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Bradykinin stimulates IL-6 and IL-8 production by human lung
fibroblasts through ERK- and p38 MAPK-dependent mechanisms
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ABSTRACT: Bradykinin (BK) is a major kinin with well-documented pharmaco-
logical properties including vascular leakage and induction of a variety of cytokines.
However, the intracellular signalling mechanisms by which BK induced proinflam-
matory cytokine production have not been fully elucidated. This study investigated
the role of the extracellular signal-regulated protein kinase 1/2 (ERK 1/2) and p38
mitogen-activated protein kinase (p38 MAPK) in the BK-induced interleukin (IL)-6
and IL-8 production by human lung fibroblasts.

Lung fibroblasts were stimulated with BK in the presence or in the absence of
PD98059, a specific MAPK/ERK kinase-1 inhibitor, or SB203580, a specific p38
MAPK inhibitor, and IL-6 or IL-8 production and their gene expression was exam-
ined. BK-induced ERK 1/2 or p38 MAPK phosphorylation was also analysed by
Western blot analysis.

BK at nanomolar concentrations stimulated lung fibroblasts to produce IL-6 and
IL-8 along with increased ERK 1/2 and p38 MAPK phosphorylation. BK-induced IL-
6 and IL-8 synthesis was inhibited by a B2-type BK receptor antagonist. Furthermore,
PD98059 or SB203580 significantly suppressed BK-induced IL-6 and IL-8 production
and their gene expression.

These results indicate that bradykinin-induced interleukin-6 and interleukin-8 pro-
duction are at least partly mediated through the extracellular signal-related protein
kinase 1/2 and p38 mitogen-activated protein kinase pathway-dependent activation in
human lung fibroblasts, and suggest that bradykinin appears to be involved in the
inflammatory reaction leading to acute lung injury through stimulating interleukin-6
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and interleukin-8 production by lung fibroblasts.
Eur Respir J 2000; 16: 452—458.

Bradykinin (BK) is a pluripotent nonapeptide that is
generated from kininogens by the action of plasma and
tissue kallikreins. It has been postulated that the kallikrein-
kinin system is important in the pathophysiology of acute
lung injury, acute (adult) respiratory distress syndrome
(ARDS) and multiple organ failure. Experimental endo-
toxin shock, bacterial sepsis, and ARDS decrease kin-
inogen and prekallikrein levels, and increase kallikrein
activity and levels of kinins [ 1-5]. Furthermore, hypoxia is
known to decrease lung angiotensin-converting enzyme
(ACE) activity. For example, there is severe depression of
lung ACE activity following acute lung injury, and the
serum ACE level decreases in sepsis-induced ARDS in
humans [6, 7]. Thus, hypoxia may decrease BK degra-
dation in the lung of ARDS patients, thereby potentiating
the harmful effects of the peptide. These findings are im-
portant in considering the role of BK and related kinins in
the generation and continuation of tissue injury and in-
flammation of the lung.

In the alveolar interstitium, the principal cell type is the
fibroblast, which plays an integral role in repairing dam-
aged lung tissue. Lung fibroblasts have the potential to
induce inflammation in the alveolar interstitium by re-
leasing proinflammatory cytokines in response to a variety

of stimuli [8§-10]. Recently, it has been reported that BK
stimulated human lung fibroblasts to produce interleukin
(IL)-8 by increasing its gene expression [11]. BK also
increases the production of IL-1, IL-2, and IL-6 from
isolated guinea pig lung strips [12], and IL-1 from cul-
tured human lung fibroblasts [13]. These data suggest that
BK may be involved in the control of the inflamma-
tory reaction associated with interstitial lung disorders
through proinflammatory cytokines production by lung
fibroblasts.

It has also been reported that the stimulatory effect of
BK on IL-8 production by lung fibroblasts was mediated,
at least in part, via the protein kinase C (PKC) dependent
activation pathway. However, the intracellular signalling
mechanisms by which BK-induced proinflammatory cyto-
kine production by lung fibroblasts have not been fully
elucidated. The present studies were designed to delineate
the signalling pathways involved in BK-induced IL-6 and
IL-8 production by human lung fibroblasts.

Mitogen-activated protein kinases (MAPK) have been
implicated in a number of signalling events that are po-
tentially important in the inflammatory response. Extra-
cellular signal-regulated protein kinase 1/2 (ERK 1/2)
pathways are activated predominantly by growth factors
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[14], but activation by IL-1 or tumour necrosis factor
(TNF) has also been demonstrated [15, 16]. In addition,
Jun amino terminal kinase (JNK) and p38 MAPK are
activated by inflammatory cytokines and cellular stress
such as heat shock or ultraviolet light [17, 18]. Therefore,
the ERK 1/2 and p38 MAPK involvement in BK-induced
IL-6 and IL-8 production in human lung fibroblasts was
investigated.

In this study, it was found that BK stimulates human
lung fibroblasts to produce IL-6 and IL-8 along with in-
creased ERK 1/2 and p38 MAPK phosphorylation, and
that PD98059, a specific MAPK/ERK kinase-1 (MEK1)
inhibitor, and SB203580, a specific p38 MAPK inhibitor,
suppress BK-induced IL-6 and IL-8 production and their
gene expression. These data suggest that ERK 1/2 and p38
MAPK are necessary for the BK-induced IL-6 and IL-8
production in human lung fibroblasts.

Materials and methods
Reagents

BK, Bl-receptor antagonist des-Arg’ (Leu ) Brady-
kinin, and B2 -receptor antagonist (D-Arg’, Hyp®, Thi’,
D-Tic’, Oic®)-BK (Hoe 140), were purchased from Peptlde
Instrtute (Osaka, Japan). Antibodies against ERK 1/2, and
phospho-ERK 1/2 (Thr/T r) p38 MAPK, and phospho-
p38 MAPK (Thr'®/Tyr’ ) were purchased from NEB
(Beverly, MA, USA). SB203580, a p38 MAPK specific
inhibitor, and PD98059, which selectively inhibits MEK-1
and suppresses ERK activation, were obtained from Cal-
biochem (La Jolla, CA, USA). Dulbecco’s modified
Eagle’'s medium (DMEM) and phosphate buffered saline
(PBS(-)) were purchased from Nissui (Tokyo, Japan).

Cell preparation and culture

Human lung tissues were obtained from lungs of pa-
tients undergoing lobectomy because of lung cancer. The
participants all had normal lung function and used no
medication. Normal parts of the tissue were washed with
PBS, and pleural tissue and bronchi were removed after
resection. Primary cultures of human lung fibroblasts were
prepared as described elsewhere [19] with a few modi-
fications [11]. Briefly, specimens were cut into small
pieces and digested with 0.5-1 pg-mL™" of clostridium
collagenase (Wako Pure Chemical Industries, Osaka,
Japan) and 5-10 mg-mL™" of deoxyribonuclease 1 (Sigma
St. Louis, MO, USA) for 2 h. After digestion, the single
cells were filtered through sterile gauze, washed three
times with DMEM and filtered through nylon mesh
(FALCON Franklin Lakes, NJ, USA). The cells were
resuspended in complete medium (DMEM supplement-
ed with 10% heat-inactivated foetal calf serum (FCS)
(ICN Bromedlcals Australia), 50 U-mL™" penicillin G, 50
ug-mL™" streptomycin (Gibco, Grand Island, NY, USA),
and 2 mM L-glutamine (ICN)). The cells were cultured
overnight to allow them to adhere to a plastic dish. The
dish was washed to remove nonadherent cells. Fibroblasts
after 3—7 passages were used as human lung fibroblasts,
and grown to confluence at 37°C in humidified 5% CO,
in complete medium.

Measurement of interleukin-6 and -8

Immunoreactive IL-6 and IL-8 were measured using an
enzyme linked immunosorbent assay (ELISA) kit (Central
Laboratory of the Netherlands Red Cross Blood Transfu-
sion Service, Amsterdam, the Netherlands). Lung fibro-
blasts were treated with trypsin (Grbco) and plated at a
density of 1X10° cells per well, in 24-well flat-bottom
plates. These cells were cultured with BK in the presence,
or absence, of various reagents for 24 h in serum-free
DMEM. PD98059 and SB203580 were added 1 h before
stimulation with BK. Cell-free culture supernatants were
collected and stored at -20°C until IL-6 and IL-8 were
assayed according to the manufacturer’ B instructions. Each
assay detected as little as 5-7 pg-mL™" of cytokine.

Northern blot analysis

Lung fibroblasts were seeded into 10-cm culture dishes
and stimulated with varying concentrations of BK. Total
cellular ribonucleic acid (RNA) in the treated cells was
extracted by acid guanidium thiocyanate-phenol-chlo-
roform method using ISOGEN (Nippon Gene, Tokyo,
Japan), and Northern blot analysis was carried out as
previously described [11, 20]. Twenty micrograms of total
RNA was size-fractionated by electrophoresis through
1% agarose/17% formaldehyde gels, and transferred to
nylon membranes (Ammersham, Oakville, Canada). The
440 bp complementary deoxyribonucleic acid (DNA)
(cDNA) of human IL-6, the 750 bp cDNA of human IL-8,
and 1.0 kb cDNA of human reduced glyceraldehyde
phosphate dehydrogenase (GAPDH) inserted into pBlue-
script II SK+ were used as probes. These probes were
labelled with digoxigenin dUTP by using a nonradio-
active (DNA)-labelling and detection kit (Boehringer
Mannheim, Mannheim, Germany). The intensity of the
band was analysed by National Institute of Health Image
1.59 program.

Western blot analysis

Lung fibroblasts were cultured to confluence in 6-cm
dishes. The complete medium was exchanged with fresh
serum-free medium. The cells were incubated with BK for
various times and washed twice in cold PBS(-). The cells
were lysed in the cell solubililzing buffer (10 mM tris
hydroxymethyl/amino methane (Tris), pH 7.4, 1% Nonidet
P-40 (nacalai tesque, Kyoto, Japan), 150 mM NaCl, 1| mM
ethylene glycol tetra acetic acid (EGTA), | mM ethylene
diamine tetra acetic acid (EDTA), 0.2 mM phenylmethyl-
sulphonyl fluoride (PMSF), 0.2 mM sodium orthovana-
date). After 10 min on ice, the cell lysate was centrifuged at
4°C for 10 min to remove the insoluble materials and the
supernatant was boiled with SDS sample buffer. The cell
lysate was separated by 10% sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE) and trans-
ferred onto Immobilon-P membranes (Millipore, Bedford,
MA, USA) in a Trans-Blot cell apparatus (Bio-Rad Lab-
oratories, Hercules, CA, USA). Blotting with anti-ERK 1/
2, anti-phospho-ERK 1/2, anti-p38 MAPK, and anti-
phospho-p38 MAPK was performed for over night at 4°C
(1/1000 dilution). Blots were then washed and incubated
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with a 1/2000 dilution of donkey anti-rabbit immuno-
globulin antibody conjugated with horseradish peroxidase
(Amersham, Buchinghamshire, UK). Binding of second-
ary antibody was detected with chemiluminescence reag-
ents according to the manufacture’s protocol (NEB).

Statistical analysis

All assays were performed in triplicate. The data were
expressed as meantsp. Differences between two groups
were compared by Student’s t-test. A p-value <0.05 was
considered as statistically significant.

Results

Effect of bradykinin on the production of interleukin-6
-8 by lung fibroblasts

Lung fibroblasts were incubated for 24 h with increasing
amounts of BK, and IL-6 and IL-8 were measured in the
supernatants. As shown in figure la, lung fibroblasts
produced trace amounts of IL-6 and IL-8 without stimuli.
BK stimulated lung fibroblasts to produce IL-6 and IL-8
in a dose-dependent manner. After lung fibroblasts were
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Fig. 1. — Effect of bradykinin (BK) on interleukin (IL)-6 and IL-8
production by human lung fibroblasts. Cells were incubated for 24 h
with a) various concentrations of BK; or b) with 100 nM BK for the time
indicated, and IL-6 ((J) and IL-8 (@) were determined by enzyme linked
immunosorbent assay in the supernatants. The results are expressed as
mean£sp of three separate experiments. *: p<0.05; **: p<0.01.

stimulated with 100 nM BK and cultured for the time
indicated, the amounts of IL-6 and IL-8 production in
response to BK increased in a time-dependent manner,
and reached the maximum at 24 h (fig. 1b).

Effect of selective bradykinin receptor antagonists on
bradykinin-induced interleukin-6 and -8 production by
human lung fibroblasts

It is known that at least two receptor subtypes, B1 and
B2, mediate the biological actions of the bradykinin [21].
To characterize the BK receptors involved in BK-induced
IL-6 and IL-8 production, the effect of selective B1 and
B2 receptor antagonists were examined. B2-receptor
antagonist inhibited the production of IL-6 and IL-8 from
lung fibroblasts in response to BK (fig. 2). However, B1-
receptor antagonist did not inhibit the production of IL-6
and IL-8 (fig. 2).

Effect of bradykinin on interleukin-6 and -8 messenger
ribonucleic acid expression in human lung fibroblasts

The IL-6 and IL-8 messenger RNA (mRNA) expression
of BK-stimulated lung fibroblasts by Northern blot an-
alysis were examined. Unstimulated lung fibroblasts con-
tained trace amount of IL-6 mRNA. However, a significant
increase in IL-6 mRNA levels was observed upon stim-
ulation with 1-1000 nM BK (fig. 3). Up-regulation of the
IL-6 mRNA levels was detectable 30 min after BK
stimulation, reached the maximum in 1 h, and decreased
thereafter. In contrast, unstimulated lung fibroblasts did
not contain detectable levels of IL-8 mRNA, with a sig-
nificant increase in IL-8 mRNA levels upon stimulation
with 100-1000 nM BK. Up-regulation of IL-8 mRNA
levels was detectable 30 min after BK stimulation, and
reached the maximum in 2—4 h.
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Fig. 2. — Effect of selective bradykinin (BK) receptor antagonists on
BK-induced interleukin (IL)-6 and IL-8 production by human lung
fibroblasts. Cells were incubated with 100 nM BK in the presence or
absence of B1 or B2 receptor antagonist for 24 h. IL-6 (#Z) and IL-8 ([J)
were determined by enzyme linked immunosorbent assay (ELISA) in
the supernatants. The results are expressed as mean+sp of three separate
experiments. *: p<0.05.
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Fig. 3. — Effect of bradykinin (BK) on interleukin (IL)-6 and IL-8 messenger ribonucleic acid (RNA) (mRNA) expression in human lung fibroblasts.
(atc) Cells were incubated for 2 or 3 h with various concentrations of BK (a+c). Total cellular RNA was extracted, and the levels of IL-6 or IL-8 mRNA
were evaluated, respectively by Northern blot analysis (a). Densitometric ratios of IL-6 (Z) and IL-8 (J) to reduced glyceraldehyde phosphate
dehydrogenase (GAPDH) are shown c). b+d) Cells were incubated with 100 nM BK. At the time indicated total cellular RNA was extracted, and the
levels of IL-6 and IL-8 mRNA were evaluated by Northern blot analysis (b). Densitometric ratios of IL-6 (&) and IL-8 (CJ) to GAPDH are shown in d).

The data shown are representative of three independent experiments.

Extracellular signal-related protein kinase 1/2 involve-
ment in bradykinin-induced interleukin-6 and -8 prod-
uction

To identify signalling pathways involved in BK-induced
IL-6 and IL-8 production by lung fibroblasts, a role of
ERK 1/2 was investigated by Western blot analysis. Lung
fibroblasts were treated with BK for various periods of up
to 30 min, and phosphorylation of ERK 1/2 was examined.
As shown in figure 4, stimulation of lung fibroblasts with
BK rapidly induced phosphorylation of ERK 1/2.

To examine whether the activation of ERK 1/2 is
essential for the BK-induced IL-6 and IL-8 production,
lung fibroblasts were incubated with BK in the presence or
absence of PD98059, a specific MEK1 inhibitor, for 24 h.
As shown in figure 5, PD98059 partially diminished BK-
induced IL-6 and IL-8 production by lung fibroblasts.

p38 mitogen-activated protein kinase involvement in
bradykinin-induced interleukin-6 and -8 production

Since inactivation of ERK 1/2 only partially diminished
the BK-induced IL-6 and IL-8 production, a role of p38
MAPK, a member of the MAPK families, was investigated
by Western blot analysis. Lung fibroblasts were treated
with BK for varying periods of up to 30 min, and phos-
phorylation of p38 MAPK was examined. As shown in
figure 4, stimulation of lung fibroblasts with BK rapidly
induced phosphorylation of p38 MAPK.

To examine whether the activation of p38 MAPK is
required for the BK-induced IL-6 and IL-8 production,
lung fibroblasts were incubated with BK in the presence or
absence of SB203580, a specific p38 MAPK inhibitor, for
24 h. As shown in figure 5, SB203580 also diminished
BK-induced IL-6 and IL-8 production by lung fibroblasts.
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Fig. 4. — Bradykinin (BK)-induced extracellular signal-related protein
kinase (ERK 1/2 and p38 mitogen-activated protein kinase (MAPK))
phosphorylation in human lung fibroblasts. Cells were incubated with
100 nM BK for the time indicated. Cell lysates were analysed by SDS-
PAGE and immunoblotting with a) anti-ERK 1/2 and anti-phospho-ERK
1/2 antibodies; or b) anti-p38 MAPK and anti-phospho-p38 MAPK
antibodies. The data shown are representative of three independent
experiments.
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Fig. 5. — Effect of a) PD98059 or b) SB203580 on BK-induced
interleukin (IL)-6 and IL-8 production by human lung fibroblasts. Cells
were incubated with vehicle (V) alone or 100 nM BK in the presence or
absence of various concentrations of PD98059 or SB203580 for 24 h.
IL-6 (&) and IL-8 (J) were determined by enzyme linked immuno-
sorbent assay (ELISA) in the supernatants. The results are expressed as
mean+sp of three separate experiments. *: p<0.05; **: p<0.01.
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The involvement of extracellular signal-related protein
kinase 1/2 and p38 mitogen-activated protein kinase in
bradykinin-induced interleukin-6 and -8 gene expres-
sion

To investigate whether MAPK signalling pathways are
involved in BK-induced IL-6 or IL-8 gene expression in
lung fibroblasts, the effects of PD98059 and SB203580
were evaluated. As shown in figure 6, these two inhibitors
suppressed BK-induced IL-6 and IL-8 mRNA expression
in lung fibroblasts.

Discussion

Bradykinin is thought to be a potent inflammatory
mediator involved in acute lung injury, ARDS and sys-
temic inflammatory response syndrome (SIRS) that are
associated with conditions such as sepsis, immune-medi-
ated lung injury, and multiple trauma [22, 23]. BK,
consisting of nine amino acids, is a major kinin with well-
documented pharmacological properties including vaso-
dilatation and vascular leakage. It enhances production of
prostaglandins, leukotrienes, and platelet-activating fac-
tor in endothelial cells and fibroblasts [24, 25].
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Fig. 6. — Effect of PD98059 or SB203580 on bradykinin (BK)-stimu-
lated interleukin (IL)-6 and IL-8 gene expression. Cells were incubated
with 100 nM BK (track 2), 20 uM PD98059 (track 3), 10 uM SB203580
(track 4), or diluent alone (track 1) for 2 h. Total cellular ribonucleic acid
(RNA) was extracted, and the levels of IL-6 and IL-8 messenger RNA
were evaluated by Northern blot analysis (a). Densitometric ratios of IL-
6 (Z) or IL-8 () to reduced glyceraldehyde phosphate dehydrogenase
(GAPDH) are shown in b). The data shown are representative of three
independent experiments.

It has previously been shown that BK stimulated human
lung fibroblasts to produce IL-8 by increasing its gene
expression [11]. In the present study, it has been further
demonstrated that BK at nM concentrations stimulated
human lung fibroblasts to produce IL-6 and IL-8 in a
dose- and time-dependent manner. Selective B1 and B2
receptor antagonists were used to show that BK causes
IL-6 and IL-8 production via the B2 receptor. This ob-
servation is consistent with the report that the BK-stimu-
lated IL-1P gene expression in human lung fibroblasts
can be blocked by a B2 receptor antagonist [13].

It has been reported that BK stimulates ERK 1/2 in me-
sangial cells [26]. In addition, recent studies have shown
that p38 MAPK regulated IL-8 expression in TNFo- and
IL-1o-stimulated pulmonary vascular endothelial cells
[27]. However, little is known about the intracellular
signal transduction pathway regulating IL-8 expression in
BK stimulated human lung fibroblasts. In the present
study, it has been demonstrated for the first time that BK
treatment enhanced phosphorylation of ERK 1/2 and p38
MAPK in human lung fibroblasts with concomitantly
enhanced IL-6 and IL-8 protein production, and IL-6 and
IL-8 mRNA expression. The present data also showed
that MEK1-specific inhibitor PD98059 and p38 MAPK-
specific inhibitor SB203580 suppressed IL-6 and IL-8
protein production and their mRNA expression in BK
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stimulated lung fibroblasts. These data suggest that ERK
1/2 and p38 MAPK cascades are involved in BK-induced
IL-6 and IL-8 production in human lung fibroblasts.

Since the three classical parallel MAPK cascades are
mediated through ERK 1/2, JNK, and p38 MAPK [28], the
possibility that the JNK signalling pathway may also be
involved in BK-induced IL-6 and IL-8 production in our
system cannot be excluded. TuvT et al. [29] showed that
okadaic acid-induced IL-6 gene activation in human mo-
nocytes appeared to be mediated through activation of the
JNK and ERK 1/2 pathways [29]. However, the signal-
ling modules involved in IL-6 and IL-8 gene regulation
are not only cell type-specific but also dependent on the
stimulatory signal. Further studies are required to eluci-
date the role of additional MAPK pathways in BK-in-
duced IL-6 and IL-8 gene expression in lung fibroblasts.

The mechanisms of MAPK regulation by BK through
B2 receptor remain to be clarified. Since the B2 receptor is
a member of G protein-coupled receptor family, several
steps are involved in the signal transduction leading to
MAPK activation [30]. The authors recently reported that
the stimulatory effect of BK on IL-8 production by lung
fibroblasts is mediated, at least in part, via the PKC
dependent pathway [11]. It has been reported that ERK 1/
2 are enhanced via the PKC activation [31]. These find-
ings are consistent with the idea that BK activates ERK 1/
2 via the PKC dependent pathway. In contrast, it has been
reported that BK-induced nuclear factor-kB activation
and IL-1P synthesis required activation of Rho GTPase
[32]. Furthermore, ZaNG et al. [33] reported that Rho
family GTPases regulate p38 MAPK. Therefore, it is
possible that BK-induced phosphorylation of p38 MAPK
may require the activation of Rho GTPase. Further stud-
ies are in progress to delineate mechanisms that are in-
volved in BK-induced MAPK activation.

In summary, this study examined the signalling path-
ways in bradykinin-induced interleukin-6 and interleukin-8
production by human lung fibroblasts. The present results
demonstrate that: 1) bradykinin significantly stimulated the
production of interleukin-6 and interleukin-8 by human
lung fibroblasts, and the stimulatory effect of bradykinin
on interleukin-6 and interleukin-8 production was abol-
ished by a selective B2 receptor antagonist; 2) stimulation
of lung fibroblasts with bradykinin rapidly induced phos-
phorylation of extracellular signal-related protein kinase 1/
2 and p38 mitogen activated protein kinase; and 3) a
mitogen activated protein/extracellular signal-related pro-
tein kinase 1-specific inhibitor PD98059 and a p38 mitogen
activated protein kinase-specific inhibitor SB203580 signi-
ficantly suppressed bradykinin-induced interleukin-6 and
interleukin-8 production and its gene expression. These
data suggest that bradykinin-induced interleukin-6 and
interleukin-8 production are at least partly mediated thro-
ugh the extracellular signal-related protein kinase 1/2 and
p38 mitogen activated protein kinase pathway-dependent
activation in human lung fibroblasts and that bradykinin
may be involved in the inflammatory reaction leading to
acute lung injury through stimulating interleukin-6 and
interleukin-8 production by lung fibroblasts.
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