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Introduction: Alveolar epithelial tight junction damage and glycocalyx syndecan-1 (SDC-
1) degrading are key factors to pulmonary edema of acute lung injury (ALI). Matrix
metalloproteinase-9 (MMP-9) was involved in glycocalyx shedding, which was vital in
SDC-1 degrading. This study aimed to investigate the effects of MMP-9-mediated SDC-1
shedding on tight junction in LPS-induced ALI.

Methods: Mice were intratracheally atomized with 5 mg/kg LPS to stimulate different
periods and LPS stimulation for 6 hours for further studies. A549 cells was stimulated for 6
hours by active MMP-9 protein to assess the effects of active MMP-9 protein on SDC-1 and
tight junction. Afterward, the mice treated with MMP-9 shRNA or A549 cells were treated
with MMP-9 siRNA before LPS stimulation for 6 hours to explore the effects on glycocalyx
SDC-1 and tight junction. Moreover, the mice were treated with recombinant SDC-1 protein
or A549 cells were over-expressed by pc-SDC-1 before LPS stimulation for 6 hours to
explore the effects of SDC-1 on tight junction.

Results: The mice persistent exposure to LPS showed that MMP-9 expression, glycocalyx
SDC-1 shedding (SDC-1 decreased in alveolar epithelium and increased in the BALF), tight
junction impairment, FITC-albumin infiltration, and other phenomena began to appear after 6
hours of LPS treatment in this study. The levels of SDC-1 and tight junction significantly
decreased by active MMP-9 protein stimulation for 6 hours in the A549 cells. Therefore, LPS
stimulation for six hours was selected for investigating the underlying effects of MMP-
9-mediated SDC-1 shedding on the alveolar epithelial tight junction and pulmonary edema.
Further vivo analysis showed that down regulation MMP-9 expression by MMP-9 shRNA
significantly alleviated glycocalyx SDC-1 shedding (SDC-1 increased in alveolar epithelium
and decreased in the BALF), tight junction (occludin and ZO-1) damage, and FITC-albumin
infiltration in LPS-induced early ALI mice. The vitro results also showed that MMP-9 siRNA
alleviated glycocalyx SDC-1 shedding (SDC-1 increased in cell culture medium and decreased
in cell surface) and tight junction damage by downregulating MMP-9 expression in LPS-
stimulated A549 cells. In addition, pretreatment with recombinant mouse SDC-1 protein sig-
nificantly alleviated glycocalyx (SDC-1 increased in alveolar epithelium) and tight junction
damage, and FITC-albumin infiltration in LPS-induced early ALI mice. Overexpression SDC-1
by pc-SDC-1 also significantly decreased tight junction damage in LPS-stimulated A549 cells.
Conclusion: Glycocalyx SDC-1 shedding mediated by MMP-9 significantly aggravated
tight junction damage, which further increased the pulmonary edema.
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Background
Acute pulmonary injury is characterized by acute and
persistent pulmonary inflammatory response syndrome.
Several pathogenic factors of acute pulmonary injury
exist, of which sepsis is one of the main factors for
increased epithelial barrier damage.! With in-depth
understanding of pathogenesis, scholars recognized
that the epithelium is not only an important barrier
but also a damaged target, which has a significant
effect on the development of acute pulmonary injury.>
The glycocalyx and junctions of the alveolar epithe-
lium play an important protective role in the acute
pulmonary injury. The glycocalyx, a layer of negatively
charged complex glycoproteins, serves a pivotal role in
physiological processes, including alveolar permeabil-
ity and inflammatory response.”’ The glycocalyx is
composed of syndecan-1 (SDC-1), heparan sulfate
(HS), hyaluronic acid, and chondroitin sulfate, where
SDC-1 accounts for the largest amount.*® SDC-1 is
susceptible to variety of factors, such as the matrix
metalloproteinase-9 (MMP-9), which is an SDC-
1-degrading key factor.” The degradation and shedding
of SDC-1 may indicate disease aggravation. A new

uncovered research reported that SDC-1 is involved

in the formation of pulmonary fibrosis induced by
bleomycin.®

Tight junction is widely found in pulmonary epithe-
lial cells and plays an important role in maintaining the
mechanical barrier of epithelia. Occludin and zonula
occludens protein-1 (ZO-1) are key components of
tight junctions, which play a vital role in permeability
and inflammatory response.””'® Adhesion and gap junc-
tion-mediated intercell signaling is also significant for
paracellular transport permeability between epithelial
cells. Gap junction protein 43 (connexin 43, Cx43)
and adherens junction protein e-cadherin are widely
expressed in pulmonary epithelial cells.'’"'?> Mensah
et al demonstrated that HS degradation in the glycoca-
lyx disrupts Cx43, whereas regeneration of HS restores
interendothelial communication.'> However, whether
SDC-1 shedding is a vital player in tight junction
damage during acute pulmonary injury remains to be
elucidated.

Lipopolysaccharide (LPS) is a cell wall component
of gram-negative bacteria and an important pathogen
causing acute pulmonary injury.'*'> In the present
study, the dynamic changes of the glycocalyx, SDC-1,
occludin, and ZO-1 in ALI mice induced by LPS and
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the potential mechanisms of SDC-1 on tight junction
were analyzed. This study broadens our understanding
of the epithelium and provides a new theoretical basis
for the prevention and treatment of ALIL

Methods

Materials

Diamidine phenylindole (DAPI) and LPS (Escherichia
coli 055:B5) were obtained from Sigma-Aldrich
Biotechnology Ltd. Rabbit monoclonal antibodies
MMP-9 (ab38898), occludin (ab216327), e-cadherin
(ab51034), ZO-1 (ab216880), vimentin (ab92547), a-
SMA (ab124964), albumin (ad207327), and active
MMP-9 protein (ab168863) were attained from Abcam
Biotechnology Ltd. Human and mouse samples of SDC-1
ELISA were bought from Zcibio Biotechnology Ltd (ZC-
54317, ZC-37836). Recombinant mouse SDC-1 protein
was from RD Biotechnology Ltd. Rabbit monoclonal
antibodies GAPDH (ET1601-4), Ly-6G (0809-11), and
SDC-1 (ET1703-42) were purchased from Huaan
Biotechnology Ltd. HRP-conjugated goat anti-rabbit
IgG, Alexa Fluor 488, and 549 goat anti-rabbit IgG
were purchased from Bioss Biotechnology Ltd. Sodium
cacodylate buffer and lanthanum nitrate were obtained
from Zhongjing Instrument Co., Ltd. The human MMP-
9 siRNA  was
Biotechnology.

constructed by Gene Pharma

Lentivirus Construction

The mouse MMP-9 small hairpin RNA (shRNA) lentivirus
was constructed by Gene Biotechnology.
Oligonucleotides encoding in the mice MMP-9 shRNA
targeting sequences 5-GCGCTCTGCATTTCTTCAAGG
-3'. The efficiency of the knockdown MMP-9 was estab-
lished by measuring MMP-9 protein level.

Pharma

Animals Studies
Male C57BL/6 mice, aged 7-8 weeks and weighed 18-20
g, were purchased from Jinan Animal Feed Center
(Shandong, China). Animal care and laboratory proce-
dures were approved by Shandong University. Chinese
guidelines for the welfare of laboratory animals (GB/T
35823-2018), which was published by the standardization
administration of China, was followed in this study.

The mice were randomly divided into control and
LPS (stimulation for 6, 12, 18, and 24 h) groups (n = 8/
group) to observe the dynamic changes in various

indicators. The mice in the LPS group were intratrache-
ally atomized with 5 mg/kg LPS to stimulate different
periods.'® The mice in the control group were intratra-
cheally atomized with the same amount of normal sal-
ine. Mouse lung and bronchoalveolar lavage fluid
(BALF) was collected after the mice were anesthetized
with sodium pentobarbital. The mice were euthanized
with carbon dioxide (100%) in a closed device and well-
ventilated environment.

Thereafter, the mice were randomly divided to control,
LPS, MMP-9 shRNA+LPS, and LV2-NC groups (n = 8/
group). The mice in the control group intratracheally ato-
mized the same amount of normal saline for the same
amount of time to stimulate for 6 hours. The mice in the
LPS group were intratracheally atomized with 5 mg/kg
LPS to stimulate for 6 hours. The mice in MMP-9
shRNA+LPS group were injected by tail vein with
a total 2U MMP-9 shRNA (2U/interval three days,
2x10*8/U/each time), and then exposed to LPS for stimu-
lation of 6 hours LPS after the last injection of MMP-9
shRNA intervention for 3 days. The mice in LV2-NC
group received the same number of doses as the MMP-9
shRNA+LPS group. Afterward, the lung samples were
collected after the mice were anesthetized with sodium
pentobarbital. The mice were euthanized with carbon diox-
ide (100%) in a closed device and well-ventilated
environment.

In addition, the mice were randomly divided to control,
LPS, recombinant SDC-1+LPS, and recombinant SDC-1
groups (n = 8/group) for further study of SDC-1 on tight
junction. The mice in the recombinant SDC-1+LPS group
were intratracheally atomized with 500 ng/day recombi-
nant SDC-1 protein for 7 days and then exposed to LPS to
stimulate for 6 hours. The mice in the recombinant SDC-1
group intratracheally atomized with the same amount of
recombinant SDC-1 protein for the same amount of time.

At last, the mice were intratracheally atomized with
5 mg/kg LPS to stimulate for 28 days to observe the
dynamic changes in inflammation and remodeling.

Cell Studies
The A549 cells were purchased from the Shanghai cell
bank and cultured in 95% air, 5% CO,, and a 37 °C
incubator in complete medium (Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine
serum [FBS])).

The A549 cells were divided into control and active
MMP-9 groups to assess the effects of MMP-9 on SDC-1
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and tight junction. In the control group, A549 cells were
cultured without any intervention in the medium. Whereas
in the active MMP-9 group, A549 cells were cultured with
active human MMP-9 (0.8 pug/mL) in the medium.

Hence, A549 cells were divided to control, LPS, MMP-9
siRNA+LPS, and NC siRNA groups. The A549 cells in the
control group were cultured without any intervention in
medium. The A549 cells in the NC siRNA group were
transfected with no known target siRNA. The A549 cells
in the LPS group were cultured with LPS (100 ng/mL) in
medium. The A549 cells in the MMP-9 siRNA+LPS group
were plated in six-well plates at 50-70% confluence using
40 nM MMP-9 siRNA and Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s instructions. Six hours after
transfection, wells were supplemented with a medium con-
taining 1% FBS for 48 hours, and then washed with PBS and
added with LPS (100 ng/mL) for stimulation of 6 hours. The
effect of MMP-9 siRNA in silencing MMP-9 protein expres-
sion was used for further studies. The MMP-9 siRNA and
negative siRNA (NC siRNA) sequences were as follow:
MM-9 siRNA: sense 5'-CUA UGG UCC UCG CCC UGA
ATT-3’, and anti-sense 5-UUC AGG GCG AGG ACC
AUA GAG-3; NC siRNA: sense 5-UUC UCC GAA
CGU GUC ACG UdTdT-3', and anti-sense 5'-ACG UGA
CAC GUU CGG AGA AdTdT-3'.

For further analysis, the integrated length of SDC-1 was
inserted into the control vector (pc-DNA3.1, Gene Pharma
Biotechnology, China), and identified as pcSDC-1. The A549
cells were divided to control, LPS, pc-SDC-1+LPS, and pc-
DNA3.1 groups. The control group consists of the A549 cells
without intervention. The LPS group comprises A549 cells
were cultured with LPS (100 ng/mL). The A549 cells in the
pc-DNA3.1 group were transfected with lipofectamine 3000
reagent and pc-DNA3.1 (1 pg/mL). The pc-SDC-1+LPS
group include the lipofectamine 3000 reagent and pc-SDC-1
(1 pg/mL) which were employed for A549 cells transfection.
Forty-eight hours after transfection, the A549 cells were cul-
tured with LPS (100 ng/mL) stimulation for 6 hours, and the
A549 cells were harvested for further studies.

Histopathology

The lungs of mice were fixed and dehydrated by 4%
paraformaldehyde, embedded in paraffin, cut into 5
pm-thick specimens, and stained with hematoxylin and
eosin (HE). Eight high-power regions were randomly
selected from each sample, and the obtained mean was
the pathological score of each sample in accordance with

.. . . 16.1
the lung injury score criteria.'®!’

Pulmonary Ultrastructure

First, the mice were perfused with 2% glutaraldehyde, 2%
sucrose, 0.1 M sodium diarsenate buffer (pH 7.3), and 2%
lanthanum nitrate through the right ventricle after the appli-
cation of anesthesia with sodium pentobarbital.'® Second,
the lung tissue was then removed in a fixative and washed
with sodium dimethacharsenate buffer. The solution contain-
ing 2% osmium tetroxide and 2% lanthanum nitrate was
embedded in aragonite. Finally, the microstructure was sec-
tioned and observed by using an electron microscope.

Immunofluorescence

The cells were inoculated on 24 well plates to detect the
contents of MMP-9, SDC-1, ZO-1, and occludin in A549
cells. After conducting different pretreatments and treatments,
the cells were incubated with MMP-9, SDC-1, ZO-1, and
occludin antibodies. Afterward, the fluorescence secondary
antibody and DAPI staining were added to obtain images by
using a fluorescence microscope.

To detect the contents of albumin, SDC-1, occludin,
MMP-9, and ZO-1 in lungs, the lung samples were sealed
with goat serum after dewaxing and antigen repair, incu-
bated with different antibodies, washed with PBS, and
stained with fluorescence secondary antibody and DAPI.
The
microscope.

images were obtained using a fluorescence

Immunohistochemistry

Lung sections were dewaxed and dehydrated. After anti-
gen repair and removal of endogenous peroxidase, lung
sections were incubated with SDC-1 and occludin antibo-
dies (including 5% goat serum) at room temperature for 6
hours. After washing the lung sections with PBS,
the second antibody was added to the sections, which
were incubated in a dark cage for 30 minutes. The DAB
solution was added to the sections and incubated after
being washed with PBS. Thereafter, the lung sections
were washed with water, restrained, dehydrated, sealed,
and photographed under a microscope.

Western Blotting

Lung tissue proteins were isolated and extracted in accor-
dance with the requirements of the protein extraction kit
(Beyotime Biotechnology, China). The protein concentration
was determined using a BCA kit (Beyotime Biotechnology,
China). The proteins were separated by sodium dodecyl
sulfate—polyacrylamide gel electrophoresis and transferred
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to a polyvinylidene fluoride (PVDF) membrane. The PVDF
membrane was incubated with primary antibodies (Ly-6G,
MMP-9, SDC-1, ZO-1, e-cadherin, occludin, vimentin, a-
SMA, and GAPDH antibodies) at 4 °C for 12 hours. The goat
anti-rabbit antibody was coincubated with the PVDF mem-
brane for 80 minutes. Finally, the gray value of the protein
was revealed by staining the PVDF membrane with
enhanced chemiluminescence reagent.

Level of TNF-a, IL-1f3, and IL-6 in the BALF
BALF came from the intratracheal injection of 500 uLL PBS
per a mouse for four times. The BALF and serum supernatant
were collected by centrifuging at 3500 rpm under 4 °C for 20

minutes. The level of TNF-a (70-EK282/4, Multisciences),
IL-1B  (Beyotime, China), IL-6  (70-EK206/3,
Multisciences) in the BALF was measured by ELISA.

and

Soluble SDC-I| Levels in the BALF and
Cell Culture Medium

After conducting different treatments and pretreatments of
mice and cells, BALF and cell culture medium were
collected, and supernatant of each sample was collected
after 3500 rpm under 4 °C for 20 min. Thus, the super-
measured by SDC-1 ELISA (Zcibio
Biotechnology, China).

natant was
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Figure | Mice were intratracheally atomized with 5 mg/kg LPS (stimulation for 6, 12, 18, and 24 h) to observe pathological changes. Histological evaluation of lung was
conducted by HE staining (A, magnification, x 100; scale bar, 100 um. Magnification, x 200; scale bar, 50 um). FITC-albumin permeability was determined by Fluorescence
analysis (C, magnification, x 200; scale bar; 50 um). Inflammatory cytokine of TNF-a (E), IL-I1p (F), and IL-6 (G) in the BALF were measured by ELISA kits. (B) Lung injury
score of (A). (D) Fluorescence intensity analysis of (C). All data are presented as the mean  SD of three independent experiments. “p < 0.05 vs the control group.
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Statistical Analysis

The data are presented as the mean + standard devia-
tion (SD). Two groups were evaluated by a student’s
t-test. Comparisons among multiple groups were per-
formed using one-way and two-way ANOVA analyses.
p < 0.05 was considered statistically significant. All
statistical analyses were performed using SPSS 17.0
(IBM Corp.).

A

Results

Pathological and Inflammatory Damage of
Lung Began to Worsen at the Sixth Hour
of LPS Treatment

Figure 1A—G shows that the alveolar structure of lung was
intact, and almost no inflammatory cell and FITC-albumin

infiltration occurred in the control group. However, the
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Figure 2 Mice were intratracheally atomized with 5 mg/kg LPS (stimulation for 6, 12, 18, and 24 h) to observe the changes of glycocalyx and MMP-9. Glycocalyx was
analyzed by an electron microscope (A, scale bar = 0.2 pm). SDC- | was detected by immunohistochemistry (B, magnification, X 200; scale bar, 50 um) and Western blot (F).
The MMP-9 was detected by immunofluorescence (D, magnification, X 200; scale bar, 50 um) and Western blot (G). The SDC-1 in the BALF was measured by SDC-| ELISA
(E). (C, H, and 1) protein intensity analysis of (B, F, and G) respectively. (J) Fluorescence intensity analysis of (D). All data are presented as the mean * SD of three

independent experiments. “p < 0.05 vs the control group.
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lung tissue in the LPS group showed pulmonary interstitial
hyperemia, edema, infiltration of inflammatory cytokine
(TNF-0, IL-1pB, and IL-6), and FITC-albumin. Over time,
the pathological lesions of lung and FITC-albumin infiltra-

tion became severe after 6 hours of LPS treatment.

Glycocalyx Shedding in Lungs Was the
Highest After 6 Hours of LPS Treatment

The electron microscope results (Figure 2A) showed that
glycocalyx on the surface becomes significantly thinner
after LPS stimulation. The highest severity was observed
at the sixth hour of LPS stimulation and was slightly
repaired after 12, 18, and 24 hours of LPS. The change
in SDC-1, which is the main component of the glycocalyx,
was further studied by immunohistochemistry and Western
blot (Figure 2B, C, F and H). Similarly, SDC-1 shedding
was the most severe after 6 hours of LPS stimulation. In
addition, the highest severity of SDC-1 shedding in the

>

LPS

BALF was observed after 6 hours of LPS stimulation and
was decreased after 12, 18, and 24 hours of LPS
(Figure 2E).

The MMP-9 plays a major role in the degradation and
shedding of SDC-I. results
(Figure 2D, G, I and J) showed that MMP-9 was signifi-

cantly expressed after LPS stimulation compared with the

Immunofluorescence

control group. The MMP-9 expression was the highest at
the sixth hour of LPS stimulation (Figure 2D, G, I and J).

Impairment of Tight Junction in Lungs
Began to Worsen at 6 h of LPS Treatment

Tight junction function was evaluated by detecting occludin
and ZO-1. The results (Figure 3A—H) consistently showed that
the expression levels of occludin and ZO-1 at the sixth hour of
LPS treatment began to decrease. The results also indicated
that the damage to tight junction in lungs was the most severe
during the sixth hour of LPS stimulation (Figure 3A-H).
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Figure 3 Mice were intratracheally atomized with 5 mg/kg LPS (stimulation for 6, 12, 18, and 24 h) to observe the changes of tight junction. Occludin protein was detected
by immunohistochemistry (A, magnification, X 200; scale bar, 50 um) and Western blot (E). The ZO-I protein was detected by immunofluorescence technique (C,
magnification, x 200; scale bar, 50 pm) and Western blot (F). (D) Fluorescence intensity analysis of (C). (B, G, and H) are the protein intensity analyses of (A, E and F)
respectively. All data are presented as the mean % SD of three independent experiments. *p < 0.05 vs the control group.
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Active MMP-9 Protein Led to SDC-I
Shedding and Tight Junction Damage

in vitro

The results in Figure 4A, B, D-G showed that SDC-1, ZO-1,
and occludin expression significantly decreased in active
MMP-9 group compared with the control group. In addition,
SDC-1 shedding of cell culture medium was increased in the
active MMP-9 group (Figure 4C). The above results indi-
cated that the active MMP-9 significantly worsened SDC-1
shedding and tight junction damage.

Downregulation MMP-9 Expression
Alleviated SDC-1| Shedding in vitro and

in vivo

The results of in vivo experiments showed that the damage
to the glycocalyx and tight junction in lungs of mice began
to aggravate at the sixth hour of LPS treatment (Figures 2
and 3). To further clarify the relationship between the
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The results in vitro and in vivo (Figure 5A-D) showed
that LPS-induced MMP-9 expression significantly
decreased by MMP-9 siRNA or MMP-9 shRNA compared
with the control groups.

The results in vivo (Figure 6A—E and G) showed that
glycocalyx SDC-1 shedding and FITC-albumin infiltration
significantly increased in the LPS group compared with
the control and LV2-NC groups. However, glycocalyx
SDC-1 shedding and FITC-albumin infiltration were inhib-
ited by downregulation MMP-9 expression in the MMP-9
shRNA+LPS group (Figure 6A—E and G). In addition,
glycocalyx SDC-1 shedding mediated by LPS was inhib-
ited by downregulation MMP-9 expression in the MMP-9
siRNA+LPS group (Figure 6F, H and I).

The above results indicated that downregulation MMP-9
expression significantly alleviated LPS-induced SDC-1
shedding.
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Figure 4 Active MMP-9 protein led to SDC-| shedding and tight junction damage. A549 cells were cultured with active human MMP-9 (0.8 pg/mL) in the medium. SDC-I
(A, magnification, x 200; scale bar, 50 um), occludin (D, magnification, X 200; scale bar, 50 um), and ZO-1 (F, magnification, x 200; scale bar, 50 um) in A549 were detected
by immunofluorescence. SDC-1 shedding in the cell culture medium was measured by SDC-1 ELISA (C). (B, E, and G) are fluorescence intensity analyses of (A, D, and F)
respectively. All data are presented as the mean % SD of three independent experiments. “p < 0.05 vs the control group.
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Figure 5 Downregulation MMP-9 expression in vivo and in vitro. The mice were injected by tail vein with a of total 2U MMP-9 shRNA, and then exposed to LPS for
stimulation of six hours LPS. The A549 cells were transfected with 40 nM MMP-9 siRNA and Lipofectamine 2000 for 48 hours, and then added with LPS (100 ng/mL) for
stimulation of six hours. MMP-9 in vivo (A, magnification, x 200; scale bar, 50 pm) and vitro (C, magnification, X 200; scale bar, 50 pm) was detected by immunofluorescence.
(B and D) are fluorescence intensity analysis of (A and C) respectively. 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.

Downregulation MMP-9 Expression
Alleviated Tight Junction Impairment

in vivo and in vitro

The in vivo (Figure 7A-D) and in vitro (Figure 7E-H)
results showed that the expression levels of occludin
and ZO-1 significantly decreased in the LPS group
compared with those in the control group. However,
down-regulation MMP-9 expression by MMP shRNA
in vivo (Figure 7A-D) and MMP-9 siRNA in vitro
(Figure 7E-H) significantly restored the expression of
occludin and ZO-1. The above results indicated that
down-regulation MMP-9 expression protected SC-1
shedding,

damage.

from thereby alleviating tight junction

Recombinant Mouse SDC-1| Protein
Alleviated Glycocalyx Shedding and Tight

Junction Damage in Mice

The alveolar glycocalyx and tight junction structure of the
lungs was intact in the control group (Figure 8A-E).
However, results in the LPS groups showed that glycocalyx
and tight junction structure were damaged by LPS stimulation
(Figure 8A—E). In comparison with the LPS group, alveolar
glycocalyx and tight junction structure damage of the lungs
significantly decreased due to the pretreatment with recombi-
nant mouse SDC-1 protein in the recombinant SDC-1+LPS
group (Figure 8A—FE). These data indicated that pretreatment
with recombinant mouse SDC-1 protein significantly
decreased tight junction structure damage in LPS-induced
early ALL
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Figure 6 Downregulation MMP-9 expression alleviated SDC-| shedding in vitro and in vivo. Glycocalyx was conducted by an electron microscope (A: scale bar = 0.2 ym).
SDC-1 was detected by immunohistochemistry (B, magnification, X 200; scale bar, 50 um). FITC-albumin (D, magnification, x 200; scale bar; 50 um) in mice and SDC-1 (F,
magnification, x 200; scale bar, 50 um) in A549 cells were detected by immunofluorescence. The soluble SDC-I Levels in the BALF (E) and cell culture medium (I) was
measured by SDC-1 ELISA. (C) Protein intensity analysis of (B). (G and H) are the fluorescence intensity analysis of (D and F) respectively. 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.
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Figure 7 Downregulation MMP-9 expression alleviated tight junction impairment in vivo and in vitro. Occludin was detected by immunohistochemistry (A,
magnification, x 200; scale bar, 50 um) and immunofluorescence (E, magnification, X 200; scale bar, 50 um). The ZO-1 in mice (C, magnification, x 200; scale bar,
50 um) and A549 cells (G, magnification, x 200; scale bar, 50 um) were detected by immunofluorescence. (B) is the protein intensity analysis of (A). (D, F, and H)
are the fluorescence intensity analyses of (C, E and G) respectively. 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.
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Figure 8 Recombinant mouse SDC-| protein alleviated glycocalyx shedding and tight junction damage in mice, and overexpression SDC-1 alleviated tight junction damage in
A549 cells. The mice were intratracheally atomized with 500 ng/day recombinant SDC-1 protein for 7 days and then exposed to LPS to stimulate for six hours. The
lipofectamine 3000 reagent and pc-SDC-1 (I pg/mL) were employed for A549 cells transfection. Forty-eight hours after transfection, the A549 cells were cultured with LPS
(100 ng/mL) stimulation for six hours. Glycocalyx was conducted by an electron microscope (A: scale bar = 0.2 pm). Occludin in mice (B, magnification, X 200; scale bar, 50
um) and A549 cells (F, magnification, % 200; scale bar, 50 um) were detected by immunofluorescence. The ZO-I in mice (D, magnification, X 200; scale bar, 50 um) and A549
cells (H, magnification, x 200; scale bar, 50 pm) were detected by immunofluorescence. (C, E, G, and I) are the fluorescence intensity analyses of (B, D, F and H)
respectively. 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.

Overexpression SDC-I Alleviated Tight
Junction Damage in A549 Cells

The in vitro (Figure 8F-I) results showed that tight
junction damage significantly decreased in the LPS

groups compared with those in the control and pc-

DNA3.1 groups.
by pc-SDC-1
restored occludin and ZO-1 expression. The above

However, up-regulation expression

in vivo (Figure 8F-I) significantly
results indicated that up-regulation SDC-1 expression
protected from tight junction damage.
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Figure 9 SDC-1 shedding without early intervention might develop into pulmonary fibrosis. The mice were intratracheally atomized with 5 mg/kg LPS to stimulate for 28
days. The proteins of e-cadherin, occludin, ZO-1, Ly-6G, MMP-9, SDC-I, a-SMA, vimentin, and GAPDH were detected by the Western blot (A and C). The GAPDH was
used as internal control. (B and D) are protein intensity analyses of (A and C) respectively. All data are presented as the mean * SD of three independent experiments.

#p < 0.05 vs the control group.

SDC-1 Shedding without Early
Intervention Might Develop into

Pulmonary Fibrosis

The mice were stimulated by LPS for 28 days to observe the
self-repair of lung injury. The protein expression of vimentin,
0-SMA, MMP-9, and SDC-1 in lung tissue significantly
increased compared with the control group, while SDC-1 did
not renovate the damage to occludin, e-cadherin, and ZO-1 in
mice stimulated by LPS for 28th day (Figure 9A-D). In
addition, the neutrophil protein expression of Ly-6G in the
lung tissue significantly decreased compared with the control
group (Figure 9A-D). Therefore, SDC-1 shedding in LPS-
induced early ALI may lead to pulmonary fibrosis without

early intervention.

Discussion
The structural damage to epithelial cells is the main patho-
logical feature of ALIL

In recent years, epithelial

glycocalyx shedding and junction injury are considered
key factors to pulmonary physical barrier.'”?° In the pre-
sent study, changes in the epithelial glycocalyx and tight
junction were dynamically observed in early ALI induced
by LPS. The present study demonstrated that protection
SDC-1 shedding by inhibiting the MMP-9 can signifi-
cantly alleviate damage to tight junction, hence reducing
pulmonary edema in LPS-induced early ALI (Figure 10).

SDC-1 in the glycocalyx plays an important role in
response to ischemia-reperfusion injury, hyperglycemia,
endotoxemia, septic shock, and abnormal blood shear
stress.”' 2% Chen et al also showed that pretreatment with
NAH protects HS shedding from the intestinal mucosal
surfaces in cecal ligation and perforation-induced mouse
septic intestinal injury.”> The results in the present study
showed that downregulation of MMP-9 is significantly
protected against LPS-induced SDC-1 shedding, thereby
reducing the damage to tight junction. In addition,
Tanyalak et al revealed that SDC-1 promotes lung fibrosis
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by regulating epithelial reprogramming through extracel-
lular vesicles in the lungs of patients with IPF and in
murine models after bleomycin injury.® Lan et al also
testified that the glycocalyx, especially HS, from fibrotic
lungs induced by a single injection of bleomycin is sig-
nificantly under sulfated up to 30 days.”® The present
results show that the levels of SDC-1, a-SMA, and vimen-
tin were significantly elevated after LPS stimulation for 28
days, thus SDC-1 in the glycocalyx may be another class
of signaling molecules involved to promote the develop-
ment of pulmonary fibrosis from LPS-induced late lung
injury.

The MMP-9, a member of the MMP family, is
involved in the degradation and shedding of SDC-1 and
related to the migration of neutrophils.?” Notably, MMP-9
participates in airway remodeling by promoting extracel-
lular matrix deposition and the proliferation and migration
of airway smooth muscle cells in the lung airway remodel-
ing disease.”®*° During the dynamic observation of the
repair process of lung injury, the levels of MMP-9 and the
fibrosis indicators, namely, a-SMA and vimentin were
significantly elevated after LPS stimulation for 28 days.
These results suggested that MMP-9 might promote the
development of pulmonary fibrosis from early lung injury.
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Tight junction plays a major role in regulating and guar-
anteeing the integrity of pulmonary blood and gas barrier.
Tight junction proteins are mainly composed of occludin,
Z0-1, Z0-2, and ZO-3.>° Occludin is a transmembrane integ-
rin that forms a tight junction between cells. ZO-1 is an
intracellular protein that binds with the cytoplasm of occludin
and locates occludin in the cytoskeleton to ensure the integrity
of tight junction.>' Based on a previous study,"” inhibiting
SDC-1 shedding signaling may be a useful therapeutic against
tight junction damage. The present study also demonstrated
that the protection of the glycocalyx significantly alleviated the
tight junction damage in LPS induced early ALI.

Adherens junction protein called e-cadherin is also
involved in epithelial barrier function, thereby regulating
migration and mediating the spread of proinflammatory
responses.”>> Nagasawa et al showed that the gap junc-
tion protein connexin 43 (CX43) was closely associated
with tight junction proteins of the brain and lung endothe-
lial cells.** Mensah et al demonstrated that HS degradation
disrupts endothelial cell gap junction protein Cx43."
These studies revealed a close relationship between the
glycocalyx SDC-1 and tight junction in the LPS-induced
early ALI. Therefore, exploring the relationship between
SDC-1 and adhesion junctions is necessary in future
studies.

This study has certain limitations. On the one hand, the
effect of SDC-1 on tight and adherens junction at the
cellular and mouse levels was studied, and not in higher
animals. On the other hand, whether other signaling path-
ways involving SDC-1 affect pulmonary fibrosis induced
by LPS needed further study.

In conclusion, this study showed that protection SDC-1
shedding significantly inhibited tight junction damage and
reduced pulmonary injury. More importantly, this study
also revealed that SDC-1 may promote the transition
from acute lung injury induced by LPS to pulmonary
fibrosis.

Conclusion

Therefore, our study demonstrated that glycocalyx
SDC-1 shedding mediated by MMP-9 can significantly
tight which further

increased the pulmonary edema. These results also

aggravate junction damage,
suggested that glycocalyx SDC-1 may be a promising
therapeutic edema

with ALIL

target for treating pulmonary
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