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SUMMARY

Acute respiratory distress syndrome (ARDS) is a life-threatening form of acute lung injury (ALI)

associated with hypoxemic lung damage and inflammation. Matrix metalloproteinase protein-3 (MMP3
or Stromelysin-1) is known to promote vascular injury in ALI/ARDS. Cisatracurium, a nicotinic
neuromuscular blocker, is used in ARDS patients to decrease mechanical ventilator dyssynchrony,
increase oxygenation, and improve mortality. However, the magnitude and the underlying mechanisms
of these potential benefits of cisatracurium remains unclear. We investigated the effect of cisatracurium
on lipopolysaccharide-induced MMP3 expression in human microvascular endothelial cells. In our
results, cisatracurium treatment significantly decreased LPS-induced MMP3 expression and increased
expression of cell junction proteins such as vascular endothelial cadherin (VE-cadherin) and claudin-5.
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1. Introduction

Acute respiratory distress syndrome (ARDS) results
in life-threatening hypoxemia secondary to lung injury
from diffuse alveolar damage and subsequent edema
(/). A myriad of clinical trials have been conducted
to develop strategies to manage ARDS patients with
minimal success (2), and the 2018 guidelines for ARDS
management recommend only supportive care treatments
(e.g., mechanical ventilation) (3). Neuromuscular
blocking agents (NMBAs) are used in supportive care
to decrease patient-ventilator dyssynchrony (and the
associated lung damage) in mechanically ventilated
ARDS patients (4). The most common NMBA used in
ARDS is cisatracurium as it has been evaluated in two
large-scale clinical trials (ACURASYS and ROSE) (5-7).

At the cellular level, the exudative stage of ARDS
results from the extensive damage to the alveolar-
capillary unit (&), which in turn, results in neutrophil
infiltration and edema (9). Hence, preventing injury to
the alveolar-capillary unit may be a potential strategy to
halt ARDS disease progression. We have demonstrated
the integral role of the Akt pathway in endothelial-
barrier protection (/0,11), which acts by removing the
transcriptional suppression by FoxO and B-catenin
necessary for barrier function (//-13). Inhibition of
the Akt pathway resulted in the reduced expression
of tight-junction (TJ) proteins, mainly claudin-5 (/4)
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in the endothelial cells and the lung blood vessels,
leading to lung injury and edema (/5) and ultimately
endothelial-to-mesenchymal transition and lung scarring
(16). Apart from the transcriptional suppression of TJ
proteins, activated FoxO was also observed to increase
the expression of matrix metalloproteinases-3 (MMP-3/
stromelysin-1) (/5) a protease previously known to break
up the junctional protein complexes (/7). The potential
therapeutic role of MMP3 was further confirmed with
increased expression and activity of MMP3 in the LPS-
injured lungs and bronchoalveolar lavage fluid (BALF)
in mice (/5) and ARDS patient plasma samples (/8).
In the current study, we investigated the direct effect
of cisatracurium to suppress LPS-induced MMP3
expression in human microvascular endothelial cells.

2. Materials and Methods
2.1. Cell culture

Human dermal (Telomerase-immortalized) microvascular
ECs (HMECs) (CRL-4025; ATCC, Manassas, VA, USA)
were maintained in EC Basal Medium-2 with a Growth
Medium-2 Bullet Kit (Lonza; Walkersville, MD, USA).
Cells were maintained in a humidified 5% CO, incubator
at 37°C and routinely passaged when 80-90% confluent.
Cisatracurium (cat. No S2113, Selleckchem) was
reconstituted according to the manufacturer's protocol.
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Cells were treated with 100 ng/mL LPS and different
doses of cisatracurium 0.32, 0.64, and 1.28 uM and
PBS (vehicle), respectively, in a 5% serum-containing
medium for 24 hours. The optimal doses of cisatracurium
were determined based on a similar study performed
previously (/9).

2.2. Western blot analysis

Western analysis was performed as described previously
(20). Cell lysates were prepared using complete lysis
buffer (EMD Millipore, San Diego, CA) with protease
and phosphatase inhibitor cocktails (Roche Diagnostics,
Indianapolis, IN). Protein quantification was performed
using DC protein assay from Bio-Rad (Hercules, and
CA). Western blot analysis was performed as described
previously (21,22). Antibodies used include stromelysinl
(cat. No. 14351-S) dilution 1:1,000 in milk, vascular
endothelial cadherin (VE-cadherins; cat No. 2158)
dilution 1:1,000 in BSA, P-P38 MAPK (cat No. 9112-
S) dilution 1:1,000 in BSA, T-P38MAPK (cat No. 9212-
S) dilution 1:1,000 in BSA, P-SRC Tyr-416 (cat No.
6943-S) dilution 1:1,000 in BSA and T-SRC (cat No.
2109-S) dilution 1:1,000 in BSA all from Cell Signaling
Technology (Danvers, MA). B-actin (dilution in milk,
primary antibodies 1:10,000 and secondary antibodies
1:20,000) from Sigma (St. Louis, MO) and Claudin-5
antibodies (cat No. ab15106) 1:1,000 and secondary
antibodies 1:5,000 dilution in milk from Abcam
(Cambridge, MA). Band densitometry was done using
NIH Image J software.

2.3. Immunofluorescence staining

Immunofluorescent staining of HMEC monolayers was
performed using the 8-well chamber slides as described
previously (23). Cells were then washed twice with
PBS, fixed using 2% paraformaldehyde for 30 min,
permeabilized with 0.1% Triton X-100 for 15 min, and
blocked with 4% BSA in sterile PBS. Cell monolayers
were then incubated with antibody against VE-
cadherin (1:100, Catalog# 2158S, Rabbit antibody, Cell
Signaling Technology, Danvers, MA) at 4°C overnight.
Immunofluorescence was revealed using Alexa Fluor
488 secondary antibody (1:1,000, Goat anti-Rabbit, Life
Technologies, Grand Island, NY). Cells were mounted
onto a glass slide using DAPI containing mounting
medium (Vector Laboratories). Samples were observed
under KEYENCE Fluorescence Microscope BZ-X800
(Itasca, IL). Controls were performed by omitting
primary antibodies and all controls gave negative
results with no detectable non-specific labeling.

2.4. Statistical analysis

All the data are presented as mean £ SD and were
calculated from multiple independent experiments

performed in triplicates. The 'n' value for each figure
implies the multiple independent experiments performed.
All the data were analyzed by parametric testing using
the Student's unpaired ¢-test or one-way ANOVA,
followed by the posthoc test using the GraphPad Prism
6.01 software. Data with p < 0.05 were considered
significant.

3. Results and Discussion

3.1. Treatment with cisatracurium reduced LPS-induced
MMP3 expression in HMECs

Our results indicated a significantly higher MMP3
expression in HMECs with LPS treatment for 24 hours,
which was blunted by co-treatment with cisatracurium
(Figures 1A and 1B) indicating that cisatracurium
reduces LPS-induced MMP3 expression in HMECs.

3.2. Cisatracurium inhibits LPS-induced Src and
P38MAPK phosphorylation in HMECs

Since Src has been demonstrated to break up adherens
junction (AJ) cell interactions through the cadherins (24),
we determined how LPS and cisatracurium treatment
affect Src activating phosphorylation at Tyrosine-416
residue. In HMECs, treatment with LPS for 24 hours
resulted in increased pY416Src, which was significantly
inhibited by co-treatment with cisatracurium (Figures 1A
and 1C), thus indicating that cisatracurium protects the
cell-barriers by inhibiting Src activity.

Since P38MAPK is a stress and inflammation
associated kinase, we next determined if cisatracurium
protects the endothelial cells from cell stress associated
with pro-inflammatory stimuli such as the bacterial LPS.
Our results indicated that although LPS stimulation of
HMECs modestly increased phosphorylated P3SMAPK,
the effect was not reversed upon co-treatment with
cisatracurium, except at a lower dose (Figures 1A and
1D). Overall, our data suggested that cisatracurium does
not affect P38 MAPK activity in endothelial cells.

3.3. Cisatracurium rescued LPS-induced loss of claudin-5
and VE-cadherin

To determine if cisatracurium could preserve AJ and TJ
complexes in HMECs, we treated them with LPS alone
or in combination with cisatracurium for 24 hours and
subjected them to the Western analysis of VE-cadherin
and claudin-5. Our analysis indicated that 24 hours of
treatment with LPS significantly reduced VE-cadherin
expression in HMECs, which was reversed upon co-
treatment with cisatracurium (Figures 2A and 2B). Akin
to VE-cadherin, treatment with LPS significantly reduced
claudin-5 expression in HMECs, which was reversed
upon co-treatment with cisatracurium (Figures 2A and
2C). Together, these results indicated that cisatracurium
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modulates AJ and TJ protein expression in endothelial
cells.

3.4. Cisatracurium preserves HMEC monolayer integrity
upon LPS insult

Immunofluorescence staining on HMEC monolayer
in LPS alone or combination with cisatracurium for
24 hours was performed to determine the sub-cellular
compartment involved in the VE-cadherin alterations
witnessed at the protein level (Figure 2A and 2B). The
drug was used at a dose of 0.64 uM since it resulted
in a significant increase in protein expression on
Western blot analysis (Figure 3). As anticipated, we
observed disruption of VE-cadherin distribution in

A - + + + + LPS B
0.32 0.64 1.28 Cisat (uM)

*p<0.05

HMEC monolayers by LPS insult thereby disturbing the
continuity of the AJ bands in the cell junctions. Treatment
with cisatracurium, however, prevented the LPS-induced
disruption of VE-cadherin cell-cell contacts to preserve
cell cohesion thus maintaining integrity. These findings
confirm the beneficial effects of cisatracurium in HMECs
during LPS-induced injury.

NMBA, particularly cisatracurium, is recommended by
the guidelines for severe ARDS and is thought to improve
mortality by optimizing pulmonary airflow mechanics
and oxygenation (3,5). Cisatracurium has also been
shown to exert anti-inflammatory effects and may play a
role in mitigating the deleterious effects of inflammation
in the early stages of ARDS, with support largely based

*¥p<0.001

Figure 1. Cisatracurium inhibited LPS-
induced increase in MMP3 expression and
Src phosphorylation. (A-B) Representative
Western blot images and a bar graph with
band densitometry analysis indicating
increased MMP3 expression in HMECs
with LPS treatment and its reversal by co-
treatment with cisatracurium after 24 hours
of incubation. (C) Bar graph with band
densitometry analysis indicating increased
pY416Src expression in HMECs with LPS
treatment and its reversal by co-treatment with
cisatracurium after 24 hours of incubation. (D)
Bar graph with band densitometry analysis
indicating a modest increase in pP3SMAPK
expression in HMECs with LPS treatment
and its partial inhibition by co-treatment with
a very low dose of cisatracurium after 24
hours of incubation. Data are shown as Mean
+ SD.

Figure 2. Cisatracurium prevented LPS-
induced loss of VE-cadherin and claudin-5
in HMECs. (A) Representative Western blot
images showing reduced VE-cadherin and
claudin-5 expressions in HMECs with LPS
treatment and its reversal by co-treatment with
cisatracurium after 24 hours of incubation. (B)
Bar graph with band densitometry analysis
indicating reduced VE-cadherin expression in
HMECs with LPS treatment and its reversal
by co-treatment with cisatracurium after 24
hours of incubation. (C) Bar graph with band
densitometry analysis indicating reduced
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claudin-5 expression in HMECs with LPS
treatment and reversal by co-treatment with
cisatracurium after 24 hours of incubation.
Data are shown as Mean + SD.
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Control LPS

LPS + Cisatracurium

Figure 3. Representative images of VE-cadherin staining in human microvascular endothelial cells post LPS treatment alone, or in

combination with cisatracurium at 24 hours.

on the results of the ACURASYS study, which showed
reduced 90-day mortality (6,7,25-27). In 2019, the
efficacy of NMBA in ARDS was called into question
by the Reevaluation of Systemic Early Neuromuscular
Blockade (ROSE) trial, which evaluated cisatracurium
versus no cisatracurium in moderate-to-severe ARDS
and observed no difference in 90-day mortality (6).
These conflicting results have prompted the scientific
community to evaluate the potential confounders in these
studies and further investigate the molecular mechanisms
of cisatracurium-induced effects. Our study demonstrated
the ability of cisatracurium to reduce the expression of
LPS-induced MMP3 by the endothelial cells. Although
the direct effects of cisatracurium on the endothelial
barrier protein expression were modest, these were
significant.

Preclinical studies in our laboratory demonstrated
that ARDS/ALI was associated with elevated expression
and activity of MMP3 (/5), a matricellular protease
that is known to breakdown the endothelial barrier
junctions and promote vascular permeability (28).
MMP3 is also known to have an essential role in the
innate immunity and inflammatory response, and cause
degradation for the extracellular matrix (ECM) (/7).
Several inflammatory lung diseases such as ARDS,
asthma, and pulmonary fibrosis are characterized by
an increase in the expression of one or more of the
MMPs (29,30). Recent studies from our laboratory
have identified that pharmacological inhibition of
MMP3 or its upstream regulator, FoxO transcription
factors, has been demonstrated to reverse LPS-
induced lung injury and edema (/5). The studies also
demonstrated elevated MMP3 expression and activity
in LPS-administered mouse BALF. Another study
demonstrated increased MMP3 expression/activity
in the plasma samples collected from human ARDS
patients compared to healthy subjects (/8). Increased
MMP3 expression was correlated with reduced
expression of claudin-5 in endothelial cells and mouse
lung lysates, and increased neutrophil activity in the
lungs (75) indicating the importance of MMP3 in the
promotion of lung inflammation and ARDS disease
progression. The disruption of the ECM by MMPs intra-
and intercellularly in the ALI experimental model has

also reported disruption of the TJ and AJ complexes
that preserve the lung vascular integrity (37). Studies
conducted on cisatracurium in different disease models
have shown its effects on decreasing inflammation and
cell migration involving various pathways (/9,32).

In the current study, we investigated the effect of
cisatracurium to modulate the pro-inflammatory and cell-
barrier modulating pathways in HMECs and determined
its efficacy to inhibit the injury-response elicited by
bacterial LPS treatment. The ability of cisatracurium to
reverse the LPS-induced increase in MMP3 expression
and Src phosphorylation and preventing the loss of AJ
protein VE-cadherin and TJ protein claudin-5 in HMECs
are indications of its potential benefits in preventing
pathological vascular permeability and inflammation.
However, the fact that cisatracurium had no direct effect
on the activity of pro-inflammatory P38MAPK suggests
that cisatracurium has no direct effect on the HMECs in
reducing the inflammatory response. However, the study
has limitations as it has been conducted in individual cell
lines in vitro that a clear understanding of the collective
effect and molecular mechanisms of cisatracurium in a
disease model is lacking. Further studies will be required
to fully understand the benefits and mechanisms of
cisatracurium in the treatment of ARDS patients.
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