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Abstract

Global knockout of the nonmuscle isoform of myosin light‐chain kinase

(nmMLCK), a primary cellular regulator of cytoskeletal machinery, is strongly

protective in preclinical murine models of inflammatory lung injury. The

current study was designed to assess the specific contribution of endothelial

cell (EC) nmMLCK to the severity of murine inflammatory lung injury

produced by lipopolysaccharide (LPS) and mechanical ventilation ventilator‐
induced lung injury or ventilation (VILI). Responses to combined LPS/VILI

exposure were assessed in: (i) wild‐type (WT) C57BL/6J mice; (ii)

transgenic mice with global deletion of nmMLCK (nmMylk−/−); (iii)

transgenic nmMylk−/− mice with overexpression of nmMLCK restricted to

the endothelium (nmMylk−/−/ec‐tg+). Lung inflammation indices included lung

histology, bronchoalveolar lavage (BAL) polymorphonuclear leukocytes

(PMNs), lung protein biochemistry, tissue albumin levels, Evans blue dye

(EBD) lung extravasation, and plasma cytokines (interleukin‐6 [IL‐6],
keratinocyte chemoattractant [KC]/IL‐8, IL‐1bβ, extracellular nicotinamide

phosphoribosyltransferase, tumor necrosis factor‐α). Compared to WT C57BL/

6J mice, the severity of LPS/VILI‐induced lung injury was markedly reduced

in mice with global nmMLCK deletion reflected by reductions in histologic

inflammatory lung injury, BAL PMN counts, mitogen‐activated protein kinase,

and NF‐kB pathway activation in lung homogenates, plasma cytokine levels,

and parameters of lung permeability (increased BAL protein, tissue albumin

levels, EBD lung extravasation). In contrast, mice with restricted over-

expression of nmMLCK in EC (nmMylk−/−/ec‐tg+) showed significant persist-

ence of LPS/VILI‐induced lung injury severity compared to WT mice. In

conclusion, these studies strongly endorse the role of EC nmMLCK in driving

the severity of preclinical inflammatory lung injury. Precise targeting of EC
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nmMLCK may represent an attractive therapeutic strategy to reduce lung

inflammation and both lung and systemic vascular permeability.
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INTRODUCTION

The excessive mortality of the severe inflammatory
disorder known as the acute respiratory distress syn-
drome (ARDS),1–3 whether caused by sepsis, trauma, or
either bacterial/viral pneumonias,4 is directly attributa-
ble to unchecked vascular inflammation, and the
profound loss of lung EC barrier integrity leading to
alveolar flooding. The respiratory failure that ensues
often requires mechanical ventilation, another potent
contributor to inflammatory lung permeability and
ARDS mortality, a process known as ventilator‐induced
lung injury or ventilation (VILI).1,3 The uncontrolled
lung inflammatory response results in sustained cytokine
release and systemic increases in vascular permeability,
and the development of multiorgan failure, a primary
cause of ARDS mortality.4

Current concepts of vascular permeability and alveo-
lar edema formation/resolution involves highly choreo-
graphed EC cytoskeletal regulation of the integrity of
both EC and alveolar epithelial cellular barriers.
Inflammation‐mediated activation of the cytoskeletal
contractile apparatus results in the loss of alveolar and
vascular barrier integrity, increased plasma protein
influx, and the diapedesis of inflammatory cells into
the lung parenchyma, particularly polymorphonuclear
leukocytes (PMNs). Our system biology approaches,
involving genomics, proteomics, biophysical imaging,
engineered mice, and genetic epidemiology, have con-
firmed the critical role of the multifunctional nonmuscle
myosin light chain (MLC) kinase isoform (nmMLCK1,
210 kDa, 1914 amino acids),5 as a major regulator of
vascular EC barrier function,6–9 angiogenesis,10,11 EC
apoptosis,12 leukocytic trafficking,13 and vascular
responses to mechanical ventilator‐derived mechanical
stress.9 Increased EC nmMLCK enzymatic activities in
response to inflammatory agonists results in enhanced
MLC phosphorylation at critical Ser14 and Thr15 amino
acids and spatially specific cellular contraction, para-
cellular gap formation, and disruption of the vascular
barrier,16,17 as well as alveolar and gastrointestinal
epithelial barriers.18 We have convincingly shown
nmMLCK to drive spatially localized EC cytoskeletal
rearrangements in both lung vascular barrier disruption
(nmMLCK‐catalyzed EC stress fiber formation) as well as

in EC barrier‐restorative processes involving nmMLCK
translocation to paracellular lamellipodia with gap
closure.6,14,15,19 The intimate involvement of nmMLCK
in the regulation of sepsis‐ and ventilator‐induced
inflammatory lung permeability observed in ARDS/
VILI9,20 is supported by genetic epidemiologic studies
analyzing genetic variants (single‐nucleotide polymor-
phisms) identified in the gene encoding nmMLCK,
MYLK, that confer increased risk of sepsis/trauma‐
induced ARDS in Blacks,21,22 ARDS severity in
Blacks,21–23 and increased risk of severe asthma in
Blacks.21,24,25

The nmMLCK isoform would appear to be an
attractive ARDS/VILI therapeutic target as our in vivo
studies demonstrated that nmMLCK inhibitory ap-
proaches (inhibitory oligopeptides, small interfering
RNAs) reduce alveolar and vascular permeability and
lung inflammation.9 Furthermore, genetically engi-
neered nmMLCK KO mice (nmMylk−/−) with targeted
global deletion of the nmMLCK isoform exhibited strong
in vivo protection from lipopolysaccharide (LPS)‐induced
lung injury and VILI‐mediated lung edema,9,26 confirm-
ing nmMLCK as a contributor to ARDS/VILI sever-
ity.22,27 However, as nmMylk−/− mice exhibit global loss
of nmMLCK, it remains entirely unclear as to which
cellular sources of nmMLCK, that is, alveolar epithelium,
lung endothelium, PMNs, or T‐lymphocytes, are the
primary contributors to the protection from inflamma-
tory injury observed in nmMylk−/− mice. Speculating that
EC expression of nmMLCK was a major contributor to
inflammatory lung injury severity, we generated trans-
genic mice, nmMylkec/+, that overexpress the major
nmMLCK splice variant, nmMLCK2, restricted to the
vascular endothelium. We observed a strong inflamma-
tory phenotype with marked exaggeration of LPS‐ and
ventilator‐induced alveolar flooding and lung injury in a
sex‐ and age‐specific manner.20,28

The present study seeks to extend these prior studies
by fully establishing EC nmMLCK as an attractive
molecular target driving the severity of acute inflamma-
tory lung injury in a clinically relevant murine model of
ARDS/VILI. We generated genetically engineered mice,
nmMylk−/−/ec‐tg+, that selectively express EC nmMLCK
on the nmMylk−/− background. Our results indicate that
compared to wild‐type (WT) C57BL/6J mice with
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combined exposure to LPS‐induced pneumonia and to
VILI, nmMylk−/− mice, with global nmMLCK deletion,
showed marked attenuation of lung injury severity as
previously reported9 with substantially reduced levels of
inflammatory lung injury indices: histologic inflamma-
tory lung injury, bronchoalveolar lavage (BAL) PMN
counts, mitogen‐activated protein (MAP) kinase, and
NF‐kB pathway activation in lung homogenates, plasma
cytokine levels, and parameters of lung permeability
(increased BAL protein, tissue albumin levels, and EBD
lung extravasation). In contrast, mice with restricted
overexpression of nmMLCK2 in EC, nmMylk−/−/ec‐tg+,
showed significant preservation of LPS/VILI lung injury
severity compared to WT mice. These studies highlight
the critical role of the nonmuscle isoform of MLCK
(nmMLCK) expressed in vascular endothelium in regu-
lating the severity of inflammatory lung injury in
preclinical murine models of ARDS/VILI. Precise target-
ing of EC nmMLCK may represent a highly attractive
therapeutic strategy to reduce both lung inflammation
and both lung and systemic vascular permeability.

MATERIALS AND METHODS

Reagents

Unless otherwise noted, all reagents including LPS
(Escherichia coli 0127:B8 strain) were purchased from
Sigma‐Aldrich.

Animals

In‐house bred nmMylk−/−,9,29nmMylk−/−/ec‐tg+, and WT
littermate controls were used for all in vivo experiments
in this study. All mice were housed under standard
conditions (12 h light–dark cycle, 25–27°C, ~40% humid-
ity) in autoclaved microisolator cages with free access to
food and water throughout the duration of the experi-
ments. All animal care procedures and experiments were
approved by the Institutional Animal Care and Use
Committee (IACUC, University of Arizona) and were
performed in accordance with IACUC and ARRIVE
guidelines. The nmMylk−/−/ec‐tg+ strain of mice was
created to expand upon previous findings of nmMLCK's
more specific role in EC barrier integrity. To create the
nmMylk−/−/ec‐tg+ line, we intercrossed these two strains,
creating mice heterozygous for both loci. Next, the
double heterozygotes were backcrossed to the
nmMylk−/− parental strain, resulting in a colony of
nmMylk−/−/ec‐tg+ mice. The double transgenic nmMylk−/
−/ec‐tg+ strain did not exhibit phenotypic, fecundity, or

survivability differences compared with the parental
strains. All polymerase chain reaction protocols and
reagents used to confirm zygosity and genotypes of the
strains were used as previously described.20,29 Gel
electrophoresis was used to visually confirm genotypes
(Figure S1).

Murine model of LPS/ventilator‐induced
lung injury

Mice were anesthetized with a mixture of ketamine
(100mg/kg) and xylazine (5mg/kg) given by intra-
peritoneal injection with additional doses given as needed
during the VILI protocol to ensure adequate anesthetic
depth. The animals were intubated with a 20‐G angiocath-
eter. Animals received LPS (intratracheal, 0.1mg/kg),
allowed to recover for 18 h, and then reintubated and
connected to a mechanical ventilator (Advanced Ventilator
System For Rodents, SAR‐1000; CWE Incorporated) as we
have previously described.26,28,30,31 Mice were ventilated
with room air for 4 h using the following parameters: tidal
volume 10ml/kg, respiratory rate 90 breaths/min, and
positive‐end expiratory pressure 0 cm H2O. Spontaneously
breathing control animals received intratracheal PBS and
were intubated, but allowed to breathe spontaneously on
room air during the duration of the experiment.

Tissue albumin enzyme‐linked
immunoassay (ELISA)

Mouse albumin ELISA Kit was purchased from Bethyl
Labs and tissues were homogenized in 0.5ml KPO4 buffer
with 1.0% hexadecyl trimethyl ammonium bromide (HTAB)
with the TissueLyser LT using a 5‐mm stainless steel bead, at
50mHz for two 5min intervals. After tissues were homoge-
nized, an additional 0.5ml of KPO4 buffer was added for a
final volume of 1.0ml. Tissue samples were diluted
according to kit specifications to fit within the readout
four‐parametric standard curve.9

BAL analysis

At the termination of each animal experiment, mice were
euthanized by approved IACUC methods. BAL of the
entire lung was performed with 1ml of cold Hank's
buffered saline solution (HBSS) (Invitrogen) delivered
intratracheally followed by a slow recovery of the fluid as
we have previously described.31,32 Cells were recovered
from the collected BAL fluid by centrifugation (500 g,
20 min, 4°C) and counted using an automated cell
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counter (TC20; Bio‐Rad). The cell pellet was resuspended
in cold 200 µl HBSS and 1ml of RBC Lysis Solution for
5 min for the determination of total cell count. The BAL
supernatant was then recentrifuged (16,5000g, 10 min,
4°C), and the supernatant collected was used to measure
total protein concentration determined by a protein assay
(Pierce BCA Protein Assay Kit; Thermo Scientific). After
measuring, the BAL supernatant was stored at −80°C for
further analysis.

Quantitative lung histology and H&E
image analysis

To verify lung vascular leak damage and cell infiltration,
lungs were collected from mice in experiment groups and
processed for histological analysis. Mouse lung tissue was
fixed in 10% neutral‐buffered formalin for a minimum of
48 h, embedded in paraffin, sectioned, mounted onto slides,
and stained with Richard–Allan hematoxylin–eosin (H&E)
reagents (Fisher Scientific). Specimens were then imaged
using an Olympus Photomicroscope (Olympus) using both
×20 and ×40 objectives. Multiple images were obtained from
each slide and slides of each group were randomly selected
for quantification of H&E staining using ImageJ software as
previously described.31,33

Western blot analysis of proteins in lung
tissues

Western blot analysis of lung homogenates was performed
according to standard protocols as previously reported31,32

with densitometric quantification of lung tissue expression of
specific proteins, and β‐actin (total protein control).

Plasma biomarker measurements

A Meso Scale ELISA‐based Discovery Platform was utilized
(Meso Scale Diagnostics) for measurements of plasma levels
of IL‐6, KC/IL‐8, IL‐1β, TNF‐α, and extracellular nicotin-
amide phosphoribosyltransferase (eNAMPT), as we have
previously described.31,34 Briefly, for each cytokine, a specific
biotinylated antibody was incubated (30min, 25°C) with an
analyte‐specific linker. The reaction was terminated by the
addition of a free biotin solution and a second identical
incubation. All cytokine‐specific‐linked antibodies are then
pooled and aliquoted into a 96‐well plate and incubated
(60min, 700 rpm) and washed (three times, Tris‐buffered
saline). Calibrator, sample, or standard with an equal volume
of diluent was added to specific wells and incubated and
washed as above. The detection antibody solution was added

to each well and then incubated and washed as above.
Finally, MSD Read Buffer was added to each well and the
plate was read on the MSD platform, and the cytokine
concentration was calculated.

Statistical analysis

All data were analyzed using Student's t test and the
statistically significant threshold was at p< 0.05.

RESULTS

Histologic and inflammatory responses in
LPS/VILI‐challenged WT and MYLK
murine strains

H&E staining of lung tissues sections demonstrated that WT
C57BL/6J mice exposed to LPS pneumonia (22 h) and VILI
(4 h) exhibit substantial histologic inflammatory lung injury
characterized by marked inflammatory cell infiltration,
alveolar edema, and alveolar wall thickening (Figure 1a)
with Image software quantification (Figure 1b). Consistent
with this histologic evidence of inflammatory lung injury,
LPS/VILI‐exposed WT mice also exhibited marked increases
in BAL PMNs (Figure 1c) and elevated plasma levels of IL‐6,
KC/IL‐8, IL‐1β, and TNF‐α and eNAMPT (Figure 2a–e). In
contrast to WTmice, nmMylk−/−mice with global nmMLCK
deletion were markedly protected from LPS/VILI‐induced
lung injury with quantifiable reductions in histologic
inflammatory lung tissue injury (Figure 1a/b), in BAL PMNs
(Figure 1c), and plasma levels of IL‐6, KC/IL‐8, and TNF‐α
but not IL‐1β (Figure 2a–e). The substantially attenuated
severity of inflammatory lung injury observed in nmMylk−/−

mice was significantly abolished in nmMylk−/−/ec‐tg+ mice
expressing nmMLCK2 only in EC on a global nmMLCK KO
background with a significant restoration of LPS/VILI‐
induced lung inflammation (Figure 1a/b), BAL PMNs
(Figure 1c), and plasma levels of IL‐6 and TNF‐α
(Figure 2). This significant restoration of inflammatory lung
injury in nmMylk−/−/ec‐tg+ mice suggests that EC nmMLCK
is a key driver of the severity of LPS/VILI‐mediated
inflammatory lung injury.

Inflammation‐induced lung vascular
barrier responses in WT and MYLK
murine strains

We next assessed the role of EC nmMLCK in regulating
lung vascular barrier responses in response to LPS/VILI‐
induced lung inflammation and vascular leak in WT and
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engineered mice. Images from excised whole lungs
obtained from mice injected with EBD 60min before
harvesting after 20 h exposure to intratracheal LPS/4 h
VILI demonstrate that exposure to LPS/VILI produced
prominent EBD vascular extravasation compared to PBS‐
challenged WT mice (Figure 3a/b). In contrast, the
magnitude of EBD vascular leak is clearly reduced in the
nmMylk−/− mice with global nmMLCK KO (Figure 3c).
Importantly, LPS/VILI‐challenged nmMylk−/−/ec‐tg+

mice, with global nmMLCK KO, but restricted nmMLCK
expression only in EC, demonstrate increased EBD
leakage compared to nmMylk−/− mice approximating
the level of EBD extravasation in LPS/VILI‐exposed WT
mice (Figure 3d).

These results indicating key regulation of vascular
barrier integrity by nmMLCK in EC were confirmed by
BAL protein measurements in WT and nmMylk‐engi-
neered mice with Figure 3e showing the significant
increase in BAL protein in LPS/VILI‐challenged WT
mice which is significantly reduced in nmMylk−/− mice.
Consistent with the restored indices of lung inflamma-
tion and EBD leakage, LPS/VILI‐challenged nmMylk−/
−/ec‐tg+ mice expressing nmMLCK only in EC exhibit
BAL protein levels that are significantly greater than
nmMylk−/− mice and comparable to WT mice. Lung
tissue albumin measurements also show significantly
greater tissue albumin content in LPS/VILI‐challenged
WT mice compared to unchallenged control mice
(Figure 3f) and significantly reduced in nmMylk−/− mice.
In contrast, nmMylk−/−/ec‐tg+ mice exhibited levels of
tissue albumin content that is significantly greater than
nmMylk−/− mice and again comparable to LPS/VILI‐
challenged WT mice. Together, these results are consist-
ent with EC nmMLCK serving as a major regulator of
lung vascular barrier integrity and lung edema
formation.

Lung signaling responses in LPS/VILI‐
challenged WT and MYLK murine strains

Finally, we assessed NF‐kB and MAP kinase pathway
signaling in lung homogenates from LPS/VILI‐
challenged WT and Mylk‐engineered murine strains. As
expected and previously reported,31 LPS/VILI‐challenged
WT mice exhibit robust NF‐kB phosphorylation
(Figure 4a/b) and MAP kinase activation (p42/44 ERK)
(Figure 4a/c). A key effector of the MAP kinase family
pathways is the Ser/Thr ribosomal S6 kinase (RSK) or
p90rsk as p90rsk is activated by ERK MAPK and signals
to the contractile machinery via phosphorylation of the
myosin phosphatase‐targeting subunit 1 (MYPT1).35 Like
ERK phosphorylation, p‐pS90RSK phosphorylation was
also highly induced in lung tissues from LPS/VILI‐
exposed WT mice (Figure 4a/d). In contrast to WT mice,
LPS/VILI‐exposed nmMylk−/− mice showed dramatically
reduced levels of NF‐kB, ERK MAPK, and pS90RSK
phosphorylation with nmMylk−/−/ec‐tg+ mice exhibiting
levels of NF‐kB, ERK MAPK, and p‐pS90RSK phospho-
rylation that were significantly greater than nmMylk−/−

mice and comparable to LPS/VILI‐challenged WT mice
(Figure 4). Figure 4 also depicts the prominent LPS/VILI‐
induced reductions in NRF2 protein expression in
concert with increases in the expression of the reactive
oxygen species (ROS)‐generating protein NOX‐4 in WT
mice. In contrast to NF‐kB, ERK MAPK, and pS90RSK,
biochemical studies of lung homogenates failed to

FIGURE 1 Endothelial‐specific overexpression of nmMLCK
abolishes the protection against LPS/VILI lung injury observed
innmMYLK−/−mice. (a/b) Compared to PBS‐challenged wild‐type
(WT) C57BL6 mice (inset), H&E staining WT mice exposed to a
“two‐hit” injury model of LPS (18 h) and ventilator‐induced lung
injury (4 h) (LPS/VILI) reveals significant increases in alveolar
edema, leukocyte infiltration, and inflammatory lung injury (first
panel in a). In contrast, LPS/VILI‐challenged nmMylk−/− mice
were protected with significantly reduced PMN infiltration and
decreases in vascular leakage (second panel in a). This reduction in
lung injury severity was nearly entirely eliminated in nmMylk−/

−/ec‐tg+ mice with global nmMLCK KO, except for overexpression of
nmMLCK restricted to the endothelium (third panel in a).
(b) Image J quantification of H&E staining expressed as the % area
of staining. *p< 0.05 comparisons. (c) Total BAL PMN counts
corroborate H&E staining findings, showing that compared to
either the LPS/VILI‐challenged WT or nmMylk−/−/ec‐tg+ mice, the
nmMylk−/− mice have a significant reduction in PMN's found in
the alveolar space, indicating a higher level of EC barrier integrity.
There is no significant difference in barrier integrity via PMN
infiltration between the wild‐type mice and the nmMylk−/−/ec‐tg+

mice. *p< 0.05 comparisons. Ctrl, control; H&E, hematoxylin and
eosin; KO, knockout; LPS, lipopolysaccharide; nmMLCK,
nonmuscle isoform of myosin light‐chain kinase; PMN,
polymorphonuclear leukocyte; VILI, ventilator‐induced lung injury
or ventilation; WT, wild type.
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FIGURE 2 Inflammatory cytokine plasma levels are reduced or differentially expressed in nmMylk–/− compared to the nmMylk−/−/ec‐tg

+. The Meso Scale ELISA‐based Discovery platform was utilized to assess plasma cytokine levels in the LPS/VILI injury model. Depicted are
the mouse plasma levels of inflammatory cytokines of IL‐6 (a), IL‐1β (b), KC (c), TNF‐α (d), and eNAMPT (e) obtained in control
spontaneous breathing mice (n= 3) for each genotype/group and in mice exposed to LPS/VILI (n= 3) for each genotype/group. Cytokine
levels in all animals exposed to LPS/VILI show a drastic increase compared to their control counterparts. nmMylk−/− mice exhibited
significantly lower levels of cytokines (a, c, d, e) compared to WT mice, except for plasma levels of IL‐1β (b) were unaffected by nmMylk

genotypes. The reduced plasma cytokine levels observed in LPS/VILI‐challenged nmMylk−/− mice were restored in nmMylk−/−/ec‐tg+ mice to
levels approximating WT mice. Baseline levels of all five cytokines in each genotype group were comparable, except for the levels of IL‐1β in
nmMylk−/−/ec‐tg+ mice, which exhibited an elevated baseline level compared to either the WT or nmMylk−/− control mice. *p < 0.05.
Ctrl, control; ELISA, enzyme‐linked immunoassay; eNAMPT, extracellular nicotinamide phosphoribosyltransferase; IL, interleukin;
KC, keratinocyte‐derived cytokine; LPS, lipopolysaccharide; VILI, ventilator‐induced lung injury or ventilation; WT, wild type.

FIGURE 3 Effect of nmMylk genotypes on murine lung vascular integrity. (a–d) Representative photos of murine lungs exposed to PBS
or LPS/VILI via an intratracheal instillation (1mg/kg, harvest timepoint 20 h post LPS instillation, VILI 20ml/kg, 4 h). Sixty minutes before
harvest, mice (n= 3/group) were injected intravenously with 30mg/kg of Evans blue dye (EBD) conjugated to albumin as we have
previously described.31 Lungs were flushed with PBS before removal. Comparisons of EBD extravasation in each group were compared with
EBD leakage minimal in PBS‐exposed mice. All genotypes exhibited similar EBD levels for the PBS‐exposed mice (a). EBD leakage was
markedly increased in each LPS/VILI‐exposed group with greatest increases in EBD extravasation observed in nmMylk−/−/ec‐tg+ mice
(b) with marked reductions in nmMylk−/− mice (c). EBD leakage in nmMylk−/−/ec‐tg+ mice showed increased EBD extravasation
approximating WT mice (d). (e/f) Consistent with the findings of EC barrier integrity disruption shown in EBD pictures, LPS/VILI‐exposed
WT, and nmMylk−/−/ec‐tg+ mice had similar values for BAL protein levels and lung tissue albumin levels compared to PBS‐exposed animals.
In contrast, by comparison, LPS/VILI‐exposed nmMylk−/− mice had significantly lower values in both readouts of vascular permeability
(*p< 0.05 comparisons). Ctrl, control; LPS, lipopolysaccharide; PBS, phosphate‐buffered saline; VILI, ventilator‐induced lung injury or
ventilation; WT, wild type.
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identify significant alterations in either NRF2 or NOX4 in
either nmMylk−/− mice or nmMylk−/−/ec‐tg+ with global
nmMLCK deletion, but restricted EC nmMLCK
expression.

DISCUSSION

A cardinal pathophysiologic feature of all inflammatory
disorders is the disruption of the continuous, semi-
permeable EC barrier in intact blood vessels, resulting in
increased vascular permeability and leakage of luminal
contents into the interstitium of vital organs, including
the lung. In addition to ARDS, the MLCK‐regulated
cytoskeleton driven by specific and distinct MLCK
isoforms is an essential participant in multiple lung
inflammatory diseases, including asthma.36–38 For ex-
ample, we have shown that nmMylk−/− mice exhibit
significant reductions in ovalbumin‐mediated allergic
lung and airway inflammation.36 Conversely, mice over-
expressing nmMLCK only in the endothelium (nmMylk-
ec/+) exhibit elevated susceptibility and severity in
asthmatic inflammation.36 Extrapulmonary inflamma-
tory disorders involving the MCLK pathway and MLC
phosphorylation include heart failure,39 inflammatory
bowel disease,40 severe burn injury,41 irritable bowel
syndrome,42 radiation injury,43 diabetes,44 and cancer.45

In addition to direct endothelial and intestinal epithelial
barrier regulation,40 nmMLCK influences the expression
of key genes involved in the severity of cancer and
asthma with increased mortality.38,46

Mortality in the critically ill is directly attributable to
unchecked inflammation‐induced vascular permeability
and development of multiorgan failure,4 events governed
by the dynamic contractile function of the actin‐based EC
cytoskeleton15 with nmMLCK a critical actin‐binding
protein involved in both tensile force generation and
linkage of the actin cytoskeleton to adhesive membrane
components. nmMLCK is intimately involved in key
aspects of the inflammatory response including PMN
transmigration with LPS‐induced vascular leakage and
alveolar flooding in vivo7,12,13,15 accompanied by
increases in MLC phosphorylation16,17 and a
reorganization of the actomyosin cytoskeleton.6,15,47

Studies utilizing various nmMLCK inhibitory approaches
or genetically engineered mice nmMLCK KO mice
(nmMylk−/−) with targeted global deletion of the
nmMLCK isoform confirmed targeting of nmMLCK as
a viable approach to reduce lung inflammation and
alveolar and vascular permeability.9,29 While confirming
nmMLCK as a contributor to ARDS/VILI severity,22,27

studies demonstrating nmMylk−/− mice with global
nmMLCK knockout (KO) are protected in murine
inflammatory lung injury models (LPS, VILI, and lung
irradiation)9,43 failed to identify the primary cellular
inflammatory effector most adversely affected by the loss
of nmMLCK expression. Despite multiple biologically
plausible cellular candidates such as the alveolar
epithelium or inflammatory and immune effector cells
including PMNs and T‐cell lymphocytes, we speculated
EC expression of nmMLCK to be a major if not primary
contributor to the development of inflammatory lung

FIGURE 4 (a) Western blots in mouse lung tissues exposed to LPS/VILI showing significantly increased phosphorylation/expression of
p‐NF‐kB, p‐ERK, NOX4, NRF2, and p‐p90RSK compared to PBS‐exposed control mice. (b–d) Quantifications of panel (a) western blots
showing significant reductions in levels of p‐NF‐ƘB, p‐ERK and p‐p90RSK in LPS/VILI nmMylk−/− mice, approximating levels of
PBS‐exposed controls. In contrast, LPS/VILI‐exposed nmMylk−/−/ec‐tg+ mice exhibited significantly greater phosphorylation/expression
levels, comparable to LPS/VILI‐exposed WT mice. *p < 0.05 vs control; **p <0.05 vs WT; ***p<0.05 vs nmMylk‐/‐. Ctrl, control;
LPS, lipopolysaccharide; NF‐kB, nuclear factor‐kB; VILI, ventilator‐induced lung injury or ventilation; WT, wild type.
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permeability and subsequent to the magnitude of lung
injury severity. Our earlier studies utilizing transgenic
nmMylkec/+ mice overexpressing nmMLCK2 in the
vascular endothelium supported this hypothesis with
these mice exhibiting a strong inflammatory phenotype
that exacerbated inflammatory lung injury. To extend
these studies, we created nmMylk−/−/ec‐tg+ mice selec-
tively expressing EC nmMLCK on the nmMylk−/−

background to fully establish the critical importance of
EC nmMLCK in driving the severity of acute inflamma-
tory lung injury.

Our results indicate that compared to WT C57BL/6J
mice, nmMylk−/− mice exposed to LPS/VILI‐induced
murine lung injury model showed marked attenuation of
inflammatory lung permeability and injury as we
previously reported.9 In contrast, a similar challenge of
nmMylk−/−/ec‐tg+ mice, selectively expressing EC
nmMLCK on the nmMylk−/− background, showed
near‐complete loss of the significant protection observed
in LPS/VILI‐challenged nmMylk−/− mice, with signifi-
cantly increased histologic lung inflammation, increased
BAL PMNs, and increased loss of vascular barrier
integrity reflected by EBD leakage, BAL protein, and
tissue albumin measurements. These studies strongly
endorse a primary contributory role of EC nmMLCK in
driving the severity of acute inflammatory lung injury
and loss of EC barrier integrity.

In addition to the obvious contribution of EC‐
expressed nmMLCK protein to increases in EC para-
cellular gap formation and permeability elicited by
inflammatory stimuli such as mechanical stress,9 throm-
bin,7 and inflammatory cytokines such as TNF12 and
eNAMPT,48 we strongly speculate the nmMLCK protein
to exert regulatory proinflammatory gene and protein
expression in EC, which potentially serve to enhance the
severity of the lung inflammatory response. This premise
is supported by our prior report demonstrating that
compared with wild‐type mice, nmMLCK KO mice
exhibited significant reductions in VILI‐induced gene
expression in biological pathways such as NF‐kB signal-
ing pathway, NRF2‐mediated oxidative stress, coagula-
tion, p53 signaling, leukocyte extravasation, and IL‐6
signaling. The finding that NF‐kB genes were signifi-
cantly affected by deletion of the nmMLCK allele
supports our previous finding that nmMLCK activation
is directly involved in NF‐kB activation and NF‐kB‐
dependent increases in the transcription of inflammatory
and barrier‐regulatory genes, including the TNF signal-
ing pathway.49 In the current study, we again noted
dramatic LPS/VILI‐induced increases in NF‐kB phospho-
rylation, which were abrogated in nmMylk−/− mice. In
addition, LPS/VILI‐induced elevations in the plasma
levels of IL‐6, IL‐8/KC, TNF‐α, and eNAMPT, observed

in WT mice, were all significantly reduced in nmMylk−/−

mice, whereas IL‐1β was unaffected, findings consistent
with our earlier reports of LPS/VILI‐induced gene
expression in nmMylk−/− mice.9 Consistent with the
capacity for nmMLCK expression in EC to restore the
fully integrated inflammatory response and histologic
evidence of inflammatory lung injury, LPS/VILI‐exposed
nmMylk−/− mice with global nmMLCK deletion but
restricted EC nmMLCK expression demonstrated signifi-
cant elevations in plasma levels of IL‐6 and TNF‐α
approaching levels in LPS/VILI‐exposed WT mice,
whereas levels of IL‐1β IL‐8/KC and eNAMPT were
unaffected.

Levels of ROS are substantially elevated in every
preclinical model of sepsis, trauma, and mechanical
stress/VILI, are strongly linked to TLR4/NF‐kB signal-
ing,31,50 and are reduced in nmMylk−/− mice exposed to
LPS, VILI, or hyperoxia.9,51 We have previously shown a
very strong and inverse relationship between the expres-
sion of the antioxidant transcription factor, NRF2, and
Mylk transcription via a highly novel, negative ARE‐
dependent effect of NRF2 on Mylk promoter activity.52

Reductions in NRF2 expression or the NRF2 inhibitor,
brusatol, significantly increase nmMLCK protein levels,
actin stress fiber formation, and augment loss of EC
barrier integrity,52 whereas pharmacologic NRF2 activa-
tors reduced nmMLCK protein levels. In the current in
vivo studies, we noted prominent LPS/VILI‐induced
reductions in NRF2 protein expression in concert with
increases in the expression of the ROS‐generating protein
NOX‐4. Biochemical studies of lung homogenates failed
to identify significant alterations in these responses in
either nmMylk−/− mice or nmMylk−/−/ec‐tg+ with global
nmMLCK deletion, but restricted EC nmMLCK
expression.

We have also previously identified a 45 nmMLCK‐
influenced gene signature that successfully predicted
human asthma severity and exacerbation status.46 Path-
way analysis of these nmMLCK‐influenced genes high-
light the epidermal growth factor receptor (ErbB)
signaling pathway known to involve in the participation
of the JNK and ERK MAP kinase signaling pathways
with several MAP kinase family genes such as Map3k7,
(encoding mitogen‐activated protein kinase kinase
kinase 7) andMap3k12 (mitogen‐activated protein kinase
kinase kinase 12) among nmMLCK‐influenced differen-
tially expressed genes.9,46 We and others have shown the
involvement of the activated MAP kinase signaling
pathway in LPS‐ and VILI‐induced increases in actin
stress fiber formation and paracellular gap formation in
vitro and in vivo.31,53 Anti‐inflammatory NF‐kB inhibi-
tory strategies31,53 attenuate both LPS/VILI‐induced
robust MAP kinase family activation as well as
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inflammatory lung injury. We recently focused on a key
MAP kinase family effector, the Ser/Thr RSK or p90rsk
that is activated by ERK MAPK and signals to the
contractile machinery via phosphorylation of the
MYPT1.54 p90rsk is prominently phosphorylated in
LPS/VILI‐exposed mice, rats, and pigs.50 In human lung
EC, p90rsk is involved in eNAMPT‐ and LPS‐induced
increases, MLC phosphorylation, EC contraction, and
permeability with p90rsk inhibition reducing eNAMPT‐
and LPS‐induced TER.18 In the current study, compari-
sons of p42/44 ERK activation in lung homogenates from
LPS/VILI‐challenged WT and MYLK‐engineered murine
strains showed mice with global nmMLCK KO with
marked blunting of ERK MAPK and p‐pS90rsk phospho-
rylation/activation, two key determinants of EC perme-
ability, consistent with the observed decreases in the
level of p90rsk activation evoked by TLR4/NFkB inhibi-
tion. In contrast to the reduced p90rsk activation and EC
permeability in global nmMLCK KO, these responses
were preserved in nmMylk−/−/ec‐tg+ mice and comparable
to LPS/VILI‐challenged WT mice.

The current study does exhibit several limitations.
In generating nmMylk−/−/ec‐tg+ mice, we inserted the
expression of the nmMLCK2 splice variant in an EC‐
specific manner similarly as we had performed in
generating the nmMylkec/+ transgenic mouse line.20

While this mouse line has proven useful, important
differences between nmMLCK1 and nmMLCK2 con-
stitute a limitation of the current study. nmMLCK2 is
structurally identical to WT nmMLCK1, except for the
absence of amino acids 437–506 encoded by the spliced
out exon 11 and lacks the immunoglobulin‐like cell‐
adhesion molecule domain, IgCAM3.18,19,55,56 Two key
sites of tyrosine phosphorylation Y464 and Y471 present
in the nmMLCK1 IgCAM3 domain6,19,57 are absent in
the nmMLCK2 protein. Compared with nmMLCK1,
nmMLCK2 is selectively induced by TNF‐α and
mechanical stress (18% cyclic stretch),19 and exhibits
reduced peripheral translocation during EC barrier
recovery.19 nmMLCK2 silencing dramatically reduces
the magnitude of thrombin‐induced barrier dys-
function and promotes more rapid EC barrier recov-
ery.58 Thus, insertion of the proinflammatory
nmMLCK2 splice variant and not nmMLCK1 on a
global nmMLCK KO background does not allow for a
true evaluation of the exact role of nmMLCK1
in dynamic, spatially localized EC barrier‐regulatory
responses to injurious inflammatory stimuli. A
final limitation is that we have shown that nmMylk
is differentially regulated by DNA methylation in
Black subjects with sepsis‐induced ARDS;27,59 how-
ever, nmMylk methylation in nmMylk−/− KO mice

expressing EC nmMLCK was not assessed in the
current study.

Despite these limitations, the current study highlights
the use of genetically engineered mice to define the
critical role of the nmMLCK expressed in vascular
endothelium in regulating the severity of inflammatory
lung injury in preclinical murine models of ARDS.
Utilizing genetically engineered mice, nmMylk−/−/ec‐tg+,
which selectively express EC nmMLCK on the nmMylk−/
− background, have successfully confirmed EC nmMLCK
as a potentially attractive molecular target in ARDS/VILI
and have provided direct support for EC nmMLCK
driving the severity of acute inflammatory lung injury
and loss of the vascular endothelial barrier. Precise
targeting of EC nmMLCK represents a highly attractive
therapeutic strategy to reduce lung inflammation and
both lung and systemic vascular permeability.
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