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ed signal mediates pulmonary
microvascular endothelial barrier injury induced by
the return of PHSML in rats

Muhammad Fawad, Muhammad Abbas, Limin Zhang, Yuping Zhang
and Yaxiong Guo *

The return of post-hemorrhagic shock mesenteric lymph (PHSML) induces pulmonary vascular endothelial

barrier dysfunction, which results in acute lung injury. Activation of the apoptosis signal-regulated kinase 1

(ASK1) and p38 mitogen-activated protein kinase (p38 MAPK) pathway has been shown to trigger

inflammatory responses. However, whether the ASK1-p38 MAPK pathway is involved in the PHSML-

induced pulmonary endothelial barrier dysfunction remains unclear. In the present study, permeability

changes of pulmonary capillaries were found in vivo, and activation of the ASK1-p38 MAPK pathway was

determined in vitro. PMVEC barrier dysfunction was determined by measuring TEER. Furthermore,

junctional and cytoskeletal protein expressions were analyzed. The results showed that hemorrhagic

shock led to a marked increase in the permeability of pulmonary capillaries in vivo, which was markedly

alleviated by PHSML drainage. In cultured pulmonary microvascular endothelial cells (PMVECs), PHSML

reduced the endothelial barrier function accompanied by upregulated p-ASK1 and p-p38 MAPK protein

expression, impaired the cytoskeletal protein structure, and down-regulated junction protein expression.

These adverse effects were eliminated by applying either Trx1 (ASK1 inhibitor) or SB203580 (p38 MAPK

inhibitor). These results indicated that the ASK1-p38 MAPK pathway mediates PHSML-induced

pulmonary vascular endothelial barrier dysfunction during hemorrhagic shock.
Introduction

Acute lung injury (ALI), challenged by lipopolysaccharide (LPS)
through oxidative, inammatory, and apoptotic effects, is
a leading cause of death in severe hemorrhagic shock.1–3

Previous studies have shown that hemorrhagic shock-induced
gut ischemia leads to gut barrier dysfunction, with the anti-
inammatory cytokines and bacterial toxins of gut ora
directly carried into lymphatic vessels and the lungs to further
cause ALI deterioration.4,5 Furthermore, intravenous infusion of
post-hemorrhagic shock mesenteric lymph (PHSML) directly
increases the endothelial cell layer permeability of pulmonary
capillaries, which results in vascular endothelial barrier
dysfunction.6 These results suggest that the backow of
mesenteric lymph derived from ischemic gut is a primary cause
of ALI induced by hemorrhagic shock.7

The barrier arrangement of pulmonary microvascular
endothelial cells (PMVECs) is not identical to the capillary
endothelial cells of other organs.8,9 The cytoskeleton that
supports the PMVECmonolayer barrier mainly consists of three
primary elements, namely, actin microlaments, intermediate
laments, and microtubules.10 The endothelial barrier receives
University, Zhangjiakou, Hebei, China.

-4029150
signals from extracellular matrix (ECM) brous proteins linked
to junction proteins between the endothelium.11 Endothelial
barrier integrity is stabilized by several structural proteins
(inside and outside the membrane), including ZO-1, VE-
cadherin, claudin-1, and F-actin.12–14 Therefore, altering the
cytoskeleton elements or tight junction protein would lead to
changes in pulmonary microvascular endothelial barrier
function.

Many harmful factors produced by hemorrhagic shock can
impair the cytoskeleton structure and reduce the barrier prop-
erties.15 The mitogen-activated protein kinase (MAPK) family
plays a vital role in barrier dysfunction through the apoptosis
pathway.16 There are three classical types of MAPK pathway
activation cascade, namely, p38 MAPK, extracellular-signal-
regulated kinase (ERK), and c-Jun N-terminal kinase (JNK).17

Apoptosis signal-regulated kinase 1 (ASK1) activation plays an
important role in the apoptosis pathway, and can activate the
p38 MAPK pathway, which induces local production of cyto-
kines to aggravate the inammatory cascade, and disorganize
the cytoskeleton of distinctive cells.18,19 Although activation of
the ASK1-p38 MAPK pathway is involved in the cytoskeleton-
mediated endothelial barrier function, it remains unclear
whether this pathway also mediates PHSML-induced pulmo-
nary microvascular endothelial barrier dysfunction following
hemorrhagic shock. Therefore, the present study aimed to
This journal is © The Royal Society of Chemistry 2019
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determine the impairing effect of PHSML on the pulmonary
microvascular endothelial barrier, and conrm the mediating
role of the ASK1-p38 MAPK pathway in PHSML-induced
pulmonary endothelial barrier dysfunction.

Materials and methods
Pulmonary capillary permeability

A hemorrhagic shock model was established and PHSML was
drained as described previously.20 The supernatant of PHSML
was centrifuged and stored at �80 �C for subsequent cell
experiments. A 10 mm2 window was then opened in the right
thoracic wall of mechanically ventilated Wistar rats.21 To
measure the permeability of pulmonary capillaries in vivo, FITC-
labeled albumin (50 mg kg�1) was injected into the femoral
vein.22 Using a digital camera system (dynamic in vivo imaging
of microvasculature and perfusion by uorescence microscopy,
Gene & I, LTD), images were scanned and recorded, followed by
analysis using Image-Pro Plus 6.0 soware. Five elds were
selected for evaluation in each rat. The Ao/Ai ratio (uorescent
intensity outside or inside of the alveolar capillary) was calcu-
lated as an indicator of FITC-albumin leakage (compared with
the baseline). This study was performed in strict accordance
with the NIH guidelines for the care and use of laboratory
animals (NIH Publication no. 85-23 Rev. 1985) and was
approved by the Institutional Animal Care and Use Committee
of Hebei North University (Zhangjiakou, China).

Morphological observations

Rat PMVECs (PriCells, China) were cultured at 37 �C in
a humidied atmosphere of 5% CO2–95% air (v/v) in Dulbecco's
modied Eagle's medium (DMEM, GIBCO, USA) supplemented
with 10% (v/v) fetal bovine serum (FBS, GIBCO, USA), 1% anti-
biotic (penicillin, 10 000 U mL�1; streptomycin, 10 mg mL�1;
GIBCO), and Microvascular Growth Supplement (MVGS,
GIBCO, USA). The PMVECs grew to contact-inhibited mono-
layers with a typical cobblestone morphology and were then
passaged by trypsinization (0.25% trypsin/0.02% EDTA) and
resuspended in fresh culture medium. The cells (80% conu-
ence) were incubated in FBS-free DMEM medium for 24 h
before treatment. Subsequent treatment with FBS-free low-
glucose DMEM medium, PHSML, lipopolysaccharide (LPS, 10
mg mL�1), PHSML + TRX1 (ASK1 inhibitor, 10 ng mL�1) or
PHSML + SB203580 (p38 MAPK inhibitor, 10 mmol L�1) was
performed for 6 h. Images of PMVECs were obtained using
a Leica inverted phase-contrast microscope and recorded at
magnications of 50� to 200�, to observe the role of the ASK1-
p38 MAPK pathway in PHSML-induced PMVEC injury.

Monolayer permeability

To assess the role of the ASK1-p38 pathway in the PHSML-
induced increase in the PMVEC monolayer permeability,
PMVECs were seeded at 1 � 105 cells per cm2 on Costar
Transwell inserts (0.4 mm pores, surface area 0.3 cm2) using
DMEM medium with different treatments. Overnight incuba-
tion ensured temperature and pH equilibration, and prevented
This journal is © The Royal Society of Chemistry 2019
transient electrical uctuations, which might occur aer media
changes or repetitive measurements. Suspension cells (100 mL)
were added into the apical compartment, and FBS-free low
glucose DMEMmedium (600 mL) was added into the basolateral
compartment. When the cells were fully fused to form a dense
monolayer, we replaced the medium with various factors, as
listed above, for 6 h. Primarily, DMEM medium containing
FITC-albumin (100 mL, 1 mg mL�1) was added to exchange the
medium of the apical compartment. The cells were then incu-
bated for 45 min in the dark. The trans-epithelial electrical
resistance (TEER) was measured using an epithelial voltohm-
meter (WPI, USA). The media were collected from the apical (2
mL) and basolateral (100 mL) compartments of the 96 well plate,
with that from the apical compartments diluted with 98 mL
DMEM medium (50-fold dilution), while that from the baso-
lateral compartments was not diluted. The uorescence inten-
sity of each sample was measured using a Spectramax M3
uorescence microplate reader (EX: 485 nm, EM: 525 nm).
Apparent permeability coefficients (Pa) were estimated accord-
ing to the following equation: Pa ¼ ([A]/t) � (l/A) � (v/[L]), where
[A] is the uorescence absorbance of the basolateral compart-
ment, t is time (s), A is the surface area of the chamber lter
(cm2), v is the liquid volume of the basolateral compartment
(mL), and [L] is the uorescence absorbance of the apical
compartment. All permeability and adsorption values were
means of at least triplicate measurements using separate lters.

Western blotting

Membrane and cytosolic proteins were isolated with
a Membrane and Cytosol Extraction Kit (Beyotime, China).
Protein concentrations were determined using a BCA Protein
Assay Kit (Beyotime, China). Equal amounts of proteins were
separated by 10% SDS gel electrophoresis under denaturing and
nonreducing conditions, and then transferred to a PVDF
membrane. The membrane was blocked with 5% non-fat milk
in Tris-buffered saline and 1& Tween 20 (TBST) at room
temperature for 1 h, and then incubated with primary antibody
at 4 �C overnight. Aer washing in TBST, the membrane was
incubated with the secondary antibody. Membranes were
exposed to enhanced chemiluminescent reagents (ECL Plus
Western Blotting Detection System, Beyotime, China). Images
were captured and analyzed using an ImageQuant LAS 4000
instrument.

Laser scanning confocal microscopy

PMVECs were seeded on sterile chamber slides at 5 � 104/mL
and cultured. Aer 6 h, cells were xed for 30 min in 4%
paraformaldehyde, permeabilized in 0.5% Triton X-100 for
30 min, and rinsed in PBS for 5 min. For F-actin staining, cells
were incubated with FITC-conjugated phalloidin (5 mgmL�1) for
20 min at room temperature in the dark, and then washed with
PBS. Phalloidin binds to F-actin. Nuclei were stained with DAPI
staining solution (10 mg mL�1) for 5 min at room temperature
and washed with PBS. The cells were visualized with a laser
scanning confocal microscope (Nikon CISi, Japan). Transverse
sections were imaged from the dorsal surface down to the cell–
RSC Adv., 2019, 9, 4870–4875 | 4871
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substratum interface at 2 mm intervals. F-actin protein expres-
sion was also detected with western blotting.
Statistical analysis

Data were calculated as means � standard deviation (SD). One-
way analysis of variance (ANOVA) was used to assess signicant
differences between groups. P < 0.05 was considered signicant.
All analyses were performed using SPSS version 17.0 (SPSS,
Chicago, USA).
Results
Permeability changes of rat pulmonary capillaries

In this study, we used the dynamics of FITC-labeled albumin
leakage to assess the permeability of pulmonary capillaries, as
shown in Fig. 1. The permeability was signicantly increased in
the shock group. In contrast, increased permeability was
markedly alleviated in the shock with drainage group.
Fig. 2 Effects of TRX1 and SB203580 on the p-ASK1 and p-p38 MAPK
expressions in PMVECs treated with PHSML. (A) Images of western
blotting for ASK1 and p38 MAPK. (B) Relative density analysis of
pASK1-p38 MAPK protein activation of PMVECs

To conrm that increased permeability was linked to the ASK1-
p38 MAPK pathway, we examined the p-ASK1 and p-p38 MAPK
protein expression of PMVECs treated with PHSML and/or
inhibitors of ASK1 and p-38 MAPK. As shown in Fig. 2,
PHSML increased the activation of p-ASK1 and p-p38 MAPK
proteins, which were reduced by co-administration of either
TRX1 or SB203580.
concentration. Results are presented as the mean � SD (n ¼ 3). *P <
0.05 vs. control group, #P < 0.05 vs. PHSML group, :P < 0.05 vs. LPS
group.
Morphological changes of PMVECs

PMVECs grew vigorously to create a cobblestone wall with well-
dened margins in the control group (Fig. 3A and F). However,
PMVECs treated with either PHSML or LPS exhibited increased
Fig. 1 Permeability changes of pulmonary capillaries following
hemorrhagic shock in rats. (A–C) Images of FITC-albumin leakage
from pulmonary capillaries under fluorescencemicroscopy among the
three groups, bar ¼ 50 mm. (D) Ratio of FITC-albumin leakage in
different groups. Results are presented as means � SD (n ¼ 3). *P <
0.05 vs. sham group, #P < 0.05 vs. shock group.

4872 | RSC Adv., 2019, 9, 4870–4875
cell gaps and undifferentiated cell numbers (Fig. 3B, G, C and
H). These treatments also restricted cell growth, kept cells in
suspension, and altered the cytoskeleton of individual cells. Co-
administration of either TRX1 or SB203580 with PHSML
reversed the PHSML-induced adverse effects (Fig. 3D, I, E and J).
Permeability changes of PMVECs

To examine the effects of PHSML and the ASK1-p38 MAPK
pathway on PMVEC barrier dysfunction, the permeability of the
PMVEC monolayer was determined by measuring TEER
Fig. 3 Effects of TRX1 and SB203580 on the morphology changes of
PMVECs treated with PHSML. (A–J) Images of control, PHSML, lipo-
polysaccharide (LPS), PHSML + TRX1 (ASK1 inhibitor) or PHSML +
SB203580 (p38 MAPK inhibitor) incubated for 6 h (inverted micro-
scope, �50 and �200).

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Effects of TRX1 and SB203580 on the permeability of PMVECs
treated with PHSML. (A) Permeability coefficient of the PMVEC barrier.
(B) TEER of the PMVEC barrier. Results are presented as means� SD (n
¼ 3). *P < 0.05 vs. control group, #P < 0.05 vs. PHSML group,:P < 0.05
vs. LPS group.

Fig. 6 Effects of TRX1 and SB203580 on F-actin expression in PMVECs
treated with PHSML. F-actin was stained with phalloidin FITC (green);
nuclei were stained with DAPI (blue); cells co-expressed F-actin and
DAPI in the merged image.
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(Fig. 4A) and the permeability coefficient (Fig. 4B). Both PHSML
and LPS signicantly decreased the TEER (P < 0.05) on the
PMVEC monolayer, reecting that the endothelial barrier was
compromised. The concurrent application of either TRX1 or
SB203580 signicantly attenuated the TEER (P < 0.05) in
response to either PHSML or LPS. Similarly, by measuring the
permeability coefficient, the higher permeability of the PMVEC
monolayer was evident during treatment with PHSML, which
was inhibited by co-administration of either TRX1 or SB203580.
Junction protein expressions of PMVECs

As PHSML and ASK1-p38 MAPK pathways play a role in the
permeability of the PMVEC monolayer, we further conrmed
Fig. 5 Effects of TRX1 and SB203580 on junction protein expression in
PMVECs treated with PHSML. (A) Images of western blotting for VE-
cadherin, ZO-1, and claudin-1. (B) Relative density analysis of
concentration. Results are presented as means � SD (n ¼ 3). *P < 0.05
vs. control group, #P < 0.05 vs. PHSML group, :P < 0.05 vs. LPS group.

This journal is © The Royal Society of Chemistry 2019
the role of the ASK1-p38 MAPK pathway in barrier dysfunction.
Changes in the junction protein expression were determined.
We analyzed the expressions of proteins (VE-cadherin, ZO-1,
and claudin-1) by western blotting (Fig. 5). Compared with the
control group, PHSML or LPS dramatically reduced the
expression of three junction proteins (P < 0.05). These reduced
protein expressions were restored by treatment with either
TRX1 or SB203580 (P < 0.05).
Cytoskeleton expression of PMVECs

Cytoskeleton changes were observed using a combination of F-
actin staining with uorescein–phalloidin and nuclear staining
with DAPI. F-actin is situated in the cellular cortex in the cells.
This localization is observable in cells, which present a strong
accumulation of actin laments underneath the plasma
membrane. The central region of the growth cone contains a F-
actin meshwork, because F-actin bundles are an essential part
of motility. F-actin was stained with phalloidin and analyzed
using confocal microscopy. Representative confocal images of
phalloidin and DAPI co-stained in PMVECs are shown as Fig. 6.
Both PHSML and LPS decreased phalloidin staining and
destroyed the nuclei compared with the control group, whereas
treatment of either TRX1 or SB203580 with PHSML restored the
nuclei and increased F-actin expression.
Discussion

Pulmonary microvascular endothelial cells are irreversibly
impaired aer hypoxic-ischemic injury during hemorrhagic
shock, which induces capillary leak syndrome or a large area of
tissue edema (easily causing MOD).4,20,23 Activation of the ASK1-
p38 MAPK pathway induced p38 MAPK phosphorylation and
enhanced the inammatory response and apoptosis, leading to
ALI.24,25 In contrast, inhibition of shock mesenteric lymph reux
can reduce pulmonary vascular permeability and relieve ALI.7

We have previously demonstrated that the permeability of
pulmonary capillaries was increased in shock rats (lung wet-to-
dry weight ratio, Evan's blue dye technique).20 In the present
RSC Adv., 2019, 9, 4870–4875 | 4873
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study, we found that blocking the ASK1-p38 MAPK pathway
abolished the impairing effects of PHSML on PMVEC barrier.
These results indicated that ASK1-p38 MAPK pathway activation
mediated the impairing effects of PHSML on the PMVEC
barrier.

Mesenteric lymph return can trigger a systemic inamma-
tory response and ALI by pro-inammatory mediators in
hemorrhagic shock.26 The MAPK pathway has been reported to
play a major role in this process, especially the p38 MAPK
pathway.27 Suppressing the p38 MAPK pathway reduces lung
dysfunction following hemorrhagic shock, but whether
hemorrhagic shock directly upregulates the expression of p38
MAPK has not been reported previously.28 Furthermore, p38
MAPK signaling has been proposed to be critical for
lipopolysaccharide-induced apoptosis in PMVECs.29 ASK1 is an
important kinase for apoptosis, and its activation can activate
the p38 MAPK pathway.18,19 Therefore, it is necessary to estab-
lish the relationship between the ASK1-p38 MAPK pathway and
PHSML in pulmonary endothelial barrier dysfunction. Our
ndings indicated that activation of the ASK1-p38 MAPK
pathway mediated PHSML-induced pulmonary microvascular
endothelial barrier dysfunction following hemorrhagic shock.
Interestingly, ASK1 expression was also inhibited by p38
inhibitor, although the specic mechanism should be explored
in future studies.

To mimic the environment of PMVECs during hemorrhagic
shock, we used PHSML to stimulate PMVECs, and found that
PHSML induced signicant morphological changes, which
might be related to barrier dysfunction. Blocking of the ASK1-
p38 MAPK pathway could reduce these morphological changes.
Our results showed that the ASK1-p38 MAPK pathway plays an
important role in damage to the PMVEC morphology induced
by PHSML.

PHSML has been shown to activate the ASK1-p38 MAPK
pathway through inammatory cytokines, which are respon-
sible for several intra-cellular responses.19,30 To examine the
effect of the ASK1-p38 MAPK pathway on PMVEC barrier
dysfunction produced by PHSML, permeability changes were
evaluated by TEER and permeability coefficient experiments.
We found that PHSML could decrease TEER and increase the
PMVEC monolayer permeability. Both TRX1 and SB203580
reversed the PHSML-induced changes in the TEER and PMVEC
monolayer permeability. These results indicated that inhibiting
ASK1-p38 MAPK signicantly reduced PMVEC barrier damage
and increased the permeability produced by PHSML.

Our ndings were in agreement with the p38 MAPK pathway
being involved in disruption of the tight junction protein
induced by LPS.3 PHSML markedly reduced the expression of
ZO-1, claudin-1, and VE-cadherin. Both TRX-1 and SB20358
restored PHSML-reduced protein expression. The main cyto-
skeleton constituent was actin lament, which was mainly
linked to the junction proteins.13,14 Confocal images also
showed that the F-actin contents were reduced upon stimula-
tion of the ASK1-p38 MAPK pathway. Aer inhibition of either
SB203580 or TRX-1, the contents were restored to near control
levels. Our results supported that F-actin laments are
responsible for junction protein integrity by maintaining the
4874 | RSC Adv., 2019, 9, 4870–4875
barrier permeability.31 ASK1-p38 MAPK pathway activation led
to actin lament derangement and disrupted the barrier prop-
erties by changing the junction protein.

Conclusions

We have demonstrated that the ASK1-p38 pathway is strongly
correlated with the induction of PHSML-induced pulmonary
microvascular endothelial barrier dysfunction. PHSML greatly
altered the cytoskeletal and junction proteins (F-actin, VE-
cadherin, claudin-1, and ZO-1). Inhibition of the ASK1-p38
pathway prevented damages of the PMVEC barrier induced by
the PHSML. These results indicate that the ASK1-p38 pathway
mediates PHSML-induced permeability changes of the PMVEC
barrier.
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