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Abstract
Background: Acute respiratory distress syndrome (ARDS) is the leading cause of acute respiratory failure.
Endothelial cell damage and increased permeability are critical in developing acute lung injury (ALI).
Phospholipase D2 (PLD2) and its metabolite phosphatidic acid (PA) regulate many physiological
activities in cells, disrupting cell barrier integrity. However, the exact mechanism remains unexplored.
Therefore, we elucidated the role and action mechanism of PLD2 in lipopolysaccharide (LPS)-induced
endothelial cell integrity.

Methods: We used wild-type (WT) and PLD2 knockout (PLD2-/-) mouse models of LPS-induced ALI.
Altered pulmonary endothelial permeability was assessed using histopathological analysis. The relative
permeability of the pulmonary vascular endothelial cell culture model was assessed using transwell
chamber assays for FITC-dextran and TEER transcellular resistance. The PA content, a downstream
product of PLD2, was detected using ELISA, and the mRNA expression of tight junction proteins was
detected by real-time quantitative polymerase chain reaction (RT-PCR). Changes in tight junction protein
levels and STAT3 pathway phosphorylation, a critical endothelial barrier component, were assessed using
immuno�uorescence and western blotting analyses in vivo and in vitro.

Results: PLD2-/- could signi�cantly improve the histopathological changes, lung wet-dry ratio, and
endothelial cell permeability in LPS-induced ALI mice. Simultaneously, PLD2-/- could reduce PA-induced
STAT3 phosphorylation, resulting in reduced endothelial tight junction degradation.

Conclusion: Loss or inhibition of PLD2 signi�cantly inhibits tight junction injury and alleviates lung injury.
LPS-induced PA production leads to STAT3 pathway phosphorylation and tight junction protein targeting,
resulting in increased barrier permeability. Collectively, PA is crucial in ARDS pathogenesis.

1. Introduction
ARDS, an in�ammatory lung condition characterized by an acute onset and arterial hypoxia with bilateral
pulmonary in�ltrates, is a common cause of respiratory failure in critically ill patients. ARDS arises as a
complication of other primary diagnoses, such as sepsis, pneumonia, trauma, aspiration of gastric
contents, or multiple transfusions [1, 2]. ARDS is present in approximately 10% of intensive care unit
patients worldwide, and mortality remains as high as 30–40% in most studies [3]. Although numerous
studies have focused on the mechanisms and treatment strategies of ARDS, effective therapies to
minimize the profound vascular leakage in ARDS are not currently available, and signi�cant morbidity
and mortality in critically ill patients are a major clinical problem [4, 5]. Pathologic examination of
patients commonly reveals diffuse alveolar damage (DAD), and laboratory studies have shown diffuse
alveolar-capillary injury and increased vascular permeability, leading to the accumulation of protein-rich
in�ammatory edema �uid in the alveolar space. Studies on pulmonary vascular endothelial cell
permeability are essential for understanding the mechanism of ARDS because these cells exert multiple
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relevant effects, such as generating in�ammatory mediators and regulating intracellular adhesion, which
are related to the endothelial barrier [6].

The endothelial barrier, a physical barrier formed by pulmonary endothelial cells and tightly connected
intercellular complexes, may play a key role in ARDS. Tight junctions play dual roles as barriers and
fences, which are essential for the development and maintenance of multicellular organisms. They create
a primary barrier to the diffusion of solutes through the paracellular pathway. They are thought to
maintain cell polarity as a boundary between the apical and basolateral plasma membrane domains [7].
At least three transmembrane proteins are required to construct tight junction complexes: occludin,
zonula occludens protein-1 (ZO-1), and claudin-1 [8]. Occludin and ZO-1 are bridges between tight
junctions and cytoskeletal proteins and play a vital role in permeability and in�ammation. Damage to
occludin and ZO-1 results in alveolar exudate formation and attenuates its clearance [9–13].

Phospholipase D2 (PLD2) is a lipid-signaling enzyme regulating several cellular events. The classic
function of PLD2 catalyzes the hydrolysis of phosphatidylcholine (PC) to produce the signal molecule
phosphatidic acid (PA) [14]. The molecular characteristics of PLD2, the mechanisms of regulating its
activity, its functions in the signaling pathway involving PA and its binding partners, and its role in cellular
physiology have been extensively studied over the past decades [15]. Various cellular stimuli can activate
PLD2 to generate PA, which mediates various cellular events and signaling pathways, depending on the
stimuli and cellular context. Although several potential roles of PLD2 have been proposed based on
molecular and cell-based studies, the pathophysiological functions of PLD2 in vivo have not yet been
comprehensively investigated at the organismal level [16–18].

The signal transducer and activator of transcription (STAT) proteins are a family of cytoplasmic
transcription factors which share an overall general structure, organized into functional modular
domains. The mammalian STAT family comprises STAT1, STAT2, STAT3, STAT4, STAT5a, STAT5b, and
STAT6, which mediate multiple intracellular signaling pathways [19]. Among them, the transcriptional
regulator STAT3 plays a crucial role in vertebrate development and mature tissue function, including the
control of in�ammation and immunity [20], and participates in many biological processes such as cell
proliferation, survival, differentiation, and angiogenesis. In normal cells, the transient activation of STAT3
(mainly through phosphorylation) transmits the transcription signals of cytokines and growth factor
receptors on the plasma membrane to the nucleus. Targeting the STAT3 signaling pathway is a
promising treatment strategy [19, 21–24].

This study aimed to explain the role and action mechanism of PLD2 on LPS-induced endothelial cell
integrity. To test the hypothesis that PLD2 is a critical regulator of the tight junction proteins occludin and
ZO-1, we used PLD2 (PLD2−/− ) knockout mice and human umbilical vein endothelial cells (HUVECs) to
study the effect of altered PLD2 expression or PA levels on endothelial cell permeability. We observed that
PLD2 de�ciency reduced acute lung injury (ALI) severity and was associated with decreased vascular
endothelial barrier permeability. Additionally, PLD2 inhibition attenuated PA-induced STAT3
phosphorylation, and the STAT3 signaling pathway negatively regulated the expression levels of occludin
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and ZO-1. Collectively, our data suggest that blocking PLD2 can improve ARDS symptoms, and PLD2
may be a therapeutic target in ARDS.

2. Methods

2.1 Animals Studies
PLD2−/− mice on a C57BL/6 background were purchased from Gempharmatech Co., Ltd. (Jiangsu,
China), and Male C57BL/6 mice (WT) (18–23 g; 8–10 weeks old) were purchased from Jinan Pengyue
Laboratory Animal Breeding Co., Ltd. (Shangdong, China) and housed in a room maintained at 22–25°C
and 40–50% humidity. Food and water were available ad libitum. All animal experiments and feeding
methods complied with the guidelines for the Care and Use of Laboratory Animals established by the US
National Institutes of Health and were approved by the Binzhou Medical University Institutional Review
Board.

Experimental mice were randomly allocated into four groups: Wild Type mice normal group (WT), Wild
Type mice model group (WT + LPS), PLD2 gene knockout mice normal group (PLD2−/−), PLD2 knockout
mice model group (PLD2−/− + LPS). To establish an ALI animal model, WT + LPS and PLD2−/− + LPS mice
were intraperitoneally injected 20 mg/kg LPS (L2880, Escherichia coli O55:B5, Sigma-Aldrich St. Louis,
MO, USA). WT and PLD2−/− mice were intraperitoneally injected with the same amount of sterile normal
saline. After LPS was administered in mice for 6h, all mice were intraperitoneally injected with 4% chloral
hydrate. Lung tissues of mice were obtained after full anesthesia.

2.2 Histopathology and Lung Injury Score
Mouse lung tissues were collected and �xed with 4% paraformaldehyde for 48 h. The tissues were
processed, embedded in para�n, sectioned into 5-µm-thick slices, stained with hematoxylin and eosin
(H&E) (Novland, Shanghai, China), and visualized under an optical microscope (Olympus Optical, Tokyo,
Japan) for histological analysis. For each sample, six high-magni�cation �elds were randomly scored for
each feature, and the obtained mean was the pathological score of each sample following the lung injury
score criteria [25].

2.3 Wet/dry (W/D) lung weight ratio
The lung was excised, blotted dry, weighed to obtain the wet weight, and then placed in an oven at 60◦C
for 48 h to obtain the dry weight. The W/D ratio was used to evaluate the degree of pulmonary edema.

2.4 Cell culture
HUVECs were purchased from the Shanghai cell bank and cultured in a 5% CO2 incubator at 37ºC in a
complete culture medium (AllCells, Shanghai, China). Cells were cultured to 85–90% con�uency and
passaged in 0.25% trypsin (containing 0.02% EDTA; Procell, Wuhan, China). The cells were also separated
into four groups: control, LPS (10µg/ml), LPS + CAY10594 (PLD2 inhibitor) (10µmol/L; 1130067-34-3,
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Cayman chemical, Michigan, USA), and CAY10594 group. In the experiment of adding exogenous PA,
HUVECs were divided into four groups: control, PA (50µmol/L), PA + STAT3-IN-1 (STAT3 inhibitor) (5uM;
Cat. No.Hy-100753, MedChemExpress, Shanghai, China), and STAT3-IN-1 group. The LPS, CAY10594 and
STAT3-IN-1 group concentrations used were based on the results of preliminary experiments.

2.5 Assessment of HUVECs permeability
HUVECs were seeded at 15,000 cells per insert well and cultured for 1 to 3 d to allow for growth of a
con�uent monolayer. Cells were pretreated with CAY10594 (10µmol/L) for 1 h, followed by LPS treatment
(10µg/ml) for 6 h. After treatment, Fluorescein isothiocyanate-dextran (FITC-dextran) (40842-46-8, Sigma-
Aldrich St. Louis, MO, USA) with a �nal concentration of 2mg/ ml was added to the upper layer of the
transwell chamber (3470, 6.5 mm Transwell® with 0.4 um Pore Polyester Membrane Insert, Costar,
Massachusetts, USA ) and incubated at 37℃ for 30min. 100 µl of medium was withdrawn from the lower
well and upper well, respectively. Measurements were taken with a microplate reader using excitation and
emission wavelengths of 490 and 525 nm, respectively. The permeability coe�cient of endothelial cells
was =[A]/ T × L /A× V /[L]. Where [A] is the �uorescence protein concentration in the lower chamber, t is
the time, expressed in seconds, A is the �ltration area, expressed in cm2; V is the volume of liquid in the
lower chamber; [L] is the concentration of �uorescent protein in the upper compartment [26].

2.6 Transendothelial Electrical Resistance
Brie�y, Before the experiment begins, 300 µL of culture medium was added to the upper of transwell
inserts, and 1ml of culture medium was added to the lower of transwell inserts. Two Millicell® ERS-2
(MERS00002, USA) resistance meter electrodes were placed on the surface and under the �lter
membrane. The basic resistance values of each compartment (blank resistance) were measured and
HUVECs were seeded into each compartment at a density of 15,000 cells per well. After the cells fuse,
cells were pretreated with CAY10594 (10µmol/l) for 1 h, followed by LPS treatment (10µg/ml) for 6 h. The
resistance values of each compartment were then measured: (Ω/ 2) = (measured resistance - blank
resistance) × effective membrane area [27, 28].

2.7 The content of PA in cell supernatant
After conducting different treatments and pretreatments of cells, a cell culture medium was collected, and
the supernatant of each sample was collected after 3000 rpm under 4°C for 20 min. Thus, PA levels in the
supernatant were evaluated with the ELISA kits (ml675014, Shanghai Enzymelinked Biotechnology Co.,
Ltd, Shanghai, China ) by the manufacturer’s instructions.

2.8 Western Blot Analysis
After treatment, HUVECs and lung tissue proteins were extracted according to the requirements of the
protein extraction kit (Cat#R0020 and Cat.No.P0100, Solarbio, Beijing, China), and protein concentrations
in the supernatant were determined using a BCA Protein Assay kit (Cat.No.P0010S, Beyotime
Biotechnology, Beijing, China). According to the different molecular weights of the target protein, the
appropriate gel was prepared. Proteins were separated by SDS-PAGE (Cat.No.P0012A, Beyotime
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Biotechnology, Beijing, China) and transferred to polyvinylidene �uoride (PVDF) (Cat. No.ISEQ00010,
Merck Millipore, USA) membranes which were subsequently blocked with 5–7% skimmed milk for 2 h.
Then the Membranes were incubated with primary antibodies against occludin (1:1000; 33-1500,
Invitrogen, Carlsbad, CA, USA), ZO-1 (1:1000; ab276131, Abcam, Cambridge, UK), P-STAT3 (1:1000;
ab32143, Abcam, Cambridge, UK), STAT3 (1:1500; ab68153, Abcam, Cambridge, UK), and β-actin (1:1000;
20536-1-AP, Proteintech, USA) overnight at 4℃, followed by incubation with horseradish peroxidase-
conjugated antibodies (1:2000; Cat. No.SA00001-1 and Cat. No.SA00001-2, Proteintech, Chicago, USA)
for 60 minutes at room temperature and protein bands were visualized by an electrochemiluminescence
kit (MAO0186-1, Meilunbio, Dalian, China). Densitometry analysis was performed in the Image-J
software.

2.9 Quantitative real-time PCR
Total RNA was isolated from HUVECs using Trizol Reagent (Ambion, Thermo, MA, USA) according to the
manufacturer's protocol and the concentration and purity were detected on a nucleic acid analyzer. Total
RNA was reverse transcribed and ampli�ed by PCR using the Takara PrimeScript RT Reagent Kit (
RR037A, Takara, Shiga, Japan ). PCR reactions consisted of 12µL of PCR mix, 2µL cDNA, 1µL upstream
primer, 1µL downstream primer, and qs to a �nal volume of 20 µL using ultrapure water. The reaction
solution is prepared on ice. A two-step PCR procedure was used for detection and analysis by
�uorescence quantitative PCR. mRNA expression was calculated using formula 2- (∆Ct sample–∆Ct
control). The primer sequences are listed as follows. ZO-1 (Forward, 5’-
ATAAAGTGCTGGCTTGGTCTGTTTG-3’ and Reverse, 5’-GCACTGCCCACCCATCTGTA-3’); occludin
(Forward, 5’-ACTGGGTCAGGGAATATCCA-3’ and Reverse, 5’-TCAGCAGCAGCCATGTACTC-3’); GAPDH
(Forward, 5’-GCACCGTCAAGGCTGAGAAC-3’ and Reverse, 5’-GCACTGCCCACCCATCTGTA-3’).

2.10 Immuno�uorescence
The cells were inoculated on 24 well plates to detect the contents of occludin, and ZO-1 in HUVECs.
HUVECs were �xed with 4% paraformaldehyde for 15 minutes and then blocked with goat serum for 1 h.
After processing, the HUVECs were incubated with occludin (1:200) and ZO-1 (1:200) antibodies for 6 h.
Next, a �uorescence secondary antibody (1:200; Cat #: A23220 and Cat #: A23420, Abbkine, California,
USA) was added to the stain for 1h at room temperature. The samples were imaged by a �uorescence
microscope, and the �uorescence intensity was quantitatively evaluated by image-J software.

To detect the contents of occludin and ZO-1 in lung tissues, lung tissues were sectioned into 5-µm-thick
slices, lung specimens were sealed with goat serum after dewaxing and antigen repair. After processing,
lung specimens were incubated with primary and secondary antibodies. the samples were imaged by
�uorescence microscope. Finally, the sample is imaged with a �uorescence microscope.

2.11 Statistical analysis

All data were expressed as mean ± standard deviation (SD). One-way ANOVA was used to calculate
differences between groups, and then the SNK test was performed. p < 0.05 was considered Statistically
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signi�cant. P-value 0.05 was considered Statistically signi�cant. All statistical analyses were performed
using IBM SPSS 25 software. All mathematical calculations and graphing were performed using
GraphPad Prism 5.

3. Results
3.1 PLD2 de�ciency can alleviate the histopathological changes of ALI mice and reduce the LPS-induced
permeability of endothelial cells

Pulmonary edema and increased pulmonary vascular permeability are basic pathological features of
ARDS. We investigated the effects of PLD2 on pulmonary edema and vascular permeability in LPS-
induced ALI. Six hours after LPS intraperitoneal injection, lung tissue sections were stained with
hematoxylin and eosin. The results showed that PLD2−/− signi�cantly inhibited in�ammatory cell
in�ltration and alveolar wall thickening. (Fig. 1. A, B), Furthermore, it effectively reduced the lung W/D
ratio (Fig. 1. C). Using the Transwell chamber assay, we detected FITC-dextran and TEER transcellular
resistance as indicators of HUVECs’ relative permeability (Fig. 1. D, E). FITC-dextran, a branched glucose
polymer, has no charge, is electrically neutral, and exhibits good biocompatibility. The advantage of this
method is the �uorescence-based study of microcirculation and cell permeability. PLD2 inhibitor,
CAY10594, exerted a protective effect on LPS-induced hyper-permeability. The results showed that
CAY10594 could improve LPS-induced hyper-permeability compared to that in the LPS group, suggesting
that CAY10594 could inhibit pulmonary capillary permeability.

3.2 PLD2 de�ciency could protect occludin and ZO-1
damaged in ALI mice and LPS-induced HUVECs
Loss of endothelial barrier integrity is a common feature of LPS-induced ARDS. The results showed that
changes in PLD2 expression after LPS induction were closely related to the endothelial barrier integrity.
Tight junction protein expression in the lungs of control and PLD2−/− mice were analyzed. Western blot
analysis showed that the expression of occludin and ZO-1 in the wild-type (WT) and PLD2−/− groups were
higher and more consistent than that in the WT + LPS group. The expression of occludin and ZO-1 was
signi�cantly decreased, and the expression of these proteins was higher in the PLD2−/− + LPS group than
in the WT + LPS group (Fig. 2. A-C). Additionally, the expression of occludin and ZO-1 in the same four
groups was veri�ed using immuno�uorescence analysis (Fig. 2. D–G). This result suggests that PLD2
knockout protects the endothelial barrier integrity and enhances occludin and ZO-1 expression.

Because changes in PLD2 expression affect the expression of tight junction proteins in vivo, we
evaluated whether similar changes occur in vitro. Western blotting and immuno�uorescence analyses
were used to detect the content of the main tight junction proteins occludin and ZO-1 in the control, LPS,
LPS + CAY10594, and CAY10594 groups (Fig. 3. A-G). We observed that occludin and ZO-1 expression in
the LPS group was signi�cantly reduced, whereas the expression of these proteins in the LPS + CAY10594
group was higher than that in the LPS group. This is consistent with our data from mice. Additionally,
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real-time quantitative polymerase chain reaction (RT-PCR) analysis showed consistent results, as veri�ed
by the gene expression (Fig. 3. H–I). In summary, our data indicate that PLD2 participates in the
downregulation of occludin and ZO-1 expression in lung endothelial cells.

3.3 PLD2 expression and its catalytic product PA increased in LPS-induced mice and HUVECs, and PA
further induces STAT3 phosphorylation

PLD2 hydrolyzes phosphatidylcholine to produce phosphatidic acid and choline. Under various upstream
stimuli, PLD2 activation causes PA production to increase, which is considered a key event for initiating
various cellular responses. Under the action of LPS, PA expression in the supernatant of HUVECs was
detected using ELISA (Fig. 4. A). Compared to the LPS group, PA expression in the LPS + CAY10594 group
was signi�cantly reduced. Under the action of LPS, PLD2 enhanced the expression of PA, a catalytic
product. Next, we investigated the mechanism by which PA promoted the destruction of tight junction
proteins. In the in vivo experiments, we analyzed the expression of phosphorylated STAT3 in the lungs of
mice in the LPS-induced control and PLD2 knockout groups. Western blot analysis showed that the
expression of phosphorylated STAT3 in the WT + LPS group was signi�cantly increased. Compared with
that in the WT + LPS group, the expression of phosphorylated STAT3 in the PLD2−/− + LPS group was
decreased (Fig. 4. B, C). The results of the in vitro experiments showed that the expression of
phosphorylated STAT3 in the LPS group was signi�cantly increased. In contrast, the expression of
phosphorylated STAT3 in the LPS + CAY10594 group was lower than that in the LPS group (Fig. 4. D, E).
To verify whether this result is PA-induced phosphorylation of STAT3, we analyzed the control group and
the exogenously added PA group using western blotting (Fig. 4. F, G). We observed that the expression of
phosphorylated STAT3 signi�cantly increased in the PA group. This result shows that, under the action of
LPS, PLD2 enhances PA expression, which is a catalytic product, and PA further induces STAT3
phosphorylation.

3.4 Inhibition of STAT3 phosphorylation attenuates PA-
induced degradation of endothelial tight junctions
We detected the levels of the main tight junction proteins occludin and ZO-1 in the control, PA, PA + 
STAT3-IN-1, and STAT3-IN-1 HUVEC groups using western blotting and immuno�uorescence analyses
(Fig. 5. A–G). We observed that occludin and ZO-1 expression in the PA group was signi�cantly reduced,
and the expression of these proteins was higher in the PA + STAT 3-IN-1 group than in the PA group. In
addition, RT-PCR analysis showed that the above results were veri�ed based on the gene expression level
(Fig. 5. H, I). In summary, our data indicate that inhibiting STAT3 phosphorylation attenuates the PA-
induced degradation of endothelial tight junctions.

4. Discussion
In this study, we aimed to determine the role of PLD2 in the pathogenesis of ALI and to verify that PLD2 is
an important endothelial permeability regulator. To this end, we used knockout mice to establish an
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experimental LPS-induced ALI model. We used HUVECs to detect the effect of changes in PLD2
expression or changes in intracellular PA levels on endothelial permeability. Our results showed that
knocking out PLD2 alleviated ALI in mice. Intracellular PA enhancement increases endothelial cell
permeability, and PLD2 is speci�cally involved in regulating endothelial permeability. Our study revealed
that the PLD2-dependent increase in endothelial cell permeability is related to the activation of PA and
STAT3 signaling pathways. The STAT3 signaling pathway negatively regulates occludin and ZO-1
expression. This study highlights the novel role of PLD2 in regulating the tight junction proteins occludin
and ZO-1 and the pulmonary endothelial barrier.

Much effort has been devoted to uncovering the function of PLD2 in speci�c situations, such as disease,
which makes PLD2 function more predictable than expected [29]. Furthermore, because PLD2 is
ubiquitously expressed in most cell types, more complex studies using knockout animal models are
required to reveal the cell-, tissue-, and organ-speci�c functions of PLD2 [30]. PLD2 plays a role in various
pathological conditions. Studies using PLD2 knockout mice have identi�ed previously unknown
functions of PLD2 in the pathology of several diseases [31]. Abdulnour et al. recently demonstrated that
PLD2 expression is associated with mortality in patients with ARDS and that PLD2 expression is
decreased in murine self-resolving ALI. PLD2 de�ciency reduces ALI severity and is associated with the
increased recruitment of macrophages with enhanced phagocytosis and decreased neutrophil production
of reactive oxygen species (ROS) [29]. To our knowledge, the role of PLD2 in ARDS pathogenesis has not
been elaborated [32]. Our results showed that PLD2 deletion improved lung integrity and prevented ALI in
LPS-induced mice. In in vivo experiments, we found no signi�cant difference in lung integrity and
pulmonary vascular permeability between WT and PLD2−/− mice, whereas PLD2−/− + LPS signi�cantly
changed lung histopathology and decreased pulmonary vascular permeability than in WT + LPS mice.
Similarly, in vitro chemical inhibition of PLD2 in HUVECs also reduced LPS-induced barrier permeability,
suggesting that the PLD2 gene may play a signi�cant role in the event of injury. As we observed
increased paracellular permeability, the loss of tight junction proteins might be a predisposing factor for
ARDS.

In ARDS, changes in tight junctions contribute to the development of pulmonary edema and the
continuation of in�ammation [8]. Since it is widely accepted that tight junctions play a central role in
regulating the extracellular permeability of endothelial cells, the structure of endothelial tight junctions
has been extensively studied [33]. Tight junctions are critical for lung barrier stability and have important
clinical implications [12, 34]. In a mouse ALI model, where increased vascular permeability and vascular
integrity disruption occurred during lung injury pathogenesis, PLD2 loss provided tight junction protein-
related protection [17, 18]. Tight junctions provide paracellular permeability for solutes and
macromolecules as structural barriers. The expression of the structural membrane proteins occludin, ZO-
1, claudin-5, and JAM-A is related to tight junction permeability [35]. In our gene-null mice, LPS-induced
reduction in occludin and ZO-1 levels was restored, indicating that PLD2 regulates occludin and ZO-1
expression under LPS action. There was an inverse relationship between PLD2, occludin, and ZO-1
expression. Occludin is a tetrameric membrane protein with two extracellular loops separated by short
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intracellular loops. The carboxy- and amino-terminal domains are cytoplasmic and involved in various
signaling pathways [36]. ZO-1 is a tight junction that provides para-cellular permeability to solutes and
macromolecules as a structural barrier. The expression of the structural membrane proteins occludin, ZO-
1, claudin-5, and JAM-A is related to the permeability of tight junctions [35]. The plaque protein binds to
occludin in the cytoplasm and localizes occludin in the cytoskeleton to ensure tight junction integrity [7].
While claudin-5 and JAM-A are also essential components of tight junctions, claudin-5 exists in the para-
cellular space and is highly expressed in ECs [33, 37]. Tight junctions function as a closure to restrict the
passage of proteins, ions, and water through the intercellular space; as a fence to prevent the mixing of
the apical and basolateral plasma membrane domains; and as a channel to regulate the passage of ions
and water through the intercellular space [10, 12]. Our results con�rm a novel role for PLD2 in regulating
the tight junction proteins occludin and ZO-1. However, whether PLD2 also regulates other components of
endothelial tight junction proteins (claudin-5 and JAM-A) remains unclear. In this study, we established
that the genetic or pharmacological inhibition of PLD2 restored occludin and ZO-1 levels, alleviated ARDS
symptoms, and improved mouse survival. The repair of tight junction proteins by inhibiting PLD2 could
serve as a therapeutic intervention in patients with ARDS. Combining this therapy with conventional
drugs may be a promising therapeutic strategy [32, 38].

We observed that after LPS-induced ARDS in mice, STAT3 phosphorylation was signi�cantly increased in
WT + LPS mice, whereas PLD2 inhibition attenuated phosphorylation. Similarly, we obtained the same
results using the in vitro chemical inhibition of PLD2 in HUVECs. PLD2 is a lipid signal transduction
enzyme whose classical function is to catalyze the hydrolysis of PC to generate the signal molecule PA
[39]. We next tested whether the PA increase was positively related to STAT3 phosphorylation, con�rming
this hypothesis. This result suggests that regulating STAT3 by PLD2 may be mediated by PA.

Since PLD2 activity and levels are associated with STAT3 phosphorylation, it may also predict disease
diagnosis and recurrence. In this study, we focused on the speci�c role of PLD2 in regulating tight
junctions via a STAT3-dependent pathway. Our study shows that the PLD2-dependent increase in
endothelial cell permeability is associated with activation of the PA and STAT3 signaling pathways. The
STAT3 signaling pathway negatively regulates occludin and ZO-1 expression. Therefore, we showed that
the STAT3 signaling pathway also plays a vital role in regulating occludin and ZO-1 and maintaining lung
barrier integrity. However, further studies, including human tissue samples, are required to determine the
role of PLD2 in regulating STAT3 in clinical pathogenesis and disease persistence.

This study had certain limitations. On the one hand, the effects of PLD2 on occludin and ZO-1 were
studied at the cellular and mouse levels but not in higher animals. However, whether other signaling
pathways involving occludin and ZO-1 proteins affect LPS-induced ARDS requires further investigation.
Collectively, this study demonstrated that PLD2 deletion or inhibition signi�cantly inhibits tight junction
damage and alleviates lung injury. Although LPS-induced PA production can lead to STAT3 activation,
further studies will help elucidate the detailed mechanism of LPS-induced PLD2 upregulation in ARDS.

5. Conclusions
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Our study revealed that PLD2 expression and its catalytic product PA increased in LPS-induced mice and
HUVECs, and PA further induced STAT3 phosphorylation. The STAT3 signaling pathway negatively
regulates the expression of the tight junction proteins occludin and ZO-1. Therefore, our data suggest that
blocking PLD2 can improve ALI, providing a new theoretical and experimental basis for the clinical
application of PLD2 in ARDS (Fig. 6).

Abbreviations
ARDS: Acute respiratory distress syndrome; ALI: Acute lung injury; PA :phosphatidic acid; PLD2:
Phospholipase D2; PA: Phosphatidic acid; HUVECs: Human umbilical vein endothelial cells; DAD: Diffuse
alveolar damage; ZO-1: zonula occludens protein-1; PC: Phosphatidylcholine; STAT: Signal transducer
and activator of transcription; FITC-dextran: Fluorescein isothiocyanate-dextran; ROS: reactive oxygen
species.
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Figure 1

Effects of PLD2 expression on histopathological changes and lung wet-dry ratio in LPS induced ALI mice
and endothelial permeability. After 6 h of the LPS (20mg/kg) challenge, lung tissues from each
experimental group were processed for histological evaluation. (n = 6mice/group; magni�cation 200×,
scale bar: 50µm) (A, B), and the lung W/D ratio (C). The effect of PLD2 on the permeability of HUVECs
treated with LPS was assessed using FITC-dextran and TEER methods (E). All data are presented as the
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mean ± SD of three independent experiments. *p < 0.05 vs the control group. &p < 0.05 vs the WT + LPS
group . #p < 0.05 vs the LPS group.

Figure 2

Effects of PLD2 expression on LPS induced pulmonary occludin and ZO-1 in ALI mice. After 6 h of LPS
(20mg/kg) challenge, lung tissues were obtained for occludin and ZO-1 expression. The proteins of
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occludin, ZO-1and β-actin were detected by the Western blot (A). The β-actin was used as the internal
control. Quanti�cation of occludin and ZO-1 are shown in (B) and (C) respectively. Distributions of
occludin (D) and ZO-1 (F) and associated �uorescence intensity analysis of occludin (E) and ZO-1 (G) in
the lungs of mice in the WT, WT + LPS, PLD2-/-, and PLD2-/- + LPS groups. (magni�cation × 200; scale bar,
50 μm) .All data are presented as the mean ± SD of three independent experiments. *p < 0.05 vs the WT
group. #p < 0.05 vs WT + LPS group. 
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Figure 3

The effect of PLD2 expression on occludin and ZO-1 in HUVECs. After 6 h of LPS (10μg/ml) challenge,
Western blotting analysis of occludin and ZO-1 in HUVECs in the control, LPS, LPS + CAY10594 and
CAY10594 groups (A). The β-actin was used as the internal control. Quanti�cation of occludin and ZO-1
are shown in (B) and (C) respectively. Immuno�uorescence images to determine occludin (D) and ZO-1
(F) levels in HUVECs from each group. (magni�cation × 200; scale bar, 50 μm) . Quanti�cation of occludin
and ZO-1 are shown in (E) and (G) respectively. mRNA levels of occludin and ZO-1 in the HUVECs were
evaluated via qRT-PCR (H, I). All data are presented as the mean ± SD of three independent experiments.
*p < 0.05 vs the Control group. #p < 0.05 vs the LPS group. 

Figure 4

PLD2 enhanced the expression of PA and the effect of PLD2/PA on STAT3. PA in the cell supernatant of
the cell was evaluated using ELISA (A). After 6 h of LPS (20mg/kg) challenge, lung tissues were obtained
for P-STAT3 and STAT3 expression. Western blotting analysis of P-STAT3 and STAT3 in the lungs of mice
in the WT, WT + LPS, PLD2-/-, and PLD2-/- + LPS groups (B). Quanti�cation of P-STAT3 is shown in (C).
After 6 h of LPS (10μg/ml) challenge, Western blotting analysis of P-STAT3 and STAT3 in HUVECs cells
in the control, LPS, LPS + CAY10594 and CAY10594 groups (D). The β-actin was used as the internal
control. Quanti�cation of P-STAT3 is shown in (E). After 6 h of PA (50μmol/L) challenge, Western blotting
analysis of P-STAT3 and STAT3 in HUVECs in the control and PA groups (F). The β-actin was used as the
internal control. Quanti�cation of P-STAT3 is shown in (G). All data are presented as the mean ± SD of



Page 20/22

three independent experiments. *p < 0.05 vs the Control group. #p < 0.05 vs the LPS group.**p < 0.05 vs
the WT group. ##p < 0.05 vs the WT + LPS group. 

Figure 5

Effects of PA induced STAT3 phosphorylation on occludin and ZO-1 in HUVECs. After 6 h of LPS
(10μg/ml) challenge, Western blotting analysis of occludin and ZO-1 in HUVECs in the control, PA,
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PA+STAT3-IN-1, and STAT3-IN-1 groups (A). The β-actin was used as the internal control. Quanti�cation
of occludin and ZO-1 are shown in (B) and (C) respectively. Immuno�uorescence images to determine
occludin (D) and ZO-1 (F) levels in HUVECs from each group. (magni�cation × 200; scale bar, 50 μm) .
Quanti�cation of occludin and ZO-1 are shown in (E) and (G) respectively. mRNA levels of occludin and
ZO-1 in the HUVECs were evaluated via qRT-PCR (H, I). All data are presented as the mean ± SD of three
independent experiments. *p < 0.05 vs the Control group. #p < 0.05 vs PA group. 

Figure 6

Mechanisms by which PLD2 regulates lung endothelial barrier integrity. LPS can up-regulate the
expression of PLD2 in lung endothelial cells, PLD2 enhances the expression of the catalytic product PA,
and PA further induces the transient activation (mainly through phosphorylation) of STAT3, which
transmits transcriptional signals from cytokine and growth factor receptors on the cytoplasmic
membrane to the nucleus to interact with occludin and ZO-1. Phosphorylated STAT3 signals and targets
the tight junction proteins for disruption of occludin and ZO-1 therein, resulting in increased barrier
permeability and thus increased in�ammation. Illustrations are drawn using images from Bio RENDER,
with minor modi�cations.
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