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Abstract

Bradykinin (BK), a pluripotent nonameric peptide, is known
for its proinflammatory functions in both tissue injury and
allergic inflammation of the airway mucosa and submucosa.
To understand the mechanisms by which BK serves as an
inflammatory mediator, the human lung fibroblast cell line
WI-38 was stimulated with BK and the expression of IL-133
gene was examined. BK at nanomolar concentrations in-
duced a marked increase in immunoreactive IL-1(3, detect-
able within 2 h in both secreted and cell-associated forms.
BK-induced IL-1( synthesis was inhibited by a B2-type BK
receptor antagonist and by treatment of the cells with per-
tussis toxin, indicating the involvement of a BK receptor
that couples to the G;/G, class of heterotrimeric G proteins.
Whereas cycloheximide and actinomycin D both inhibited
BK-induced IL-18 synthesis, results from Northern blot and
nuclear run-on assays suggested that BK acted primarily at
the transcription level which led to the accumulation of IL-13
message in stimulated cells. Gel mobility shift assays were
used with nuclear extracts from stimulated WI-38 cells to
examine the transcription mechanism for BK-induced IL-13
expression. A DNA binding activity specific for the decam-
eric kB enhancer was detected and was found to contain the
p50 and p65 subunits of the NF-kB/rel protein family. BK-
induced NF-kB activation correlated with IL-13 message
upregulation with respect to agonist concentration, time
course, sensitivity to bacterial toxins, and blockade by the
B2 receptor antagonist. After BK stimulation, a significant
increase in the activity of chloramphenicol acetyltransferase
was observed in WI-38 cells transfected with a reporter
plasmid bearing the kB enhancers from the IL-1p gene. De-
letion of the kB enhancer sequence significantly reduced
BK-induced chloramphenicol acetyltransferase activity. These
findings suggests a novel function of BK in the activation of
NF-«B and the induction of cytokine gene expression. (J.
Clin. Invest. 1996. 98:2042-2049.) Key words: bradykinin .
inflammation « gene expression « NF-kB « G proteins

Address correspondence to Richard D. Ye, Department of Immunol-
ogy, IMM-25, The Scripps Research Institute, 10666 N. Torrey Pines
Road, La Jolla, CA 92037. Phone: 619-784-8583; FAX: 619-784-8483;
E-mail: ye@scripps.edu

Received for publication 25 June 1996 and accepted in revised
form 27 August 1996.

J. Clin. Invest.

© The American Society for Clinical Investigation, Inc.
0021-9738/96/11/2042/08  $2.00

Volume 98, Number 9, November 1996, 2042-2049

2042 Pan et al.

Introduction

Tissue damage and inflammatory stimuli can trigger the activa-
tion of plasma and tissue kallikreins, resulting in the genera-
tion of biologically active kinins by limited proteolysis of kini-
nogens (for reviews see references 1 and 2). Bradykinin (BK)'
is a major kinin of nine amino acids with well documented
pharmacological properties. A potent paracrine mediator, BK
is involved in physiological and pathological processes includ-
ing smooth muscle contraction, vasodilation, increased vascu-
lar permeability, and induction of pain (for reviews see refer-
ences 2 and 3). BK serves a sentinel function as an early and
ubiquitous mediator of inflammation after injury (4). It stimu-
lates eicosanoid synthesis in several types of cells including fi-
broblasts and endothelial cells (5, 6). BK is also involved in al-
lergic inflammation of the airway mucosa and submucosa.
Allergen challenge in asthmatic volunteers has been shown to
lead to the generation of kinins in the airway (7), whereas ad-
ministration of a B2 receptor antagonist has been shown to sig-
nificantly abrogate the late-phase inflammatory response to al-
lergen inhalation in an allergic model (8, 9). These findings
suggest a pivotal role of BK in several inflammatory condi-
tions.

Two mammalian BK receptor subtypes, B1 and B2, have
been pharmacologically characterized. The B1 receptor is not
expressed at significant levels in normal tissues, but its synthe-
sis can be induced after tissue injury and by inflammatory fac-
tors such as lipopolysaccharide (10). Recent studies indicate
that the B1 receptor mediates hyperalgesia in animals with in-
duced chronic inflammation (11). The B2 receptor is constitu-
tively expressed in many types of cells including smooth mus-
cle cells, certain neurons, fibroblasts, and epithelial cells of the
lung. Activation of the B2 receptor can cause pronounced hy-
potension, bronchoconstriction, and inflammatory pain (2, 11).
BK is a potent agonist for the B2 receptor, but it interacts with
the B1 receptor only with low affinity. Recent cloning of the
cDNAs for the B1 and B2 BK receptors (12-15) reveals that
these receptors belong to the seven membrane-span G pro-
tein—coupled receptor family, which currently has hundreds of
members that mediate a multitude of physiological functions.
Several studies have demonstrated that the BK receptors can
couple to at least G;, Go/Gy;, and Gy; proteins depending on
the types of cells and effector systems present in the cells (16,
17). Furthermore, it has been shown that BK activates protein
kinase C (18) and stimulates tyrosine phosphorylation (19) in

1. Abbreviations used in this paper: ActD, actinomycin D; BK, brady-
kinin; CAT, chloramphenicol acetyltransferase; CHX, cycloheximide;
CTX, cholera toxin; EMSA, electrophoretic mobility shift assay;
G3PDH, glyceraldehyde 3-phosphate dehydrogenase; NF-kB, nu-
clear factor kB; PDTC, pyrrolidine dithiocarbamate; PTX, pertussis
toxin.



the Swiss 3T3 fibroblasts. However, although much is known
about the physiological effects of BK, very little is understood
concerning the mechanisms by which BK serves its proinflam-
matory functions. To address this issue, we investigated the ef-
fect of BK on the expression of proinflammatory cytokines.
We report here that in the human WI-38 fibroblast cells, BK
stimulates the activity of nuclear factor kB (NF-kB) and the
expression of IL-1B. This novel function of BK involves the
coupling of the B2 receptor to a pertussis toxin—sensitive sig-
naling pathway and may contribute to the expression of other
proinflammatory cytokines at the sites of tissue injury and in-
flammation.

Methods

Reagents. BK and the BK antagonists [Des-Arg’ Leu’]-BK and
[D-Arg’ Hyp?, Thi*® D-Phe’]-BK were obtained from Peninsula Lab-
oratories (Belmont, CA). Cholera and pertussis toxins were pur-
chased from List Laboratory (Campbell, CA). The human lung fibro-
blast cell line WI-38 was from American Type Culture Collection
(Rockville, MD). WI-38 cells were maintained in DMEM supple-
mented with 5% fetal bovine serum, 5% newborn bovine serum, 100
U/ml penicillin, and 100 pg/ml streptomycin. Oligonucleotides for
electrophoretic mobility shift assay (EMSA) were purchased from
Promega (Madison, WI) and contain the murine intronic  chain kB
site (NF-xB site, underlined), 5’AGTTGAGGGGACTTTCCCA-
GGC-3' (20). Actinomycin, cycloheximide (CHX), phorbol myristate
acetate, and pyrrolidine dithiocarbamate (PDTC) were obtained
from Sigma Chemical Co. (St. Louis, MO).

Detection of immunoreactive IL-18. WI-38 cells in 6-well plates
were stimulated with BK at concentrations ranging from 0.1 to 1,000
nM, or at 10 nM for various times up to 8 h. The conditioned media
were collected and secreted IL-13 was measured by ELISA using a
commercially available kit (Genzyme Corp., Cambridge, MA) with
manufacturer recommended protocol. Quantitation of secreted IL-183
was accomplished by normalization of the ELISA data with a stan-
dard IL-1B dose curve.

Northern blot analysis. WI-38 cells (1 X 107) were stimulated with
BK and other agonists as indicated in figures, and total RNA was pre-
pared using the guanidinium/acidic phenol method (21). 20 pg of the
total RNA from each sample was separated on a 1.1% agarose gel
containing formaldehyde, stained with ethidium bromide, and trans-
ferred to Hybond-plus nylon membrane (Amersham, Arlington
Heights, IL). The blot was hybridized with probes derived from the
coding sequence of the human IL-18 cDNA, which was randomly la-
beled with a-[**P]dATP to a specific activity of 2-5 X 10° cpm/pg
DNA. Hybridization was carried out at 62°C for 2 h in a rapid hybrid-
ization buffer (Amersham). The blot was then washed at 62°C with
1X SSC, 0.1% SDS until background was sufficiently low, before it
was exposed to a PhosphorImage screen. For standardization, the
same blot was probed again with a 0.45-kb DNA fragment of the
glyceraldehyde 3-phosphate dehydrogenase (G3PDH) housekeeping
gene. In some experiments, the cells were treated for 1 h with the
transcription inhibitor actinomycin D (ActD, 2.5 pg/ml) or the pro-
tein synthesis inhibitor CHX (5 pg/ml) before stimulation as indi-
cated in the text and legends for figures.

Nuclear run-on experiment. WI1-38 cells were treated with or with-
out BK (10 nM) for 1 h. The cells were harvested by scraping and re-
suspended in 0.5 ml of lysis buffer (10 mM Tris-HCL, pH 7.4, 3 mM
MgCl,, 10 mM NaCl, 0.5% Nonidet P-40) and incubated for 5 min on
ice. The samples were then centrifuged at 400 g at 4°C and the nuclei-
containing pellet was resuspended in 0.25 ml of ice-cold freezing
buffer (50 mM Tris-HCI, pH 8.3, 40% glycerol, 5 mM MgCl,, 0.1 mM
EDTA, pH 8.0). To 230 pl of the nuclei suspension were added 60 .l
of 5X nuclear run-on buffer (25 mM Tris-HCl, pH 8.0, 12.5 mM
MgCl,, 750 mM KCl, 1.25 mM each of dGTP, dCTP, and dATP) and

100 nCi of a-[*P]UTP (3,000 Ci/mmol; Amersham). The samples
were incubated at 30°C for 30 min and elongated transcripts were iso-
lated using the guanidinium/acidic phenol method as above, with 50
g yeast tRNA added to each sample as a carrier. The precipitated
RNA was dissolved in 180 pl of ice-cold TNE (50 mM Tris-HCI, pH
8.0, 150 mM NaCl, 1 mM EDTA) and denatured with 20 wl of 2 N
NaOH on ice for 10 min. The solution was neutralized by the addition
of Hepes, pH 7.2 (0.48 mM final concentration), precipitated with 880
wl of ethanol, and the RNA pellet was resuspended in 100 pl of hy-
bridization solution (10 mM TES, 2% SDS, 10 mM EDTA, 300 mM
NaCl). DNA samples (0.2 pg each) were denatured with 0.3 mM
NaOH at 65°C for 60 min, neutralized with equal amount of 2 M
ammonium acetate, and transferred to nitrocellulose membrane
(Schleicher & Schuell, Keene, NH) with a slot blot device (GIBCO-
BRL, Gaithersburg, MD). The immobilized DNA on membrane was
prehybridized in the above solution for 24 h at 65°C. Hybridization
was initiated by addition of radiolabeled RNA probe in a volume of 2
ml/membrane and was maintained at 65°C for 72 h. The membrane
was then washed in 0.2X SSC at 65°C with several changes of the
buffer solution. The dried membrane was exposed to a PhosphorIm-
ager screen.

Nuclear extract preparation. Nuclear extracts were prepared by a
modified method of Dignam et al. (22). WI-38 cells in T25 flasks were
stimulated with BK or other ligands as indicated in the figures. After
stimulation, the cells were washed three times with PBS, harvested,
and resuspended in 0.4 ml of buffer A (10 mM Hepes, pH 7.9, 10 mM
KCl, 0.1 mM EDTA, 0.1 mM EDTA, 1 mM DDT, 0.5 mM PMSF).
Nonidet P-40 (23 pl of 10% solution) was added and the mixture was
incubated on ice for 10 min. Nuclei were separated from cytosol by
centrifugation at 13,000 g for 10 s and were resuspended in 50 pl
buffer B (20 mM Hepes, pH 7.9, 0.4 M NaCl, 1 mM EDTA, 1 mM
EDTA, 0.1 mM PMSF). After 30 min of incubation on ice, lysates
were separated by centrifugation (13,000 g, 30 s) and supernatant
containing nuclear proteins were transferred to new vials. The pro-
tein concentration of extracts was measured using a protein dye re-
agent (Bio-Rad Laboratories, Richmond, CA) with bovine serum al-
bumin as standards and samples were diluted to equal concentration
in buffer B for use directly or storage at —80°C.

EMSA. Double-stranded oligonucleotide (5 pmol) was labeled
with T4 polynucleotide kinase. EMSA was performed by incubating
nuclear proteins (2.5 pg) in 12 pl of binding buffer (5 mM Hepes, pH
7.8, 5 mM MgCl,, 50 mM KCl, 0.5 mM dithiothreitol, 0.4 mg/ml
poly(dI-dC) (Pharmacia Biotech Inc., Piscataway, NJ), 0.1 mg/ml son-
icated double-stranded salmon sperm DNA, and 10% glycerol) for 10
min at room temperature. Then, 25-50 fmol of ¥P-labeled oligonucle-
otide probe (30,000-50,000 cpm) was added and the reaction mixture
was incubated for 10 min at room temperature. For competition as-
says, unlabeled oligonucleotides were added to various concentra-
tions with the radiolabeled probe. For supershift experiments, anti-
bodies (0.4 pg each) against p50, p65, and c-rel (Santa Cruz
Biotechnologies, Santa Cruz, CA) were added to the samples and in-
cubated for 10 min. Labeled oligonucleotide probe was then added
and incubation continued for another 10 min. All samples were ana-
lyzed on 6% acrylamide gels, which were made in 50 mM Tris-borate
buffer containing 1 mM EDTA (TBE) or 50 mM Tris/380 mM gly-
cine/2 mM EDTA (TGE) and were preelectrophoresed for 2 h at 12
V/cm. Electrophoresis was carried out at the same voltage for 2-2.5 h.
Gel contents were transferred onto Whatman DE-81 papers, dried,
and exposed to a PhosphorImager screen.

Chloramphenicol acetyltransferase (CAT) assay. The plasmids p0.2-
kb(WT)CAT and p0.2kb(Mu)CAT, which contain the wild-type and
mutant kB enhancers from the IkB gene, respectively, were obtained
from P. Chiao (23). The plasmid pIL-1(-4000)CAT contains the three
kB-like-enhancers in a 4-kb fragment from the IL-1B gene. These en-
hancers were deleted in the plasmid pIL-1(-133)CAT. Both con-
structs were kindly provided by J.P. Cogswell and were described
previously (24). pTri-SVo-CAT was the parent vector for the IL-18
constructs, and pBLCAT2 was the parent vector for the IkB con-
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structs. The plasmid pCMVR (Clontech, Palo Alto, CA) was used as
a control for monitoring the transfection efficiency by the expression
of B-galactosidase. 10 g of each plasmid DNA was used for transient
transfection of WI-38 cells with the cationic lipid DOTAP (Boeh-
ringer Mannheim, Indianapolis, IN), using procedures recommended
by the manufacturer. After 6 h, the DNA-containing medium was re-
moved, and the cells were washed with PBS and incubated with nor-
mal medium for 16 h. The cells were then stimulated with agonists for
2 h and harvested by scraping. Crude cell extracts were prepared for
the measurement of CAT activity with the use of ['*C]chlorampheni-
col (Amersham) as substrate and thin layer chromatography for the
separation of the native from the acetylated forms as described (25).
After development, the extent of CAT activity was measured using
the ImageQuant software.

Data analysis. Quantitation of the Northern blot data was accom-
plished with a PhosphorImager, using the ImageQuant software (ver-
sion 3.3; Molecular Dynamics, Mountain View, CA). Results are ex-
pressed as mean=SEM.

Results

BK induces the production of immunoreactive IL-1B. 1L-1B, a
prototypic proinflammatory cytokine, induces the expression
of a variety of genes, the products of which are involved in
acute and chronic inflammatory conditions (26). Unstimulated
WI-38 fibroblast cells produced little IL-18. Addition of BK
(10 nM) resulted in a time-dependent production of IL-18 as
measured by ELISA with a specific anti-IL-1B antibody (Fig.
1 A). A notable increase in secreted IL-1B was detected 1 h af-
ter BK stimulation and continued for at least 8 h. The time
course was similar when BK was applied at 100 nM (data not
shown). Immunoreactive IL-18 was also detected in cell ex-
tracts prepared from BK-stimulated cells, and CHX treatment
(5 pg/ml) before BK stimulation abolished IL-18 synthesis
(data not shown). These results suggest de novo protein syn-
thesis in WI-38 cells in response to BK stimulation. BK was
able to induce IL-1B production at subnanomolar ligand con-
centrations, consistent with the range of BK concentrations for
most of its biological functions. The effect of BK reached its
peak at 10 nM and higher concentrations of BK did not pro-
duce significant increases in IL-1B production (Fig. 1 B).

BK increases the steady state level of IL-18 mRNA. Concom-
itant with the synthesis of IL-1B protein, an accumulation of
cytosolic mRNA for IL-18 was detected by Northern blot

Figure 1. Induction of
immunoreactive IL-13
in supernatant from
BK-stimulated WI-38
cells. WI-38 cells were
stimulated with BK (10
nM) for various times
as indicated (A), or for
2 h with BK at different
concentrations (B).
The supernatants were
collected and the se-
creted IL-1B was mea-
sured by ELISA as de-

_
% scribed in Methods.

IL-1B (pg/m1)

800 B

600 //
400 %
200 o %
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Results shown are
mean*=SEM from
three separate mea-
surements.
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analysis of RNA samples from stimulated cells (Fig. 2). The
concentrations of BK required for the upregulation of the IL-13
mRNA were similar to those for IL-1B protein synthesis. Up-
regulation of the IL-13 mRNA level was detectable 30 min af-
ter BK stimulation, reached maximum in 2 h (Fig. 2), and sub-
sided gradually within the next 6 h (data not shown).
Unstimulated WI-38 cells had a very low background level of
the IL-18 mRNA. PMA (100 nM), which is known to initiate
IL-1B synthesis in other cell systems by activation of protein
kinase C, also induced a sizable increase in the IL-18 mRNA
in WI-38 cells.

To determine whether BK-induced upregulation of IL-18
mRNA was due to the activation of transcription, WI-38 cells
were treated with the transcription inhibitor ActD (2.5 pg/ml)
before BK stimulation. It was found that ActD reduced BK-
induced IL-1B message by 97% and inhibited IL-1B protein
synthesis to a similar extent. Interestingly, although CHX
blocked IL-1B protein synthesis, it augmented the effect of BK
on IL-18 mRNA level by an additional 1.7-fold compared with
BK alone. CHX by itself also induced a twofold increase of the
IL-1B mRNA compared with untreated cells. CHX associated
superinduction is believed to result from enhanced NF«B ac-
tivity due to blocking of the synthesis of the inhibitory protein
IkB (27). To further confirm the effect of BK on IL-18 gene
transcription, nuclear run-on experiments were performed.
WI-38 cells were incubated in the absence or presence of BK
(10 nM) for 1 h and the nuclei were harvested. Elongation of
the transcripts was conducted in the presence of a-[**P]UTP,
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Figure 2. Effect of BK on the steady state level of IL-18 mRNA.
WI-38 cells were stimulated with BK at different concentrations for

1 h, or at 10 nM for various times, and total RNA was prepared. Sam-
ples (20 g each) were separated by gel electrophoresis, transferred
to nylon membranes, and hybridized with a ?P-labeled IL-18 cDNA
probe as described in Methods. Ct/, cells treated with PMA (100 nM,
1 h). For normalization, the same blot was hybridized again with a
3P-labeled housekeeping gene (G3PDH). The relative intensity of
the IL-18 mRNA was determined as the ratio of IL-13 message over
G3PDH message with the same sample and is shown in the bar chart.
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Figure 3. BK-stimulated tran-
scription of IL-1B gene in
WI-38 cells. The cells were in-
cubated without (left) or with
(right) BK at 10 nM for 1 h.
Nuclei were prepared and in-
cubated in the presence of
a-[*P]UTP before RNA iso-
lation. Transcription assays
were performed as described
in Methods. Radiolabeled nuclear RNA was hybridized with the
DNA samples of pBR322 plasmid, IL-1B, and G3PDH housekeeping
gene that were immobilized on nitrocellulose membranes. The auto-
radiograph of one representative experiment is shown.

—pBR322—
— IL1p —

o |—G3PDH—

-BK

-
-
+ BK

as described in Methods. Results of hybridization experiments
shown in Fig. 3 indicated a nearly 50-fold increase in the level
of IL-1pB transcripts following BK stimulation. Taken together,
these results clearly indicate that BK stimulates the transcrip-
tion of the IL-1B gene in WI-38 cells.

BK stimulates the activation of NF-kB. The transcription
activator NF-kB regulates the expression of a large number of
proinflammatory immediate-early genes. Previous studies have
indicated a role of NF-kB in regulating IL-1B gene expression
(24). We investigated whether BK could induce the activation
of NF-kB and thereby regulate the expression of IL-18. Nu-
clear extracts were prepared from BK-stimulated WI-38 cells
and incubated with radiolabeled DNA probe containing
the kB sequence (GGGACTTTCC). EMSA demonstrated a
dose- and time-dependent elevation of the DNA binding activ-
ity, which peaked at 40 min after stimulation with 10 nM BK
(Fig. 4 A). The specificity and composition of BK-induced kB
binding activity were next examined. In competition studies,
unlabeled oligonucleotide (Fig. 4 B, lanes I and 2) dose-depen-
dently reduced the binding of the labeled oligonucleotides to
base level (lane 3). A nonfunctional mutant oligonucleotide
(with a G - C switch at the second position in the decameric
sequence) had no inhibitory effect on the binding of the la-

beled probe (compare lanes 4 and 5, Fig. 4 B). Thus, BK-induced
DNA binding activity is specific for the decameric kB se-
quence. In electrophoretic mobility supershift assays, antibod-
ies against the p5S0 and p65 subunits of the NF-«xB/rel proteins
were able to reduce the mobility of the DNA-protein com-
plexes in the respective samples, suggesting that the p65/p50
heterodimer was present in the complexes as expected with a
canonical kB site (date not shown). No effect on gel mobility
was observed with antibodies against the c-rel, relB, or p52
proteins (data not shown).

BK induces the expression of IL-1B-specific kB reporter
gene. The above results suggested a correlation between BK-
stimulated NF-kB activation in IL-1B gene expression. To fur-
ther examine this possibility, WI-38 cells were transiently
transfected with chimeric reporter plasmids before BK stimu-
lation. In the first experiment, BK was found to stimulate the
expression of the bacterial CAT gene in cells transfected with
a reporter plasmid containing the kB enhancer from the kB
gene (WT-CAT; Fig. 5, top). Only a weak background CAT
activity was detected in cells transfected with a plasmid con-
taining the mutated kB enhancer (Mu-CAT; Fig. 5, top). Three
CAT reporter constructs were used in the second experiment
(Fig. 5, bottom), the wild-type pIL-1(-4000)-CAT, which con-
tains three kB-like enhancers in a 4-kb DNA fragment from
the IL-1B gene (WT-CAT); the deletion mutant pIL-1(-133)-
CAT with all three kB-like enhancers removed (Mu-CAT);
and the parent vector, pTri-SVo-CAT (24). Results from this
experiment indicated that only the wild-type reporter con-
struct was able to mediate the expression of CAT in response
to BK stimulation. PMA, a known inducer of NF-«B activa-
tion and IL-1B expression, also stimulated CAT expression di-
rected by the wild-type reporter constructs. These results sug-
gest that BK-induced NF-«kB activities contribute to the
expression of IL-1B. Further supporting evidence for a causal
relationship was obtained by the use of PDTC, an antioxidant
inhibitor of NF-kB activation. PDTC at concentrations of 1
and 10 uM inhibited BK-stimulated NF-kB activation (Fig. 6
A) and correspondingly reduced the level of IL-18 message

Figure 4. Induction of NF-kB binding ac-
tivity by BK. (A) WI-38 cells were stimu-
lated with PMA (positive control; 100 nM)

.\Q o o and BK at various concentrations for 1 h,
o oS o o ~N N o or at 10 nM for various time periods. Nu-
3 é o D00 D09 A O & § clear extracts were prepared as described
TONRRIEINNPSN o &S . : _
| T — Q Q@ § 5' o in Methods and incubated with a 32P-
cti BK Dose (nM) I BK Time (min) | Yo labeled nucleotide containing the consen-

[| » ~wew .wew| ¢

12345678 9101112

123435

sus kB site (GGGACTTTCC). The EMSA
autoradiograph is shown. The DNA-pro-
tein complex is marked with a bracket,
and the unbound probe is indicated by an
arrow. (B) Competition with unlabeled
oligonucleotide probes. Nuclear extracts
prepared from BK-stimulated (10 nM, 1 h)
WI-38 cells were incubated with the radio-
labeled kB probe in the absence (lane 5)
or presence of identical but unlabeled oli-
gonucleotide (lanes 7 and 2, with concen-
tration indicated in picomoles), or a mu-
tated nonfunctional oligonucleotide (lane
4). Nuclear extracts from unstimulated
cells were used as control (lane 3). The
samples were subsequently analyzed by
EMSA and the autoradiograph is shown.
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Figure 5. NF-«kB regulation of reporter gene expression in BK-
stimulated cells. (Top) WI-38 cells were transfected with the
p0.2kb(WT)CAT (WT-CAT) or the p0.2kb(Mu)CAT (MU-CAT)
plasmids, which contain the wild-type and nonfunctional mutant kB
sites in a 0.2-kb DNA fragment from the IkBa promoter, respec-
tively. (Bottom) The cells were transfected with pIL-1(-4000)CAT,
containing the three B sites from the IL-18 promoter (WT-CAT), or
with pIL-1(-133)CAT, a deletion mutant construct of the above (MU-
CAT). C, cells transfected with a constitutively active reporter con-
struct; V, cells transfected with the parent vectors. After overnight
incubation, the WT-CAT and MU-CAT transfected cells were incu-
bated for 2 h with the following: M, medium only; B, BK (10 nM); P,
PMA (100 nM). CAT activity was measured from crude cell extracts
and the results are shown as means*=SD (n = 3) of relative CAT ac-
tivities as compared with the positive controls (100%).

(Fig. 6 B). These results suggest that BK-stimulated NF«B ac-
tivation may involve the production of reactive oxygen inter-
mediate as observed with other NF-kB activators (28).

BK-induced I1.-1B gene expression is primarily mediated by
the B2 receptor coupling to a pertussis toxin—sensitive G pro-
tein. WI-38 cells have been shown to express both the B1 and
the B2 types of BK receptors (29, 30). BK interacts with the
B2-type receptor with a high affinity and binds the B1-type re-
ceptor with a lower affinity (1, 3). Consistent with the differ-
ence in binding affinities, a reduction of 94% on BK-induced
IL-1B message RNA was observed when the cells were treated
with the B2 antagonist [D-Arg’,Hyp?, Thi’*® D-Phe’]-BK (Fig.
7). The B1 antagonist [Des-Arg’,Leu®]-BK produced a much
smaller inhibitory effect (23%) under the same experimental
conditions. Neither of the two antagonists had a significant ef-
fect on IL-18 mRNA level in PMA-stimulated cells, indicating
that the inhibition was specific to the BK receptors. In parallel
experiments, the B2 antagonist nearly completely blocked BK-
induced NF-kB activation (data not shown) and reduced IL-13
secretion by 87£3.4% compared with a 11+2.6% reduction by
the B1 antagonist (n = 3). Thus, the B2 receptor serves as a
primary mediator for BK-induced IL-1B expression.

To determine which type of G, protein is involved in BK-
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Figure 6. Inhibition of BK-induced NF-«B activation and IL-13 mes-
sage by PDTC. WI-38 cells were preincubated for 1 h with PDTC at
three different concentrations before BK stimulation (10 nM, 1 h).
Nuclear extracts (A) and total RNA (B) were then prepared and ana-
lyzed by EMSA and Northern blotting, respectively. A is an autorad-
iograph of EMSA, with the bracket indicating the DNA—protein
complex and the arrow marking the unbound radiolabeled probe. B is
an autoradiograph of the Northern blot after hybridization with a
32P-labeled IL-1B probe. The arrow indicates the IL-1B message.

induced IL-1B gene expression, we treated the WI-38 cells
with either pertussis toxin (PTX, 100 nM) or cholera toxin
(CTX, 1 uM) for 4 h before stimulation with BK. Northern
blot analysis indicated that treatment with PTX, which ADP-
ribosylates G; and G, proteins, reduced BK-induced IL-13
gene expression by > 80%. In contrast, treatment with CTX,
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Figure 7. Effect of kinin receptor antagonists on BK-induced upregu-
lation of IL-1B message. The WI-38 cells were stimulated with either
BK (10 nM) or PMA (100 nM) for 1 h, in the absence (lanes 2 and 3)
or presence of the B1 receptor antagonist [Des-Arg’,Leu®]-BK (200
nM; lanes 4 and 5) or the B2 receptor antagonist [D-Arg’, Hyp?® Thi*3,-
D-Phe’]-BK (200 nM; lanes 6 and 7). Autoradiographs of Northern
blots probed with the IL-13 or G3PDH cDNA probes are shown.
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analysis. WI-38 cells
were treated for 4 h
with either PTX (100
nM) or CTX (1 pM)
before stimulation with
BK (10 nM, 1 h) or
PMA (100 nM, 1 h).
Total RNA prepared
as described above
was analyzed by North-
. ern blot using a 2P-
e labeled IL-1B cDNA
— ' probe. The housekeep-
> ing gene G3PDH was
1234567829 used as a control for
each sample. The lev-
els of IL-1B message, determined as described in the legend to Fig. 2,
are shown as means*SD based on data from two separate experi-
ments. Maximal IL-1B message level (100%) was that induced by
PMA (lane 2). (B) EMSA showing kB binding activity. The cells
were treated with PTX and CTX as described above. Nuclear extracts
from the treated cells were incubated with a radiolabeled kB probe as
described in Methods. Autoradiograph of one representative EMSA
experiment is shown.

which potentiates the activation of adenylyl cyclase by ADP-
ribosylation of G, had a much smaller inhibitory effect (Fig. 8
A). As with BK-induced IL-1B gene expression, BK-stimu-
lated NF-«kB activation was also sensitive to PTX treatment
(Fig. 8 B). CTX had no inhibitory effect on this function of
BK, but appeared to potentiate the effect of BK on NF«B ac-
tivation. Neither of the toxins inhibited PMA-induced NF«B
activation. We conclude that a G;/G,, protein-mediated signal-
ing pathway is involved in BK stimulation of NF«B activation
and IL-1B synthesis. The potential involvement of adenylyl cy-
clase in these cellular responses remains to be investigated.

Discussion

After inflammation or injury, BK is rapidly generated through
a series of proteolytic reactions involving cleavage of kinino-
gen by plasma or tissue kallikreins. The released autacoid, BK,
is known to mediate multiple proinflammatory effects includ-

ing smooth muscle contraction, pain, vasodilatation, increased
vascular permeability, eicosanoid synthesis, and neuropeptide
release. However, little is known about the role of BK in regu-
lating cytokine gene expression. A recent study demonstrated
that BK stimulates the synthesis of IL-1B, IL-2, and IL-6 from
lung strip explants, an effect susceptible to blockade by a B2
BK receptor antagonist (31). Results presented in this report
provide the first evidence that BK can stimulate cytokine gene
expression through activation of the transcription factor NF-
kB, a potentially important mechanism for the inflammatory
effects of kinins.

Our data suggest a correlation between BK-stimulated
NF-kB activation and IL-1B production in the WI-38 fibro-
blasts. We first showed that IL-1B synthesis in BK-stimulated
WI-38 cells correlated with an increase in the steady state level
of IL-18 mRNA, which was the consequence of transcription
activation as indicated by the result of nuclear run-on experi-
ment. The kinetics of BK-stimulated IL-1B transcription was
closely paralleled by NF-kB activation, suggesting that the
mechanism of BK-stimulated IL-1B synthesis may directly in-
volve activation of NF-«kB, a transcription factor known to be
important for inflammatory cytokine synthesis. Using chimeric
reporter plasmids containing the wild-type and mutated kB
enhancer sites from either the IkB or the IL-1B genes, we fur-
ther demonstrated that BK could functionally activate NF«B.
Although NF-kB may not be the only transcription factor re-
sponsible for IL-1B gene expression, it appears to be important
for the initiation of the transcription of IL-1B after BK stimu-
lation. Based on the ability of NF-kB to induce synthesis of
multiple cytokines, we predicted that BK would stimulate syn-
thesis of other cytokines since fibroblasts are known to be ca-
pable of synthesizing both IL-6 and IL-8 in addition to IL-1
(32). In preliminary studies, we found that BK induced an in-
crease in the steady state mRNA levels for both IL-8 and IL-6
in stimulated WI-38 cells (data nor shown). Induction of addi-
tional cytokines may extend the proinflammatory function of
BK, as IL-8 is known for its chemotactic and angiogenic effects
that can contribute to inflammation and wound healing. BK
rapidly loses its activity in plasma due to cleavage by the car-
boxypeptidase known as kininase II. Thus, BK-induced cyto-
kine production is likely a local response to inflammation, and
targeted application of B2 antagonists may be an effective
means to block this function of the kinin.

WI-38 cells are known to express both the B1 and B2 BK
receptors. The B1 BK receptor preferentially binds des-Arg-
BK and induces collagen formation, protein synthesis, and cell
proliferation (33); the B2 BK receptor preferentially binds BK
and mediates many of the classic inflammatory effects of BK
(34). Whereas our results suggest that the B2 receptor is a pri-
mary mediator of the transcription activation effect of BK in
WI-38 cells, IL-1B production by BK-stimulated cells may also
exert a positive regulatory effect on the expression of both
types of BK receptors. IL-1B has been known to be one of the
most potent inducers for the B1 receptor (35, 36), and it may
also increase the expression of functional B2 BK receptors
(37-39). Collectively, these findings suggest the likelihood that
BK initiates an inflammatory cycle by stimulating cytokine
synthesis and thereby induces an increased expression of both
B1 and B2 BK receptors. Such a cycle would maximize the ef-
fects of kinins and their metabolites at the site of inflamma-
tion.

In addition to the WI-38 fibroblasts, BK was found to stim-
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ulate NF-«B activation and IL-1p secretion in two other types
of cells tested, the human lung fibrosarcoma cell line Hs913T
and the type II lung epithelial cell line A549. In both cases the
NF-kB activation and IL-1B secretion peaked at 10 nM BK.
The two cell lines differ from the WI-38 cells in that maximal
IL-1B was observed at 4 h after stimulation and additional in-
cubation with BK induced no further IL-18 production (data
not shown).

The BK receptor joins a growing number of G protein—
coupled receptors that have been shown recently to activate
NF-«kB upon agonist binding (40-43). Our studies suggest that
BK-induced IL-1B gene expression and NF-kB activation are
mediated by a receptor-coupled G protein system that in-
volves the Gy/G, class of G, proteins. The mechanism for the
potentiation of BK induced NF-«kB activation by CTX is cur-
rently unknown, and the same phenomenon has been ob-
served in EMSA with the platelet-activating factor receptor
(data not shown). It is possible that G, and adenylyl cyclase
might also function in the signaling mechanism governing
NF-«kB activation in these systems, but this will require further
investigation. While signaling mechanisms for TNFa- and IL-13-
induced NF-kB activation have been studied in some detail,
little is known about the signal transduction pathways for
G protein—coupled receptor-stimulated NF-kB activation.
Likewise, BK stimulation may activate other transcription fac-
tors that contribute to the expression of proinflammatory cy-
tokine genes. Current efforts are focused on these studies as
well as the investigation of the signaling pathways leading to
BK-induced gene expression.

Acknowledgments

The authors would like to thank J.P. Cogswell and P.J. Chiao for pro-
viding reporter gene constructs, and C.G. Cochrane for helpful dis-
cussion and encouragement. Oligonucleotide primer design and se-
quence analysis were performed using the GCRC facility at Scripps
Research Institute supported by National Institutes of Health grant
MO1RR00833.

This study was supported by U.S. Public Health Service grants
GM46572, AI33503 (to R.D. Ye), and AI10386 (to B.L. Zuraw). The
work was done during the tenure of an Established Investigatorship
(to R.D. Ye) from the American Heart Association. This is publica-
tion 9405-IMM from the Scripps Research Institute.

References

1. Regoli, D., and J. Barabe. 1980. Pharmacology of bradykinin and related
kinins. Pharmacol. Rev. 31:1-46.

2. Proud, D., and A.P. Kaplan. 1988. Kinin formation: mechanisms and role
in inflammatory disorders. Annu. Rev. Immunol. 6:49-83.

3. Farmer, S.G., and R.M. Burch. 1992. Biochemical and molecular phar-
macology of kinin receptors. Annu. Rev. Pharmacol. Toxicol. 32:511-536.

4. Stewart, J.M. 1993. The kinin system in inflammation. Agents Actions. 42:
145-157.

5. Hong, S.L., and L. Levine. 1976. Stimulation of prostaglandin synthesis
by bradykinin and thrombin and their mechanisms of action of MC5-5 fibro-
blasts. J. Biol. Chem. 251:5814-5816.

6. Goldstein, R.H., and P. Polgar. 1982. The effect and interaction of brady-
kinin and prostaglandins on protein and collagen production by lung fibro-
blasts. J. Biol. Chem. 257:8630-8633.

7. Christiansen, S.C., D. Proud, R. Sarnoff, U. Juergens, C.G. Cochrane,
and B.L. Zuraw. 1992. Elevation of tissue kallikrein activity in the airways of
asthmatic subjects following endobronchial allergen challenge. Am. Rev.
Respir. Dis. 145:900-905.

8. Abraham, W.M., R.M. Burch, S.G. Farmer, M.W. Sielczak, A. Ahmed,
and A. Cortes. 1991. A bradykinin antagonist modifies allergen-induced media-
tor release and late bronchial responses in sheep. Am. Rev. Respir. Dis. 143:
787-796.

2048 Panetal

9. Abraham, W.M. 1992. The potential role of bradykinin antagonists in the
treatment of asthma. Agents Actions. 38:439-449.

10. Regoli, D., F. Marceau, and J. Lavigne. 1981. Induction of the B1-recep-
tors for kinins in the rabbit by a bacterial lipopolysaccharide. Eur. J. Pharma-
col. 71:105-115.

11. Dray, A., and M. Perkins. 1993. Bradykinin and inflammatory pain.
Trends Neurosci. 16:99-104.

12. McEachern, A.E., E.R. Shelton, S. Bhakta, R. Obernolte, C. Bach, P. Zup-
pan, J. Fujisaki, R.W. Aldrich, and K. Jarnagin. 1991. Expression cloning of a
rat B2 bradykinin receptor. Proc. Natl. Acad. Sci. USA. 88:7724-7728.

13. Hess, J.F., J.A. Borkowski, G.S. Young, C.D. Strader, and R.W. Ran-
som. 1992. Cloning and pharmacological characterization of a human bradyki-
nin (BK-2) receptor. Biochem. Biophys. Res. Commun. 184:260-268.

14. Yokoyama, S., Y. Kimura, M. Taketo, J.A. Black, B.R. Ransom, and
H. Higashida. 1994. B2 bradykinin receptors in NG108-15 cells: cDNA cloning
and functional expression. Biochem. Biophys. Res. Commun. 200:634-641.

15. Menke, J.G., J.A. Borkowski, K.K. Bierilo, T. MacNeil, A.W. Derrick,
K.A. Schneck, R.W. Ransom, C.D. Strader, D.L. Linemeyer, and J.F. Hess.
1994. Expression cloning of a human B1 bradykinin receptor. J. Biol. Chem.
269:21583-21586.

16. Liao, J.K., and C.J. Homcy. 1993. The G proteins of the G-alpha-i and
G-alpha-q family couple the bradykinin receptor to the release of endothelium-
derived relaxing factor. J. Clin. Invest. 92:2168-2172.

17. Wilk-Blaszczak, M.A., W.D. Singer, S. Gutowski, P.C. Sternweis, and
F. Belardetti. 1994. The G protein G13 mediates inhibition of voltage-depen-
dent calcium current by bradykinin. Neuron. 13:1215-1224.

18. Issandou, M., and E. Rozengurt. 1990. Bradykinin transiently activates
protein kinase C in Swiss 3T3 cells. Distinction from activation by bombesin
and vasopressin. J. Biol. Chem. 265:11890-11896.

19. Leeb-Lundberg, L.M.F., and X.-H. Song. 1991. Bradykinin and bombe-
sin rapidly stimulate tyrosine phosphorylation of a 120-kDa group of proteins in
Swiss 3T3 cells. J. Biol. Chem. 266:7746-7749.

20. Sen, R., and D. Baltimore. 1986. Multiple nuclear factors interact with
the immunoglobulin enhancer sequences. Cell. 46:705-716.

21. Chomczynski, P., and N. Sacchi. 1987. Single-step method of RNA isola-
tion by acid guanidinium thiocyanate-phenol-chloroform extraction. Anal. Bio-
chem. 162:156-159.

22. Dignam, J.D., RM. Lebovitz, and R.G. Roeder. 1983. Accurate tran-
scription initiation by RNA polymerase II in a soluble extract from isolated
mammalian nuclei. Nucleic Acids Res. 11:1475-1489.

23. Chiao, P.J., S. Miyamoto, and .M. Verma. 1994. Autoregulation of I
kappa B activity. Proc. Natl. Acad. Sci. USA. 91:28-32.

24. Cogswell, J.P., M.M. Godlevski, G.B. Wisely, W.C. Clay, L.M.
Leesnitzer, J.P. Ways, and J.G. Gray. 1994. NF-kappa B regulates IL-1 beta
transcription through a consensus NF-kappa B binding site and a nonconsensus
CRE-like site. J. Immunol. 153:712-723.

25. Gorman, C., L.F. Moffat, and B.H. Howard. 1982. Recombinant ge-
nomes which express chloramphenicol acetyltransferase in mammalian cells.
Mol. Cell. Biol. 2:1044-1051.

26. Dinarello, C.A. 1991. Interleukin-1 and interleukin-1 antagonism.
Blood 77:1627-1652.

27. Henkel, T., T. Machleidt, I. Alkalay, M. Kronke, Y. Ben-Neriah, and P.
A. Baecuerle. 1993. Rapid proteolysis of I kappa B alpha is necessary for activa-
tion of transcription factor NF-kappa B. Nature (Lond.). 365:182-185.

28. Schreck, R., B. Meier, D.N. Mannel, W. Droge, and P.A. Baeuerle.
1992. Dithiocarbamates as potent inhibitors of nuclear factor kB activation in
intact cells. J. Exp. Med. 175:1181-1194.

29. Phillips, E., M. Conder, S. Bevan, P. McIntyre, and M. Webb. 1991. Ex-
pression of functional bradykinin receptors in Xenopus oocytes. J. Neurochem.
58:243-249.

30. Webb, M., P. Mclntyre, and E. Phillips. 1994. B1 and B2 bradykinin re-
ceptors encoded by distinct mRNAs. J. Neurochem. 62:1247-1253.

31. Pagaelow, I., H. Werner, G. Vietinghoff, and U. Wartner. 1995. Release
of cytokines from isolated lung strips by bradykinin. Inflamm. Res. 44:306-311.

32. Agarwal, S., C. Baran, N.P. Piesco, J.C. Qintero, H.H. Langkamp, L.P.
Johns, and C.S. Chandra. 1995. Synthesis of proinflammatory cytokines by hu-
man gingival fibroblasts in response to lipopolysaccharides and interleukin-1
beta. J. Periodontal Res. 30:382-389.

33. Goldstein, R.H., and M. Wall. 1984. Activation of protein formation and
cell division by bradykinin and Des-Arg9-bradykinin. J. Biol. Chem. 259:9263—
9268.

34. Hall, J.M. 1993. Bradykinin receptors: pharmacological properties and
biological roles. Pharmacol. Ther. 56:131-190.

35. DeBlois, D., J. Bouthillier, and F. Marceau. 1988. Effect of glucocorti-
coids, monokines and growth factors on the spontaneously developing re-
sponses of the rabbit isolated aorta to des-Arg9-bradykinin. Br. J. Pharmacol.
93:969-977.

36. DeBlois, D., J. Bouthiller, and F. Marceau. 1991. Pulse exposure to pro-
tein synthesis inhibitors enhances vascular responses to des-Arg9-bradykinin:
possible role of interleukin-1. Br. J. Pharmacol. 103:1057-1066.

37. Bathon, J.M., D. Proud, K. Krackow, and F.M. Wigley. 1989. Preincuba-
tion of human synovial cells with IL-1 modulates prostaglandin E2 release in re-



sponse to bradykinin. J. Immunol. 143:579-586.

38. Bathon, J.M., D.C. Manning, D.W. Goldman, M.C. Towns, and D.
Proud. 1992. Characterization of kinin receptors on human synovial cells and
upregulation of receptor number by interleukin-1. J. Pharmacol. Exp. Ther.
260:384-392.

39. Angel, J., F. Audubert, G. Bismuth, and C. Fournier. 1994. IL-1 beta
amplifies bradykinin-induced prostaglandin E2 production via a phospholipase
D-linked mechanism. J. Immunol. 152:5032-5040.

40. Mari, B., V. Imbert, N. Belhacene, D.F. Far, J.F. Peyron, J. Pouyssegur,
E. van Obberghen-Schilling, B. Rossi, and P. Auberger. 1994. Thrombin and
thrombin receptor agonist peptide induce early events of T cell activation and
synergize with TCR cross-linking for CD69 expression and interleukin 2 pro-

duction. J. Biol. Chem. 269:8517-8523.

41. Nakajima, T., I. Kitajima, H. Shin, I. Takasaki, K. Shigeta, K. Abeyama,
Y. Yamashita, T. Tokioka, Y. Soejima, and I. Maruyama. 1994. Involvement of
NF-kB activation in thrombin-induced human vascular smooth muscle cell pro-
liferation. Biochem. Biophys. Res. Commun. 204:950-955.

42. Pan, Z., V.V. Kravchenko, and R.D. Ye. 1995. Platelet-activating factor
stimulates transcription of the heparin-binding epidermal growth factor-like
growth factor in monocyte. Correlation with an increased kappa B binding ac-
tivity. J. Biol. Chem. 270:7787-7790.

43. Kravchenko, V.V., Z. Pan, J. Han, J.M. Herbert, R.J. Ulevitch, and
R.D. Ye. 1995. Platelet-activating factor induced NF-kappa B activation
through a G protein-coupled pathway. J. Biol. Chem. 25:14928-14934.

NF-kB Activation by Bradykinin ~ 2049



