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Abstract

Background: Hyperoxia downregulates the tight junction (TJ) proteins of the alveolar epithelium and leads to bar-
rier dysfunction. Previous study has showed that STE20/SPS1-related proline/alanine-rich kinase (SPAK) interferes with
the intestinal barrier function in mice. The aim of the present study is to explore the association between SPAK and
barrier function in the alveolar epithelium after hyperoxic exposure.

Methods: Hyperoxic acute lung injury (HALI) was induced by exposing mice to >99% oxygen for 64 h. The mice
were randomly allotted into four groups comprising two control groups and two hyperoxic groups with and without
SPAK knockout. Mouse alveolar MLE-12 cells were cultured in control and hyperoxic conditions with or without SPAK
knockdown. Transepithelial electric resistance and transwell monolayer permeability were measured for each group.
In-cell western assay was used to screen the possible mechanism of p-SPAK being induced by hyperoxia.

Results: Compared with the control group, SPAK knockout mice had a lower protein level in the bronchoalveolar lav-
age fluid in HALI, which was correlated with a lower extent of TJ disruption according to transmission electron micros-
copy. Hyperoxia down-regulated claudin-18 in the alveolar epithelium, which was alleviated in SPAK knockout mice.
In MLE-12 cells, hyperoxia up-regulated phosphorylated-SPAK by reactive oxygen species (ROS), which was inhibited
by indomethacin. Compared with the control group, SPAK knockdown MLE-12 cells had higher transepithelial electri-
cal resistance and lower transwell monolayer permeability after hyperoxic exposure. The expression of claudin-18 was
suppressed by hyperoxia, and down-regulation of SPAK restored the expression of claudin-18. The process of SPAK
suppressing the expression of claudin-18 and impairing the barrier function was mediated by p38 mitogen-activated
protein kinase (MAPK).

Conclusions: Hyperoxia up-regulates the SPAK-p38 MAPK signal pathway by ROS, which disrupts the TJ of the alveo-
lar epithelium by suppressing the expression of claudin-18. The down-regulation of SPAK attenuates this process and
protects the alveolar epithelium against the barrier dysfunction induced by hyperoxia.
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of lung edema, which are similar to the changes seen in
the acute respiratory distress syndrome. In HALI, reac-
tive oxygen species (ROS) are generated due to pro-
longed hyperoxia and destroy alveolar epithelial cells
through both necrosis and apoptosis [4, 5]. Hyperoxia
also results in the accumulation of inflammatory medi-
ators within the lungs. This process involves protein
kinases such as serine-threonine kinase Akt, mitogen-
activated protein kinases (MAPK), protein kinase C,
and transcription factors such as NF-E2-related tran-
scription factor 2 and nuclear factor-kB [5-7].

In the alveolar epithelium, transmembrane and
peripheral proteins compose the tight junction (TJ)
that attach cells tightly to their neighbors and form a
barrier. The change of T] modulates the paracellular
space and plays an important role in maintaining the
hydration, ionic, and solute balance of alveoli [8, 9].
Three transmembrane protein families are found in the
T7J: occludins, claudins, and junctional adhesion mole-
cules [10, 11]. T] proteins that are frequently expressed
in the lungs include claudin-1, claudin-3, claudin-4,
claudin-5, claudin-7, claudin-18, occludin, ZO-1, and
Z0-2 [12-14]. Previous studies have shown that hyper-
oxia downregulates the expression of T] proteins in the
alveolar epithelium in HALI, which leads to barrier
dysfunction [15-17].

STE20/SPS1-related  proline/alanine-rich  kinase
(SPAK) is a member of the SPS1 subfamily of the mam-
malian STE20-related protein kinase family and is
expressed ubiquitously throughout the body [18, 19]. In
the alveolar epithelium, SPAK is a downstream substrate
of WNK4 kinase and an upstream regulator of Na—K—
Cl cotransporter (NKCC) [20, 21]. The phosphorylation
of SPAK during osmotic stress regulates the activity of
NKCC1 and maintains alveolar fluid homeostasis [22].
The role of the WNK4-SPAK-NKCC1 pathway involved
in lung injury have been investigated previously. The
mice with SPAK knockout exhibited longer survival than
wild-type controls in HALL In this study, SPAK may
interfere with the course of lung injury by modulating
alveolar fluid clearance via NKCC1 [21].

In addition to NKCC1, SPAK modulates other down-
stream effectors that are involved in the formation of epi-
thelial barrier. In a model of intestinal inflammation, the
production of inflammatory cytokines and aggravated
bacterial translocation were facilitated in SPAK trans-
genic mice [23]. Another study showed that mice with
SPAK deficiency had less proinflammatory cytokine pro-
duction and luminal bacteria translocation [24]. In these
two studies, changes in transepithelial resistance were
observed [23, 24]. However, no study has explored the
association between SPAK and the barrier function of the
alveolar epithelium. The present study explores the role
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of SPAK in hyperoxia-induced alveolar barrier dysfunc-
tion both in vitro and in vivo.

Methods

Transgenic SPAK knockout mice

The mouse mutants for SPAK were provided by Dr
Sung-Sen Yang (National Defense Medical Center, Tai-
pei, Taiwan). SPAK+/— littermates were generated as
described previously [20, 25]. SPAK+-/— littermates were
intercrossed to generate SPAK—/— (SPKA-KO) and wild-
type (WT) mice. Approval for the project protocol was
obtained from the Institutional Animal Care and Use
Committee of the National Defense Medical Center. The
mice were bred and maintained in pathogen-free animal
facilities at the Laboratory Animal Center of the National
Defense Medical Center (Taipei, Taiwan).

Animal model of hyperoxic acute lung injury

The study was performed with 10 to 12-week-old male
mice. The mice were randomly allotted into four groups
comprising two control groups and two hyperoxic groups
with and without SPAK knockout (n=6 per group;
totally 24 mice were used). We achieved random alloca-
tion by tossing a coin. In the control group, mice were
kept in identical chambers and exposed to room air
only (n=6 per cage). In the hyperoxic group, mice were
exposed to >99% oxygen in an airtight chamber with a
ventilation flow of 5 L/min for 64 h (n=6 per cage). The
CO, concentration was kept at <0.1%, and the tempera-
ture was controlled between 25 and 26 °C. In each cage,
all mice were provided access to food and water ad libi-
tum to minimise potential confounders such as the order
of measurements and animal location.

At the end of the animal experiment, the mice were
anaesthetized through intraperitoneal injection of Zoletil
(Virbac, Carros, France; 35 mg/kg body weight) and
Rompun (Bayer, Leverkusen, Germany; 10 mg/kg body
weight). We performed a tracheostomy and a median
sternotomy under general anesthesia. Then, the mice
were euthanized by cardiac puncture before regaining
consciousness. After euthanasia, bronchoalveolar lavage
fluid (BALF) was obtained by lavaging the left lung twice
with 0.5 mL of saline from the tracheostomy. The blood
samples and right lung tissues were collected for further
evaluation.

Histopathology

The fixed and sectioned lung tissues were stained with
eosin and hematoxylin. Using light microscopy, we
analyzed the numbers of polymorphonuclear neutro-
phils and lung injury score of the lung tissue. We exam-
ined a minimum of 10 randomly selected fields for
neutrophil infiltration in the airspace or vessel wall and
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the thickening of the alveolar wall. A four-point scale
was used for scoring the lung damage as follows: none
(0), mild (1), moderate (2), or severe (3). Two patholo-
gists were blinded to score the experimental conditions.
The lung injury score was summed up the two resulting
scores.

Bronchoalveolar lavage fluid protein

The BALF was centrifuged at 200 x g for 10 min to remove
cells and cellular debris. The protein concentrations were
determined by a Pierce”™ BCA protein assay kit (Thermo
Fisher Scientific).

Transmission electron microscopy

Ultrastructural characterization of the cytological altera-
tions was performed by a following a procedure that
is detailed in previous publication. Briefly, lung tissue
blocks (maximal 1 mm?) were immediately dissected
after euthanasia, kept overnight at 4 °C in fixative (4%
paraformaldehyde and 2.5% glutaraldehyde in 1xPBS; pH
7.4), and postfixed in 1% OsO, in the same buffer. After
dehydration in graded ethanol the blocks were finally
embedded in Spurr’s resin (Spurr Low Viscosity Embed-
ding Kit; EMS ®). Semithin sections (0.5 pum thick) were
cut with a glass knife on a Leica EM UC?7 ultramicrotome
and stained with toluidine blue. For TEM, ultrathin sec-
tions were cut on a Leica® Ultracut UC7 Ultramicrotome
with a diamond knife. The sections were stained with
uranyl acetate and lead citrate and examined with a FEI
Tecnai G2 F20 S-TWIN Electron Microscope at 120 kV.

MLE-12 cells and exposure to hyperoxia

MLE-12 cells, the type II mouse-lung epithelial cell, were
purchased from ATCC (Manassas, VA). Cells were cul-
tured in a 50:50 mixed medium of DMEM and Ham’s
F-12 supplemented with 4% FBS, insulin (5 pg/mL),
transferrin (10 pg/mL), sodium selenite (30 nM), hydro-
cortisone (10 nM), B-estradiol (10 nM), HEPES (10 nM),
and L-glutamine (2 mM). In transgenic studies, MLE-12
cells were cultured on 6-well plates. At 60-75% conflu-
ence, transient transfection was carried out using SPAK
siRNA (50 nM) (Dharmacon RNA Technologies) as the
SPAK-knockdown (SPAK-KD) or siCONTROL Non-
Targeting siRNA (50 nM) as the negative control. In the
hyperoxic group, cells were placed in an incubator filled
with 95% O, and 5% CO, at 37 °C for 48 h. In the control
group, cells were kept in 21% O, and 5% CO, at 37 °C for
48 h.

Transepithelial electric resistance measurements

Electric cell-substrate impedance sensing (ECIS) meas-
urements were performed using 8W1E + electrode arrays
on an ECIS Z8 instrument (Applied Biophysics, Troy,
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NY). The measurements were performed as described
previously [26]. A baseline was established using culture
medium (400 pL well™!). The resistance was recorded in
units of Q at a frequency of 500 Hz. At 48 h after trans-
fection, the cells were sub-cultured on an ECIS array.
Exposure to hyperoxia or normoxia began when the elec-
trode was covered with a monolayer of cells. The ECIS
allows for a sensitive determination of the amount of cur-
rent passing between cells and the resistance of the bar-
rier (Rb) (in units of Q cm?). Rb is a robust reporter of
barrier function.

Transwell monolayer permeability assay

MLE-12 cells were grown as a monolayer in 6.5-mm-
diameter transwell filter inserts with a pore size of 3.0 um
(Corning Life Sciences, Lowell, MA) to measure the par-
acellular permeability. After 48 h of exposure to hyper-
oxia, we replaced the medium of the upper chamber by
medium containing albumin-fluorescein isothiocyanate
(4 kDa, 2 mg/mL). Four hours later, 100-uL samples from
the lower chambers were collected and analyzed for flu-
orescein isothiocyanate intensity using a fluorometric
plate reader with an excitation of 494 nm and emission
at 520 nm.

Immunofluorescence staining

We performed immunofluorescence staining by a pub-
lished procedure [27]. Lung sections were treated with
primary rabbit polyclonal antibody, claudin-18 (diluted
1:200, Proteintech, IL, USA), and phosphorylated-SPAK
(p-SPAK) (diluted 1:100, OriGene, MD, USA) for immu-
nofluorescent labeling. The secondary antibody was goat
anti-mouse IgG-FITC (diluted 1:200, Santa Cruz Biotech-
nology, USA) and Rhodamine (TRITC) AffiniPure Goat
Anti-Rabbit IgG (diluted 1:200, Jackson ImmunoResearch
Inc. PA, USA). The slides were mounted with VECTASH-
IELD Antifade Mounting Medium (Vector Laboratories,
Inc. CA, USA) and DAPI Images were obtained using
a DeltaVision system (Applied Precision) comprising a
wide-field inverted microscope (model IX-71; Olympus)
with x 60/1.42 Plan Apo N orx 100/1.40 Super-Plan
APO objectives.

In-cell western assay

An in-cell western assay was performed using an Odyssey
Infrared Imaging System (LICOR Biosciences, NE, USA).
The cells were cultured at a density of 1.2 x 10* cells/
well in 96-well culture plates and incubated overnight in
complete culture medium. At 70% confluence, the cells
were pre-treated with ROS inhibitors for 30 min and
then exposed to hyperoxia for 24 h. Cells were fixed with
refrigerated 75% EtOH and stained with phosphorylated
SPAK (Ser311) (diluted 1:200, OriGene, Rockville, MD)
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and beta-actin (diluted 1:200, Sigma Chemical Company,
MO, USA) at 4 °C overnight. Anti-rabbit IRDye® 680RD-
labeled (1:5000) and anti-mouse IRDye® 800-labeled CW
(1:5000) antibodies (LICOR Biosciences, NE, USA) were
used as secondary antibodies at room temperature for
1 h and were detected by the 700 and 800-nm channels,
respectively.

Western blot analysis

Specimens of cells and tissue were harvested and incu-
bated for 10 min on ice with lysis buffer. The lysates were
then centrifuged at 14,000 RCF for 10 min at 4 °C, and
the supernatants were collected. Equal amounts of pro-
tein samples were separated using sodium dodecyl sul-
fate—polyacrylamide gel electrophoresis (SDS-PAGE),
followed by transfer onto a polyvinylidene difluoride
membrane (Millipore). Western blot analyses were per-
formed with the relevant antibodies: claudin-18 (diluted
1:200, Thermo Fisher Scientific Inc, IL, USA), p-SPAK
(diluted 1:1000, OriGene, MD, USA), phosphorylated-
p38 (p-p38) (diluted 1:1000, Cell Signaling Technology,
USA), total-p38 (T-p38) (diluted 1:1000, Cell Signal-
ing Technology, USA), beta-actin (diluted 1:1000, Sigma
Chemical Company, MO, USA) and GAPDH (diluted
1:1000, Thermo Fisher Scientific Inc, IL, USA).

Real-time PCR

We isolated total RNA by an RNA-spin total RNA extrac-
tion kit (Intron Biotechnology, Korea) according to the
manufacturer’s instructions. 2 pg of RNA was used to
synthesize cDNA by a High-Capacity cDNA Archive Kit
(Applied Biosystems, CA, USA). Using TagMan assays
(Applied Biosystems, CA, USA), quantitative real-time
PCR was performed for claudin-18 (Mm00517322_m]1)
and GAPDH (Mm99999915_gl1). Each sample was cen-
trifuged and placed in a QuantStudio ™ 5 Real-Time PCR
System (Thermo Fisher Scientific, MA, USA), which was
analyzed in triplicate on a 96-well plate. We used the
following program to analyze: 2 min at 50 °C, 10 min at
95 °C, and 40 cycles of 15 s at 95 °C and 1 min at 60 °C,
and used the 2722CT method to calculate the relative
gene expression.

Statistical analysis

All results are expressed as the mean +standard devia-
tion of the mean. There was no data point that was
not included in the analysis. We used one-way analy-
sis of covariance (ANOVA) to compare the differences
between the study groups, and then Bonferroni’s correc-
tion was employed for post-hoc comparisons. A p value
<0.05 was considered significant.
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Results

SPAK knockout mice preserves barrier integrity in mice
with hyperoxic acute lung injury

Histological evaluation of the lung tissues indicated
a higher lung injury score after hyperoxic exposure
for 64 h. Knockout SPAK significantly mitigated the
increases in lung injury score (Fig. la, b). The protein
concentration of BALF was measured as an indicator of
dysfunction in the alveolar capillary barrier. After hyper-
oxia, the protein concentration increased significantly.
SPAK-KO mice had significantly lower protein concen-
trations than WT mice (Fig. 1c). Transmission electron
microscopy was used to evaluate the morphology of T] in
the alveolar epithelial cells of mice after hyperoxic expo-
sure. In lung tissue from WT mice, the apical side indi-
cated a loss of T] and the presence of paracellular gaps
between alveolar epithelial cells. Lung tissue from SPAK-
KO mice showed a lesser extent of T] disruption (Fig. 1d).
The protein concentration of BALF was correlated with
the extent of T] disruption.

Phosphorylation of SPAK mediates the decline

in claudin-18 expression of the alveolar epithelium in mice
with hyperoxic acute lung injury

The p-SPAK and claudin-18 of alveolar epithelium were
observed by lung tissue immunofluorescence double
staining. Markedly increased p-SPAK in the alveolar
epithelium of WT mice exposed to hyperoxia for 64 h
was noted, and the increase was significantly less pro-
nounced in the SPAK-KO mice. The expression of clau-
din-18 in the alveolar epithelium was significantly lower
in the hyperoxic group than the normoxic group in WT
mice. In SPAK-KO mice, the expression of claudin-18
was restored in the hyperoxic group (Fig. 2a). The effects
of hyperoxia in activating p-SPAK and SPAK-KO in
maintaining claudin-18 expression after hyperoxia were
validated by western blot analysis for the lung tissues
(Fig. 2b, c).

Hyperoxia up-regulates phosphorylated-SPAK by ROS

in MLE-12 cells

MLE-12 cells were treated with hyperoxia to assess the
change of p-SPAK in the alveolar epithelium. The p-SPAK
was significantly activated after exposure to hyperoxia
for 24 h (Fig. 3a). To assess the effects of ROS in activat-
ing p-SPAK, MLE-12 cells were pretreated with n-ace-
tylcysteine (NAC) and then treated with hyperoxia. The
p-SPAK was activated by hyperoxia, and pretreatment
with a NAC concentration of 5 mM suppressed this acti-
vation (Fig. 3b). To screen the possible mechanism of
p-SPAK being induced by ROS, an in-cell western assay
was used for MLE-12 cells exposed to 24 h of hyperoxia.
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Fig. 1 Effects of SPAK on the barrier integrity in hyperoxic acute lung injury. a Representative images of hematoxylin and eosin staining of
mouse lungs (x 400 magnification). b Lung injury score by histological evaluation of mouse lung tissues (n=6). ¢ Protein concentration in
bronchoalveolar lavage fluid (n=6). d Transmission electron microscopy for the morphology of tight junctions in alveolar epithelial cells (arrows).
BALF bronchoalveolar lavage fluid, WT wild type, SPAK-KO SPAK knock-out. Data are expressed as the means 4 SD. *p < 0.05 versus normoxia WT;

ROS-generating enzyme inhibitors were applied as
pretreatment before hyperoxia, including apocynin,
indomethacin, ketoconazole, NADG, rotenone, allopu-
rinol, and L-NAME. The activation of p-SPAK was not
suppressed by low concentrations of ROS-generating
enzyme inhibitors, but it was significantly suppressed
by a high concentration of indomethacin (Fig. 3c). West-
ern blot analysis validated the effect of indomethacin in
hyperoxia-induced p-SPAK activation (Fig. 3d).

SPAK mediates the decline in claudin-18 expression

and barrier function of MLE-12 cells after hyperoxic
exposure

We measured the expression of claudin-18 in MLE-12 cells
and found that hyperoxia suppressed the expression in a
time-dependent manner. A significant decrease was noted
after 48 h of exposure (Fig. 4a). We performed immunob-
lotting and quantitative real-time PCR to demonstrate the
effect of SPAK on the expression of claudin-18 in MLE-12
cells exposed to hyperoxia for 48 h. The claudin-18 expres-
sion was significantly decreased in the control group in

comparison to the SPAK-KD group (Fig. 4b, c). We meas-
ured the transepithelial electrical resistance of the mon-
olayer of MLE-12 cells by ECIS to assess the effect of SPAK
on the barrier integrity of the alveolar epithelium. A lower
resistance (at a frequency of 500 Hz in ECIS measure-
ments) was observed in the control group. The decrease
of resistance caused by hyperoxic exposure was restored
in the SPAK-KD group (Fig. 4d). The Rb decreased signifi-
cantly after hyperoxic exposure in the control group, but
not in the SPAK-KD group (Fig. 4€). In addition, hyperoxic
exposure resulted in an increased paracellular permeabil-
ity, which was alleviated by knocking down SPAK (Fig. 4f).
These findings suggest that down-regulating SPAK attenu-
ates the hyperoxia-induced barrier dysfunction in the alve-
olar epithelium.

SPAK modulates hyperoxia-induced barrier dysfunction
and suppression of claudin-18 via p38 MAPK in MLE-12
cells

A previous study showed that SPAK acts as a media-
tor of stress-activated signals that activates p38 MAPK
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Fig. 2 Effects of hyperoxia on the expressions of p-SPAK and claudin-18 of alveolar epithelium in hyperoxic acute lung injury. a Representative

images of immunofluorescence staining for p-SPAK (TRITC-labeled red) and claudin-18 (FITC-labeled green) of mouse lungs (original magnification
x 600). Nuclei were counterstained with DAPI (blue). b p-SPAK expressions in mouse lungs determined by western blot analysis (n=15). ¢ Claudin-18
expressions in mouse lungs determined by western blot analysis (n=6). WT: wild type. SPAK-KO: SPAK knock-out. p-SPAK: phosphorylated-SPAK.
Data are expressed as the means = SD. *p < 0.05 versus normoxia WT; “p <0.05 versus hyperoxia WT

[28]. We performed immunoblotting of T-p38 and
p-p38 expressions in MLE-12 cells exposed to hyper-
oxia for 24 and 48 h (Fig. 5a, b). The expression of
p-p38 was activated by hyperoxia in the control group.
In the SPAK-KD group, the expression decreased sig-
nificantly. The role of p38 MAPK in modulating the
expression of claudin-18 was assessed by pretreat-
ing MLE-12 cells with 2 pM of p38 MAPK inhibitor
(BIRB-796), followed by hyperoxia for 48 h. Hyperoxia
resulted in lower claudin-18 expression, which was
restored by BIRB0796 (Fig. 5c, d). ECIS showed that
pretreatment with p38 MAPK inhibitor restored the
decrease of resistance in MLE-12 cells after hyperoxic
exposure (Fig. 5e). The Rb decreased significantly in
the control group after hyperoxic exposure, but not in
the p38 MAPK inhibitor group (Fig. 5f). These find-
ings indicate that SPAK modulates hyperoxia-induced
barrier dysfunction and the suppression of claudin-18
via p38 MAPK in the alveolar epithelium.

Discussion

We have presented the first research exploring the asso-
ciation between SPAK and barrier function of alveolar
epithelium when exposed to hyperoxia both in vivo and
in vitro. Hyperoxia up-regulates p-SPAK by ROS, which
activates p-p38 and disrupts the TJ of the alveolar epithe-
lium by suppressing the expression of claudin-18. Down-
regulation of SPAK alleviates the phosphorylation of p38
and restores the expression of claudin-18, which protects
the alveolar epithelium against the barrier dysfunction in
HALI (Fig. 6).

The present study showed that hyperoxia activated
p-SPAK of the alveolar epithelium by ROS. ROS is a
family of active molecules containing free radicals that
are involved in the injury of various cellular constitu-
ents, such as lipids, proteins, and DNA [29]. For epi-
thelial cells, ROS disrupts the TJ directly by protein
modifications such as thiol oxidation, phosphorylation,
nitration, and carbonylation. Multiple inflammatory
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of claudin-18 in MLE-12 cells determined by western blot analysis and mRNA levels (n=4). *p < 0.05 versus normoxia control; *p < 0.05 versus
hyperoxia control. d Transepithelial electrical resistance of MLE-12 cells measured by ECIS (n=4). e Barrier resistance (Rb) of MLE-12 cells measured
by ECIS (n=4). *p <0.05 versus 0 h control; *p < 0.05 versus 24 h control; %0 < 0.05 versus 48 h control. f Paracellular permeability assay using MLE-12
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pathways may also be stimulated to impair the T] and
barrier function [14, 30, 31]. The known ROS-produc-
ing enzymes in mammalian cells are NADPH oxidases,
xanthine oxidase, lipoxygenases, and cytochrome P450
[32]. ROS activates cyclooxygenase, and the activation
of cyclooxygenase/prostaglandin synthase pathways
may induce further ROS production through effects on
different ROS-generating enzymes [33]. We found that
p-SPAK activation induced by ROS was significantly
inhibited by indomethacin, a cyclooxygenase inhibitor,
suggesting that cyclooxygenase may play an essential
role in activating p-SPAK in HALL

The up-regulation of p-SPAK was correlated with
the down-regulation of claudin-18 after hyperoxic
exposure in this study. Claudin-18 is the claudin that

is overwhelmingly expressed by alveolar epithelial cells
[34]. In a bleomycin-induced experimental model of
lung injury, the expression of claudin-18 and the integ-
rity of the epithelial T] were disturbed in the fibrotic
lesions [35]. Claudin-18 may play an important role
in the regulation of ion selectivity to mediate barrier
function. A previous study has shown that claudin-18
knockout mice exhibit greater solute permeability than
WT control mice. In monolayers formed by claudin-
18-deficient alveolar epithelial cells, enlarged paracel-
lular gaps were correlated with changes in the actin
cytoskeleton [36]. Therefore, claudin-18 may be a cru-
cial target modulated by SPAK in the alveolar epithe-
lium after hyperoxic exposure.

(See figure on next page.)

Fig. 5 Effects of p38 MAPK on the expressions of claudin-18 and barrier function in MLE-12 cells after hyperoxic exposure. a, b Expressions of total
p38 MAPK and phosphor brylated p38 MAP K after hyperoxic exposure for 24 h (n=6) and 48 h (n=6). *p < 0.05 versus normoxia control; p < 0.05
versus hyperoxia control. ¢, d Claudin-18 expressions after treatment by p38 MAPK inhibitor BIRB-796 followed by exposure to hyperoxia for 24 h
(n=6)and 48 h (n=5). *p <0.05 versus normoxia control; *5<0.05 versus hyperoxia control. e Transepithelial electrical resistance treated by
BIRB-796 and measured by ECIS (n=4). f Barrier resistance (Rb) of MLE-12 cells measured by ECIS (n=4). *p <0.05 versus 0 h control; ¥ <0.05 versus
48 h control. SPAK-KD SPAK knock-down, T-p38 total-p38, p-p38 phosphorylated-p38. Data are expressed as the mean 4 SD
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Fig. 6 The mechanisms of SPAK-p38 MAPK signal pathway modulating alveolar barrier function after hyperoxic exposure. Hyperoxia up-regulates
p-SPAK and actives p-p38 by ROS, which mediates the decline in claudin-18 expression and disrupts the TJ of the alveolar epithelium.
Down-regulation of SPAK inhibits p-p38 and restores the expression of claudin-18, which preserves barrier integrity of the alveolar epithelium. ROS
reactive oxygen species, p-SPAK phosphorylated-SPAK, p-p38 phosphorylated-p38, TJ tight junction

In a mouse model of intestinal inflammation, SPAK
altered the permeability of epithelial cells by regulating
the expression of T] proteins. SPAK-KO mice showed
increased barrier function of the intestinal epithelium
induced by dextran sulfate sodium. The changes of bar-
rier function were associated with increased expressions
of occludin, E-cadherin, B-catenin, and claudin-5, but
there were no noticeable changes in the expressions of
claudin-1, claudin-4, ZO-1, and ZO-2 [24]. Claudin-18
was not affected in this study, and we suppose that this
may have been caused by the differences in the injury
model and injured tissue. Further studies are warranted

to identify the associations between SPAK and changes in
other TJ proteins induced by hyperoxia.

Many factors contribute to the biological interactions
with SPAK. SPAK functions as an upstream kinase of
NKCCI1, but previous studies have not shown associa-
tions between NKCCI1 and epithelial barrier function.
SPAK has several binding partners and effectors, such
as apoptosis-associated tyrosine kinase, protein kinase
C isotypes, glycoprotein CD46, heat shock protein,
otoferlin, gelsolin, calcium binding protein, p21-acti-
vated protein kinase, and MAPKs [37]. Among these
kinases, activation of p38 MAPK was found in mice
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with LPS-induced acute lung injury, and inhibition of
p38 MAPK activity attenuated pulmonary edema for-
mation and hyperpermeability [38]. A previous study
has shown that ROS contributes to the activation of p38
MAPK, which was associated with microtubule desta-
bilization and the formation of paracellular gaps in the
vascular endothelium in mouse lungs [34]. In the pre-
sent study, the expression of epithelial claudin-18 was
also modulated by p38 MAPK when exposed to hyper-
oxia, which points out the multiple roles of p38 MPAK
in barrier dysfunction induced by oxidative stress.

The pharmacological targeting of SPAK includes
antagonizing the SPAK-WNK interaction, inhibiting
SPAK activity, or disrupting SPAK activation by inter-
fering with its binding to M025a/p. These approaches
could be useful for regulating the homeostasis of the
renal epithelium and may have therapeutic potential
for NaCl-sensitive hypertension [39]. In addition to
the role in blood pressure regulation, abrogating SPAK
activity may be a therapeutic strategy for other diseases.
The inactivation of SPAK was shown to reduce body
weight gain in mice fed a high-fat diet, which occurred
through the improvement of energy expenditure and
insulin sensitivity [40]. The deletion of the WNK3-
SPAK kinase complex in mice improves radiographic
and clinical outcomes in malignant cerebral edema
after ischemic stroke [41]. SPAK also plays a pathogenic
role in IgA nephropathy through the activation of the
NF-kB/MAPKs signaling pathway [42]. In endotoxemic
mice, the deletion of SPAK not only reduces the eleva-
tion of nitric oxide levels but also improves vascular
hyporeactivity to serotonin and phenylephrine [43].
The cellular model in the present study has shown the
direct effect of the SPAK-p38 MAPK signal pathway
on the alveolar epithelium after hyperoxic exposure.
Although further human studies are warranted, our
findings suggest that the selective inhibition of alveolar
SPAK phosphorylation may yield a new opportunity to
treat barrier dysfunction in HALIL

The main limitation of this study is the complex
pathogenic condition of HALIL In the present study,
we found that SPAK activated p-p38 in MLE-12 cells
exposed to hyperoxia. However, hyperoxia triggers
diverse effects that involve not only the alveolar epi-
thelium and the pulmonary vascular endothelium, but
also the inflammatory cells such as macrophages and
neutrophils [8]. Although the cellular model in the pre-
sent study demonstrates a direct benefit of SPAK-KD
on the alveolar epithelium exposed to hyperoxia, the
effects of SPAK on other cells remain uncertain. Fur-
ther studies are warranted to identify the roles of SPAK
in the crosstalk between epithelium, endothelium, and
inflammatory cells in HALL
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Conclusions

Hyperoxia up-regulates the SPAK-p38 MAPK sig-
nal pathway through ROS, which disrupts the TJ of
the alveolar epithelium by suppressing the expression
of claudin-18. The down-regulation of SPAK attenu-
ates this process and protects the alveolar epithelium
against the barrier dysfunction in HALI. The selective
inhibition of SPAK phosphorylation in the alveolar
epithelium may be a potential strategy for alleviating
hyperoxia-induced barrier dysfunction.
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