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1 Uniaxial cyclic stretch leads to an upregulation of cyclooxygenase (COX)-2 through increases in
the intracellular Ca®>" concentration via the stretch-activated (SA) channel and following nuclear
factor kappa B (NF-xB) activation in human fibroblasts. However, the signaling mechanism as to how
the elevated Ca>* activates NF-xB is unknown. In this study, we examined the involvement of reactive
oxygen species (ROS) as an intermediate signal, which links the elevated Ca?" with NF-xB activation.

2 4-Hydroxy-2-nonenal (HNE) was produced and modified IxB peaking at 2min. The
phosphorylation of IxkB peaked at 8§ min. HNE modification and IxB phosphorylation, NF-xB
translocation to the nucleus, and following COX-2 production were inhibited by extracellular Ca>*
removal or Gd** application, as well as by the antioxidants. The stretch-induced Ca** increase was
inhibited by extracellular Ca®>* removal, or Gd** application.

3 1B kinase (IKK) activity peaked at 4min, which was inhibited by extracellular Ca*>* removal,
Gd*" or the antioxidants. IKK was also HNE-modified and, similarly to IxB, peaked at 2 min. IKK
under static conditions was activated by exogenously applied HNE at a relatively low dose (1 uM),
while it was inhibited at higher concentrations, suggesting that HNE could be one of the candidate
signals in the stretch-induced NF-xB activation.

4 The present study suggests that the NF-kB activation by cyclic stretch is mediated by the following
signal cascade: SA channel activation —intracellular Ca®" increase — production of ROS — activation

of IKK — phosphorylation of IxkB —NF-xB translocation to the nucleus.
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Introduction

Mechanical stimuli to cells elicit a variety of biochemical
and morphologic reactions in many cell types (Sumpio &
Widmann, 1990; Awolesi et al., 1995; Suzuki et al., 1997).
Sometimes, they are closely related to pathogenesis. For
example, repetitive mechanical stimuli trigger inflammation
such as tendonitis, bursitis, and fascitis by increasing
prostaglandin (PG) E, production (Ngan et al, 1988;
Vandenburgh et al., 1990; Almekinders et al., 1993).

It has been reported that PGE, production (Vandenburgh
et al., 1990) and cyclooxygenase (COX) activity (Vandenburgh
et al., 1995) in skeletal muscle cells will be promoted 4-6 h after
the onset of mechanical stretch. COX is a key regulatory
enzyme that transforms arachidonate and other 20-carbon
polyunsaturated fatty acids into endoperoxides (eventually
into PGs). COX exists in at least two isoforms: COX-1 and
COX-2 (Mitchell et al., 1995). COX-2 expression is induced by
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inflammatory stimuli, hormones and mitogens, such as
transforming growth factor f (TGF-f) (Sumitani et al., 1989;
Jackson et al., 1993; Roy et al., 1996), interleukin-1 (IL-1) (Hla
& Neilson, 1992; Jackson et al., 1993; Roy et al., 1996), and
tumor necrosis factor « (TNF-a) (Yamamoto et al., 1995). We
previously reported that uniaxial cyclic stretch (Kato et al.,
1998) promoted COX-2, but not COX-1, protein expression in
human lung fibroblasts. We also found that uniaxial cyclic
stretch increased intracellular Ca®>* concentration via stretch-
activated (SA) channel activation, leading to nuclear factor
kappa B (NF-kB) activation followed by COX-2 expression
(Inoh et al., 2002).

However, little is known about the intermediate signaling
mechanism between the SA channel and NF-xB activation.
In unstimulated cells, NF-kB dimers exist in an inactive form
by binding with the inhibitory protein, IxB. When cells are
stimulated by phorbol esters (Sen & Baltimore, 1986), TNF-o
(Griffin et al., 1989; Beg et al., 1993; Baeuerle & Henkel, 1994;
Siebenlist et al., 1994; DiDonato et al., 1995; Baldwin, 1996;
Kurokouchi et al., 1998), IL-1 (Freimuth et al., 1989; Osborn
et al., 1989; Beg et al., 1993; DiDonato et al., 1995), UV light
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(Stein et al., 1989a,b), hypoxia (Schmedtje et al., 1997), or
lipopolysaccharide (Cordle et al., 1993), IxB will be released
from NF-xB dimer and the freed dimers will be translocated
into the nucleus.

Reactive oxygen species (ROS) have been proposed as
messengers that lead to NF-xB activation (Schreck et al.,
1991), and it is now widely acknowledged that NF-«xB is an
oxidative stress-responsive transcription factor in eucaryotic
cells (Schreck ez al., 1992). Intracellular ROS have been shown
to initiate a tyrosine kinase cascade resulting in activation of
the IxB kinases (IKKs) and subsequent dissociation and
degradation of IxB (Barchowsky et al., 1995; Kamata &
Hirata, 1999). It is also increasingly recognized that many
cellular signaling pathways are oxidation-sensitive. Recently, it
was reported that an intracellular Ca>* increase augmented
ROS production, leading to NF-«xB and STAT-3 activations in
mitochondria (Gong et al., 2001). It was also shown that
mechanical stretch against cells activates IKK, which phos-
phorylates IxB, leading to release of kB from NF-xB dimers
and their translocation to the nucleus (Kobayashi et al., 2003).

Collectively, it is highly likely that mechanically induced
ROS production will activate IKKs leading to NF-xB
activation. The aim of the present study was to prove this
hypothesis.

Methods
Cell preparation

Human lung fibroblasts (TIG-1) were obtained from the
Japanese Cancer Research Resource Bank (JCRB0501, Tokyo,
Japan). We transferred the cells (23-28 passage) onto a 10 cm?
fibronectin-coated elastic silicone chamber at a density of
5% 10* cell cm™2 which were subcultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10%
fetal bovine serum (FBS), 100 IUml™" penicillin G sodium,
and 100 ugml~"' streptomycin sulfate. The silicone chamber
had a 200 um thick transparent bottom and S5Smm thick
sidewalls to prevent narrowing of its bottom center, as
described previously (Suzuki et al., 1997; Kato et al., 1998;
Naruse et al., 1998a,b,c; Inoh et al., 2002). The silicone
chambers were attached to a stretching apparatus, which was
driven by a computer-controlled stepping motor (NS-100,
Scholar Tech, Inc., Osaka, Japan).

Application of mechanical stretch

The cells were allowed to attach to the chamber bottom for
12h in DMEM supplemented with 10% FBS, and were
incubated for 12h in modified Eagle’s medium (MEM)
supplemented with 1% FBS to starve the cells. After the cells
were incubated for 30 min in a solution containing 140 mM
NaCl, 5mMm KCIl, 2mM CaCl,, 10mM glucose, and 10 mM
N-(2-hydroxyethyl) piperazine-N'-(2-ethanesulphonic acid)
(HEPES), pH 7.40 (standard external solution, S.E.S.), we
applied uniaxial sinusoidal stretch (120% peak-to-peak, at
1Hz) at 37°C, 5% CO..

Immunoprecipitation and immunoblotting

After the cyclic stretch application, the cells were washed with
ice-cold PBS and lysed in immunoprecipitation (IP)-kinase

buffer (50 mM HEPES (pH 8.0), 150 mM NaCl, 25mM EGTA,
1mM EDTA, 0.1% Tween 20, and 10% glycerol) containing
a cocktail of protease inhibitors (20 ugml™ soybean trypsin
inhibitor, 2ugml~' aprotinin, Sugml~' leupeptin, and
100 ugml~" phenylmethylsulfonyl fluoride) and phosphatase
inhibitors (50 mM NaF and 0.1 mM Na;VO,). The cell lysates
were centrifuged at 15,000 r.p.m. for 10 min. Polyclonal anti-
IxBa antibody (2 ul) (Santa Cruz, CA, U.S.A.) was added and
samples were incubated at 4°C for 1h with gentle agitation.
Then, 20 ul of protein G-Sepharose was added and samples
were incubated at 4°C for 1h with gentle agitation. The
resulting immunoprecipitates were washed three times with
IP-kinase buffer. The immunoprecipitates were lysed with a
sample (1 x ) buffer and separated by 12.5% SDS-polyacryl-
amide gel electrophoresis (PAGE). The proteins were trans-
ferred electrophoretically onto polyvinylidene fluoride
(PVDF) membranes (Immobilon-P, Millipore, Bedford,
MA, US.A)). The membranes were blocked with Block
Ace (Dainihon Seiyaku, Osaka, Japan) and subsequently
probed with anti-phospho-IxkBo (Ser-32) (Santa Cruz, CA,
U.S.A.) or anti-4-hydroxy-2-nonenal (HNE) (JaICA, Shizuoka,
Japan) antibodies in PBS containing 5% BSA for 1h. We
detected antibody—antigen complexes using horseradish
peroxidase-conjugated goat anti-mouse I1gG (1: 1000 dilution).
Immunoreactivity was determined using the ECL plus
chemiluminescence reaction (Amersham, Buckinghamshire,
U.K.)).

IP and in vitro kinase assay

After the cyclic stretch application, the cells were washed with
ice-cold PBS and lysed in IP-kinase buffer (50 mM HEPES (pH
8.0), 150 mM NaCl, 25mM EGTA, 1 mM EDTA, 0.1% Tween
20, and 10% glycerol) containing a cocktail of protease
inhibitors (20 ugml™" soybean trypsin inhibitor, 2ugml™!
aprotinin, 5 ugml~! leupeptin, and 100 ugml~!' phenylmethyl-
sulfonyl fluoride) and phosphatase inhibitors (50mM NaF
and 0.1mM NasVO,). The cell lysates were centrifuged at
15,000 r.p.m. for 10 min. Polyclonal anti-IKKa antibody (2 ul)
(Santa Cruz, CA, U.S.A.) was added and samples were
incubated at 4°C for 1h with gentle agitation. Then, 20 ul of
protein G-Sepharose was added and samples were incubated at
4°C for 1h with gentle agitation. The resulting immunopre-
cipitates were washed three times with IP-kinase buffer. The
kinase activity was determined at 30°C for 30 min in 30 ul of
reaction buffer containing 50mM HEPES (pH 8.0), 10mM
MgCl,, 2.5mM EGTA, ImM dithiothreitol (DTT), 10uMm
p-glycerophosphate, 1 mM NaF, 0.1mM PMSF, and 20 uMm
Na;VO,. Reaction products were separated by 12.5% SDS-—
PAGE. The proteins were transferred electrophoretically onto
polyvinylidene fluoride (PVDF) membranes (Immobilon-P,
Millipore, Bedford, MA, U.S.A.). The membranes were
blocked with Block Ace (Dainihon Seiyaku, Osaka, Japan)
and subsequently were probed with anti-phospho-IxBa (Ser-
32) or anti-IxBo antibodies (1: 1000 dilution, Santa Cruz, CA,
U.S.A)) in PBS containing 5% BSA. The antibody—antigen
complexes were detected using horseradish peroxidase-
conjugated goat anti-mouse IgG or anti-rabbit IgG (1:1000
dilution). Immunoreactivity was determined using the ECL
plus chemiluminescence reaction (Amersham, Buckingham-
shire, U.K.).
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Measurement of cytosolic calcium

The intracellular concentration of free calcium ions ([Ca®*];)
was measured as follows: fibroblasts on silicone membranes
were incubated with the fluorescent calcium indicator fura-2
(2-(6-(bis(carboxymethyl)amino)-5-(2-(2-(bis(carboxymethyl)
amino)-5-methylphenoxy)ethoxy)-2-benzofuranyl)-5-oxazole-
carboxylic acid-, methyl ester; Molecular Probes, Eugene,
Oregon, U.S.A.) for 45min and another 30 min in a solution
containing 140mM NaCl, SmM KCIl, 2mMm CaCl,, 10mM
glucose, and 10mM N-2-hydroxyethylpiperazine-N'-2-ethane-
sulfonic acid (pH 7.40), as previously described (Naruse et al.,
1998c). [Ca>*]; was measured by the fura-2 method using a
fluorescence microscope system (ARUGAS/HiSCA, Hama-
matsu Photonics K.K., Hamamatsu, Japan) with a 20 x
objective (Zeiss, Fluor 20) as previously described (Naruse
et al., 1998c¢). Fluorescence ratio (R) was calculated from the
following equation: R=(F340—B340)/(F380—B380), where
F340 and F380 are the emission intensities at 510 nm excited
at 340 and 380 nm, respectively, and B340 and B380 are the
corresponding autofluorescence values.

Immunostaining and fluorescence microscopy

After the cyclic stretch application, the cells were washed three
times with ice-cold PBS and fixed in 4% paraformaldehyde in
PBS at room temperature for 20 min. The cells were incubated
with 0.2% Triton X-100 in PBS for 3min and were blocked
with Block Ace at 37°C for 30 min. After being washed with
PBS, the cells were incubated with anti-RelA antibodies (Santa
Cruz, CA, U.S.A.) in PBS at room temperature for 1 h. Then,
the cells were washed three times with 0.02% Triton X-100 in
PBS and were incubated with fluorophore-labeled rabbit anti-
goat IgG (H+L) antibodies (Alexa Fluor 488, Molecular
Probes, Eugene, OR, U.S.A.) in PBS at room temperature for
30 min. The immunostaining was observed under an epifluor-
escence microscope (20 x objective lens, Olympus, Tokyo,
Japan).

RNA extraction and RT-PCR analysis

After the stretch application, total RNA was extracted from
stretched cells using an RNeasy Mini Kit (Qiagen, Cologne,
Germany). The samples were subjected to first-strand synthesis
using an oligo (dT) primer and reverse transcriptase (Super-
script II (Invitrogen, Carlsbad, CA, U.S.A.)). The PCR was
performed in a reaction volume of 20 ul containing 250 nM
dNTP, 50pM of each specific primer, and 2.5U Taq
polymerase. The primers used were as follows (Kato et al.,
1998): human COX-1: 5-TGC CCA GCT CCT GGC CCG
CCG CTT-3 (sense) (303 bp), 5'-GTG CAT CAA CAC AGG
CGC CTC TTC-3 (antisense); human COX-2: 5-TTC AAA
TGA GAT TGT GGG AAA ATT GCT- (305 bp) 3’ (sense),
5-AGA TCA TCT CTG CCT GAG TAT CTT-3 (antisense);
human glyceraldehyde-3-phosphate dehydrogenase (GAPDH):
5-TTC ATT GAC CTC AAC TAC AT-3' (sense) (469 bp),
5-GAG GGG CCA TCC ACA GTC TT-3 (antisense).

We amplified GAPDH, a constitutively expressed gene,
by PCR and used the expression as an internal control. The
specificity of the amplified products for each primer was
ensured by the sizes of the products. We then performed 33
cycles of amplification for COX-1, COX-2, and GAPDH

following the recommended procedure by Perkin—Elmer (120 s
at 95°C, 30s at 60°C, 1 min at 72°C). After combining 8 ul of
the solution containing PCR products with 2 ul loading buffer,
the mixed solutions were electrophoresed on a 1.5% agarose
gel in the presence of 0.5pgml~' ethidium bromide. Agarose
gel images were converted into video images with a CCD
camera (Fotodyne, Hartland, WI, U.S.A.). All of the video
images were analyzed using an NIH image 1.59 system from
Wayne Rasband (National Institutes of Health, Bethesda, MD,
U.S.A.). The serial concentration of RT products of COX-1
and COX-2 was tested to conform to the linearity of
amplification for each PCR product. A semilogarithmic plot
of pixel values from the video images versus cycle number
showed that amplification was exponential between cycles 32
and 40 and then reached a plateau. Thus, we used 33 cycles of
PCR amplification for further experiments (Kato et al., 1998).

Chemicals

Gadolinium III chloride hexahydrate was purchased from
Aldrich Chemical (St Louis, MO, U.S.A.), and on arrival, it
was dissolved in distilled water at 1 M and stored at —80°C.
Since Gd** is unstable, the concentrated Gd** was first
diluted in distilled water at a concentration of 10 mM water
and then diluted in S.E.S to the desired concentration (20 uM),
just before use. The removal of extracellular Ca®>* was
achieved with 5mM EGTA. Human plasma fibronectin was
purified according to the method of Regnault er al. 1988).
N-acetyl-L-cysteine (NAC), a-tocopherol, MG-132, and A23187
were purchased from Calbiochem (San Diego, CA, U.S.A.).
HNE was purchased from Cayman Chemical (Ann Arbor, M1,
U.S.A.). Other chemicals used were of special grade.

Statistics

All values are expressed as mean+standard error (s.e.).
Analysis of variance with subsequent Student’s 7-test was used
to determine significant differences in multiple comparisons.
P<0.05 was considered significant.

Results
Stretch-dependent phosphorylation of IxB

First, we investigated whether uniaxial cyclic stretch would
induce IxB phosphorylation, which is a crucial step to NF-xB
activation. IxB phosphorylation was examined with IP of IxB,
followed by immunoblotting using antibodies against phos-
phorylated IxB. Figure la shows the time course of a typical
immunoblot stained with an anti-phospho-IxB Ab (upper) and
an anti-actin Ab as a control (lower). Figure 1b shows the time
course of IkB phosphorylation normalized by the amount of
actin. IxB phosphorylation was considerable 4 min after the
onset of cyclic stretch, peaked at 8 min, and returned to the
basal level within 30 min.

Stretch-dependent HN E-modification of IxB
To examine intracellular oxidative stress during stretch,

we measured HNE-modification of proteins. Intracellular
HNE-modification of proteins in response to uniaxial cyclic
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stretch was evaluated by immunoblotting using anti-HNE Ab.
Immediately after the onset of cyclic stretch, intensively
stained bands were detected, suggesting that cyclic stretch
rapidly produced oxidative stress to form HNE-modified
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Figure 1 (a) Representative immunoblot stained with anti-phos-
pho-IxB Ab (upper) and with actin Ab (lower). (b) Time course of
IxB phosphorylation in response to cyclic stretch normalized with
the amount of actin. Results are presented as mean +s.e.m. *P <0.05
compared to 0 min.

proteins (Figure 2a). We then measured HNE-modification
of IxkB with IP using antibodies against IxB, followed by
immunoblotting using anti-HNE Ab. Figure 2b shows a
typical immunoblot stained with anti-HNE Ab (upper) and
anti-actin Ab (lower). Figure 2c shows the time course of
HNE-modification of IxB. HNE-modification of IxB became
significant 1 min after the onset of cyclic stretch, peaked at
2min, and returned to the basal level within 4 min. This HNE-
modification was not affected by the proteasome inhibitor
MG-132 (10 uMm), and had quickly returned to the basal level
(Figure 2d and e), suggesting that degradation of HNE-
modified IxB is not proteasome-dependent but probably
caused by intracellular reductive reactions.

Effects of antioxidants on the stretch-induced
phosphorylation of Ik B and HN E-modified Ik B formation

HNE-modification of IxB was observed prior to its phosphor-
ylation (Figures 1 and 2), suggesting that increases in
intracellular oxidative stress are upstream of IxB phosphor-
ylation. To confirm this, we investigated the effect of
antioxidants on the phosphorylation and HNE-modification
of IxB. After pretreatment of cells with NAC, a precursor of
glutathione (GSH), and a-tocopherol, a fat-soluble antioxidant
that acts as a radical scavenger around the biomembrane, the
phosphorylation and HNE-modification of IxB were mea-
sured by immunoblotting (Figure 3). As expected, phosphor-
ylation and HNE-modification of IxkB were significantly
inhibited by these antioxidants, strongly suggesting that an
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Figure 2 (a) Representative immunoblot stained with anti-4-hydroxy-2-nonenal (HNE) Ab of TIG-1 whole-cell lysate. (b)
Representative immunoblot stained with HNE Ab (upper) and with actin Ab (lower). (c) Time course of the formation of HNE-
modified IxB in response to cyclic stretch normalized with the amount of actin. Results are presented as mean+s.e.m. *P<0.05
compared to 0 min. (d) Representative immunoblot stained with anti-HNE Ab (upper) and with actin Ab (lower). (e) Effect of MG-

132 (10 uM) on the formation of HNE-modified IxB.
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Figure 3 (a) Representative immunoblot stained with anti-phospho-IxB Ab (upper) and with actin Ab (lower). (b) Effects of NAC
and a-tocopherol on IxB phosphorylation. Results are presented as mean +s.e.m. *P<0.05 compared to control. (¢c) Representative
immunoblot stained with anti-4-hydroxy-2-nonenal (HNE) Ab (upper) and with actin Ab (lower). (d) Effects of NAC and
a-tocopherol on HNE-modification of IxB. Results are presented as mean+s.e.m. P<0.05 compared to control.

increase in intracellular oxidative stress is upstream of
phosphorylation and HNE-modification of IxB.

Involvement of SA channels in the stretch-induced
phosphorylation and HN E-modification of IxB

The next question may be what signal would be upstream of
the stretch-induced increase in oxidative stress. Considering
that ROS production is dependent on the level of intracellular
Ca’* concentration and that activation of Ca®>* permeable SA
channels would be the earliest event in the stretch-induced cell
responses, it is natural to speculate that SA channel activation
and following intracellular Ca’" increases would be the
upstream events. We had previously investigated the involve-
ment of SA channels in various stretch-induced responses such
as intracellular Ca®* mobilization, morphological changes,
and enzyme activation (Naruse & Sokabe, 1993; Naruse et al.,
1998a,b,c). From these studies, we found that extracellular
Ca’* depletion and Gd** application are highly useful in
determining the involvement of SA channels in reactions, and
used the same protocol in this study. When cells were cyclically
stretched in a Ca?*-free solution, phosphorylation and HNE-
modification of IxkB were significantly inhibited (Figure 4).
Similarly, 20um of Gd** inhibited the stretch-induced
phosphorylation and HNE-modification of IxB. To exclude
the possibility of the involvement of classical voltage-
dependent Ca’>* channels, we examined the effects of Ca>*
blockers like nifedipine (10 M) or verapamil (10 uM). The
phosphorylation and HNE-modification of IxB were not
inhibited by these blockers, strongly suggesting that Ca’*
influx, through SA channels and following intracellular Ca>*
increases, plays a crucial role upstream for phosphorylation
and HNE-modification of IxB.

Measurement of stretch-induced [Ca’™ ]; increases

To confirm that mechanical stretch actually increases [Ca®™];
in TIG-1 fibroblasts, we measured [Ca’"]; by fluorescence

intensity ratiometry using fura-2 AM as an indicator.
Intracellular Ca?* concentrations were measured while cells
were stretched for 3s. As shown in Figure 5a, a single stretch
elicited a transient increase in [Ca’*];, which declined to the
initial basal [Ca®"]; level within a few minutes. This increase in
[Ca2*]; was inhibited by the removal of extracellular Ca®>* or
by an application of 20 uM Gd**, but not by NAC (Figure 5b),
suggesting that the stretch-induced [Ca’?"]; increase is
upstream of ROS production.

To further confirm that intracellular Ca®* increase is
essential in the following increases in oxidative stress, we
examined the effects of calcium ionophore (A23187) on the
HNE-modification of IxB. When 10uM A23187, which
nonphysiologically increases intracellular Ca?* concentration,
was applied to human lung fibroblast cells, HNE-modification
of IxB was enhanced, which was significantly inhibited by
pretreatment of cells with antioxidants (Figure 6).

Stretch, ROS, and Ca’* -dependent activation of IKKs

Recent reports showed that IxB proteins are specifically
phosphorylated by IKKs, leading to IxB ubiquitination and
degradation at proteasomes (DiDonato et al., 1996; Karin,
1999). To determine whether cyclic stretch activates IKKs to
promote the NF-«B signaling pathway, we examined the time
course of the stretch-dependent activation of IKKs using an in
vitro kinase assay. The results demonstrated that IKKs were
activated 2min after the onset of cyclic stretch, peaked at
4min, and gradually decreased (Figure 7a and b). Next, we
investigated the effect of antioxidants on the activation of
IKKs. Pretreatment of cells with NAC caused the activation of
IKKs to be significantly inhibited (Figure 7c and d), indicating
that the increase in intracellular oxidative stress caused by
cyclic stretch is upstream of IKKs activation. The stretch-
induced IKKs activation was also inhibited by extracellular
Ca’>" removal or 20 uM Gd** application (Figure 7c and d).

British Journal of Pharmacology vol 145 (3)
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Figure 4 (a) Representative immunoblot stained with anti-phospho-IxB Ab (upper) and with actin Ab (lower). (b) Effects of
EGTA, Gd**, nifedipine and verapamil on IxB phosphorylation. Results are presented as mean+s.e.m. *P<0.05 compared to
control. (c) Representative immunoblot stained with anti-4-hydroxy-2-nonenal (HNE) Ab (upper) and with actin Ab (lower). (d)
Effects of EGTA, Gd**, nifedipine and verapamil on HNE-modification of IxB. Results are presented as mean+s.e.m. *P<0.05

compared to control.
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Figure 5 (a) Fibroblasts in an elastic silicone chamber were
subjected to a single stretch and the change in [Ca®*|; was measured.
The trace is a representative of five different experiments. The bar
indicates 1min. (b) Effects of NAC, EGTA and Gd** on
fluorescence ratio. Results are presented as mean+s.e.m. *P <0.05
compared to control.

Effects of HNE on IKKs activation

As shown in Figure 2, many proteins were HNE-modified by
the cyclic stretch. IKKs were also HNE-modified and peaked
at 2min, which was prevented by NAC, as in the case of IxB.

HNE  —
Actin —m e— ——
A23187
(10 uM) + + +
NAC - - + -
tocopherol - - - +

Figure 6 Representative immunoblot stained with anti-4-hydroxy-
2-nonenal (HNE) Ab (upper) and with actin Ab (lower). When
calcium ionophore (A23187) was applied to human lung fibroblast
cells, HNE-modification of IxB was enhanced, which was signifi-
cantly inhibited by pretreatment of cells with NAC or a-tocopherol.

However, several studies have reported that exogenously
applied HNE inhibits IKKs activity, which seems inconsistent
with our hypothesis that stretch-induced ROS production
would activate IKKs leading to an activation of NF-«kB. To
address this question, we conducted an experiment on the
effects of exogenously applied various concentrations of HNE
on IKK activity. We obtained interesting results, which
appears to resolve the above-mentioned discrepancy. Namely,
HNE modulated IKK activity, in a dose-dependent manner,
has a biphasic mode. In a low concentration range, less than
1 uM, HNE activated IKK activity, which supports our
conclusion in the present study. In contrast, in concentrations
higher than 2.5uM, HNE inhibited IKK activity, which
confirms the previously reported inhibitory effects of HNE
on IKK activity (Figure 8).

Requirement of ROS in stretch-induced NF-xB import
and COX-2 expression

We investigated the involvement of intracellular oxidative
stress in the stretch-induced translocation of NF-xB to the
nucleus. The immunostaining of Rel A, which is an NF-xB
subunit, showed diffuse staining in the cytoplasm in nonstretched
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Figure 8 (a) Representative immunoblot probed with anti-phos-
pho-IkB Ab (upper) and with anti-IkBa Ab (lower). (b) The relative
kinase activation of IxB kinase (IKK) at various HNE concentra-
tions normalized to IxBo content. Results are presented as
mean ts.e.m. *P<0.05 compared to 0 uM.

cells (Figure 9a), and in stretched cells for 2 min (Figure 9b).
Cells that were exposed to uniaxial cyclic stretch for 6 min
showed strong nucleus staining in their nucleus, indicating the
stretch-induced translocation of NF-xB to the nucleus
(Figure 9c). However, cells that had been pretreated with
NAC showed diffuse staining in the cytoplasm, which was

Figure 9 (a) Immunostaining of the NF-«B subunit RelA demon-
strated diffuse staining in the cytoplasm of nonstretched cells. (b)
The cells exposed to 20% of uniaxial cyclic stretch at 1 Hz for 2 min
showed diffuse staining in the cytoplasm. (c) The cells exposed to
20% of uniaxial cyclic stretch at 1 Hz for 6 min showed strong
staining in the nucleus. (d) Even subjected to cyclic stretch, cells
pretreated with NAC (10 mM, 4 h) showed diffuse staining of NF-«xB

in the cytoplasm, the same as in nonstretched cells. White bars
indicate 10 um.

similar to that in nonstretched cells (Figure 9d). These results
strongly suggest that increased intracellular oxidative stress
plays a crucial role in the stretch-induced translocation of
NF-«B to the nucleus.

Our previous study showed that COX-2 mRNA level
increased in response to uniaxial cyclic stretch, whereas, the
levels of COX-1 mRNA and GAPDH mRNA did not change
(Kato et al., 1998). To confirm if the increased intracellular
oxidative stress is required for the expression of these genes,
we investigated the effect of antioxidants such as NAC and
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Figure 10 RT-PCR analysis of COX-1, COX-2, and glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) mRNA expression
during stretch in the presence of antioxidants. When cells were
mechanically stretched in the presence of NAC (10mM, 4h) and
a-tocopherol (100 uM, 4h), stretch-induced expression of COX-2
mRNA was significantly inhibited, while the levels of COX-I1
mRNA and GAPDH mRNA did not change.

a-tocopherol. When cells were cyclically stretched in the
presence of NAC and a-tocopherol, the stretch-induced
expression of COX-2 mRNA was significantly inhibited, while
the levels of COX-1 mRNA and GAPDH mRNA did not
change (Figure 10).

Discussion

The present study suggests that the NF-xB activation by
uniaxial cyclic stretch in human fibroblast cells is mediated by
the following signal cascade: SA channel activation — intracel-
lular Ca?™ increase—production of ROS—activation of
IKKs— phosphorylation of IxB—NF-xkB translocation to
the nucleus.

Recent studies have revealed that mechanical stretch of cells
activates NF-kB (Granet et al., 2001; Wang et al., 2001). Our
previous study showed that uniaxial cyclic stretch in human
lung fibroblasts activated SA channels followed by the
translocation of NF-xB to the nucleus, leading to an increase
in the COX-2, but not COX-1, expression level (Inoh et al.,
2002). However, the signal cascade that links SA channel
activation to NF-kB translocation has remained unknown.
Gong et al. (2001) reported that the intracellular Ca®" signal
promoted ROS production followed by the translocation of
NF-kB to the nucleus. Another study showed that NF-xB is
activated by y-radiation and UV-C radiation via IxB
phosphorylation (Li & Karin, 1998). Taking these observa-
tions, we speculated that ROS production by intracellular
Ca’™" increases caused by SA channel activation would induce
IxB phosphorylation, leading to the translocation of NF-«xB to
the nucleus.

ROS induces membrane lipid peroxidation, initiating a free
radical chain reaction. In this process, aldehydes are produced
as final products. Of these, HNE, an o,f-unsaturated aldehyde,
produced almost exclusively from phospholipid-bound arachi-
donic acid, has been demonstrated to be a reliable index of
ROS-induced lipid peroxidation as indicated by its cytopatho-
logic effects (Esterbauer et al., 1991) and by immunohisto-
chemical staining for HNE-modified proteins (Toyokuni et al.,
1994). We have demonstrated here that mechanical stretching
of TIG-1 cells elicited proteinic HNE-modification, which was
used as the major marker for the intracellular oxidative stress.
Results showed that HNE-modification of many proteins
including IxB and IKKs was detected at 1 min and peaked at
2 min after the onset of stretch followed by IxB phosphoryla-
tion initiation, which peaked at 4 and 8 min. This indicates
that in a very short time, uniaxial cyclic stretch increases

intracellular oxidative stress. Proteasome inhibitors did not
prolong the decline of HNE-modification of IxB, suggesting
that the short life of stretch-induced HNE modification is
caused by intracellular reductive reactions. IKK activity
started to increase 2min after the onset of stretch reaching
its peak at 4 min, which was inhibited by antioxidants. Taken
together the time courses in biochemistry and pharmacology,
we can reasonably propose the signal cascade: SA channel
activation —intracellular  Ca?*  increase —production  of
ROS —activation of IKKs— phosphorylation of IxB— NF-
kB translocation to the nucleus.

We do not know whether ROS directly activates IKK. As
there was a 2min delay in the peak time (4min) of IKK
activation compared to that (2 min) of HNE modification, it is
possible that some kinases upstream of IKK would be
activated by ROS. There are several studies suggesting that
IKK is activated by various kinases such as IRAK, TAK1, and
NIK (Ninomiya-Tsuji et al., 1999; Sakurai et al., 1999; Jiang
et al., 2002; Takaesu et al., 2003). On the other hand, HNE,
which was used as a marker for ROS production, may
contribute to the stretch-induced IKK activation. Our experi-
ment, in which HNE was added exogenously, revealed that a
relatively low dose (<1 uM) of HNE activated IKK. As H,O,
has been known to regulate IKK activity (Kamata et al., 2002),
a certain redox control by HNE may play a role in IKK
activation. In contrast, many groups have shown that a
relatively high dose (>5uM) of HNE added exogenously
blocks IKK activation and IxkB phosphorylation, and that
HNE modifies IKK (Ji et al., 2001; Donath et al., 2002;
Luckey et al., 2002). This apparent contradiction may be
explained by the biphasic action of exogenously applied HNE
as presented in Figure 8 in which a low dose of HNE activates
IKK, while a higher dose inhibits IKK. Which ROS species is
the major signal in the stretch-dependent NF-xB activation
and which molecule is its main target remains to be
determined.

Stretch-induced HNE-modification and phosphorylation of
IxB and following NF-kB activation were nearly perfectly
inhibited by extracellular Ca>" depletion and Gd** applica-
tion, but not by the classic Ca®>* channel blockers, nifedipine
and verapamil. These results indicate that activation of
putative Ca”>"-permeable SA channels and following intracel-
lular Ca* increases are indispensable for the cyclic stretch-
induced NF-xB activation in human lung fibroblasts. Con-
sidering the immediate increase in [Ca’"]; in response to
stretch and its resistance against antioxidants, SA channel-
mediated [Ca®*]; increases should be the most upstream
signaling mechanism followed by ROS production. To
examine whether increases in [Ca®*]; solely can promote
HNE-modification of IxB, we administered the Ca®>* iono-
phore A23187 to elicit a large amount of increase in [Ca®*];. It
was found that A23187 significantly promoted the HNE-
modification of IxB, which was inhibited by antioxidants. This
result indicates that the [Ca®*]; increase itself promotes ROS
production. Dolmetsch et al. (1997) provided a report
supporting our interpretation on the role of [Ca®*]; increase
in ROS production. They demonstrated that the amplitude
and duration of calcium signals in B lymphocytes control
differential activations of proinflammatory transcriptional
regulators, NF-kB, c-Jun N-terminal kinase, and nuclear
factor of activated T cells (NFAT), and that NF-«B is
selectively activated by a large Ca?" transient. They also
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showed, in human lung fibroblast cells, that A23187 augmen-
ted HNE-modification of IxB, which was sensitive to
antioxidants.

Mechanical stretch enhances the PGE, production, which is
known to increase in inflammation induced by repetitive
motion such as tendonitis, bursitis, and fascitis, in fibroblast
(Ngan et al., 1988; Almekinders et al., 1993) and skeletal
muscle cells (Vandenburgh et al., 1990). We previously
reported that in human lung fibroblasts, COX-2 expression
is upregulated by uniaxial cyclic stretch via SA channel
activation (Kato et al., 1998), and that COX-2 expression
depends on NF-«B activation (Inoh et al., 2002). The latter is
consistent with the fact that the human COX-2 promoter
region contains binding sites for the transcription factor NF-
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