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Selective inhibition of JNK located on mitochondria
protects against mitochondrial dysfunction and
cell death caused by endoplasmic reticulum stress
in mice with LPS-induced ALI/ARDS
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Abstract. Few pharmacological interventions are able to
improve the mortality rate of acute lung injury and acute
respiratory distress syndrome (ALI/ARDS). The aim of this
research was to elucidate whether endoplasmic reticulum (ER)
stress and c-Jun-N-terminal kinase (JNK)-mitochondria path-
ways serve important roles in ALI/ARDS and to determine
whether the key component Sab is a potential treatment target.
The current study investigated the activation of ER stress and
the JNK pathway, the content of JNK located on the mitochon-
dria during ER stress and lipopolysaccharide (LPS)-induced
ALI/ARDS by western blot analysis. The treatment effects
of Tat-Saby,y;, a selective inhibitor of JNK located on
mitochondria were explored by multiple methods including
histopathological evaluation, lung cell apoptosis tested by
TUNEL assay, mitochondrial membrane permeability and
survival analysis. The results verified that ER stress was
enhanced during LPS-induced ALI/ARDS and could induce
activation of the JNK pathway and JNK-mitochondrial local-
ization as well as mitochondrial dysfunction and cell death.
Tat-Saby,,, alleviated LPS injection-induced lung injury and
improved mouse survival rates by specifically inhibiting JNK
localization to mitochondria and mito-JNK signal activa-
tion without affecting cytosolic/nuclear JNK activation. The
protective effect of Tat-Saby,,, against ALI/ARDS was partly
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caused by inhibition of the excessive activation of mitochon-
dria-mediated apoptosis and autophagy. These results showed
the important role of Sab as a treatment target of ALI/ARDS
and the potential treatment effect of Tat-Saby . In conclusion,
abnormal activation of the JNK-mitochondrial pathway could
significantly disrupt the normal physiological function of lung
cells, resulting in the occurrence of ALI/ARDS and selective
inhibit of JNK located on mitochondria by Tat-Saby,,,, had a
protective effect against the mitochondrial dysfunction and
cell death caused by endoplasmic reticulum stress in mice with
LPS-induced ALI/ARDS.

Introduction

Acute lung injury and acute respiratory distress syndrome
(ALI/ARDS) is one of the leading causes of morbidity
and mortality in critically ill patients. ALI/ARDS causes
~75,000 deaths every year in the USA alone (1,2). The mortality
associated with ALI/ARDS continues to be 25-40% and few
pharmacological interventions are able to improve this mortality
rate (1,3).

c-Jun-N-terminal kinase (JNK), a member of the
mitogen-activated protein kinase (MAPK) family, is a
stress-activated protein kinase that is modulated by the MAPK
signaling cascade (4). JNK is also known as stress-activated
kinase (SAPK) and it is a key factor that regulates the physiolog-
ical and pathological reactions of the body (5,6). After sensing
cellular or extracellular stress, upstream MAP kinases, such as
MAPK kinase kinase (MAP3K) and MAPK kinase (MAP2K),
can activate JNK by threonine-tyrosine phosphorylation (7,8).
Betigeri et al (9) showed that JNK can be activated by some
stimuli, such as inflammatory cytokines, bacterial endotoxins,
osmotic shock, ultraviolet (UV) radiation and hypoxia. JNK
activation regulates the cellular response to stress, such as
adaptation to stress or programmed cell death, including
apoptosis and necrosis (8). These processes are carried out by
regulating the phosphorylation and subcellular localization
of the substrates and downstream factors of JNK (10). For
example, JNK phosphorylates activator protein-1 (AP-1) and
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increases the AP-1-dependent transcription of genes involved
in cell proliferation, inflammatory cytokine production and
cell death (10). Li et al (11) showed that JNK is involved in the
occurrence of ALI/ARDS by regulating the apoptosis of lung
cells, activating the nuclear factor kappa-B (NF-«B) pathway
and disrupting intercellular tight junctions (12).

Endoplasmic reticulum (ER) stress is a disorder of ER
protein-folding homeostasis caused by the accumulation of
unfolded and misfolded proteins. During the biosynthesis and
assembly of proteins, secretory complex and transmembrane
proteins enter the ER as unfolded polypeptides and emerge
as folded and processed proteins (13). However, unfolding and
misfolding occasionally occur and cause an unfolded protein
response (UPR) to repair improperly folded proteins or degrade
the proteins that cannot be repaired (14). When these mistakes
accumulate and exceed the recovery capacity, ER stress
occurs. BiP (also known as Grp78) enters the lumen of the ER
after dissociating from protein kinase RNA-activated-like ER
kinase (PERK) (15), inositol-requiring transmembrane kinase
(IRE-1) (16) and activating transcription factor 6 (AFT6) (17).
These changes lead to the dimerization and activation of
PERK and IRE-1 as well as the activation of ATF6 (15-17).
Irreversible ER stress and ER homeostasis disturbance are
related to the deterioration of cellular function and even cell
death (13). According to previous studies (13,16,18,19), a
number of cellular insults may lead to UPR and ER stress, such
as infection, hypoxia, reactive oxygen species (ROS), nutrient
deprivation and lack of ATP. Previous studies (13,16,18)
have suggested that ER stress is critical to various diseases,
such as atherosclerosis, diabetes, non-alcoholic fatty liver
disease/non-alcohol related steatohepatitis, obesity and cancer.

Mitochondria are the major producers of ATP in mamma-
lian cells and serve critical roles in a variety of events
associated with the initiation of apoptosis (20). These roles
include receiving stress signals from the cytosol and other
organelles, disrupting electron transport and energy genera-
tion, altering the cellular oxidation-reduction state, generating
excessive levels of ROS, inducing mitochondrial transmem-
brane potential (AW) loss and releasing cytochrome c to the
cytosol (21). Moreover, mitochondria are involved in the
upregulation of proapoptotic proteins and downregulation of
antiapoptotic proteins and these functions include interacting
with apoptosis protease-activating factor 1, triggering the
activation of caspase-9 and leading to subsequent apoptotic
processes (20,21). During these actions, some proteins are
translated in the cytosol and imported into the mitochondrion.
These proteins carry messages and initiate the changes. INK
is one such protein. Activated JNK can interact with Sab,
which is expressed on the mitochondrial outer membrane
and translocate to the mitochondria (8). The location of INK
on mitochondria can lead to a sequence of events, such as
sustained activation of INK, loss of AW, overgeneration of ROS
and even cell death (22). Sab is composed of an N-terminal
SH3 domain binding site in the intermembrane space, one
membrane spanning domain and a JNK kinase interaction
motif (KIM) on the C-terminus that faces the cytoplasm (23).
Sab is the only docking site for JNK on mitochondria. The
knockdown of Sab or inhibition of the JNK-Sab interaction
using KIM1 peptides can block the translocation of JNK to
mitochondria and inhibit JNK-induced sequence events in

mitochondria (24-26). According to a study conducted by
Li et al (27), the pathological changes in ALI/ARDS are partly
associated with the abnormal regulation of mitochondria and
maintaining the stability of mitochondrial function is vital
to ameliorating ALI/ARDS as mitochondria serve crucial
roles in energy generation, ROS production and cell survival,
autophagy and apoptosis modulation.

ER stress can activate JNK through the IREla pathway.
Studies (28,29) have also confirmed that JNK activation
induced by ER stress can also interact with Sab and then lead
to the disruption of mitochondrial homeostasis and function.
Tunicamycin or brefeldin A (BFA), specific inducers of ER
stress, can induce cell apoptosis by triggering ER-induced
sustained JNK activation and subsequent JNK-mitochondria
localization and silencing of Sab can reverse BFA-induced
sustained JNK activation (28).

Accumulating evidence suggests that ER stress and JNK
mitochondrial localization serve important roles in mitochon-
drial dysfunction and cell death and the key component Sab
might be a potentially attractive target for ALI/ARDS treat-
ment. However, abnormalities in ER stress and the localization
of JNK to the mitochondria are rarely reported with respect
to the occurrence and progression of ALI/ARDS and their
underlying role in ALI/ARDS remains unknown and requires
further study. Therefore, the present study hypothesized
that abnormal activation of the JNK-mitochondrial pathway
could significantly disrupt the normal physiological function
of lung cells, resulting in the occurrence of ALI/ARDS and
also suggested that selective inhibition of JNK mitochondrial
localization by Tat-Saby,, had a protective effect against the
mitochondrial dysfunction and cell death caused by ER stress
in mice with lipopolysaccharide (LPS)-induced ALI/ARDS.

Materials and methods

Reagents. Antibodies against Bip, p-PERK, PERK, p-IRE],
IRE1, ATF6, Chop and Caspase-3 were obtained from Cell
Signaling Technology, Inc. Antibodies against cytochrome c,
cytochrome ¢ oxidase IV (COX IV) and GAPDH were
purchased from Abcam. Phosphorylated (p)-Bcl-2 (Ser70)
rabbit mAb, p-JNK (Thr183/Tyr185) rabbit mAb and JNK
rabbit mAb were obtained from Cell Signaling Technology,
Inc. LC3 rabbit mAb was purchased from Santa Cruz
Biotechnology, Inc. The MDA Assay kit (TBA method) and
Hydrogen Peroxide Assay kit were obtained from Nanjing
Jiancheng Bioengineering Institute. An In Situ Cell Death
Detection kit was obtained from Roche Applied Science.
Dexamethasone (DEX) was purchased from MilliporeSigma.
Tat-scramble (LPSVFGDVGAPSRLPEVSLSPPRRRQR
RKKRG-NH2) and Tat-Saby,,,, (GFESLSVPSPLDLSG
PRVVAPPRRRQRRKKRG-NH2) were purchased from
NeoPeptide. TRIzol was purchased from Thermo Fisher
Scientific, Inc.

Animal procedures. The animal procedures conducted in
the present study were approved by the Animal Care and
Use Committee of the Fourth Military Medical University
(approval no. TDLL20160194) and were carried out in accor-
dance with the National Institutes of Health Guide for Care and
Use of Laboratory Animals (30). A total of 90 male BALB/c
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mice (8 weeks old and weighing 20-24 g) were purchased from
the Animal Center of the Fourth Military Medical University
and maintained on a 12-h light/dark cycle with free access to
food and water; the ambient temperature was 18-26°C and the
relativehumidity was40-70%.The BALB/c mice wererandomly
divided into the following experimental groups (n=15): the
control group, LPS 12 h group (LPS-induced ALI/ARDS was
established by intraperitoneal injection of 5 mg/kg LPS), LPS
24 h group, DEX pretreatment group (in which the mice were
pretreated intraperitoneally with 2.5 mg/kg body weight DEX
30 min before modelling), Tat-Saby,,,, pretreatment group
(in which the mice were pretreated with tracheal injection of
2 mg/kg body weight Tat-Saby,;, 30 min before modelling)
and SP600125 pretreatment group (in which the mice were
pretreated with intravenous injection of 20 mg/kg body weight
SP600125 30 min before modelling). At the preset time (24 h
if not otherwise specified), the mice were euthanized by
pentobarbital overdose (200 mg/kg, intraperitoneal injection),
the lungs were harvested and samples were collected.

Lung wet (W)/dry (D) weight ratio. To evaluate the severity
of pulmonary oedema, the W/D ratio of the lung tissue was
calculated. Briefly, the left lungs of the mice were harvested
and weighed to determine the wet weight. Then, the lungs
were placed in an oven and incubated at 75°C for 72 h to obtain
a constant weight, which was denoted as the dry weight. The
W/D ratio was calculated by dividing the wet weight by the
dry weight.

Assessment of lung cell apoptosis. To quantify cell apoptosis
in the injured mouse lungs, a TUNEL assay was conducted
using the /n-Situ Cell Death Detection kit according to the
protocol provided by the manufacturer. Lung tissues were
fixed with 4% paraformaldehyde for 24 h at room temperature.
Then the lung tissues were paraffin embedded and sectioned
at 5 ym). After dewaxing, TUNEL working solution was
added to the tissue sections for 1 h at 37°C to label apoptotic
cells, which were then stained with the nuclear stain DAPI
(5 ug/ml; Merck KGaA) for 5 min at room temperature. The
slides were mounted with 50% glycerol (Merck KGaA). The
result was analyzed by a digital imaging system (Pannoramic
Viewer 1.15.3; Silicon Graphic, Inc.). Images from three
slides/groups were randomly captured and the cells exhibiting
positive staining for apoptosis were counted manually.

Histopathological evaluation. Histopathological evaluation
was conducted by staining the lung tissue with hematoxylin and
eosin (H&E). First, the lung tissue of the mice was harvested
at the preset time, fixed with 4% paraformaldehyde at room
temperature for 24 h, embedded in paraffin and cut into 5-ym
sections before staining with H&E (at room temperature for
3 min). The differences among the groups were examined by
optical microscopy.

XBPI mRNA splicing. XBP1 mRNA splicing was detected
by reverse transcription PCR. The tissue samples were
homogenized using TRIzol and mRNA was collected. Then,
reverse transcription was conducted using the PrimeScript
RT reagent kit (Takara Bio, Inc.). The primers used to detect
XBP1 (spliced form) and XBP1 mRNA were 5'-GAACCA

GGAGTTAAGAACACG-3' (forward) and 5-AGGCAACAG
TGTCAGAGTCC-3' (reverse). Finally, the PCR products
were analyzed by agarose gel electrophoresis. The DNA
ladder we used was purchased from Beyotime Institute of
Biotechnology (cat. no. D0107) and the EtBr was purchased
from MilliporeSigma.

Neutrophil numbers in bronchoalveolar lavage fluid (BALF).
At the preset time, the mice were euthanized and the lungs
were surgically removed. Then, the lungs were lavaged with
1 ml ice-cold PBS three times. Then, the cells in the BALF
were harvested by centrifugation (2,500 x g at 4°C for 5 min).
The number of neutrophils was calculated after staining with
Wright's stain (at room temperature for 3 min) according to the
manufacturer's instructions and pale purple neutrophils were
counted using a cell counting plate.

Evans blue extravasation assessment. Evans blue extravasa-
tion analysis was used to measure the barrier permeability of
the lungs. Evans blue dye (MilliporeSigma; 20 mg/kg) was
injected into the mice through the tail vein 30 min before the
mice were euthanized and the lungs were surgically removed.
Then, Evans blue dye was extracted from the lung tissue by
incubation in formamide (3 ml/100 mg) at room temperature
for 24 h. Finally, the total Evans blue (pg/g) in each sample
was calculated using spectrophotometry (620 nm).

Survival analysis. To observe the mortality rates, the mice
were administered LPS (50 mg/kg) intraperitoneally 30 min
after pretreatment with DEX (DEX pretreatment group)
or Tat-Sabyy, (Tat-Saby,,,, pretreatment group). Then, the
mortality of the mice in each group was recorded every 6 h
for 3 days.

Cell culture and treatment. As blood-air barrier disruption
is the vital pathophysiological changes during ALI/ARDS
and alveolar epithelial cell and vascular endothelium are the
important element of alveolar-capillary membrane. So immor-
talized human umbilical vein endothelial cells (HUVECsS)
and A549 cells were used to represent endothelial cells and
epithelial cells respectively in this study. HUVECs and A549
cells were purchased from Jenniobio Biotechnology Co.
HUVECs were cultured in F-12K medium (0.1 mg/ml heparin
and 0.03 mg/ml endothelial cell growth supplement; Gibco;
Thermo Fisher Scientific, Inc.) with 10% fetal bovine serum
(Cytiva) at 37°C and in a 5% CO, atmosphere and A549 cells
were cultured in RPMI 1640 medium with 10% fetal bovine
serum at 37°C and in a 5% CO, atmosphere. LPS challenge
was performed by exposing HUVECs to 1 ug/ml LPS at 37°C
for 12 h before harvesting or testing.

Preparation of mitochondrial and cytosolic/nuclear proteins.
Mitochondrial and cytosolic/nuclear proteins were prepared
by isolating mitochondria from cells or tissue as described
by Xu et al (22). Briefly, the mouse lungs were washed and
homogenized using isolation buffer (210 mM mannitol, 70 mM
sucrose, 5 mM HEPES, 1 mM EGTA and 0.5 mg/ml BSA,
pH=7.4). Next, the homogenate was centrifuged at 1,000 x g
for 10 min at 4°C and the supernatant was collected and
centrifuged at 10,000 x g for 10 min at 4°C. This second
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supernatant was used as the soluble cytosolic/nuclear frac-
tion with excluded mitochondria and the sedimentation pellet
was resuspended in lysis buffer for western blot analysis of
the mitochondrial proteins. COX IV was used as an internal
mitochondrial control and GAPDH served as the control for
other organelles.

Western blot analysis. Protein was extracted by RIPA lysis
buffer with protease inhibitor cocktail and the protein concen-
tration was determined by a BCA kit (Beyotime Institute of
Biotechnology) according to the protocol provided by the
manufacturer. Subsequently, equivalent amounts of proteins
(20 pg) were separated by 12% SDS-PAGE and transferred to
nitrocellulose membranes. Then, the membranes were blocked
with 10% nonfat dry milk in Tris-buffered saline (TBS) atroom
temperature for 30 min and probed overnight with primary
antibodies at 4°C. Subsequently, the membranes were washed
with TBST and then incubated with an appropriate horse-
radish peroxidase-conjugated secondary antibody (1:10,000;
cat. no. ab6721; Abcam) at room temperature for 2 h. The
immunoreactive target proteins were detected by an enhanced
chemiluminescent detection system (Thermo Fisher Scientific,
Inc.). Band intensities were quantified using Image Lab 4.1
(Bio-Rad Laboratories, Inc.). The following primary antibodies
were used: anti-cytochrome ¢ (1:10,000, cat. no. ab133504,
Abcam), anti-p-JNK (1:1,000, cat. no. 4668, Cell Signaling
Technology, Inc.), anti-GAPDH (1:2500, cat. no. ab181602,
Abcam), anti-JNK (1:1,000, cat. no. 9258, Cell Signaling
Technology, Inc.), anti-COX IV (1:1,000, cat. no. ab202554,
Abcam), anti-LC3 (1:1,000, cat. no. sc-398822, Santa Cruz
Biotechnology, Inc.), anti-phospho-Bcl-2 (Ser70) rabbit mAb
(1:1,000, cat. no. 2827, Cell Signaling Technology, Inc.) and
anti-cleaved caspase-3 (1:1,000, cat. no. 9664, Cell Signaling
Technology, Inc.).

Determination of cell apoptosis. Cell apoptosis was detected
by double labelling with annexin-V-FITC (Molecular Probes;
Thermo Fisher Scientific, Inc.) and PI (Molecular Probes;
Thermo Fisher Scientific, Inc.). Briefly, cells from different
groups were harvested with trypsin and washed with PBS.
Annexin V-FITC and PI were added to the cells as the manual
described (15 min at room temperature in the dark). After
labelling, the cell apoptosis ratios were detected and analyzed
with flow cytometer (FACScan; BD Biosciences) and the
software supplied with the machine. The percentage of early
and late apoptotic cells were calculated.

Mitochondrial homeostasis. As the mito-JNK pathway
participates in LPS-induced ALI/ARDS, the changes in
ROS production and mitochondrial functions following LPS
exposure were explored. Briefly, to detect the changes in
superoxide anion content, the cells from different groups were
stained with dihydroethidium (10 M) and cultured at 37°C
for 30 min to load the fluorescent indicator. Then, the medium
was replaced and the fluorescence intensity, which reflected the
superoxide anion concentration, was recorded by fluorescence
microscopy.

Mitochondrial membrane permeability (AW) was also
measured using a JC-1 fluorescence ratio of 590:538 nm.
Briefly, to detect changes in mitochondrial membrane

permeability, the cells from the different groups were stained
with JC-1 (10 uM) and cultured at 37°C for 20 min to allow
the fluorescent indicator to enter the cells. Then, the medium
was replaced. The fluorescence intensity (590 and 538 nm) was
recorded by fluorescence microscopy and a fluorescence ratio
of 590:538 nm reflected AW.

Statistical analysis. Statistical analyses were conducted using
GraphPad Prism v8 software (GraphPad Software, Inc.). The
data are reported as the mean + standard error of the mean.
Comparisons between experimental groups were performed
by one-way ANOVA and the Bonferroni test. P<0.05 was
considered to indicate a statistically significant difference.

Results

ER stress is enhanced during LPS-induced ALI/ARDS. To
characterize the role and status of ER stress in LPS-induced
ALI/ARDS, the expression of the ER stress sensors Bip/GRP78
and ATF6 and the phosphorylation of PERK and IRE-1 were
determined by western blotting. The data (as shown in Fig. 1A)
showed that the expression of both Bip and ATF6 was signifi-
cantly increased after LPS challenge compared with those in
the control group and this was especially true in the LPS 24 h
group; these results indicated the activation of ER stress. In
contrast, the expression of these proteins in the DEX pretreat-
ment group was decreased compared with that in the LPS 24 h
group. In addition, LPS also increased the phosphorylation of
PERK, which was slightly but significantly attenuated by DEX
pretreatment (Fig. 1A). A similar change was also detected in
IRE-1 (Fig. 1A). The results suggested that anti-inflammatory
therapy with dexamethasone could alleviate LPS-induced ER
stress during ALI/ARDS.

To further confirm the occurrence of ER stress, the splicing
of XBP-1 was also detected; this is the active form of the
transcription factor XBP-1. XBP-1 is one of the downstream
signaling molecules of IRE-1 and it can increase protein
folding, reduce protein translation and eventually restore
protein folding homeostasis. As shown in Fig. 1B, the amount
of spliced XBP-1 was elevated in the lung after intraperitoneal
LPS injection. Collectively, these results clearly indicated
that ER stress in the lung was enhanced during LPS-induced
ALI/ARDS.

ER stress can induce mitochondrial dysfunction and cell
death in A549 cells and HUVECs. Next, the effect of ER stress
pathway activation on lung cells, which were represented by
A549 cells and HUVECs was explored. First the expression
of apoptosis-related genes, such as p-Bcl-2, cleaved caspase-3
and Bax and the leakage of cytochrome c into the cytosol were
detected (Fig. 2A). After treatment with the ER stress activator
tunicamycin (20 pg/ml), more cytochrome c was released from
mitochondria to the cytosol in both A549 cells and HUVECs
and less p-Bcl-2 and more cleaved caspase-3 and Bax were
detected in the activated groups. These results indicated that
ER stress activated by tunicamycin could lead to the excessive
activation of apoptosis pathways.

The leakage of cytochrome c indicated that an oxidant-
antioxidant imbalance might occur. For confirmation, the
changes in ROS production and mitochondrial function upon
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Figure 1. LPS treatment induces ER stress in the lungs of mice. (A) Representative western blots of ER stress-related genes (Bip, p-PERK, PERK, p-IRE],
IRE1 and ATF6) in the Normal, LPS 12 h, LPS 24 h and Dex groups. (B) Splicing of XBP-1 in the Normal, LPS 12 h, LPS 24 h and Dex groups. The data
are expressed as the mean * standard error of the mean, n=4/group, "P<0.05. LPS, lipopolysaccharide; ER, endoplasmic reticulum; p-, phosphorylated,;
PERK, protein kinase RNA-activated-like ER kinase; IREI, inositol-requiring transmembrane kinase; ATF6, activating transcription factor 6.

ER stress were further explored. The results (as shown in
Fig. 2B) showed that tunicamycin exposure could significantly
elevate the production of ROS in both A549 cells and
HUVECs. The mitochondrial membrane permeability (AW)
and AW dissipation was detected using a JC-1 fluorescence
ratio of 590:538 nm. These results suggest that overactivation
of ER stress could induce mitochondrial dysfunction and ROS
accumulation and even lead to apoptosis.

Cell apoptosis were quantitated by flow cytometry with
annexin-V-FITC and PI double labelling. The results (Fig. 2C)

showed that tunicamycin increased the percentage of apoptotic
cells to >20%. All of these results indicated that ER stress
could induce mitochondrial dysfunction and cell death in
A549 cells and HUVECs.

ER stress can induce activation of JNK and JNK
mitochondrial localization in A549 cells and HUVECs. To
elucidate the role of JNK, especially the mitochondria-JNK
interaction, during ER stress, the expression of p-JNK and INK
was assessed in total cellular proteins, mitochondrial proteins
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Figure 3. ER stress can induce activation of JNK and mitochondrial localization of INK in A549 cells and HUVECs. (A) Representative western blots of
p-c-Jun, c-Jun, p-JNK and JNK in the total proteins of HUVECs and A549 cells treated with the ER stress activator tunicamycin. (B) Normalized ratio of
p-c-Jun/c-Jun in the total proteins. (C) Relative content of JNK in the total proteins. (D) Normalized ratio of p-JNK/JNK in the total proteins. (E) Representative
western blots of p-JNK and JNK in the mitochondrial proteins. (F) Relative content of p-JNK in the mitochondrial proteins. (G) Relative content of JNK in
the mitochondrial proteins. (H) Normalized ratio of p-JNK/JINK in the mitochondrial proteins. (I) Representative western blots of p-JNK and JNK in the
cytosolic/nuclear proteins. (J) Relative content of p-JNK in the cytosolic/nuclear proteins. (K) Relative content of JNK in the cytosolic/nuclear proteins.
(L) Normalized ratio of p-INK/JINK in the cytosolic/nuclear proteins. The data are expressed as the mean + standard error of the mean. n=4/group. ‘P<0.05.
ER, endoplasmic reticulum; HUVECs, human umbilical vein endothelial cells; p-, phosphorylated; t-, total; COX IV, cytochrome c oxidase IV.

and cytosolic/nuclear proteins by western blotting. According
to the results (Fig. 3), ER stress induced by tunicamycin could
activate the JNK pathway by phosphorylating JNK and c-jun.
Furthermore, it was found that the phosphorylation level
of JNK was significantly elevated in both the mitochondria
and cytosol/nucleus after tunicamycin challenge. Although
the total JNK in the mitochondria was also elevated, that in
the cytosol/nucleus was decreased, indicating that ER stress

could induce JNK translocation from the cytosol/nucleus to
mitochondria in A549 cells and HUVECs.

LPS induces JNK activation and JNK mitochondrial
localization in mice. To further observe the role of the
mitochondria-JNK interaction in LPS-induced ALI/ARDS, the
activation of JNK pathways in the lungs was detected following
LPS challenge. According to the results (Fig. 4), p-JNK and
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Figure 4. LPS induced JNK activation and JNK mitochondrial localization in mice. (A) Representative western blots of p-c-Jun, c-Jun, p-JNK and JNK in the
total proteins of the Normal, LPS 12 h, LPS 24 h and Dex groups. (B) Normalized ratio of p-c-Jun/c-Jun in the total proteins. (C) Relative content of JNK in
the total proteins. (D) Normalized ratio of p-JNK/JINK in the total proteins. (E) Representative western blots of p-JNK and JNK in the mitochondrial proteins.
(F) Relative content of p-JNK in the mitochondrial proteins. (G) Relative content of JNK in the mitochondrial proteins. (H) Normalized ratio of p-JINK/JINK
in the mitochondrial proteins. (I) Representative western blots of p-JNK and JNK in the cytosolic/nuclear proteins. (J) Relative content of p-JNK in the cyto-
solic/nuclear proteins. (K) Relative content of JNK in the cytosolic/nuclear proteins. (L) Normalized ratio of p-JNK/JNK in the cytosolic/nuclear proteins. The
data are expressed as the mean + standard error of the mean, n=4/group, "P<0.05. LPS, lipopolysaccharide; p-, phosphorylated; t-, total; Dex, dexamethasone;

COX 1V, cytochrome c oxidase I'V.

c-jun in the lung tissues were elevated following intraperitoneal
LPS injection, especially in the 24 h group. The amount of INK
mitochondrial localization during LPS-induced ALI/ARDS
was also detected by western blotting. Similar to tunicamycin
exposure, LPS exposure could induce the phosphorylation of
JNK in both mitochondria and the cytosol/nucleus. The total
JNK in the mitochondria was also elevated in the LPS groups,
whereas that in the cytosol/nucleus was decreased, indicating
that in LPS-induced ALI/ARDS, JNK could translocate from
the cytosol/nucleus to mitochondria.

The protective role of DEX was also examined. As
shown in Fig. 4, DEX pretreatment significantly alleviated
the LPS-induced increase in phosphorylated JNK in both the
mitochondria and cytosol/nucleus, whereas it did not affect the
total JNK content.

Efficiency of Tat-Saby,,,, and SP600125 on JNK activation.
To further explore the effect of JINK mitochondrial localiza-
tion during LPS-induced ALI/ARDS, the protective effects
of SP600125 and Tat-Saby,,,, were first verified. SP600125
is a specific inhibitor of the JNK pathway. Tat-Saby,y, is
a peptide that can act on the Saby;,,, domain expressed in
mitochondria and selectively block JNK translocation to
mitochondria both in vitro and in vivo by inhibiting the
binding of JNK to Sabyy,. Tat-Saby,y;, does not exert any
effect on JNK translocation to the nucleus. As shown in
Fig. 5, tracheal Tat-Saby,,,, injection significantly decreased
the level of phosphorylated JNK and the total JNK level in
mitochondria. Tat-Saby,y, also inhibited the LPS-induced
decrease in the total JNK level in the cytosol/nucleus.
These results indicated that Tat-Saby,y,, could specifically
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Figure 5. Efficiency of Tat-Saby,, and SP600125 on the activation of JNK. (A) Representative western blots of p-c-Jun, c-Jun, p-JNK and JNK in the total
proteins of the Normal, LPS, Tat-Saby,,;, and SP600125 groups. (B) Normalized ratio of p-c-Jun/c-Jun in the total proteins. (C) Relative content of JNK
in the total proteins. (D) Normalized ratio of p-JNK/JNK in the total proteins. (E) Representative western blots of p-JNK and JNK in the mitochondrial
proteins. (F) Relative content of p-JNK in the mitochondrial proteins. (G) Relative content of JNK in the mitochondrial proteins. (H) Normalized ratio of
p-JNK/JNK in the mitochondrial proteins. (I) Representative western blots of p-JNK and JNK in the cytosolic/nuclear proteins. (J) Relative content of p-JNK
in the cytosolic/nuclear proteins. (K) Relative content of JNK in the cytosolic/nuclear proteins. (L) Normalized ratio of p-JNK/JNK in the cytosolic/nuclear
proteins. The data are expressed as the mean + standard error of the mean, n=4/group, "P<0.05. KIM, kinase interaction motif; p-, phosphorylated; t-, total;

COX 1V, cytochrome c oxidase I'V.

inhibit JNK localization to mitochondria and mito-JNK
signal activation without affecting cytosolic/nuclear INK
activation. SP600125 also inhibited the phosphorylation of
c-jun and JNK. However, it had no selective effect on the
distribution of JNK.

Treatment effect of Tat-Saby,,, on LPS-induced ALI/ARDS.
As Tat-Sabyy, can selectively inhibit JINK mitochondrial
localization, it was further utilized to explore the role of
mitochondrial JNK pathway activation in the progression of
ALI/ARDS. As shown in Fig. 6A, the mice in the control group
had clear and normal alveolar structures. Tat-Saby,,, allevi-
ated LPS injection-induced lung tissue structure destruction,
alveolar wall thickening, interstitial lung inflammatory cells
and liquid exudation.

To observe pulmonary oedema, the W/D rate was also
measured (Fig. 6B). LPS caused pulmonary oedema and the
W/D ratio of the LPS group was nearly twice that of the control
group. Pretreatment with Tat-Saby,,, significantly alleviated
tissue oedema.

In addition, the cell number in the BALF and Evans blue
extravasation were measured to evaluate the barrier perme-
ability of the lungs. The results (Fig. 6C and D) suggested that
Tat-Saby;, could maintain the barrier function of the lung and
exert a protective effect against ALI/ARDS.

These results were consistent with those of the survival
analysis (Fig. 6E). The number of deaths 72 h after LPS in
the LPS group was significantly higher than that in the control
groups. Tat-Sabyy, treatment significantly improved the
mouse survival rates compared with LPS treatment alone.
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Effect of Tat-Saby,,,, on cell death in the mouse lung. Apoptosis
was also examined during LPS-induced ALI/ARDS and the
protective effect of Tat-Sabyy,. As shown in Fig. 7A, in the
LPS group, the release of cytochrome ¢ from the mitochondria
into the cytosol was considerably increased compared to that in
the control group. Treatment with Tat-Saby,,,, or DEX reduced
cytochrome c release from the mitochondria. The expression
of p-Bcl-2, cleaved caspase-3 and Bax was also detected. More
p-Bcl-2 and less cleaved caspase-3 and Bax were detected in
the Tat-Saby,y, groups than in the LPS group. These results
indicated that blocking JNK mitochondrial localization could
inhibit the excessive activation of apoptosis pathways.

The cell apoptosis ratio in the lungs by was also detected
TUNEL staining. The results (Fig. 7B) indicated that the
inhibition of mitochondrial JNK signaling exerted an anti-
apoptotic effect. Tat-Saby,, treatment significantly decreased
the number of TUNEL-positive cells compared with LPS
treatment alone. These results indicated that mitochondrial
JNK signaling participated in mitochondria-mediated apop-
tosis during ALI/ARDS.

Effect of Tat-Saby,,,; on mitochondrial function in HUVECs.
The results from Xu ez al (22) indicate that INK mitochon-
drial localization might disrupt the function of mitochondria
and even lead to cell death. To confirm the disruption of
mitochondrial functions, the present study explored the
changes in cytochrome c leakage, ROS production and AW
in HUVECs during LPS challenge. As epithelial cells, A549
cells cannot be affected and injured by LPS directly. LPS
is generate by G-bacteria and released into blood and the
endothelial cells rather than epithelial cells can contact with
LPS directly. Thus, LPS was used to intervene HUVECs
in the in vitro experiments. The results (Fig. 8) showed that
LPS exposure could significantly elevate the leakage of cyto-
chrome ¢ in HUVECs and Tat-Saby,,, could eliminate this.
The changes in ROS production and AW dissipation induced
by LPS could also be alleviated by Tat-Saby,y,,. These results
suggested that LPS could induce mitochondrial dysfunction
and ROS accumulation and these changes could be
alleviated when JNK mitochondrial localization was blocked
by Tat-Saby ;-
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Figure 7. Effect of Tat-Sabyy,;, on cell death in the mouse lung. (A) Representative western blots of cyto ¢ in the cytosol, p-Bcl-2, cleaved caspase3 and Bax
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Effect of Tat-Saby,,, on autophagy in the mouse lung.
Autophagy has been demonstrated to participate in the devel-
opment of ALI/ARDS, as per the conversion of LC3, i.e.,
LC3-I to LC3-II (31). ATGS5 might also modulate autophagy.
As shown in Fig. 9, LPS exposure increased the conversion
of LC3 to LC3-II, which is the active form and increased
the expression of ATGS5. The inhibition of mitochondrial
JNK by Tat-Saby,, restored the levels of ATGS and LC3,
indicating that the inhibition blocked the autophagy induced
by ALI/ARDS.

Discussion

The mortality rate associated with ALI/ARDS varies between
25-40%. To date, there is no evidence showing that any phar-
macological interventions are associated with an ameliorative
mortality rate (1,3). ALI/ARDS can be caused by diseases

such as pneumonia, trauma and sepsis, which means that the
heterogeneity of its etiology is huge. Therefore, it is difficult to
elucidate the pathogenesis of ALI/ARDS and identify drugs
with definite effects.

The present study mainly explored the role of ER stress
and JNK-mitochondria pathways in ALI/ARDS. The major
goal was to explore ER stress-JNK-mitochondria abnor-
malities during ALI/ARDS and confirm the hypothesis that
abnormal activation of the JNK-mitochondrial pathway could
significantly disrupt the normal physiological function of lung
cells, resulting in the occurrence of ALI/ARDS. Furthermore,
selective inhibition of JNK mitochondrial localization by
Tat-Saby;y,, had a protective effect against mitochondrial
dysfunction and cell death caused by ER stress in mice with
LPS-induced ALI/ARDS.

Studies have implicated ER stress-related cellular
dysfunction and cell death in the occurrence and progression
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of a number of diseases and these changes may be potential
therapeutic targets (13,16,18). Under normal circumstances,
BiP/GRP78 binds to the ER stress sensor proteins PERK,
IREI and ATF6, which prevents their dimerization and UPR
activation. However, during the stress response, the accumula-
tion of unfolded proteins leads to the release of BiP/GRP78
from IREla, ATF6 and PERK and then to the activation of
downstream signaling components, such as XBP-1, elF2a,
ATF4 and cleaved ATF6 (15-17). These reactions are helpful
for protein folding and degradation and ER expansion.

After releasing BiP/GRP7S, activated PERK dimerizes and
phosphorylates elF2a, which can suppress 5'-capped mRNA
translation (14,15). The cleaved ATF6 fragment can modulate
apoptosis and protein folding by regulating the expression
of some ER chaperones. XBP-1 can lead to ER-associated
degradation by upregulating the expression of ER chaper-
ones and genes. XBP-1 activation is initiated by the splicing
of XBP-1 mRNA by activated IREla and then, the spliced
XBP-1 mRNA binds to open reading frames and promotes
translation (32).
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The experimental results of the present study demonstrated
that ER stress was enhanced during LPS-induced ALI/ARDS.
Bip/GRP78 and p-PERK and ATF6 were significantly
increased after LPS challenge, indicating the activation of ER
stress. The percentage of spliced XBP-1 was elevated in the
lung after intraperitoneal LPS injection.

Li et al (33) show that IREla can also activate JNK by
recruiting TRAF2 and ASK1. JNK regulates cellular adapta-
tion to stress and causes cell death. Vannuvel et al (29) show
that JNK can translocate to the mitochondrial outer membrane
following activation and then lead to Bim phosphorylation
and activation. Then, Bim induces the oligomerization of Bax
and Bak, finally resulting in the release of cytochrome ¢ and
activation of the caspase-dependent apoptotic pathway.

In the present study, tunicamycin, a specific and widely
used chemical inducer of lethal ER stress, inhibited protein
glycosylation in the ER and led to ER stress due to protein
misfolding. ER stress could induce mitochondrial dysfunction
and cell death in lung cells, which were represented by A549
cells and HUVECs. Tunicamycin exposure significantly
increased ROS production and AW dissipation. Tunicamycin
increased the percentage of apoptotic cells to >20% and
more cytochrome ¢ was released from mitochondria into
the cytosol. Less p-Bcl-2 and more cleaved caspase-3 and
Bax were detected in the activated groups. These results
suggested that overactivation of ER stress could induce
mitochondrial dysfunction and ROS accumulation and even
lead to apoptosis.

Studies (23,25,26,34) show that JNK can transfer from
cytoplasm to mitochondria in some conditions by interacting
with Sab, which expresses in the outer membrane of mito-
chondria. Following knockdown of Sab, the change of JNK
in cytoplasm and mitochondria is prevented. N-terminal KIM
in Sab is essential for JNK binding and confocal immunocy-
tochemistry and cell fractionation studies indicate that Sab
is associated with mitochondria, where it co-localizes with
a fraction of JNK. These reported properties of Sab suggest
its role in targeting JNK to this subcellular compartment
(mitochondria). The present study used western blot analysis
to detect the transfer of JNK as previous studies (22,35) report
and proved that ER stress could induce JNK activation and
mitochondrial localization in A549 cells and HUVECs. The
total JNK in the mitochondria was also elevated, whereas that
in the cytosol/nucleus was decreased, indicating that ER stress
could induce JNK translocation from the cytosol/nucleus to
mitochondria in A549 cells and HUVECs. Therefore, blocking
the interaction of JNK with mitochondria and inhibiting
secondary apoptosis might be potential therapeutic targets.

Previous studies (8,22,28) show that JNK can interact with
mitochondria by binding to Sab (SH3BP5). Sab is a mitochon-
drial outer membrane protein with one SH3 domain binding
site at the N-terminus, one membrane spanning domain and
two D-motifs (KIMs) at the C-terminus. KIM is similar to
c-Jun and can link JNK with Sab. Studies (22,26,35) also prove
that the activation of JNK and interaction with mitochondria
by the docking protein Sab are involved in the regulation of
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mitochondrial functions, impairment of electron transport
and mitochondrial bioenergetics and participation in ROS
generation and apoptosis.

As Sab is the only JNK docking site in mitochondria,
depleting Sab could completely prevent JNK translocation to
mitochondria. Previous studies (26,36) show that knockdown
of Sab blocks JNK translocation to mitochondria in in vivo or
in vitro models of JNK-dependent toxicity (APAP, TNF/GalN,
ER stress and palmitic acid lipotoxicity) and inhibit JNK
activation-induced mitochondrial dysfunction and cell death.
Study (28) showed that silencing Sab in PMH and HeLa
cells can prevent BFA-induced JNK-mitochondria pathway
activation and subsequent cell death. The synthesis of the
KIMIl-specific binding peptide Tat-Saby,y, can also selec-
tively block the binding of JNK to Sab without blocking the
kinase activity of JNK, the ratio of p-JNK/JNK or the activa-
tion of cytosolic/nuclear INK (22). The results of the present
study showed that Tat-Saby,,,, could successfully reach the
cytoplasm through the cell membrane, its concentration was
stable and the concentration in the cells after 24 h could still
reach the initial concentration of up to 90% (34). Therefore,
Tat-Saby,,, might be optimal for blocking the binding of Sab
and JNK. Studies (22,24) have shown that inhibition of p-JNK
binding to Sab using Tat-Saby,;, prevents ischemic necrosis in
the heart and brain.

ER stress could trigger the interaction of JNK with mito-
chondrial Sab, followed by impaired respiration and increased
mitochondrial ROS and cell death. ROS accumulation was
significantly blocked by Tat-Saby,,, but not by scrambled
peptide. Therefore, it was hypothesized that in ALI/ARDS,
abnormal activation of the JNK-mitochondrial pathway could
significantly disrupt the normal physiological function of lung
cells and the initial activation of JNK in the ER is followed
by its interaction with Sab, leading to impaired mitochondrial
function and amplification of mitochondrial ROS release and
serving a key role in the occurrence of ALI/ARDS. Selective
inhibition of the mitochondrial localization of JNK by
Tat-Saby,y, protected against the mitochondrial dysfunction
and cell death caused by endoplasmic reticulum stress in
LPS-induced ALI/ARDS mice.

The present study verified this hypothesis and showed that
LPS induced JNK activation and JNK mitochondrial local-
ization in mice. In LPS-induced ALI/ARDS, LPS exposure
induced the phosphorylation of JNK in both mitochondria
and the cytosol/nucleus. The total JNK expression in the
mitochondria was also increased in the LPS groups, whereas
that in the cytosol/nucleus was decreased, indicating that in
LPS-induced ALI/ARDS, JNK could translocate from the
cytosol/nucleus to mitochondria. Tat-Saby,y, specifically
inhibited JNK localization to mitochondria and the activation
of mito-JNK signaling without affecting cytosolic/nuclear
JNK activation. Tat-Saby;,,, does not exhibit any effect on
the translocation of JNK to the nucleus. The experimental
results of the present study also showed that Tat-Saby,,, could
alleviate LPS injection-induced lung tissue structure destruc-
tion, alveolar wall thickening, interstitial lung inflammatory
cells and liquid exudation. Tat-Saby,,,, treatment significantly
improved the mouse survival rates compared with LPS treat-
ment alone. Blocking JNK mitochondrial localization also
inhibited the excessive activation of apoptosis pathways.

Tat-Saby,, treatment significantly decreased the number of
TUNEL-positive cells compared with LPS treatment alone.
These results indicated that mitochondrial JNK signaling
participated in mitochondria-mediated apoptosis during
ALI/ARDS. LPS could induce mitochondrial dysfunction and
ROS accumulation and these changes could be alleviated when
JNK mitochondrial localization was blocked by Tat-Sabyy,;.
The inhibition of mitochondrial JNK by Tat-Saby,y,, restored
the levels of ATGS5 and LC3, indicating that mitochondrial
JNK inhibition blocked the autophagy induced by ALI/ARDS.
Therefore, inhibiting the translocation of JNK to mitochon-
dria can be used to repair damage by protecting the normal
physiological function of organelles.

There are also some limitations in this study that should be
mentioned. Alveolar epithelial cells and pulmonary vascular
endothelial cells extracted from LPS-interfered animals might
be the best choice to explore ALI/ARDS in vitro. However,
because extracting and cultivate primary cells needed time and
the effect of LPS on the extracted cells from LPS-interfered
animals might already lose efficacy, so HUVECs and A549
cells were used instead.

Collectively, the results presented clearly indicated that
during ALI/ARDS, abnormal activation of ER stress and
JNK-mitochondrial pathways could significantly disrupt the
normal physiological function of lung cells, resulting in the
occurrence of ALI/ARDS. Through selective inhibition, INK
mitochondrial localization by Tat-Saby,,,, exerted a protective
effect against the mitochondrial dysfunction and cell death
caused by ER stress in mice with LPS-induced ALI/ARDS.
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