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airflow limitation in asthma is associated with airway remodeling in
which the dilferentiation of fibroblasts to myofibroblasts plays a
pivotl role. In asthmatic airways, excessive production of reactive
mitrogen species (RNS) has been observed. The aim of this study is to
evaluate whether peroxynitrite, one of the RNS, can affect the differ-
entiation of fibroblasts to myofibroblasts. Human fetal lung fibroblasts
were treated with vanous concentrations of authentic peroxynitrite or
a peroxynitrite donor 3-morpholinosydnonimine hydrochlonide (SIN-
13, and the expressions of a-smooth muscle actin (a-SMA) and
desmin, markers of myofibroblast differentiation, were evaluated. The
releases of transforming growth factor-By (TGF-B,) and ECM pro-
teins including fibronectin and collagen | were assessed. To clarify the
mechanism in this differentiation, the effect of anti-TGF-P antibody
or NF-kB inhibitors on the a-SMA expression and ECM production
was assessed. Peroxynitrite and SIN-1 significamly augmented the
a-SMA expression compared with control in a concentration-depen-
dent manner (P < 0.01 and P < 0.05, respectively). Peroxynitrite
significantly increased desmin and TGF-f, production (P < 0.01)
Peroxynitrite enhanced the translocation of NF-xB into the nucleus
confirmed by immunocytostaining and immunobloting. Peroxyni-
trite-augmented a-SMA expression was blocked by NF-xB inhibitors,
MG132 and caffeic acid phenethyl ester (CAPE), and anti-TGF-B
antibody. CAPE completely inhibited the peroxynitrite-augmented
TGF-B; release. The production of fibronectin and collagen | was
significantly increased by peroxynitrite (£ < 0.01) and inhibited by
anti-TGF-B antibody. These results suggest that RNS can affect the
differentiation to myofibroblasts and excessive ECM production via a
NF-xB-TGF-B,-dependent pathway.

reactive nitrogen species; airway remodeling; asthma; a-smooth mus-
cle actin; nuclear factor-xB

ASTHMA IS A DISORDER CHARACTERIZED by chronic inflammation
of the airways, airflow limitation, airway hyperresponsiveness
(AHR), and changes in the airway architecture sometimes
termed airway remodeling (9). Airway remodeling plays a
pivotal role in increasing the severity and irreversible airflow
limitation in asthma and leads to the refractoriness of this
disease in spite of treatment with high doses of corticosteroids
(1a, 8). The parenchymal cells of the airway, including epithe-
lial cells, airway smooth muscles, endothelial cells, and fibro-
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blasts are responsible for the maintenance of the airway struc-
ture and are involved in the progression of airway remodeling
(27). In airway remodeling, subepithelial fibrosis is one of the
pathological features and is characterized by excessive depo-
siton of ECM protein including collagens I, III, and V,
fibronectin, and tenascin in the lamina reticularis of the base-
ment membrane (12). In an in vitro model, epithelial ijury
reportedly differentiated lung fibroblasts into myofibroblasts,
which leads to excessive ECM production (24). In a chronic
allergen-challenged murine model, the differentiation of fibro-
blasts to myofibroblasts in the airway was observed (33). In
addition, there were more myofibroblasts within the airway
walls of asthmatic patients (10, 30), especially refractory asth-
matic patients, compared with healthy subjects in pathological
examinations suggesting that the differentiation of fibroblasts
to myofibroblasts is a key process of airway remodeling in
asthma (14).

Excessive production of nitric oxide (NO) during inflamma-
tory and immune processes leads to the formation of reactive
nitrogen species (RNS) including peroxynitrite and nitrogen
dioxide (4), These RNS are formed from NO and superoxide
anion or via the hydrogen peroxide/peroxidase-dependent ni-
trite oxidation pathway (35). Especially peroxynitrite is an
extremely powerful oxidant and is presumed to be largely
responsible for many of the adverse effects of excessive NO
generation. Excessive RNS production has been reported to
cause tissue injury, lipid peroxidation, and nitration of tyrosine
residues (35). Furthermore, peroxynitrite caused airway in-
flammation (31) and AHR (28) in asthmatic amimal models. In
fact, excessive production of 3-mtrotyrosine, which is a foot-
print of RNS production, has been observed in the airways of
asthmatic patients (15, 29). These data suggest that increased
RNS production can be an important contributor to the patho-
physiology of asthma.

Transforming growth factor-f; (TGF-B,) is a key mediator
in a vanety of pathological processes, including fibroblast-
mediated repair responses. TGF-§, is believed to be a major
regulator of tissue remodeling (5) and is reportedly overex-
pressed in asthmatic airways (23, 36). It has been reported that
the expression of TGF-B; is modulated by transcriptional
factor complexes including NF-«xB (7, 18, 19) and activator
protein-1 (AP-1) (11, 19). These pathways potentially play a
central role in the progression of airway remodeling in asth-
matic airways.
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Ihe effect of RNS on airway remodeling process has not been
fully understood. It has been reported that RNS augment fibro
blast-mediated collagen gel contraction and fibroblast chemotaxis
toward fibronectin (34), suggesting that RNS can affect the tissue
repair process. However, the contribution of RNS to myofibro
blast differentiation, which plays a pivotal role in airway remod-
eling observed in asthma, has not been elucidated yet. In addition,
the molecular mechanism involved in the RNS-mediated tissue
remodeling process also remains unclear

The present study was therefore designed first to determine
whether RNS could affect the differentiation of lung fibroblasis
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to myofibroblasts. Next. we assessed the effect of peroxymitnte
on the release of TGF-B; and ECM proteins including fi-
bronectin and collagen I in lung fibroblasts. Finally, we inves-
tigated the mechanism of differenuation of lung fibroblasts to
myofibroblasts by peroxymitrite.

MATERIALS AND METHODS

Materials. Commercially available reagents were obtained as lo]-
lows: anti-TGF-B, anubody (clone: 9016.2), TGF-B,, biotinylated
anti-TGF-@,, neutralizing anti-TGF-B anubody, and ant-lgG were
from R&D Systems (Minneapolis, MN); peroxynitrite was from
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Upstate Biotechnology (Temeculs, CA): 3.morpholinosydnonimine
hydrochloride (SIN-1), 3,3",5,5" -tetramethylbenzidine (TMB), 3-(4.5-
dimethylthiazol-2-y1)-2.5-diphenyletrazolium bromide (MTT), mono-
clonal anti-human fibronectin antibody, polyclonal anti-human fi-
hronectin antibody, anti-rabbit 1gG antibody, and ebselen, a peroxyni-
trite scavenger, were from Sigma (St Louis, MO); MG132, a
proteasomal inhibitor, and caffeic acid phenethyl ester (CAPE), a
specific NF-xB inhibitor (25), were from Calbiochem (La Jolla. CA):
DMEM. FCS, and anubiotic-antimycotic were purchased from In-
vitrogen Life Technologies (Grand Island, NY)

Cell culture. Human fetal lung fibroblasts (HFL-1) were obtained
from American Type Culture Collection (Rockville, MD). Normal
human adult lung fibroblasts (NHLF) were obtained from Cambrex
(Walkersville, MD). The cells were cultured on tissue culture dishes
(Falcon; Becton-Dickinson, Lincoln Park, NJ) with DMEM supple-
mented with 10% FCS, 100 pg/ml penicillin, 250 pg/ml sireptomy-
cin, and 2.5 pg/ml fungizone. Cells were cultured at 37°C in a
humidified atmosphere of 5% CO; HFL-1 and NHLF cells were
passaged every 4-5 days at a 1:4 ratio. HFL-1 cells were used
between the 14th and 18th passages and NHLF cells were used
between the 4th and 6th passages. To evaluate mediator production in
the monolayer culture, cells were seeded in six-well tissue culture
plates at a cell density of 1 X 10° per milliliter. At 90% confluence,
cells were wreated with vanous concentrations of peroxynitrite in
serum-free DMEM (SF-DMEM). For the investigation of the effect of
neutralizing anti-TGF-B antibody on peroxynitrite-modulated media-
tor release, neutralizing anti-TGF-B antibody (10 pg/ml) was also
added to the media. The supernatants were harvested after 48-h
treatment with peroxynitrite and stored at —80°C until later assay.

Determination of cell viability. For monitoring cell viability, per-
oxynitrite or vehicle-treated cells were incubated with MTT solution
at a final concentration of 1 mg/ml for 4 h at 37°C. After incubation,
DMSO was added imo each well. The absorbance of each sample at
570 nm was determined by a spectrophotometer using a reference
wavelength of 630 nm.

Western blotting. Cells were seeded in 60-mm dishes at a density
of 1x10% per milliliter. At 90% confluence, cells were starved with
SF-DMEM for 24 h. Then. cells were treated with various concen-
trations of authentic peroxynitrite or SIN-1 in the presence or absence
of ebselen, MG132, CAPE, or anti-TGF-B neutralizing antibody for
48 h. Cells were washed with 4°C PBS and homogenized in cell lysis
buffer (35 mM Tris:HCI, pH 7.4, 0.4 mM EGTA, 10 mM MgCls, |
1M phenylmethylsulfony] fluoride, 100 pg/ml aprotinin, and | pg/ml
leupeptin). To obtain the nuclear fraction, a Nuclear Extraction Kit
(Acuve Motif, Carlsbad. CA) was used according 1o the manufacturer’s
instructions. Samples were solubilized in SDS-PAGE sample buffer.
Equal amounts of protein were loaded and separated by electrophore-
sis on 12.5% SDS-polyacrylamide gels. After electrophoresis, the
separated proteins were transferred 1o a PVDF membrane (Bio-Rad
Laboratories, Hercules, CA). The following antibodies were used for
detection of the target protein: mouse monoclonal anti-a-smooth
muscle actin (a-SMA) antibody (1:5,000 dilution; Sigma), mouse
monoclonal anti-desmin antibody (1:200 dilution; Santa Cruz Bio-
technology, Santa Cruz, CA), mouse monoclonal anti-B-actin anti-
body (1:10,000 dilution; Sigma), rabbit polyclonal anti-collagen |
antibody (1:5,000 dilution; Rockland Immunochemicals, Gilbensville,
PA), mouse monoclonal anu-NF-xB p63 antibody (1:200 dilution; Santa
Cruz Biotechnology, Santa Cruz, CA), or mouse monoclonal anti-lamin
A/C antibody (1:400 dilution; Santa Cruz Biotechnology). Bound anti-
bodies were visualized using peroxidase-conjugated appropriate
second antibodies and enhanced chemiluminescence (Amersham
Biosciences, Buckinghamshire, United Kingdom) with a chemilu-
minescence imaging system (Luminocapture AE6933; Atto, To-
kyo, Japan). For detection of NF-kB p65 and desmin, SuperSignal
West Femto (Pierce, Rockford, IL), a higher sensitivity substrate,
was used. Each band intensity was quantified by densitometry
(ImageJ; National Institutes of Health, Frederick, MD).
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Measurement of TGF-f3, and fibronectin, TGF-By and fibronectin
in the media of the monolayer culure were determined by ELISA
(34). Quantification of TGF-B; was performed as follows: plates were
coated with monoclonal anti-TGF-B, antibody at 4°C overnight. Afier
being washed three times (5 min each), standards and samples were
added and incubated at room temperature for 2 h. To measure
TGF-B,, all samples were assayed both with and without acidification
and neutralization to convert the latent form of TGF-f, 1o the active
form. To accomplish this, a 500-p] sample was mixed with 100 ! of
I N HCl and, after 10 min al room temperature, neutralized with 100
wlof 1.2 N NaOH/0.5 M HEPES. Bound antigen was detected after
adding biotinylated anti-TGF-g, antibody for 1 h at room tempera-
ture. Horseradish peroxidase (HRP)-strepiavidin (1:20.000 diluton)
was added for 1 h. Bound HRP was detected with TMB. The reaction
was stopped with | M H;S0,, and the product was quantified at 450
nm with a microreader. Fibronectin was assayed with an ELISA that
specifically detects human but not bovine fibronectin (34). Plates were
coated with monoclonal anti-fibronectin antibody at 4°C overnight
After being washed three times, standards and samples were added
and incubated at room temperature for 2 h. Bound antigen was
detected after adding polyclonal anti-human fibronectin antibody
(1:2,000 dilution) at room temperature for | h. HRP-conjugated
anti-rabbit 1gG antibody (1:10,000 dilution) was added at room
temperature for 1 h. Bound HRP was detected with TMB. The
reaction was stopped with | M H;S0,, and the product was quantified
at 450 nm with a microreader.

Immunochemical localization of a-SMA and NF-xB p65. HFL-1
cells were seeded in an 8-well chamber slide at o density of 1107 per
milliliter and cultured for 24 h, and then the medium was replaced
with SF-DMEM for 24 h. The cells were incubated with 107* M
peroxynitrite for various time points for NF-kB assessment and for
48 h for a-SMA assessment. After washing, cells were fixed with
freshly prepared 4% paraformaldehyde in PBS for 30 min at room
temperature. The cells were then permeabilized with 0.1% Trton

A
SIN-1 (M) o
a-SMA

107 104 104

B-actin

~N

Relative intensity

0 107 104 104
SIN-1 concentration (M)

Fig. 2, Effect of the peroxynitrite donor 3-morpholinosydnonimine hydrochlo-
ride (SIN-1) on a-SMA expression in HFL-1. Cultured cells were treated with
varous concentrations of SIN-1 for 48 h and harvested. a-SMA expression
was analyzed by Western blotting (A ) and quantified by densitometry (B). Each
a-SMA band intensity was normalized with the corresponding [3-acun band
intensity. All values are expressed as means = SE for 4 separate expenments.
*P < 0.05, compared with the values of control
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Fig. 3. Effect of peroxynitrite on transforming growth factor-By (TGF-Pi)
release by HFL-1. Cultured cells were treated with vanous concentrations of
peroxynitrite. Afier 48 h, media were harvested and assayed for total or active
TGF-8; by ELISA. All values are expressed as means = SE for 4 (A; wotal
TGF-f1) or 3 (B, active TGF-B,) separate experiments. *P < 0.05, **P <
0.01, compared with the values of control

X-100 in PBS for 10 min at room temperature and blocked with 1%
skim milk in PBS for 1 h at room temperature and rinsed with PBS.
Then, they were incubated with mouse monoclonal anti-u-SMA
antibody (1:400 dilution; Sigma) or mouse monoclonal anti-NF-xB
p63 antibody (1:100 dilution; Santa Cruz Biotechnology) in 1% skim
milk at 4°C overmight. After washing, the cells were incubated with
FITC-conjugated anti-mouse 1gG antibody (1:1.000 dilution; Sigma)
in 1% skim milk for 60 min at room temperature and then viewed with
an epifiuorescence microscope (Eclipse E800: Nikon, Tokyo, Japan)
and photographed with a digital camera (DMX1200C; Nikon) under
400 magmfication.

Statistical analysis. Data were expressed as means *+ SE. Experi-
ments with multiple comparisons were evaluated by one-way analysis
of variance followed by Scheffé test to adjust for multiple compari-
sons. An unpaired two-tailed Student’s r-test was used for single
comparisons. Probability values of <0.05 were considered significant

RESULTS

To determine whether peroxynitrite induces the differentia-
tion of fibroblasts to myofibroblasts, we assessed the expres-
sion of a-SMA, most commonly used as a molecular marker of
myofibroblasts, in HFL-1 cells by Western blotting treated
with various concentrations of peroxynitrite. Authentic per-
oxynitrite significantly augmented «-SMA expression com-
pared with the control in a time-dependent manner (at 48 h,
2.6-fold increase; P < 0.01: Fig. 1. A and B). Peroxynitrite also
significantly augmented a-SMA expression at 48 h in a con-
centration-dependent manner (at 107° M, 2.4-fold increase;
P < 0.01; Fig. 1, C and D). Furthermore, peroxynitrite induced
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morphological changes in HFL-1 cells. More stress fibers,
estimated for a-SMA immunostaining, were observed in the
peroxynitrite-treated cells (Fig. 1E). We also confirmed the
peroxynitrite-mediated myofibroblast differentiaion by assess-
ing the expression of desmin, which is reportedly another
marker of the differentiation (37). The expression of desmin
was significantly upregulated by peroxynitrite in a concentra-
tion-dependent manner (at 107° M, 1.8-fold increase; P <
0.01; Fig. 1, F and G). The peroxymtrite donor SIN-1 also
significantly augmented a-SMA expression in a concentration-
dependent manner (at 10 M, 2.1-fold increase; P < 0.05;
Fig. 2)

To confirm whether the increased a-SMA expression was
directly mediated by peroxynitrite, we assessed the effect of
ehselen, a peroxynitrite scavenger, on the peroxynitrite-aug-
mented «-SMA expression. Ebselen completely inhibited the
augmentation (at 5 pM; P < 0.01; Supplemental Fig. 1, A and
B, available in the data supplement online at the AJP-Lung
Cellular and Molecular Physiology web site). Furthermore, we
investigated the effect of peroxynitrite on cell viability and

A

ONOO (M} O 107 10°  10®

asMa i
Bactn | m————— ——

4 Lad
-
=
w 3
(=
2 Ll
£ 2 l 1
@
=
201
ﬂ: .
9 = =
0 107 104 10°%
ONOO- concentration (M)
250 r
-
-~ 200 o |
v |
T
E 150
°5
BE 100 | 1
® ‘|
il |
0
0 107 10% 10%
ONOO- concentration (M)

Fig. 4. Effect of peroxynitrite on a-SMA expression and TGF-By release in
normal human adull lung fibroblasts (NHLF). NHLF cells were treated with
various concentrations of peroxynitrite for 48 h. Cells and media were
harvested. a-SMA expression was analyzed by Western blotung (A) and
quantified by densitometry (§). Each a-SMA band imensity was normahzed
with the corresponding B-acun band intensity. Media were assayed for total
TGF-f; by ELISA (C). Al valves are expressed as means = SE for 3 separate
expeniments. *P < 0,05, **P < 0.01, compared with the values of control
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proliferation because high doses of peroxymitrite have been
reported 10 have cytotoxic effect. A concentration of 107° M or
less peroxynitrite has no cyiotoxic effects, and cell prolifera
tion was not affected by 107° M peroxynitrite (Supplemental
Fig. 1, C and D)

To determine whether peroxynitrite augments TGF-§3; re-
lease by HFL-1 cells, we measured the TGF-B, concentration
in the media. Both total and active TGF-f3, amounts were
accumulated in the media in a time-dependent manner (data not
shown). Peroxynitrite significantly increased total TGF-B; (at
1075 M, 587 = 69 vs. 251 = 44 pg/ml: P < 0.01; Fig. 3A) and
active TGF-p, release(at 107" M, 51.0 = 1.7 vs. 26.3 = 0.9

A

0 min

90 min

Fig. 5. Effect of peroxynitrite on transloca-
ton of NF-xB p65 ito nucleus in HFL-1.
HFL-1 cells were treated with 107° M per-
oxynitrite for (), 30, 60, 90, and 120 min, and
the intracellular localization of NF-«B p6S
was determined by immunocytostaining (A)
I'he amoum of NF-xB pb63 in the nuclear
fraction was analyzed by Westen blouing
(B) and quantified by densitometry (C). Each
NF-«B p65 band intensity was normalized with
the corresponding lamin AAC band intensity. All
values are expressed as means = SE for 4
separate experiments. **P < 0.01, compared with
the values of control, Bars = 50 um

Time (min)
NF-xB p65

Lamin A/C

Relative intensity
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pg/ml: F < 0.01; Fig. 3B) from HFL-1 cells in a concentration-
dependent manner

We assessed the effect of peroxynitrite on «-SMA expres-
sion and TGF-$3; release in NHLF. Peroxynitrite significantly

M, 3.5-fold increase,

augmented «-SMA expression (at 10
P < 001; Fig. 4, A and B) and total TGF-B,; release (at 10
M, 184 = 25 vs. 52 = 28 pg/ml; P < 0.05; Fig. 40).

To clarify how peroxynitrite augments TGF-B; release by
HFL-1 cells, we assessed the translocation of NF-kB into the
nucleus, which is thought to regulate TGF-B, expression
Translocation of NF-kB p65 mnto the nucleus was assessed by
immunocytostaining and Western blotting. After treatment

30 min

120 min

0

L

0 30
Exposure time (min)

60 90 120

)5 « NOVEMBER 2008 - www.ajplung.org

100 —



MYOFIBROBLAST DIFFERENTIATION BY PEROXYNITRITE

A control ONOO (109 M)
MGI1ZZ (M) 0 0% 05 1 0 0T OS5 1
OEMA T — —
L ————— ————

B 2 control ONOQ- (10% M)
& =g

g 2 - 7

= 15 I

[ r

2 | [
g8 I

@ 0

2 5

[y L
0 0105 1 0 0105 1

MG132 concentration (M)
C control

CAPE(m™) p p1 03 * 3 0 0103 1 3
CEMA e e e v e ———

[actn e —————

ONOO (10% M)

D contral ONOO" (10 M)
3 £
g l
2
s ?
£
@
> 1
-
o
w h»
x g
0 01031 3 00103 1 3
CAPE concentration (ug/ml)
E oo control ONOO (104 M)
- el /=
300
200

Total TGF-B,
(pg/ml)
g

- i .
0 01031 3 00103 1 3
CAPE concentration (pg/ml)

Fig 6. Effects of proteasomal inhibitor MG 132 and a specific NF-kB inhib-
itor, caffeic acid phenethyl ester (CAPE), on peroxynitrite-augmented a-SMA
expression and TGF-B, release in HFL-1. Cultured cells were treated with
various concentrations of MG132 in the presence (filled bars) or absence (open
bars) of 10-* M peroxynitrite for 48 h. a-SMA expression was analyzed by
Western blotting (A) and quantified by densitometry (8) Each a-SMA band
intensity was normalized with the comesponding B-actin band intensity  All
values are expressed as means * SE for 4—6 separate expeniments. Cultured
cells were treated with various concentrations of CAPE in the presence (filled
bars) or absence (open bars) of 107* M peroxynitrite for 48 h. a-SMA
expression was analyzed by Western blotting (C) and quantified by densito
metry (D) Each «-SMA band intensity was normalized with the corresponding
B-actin band intensity. All values are expressed as means = SE for 4 separnte
experiments. Media were assayed for total TGF-B, by ELISA (E). All values
are expressed as means = SE for 4 separate experiments. *P < 0.05, **P <
0.01, compared with the values of control. TP < 003, 11F < 0.01, companed
with the values of vehicle-pretrested peroxynitrite-exposed group

LBOS

with 10~ M peroxynitrite, the translocation of NF-kB p65 was
clearly enhanced at 60 min, and the fluorescence intensity of
NF-xB p65 in the nucleus was diminished at 120 min (Fig. 54).
The enhanced nuclear translocation of NF-xB p65 was also
confirmed by Western blotting. The amount of NF-xB p65 in
the nucleus was significantly increased at 60 min compared
with the control (2.7-fold increase; P < 0.01; Fig. 5, B and C)
and decreased at 120 min (Fig. 5, B and (). To inveshgale
whether NF-kB is related to a-SMA expression in HFL-1 cells,
the effects of MG132, a proteasomal inhibitor and CAPE, a
specific NF-xB inhibitor, on the a-SMA expression were
evaluated. The peroxynitrite-augmented a-SMA  expression
was completely inhibited by both inhibitors (Fig. 6. A-D)
Furthermore, CAPE completely inhibited the peroxynitrite-
augmented TGF-f, release (at 3 pg/ml, 315 = 28 vs, 99 * 21
pg/ml; P < 0.01; Fig. 6E).

To clarify the mechanistic role of TGF-3; in peroxymitnite-
mediated a-SMA expression in HFL-1 cells, we investigated
the effect of neutralizing anu-TGF-B antibody on «-SMA
expression. Neutralizing anti-TGF-B antibodies significantly
reduced the peroxynitrite-augmented «-SMA expression com-
pared with the control IgG-treated group (at 107° M, 2.4-fold
increase vs. 1.3-fold increase; P < 0.01; Fig. 7, A and B)

To determine whether peroxynitrite stimulates the produc-
tion of ECM proteins, the release of fibronectin and expression
of collagen 1 were assessed by ELISA and Western blotting,
respectively.  Peroxynitrite significantly augmented the fi-
bronectin (at 107° M, 2,178 = 176 vs. 698 = 41 ng/ml; P <
0.01; Fig. 84) and collagen I production (at 107 M, 2.0-fold
increase; P < 0.01; Fig. 8, B and C) in a concentration-
dependent manner. Neutralizing anti-TGF-3 antibodies signif-
icantly inhibited the peroxynitrite-augmented production of
fibronectin (at 10°° M, 1,958 = 65 vs. 816 * 49 ng/ml; P <

A
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Fig. 7 Effect of neutralizing anti-TGF-B antibody (Ab) on the peroxynitrite-
sugmented o-SMA expression in HFL-1. Cultured cells were treated with 1077
10 10°* M peroxynitrite in the presence of neutralizing anti-TGF-8 antibody
(filled bars) or control 12G (open bars) for 48 h. @-SMA expression was
analyzed by Western blotting (A) and quantified by densitometry (8). Each
a-SMA band intensity was normalized with the corresponding B-actin band
intensity. All values are expressed as means = SE for 4 separate experiments
P < 005, **P < (.01, compared with the values of control. tTF < 0.01,
compared with the values of control 1gG-treated group.
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Fig. 8. Effect of peroxynitrite on fibronectin release and collagen | expression
in HFL-1. Cultured cells were treated with various concentrations of peroxyni-
trite for 48 h. Afier 48 h, media and cells were harvested. Media were assayed
for fibronectin by ELISA (A). Collagen | expression was analyzed by Westem
blotting (8) and quantified by densitometry (C). Each collagen | band imensity
was normalized with the comesponding B-actin band imensity. All values are
expressed as means = SE for § separate experiments. *P < 0,05, **P < 0.01,
compared with the values of control

0.01; Fig. 94) and collagen I (at 10" % M, 2.1-fold increase vs.
1.3-fold increase; P < 0.01; Fig. 9, B and C) compared with the
control IgG-treated group.

DISCUSSION

The present study demonstrated that peroxynitrite signifi-
cantly augmented «-SMA expression in HFL-1 and NHLF
cells. Peroxynitrite enhanced TGF-B, release by HFL-1 and
NHLF cells and also promoted the translocaton of NF-xkB p65
into the nucleus, A proteasomal inhibitor, MG132, and a
specific NF-kB inhibitor, CAPE, completely inhibited the
peroxynitrite-augmented  «-SMA  expression.  In  addition,
CAPE diminished the peroxynitrite-augmented TGF-$; re-
lease. Neutralization of TGF- significantly inhibited the per-
oxynitrite-augmented «-SMA  expression.  Furthermore, fi-
bronectin and collagen I production were significantly en-
hanced by peroxynitrite, which was inhibited by neutralizing
anti-TGF-f antibody. These data suggest that RNS can induce
the differennanon of lung fibroblasts 1o myofibroblasts and the

excessive production of ECM protein via a NF-xB-TGF-,-
dependent pathway

It has been reported that the differentiation of lung fibro
blasts o myofibroblasts plays a pivotal role in the development
of airway remodeling in asthma (14). In fact, Schmidt et al.
(30)) also described that the accumulation of circulating fibro-
cyles was observed in the airways of asthmatic patients and
that these were precursors of bronchial myofibroblasts. Brew-
ster et al. (6) showed that more myofibroblasts were observed
in the subepithelial basement membrane-collagen layer of
asthmatic airways compared with healthy subjects. In the
current study, we clearly showed that peroxynitrite, which is
one of the RNS and is an excessively produced NO-related
molecule in the airways of asthmatic patients, augmented the
differentiation of lung fibroblasts 10 myofibroblasts.

TGF-B, is reported 10 be a key mediator of airway remod-
ehing (17, 22), and the gene expression of TGF-B, is reportedly
regulated by NF-xB (7, 18, 19) and AP-1 (11, 19). Browde et al.
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Fig. 9. Effect of neutralizing anti-TGF-B antibody on peroxynitnite-avgmented
fibronectin release and collagen | expression in HFL-1. Cultured cells were
treated with 10°% 1o 10°* M peroxynitrite in the presence of neutralizing
anti-TGF- 3 antibody (filled bars) or control 1gG (open bars), After 48 h, media
and cells were harvested, Media were assayed for fibronectin by ELISA (A)
Collagen | expression was analyzed by Western blowing (B) and quantified by
densitometry (). Each collagen | band intensity was normmalized with the
comesponding B-actin band intensity, All values are expressed as means = SE
for 5 separate experiments. *F < 0,05, **P < 0,01, compared with the values
of control. 11£ < (.01, compared with the valves of control 1gG-treated group
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(7) reported that TGF-B, release was increased in ovalbumin-
challenged mice, whereas the TGF-B; level in IxB Kinase
knockout mice was decreased compared with wild-type mice,
and the airway remodeling was ameliorated. These findings
suggest that NF-xB plays a key role in the regulation of
TGF-B, gene expression. In a variety of cells, peroxynitrite is
reported 1o enhance NF-xB DNA binding activity (2, 3. 16,
21). In the current study, peroxynitrite promoted the translo-
cation of NF-xB p65 into the nucleus in HFL-1 cells and
stimulated TGF-B,; release, which was inhibited by a NF-xB
inhibitor, Taken together, peroxynitrite could augment TGF-§,
release by lung fibroblasts through NF-xB activation.

The possible mechanism for the activation of NF-xB by
peroxynitrite 1s as follows: according to a previous study.
peroxynitrite nitrates tyrosine 181 residues of IkBa, which
consequently leads to the dissociation of intact IkBa from
NF-«xB (38). Peroxymutrite nself has also been reported to
activate NF-xB without preactivation by proinflammatory me-
diators such as TNF-a and LPS (2, 3. 16, 21). However, the
regulation of NF-kB by mitrative stress has not been fully
elucidated. Therefore, further study is needed.

Excessive depositon of ECM proteins crucially contributes
10 airway remodeling. It has been reported that myofibroblasts
can produce greater amounts of ECM proteins compared with
undifferentiated fibroblasts (13). However, the precise effect of
RNS on ECM production in HFL-1 cells remains unknown.
TGF-B reportedly nduces myofibroblast differentiation and
subsequent ECM protein synthesis (20). The current study
demonstrated that peroxynitrite augmented the a-SMA expres-
sion and ECM production by HFL-1 cells. This augmentation
was inhibited by neutralizing anti-TGF-B antibody, and our
data suppon the previous study (1). Taken together, RNS can
cnhance the myofibroblast differentiation and ECM production
via a TGF-f3,-dependent pathway.

Although peroxynitrite has a very short half-life (~1.5 s).
TGF-B; was accumulated in the media in a time-dependent
manner (data not shown). The possible reason is as follows: the
gene expression of TGF-B,; was triggered after NF-xB activa-
tion, and subsequently the produced TGF-B; induced myofi-
broblast differentiation. Differentiated myofibroblasts can pro-
duce greater amounts of TGF-B,, and this positive feedback
would be related o TGF-f, accumulation in the media.

Because fetal lung fibroblasts may not respond to peroxyni-
trite the same way as postnatal lung fibroblasts, we investigated
the effects of peroxynitrite on the «-SMA expression and
TGF-f,; release in NHLF. As shown in Fig. 4, peroxynitrite
had similar effects on the protein production in fetal fibroblasts
and adult fibroblasts. These results are compatible with those
of our previous study (34).

High doses of peroxynitnite have cytotoxic effects. ln. this
study, we used noncytotoxic doses of peroxynitrite (~10° M!
as shown in Supplemental Fig. 1C. A concentration of 107° M
peroxynitrite has no proliferative effect (Supplemental Fig.
1D). Furthermore, ebsclen, a peroxynitrite scavenger, dimin-
ished the peroxynitrite-mediated profibrotic response. These
data suggest that peroxynitrite directly altered lung fibroblasts
to the profibrotic phenotype.

Peroxynitrite can enhance the production of IL-8 and TNF-a
via NF-xB acuvaunon (16, 21). Recently, we showed that
3-nitrotyrosine, a footprint of RNS production, was excessively
produced in the sputum cells from refractory asthmatic patients
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compared with well-controlled asthmatic patients (32). In ad-
dition, the amount of 3-nitrotyrosine was well-correlated with
the degree of airflow limitation in the asthmatic patients.
Although the possible mechanisms by which RNS are related
o the pathogenesis of refractory asthma are stll unclear
peroxynitnte-mediated tissue remodeling may be involved in
the refractoriness of asthma.

In conclusion, the current study shows that RNS can en-
hance NF-xB activation and TGF-§, release in HFL-1 cells.
and consequently myofibroblast differentiation and excessive
ECM production are induced. Therefore, the NF-xB-TGF-B,
pathway is thought to play a pivotal role in the differentiation
of lung fibroblasts to myofibroblasts. Our data suggest that the
modulation of this pathway may have therapeutic potential for
airway remodeling.
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LRITIRE R C &6, L DIBEWER - Hiko
BEPOBETHRNT S LATRETHS. R
SRS IIRBME O AL L1, SoluETIC
GEINDHELOPME T THEETN, n vive 2N
KT, GUEBHEECSH O FeAE e 2 B+
HBIENTETHLLEZLENTVA, KEOK
#x @ 2R d. FOREOMNEY - Fltom s
Do OREREHBEOUEI L INTEY,
O RT &9 4 OWESMEBE IS TH
MLTWABZEDRENTV 2 (Level 3). BT,
Db E LN B BE B PR
DHFA bAA Y PHMEAFERETLAI2EoT
MR ICRENT L7, MR ETRI DR
REZTICESTHECHNLTSY), MEOE
WETHHFHBMERLAGEMEDREL VAL
HMARTCLEERMLZY (@) (Level 3). %3
WMAATOA FG#IZLY, Che0RBIIEE
PETFLI:06, HEEWMBLOENR, &
WAFHEOTEE L ToORHIMESNE,

e
B5 h 3MRAH R

Ef’ﬁ#’ﬂ!ﬁ #’EIW
MERE THRITARE
FE#ErEETRENE AECRELETESY
BREFERIVOE 5D

AR E-LIEEEh O

O REEEFIERAED
—-"
5 UBs, LTC4DAES
H202 f f!
8-fyrazss  t 1t
NOz"/NOs™ t tt
Zrag Ay f ?
BT -4 ™NFa 8 7 ?
LT: leukotriene
IL: interleukin

TNF-a: tumor necrosis factor-a
(Kharitonov SA., et al. Curr Opin Allergy Clin Immunol 2001; 1:

217-24'" £ ) 5|H)

LRSI LFHEEL, wTFhetASHhORK
HHBALEETLZOIHLT, LOMMEICER
DOFELETEIZBIT S ADL (activities of daily living)
EREAMICEETAHEL LT, TRIZRT LS
RIS E D HENSHE - RE STV
(Level 3).
® Asthma Control Test
* Asthma Control Questionnaire

» Asthma Therapy Assessment
* Asthma Control Scoring System
LDl L Y, BEFEOBHEE O -
OB L L ADAL LT, TOMEENSE
WEEHEVWHOPIIREZ L, BEHHILD
HEHEA~DEC M - HENOBRISITIFST S
ZE, FHMECOEBEANTRIZRAT L,
REFMIFESATYVWAS, LaL, MEBFEES
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