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The endothelins are a family of endothelium-derived peptides that possess a variety of functions, including vasocon-
striction. Endothelin-1 (ET-1) is up-regulated during tissue repair and promotes myofibroblast contraction and migration,
hence contributing to matrix remodeling during tissue repair. Here, we show that addition of ET-1 to normal lung
fibroblasts induces expression of proteins that contribute to a contractile phenotype, including a-smooth muscle actin
(a-SMA), ezrin, moesin, and paxillin. We confirm that ET-1 enhances the ability of lung fibroblasts to contract extracellular
matrix, a function essential for tissue repair, through induction of de novo protein synthesis. Blockade of the Akt/
phosphoinositide 3-kinase (PI3-kinase) pathway with LY294002 and wortmannin prevents the ability of ET-1 to induce
a-SMA, ezrin, paxillin, and moesin and to promote matrix contraction. Dominant negative rac and Akt blocked the ability
of ET-1 to promote formation of a-SMA stress fibers. Using specific ET-1 receptor inhibitors, we show that ET-1 induces
collagen matrix contraction through the ETA, but not the ETB, receptor. Relative to normal pulmonary fibroblasts,
fibroblasts cultured from scars of patients with the fibrotic disease systemic sclerosis (scleroderma) show enhanced ET-1
expression and binding. Systemic sclerosis lung fibroblasts show increased ability to contract a collagen matrix and
elevated expression of the procontractile proteins a-SMA, ezrin, paxillin, and moesin, which are greatly reduced by
antagonizing endogenous ET-1 signaling. Thus, blocking ET-1 or the PI3-kinase/Akt cascades might be beneficial in
reducing scar formation in pulmonary fibrosis.

INTRODUCTION structural damage to the lung can occur, resulting in a

. . . . wound healing response. This response consists of an inte-
A complex histological and architectural structure is a pre- g esb P

requisite for effective lung function. In the lung, specialized
structures, the alveoli, increase the surface area of the lung,
allowing for efficient gas exchange. The maintenance of
these specialized structures is in turn dependent on the
underlying connective tissue, comprised principally of fibro-
blasts and extracellular matrix (ECM; for review, see Gadek
et al., 1984), which is essential for the mechanical and struc-
tural integrity of the lung. As a response to environmental
insults, or as a consequence of local inflammatory processes,
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grated series of biochemical, immunological, and structural
changes that result in the de novo synthesis of a new epi-
thelium, blood vessels, and connective tissue (Razzaque and
Taguchi, 2003). The proper repair of connective tissue re-
quires synthesis of new ECM components, such as collagen
and fibronectin (Badylak, 2002). In addition, repair of con-
nective tissue requires the proper reconstitution of its sup-
port function; that is, an appropriate tensile strength must be
recreated. This tensile strength results from the remodeling
of the newly formed ECM through a combination of cell
locomotion and translocation of the flexible collagen fibrils
that are carried out through the contractile ability of a spe-
cialized type of fibroblast, the myofibroblast (Bell ef al., 1979;
Grinnell, 1994; Tomasek et al., 2002). The myofibroblast ex-
ecutes functional activity in part through the expression of
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a-smooth muscle actin (Bell ef al., 1979; Grinnell, 1994; To-
masek et al., 2002), which promotes contraction and hence
contributes to matrix remodeling. Ideally, wound repair re-
places ECM appropriately, myofibroblasts disappear, and
organ function is restored (Desmouliére, 1995). However, if
the wound healing process does not appropriately termi-
nate, myofibroblasts persist at the site of the lesion, resulting
in an extensive, exaggerated amount of excessively con-
tracted ECM. a-Smooth muscle actin (a-SMA)-producing
myofibroblasts not only promote wound contraction (To-
masek et al., 2002) but also they promote tissue repair and
wound healing by synthesizing elevated levels of ECM com-
ponents, such as collagen (Grinnell, 2003). The persistence of
the myofibroblasts within the fibrotic lesion is believed to
result in elevated levels of matrix synthesis and contraction,
causing scar formation (Schmitt-Graff et al., 1994), and the
resultant functional impairment of the affected organ, which
can eventually lead to death (Panos ef al., 1990). Overall, it
has become generally accepted that the modulation of fibro-
blastic cells toward the myofibroblastic phenotype, with
acquisition of specialized contractile features, is essential for
connective tissue remodeling during normal and patholog-
ical wound healing (Tomasek et al., 2002). Understanding of
the origin of the myofibroblast and how this cell type per-
forms its functions will have a profound influence on the
future effectiveness not only of tissue engineering but also of
regenerative medicine.

A growing body of evidence implicates the vasoconstric-
tive peptide endothelin-1 (ET-1) as a mediator of organ-
based fibrosis (Abraham et al., 1997; Teder and Noble, 2000;
Shi-Wen et al., 2001). Each of the three known endothelin
isoforms (-1, -2, and -3) arise by proteolytic processing of
large precursors (~200 amino acid residues). Intermediates,
termed big ET-1, -2, and -3 (38-41 aa) are excised from
prepropeptides at sites containing paired basic amino acids.
Big endothelins, which have low biological activity (Yanagi-
sawa, 1994), are cleaved at Trp-21-Val/Ile-22 to produce
mature 21-residue, biologically active peptides (Anggard et
al., 1990; Rubanyi and Botelho, 1991). The enzyme responsi-
ble for the specific cleavage at Trp-21 has been termed
endothelin-converting enzyme; it is a neutral membrane-
bound metalloproteinase with M, = 120 kDa, belonging to
the endo-peptidase-24.11 family found in brain (Ohnaka et
al., 1993; Turner and Murphy, 1996). Injury and the wound
healing response lead to stabilization of endothelin-convert-
ing enzyme-1 mRNA and to the generation of bioactive
endothelin (Shao et al., 2003).

ET-1 demonstrates a wide range of biological properties
on normal cells (Rubanyi and Botelho, 1991; Levin, 1995),
including significant mitogenic activity toward a number of
cell types, such as smooth muscle cells and fibroblasts, and
the modification of extracellular matrix metabolism (Levin,
1995; Saita et al., 1998; Xu et al., 1998; Shi-Wen ef al., 2001). In
addition, ET-1 has been reported to promote the contractile
ability of normal dermal fibroblasts (Guidry and Hook, 1991;
Appleton et al., 1992), which is essential for wound closure
and reconstitution of the dermis (Grinnell, 1994), but also
contributes to scar formation (Schmitt-Graff et al., 1994). ET-1
also induces expression of a-SMA in lung fibroblasts (Sha-
har et al., 1999). However, the signaling pathways through
which ET-1 promotes ECM contraction are not known.

The myofibroblast seems to be important for the patho-
genesis of scarring in lung fibrosis (Bogatkevich et al., 2001).
Indeed, histological examination of fibrotic lesions of the
lung of patients with the systemic fibrotic disease systemic
sclerosis (scleroderma, SSc) revealed the presence of
a-SMA-producing fibroblasts (Sappino et al., 1990). Further-
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more, fibroblasts cultured from SSc dermal lesions express
both elevated levels of ECM (Varga and Bashey, 1995) and
express a-smooth muscle actin (Kirk et al., 1995) relative to
their normal counterparts. We hypothesized that the SSc
lung fibroblast might show an enhanced ability to contract a
collagen lattice, relative to normal lung fibroblasts and thus
may contribute to scar formation by displaying excessive
ECM contraction. In support of this hypothesis, ET-1 has
been shown to contribute to perpetuation of the fibrogenic
process (Rockey and Chung, 1996) and is overexpressed in
plasma from SSc patients, as well as in fibroblasts cultured
from SSc skin lesions (Miyauchi et al., 1992; Kawaguchi et al.,
1994). ET-1 expression also is induced by myofibroblasts in
response to injury (Rockey and Chung, 1996).

We have previously shown, using skin fibroblasts, that
ET-1 induces matrix contraction in an endothelin A receptor
(ETA) receptor-dependent manner (Shi-Wen ef al., 2001).
However, it is not clear whether ET-1 promotes matrix con-
traction through inducing expression of procontractile pro-
teins, or whether ET-1 directly enhances the ability of myo-
fibroblasts to contract matrix. In addition, the potential
contribution of elevated levels of ET-1 production by SSc
lung fibroblasts to the phenotype of these cells has not been
evaluated. In this report, we use three-dimensional collagen
matrices and genome-wide arrays to investigate the molec-
ular mechanism through which ET-1 promotes ECM remod-
eling. We show that ET-1 induces the expression of procon-
tractile genes. We then identify the signaling pathways
required for this activity of ET-1. We also demonstrate that
SSc pulmonary fibroblasts show markedly enhanced ability
to contract a collagen matrix and elevated levels of procon-
tractile proteins that depend on an elevated level of endog-
enous ET-1 signaling. Thus, the elevated level of ET-1 ex-
pression observed in SSc fibroblasts directly contributes to
lung fibrosis by causing the enhanced contractile ability of
the SSc fibroblast, thereby promoting the formation of scar
tissue.

EXPERIMENTAL PROCEDURES

Patients and Cell Culture

Fibroblasts were grown by explant culture from open lung biopsy specimens
from SSc patients taken for histological staging of lung fibrosis, and control
samples were taken from normal lungs not used for transplant. The group of
seven SSc patients fulfilled the criteria of the American College of Rheuma-
tology for the diagnosis of SSc with lung involvement. The sex ratio was 6
femles:1 male. Fibroblasts were used between passages 2 and 5 (Shi-Wen et al.,
1997).

Gene Array Analysis

Lung fibroblasts were serum starved for 18 h and treated with 100 nM ET-1
for 4 h. At the end of the treatment period, total RNA was harvested (TRIzol;
Invitrogen, Carlsbad, CA) and quantified, and integrity was verified by
denaturing gel electrophoresis. Equal amounts of identically treated RNA
were pooled and reverse transcribed (Invitrogen) into cDNA that was then in
vitro transcribed into biotinylated cRNA. The target cRNA was then frag-
mented and hybridized to the human U133A array (Affymetrix, Santa Clara,
CA), covering 14,500 well characterized human genes, as described by the
manufacturer. Hybridization of cRNA to U133A chips (Affymetrix), signal
amplification and data collection were performed using a fluidics station and
chip reader (Affymetrix), following Affymetrix protocol. Arrays were scaled
to an average intensity of 100 per gene and analyzed using the Affymetrix
version 5.0 (MAS5) comparison analysis software. Criteria indicated by Af-
fymetrix were used to determine robust changes in gene expression. Briefly,
transcripts were defined as up-regulated by ET-1 only when identified as
“present” (ET-1-treated chip) by the Affymetrix detection algorithm and as
significantly increased as determined by the Affymetrix change algorithm,
with a change in p value of <0.001. The fold change between treated and
untreated samples had to be at least 1.5-fold to identify a transcript as being
altered. This cutoff was chosen as a-SMA, a known target of ET-1 (Shahar et
al., 1999), was increased by 1.5-fold in our system.
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Immunofluorescence Staining

Cells were seeded at 4 X 103 cells/well in DMEM-10% normal calf serum into
chamber slides (Labtek, Nunc; Fisher Scientific UK, Loughborough, United
Kingdom), grown to subconfluence, made quiescent in serum-free DMEM
overnight, and exposed to control media (DMEM) or ET-1 (100 nM) for 24 h.
The cell monolayer was washed three times with phosphate-buffered saline
(PBS), and fixed in 4% formaldehyde for 5 min. Cells were washed three times
in PBS before permeabilization and after each later step. Permeabilization was
performed using 0.1% Triton in 50 mM PIPES (pH 7.0), 90 mM HEPES (pH
7.0), 0.5 mM MgCl,, 0.5 mM EGTA, and 75 mM KClI for 30 s, at room
temperature. Chamber slides were incubated with mouse monoclonal anti-a-
SMA antibody (Sigma-Aldrich, St. Louis, MO) and rhodamine-labeled anti-
mouse antibody (Jackson ImmunoResearch Laboratories, West Grove, PA),
each for 60 min at room temperature. Nuclei were stained for 1 min in 1
wg/ml 4,6-diamidino-2-phenylindole (Molecular Probes, Eugene, OR). After
extensive washing with PBS, a single drop of CitiFluor AF1 (Chem Lab,
Canterbury, United Kingdom) was added and cells were then visualized and
photographed using Axioskop Z fluorescence microscope (Carl Zeiss, Jena,
Germany).

Cell Transfection

Primary lung fibroblasts were transfected (FuGene; Roche Diagnostics, Indi-
anapolis, IN) with expression vector encoding dominant negative Akt (Up-
state Biotechnology, Lake Placid, NY) or rac (a generous gift from Prof. A.
Hall, University College, London, United Kingdom) and an expression vector
(cytomegalovirus, CMV) encoding enhanced green fluorescent protein (CMV-
EGFP; BD Biosciences Clontech, Palo Alto, CA) used to identify transfected
cells. After an 18-h serum starvation step, cells were treated with and without
100 nM ET-1 for 24 h. Cells were then fixed with paraformaldehyde and
stained for a-SMA expression as described above. Transfected cells (that is,
cells expressing green fluorescent protein [GFP]) were identified using a
fluorescein isothiocyanate filter.

Floating and Fixed Collagen Gel Cultures and
Quantitation of Gel Contraction

Experiments were performed essentially as described previously (Grinnell et
al., 1999). Briefly, 24-well tissue culture plates were precoated with bovine
serum albumin (BSA). Trypsinized normal and lung fibrosis associated with
systemic sclerosis lung fibroblasts were suspended in MCDB medium and
mixed with collagen solution (1 part of 0.2 M HEPES, pH 8.0, 4 parts collagen
[Vitrogen-100, 3 mg/ml], and 5 parts of MCDB X 2), yielding a final concen-
tration of 80,000 cells/ml and 1.2 mg/ml collagen. Collagen/cell suspension
(1 ml) was added to each well. After polymerization, gels were detached from
wells by adding 1 ml of MCDB medium in the presence or absence of ET-1
(100 nM). Contraction of the gel was quantified by loss of gel weight and
decrease in gel diameter over a 24-h period. For fixed gel experiments, gels
remained attached to a plastic substrate for 24 h and were then detached
using a rubber policeman. ET-1 was then added for 1 h, and contraction was
assessed as described above (Grinnell et al., 1999).

For inhibition experiments, cells were preincubated in the presence of
endothelin receptor antagonist or protein synthesis inhibitor cycloheximide (1
pg/ml; Sigma-Aldrich) for 30 min before initiation of the assay. The specific
receptor antagonists used were as follows: ET , receptor antagonist (ETA-RA),
10 uM PD156707, sodium 2-benzo[1,3]dioxol-5-yl-4-(4-methoxy-phenyl)-4-
ox0-3-(3,4,5-trimethoxy-benzyl)-but-2-enoate; ETy receptor antagonist (ETB-
RA), 10 uM BQ788, N-cis-2,6-dimethylpiperidimocarbonyl-L-gMeLeuD-Nle-
ONa; and the mixed ET , ;5 receptor antagonist (Bosentan), 10 uM Ro 47-0203,
4-tert-butyl-N-[6-(2-hydroxy-ethoxy)-5-(2-methoxy-phenoxy)-2,2"-bipyrimi-
din-4-yl]-benzene-sulfonamine (from Dr. M. Clozel, Actelion Pharmaceuti-
cals, Allschwil, Switzerland). Other inhibitors used (Calbiochem-Novabio-
chem, San Diego, CA) were as follows: the PI3-kinase inhibitors wortmannin
(100 nM) and LY294002 (20 uM) and the ras/ mitogen-activated protein
kinase kinase (MEK)/extracellular signal-regulated kinase (ERK) inhibitors
U0126 (10 uM) and PD98059 (50 uM), and the p38 inhibitor SB203580 (30 uM).
Comparison of collagen gel contraction between ET-1, ET-1 receptor antago-
nists, cycloheximide, and medium only-treated fibroblasts was performed by
using Student’s paired t-test, whereas Student’s unpaired f-test was used to
compare SSc with normal lung fibroblasts. A p value of <0.05 was considered
as statistically significant.

Fibroblast Populated Collagen Lattices (FPCL)

Measurement of tension across a three-dimensional, free-floating fibroblast-
populated collagen lattice (Eastwood ef al., 1996) was performed as described
previously (Tomasek et al., 2002). Briefly, with 1 X 10° cells/ml collagen gel,
we measured the force generated across the collagen lattice, by using a
tensioning-culture force monitor that is capable of measuring the minute
forces exerted by cells within a collagen lattice (Eastwood et al., 1994), >24 h
as fibroblasts attach, spread, and migrate. In brief, a rectangular fibroblast-
seeded collagen gel was cast and floated in medium, tethered to two flotation
bars on either end of the short edges, in turn attached to an anchor point at
one end and a force transducer at the other. Cell-generated tensional forces in
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the collagen gel were detected by the force transducer and logged into a
personal computer. Graphical readings are produced every 10 min, averaged
from 600 readings (1/s), providing a continuous output of force (Dynes)
generated (Eastwood et al., 1994).

In Vitro Autoradiography

Membrane binding sites were localized using high-resolution autoradiogra-
phy. For localization of ET-1 binding sites, normal and SSc lung fibroblasts
were grown in three-dimensional gels and fixed with paraformaldehyde
[3.0% (wt/vol)]. Gels were sectioned, and cells were incubated for 18 h with
50 ul of buffer containing 150 pM 2%I-labeled ET-1 in humidified chambers
with nonspecific binding being established on paired slides incubated in the
presence of unlabeled ET-1. After incubation, slides were washed in buffer,
dipped in distilled water (both at 4°C) and dried in a stream of cold air.
Binding sites were identified by dipping postfixed cells (paraformaldehyde
vapor, 2 h at 80°C) in molten nuclear emulsion at 50°C and exposing for 4-7
d in light-proof boxes at 4°C. The slides were then processed in undiluted D19
developer (Eastman Kodak, Rochester, NY), followed by Hypam fixative,
both for 5 min at 22°C. Cells were then stained with Mayer’s hematoxylin and
eosin for histology, examined under bright-field illumination on a Vanox
microscope (Olympus, Tokyo, Japan), and photographed using Raster plus
software. Data were then exported into Adobe Photoshop.

Measurement of ET-1 in Control and SSc Lung Fibroblast
Culture Supernatants

Endothelin-1 secretion was measured in supernatants collected from conflu-
ent monolayer cultures of normal and SSc lung fibroblasts in serum-free
medium, by using an enzyme-linked immunosorbent assay (ELISA) kit ac-
cording to manufacturer’s instructions (Biomedica, Vienna, Austria). This
assay uses two antibodies directed against different epitopes of ET-1 and has
a sensitivity of <1.0 pg/ml. These data were adjusted in accordance with cell
counts at the time of sampling, and values are given as ET-1 per milliliter per
10° cells.

Western Blot Analysis

To examine biochemical or functional differences between control and ET-1-
treated lung fibroblasts, a series of Western blot experiments were performed.
Fibroblasts were cultured and treated with ET-1 in floating or fixed collagen
gels as described above. Alternatively, fibroblasts were grown to confluence
in DMEM with 10% fetal calf serum and then serum starved in DMEM with
0.5% bovine serum albumin (BSA) for 24 h. After serum starvation, cells were
stimulated with 100 nM ET-1 for 24 h with 0.5% BSA. Cell layer lysates were
examined. SDS-PAGE was performed on 12% polyacrylamide gels, and the
separated proteins were transferred onto nitrocellulose membranes at 30 V for
90 min. Membranes were blocked by incubation for 1 h with 5% nonfat milk
in PBS containing 0.2% Tween 20, and antigens were detected using specific
antibodies. Cell layer lysates (10 ug/sample) were probed using antibodies
directed against «-SMA (Sigma-Aldrich), Akt, p-Akt, p42/44 MAPK, phos-
pho-p42/44 MAPK, anti-paxillin, anti-ezrin, and anti-moesin (all from Cell
Signaling Technology, Beverly, MA), followed by incubation with appropri-
ate horseradish peroxidase-conjugated bound secondary antibody (Jackson
ImmunoResearch Laboratories). Signal was detected using the enhanced
chemiluminescence protocol (Amersham Biosciences, Piscataway, NJ) as de-
scribed by the manufacturer.

RESULTS

Endothelin-1 Promotes the Ability of Lung Fibroblasts to
Contract Floating Collagen Matrices through the ETA
Receptor

To assess the contribution of ET-1 to the ability of lung
fibroblasts to contract ECM, we seeded normal lung fibro-
blasts within a floating collagen matrix. We then incubated
cells for 24 h in the presence or absence of 100 nM ET-1.
During this period, we assessed collagen gel contraction by
measuring the maximum gel diameter by using an ocular
micrometer. We found that normal lung fibroblasts incu-
bated with 100 nM ET-1 contracted their gels significantly
more than cells incubated without ET-1 (paired Student’s
t-test, p < 0.05; Figure 1A). Thus, ET-1 induces normal lung
fibroblasts to contract ECM. The ability of ET-1 to promote
gel contraction paralleled an ET-1-mediated increase, as vi-
sualized by Western blot analysis, in a-SMA protein (Figure
1A). We then assessed whether the ability of ET-1 to induce
contraction depended on de novo protein synthesis of pro-
contractile machinery. We found that addition of the protein
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synthesis inhibitor cycloheximide blocked the ability of ET-1
to promote matrix contraction within floating gels (Figure
1A). To evaluate whether ET-1 induced proteins that consti-
tute the contractile machinery, we found, using Western blot
analysis, that little a-SMA was detected in the absence of
added ET-1, but that addition of 100 nM ET-1 potently
induced expression of additional a-SMA (Figure 1A). Thus,
we concluded that the ability of ET-1 to promote ECM
contraction in floating gels was dependent on de novo syn-
thesis of proteins, including proteins that comprised the
contractile cytoskeletal network.

To assess whether ET-1 directly promotes matrix contrac-
tion, we investigated whether ET-1 could induce contraction
of fixed collagen gels. In this system, cells already possess a
stress fiber network due to the induction of myofibroblasts
occurring secondary to mechanical tension (Lin ef al., 1997;
Grinnell ef al., 1999). Agents that directly promote mechano-
contraction act within 1 h after release of the tethered gel
(Grinnell et al., 1999). We allowed gels containing fibroblasts
and collagen matrix to remain attached to a plastic substra-
tum for 24 h. Gels were then released and were allowed to
contract in the presence or absence of ET-1 for 1 h. Using
Western blot analysis, we confirmed that «-SMA was readily
detected in the absence of added ET-1 (Figure 1B). ET-1 was
not able to further augment contraction of fixed gels (Figure
1B). Collectively, the results are consistent with the notion
that ET-1 does not directly promote ECM contraction, but
rather it contributes to this process indirectly via the induc-
tion of expression of procontractile proteins.

The ability of ET-1 to promote collagen gel contraction
was blocked by an endothelin receptor A/endothelin recep-
tor B (ETA/ETB) receptor antagonist, bosentan (Veniant et
al., 1994), and an ETA receptor antagonist, PD156707 (Magu-
ire et al., 1997), but not an ETB antagonist, BQ788 (Hamroun
et al., 1995; Figure 2A). Addition of inhibitor alone, in the
absence of added ET-1 had no effect on the basal ability of
the fibroblast to contract collagen (our unpublished data).
These results are similar to previous data showing that ET-1
promotes the ability of skin fibroblasts to promote ECM
contraction through the ETA receptor (Shi-Wen et al., 2001);

2710

. No treatme nt

ET-1

. ET-1+Cycloheximide
Cycloheximide

Figure 1. Induction of collagen gel contraction by ET-1
in primary normal lung fibroblasts. (A) Floating (FLO)
gels. Normal lung fibroblasts were seeded into a colla-
gen gel matrix, and after gel polymerization, the gel was
detached from the tissue culture plate and incubated in
the presence or absence of ET-1 (100 nM) for 24 h.
Cycloheximide was added to the gels 1 h before addi-
tion of ET-1. ET-1 promotes contraction of floating, but
not fixed, gels. ET-1-mediated contraction of floating
gels required protein synthesis, because the ability of
ET-1 to promote contraction was blocked by cyclohexi-
mide. In addition, at the end of the experiment, cells
treated were subjected to Western blot analysis to detect
a-SMA protein, which was potently induced by ET-1
treatment. Thus, ET-1 promotes ECM contraction
through the protein synthesis. (B) Fixed (FIX) gels. Nor-
mal lung fibroblasts were seeded into a collagen gel
matrix, and the mixture remained attached to the tissue
culture plate, and after 24 h, the gel was then detached,
and incubated in the presence or absence of ET-1 (100
nM) for 1 h. ET-1 induces a-SMA protein expression in
floating gels. Cells treated as in were subjected to West-
ern blot analysis to detect -SMA protein. Expression of
a-SMA is elevated in fixed, mechanically stressed gels
was markedly elevated, even in the absence of added
ET-1. Thus, ET-1 does not directly promote mechano-
contraction of already formed a-SMA stress fibers.

however, our studies are the first to suggest that ET-1 pro-
motes contraction of ECM in lung fibroblasts through the
ETA receptor.

We then performed a similar experiment, but this time
using the FPCL model, in which force is measured across a
floating gel containing collagen and cells tethered at one end
(Eastwood et al., 1996). By using this model, contraction was
first apparent after 4-h postpopulation and was maximal by
about 24 h of culture. As for the gel contraction model, 100
nM ET-1 potently induced the ability of fibroblasts to con-
tract a collagen matrix (Figure 2B).

Endothelin-1 Promotes the Ability of Lung Fibroblasts to
Contract a Collagen Matrix by a PI3-Kinase/Akt-
dependent Pathway

We then sought to identify the signaling mechanism
through which ET-1 promotes the ability of normal fibro-
blasts to contract a collagen gel matrix. Using Western blot
analysis with anti-phospho-ERK, anti-phospho-p38, and an-
ti-phospho-Akt antibodies, we showed that ET-1 activated
p42/p44, p38, and PI3-kinase/Akt pathways in lung fibro-
blasts (Figure 3). The induction of phospho-p42/p44 and
phospho-p38 seemed to be short-lived, whereas the induc-
tion of phospho-Akt seemed to be sustained. When we used
specific inhibitors of these pathways, namely, the p38 inhib-
itor SB203580 (Cuenda et al., 1995), the p42/p44 inhibitors
PD98059 (Dudley et al., 1995) and U0126 (Favata et al., 1998),
and the PI3-kinase/Akt inhibitors LY294002 (Vlahos et al.,
1994) and wortmannin (Okada et al., 1994), only the
PI3kinase/Akt inhibitors LY294002 and wortmannin
blocked the ability of ET-1 to promote the ability of lung
fibroblasts to contract a collagen gel matrix (Figure 4, A and
B). Addition of inhibitor alone, in the absence of added ET-1
had no effect on the basal ability of the fibroblast to contract
collagen (our unpublished data).

SSc Lung Fibroblasts Show Elevated Levels of ET-1
Expression and Cell Surface Binding

One aspect of the excessive scarring associated with fibrotic
disease is markedly enhanced contraction of ECM. We thus
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Induction of collagen gel contraction by ET-1 in primary normal lung fibroblasts. (A) Floating gel contraction assay. Normal lung

fibroblasts were seeded into a collagen gel matrix, and after gel polymerization, the gel was detached from the tissue culture plate and
incubated in the presence or absence of ET-1 (100 nM) for 24 h. Normal lung fibroblasts have contracted their gels significantly more in the
presence of ET-1. Incubation of fibroblasts with the ET-1 receptor antagonist bosentan and the ETA receptor antagonist PD156707 blocked
the ability of ET-1 to induce gel contraction. Conversely, the ETB receptor antagonist BQ788 had no effect. (B) FPCL assay. Normal lung
fibroblasts were seeded into a floating collagen gel matrix and incubated in the presence or absence of ET-1 (100 nM) for 24 h. Mechanical
force (Dynes) was assessed by attaching the collagen gel to a tensioning-culture force monitor. Representative plot from normal lung
fibroblasts treated with ET-1 (100 nM) showing the contraction stimulated force generation >24 h.

decided to probe the functional relevance of the ability of
ET-1 to activate Akt/PI3-kinase to the fibrotic phenotype of
lung fibroblasts isolated from SSc patients. To assess
whether SSc lung fibroblasts secrete elevated levels of ET-1,

ET-1 treatment (hrs) 0 05 1 8 16

p42/pss —| SR SR SR EREN

phospho-p42/p44 — .! -

p38

phosgpho-p38 —

Akt —n—-_‘

phospho-Akt —

Figure 3. ET-1 induces p38 MAPK, p42/44 MAPK, and Akt phos-
phorylation in normal primary lung fibroblasts. Normal lung fibro-
blasts were cultured, serum starved for 18 h, and treated with 100
nM ET-1. Whole cell protein extracts were made, and equal amounts
of protein were subjected to SDS-PAGE and Western blot analysis
with anti-ERK, anti-phospho-ERK, anti-p38, anti-phospho-p38, anti-
Akt and anti-phospho-Akt antibodies. Treatment of lung fibroblasts
induces all three pathways tested.
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we assessed levels of ET-1 in supernatants from normal and
SSc lung fibroblasts. We plated equal numbers of SSc and
normal fibroblasts, and the next day measured equal
amounts of media for levels of secreted ET-1 by an ET-1
ELISA. We found that SSc lung fibroblasts secreted slightly
>4 times (43.48 = 7.29 ng/ml; average * SD, p < 0.02) the
amount of ET-1 relative to normal lung fibroblasts [10.72 =
4.83 ng/ml; average = SD, p < 0.02; Figure 5).

To assess whether SSc lung fibroblasts also showed ele-
vated levels of ET-1 receptors, we incubated normal and SSc
lung fibroblasts with '?°I-labeled ET-1 for 18 h. After the
unbound '?°I-ET-1 was removed by extensive washing, total
cell surface ET-1 binding was assessed by autoradiography.
Adding to our previous data showing elevated ET-1 expres-
sion by lesional SSc lung fibroblasts, we found that, relative
to normal lung fibroblasts, SSc lung fibroblasts possessed a
markedly increased ability to bind ET-1 (Figure 6). Together,
these results suggest that SSc fibroblasts would be expected
to show elevated, constitutive levels of ET-1 signaling.

SSc Lung Fibroblasts Show an Elevated Ability to
Contract a Collagen Gel Matrix, Which Depends on
Endogenous ET-1 and the ET-A Receptor

Previously, it was shown that dermal fibroblasts cultured
from lesions of SSc patients expressed a-SMA (Sappino et al.,
1990) and thus might be expected to demonstrate an en-
hanced ability, relative to normal fibroblasts, to contract a
collagen matrix. Therefore, we decided to investigate
whether lung fibroblasts cultured from SSc fibrotic lung
disease also displayed a similar phenotype and whether
these cells showed an enhanced contractile phenotype rela-
tive to normal lung fibroblasts. We further sought to deter-
mine whether this elevated contractile activity might be due
to an elevated level of ET-1 expressed by SSc fibroblasts. To
begin to perform this analysis, we compared the ability of
SSc and normal lung fibroblasts to contract a collagen gel
matrix over a 24-h period. We found that, consistent with
their endogenous expression of a-SMA, SSc lung fibroblasts
showed a greatly increased ability, relative to normal lung
fibroblasts, to contract a collagen matrix (Figure 7, A and B).
To assess whether this ability of SSc lung fibroblasts could
be due to elevated, constitutive ET-1 signaling, we tested the
ability of the ETA/ETB receptor antagonist bosentan (Ve-
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niant et al., 1994), the ETA receptor antagonist PD156707
(Maguire et al., 1997), or the ETB receptor antagonist BQ788
(Hamroun et al., 1995) to reduce the contractile phenotype of
SSc lung fibroblasts. Because we had earlier determined that
wortmannin and LY2494002 blocked the ability of exog-
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Figure 5. Secretion of ET-1 by normal and SSc lung fibroblasts. The
concentration of ET-1 in conditioned media was measured by an ELISA
that detects ET-1 levels. Medium conditioned for 24 h by normal and SSc
lung fibroblasts (SScLF) was examined. Data shown are means (+SEM)
based on five replicate wells for three independent experiments by using
different fibroblast strains (*p < 0.05, Student’s unpaired f-test).
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+ Figure 4. Inhibition of the Akt/PI-3 kinase
- blocks collagen gel contraction by ET-1. Col-
lagen-cell suspensions were polymerized in
the absence and presence of 100 nM ET-1,
and the rates of subsequent gel contraction
measured >24 h. (A) Gel contraction assay.
+ The extent of ET-1-induced contraction (100
nM) in the presence of each inhibitor was
assessed 24 h after lattice seeding as de-
scribed in MATERIALS AND METHODS.
The promotion of fibroblast-mediated gel
ET-1 contraction by ET-1 was found to be specif-

. ically blocked by the Akt/PI3 kinase inhib-
v B U026 itors wortmannin and LY294002, but not by
Control the p42/p44 inhibitors PD98059 and U0126

or the p38 inhibitor SB203580 (*p < 0.05
compared with ET-l1-induced matrix con-
traction, Student’s paired t-test). (B) FPCL
assay. As described in the legend for Figure
2, force across a collagen gel was measured
in the presence or absence of ET-1 and wort-
mannin, as indicated.
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Figure 6. Lesional SSc lung fibroblasts display elevated levels of
ET-1 receptor binding. Normal and SSc fibroblasts were grown in
collagen gels. Cells were assessed for binding of exogenously
added 150 pM '?°I-ET-1, in the presence or absence of 100-fold
molar excess cold ET-1, as described in Materials and Methods.
Brightfield illumination autoradiographs of normal and SSc fi-
broblasts are shown. Accumulation of grains indicate increased
binding to the cell surface.
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enously added ET-1 (p < 0.05, paired Student’s
t-test).

enously added ET-1 to promote the ability of normal fibro-
blasts to contract ECM, we also evaluated the ability of
wortmannin and LY294002 to suppress the contractile phe-
notype of SSc fibroblasts. We found that addition of bosen-
tan, PD156707, LY294002, or wortmannin potently reduced
the contractile ability of SSc lung fibroblasts (Figure 7, A and
B). Conversely, addition of the ETB receptor antagonist
BQ788 did not affect the ability of the SSc lung fibroblast to
contract a collagen gel matrix (Figure 7). In summary, an-
tagonizing endogenous ET signaling through the ETA re-
ceptor reduced the contractile ability of SSc lung fibroblasts
(Figure 7).

ET-1 Induces Expression of Procontractile Proteins in
Lung Fibroblasts

To further investigate the role of ET-1 in fibroblast biology,
we serum starved normal lung fibroblasts for 18 h and then
treated cells for an additional 4 h with or without 100 nM
ET-1. RNA was extracted from lung fibroblasts and sub-
jected to genome-wide expression analysis by using U133A
arrays (Affymetrix). ET-1 induced several transcripts that
encoded genes expected to contribute to the contractile phe-
notype of myofibroblasts (Table 1), including mRNAs en-
coding smooth muscle alpha and y-actins, contraction pro-
moting proteins, and smooth muscle actin-associated
cytoskeletal proteins such as caldesmon, gelsolin, tensin,
and filamin (Table 1; Janson et al., 1991; Morgan and Gango-
padhyay, 2001). In addition, transcripts encoding ezrin, ra-
dixin, and moesin, proteins that cross-link actin to the
plasma membrane (Louvet-Vallee, 2000), were found to be
induced by ET-1 (Table 1).
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To confirm the array results, we used Western blot anal-
ysis to verify that 100 nM ET-1 induced expression of
a-SMA, ezrin, and moesin proteins. To further confirm the
notion that ET-1 might contribute to the contractile pheno-
type of fibroblasts by inducing expression of procontractile
proteins, we assessed whether ET-1 could induce expression
of paxillin, a protein found in focal adhesions (Schaller,
2001), whose recruitment to the cellular membrane has re-
cently been found to be necessary for the development of
tension during smooth muscle contraction (Opazo Saez et al.,
e pub 2003). We found that a 24-h treatment of lung fibro-
blasts with 100 nM ET-1 induced a-SMA, ezrin, moesin, and
paxillin proteins (Figure 8). This ability was blocked by
bosentan and wortmannin (Figure 8).

To extend these data showing that ET-1 promoted induc-
tion of procontractile proteins via Akt/PI3-kinase, we trans-
fected cells with expression vectors encoding dominant neg-
ative Akt or rac, the latter which is upstream of PI3-kinase/
Akt. Cells were cotransfected with expression vector
encoding GFP, which was used to identify transfected cells.
After a serum starvation step, cells were treated with ET-1
for 24 h, fixed, and a-SMA expression and incorporation into
stress fibers was assessed using an anti-a-SMA antibody.
Compared with cells receiving empty expression vector,
cells transfected with dominant negative Akt or rac showed
no induction of a-SMA stress fibers upon ET-1 treatment
(Figure 9). These results confirm our impression that the
rac/PI3 kinase/ Akt cascade is necessary for the ET-1 medi-
ated induction of a-SMA stress fibers and the resultant
ability of ET-1-treated cells to contract ECM. Collectively,
our results suggest that ET-1 treatment promotes normal
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Table 1. Transcripts elevated (=1.5-fold) in normal lung fibroblasts by a 4-h treatment with 100 nM ET-1

Affymetrix ID GenBank ID Transcript name Fold induction®
Muscle actin
200974 _at NM_001613.1 Actin, alpha 2, smooth muscle, aorta 1.5
202274 _at NM_001615.2 Actin, gamma 2, smooth muscle, enteric 1.9
201950_x_at NM_004930.1 Capping protein (actin filament) beta 1.6
200720_s_at NM_005736 Actin-related protein 1, centractin alpha 1.7
200729_s_at NM_005722 Actin-related protein 2 homolog 2.6
200996_at NM_005721 Actin-related protein 3 homolog 1.7
211672_s_at NM_005718 Actin-related protein 2/3 complex, subunit 4 2.0
Proteins promoting
actin-mediated contraction
208613_s_at AV712733 Filamin B, beta (actin-binding protein-278) 2.1
207876_s_at NM_001458.1 Filamin C, gamma (actin-binding protein-280) 1.5
214040_s_at BE675337 Gelsolin 2.5
218864 _at AF116610.1 Tensin 3.7
210978_s_at BC002616.1 Transgelin 2 25
214726_x_at AL556041 Adducin 1 (alpha) 1.6
201616_s_at M64110.1 Caldesmon 1 3.7
206116_s_at NM_000366.1 Tropomyosin 1 (alpha) 35
212481_s_at Al214061 Tropomyosin 4 3.7
212365_at BF215996 Myosin IB 2.0
Actin/cell membrane
cross-linking proteins
217234 _s_at AA670344 Villin 2 (ezrin) 4.0
200600_at NM_002444.1 Moesin (MSN) 1.5
212398 _at AI057093 Radixin 4.0

2 Transcripts were identified as changed by the Affymetrix change algorythm (p < 0.001).

lung fibroblasts to exhibit a contractile phenotype and show
features of myofibroblasts by directly inducing expression of
procontractile genes via PI3 kinase.

Endogenous ET-1 Produced by Lung SSc Fibroblasts
Promotes the Expression of Procontractile Proteins

We then further tested the relevance of endogenous ET-1
and the PI3-kinase pathway to the ability of ET-1 to induce

Normal Scleroderma

o SMactin Hv-—.-——l

Moesin I — g - -
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Ezrin | — e oo s -—.l

Paxillin | -— FI
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Figure 8. Endothelin induces a-SMA, paxillin, moesin, and ezrin
expression; SSc fibroblasts overexpress a-SMA, paxillin, moesin,
and ezrin in a manner that is dependent on endogenous ET-1
signaling. Normal and SSc fibroblasts were treated with and with-
out 100 nM ET-1 (24 h) as indicated in the presence or absence of
bosentan or wortmannin. Cell layers were harvested, and equal
amounts of protein were subjected to SDS-PAGE and Western blot
analysis with anti-a-SMA, anti-paxillin, anti-moesin, and anti-ezrin
antibodies, as indicated. As a loading control, Western analysis with
an anti-GAPDH antibody also was performed.
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matrix contraction in SSc fibroblasts by assessing whether
endogenous ET-1 resulted in the overexpression of a-SMA,
ezrin, moesin, and paxillin protein expression in SSc fibro-
blasts. We found, using Western blot analysis, that SSc fi-
broblasts constitutively produced elevated levels a-SMA,
ezrin, moesin, and paxillin protein expression (Figure 8). We
further found that the overexpression of these proteins by
lung SSc fibroblasts was markedly reduced by bosentan and
wortmannin (Figure 8). Similarly, by immunofluorescence
analysis, we showed that SSc fibroblasts possessed elevated
levels of a-SMA stress fibers that were reduced with bosen-
tan treatment (Figure 10). Thus, ET-1 directly contributed to
the enhanced contractile ability of fibrotic lung fibroblasts by
not only enhancing matrix contraction but also by inducing
expression of proteins involved with formation of actin
stress fibers. Collectively, our results strongly suggest that
endogenous ET-1 produced by fibrotic fibroblasts directly
contributes to the fibrogenic phenotype.

DISCUSSION

In this study, we have used primary human lung fibroblasts
as an in vitro model with which to examine the role of ET-1
in ECM remodeling and fibrosis. In vitro and in vivo studies
have consistently shown that SSc fibroblasts directly contrib-
ute to the excessive scarring observed in fibrosis by showing
enhanced production of ECM components (Harrison ef al.,
1991; Ivarsson et al., 1993; Jimenez et al., 1996; Shi-Wen et al.,
1997). An additional characteristic of scar tissue is the pres-
ence of a-SMA-enhanced contraction of the extracellular
matrix by lesional fibroblasts (Grinnell, 1994; Tomasek et al.,
2002; Hinz et al., 2002). In this report, for the first time we
show that SSc lung fibroblasts cultured from fibrotic lesions
contribute to scar formation by possessing an enhanced
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Figure 9. Dominant negative rac or Akt block ET-1-dependent in-
duction of the a-SMA stress fiber network. Lung fibroblasts were
transfected with vector encoding dominant negative rac (dnrac) or
dominant negative Akt (dnAkt). Cells were also transfected with an
expression vector encoding mammalian enhanced-GFP (CMV-EGFP),
which was used to identify transfected cells (denoted by white arrow).
Eighteen hours after transfection, cells were treated with 100 nM ET-1
for 24 h. Cells were fixed and stained with anti-a-SMA antibody that
was detected with a Texas Red-conjugated secondary antibody. Cells
transfected with dominant negative versions of signal transduction
mediators were identified by cells expressing GFP protein from the
cotransfected CMV-EGEFP construct. Cells transfected with either dnrac
or dnAkt (white arrows), relative to untransfected cells, showed
marked reduction in a-SMA stress fiber formation.

ability, relative to normal fibroblasts, to contract a collagen
matrix.

Previously, we and others showed that elevated levels of
circulating ET-1 occurred in patients with skin and lung
fibrosis, which correlated with the severity of the fibrotic
phenotype (Miyauchi et al., 1992; Kawaguchi et al., 1994;
Abraham et al., 1997). This increase in circulating ET-1 was
paralleled by an increase in ET-1 synthesis in vivo (Miyauchi
et al., 1992; Kawaguchi et al., 1994; Abraham et al., 1997). To
begin to probe the role of ET-1 in the fibrotic phenotype, we
first determined that ET-1 promoted the ability of normal
lung fibroblasts to contract a collagen gel matrix in vitro,
through the Akt/PI3-kinase-dependent pathway.

To assess whether ET-1 could be involved in enhanced
ECM contraction by lesional SSc pulmonary fibroblasts, we
showed that, relative to normal lung fibroblasts, SSc fibro-
blasts expressed elevated levels of ET-1 protein and showed
substantially higher levels of ET-1 cell surface binding. We
then found that endogenous ET-1 activity in lung SSc fibro-
blasts directly contributed to the contractile phenotype of
the SSc fibroblasts, because blocking ET-1 signaling by the
specific ET-1 dual receptor antagonist bosentan, the ET-A
antagonist PD156707, and the PI3-kinase inhibitor wortman-
nin greatly reduced the ability of SSc fibroblasts to contract
a collagen gel matrix. In addition, SSc fibroblasts produced
elevated levels of a-SMA, ezrin, moesin, and paxillin, which
depended on endogenous ET-1 signaling and PI3-kinase.
Therefore, the enhanced contractile ability of the SSc fibro-
blast seemed to depend on the elevated levels of endoge-
nous ET-1 expression and cell binding demonstrated by lung
SSc fibroblasts (Figure 11). Our results are consistent with
the notion that the elevated levels of ET-1 produced by the
SSc fibroblast directly contribute to scar formation by being
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responsible for the enhanced ability of the SSc fibroblast to
contract ECM via a PI3-kinase/Akt-dependent mechanism.

In addition to ET-1, other factors present in serum,
namely, epidermal growth factor, platelet-derived growth
factor (PDGF)-BB, transforming growth factor-g (TGEB),
and connective tissue growth factor (CTGF), act on fibro-
blasts to promote matrix contraction (Grinnell, 1994;
Shi-Wen et al., 2000; Allen et al., 2002). Thus, in vivo,
elevation of these factors in bronchial lavage fluid or
serum of patients with fibrotic disease (Ludwicka et al.,
1995; Sato et al., 2000; Leask et al., 2004) might collectively
contribute to the enhanced contractile phenotype of fibro-
blasts in these individuals. Consistent with the notion that
several factors cooperate in vivo to generate a fibrotic
phenotype, in this report we showed, in low serum, that
antagonizing ET-1 signaling did not revert the contractile
ability of SSc fibroblasts entirely to that of normal fibro-
blasts. Similarly, if we performed experiments in full se-
rum, bosentan did not significantly affect the contractile
ability of SSc fibroblasts (our unpublished data).

TGEp has been shown to be a potent inducer of myofi-
broblast formation (Desmouliére, 1995). Factors such as ET-1
and CTGF may be downstream effectors of the ability of
TGFB to promote ECM contraction because TGFB induces
expression of ET-1 and CTGF (Holmes et al., 2001; Leask et
al., 2003; Rodriguez-Pascual ef al., 2003). Giving further sup-
port to this idea, recent experiments using antisense oligo-
nucleotides to reduce CTGF expression showed that TGFj-
induced matrix contraction in free-floating gels was at least
partially mediated by CTGF via the induction of matrix
metalloprotenases (Daniels et al., 2003). Furthermore, the
ability of TGFp to induce matrix contraction in free-floating
gels is greatly impaired in Smad3 —/— fibroblasts (Liu ef al.,
2003). Given that Smad3 is generally considered to be a
mediator of TGFB-induced gene transcription (Attisano and
Wrana, 2002), these results suggest that the ability of TGFB
to induce matrix contraction may be mediated by proteins
such as CTGF and ET-1, induced in a Smad3-dependent
manner. Conversely, the ability of PDGF-BB to promote
matrix contraction did not depend on Smad3, suggesting
that PDGF-BB and TGFB independently induce fibroblasts
to contract ECM (Liu et al., 2003).

It is interesting to note that ET-1 was able to induce
myofibroblast formation, as visualized by a-SMA expres-
sion, in floating gels. In this regard, ET-1 is similar to throm-
bin, which was recently shown to be able to induce myofi-
broblast formation in lung fibroblasts cultured in floating
gels (Bogatkevich et al., 2001, 2003). We interpret these data
to mean that the ability of thrombin and ET-1 to promote
myofibroblast formation does not depend on mechanical
loading. However, studies examining the ability of TGF to
promote contraction of floating gels have shown that TGFS
is not able to induce myofibroblast formation in this system
(Hinz and Gabbiani, 2003). However, to induce a-SMA ex-
pression, TGF requires the ED-A form of fibronectin (Serini
et al., 1998). In floating gels, the fibronectin network cannot
properly be maintained or organized (Halliday and To-
masek, 1995). Therefore, the inability of TGFB to promote
myofibroblast formation within floating gels (that is, in the
absence of mechanical loading) has been interpreted as aris-
ing due to the inability of ED-A fibronectin to be properly
organized within floating gels and thus to properly promote
TGEB-induced myofibroblast formation in floating gels
(Grinnell and Ho, 2002). However, this hypothesis remains
to be thoroughly evaluated. Collectively, these data are con-
sistent with the notion that several agents are capable of
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inducing myofibroblast formation through different mecha-
nisms.

Different mechanisms seem to be operating in contraction
of stressed and floating collagen matrices (Grinnell et al.,
1999). In the absence of complications, the process of wound
contraction leads to wound closure with little scarring or
loss of function; however, in large wounds or in fibrotic
disease the consequences of contraction, due to the persis-
tence of myofibroblasts, can result in loss of joint motion
or major body deformations referred to as contractures
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Figure 10. SSc lung fibroblasts show ele-
vated formation of a-SMA stress fibers that is
5 dependent on endogenous ET signaling. Nor-
mal and SSc lung fibroblasts were treated
with or without bosentan for 24 h and sub-
jected to immunofluorescence analysis with a
mouse anti-a-SMA antibody and a fluores-
cein isothiocyanate-conjugated anti-mouse
antibody. Nuclei were detected by 4,6-dia-
midino-2-phenylindole staining. Constitutive
expression and assembly of a-SMA stress fi-
bers by SSc lung fibroblast was potently re-
duced by the ET-1 dual receptor antagonist
bosentan.

(Desmouliere and Gabbiani, 1988). Contraction of floating
collagen matrices is considered to resemble more closely the
initial, inductive phase of wound contraction (Ehrlich and
Rajaratnam, 1990; Gross et al.1995; Grinnell et al., 1999),
whereas the myofibroblast-like cells in mechanically stressed
matrices is considered to be more typical of the late phase of
excessive scarring observed in contractures (Grinnell, 1994;
Desmoulinere and Gabbiani, 1996). More accurately, the
former model measures cell migration and can measure the
induction of myofibroblast formation by growth factors,

Figure 11. Schematic diagram showing the contribu-
tion of ET-1 to ECM contraction in SSc lung fibroblasts.
ET-1 promotes ECM contraction by normal and SSc
lung fibroblasts through Akt/PI3 kinase. Endogenous
ET-1 activity contributes to the enhanced ability of le-
sional SSc fibroblasts to contract ECM.
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whereas the latter model measures the direct ability of proteins
to enhance contraction, through mechanical means, of an al-
ready formed a-SMA network (Grinnell ef al., 1999). In this
report, we found that the ability of ET-1 to promote contraction
in floating gels depended on de novo protein synthesis. Con-
versely, ET-1 was not able to promote contraction of fixed
collagen gels. The divergence between these results presum-
ably reflects the fact that ET-1 promotes matrix contraction via
inducing myofibroblast formation, but it does not directly pro-
mote stress fiber-mediated contraction by mechanical means.

In this report, we show that ET-1 induction of procontractile
proteins is dependent on Akt. Akt (protein kinase B, PKB) is a
serine/threonine kinase, which in mammals comprises three
highly homologous members known as PKBa (Aktl), PKBS
(Akt2), and PKBy (Akt3). PKB/ Akt is activated in cells exposed
to diverse stimuli such as hormones, growth factors, and ex-
tracellular matrix components (Franke et al., 2003; Persad and
Dedhar, 2003). The activation mechanism remains to be fully
characterized but occurs in response to activation of PI3-kinase.
PI3-kinases have been shown to play an important role in
mitogenic signaling and cell survival, cytoskeletal remodeling,
metabolic control, and vesicular trafficking (Coffer et al., 1998;
Corveraand Czech, 1998). PI3-kinase generates phosphatidylino-
sitol-3,4,5-trisphosphate, a lipid second messenger essential for
the translocation of PKB/Akt to the plasma membrane where
it is phosphorylated and activated by phosphoinositide-depen-
dent kinase-1 and possibly other kinases (Coffer et al., 1998;
Corvera and Czech, 1998). PKB/Akt phosphorylates and reg-
ulates the function of many cellular proteins involved in pro-
cesses that include metabolism, apoptosis, and proliferation
(Coffer et al., 1998; Corvera and Czech, 1998). The recent iden-
tification of a number of substrates for the serine/threonine
kinase Akt suggests that it blocks cell death by both impinging
on the cytoplasmic cell death machinery and by regulating the
expression of genes involved in cell death and survival (Brunet
et al., 2001). Recent evidence indicates that PKB/Akt is fre-
quently constitutively active in many types of human cancer.
Constitutive PKB/Akt activation can occur due to amplifica-
tion of PKB/Akt genes or as a result of mutations in compo-
nents of the signaling pathway that activates PKB/Akt. Al-
though the mechanisms have not yet been fully characterized,
constitutive PKB/ Akt signaling is believed to promote prolif-
eration and increased cell survival and thereby contribute to
cancer progression (Nicholson and Anderson, 2002).

It has been shown that Akt regulates myocardial contrac-
tion (Condorelli et al., 2002) and is activated during contrac-
tion of skeletal and smooth muscle (Komalavilas et al., 2001;
Sakamoto et al., 2003). Thus, activation of the Akt pathway
may be generally required for actin-generated contractile
forces. However, relatively little work has been undertaken
regarding the role of PI3-kinase/Akt in fibroblast biology,
especially in terms of a wound healing response. Recently it
was shown that fibroblasts that contract a collagen gel un-
dergo apoptosis (Tian et al., 2002). This result is consistent
with the notion that, in a normal wound healing response,
myofibroblasts disappear after formation of a repaired der-
mis. However, apoptosis induced during matrix contraction
was attenuated by the ligation of betal integrin with an
anti-betal integrin antibody, through a PI3-kinase/Akt-de-
pendent mechanism (Tian et al., 2002). Thus, it is conceivable
that the overexpression of ET-1 in the SSc lesion not only
results in the induction of the PI3-kinase/Akt pathway and
to the direct enhancement of matrix contraction but also
contributes to the persistence of the myofibroblast in the
fibrotic lesion by blocking contraction-induced apoptosis.
This hypothesis is currently under investigation. We expect
that the persistent activation of the Akt pathway after ET-1
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treatment reflects the notion that this pathway is required
for a sustained activation of a mechanoregulatory response,
namely, matrix contraction, which takes place over several
hours. Conversely, the transient activation of p38 and ERK
implies that these pathways may not be involved with sus-
tained cellular activity but rather may reflect their potential
involvement in transient cellular processes. These events
might include the activation of gene transcription; indeed,
we have found that ET-1 can induce gene expression via
ERK (Shi-Wen, Renzoni, Bou-Gharios, du Bois, Black, Leask,
and Abraham, unpublished data).

Several genes have been shown to be overexpressed in
scleroderma fibroblasts and contribute to the fibrotic pheno-
type of this disorder (Shi-Wen et al., 2000; Leask et al., 2002);
and recently, we showed that the ras/MEK/ERK signaling
cascade was involved with the induction of profibrotic genes
in fibroblasts (Stratton et al., 2002; Leask et al., 2003). How-
ever, this is the first report to causally link a protein over-
expressed in SSc to a specific functional role in mediating the
fibrotic phenotype of the SSc fibroblast. Specifically, our
results suggest that the excessive scarring found in fibrotic
lungs of SSc patients may result from the ability of endog-
enous ET-1 signaling to induce SSc lung fibroblasts to con-
tract ECM. These results suggest there may be potential
therapeutic advantage in using PI3-kinase inhibitors or en-
dothelin antagonists to ameliorate the pathological scarring
observed in pulmonary fibrosis.
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