
ORIGINAL RESEARCH COMMUNICATION

An Endothelial Hsp70-TLR4 Axis Limits Nox3
Expression and Protects Against Oxidant Injury in Lungs

Yi Zhang,1 Peiying Shan,1 Anup Srivastava,1 Ge Jiang,1 Xuchen Zhang,2 and Patty J. Lee1

Abstract

Aims: Oxidants play a critical role in the pathogenesis of acute lung injury (ALI). Nox3 is a novel member of
the NADPH oxidase (Nox) family of oxidant-generating enzymes, which our laboratory had previously iden-
tified to be induced in the lungs of TLR4-/- mice. However, the physiologic role of Nox3 induction in lungs and
its precise relationship to TLR4 are unknown. Furthermore, the cell compartment involved and the signaling
mechanisms of Nox3 induction are unknown. Results: We identified that Nox3 is regulated by heat shock
protein 70 (Hsp70) signaling via a TLR4-Trif-signal transducer and activator of transcription 3 (Stat3) pathway
and that Nox3 induction leads to increased oxidant injury and death in mice and lung endothelial cells. We
generated Nox3-/-/TLR4-/- double knockout mice, endothelial-targeting lentiviral silencing constructs, and
endothelial-targeted Stat3-/- mice to specifically demonstrate that Nox3 induction is responsible for the pro-
oxidant, proapoptotic phenotype of TLR4-/- mice. We also show that an endothelial Hsp70-TLR4-Trif-Stat3
axis is required to suppress deleterious Nox3 induction. Innovation: To date, a physiologic role for Nox3 in
oxidant-induced ALI has not been identified. In addition, we generated unique double knockout mice and
endothelial-targeted lentiviral silencing constructs to specifically demonstrate the role of a TLR4 signaling
pathway in regulating pro-oxidant generation. Conclusions: We identified an endothelial TLR4-Trif antioxidant
pathway that leads to the inhibition of a novel NADPH oxidase, Nox3, in lungs and lung endothelial cells. We
also identified the role of a TLR4 ligand, Hsp70, in suppressing Nox3 in basal and pro-oxidant conditions.
These studies identify potentially new therapeutic targets in oxidant-induced ALI. Antioxid. Redox Signal. 24,
991–1012.

Introduction

Delivery of high levels of inspired oxygen, or hyper-
oxia, is commonly used as a life-sustaining measure in

critically ill patients. However, prolonged exposures can
exacerbate respiratory failure and contribute to increased
mortality. Hyperoxia also serves as a model for oxidant-
mediated acute lung injury (ALI). The lungs are exposed
continuously to oxidants generated either endogenously from
phagocytes or exogenously from inhaled oxygen, as well as
environmental pollutants. In addition, intracellular oxidants,
such as those derived from the NADPH oxidase (Nox) sys-
tem, are involved in many cellular signaling pathways.

There are seven isoforms of NADPH oxidases expressed in
mammals: Nox1, Nox2, Nox3, Nox4, Nox5, Duox1, and

Duox2 (13). Nox3 is the least described member of the Nox
family. After its original cloning and detection in inner ear
and fetal tissues, reports remain limited and its physiologic
function thought to be limited to gravity perception (5, 19).
We unexpectedly detected increased Nox3 expression, but
not the alternative Noxs in the lungs of Toll-like receptor 4-
deficient (TLR4-/-) mice, which exhibited increased oxidant
production and oxidant-mediated lung destruction (33).
Consistent with our report of the pro-oxidant phenotype as-
sociated with TLR4 deficiency, TLR4-/- mice are also hy-
persusceptible to hyperoxia-induced ALI and death (35).

Recently, we found that the protective effect of TLR4 is
related to its role in the lung structural cells, specifically lung
endothelial TLR4 is required to resist lethal hyperoxia (28).
However, the mechanisms whereby TLR4 deficiency leads to
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an increased susceptibility to hyperoxia-induced ALI and
death were unknown.

We generated Nox3-/-/TLR4-/- double knockout mice,
which exhibited less lung injury and death compared with
TLR4-/- mice and identified a novel signaling axis, in which
the endogenous TLR4 ligand, heat shock protein 70 (Hsp70),
is required to inhibit Nox3 induction in lungs and endothe-
lial cells via a TLR4-Trif (TIR domain-containing adapter-
inducing interferon-b)-Stat3 (Signal transducer and activator
of transcription 3) pathway. Furthermore, we overexpressed
Nox3 in the lung and specifically targeted lung endothelial
TLR4, Hsp70, and Stat3 in vivo using lentiviral constructs
and endothelial-targeted knockout mice to provide proof of
concept that the critical tissue compartment involved in the
protective signaling is the lung endothelium. These studies
identify new molecular targets as well as cell-specific ap-
proaches as therapy in patients with ALI.

Results

Nox3 deficiency rescues TLR4-/- mice
from lethal hyperoxia

During our investigations of lung-protective molecules during
hyperoxia, we identified that specific heat shock proteins signaled
via TLR4. We were interested in determining the lung conse-
quences of TLR4 deficiency during sterile oxidant stress, which
led to our previous report of TLR4-/- mice having increased
susceptibility to hyperoxia-induced ALI and death (35). We
found that TLR4 messenger RNA (mRNA) and protein expres-
sion are upregulated during the first 72 h of hyperoxia in mouse
lung endothelial cells (MLECs) and whole lung lysates (35)
(Supplementary Fig. S1A; Supplementary Data are available
online at www.liebertpub.com/ars). However, TLR4 expression
declined by 96 h of hyperoxia, which coincides with maximal cell
injury, as measured by lactate dehydrogenase (LDH) release, and
inflammation, as measured by interleukin (IL)-6 release (Sup-
plementary Fig. S1B–D).

We also reported that TLR4-/- mice showed Nox3 induction
in mouse lungs and MLECs under basal conditions (33). To
determine the in vivo role of Nox3 induction during hyperoxia,
we generated Nox3-/-/TLR4-/- double knockout mice and
compared them with Nox3-/- and TLR4-/- mice under hyper-
oxia exposure. We first tested the impact of Nox3 on survival
in wild-type (WT), Nox3-/-, TLR4-/-, and Nox3-/-/TLR4-/-

mice during hyperoxia challenge. TLR4-/- mice were signifi-
cantly more susceptible to hyperoxia than WT mice, but in the
absence of the Nox3, as shown by the Nox3-/-/TLR4-/-, their
survival reverted to that of WT mice (Fig. 1A). Hyperoxia
caused a significant increase in bronchoalveolar lavage (BAL)
total cell counts, which consisted of macrophages, lympho-

cytes, and neutrophils, but not eosinophils in all four mouse
strains (Fig. 1B–F). TLR4-/- mice had substantially more BAL
macrophages, lymphocytes, and particularly neutrophils after
hyperoxia compared with the BAL from WT and Nox3-/- mice
after hyperoxia.

The Nox3-/-/TLR4-/- double knockouts exhibited less
BAL inflammatory cell recruitment compared with TLR4-/-

mice, suggesting that Nox3 may be mediating, at least in part,
the proinflammatory profile of TLR4-/- mice. We also
checked other injury and oxidant markers such as BAL pro-
tein content, LDH, H2O2 production in BAL, and lipid per-
oxidation level in lung tissues (Fig. 1G–J). Nox3-/- mice had
less injury after hyperoxia compared with WT and TLR4-/-

mice. In addition, Nox3-/- mice had less lung inflammation
and vascular leak, as assessed by BAL cell counts and BAL
protein content, respectively, and oxidant production than
WT mice (Fig. 1B–J). We quantitated apoptosis in lung tissue
sections using terminal deoxynucleotidyl transferase dUTP
nick-end labeling (TUNEL) staining and found that Nox3
deficiency diminished hyperoxia-induced lung apoptosis in
TLR4-/- mice (Fig. 1K).

We also checked the expression of inflammatory proteins,
such as tumor necrosis factor-a (TNFa), IL-1b, and IL-6, and
found a similar pattern (Supplementary Fig. S1E). These data
indicated that Nox3 deficiency attenuated reactive oxygen
species (ROS) generation both at baseline and during oxidant
injury and rescued the injury induced by hyperoxia in WT
and TLR4-/- mice.

Next, we determined the effect of Nox3 overexpression on
the lungs in vivo. We generated lentiviral Nox3 and delivered
the overexpression construct, lenti-Nox3, or its control, lenti-
Ctrl, intranasally to mice. We confirmed robust Nox3 in-
duction after lenti-Nox3 delivery in total lungs, blood vessels,
alveolar, and large airway tissue (Supplementary Fig. S1F-
G). Overexpression of Nox3 resulted in decreased total an-
tioxidant activity, increased lipid peroxidation level, and
apoptosis in lung tissues (Fig. 2A–C). Lenti-Nox3 also
markedly increased Nox3 expression in cultured primary
MLEC (Fig. 2D) as well as hyperoxia-induced MLEC apo-
ptosis (Fig. 2E). We performed dihydroethidine (DHE)
staining as a general measure of ROS levels in live cells.

As shown in Figure 2F, lenti-Nox3 induced increased DHE
signal in WT at baseline and during hyperoxia compared with
lenti-Ctrl, confirming that lenti-Nox3 had a physiologic ef-
fect on primary cells. As expected, TLR4-/- MLECs had in-
creased basal and hyperoxia-induced DHE staining (Fig. 2G).
To identify whether the source of DHE staining was due to
superoxide or NADPH oxidase, we treated TLR4-/- MLECs
with superoxide dismutase (SOD) or an NADPH oxidase
inhibitor, diphenylene iodonium (DPI), and found that both
ablated DHE staining (Fig. 2G). These data suggested that
there were likely more than one type and source for the in-
creased ROS detected in TLR4-/- MLECs during basal and
hyperoxic conditions.

Nox3 mediates, in part, oxidant generation
and apoptosis in Hsp70-/- and TLR4-/- MLECs

Next, we were interested in identifying the signaling
mechanisms whereby TLR4 inhibits Nox3 in lungs and
MLECs. We had recently identified Hsp70 as an endogenous
TLR4 ligand in lung tissue and MLECs, which exerts

Innovation

Acute lung injury (ALI) is a major cause of morbidity
and mortality, yet specific therapies do not exist. Ex-
cessive oxidant injury, from both endogenous and exog-
enous sources, is a key driver of ALI and ALI-associated
organ failure. We identified an endogenous, novel im-
mune pathway in the lungs and endothelium that protects
against ALI and death. Our studies identify new molecular
targets as well as endothelial-targeted approaches as po-
tential new therapies against ALI.
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significant lung protection against lethal hyperoxic injury
(38). Hsp90 is known to regulate both TLR4 and Stat3, but
we did not detect significant changes in Hsp90 expression
after hyperoxia (Supplementary Fig. S1A).

We were interested in identifying potential links among
TLR4-Hsp70 and Nox3. Given that we reported TLR4 adapter

protein Trif, but not MyD88, to be involved in Hsp70 signal-
ing, we used Trif-/- and MyD88-/- mice as additional controls.

We checked Nox3 expression and localization in mouse
lungs using immunohistochemical staining and found low
basal Nox3 expression in WT, but increased basal staining
diffusely, especially in the airways and blood vessels of

FIG. 1. Nox3 deficiency rescues TLR4-/- mice. (A) Survival proportions were compared among WT, Nox3-/-, TLR4-/-,
and Nox3-/-/TLR4-/- mice exposed to continuous hyperoxia (n = 10 for each group). *p < 0.01 versus TLR4-/- mice. (B–K)
Mice were exposed to RA or to hyperoxia for 72 h. Cells recovered from BAL were counted as BAL total cell counts (B).
Cytospins were prepared and the following cell populations were counted: macrophages (C), lymphocytes (D), neutrophils
(E), and eosinophils (F). (G) Lung permeability was assessed by BAL protein content. (H) LDH activity assays were
performed on BAL fluid. (I) Oxidant generation was detected by Amplex Red from BAL fluid. (J) MDA levels were measured
in lung tissues using TBARS assay. (K) TUNEL-positive cells were quantitated and expressed as a percentage of the total
number of lung cells counted on each section. The values are expressed as mean – SD and analyzed by Mann–Whitney test
(n = 12 for each group). *p < 0.05 versus WT RA; **p < 0.05 versus WT hyperoxia; #p < 0.05 versus Nox3-/- hyperoxia;
##p < 0.05 versus TLR4-/- hyperoxia. BAL, bronchoalveolar lavage; LDH, lactate dehydrogenase; MDA, malondialdehyde;
Nox, NADPH oxidase; RA, room air control; SD, standard deviation; TBARS, thiobarbituric acid-reactive substance; TLR4,
Toll-like receptor 4; TUNEL, terminal deoxynucleotidyl transferase dUTP nick-end labeling; WT, wild-type.
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TLR4-/-, Trif-/-, and Hsp70-/- mice, as detected by red cy-
toplasmic staining (Fig. 3A). Hyperoxia diffusely increased
Nox3 staining in the lungs of both WT and TLR4-/- mice, but
hyperoxia induction was greater in TLR4-/- (Supplementary
Fig. S2A, B). Overexpression of Hsp70 using intranasal ad-
enoviral Hsp70 (Ad-Hsp70) decreased Nox3 expression in
WT mice in both basal and hyperoxia conditions, but Ad-
Hsp70 had no effects on TLR4-/- mice (Fig. 3B), which

supported our hypothesis that TLR4 is necessary for Hsp70-
related Nox3 inhibition. We confirmed that Hsp70 deficiency
recapitulated the Nox3 induction found in TLR4-/- lungs and
MLECs by measuring Nox3 protein expression in Hsp70-/-

MLECs (Fig. 3C).
We found that Nox3 mRNA expression was induced in both

TLR4-/- and Hsp70-/- MLECs at baseline and after hyperoxia
(Fig. 3D, Bars 5 and 7 vs. Bars 9 and 11). We also confirmed

FIG. 2. Decreased antioxidant capacity and increased oxidant burden after Nox3 overexpression in mice and MLECs.
(A–C) WT mice were administered intranasal lentivirus (lenti-Ctrl or lenti-Nox3); after 2 weeks, whole lung tissues were
processed. (A) Total antioxidant activity was measured in the lung tissues. (B) MDA levels were measured in lung tissues using
TBARS assay. (C) TUNEL staining was performed on lung sections and TUNEL-positive cells were quantitated and expressed
as a percentage of the total number of lung cells counted on each section. The values are expressed as mean – SD and analyzed by
Mann–Whitney test (n = 6 for each group). *p < 0.05 versus lenti-Ctrl. (D–F) WT MLECs were infected with lentivirus (lenti-
Nox3 or lenti-Ctrl), exposed to 72 h of hyperoxia, and the following performed: Nox3 mRNA expression (D), graphical
quantitation of flow cytometry analysis of apoptosis (E), and DHE staining and relative DHE quantitation (F). The values are
expressed as mean – SD and analyzed by Mann–Whitney test (n = 6 in each group). Images are representative of three inde-
pendent experiments. At least 20 images per group were analyzed for quantification. Scale bar = 100 lm. *p < 0.05 versus lenti-
Ctrl RA; #p < 0.05 versus lenti-Ctrl hyperoxia. (G) WT and TLR4-/- MLECs were exposed to 72 h of hyperoxia. DHE staining in
the absence or presence of SOD (600 U/ml) or DPI (10 lM). Staining was analyzed with fluorescence microscopy and quantified
using ImageJ. Images are representative of five independent experiments. Scale bar = 100 lm. The relative DHE values are
expressed as mean – SD and analyzed by Mann–Whitney test. *p < 0.05 versus WT RA; #p < 0.05 versus WT hyperoxia. DHE,
dihydroethidine; DPI, diphenylene iodonium; MLEC, mouse lung endothelial cell; mRNA, messenger RNA; SOD, superoxide
dismutase. To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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FIG. 3. TLR4-Hsp70 deficiency increases Nox3 protein expression in mouse lungs and MLECs. (A) Nox3 expression in
mouse lungs with immunohistochemical staining. Nox3 protein is detected as red cytoplasmic staining. (B) Nox3 expression in mice
lungs. WT and TLR4-/- mice were treated with Ad-Ctrl or Ad-Hsp70 and were exposed to 72 h of hyperoxia. Images are repre-
sentative of five mice in each group. Airway, double arrows; blood vessels, single arrows. Scale bar = 250lm. Images are
representative of three independent experiments. (C) Lysates from MLECs or mouse lungs were isolated and immunoblotted against
Nox3 antibody. b-Actin was used as protein loading control. One representative Western blot of three independent experiments is
shown. Quantification based on densitometry for Nox3 and b-actin is shown on the right panel. The values are expressed as
mean – SD and analyzed by Mann–Whitney test (experiments were performed in triplicate). *p < 0.05 versus WT. (D) Nox3 mRNA
levels in WT, TLR4-/-, and Hsp70-/- MLECs were treated with Ad-Ctrl or Ad-Hsp70 and were exposed to 72 h of hyperoxia. The
values are expressed as mean– SD and analyzed by Mann–Whitney test (experiments were performed in triplicate). *p < 0.05 versus
WT Ad-Ctrl RA; **p < 0.05 versus corresponding WT; #p < 0.05 versus corresponding Ctrl; ##p < 0.05 versus corresponding RA.
Ad-Ctrl, adenovirus control (CMV-null); Ad-Hsp70, adenoviral-Hsp70; Hsp70, heat shock protein 70. To see this illustration in
color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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that Ad-Hsp70 is able to suppress Nox3 in WT MLECs and
Hsp70-/-, but not in TLR4-/-, MLECs (Fig. 3D, Bars 12 vs. 8.).
Basal Nox1, -2, and -4 expression levels were similar between
WT and TLR4-/- lungs (33). There were also no differences in
Nox1, -2, and -4 expression among WT, TLR4-/-, and
Hsp70-/- MLECs after hyperoxia (Supplementary Fig. S2C).
These results suggested that inhibition of Nox3 expression is
dependent on an Hsp70-TLR4 axis in lungs and MLECs.

Next, we wanted to determine the ability of TLR4 to spe-
cifically regulate Nox3 in lungs versus lung endothelium

in vivo. We recently reported the efficiency and specificity of
our TLR4 lentiviral constructs (28). We achieved total lung-
and endothelial-TLR4 silencing, using lenti-TLR4sh or lenti-
VE TLR4sh, respectively (Fig. 4A–C). WT mice, 2 weeks
postintranasal administration of lentivirus, were exposed to
100% continuous oxygen for 72 h. Mice that received TLR4
silencing had significantly induced Nox3 expression compared
with lenti-Ctrl mice before and after hyperoxia (Fig. 4A).

To confirm the cell-type specificity of our endothelial-
targeted TLR4 silencer (lenti-VE TLR4sh) on Nox3

FIG. 4. TLR4 regulates Nox3 expression. WT mice were administered intranasal TLR4 silencers, lentivirus (lenti-Ctrl, lenti-
TLR4sh, or lenti-VE TLR4sh) (A–C) or human TLR4 overexpressors, lentivirus (lenti-Ctrl, lenti hTLR4, or lenti-VE hTLR4)
(D–F), and exposed to RA or 72 h of hyperoxia. Lysates from mouse lungs were isolated and immunoblotted against antibodies as
listed. b-Actin was used as protein loading control. One representative Western blot of three experiments is shown (A, D).
Quantification based on densitometry for Nox3 andb-actin is shown (B, E). The values are expressed as mean – SD and analyzed by
Mann–Whitney test. Experiments were performed in triplicate.*p < 0.05 versus lenti-Ctrl RA; **p < 0.05 versus lenti-Ctrl hy-
peroxia; #p < 0.05 versus corresponding RA. (C, F) Nox3 expression was measured by qRT-PCR in endothelial cells (CD45-,
CD31+), alveolar macrophages (obtained from BAL), double negative cells (CD45-, CD31-, which consist of epithelial, fibroblast,
and smooth muscle cells), and whole lung tissue lysates. Nox3 mRNA levels are expressed as fold induction, which was calculated
from 2-DDCt of mice that received lenti-TLR4sh or lenti-hTLR4 dividedby the2-DDCt ofmice that received lenti-Ctrl. The values are
expressed as mean – SD and analyzed by Mann–Whitney test (n = 4 in each group). *p < 0.05 versus lenti-Ctrl; **p < 0.05 versus
lenti-TLR4sh (C) or lenti-hTLR4 (F). qRT-PCR, quantitative reverse transcription–polymerase chain reaction; sh, short hairpin.
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induction, we delivered lenti-Ctrl, lenti-TLR4sh (a ubiqui-
tious nonspecific promoter that should target all cells), and
lenti-VE TLR4sh intranasally and then isolated endothelial
cells (CD45-, CD31+), alveolar macrophages, and double
negative cells (CD45-, CD31-, containing epithelial and
smooth muscle cells) (Fig. 4C). Endothelium-specific si-
lencing of TLR4, with lenti-VE TLR4sh, caused the greatest
Nox3 induction in endothelial cells, whereas the nonspecific
TLR4 silencer, lenti-TLR4sh, induced Nox3 in all cell types
tested. As expected, both constructs induced Nox3 in total
lungs given that lungs are comprised of *40% endothelial
cells.

We also performed TLR4 overexpression experiments
using lentiviral-driven human TLR4 constructs that target all
lung cells or endothelium, lenti-hTLR4, and lenti-VE
hTLR4, respectively. We found that all lung- or endothelial-
targeted TLR4 overexpression can inhibit both basal and
hyperoxia-induced Nox3 expression in WT lungs (Fig. 4D,
E). We again confirmed endothelial specificity of lenti-VE
hTLR4 by sorting different cell types from total lung digests
and determining that lenti-VE hTLR4 effectively inhibited
basal Nox3 expression in the endothelium, but not in other
cell types, whereas the nonspecific, all cell TLR4 over-
expression construct was effective in all cell types tested (Fig.
4F). Taken together, these studies show that Nox3 induction
is regulated by TLR4, including in the endothelium, and
mediates lethal, pro-oxidant lung injury.

To determine the physiologic role of Nox3 specifically in
Hsp70-/- and TLR4-/- MLECs, we performed gain-of-func-
tion and loss-of-function studies using Ad-Hsp70 and small
interfering RNAs (siRNAs). Ad-Hsp70 decreased hyperoxia-
induced oxidant production, as measured by DHE staining, in
WT and Hsp70-/- MLECs, but not in TLR4-/- MLECs (Fig.
5A). Knockdown Nox3 by Nox3 siRNA in WT and TLR4-/-

MLECs showed decreased hyperoxia-induced apoptosis
(Fig. 5B). Nox3 siRNA also decreased oxidant generation
induced by hyperoxia exposure compared with Ctrl siRNA
(Fig. 5C). To determine whether Nox3 mediated Hsp70 de-
ficiency-induced oxidant generation during hyperoxia, we
generated double knockout mice (Nox3-/-/Hsp70-/-) and
isolated the MLECs from this strain of mice. As expected,
Nox3-/-/Hsp70-/- MLECs had much less hyperoxia-induced
apoptosis and oxidant generation compared with Hsp70-/-

MLECs. Nox3-/- MLECs had similar much less hyperoxia-
induced apoptosis and oxidant generation compared with WT
MLECs. (Fig. 5D, E).

Furthermore, overexpression of Hsp70, using Ad-Hsp70,
significantly decreased hyperoxia-induced oxidative stress
(total ROS) and superoxide in WT and Hsp70-/- MLECs, but
not in TLR4-/- MLECs, as measured by ROS/superoxide
detection mix (Fig. 6A). Treatment with 5 mM N-acetyl-
cysteine (NAC, ROS scavenger) also significantly reduced
levels of total oxidative stress and superoxide. Pyocyanin
(Pyo, 200 lM), an ROS inducer, served as a positive control
(Fig. 6A). We also compared hyperoxia-induced total oxi-
dative stress and superoxide generation among WT, Nox3-/-,
TLR4-/-, Nox3-/-/TLR4-/-, Hsp70-/-, and Nox3-/-/Hsp70-/-

MLECs (Fig. 6B). Nox3-/- MLECs exhibited lower basal and
hyperoxia-induced total ROS and superoxide, whereas
TLR4-/- and Hsp70-/- MLECs exhibited the highest.

If Nox3 were absent in TLR4-/- and Hsp70-/- MLECs, as
achieved by generating double negative knockout MLECs,

total ROS and superoxide levels were significantly decreased
after hyperoxia. As a complementary approach, we also used
a flow cytometry-based assay to detect hyperoxia-induced
oxidative stress (total ROS) and superoxide in WT, TLR4-/-,
and Nox3-/- MLECs (Fig. 6C and Supplementary Fig. S2D).

We detected intracellular ROS generation in MLECs by
measuring CM-H2DCFDA, an indicator of H2O2. We found
that CM-H2DCFDA levels were significantly higher at
baseline and after hyperoxia in TLR4-/- MLECs, which were
not affected by Ad-Hsp70 due to the fact that Hsp70 requires
TLR4 for antioxidant signaling. Nox3-/- MLECs had very
low levels of basal and hyperoxia-induced CM-H2DCFDA
(Fig. 6D, left panel).

Given that mitochondria are also a major source of ROS
generation, we measured mitochondrial ROS in MLECs using
MitoSOX Red, a fluorescent dye that detects mitochondrial
ROS. Interestingly, we found that MitoSOX Red levels were
significantly lower in TLR4-/- MLECs at baseline and after
hyperoxia (Fig. 6D, right panel), the reasons for which will be
explored in future studies. Ad-Hsp70 significantly inhibited
hyperoxia-induced mitochondrial ROS in WT MLECs.
Nox3-/- MLECs did not induce MitoSOX to the levels that WT
MLECs did, but Ad-Hsp70 was still effective in blunting hy-
peroxia-induced mitochondrial ROS in Nox3-/-.

Stat3 is required to inhibit Nox3 expression
and mediate the protective effects of TLR4-Hsp70

Noxs are generally reported to be transcriptionally regu-
lated, but the specific transcriptional factors involved remain
poorly defined and virtually nothing is known about Nox3
regulation (15). We predicted that specific binding site ana-
lyses would help identify Nox3-regulating transcription
factors, as has been reported for other Nox1 (29). Based on
our previous report, in which endothelial Stat3 was essential
for protective responses in oxidant-induced lung injury (34),
we first used the Motif scan software (http://molbiol-tools.ca/
Motifs.htm) to identify putative Stat binding sites (Statx) on
the murine Nox3 gene promoter (Fig. 7A).

Using chromatin immunoprecipitation (ChIP) assays, we
identified differentially bound Stat1/Stat3 on the Nox3 pro-
moter in WT and TLR4-/- MLECs with or without Ad-Hsp70
(Fig. 7B). We found that regions -2534/-2360 and -1792/-
1498 of the Nox3 promoter were critical binding sites for
Stat3 in Hsp70-mediated Nox3 inhibition. We confirmed that
lungs from endothelial Stat3-deficient (Stat3E-/-) mice had
more Nox3 expression at basal and after hyperoxia (Fig. 7C).
MLECs isolated from Stat3E-/- mice had more basal as well
as hyperoxia-induced Nox3 expression. Ad-Hsp70 decreased
basal and hyperoxia-induced Nox3 expression, but it was
dependent upon Stat3 (Fig. 9H). Ad-Hsp70 also decreased
hyperoxia-induced injury, as assessed by LDH release (Fig.
7D), and apoptosis (Fig. 7E) in WT MLECs.

Next, we determined whether Stat3 was involved in TLR4-
mediated resistance to hyperoxia-induced apoptosis. Stat3
siRNA treatment led to increased hyperoxia-induced apo-
ptosis in MLECs (Fig. 7F). Overexpression of Stat3 by Ad-
Stat3 had synergistic effects on Ad-Hsp70-mediated inhibi-
tion of apoptosis (Fig. 7G). We used complementary in vitro
and in vivo approaches to specifically identify endothelial
Stat3 as a necessary component of Nox3 inhibition and as a
mediator of Hsp70-TLR4 protective signaling.
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Stat3 suppressed Nox3 expression through an
Hsp70-TLR4-Trif pathway in MLECs

Myd88 and Trif are the major adapter proteins for TLR4
signaling. We had previous data confirming that Hsp70
ameliorated hyperoxic injury via Trif, but not MyD88 in vitro
and in vivo (36). Using electrophoretic mobility shift assays
(EMSAs), we detected that Hsp70 induced Stat3 binding to
the target sequence in WT and MyD88-/- MLECs, but not in
TLR4-/- or Trif-/- MLECs (Fig. 8A). These results showed
that Hsp70-mediated Stat3 activation and nuclear transloca-
tion were dependent on a TLR4-Trif pathway.

We proceeded to compare differences in specific signaling
molecules downstream of TLR4 and upstream of Stat3 using
WT, TLR4-/-, Trif-/-, and MyD88-/- MLECs with or without
Ad-Hsp70 expression (Fig. 8B). We found that Hsp70 in-
duced interferon regulatory factor 3 (IRF3) phosphorylation,
interferon beta (IFNb) expression, JAK1 phosphorylation,
MEK phosphorylation, ERK1/2 phosphorylation, Stat3
activation (with Tyr 705 and Ser 727 phosphorylation),
and, ultimately, suppression of Nox3 protein expres-
sion. We also analyzed other major kinase pathways in-
volved in Tyr and Ser phosphorylation, such as p38-MKK3/
6, JNK, and Tyk2 kinase, but we did not detect Ad-Hsp70-
mediated differences (Supplementary Fig. S2E, F).

To confirm that the aforementioned signaling pathway was
linked to Nox3, we compared the differences within key
signaling factors that address our hypothesis in WT, TLR4-/-,
Nox3-/-, and Nox3-/-/TLR4-/- mice lung lysates (Fig. 8C).
We found that Nox3-/-/TLR4-/- mice had similar responses to
hyperoxia in IRF3 phosphorylation, IFNb expression, ERK1/
2 phosphorylation, and Stat3 activation as TLR4-/- mice.
Based on these results, we put forth a hypothesis of the sig-
naling involved in Hsp70-TLR4-mediated suppression of
Nox3 (Fig. 8D).

Signaling pathways involved in Hsp70-mediated Stat3
activation and Nox3 suppression

EMSA using IRF3 binding sites on the IFNb promoter
showed induction of IRF3 in WT and MyD88-/- MLECs,
but not in TLR4-/- or Trif-/- MLECs treated with Ad-Hsp70

(Fig. 9A). Nox3 mRNA expression in WT and TLR4-/-

MLECs was suppressed by IFNb (103 unit/ml) treatment
(Fig. 9B). IFNb siRNA and the siRNA for its receptor, in-
terferon alpha/beta receptor beta (IFNa/bRb) siRNA, abol-
ished the repression of Nox3 by Ad-Hsp70 (Fig. 9C, D). We
also found that JAK1 inhibitor, piceatannol, MEK1/2 In-
hibitor, U0126, and Erk inhibitor, A6355, abolished Ad-
Hsp70-mediated activation of Stat3 and suppression of Nox3
expression (Fig. 9E–G). We confirmed our results using
Stat3-/- MLECs (primary Ec from Stat3E-/- mouse lung),
which exhibited less basal as well as hyperoxia-induced
Hsp70 expression, ERK1/2 phosphorylation, and more Nox3
expression compared with WT MLECs (Fig. 9H).

Hsp70 activates Stat3 and suppresses Nox3 via TLR4

Next, we wanted to specifically invoke a role for endothelial
Hsp70 in regulating Nox3 in vivo. Given that Hsp70-/- mice
had increased mortality during hyperoxia (38), we used lung
lysates from WT and Hsp70-/- mice lungs to confirm Hsp70-
dependent Stat3 activation in vivo (Fig. 10A). As summarized
in Figure 10B, hyperoxia activates Stat3 via MEK-ERK,
leading to Hsp70 induction. Hsp70 then serves as a TLR4
ligand, which mediates IRF3-IFNb activation. Hsp70 is likely
involved in a feed-forward loop in which secreted Hsp70 ac-
tivates Stat3, yet Hsp70 mediates its Nox3-inhibiting effects
via Stat3. We assessed the impact of endothelial Hsp70 using
lenti-VE Hsp70 short hairpin RNA (shRNA) and compared the
results with that of total lung cell Hsp70 silencing using ubi-
quitin lenti-Hsp70 shRNA on Nox3 expression (Fig. 10C).
Endothelial Hsp70 silencing was as effective as ubiquitous
Hsp70 silencing, suggesting that endothelial Hsp70 is a major
contributor to Nox3 inhibition in vivo.

Discussion

Oxygen therapy is a necessary and life-saving component
in the treatment of critically ill patients, but prolonged oxy-
gen therapy at high concentrations (hyperoxia) is sometimes
necessary to maintain adequate tissue oxygenation. Un-
fortunately, hyperoxia can also exacerbate ALI and increase
mortality. With recent advancements in oxygen delivery to
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FIG. 5. Hsp70-TLR4 deficiency increases oxidants and apoptosis, in part via Nox3 induction, in MLECs. (A) DHE
staining in WT, TLR4-/-, and Hsp70-/- MLECs after treatment with Ad-Ctrl or Ad-Hsp70, which were then exposed to 72 h
of hyperoxia. Staining was analyzed by fluorescence microscopy and quantified using ImageJ. Images are representative of
five independent experiments. At least 20 images per group were analyzed for quantification. Scale bar = 100 lm. The
relative DHE values are expressed as mean – SD and analyzed by Mann–Whitney test. *p < 0.05 versus WT Ad-Ctrl RA;
**p < 0.05 versus corresponding WT; #p < 0.05 versus corresponding Ctrl; ##p < 0.05 versus corresponding RA. (B) WT and
TLR4-/- MLECs were transfected with Nox3 siRNA and were treated with Ad-Ctrl or Ad-Hsp70, followed by exposure for
72 h of hyperoxia. Graphical quantitation of flow cytometry analysis of apoptosis. The values are expressed as mean – SD
and analyzed by Mann–Whitney test (n = 5 each group). *p < 0.05 versus corresponding Ctrl siRNA Ad-Ctrl RA group;
**p < 0.05 versus corresponding Ad-Ctrl group; #p < 0.05 versus corresponding Ctrl siRNA group. (C) DHE staining in WT
and TLR4-/- MLECs, which were transfected with Nox3 siRNA and exposed to 72 h of hyperoxia. Images are representative
of five independent experiments. At least 20 images per group were analyzed for quantification. Scale bar = 100 lm. The
relative DHE values are expressed as mean – SD and analyzed by Mann–Whitney test. *p < 0.05 versus WT Ctrl siRNA RA;
**p < 0.05 versus TLR4-/- Ctrl siRNA RA; #p < 0.05 versus WT Nox3 siRNA RA; ##p < 0.05 versus corresponding WT.
Graphical quantitation of flow cytometry analysis of apoptosis (D) or DHE staining and DHE quantitation (E) in WT,
Hsp70-/-, Nox3-/-, and Hsp70-/-/Nox3-/- MLECs, which were exposed to 72 h of hyperoxia. The values are expressed as
mean – SD and analyzed by Mann–Whitney test (n = 5 in each group). *p < 0.05 versus WT RA; **p < 0.05 versus WT
hyperoxia; #p < 0.05 versus corresponding RA. Images are representative of five independent experiments. At least 20
images per group were analyzed for quantification. Scale bar = 100 lm. siRNA, small interfering RNA. To see this illus-
tration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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patients with severe lung disease, using flow rates as high as
50 L per minute at 100% oxygen concentration, we are po-
tentially putting our patients at increased risk for ALI, yet
effective specific therapies for ALI do not exist.

Animal models of hyperoxia mimic major features of hu-
man ALI, such as pulmonary epithelial and endothelial cell
death, increased pulmonary capillary permeability, inflam-
mation, and eventually respiratory failure. Our current stud-
ies identify a novel, protective signaling cascade in lung
endothelium, which has a significant impact on the outcome
of hyperoxia-induced ALI and mortality.

We previously reported that lung-targeted activation of
TLR4 confers resistance to hyperoxia-induced apoptosis (22).
Although TLR4 is known to play critical roles in innate and
adaptive immune responses, the role of cytoprotective TLR4
signaling in stromal cells, such as endothelium, is poorly
understood. We also found that Hsp70 acts as a functional,
endogenous TLR4 ligand during hyperoxia, which promotes
endothelial cell survival in vivo and in vitro (38). We initially
identified Nox3, but not the alternative Noxs, in TLR4-defi-
cient lungs and cells, but in vivo consequences of Nox3 in-
duction in the lung and its mechanism of regulation by TLR4
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were unknown (33). In combination with the current studies,
we present a new paradigm of an endogenous protective
pathway in the endothelium, in which Hsp70 is induced and
released as an adaptive stress response to hyperoxia and then,
via TLR4-Trif-Stat3 activation, it can limit excessive oxida-
tive stress by inhibiting the expression of Nox3.

Lentiviruses have the ability to infect both dividing and
nondividing cells and integrate their genetic cargo directly
into the chromosome of the target cell, but not transfer se-
quences that encode proteins derived from the packaging
virus. However, limitations include size constraints for the
insert, DNA methylation-induced promoter silencing, het-
erogeneously fluorescent toxicity, and insertional mutagen-
esis (7). In the current study, we used third-generation
lentiviral vectors, which are designed to be self-inactivating
and delete most of the viral genome, leaving room for
transgenes and sequences of up to 8 kb in size.

We also detected high efficiency and specific targeting in
endothelium and lung tissues. We did not observe overt cell
toxicity when we tested EGFP as a transgenic tag to detect the
short hairpin fragment targeting (36). We also reported that
intranasal lentiviral delivery did not appear to have off-target
organ distribution (28). However, both adenoviral and len-
tiviral constructs produce mild inflammation acutely in the
lung. To minimize this side effect, we allow mice to recover
for 2 weeks after viral delivery before proceeding with hy-
peroxia and always use empty lentivirus as a control (36–38).
To confirm the specificity of our in vivo results, we perform
parallel studies in vitro whenever possible.

In vitro siRNA studies are also limited by variability of
transfection, incomplete knockdown, and the potential off-
target effects as well. However, the combination of genetic,
siRNA, and pharmacologic manipulations hopefully mini-
mizes nonspecific effects due to the technical limitations of
each of these approaches.

Nox activity is a principal source of phagocytic oxidant
generation, yet its role in nonphagocytic cells is only recently
emerging. Recently, several novel homologs of Nox2 have

been described in a variety of nonphagocytic cells (Nox1-5
and Duox1-2) (9, 14).

Nox1 expression in tumor tissues was correlated with
TLR4 expression and clinical stages in nonsmall cell lung
cancer (NSCLC) patients and promoted tumor metastasis via
TLR4 (16). Nox2-mediated endothelial eNOS-S-glutathio-
nylation leads to uncoupled superoxide production and en-
dothelial barrier dysfunction in ALI (31). Sanders et al.
observed constitutively high levels of Nox4 expression and
activity in cellular senescence of lung fibroblasts, thus im-
plicating Noxs in age-related pathology (25). Although a
direct interaction between TLR4 and Nox4 has been de-
scribed in phagocytic cells (20), our studies are the first to
link TLR4 with a novel Nox, Nox3, in the endothelium.

Nox expression is generally thought to be controlled at the
level of gene transcription. Nox3 mRNA has been detected
by reverse transcription–polymerase chain reaction (RT-
PCR) in fetal kidney, liver, lung, and spleen (5). Recently, a
functional role for Nox3 was reported within the inner ear
(vestibular system), in which Nox3-derived oxidants were
implicated in hearing loss and balance problems (1, 19).
Nox3 is the predominant source of palmitate-induced ROS
generation and is thought to drive palmitate-induced hepatic
insulin resistance through JNK and p38 (MAPK) pathways
(8). Nox3 also triggers spermatogonial stem cell self-renewal
(18). Nox3 activation during ischemia–reperfusion injury
may contribute to the development of primary graft dys-
function after lung transplantation (4).

In support of our previous report, in which we detected
increased Nox3 in TLR4-/- mice, Ruwanpura et al. reported
that elevated oxidative protein carbonylation levels and in-
creased numbers of alveolar cell apoptosis were detected in
TLR4-/- mice, along with upregulation of Nox3 mRNA ex-
pression (23). Our studies of double TLR4-/-/Nox3-/- mice
demonstrate for the first time in vivo that Nox3 mediates, at
least in part, the lung injury phenotype of TLR4-/- mice.

Nox inhibition has been described to have therapeutic ef-
fects. Knockdown of Nox3 by pretreatment with siRNA
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FIG. 6. Hsp70-TLR4 deficiency increases superoxide generation in MLECs. (A) WT, TLR4-/-, and Hsp70-/- MLECs
were treated with Ad-Ctrl or Ad-Hsp70 and then exposed to 72 h of hyperoxia. Cells were incubated with 1 lM ROS/
Superoxide Detection Mix for 60 min at 37�C. WT MLECs were incubated with ROS inducer, pyocyanin (Pyo, 200 lM), or
ROS inhibitor, N-acetyl-l-cysteine (NAC, 5 mM), as positive and negative controls, respectively. Changes in fluorescence
intensity were measured using a fluorometer (SpectraMAX Gemini XS; Molecular Devices) at excitation/emission wave-
lengths of 488/520 nm (oxidative stress) and 550/610 nm (superoxide). The quantification of data for total ROS is shown in
the left panel and superoxide quantification is shown in the right panel. Data are expressed as mean – SD and analyzed by
Mann–Whitney test (n = 6 in each group). *p < 0.05 versus WT Ad-Ctrl RA; **p < 0.05 versus WT Ad-Hsp70 RA; #p < 0.05
versus WT Ad-Ctrl hyperoxia; ##p < 0.05 versus WT Ad-Hsp70 hyperoxia; $p < 0.05 versus Hsp70-/- Ad-Ctrl RA; $$p < 0.05
versus Hsp70-/- hyperoxia. (B) Total ROS and superoxide were detected in WT, Nox3-/-, TLR4-/-, Nox3-/-/TLR4-/-,
Hsp70-/-, and Nox3-/-/Hsp70-/- MLECs exposed to 72 h of hyperoxia. Data are expressed as mean – SD and analyzed by
Mann–Whitney test (n = 6 in each group). *p < 0.05 versus WT RA; **p < 0.05 versus WT hyperoxia; #p < 0.05 versus
corresponding RA; ##p < 0.05 versus Nox3-/- hyperoxia; $p < 0.05 versus TLR4-/- hyperoxia; $$p < 0.05 versus Hsp70-/-

hyperoxia. (C) Quantification of ROS-positive cells and superoxide-positive cells measured by flow cytometry. WT,
TLR4-/-, and Nox3-/- MLECs were exposed to 72 h of hyperoxia. Graphical quantitation of flow cytometry analysis and
representative log FL1 (x-axis) versus log FL2 (y-axis) dot plots as shown in Supplementary Figure S2D. The values are
expressed as the percentage of the total number of cells counted (mean – SD and analyzed by Mann–Whitney test, n = 6 in
each group). *p < 0.05 versus WT RA; **p < 0.05 versus WT hyperoxia; #p < 0.05 versus corresponding RA; $p < 0.05 versus
TLR4-/- RA; $$p < 0.05 versus TLR4-/- hyperoxia. (D) WT, TLR4-/-, and Nox3-/- MLECs were treated with Ad-Ctrl or Ad-
Hsp70 and were exposed to 72 h of hyperoxia. H2O2 generation was determined by CM-H2DCFDA (left panel) and
mitochondrial ROS was determined by MitoSOX Red (right panel); levels were measured by flow cytometry. Values are
expressed as mean – SD and analyzed by Mann–Whitney test (n = 6 in each group). *p < 0.05 versus WT Ad-Ctrl RA;
**p < 0.05 versus WT Ad-Hsp70 RA; #p < 0.05 versus WT Ad-Ctrl hyperoxia; ##p < 0.05 versus WT Ad-Hsp70 hyperoxia;
$p < 0.05 versus Nox3-/- Ad-Ctrl RA; $$p < 0.05 versus Nox3-/- hyperoxia. ROS, reactive oxygen species.
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prevented cisplatin ototoxicity, as demonstrated by preser-
vation of hearing thresholds and inner ear sensory cells (24).
Preventing Nox2 activation and the amplification of lung
injury associated with inflammation can protect lungs against
damage from hyperoxia (2). Genetic and pharmacological

targeting of Nox4 in aged mice with established fibrosis at-
tenuated the senescent, apoptotic-resistant myofibroblast
phenotype and led to a reversal of fibrosis (10). To the best of
our knowledge, our studies are the first to identify Nox3 as a
therapeutic target in the lungs.
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We envision specific Nox3 inhibitors as a preventative or
therapeutic approach for sterile ALI or for pulmonary pro-
cesses in which endothelial dysfunction and oxidant imbal-
ance are key features, such as ALI and pulmonary
hypertension. Recently, several new isoform-specific Nox
inhibitors and biological peptidic inhibitors of Nox 1, Nox2,
Nox 4, and Nox 5 have been identified (17) and similar
strategies may be employed against Nox3.

The oxidant assays we employed to detect Nox3 activity
are not highly specific for superoxide, the main ROS pro-
duced by all Noxs. Since superoxide has a very short life, it is
difficult to detect as a dominant signaling intermediate. The
efficacy of superoxide dismutation into H2O2 is affected by
the abundance of intracellular SOD and small reducing
molecules such as glutathione (3). There are a few methods to
detect superoxide and its dismutation product (H2O2) directly
and indirectly. DHE was originally considered to be a rela-
tively specific method to detect intracellular and extracellular
superoxide produced by NADPH oxidase (21), but it was also
used to detect mitochondrial superoxide (27), ONOO-, or
�OH (30).

New state-of-the-art methods to detect superoxide include
new fluorescent probes, electron spin resonance approaches,
and immunoassays, but there has been limited translation of
some of methods, such as electron spin resonance, into bio-
medical research (6). In the absence of direct measurements
using HPLC or electron spin, we selected a variety of indi-
rect, but ideally complementary, assays such as DHE to
check cytosolic superoxide; CM-H2DCFDA for intracellular
H2O2, MitoSOX Red for mitochondrial superoxide, Amplex
Red to check extracellular H2O2, and thiobarbituric acid-re-
active substance (TBARS) assay for lipid peroxidation. We
also confirmed our results with total ROS/superoxide detec-
tion systems for live cells by using microassays as well as
flow cytometry-based methods. The results were remarkably
consistent in terms of the pro-oxidant milieu that results from
Hsp70-TLR4 deficiency or Nox3 induction.

We show that endothelial Hsp70-TLR4 signaling sup-
presses Nox3 and excessive oxidant production, which was
sufficient to protect against lethal hyperoxia. Lung-targeted
Nox3 overexpression also resulted in increased oxidative

stress, lung injury, and cell death in vivo. We identified
Stat3 binding sites on the Nox3 gene promoter and deter-
mined a functional role of Stat3 in Nox3 expression and in
mitigating hyperoxia-induced cell death. We proceeded
upstream of Stat3 and identified the relative contribution
of TLR4 adapter proteins, MyD88 and Trif. We also gen-
erated Nox3-/-/TLR4-/- double knockout mice, which
showed significantly decreased hyperoxia-induced ALI
compared with TLR4-/- mice. Furthermore, we demon-
strated the utility of endothelial-targeting strategies in vivo,
using genetic or intranasal lentiviral constructs, to invoke
the critical role of the lung endothelium. These studies
identify an Hsp70-TLR4-Trif-Nox3 axis in lung endothe-
lium as potential therapeutic targets against hyperoxia-in-
duced lung injury.

Materials and Methods

Mice

TLR4-/- mice (originally provided by S. Akira, Osaka
University, Osaka, Japan) have been previously described
(33). TLR4-deficient mouse lines, C3H/HeJ and C57BL/
10ScNJ, and their respective controls were purchased from
the Jackson Laboratory (Bar Harbor, ME). Nox3-/- mice
(Nox3het-4J) were purchased from Jackson Laboratory. Con-
ditional endothelial-targeted Stat3-deficient mice (Stat3E-/-)
and their WT littermate controls have been described (12). In
brief, two loxP sites were flanked into exons 18–20, the SH2
domain of Stat3. The Tie2e-Cre transgenic mouse strain was
generated to express Cre under the control of the TIE2-kinase
promoter/enhancer. The TIE2e-Cre;Stat3f/d mutant mice
(Stat3E-/-) were generated through TIE2e-Cre;Stat3+/d mice
crossed with STAT3f/f mice (Stat3 WT). Hsp70-/-, Trif-/-, and
MyD88-/- mice were described previously (11, 38), which
simultaneously inactivate both Hsp70.1 and Hsp70.3 after
homologous recombination. Hsp70-/-, Trif-/-, and MyD88-/-

mice were described previously (11, 38). All the mice were
backcrossed for >10 generations onto a C57BL/6J back-
ground. Nox3-/-/TLR4-/- mice were generated by crossing
Nox3-/- mice with TLR4-/- mice for >10 generations.
Nox3-/-/Hsp70-/-mice were generated by crossing Hsp70-/-
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FIG. 7. Stat3 is required to inhibit Nox3 expression and mediate the protective effects of TLR4-Hsp70. (A) Putative
Stat binding sites (Statx) on the murine Nox3 gene promoter. (B) WT and TLR4-/- MLECs treated with Ad-Ctrl or Ad-
Hsp70. Electrophoretic profiles of the DNA products amplified in chromatin immunoprecipitation assay analysis at the Stat1
and Stat3 binding sites of Nox3. Quantification based on relative densitometry for PCR products is shown on the right
panel. The values are expressed as mean – SD and analyzed by Mann–Whitney test. Experiments were performed in
triplicate. *p < 0.05 versus WT Ad-Ctrl. (C) WT and Stat3E-/- mice were exposed to 72 h of hyperoxia. Lung lysates were
immunoblotted against Nox3 antibody. b-Actin was used as protein loading control. One representative Western blot of
three experiments is shown. Quantification based on densitometry for Nox3 relative to b-actin is shown on the right panel.
Experiments were performed in triplicate. The values are expressed as mean – SD and analyzed by Mann–Whitney test
(n = 6 for each group). *p < 0.05 versus WT RA; **p < 0.05 versus WT hyperoxia; #p < 0.05 versus corresponding RA. (D,
E) WT and Stat3-/- MLECs were exposed to72 h of hyperoxia. Stat3-/- MLECs were isolated from endothelial-targeted
Stat3-deficient mice (Stat3E-/-), as described in the Materials and Methods section. (D) LDH activity assay from MLEC
supernatant. (E) Quantitation of flow cytometry analysis of apoptosis. The values are expressed as mean – SD and analyzed
by Mann–Whitney test (n = 6 in each group). *p < 0.05 versus Stat3 WT Ad-Ctrl RA; **p < 0.05 versus Stat3 WT Ad-Ctrl
hyperoxia; #p < 0.05 versus corresponding Ad-Ctrl. WT and TLR4-/- MLECs were transfected with Stat3 siRNA (F) or
treated with Ad-Stat3 (G) and were treated with Ad-Hsp70, followed by exposure for 72 h of hyperoxia. Graphical
quantitation of flow cytometry analysis of apoptosis. The values are expressed as mean – SD and analyzed by Mann–
Whitney test (n = 6 for each group). *p < 0.05 versus corresponding Ctrl siRNA (F) or no Ad-Stat3 (G) in RA Ad-Ctrl group;
**p < 0.05 versus corresponding Ad-Ctrl group; #p < 0.05 versus corresponding Ctrl siRNA (F) or no Ad-Stat3 (G) group.
Stat3, signal transducer and activator of transcription 3.
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mice with Nox3-/- mice for >10 generations. Mice were bred
and exposed to hyperoxic as described previously (36). All
protocols were reviewed and approved by the Animal Care
and Use Committee at Yale University.

Hyperoxia exposures

For hyperoxia experiments, mice were placed in a Plexi-
glas chamber with 5 L per minute of 100% oxygen using

continuous flow (35). For survival experiments, mice were
monitored closely and their survival in hours was recorded.
Mice were allowed food and water ad libitum. For injury
experiments, after 72 h [extreme injury, as described previ-
ously (26)] of hyperoxia exposure, mice were removed from
the hyperoxia chamber and euthanized. Lung specimens were
obtained for histology, RNA and protein extraction, apo-
ptosis, and immunohistochemistry analyses as described
below. All animal protocols were reviewed and approved by
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FIG. 8. Stat3 inhibits Nox3 expression via a Trif-dependent pathway in MLECs. (A) WT, TLR4-/-, Trif-/-, and
MyD88-/- MLECs were treated with Ad-Ctrl (C) or Ad-Hsp70 (H). Nuclear extracts were mixed with biotin-labeled
oligonucleotide-containing Stat3 motif. Competitive inhibition of Stat3 binding was performed with nonlabeled probe
(original magnification ·200). Bound complexes were analyzed by electrophoresis. The results are representative of at least
three independent experiments. (B) WT, TLR4-/-, Trif-/-, and MyD88-/- MLECs were treated with Ad-Ctrl or Ad-Hsp70.
Cell lysates were immunoblotted against antibodies shown on the left. b-Tubulin was used as protein loading control. One
representative Western blot of three independent experiments is shown. Quantification based on densitometry for the listed
proteins relative to b-tubulin is shown in Supplementary Figure S3A. (C) WT, Nox3-/-, TLR4-/-, and Nox3-/-/TLR4-/- mice
were exposed to 72 h of hyperoxia. Lung lysates were immunoblotted against antibodies shown on the left. b-Tubulin was
used as protein loading control. One representative Western blot of three independent experiments is shown. Quantification
based on densitometry for the listed proteins relative to b-tubulin is shown in Supplementary Figure S3B. (D) Summary of
Hsp70-TLR4-Stat3 signaling. Extracellular Hsp70 interacts with TLR4, which signals through the Trif–IRF3-IFNb pathway
to activate Jak1 and MEK-Erk-Stat3 with subsequent inhibition of Nox3. IFNb, interferon beta; IRF3, interferon regulatory
factor 3.
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FIG. 9. Signaling mechanisms involved in TLR4-Hsp70-Stat3 inhibition of Nox3. (A) WT, TLR4-/-, Trif-/-, and
MyD88-/- MLECs were treated with Ad-Ctrl (C) or Ad-Hsp70 (H). Nuclear extracts were mixed with biotin-labeled
oligonucleotide-containing IRF3 binding site on IFNb promoter. Competitive inhibition of IRF3 binding was performed
with nonlabeled probe (original magnification ·200). Bound complexes were analyzed by electrophoresis. The results are
representative of at least three independent experiments. (B) Nox3 mRNA expression in WT and TLR4-/- MLECs was
measured by real-time RT-PCR after treatment with or without IFNb (103 unit/ml). The values are expressed as mean – SD
and analyzed by Mann–Whitney test (n = 6 for each group). *p < 0.05 versus WT Ctrl; **p < 0.05 versus WT IFNb; #p < 0.05
versus TLR4-/- Ctrl. Nox3 mRNA expression in WT MLECs transfected with Ctrl siRNA and IFNb siRNA (C) or Ctrl
siRNA and IFNa/bRb siRNA (D), followed by treatment with Ad-Ctrl or Ad-Hsp70, was measured by real-time RT-PCR.
The values are expressed as mean – SD and analyzed by Mann–Whitney test (n = 6 for each group). *p < 0.05 versus Ctrl
siRNA; #p < 0.05 versus corresponding siRNA. Cell lysates were immunoblotted against antibodies (E–G) in WT MLECs
pretreated with or without kinase inhibitor for 24 h, followed by treatment with Ad-Ctrl or Ad-Hsp70. JAK1 inhibitor,
piceatannol (50 lM) (E), MEK1/2 inhibitor, U0126 (10 lM) (F), or Erk inhibitor, A6355 (50 lM) (G). The results are
representative of at least three independent experiments. (H) WT and Stat3-/- MLECs were treated with Ad-Ctrl or Ad-
Hsp70, followed by exposure for 72 h of hyperoxia. Cell lysates were immunoblotted against antibodies shown on the left.
b-Actin was used as protein loading control. WT and Stat3-/- MLECs were treated with Ad-Ctrl or Ad-Hsp70 and were
exposed to 72 h of hyperoxia. One representative Western blot of three independent experiments is shown. Quantification
based on densitometry for the listed proteins relative to b-tubulin or b-actin is shown in Supplementary Figure S4A–D.
IFNa/bRb, interferon alpha/beta receptor beta.
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the Institutional Animal Care and Use Committee at Yale
University (IACUC).

Measurement of lung injury markers

BAL and protein quantification have been described pre-
viously (36). In brief, mice were removed from the exposure
chamber and killed after 72 h of hyperoxia exposure. BAL
was performed twice with 0.8 ml phosphate-buffered saline
(PBS; pH 7.4). Cell pellets were pooled, resuspended in
PBS, and counted. BAL cells were cytocentrifuged onto
microscope slides at 800 rpm for 5 min using 100 ll cell
suspension containing 5 · 105 cells/ml in PBS. The cyto-
centrifuge preparations were quantified in Cytospin prepa-
rations (Perbio Science) after staining with Diff-Quik dye

(Dade Behring). The supernatant was used for bronch-
oalveolar lavage fluid protein determination. The protein
concentration in each sample was determined by the BCA
Protein Assay Reagent (Thermo Fisher Scientific, Inc.), us-
ing BSA as the standard.

Isolation of primary MLECs and hyperoxia exposure

Isolation of MLECs from mouse lungs has been described
previously (35-38). In brief, microvascular endothelial cells
were isolated from lungs of animals 4 weeks old with mag-
netic beads coated with anti-mouse CD102 antibody (clone
3C4; BD Biosciences) and anti-mouse CD31 antibody (clone
MEC 13.3; BD Biosciences) (5 lg/4 · 106 beads, Dynabeads
M-450; Dynal). Cultures were grown to confluence and

FIG. 10. In vivo endothelial targeting of TLR4-Hsp70-Stat3 increases Nox3. (A) Mice were exposed to RA or 72 h of
hyperoxia. Lysates from mouse lungs were isolated and immunoblotted against antibodies as listed. b-Actin was used as
protein loading control. (B) Summary of Hsp70-TLR4-Stat3 signaling during hyperoxia. Hyperoxia induces Hsp70 secretion
from MLECs (white circle labeled Hsp70) or other cell types (gray circle labeled Hsp70). Extracellular Hsp70 interacts with
TLR4 and transduces signal through the Trif-Stat3 pathway to suppress Nox3 expression. (C) WT mice were administered
intranasal lentivirus (lenti-Ctrl, lenti-Hsp70 miRNA, or lenti-VE Hsp70 miRNA) and exposed to RA or 72 h of hyperoxia.
Lysates from mouse lungs were isolated and immunoblotted against antibodies as listed. b-Actin was used as protein loading
control. One representative Western blot of three independent experiments is shown. Quantification based on densitometry for
the listed proteins relative to b-actin is shown in Supplementary Figure S4E, F. shRNA, short hairpin RNA.
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selected twice before being plated for experiments. MLECs
were treated with lentivirus at a concentration of 2 · 106

transduction units (TUs) to 105 cells. After 24 h of incubation,
the cells were collected and subjected to hyperoxia for 72 h.

LDH assay

LDH was detected by the Cytotoxicity Detection Kit
(Roche) in the culture supernatant of MLECs exposed to
hyperoxia or kept in room air. LDH was also detected in
mouse BAL using the same procedure.

Amplex Red assay

Amplex� Red Hydrogen Peroxide/Peroxidase Assay Kit
(Thermo Fisher Scientific, Inc.) was used to check H2O2 re-
leased from mouse lung in BAL according to the manufac-
turer’s protocol.

TBARS assay

Malondialdehyde (MDA) levels were evaluated in the
homogenized lung tissue using a TBARS Assay Kit (Cayman
Chemical). Protein was extracted from lungs, and 10 lg was
processed for TBARS assay according to the manufacturer’s
protocol. The colorimetric measurement was quantified at
540 nm in a kinetic microplate reader (Vmax; Molecular
Devices).

Total antioxidant capacity

Protein was extracted from lungs and 10 lg was processed
for the quantitative assay with the Total Antioxidant Potential
Kit (Oxis International, Inc.), as described previously (33).

Construction of lentiviral vectors and administration

Lentivirus miRNA vectors with VE-Cad promoter have
been described previously (36). Hsp70 knockdown vectors
were designed by using target site 600–620 (GenBank ac-
cession NM_010479.2), 5¢-ATCTCCTTCATCTTCGTC
AGC-3¢. We used Thermo Fisher Scientific, Inc., Scientific–
Invitrogen’s online RNAi Designer tool to design premiRNA
stem-loop/siRNA hybrid sequences according to instruc-
tions. Two oligos, 5¢-TGCTGATCTCCTTCATCTTCGTCA
GCGTTTTGGCCACTGACTGACGCTGACGAATGAAG
GAGAT-3¢ and 5¢-CCTGATCTCCTTCATTCGTCAGCG
TCAGTCAGTGGCCAAAACGCTGACGAAGATGAAGG
AGATC-3¢, were annealed and ligated into pcDNA6.2-GW/
EGFP-miR (Thermo Fisher Scientific, Inc.) according to the
manufacturer’s instructions.

The constructs were confirmed by sequencing. The
pcDNA6.2-GW/EGFP-miR-neg control plasmid was pro-
vided by Thermo Fisher Scientific, Inc. The lentiviral con-
structs of EGFP-Hsp70-RNAi were constructed by first
amplifying the fragments from pcDNA6.2-GW/EGFP-miR
with primers, sense: 5¢-AGGCGCGCCTGGCTA ACTA-
GAGAAC-3¢ and antisense: 5¢-GGAATTCTATCTC
GAGTGCGGC-3¢, and by digestion of the PCR product with
AscI and EcoRI enzymes. This fragment then was inserted
into the AscI and EcoRI sites of FVEW or FUW (36) to
generate lenti-VE Hsp70sh or lenti-Hsp70sh vectors. TLR4-
knockdown vectors (lenti-TLR4sh and lenti-VE TLR4sh)
were constructed with similar strategy and were designed us-

ing target site 550–570 (GenBank accession NM_021297.2),
5¢-GTACATGTGGATCTTTCTTAT-3¢ (28).

Lentiviral TLR4 overexpression (lenti-VE hTLR4) has
been described previously (28). It was constructed by am-
plifying the fragments from CD4hTLR4 construct (22) with
primers: sense: 5¢-AGGCGCGCCACCACCATGTGCCGA
GCCAT-3¢ and antisense: 5¢-GGAATTCTCAGATAGATG
TTGCTTCCT-3¢. The CD4hTLR4 was recovered from the
PCR fragment by AscI and EcoRI digestion and then inserted
into the AscI and EcoRI sites of FVEW to generate lenti-VE
hTLR4 or of FUW to generate lenti-hTLR4. Lenti-mNox3 was
constructed by amplifying the fragments from pcDNA3.1-
mNox3 (Addgene plasmid No. 58337) with primers: sense:
5¢-GTTAACATGCCGGTGTGCTGGATTCT-3¢ and anti-
sense: 5¢-GGCGCGCCCTAGAAGTTTTCCTTGTT-3¢. The
mNox3 was recovered from the PCR fragment by HpaI and
AscI digestion and then inserted into the HpaI and AscI sites of
FUW to generate lenti-mNox3.

All restriction endonucleases were purchased from New
England Biolabs. Lentivirus production, titer measurement,
and intranasal administration were previously described (36).
In lentivirus delivery experiments, 1 · 108 TUs of the pack-
age lentiviral particles were administered intranasally to 6- to
8-week-old mice through a published intranasal method (36).

Nox3 expression in endothelium modified
with endothelial-targeting lentivirus

Endothelial cells (CD31+, CD45-) were isolated using
Miltenyi Biotec magnetic columns or Dynabead Tosyl-acti-
vated Dynabeads and the autoMACS system using manu-
facturer-supplied antibodies, according to the manufacturers’
instructions. Lungs were harvested from mice, minced into
small pieces in PBS on ice, and filtered through 70-lm nylon
meshes to created single-cell suspensions. Cell labeling with
magnetic antibodies and cell separation were performed ac-
cording to the manufacturer’s instructions. Total lung cell sus-
pensions were first depleted of CD45+ cells and then positively
selected for CD31+ cells. Each cell subfraction was dissolved in
TRIzol buffer and RNA was isolated. For real-time PCR, the
Nox3 primers were used. GAPDH was amplified as a control
and performed for each group of cells, such as CD45-/CD31+,
CD45-/CD31-, BAL macrophages, and total lung lyses.

Histology

For each experimental condition, 6–10 mice were ana-
lyzed. Mice were anesthetized, the pulmonary intravascular
space was cleared, and whole lungs were dissected from mice
and immediately fixed in buffered formalin at 4�C overnight
and processed for paraffin embedding. Histological analysis
was performed on 5-lm sections by the Yale Histopathology
Services. Lung sections were processed for TUNEL, immu-
nohistochemistry, and immunofluorescence microscopy as
described below.

TUNEL assay

We used the in situ cell death detection kit according to the
manufacturer’s protocol (Roche Molecular Biochemicals).
Sections of formalin-fixed, paraffin-embedded lung tissue
were deparaffinized and rehydrated, rinsed with PBS, and
digested with proteinase K (Roche Molecular Biochemicals)
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at a concentration of 20 mg/ml for 20 min. After PBS washes,
sections were incubated with TUNEL reaction mixture at
37�C for 1 h, then incubated with antifluorescein-conjugated
horseradish peroxidase at 37�C for 30 min. Sections were
washed twice with PBS and stained with nitro blue tetrazo-
lium/5-bromo-4-chloro-3-indolyl phosphate substrate solu-
tion before counterstaining with nuclear fast red. Apoptotic
and normal cells were observed under a light microscope.
Normal cells exhibited red nuclear staining, whereas TU-
NEL-positive cells, indicating cell death/apoptosis, exhibited
purple nuclear staining. Five hundred cells were counted for
each sample and the number of apoptotic cells is expressed as
a percentage of the total counted.

Immunohistochemistry and immunofluorescence
microscopy

Briefly, formalin-fixed, paraffin-embedded lung tissue
sections were deparaffinized with xylene, rehydrated gradu-
ally with graded alcohol solutions, and then washed with
deionized water. After heat-induced antigen retrieval with
target retrieval solution (Dako), pH 6.0, in a microwave
pressure cooker, sections were blocked with serum-free
protein block buffer (Dako) for 1 h. Sections were incubated
with a 1:200 dilution of anti-Nox3 (Santa Cruz Biotechnol-
ogy, Inc.) antibody at 4�C overnight. After PBS washes,
sections were incubated with a biotinylated rabbit anti-goat
secondary Ab (Vector Laboratories) for immunohistochemis-
try or a secondary antibody (Alexa Fluor� 594 goat anti-rabbit
IgG from Invitrogen at 1:300 dilution) for immunofluores-
cence at room temperature for 1 h.

For immunohistochemistry, samples were washed thrice
by immersing in PBS for 5 min and incubated with the
Vectastain Universal ABC-AP kit according to the instruc-
tions. The samples were developed with the Vector Red al-
kaline phosphatase substrate kit.

For immunofluorescence, samples were washed thrice by
immersing in PBS for 5 min and then mounted with Prolong
Gold mounting media with DAPI (Thermo Fisher Scientific,
Inc.). Labeled cells were observed under dark field in in-
dependent fluorescence channels using an automated
Olympus BX-61 microscope (320 and 340 objective lens;
NA 0.50; Olympus Imaging America, Inc.) equipped with a
cooled CCD camera (Q-Color 5; Olympus) and QCapture
Pro 6.0 software (QImaging). Exposure time was set as 100
mS for DAPI and 300 mS for the positive signal. Images
were analyzed and quantified using ImageJ software (http://
imagej.nih.gov/ij/). Data are representative of at least 20
images.

Western blot analyses

Lung or MLEC protein analyses were performed as pre-
viously described with minor modifications (36). Whole lung
tissues were homogenized in 62.5 mM Tris buffer, and cell
pellets were lysed in 1· RIPA lysis buffer (Thermo Fisher
Scientific, Inc.). The protein concentrations of the lysates
were determined by BCA Protein Assay (Thermo Fisher
Scientific, Inc.). Samples were electrophoresed in a 12%
ready-made Tris-HCl gel (Bio-Rad Laboratories) and elec-
trophoretically transferred onto a nitrocellulose membrane.
The membranes were then incubated overnight with anti-
Hsp70 (Stressgen), pSer-IRF3, IRF3, pTyr-Jak1, pSer-MEK1/

2, MEK1/2, pERK1/2, ERK1/2, pTyr-Stat3, pSer-Stat3, Stat3
(Cell Signaling Technology), Nox3, IFNb, b-tubulin, and
b-actin (Santa Cruz Biotechnology, Inc.) antibodies with
1:1000 dilution in 5% BSA. The membranes were incubated
with HRP-conjugated secondary IgG Ab, followed by the
detection of signal with a chemiluminescence LumiGLO
detection kit (Cell Signaling Technology).

Apoptosis assays

The fluorescence-activated cell sorter (FACS) was used to
detect Annexin V-fluorescein isothiocyanate labeling (BD
Biosciences) on MLECs as described previously (32).
Briefly, MLECs were washed with cold PBS and resuspended
with binding buffer (BD Biosciences); a solution containing
1 · 105 cells was transferred to a 5-ml tube, and 5 ll each of
Annexin V and propidium iodide was added. Binding buffer
was then added to each tube and analyzed by FACS (BD
Biosciences). Data were analyzed with FlowJo software.

Flow cytometry assays for ROS

CM-H2DCFDA and MitoSOX Red (Invitrogen) were used
to determine levels of ROS in endothelial cells. Cells were
seeded onto culture plates 1 day before the experiment. Cells
were washed and exposed to CM-H2DCFDA (5 lM) or Mi-
toSOX Red (2.5 mM) in regular media and kept at 37�C for
25 min. The cells were washed with PBS and then detached
gently with 0.4 M EDTA and analyzed on a BD FACSCaliber
machine. CM-H2DCFDA was detected in the FL-1 channel,
and MitoSOX Red was detected in the FL-3 channel.

DHE staining and fluorescence microscopy

MLECs were adjusted to a density of 1 · 105 cells/ml and
seeded on poly-l-lysine-coated coverslips (BD Biosciences)
in a volume of 200 ll (2 · 104 cells). After specific exposure
as mentioned, live cells were incubated in the presence of
2 lM DHE (Thermo Fisher Scientific, Inc.) and in the absence
or presence of SOD (600 U/ml) or DPI (10 lM) (Sigma-
Aldrich Corp) for 30 min at 37�C. Samples were washed
thrice by immersing in PBS for 5 min and then fixed with 4%
paraformaldehyde for 15 min, washed once in PBS, and then
mounted with Prolong Gold mounting media with DAPI
(Thermo Fisher Scientific, Inc.). Labeled cells were observed
under dark field in independent fluorescence channels using
an automated Olympus BX-61 microscope (320 and 340
objective lens; NA 0.50; Olympus Imaging America, Inc.)
equipped with a cooled CCD camera (Q-Color 5; Olympus)
and QCapture Pro 6.0 software (QImaging).

Exposure time was set as 100 mS for DAPI and 300 mS for
DHE signal. Images were analyzed and quantified using
ImageJ software (http://imagej.nih.gov/ij/). The DHE and
DAPI fluorescence intensity of each image was measured,
relative DHE was analyzed as described (30). Data are rep-
resentative of at least 20 images.

Measurement of oxidative stress and superoxide level

The oxidative stress and superoxide levels were mea-
sured by a commercial kit according to the manufacturer’s
instructions (Total ROS/Superoxide Detection Kit; Enzo Life
Sciences). After specific exposure as mentioned, live cells
were incubated with 1 lM ROS/Superoxide Detection mix
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for 60 min at 37�C. The ROS inducer, pyocyanin (Pyo,
200 lM), or the ROS inhibitor, N-acetyl-l-cysteine (NAC,
5 mM), was incubated with WT MLECs as the positive or
negative control. Changes in fluorescence intensity were
measured using a fluorometer (SpectraMAX Gemini XS;
Molecular Devices) at excitation/emission wavelengths of
488/520 nm (oxidative stress) and 550/610 nm (superoxide).
For flow cytometry, collect cells after specific exposure as
mentioned, wash cells once with wash buffer, resuspend cell
pellet in 500 ll of ROS/Superoxide Detection solution, stain
cells for 30 min at 37�C in the dark, and simultaneously treat
the cells with control agent (Pyo or NAC).

The cells were analyzed on the BD FACSCaliber machine.
Cells with increased production of superoxide demonstrate
bright orange fluorescence and will be detected using the FL2
channel. Such cells will appear in the two upper quadrants of
a log FL1 (x-axis) versus a log FL2 (y-axis) dot plot. Cells
with increased levels of oxidative stress demonstrate a bright
green staining in the presence of the oxidative stress detection
reagent and can be registered in the FL1 channel. Such cells
will appear in the upper and lower right quadrants of a log
FL1 (x-axis) versus a log FL2 (y-axis) dot plot.

Enzyme-linked immunosorbent assay

Mice were exposed to 72 h of hyperoxia or kept at room
air. BAL was collected, serially diluted, and measured for
TNFa, IL-1b, and IL-6 by enzyme-linked immunosorbent
assay (BD Biosciences) as per the manufacturer’s instructions.

Total antioxidant capacity

Protein was extracted from total lungs and 10 lg was
processed for the quantitative assay with Total Antioxidant
Potential kit (Oxis International, Inc.), as described (33).
Briefly, lung tissue proteins were incubated with Bath-
ocuproine (2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline)
and Cu2+-containing reagents. Bathocuproine selectively
forms a 2:1 complex with Cu+, which has a maximum ab-
sorbance at 490 nm. A standard of a known uric acid con-
centration was used to create a calibration curve. Results are
expressed as mM copper-reducing equivalents per lg protein.

Protein kinase inhibitors

JAK1 inhibitor, piceatannol, MEK1/2 inhibitor, U0126, and
Erk inhibitor, A6355, were purchased from Sigma-Aldrich.

Preparation of siRNA and transfection of siRNA
duplexes

Mouse Nox3 siRNA (sc-45485), IFNb siRNA (sc-39604),
and IFNa/bRb (sc-40092) siRNA were purchased from Santa
Cruz Biotechnology, Inc. Stat3 siRNA was described previ-
ously (34). The sense and antisense strands of mouse Stat3
siRNA were sense: 5¢-ACAUGGAGGAGUCUAACAA-3¢,
antisense: 5¢-UUGUUAGACUCCUCCAUGU-3¢; nonspe-
cific siRNA scrambled duplex probes (sense: 5¢-GCGCGC
UUUGUAGGAUUCG-3¢; antisense: 5¢-CGAAUCCUACA
AAGCGCGC-3¢) were synthesized by Dharmacon Research
as previously described (33). MLECs were seeded into a 6- or
12-well plate 1 day before transfection using 40% Dulbecco’s
modified Eagle medium and 40% F12 TCM supplemented
with 20% fetal bovine serum, without antibiotics. At the time

of transfection with siRNA, the cells were 50%–60% con-
fluent. Lipofectamine 2000 Reagent (Invitrogen) was used
as the transfection agent, according to the manufacturer’s
manual, for 48 h. The experiments were performed after fresh
medium change (38).

Overexpression of Stat3 and Hsp70 in MLECs

A replication-deficient adenoviral vector encoding Stat3-C
(constitutively active form of Stat3, AxCAS3-C) has been
described (34). Ad-Hsp70 has been described (38). Ad-null,
an adenovirus empty vector, was used as a control (Vector
BioLabs). For cell experiments, adenovirus was transfected
at 2.5 multiplicity of infection (the average number of phage
particles that infect a single cell) 24 h before hyperoxia
exposure (38).

Total RNA isolation and real-time
RT-PCR amplification

Total RNA was extracted from lungs or cells by using
TRIzol reagent according to the manufacturer’s protocol
(Gibco BRL). DNase digestion was performed during RNA
isolation. First-strand complementary DNA (cDNA) was
synthesized by using Superscript II Reverse Transcriptase
(Invitrogen) with random hexamers; conditions were 10 min
at 25�C, 30 min at 48�C, and 5 min at 95�C. Real-time RT-
PCR reactions were carried out in Power SsoFast EvaGreen
Supermix (Bio-Rad Laboratories) and an ABI Prism 7000
Sequence Detection System (Applied Biosystems).

For real-time PCR, the Nox3 primers were sense 5¢-
GCTGGCTGC ACTTTCCAAA-3¢ and antisense 5¢-
AAGGTGCGGACTG GATTGAG-3¢. TLR4 primers were
sense 5¢-CAGCAAAG TCCCTGATGACA and antisense 5¢-
AGAGGTGGTGTA AGCCATGC-3¢. IL-6 primers were
sense 5¢-TAGTCCTTC CTACCCCAATTTCC-3¢ and anti-
sense 5¢-TTGGTCCTTA GCCACTCCTTC-3¢. GAPDH
primers were sense 5¢-TGTG TCCGTCGTGGATCTGA-3¢
and antisense 5¢-CCTGCTT CACCACCTTCTTGAT-3¢.
The primers were designed as intron spanning.

Real-time PCR conditions were 95�C for 10 min and 40
cycles at 95�C for 15 s, followed by 60�C for 1 min. The
relative values of gene expression were calculated from the
accurate threshold cycle (CT), which is the PCR cycle at
which an increase in reporter fluorescence from dye can first
be detected above a baseline signal. The CT values for
GAPDH were subtracted from the CT values for Nox3 in
each well to calculate DCT. The DCT values for each sample
were averaged. To calculate the fold induction over controls
(DDCT), the average DCT values calculated for WT tissue/
cells were subtracted from DCT values calculated for
knockout tissue/cells. Next, the fold induction for each well
was calculated by the 2-DDCT formula. The fold induction
values for replicate wells were averaged, and data are pre-
sented as mean – standard deviation (SD) of triplicate wells.

Electrophoretic mobility shift assays

EMSAs of nuclear protein isolated from MLECs were
performed as previously described with minor modifications
(38). Nuclear extracts were prepared using an NE-PER Nu-
clear and Cytoplasmic Extraction Reagent Kit (Thermo
Fisher Scientific, Inc.), according to the manufacturer’s
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protocol. The Stat3 site was synthesized as complementary
oligodeoxyribonucleotide strands. The sequence of Stat3
consensus oligonucleotides was 5¢-GATCCTTCTGGGA
ATTCCTAGATC-3¢ (Santa Cruz Biotechnology, Inc.). The
sequence of IRF3 binding site on IFNb promoter was 5¢-
GAGGAAAACTGAAAGGGAGAACTGAAAGTGGGA-3¢.

The DNA-binding ability in the nuclear extracts was as-
sessed by EMSA with biotin-labeled double-stranded probes.
EMSA was carried out using the LightShift Chemiluminescent
EMSA Kit (Pierce). Specific binding was confirmed using
200-fold excess of unlabeled probe as a specific competitor.
Protein-DNA complexes were separated using a 6% non-
denaturing acrylamide gel electrophoresis and then transferred
to positively charged nylon membranes and cross-linked by
UV irradiation. Gel shifts were visualized with streptavidin
HRP, according to standard protocols.

ChIP assays

ChIP assays were performed using the ChIP kit (EMD
Millipore), according to the manufacturer’s instructions.
Briefly, immunoprecipitations will be performed using 3 lg
antibody against protein of interest (e.g., Stat3 or Stat1).
Negative controls with normal IgG and no antibody will also
be used. Primers used to amplify the Nox3 promoter se-
quences are (forward and reverse, respectively): 5¢-TTC
AAACAGGGCCACTTAG-3¢and 5¢-TTCCACTTGGGAC
AAACAT-3¢ for -5699/-5448; 5¢-CTCAAGAAAGCCAG
ACCA-3¢ and 5¢-TGTCCATCACAATATCCC-3¢ for -5402/
-5156; 5¢-TATGCCAACAATACTTTACG-3¢and 5¢-GCAG
TGAGTGCCACCTT-3¢ for -4398/-4222; 5¢-TGTT TAC-
TACCACATCCACG-3¢ and 5¢-CCACCTAGCCCGA CCT
AT-3¢ for -2534/-2360; and 5¢-GTGAGCCTCAATA TGCC
-3¢ and 5¢-TCTGAGCTTAGCGTTT-3¢ for -1792/-1498.
PCR conditions are as follows: 95�C for 5 min, then 33 cycles
at 95�C for 30 s, 55�C for 30 s, and 72�C for 30 s, followed by
72�C for 7 min. Aliquots of chromatin will also be analyzed
before immunoprecipitation and serve as an input control.

Laser capture microdissection and RNA extraction

Laser capture microdissection (LCM) was used to selec-
tively dissect sections of large airway, alveolar tissue, and
blood vessels from lung histological sections for quantitation
of mRNA by real-time RT-PCR, as described previously
(26). To prepare mouse lungs for microdissection, the trachea
was cannulated and the lungs were dissected from the chest
cavity. The lungs were inflated with 50% Tissue-Tek OCT
in PBS, the trachea was clamped, and the inflated lungs
were embedded in optimum cutting temperature (OCT)
(Sakura Finetek). Sections (10 lm) were cut with a refriger-
ated microtome, fixed in cold 70% ethanol, and stained with
hematoxylin and eosin. For LCM, we used the Leica AS
LMD apparatus (Leica) and microdissected sections from
large airway, blood vessels, and alveolar tissue. The RNeasy
Micro Kit (Qiagen) was used for RNA isolation from the
OCT-embedded microdissected specimens.

Statistics

Data are expressed as mean – SD and analyzed by the Mann–
Whitney test or Student’s t test. Significant difference was ac-

cepted at p < 0.05. Survival curves were produced with Prism
software (GraphPad). Statistical comparisons for survival
curves were performed with the log rank (Mantel-Cox) test.
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Abbreviations Used

Ad-Ctrl¼ adenovirus control
Ad-Hsp70¼ adenoviral-Hsp70

ALI¼ acute lung injury
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Abbreviations Used (Cont.)

BAL¼ bronchoalveolar lavage
CD¼ cluster of differentiation

ChIP¼ chromatin immunoprecipitation
CT¼ threshold cycle

DAPI¼ 4¢,6-diamidino-2-phenylindole
DHE¼ dihydroethidine
DPI¼ diphenylene iodonium

Duox¼ dual oxidase
EMSA¼ electrophoretic mobility shift assay

ERK1/2¼ extracellular signal-regulated protein
kinases 1 and 2

FACS¼fluorescence-activated cell sorter
Hsp70¼ heat shock protein 70

IFNa/bRb¼ interferon alpha/beta receptor beta
IFNb¼ interferon beta

IL¼ interleukin
IRF3¼ interferon regulatory factor 3

JAK1¼ Janus kinase 1
JNK¼ c-Jun N-terminal kinases

LCM¼ laser capture microdissection
LDH¼ lactate dehydrogenase

MDA¼malondialdehyde
MEK¼mitogen-activated protein kinase kinase

miRNA¼microRNA
MKK¼ dual specificity mitogen-activated

protein kinase kinase 3
MLEC¼mouse lung endothelial cell
mRNA¼messenger RNA

Myd88¼myeloid differentiation primary
response gene 88

Nox3¼NADPH oxidase 3
p38¼ p38 mitogen-activated protein kinases

OCT¼ optimum cutting temperature
PBS¼ phosphate-buffered saline
ROS¼ reactive oxygen species

RT-PCR¼ reverse transcription–polymerase
chain reaction

SD¼ standard deviation
Ser¼ serine
sh¼ short hairpin

siRNA¼ small interfering RNA
SOD¼ superoxide dismutase
Stat¼ signal transducer and activator of

transcription
TBARS¼ thiobarbituric acid-reactive substance

TLR4¼Toll-like receptor 4
TNFa¼ tumor necrosis factor-a

Trif¼TIR domain-containing adapter-
inducing interferon-b

TU¼ transduction unit
TUNEL¼ terminal deoxynucleotidyl transferase

dUTP nick-end labeling
Tyk2¼ nonreceptor tyrosine protein kinase

TYK2
Tyr¼ tyrosine

VE-Cad¼ vascular endothelium cadherin
WT¼wild-type
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