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Kinase Pathway
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Background: Mechanical ventilation used in patients with acute lung injury can damage pulmo-
nary epithelial cells through production of inflammatory cytokines and excess deposition of the
extracellular matrix protein lumican. Lumican participates in macrophage inflammatory protein
(MIP)-2 and transforming growth factor-p, (TGF-B,) signaling during the fibroproliferative phase
of acute lung injury, which involves a process of epithelial-mesenchymal transition (EMT). The
mechanisms regulating interactions between mechanical ventilation and lung injury are unclear.
We hypothesized that lung damage and EMT by high tidal volume (V1) mechanical stretch causes
upregulation of lumican that modulates MIP-2 and TGF-8, through the extracellular signal-regulated
kinase (ERK) 1/2 pathway.
Methods: Male C57BL/6 mice (either wild type or lumican null) aged 3 months and weighing
between 25 and 30 g were exposed to low VT (6 mL/kg) or high VT (30 mL/kg) mechanical venti-
lation with room air for 2 to 8 h. Nonventilated mice were used as control subjects.
Results: We found that high Vr mechanical ventilation increased microvascular permeability,
neutrophil influx, production of free radicals, MIP-2 and TGF-B, proteins, positive staining of
a-smooth muscle actin and S100A4/fibroblast-specific protein-1, Masson trichrome staining and
extracellular collagen, and activation of lumican and ERK1/2 in wild-type mice. Decreased stain-
ing of the epithelial marker E-cadherin was also observed. Mechanical stretch-augmented EMT
was attenuated with lumican-deficient mice and pharmacologic inhibition of ERK1/2 activity by
PD98059.
Conclusions: The data suggest that lumican promotes high VT mechanical ventilation-induced
lung injury and EMT through the activation of the ERK1/2 pathway.
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Abbreviations: ALI = acute lung injury; a-SMA = a-smooth muscle actin; EBD = Evans blue dye; ECM = extracellular
matrix; EMT = epithelial-mesenchymal transition; ERK = extracellular signal-regulated kinase; MDA = malondialde-
hyde; MIP = macrophage inflammatory protein; MPO = myeloperoxidase; SLRP = small leucine-rich repeat keratan
sulfate proteoglycan; TGF-B, = transforming growth factor-B; VILI = ventilator-induced lung injury; VT = tidal volume

Acute lung injury (ALI) and its most severe mani-
festation, ARDS, are characterized by an initial
inhomogeneous inflammatory reaction or epithelial
injury that is followed by fibroblast proliferation and
extracellular matrix (ECM) accumulation.!? Mechan-
ical ventilation is required for life support in patients
with ARDS; however, the potential for overdistension
of the healthy parts of the lungs is great. Ventilator-
induced lung injury (VILI) is characterized by noncar-
diogenic pulmonary edema; release of inflammatory
cytokines; influx of neutrophils; and increased mes-
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sage for the ECM proteins, including proteoglycans.>#
High tidal volume (VT) mechanical ventilation can lead
to the production of inflammatory cytokines, includ-
ing tumor necrosis factor-a,, IL-1B, macrophage inflam-
matory protein (MIP)-2, and transforming growth
factor-B, (TGF-B,).56

Chemokines are expressed in both the acute inflam-
matory response and the subsequent wound remod-
eling after lung injury. Previous studies demonstrated
that MIP-2 induces neovascularization and promotes
angiogenesis during VILL57 As a major profibrogenic
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cytokine, TGF-B, was also found in the pathogenesis
of ALI related to mechanical ventilation and oxygen
injury5¥ Mechanical ventilation-induced oxidative stress
may counter the protection of antioxidants in ALI and
is a potent stimulus for the production of TGF-f3,.69
Proteoglycans, a crucial component of pulmonary
ECM, may contribute to ALI in response to exces-
sive ventilation.!” Lumican belongs to the family of
small leucine-rich repeat keratan sulfate proteoglycans
(SLRPs) and is one of 10 members of SLRPs found
in the lungs."! Many members of SLRPs (eg, decorin,
lumican, biglycan) play roles in tissue morphogenesis
during embryonic development and in adults through
their matricellular functions as regulator of collagen
fibrillogenesis.'>'* A previous study has shown that
lumican increased human corneal epithelial cell migra-
tion through the extracellular signal-regulated kinase
(ERK) 1/2 pathway.'> Epithelial-mesenchymal tran-
sition (EMT) is characterized by loss of epithelial mark-
ers (E-cadherin) and transition to a spindle-shaped
morphology concurrent with the acquisition of mes-
enchymal markers (a-smooth muscle actin [a-SMA],
S100A4).2516 In addition to their roles in corneal trans-
parency and EMT of lens epithelial cells,'” proteogly-
cans are involved in the alterations of lung mechanics
after excessive mechanical ventilation; however, the
mechanisms are unclear.2'52 In the high VT ventilation-
induced ALI model in mice, we compared the effects
among different VTs of mechanical ventilation, cor-
relation of ALI to neutrophil influx, and production of
MIP-2 and TGF-B, using animals deficient in lumi-
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can and with the pharmacologic inhibitor of ERK1/2
PD98059. We hypothesized that lumican modulates
the pathogenesis of high V1 ventilation-induced ALI
characterized by excess neutrophil infiltration, pro-
duction of free radicals, EMT, and MIP-2 and TGF-3,
production secondary to the activation of the ERK1/2
pathway.

MATERIALS AND METHODS

Generation and Maintenance of Lumican-Deficient Mice

Male C57BL/6 (either wild-type or lumican deficient) mice
aged 3 months and weighing between 25 and 30 g, were obtained
from Chang Gung University Laboratory Animal Center (Taoyuan,
Taiwan). Lumican-null mice were generated by targeted gene
disruption as previously described.!32! All procedures for handl-
ing mice conformed to Association of Research for Vision and
Ophthalmology guidelines. Statements for the use of animals in
research were approved by the Institutional Animal Care and Use
Committee of Chang Gung Memorial Hospital (permit number
2011093005). All surgery was performed under ketamine and
xylazine anesthesia, and all efforts were made to minimize suffering.

Ventilator Protocol and Experimental Groups

We used our established mouse model of VILI as previously
described.? The experimental group of animals and procedures
used in this study are summarized in Table 1.

Pharmacologic Inhibitor

ERK1/2 inhibitor PD98059 2 mg/kg (Calbiochem; EMD
Chemicals Inc) was given subcutaneously 30 min before ventila-
tion. This was based on previous in vivo studies.?

Statistical Analysis

Western blots and lumican mRNA were quantified using National
Institutes of Health image analyzer Image] version 1.27z and are
presented as relative ERK1/2 phosphorylation and lumican-to-
glyceraldehyde 3-phosphate dehydrogenase ratio in arbitrary units.
Values are expressed as the mean * SD from at least five separate
experiments. Lung wet weight-to-dry weight ratio, MIP-2 and
TGF-B,, free radicals, lung collagen, myeloperoxidase (MPO), Evans
blue dye (EBD) staining, and immunofluorescent labeling were
analyzed using StatView 5.0 (SAS Institute Inc) software. All data
of Western blot and lumican mRNA were normalized to control
nonventilated wild-type mice breathing room air. Analysis of vari-
ance was used to assess the statistical significance of the differ-
ences followed by multiple comparisons with Scheffé test. P <.05
was considered statistically significant. Additional details about the
experimental animals, ventilator protocol, analysis of lung water
content, EBD, measurement of MIP-2 and TGF-B,, MPO, Masson
trichrome stain and fibrosis scoring, collagen assay, measurement
of malondialdehyde (MDA), immunoblot analysis, immunofluo-
rescent labeling, reverse transcription-polymerase chain reaction,
and statistical analysis are provided in e-Appendix 1.

REsuLTs
Reduction of VILI in Lumican-Deficient Mice

We measured lung EBD and wet weight-to-dry
weight ratio to determine the effects of mechanical
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Table 1—Experimental Design and Numbers of Animals per Group

EBD, Lung MIP-2, TGF-B,, Lumican and ERK1/2 Protein, Collagen, IF, Trichrome
Variable Water (8 h) MPO (8 h) Lumican mRNA (2 h) MDA (8 h) Stain, EM (8 h)
Control, wild type 5 5 5 5 5
Control, lum~/~ 5 5 5 5 5
VT 6 mL/kg, wild type 5 5 5 5 5
VT 10 mI/kg, wild type 4 4 4 0 0
VT 30 mI/kg, wild type 5 5 5 5 5
VT 30 mL/kg, wild type with PD98059 5 5 5 5 5
VT 30 mI/kg, lum =/~ 5 5 5 5 5

Control = spontaneously breathing, nonventilated mice; EBD = Evans blue dye; EM = electron microscopy; ERK = extracellular signal-regulated
kinase; IF = immunofluorescence; lum~/~ = lumican null; MDA = malondialdehyde; MIP-2 = macrophage-inflammatory protein-2; MPO =
myeloperoxidase; TGF-B, = transforming growth factor-B,; VT = tidal volume.

ventilation on changes of microvascular permeability
and lung water content in VILI (Figs 1A, 1B). MPO
assay was used to quantitate total lung neutrophils
(Fig 1C). We measured MDA level, which is an alde-
hydic secondary product of lipid peroxidation used as
a marker of oxidative stress® and TGF-B1 and MIP-2
production, to determine the level of oxidant stress and
chemoattractants associated with VILI (Figs 1D-F).
The levels of EBD, wet weight-to-dry weight ratio,
MPO, MDA, and TGF-B, and MIP-2 protein signifi-
cantly increased in mice ventilated at VT 30 mL/kg
compared with those of at VT 6 mIL/kg or nonventilated
control mice. No significant elevation was observed
in mice ventilated at VT 6 mL/kg compared with con-
trol mice. The increases of lung inflammation with
VT 30 mL/kg mechanical ventilation were signifi-
cantly lower in lumican-deficient mice. Furthermore,
the decreases of gas exchange (Pao,/F10, ratio) in
mice receiving VT 30 mL/kg mechanical ventilation
were significantly restored in lumican-deficient mice
(wild type, 405.2 + 7.4; lumican deficient, 437.1 = 7.9;
P=.001) (Table 2).

Reduced Production of Collagen Fibers in
the ECM of Lumican-Deficient Mice

Electron microscopy was used to determine the
effects of mechanical ventilation on the ultrastruc-
tures of peribronchiolar and parenchymal collagen
fibers. Increases of intercellular space of fibroblasts
and collagen fibers in the ECM were observed in mice
subjected to VT 30 mL/kg compared with mice sub-
jected to VT 6 mIL/kg or nonventilated control mice
(Fig 2). The increases of collagen fibers were signifi-
cantly lower in lumican-deficient mice as measured
quantitatively by total lung collagen content.

Reduction of Mechanical Ventilation-Induced
Fibrogenic Markers in Lumican-Deficient Mice

We measured the expression of E-cadherin, S100A4,
and a-SMA using immunofluorescent labeling to iden-
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tify the cells types involved in the lung stretch-induced
EMT (Fig 3). The downregulation of E-cadherin but
upregulation of S100A4 and a-SMA in bronchiolar
epithelium and peribronchiolar lung parenchyma of
mice ventilated at VT 30 mL/kg compared with non-
ventilated control mice and those ventilated at VT
6 mL/kg indicated the presence of transition from
epithelial cells to fibroblasts. Increased expression of
E-cadherin but decreased expression of S100A4 and
a-SMA were observed in lumican-deficient mice. To
further determine the effects of mechanical ventilation
on ECM accumulation, we performed fibrosis scoring
using Masson trichrome staining (Fig 3, e-Fig 1). The
extent of peribronchiolar ECM deposition increased
in mice ventilated at VT 30 mL/kg compared with
VT 6 mL/kg and control mice. No significant eleva-
tion of collagen accumulation was observed in mice
ventilated at VT 6 mI/kg compared with control mice.
The fibrosis score of ventilation-induced lung fibrogen-
esis was significantly lower in lumican-deficient mice.

Reduction of Mechanical Ventilation-Induced
Lumican Expression by Lumican-Deficient Mice

To determine the time courses of stretch-induced
lumican expression, we measured the level of lumican
in the lung after 2 to 8 h of mechanical ventilation
(Fig 4). The level of lumican increased at 2 h of mechan-
ical ventilation and remained elevated 2.5-fold for up
to 8 h compared with nonventilated control mice and
mice ventilated at VT 6 mL/kg. No significant eleva-
tion was observed in mice ventilated with VT 6 mL/kg
compared with control mice.

Inhibition of ERK1/2 Activation by PB98059
Reduced Mechanical VILI

To further explore the roles of ERK1/2 activation
in VILI, we measured lung injury parameters and
chemoattractants (Fig 5). The increases of microvas-
cular permeability, lung water content, MDA, neu-
trophil infiltration, and MIP-2 and TGF-, production
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FIGURE 1. A-F, Lum~~ mice showed reduced lung stretch-induced microvascular leak, lung edema, neutrophil sequestration, oxygen
radicals, and TGF-B1 and MIP-2 production. EBD analysis (A), lung wet weight-to-dry-weight ratio (B), MPO assay (C), MDA assay (D),
and MIP-2 (E) and TGF-B1 (F) production in BAL fluid were from nonventilated control mice and mice ventilated at VT 6 mI/kg or
30 mIL/kg for 8 h with room air (n =5 per group). *P <.05 vs nonventilated control mice; TP <.05 vs all other groups. EBD = Evans blue dye;
lum~~ = lumican null; MDA = malondialdehyde; MIP-2 = macrophage inflammatory protein-2; MPO = myeloperoxidase; OD = optical
density; TGF-B1 = transforming growth factor-g1; WT = wild type; VT = tidal volume.

were significantly lowered by pharmacologic inhibi-
tion with PD98059, suggesting the involvement of
ERK1/2 pathway in the regulation of VILI.

Inhibition of ERK1/2 Activation by PB98059
Reduced Mechanical Ventilation-Induced
Fibrogenic Markers

Our previous study demonstrated that activation
of ERK1/2 was involved in the bleomycin-induced

journal.publications.chestnet.org

fibrogenesis of VILL5 We measured phosphorylation
of ERK1/2, biomarkers of EMT, and level of col-
lagen to determine the role of ERK1/2 in lumican-
related VILI (Figs 3, 6A, 6B). Increased expression
of E-cadherin but decreased expression of ST00A4
and a-SMA was observed by pharmacologic inhibi-
tion with PD98059. The elevation of stretch-induced
ERK1/2 activation and total collagen content were sig-
nificantly lowered in lumican-deficient mice. We mea-
sured lumican mRNA expression to further determine
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Table 2—Physiologic Conditions at the Beginning and End of Ventilation

Control Control
Nonventilated Nonventilated VT 6 mL/kg VT 10 mI/kg VT 30 mI/kg VT 30 mL/kg VT 30 mL/kg

Condition Wild Type Lum~"~ Wild Type Wild Type Wild Type PD98059 Lum~/~
pH 7.42+0.03 7.40 +0.05 7.36 £0.05 7.36 +0.07 7.35+0.06 7.34=0.09 7.36+0.04
Pao,, mm Hg 96.1£0.2 96.8 0.1 92.7+1.2 90.1£1.3 85.1*+14 912=*+15 91.8*1
Pao,/F10, ratio 4576+92 461 +9.1 441.4+7.1 429.1+6.8 4052+ 7.4 434.3 £6.6 437.1+79
Paco,, mm Hg 39.1£0.1 38.9%0.1 41.3*=0.6 38.3+0.7 351+12 35.4+1.6 35.6+1.3
MAP, mm Hg

Start 84+1.1 83+0.9 832*+x+1.2 83.1*x14 82.8+1.6 82.6+1.5 825+1.3

End 83+0.5 82+0.4 804+1.7 79.6 2.1 76.6 =52 77.1+48 77.9+28
PIP, mm Hg

Start 9.7+12 152+1.3 23.4*+1.5 235+ 1.7 23.2*+1.4

End 11.2+0.8 16.7+1.6 279+24 26.2*+ 3.1 259+2.1

Data are presented as mean = SD. Arterial blood gas levels and mean arterial pressure were obtained from nonventilated control mice and mice
ventilated at a VT of 6 mI/kg, 10 mL/kg, or 30 mI/kg for 8 h (n =10 per group). MAP = mean arterial pressure; PIP = peak inspiratory pressure.

See Table 1 legend for expansion of other abbreviations.

P <.05 vs all other groups. The physiologic data of the control groups were similar during the experiment and were used as the beginning data

of ventilation.

whether the increased neutrophil influx in mice ven-
tilated at VT 30 mIL/kg was associated with the upreg-
ulation of chemotactic factors for neutrophils (Fig 6C).
The increases of lumican mRNA expression after
mechanical ventilation were significantly lowered in
lumican-deficient mice but not inhibited by PD98059,
suggesting that lumican was the upstream regulator
of ERK1/2 signaling involved in VILI.

DIscusSION

High VTs in normal animals have been used to
mimic the overdistension of the less-injured and, thus,
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vious studies demonstrated that hyperexpansion of
the lung was the cause of noncardiogenic pulmonary
edema in VILI.'5222 A previous study of an acid-
induced lung injury model in mice showed that 2 h of
mechanical stretch induced lung fibrogenesis.2 Our
previous study of hyaluronan synthase knockout mice
showed that 5 h of high VT mechanical ventilation
induced hyaluronan synthase 3 mRNA and hyaluro-
nan production in fibroblasts, contributing to ECM-
induced inflammatory changes.?* In the present VILI
model of mice, we found that mechanical ventilation
of healthy lungs increased microvascular permeability,
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FIGURE 2. Ultrastructural attenuation of lung stretch-induced production of collagen in lum~/~ mice. Representative micrographs
(X 35,000,n=3 fPer group) of the lung sections and total collagen of lung tissue were from nonventilated control mice and mice ventilated

at VT 30 mI/kg

or 8 h with room air (n =5 per group). Control mice and mice ventilated at VT 6 mL/kg have no increase of intercellular

colla%en fibers; WT mice ventilated at VT 30 mL/kg have increased intercellular space and deposition of collagen fibers; and lum~~ mice
ventilated at VT 30 mL/kg show decreased collagen accumulation. *P <.05 vs nonventilated control mice; TP <.05 vs all other groups.

See Figure 1 legend for expansion of abbreviations.
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FIGURE 3. Lum~/~ mice and PD98059 reduced lung stretch-induced fibrogenic biomarkers. Representative photomicrographs (magnifica-
tion X 400) with S100A4 (red), a-SMA (red), E-cad (red), and Hoechst (blue) immunofluorescent labeling of paraffin lung sections were
from nonventilated control mice and mice ventilated at VT 6 mI/kg or VT 30 mL/kg for 8 h with room air (n=>5 per group). PD98059 2 mg/kg
was given subcutaneously 30 min before ventilation. Positive red staining in the lung epithelium and interstitium is identified by arrows
(n=>5 per group). The fibrotic scoring was qudntlﬁ( >d as the average number of 10 nonoverlapping fields in Masson trichrome staining of
paraffin lung sections (bar graph n= 5 per group). *P <.05 vs nonvi entllated control mice; TP <.05 vs all other groups. a-SMA = - smooth

muscle actin; E-cad = E-cadherin. See Figure 1 legend for expansion of other abbreviations.

hypoxemia, neutrophil infiltration, free radicals, and
MIP-2 and TGF-B, production. Upregulation of lumi-
can is associated with the increase of lung injury. We
further explored the roles of neutrophils, alveolar
epithelia, fibroblasts, and ERK1/2 activation in fibro-
genesis of VILI.

Neutrophils are the main inflammatory cells involved
in the process of ALI through the secretion of che-
motactic factor MIP-2 and play a vital role in the gen-
eration of reactive oxygen species.? The reactive oxygen
species can enhance TGF-B, production by inflam-
matory cells and alveolar epithelial cells.® Mechanical
stretch is a crucial mechanism that underlies fibro-
genesis through matrix-induced activation of myofi-
broblasts. TGF-B, promotes the EMT of the damaged
epithelium and stimulates fibroblast proliferation,
which may account for the progression of the fibro-
proliferative phase seen in ARDS.%% The expressions
of S100A4/fibroblast-specific protein-1 and a-SMA
further supported the presence of an ongoing angio-

journal.publications.chestnet.org

genetic program determining mesenchymal phenotype
in VILL1627 High VT ventilation increased neutrophil
infiltration; production of MDA, MIP-2, and TGF-B,;
accumulation of collagen around bronchioles; and posi-
tive staining of S100A4 and a-SMA in bronchial epi-
thelium and peribronchiolar parenchyma.

The pulmonary ECM comprises several crucial com-
ponents, including collagens, elastin, fibronectin, pro-
teoglycans, hyaluronan, and laminin.’ Proteoglycan
comprises a central core protein and glycosaminoglycan
side chains, including chondroitin sulfate, keratan sul-
fate, heparan sulfate, dermatan sulfate, and hyal-
uronic acid.* In addition to the effects of stabilizing
the collagen network in connective tissue, proteogly-
cans also have proinflammatory effects, including bind-
ing to TGF-B and toll-like receptors and activation of
ERK1/2.41518 Mechanical ventilation can increase pro-
duction and fragmentation of proteoglycans and affect
the transmission of stress among the ECM, cellu-
lar membrane, and cytoskeleton.*27 Previous studles
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FIGURE 4. Lum~/~ mice reduced lung stretch-induced lumican
expression. Western blot was performed using an antibody that
recognizes the lumican expression and an antibody that recog-
nizes GAPDH expression in lung tissue from nonventilated con-
trol mice and mice ventilated at VT 6 mIL/kg for 2 h or VT 30 mL/kg
at indicated time periods. Arbitrary units were expressed as the
ratio of lumican to GAPDH (n=5 per group). *P <.05 vs non-
ventilated control mice; TP <.05 vs all other groups. GAPDH =
glyceraldehyde 3-phosphate dehydrogenase. See Figure 1 legend
for expansion of other abbreviations.

of injurious mechanical ventilation in rats demon-
strated that excessive mechanical ventilation for 2 h
results in increased message for the proteoglycans.?”
Moriondo et al'® found heparan sulfate fragmentation
after mechanical ventilation, indicating ventilation-
induced plasma membrane disruption. The lesional
effect of mechanical ventilation on the ECM may
depend on several factors, such as increased transpul-
monary pressure, heterogeneous distribution of ven-
tilation and increased tissue stretch, and reduction of
pulmonary lymphatic drainage.

Lumican may affect the collagen deposition in con-
nective tissues by binding to the surface of collagen
fibrils.2s The lumican is expressed by dermal fibro-
blasts, cardiac muscle cells, kidney glomerular cells,
alveolar epithelial cells, endothelial cells, and fibroblasts
in the lung.? In addition to regulating the collagen
fibril architecture within the ECM of lung, previous
studies of mice demonstrated that lack of lumican
reduced neutrophil infiltration into damaged tissue
because of the absence of chemokine gradient and a
scaffold for neutrophil extravasation.3*3 We found that
mechanical ventilation downregulated expression of
epithelial marker E-cadherin but upregulated expres-
sion of mesenchymal markers S100A4/fibroblast-
specific protein-1 and a-SMA. Using lumican-deficient
mice, we observed a decrease of MIP-2 and TGF-,
production and expression of TGF-B,-inducible EMT
markers, suggesting the involvement of lumican in
the regulation of fibrogenesis of VILI.

Our previous murine study of lung fibrosis after
bleomycin exposure indicated that the ERK1/2 path-
way may contribute to lung fibrogenesis induced by the
production of MIP-2. In a study of corneal epithelial
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FIGURE 5. A-F, PD98059 reduced lung stretch-induced microvas-
cular leak, lung edema, neutrophil influx, oxidative stress, and
TGF-B1 and MIP-2 production. EBD analysis (A), lung wet
weight-to-dry weight ratio (B), MPO assay (C), MDA assay (D),

and MIP-2 (E) and TGF-B1 (F) production were from nonventi-
lated control mice and mice ventilated at VT 30 mL/kg for 8 h with
room air (n =5 per group). PD98059 2 mg/kg was given subcuta-
neously 30 min before ventilation. P <.05 vs nonventilated con-
trol mice; TP <.05 vs PD98059 group. See Figure 1 for expansion
of abbreviations.

cells, ERK1/2 was also demonstrated as the down-
stream signaling pathway of lumican by regulating
cell migration and expression of integrin B1.'5 The
present study demonstrated that mechanical ventila-
tion increased expression of lumican and ERK1/2.
Using lumican-deficient mice and EKR1/2 inhibitor,
we observed reduced lung injury and the progression
of EMT. Pharmacologic inhibition with ERK1/2 inhib-
itor cannot reduce the expression of lumican, indicat-
ing that ERK1/2 was the downstream signal of lumican
(Fig 7).

The present study has some limitations. An in vitro
study revealed that alveolar epithelial type 2 cells and
primary human bronchial epithelial cells in response
to TGF-B1 undergo EMT through a Smad-mediated
pathway.?? In healthy mice, an increase of lung inflam-
mation because of alveolar derecruitment and atelec-
tasis but not overstretch was observed after 3 h of
normal VT mechanical ventilation (10 mL/kg)® (see
e-Appendix 1 for details).
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FIGURE 6. Lum~/~ mice and PD98059 reduced lung stretch-
induced ERK1/2 activation, total collagen content, and lumican
mRNA expression. A, Western blot was performed using an anti-
body that recognizes phosphorylated ERK1/2 and an antibody
that recognizes total ERK1/2 expression in lung tissue from non-
ventilated control mice and mice ventilated at VT 30 mL/kg for 2 h
with room air. Arbitrary units were expressed as relative ERK1/2
phosphorylation (n=25 per group). B, Total collagen level was
from control mice and mice ventilated at VT 30 mIL/kg for 8 h with
room air (n =15 per group). P <.05 vs nonventilated control mice;
TP <.05 vs PD98059 group. C, Reverse transcription-polymerase
chain reaction assay was performed for lumican mRNA, GAPDH
mRNA, and arbitrary units from nonventilated control mice and
mice ventilated at VT 6 mI/kg or VT 30 mI/kg for 2 h with room
air (n =5 per group). Arbitrary units were expressed as the ratio of
lumican mRNA to GAPDH. PD98059 2 mg/kg was given subcu-
taneously 30 min before ventilation. *P <.05 vs nonventilated
control mice; TP <.05 vs lum~~ group. ERK = extracellular sig-
nal-regulated kinase. See Figure 1 legend for expansion of other
abbreviations.

CONCLUSIONS

By using an in vivo mouse model of ARDS, this
study demonstrated that high VT mechanical VILI
and EMT are associated with activation of ERK1/2
and the production of MIP-2, TGF-B1, and MDA.
This process partly depends on the activation of lumi-
can. Knowledge of the effect of mechanical forces on

journal.publications.chestnet.org
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FIGURE 7. Schematic figure illustrating the signaling pathway
activation with high tidal volume mechanical ventilation. Mechan-
ical stretch-induced cytokine production and EMT were attenua-
ted with lum~~ mice and pharmacologic inhibition of ERK1/2
activity by PD98059. EMT = epithelial-mesenchymal transition;
VILI = ventilator-induced lung injury. See Figure 1 and 6 legends
for expansion of other abbreviations.

lumican allows clarification of the pathophysiologic
mechanisms regulating the fibroproliferative phase
of ARDS that may progress to irreversible pulmonary
fibrosis and the need for long-term ventilator support.
The inhibition of ECM lumican, a modulator of inflam-
mation, may help in the development of improved
treatment of lung injury in patients with ARDS.
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