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Abstract

Most patients with acute lung injury (ALI) have reduced alveolar fluid clearance that has been
associated with higher mortality. Several mechanisms may contribute to the decrease in alveolar fluid
clearance. In this study, we tested the hypothesis that pulmonary edema fluid from patients with ALI
might reduce the expression of ion transport genes responsible for vectorial fluid transport in primary
cultures of human alveolar epithelial type 11 cells. Following exposure to ALI pulmonary edema
fluid, the gene copy number for the major sodium and chloride transport genes decreased. By Western
blot analyses, protein levels of aENaC, a1Na,K-ATPase, and cystic fibrosis transmembrane
conductance regulator decreased as well. In contrast, the gene copy number for several inflammatory
cytokines increased markedly. Functional studies demonstrated that net vectorial fluid transport was
reduced for human alveolar type 1l cells exposed to ALI pulmonary edema fluid compared with
plasma (0.02+0.05 versus 1.31+0.56 ul/cm2/h, p<0.02). An inhibitor of p38 MAPK phosphorylation
(SB202190) partially reversed the effects of the edema fluid on net fluid transport as well as gene
and protein expression of the main ion transporters. In summary, alveolar edema fluid from patients
with ALI induced a significant reduction in sodium and chloride transport genes and proteins in
human alveolar epithelial type 1l cells, effects that were associated with a decrease in net vectorial
fluid transport across human alveolar type Il cell monolayers.

Impaired alveolar fluid clearance (AFC;2 i.e. the resolution of alveolar edema) is a common
characteristic among patients with acute lung injury (ALI) and acute respiratory distress
syndrome. The level of AFC impairment has significant prognostic value in determining
morbidity and mortality (1,2). Multiple clinically relevant experimental studies have tried to
uncover the underlying mechanisms that reduce AFC in ALLI, and several pathways have been
implicated (3,4).
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In the alveolar environment, basal AFC is determined predominately by amiloride-sensitive
(epithelial sodium channel (ENaC)) and -insensitive sodium channels and the activity of the
Na,K-ATPase (3,5-8). Several stimuli can up-regulate AFC including S-adrenergic agonists
via CAMP-dependent mechanisms (3,4). In the mouse and human lung, CAMP-dependent
alveolar epithelial fluid transport is dependent on CFTR activity, especially in mediating g-
adrenergic receptor-driven alveolar epithelial fluid transport (9-11).

We and others have reported that, in the early phase of ALI, pulmonary edema fluid contains
high levels of several proinflammatory cytokines, including IL-18, IL-8, TNFa, and TGFA1
(12-14). Several of these proinflammatory cytokines have been studied in experimental fluid
transport experiments. For example, during short in vitro exposures, TNFa increases AFC,
which is mediated predominantly by both TNFa receptor-dependent and -independent effects
(15,16). In contrast, for exposures up to 24 h, TNFa decreases the expression of ENaC (o, £,
and y subunits) mRNA and protein levels as well as the amiloride-sensitive current and ouabain-

2The abbreviations used are:
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CFTR

MAPK

TNF

TGF

ERK
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RT

GCN
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transforming growth factor
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reverse transcription
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epithelial sodium channel

mitogen-activated protein kinase/extracellular signal-regulated kinase kinase

interleukin-1 receptor antagonist
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sensitive Rb* uptake in rat alveolar epithelial cells (17). Similarly we found that IL-15
decreases dexamethasone-induced aENaC mRNA and protein levels and the amiloride-
sensitive fraction of the transepithelial current and sodium transport across rat type 1 cell
monolayers (18). This inhibitory effect of IL-15 on aENaC expression is mediated through
p38 MAPK phosphorylation. More recently, we reported that TGF/51 decreases the amiloride-
sensitive fraction of Na* uptake and fluid transport across monolayers of rat and human type
I1 cells as well as aENaC mRNA and protein expression (19). The inhibitory effect is mediated
by ERK1/2 MAPKSs phosphorylation. In chronic inflammation associated with nasal polyposis,
TGFpA1 down-regulates CFTR mRNA and protein expression as well as the cCAMP-dependent
current in human nasal epithelial cells (20).

Despite these results with individual cytokines, the effect of pulmonary edema fluid itself from
patients with ALI on human alveolar epithelial type 11 cell transport has not yet been studied.
Therefore, we used our recently developed in vitro model of polarized human alveolar epithelial
type Il cells with a high transepithelial resistance, which makes it possible to measure apical
to basal net fluid transport (9). The objective was to determine the effect of undiluted pulmonary
edema fluid from patients with ALI on AFC across polarized human alveolar epithelial type
I1 cell monolayers. ALI pulmonary edema fluid caused a marked decrease in net transepithelial
fluid transport compared with simultaneously collected plasma. To understand the mechanisms
by which ALI edema fluid decreased AFC, we first studied the effect of the ALI pulmonary
edema fluid on the gene and protein expression of the major inflammatory cytokines and the
critical sodium and chloride transport proteins involved in AFC. ALI pulmonary edema had a
differential effect, inducing a marked increase in cytokine/chemokine gene expression and, at
the same time, a decrease in all of the major sodium and chloride transport gene and protein
levels. To further understand which soluble factors were critical, we pretreated human alveolar
epithelial type Il cells with inhibitors of the major cytokines or two signaling pathways, p38
and ERK1/2 MAPKSs, mechanisms that can down-regulate vectorial fluid transport. Our results
demonstrate that ALI pulmonary edema fluid contains soluble factors that are capable of
adversely affecting the resolution of pulmonary edema in patients who developed ALI from
sepsis.

EXPERIMENTAL PROCEDURES

Isolation of Human Alveolar Type Il Pneumocytes

Type |l epithelial cells were isolated from human donor lungs (preserved at 4 °C for 4-8 h)
that were declined for transplantation by the California Transplant Donor Network using
established methods (9). For isolation, a lobe was selected that was free of obvious
consolidation or hemorrhage by gross inspection. The pulmonary artery was perfused 10 times
with PBS, and the distal airspaces were then lavaged 10 times with Ca?*, Mg2*-free PBS
solution containing 0.5 mu EGTA and 0.5 mw EDTA. Elastase, 13 units/ml in Ca2*, Mg2*-free
Hanks’ balanced salt solution, was instilled into the distal airspaces through segmental
bronchial intubation, and the lobe was incubated in a water bath at 37 °C for 45 min. Following
digestion, the lobe was minced finely in the presence of fetal bovine serum and DNase at 500
1g/ml. The cell-free fraction was filtered sequentially through one layer of sterile gauze, two
layers of gauze, and 150- and 30-«m nylon meshes. The filtrate was then layered onto a Percoll
density gradient (1.04-1.09 g/ml) and centrifuged at 1500 rpm for 20 min. The top layer
containing both type Il pneumocytes and macrophages was collected and centrifuged at 800
rpm for 10 min. The cell pellet was resuspended in Ca2*, Mg?*-free PBS solution containing
5% fetal bovine serum and incubated with magnetic beads coated with anti-CD14 antibodies
at 4 °C for 40 min. Macrophages were then selectively depleted with a Dynal magnet (Dynal
Biotech, Oslo, Norway) and further incubated on Petri dishes coated with human 1gG
antibodies against macrophages. The remaining alveolar epithelial type 11 cells were then plated
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on collagen I-coated 24-well plates (Biocoat, BD Biosciences) at 5% CO, at 37 °C ata
concentration of 1.0 x 10° cells/well. The cells were exposed to media, Dulbecco’s modified
Eagle’s medium-H21 and Ham’s F-12 (1:1), with antibiotics (penicillin, streptomycin,
gentamicin, and amphotericin) and 10% fetal bovine serum for 48 h and without fetal bovine
serum for 24 h. 72 h after the isolation, the type Il cells were washed once with PBS and then
exposed to 1 ml of ALI pulmonary edema fluid with and without inhibitors or the corresponding
plasma for 24 h. In a separate set of experiments, human alveolar epithelial type 11 cells were
exposed to cytomix, a mixture of the major biologically active cytokines found in ALI
pulmonary edema fluid (IL-18, TNFa, and interferon y), at a concentration of 50 ng/ml with
and without inhibitors or the corresponding control medium for up to 24 h as a surrogate for
the inflammatory edema fluid (21).

Acute Lung Injury Pulmonary Edema Fluid

Patients were categorized as having ALI by clinical criteria (bilateral infiltrates on chest
radiograph, partial pressure of O,/fractional concentration of inspired O, <300, and no
evidence of left atrial hypertension with a pulmonary wedge pressure <18 mm Hg if measured)
(22) and an edema fluid/plasma protein ratio >0.65 (Biuret method, (2)). The degree of lung
injury was quantified by the lung injury score (23). To have a more uniform etiology of ALI
for this study, we collected and combined samples only from patients with ALI due to sepsis.
All human ALI pulmonary edema and plasma samples were collected from 1993 to 2005 at
the University of California, San Francisco and Vanderbilt University Medical Centers (12,
13,24). Briefly pulmonary edema fluid was obtained from patients meeting AL criteria within
4 h of intubation through gentle luminal suction applied to a 14 French catheter passed into the
distal airways. All ALI pulmonary edema fluid samples were centrifuged immediately at
14,000 rpm for 20 min to remove cells and debris, and the supernatant was stored at -80 °C
until use. Plasma samples were drawn simultaneously and centrifuged (3000 x g for 10 min at
4 °C), and the supernatants were stored at -80 °C until further use. To have a sufficient quantity
of edema fluid for all of the necessary experiments, the aliquots of ALI pulmonary edema fluid
from all of the patients were combined as done previously (13,24). The Committee for Human
Research at the University of California, San Francisco and Vanderbilt Medical Center
Institutional Review Board approved all human protocols.

Detection of Alveolar Epithelial Cell Apoptosis and Necrosis

Human alveolar epithelial type Il cells were plated onto collagen I-coated 24-well plates and
exposed to ALI pulmonary edema fluid or plasma for 24 h. Following the incubation, the cells
were detached from the plate with trypsin (0.25%) and combined with the floating and detached
cells in the supernatant. Total alveolar epithelial cells were double stained with annexin V-
fluorescein isothiocyanate and propidium iodide (25) using the TACS annexin V-fluorescein
isothiocyanate apoptosis detection kit (R&D Systems, Minneapolis, MN) according to the
manufacturer’s instructions. The percentage of apoptotic cells was quantified by flow
cytometry using FACScan (BD Biosciences), and data were analyzed using FlowJo software
(version 6.4.3; Tree Star Inc.).

Cytokine Levels in ALI Pulmonary Edema Fluid

Total TNFa and IL-1/ levels were measured in the ALI pulmonary edema fluid or
simultaneously collected plasma prior to exposure to the human alveolar epithelial type 1l cells
using the enzyme-linked immunosorbent assay Quantikine kit (R&D Systems) according to
the manufacturer’s instructions.
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Quantitative RT-PCR

Total RNA was isolated from the cells using the RNeasy minikit (Qiagen) according to the
manufacturer’s instruction and incubated with RQ1 RNase-free DNase (Promega Corp.) and
Superase RNA inhibitor (Ambion). Gene expression in human alveolar epithelial type 11 cells
was measured using a two-step multiplex quantitative RT-PCR method described previously
(26). Primer and probe sets for genes of interest were designed using “Primer Express” software
(PerkinElmer Life Sciences) based on sequencing data from National Center for Biotechnology
(NCBI) databases and purchased from Biosearch Technologies, Inc. (Novato, CA). The primer
and probe sequences used are available upon request. Total RNA (10-20 ng) was first reverse
transcribed using random hexamers, and the resulting cDNA product was amplified using a
mixture of gene-specific primers and hot start PCR for 25 cycles. Transcript quantifications
were run along with-RT cDNA controls in a 384-well format on an ABI Prism 7900 sequence
detection system (Applied Biosystems, Inc., Foster City, CA). Data were collected as PCR
cycle threshold values for each gene and then converted to relative gene copy number (GCN)
based on linear regression (26). Transcript copy was normalized using 10 housekeeping genes.
The geometric mean value of the housekeeping genes most stably expressed across the samples
was used for normalization (GeNorm software).

Protein Isolation and Western Blotting

Total cellular protein was extracted from the cells using 0.15 ml of lysis buffer/well containing
1% Triton X-100, 20 mw Tris base (pH 8.0), 137 mv NaCl, 10% glycerol, 2 mw vanadate, 2
ug/ml aprotinin, 5 ug/ml leupeptin, and 1 mw Pefabloc and homogenized. Protein content was
measured by the bicinchoninic acid method (Pierce). Each sample was first reduced and
denatured with sample buffer and run on a 4-12% gradient bis-Tris gel (Invitrogen), 10-20 xg
of proteins per lane, using a MOPS-SDS buffer (Invitrogen) at 100 V for roughly 2 h. The
proteins were then transferred onto a nitrocellulose membrane and blocked with 5% milk in
Tris-buffered saline with Tween 20 for 1 h. The nitrocellulose membrane was then exposed to
the primary antibody overnight at 4 °C. Primary antibodies used were: «ENaC (Calbiochem),
al- and f1Na,K-ATPase (Upstate Cell Signaling Solutions, Charlottesville, VA), and CFTR
(R&D Systems). The protein bands were then visualized with a chemiluminescence agent, ECL
+ (Amersham Biosciences), and quantitated with NIH ImageJ software.

Fluid Transport across Human Alveolar Epithelial Type Il Cells

Net fluid transport was measured across human type Il cells on Transwell plates (0.4-um pore
size and collagen I-coated, CoStar, Corning) in a humidified tent within a 37 °C, 5% CO,
incubator with 100% humidity. Measurement of fluid transport from the apical to basolateral
membrane of the type Il cell monolayers was done at 120 h following the initial isolation and
48 h after the air-liquid interface was achieved; previously the transmembrane electrical
resistance peaked (1530 ohms x cm?2) at 96 h with morphological evidence of tight junctions
(9,27). The cells were first exposed to 150 ul of ALI pulmonary edema fluid, plasma, or cytomix
at 50 ng/ml (containing 0.3 xCi/ml 131|-albumin) in the apical chamber of the Transwell. For
CAMP agonist studies, 10 um forskolin and IBMX were added to the ALI pulmonary edema
fluid prior to placement on the apical layer. After 5 min, 20 ul of the media was then aspirated
as the initial sample. After 24 h, another 20 I was aspirated from the upper compartment of
the Transwell as the final sample. Each sample was weighed, and radioactivity was counted in
a y counter (Packard MINAXI 5000 series).

Net fluid transport (zl/cm2/h) was calculated as described previously (9): =[1 - (radioactivity
in the initial sample/weight of the initial sample)/(radioactivity in the final sample/weight of
the final sample)] x 100. At the end of the experiments, all the fluid in the lower compartment
was also collected to determine the protein permeability by measuring the unidirectional flux
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of labeled 131-albumin from the apical (upper compartment) to the basolateral side (lower
compartment) (9,27).

Confocal Microscopy with Immunofluorescence Labeling

Confocal microscopy was performed with immunofluorescence labeling of tight junction
proteins to correlate the changes in protein levels with any redistribution of the protein around
the tight junction. Briefly human type 11 cells, seeded on Transwell plates for 5 days, were
exposed to plasma or pulmonary edema fluid with and without SB202190 from patients with
ALLI for 24 h and then fixed in 4% formaldehyde for 30 min. The cells were then permeabilized
with 0.1% Triton X-100 for 5 min and blocked with 0.1% bovine serum albumin in PBS for
30 min. The cells were then exposed to the primary antibody for ZO-1 (1:250; Zymed
Laboratories Inc.) for 1 h in 0.1% bovine serum albumin in PBS. After extensive washing with
PBS, the cells were exposed to the secondary antibody (fluorescein isothiocyanate-goat anti-
mouse or rhodamine red X-goat anti-rabbit and Texas Red-phalloidin, Molecular Probes) and
4’ 6-diamidino-2-phenylindole for 45 min. The slides were mounted with Vectashield (\VVector
Laboratories), and images were obtained using the Bio-Rad MRC-1024 laser scanning confocal
microscope.

Transmission Electron Microscopy

To examine the ultrastructure of the human alveolar epithelial type Il cells exposed to ALI
pulmonary edema fluid or plasma, treated human type Il cell monolayers grown on Transwell
membranes were fixed with 3% (w/v) Karnovsky fixative for 1 h at 0 °C, and the membranes
were removed. The monolayers were postfixed for 1 h in 1% veronal-buffered osmic acid and
then dehydrated in graded ethanols and/or propylene oxide. The cell preparations were then
embedded in Epon or Araldite resins cured at 60 °C. Thin sections were contrasted with
saturated aqueous uranyl acetate and Reynolds lead citrate. The sections were then imaged
with a JEOL 1200 EX transmission electron microscope operating at 80 kV.

Inhibitor Studies

To test the mechanisms through which ALI edema fluid decreased gene and protein expression,
human type Il cells were exposed to five inhibitors individually 30 min prior to exposure to
ALI pulmonary edema fluid or corresponding plasma: 1) anti-human TNFa/TNFSF1A
antibody, 1 ug/ml (R&D Systems); IL-1RA, 5 ug/ml (R&D Systems); or anti-TGFp1, -52, -
£3, 10 ug/ml (R&D Systems) and 2) MAPK inhibitors 10 uv PD98059, a MEK1 inhibitor (Cell
Signaling Technology, Inc., Danvers, MA), or 10 u» SB202190, a p38 MAPK inhibitor
(Calbiochem). Total RNA and protein were collected and analyzed as described above.

Total Nitric Oxide Level

Statistics

The total nitric oxide level was measured using the Griess reaction (AssayDesigns, Ann Arbor,
MI) following the manufacturer’s instructions.

Each condition was run in triplicate and reported as the mean + S.D. To determine significance,
two-tailed Student’s t test and analysis of variance with posthoc Tukey test or Bonferroni
correction were used when appropriate. p values less than or equal to 0.05 were determined to
be significant.
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RESULTS

Demographic and Hemodynamic Characteristics of the Patients with ALI from Sepsis

Undiluted pulmonary edema fluid from 19 patients with ALI due to sepsis was collected and
pooled from the University of California, San Francisco and VVanderbilt Medical Centers. Base-
line demographic and hemodynamic data for all the patients are listed in Table 1.

Effect of ALI Pulmonary Edema Fluid on Net Fluid Transport

Net fluid transport was essentially zero for human alveolar type Il cells exposed to ALI
pulmonary edema fluid compared with simultaneously collected plasma (0.02+0.05 versus
1.31+0.56 ul/cm2/h, mean % S.D., p < 0.02). The significant decrease in net fluid transport
caused by ALI pulmonary edema fluid was not altered by the addition of forskolin and IBMX
(Fig. 1). The rate of net fluid transport for cells exposed to plasma derived from patients with
ALl was equivalent to previously reported rates for human alveolar type 11 cells stimulated
with forskolin and IBMX (1.35 % 0.24 ul/cm?/h) over 24 h (9).

The initial controls for the functional studies as well as the initial quantitative RT-PCR
experiments included normal media, normal human plasma, and simultaneously collected
plasma from the ALI patients. There was no significant difference in protein permeability, net
fluid clearance, or gene expression between the controls (data not shown). ALI plasma was
used as the control for all subsequent studies.

Effect of ALI Pulmonary Edema Fluid on Cell Death

There was no gross morphologic effect of ALI pulmonary edema fluid or plasma on the
appearance of human alveolar epithelial type Il cell monolayers. Total cell death as measured
by propidium iodide staining increased among human alveolar type Il cells exposed to ALI
pulmonary edema fluid compared with plasma that was collected simultaneously (10 + 1
versus 5 + 1%, mean £ S.D., p < 0.01). The level of apoptosis, as measured by both annexin
V-fluorescein isothiocyanate and propidium iodide staining, was not significantly different (6
+1 versus 5+2%, mean + S.D., p > 0.05; Fig. 2).

Cytokine Levels in ALI Pulmonary Edema Fluid and Plasma

Previously we found that the major biologically active inflammatory cytokines in human ALI
pulmonary edema fluid are IL-1 and, to a lesser extent, TNFa (12). To confirm the
proinflammatory nature of the ALI pulmonary edema fluid in this study, we measured the
levels of both TNFa and IL-14 in the ALI pulmonary edema fluid prior to incubation with the
human alveolar epithelial type Il cells. As expected, the levels were markedly elevated
compared with simultaneously collected plasma (Fig. 3).

Effect of ALI Pulmonary Edema Fluid on Cytokine Gene Expression

The gene copy number for all the major inflammatory cytokines increased markedly following
exposure to ALI pulmonary edema fluid compared with simultaneously collected plasma. The
gene copy number of two major proinflammatory cytokines, TNFa and IL-14, increased by
700 and by 900%, respectively, compared with cells exposed to plasma. The gene copy number
of another major chemokine, IL-8, increased nearly 200 times above the levels induced by
plasma (Fig. 4A).

Effect of ALI Pulmonary Edema Fluid on Sodium and Chloride Transport Gene Expression

In sharp contrast to the effect of the pulmonary edema fluid on proinflammatory cytokine gene
expression, the gene copy number for the major sodium and chloride transport genes, except
for f1Na,K-ATPase, decreased significantly with exposure to ALI pulmonary edema fluid.
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The gene copy number for each ENaC subunit, the major apical sodium transporter, decreased
significantly: 39% for aENaC, 74% for SJENaC, and 70% for yENaC. The gene copy number
of the major basolateral sodium transporter, a1Na,K-ATPase, decreased by 30%, and the gene
copy number of CFTR decreased by 67% (Fig. 4B).

Effect of ALI Pulmonary Edema Fluid on Sodium and Chloride Transport Protein Expression

By Western blot analyses, «aENaC protein levels decreased significantly by 18%, CFTR protein
levels decreased by 40%, and a1Na,K-ATPase protein levels decreased by 30%, whereas
protein levels of f1Na,K-ATPase increased by 58% on exposure to ALI pulmonary edema
fluid compared with plasma (Fig. 5, A and B). Western blot analyses were standardized using
glyceraldehyde-3-phosphate dehydrogenase as the loading control.

Effect of ALI Pulmonary Edema Fluid on Net Fluid Transport and Paracellular Protein

Permeability

Although the human alveolar type Il cell monolayer appeared intact by light microscopy, we
measured the quantity of labeled albumin that crossed the human alveolar type 11 cell monolayer
over 24 h to determine whether alterations in paracellular protein permeability were responsible
for the net decrease in fluid transport in the presence of ALI pulmonary edema fluid. In the
type 1l cells that were treated with ALI pulmonary edema fluid, there was a significant increase
in paracellular protein permeability (28 + 5 versus 1+1%, p < 0.005; Fig. 6, A and B). These
results indicate that the decrease in net AFC was due to both an increase in paracellular protein
permeability and a decrease in transcellular ion transport.

Effect of Cytomix on Net Fluid Transport and Paracellular Protein Permeability

To determine whether the increase in total cell death caused by ALI pulmonary edema fluid
contributed to the changes in protein permeability or net fluid clearance, we exposed human
alveolar epithelial type Il cells to cytomix as a surrogate for the pulmonary edema fluid itself
as we have done in prior studies (21). By flow cytometry, total cell death was not significantly
different between human alveolar epithelial type Il cells exposed to control media or cytomix
(total cell death: 4 £ 1 versus 4 + 0.7%, p = not significant; apoptosis level: 3 £ 0.2 versus 3 £
0.5%, p = not significant). Similar to ALI pulmonary edema fluid, cytomix decreased net fluid
clearance to zero while significantly increasing protein permeability (Fig. 6, C and D). Cytomix
also increased the gene copy number of the major inflammatory cytokines while at the same
time decreasing the gene copy number of the major sodium transport proteins in a dose-
dependent manner (Fig. 7, A and B).

Confocal Microscopy of Tight Junctions

To study the morphologic appearance of the tight junction proteins, we used confocal
microscopy to localize ZO-1 in the human alveolar type Il cell monolayer. ZO-1 was localized
to the cell boundaries in a discrete subapical region of the lateral membranes corresponding to
the tight junction. The distribution of ZO-1 was not different between human alveolar type Il
cells exposed to plasma or ALI pulmonary edema fluid (Fig. 8).

Transmission Electron Microscopy

Electron microscopy of the human epithelial type 11 cell monolayers demonstrated
ultrastructural features characteristic of alveolar epithelial type 11 cells including microvillus,
lamellar bodies, and cuboidal shape. No sign of apoptosis (condensation of the chromatin in
tight apposition to the nuclear envelope, alteration of the nuclear envelope, or fragmentation
of the nucleus) was present in type Il cells exposed to ALI pulmonary edema fluid or
simultaneously collected plasma. In addition, the tight junctions appeared intact as well (Fig.
9).

J Biol Chem. Author manuscript; available in PMC 2009 October 21.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Leeetal. Page 9

Effect of Inhibitor Pretreatment on Net Fluid Transport

To further investigate the mechanism by which ALI pulmonary edema fluid decreased net fluid
transport, we exposed human alveolar type Il cells to inhibitors of the major cytokines,
TNFa, IL-18, and TGFg, and intracellular MAPKs, ERK1/2 and p38 MAPKS, both known to
affect ENaC gene expression and protein levels as well as transepithelial current and sodium
transport across type Il cell monolayers (15-20). Inhibitors of TNFe, IL-18, TGFS, or
phosphorylated ERK1/2 MAPK had no effect on restoring net fluid transport or paracellular
protein permeability following exposure to ALI pulmonary edema fluid (data not shown). Only
the inhibition of phosphorylated p38 MAPK with 10.0 um SB202190 partially restored net fluid
transport following exposure to ALI pulmonary edema fluid and attenuated the increase in
paracellular protein permeability (Fig. 6, A and B). Pretreatment of the human alveolar type Il
cells with a p38 MAPK inhibitor, SB202190, also partially restored the decrease in net fluid
clearance caused by cytomix (Fig. 6C). The dose of SB202190 was chosen based on our
previous experiments with the effect of individual cytokines on vectorial sodium transport
(18).

Pretreatment of human alveolar type Il cells with SB202190 prior to ALI pulmonary edema
fluid exposure also restored the gene copy numbers of the major cytokines/chemokines and
the sodium/chloride transport proteins closer to the gene copy number observed after exposure
to ALI plasma. SB202190 pretreatment significantly blunted a decrease in sodium/chloride
transport genes (Fig. 10) induced by ALI pulmonary edema fluid (gene copy number levels of
cells exposed to ALI pulmonary edema fluid with and without SB202190 pretreatment as
percentage of plasma = S.D.; *, p < 0.05 versus plasma; T, p < 0.02 versus ALI pulmonary
edema (PE) fluid). By Western blot analyses, SB202190 pretreatment also significantly
restored the protein levels of all the major sodium transport proteins from the effect of ALI
pulmonary edema fluid (Fig. 11, A-D). SB202190 pretreatment had no effect on CFTR protein
levels.

Effect of ALI Pulmonary Edema Fluid on Total Nitric Oxide Level

The total nitric oxide level was elevated in the ALI pulmonary edema fluid compared with the
corresponding plasma (224 + 7 versus 180 + 3 umol/liter, p < 0.001). Incubating the ALI
pulmonary edema fluid with human alveolar epithelial type Il cells for 24 h further increased
the total nitric oxide level compared with the control plasma (371 £ 9 versus 180 + 3 umol/
liter, p < 0.0005) (Fig. 12).

DISCUSSION

Impaired alveolar epithelial fluid transport is a characteristic feature in patients with ALI and
has been associated with increased morbidity and mortality. Among AL patients, we
previously reported that patients with impaired AFC (<14%/h) exhibit reduced survival (62%
hospital mortality versus 20% with AFC > 14%/h) and a decreased median duration of
unassisted ventilation (0 versus 23 days for AFC > 14%/h) (2). Thus, the mechanisms
responsible for the decrease in AFC are of major clinical and biological importance.

Several mechanisms can explain the decrease in AFC in the clinical setting. First alveolar
epithelial barrier function in patients with ALI may be reduced because of severe injury from
mechanical and inflammatory factors that results in epithelial cell death (apoptosis and
necrosis) (3,28,29) as well as by hypoxia (30-32). Injury may also be mediated by activation
of proinflammatory pathways that down-regulate sodium and chloride transporters that are
responsible for vectorial fluid transport across the alveolar epithelium as we and others have
hypothesized in prior studies (15-20). Therefore, in this study, we tested the direct effect of
human ALI pulmonary edema fluid on cultured human alveolar epithelial type Il cells to
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determine whether edema fluid, in contrast to simultaneously collected plasma, would alter net
fluid transport.

The initial studies demonstrated that ALI edema fluid markedly reduced net fluid transport
compared with plasma (Fig. 1). This was a remarkable finding that provides direct translation
of our clinical studies of impaired alveolar epithelial fluid transport in patients with ALI (1,
2) to our laboratory model of cultured human alveolar type Il cells. To study the mechanisms,
we carried out further studies to evaluate the effects of ALI pulmonary edema fluid on cell
death and the expression of the major known alveolar epithelial ion transporters on cultured
human alveolar epithelial type Il cells. The primary goal was to understand some of the
mechanisms by which undiluted pulmonary edema fluid from patients with ALI reduced net
fluid transport (i.e. resolution of pulmonary edema or AFC). We collected and combined
pulmonary edema samples from 19 patients with ALI. We chose sepsis as the source of ALI
due to the high mortality associated with this etiology of ALI (33) and combined the fluid due
to the limited volume of pulmonary edema fluid available from each individual patient as in
our prior studies (12,13,24).

Total cell death was modest for human alveolar epithelial type 11 cells exposed to ALI
pulmonary edema fluid (10 + 1%) compared with plasma (5 = 1%) by 24 h. The level of necrosis
was elevated in type Il cells exposed to ALI pulmonary edema fluid (4 + 1 versus 1 + 0.3%,
p < 0.01), whereas the level of apoptosis was not significantly different (Fig. 2). However, by
confocal and transmission electron microscopy, the vast majority of the cells appeared intact,
retaining features characteristic of alveolar epithelial type 11 cells without evidence of apoptosis
or injury when exposed to either the ALI pulmonary edema fluid or plasma (Figs. 8 and 9).
The modest increase in necrosis but not apoptosis among type Il cells in these in vitro studies
was in general agreement with several prior studies of lung injury (29,34,35).

To further determine whether the modest increase in total cell death caused by ALI pulmonary
edema fluid contributed to the changes in protein permeability or net fluid clearance, we
exposed human alveolar epithelial type Il cells to cytomix, a mixture of the major biologically
active cytokines found in ALI pulmonary edema fluid, as a surrogate for the pulmonary edema
fluid itself (21). We previously found by flow cytometry that total cell death was not
significantly different between human alveolar type Il cells exposed to control media or
cytomix, <56%. Similar to ALI pulmonary edema fluid, cytomix decreased net fluid clearance
to zero while increasing protein permeability significantly above the level of the control media
(Fig. 6, C and D). Cytomix also increased the gene expression of the major inflammatory
cytokines and decreased the expression of the major sodium transport proteins in a dose-
dependent manner (Fig. 7, A and B). Combined with the relatively low level of cell death in
these current studies, the changes in net fluid transport were not likely to be primarily explained
by necrosis or apoptosis.

In an earlier study, we reported that IL-15 and, to a lesser extent, TNFa are the predominant
cytokines responsible for the proinflammatory activity in pulmonary edema fluid in patients
with ALI (12,13,24). In this study, we confirmed that both TNFa and I1L-1/ were markedly

elevated in the ALI pulmonary edema fluid compared with simultaneously collected plasma

(Fig. 3).

In cultured human alveolar epithelial type Il cells, ALI pulmonary edema fluid markedly
increased the gene expression of all the major inflammatory cytokines and chemokines
compared with plasma (Fig. 4A). The changes in gene copy numbers suggested that human
alveolar epithelial type Il cells were capable of propagating an inflammatory response once
stimulated in an autocrine manner. In sharp contrast, ALI pulmonary edema fluid decreased
the gene expression of all the major sodium and chloride transport proteins (Fig. 4B) that are
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essential for net fluid transport or AFC. By Western blot analysis (Fig. 5, A and B), the protein
levels of kENaC, CFTR, and a1Na,K-ATPase decreased significantly. The decrease in protein
levels of the major sodium and chloride transport proteins involved in AFC corroborates
previous studies of the effect of individual cytokines (TNFa (17), IL-15 (18), and TGFS1
(19,20)) on the mRNA and protein levels of aENaC and CFTR and fluid transport.

In contrast to the other transport proteins, the gene copy number of f1Na,K-ATPase increased
by 3% (p = not significant), and the protein levels increased by 58% on exposure to ALI
pulmonary edema fluid compared with plasma (Fig. 5B). The £1 subunit, expressed in
significantly lower amounts than the a1 subunit, is the regulatory and rate-limiting element in
the assembly of the functional afNa,K-ATPase enzyme complex whose expression is
controlled at the transcriptional, posttranscriptional, and translational levels (32,36,37). In a
state where Na,K-ATPase enzyme activity is decreased such as during exposure of LLC-PK1
cells, a pig kidney cell line, to low extracellular potassium, Lescale-Matys et al. (38) found
that the gene expression of $1 subunit is increased compared with the a1 subunit, leading to
an actual increase in the af active complex delivered to the membrane. The decrease in the
sodium transport proteins, aENaC and a1Na,K-ATPase, as well as the likely consequent
changes in the gradient and membrane potential due to ALI pulmonary edema fluid in these
studies may stimulate an environment in which Na,K-ATPase enzyme activity is decreased,
leading to an increase in f1Na,K-ATPase protein expression.

In parallel with the reduced gene and protein expression of the key alveolar epithelial transport
proteins, net alveolar type Il fluid transport was significantly decreased (Fig. 6A) whereas
paracellular protein permeability was increased (Fig. 6B) for human alveolar type 11 cells
exposed to ALI pulmonary edema fluid compared with plasma. Interestingly net fluid transport
for human type Il cells exposed to plasma from ALI patients was similar to that of human type
Il cells stimulated with forskolin and IBMX, suggesting that plasma from ALI patients can
activate cAMP perhaps due to a modest increase in epinephrine levels as reported previously
(39). The lack of improvement in net fluid transport for cells treated with forskolin and IBMX
following treatment with ALI pulmonary edema fluid (Fig. 1) is consistent with our finding
that CFTR mRNA and protein levels were significantly decreased following ALI pulmonary
edema exposure; the CFTR protein is important in mediating the cAMP up-regulation of AFC
especially in g-adrenergic receptor-driven alveolar Na* transport (7,9,10,40).

Despite the changes in the sodium and chloride transport proteins reported previously with
individual cytokine exposure (15-20), pretreatment of the human alveolar type Il cells with
inhibitors of TNFa or TGFg or with IL-1RA prior to exposure to ALI pulmonary edema fluid
had no impact on net fluid transport or paracellular protein permeability perhaps because
neutralization of individual cytokines has limited value in the context of the actual ALI edema
fluid that contains several proinflammatory cytokines. Because of a limitation of the quantity
of edema fluid available for study, we could not test the potential additive effect of combining
different neutralization strategies such as IL-1RA plus an anti-TGFZ inhibitor.

Because neutralization of individual cytokines did not have any effect on reversing fluid
transport, we tested inhibitors of intracellular signaling pathways that we and other
investigators have found to be linked to vectorial sodium transport in prior studies of alveolar
epithelial type 11 cells (18,19,32). Although inhibition of the ERK1/2 MAPK pathway had no
effect, pretreatment of ALI edema fluid with SB202190, a p38 MAPK inhibitor (10 zw),
improved net fluid transport (Fig. 6A). Pretreatment with SB202190 also attenuated the
increase in paracellular protein permeability from 28% for cells treated with ALI pulmonary
edema fluid alone to 11% for cells pretreated prior to exposure to ALI pulmonary edema,
although this difference did not quite reach statistical significance (p = 0.06; Fig. 6B).
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In addition to these functional effects, pretreatment with a p38 MAPK inhibitor prior to ALI
pulmonary edema fluid exposure partially restored the gene copy number of the inflammatory
cytokines/chemokines and sodium/chloride transport proteins closer to those of the plasma
control (Fig. 10). In addition, Western blot analysis showed that :ENaC, a1Na,K-ATPase, and
S1Na,K-ATPase protein levels of human alveolar type 11 cells pretreated with SB202190 prior
to ALI pulmonary edema fluid were partially restored to the levels of type Il cells exposed to
the plasma (Fig. 11, A-E).

Despite the restoration of the gene copy number of CFTR with SB202190 pretreatment, CFTR
protein levels remained depressed following exposure to SB202190 and ALI pulmonary edema
fluid. Regulation of CFTR-mediated chloride transport in the alveolar epithelium may occur
at multiple levels: phosphorylation leading to channel opening, trafficking of CFTR to the
apical membrane, CFTR endocytosis and degradation, and CFTR transcription (41). In this
study, ALI pulmonary edema fluid decreased the gene expression and protein levels of CFTR
compared with plasma. Our results were similar to previous studies that demonstrated that
inflammatory cytokines (42) or mediators such as nitric oxide (NO) (43) are capable of
suppressing CFTR cAMP-stimulated activity. In human colonic epithelial cells in culture,
Howe et al. (44) demonstrated that TGFf suppresses CFTR gene expression, intracellular
protein levels, and apical membrane channel number. They also found that the inhibition of
cAMP-mediated CI- secretion by TGFg is reversed with p38 MAPK inhibition not c-Jun
NH,-terminal kinase (JNK) or ERK1/2 inhibition (42). In our current study, pretreatment with
a p38 MAPK antagonist prior to ALI pulmonary edema fluid exposure fully restored the gene
copy number of CFTR, but protein levels remained depressed. In the future, to understand the
role of CFTR in net fluid transport on exposure to ALI pulmonary edema fluid, we may need
to perform 1) biotinylation studies to determine the changes in the number of CFTRs at the
apical membrane and 2) short circuit studies to determine any changes in CFTR activity. The
persistent decrease in CFTR protein levels correlated with the lack of improvement in net fluid
transport with cAMP agonist treatment following ALI pulmonary edema fluid exposure.

There are other possible mechanisms that could contribute to the decrease in alveolar epithelial
fluid transport that we measured. Although we primarily studied the role of the inflammatory
cytokines in this study, ALI pulmonary edema fluid contains other biologically active
substances such as proteolytic enzymes, lipids, and reactive oxygen species, particularly the
NO metabolite peroxynitrite, which can affect not only fluid clearance but other alveolar
epithelial type Il cell activity such as surfactant homeostasis. In a similar model in the rat,
O’Brodovich and co-workers (45-48) found that endotoxin-stimulated alveolar macrophages
or the corresponding supernatant decreases ENaC mRNA levels and activity as well as
amiloride-sensitive sodium channel activity among distal lung epithelial cells. The inhibitory
effect is prevented by the addition of a nitric-oxide synthase inhibitor or an antioxidant. The
role of NO or reactive oxygen species in the activity of the ALI pulmonary edema fluid is
complex and will require further extensive analyses. Interestingly we found that human ALI
pulmonary edema significantly increased the level of NO induced from human alveolar
epithelial type 11 cells following 24 h of exposure (Fig. 12).

Another potential contributing mechanism includes the trafficking of ENaC, CFTR, or Na,K-
ATPase channels to the apical or basolateral membranes, although the failure of cAMP agonists
to increase alveolar fluid clearance makes this possibility less likely (31). Because we studied
type 1l cells alone, we cannot comment on what effects the edema fluid might have on alveolar
epithelial type I cells. Recent work has shown that alveolar epithelial type I cells contain
functional sodium and chloride transport proteins, which are essential for AFC (40). We also
did not measure the electrophysiologic characteristics of these human type I1 cells, although
these studies were beyond the scope of this work (49).
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In conclusion, ALI pulmonary edema reduced the gene expression of major ion transporters
in human alveolar type I1 cells. There was a substantial decrease in all of the major sodium and
chloride transport gene and protein levels. These changes were associated with a decrease in
net vectorial fluid transport as well as an increase in paracellular protein permeability across
cultured human type Il cell monolayers. Inhibition of p38 MAPK phosphorylation partially
reversed the effect of the ALI pulmonary edema fluid on protein levels, net fluid transport, and
paracellular permeability. These results demonstrate that ALI pulmonary edema fluid contains
soluble factors that are capable of adversely affecting the resolution of pulmonary edema.
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FIGURE 1. Net fluid transport across human alveolar epithelial type 11 cells exposed to plasma or
ALI pulmonary edema fluid with or without forskolin + IBMX

Human alveolar epithelial type 11 cells cultured for 5 days were exposed to plasma or ALI
pulmonary edema fluid with or without forskolin + IBMX, 48 h after the air-liquid interface
was achieved, for 24 h. Net fluid transport was calculated, as done previously, by the change
in weight and radioactivity of 131-albumin in the upper compartment of the Transwell plate
and expressed as mean (ul/cm2/h) £ S.D. of each sample run in triplicates. *, p < 0.02 compared
with plasma. PE, pulmonary edema.
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FIGURE 2. Effect of ALI pulmonary edema fluid on total cell death

Human alveolar epithelial type Il cells cultured for 3 days were exposed to ALI pulmonary
edema fluid or plasma for 24 h. The percentage of apoptotic cells was quantified by flow
cytometry after double staining with propidium iodide and annexin V-fluorescein
isothiocyanate of both the floating and detached cells in the supernatant and the plated cells.
Total cell death was measured by propidium iodide staining alone. Data represent mean=S.D.
of each sample measured in triplicates. *, p < 0.01 compared with plasma controls. In the
panels above each graph, total cell death = R2 + R3 where R2 represents necrotic cells and
R3 represents the apoptotic portion. PE, pulmonary edema.
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FIGURE 3. Cytokine levels in ALI pulmonary edema fluid and plasma

The levels of TNFa and IL-15 were measured by enzyme-linked immunosorbent assay from
the combined ALI pulmonary edema fluid and the corresponding plasma of 19 patients with
ALLI from sepsis. Data represent mean * S.D. of each sample measured in triplicates. *, p <
0.005 compared with plasma controls. The level of TNF« in ALI pulmonary edema fluid was
62x and the level of IL-1 was 220x the level found in the corresponding plasma. PE,
pulmonary edema.
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FIGURE 4. A and B, effect of ALI pulmonary edema fluid on the gene expression of the major
inflammatory cytokines and chemokines (A) and sodium and chloride transport proteins (B) by
human alveolar epithelial type 11 cells exposed to ALI pulmonary edema fluid or plasma

Human alveolar epithelial type Il cells cultured for 3 days were exposed to ALI pulmonary
edema fluid or plasma for 24 h. The gene expression was measured by two-step multiplex
quantitative RT-PCR and expressed as the percent GCN of plasma + S.D. of each sample
measured in triplicates. *, p < 0.01 compared with plasma controls. The number above each
cytokine/chemokine represents the multiple times the GCN of ALI pulmonary edema exposed
cells exceeded the GCN of plasma exposed cells. PE, pulmonary edema.
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FIGURE 5. A and B, effect of ALI pulmonary edema fluid on the protein expression of the major
sodium and chloride transport proteins by human alveolar epithelial type 11 cells exposed to ALI
pulmonary edema fluid or plasma

Human alveolar epithelial type Il cells cultured for 3 days were exposed to ALI pulmonary
edema fluid or plasma for 24 h. Protein levels were measured by Western blot analyses and
expressed as the percent protein levels of plasmazS.D. of each sample measured in triplicates.
*, p < 0.05 compared with plasma controls. A representative Western blot is depicted above
each graph for the major sodium and chloride transport proteins. PE, pulmonary edema.
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FIGURE 6. A-D, effect of ALI pulmonary edema fluid on the net fluid transport (A and C) and
paracellular protein permeability (B and D) by human alveolar epithelial type 11 cells exposed to
ALI pulmonary edema fluid or cytomix with and without pretreatment with a p38 MAPK inhibitor
or plasma

Human alveolar epithelial type Il cells cultured for 5 days were exposed to ALI pulmonary
edema fluid, plasma, or cytomix, 48 h after the air-liquid interface was achieved, for 24 h.
Another set of human type Il cells were pretreated with 10.0 v SB202190 for 30 min prior to
exposure with ALI pulmonary edema fluid or cytomix. Net fluid transport was calculated, as
done previously, by the change in weight and radioactivity of 131|-albumin in the upper
compartment of the Transwell plate and expressed as mean (ul/cm?/h) + S.D. of each sample
run in triplicates. Paracellular protein permeability was calculated, as done previously, by the
passage of 1311-albumin from the upper compartment to the lower compartment of the
Transwell plate and expressed as percent change in 131]-albumin permeability+S.D. of each
sample run in triplicates. *, p < 0.02 compared with plasma controls; f, p < 0.01 compared
with ALI pulmonary edema or cytomix-exposed cells. PE, pulmonary edema; NI, normal.
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FIGURE 7. A and B, the dose response of human alveolar epithelial type 11 cells exposed to cytomix
or normal human plasma on the expression of the major inflammatory cytokines and chemokines
(A) and sodium transport proteins (B)

Human alveolar epithelial type Il cells cultured for 3 days were exposed to different
concentrations of cytomix (0.5-50 ng/ml) or plasma for 24 h. Gene expression was measured
by two-step multiplex quantitative RT-PCR and expressed as the percent GCN of plasma +
S.D. of each sample measured in triplicates. *, p < 0.05 versus normal human plasma.
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FIGURE 8. Effect of ALI pulmonary edema fluid on ZO-1 distribution in primary cultures of
human alveolar epithelial type 11 cells

Human alveolar type Il cells were grown on Transwell plates for 5 days and exposed to plasma,
ALI pulmonary edema fluid, or ALI pulmonary edema fluid pretreated with 10 v SB202190,
a p38 MAPK inhibitor, for 24 h. The cells were fixed and stained with anti-ZO-1 antibodies
and then analyzed by confocal microscopy. En face sections (x-y) were generated from selected
planes in the vertical (x-z) sections. PE, pulmonary edema; NI, normal.
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FIGURE 9. Effect of ALI pulmonary edema fluid on the ultrastructure of cultured human alveolar
epithelial type 11 cells

Transmission electron microscopy demonstrated no significant changes in the characteristic
features of alveolar epithelial type 11 cells on exposure to ALI pulmonary edema fluid compared
with plasma: the cuboidal shape or the presence of lamellar bodies and microvillus. More
significantly, no signs of apoptosis were detected, and the tight junctions appeared intact. The
arrows point toward lamellar bodies, and the asterisks depict the location of tight junctions.
PE, pulmonary edema.

J Biol Chem. Author manuscript; available in PMC 2009 October 21.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

Leeetal.

Gene Copy Number for ALI Edema
Fluid As (% of Plasma)

Page 24

140,
120
100

80 -

aENaC PENaC yENaC alNaKATPase f1NaKATPase CFTR

ClPlasma (ALI)

M ALI PE Fiuld
B ALI PE Fluld + 10 1M SB202190

FIGURE 10. Changes in the gene expression of the major sodium and chloride transport proteins
by human alveolar epithelial type 11 cells by pretreatment with a p38 MAPK inhibitor prior to
exposure to ALI pulmonary edema fluid

Human alveolar epithelial type 11 cells cultured for 3 days were exposed to ALI pulmonary
edema fluid or plasma for 24 h. Another set of human type |1 cells were pretreated with 10.0
1m SB202190 for 30 min prior to exposure with ALI pulmonary edema fluid. The gene
expression was measured by two-step multiplex quantitative RT-PCR and expressed as the
percent GCN of plasma + S.D. of each sample measured in triplicates. *, p < 0.05 compared
with plasma controls; T, p is significant by analysis of variance with Bonferroni correction.
PE, pulmonary edema.
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FIGURE 11. A-D, changes in the protein levels of the major sodium and chloride transport proteins
by human alveolar epithelial type 11 cells by pretreatment with a p38 MAPK inhibitor prior to
exposure to ALI pulmonary edema fluid

Human alveolar epithelial type 11 cells cultured for 3 days were exposed to ALI pulmonary
edema fluid or plasma for 24 h. Another set of human type |1 cells were pretreated with 10.0
v SB202190 for 30 min prior to exposure with ALI pulmonary edema fluid. Protein levels
were measured by Western blot analyses and expressed as the percent protein levels of plasma
+S.D. of each sample measured in triplicates. *, p < 0.05 compared with plasma controls; T,
p < 0.02 compared with ALI pulmonary edema-exposed cells. A representative Western blot
is depicted above each column for the major sodium and chloride transport proteins. PE,
pulmonary edema.
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FIGURE 12. Nitric oxide levels of the ALI pulmonary edema fluid before and after incubation with
human alveolar epithelial type Il cells for 24 h

The total nitric oxide level was measured by the Griess reaction and expressed in gmol/liter
+S.D. of each sample measured in triplicates. *, p < 0.001 compared with plasma controls;
1,p<0.0005 compared with ALI pulmonary edema prior to exposure to alveolar epithelial type
Il cells. PE, pulmonary edema.
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TABLE 1

Clinical characteristics of the patients with acute pulmonary edema and acute lung injury from sepsis
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Clinical characteristics Results
Age (years) 39 + 152
Male 79%
Caucasian 79%
Shock 74%
Lung injury scoreb 3.1+08%
SAPSII® 60 + 162
Mortality 74%

aData as mean £ S.D.
b .
Out of four points.

CSimplified acute physiology score I1.
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