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Abstract
Exposure of pulmonary artery endothelial cells (PAECs) to hyperoxia results in a compro-

mise in endothelial monolayer integrity, an increase in caspase-3 activity, and nuclear trans-

location of apoptosis-inducing factor (AIF), a marker of caspase-independent apoptosis. In

an endeavor to identify proteins involved in hyperoxic endothelial injury, we found that the

protein expression of heat-shock protein 70 (Hsp70) was increased in hyperoxic PAECs.

The hyperoxia-induced Hsp70 protein expression is from hspA1B gene. Neither inhibition

nor overexpression of Hsp70 affected the first phase barrier disruption of endothelial mono-

layer. Nevertheless, inhibition of Hsp70 by using the Hsp70 inhibitor KNK437 or knock

down Hsp70 using siRNA exaggerated and overexpression of Hsp70 prevented the second

phase disruption of lung endothelial integrity. Moreover, inhibition of Hsp70 exacerbated

and overexpression of Hsp70 prevented hyperoxia-induced apoptosis, caspase-3 activa-

tion, and increase in nuclear AIF protein level in PAECs. Furthermore, we found that Hsp70

interacted with AIF in the cytosol in hyperoxic PAECs. Inhibition of Hsp70/AIF association

by KNK437 correlated with increased nuclear AIF level and apoptosis in KNK437-treated

PAECs. Finally, the ROS scavenger NAC prevented the hyperoxia-induced increase in

Hsp70 expression and reduced the interaction of Hsp70 with AIF in hyperoxic PAECs. To-

gether, these data indicate that increased expression of Hsp70 plays a protective role

against hyperoxia-induced lung endothelial barrier disruption through caspase-dependent

and AIF-dependent apoptotic pathways. Association of Hsp70 with AIF prevents AIF nucle-

ar translocation, contributing to the protective effect of Hsp70 on hyperoxia-induced endo-

thelial apoptosis. The hyperoxia-induced increase in Hsp70 expression and Hsp70/AIF

interaction is contributed to ROS formation.
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Introduction
Prolonged exposure to increased concentrations of oxygen induces diffuse pulmonary injuries,
vascular leakage, excessive inflammation, and pulmonary edema [1,2]. Lung vascular endothe-
lial alterations represent the most striking pathophysiological changes in hyperoxia-induced
lung injuries [3,4]. Several studies have confirmed that exposure of lung endothelial cells to
high concentrations of oxygen causes the disruption of endothelial barrier [5–7]. Hyperoxia ex-
posure leads to oxidative stress resulting in lung endothelial injury [4,8]. Increased generation
of reaction oxygen species (ROS) and reactive nitrogen species leads to protein oxidation and
nitration and causes lung endothelial damage including barrier disruption and cell death [4,8–
10]. At the same time, various protective mechanisms are deployed to prevent cells from hyper-
oxia-induced oxidative stress and cell damage [11,12]. For example, increased expression of
p21(Cip1) during hyperoxia delays the loss of the anti-apoptotic proteins Mcl-1 and Bcl-X(L)
[11]. Alphonse et al. reported that increased Akt activation reduces hyperoxia-induced apopto-
sis and preserves alveolar architecture in the experimental bronchopulmonary dysplasia [12].

In an endeavor to identify proteins involved in hyperoxic lung injury, we found that protein
expression of heat shock protein 70 (Hsp70) is increased in pulmonary artery endothelial cells
(PAECs) exposed to hyperoxia. Hsp70 is a member of a molecular chaperone family involved
in repairing misfolded proteins that occurs as a result of various extracellular stresses including
heat, mechanical damage, and hypoxia [13,14]. Hsp70 is involved in the down-regulation of
NOX1 and NOX2 activity and plays an important role in the protection from ROS-induced
vascular dysfunction [15]. Nevertheless, it remains unknown how Hsp70 is regulated at hyper-
oxic condition and what the role of Hsp70 is in hyperoxic lung endothelial barrier disruption.
In the present study, we found that Hsp70 protects against endothelial barrier disruption
through caspase-dependent and apoptosis-inducing factor (AIF)-dependent mechanisms.
Hyperoxia-induced increase in Hsp70 expression is caused by increased ROS formation. Ma-
nipulation of Hsp70 might be a novel therapy for acute lung injury in oxygen toxicity.

Materials and Methods

Reagents and materials
Mouse anti-Hsp70 antibody was obtained from Transduction Laboratory (Lexington, KY).
Anti-β-actin monoclonal antibody was from Sigma (St. Louis, MO). Anti-cleaved caspase-3 an-
tibody was from Cell Signaling (Boston, MA). AIF antibody was from Santa Cruz (Santa Cruz,
CA). The Hsp70 inhibitor KNK437 and the caspase inhibitor-I Z-VAD-FMK were from EMD
Millipore (Billerica, MA). N-acetylcystein (NAC) and other reagents were purchased from
Sigma (St. Louis, MO) unless specified otherwise.

Cell culture and hyperoxic exposure
Bovine PAECs were obtained from ATCC (Manassas, VA). Cells were kept in F12K medium
supplemented with 10% FBS and antibiotics solutions (Corning CellGro, Manassas, VA). Cells
of passages two to ten were used for all experiments. For hyperoxic exposure, confluent PAECs
were exposed to normoxia (room air, 5% CO2) or to hyperoxia (95% oxygen, 5% CO2) in the
oxygen chamber for 1 to 24 h or 48 h at 1 atmosphere.

Determination of Hsp70 mRNA and protein levels
Total mRNA from PAECs was isolated using RNeasy Mini Kit (Qiagen, Valencia, CA) accord-
ing to manufacturer’s instruction. Bovine Hsp70 hspA1A, hspA1B and hspA2 primers were
obtained from Life Technologies (Grand Island, NY). Reverse transcription was performed
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using High Capacity cDNA Reverse Transcription kit (Applied Biosystem). Quantitative real-
time PCR was performed using CYBR green Master Mix from BioRad Laboratories (Hercules,
CA) on a Step One Plus real time PCR system (Life Technologies, Grand Island, NY) according
to manufacturer instruction. Hsp70 protein level was measured using Western blot and quanti-
fied by densitometry using Quantity One 1-D analysis software.

Endothelial monolayer permeability assay. ECIS-Zeta electric cell-substrate impedance
sensing system was used to determine transendothelial electrical resistance (TEER) value as a
measurement of endothelial barrier integrity. Confluent endothelial cells plated in gold-coated
electrodes arrays (Applied Biophysics, Troy, NY). After resistances were relatively constant
(1000–1200O), treatments (the Hsp70 inhibitor KNK437, the caspase-3 inhibitor Z-VAD-FMK
and NAC) were added directly to the wells and arrays were allowed to equilibrate for another 3
h. Cells then were exposed to 95% oxygen, 5% CO2 for up to 72 h. The impedance was recorded
for the duration of the experiments. Data were normalized to the mean resistance before hyper-
oxia exposure.

Overexpression and silencing of Hsp70
PAEC were incubated with sham adenovirus containing red fluorescence protein (RFP) or ade-
novirus containing human hspA1A gene, which encodes human Hsp70 protein, at MOI of 5.0
for 1 h [15]. F12K medium containing 10% FBS then was added to reach final concentration of
4% FBS. After incubation for 48 h, cells were then exposed to hyperoxia or normoxia before
being used for TUNEL and endothelial monolayer permeability assay. Hsp70 expression was
silenced using siRNA technology. Hsp70 siRNA and negative control siRNA were from Santa
Cruz (Dallas, TX). Hsp70 siRNA is a mixture of siRNAs against mRNAs of hspA1A and
hspA1B. The siRNAs were transfected into PAECs with siPORT amine transfection reagent ac-
cording to the manufacturer’s instruction. 3 days after transfection, the medium was changed
to serum-free medium for 24 h followed by the treatments of PAECs.

Apoptosis assays
TUNEL staining and caspase-3 assay were used to detect apoptosis. For TUNEL assay, PAECs
were plated on LabTek 8 well chamber slides (Thermo Fisher, Waltham, MA). After exposure
to hyperoxia for 48 h apoptosis was detected using ApopTag Plus Fluorescent in situ Apoptosis
Detection Kit (Millipore, Temecula, CA, USA) according manufacturer’s protocol. Nuclei were
stained with DAPI. Slides were evaluated by Zeiss LSM 510 laser scanning confocal microscope
using filters for FITC and DAPI (excitation/emission 490/520 nm and 358/461 nm, respective-
ly). For caspase-3 assay, confluent PAECs were exposed to 95% oxygen for 48 h and then
washed with ice-cold PBS and lysed in lysis buffer. Caspase-3 activity was measured using a
colorimetric assay kit (R&D systems, Minneapolis, MN, USA) according to manufacturer’s
protocol. The enzymatic reaction was performed in 96-well plates at 37°C using caspase-3 col-
orimetric substrate, DEV-pNA. Caspase activity was assessed by Spectra Max M2 micro-plate
reader (Molecular Devices Sunnyvale, CA).

AIF nuclear translocation assay
Nuclear fractions of hyperoxia-exposed PAECs were isolated using NE-PER Nuclear Extrac-
tion Reagent Kit (Thermo Scientific, Rockford, IL) according to manufacturer’s protocol. Ly-
sates were subjected to Western blot using AIF antibody.
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Co-immunoprecipitation of AIF and Hsp70
The lysates of cytosolic fraction of PAECs exposed to normoxia or hyperoxia were incubated
with anti-AIF antibody or non-immune IgG at 4°C overnight. 30 μl of protein-A sepharose
was added and samples were further incubated for 2 h at 4°C. Immunoprecipitates were collect-
ed by centrifugation ad washed three times in buffer containing 50 mM Tris-HCl pH 7.5, 150
mMNaCl, and 0.1% Triton X-100. Proteins were eluted from sepharose beads by boiling the
samples in 30 μl of SDS sample buffer. Sepharose beads were pelleted by centrifugation and su-
pernatants were analyzed by Western blot using appropriate antibodies.

Statistical analysis
Within each experiment, cells were matched for number of passages to avoid differences relat-
ed to tissue culture variables. Results are shown as means ± SE for n experiments. One way
ANOVA and t test analysis (2-tailed) were used to determine the significance of differences be-
tween the means of experimental and control groups. A value of P< 0.05 was
considered significant.

Results

Hyperoxia increases Hsp70 expression
In an endeavor to identify proteins involved in hyperoxic endothelial injury, we found that
Hsp70 protein expression was increased in BAECs exposed to 95% oxygen. As shown in Fig 1A
and 1C, Hsp70 protein levels started to increase after exposure to hyperoxia for 24 h and kept
elevated after 48 h. Interestingly, the mRNA expressions of two Hsp70 genes, hspA1B and
hspA2, were increased during hyperoxia and the mRNA expression of another Hsp70 gene,
hspA1A, was decreased (Fig 1C and 1D), suggesting that the increased Hsp70 protein in hyper-
oxic PAECs is not from hspA1A but from hspA1B or hspA2.

Hsp70 inhibitor KNK437exaggerates hyperoxia-induced lung
endothelial barrier disruption
We have reported that hyperoxia induces a two-phase disruption of lung endothelial barrier
integrity [4]. In the first phase, the TEER started to decrease at 1 h and reached its lowest at 3
h. In the second phase, the TEER began to decrease at 24 h after hyperoxic exposure and was
irreversible and accompanied with endothelial apoptosis [4]. To investigate the role of Hsp70
in hyperoxic lung injury, PAECs were exposed to 95% oxygen in the absence and presence of
the Hsp70 inhibitor KNK437. As shown in Fig 2, incubation of PAECs with KNK437 did not
affect the first phase but potentiated the second phase disruption of lung endothelial integrity.
Because prolonged KNK437 treatment for more than 30 h has maximally increased endotheli-
al permeability, exposure to hyperoxia did not further increase endothelial permeability.
These results suggest that Hsp70 may play a protective role in hyperoxic lung endothelial
injury.

Overexpression of Hsp70 protects against hyperoxia-induced lung
endothelial barrier disruption
To further confirm the role of Hsp70 in hyperoxic lung endothelial injury, Hsp70 was overex-
pressed using adenovirus containing human hspA1A gene, which encodes human Hsp70
protein. As shown in Fig 3, the first phase of lung endothelial barrier disruption was not af-
fected in PAECs transduced with adenovirus containing Hsp70 gene, but the second phase
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disruption of lung endothelial integrity was prevented in hyperoxic PAECs conduced with
adenovirus containing Hsp70 gene. These data provide further evidence that increased
Hsp70 in hyperoxic PAECs protects against hyperoxia-induced disruption of lung endotheli-
al barrier.

Apoptosis contributes hyperoxia-induced disruption of lung endothelial
barrier
Because the second phase of lung endothelial barrier disruption was accompanied with endo-
thelial apoptosis, we investigate whether apoptotic pathways contribute to the disruption of
lung endothelial integrity. As shown in Fig 4A and 4B, caspase-3 activity and apoptosis-induc-
ing factor (AIF) in the nuclear fraction were significantly increased in lung endothelial cells ex-
posed to hyperoxia for 48 h, indicating that both caspase-dependent and-independent
apoptotic pathways participate hyperoxia-induced disruption of lung endothelial integrity.
Moreover, the caspase-3 inhibitor Z-VAD-FMK partially prevented hyperoxia-induced lung
endothelial barrier disruption (Fig 4C), suggesting that hyperoxia-induced disruption of

Fig 1. Hyperoxia increases Hsp70 expression. PAECs were exposed to normoxia (room air, 5% CO2) or to hyperoxia (95% oxygen, 5% CO2) for 1 to 24 h
or 48 h after which the protein and mRNA levels of Hsp70 were measured. (A) Representative immunoblots of Hsp70. (B) Bar graph show the changes in
Hsp70 protein levels quantified by scanning densitometry. (C) Bar graph showing the changes in the mRNA levels of hspA1A, hspA1B and hspA2 quantified
by quantitative real-time PCR. Results are expressed as mean ± SE; n = 4. *P<0.05 vs. normoxia.

doi:10.1371/journal.pone.0129343.g001
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endothelial monolayer integrity is due to increased endothelial apoptosis via caspase-3 pathway
in part and that caspase-independent pathway, i.e., AIF, may also contribute to endothelial ap-
optosis of hyperoxic PAECs.

Inhibition of Hsp70 by using KNK437and Hsp70 siRNA exaggerates
hyperoxia-induced endothelial apoptosis and the increases in caspase-3
activity and nuclear AIF protein level
To investigate the mechanism responsible for protective effect of Hsp70 in hyperoxic lung en-
dothelial injury, we studied the changes in apoptosis, caspase-3 activity and nuclear AIF level
in hyperoxic PAECs treated with the Hsp70 inhibitor KNK437 and Hsp70 siRNA. As shown in
Fig 5A and 5B, incubation of PAECs with KNK437 resulted in an increase in TUNEL-positive
cells in hyperoxic PAECs, suggesting that the protective effect of Hsp70 on hyperoxia-induced
disruption of lung endothelial barrier might be caused by inhibiting endothelial apoptosis.
More specifically, KNK437 exaggerated hyperoxia-induced increases in caspase-3 activity and
nuclear AIF level (Fig 5C, 5D and 5E). Notably, KNK437 has been shown to inhibit the expres-
sion of other heat shock proteins such as Hsp27, Hsp40 and Hsp105 [16]. To rule out the non-
specific effects of KNK437, the expression of Hsp70 was specifically silenced using siRNA. As
shown in Fig 6, the increases in TUNEL-positive cells and nuclear AIF level were much higher
in hyperoxic PAECs transfected with Hsp70 siRNA than those with or without control siRNA.
These data indicate that Hsp70 protects PAECs from hyperoxia-induced apoptosis via both
caspase- and AIF-dependent pathways.

Fig 2. Hsp70 inhibitor KNK437exaggerates hyperoxia-induced lung endothelial barrier disruption.
PAECs were treated with and without KNK437 (50 μM) and exposed to normoxia and hyperoxia for 48 h.
TEER was continuously monitored as described in Materials and Methods. Results are expressed as
mean ± SE; n = 4. * P<0.05 vs normoxia+vehicle.

doi:10.1371/journal.pone.0129343.g002
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Overexpression of Hsp70 prevents hyperoxia-induced endothelial
apoptosis and the increases in caspase-3 activity and nuclear AIF
protein level
To further investigate the role of Hsp70 in hyperoxia-induced apoptosis, Hsp70 was overex-
pressed using adenovirus containing human Hsp70 gene. As shown in Fig 7A, the number of
TUNEL-positive cells was reduced in hyperoxic PAECs transduced with adenovirus containing
Hsp70 gene than those without Hsp70 gene. More importantly, the increases in caspase-3 ac-
tivity and nuclear AIF level were prevented in hyperoxic PAECs with Hsp70 overexpression
(Fig 7B, 7C and 7D). These data further support that the protective effect of Hsp70 on hyper-
oxia-induced disruption of lung endothelial barrier is caused by inhibiting the caspase- and
AIF-dependent apoptosis.

Fig 3. Overexpression of Hsp70 protects against hyperoxia-induced lung endothelial barrier
disruption. PAECs were transduced with sham adenovirus or adenovirus containing Hsp70 gene. After
incubation for 48 h, cells were then exposed to hyperoxia or normoxia for 60 h. TEER was continuously
monitored as described in Materials and Methods. Results are expressed as mean ± SE; n = 3. * P<0.05 vs
normoxia+sham virus.

doi:10.1371/journal.pone.0129343.g003
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Fig 4. Apoptosis contributes to hyperoxia-induced disruption of lung endothelial barrier. (A and B)
PAECs were exposed to normoxia or to hyperoxia for 24 to 48 h after which caspase-3 activity (A) and
nuclear AIF protein level (B) was assayed. (C) PAECs were treated with and without the caspase-3 inhibitor
Z-VAD-FMK (50 μM) and exposed to normoxia and hyperoxia for 48 h. TEER was continuously monitored as
described in Materials and Methods. Results are expressed as mean ± SE; n = 4. * P<0.05 vs normoxia;
**P<0.05 vs. hyperoxia+vehicle; #P<0.05 vs. normoxia+Z-VAD.

doi:10.1371/journal.pone.0129343.g004
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Interaction of Hsp70 and AIF in hyperoxic PAECs
To study the mechanism for Hsp70-mediated inhibition of AIF nuclear translocation in hyper-
oxic PAECs, we examined Hsp70/AIF interaction in the cytosolic fraction of cell lysates of
hyperoxic PAEC by using co-immunoprecipitation. As shown in Fig 8, the amounts of Hsp70
pulled down by immunoprecipitation of AIF were much higher in hyperoxic PAECs than nor-
moxic cells. Moreover, incubation of PAECs with the ROS scavenger NAC and the Hsp70

Fig 5. KNK437 exaggerates hyperoxia-induced endothelial apoptosis and the increases in caspase-3 activity and nuclear AIF protein level. PAECs
were exposed to normoxia and hyperoxia in the absence and presence of KNK437 (50–100 μM) for 48 h after which TUNEL staining, caspase-3 activity and
nuclear AIF protein level were determined. (A) Representative images of TUNEL staining of PAECs exposed to hyperoxia and/or KNK437 for 48 h. (B) Bar
graph depicting the changes in the numbers of TUNEL-positive cells. (C) Changes in caspase-3 activity. (D) Representative immunoblots of AIF. (C) Bar
graph depicting the changes in nuclear AIF protein levels. Results are expressed as mean ± SE; n = 4. *P<0.05 vs. normoxia; **P<0.05 vs. normoxia
+vehicle; #P<0.05 vs. hyperoxia+vehicle.

doi:10.1371/journal.pone.0129343.g005
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Fig 6. Knocking down Hsp70 exaggerates hyperoxia-induced endothelial apoptosis and the increase
in nuclear AIF protein level. PAECs were transfected with control siRNA or siRNA against Hsp70 mRNA
(hspA1A and hspA1B) and then exposed to normoxia (nor) and hyperoxia (hyper) for 48 h after which TUNEL
staining and nuclear AIF protein level were assayed. (A) Changes in the numbers of TUNEL-positive cells.
(B) Representative immunoblots of AIF and Hsp70. (C) Bar graph depicting the changes in Hsp70 and
nuclear AIF protein levels. Results are expressed as mean ± SE; n = 4. *P<0.05 vs. normoxia. **P< 0.05 vs.
normoxia+control siRNA; #P<0.05 vs. hyperoxia+control siRNA.

doi:10.1371/journal.pone.0129343.g006
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Fig 7. Overexpression of Hsp70 prevents hyperoxia-induced endothelial apoptosis and the increases in caspase-3 activity and nuclear AIF protein
level. PAECs were transduced with sham (RFP) adenovirus or adenovirus containing Hsp70 gene. After incubation for 48 h, cells were then exposed to
normoxia (nor) and hyperoxia (hyper) for 48 h after which TUNEL staining, caspase-3 activity and nuclear AIF protein level were determined. (A) Changes in
the numbers of TUNEL-positive cells. (B) Changes in caspase-3 activity. (C) Representative immunoblots of Hsp70 and AIF. (D) Bar graph depicting the
changes in Hsp70 and nuclear AIF protein levels. Results are expressed as mean ± SE; n = 3. *P<0.05 vs. normoxia; #P<0.05 vs. hyperoxia+RFP virus.

doi:10.1371/journal.pone.0129343.g007
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Fig 8. Hsp70/AIF interaction and the effects of NAC and KNK437 on the Hsp70/AIF interaction in hyperoxic PAECs. PAECs were exposed to
normoxia (nor) and hyperoxia (hyper) in the absence and presence of NAC (5 mM) or KNK437 (50–100 μM) for 48 h after which co-immunoprecipitations of
Hsp70 and AIF in the cytosolic fraction of cell lysates were performed. (A and C) Representative immunoblots of Hsp70 and AIF. (B and D) Bar graph
depicting the changes in Hsp70/AIF ratio. Results are expressed as mean ± SE; n = 4. *P<0.05 vs. normoxia; #P<0.05 vs. hyperoxia+vehicle.

doi:10.1371/journal.pone.0129343.g008
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inhibitor KNK437 reduced the amounts of Hsp70 pulled down by immunoprecipitation of AIF
in hyperoxic PAECs (Fig 8). Inhibition of Hsp70/AIF association by KNK437 correlated with
increased endothelial apoptosis and nuclear AIF level in KNK437-treated PAECs. These results
suggest that association of Hsp70 with AIF may contribute to the protective effect of Hsp70 on
hyperoxia-induced endothelial apoptosis via inhibiting AIF nuclear translocation.

The hyperoxia-induced increase in Hsp70 expression is ROS-
dependent
We reported that hyperoxia exposure results in burst of ROS production in oxygen toxicity
[8,17]. To investigate whether the hyperoxia-induced increase in Hsp70 expression is ROS-de-
pendent, PAECs were exposed to normoxia and hyperoxia in the absence and presence of the
ROS scavenger NAC. We found that incubation of PAECs with NAC reduced the increase in
Hsp70 protein level in hyperoxic PAECs (Fig 9), suggestion that the hyperoxia-induced in-
crease in Hsp70 expression is due to ROS formation.

Discussion
The major finding in this study is that hyperoxia induces an increase in Hsp70 expression.
Through the experiments of loss and gain of function, we have demonstrated that Hsp70 plays
a protective role against endothelial barrier disruption and lung endothelial apoptosis via both
caspase- and AIF-dependent mechanism in oxygen toxicity.

Hsp70 protein is encoded by three very closely related paralog genes: hspA1A, hspA1B, and
hspA2 [18]. Our data show that the mRNA expressions of hspA1A, hspA1B, and hspA2 are
differentially regulated by hyperoxia. Upon exposure to hyperoxia, the expression of hspA1A
gene is inhibited. However, the expressions of hspA1B and hspA2 are dramatically stimulated
in PAECs exposed to hyperoxia that occurs as earlier as 6–24 h after exposure. Notably, Hsp70
protein expression in hyperoxic PAECs is inhibited by using a mixture of siRNAs against the
mRNAs of hspA1A and hspA1B. Thus, we demonstrate, for the first time, that the hyperoxia-
induced Hsp70 protein expression is from hspA1B gene. The hyperoxia-response elements in
the promotors of hspA1A, hspA1B, and hspA2 might be different though they encode same
Hsp70 protein.

Prolonged exposure of PAECs to hyperoxia results in a two-phase barrier disruption of en-
dothelial monolayer [4]. In the first phase, the endothelial barrier dysfunction starts at 1 h and
reached lowest at 3 h after starting hyperoxic exposure. The second phase barrier disruption of
endothelial monolayer occurs after hyperoxic exposure for 24 h and is attributable to endothe-
lial apoptosis. Neither inhibition nor overexpression of Hsp70 affects the first phase barrier dis-
ruption of endothelial monolayer. Nevertheless, inhibition of Hsp70 by using the Hsp70
inhibitor KNK437 or knock down Hsp70 using siRNA exaggerates and overexpression of
Hsp70 prevents the second phase disruption of lung endothelial integrity. Moreover, inhibition
of Hsp70 exacerbates and overexpression of Hsp70 prevents hyperoxia-induced endothelial ap-
optosis. Taken together, these data provide solid evidence showing that increased expression of
Hsp70 plays a protective role against hyperoxia-induced lung endothelial barrier disruption.

Zhang et al. recently reported that hyperoxia induces an increase in the secretion of Hsp70
from PAECs [19]. Extracellular Hsp70 exert its cytoprotective effect in lung endothelium
through toll-like receptor 4 (TLR4) [19]. However, we did not observe increased Hsp70 in the
medium of PAECs exposed to hyperoxia (data not shown). It might be possible that Hsp70 in-
teracts to TLR4 prior to secretion into extracellular space. Hyperoxia-induced endothelial apo-
ptosis occurs in caspase-dependent and-independent fashion [4]. Chromatin condensation
and DNA degradation triggered by AIF represents the most important caspase-independent
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apoptotic pathway [20]. We found that caspase-3 activity is increased and AIF protein level in
nuclei is significantly higher in PAECs exposed to hyperoxia. Inhibition of Hsp70 enhances ap-
optosis, caspase-3 activity and intra-nuclear AIF protein levels in hyperoxic PAECs. Further,
Hsp70 overexpression inhibits hyperoxia-induced increases in the TUNEL-positive cells, cas-
pase-3 activity, and intra-nuclear AIF protein levels. Thus, the protective effect of Hsp70 on
hyperoxia-induced disruption of lung endothelial barrier is caused by inhibiting the caspase-
and AIF-dependent apoptosis.

In the caspase-dependent apoptotic pathway, cytochrome c is first released from mitochon-
dria and recruits apoptotic protease activating factor 1 (Apaf-1) and dATP/ATP into an apop-
tosome complex [21]. This complex then cleaves and activates procaspase-9 and eventually
induces apoptosis via caspase-3 activation [21,22]. It has been shown that Hsp70 induces a
conformational change of procaspase-9 which blocks the recruitment of procaspase-9 to the
Apaf-1/dATP/cytochrome c apoptosome complex leading to inhibition of caspase-3 activity
[23]. However, the mechanism for Hsp70-induced inhibition of AIF apoptotic pathway re-
mains unknown. AIF is located in mitochondrial membrane and is activated through calpain-1
cleavage in caspase-independent apoptosis. After being truncated and activated, AIF is released
into cytoplasm and translocated to the nuclei where it induces chromatin condensation and
DNA degradation [24–26]. We found that Hsp70 interacts with and sequestrate AIF in the cy-
tosol in hyperoxic PAECs. Inhibition of Hsp70/AIF association by KNK437 correlated with in-
creased nuclear AIF level and endothelial apoptosis in KNK437-treated PAECs. These data

Fig 9. Hyperoxia-induced increase in Hsp70 expression is ROS-dependent. PAECs were treated with
and without NAC (5 mM) and exposed to normoxia (nor) and hyperoxia (hyper) for 48 h after which Hsp70
protein level was measured. (A) Representative immunoblots of Hsp70. (B) Bar graph show the changes in
Hsp70 protein levels quantified by scanning densitometry. Results are expressed as mean ± SE; n = 4.
*P<0.05 vs. normoxia; #P<0.05 vs. hyperoxia+vehicle.

doi:10.1371/journal.pone.0129343.g009
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suggest that association of Hsp70 with AIF contributes to the protective effect of Hsp70 on
hyperoxia-induced endothelial apoptosis via inhibiting AIF nuclear translocation. Several
mechanisms might be involved in the increase in Hsp70/AIF association in hyperoxic PAECs.
First, hyperoxia increases the expression of Hsp70 which binds more AIF protein. Second, hyp-
oxia may induce posttranslational modification of Hsp70 such as phosphorylation and acetyla-
tion, which increase the affinity of Hsp70 to AIF.

The mechanism for hyperoxia-induced Hsp70 expression remains unknown. It has been
shown that the expression of Hsp70 correlates with ROS production [27,28]. Prolonged expo-
sure of PAECs to hyperoxia leads to elevated ROS and reactive nitrogen species production
[4,8,29]. To investigate whether ROS are responsible for Hsp70 expression in hyperoxic
PAECs, we determined the effects of the ROS scavenger NAC on Hsp70 protein level in
PAECs exposed to hyperoxia. Our data show that scavenging ROS prevents the hyperoxia-in-
duced increase in Hsp70 expression. Moreover, incubation of PAECs with NAC reduces the in-
teraction of Hsp70 with AIF in hyperoxic PAECs. Together, our data indicate that the
hyperoxia-induced increase in Hsp70 expression and Hsp70/AIF interaction are contributable
to ROS formation. Therefore, ROS not only cause lung endothelial barrier disruption and cell
death but also induce various protective mechanisms to prevent cells from hyperoxia-induced
damage.

In summary, hyperoxia induces an increase in Hsp70 expression that is from hspA1B gene.
We have demonstrated that Hsp70 plays a protective role against endothelial barrier disruption
and lung endothelial apoptosis via both caspase- and AIF-dependent mechanisms in oxygen
toxicity (Fig 10). In addition, association of Hsp70 with AIF prevents AIF nuclear

Fig 10. A schematic pathway illustrating the role of Hsp70 in hyperoxic lung endothelial barrier
disruption. Hyperoxia induces an increase in Hsp70 expression which plays a protective role against
endothelial barrier disruption and lung endothelial apoptosis via caspase- and AIF-dependent mechanism in
hyperoxic lung endothelial injury.

doi:10.1371/journal.pone.0129343.g010
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translocation, contributing to the protective effect of Hsp70 on hyperoxia-induced endothelial
apoptosis. Manipulation of Hsp70 might be a novel therapy for acute lung injury in oxygen
toxicity.
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