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Abstract

Background: Acute respiratory distress syndrome (ARDS) is a severe form of lung injury characterized by damage
to the epithelial barrier with subsequent pulmonary edema and hypoxic respiratory failure. ARDS is a significant
medical problem in intensive care units with associated high care costs. There are many potential causes of ARDS;
however, alveolar injury associated with mechanical ventilation, termed ventilator-induced lung injury (VILI), remains
a well-recognized contributor. It is thus critical to understand the mechanism of VILI. Based on our published preliminary
data, we hypothesized that the endoplasmic reticulum (ER) stress response molecule Protein Kinase R-like Endoplasmic
Reticulum Kinase (PERK) plays a role in transmitting mechanosensory signals the alveolar epithelium.

Methods: ER stress signal responses to mechanical stretch were studied in ex-vivo ventilated pig lungs. To explore the
effect of PERK inhibition on VILI, we ventilated live rats and compared lung injury parameters to non-ventilated controls.
The effect of stretch-induced epithelial ER Ca2+ signaling on PERK was studied in stretched alveolar epithelial
monolayers. To confirm the activation of PERK in human disease, ER stress signaling was compared between
ARDS and non-ARDS lungs.

Results: Our studies revealed increased PERK-specific ER stress signaling in response to overstretch. PERK inhibition
resulted in dose-dependent improvement of alveolar inflammation and permeability. Our data indicate that
stretch-induced epithelial ER Ca2+ release is an activator of PERK. Experiments with human lung tissue confirmed PERK
activation by ARDS.

Conclusion: Our study provides evidences that PERK is a mediator stretch signals in the alveolar epithelium.
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Background
Alveolar epithelial injury is a well-recognized complica-
tion of injurious mechanical ventilation [1, 2]. Experi-
mental data show that repetitive overdistention of the
alveolar wall by high tidal volumes, also referred to as
overstretch, results in damage to the epithelial barrier
with subsequent inflammation and pulmonary edema

formation. This injury, termed ventilator-induced lung
injury (VILI), results in pathological changes similar to
what is seen in acute respiratory distress syndrome
(ARDS) [3–5]. While it is difficult to discern VILI in
ventilated patients [1, 6], clinical studies show that over-
stretch of the alveolar wall contributes to the develop-
ment of ARDS [7, 8]. As ARDS remains a significant
medical problem in intensive care units [2], understand-
ing the effect of stretch on epithelial barrier function is
critical. Our laboratory and others have identified
mechanosensory mechanisms in the alveolar epithelium
that regulate epithelial barrier function [9–12]. Most re-
cently, we have shown that the Protein Kinase R-like
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Endoplasmic Reticulum Kinase (PERK)-mediated Inte-
grated Stress Response (ISR) intracellular signaling path-
way is important in transmitting these mechanical stress
signals in the alveolar epithelium [13], but the role of
PERK in VILI remains unknown.
PERK along with Inositol Requiring Enzyme (IRE)-1α

and Activating Transcription Factor (ATF)-6, is a sensor of
endoplasmic reticulum (ER) stress signals [14]. While the
three sensory mechanisms are interconnected [15], PERK
specifically responds to mechanical stretch in the alveolar
epithelium [13]. At baseline condition, PERK is bound to
Binding immunoglobulin Protein (BiP) in the ER mem-
brane in its inactive dephosphorylated form. Upon stress
signal PERK autophosphorylates and via its kinase domain
phosphorylates eukaryotic Initiation Factor-2α (eIF2α),
which is the rate limiting step of ISR activation. This causes
the temporary cessation of eIF2 complex-mediated protein
translation [15]. In addition to a general decrease in pro-
tein translation, transcription factors such as Activating
Transcription Factor 4 (ATF4) and CCAAT/Enhancer-
binding Protein Homologous Protein (CHOP) are select-
ively translated to promote RNA transcription. Temporary
activation of ISR via ATF4 results in the activation of
“pro-cell survival” gene transcription e.g., Growth Arrest
and DNA Damage-inducible Protein (GADD)-34; which
then restores protein synthesis by the dephosphorylation of
eIF2α [16]. Sustained activation of ISR leads to CHOP acti-
vation with gene transcription resulting in cellular dysfunc-
tion, death and activation of the immune system [17, 18].
Previously, we reported causal links between ISR activa-

tion and mechanical stretch, revealing a novel mechanism
of VILI signaling. In this study we extended our initial ob-
servations to a clinically relevant VILI model and human
ARDS and show that PERK, the upstream regulator of
ISR, is a critical mediator of mechanical stretch in the al-
veolar epithelium. The inhibition of PERK signaling offers
a new pathway to mitigate VILI and to prevent ARDS.

Methods
Human lung sample collection and analysis
Lung tissue samples (N = 9) were received from the
Prospective Registry of Outcomes in Patients Electing
Lung Transplantation (PROPEL) bio specimen reposi-
tory and clinical database (Biobank). This study ap-
proved by the IRB of the University of Pennsylvania
under protocol number 813685. The Biobank regularly
receives lung tissue from donors and recipients of lung
transplants. Many donated lungs are declined for trans-
plantation for clinical reasons and these tissues become
available for research. We amended protocol 13643/00,
Cellular injury mediators of acute respiratory distress
syndrome in human lung tissue, to PROPEL, to receive
lung tissue samples and limited clinical information on
lung tissue samples used for our analysis. Lung tissue
samples were collected by the investigators of the
current study immediately after the lungs have arrived
to the University of Pennsylvania. Lungs were stored on
+4C during transportation and they have become avail-
able to us within 24 h after harvest. After visual inspec-
tion, lung tissue samples were resected from right upper
and middle lobes. Samples were used for total protein
extraction. Available lung histology report and limited
clinical information including age, gender, date of collec-
tion, date of death, last available arterial partial oxygen
pressure (paO2 in mmHg) within 24 h, inspired percent
of oxygen via mechanical ventilation and admission
diagnosis was obtained for all samples (Table 1).

ARDS definition in human samples
We used a combination of available clinical, radiological
and histological parameters to diagnose ARDS. Only
samples obtained from endotracheally intubated patients
were eligible to allow precise measurement of fractional
inspired oxygen (FiO2). The presence of acute bilateral
lung infiltrate on imaging within 1 week prior to death,

Table 1 Human lung tissue sample clinical, radiographic and pathological characteristics

ID Age Gender Race B/l infiltrate P/F Ventilation (days) Alveolar pathology Admit Dx ARDS

neutrophils septal edema hyaline membrane (DAD)

1 27 M W N 105 2 N N N PE N

2 68 M W N 204 3 N N N COPD N

3 34 M AA N 35 4 N N N COPD N

4 58 F AA N 160 3 N Y N pulm. fibrosis N

5 25 M W Y 55 2 Y Y N PNA Y

6 47 M W Y 182 2 Y N N COPD Y

7 68 F W Y 160 4 Y N Y PNA Y

8 28 M W Y 65 6 Y N Y PNA Y

9 53 M W Y 75 16 Y N Y COPD Y

B/l Acute bilateral infiltrate on imaging, P/F a ratio of arterial oxygen partial pressure in mmHg to fractional inspired oxygen (FiO2), DAD diffuse alveolar damage,
Dx principal diagnosis, PE pulmonary embolism, COPD chronic obstructive lung disease, pulm pulmonary, PNA pneumonia, ARDS acute respiratory distress syndrome,
Y condition present, N condition not present
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a ratio of arterial oxygen partial pressure in mmHg to
FiO2 less than 300 and a pathological evidence neutro-
philic infiltrates or hyaline membranes in the alveolar
space with or without septal edema. Histological analysis
of samples was performed on H&E stained slides by a
pathologist blinded to the clinical history of the patient.
The presence of diffuse alveolar damage (DAD) on path-
ology was not a strict criterion for ARDS as its absence
does not definitely rule out the disease [19, 20]. Samples
not meeting this criteria were used as non-ARDS con-
trols (Table 1).

Ex vivo pig lung perfusion, ventilation experiment
Pig heart-lung complexes (N = 12) were obtained from eu-
thanized animals used as untreated controls in Preclinical
Therapy Trials for Pediatric TBI study. All animals are
housed in accordance with guidelines from the American
Association for Laboratory Animal Care and Research.
The protocol was approved by the Institutional Animal
Care Use Committee at the University of Pennsylvania
under protocol number 803401. Heart-lung complexes
including the trachea were harvested en block from
Yorkshire piglets (age 4 weeks, weight 6–10 kgs, N = 12)
post mortem. The pulmonary circulation was flushed via
the right ventricle using 1 l sterile normal saline. The heart
was carefully removed and the pulmonary trunk was pre-
served. A 16 G angiocatheter was sutured in the pulmon-
ary artery and connected to a peristaltic surgical pump via
tubing. A 3 mm diameter endotracheal tube was inserted
in the trachea and sutured in place. The complex was
placed in a 37 C heated and humidified chamber hanging
by the endotracheal tube. The lungs were perfused with
0.3 L/min MEM supplemented with 3% FBS as explained
for the human perfusion-ventilation model. The lung
complexes were subsequently randomized in three groups:
no stretch (NS), low-stretch (LS) 6 ml/kg tidal volume
(Vt) positive pressure ventilation and overstretch (OS)
ventilation (Vt = 12 ml/kg) for 4 h using volume control
ventilation (Puritan Bennett 7200 ventilator) with 5
cmH2O applied positive end expiratory pressure (PEEP)
and FiO2 of 50%. We used 50% FiO2 to match the experi-
mental conditions used in our in vivo rat model. At the
end of the experiment the right lower lobe was perfused
with 10% formalin and used for histology and the left
lower lobe was used for total protein extraction and west-
ern blotting as described in lung tissue protein studies.

Pig and human lung tissue protein analysis
Tissue pieces (1 cm by 1 cm) were submerged in at least
5-fold volume of cold RIPA buffer and homogenized
with Dounce homogenizer. Samples were centrifuged for
20 min at 13,000 RPM on tabletop centrifuge in 1.0 ml
aliquots (Beckman Microfuge R, Backman Instruments,
Palo Alto, CA). The supernatant was used to determine

total protein concentration using colorimetric BioRad
Protein DC assay (BioRad, Hercules, CA). Sample pro-
tein contents were compared to standard protein curves
using KC Junior spectrophotometer plate reader (BioTek
Instruments Winooski, VT) at 750 nm wavelength.
Equal protein was loaded on precast 4–12% Bis-Tris gels
(Invitrogen NuPage Novex mini gels, Life Technologies,
Carlsbad, CA). Standard western blotting was performed
for Binding immunoglobulin Protein (BiP), phosphory-
lated (p) and total (t) forms of Protein Kinase R-like
Endoplasmic Reticulum Kinase (PERK) and eukaryotic
Initiation Factor (eIF)-2α, Activating Transcription Fac-
tor (ATF)-4 and 6, CCAAT/Enhancer-binding Protein
Homologous Protein (CHOP), Growth Arrest and DNA
Damage-inducible Protein (GADD)-34 and X-box Bind-
ing Protein (XBP)-1. We used total (t)-forms of PERK
and eIF2α to normalize band densities of phospho
(p)-forms. For all other proteins β-actin was used as
loading control (Santa Cruz Biotechnologies, Santa Cruz,
CA). The following primary antibodies were used: BiP
(A-10) mouse monoclonal antibody (Santa Cruz),
p-PERK (Abcam, Cambridge, MA) and t-PERK (Cell Sig-
naling Technology, Danvers, MA), p-eIF2α (Ser 51) and
t-eIF2α rabbit monoclonal antibody (Cell Signaling),
ATF4 rabbit polyclonal antibody (Sigma-Aldrich Com-
pany, Saint Louis, MO), ATF6 (N-terminal) rabbit poly-
clonal antibody (Aviva Systems Biology, San Diego, CA),
CHOP (F-168) mouse polyclonal antibody (Santa Cruz),
GADD34 rabbit polyclonal antibody (Proteintech Group
Inc., Rosemont, IL), XBP-1 rabbit monoclonal antibody
(Abcam, Cambridge, MA) and B-actin mouse polyclonal
antibody (Santa Cruz). In pig tissue studies, the protein
levels of N = 4 samples from no stretch, low-stretch and
overstretch conditions were compared with western
blotting. In human tissue studies, the protein levels of N
= 4 of controls and N = 5 of ARDS samples were com-
pared with western blotting. Blots were rinsed with 0.1%
Tween 20 containing tris buffered saline (TBST) and in-
cubated with secondary antibodies against rabbit or
mouse diluted in 5% milk solution. Blots were rinsed
again with TBST treated with high-sensitivity western
blot substrate (Pierce ECL Plus, ThermoFisher Scientific,
Waltham, MA). High sensitivity autoradiographic film
was used to detect chemiluminescence. Immunoblots
were scanned and bend densities were analyzed using
FIJI software [21].

Pig tissue immunofluorescence studies
For immunofluorescence (IF) analysis antibodies p-PERK
(#192591, Abcam) and occludin (Invitrogen # 33–1500,
ThermoFisher Scientific) were used on formalin-fixed,
paraffin–embedded pig lung tissue. Paraffin was cleared
with xylene, and slides were rehydrated through descend-
ing concentrations of ethanol. Slides were then treated
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with 3% H2O2/methanol for 30 min. Slides were pre-
treated in a pressure cooker (Biocare Medical, LLC, and
Concord, CA) in Antigen Unmasking solution (H3300,
Vector Laboratories, Burlingame, CA). After cooling,
slides were blocked in Sudan Black (199664-25G,
Sigma-Aldrich) for 20 min at RT. Slide were then rinsed
in 0.1 M Tris Buffer, then blocked with 2% fetal bovine
serum for 15 min. Slides were then incubated with
p-PERK at 1:200 dilution for 1 h at room temperature.
Slides were again rinsed, then incubated with
anti-rabbit polymer secondary prediluted (K4003,
DAKO, Carpenteria, CA) for 30 min at room temp.
After rinsing, slides were then incubated with the TSA
biotin complex (NEL7490B001, PerkinElmer, Waltham,
MA) at 1:50 for 10 mins at room temp. Slides were
then rinsed and incubated with Alexa 488 Streptavidin
(green) secondary (A21370, Life Technologies, Eugene,
OR) 1:200 for 30 min at room temp. After rinsing,
slides were then treated in preheated 5% SDS
(CS-5585-28, Denville Scientific, Metuchen, NJ) for
7 min at 55C. Slides were then rinsed and blocked with
2% fetal bovine serum again before incubating with
occludin at 1:100 for 1 h at room temp. After rinsing
slides were incubated for 1 h in Alexa 594 (red)
anti-rabbit secondary (A11012, Life Technologies,
Eugene, OR). Slides were then rinsed, counterstained
with DAPI, and rinsed again before cover slipping with
Prolong Gold (P36930, Life Technologies, Eugene, OR).
Fluorescence was detected with Zeiss LSM 880 laser
scanning confocal microscope using Plan Apo 20X and
40X objective with NA = 0.8. Pictures were taken of 5
independent areas. Alexa 488 positive cells (p-PERK)
were count in 100 Alexa 594 positive cells (occludin) per
field and the number of dual positive cells was compared
between non-ventilated and ventilated lung tissue. Images
were analyzed using Fiji imaging software [21] .

Rat experiments
Adult male Sprague-Dawley rats (N = 94, weight
250–300 g) were purchased from Charles River
Laboratories (Horsham, PA). Rats were allowed to
acclimate for 1 week with rodent chow and water ad
libitum. All animals are housed in accordance with
guidelines from the American Association for
Laboratory Animal Care and Research. Protocols
were approved by the Institutional Animal Care Use
Committee at the University of Pennsylvania (Proto-
col numbers 805201 and 805630).

A. Freshly isolated alveolar epithelial cell experiments
Alveolar epithelial cell isolation, transfection and AEC-I
monolayer preparation
The protocol for cell isolation and culture has been pre-
viously described by us in detail [13]. In brief, the lungs

were removed en bloc from euthanized rats (N = 10).
The lung tissue was digested with elastase (Worthington
Biochemical Corporation, Lakeside, NJ) and filtered to
obtain a single cell suspension. Next, epithelial cells were
isolated using negative selection using rat IgG coated
plates containing serum-free media. The remaining cells
were collected. Our isolation method yields approxi-
mately 95% pure alveolar epithelial type–II (RAEC-II)
cells. Cells were plated on fibronectin-coated custom
made silicone membranes. We plated 1.3 million cells on
a 1 cm diameter membrane. We usually collect 30–50
million AEC-II cells per rat, which allows us to prepare
32–40 monolayers per animal. Cells were cultured with
10% FBS-containing Minimal Essential Medium (MEM)
containing antibiotics for 4 days to obtain monolayers. Rat
AEC-II cells transform to alveolar epithelial type-1 like
(RAEC-I) cells during this period of time and express only
AEC-I cell surface markers. Over the course of 4 days they
form a monolayer impermeable to large molecules [22].
On the day of the experiment, the medium was removed
and replaced with HEPES-buffered MEM.

Cyclic cell stretch
Cell stretch was performed in a 37C incubator. RAEC-I
monolayers were stretched (S) or used as unstretched
controls (NS) in groups of 8 to obtain sufficient mater-
ial for further analysis. N = 4 biological replicates per
conditions were used. Cells underwent biaxial 15/min
cyclic stretch with 25% surface change on our
custom-built cell stretcher for 1, 3 and 6 h. Groups of
monolayers were pretreated with 20 μM Ryanodine
(Torcis Biosciences, Minneapolis, MN, Ry) to study the
effect of Ca2+ signaling inhibition on stretch. Mono-
layers were used for immunofluorescence analysis.

Epithelial monolayer immunofluorescence studies
At the end of the experiment, RAEC-I monolayers were
fixed on the flexible membranes with 4% formaldehyde,
permeabilized with 0.5% Triton X and incubated with
p-PERK primary antibody (#192591, Abcam, 1:200 dilu-
tion) for 45 min. Following washing with 0.1% Tween
containing PBS the monolayers were incubated Alexa
488 Streptavidin (green) secondary (A21370, Life Tech-
nologies) antibody for 20 mins and counterstained with
DAPI. Membranes were transferred on glass slides to
facilitate analysis with confocal microscopy. Green
fluorescence was compared among conditions using
confocal microscopy as described in pig IF studies.
Pictures were taken of 5 independent areas and green
fluorescence was compared between control and
stretched monolayers. Fluorescent intensity was quanti-
fied using Fiji imaging software [21].
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Epithelial monolayer protein analysis
Total protein was extracted from groups of monolayers for
each condition using RIPA buffer. Western immunoblotting
was performed for p- and t-eIF2α as explained in lung tis-
sue analysis. Band densities for N = 4 biological replicates
per condition were analyzed with FIJI.

B. In vivo rat VILI experiments
In vivo PERK inhibitor treatment and mechanical ventilation
protocol
Rats (N = 84) received 3, 10 or 30 mg/kg PERK inhibi-
tor GSK 2606414 (PI) or vehicle control 0.1% Tween
80 + 0.5% hydroxypropyl-methylcellulose (VC) via oral
gavage 4 h before the start of mechanical ventilation in
2.5 ml volume bolus. Subsequently, animals were ran-
domized to receive mechanical ventilation, or they were
let to breathe spontaneously. To control for the off tar-
get effects of PI, groups of spontaneously breathing ani-
mals received 30 mg/kg PI. N = 9/group were used for
BAL studies and 5/group for endo/epithelial permeabil-
ity studies. For the mechanical ventilation protocol, rats
were kept under general anesthesia for the entire pro-
cedure. Their breathing, cardiac function and neuro-
logical responses were continuously monitored to
minimize pain and distress. Induction and maintenance
anesthesia was performed with inhaled 2–4% isoflurane.
If additional anesthesia was necessary to keep the ani-
mal in surgical plane at the time of induction, it was
given an intraperitoneal injection of a mixture of keta-
mine (75–100 mg/kg) and xylazine (5-10 mg/kg). To
minimize injectable anesthesia and improve analgesia
use, we injected the subcutaneous tissue of the trache-
ostomy site with 1% lidocaine. To ensure an adequate
level of anesthesia, animals were continuously monitored
for heart rate and blood pressure with the CODA
non-invasive blood pressure tail cuff (Kent Scientific,
Torrington, CT), and consciousness was monitored with a
toe pinch every 15 min. We used heat blanket to maintain
ambient temperature of 38C throughout the experiment.
Our VILI protocol was previously described [13]. In brief,
the rats were tracheotomized; a 14-gauge metal cannula
was placed in their trachea and sutured tight. Animals
were mechanically ventilated for 4 h with 20 ml/kg tidal
volume with an Inspira advanced safety rodent ventilator
with 50% FiO2 (Harvard Apparatus, Holliston, MA). No
positive end expiratory pressure (PEEP) was added, and
no recruitment maneuvers were performed to maximize
injury. At the end of the experiment, euthanasia was per-
formed by thoracotomy and transection of great vessels.

E. Bronchoalveolar lavage and sample analysis
We obtained bronchoalveolar lavage (BAL) following eu-
thanasia, the chest cavity was opened with a midline inci-
sion from all animals groups (N = 54, 9 animals/group).

The right main stem bronchus was isolated, and a suture
was placed around the bronchus. The left lung was lavaged
with 3 ml cold PBS. BAL samples were centrifuged at 5000
RPM for 10 min to separate cells from supernatant. The
cell pellet was used for quantitative and qualitative cell
counts. Cells were reconstituted in 1 ml PBS. Total BALF
cell counts were obtained using a hemocytometer (Hausser
Scientific, Horsham, PA). For differential cell count, 100 μl
BALF was mounted on a glass slide by centrifuging the
fluid at 1000 RPM for 10 min (Cytospin 2, Shandon Scien-
tific, Runcorn, Cheshire, United Kingdom). Slides were
stained with hematoxylin and eosin (H&E) and 200 cells
were counted.

F. Endo/epithelial permeability measurement with
FITC-labeled albumin extravasation
This protocol was previously described by us [13]. In brief,
a separate group of animals (N = 30, 5 animals/group)
were injected with 1 mg/animal fluorescent isothiocyanate
(FITC)-labeled bovine albumin (Sigma-Aldrich) diluted in
0.1 ml sterile saline 1 h before sacrifice via the tail vein.
Following sacrifice, undiluted BAL and plasma were col-
lected. The fluorescence of 100 μl of BAL and 1:10 diluted
plasma was measured at 488 nm excitation and 520 nm
emission wavelengths in duplicates (Cytofluor 4000 fluor-
escent plate reader, Perseptive Biosciences, Framingham,
MA). The ratio of BAL to plasma fluorescence was used
to express permeability [13].

Statistics
For comparative studies of densitometry, cell count and
permeability studies we used the Kruskal-Wallis test for
multi-group comparisons and intergroup differences were
analyzed with the Wilcoxon rank sum test. For fluorescent
image intensity analysis, we used two-way ANOVA with
Tukey-Kramer post hoc analysis (JMP software, Cary,
NC). Results are presented as mean ± SEM. Significance
level was P < 0.05.

Results
Mechanical overstretch selectively activates PERK ER
stress signaling in porcine lung tissue
To study the relationship between alveolar stretch and ER
stress signaling we used ex vivo perfused and ventilated pig
lungs. Heart and lung complexes were removed from
healthy pigs and were perfused with 3% albumin containing
tissue culture media to eliminate circulating immune cells.
Subsequently animals were randomized to be exposed to
no ventilation, Vt = 6 ml/kg (low stretch) and Vt = 12 ml/kg
(overstretch) mechanical ventilation for 4 h with 5 cmH2O
positive end expiratory pressure (PEEP) and 50% FiO2.
These stretch settings were chosen to model lung protect-
ive (low-stretch) and injurious (overstretch) mechanical
ventilation. This model allows the observation of the same
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physiological changes that take place in the alveoli during
in vivo mechanical ventilation, but it has the key advantage
of selectively studying parenchymal lung cell contribution
to injury signaling. To comprehensively measure ER stress
activation we performed western blotting for BiP, XBP-1,
ATF6 and PERK in whole lung protein extracts (Fig. 1a).
XBP-1 was chosen to study the downstream effects of the
IRE-1α signaling activation. We observed increased PERK
phosphorylation in response to overstretch but not to
low-stretch. There was no significant change in BiP and
XBP-1 expression in either stretch conditions. Both the
total (p90) and the cleaved (p50) form of ATF6α, when
compared to controls, showed significant decrease with
overstretch (Fig. 1a). We also detected the total form of the
ATF6β (p110) but not its cleaved from (p60). We found sig-
nificant ISR activation by overstretch which was marked by
the increase in eIF2α, ATF4, CHOP and GADD34.
However low stretch did not alter ISR signaling.
Quantified data is shown in Fig. 1b-i. To confirm the
lack of inflammatory cells in the alveolar space
hematoxylin-eosin stained lung histology slides are
shown in Fig. 2. In the absence of infiltrating cells in
the model, we concluded from these experiments that
the lung parenchyma can exert ER stress signals inde-
pendent of infiltrating inflammatory cells. Our data also
show that the activation of ER stress signals is
dependent on the magnitude of lung stretch.

Mechanical overstretch activates PERK signaling in the
alveolar epithelium
We next evaluated PERK activation in alveolar epithelial
cells in response to overstretch. We exposed pig lungs to
overstretch or treated them as unstretched controls. Lung
tissue was incubated with green fluorescent-labeled
p-PERK antibody and we used red fluorescent conjugated
occludin specific antibody to identify alveolar epithelial
cells (Fig. 3a). Overstretch significantly increased the num-
ber of p-PERK positive cells and we quantified the number
of p-PERK positive epithelial cells (Fig. 3b). Epithelial
p-PERK localization is shown with high resolution im-
aging in Fig. 3c. These data suggest that overstretch acti-
vates PERK in the alveolar epithelium.

PERK inhibition reduces VILI in vivo
To confirm that PERK activation results in VILI, groups of
rats were pretreated with 3, 10 and 30 mg/kg PERK inhibi-
tor (PI) or its vehicle via gavage. Animals were subsequently
ventilated with large tidal volume (Vt = 20 ml/kg) for 4 h to
maximize injury or let to breathe spontaneously. Pulmonary
edema formation was assessed with FITC-labeled albumin
extravasation and inflammatory cell recruitment was mea-
sured in the BAL. PERK inhibition with moderate to high
doses of PI (10-30 mg/kg) significantly reduced pulmonary
edema formation (Fig. 4a), total BAL cell count (Fig. 4b) and
neutrophil count (Fig. 4c). Low dose PI (3 mg/kg) was

Fig. 1 Mechanical overstretch selectively activates PERK ER stress signaling in porcine lung tissue. a. Perfused porcine lung complexes were prepared
and randomized to receive low (LS, Vt = 6 ml/kg) or high stretch (overstretch, OS, Vt = 12 ml/kg) mechanical ventilation for 4 h or used as non-ventilated
controls (NS). ER stress signal pathways were detected in extracted total protein using western blotting. Stretch did not affect Binding Immunoglobulin
Protein (BiP) and X-box Binding Protein (XBP)-1 protein expression. OS significantly decreased the expression of cleaved form of Activating Transcription
Factor (ATF) 6α (p50) compared to NS. We detected the activation of Protein Kinase RNA-like Endoplasmic Reticulum Kinase (PERK), eukaryotic Initiation
Factor (eIF)-2α and the increased expression of downstream Integrated Stress Response proteins ATF4, CCAAT/Enhancer-binding Protein Homologous
Protein (CHOP) and Growth Arrest and DNA Damage-inducible Protein (GADD)-34 expression. We used t-PERK for loading control of p-PERK, t-eIF2α for
p-eIF2α and β-actin for other proteins. b-i. Quantified data is shown. Statistics: Kruskal-Wallis test was performed for multiple group comparison, and
intergroup differences were analyzed with Wilcoxon rank sum test. N= 4 animals/group, p < 0.05. Data is presented as averaged values ±SEM in a five
number summary format. * represents significant increase in p-PERK, p-eIF2α, ATF4, CHOP and GADD34 in OS and LS vs C conditions. # represents
significant decrease in ATF6α expression in OS vs. NS conditions. The same abbreviations will be used in subsequent figures
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sufficient to reduce alveolo-capillary permeability and
neutrophil recruitment to the alveoli (Fig. 4a, c). These
results show that PERK inhibition improves VILI, and
PI can be dosed to selectively study cellular contribu-
tion to alveolar injury.

Mechanical stretch-induced ER Ca2+ efflux activates PERK
We next explored a mechanistic link between epithelial
PERK activation and ER Ca2+ signaling. We exposed
RAEC-I monolayers to 25% biaxial stretch for 1,3 and
6 h. Unstretched monolayers served as controls. At the

Fig. 2 Histology analysis of ventilated pig lung tissue. Mechanical ventilation with low stretch (LS, 6 ml/kg) and overstretch (OS, 12 ml/kg) is
shown with no evidence of neutrophil granulocyte infiltration to the alveoli when compared to no stretch (NS). Representative images are shown
to confirm no infiltrating mononuclear cells in the alveolar space. Scale bar = 100 μm

Fig. 3 Mechanical overstretch activates PERK signaling in the alveolar epithelium. a. Perfused ex vivo lung complexes ventilated according to NS
and OS protocol from Fig. 1 were used. At the end of the experiment lung tissue was incubated with green fluorescent-labeled p-PERK antibody
and epithelial cells were labeled with red fluorescent conjugated epithelial- specific occludin antibody. OS significantly increased the number
p-PERK positive cells, including those with dual p-PERK and occludin positivity. b The bar graph shows the number of p-PERK positive cells per 100
epithelial cells in NS and OS conditions. c High magnification image of the lung tissue shows p-PERK staining in occludin positive cells (arrows)
confirming p-PERK localization in the epithelium. Green = green fluorescent-labeled p-PERK, Red = red fluorescent-labeled occludin, Blue = DPI
for nuclear staining. Statistics: Two-way ANOVA was performed with Tukey-Kramer post hoc analysis. N = 4 animals/condition. Using laser scanning
confocal microscope N = 5 random images/sample were taken for analysis. We count the number of p-PERK positive cells in 100 occludin positive cells
per field and compared them between NS and OS conditions. Images were analyzed by FIJI program. *represents significant increase in the number of
dual positive cells, p < 0.05. Data is presented as averaged values ±SEM. Image scale bar = 100 μm (A) and 20 μm (C)
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end of the experiment monolayers were incubated with
green fluorescent labeled p-PERK antibody. The increase
in p-PERK was detected with IF at each time point with
stretch (Fig. 5a, b). The effect of ER Ca2+ release on
PERK phosphorylation was studied by the pretreatment
of monolayers with Ryanodine (Fig. 5c, d) at the 6-h
time point. We have previously shown that 6 h mechan-
ical stretch significantly increase epithelial barrier dys-
function and activates ISR signaling [13]. Ryanodine, at
the 20 μM dose, blocks ER Ca2+ release. In the absence
of Ca2+ efflux, PERK activation was significantly re-
duced, though not completely inactive (Fig. 5c, d). To
evaluate if Ca2+ signal inhibition affects ISR activation
downstream of PERK, we measured eIF2α phosphoryl-
ation in the presence and absence of stretch (Fig. 5e, f ).
Ryanodine treatment without stretch did not change
p-eIF2α when compared to vehicle-treated controls.
Mechanical stretch significantly increased p-eIF2α,
which was reduced by Ryanodine (Fig. 5e, f ). These
studies provide new evidence that ER Ca2+ signals con-
tribute to PERK and ISR activation in the alveolar
epithelium.

ARDS activates PERK and ISR signaling
To evaluate if increased ER stress signaling can also be
observed in human ARDS, we used lung tissue from do-
nors whose lungs were declined for transplantation
(Fig. 6a). ARDS diagnosis was made post mortem by the
presence of acute bilateral lung infiltrate on imaging
within 1 week prior to death, a ratio of arterial oxygen
partial pressure in mmHg to FiO2 less than 300 and a
pathological evidence neutrophilic infiltrates or hyaline
membranes in the alveolar space with or without septal

edema. The clinical, radiological and histological charac-
teristics of the patients are listed in Table 1. When com-
pared to non-ARDS controls (samples 1–4), ARDS
(samples 5–9) did not change the expression of BiP,
XBP-1 and ATF6α (Fig. 6b). ATF6β was not detectable
in the human lung tissue. We observed the activation of
PERK, eIF2α and the increased expression of ATF4 and
CHOP. We did not find significant expression change in
GADD34 suggesting impaired deactivation of eIF2α in
ARDS (Fig. 6a). Quantified data is shown in Fig. 5b-i.
Based on these results, we concluded that PERK activa-
tion is a marker of lung injury in ARDS and
PERK-mediated ISR signaling may contribute to the
pathology of the disease.

Discussion
Our study shows PERK ER stress signal activation in re-
sponse to overstretch in the lung tissue. We have previ-
ously described that isolated alveolar epithelial cells
respond to overstretch with increased PERK activation
and downstream ISR signaling in rodent models [13].
Now we provide new evidences in a clinically relevant
porcine VILI model and in human ARDS to show that
PERK and ISR signaling has a critical role the pathology
of acute lung injury. Alveolar cells are known to respond
to injury stimuli by activating ER stress sensory path-
ways, which include PERK, IRE-1α, ATF6 and their up-
stream regulator BiP [23–25]. To evaluate if ER stress
signaling is specific to PERK in response to mechanical
overstretch, we measured BiP, IRE-1α transcription fac-
tor XBP-1 and ATF6 expression in our model. BiP ex-
pression did not change with stretch. This is consistent
with findings in the lung injury literature [25] as BiP

Fig. 4 PERK inhibition reduces VILI in vivo. PERK. Rats were pretreated with increasing dosease of 3, 10 or 30 mg/kg GSK2606414 compound (PI)
or its vehicle (0.1% TWEEN 80 in 0.5% hydroxyethyl-methylcellulose) via oral gavage. Four hours later the animals were anesthetized and
mechanically ventilated (V) with 20 ml/kg tidal volume without postive end expiratory pressure or allowed to breathe spontaneously (c). Lung
injury indices were compared among all groups. a PI treatment (V/PI) improved mechanical stretch-induced alveolo-capillary barrier dysfunction
in a dose-dependent fashion. Lung injury parameters were not affected by PI in controls (C/PI). V/PI animals showed decreased fluorescent
isothiocyanate (FITC)-labeled albumin permeability index when compared to V. b-c Mechanical stretch significantly increased BAL total and
neutrophil cell count. Animals treated per V/PI protocol exhibited reduced infiltrating cell numbers when compared to V. Statistics: Kruskal-Wallis
test was performed for multiple group comparison, and intergroup differences were analyzed with Wilcoxon rank sum test. N = 5–9 animals/
condition. Data is presented as averaged values ±SEM.*represents significant increase in V vs. C conditions and #represents significant decrease in
VPI vs. V conditions, p < 0.05
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release of ER stress sensor molecules does not result in
changes in its protein level [26]. We previously showed
that high-strain mechanical stretch in RAEC-I cells ac-
tivates PERK-induced ISR independent of IRE-1α [13].
XBP-1 level was also unaffected by overstretch,
suggesting that injurious mechanical ventilation does
not provoke a generalized ER stress signal in the
alveolar space [14]. Interestingly, ATF6α expression
significantly decreased with overstretch in ex vivo ven-
tilated pig lungs. Little is known about role of ATF6
signaling in lung diseases. Increased ATF6 expression
has been shown in animal models of asthma [27] and
bleomycin-induced pulmonary fibrosis [24], but its role

in VILI and ARDS has not been studied. ATF6 genes
code for two protein isoforms (α or p90 and β or p110
forms), which are cleaved upon ER stress and translo-
cate to the nucleus to activate pro-cell survival gene
expression [28, 29]. We only detected the cleaved iso-
form of ATF6α but not β (Figs. 1 and 6) in our ana-
lysis, which is consistent with previous observations in
the lung [24]. While the exact reason for ATF6α down-
regulation is not known, we can only speculate that
this may represent the exhaustion of the ATF6 re-
sponse [30]. ER stress signaling exhaustion has been
previously described in response to continued ER
stress [31].

Fig. 5 Mechanical stretch-induced ER Ca2+ efflux activates PERK in rat primary alveolar type-I like epithelial cells (RAEC-I). Freshly isolated rat
epithelial cells were cultured for 4 days to form RAEC-I monolayers. a Monolayers were stretched for 1,3 and 6 h with 25% surface change (S) or
used as unstretched controls (NS). At the end of the experiment fixed monolayers were treated with green fluorescent-labeled p-PERK antibody
to detect PERK activation. Mechanical stretch significantly increased p-PERK at 1 h and it remained increased at 3 and 6 h. b Quantified data is
shown. c Monolayers were pretreated with 20 μM Ryanodine (Ry) or its vehicle 0.01% DMSO (VC) for 1 h and subjected to biaxial stretch for 6 h
with 25% surface change (S). Unstretched monolayers served as controls (NS). PERK activation was assessed with immunofluorescence staining as
explained above. Mechanical stretch significantly increased p-PERK, which was significantly reduced by Ry pretreatment. Ry did not significantly
change p-PERK in NS monolayers. d Quantified data is shown. e Western immunoblotting was performed to measure the effect of ER Ca2+ efflux
blockade on eIF2α activation. Ryanodine treatment alone did not affect eIF2α (NS/Ry) compared to control (NS). Mechanical stretch (25%, 6 h)
significantly increased p-eIF2α (S). Ryanodine treatment prevented stretch-induced eIF2α phosphorylation (S/Ry). f Quantified data is shown. Statistics:
Two-way ANOVA was performed with Tukey-Kramer post hoc analysis for immunofluorescence studies. N = 4 biological monolayer replicates/
condition, p < 0.05. Green fluorescent-labeled p-PERK signal was quantified using Fiji by threshold selection and average signal was calculated over 3
different fields of view. Data is presented as average signal ±SEM. Scale bar = 20 μm. For western immunoblot studies, Kruskal-Wallis test was
performed for multiple group comparison, and intergroup differences were analyzed with Wilcoxon rank sum test. N = 4 biological monolayer
replicates/condition, p < 0.05. Data is presented as averaged values ±SEM. *represents significant increase in green fluorescence S vs. NS conditions.
#represents significant decrease between S and S/Ry conditions
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Our findings suggest that there is a threshold to PERK
activation by stretch. Overstretch but not low-magnitude
(i.e. physiological) stretch resulted in the significant in-
crease in PERK and ISR signaling, which suggest that in-
jurious stretch is necessary to activate ISR-mediated cell
injury. This is in concert with our previous observation
in epithelial monolayer stretch, which showed that low
magnitude stretch (12%) does not result in significant
gene expression changes [32]. ISR and, in particular,
CHOP play an important role in balancing cell fate.
PERK activated phosphorylation of eIF2α is the critical
step of ISR activation. Short activation of eIF2a leads to
increased transcription of ATF4, but not CHOP, to pro-
mote cell recovery. Sustained eIF2α activation causes
programmed cell death via CHOP-mediated signaling
[33, 34]. Interestingly, CHOP-deleted mice are protected
from hyperoxia-induced lung injury [25]. We do not
have direct evidence of CHOP-mediated lung injury in
our model, but our results show that inhibition of PERK,
the major regulator of ISR and CHOP, reduces alveolar
inflammation and permeability. Similar to the findings of
Lozon et al. [25], our data (Fig. 1) indicate that there is
baseline CHOP expression in the lung. Based on these
findings, we speculate that physiological stretch results
in low levels of CHOP expression to maintain alveolar
homeostasis, but is insufficient to activate cell death.
Besides PERK, other kinases [25, 35–37] including

General Control Nonderepressible 2 (GCN2), Protein
Kinase R (PKR) and Heme-regulated Inhibitor (HRI) can
also activate ISR via the phosphorylation of eIF2α. They

respond to the specific stimuli of amino acid starvation
(GNC2), double stranded RNA (PKR), heme deficiency
(HRI) and oxidative stress (PKR and HRI). Compared to
our model system, these stimuli require a longer time
course (8 h to 2 months) to increase eIF2α phosphoryl-
ation, which makes it unlikely that they significantly
contributed to stretch-induced ISR activation.
To connect PERK activation with lung injury signaling

in vivo, in the absence of reliable genetic models [38],
we used PERK inhibitor GSK2606414 (PI) [39, 40]. We
have previously reported significant PERK inhibition
with 30 mg/kg PI in lung tissue without cellular toxicity
[13]. In the current study, we found that low dose
(3 mg/kg) PI treatment prevented VILI-induced alveolar
barrier dysfunction and neutrophil infiltration to the al-
veolar space. Higher dose (10 mg/kg) PI was necessary
to effectively inhibit VILI-induced alveolar cell accumu-
lation. This suggests that alveolar mononuclear cells
are less sensitive to PI then parenchymal lung cells and
neutrophils. Macrophages are essential mediators of
VILI-induced inflammation [5] and have been reposted
to express PERK [41]. Our findings imply that PI can
be titrated to study cell specific contribution to
PERK-mediated lung injury signaling.
The role of PERK in mediating mechanosensory signals

was studied by subjecting RAEC-I cell to high-strain
(25%) cyclic biaxial mechanical stretch. This stretch
magnitude corresponds to approximately Vt = 15 ml/kg
positive pressure ventilation [42]. Mechanical stretch in-
creased p-PERK as early as 1 h and p-PERK remained

Fig. 6 ARDS activates PERK and ISR signaling. a ER stress signaling was measured in protein extracts obtained from patients with ARDS and
compared to non-ARDS (control). ARDS did not affect the expression of BiP,XBP-1and ATF6. We detected the phosphorylation of PERK, eIF2α and
the increased expression of its downstream integrated stress response transcription factors ATF4 and CHOP. We did not detect significant
change in GADD34 expression. We used total t-PERK for the loading control of p-PERK and t-eIF2 for p-eIF2α. All other protein expression
was normalized to β-actin. b-i Quantified densitometry data is shown. Statistics: Kruskal-Wallis test was performed for multiple group
comparison, and intergroup differences were analyzed with Wilcoxon rank sum test. Control samples N = 4, ARDS samples N = 5, p < 0.05.
Data is presented as averaged values ±SEM in a five number summary format. *represents significant increase in p-PERK, p-eIF2α, ATF4
and CHOP in ARDS vs. control
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activated at 6 h. Our laboratory and others have shown
that Ca2+ influx from intracellular reservoirs and from the
extracellular space can activate messenger molecules
that regulate barrier function upon stretch in alveolar
epithelium [43–45]. The ER represents a large source
of Ca2+ and its release from the ER is a strong activator
of PERK [46]. We have chemically inhibited Ca2+ efflux
from the ER with 20 μM Ryanodine. At low concentra-
tions (< 1 μM) Ryanodine selectively activates ER Ca2+

channels, while at high doses (20 μM) it inhibits them
[47, 48]. Ryanodine was also chosen to block ER Ca2+
efflux because Ca chelators result in large shifts in ER
Ca2+ levels and cause the activation of PERK [46]. The
inhibition of Ca2+ efflux by high-dose Ryanodine sig-
nificantly reduced stretch-induced PERK activation.
These data provide evidence of a previously unknown
Ca2+-dependent sensory function of PERK in the alveo-
lar epithelium. While reduction of PERK activation was
seen with inhibition of Ca2+ efflux, it did not com-
pletely block it. One possible explanation to persistent
PERK activation is Ca2+ leak via damaged ER and cell
membranes, which was suggested by Lumley et al. in
response to significant cell stress [49]. The mode of
interaction between PERK and Ca2+ requires further in-
vestigation. Jwa and colleagues showed that
poly-ribosylation by Poly (ADP-ribose) Polymerase
Family Member (PARP)-16 is critical for PERK activa-
tion. PARP16 has a C-tail in the ER lumen which is
sensitive to ER Ca2+ efflux [50]. PERK ribosylation by
PARP16 facilitates its dissociation from BiP [51], which
eludes to a mechanism by which stretch-induced Ca2+

efflux activates PERK signaling. We further studied if
Ryanodine inhibition of Ca2+ efflux impacts down-
stream ISR signaling and found that it also inhibits
eIF2α phosphorylation. We have previously shown that
PERK inhibition prevents stretch-induced eIF2α, ATF4
and CHOP activation [13]. This data suggest that
stretch-induced Ca2+ signaling affects ISR via PERK.
To provide a human disease correlate to our pig ven-

tilation data, we measured ER stress signaling in ARDS
lung tissue and compared it to non-ARDS controls.
Human samples were obtained from various common
medical intensive care unit clinical scenarios which in-
cluded pulmonary embolism, chronic obstructive pul-
monary disease exacerbation, pneumonia and acute
hypoxemic respiratory failure due to pulmonary fibro-
sis (Table 1).While these disease mechanisms may
themselves activate ER stress signals our analysis
showed that there is a superimposed ER stress signal
with ARDS. A similar pattern of ER stress signal acti-
vation was seen in patients with ARDS to what was ob-
served with mechanical overstretch in pig lungs except
for ATF6α and GADD34. We did not observe differ-
ences in the expression of total and cleaved forms of

ATF6α between control and ARDS human lungs. This
data suggest that in human ARDS ATF6 is also regu-
lated by mechanisms independent of stretch and circu-
lating cells have a significant contribution to the
overall expression of cleaved ATF6α. In a feedback
loop, ATF4 and CHOP activate GADD34 which de-
phosphorylates eIF2α to prevent continuous ISR acti-
vation [16]. Persistent eIF2α phosphorylation has been
previously reported in response to chronic disease
[52], which implies that GADD34 response may be
suppressed by prolonged ER stress. Taken together
these data suggest that ER stress signaling is modu-
lated by ARDS and that PERK activation may contrib-
ute to the mechanism of acute lung injury.
Our study raises two important questions. First,

can ER stress signals help us to identify individual
differences in ARDS development? Our human sam-
ple analysis suggests that the pattern of ISR activa-
tion may vary based on the etiology of the disease.
This has important clinical implications as we are in-
creasingly aware of the heterogeneity of ARDS and
look for individualized treatment [53]. Second, how
does ISR regulate alveolar homeostasis in VILI? Our
preliminary data with PERK inhibitor suggest that
PERK is an important regulator of alveolar barrier
function and inflammatory signaling in the alveolar
space. Crosstalk has been recognized between ISR ac-
tivation and lung injury mechanisms [13, 25]. At this
point, we can only speculate that ISR affects the pro-
tein structure of the epithelial barrier as it is sensi-
tive to mechanical stretch [54].
Our study also has three major limitations. First, in

the absence of healthy human tissue, we were unable to
measure baseline ER stress signals in the lung. However
we had access to ventilated lung tissue without signifi-
cant acute injury and inflammation (Table 1). These
samples served as proxy controls in which we were able
to reliably exclude diffuse alveolar damage (DAD) and
ARDS based on clinical criteria [55].Second, DAD is
the signature pathological feature of ARDS but it is not
seen in all cases [20]. To adequately diagnose ARDS,
we completed retrospective analysis of clinical and
radiology information available in PROPEL database
and combined it with tissue histology evaluation. While
the significant differences in ER stress signaling be-
tween ARDS and control samples are reassuring, it is
still possible we misclassified samples. Third, our study
is also limited by the absence of direct loss of function
experiments. PERK gene deletion results in systemic in-
flammation and premature mortality in mice [38],
which precludes us from performing VILI experiments
on these animals. We are currently developing an epi-
thelial specific PERK null mouse which will allow the
direct testing of downstream modulators of lung injury.
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The hypothetical role of PERK in VILI is shown in
Fig. 7. Mechanical overstretch activates PERK ER stress
signaling independent of IRE-1α and ATF6 in the alveoli.
Stretch-mediated ER Ca2+ release contributes to PERK
activation, which in turn increases eIF2α phosphoryl-
ation and the expression of ISR transcription factors
ATF4 and CHOP. Significant increases in CHOP expres-
sion promotes pro-injury gene transcription leading to
alveolar epithelial barrier dysfunction and inflammation.

ISR-mediated GADD34 dephosphorylates eIF2α to pre-
vent perpetual ISR activation.

Conclusions
Our analysis of human, porcine and rodent lung tissue
shows that PERK is a mediator of lung injury signals in
VILI. Furthermore, we provide new evidence that PERK
is a transmitter of epithelial stretch signals and
PERK-mediated ISR signaling may contribute to the
pathology of ARDS.

Abbreviations
ARDS: Acute respiratory distress syndrome; ATF: Activating Transcription
Factor-4 and 6; BAL: Bronchoalveolar lavage; BiP: Binding immunoglobulin
Protein; Ca2+: Calcium ion; CHOP: CCAAT/Enhancer-binding Protein
Homologous Protein; DAD: Diffuse alveolar damage; eIF: Eukaryotic Initiation
Factor-2α; ER: Endoplasmic reticulum; FiO2: Fractional inspired oxygen;
FITC: Fluorescent isothiocyanate; GADD: Growth Arrest and DNA Damage-
inducible Protein-34; GCN2: General Control Nonderepressible 2; grs: Grams;
HRI: Heme-regulated Inhibitor; IRE: Inositol Requiring Enzyme-1α;
ISR: Integrated stress response; kgs: Kilograms; MEM: Minimal essential
medium; p: Phospho; PEEP: Positive end expiratory pressure; PERK: Protein
Kinase RNA-like Endoplasmic Reticulum Kinase; PI: PERK inhibitor; PKR: Protein
Kinase R; PROPEL: Prospective Registry of Outcomes in Patients Electing Lung
Transplantation; RAEC: I and II- rat alveolar epithelial type-I and II like cells;
t: Total; VILI: Ventilator-induced lung injury; Vt: Ventilator tidal volume;
XBP: X-box Binding Protein-1; μM: Micro molar; μm: Micrometer

Acknowledgements
We thank Dr. Jeffrey Axten at GSK Pharmaceuticals to provide us with
GSK2606414 compound at no charge. We thank Dr. Steven Albelda for
critical input on study design and Dr. Andrea Staut and the University of
Pennsylvania Cell and Developmental Biology Microscopy Core for help with
confocal imaging.

Funding
University of Pennsylvania Internal Funds to SSM and NIH 5T32HL007586 to TD.

Availability of data and materials
The datasets used and/or analyzed during the current study are available
from the corresponding author on reasonable request.

Authors’ contributions
Study design: SSM, TD, MFB, EEM, DC; conducting experiments: CA, TD, GGL,
AC, WZ, YS; acquiring data: TD, GGL, CA, AC, WZ, EC, JP; analyzing data: CA,
TD, WZ; writing the manuscript: TD, SSM, JDC, MFB. All authors read and
approved the final manuscript.

Ethics approval and consent to participate
Our human data collection was approved by the Institutional Review Board
of the University of Pennsylvania under protocol number 813685.
Our pig studies were approved by the Institutional Animal Care Use
Committee at the University of Pennsylvania under protocol number 803401.
Our rat studies were approved by the Institutional Animal Care Use
Committee at the University of Pennsylvania under Protocol number 805201
and 805630.

Consent for publication
Not applicable.

Competing interests
SSM and TD have a pending patent application:
“Protein Kinase RNA-Like Endoplasmic Reticulum Kinase Inhibitors for
Treatment of Lung Injury and/or Inflammation”.
The other authors have no competing interests.

Fig. 7 The hypothetical role of Protein Kinase R-like Endoplasmic
Reticulum Kinase (PERK) signaling in VILI. Mechanical overstretch
activates PERK endoplasmic reticulum (ER) stress signaling independent
of Inositol Requiring Enzyme (IRE)-1α and Activating Transcription
Factor (ATF)-6 in the alveoli. Stretch-mediated ER Ca2+ efflux
contributes to PERK activation, which in turn increases Integrated Stress
Response (ISR) by phosphorylating eukaryotic Initiation Factor (eIF)-2α
and facilitating the transcription of ATF4 and CCAAT/Enhancer-binding
Protein Homologous Protein (CHOP). Significant increases in CHOP
expression result in pro-injury gene transcription leading to alveolar
epithelial barrier dysfunction and inflammation. ISR-mediated Growth
Arrest and DNA Damage-inducible Protein (GADD)-34
dephosphorylates eIF2α to prevent perpetual ISR activation.
Arrow = activation, x = no effect, | = inhibition

Dolinay et al. Respiratory Research  (2018) 19:157 Page 12 of 14



Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1Department of Medicine, Division of Pulmonary, Allergy and Critical Care
Medicine, University of Pennsylvania, 3400 Spruce St, Philadelphia, PA 19104,
USA. 2Department of Medicine, Division of Pulmonary and Critical Care
Medicine, University of California Los Angeles, 10833 Le Conte Ave, Los
Angeles, CA 90095, USA. 3Department of Chemistry University of
Pennsylvania, 231 S 34th St, Philadelphia, PA 19104, USA. 4Department of
Surgery, University of Pennsylvania, 3400 Spruce St, Philadelphia, PA 19104,
USA. 5Department of Pathology, Children’s Hospital of Philadelphia, 3400 S
34th St, Philadelphia, PA 19104, USA. 6Department of Bioengineering,
University of Pennsylvania, 210 South 33rd St, Suite 240 Skirkanich Hall
Philadelphia, Philadelphia, PA 19104, USA. 7Department of Medicine, Division
of Cardiovascular Medicine, University of Pennsylvania, 3400 Spruce St,
Philadelphia, PA 19104, USA. 8Wallace H. Coulter Department of Biomedical
Engineering Georgia Institute of Technology and Emory University, University
School of Medicine, U.A. Whitaker Building, 313 Ferst Drive, Suite 2116,
Atlanta, GA 30332-0535, USA.

Received: 6 April 2018 Accepted: 6 August 2018

References
1. Matthay MA, Zemans RL. The acute respiratory distress syndrome:

pathogenesis and treatment. Annu Rev Pathol. 2011;6:147–63.
2. Bellani G, Laffey JG, Pham T, Fan E, Brochard L, Esteban A, Gattinoni L,

van Haren F, Larsson A, McAuley DF, et al. Epidemiology, patterns of
care, and mortality for patients with acute respiratory distress syndrome
in intensive care units in 50 countries. JAMA. 2016;315:788–800.

3. Belperio JA, Keane MP, Burdick MD, Londhe V, Xue YY, Li K, Phillips RJ,
Strieter RM. Critical role for CXCR2 and CXCR2 ligands during the
pathogenesis of ventilator-induced lung injury. J Clin Invest. 2002;110:
1703–16.

4. Tremblay L, Valenza F, Ribeiro SP, Li J, Slutsky AS. Injurious ventilatory
strategies increase cytokines and c-fos m-RNA expression in an isolated rat
lung model. J Clin Invest. 1997;99:944–52.

5. Dolinay T, Kim YS, Howrylak J, Hunninghake GM, An CH, Fredenburgh L,
Massaro AF, Rogers A, Gazourian L, Nakahira K, et al. Inflammasome-
regulated cytokines are critical mediators of acute lung injury. Am J Respir
Crit Care Med. 2012;185:1225–34.

6. Bernard GR, Artigas A, Brigham KL, Carlet J, Falke K, Hudson L, Lamy M,
Legall JR, Morris A, Spragg R. The American-European Consensus
Conference on ARDS. Definitions, mechanisms, relevant outcomes, and
clinical trial coordination. Am J Respir Crit Care Med. 1994;149:818–24.

7. Terragni PP, Rosboch G, Tealdi A, Corno E, Menaldo E, Davini O,
Gandini G, Herrmann P, Mascia L, Quintel M, et al. Tidal hyperinflation
during low tidal volume ventilation in acute respiratory distress
syndrome. Am J Respir Crit Care Med. 2007;175:160–6.

8. ARDSNetwork. Ventilation with lower tidal volumes as compared with
traditional tidal volumes for acute lung injury and the acute respiratory
distress syndrome. N Engl J Med. 2000;342:1301–8.

9. Dipaolo BC, Davidovich N, Kazanietz MG, Margulies SS. Rac1 pathway
mediates stretch response in pulmonary alveolar epithelial cells. Am J
Physiol Lung Cell Mol Physiol. 2013;305:L141–53.

10. Sebag SC, Bastarache JA, Ware LB. Mechanical stretch inhibits
lipopolysaccharide-induced keratinocyte-derived chemokine and tissue
factor expression while increasing procoagulant activity in murine lung
epithelial cells. J Biol Chem. 2013;288:7875–84.

11. Desai LP, Chapman KE, Waters CM. Mechanical stretch decreases
migration of alveolar epithelial cells through mechanisms involving
Rac1 and Tiam1. Am J Physiol Lung Cell Mol Physiol. 2008;295:L958–65.

12. Correa-Meyer E, Pesce L, Guerrero C, Sznajder JI. Cyclic stretch activates
ERK1/2 via G proteins and EGFR in alveolar epithelial cells. Am J Physiol
Lung Cell Mol Physiol. 2002;282:L883–91.

13. Dolinay T, Himes BE, Shumyatcher M, Gray Lawrence G, Margulies SS.
Integrated stress response mediates epithelial injury in mechanical
ventilation. Am J Respir Cell Mol Biol. 2017;57:193–203.

14. Chambers JE, Marciniak SJ. Cellular mechanisms of endoplasmic reticulum
stress signaling in health and disease. 2. Protein misfolding and ER stress.
Am J Physiol Cell Physiol. 2014;307:C657–70.

15. Harding HP, Zhang Y, Bertolotti A, Zeng H, Ron D. Perk is essential for
translational regulation and cell survival during the unfolded protein
response. Mol Cell. 2000;5:897–904.

16. Brush MH, Weiser DC, Shenolikar S. Growth arrest and DNA damage-inducible
protein GADD34 targets protein phosphatase 1 alpha to the endoplasmic
reticulum and promotes dephosphorylation of the alpha subunit of eukaryotic
translation initiation factor 2. Mol Cell Biol. 2003;23:1292–303.

17. Smith JA. A new paradigm: innate immune sensing of viruses via the
unfolded protein response. Front Microbiol. 2014;5:222.

18. Demay Y, Perochon J, Szuplewski S, Mignotte B, Gaumer S. The PERK
pathway independently triggers apoptosis and a Rac1/Slpr/JNK/Dilp8
signaling favoring tissue homeostasis in a chronic ER stress Drosophila
model. Cell Death Dis. 2014;5:e1452.

19. Cardinal-Fernandez P, Lorente JA, Ballen-Barragan A, Matute-Bello G. Acute
Respiratory Distress Syndrome and Diffuse Alveolar Damage. New insights
on a complex relationship. Ann Am Thorac Soc. 2017;14:844–50.

20. Thille AW, Esteban A, Fernandez-Segoviano P, Rodriguez JM, Aramburu JA,
Penuelas O, Cortes-Puch I, Cardinal-Fernandez P, Lorente JA, Frutos-Vivar F.
Comparison of the berlin definition for acute respiratory distress syndrome
with autopsy. Am J Respir Crit Care Med. 2013;187:761–7.

21. Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M, Pietzsch T,
Preibisch S, Rueden C, Saalfeld S, Schmid B, et al. Fiji: an open-source
platform for biological-image analysis. Nat Methods. 2012;9:676–82.

22. Cavanaugh KJ Jr, Margulies SS. Measurement of stretch-induced loss of
alveolar epithelial barrier integrity with a novel in vitro method. Am J
Physiol Cell Physiol. 2002;283:C1801–8.

23. Zhong Q, Zhou B, Ann DK, Minoo P, Liu Y, Banfalvi A, Krishnaveni MS,
Dubourd M, Demaio L, Willis BC, et al. Role of endoplasmic reticulum stress
in epithelial-mesenchymal transition of alveolar epithelial cells: effects of
misfolded surfactant protein. Am J Respir Cell Mol Biol. 2011;45:498–509.

24. Hsu HS, Liu CC, Lin JH, Hsu TW, Hsu JW, Su K, Hung SC. Involvement of ER
stress, PI3K/AKT activation, and lung fibroblast proliferation in bleomycin-
induced pulmonary fibrosis. Sci Rep. 2017;7:14272.

25. Lozon TI, Eastman AJ, Matute-Bello G, Chen P, Hallstrand TS, Altemeier WA.
PKR-dependent CHOP induction limits hyperoxia-induced lung injury. Am J
Physiol Lung Cell Mol Physiol. 2011;300:L422–9.

26. Lopez I, Tournillon AS, Prado Martins R, Karakostis K, Malbert-Colas L,
Nylander K, Fahraeus R. p53-mediated suppression of BiP triggers BIK-
induced apoptosis during prolonged endoplasmic reticulum stress. Cell
Death Differ. 2017;24:1717–29.

27. Miller M, Tam AB, Cho JY, Doherty TA, Pham A, Khorram N, Rosenthal P,
Mueller JL, Hoffman HM, Suzukawa M, et al. ORMDL3 is an inducible lung
epithelial gene regulating metalloproteases, chemokines, OAS, and ATF6.
Proc Natl Acad Sci U S A. 2012;109:16648–53.

28. Belmont PJ, Chen WJ, Thuerauf DJ, Glembotski CC. Regulation of microRNA
expression in the heart by the ATF6 branch of the ER stress response. J Mol
Cell Cardiol. 2012;52:1176–82.

29. Karali E, Bellou S, Stellas D, Klinakis A, Murphy C, Fotsis T. VEGF signals
through ATF6 and PERK to promote endothelial cell survival and
angiogenesis in the absence of ER stress. Mol Cell. 2014;54:559–72.

30. Thuerauf DJ, Marcinko M, Belmont PJ, Glembotski CC. Effects of the isoform-
specific characteristics of ATF6 alpha and ATF6 beta on endoplasmic reticulum
stress response gene expression and cell viability. J Biol Chem. 2007;282:22865–78.

31. Lin JH, Li H, Yasumura D, Cohen HR, Zhang C, Panning B, Shokat KM, Lavail
MM, Walter P. IRE1 signaling affects cell fate during the unfolded protein
response. Science. 2007;318:944–9.

32. Yerrapureddy A, Tobias J, Margulies SS. Cyclic stretch magnitude and
duration affect rat alveolar epithelial gene expression. Cell Physiol Biochem.
2010;25:113–22.

33. Marciniak SJ, Yun CY, Oyadomari S, Novoa I, Zhang Y, Jungreis R, Nagata K,
Harding HP, Ron D. CHOP induces death by promoting protein synthesis and
oxidation in the stressed endoplasmic reticulum. Genes Dev. 2004;18:3066–77.

34. van‘t Wout EF, Hiemstra PS, Marciniak SJ. The integrated stress response in
lung disease. Am J Respir Cell Mol Biol. 2014;50:1005–9.

35. Bunpo P, Dudley A, Cundiff JK, Cavener DR, Wek RC, Anthony TG. GCN2
protein kinase is required to activate amino acid deprivation responses in
mice treated with the anti-cancer agent L-asparaginase. J Biol Chem. 2009;
284:32742–9.

Dolinay et al. Respiratory Research  (2018) 19:157 Page 13 of 14



36. Han AP, Yu C, Lu L, Fujiwara Y, Browne C, Chin G, Fleming M, Leboulch P,
Orkin SH, Chen JJ. Heme-regulated eIF2alpha kinase (HRI) is required for
translational regulation and survival of erythroid precursors in iron
deficiency. EMBO J. 2001;20:6909–18.

37. Srivastava SP, Kumar KU, Kaufman RJ. Phosphorylation of eukaryotic
translation initiation factor 2 mediates apoptosis in response to activation of
the double-stranded RNA-dependent protein kinase. J Biol Chem. 1998;273:
2416–23.

38. Zhang P, McGrath B, Li S, Frank A, Zambito F, Reinert J, Gannon M, Ma K,
McNaughton K, Cavener DR. The PERK eukaryotic initiation factor 2 alpha
kinase is required for the development of the skeletal system, postnatal
growth, and the function and viability of the pancreas. Mol Cell Biol. 2002;
22:3864–74.

39. Axten JM, Medina JR, Feng Y, Shu A, Romeril SP, Grant SW, Li WH, Heerding
DA, Minthorn E, Mencken T, et al. Discovery of 7-methyl-5-(1-{[3-
(trifluoromethyl)phenyl]acetyl}-2,3-dihydro-1H-indol-5-yl)-7H-p yrrolo[2,3-
d]pyrimidin-4-amine (GSK2606414), a potent and selective first-in-class
inhibitor of protein kinase R (PKR)-like endoplasmic reticulum kinase (PERK).
J Med Chem. 2012;55:7193–207.

40. Atkins C, Liu Q, Minthorn E, Zhang SY, Figueroa DJ, Moss K, Stanley TB,
Sanders B, Goetz A, Gaul N, et al. Characterization of a novel PERK kinase
inhibitor with antitumor and antiangiogenic activity. Cancer Res. 2013;73:
1993–2002.

41. Yao S, Miao C, Tian H, Sang H, Yang N, Jiao P, Han J, Zong C, Qin S.
Endoplasmic reticulum stress promotes macrophage-derived foam cell
formation by up-regulating cluster of differentiation 36 (CD36) expression. J
Biol Chem. 2014;289:4032–42.

42. Tschumperlin DJ, Margulies SS. Equibiaxial deformation-induced injury of
alveolar epithelial cells in vitro. Am J Phys. 1998;275:L1173–83.

43. Cavanaugh KJ, Cohen TS, Margulies SS. Stretch increases alveolar epithelial
permeability to uncharged micromolecules. Am J Physiol Cell Physiol. 2006;
290:C1179–88.

44. Nayak PS, Wang Y, Najrana T, Priolo LM, Rios M, Shaw SK, Sanchez-Esteban J.
Mechanotransduction via TRPV4 regulates inflammation and differentiation
in fetal mouse distal lung epithelial cells. Respir Res. 2015;16:60.

45. Frick M, Bertocchi C, Jennings P, Haller T, Mair N, Singer W, Pfaller W, Ritsch-
Marte M, Dietl P. Ca2+ entry is essential for cell strain-induced lamellar body
fusion in isolated rat type II pneumocytes. Am J Physiol Lung Cell Mol
Physiol. 2004;286:L210–20.

46. Liang SH, Zhang W, McGrath BC, Zhang P, Cavener DR. PERK (eIF2alpha
kinase) is required to activate the stress-activated MAPKs and induce the
expression of immediate-early genes upon disruption of ER calcium
homoeostasis. Biochem J. 2006;393:201–9.

47. Hui CS, Bidasee KR, Besch HR Jr. Effects of ryanodine on calcium sparks in
cut twitch fibres of Rana temporaria. J Physiol. 2001;534:327–42.

48. Hansford RG, Lakatta EG. Ryanodine releases calcium from sarcoplasmic
reticulum in calcium-tolerant rat cardiac myocytes. J Physiol. 1987;390:453–67.

49. Lumley EC, Osborn AR, Scott JE, Scholl AG, Mercado V, McMahan YT,
Coffman ZG, Brewster JL. Moderate endoplasmic reticulum stress activates a
PERK and p38-dependent apoptosis. Cell Stress Chaperones. 2017;22:43–54.

50. Jwa M, Chang P. PARP16 is a tail-anchored endoplasmic reticulum protein
required for the PERK- and IRE1alpha-mediated unfolded protein response.
Nat Cell Biol. 2012;14:1223–30.

51. Carrara M, Prischi F, Nowak PR, Kopp MC, Ali MM. Noncanonical binding of
BiP ATPase domain to Ire1 and Perk is dissociated by unfolded protein CH1
to initiate ER stress signaling. Elife. 2015;4:e03522.

52. Chou A, Krukowski K, Jopson T, Zhu PJ, Costa-Mattioli M, Walter P, Rosi S.
Inhibition of the integrated stress response reverses cognitive deficits after
traumatic brain injury. Proc Natl Acad Sci U S A. 2017;114:E6420–6.

53. Reilly JP, Bellamy S, Shashaty MG, Gallop R, Meyer NJ, Lanken PN, Kaplan S,
Holena DN, May AK, Ware LB, Christie JD. Heterogeneous phenotypes of
acute respiratory distress syndrome after major trauma. Ann Am Thorac Soc.
2014;11:728–36.

54. Song MJ, Davidovich N, Lawrence GG, Margulies SS. Superoxide mediates
tight junction complex dissociation in cyclically stretched lung slices. J
Biomech. 2016;49:1330–5.

55. Force ADT, Ranieri VM, Rubenfeld GD, Thompson BT, Ferguson ND, Caldwell
E, Fan E, Camporota L, Slutsky AS. Acute respiratory distress syndrome: the
berlin definition. JAMA. 2012;307:2526–33.

Dolinay et al. Respiratory Research  (2018) 19:157 Page 14 of 14


	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Methods
	Human lung sample collection and analysis
	ARDS definition in human samples
	Ex vivo pig lung perfusion, ventilation experiment
	Pig and human lung tissue protein analysis
	Pig tissue immunofluorescence studies
	Rat experiments
	A. Freshly isolated alveolar epithelial cell experiments
	Alveolar epithelial cell isolation, transfection and AEC-I monolayer preparation
	Cyclic cell stretch
	Epithelial monolayer immunofluorescence studies
	Epithelial monolayer protein analysis

	B. In vivo rat VILI experiments
	In vivo PERK inhibitor treatment and mechanical ventilation protocol
	E. Bronchoalveolar lavage and sample analysis
	F. Endo/epithelial permeability measurement with �FITC-labeled albumin extravasation
	Statistics


	Results
	Mechanical overstretch selectively activates PERK ER stress signaling in porcine lung tissue
	Mechanical overstretch activates PERK signaling in the alveolar epithelium
	PERK inhibition reduces VILI in vivo
	Mechanical stretch-induced ER Ca2+ efflux activates PERK
	ARDS activates PERK and ISR signaling

	Discussion
	Conclusions
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

