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Lipoxin A4 ameliorates alveolar fluid clearance disturbance in
lipopolysaccharide-induced lung injury via aquaporin 56 and MAPK

signaling pathway
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Background: A characteristic of acute lung injury (ALI) is the inflammatory damage of alveolar fluid
transport. Lipoxins are endogenous lipids involving in the resolution of inflammation. It is found that
lipoxin A4 (LXA4) has the distinct properties to improve the anti-edema and pro-resolution function in
inflammation. Since aquaporins (AQPs) have essential roles in the integrity of barrier function during fluid
transport, especially AQPS5 in the maintaining of the epithelium permeability, the current study is aimed to
evaluate the potential role of LXA4 in regulating alveolar fluid clearance (AFC) during fluid transport and
the corresponding change of AQPS5 in the lung.

Methods: ALI was induced by the lipopolysaccharide (LPS) intraperitoneal injection, and LXA4
treatment was given 8 hours after LPS administration. We investigated changes in the capacity of AFC, pro-
inflammatory cytokine concentrations in bronchoalveolar lavage fluid (BALF) and the severity of ALI. Then
AQPS5 expression in lung tissue and potential regulatory pathways in LPS-induced ALI was explored.
Results: LXA4 treatment was found to inhibit AFC capacity, inflammatory cytokine release, partially,
alleviate ALI severity, and restored AQP5 expression partially. Additionally, we found that LXA4 played a
protective role by the inhibition of the phosphorylation of p38 and JNK.

Conclusions: In summary, our results suggest that LXA4 plays a protective role in lipopolysaccharide-
induced ALI by restoring AFC capacity and upregulating AQPS5 expression and inhibiting the
phosphorylation of p38 and JNK. These findings suggest potential new mechanism of LXA4 as anti-

inflammation therapy for the impairment of alveolar fluid transport in ALIL.
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Introduction

Acute lung injury (ALI) and acute respiratory distress
syndrome (ARDS), is one of the dominant causes of the
high mortality of critically ill patients (1,2), companied by
the increased permeability of protein and an alteration of
the capacity of alveolar fluid clearance (AFC) associated
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with increased mortality (3-5). AFC capacity refers to the
capacity of the alveolar epithelial membrane to remove
water from distal air spaces in the lung (4,6,7). Studies have
shown that AFC contributes to providing an appropriate
alveolar air-liquid interface essential for adequate gas

blood exchange and host barrier defense against exogenous
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pathogen (4,5). Aquaporin (AQP)-type water channels
are essential components in AFC maintenance (8-10).
Among the different AQPs, AQP5 is especially expressed in
apical membrane of serous cells in submucosal glands and
alveolar type I epithelial cells in the lungs, playing important
roles in osmotic water permeability of the alveolar-
capillary barrier (11). It is found that the stimulation of
lipopolysaccharide (LPS) augmented the water permeability
of lung epithelial cells by changing the cell surface AQPS
expression and the distribution (11).

Lipoxins are endogenous lipids involving in the
resolution of inflammation, including inhibiting pro-
inflammatory cytokine release, decreasing leukocyte-
mediated injury, and stimulating macrophage efferocytosis
(12,13). Lipoxin A4 (LXA4) is a member of lipoxin family
that functions as “braking signals” in the inflammatory
response and switches the inflammatory response to the
resolution phase (13-15). LXA4 has been proved to present
the distinct pro-resolution and anti-edema properties in
an ALI model (16). In one study, LXA4 played a strong
protective role in ALI, in part by remaining the E-cadherin
expression and airway epithelial permeability (17). Thus,
we supposed that AQPS5, which is especially located in
the alveolar type I epithelial cells and functioning as
maintaining the fluid balance, might be related to the
protective role of LXA4 since AQPS helped to preserve the
airway epithelial permeability, as the further exploration of
the mechanism of LXA4. However, it is reported that in
the acute pancreatitis induced ALI model, LXA4 plays the
anti-inflammatory (ALR) effect by attenuating endothelial
cell growth inhibition and apoptosis, regulating the AQP-5
expression to stabilize endothelial cell and reducing alveolar
fluid exudation (18). Thus, whether AQP5 is involved in the
protective role of LXA4 in the airway epithelial permeability
maintenance is still unknown yet. This study was aimed to
explore, in a ALI model built by LPS stimulation, whether
AFC-protective effect of LXA4 in ALI is regulated by
AQPS5 and its potential cell signal pathway, with the aim of
elucidating the possible mechanism involved in the effect of
LXA4 on ALL

Methods
Animals and preparation

The animal experiments in our study were authorized
by the Animal Care and Use Ethics Committee of our
institution (KT2018061). The experiments were carried
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out according to the guide and instruction of the Care and
Use of Laboratory Animals. Healthy male C57BL/6 mice
(20-30 g, 6-8 weeks old) were purchased from China
Medical University. The mice were housed in a specific
pathogen-free (SPF) environment on a 12 h light/12 h dark
cycle. The operations were performed under anesthesia.

Experimental mice were divided into four experimental
groups (n=15 per group) randomly: (I) control group; (II)
LPS-induced ALI group (ALI group); (III) LXA4 group;
and (IV) ALI + LXA4 group. ALI was induced by 50 pL
of LPS (8 mg/kg) intraperitoneal (i.p.) administration as
described previously (18). The sterilized phosphate buffered
saline (PBS) worked as the solution of LPS before use.
The equivalent amount of PBS was administered to the
control group and LXA4 group. Eight hours after LPS or
PBS instillation, LXA4 (0.1 mg/kg, i.p.) was administered
as outlined in a previously published article for the two
LXA4 groups (18). Mice were sacrificed by exsanguination
and lungs were sampled 24 hours after the LPS or PBS
administration. For five mice of each group, the lung wet/
dry weight ratio was measured as described previously (19),
and the same five lungs were used for the measurement
of AFC. For the other mice of each group, the left lobes
were paraffin-embedded for five mice, while the left lungs
of the remaining five mice were instilled with 0.5 mL PBS
four times for the bronchoalveolar lavage fluid (BALF),
while the other parts of the lungs were stored at -80 °C.
BALF was centrifuged for 10 min at 1,000 rev/min at 4 °C,
and the supernatants of BALF were kept at -80 °C for the
measurement of inflammatory cytokines.

AFC measurement

The measurement of AFC was according to the method
described previously (19). After 24 h of LPS or PBS
administration, under the anesthesia, the mouse was
intubated with a tube through a tracheostomy. The left
lung was excised to measure the ratio of lung wet to dry
lung weight. Then, the trachea, right lung, and heart were
excised en bloc to measure AFC. A 37 °C solution made from
saline containing 5% albumin and 0.15 mg/mL Evans blue
dye was injected slowly into the right lung. To make all of
the instilled solution into the alveolar spaces, 12 mL/kg
oxygen was delivered after the solution, and then inflated
with 100% oxygen with the 5 cm H,O airway pressure in
an incubator at 37 °C. AFC was calculated according to the
following formula (19-21):

AFC =[(Vi-VH/Vf]x100, where Vf=(Vi xEBi)/EBf; Vi
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is the volume of instilled solution made from saline and
albumin, and Vf is the volume of final alveolar fluid, which
is given by where EB is the concentration of Evans blue dye
in instilled solution (i) and in the final alveolar fluid (f).

Morphological changes

For histological examination, left lung tissues were
processed with 4% paraformaldehyde for 24 h, embedded
in paraffin wax, and then sectioned into 5 pm thicknesses.
After the staining of hematoxylin and eosin, the slides were
examined with a light microscope (Olympus, Tokyo, Japan)
and analyzed under the blinded observation to evaluate
the ALI severity by the following variables: (I) alveolar
hemorrhage; (II) alveolar congestion; (III) alveolar wall
thickness or formation of hyaline membrane; and (IV)
inflammatory infiltration or aggregation of neutrophils
in alveoli or vessel wall. For each item, the degree was
graded from 0 to 4 for as described previously (22). The
lung injury score (total score, 0-16) were calculated by the
summarization of the four variables.

Measurement of interleukin (IL)-6 and tumor necrosis
factor (INF)-a.in BALF

The levels of TNF-a, and IL-6 in BALF were measured
using ELISA kits (San Diego, Biolegend, CA, USA) in
accordance with the manufacturer’s protocols.

Myeloperoxidase (MPO) activity of lung homogenate

To measure MPO enzymatic activity, the lung tissues
were homogenized in 50 mmol/L PBS containing 0.5%
hexadecylammonium bromide and 5 mmol/L EDTA
(pH 6.0). The lung homogenate was centrifugated at 12,500xg
for 20 min at 4 °C. After incubated in 50 mmol/L PBS
containing 30% H,O, and o-dianisidinedihyddrochloride
(167 pg/mL, Sigma-Aldrich, St Louis, MA, USA), the
supernatant fluid was prepared for the detection of the
absorbance at 460 nm over 3 min spectrophotometrically
represented the enzymatic activity of MPO (23).

Immunobistochemistry (IHC) staining

After paraffin removal in xylene, rehydration, antigen
retrieval in a pressure cooker with citrate buffer,
pH 6.0, for 1 min after reaching boiling temperature to,
and endogenous peroxidase quenching with 3% H,O, for
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15 min, slides were incubated overnight at 4 °C with AQPS
primary antibody (1:100 dilution, Abcam, Cambridge,
UK) or with pre-immune serum as a negative control.
Subsequently after the incubation with biotinylated
secondary antibody for 1 h at room temperature, and
finally with peroxidase-conjugated streptavidin, using
diaminobenzidine as the substrate. The slides were stained
with hematoxylin for 30 sec. The slides were observed
under a microscope and photographed (Olympus, Tokyo,
Japan).

Immunoblotting analysis

Immunoblotting analysis of frozen lung homogenates was
processed as previously described (24). Equal amounts
of protein were loaded in each lane. The protein were
separated by 10% SDS-polyacrylamide gel electrophoresis,
and then transferred to polyvinylidene difluoride (PVDEF)
membranes. The PVDF membranes were blocked for 2 h
with 5% skimmed milk, then, incubated with the primary
antibodies of AQPS5 (Bioss antibiodies, Beijing, China),
p-p38 (Cell Signaling Technology, MA, USA), p38 (Cell
Signaling Technology, MA, USA), p-JNK (Cell Signaling
Technology, MA, USA), JNK (Cell Signaling Technology,
MA, USA) and B-actin (Cell Signaling Technology, MA,
USA) at dilutions of 1:1,000 or 1:2,000 and incubated
overnight at 4 °C, and secondary antibodies (Anti-rabbit
IgG, Cell Signaling Technology, MA, USA) at dilution
of 1:2,000. The signals were detected using enhanced
chemiluminescence (GE Healthcare UK Ltd, Gloucester,
UK), and the protein bands were analyzed by densitometry
(Metamorph/Evolution MP 5.0/B X51) with B-actin as a
loading control.

Statistical analysis

All values were reported as mean = standard error of the
mean (SEM). Data were statistically analyzed by one-
way ANOVA, followed by a Newman-Keuls post hoc test.
P<0.05 was defined as statistically significant. The above
analysis and graphs were performed using GraphPad Prism
5.0 (GraphPad, San Diego, CA, USA).

Results
LXA4 improved the survival rate in LPS-induced ALI

As shown in Figure 14, LXA4 treatment of mice in an ALI
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Figure 1 LXA4 improved the survival rate and alveolar fluid clearance capacity in LPS-induced acute lung injury. (A) Survival of C57BL/6 mice
(20-30 g, 6- to 8-week-old) following administration of LPS (8 mg/kg) intraperitoneal (i.p.) instillation. The treatment lipoxin A4 (LXA4)
reduced the mortality significantly (n=20). (B) Effects of lipoxin A4 on alveolar fluid clearance (AFC) in LPS-induced ALI (n=5). Compared
with the control group, AFC was reduced by the challenge of LPS instillation (**P<0.01); while compared with LPS group, the treatment
of LXA4 restored the AFC partially ("P<0.05). (C) Wet/dry weight ratio (WD ratio) change in LPS-induced ALI and the effect of LXA4 on
WD ratio (n=5). Compared with the control group, WD ratio was increased by the challenge of LPS instillation (**P<0.01); while compared
with LPS group, the treatment of LXA4 reduced WD ratio partially (*P<0.05). The mice were divided into four groups: Control, LPS
(8 mg/kg, i.p.), LXA4 (0.1 mg/kg, i.p.), and LPS + LXA4 respectively. Bars represent mean = SEM values, statistical analysis was performed

by one-way ANOVA and Newman-keuls post hoc test; compared with control group, "P<0.05; compared with LPS group, **P<0.01.

model induced by LPS challenge increased the survival
rate of 7 days from 40% to 65% of animals (P<0.01), while
the survival rate of 7 days in the control group was 100%.
Thus, LXA4 reduces death in the ALI model induced by
LPS stimulation.

LXA4 restored AFC capacity reduced by LPS stimulation
while decreasing the lung wet-to-dry ratio by reducing
lung fluids

The AFC was decreased significantly by LPS stimulation in
mice, while the administration of LXA4 partially restored
the AFC, although LXA4 could not restore it to the level
of the control group. When comparing the wet-to-dry lung
ratio in all groups, in accordance with the AFC capacity, the
LPS-induced ALI group had a high ratio due to increased
lung fluids and the impaired capacity of AFC. LXA4
treatment led to a decrease in the lung wet-to-dry ratio
by decreasing lung fluids and partially increasing the AFC
(Figure 1B,C).

LXA4 alleviated lung inflaimmatory response and lung
injury induced by LPS stimulation

The count of total cell and percentage of neutrophils in
BALF were used as markers of acute lung inflammation. In
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the ALI model group, the total cell count and percentage
of neutrophils in BALF were markedly increased due to
LPS stimulation (Figure 24,B). Since MPO is a marker of
neutrophil infiltration in the lung, we evaluated the MPO
concentration in lung homogenates (Figure 2C). Consistent
with the inflammatory cell response in BALF, the MPO
concentration in the lung homogenate was markedly
increased in the ALI group. LXA4 treatment in LPS-
induced ALI alleviated lung inflammation by reducing the
absolute cell count in BALF and neutrophil infiltration as
represented by the BALF neutrophil percentage and the
MPO concentration in the lung homogenate.

As the inflammatory indicators in the lung, concentrations
of the proinflammatory cytokines in BALF, TNF-a and
IL-6, were evaluated (Figure 2D,E). An LPS injection led
to an increase in TNF-a as well as IL-6 concentrations in
BALF. Treatment with LXA4 after LPS administration
helped in a partial recovery from inflammatory injury by
reducing TNF-a and IL-6 concentrations in BALF.

As a result of the inflammatory response in ALI, a
pathological examination was performed to evaluate
morphological damage. As shown in Figure 2 (Figure 2G,H,L7),
the control group showed a normal lung structure, while
LPS stimulation led to inflammatory cell congestion,
alveolar wall thickening and alveolar hemorrhage. For
several severe cases, a hyaline membrane could also be seen.
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Figure 2 LXA4 alleviated lung inflammation and lung injury induced by LPS stimulation. (A,B) Total cell count in bronchioalveolar lavage fluid
(BALF) and polymorphonuclear neutrophil (PMN)% in BALF (n=5). In the ALI model group, the total cell count and percentage of neutrophils
in BALF were markedly increased due to LPS stmulation (**P<0.01), while the LXA4 treatment reduced the total cell count and percentage of
neutrophils in BALF partially (*P<0.05). (C) The levels of lung myeloperoxidase (MPO) activity in lung homogenates (n=5). The MPO concentration
in the lung homogenate was markedly increased in the ALI group (**P<0.01), while the LXA4 treatment reduced the MPO concentration in the
lung homogenate (*P<0.05). (D,E) The level of TNF-a and IL.-6 in the BALF was evaluated by ELISA kits (n=5). (F) Acute lung injury score based
on the pathological examination between different groups (n=5). (G,H,L]J) Lung sections were stained with HE for histological assessment, and
representative images are shown. Bars represent mean + SEM values, statistical analysis was performed by one-way ANOVA and Newman-Keuls

post hoc test; compared with control group, “P<0.05; compared with LPS group, **P<0.01. Scale bar: 20 pm.

© Journal of Thoracic Disease. All rights reserved. 7 Thorac Dis 2019;11(8):3599-3608 | http://dx.doi.org/10.21037/jtd.2019.08.86



3604

Control

Ba et al. LXA4 ameliorates fluid clearance disturbance in ALI

E
LXA4 LPS + LXA4

Con LPS
AQP5 27kDa .- -— —
Al

F

1.5 1

—_
o
L

o
)

AQP5/B-actin

0.0

Figure 3 Effect of LXA4 on the expression of aquaporin 5(AQPS5) in LPS-induced acute lung injury. (A,B,C,D) The immunohistochemistry

staining was performed to detect AQP5 protein expression (brown) in lung tissue section from each group. The representative images of

each group were shown. (E) The protein expression of AQPS5 in lung tissue from each group measured by western blot analysis. (F) The

densitometry values were normalized to B-actin respectively for AQPS protein. All data represent the means + SEM of three independent

experiments in triplicate. Statistical analysis was performed by one-way ANOVA and Newman-Keuls post hoc test; compared with control

group, “P<0.05; compared with LPS group, *P<0.05. Scale bar: 20 pm.

When using an ALI score to quantify and compare ALI
between different groups (Figure 2F), the LPS-induced
ALI group presented with an evident ALI, while LXA4
treatment markedly ameliorated lung injury.

Thus, LXA4 alleviated LPS-induced lung injury as
demonstrated by a reduced cell count and neutrophil
infiltration, and decreased the concentrations of the
inflammatory cytokines, TNF-a, and IL-6 in BALF, and
the enzymatic activity of MPO in the tissue of lungs with
reduced morphological damage as well.

LXA4 treatment prevented LPS-induced AQPS down-
regulation in an ALI model

Since it is known that the AQPS water channel modulated
AFC in lungs, we designed to explore the effect of LXA4
on AQPS. As shown in Figure 3, AQPS5 was decreased by
LPS stimulation. LXA4 raised the expression of AQPS5
in the lungs as determined by IHC staining and western
blotting. Thus, LXA4 treatment in a ALI model induced by
LPS challenge led to increased AQPS5 expression. As shown
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in IHC staining, AQPS5 expression increased markedly in
epithelial cells of alveoli.

A protective role for LXA4 in the ALI model via the
decreased phosphorylation p38 and FNK pathways

To explore the potential cell signaling pathways involved
in the protective role of LXA4 in an ALI model induced
by LPS, we investigated the phosphorylation of p38 and
JNK. In LPS challenge group, p38 and JNK were markedly
phosphorylated more to activate the inflammatory pathway.
LXA4 treatment partially decreased the phosphorylation
level of p38 and JNK (Figure 4), indicating the potential cell
signaling pathway of LXA4 in ALI by the downregulation
of p38 and JNK in a ALI model induced by LPS.

Discussion

To determine the barrier disturbance of fluid transport
in ALI, we employ a LPS-induced ALI model in mice.
We demonstrated the accumulation of water in the lungs
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Figure 4 Effects of LXA4 on p-p38 and p-JNK expression in mice in LPS-induced acute lung injury. (A) The protein expression of p-p38,

p38, p-JNK, JNK in lung tissue from each group measured by western blot analysis. (B,C) The densitometry values were normalized to total

p38 and JNK correspondingly respectively for protein. All data represent the means + SEM of three independent experiments in triplicate.

Statistical analysis was performed by one-way ANOVA and Newman-Keuls post hoc test; compared with control group, “P<0.05; compared

with LPS group, *P<0.05.

measured as the wet-to-dry lung ratio increase and AFC
decline, as well as the increase in lung pro-inflammatory
cytokines in BALF and lung injury severity in morphology
evaluation. After LXA4 treatment, the impairment of fluid
transport was partially recovered and was accompanied by
a decrease in the inflammatory response as well as reduced
morphological lung injury changes in response to LPS.
These phenomena correlated with an improvement in the
survival rate in the LPS + LXA4 group when compared to
the untreated control group. In accordance with previous
studies on the effect of LXA4 in acute pancreatitis-
associated ALI (18), our study confirmed the protective role
of LXA4 in ALI via the inhibition of inflammation and the
restoration of AFC function. In the two aforementioned
studies, the authors found a protective role for LXA4 via
mechanisms involving either the cytoskeleton protein,
F-actin (18), or the AJs marker, E-cadherin (17), which
both work to maintain the integrity of barrier function. In
our study, similar to the authors’ observations, we found
partially restored AFC function with LXA4 treatment, also
as a result of the maintenance of the integrity of barrier
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function.

AQPs facilitate transcellular water flux across the
epithelium of alveoli (25). Among the thirteen AQPs
in mammals (25), AQPS, which especially located and
expressed in the pulmonary capillary endothelial cells
and type I epithelial cells, is one of the most important
AQPs for water transport (10). AQPS5 influenced osmotic
transendothelial/transepithelial water permeability and the
knockout of AQPS5 even decreased the water permeability
to 10-fold (26). However, participation of different AQPs
on different localization was reported to participate into
different types of lung injury (9). For example, in the ALI
caused by direct injury to epithelium such as acid aspiration
and mechanical ventilation, AQP4, targeted primarily
the alveolar epithelium, decreased in the lung tissue,
while AQPS, expressed both in the capillary endothelium
and alveolar epithelium, decreased in a model such as
endotoxemia induced by LPS (9). Although the LPS-
induced ALI model has been proved to primarily target
the capillary endothelium as the result of the systemic
inflammatory response of the body (27), many studies
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showed that in LPS-induced ALI, the endothelium
response is less apparent than that of epithelial cells, with
AQPS5 expression decreasing markedly (9,28), suggesting
AQPS as a marker of the integrity of the epithelium barrier.
In another model of ALI by Pseudomonas aeruginosa,
depletion of AQPS5 has also been shown to exacerbate the
lung injury by impairing the function of the epithelium
barrier, and promoting bacterial blood dissemination during
infection (29). In our study, by IHC staining, the AQPS5
expression was increased in the epithelium of alveoli, thus,
based on its protective role the mechanism described above,
LXA4 protected AFC capacity by increasing the expression
of AQP5 and enhanced the epithelium barrier function. In
addition to our study, another study on the protective role of
LXA4 in ALI found that LXA4 helped to maintain barrier
function by regulating E-cadherin expression. E-cadherin,
as the critical component of cytoskeleton, help to stabilize
the airway permeability by maintaining the stability of
adherens junctions (17). The increased expression of
E-cadherin by the treatment of LXA4 also suggested the
protective role of LXA4 in the epithelium barrier function
by stabilizing the epithelial adherens junctions.

But how AQPS5 is regulated by the administration of
LXA4 is still unknown as yet. In the current study, we
found that LPS insult led to the phosphorylation of p38
and JNK and thus the activation of an inflammatory
response and the impairment of AFC. LXA4 inhibited the
phosphorylation of p38 and JNK and partially reduced
the inflammatory response and the extravasation of
alveolar fluid. In a previous study on the protective role
of LXA4, this was found to exert a protective role being
anti-apoptotic in acute pancreatitis-associated ALI (18).
In another study using BML-111, a LXA4 receptor
agonist, its prophylactic significance in ALI was observed
by targeting mitogen-activated protein kinase (MAPK)
signaling but not the mammalian target of rapamycin
pathway. Meanwhile, the authors found that BML-111
stimulated autophagy in alveolar macrophages, attenuated
the LPS-induced cell apoptosis of alveolar macrophages,
and promoted the resolution of ALI (30). Based on these
results, we hypothesized that LXA4 may play a protective
role in LPS-induced ALI via the MAPK pathway, which
is possibly related to an anti-apoptotic mechanism in the
inflammatory cascade. In ALI, LPS treatment activated p38
MAPK and JNK via phosphorylation in the lungs, relating
to the downregulation of AQP5. The corresponding kinase
inhibitor could inhibit the LPS-induced downregulation
of AQPS5, indicating the relationship of p38 and JNK with
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AQP5 expression (31). However, LXA4 interacts with
several receptors, such as ALR, formyl peptide receptor
2, and formyl peptide receptor 3, to exert its downstream
protective effects (32) by the pathway involving protein
kinase C/Src suppressed C kinase substrate/F-actin,
phosphoinositide 3-kinase, nuclear factor-kappa B, protein
kinase B, Nuclear factor-like 2 protein (17,18,33) and other
pathways involved in TNF-a- or LPS-induced alveolar fluid
barrier dysfunction and pulmonary edema (16,34). The
crosstalk or interaction between such molecules still needs
to be clarified in future.

Taken together, our current findings demonstrate that
LXA4 plays a protective role in LPS-induced ALI through
the restoration of AFC capacity and the upregulation
of AQPS5 expression in lung tissue by inhibiting the
phosphorylation of p38 and JNK. These findings suggest
potential new strategies for improving anti-inflammation
therapy for the impairment of alveolar fluid transport in ALL
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