expression was quantified and

normalized to total actin. (B) Approximately 2.5-fold and approximately 3.5-fold increases in NOX2 and NOX4 protein expression, respectively,

were evident. *P, 0.01, compared with PBS control samples. #P, 0.01, compared with PBS control samples. (C) Immunohistochemical staining of

NOX proteins. Scale bar, 200 mm. P. aeruginosa induced significant NOX2 and NOX4 protein expression in lung tissue, 48 hours after infection.
However, it did not induce the expression of NOX1 or NOX3. (D) Real-time PCR quantification of NOX mRNA. **P , 0.01, compared with PBS

control samples. ##P , 0.01, compared with PBS control samples. (E) HLMVECs were exposed to PA103 at MOI ¼ 1, 5, and 10 for the indicated

periods of time. Total cell lysates were subjected to SDS-PAGE and Western blotting for NOX protein expression. Actin was blotted to monitor
protein loading. PA103 induced NOX2 expression in HLMVECs as early as 16 hours and 24 hours. MOI ¼ 1 and 5 did not show significant NOX2

expression at 16 hours. PA also induced NOX4 expression at 16 hours and 24 hours after infection. However, PA103 did not induce NOX1 and

NOX3 expression at any of the time points tested. The blot shown is representative of four independent experiments. (F ) Statistical analysis for NOX

proteins expression normalized to actin at various time points.
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P. aeruginosa–induced permeability, whereas the knockdown of
NOX2 exerted no effect on FITC-dextran permeability (Figure
4D). These results indicate an important role for NOX4, but
not for NOX2, in mediating the loss of endothelial barrier
integrity attributable to P. aeruginosa infection.

The effects of NOX4 and NOX2 on permeability were fur-
ther studied by analyzing the expression and phosphorylation
of VE-cadherin in response to P. aeruginosa infection. As
shown in Figure 4E, the P. aeruginosa infection of scrambled
siRNA–transfected HLMVECs caused significant phosphory-
lation of VE-cadherin, which is necessary for the disassembly
of endothelial junctions (at 6 and 24 h). The down-regulation of
NOX4, but not NOX2, with siRNA attenuated the phospho-
rylation of VE-cadherin at both time points. Furthermore, P.
aeruginosa infection caused a significant decrease in VE-cadherin
expression in both scrambled siRNA–transfected and NOX2

siRNA–transfected cells. In contrast, the decrease in VE-
cadherin expression by P. aeruginosa was significantly atten-
uated by the down-regulation of NOX4 (Figure 4E). Similarly,
VE-cadherin immunofluorescent staining showed that HLMVECs
exposed to P. aeruginosa showed significant stress fiber formation
and disruption of VE-cadherin at adherens junctions in both
scrambled siRNA–transfected and NOX2 siRNA–transfected
cells (Figure 4F). In contrast, NOX4 siRNA–transfected cells
showed a restoration of VE-cadherin at adherens junctions
and fewer stress fibers. In addition, P. aeruginosa caused significant
dissociation of Zonula Occluden-1 (ZO-1) from cell–cell junc-
tions in both scrambled siRNA–transfected and NOX2 siRNA–
transfected cells, but not in NOX4 siRNA–transfected cells.
These results suggest a major role for NOX4 and not NOX2
in P. aeruginosa–induced VE-cadherin phosphorylation and
endothelial permeability.

Figure 2. (Continued).
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Knockdown of NOX4 Blocks P. aeruginosa–Induced Apoptosis

in HLMVECs

Because apoptosis may be involved in barrier dysfunction (24),
we sought to learn whether NOX4 is involved in P. aeruginosa–
mediated apoptosis. The apoptosis of endothelial cells was in-
duced by P. aeruginosa and analyzed by TUNEL staining and
Western blotting of cleaved caspase 3. As shown in Figure 5A,
PA103 (MOI ¼ 10; 6 h) induced significant endothelial apoptosis
(TUNEL staining) in both scrambled RNA–treated and NOX2
siRNA–treated cells. However, the knockdown of NOX4 attenu-
ated the apoptosis caused by PA103. Further, the exposure of
scrambled or NOX2 siRNA–treated HLMVECs to PA103 acti-
vated the caspase 3 pathway, as evidenced by increased cleaved
caspase 3, and this activation was inhibited by the knockdown of
NOX4 (Figure 5B). These results suggest a role for NOX4, but not
for NOX2, in the PA103-induced apoptosis of HLMVECs.

Genetic Knockdown of NOX2 in Mice Attenuates

the Inflammatory Response to P. aeruginosa,

but Not the Permeability

Next, P. aeruginosa–mediated lung injury was assessed by de-
termining the concentrations of select inflammatory factors in
a wild-type C57BL/6J murine model, and the results were compared
with those obtained using gp91phox2/2 (NOX2) mice in the same
background. In wild-type, PBS-instilled control mice, P. aeruginosa
induced a significant increase in IL-6, TNF-a, and H2O2 in BAL
fluid (Figures 6A–6C)/ However, in gp91phox2/2 mice, the concen-
trations of IL-6, TNF-a, and H2O2 in BAL fluid, in response
to P. aeruginosa challenge, were significantly lower. Moreover,
P. aeruginosa infection induced a significant infiltration of cells into
the alveolar space (Figure 6D), and increased protein concentra-
tions in BAL fluid (Figure 6E), indices of pulmonary leakage.
Interestingly, no significant change was evident in the BAL fluid

Figure 3. P. aeruginosa induces NOX2 and NOX4 expression via the NF-kB pathway. (A) Lung tissue from mice exposed to PA103 was used for the
immunoblot analysis of IkB and phosphorylated IkB. A significant phosphorylation of IkB (#P , 0.01, compared with PBS control samples) and

degradation of IkB occurred in the lungs (*P , 0.01, compared with PBS control samples). (B) The inhibition of NF-kB activity in the lung by an

intravenous injection of NF-kB inhibitor at a dose of 1 mg/kg before PA103 stimulation blocked NOX2 and NOX4 induction (*P, 0.05, compared with

PBS control samples; #P , 0.05, compared with the PA103 treatment group). (C) Immunofluorescence staining of NF-kB subunit p65 was performed
after P. aeruginosa treatment for 6 hours. Images were captured using a fluorescent microscope (3200), and the images shown are representative of

three independent experiments. Scale bars, 30 mm. (D) The activation of NF-kB was verified by immunoblotting. HLMVECs were exposed to PA103 for

the indicated times. The phosphorylation of IkB was analyzed by Western blotting. *P , 0.01, compared with vehicle control samples. (E) HLMVECs

were transfected with scRNA or NF-kB subunit p65 small interfering (si)RNA (sip65) for 72 hours, followed by PA103 challenge for the indicated times.
Western blotting was performed to detect NOX4 and NOX2 expression. *P, 0.01, compared with scRNA PA MOI ¼ 10 (n ¼ 3). #P, 0.01, compared

with scRNA PA MOI ¼ 10 at 9 hours, 16 hours, and 24 hours (n ¼ 3). (F) The knockdown of p65 was confirmed by Western blotting.
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cell count and protein content in gp91phox2/2 mice compared with
wild-type mice infected with P. aeruginosa. Histological analysis
showed that P. aeruginosa induced significant lung inflammation
and injury, including neutrophil infiltration into the parenchyma
and alveolar space, edema of the alveolar wall, and hemorrhages in
wild-type mice (Figure 6F). On the other hand, gp91phox2/2

mice showed less injury and inflammation compared with wild-type
mice. These results confirm that NOX2 is essential for the P.

aeruginosa–mediated release of proinflammatory cytokines in
murine lungs, but may not be involved in pulmonary leakage.

Down-Regulation of NOX4 in Lung Tissue by siRNA

Attenuates P. aeruginosa–Induced Pulmonary Permeability

To compare the effects of NOX4 with those of NOX2 in terms of
pulmonary permeability and inflammation, we used NOX4-specific
siRNA to down-regulate NOX4 expression in murine lung tissue.

Figure 4. P. aeruginosa–induced

barrier dysfunction in HLMVECs
is blocked by NOX4 siRNA.

HLMVECs were grown to con-

fluence on gold electrodes and

exposed to heat-killed PA103
at MOI ¼ 1, 5, and 10. Trans-

endothelial electrical resistance

(TER) was monitored by elec-

trical cell-substrate impedance
sensor (ECIS). The basal mono-

layer TER was between 1,600

and 1,800 mV, and was nor-

malized to 1 before initiating
measurements. (A) P. aeruginosa

significantly induced endothelial

barrier permeability in a dose-
dependent manner. *P , 0.01,

versus PA MOI ¼ 10. (B)

HLMEVCs were transfected

with scrambled siRNA or
NOX4 siRNA (50 nM) for 72

hours before TER measurement.

The P. aeruginosa–induced de-

crease in TER was partly
blocked by NOX4 siRNA, com-

pared with scrambled control

siRNA–treated cells. **P ,
0.01, versus scRNA PA MOI ¼
10. The knockdown of NOX4

was confirmed by Western

blot, as shown below. (C)
HLMEVCs were transfected with

scrambled siRNA or NOX2 siRNA

(50 nM) for 72 hours before TER

measurements. The P. aeruginosa–
induced decrease in TER was not

blocked by NOX2 siRNA, com-

pared with control siRNA–treated
cells. The knockdown of NOX2

was confirmed by Western

blotting, as shown below. (D)

HLMVECs were first transfec-
ted with scrambled RNA,

NOX2 siRNA, or NOX4 siRNA.

Twenty-four hours later, cells

were reseeded onto transwells,
followed by P. aeruginosa chal-

lenge (MOI ¼ 10). Permeability

was indexed by the FITC-dex-

tran leaked into the outside
medium from the inner me-

dium, 48 hours after reseeding.

Only the knockdown of NOX4 inhibited the FITC-dextran leakage induced by P. aeruginosa. #P. 0.05, versus scRNA PA. ##P, 0.05, versus siNOX4.
(E) NOX4 siRNA attenuated P. aeruginosa–induced VE-cadherin phosphorylation and decrease in expression, whereas NOX2 siRNA exerted no effect

on VE-cadherin phosphorylation and expression. (F) Immunofluorescent staining of VE-cadherin, ZO-1, and actin was performed 24 hours after P.

aeruginosa challenge (MOI ¼ 10). For scRNA-transfected and siNOX2-transfected cells, P. aeruginosa induced significant stress fiber formation, and

disruption of VE-Cadherin and ZO-1 from the cell adhesion junction, which was attenuated by NOX4 siRNA. Images are representative of the entire
cell monolayer in two independent experiments. Scale bars, 10 mm. p-, phosphorylated; Veh Con, vehicle control.
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The instillation of NOX4 siRNA significantly reduced the expres-

sion of NOX4 without affecting NOX2 expression (Figure 7F).

Unlike gp91phox2/2 mice, the knockdown of NOX4 inhibited

P. aeruginosa–induced pulmonary permeability, as evidenced

by BAL fluid cell counts and protein concentrations (Figures

7A and 7B). On the other hand, the knockdown of NOX4 exerted

no effect on IL-6, TNF-a, and H2O2 in BAL fluid (Figures 7C–7E).

Furthermore, histological analysis showed that the down-regulation

of NOX4 inhibited P. aeruginosa–induced lung tissue injury
(Figure 7F). These results suggest that NOX2 and NOX4 play
distinct roles in regulating P. aeruginosa–mediated permeability
and inflammatory responses in murine lungs.

DISCUSSION

Here, usingmurine andHLMVECmodels, we studied themech-
anism underlying the inflammatory response and lung injury
triggered by P. aeruginosa infection. In the mouse, P. aeruginosa
infection of the lungs resulted in an increased leakage of proteins
and cells into the BAL fluid, along with elevated concentrations
of inflammatory cytokines such as IL-6 and TNF-a and oxida-
tive stress, as evidenced by elevated concentrations of H2O2

compared with uninfected, wild-type control samples. In
HLMVECs exposed to P. aeruginosa, a clear loss in endothelial
barrier integrity was evident. Interestingly, under both in vitro
and in vivo infection conditions, a preferential increase in con-
centrations of the NADPH oxidase proteins NOX2 and NOX4
was noted. Based on in vitro experiments using HLMVECs,
P. aeruginosa infection triggered the activation of NF-kB, which
was responsible for the observed increase in NOX2 and NOX4
expression levels. Moreover, NOX4, but not NOX2, appeared
to be involved in the P. aeruginosa–induced loss of EC barrier
integrity. Finally, using NOX2 knockout mice and the siRNA-
mediated knockdown of NOX4 in the murine lung, we showed

a significant attenuation of inflammatory response and oxidative
stress, with no change in permeability after P. aeruginosa chal-
lenge in NOX2 knockout mice. Unlike NOX2, the knockdown
of NOX4 in the murine lung significantly inhibited pulmonary
permeability and lung injury, but exerted no effect on the pro-
duction of proinflammatory cytokines TNF-a and IL-6 in BAL
fluid. Of note, NOX2 knockout mice and the siRNA-mediated
knockdown of NOX4 showed an amelioration of lung injury in
response to P. aeruginosa. Apparently the inhibitory effects on
lung injury by NOX2 and NOX4 down-regulation were achieved
through different mechanisms. In gp91phox2/2 mice, the improved
oxidative stress attributable to the lack of NOX2 expression ac-
counts for the inhibitory effects against P. aeruginosa–induced lung
injury. Unlike gp91phox2/2 mice, the mechanism underlying the in-
hibitory effects against P. aeruginosa–induced lung injury in NOX4
knockdown mice with siRNA occurs through improvements in
pulmonary vascular permeability, because we did not see improved
oxidative stress in BAL fluid from NOX4 siRNA–treated murine
lungs.

TheNOX family comprises sevenmembers, NOX1–5,DUOX1,
and DUOX2. Of these, in vascular endothelial cells, NOX2, NOX4,
and to a lesser extent NOX1 are known to be expressed (25). In
agreement with previous reports, we observed a significant ex-
pression of NOX 1–4 proteins in HLMVECs. However, only
the expression of NOX2 and NOX4 increased in response to P.
aeruginosa infection (Figure 2), suggesting that these two NOX
proteins could be the principal players in P. aeruginosa–induced
lung pathology. The expression level of DUOX1 and DUOX2
in control and infected lung tissue was not determined. However,
DUOX1 and DUOX2 are the major NADPH oxidase proteins
expressed in airway epithelial cells (26). A recent study showed
that flagellin isolated from P. aeruginosa (Type A flagellin, ATCC
27,853; American Type Culture Collection, Manassas, VA) up-
regulated DUOX2 expression in human bronchial epithelial cells,
whereas the down-regulation of DUOX2 by siRNA up-regulated
NOX4 expression, suggesting the existence of a potential compen-
sation mechanism between DUOX2 and NOX4 (27).

The transcription factor NF-kB is known to be activated
by various stimuli, including bacterial pathogens, and triggers
the expression of inflammatory genes. An airway instillation of
P. aeruginosa was shown to activate NF-kB in epithelial cells as
early as 4 hours after treatment, followed by a much later activation
of NF-kB in a variety of other cell types (23). Moreover, both LPS-
induced and TNF-a–induced NOX2 expression is dependent on
NF-kB activation (28, 29), and the expression of other NADPH
oxidase components, such as p47phox and p67phox, is also re-
gulated by NF-kB (29). Our experiments were based on IkB
phosphorylation/degradation and the nuclear translocation of p65/
RelA, and clearly demonstrated that P. aeruginosa infection also
triggers NF-kB activation, which then induces the expression of
NOX 2 and NOX4 proteins. In cell culture experiments, we con-
sistently found a significant phosphorylation of IkB by 9 hours upon
exposure to P. aeruginosa, followed by consistent but less amounts
of phosphorylation (Figure 5B). In parallel, we also showed that
the kinetics of induction for NOX4 and NOX2 occurred as early as
9 hours after infection, and mirrored NF-kB activation. Moreover,
the induction of NOX4 and NOX2 was inhibited either by the
siRNA-mediated knockdown of p65 or by the treatment of animals
with an NF-kB inhibitor (Figures 3A and 3E). Our results are in
agreement with an earlier study in which NF-kB–mediated NOX4
expression was also observed in human pulmonary artery smooth
muscle cells exposed to hypoxia (30).

In addition to NF-kB, other transcription factors such as E2
transcription factor (E2F) (31), mothers against decapentaplegic
homolog (Smad)-binding elements (32), hypoxia-inducible factor
1a (HIF-1a) (33), polymerase (DNA-directed) d–interacting

Figure 4. (Continued).
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protein–2 (34), and nuclear factor–erythroid factor 2 (Nrf2) (14)
are known to regulate NOX4 in mammalian cells. Interestingly,
although hyperoxia increased the expression of both NOX2 and
NOX4 in human lung endothelial cells (35), only NOX4, but not
NOX2, expression was transcriptionally regulated by Nrf2 (14).
Our present findings on distinct cellular responses to NOX2 and
NOX4 suggest a differential regulation of NOX isoforms in re-
sponse to P. aeruginosa. The P. aeruginosa–mediated up-regula-
tion of NOX4 may involve Nrf2 in addition to NF-kB, and this
potential pathway is under investigation.

Among the many arsenals used by P. aeruginosa to establish
infection in the host, it encodes a Type III secretion system
(T3SS) that is a major determinant of virulence, and that
allows the bacterium to inject toxins into the host cell (36,
37). The Type III secretion system is associated with acute
invasive infections, and requires pilin-mediated bacterial–
epithelial contact (35, 36). This system is activated on contact
with eukaryotic cell membranes and interferes with signal trans-
duction, resulting in cell death or alterations in host immune
responses. The Type III secretion system can be functionally
divided into five components, namely, the needle complex,
the translocation apparatus, the regulatory proteins, the ef-
fecter proteins, and the chaperones. These five parts work
together to inject effecter proteins into host cells in a highly
regulated manner (37). Thus far, four P. aeruginosa effector
proteins have been identified, namely, exoenzyme S (ExoS),
ExoT, ExoU (also called peptide A [Pep A]), and exoenzyme
Y (ExoY) (38).

In this study, we found that P. aeruginosa increased perme-
ability both in vitro and in vivo. Our experiments identified
a positive role for NOX4, but not NOX2, in the loss of EC
barrier integrity upon P. aeruginosa infection. However, the
exact role of NOX4 in barrier dysfunction remains unclear.
Evidence indicates that NOX4 is colocalized with vinculin in
focal adhesions (39). This suggests that NOX4 may produce

ROS locally in focal adhesions, which may then activate focal
adhesion–mediated stress fiber formation, triggering an increase in
permeability. Our in vivo experiments using NOX2 knockout mice
revealed a lack of significant effect on P. aeruginosa–induced per-
meability. However, in some studies, NOX2-dependent ROS has
been shown to induce vascular permeability in response to
hyperoxia (35). ROS-induced signaling is recognized to be highly
dependent on the compartmentalization of oxidases (40). We
therefore believe that the differences in the function of NOX4
and NOX2 proteins may be attributed to their different tissue
distributions and cellular localizations. In other words, the results
from the present study support distinct functional roles for NOX4
and NOX2 in lung inflammation.

The present study also led to the interesting observation
that the down-regulation of NOX4, but not NOX2, attenuated
P. aeruginosa–mediated apoptosis in HLMVECs (Figure 5).
Cell–cell detachment, a salient feature of endothelial apoptosis,
requires the coordinated participation of a variety of signal
transduction pathways, resulting in changes in cell morphology,
cell matrix interactions, and adherens junction interactions. Ear-
lier studies indicated that the activation of apoptotic signaling path-
ways (24, 41), and the dissociation of catenins and VE-cadherins
from the adherens junction (42, 43), may be linked to changes in
vascular permeability. In fact, our data show that the knockdown
of NOX4, but not NOX2, with siRNA partly restores VE-cadherin
distribution at the adherens junction in P. aeruginosa–challenged
HLMVECs (Figure 4F). However, apoptosis may not be the only
mechanism involved in P. aeruginosa–induced endothelial barrier
function.

In addition to apoptosis, the direct regulation of cytoskeletal
remodeling by ROS and ExoT may also contribute to changes
in endothelial permeability by P. aeruginosa. In the present
experiments, we used the PA103 strain, which expresses ExoU
and ExoT proteins. ExoU is cytotoxic, and the disruption of this
gene results in decreased virulence in animal models of acute

Figure 4. (Continued).
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pneumonia (44). ExoU also demonstrates potent phospholipase
activity, and has been shown to be a cofactor of superoxide
dismutase in vitro, causing cell rounding and the rapid lysis of

host cells (45, 46). ExoT demonstrates GTPase-activating protein
and ADP ribosyltransferase activities, and has been implicated
in the apoptosis of cells (37, 47). We speculate that ExoT may

Figure 5. The knockdown of
NOX4 attenuates P. aeruginosa–

induced apoptosis in HLMVECs.

HLMVECs were transfected with

scrambledNOX2 or NOX4 siRNA
(50 nM) for 72 hours and treated

with PA103 (MOI ¼ 10) for

6 hours. (A) Endothelial cell ap-

optosis was assessed by TUNEL
staining. (B) Apoptosis was quan-

tified by the number of TUNEL-

positive cells/field. (C) Cell lysates

were Western blotted for cleaved
caspase 3, an indicator of apo-

ptosis activation. Images are rep-

resentative of two independent
experiments. *P , 0.05, scRNA 1
PA or siNOX2 1 PA versus

siNOX4 1 PA. Scale bars,

20 mm. Relative intensity versus
actin is depicted. All values rep-

resent means 6 SDs. *P , 0.05,

scRNA 1 PA or siNOX2 1 PA

versus siNOX4 1 PA.

Figure 6. The knockdown of

NOX2 expression attenuates

P. aeruginosa–induced lung in-
flammation, but with no loss of

endothelial permeability. (A–E)

gp91phox2/2 knockout mice were

exposed to P. aeruginosa for 24
hours. BAL was collected, and

its cell count (D), protein content

(E), and IL-6 (A), TNF-a(Β), and
H2O2 (C) concentrations were
measured as described inMATERIALS

AND METHODS. *P , 0.01, com-

pared with wild-type (WT) con-

trol samples. **P , 0.01,
compared with gp91phox2/2

control samples (n ¼ 5). #P ,
0.01, compared with wild-type
control samples. ##P , 0.05,

compared with the wild-type

PA treatment group (n ¼ 5).

(F) C57BL/6J and gp91phox2/2

were exposed to P. aeruginosa

for 24 hours C57BL/6J had sig-

nificant evidence of lung injury

and inflammation, whereas gp91phox2/2 mice exhibited significantly fewer instances of alveolar damage and inflammatory response. Images are
representative of four mice for each group. Original magnification, 3200.
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plausibly contribute to the organization of the actin and stress
fibers in vitro in endothelial cells. Thus the Type III secretion
proteins ExoU and Exo T may be directly involved in the cell
rounding and structural changes seen in our in vitro experiments
with HLMVECs. However, whether T3SS proteins that include
ExoS, ExoT, ExoU, and ExoY interact with NOX proteins to
induce structural and functional changes remains unknown, and
calls for further investigation.

In conclusion, P. aeruginosa–induced pneumonia appears to
be the result of NOX2-mediated and NOX4-mediated effects
on lung vasculature. The involvement of the canonical NF-kB
pathway is clear, both in the enhanced expression of NOX2
and NOX4 proteins and in the increased expression of inflam-
matory cytokines. In addition, our experiments clearly delineate
the functions of NOX2 and NOX4 proteins. NOX2 proteins are
critical in promoting inflammation and an oxidative response to
P. aeruginosa infection, and NOX4 proteins are involved in apoptosis
and the disruption of endothelial barrier integrity. Inhibitors
that specifically target NOX2 and NOX4 are likely to be useful
in the treatment of the highly recalcitrant P. aeruginosa infec-
tions most commonly seen in patients with cystic fibrosis and
nosocomial infections, and in immunocompromised individuals.

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