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A B S T R A C T   

The main pathophysiological mechanism of acute respiratory distress syndrome (ARDS) invovles the increase in 
alveolar barrier permeability that is primarily caused by epithelial glycocalyx and tight junction (TJ) protein 
destruction. This study was performed to explore the effects of the alveolar epithelial glycocalyx on the epithelial 
barrier, specifically on TJ proteins, in ARDS. We used C57BL/6 mice and human lung epithelial cell models of 
lipopolysaccharide (LPS)-induced ARDS. Changes in alveolar permeability were evaluated via pulmonary his-
topathology analysis and by measuring the wet/dry weight ratio of the lungs. Degradation of heparan sulfate 
(HS), an important component of the epithelial glycocalyx, and alterations in levels of the epithelial TJ proteins 
(occludin, zonula occludens 1, and claudin 4) were assessed via ELISA, immunofluorescence analysis, and 
western blotting analysis. Real-time quantitative polymerase chain reaction was used to detect the mRNA of the 
TJ protein. Changes in glycocalyx and TJ ultrastructures in alveolar epithelial cells were evaluated through 
electron microscopy. In vivo and in vitro, LPS increased the alveolar permeability and led to HS degradation and 
TJ damage. After LPS stimulation, the expression of the HS-degrading enzyme heparanase (HPA) in the alveolar 
epithelial cells was increased. The HPA inhibitor N-desulfated/re-N-acetylated heparin alleviated LPS-induced HS 
degradation and reduced TJ damage. In vitro, recombinant HPA reduced the expression of the TJ protein zonula 
occludens-1 (ZO-1) and inhibited its mRNA expression in the alveolar epithelial cells. Taken together, our results 
demonstrate that shedding of the alveolar epithelial glycocalyx aggravates the epithelial barrier and damages 
epithelial TJ proteins in ARDS, with the underlying mechanism involving the effect of HPA on ZO-1.   

1. Introduction 

Acute respiratory distress syndrome (ARDS) is the acute respiratory 
failure characterized by increased permeability, pulmonary edema, 
progressive respiratory distress, and refractory hypoxemia [1]. Although 
ARDS has been widely studied, its mortality remains high, ranging from 
34.9%–46% [2], with only supportive therapies available. Therefore, it 
is critical to understand the underlying pathology of ARDS. Two path-
ogenetic pathways lead to ARDS: direct lung damage (pulmonary ARDS) 
and indirect damage (extrapulmonary ARDS) [3]. Pulmonary ARDS can 
be initiated on the epithelial side, whereas extrapulmonary ARDS occurs 
mainly on the endothelial side [4]. Alveolar epithelial cells are the 

primary invasion target, particularly during ARDS onset, and destruc-
tion of the epithelial barrier is a key characteristic of ARDS, with many 
causes, including SARS-CoV, H1N1 influenza, aspiration, and poten-
tially SARS-CoV-2. Although extrapulmonary ARDS mainly damages 
endothelial cells, in large animal models of ARDS, endothelial cell 
damage alone cannot fully induce pulmonary edema [5]. Therefore, it is 
necessary to study the role of alveolar epithelial cells in ARDS 
pathogenesis. 

The main pathophysiological change in ARDS involves destruction of 
the alveolar-capillary barrier, in which the alveolar barrier plays an 
important role [1]. At present, many studies have evaluated the pul-
monary endothelial barrier. In contrast, the alveolar barrier has not been 
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widely examined. In addition, the permeability of the alveolar barrier is 
lower than that of the vascular endothelial barrier, and thus, the alveolar 
barrier plays an important role in developing pulmonary edema [6]. The 
alveolar barrier is maintained by alveolar epithelial cells and intercel-
lular tight junction (TJ), focal adhesions, gap junctions, and desmo-
somes. Among these, TJ proteins are the most critical determinants of 
alveolar barrier function [7–11]. 

The alveolar epithelial glycocalyx was discovered approximately 50 
years ago and may represent an important component of the alveolar 
barrier [12,13]. It is a carbohydrate-rich layer lining the pulmonary 
epithelium, composed primarily of glycosaminoglycans (mainly hep-
aran sulfate (HS) and chondroitin sulfate) and proteoglycans. HS is 
critical for pulmonary hemostasis, maintaining the parenchymal struc-
ture, and facilitating cellular signaling [14,15]. Pathological degrada-
tion of glycocalyx HS causes alveolar damage and multisystem organ 
failure including the development of ARDS [15]. HPA is an 
endo-β-D-glucuronidase, and is the only enzyme that degrades HS side 
chains at specific intrachain sites in mammals and selectively sheds HS 
from the glycocalyx [16]. Intravenous injection of heparinase III, an 
HS-specific bacterial glucuronidase, rapidly decreases pulmonary 
endothelial glycocalyx layer thickness in wild-type mice [16,17]. 
Notably, the non-anticoagulant N-desulfated/re-N-acetylated heparin 
(NAH) inhibits HPA in mice [18]. Our previous studies indicated that 
intravenous injection NAH reduced lung endothelium HS shedding and 
alleviated extrapulmonary ARDS development in rat models [18]. 

TJ is composed of transmembrane proteins such as occludins, clau-
dins, junctional adhesion molecules, and cytoplasmic proteins such as 
zonula occludens (ZO)-1, ZO-2, and ZO-3 [19,20]. Occludin binds 
directly to ZO-1, and ZO-1 binds to the intracellular cytoskeletal pro-
teins, suggesting that ZO acts as a bridge between TJ proteins and 
cytoskeletal proteins [21,22]. In addition, the interaction of claudins 
with ZO-1 or ZO-2 is indispensable for TJ protein formation [23]. 
Destruction of these proteins is closely related to ARDS [24,25]. Damage 
to TJ proteins not only results in the formation of alveolar exudate but 
also attenuates its clearance [26,27]. The prognoses of patients with 
ARDS with low alveolar fluid clearance rates are significantly worse 
than of ARDS patients with higher alveolar fluid clearance rates [28]. As 
the protective effect of glycocalyx can relieve ARDS development, 
whether intact glycocalyx protects TJs has not been well studied. We 
hypothesize that the shedding of glycocalyx can lead to TJ damage. To 
confirm this assumption, animal and cell experiments were performed in 
this study. 

2. Materials and methods 

2.1. Laboratory animals 

Male C57BL/6 mice (18–23 g; 8–10 weeks old) were purchased from 
Jinan Pengyue Laboratory Animal Breeding Co., Ltd. (Shangdong, 
China) and were housed under standard conditions (22 ± 2 ◦C; 50 % ±
10 % relative humidity; 12-h:12-h light/dark cycle). The mice were 
adapted to the environment for 2–3 days before the experiments. All 
animal experiments and feeding methods complied with the guidelines 
for the Care and Use of Laboratory Animals established by the US Na-
tional Institutes of Health and were approved by the Binzhou Medical 
University Institutional Review Board. 

2.2. Animal model of ARDS 

Animals were randomly divided into six groups: control, lipopoly-
saccharide (LPS), heparinase III, LPS + NAH, heat-inactivated (HI) 
heparinase-III, and NAH groups. To induce LPS-mediated lung injury, 
the animals were intratracheally administered 5 mg/kg LPS (from 
Escherichia coli O55:B5, L2880, Sigma-Aldrich St. Louis, MO, USA) or 
saline (50 μL) and sacrificed 6 h later. The heparinase III group and the 
HI heparinase-III group were intratracheally administered 0.5 U 

heparinase III or 0.5 U HI heparinase-III (from Flavobacterium heparinum, 
Sigma-Aldrich, H8891), respectively, and sacrificed 1 h later [17]. We 
inactivated heparinase-III by heating it at 100 ◦C for 5 min. The LPS +
NAH group and NAH group were pretreated with 150 μg NAH (Sig-
ma-Aldrich, A8036, administered via 200 μL subcutaneous injection) 
[18,29], and one hour later, mice in the LPS and LPS + NAH groups were 
treated with 100 μg/mL LPS for 6 h. The bronchoalveolar lavage fluid 
(BALF), serum samples, and lung tissue samples were harvested. 

2.3. Histopathological examination of the lungs 

Mouse lung tissues were collected and fixed with 4% para-
formaldehyde for 48 h. The tissues were processed, embedded in 
paraffin, and sectioned into 4-μm-thick slices. After hematoxylin and 
eosin staining, the slides were observed under an optical microscope. 
Lung injury was characterized by alveolar congestion and hemorrhage, 
alveolar neutrophil infiltration and aggregation, and thickening of the 
alveolar walls. Samples were scored based on the presence or absence of 
each feature (0, minimal; 1, mild; 2, moderate; 3, severe; and 4, 
maximal). For each sample, six high-magnification fields were randomly 
scored for each feature, and the scores were combined to generate 
average lung injury scores [30]. 

2.4. Lung wet/dry (W/D) ratios 

The lung tissues were harvested and weighed with filter paper; this 
weight was recorded as the wet weight (W). The tissues were dehydrated 
at 60 ◦C for 48 h and weighed to obtain the dry weight (D). The W/D 
ratio was used to evaluate the degree of pulmonary edema. 

2.5. Contents of HS in the BALF and BALF/serum of mice 

After the mice were harvested, the alveoli were repeatedly lavaged 
with 500 μL PBS three times to obtain the BALF. The BALF of each 
sample was centrifuged at 900 ×g for 10 min at 4 ◦C, and the super-
natant was collected. The blood samples were collected from the eye-
balls of the mice and centrifuged at 1500 ×g for 20 min. The levels of HS 
in the BALF and serum were evaluated with corresponding ELISA kits 
(Shanghai Enzyme-linked Biotechnology Co., Shanghai, China; 
ml111013) in accordance with the manufacturer’s instructions. 

2.6. Cell culture 

Human pulmonary epithelial cells (A549 cells) were purchased from 
the Institute of Biochemistry and Cell Biology, Chinese Academy of 
Science (Shanghai, China). The cells were cultured in Dulbecco’s 
modified Eagle’s medium supplemented with 10 % fetal bovine serum in 
a humidified incubator with 5% CO2 at 37 ◦C. The cells were also 
separated into six groups: control, LPS, heparinase III, LPS + NAH, HI 
heparinase-III, and NAH group. The heparinase III and NAH concen-
trations used were based on the results of preliminary experiments and 
previous reports [18,31]. The control group was cultured in complete 
culture medium without LPS treatment, and cells in the LPS + NAH 
group and NAH group were pretreated with 10 μg/mL NAH for 1 h, after 
which the cells were thoroughly washed with PBS twice and replaced 
with complete medium. At 1 h, cells in the LPS and LPS + NAH groups 
were treated with 100 μg/mL LPS for 6 h. Cells in the heparinase III and 
HI heparinase-III groups were treated with 0.1 U/mL heparinase III or HI 
heparinase-III respectively for 1 h. In the recombinant HPA experiment, 
alveolar epithelial cells were divided into a control group and recom-
binant HPA group. Cells in the recombinant HPA group were treated 
with recombinant HPA (2 μg/mL, APA711Hu01, Cloud-clone Corp., 
Wuhan, China) for 12 h. 
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2.7. Content of HPA and deciduous HS in cell supernatant 

The supernatant of each group was collected, and heparanase con-
centration in the supernatant was measured with an human HPA 
Enzyme Assay kit (cat. no. E01H0100; BlueGene, Shanghai, China) ac-
cording to the manufacturer’s protocol. HS levels in the supernatant 
were evaluated with the corresponding ELISA kits (Shanghai Enzyme- 
linked Biotechnology Co., Ltd. ml061639) in accordance with the 
manufacturer’s instructions. 

2.8. Immunofluorescence 

Lung tissues were sectioned into 4-μm-thick slices, deparaffinized 
with xylene, and then dehydrated with an ethanol gradient. After ther-
mal repair of the antigens, the samples were blocked with goat serum for 
30 min at room temperature and than incubated overnight at 4 ◦C with 
primary antibodies against HS (1:200; Biotechnology, Massagno, 
Switzerland), occludin (1:200; Invitrogen, Carlsbad, CA, USA; 
33–1500), surfactant protein C (SP-C, a marker of alveolar epithelial 
cells [32]); (1:800; Abcam, Cambridge, UK, ab40879), ZO-1 (1:200; 
Invitrogen, 61–7300), or claudin 4 (1:200; Abcam, ab15104). The slides 
were incubated with fluorescein isothiocyanate -conjugated secondary 
antibodies for 1 h at room temperature. The sections were incubated 
with 4′,6-diamidino-2-phenylindole (Sigma-Aldrich, D8417) for 8 min, 
and the slices were sealed with fluorescence decay-resistant medium. 
The samples were imaged with a fluorescence microscope (Olympus, 
Tokyo, Japan), and the Image-J software (National Institutes of Health, 
Bethesda, MD, USA) was used to quantitatively assess the fluorescence 
intensities. 

Human cells were fixed with 4% paraformaldehyde for 15 min and 
then blocked with goat serum for 1 h. The cells were incubated with 
antibodies against HS, occludin, or ZO-1 overnight at 4℃ and then with 

fluorescein isothiocyanate-conjugated anti-rabbit IgG or rhodamine- 
conjugated anti-mouse IgG (Beijing Zhongshan Golden Bridge Biotech-
nology, Beijing, China) for 1 h. The cells were imaged, and fluorescence 
intensities were quantified as described earlier. 

2.9. Western blotting analysis 

After treatment, A549 cells were lysed on ice in radio-
immunoprecipitation buffer supplemented with phenylmethylsulfonyl 
fluoride. The lysates were centrifuged at 13,800 × g for 20 min at 4 ◦C, 
and protein concentrations in the supernatant were determined using a 
BCA Protein Assay kit (Beyotime Biotechnology, Beijing, China). Protein 
samples were boiled in Laemmli buffer, resolved through sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis, and transferred to 
polyvinylidene difluoride membranes. The membranes were washed 
three times for 5 min with Tris-buffered saline containing Tween 20 and 
sealed with 5% skim milk at room temperature for 2 h. Then the 
membranes were incubated with primary antibodies against occludin 
(1:1000), claudin 4 (1:1000), ZO-1 (1:500), and β-Actin (1:1000; Bioss, 
Shanghai, China, bs-0061R) overnight at 4℃. Thereafter, the mem-
branes were washed with Tris-buffered saline containing Tween 20 and 
then incubated with horseradish peroxidase-conjugated goat anti-rabbit 
and goat anti-mouse IgGs (Beijing Biosynthesis Biotechnology Co., Ltd., 
Beijing, China) for 1 h at room temperature. Bands were visualized using 
an electrochemiluminescence kit (Millipore, Billerica, MA, USA). 
Densitometry analysis was performed in the Image-J software. 

2.10. Electron microscopy 

To visualize epithelial glycocalyx and TJ protein structures between 
pulmonary epithelial cells via electron microscopy, the mice were 
anesthetized and perfused with a solution composed of 2% 

Fig. 1. Changes in the lung histopathology and W/D ratios of ARDS mice. The lung tissues of mice in the control, LPS, heparinase III, LPS + NAH, heat- 
inactivated heparinase-III, and NAH groups were observed via hematoxylin and eosin staining (A-C), and the lung W/D ratios (D; n = 6 mice/group)were 
measured. A Magnification, × 200; scale bar, 50 μm. B Magnification, × 400; scale bar, 20 μm. Data represent the mean ± SD of three independent experiments. #P <
0.05 compared to the control group; *P < 0.05 compared to the LPS group. 
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glutaraldehyde, 0.1 M sodium cacodylate buffer (pH 7.3), 2% sucrose, 
and 2% anthanum nitrate through a cannula placed in the left ventricle. 
The lung tissue was fixed and cut into 1- mm3-sized slices. The slices 
were it were immersed in fixation solution for 2 h, soaked overnight in 
solution without glutaraldehyde, and washed with alkaline (0.03 mol/L 
NaOH) saccharose (2%) solution. After contrast enhancement with a 
solution containing 2% osmium tetroxide and 2% lanthanum nitrate, 
embedding in araldite, and microtomic sectioning, electron microscopy 
was performed. 

2.11. Quantitative real-time PCR 

For quantitative PCR analyses, total RNA was extracted from A549 
cells using RNAiso Plus(Takara, Shiga, Japan). RNA was reverse- 
transcribed into cDNA with the RevertAid First Strand cDNA Synthe-
sis Kit (Takara). Quantitative real-time PCR was performed with 50 ng 
of cDNA and TB Green® Fast qPCR Mix (Takara) using an Thermal 
Cycler Dice Real Time System (Bio-Rad Laboratories, Hercules, CA, 
USA). Relative expression of the target genes was normalized to Gapdh 
levels, and the ΔΔCt method was used to calculate relative expression 
levels. The primer sequences are listed as follows. ZO-1(forward:5′- 
ATAAAGTGCTGGCTTGGTCTG 

TTTG-3:reverse:5′-GCACTGCCCACCCATCTGTA-3). GAPDH(forwa 
rd:5′-GCACCGTCAAGGCTGAGAAC-3; reverse:5′-TGGTGAAGACGCCA 
GTGGA-3). 

2.12. Statistical analysis 

Statistical analysis was conducted with SPSS 22.0 software (SPSS 
Inc., Chicago, IL, USA). For normally distributed data, continuous vari-
ables were presented as mean ± standard deviation. One-way analysis of 
variance and least significant difference test were applied for multi- 
group comparisons. For data with skewed distributions, variables were 
expressed as median (25th and 75th percentiles). The Kruskal-Wallis test 
was applied for multi-group comparisons, and Mann-Whitney U test was 
performed for two-group. P ＜0.05 was considered statistically 
significant. 

3. Results 

3.1. Changes in lung pathology and alveolar permeability 

Inflammatory cell infiltration and alveolar exudation were increased 
and the alveolar septum was thickened in the LPS and heparinase III 

Fig. 2. Detection of HS in the supernatant of human alveolar epithelial cells and in mouse BALF and BALF/serum. HS epithelial glycocalyx degradation 
products in the cell supernatant of the cell were evaluated using ELISA (A). HS levels in the BALF, BALF/serum ratio, and blood of mice were detected with ELISA kits 
(B-D). Compared with the control group, HS degradation increased in the LPS group and heparinase III group and decreased in the LPS + NAH group. #P < 0.05 
compared to the control group; *P < 0.05 compared to the LPS group. 
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groups compared to the control group. These pathological changes were 
alleviated by NAH pretreatment (Fig. 1A-C). The W/D ratios of lung 
tissues from the LPS and heparinase III groups were significantly higher 
than in the control group, indicating increased pulmonary edema, 
whereas the ratios for mice pretreated with NAH were significantly 
lower than those of the LPS group (P＜0.05) (Fig. 1D). 

3.2. Changes in HS in mouse BALF and BALF/serum and content of HS in 
cell supernatant 

The HS content in BALF of mice confirmed that epithelial HS 
degradation increased after LPS stimulation and after heparinase III 
treatment compared to the control group. After using NAH, the epithe-
lial HS content in BALF was lower than that in the LPS group (P＜0.05) 
(Fig. 2B). Moreover, the ratio of HS in the BALF/serum (Fig. 2C) and 
content of HS in the cell supernatant (Fig. 2A) showed a consistent trend. 
However, there was no significant difference in the blood HS levels in 
each group (Fig. 2D). 

3.3. Changes in alveolar epithelial HS levels in vivo and in vitro 

HS expression was significantly decreased in lung tissues from the 
LPS and heparinase III groups compared to the control group. Compared 

with the LPS group, the LPS + NAH group displayed attenuated re-
ductions expression in HS (P＜0.05) (Fig. 3A, B). Consistently, in A549 
cells, HS expression was decreased in the LPS and heparinase III groups 
compared to the control group. This decrease in HS expression was 
inhibited by pretreatment with NAH (P＜0.05) (Fig. 3C, D). 

3.4. Changes of TJ proteins in vivo and in vitro 

Immunofluorescence analysis revealed that in mice, occludin 
(Fig. 4A, B), claudin 4 (Fig. 4C, D) and ZO-1 (Fig. 4E, F) expression was 
significantly decreased after glycocalyx destruction in the LPS and 
heparinase III groups. NAH pretreatment resulted in increased expres-
sion of these proteins compared to the LPS group. Occludin (Fig. 5A) and 
ZO-1 (Fig. 5B) expression was significantly decreased in human alveolar 
epithelial cells after the loss of HS in the LPS and heparinase III groups, 
whereas the LPS + NAH group displayed increased expression of these 
proteins compared to the LPS group. 

Furthermore, we detect occludin (Fig. 5C, D), claudin 4 (Fig. 5E, F) 
and ZO-1 (Fig. 5G, H) expression was confirmed in human alveolar 
epithelial cells through western blotting analysis. TJ proteins were 
significantly decreased after the loss of HS in the LPS and heparinase III 
groups, whereas the LPS + NAH group displayed increased expression of 
these proteins compared to the LPS group (P＜0.05). 

Fig. 3. Changes in alveolar epithelial HS levels in vivo and in vitro. (A, B) HS distributions in the alveolar epithelium of mice in the control, LPS, heparinase III, 
LPS + NAH, HI heparinase-III, and NAH groups (A) and associated fluorescence intensity analysis (B). In A, HS is shown in green, whereas the alveolar epithelial cell 
marker SP-C is shown in red. Scale bars: 50 μm. (C, D) HS distributions in A549 cells in the control, LPS, heparinase III, LPS + NAH, HI heparinase-III, and NAH 
groups (C) and associated fluorescence intensity analysis (D). In C, HS is shown in green. Scale bars: 100 μm. Data represent the mean ± SD of three independent 
experiments. #P < 0.05 compared to the control group; *P < 0.05 compared to the LPS group. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article. 
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3.5. Ultrastructural changes in the alveolar epithelial glycocalyx and TJ 
integrity in lungs of mice 

The control group mice displayed a continuous, dense glycocalyx 
covering the alveolar epithelial cells. The glycocalyx of mice in the LPS 
group was completely or partially lost. Additionally, the glycocalyx was 
moderately affected in the NAH pretreatment group (Fig. 6A). 

The control group mice showed normal and intact TJ protein struc-
tures, whereas the LPS group showed loss of TJ structures, as evidenced 

by an intermittently widened distance between cells, indicating the loss 
in TJ protein integrity. However, these changes were improved in the 
NAH pretreatment group (Fig. 6B). 

3.6. Changes in HPA level in the supernatant of alveolar epithelial cells 

HPA expression in the supernatants of alveolar epithelial cells in the 
control group and LPS group was detected by ELISA. Compared with the 
control group, HPA expression in the LPS group was significantly 

Fig. 4. Changes in alveolar epithelial TJ proteins in mice. Distributions of TJ proteins occludin (A, green), claudin 4 (C, red), and ZO-1 (E, red) and associated 
fluorescence intensity analysis of occludin (B), claudin 4 (D), and ZO-1 (F) in the lungs of mice in the control, LPS, heparinase III, LPS + NAH, HI heparinase-III, and 
NAH groups. Alveolar epithelial cells were detected using SP-C (red). Scale bar: 50 μm. Data represent the mean ± SD of three independent experiments. #P < 0.05 
compared to the control group; *P < 0.05 compared to the LPS group. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article). 
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increased (P＜0.05) (Fig. 7). 

3.7. Effects of recombinant HPA on HS in human alveolar epithelial cells 

Through immunofluorescence analysis, we demonstrated that HS 
level in alveolar epithelial cells of the recombinant HPA group was 
significantly reduced compared to the control group (P＜0.05) 

(Fig. 8A, C). 

3.8. Effects of recombinant HPA on TJ protein expression in human 
alveolar epithelial cells 

Immunofluorescence analysis showed that in the control group, the 
staining intensity of ZO-1 was strongly positive in human alveolar 

Fig. 5. Changes in TJ proteins in A549 cells. Immunofluorescence images of occludin (A, green) and ZO-1 (B, red) in A549 cells in the control, LPS, heparinase III, 
LPS + NAH, HI heparinase-III, and NAH groups. Scale bar: 20 μm. (C, E, and G) Western blotting analysis to determine occludin, claudin 4, and ZO-1 levels in A549 
cells from each group. Quantifications of occludin, claudin 4, and ZO-1 are shown in (D), (F), and (H) respectively. β-Actin was used as a loading control. Data 
represent the mean ± SD of three independent experiments. #P < 0.05 compared to the control group; *P < 0.05 compared to the LPS group. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web version of this article). 
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epithelial cells, with a continuous and undulating distribution along the 
cell membrane (Fig. 8B). However, in the recombinant HPA group, ZO-1 
lost its normal continuous distribution in epithelial cells. 

Furthermore, we validated the expression of ZO-1 in human alveolar 
epithelial cells via western blotting (Fig. 8D, E). The recombinant HPA 
group inhibited the protein expression of ZO-1, resulting in a particu-
larly dramatic decrease in ZO-1 expression (P＜0.05). 

The mRNA levels of ZO-1 in human alveolar epithelial cells were 
remarkably decreased after recombinant HPA challenge compared to 
the control group (***P＜0.001) (Fig. 8F). 

4. Discussion 

In this study, an animal ARDS model induced by intratracheal 
instillation of LPS [33]and A549 cell injury model were used to observe 
the LPS-induced glycocalyx and TJ changes in ARDS epithelial cells. The 

results showed that LPS can lead to increased degradation of the 
epithelium glycocalyx component HS and destruction of TJ proteins 
(ZO-1, occludin, claudin 4), increasing the permeability of the alveolar 
barrier and exudation of inflammatory cells. 

A549 cells are human alveolar epithelial cells that are commonly 
used in in vitro alveolar epithelial cell research [34,35]. We further 
observed the shedding of the cleavage product HS of the glycocalyx and 
increased the expression of HS in the cell supernatant after LPS stimu-
lation. Through in vivo experiments, we found that HS expression in the 
BALF of the model group was significantly increased; however, the 
BALF/serum ratio was increased, but blood HS was not significantly 
increased, confirming that HS shedding after LPS stimulation occurred 
mainly because of the glycocalyx of the alveolar epithelium. 

The barrier of the alveolar epithelium is composed of the alveolar 
epithelium, alveolar epithelial glycocalyx, and TJs of epithelial cells. HS 
is the main component of glycocalyx, which plays an important role in 
the epithelial barrier [36]. Studies have shown that increased HS dam-
age can lead to increased alveolar permeability and ARDS formation 
[36,37], affecting the recovery of lung injury [38]; these results are 
similar to those reported above in this study. 

HPA is the only enzyme selectively shedding HS. In this study, the 
increase in the HPA content in the supernatant of cells indicates that HS 
destruction is related to the increase in HPA content stimulated by LPS. 
To confirm the role of HPA in LPS-induced lung injury, we added 
exogenous heparinase III to obtain HS degradation results similar to that 
of LPS. Further addition of the HPA competitive antagonist NAH [17] 
can reverse this phenomenon. Therefore, LPS can increase HPA, which 
in turn leads to HS degradation. The integrity of the glycocalyx of 
alveolar epithelial cells is destroyed, leading to increased alveolar bar-
rier permeability followed by lung injury or ARDS. 

TJ protein is an important determinant of the epithelial barrier 
[7–11]. Occludin, ZO-1, and claudin 4 are important components of the 
alveolar epithelial TJ protein. In this study, both the LPS-treated animal 
and cell models revealed that with the HS destruction, the TJ protein 
was also showed destroyed. The ELISA results showed that HPA 
expression in the cell supernatant of the LPS group was significantly 
increased; after exogenous addition of heparinase III, the TJ was also 
destroyed. NAH pretreatment prevents the effect of HPA, can reverse 
destruction of the glycocalyx, and reduces the destruction of TJs, 

Fig. 6. Ultrastructural changes in alveolar epithelial cell glycocalyx and the TJ protein integrity in the lungs of mice. Lung tissues were collected to analyze 
pulmonary epithelial glycocalyx (A, red arrow, scale bar: 0.5 μm) and TJ protein (B, yellow arrow, scale bar: 0.5 μm) ultrastructures via TEM imaging. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article). 

Fig. 7. Changes in HPA levels in supernatant of alveolar epithelial cells. 
HPA was determined in alveolar epithelial cells in the control and LPS groups 
via ELISA. #P < 0.05 compared to the control group. 
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suggesting that the protection of glycocalyx HS also protects TJs. Based 
on this, there may be a certain relationship between HPA-HS-TJ. 

It is unclear whether there is an inherent relationship between the 
shedding of glycocalyx HS and the damage of TJ. To further study the 
relationship between TJs and HPA, we used recombinant HPA (endog-
enous HPA) to treat the cells. The results showed that recombinant HPA 
significantly decreased the expression of ZO-1 protein and ZO-1 mRNA. 
ZO-1 plays an important role in the development of ARDS [21,25]. ZO-1 
is the cytoskeleton protein of the cell junction protein, and its destruc-
tion can affect the binding of occludin and claudin 4 to ZO-1, resulting in 
formation of cell cracks [21,22]. When ZO-1 was depleted in epithelial 
cells, barrier-forming proteins such as claudin and occludin could not 
assemble into the strands normally found in TJ proteins, and the 
epithelial barrier effect of TJ proteins was completely eliminated [23, 
39]. To explore the mechanism of HPA-HS on ZO-1, we assessed the 
ZO-1 mRNA. Our study indicated that HPA-HS may interfere with ZO-1 
synthesis and then affect TJ proteins assembling and function. 

Syndecan 1 (SDC-1), another component of glycocalyx, acts in syn-
ergy with TJ through Stat3 signaling [40]. To explore whether HPA-HS 
uses the same signaling pathway as SDC-1 does for affecting TJs, we 
studied the HPA-HS-Stat3 pathway by performing in vitro experiments. 
The western blotting results showed that the decrease in the phos-
phorylation level of Stat3 in cells stimulated by recombinant HPA did 
not significantly differ from that of the normal group (data not shown). 
Therefore, the signaling pathway via which HPA affects ZO-1 differs 
from that of SDC-1. To identify the pathway through by which HPA-HS 
affects ZO-1 expression, further studies are needed. 

This study has some limitations. First, we only studied changes in 
epithelial TJ proteins after alveolar epithelial glycocalyx HS shedding. 
Further analyses are required to determine whether other components of 
the glycocalyx, such as SDC-1, SDC-4, and chondroitin sulfate, are 
related to epithelial TJ proteins. Second, many proteins are involved in 

TJs; however, few have been studied. Therefore, whether glycocalyx 
also affects should be further analyzed. 

5. Conclusion 

Our results demonstrate that shedding of the alveolar epithelial 
glycocalyx affected the expression of TJ proteins (occludin, ZO-1, and 
claudin 4) and disrupted TJ, and this effect was reversed by NAH. The 
mechanism by which glycocalyx affects TJ proteins partly involves HPA, 
which suppresses the expression of ZO-1. Protecting glycocalyx may 
reduce TJ damage and improve the alveolar barrier, reduce pulmonary 
edema, and provide new therapeutic targets for ARDS treatment. 
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