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ABSTRACT

The cellular and molecular mechanisms governing bradykinin
B1 and B2 receptor expression and function are poorly under-
stood. We investigated the regulation of both B1 and B2 re-
ceptors in human embryonic lung fibroblasts (HEL 299) by the
proinflammatory cytokines tumor necrosis factor « (TNF-«) and
interleukin 1B (IL-1B). TNF-«a and IL-18 both induced a rapid
and transient increase in B1 and B2 receptor mRNA expression
that was maximal by 2 h, accompanied by an increase in B1
and B2 receptor protein, as measured by radioligand binding
assay with [°PH]des-Arg'®-kallidin, and [®H]bradykinin, respec-
tively. The induced B1 receptors were functionally coupled,
because the B1 agonist, des-Arg'®-kallidin, induced an in-

crease in arachidonic acid release in TNF-a-stimulated cells but
not in control cells. The induction of B1 and the up-regulation of
B2 receptors by TNF-«a was partly mediated through activation
of p38 mitogen-activated protein kinase and that of B2 receptor
by protein kinase A. TNF-« and IL-1 regulation of both B1 and
B2 receptors was inhibited by dexamethasone. When com-
pared with vehicle-treated cells, dexamethasone increased the
rate of decline of both B1 and B2 receptor mRNAs. Nuclear
run-on experiments demonstrate that the induction of B1 and
the up-regulation of B2 receptors as well as the inhibitory effect
of dexamethasone are entirely mediated through post-tran-
scriptional mechanisms.

Bradykinin (BK) and the related peptide kallidin (KD or
lys-BK) are formed from high and low molecular weight
kininogen precursors following the activation of plasma and
tissue kallikreins by pathophysiological stimuli such as tis-
sue damage, inflammation, or anoxia (Farmer and Burch,
1992; Hall, 1992). There is considerable evidence to suggest
that BK plays a key role in airway inflammation and inflam-
matory diseases such as asthma and rhinitis (Barnes, 1992;
Trifilieff et al., 1993). The biological actions of kinins are
mediated via an interaction with constitutive B2 receptors
and inducible B1 receptors. These receptors have been de-
fined initially based on pharmacological criteria, and subse-
quently by molecular cloning (Hess et al., 1992; Menke et al.,
1994; Webb et al., 1994) and both receptors belong to the
G-protein-coupled receptor family. B2 receptors show a
higher affinity for BK and KD, whereas B1 receptors show a
higher affinity toward the metabolites [des-Arg®]BK and
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[des-Arg'°]KD. Most of the biological actions of BK appear to
be mediated through the activation of B2 receptors. Studies
in different cell types have shown that activation of the B2
receptor leads to a number of intracellular events, including
activation of phospholipase C, an increase in intracellular
calcium, and activation of phospholipase D and PLA2 with
subsequent release of arachidonic acid (Farmer and Burch,
1992).

The B2 receptor is constitutively expressed on most cell
types, and this expression may be up-regulated by cytokines,
growth factors, and by cAMP-elevating drugs (Bathon et al.,
1992; Dixon, 1994; Dixon et al., 1996). By contrast, B1 recep-
tors are not present in tissues under “normal” conditions but
are induced during inflammatory insults (Marceau, 1995).
The induction of B1 receptors may therefore be of consider-
able importance in inflammation. Functionally, the induced
B1 receptors have been shown to mediate fibroblast prolifer-
ation and tumor necrosis factor-a (TNF-«) and interleukin 18
(IL-1B) release from macrophage cell lines (Marceau and
Tremblay, 1986; Tiffany and Burch, 1989). Despite the evi-

ABBREVIATIONS: BK, bradykinin; KD, kallidin; TNF-«, tumor necrosis factor «; IL-18, interleukin 18; MAPK, mitogen-activated protein kinase;
ERK, extracellular signal-regulated kinase; JNK, c-Jun NH,-terminal protein kinase; PKA, cAMP-dependent protein kinase; PKC, protein kinase
C; SSC, sodium chloride/sodium citrate buffer; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; PAGE, polyacrylamide gel electrophoresis;
TES, 2-{[2-hydroxy-1,1-bis(hydroxymethyl)ethyllamino}ethanesulfonic acid; HBSS, Hanks’ balanced salt solution; [*H]JAA, [®H]arachidonic acid.
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dence that B1 and B2 receptors are induced or up-regulated
by inflammatory insults, little is known of the intracellular
or molecular mechanisms regulating their expression.

The aims of the present study were, therefore, to examine
the regulation of B1 and B2 receptor expression in cultured
human lung fibroblasts by the proinflammatory cytokines,
TNF-«a and IL-13, and to elucidate the intracellular signaling
pathways leading to receptor regulation, as well as the tran-
scriptional and post-transcriptional mechanisms underlying
B1 and B2 receptor gene expression. Finally, the functional
significance of B1 and B2 receptor regulation by TNF-a and
possible inflammatory relevance were also evaluated.

Materials and Methods

Cell Culture. All tissue culture reagents except Hanks’ balanced
salt solution (HBSS) and Dulbecco’s modified Eagle’s medium (Gibco
BRL, Paisley, UK) were obtained from Sigma. HEL 299 cells were
obtained from the American Type Culture Collection (ATCC code
CCL 137; Rockville, MD) and maintained in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal calf serum, 2 mM
L-glutamine, 100 IU/ml penicillin, 100 pg/ml streptomycin, and 2.5
g/l amphotericin B in 95% air and 5% CO, at 37°C. All experiments
were performed on cells at passage 9. The medium was replaced
every 3 to 4 days, and, on reaching confluence, cells were subcultured
by detaching the monolayer with 0.05% trypsin/1 mM EDTA.

Radioligand Binding Studies. All membrane preparation pro-
cedures were performed at 4°C. HEL 299 cells were treated with
human recombinant TNF-a (R&D System, UK), washed twice with
HBSS, and harvested by cell scraping using ice-cold 25 mM TES
(2-{[2-hydroxy-1,1-bis(hydroxymethyl)ethyllamino} ethanesulfonic
acid) buffer (pH 6.8), containing 1 mM 1,10-phenanthrolin, 140
pg/ml bacitracin, 10 uM captopril, 1 mM dithiothreitol, 20 ng/ml
leupeptin, 100 ug/ml trypsin inhibitor, and 20 uM phenylmethylsul-
fonyl fluoride. Cells were homogenized, and membranes were pel-
leted by centrifugation at 40,000g for 20 min and resuspended in an
appropriate volume of TES buffer containing the cocktail of pepti-
dase inhibitors. [’H]BK and [*H]des-Arg!’-KD (NEN, Houslow, UK)
saturation curves were carried out at 25°C, using increasing concen-
trations (0.04 to 4 nM) in a final volume of 0.5 ml of membrane
suspension. After an incubation period of 3 h, bound [PH]BK and
[PHldes-Arg'®-KD were harvested by rapid vacuum filtration
through GF/C glass-fiber filters pretreated with 0.3% aqueous poly-
ethyleneimine. Filters were rinsed three times with 4 ml of ice-cold
25 mM Tris-HCl (pH 6.8) and counted in 4 ml of scintillation cocktail.
Nonspecific binding was determined in the presence of 10 M unla-
beled agonists. Binding data were analyzed with the nonlinear re-
gression program LIGAND as described previously (Haddad et al.,
1994).

[*H]Arachidonic Acid Release. Preconfluent cells were incu-
bated with [*H]arachidonic acid ([*H]AA, 0.5 uwCi/ml, NEN, UK) for
24 h. After this incubation period, cells were extensively washed and
then treated for 4 h with TNF-« (10 ng/ml). After the TNF-« stimu-
lation, cells were stimulated with the B1 (des-Arg'°-KD) and B2 (BK)
agonists. The supernatant was removed at appropriate time inter-
vals and counted in a liquid scintillation counter. At the end of the
experiment, cells were lysed and radioactivity counted. Results were
expressed as a fraction of the total [PHJAA released.

Northern Blot Analysis. Cells were washed twice with HBSS,
and total RNAs were isolated as previously described (Haddad et al.,
1996b). Poly(A)" RNA was prepared using an mRNA system kit
(PolyTract, Promega, Southampton, UK) according to the manufac-
turer’s instructions. Samples of mRNA were size-fractionated on a
1% agarose/formaldehyde gel containing 20 mM morpholinosulfonic
acid, 5 mM sodium acetate, and 1 mM EDTA (pH 7.0) and blotted
onto Hybond-N filters (Amersham plc, Amersham, UK) by capillary

action using 20X SSC (standard saline citrate, 1X SSC, 0.15 mM
NaCl, and 0.015 M sodium citrate at pH 7.0).

Prehybridizations and hybridizations were carried out at 42°C in
a buffer consisting of 4X SSC, 50% formamide, 50 mM Tris-HCI (pH
7.5), 5X Denhardt’s solution, 0.1% SDS, 5 mM EDTA, and 250 pg/ml
sonicated denatured salmon sperm DNA. Cloned human B1 and B2
receptor cDNAs (30 to 50 ng) were labeled by random priming using
[a-22P]dCTP (Amersham Pharmacia) added to the prehybridization
chambers at a final activity of 1 to 2 X 10® cpm/ml, and incubated for
12 to 16 h at 42°C. After hybridization, blots were washed to a
stringency of 0.1X SSC/0.1% SDS for 30 min at 60°C and then
exposed to Kodak X-OMAT S film at —70°C with intensifying screens
for 1 to 7 days. After an appropriate exposure time, blots were
stripped in 50% formamide, 10 mM NaH,PO, for 1 h at 65°C before
subsequent rehybridization. To account for differences in loading or
transfer of the RNA, the blots were hybridized with a 1272-base pair
PstI fragment from rat glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) cDNA. The intensities of the signals were then quantified
by laser densitometry (Quantity One Software, PDI, New York, NY).

Nuclear Run-on Assay. For the measurement of gene transcrip-
tion, nuclei were prepared as previously described (Haddad et al.,
1996b). Isolated nuclei were resuspended in Tris-HCI1 (10 mM, pH
7.4), MgCl, (56 mM), glycerol (50%), sorbitol (0.5 M), Ficoll (2.5%),
spermidine (0.008%), and dithiothreitol (1 mM) and stored at —70°C
until use. In vitro transcription was performed with nuclei (5 X 107)
incubated for 30 min at 27°C with 300 uCi of [**P]UTP, ATP (0.625
mM), CTP, GTP (0.31 mM), Tris-HCI] (40 mM), NH,CI (150 mM),
MgClL, (7.5 mM), and RNasin (120 U). DNA digestion was carried out
with a 15-min incubation at 27°C with RQ-1 DNase (75 U) and
RNasin (40 U) before protein digestion for 3 h at 37°C with protein-
ase K (1 mg/ml) in buffer containing Tris-HCI1 (pH 7.4, 10 mM),
EDTA (15 mM), SDS (3%), and heparin (3 mg/ml). RNA extraction
was then carried out with a phenol, phenol/chloroform (1:1), and a
chloroform wash and then precipitated three times with 100% eth-
anol in the presence of 1.33 M ammonium acetate. The radiolabeled
RNAs were dissolved in 100 ul of TE buffer (10 mM Tris-HCIL, pH 7.4,
1 mM EDTA) and added to 2 ml of hybridization solution (50%
formamide, 5 X SSC, 0.1% SDS, 1 mM EDTA, 10 mM Tris-HCI, pH
7.5,5 X Denhardt’s solution, 50 ug/ml yeast tRNA, 100 ug/ml salmon
sperm DNA, 0.02 pg of poly A, and 0.02 pg of poly G RNA). Following
4-h prehybridization in the above buffer, hybridization was carried
out at 42°C for 72 h to 10 ug of the immobilized plasmid pGEM3Z as
a control or to plasmids containing inserts of rat GAPDH ¢cDNA and
human B1 and B2 receptor cDNAs. The filters were washed first in
buffer A (300 mM NaCl, 10 mM Tris-HCI, pH 7.4, 2 mM EDTA, 0.1%
SDS, 1 ug/ml RNase A, and 10 U/ml RNase T1) at 37°C for 30 min
then in buffer B (10 mM NaCl, 10 mM Tris-HCI, pH 7.4, 2 mM
EDTA, and 0.4% SDS) to a stringency of 55°C for 30 min and
autoradiographed.

Western Blot Analysis of MAP Kinase Expression. Following
treatments, HEL 299 cells were washed in HBSS and scraped into
cold lysis buffer (1% Triton X-100, 1% SDS, 1.5% deoxycholate, 20
mM Tris-base, pH 7.4, 150 mM NaCl, 20 mM EDTA, 2 mM phenyl-
methylsulfonyl fluoride, 2 mM sodium orthovanadate, 20 pg/ml leu-
peptin, 200 pg/ml aprotinin, 10 mM NaF, and 20 mM sodium pyro-
phosphate). Cytosolic proteins were boiled for 5 min before
centrifugation for 15 min in sample buffer (62.5 mM Tris-HCI, 20%
glycerol, 2% SDS, and 10 mM 2-mercaptoethanol) and stored at
—70°C until used.

The phosphorylation of p38 mitogen-activated protein kinase
(MAPK) was identified and quantified by Western blot analysis
using a PhosphoPlus MAPK antibody kit (New England Biolabs,
Hitchin, UK) according to the manufacturer’s recommendations.
Protein samples were separated by SDS-polyacrylamide gel electro-
phoresis (PAGE) on 10% acrylamide gels and then transferred to
nitrocellulose membranes (Amersham) for 1 h at 300 mA in trans-
blotting buffer (0.2 M glycine-HCI, 25 mM Tris-base, and 20% (v/v)
methanol). Nonphosphorylated and phosphorylated p38 proteins
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were run in parallel and served as negative and positive controls for
immunodetection of MAPKs. To block nonspecific antibody binding,
membranes were incubated for 1 h in blocking buffer (50 mM Tris-
HCl, pH 7.4, 150 mM NacCl, 0.1% Tween-20) containing 5% (w/v)
nonfat dry milk. Membranes were then incubated overnight at 4°C
with the anti-phosphoMAPK polyclonal antibody used at a dilution
of 1/1000 in blocking buffer where nonfat milk was replaced with 5%
BSA. Membranes were washed with blocking buffer for 3 X 5 min
and incubated with 1/10,000 dilution of alkaline phosphatase-conju-
gated anti-rabbit secondary antibody, before being washed again.
Protein detection was then carried out using CDP-Star chemilumi-
nescent reagent. Membranes were drained from excess developing
solution and exposed to Kodak X-OMAT S film. To reprobe mem-
brane, antibodies were stripped using 100 mM B-mercaptoethanol,
2% SDS, and 62.5 mM Tris (pH 6.7) at 50°C for 10 min.

Data Analysis. Data were expressed as mean = S.E. Statistical
analysis of data was performed using the nonparametric Mann-
Whitney U test for stepward comparison. P values less than .05 were
considered to be significant.

Results

BK B1 and B2 Receptor Binding Studies

B1 receptors labeled with the Bl-selective agonist [*H]des-
Arg'°-KD were not detected in untreated cells (Fig. 1). How-
ever, treatment with TNFa (10 ng/ml) for 4 h resulted in a
marked and transient induction of Bl receptors (Bmax =
465 *= 41 fmol/mg protein). Single-site analysis of the satu-
ration data yielded a K, value of 0.12 = 0.03 nM. B2 receptor
binding sites measured with [PHIBK were present in un-
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Fig. 1. Time course of TNF-a effect on B1 and B2 receptor protein
densities in HEL 299 cells. HEL 299 cells were stimulated with TNF-a
(10 ng/ml) for the time indicated. Receptor densities were measured in
cell homogenates using the Bl-selective ([*H]des-Arg'°-KD, top) and the
B2-selective ([*’HIBK, bottom) agonists. There were very few B1 receptors
in naive cells, but this was significantly increased by TNF-a with a
maximal effect at 4 h. B2 receptors were present in naive cells and
significantly increased at 4 h after stimulation. *P < .05, compared to
time 0. Data shown are the mean *= S.E. of four to eight separate
experiments performed in triplicate.
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treated cells (Bmax = 490 * 73 fmol/mg protein), and the
number of sites were significantly up-regulated after 4 h of
TNF« stimulation (939 + 114 fmol/mg protein). The increase
in B2 receptor expression was transient and returned to
basal levels 8 h following TNF-a stimulation (Fig. 1). The
up-regulation of B2 receptors was not accompanied by any
change in the affinity of [*H]BK for these binding sites (K; =
0.72 = 0.17 nM).

BK B1 and B2 Receptor mRNA Expression

Changes in BK receptor expression were also evident at
the mRNA level. Northern blot analysis using human B1 and
B2 receptor cDNA demonstrated that in untreated cells there
was expression of B2 and very low levels of Bl receptor
mRNAs. After treatment with TNF-«, expression of mRNA
for both receptors increased, peaking at 2 to 4 h post-treat-
ment and declining toward basal levels thereafter (Fig. 2). A
similar profile of B1 and B2 receptor expression was also
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Fig. 2. Effect of TNF-« on the steady-state levels of human B1 and B2
receptor mRNAs. Preconfluent cells were treated with TNF-a (10 ng/ml)
for the times indicated. Cells were then harvested, and mRNA was
extracted and assessed for B1 and B2 mRNA expression using Northern
blot analysis. Top, a representative Northern blot autoradiogram with
the B1 and B2 receptor mRNAs. Bottom panels, the mean densitometric
measurements of the Northern blot data showing B1 and B2 receptor
mRNA levels expressed as a ratio to the housekeeping gene, rat GAPDH,
used as an internal standard to correct for differences in RNA loading or
transfer efficiencies. Values are the mean *= S.E. of three to six separate
experiments. *P < .05, compared with vehicle-treated cells.
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observed following IL-18 (10 ng/ml) stimulation (data not
shown).

AA Accumulation after BK Receptor Induction

To determine whether the induced B1 and the up-regu-
lated B2 receptors were functionally coupled, we measured
the accumulation of [*HJAA after cell stimulation with
TNF-a. In untreated cells, there was no significant increase
in [PH]AA release in response to the B1 agonist des-Arg'’-
KD. However, when the B1 receptors were induced by TNF-«
stimulation, the B1 agonist elicited a significant increase in
[*HJAA accumulation (Fig. 3). In control cells, BK induced an
increase in [*H]JAA release, which was not significantly dif-
ferent in TNF-a stimulated cells (Fig. 3). The increase in
[*H]AA release in TNF-a-treated cells by des-Arg'°-KD was
inhibited by the selective B1 antagonist des-Arg'°-[HOE 140]
but not by the B2 antagonist HOE 140 (data not shown).

Protein Synthesis and Receptor Down-Regulation

To determine whether synthesis of a protein factor was
necessary for cytokine-induced up-regulation of B1 and B2
receptor mRNA, HEL 299 cells were exposed to the transla-
tion inhibitor cycloheximide (10 ug/ml). The results depicted
in Fig. 4 show that cell stimulation with cycloheximide re-
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Fig. 3. Effect of TNF-« treatment on [PH]AA release following stimula-
tion with the B1 (des-Arg'®-KD) or the B2 (BK) agonists in HEL 299 cells.
Cells were incubated with [PHJAA (0.5 wCi/ml) for 24 h and then treated
for 4 h with either vehicle (control) or TNF-a (10 ng/ml). After this
incubation period, cells were extensively washed and then stimulated for
the time indicated with the B1 and B2 agonists, des-Arg'°-KD (1 uM) and
BK (1 uM), respectively. Data shown are the mean * S.E. for three
separate experiments performed in duplicate. *P < .05, compared with
control values at corresponding times.

sulted in an induction of B1 and an up-regulation of B2
receptor mRNAs with a time course similar to that seen with
TNF-«a and IL-18. There was no synergy between TNF-«a and
cycloheximide on the levels of B1 and B2 receptor mRNA
expression. This result indicates that inhibition of the syn-
thesis of at least one protein may be required for induction of
B1 and up-regulation of B2 receptors.

Intracellular Pathways Leading to Receptor Regulation

Role of the Ceramide Pathway. Several reports have
implicated the lipid second messenger ceramide in TNF-«
and IL-18 signaling pathways (Kolesnick and Golde, 1994).
However, we found no evidence for a role of ceramide in the
up-regulation of B1 and B2 receptor. Indeed, cell treatment
with the cell-permeable analog of ceramide, N-acetylsphin-
gosine (C2-ceramide), did not affect the steady-state levels of
B1 and B2 receptor mRNA (data not shown). Similarly, we
found no synergy between C2-ceramide and TNF-« or IL-13
on receptor mRNA up-regulation (data not shown).

Role of PKC and PKA. To determine whether the clas-
sical second messenger kinases, namely, protein kinase A
(PKA) and protein kinase C (PKC) participate in B1 and B2
receptor induction and up-regulation, respectively, we exam-
ined the effect of TNF-a with the selective inhibitors of PKC
(GF109203X) and PKA (H-8). The PKC inhibitor GF109203X
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Fig. 4. Effect of cycloheximide on BK B1 and B2 receptor mRNA expres-
sion. HEL 299 cells were treated with vehicle or cycloheximide (10 ug/ml)
for the times indicated. Cells were then washed and mRNA extracted and
assayed for Bl and B2 receptor mRNA expression by Northern blot
analysis. The top panel shows the B1 and B2 mRNAs expression, together
with the GAPDH mRNA used as an internal standard. The bottom panels
demonstrate the time course of the mean ratio of B1 and B2 mRNA to
GAPDH mRNA. Data shown are the mean * S.E. of four separate
experiments. *P < .05, compared with time 0.
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(5 uM) did not antagonize the effect of TNF-« on B1 and B2
receptor expression, thereby excluding this pathway in re-
ceptor regulation (Fig. 5). Pretreatment of HEL299 cells with
the PKA inhibitor H-8 (30 uM) did not inhibit TNF-« induc-
tion of B1 receptor but did provide a significant protection
against B2 receptor up-regulation (Fig. 5). These results sug-
gest that PKA is involved in B2 but not B1 receptor regula-
tion by TNF-a.

Role of MAPK Pathways. MAPK represents an expand-
ing family of proteins located in three fairly distinct protein
phosphorylation cascade. They may be activated by a number
of stimuli and, on activation, translocate to the nucleus
where they are known to phosphorylate a number of tran-
scription factors, including members of the activating tran-
scription factors family and c-jun (Karin, 1998). The three
MAPK cascades elucidated so far are the extracellular signal-
regulated kinase (ERK), NH,-terminal c-Jun kinase (JNK)
and the p38 MAPK cascades (Karin, 1998). Using an “in gel”
phosphorylation assay with myelin basic protein and GST-c-
Jun as substrates, we have previously shown that both ERK
and JNK modules are activated by TNF-a in HEL 299 cells
(Haddad et al., 1996b). The activation was maximal around
10 to 30 min following cytokine exposure and resolved by 60
min. We have now extended these observations to the p38
MAPK. Using a phospho-specific polyclonal antibody that
recognizes Tyr'®2-phosphorylated p38 MAPK, we showed
that cell treatment with TNF-«a induces the phosphorylation
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Fig. 5. Effects of PKA, PKC, and MAPK (ERK and p38) inhibitors on the
expression of BK B1 and B2 receptor mRNAs induced by exposure to
TNF-«a. HEL 299 cells were treated with vehicle (C), TNF-a (10 ng/ml
each), or pretreated for 1 h with the PKA (H-8, 30 uM), PKC (GF109203X,
5 uM), ERK (PD 098059, 30 uM), and p38 MAPK (SB 203580, 10 nM)
inhibitors either alone or in combination with TNF-a for 2 h. Steady-state
levels of B1 and B2 receptor mRNA were determined by Northern blot-
ting. There was a significant inhibition of the B1 and B2 receptor expres-
sion by SB 203580, whereas H-8 only inhibited the BK B2 mRNA expres-
sion. Data shown are the mean *= S.E. of three to four separate
experiments. *P < .05, compared with TNF-a treated cells.
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of p38, which was apparent after 10 min of stimulation and
maintained up to 60 min (Fig. 6). This result indicates there-
fore the possible involvement of these pathways in TNF-«
signaling and regulation of BK receptor expression. This was
further substantiated using the p38 kinase inhibitor, SB
203580 (10 wM). This compound provided significant protec-
tion against TNF-« induction of B1 receptors and up-regula-
tion of B2 receptors, whereas the MAP kinase kinase inhib-
itor PD 098059 (30 uM) was without effect (Fig. 5).

Regulation of Receptor Expression by Dexamethasone

Glucocorticoids are potent inhibitors of the transcription of
many proteins. We have investigated whether the synthetic
glucocorticoid, dexamethasone, could inhibit the TNF-a- and
IL-1B-induced B1 and B2 receptor expression. As illustrated
in Fig. 7, dexamethasone (1 uM) pretreatment provided sig-
nificant protection against the induction of B1 and the up-
regulation of B2 receptor mRNA by TNF-a and IL-18. In
untreated cells, dexamethasone alone significantly reduced
B2 receptor mRNA but had no significant effect on B1 recep-
tor expression.

Effect of TNF-a and/or Dexamethasone on B1 and B2
Receptor mRNA Stability and Gene Transcription

The mechanism by which dexamethasone inhibits TNF-a-
induced BK receptor expression was further explored by
measuring the receptor mRNA half-life and the rate of the
receptor gene transcription. In order to measure receptor
mRNA half-life, HEL 299 cells were exposed to TNF-« for 2 h
to stimulate the expression of B1 and B2 receptor mRNAs.
Cells were then washed, and the vehicle, the transcription
inhibitor actinomycin D (5 ug/ml), or the combination of
actinomycin D and dexamethasone (1 uM) were added. The
half-life of B1 and B2 receptor mRNA in this experimental
setting was determined to be greater than 4 h (Fig. 8). In
vehicle-treated cells, mRNA for B1 and B2 receptors declined
very slowly over the time investigated. However, the rate of
decay of Bl and B2 mRNAs was markedly enhanced by
treatment with dexamethasone. Because little or no Bl
mRNA expression was observed in control cells, mRNA half-
life could not be determined and compared with the half-life
determined in cytokine-treated cells.

To measure the influence of TNF-a and/or dexamethasone
on the rate of B1 and B2 receptor gene transcription, nuclear
run-on assays were performed (Fig. 9). The rate of the B1 and
B2 receptor gene transcription (measured by densitometric
scanning of the autoradiograms) was normalized to that of

Time (min)

0 10 20 30 45 60

=== —— —— —— —— Phospho-p38 MAPK

—— —— p38MAPK

Fig. 6. TNF-a-induced phosphorylation of p38 MAPK in HEL 299 cells.
The phosphorylation of p38 MAPK was identified and quantified by
Western blot analysis. Cells were treated with TNF-a for the times
indicated. After SDS-PAGE and electroblotting onto polyvinylidene diflu-
oride membranes, blots were incubated with a phospho-specific poly-
clonal antibody that recognizes Tyr'®2-phosphorylated p38 MAPK as
described under Materials and Methods. The membrane was stripped and
reprobed with a p38 antibody to verify protein loading. The blot shown is
representative of three separate experiments.
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the housekeeping gene GAPDH. In untreated cells, there was
a basal rate of B1 and B2 receptor gene transcription that
was not significantly different in cells stimulated with TNF-«
and dexamethasone either alone or in combination (Fig. 9).
Unlike nuclear RNA data, cytoplasmic RNA extracted from
the same samples shows a modulatory effect of both TNF-«
and dexamethasone on BK receptor gene expression (Fig. 9).
Similar data were also obtained using IL-18 as the stimulus
(data not shown).

Discussion

Our main finding is that TNF-« induction of B1 and up-
regulation of B2 receptors and the inhibition of these recep-
tors by glucocorticosteroids in the nonimmortalized HEL 299
cells are mediated entirely through post-transcriptional
mechanisms. We have also provided insights into the cellular
pathways leading to B1 and B2 receptor regulation by TNF-«
by demonstrating the involvement of the p38 MAPK pathway
for both B1 and B2 receptor induction, whereas PKA was
partially involved in the up-regulation of B2 receptors.

This is the first evidence showing that TNF-«a has the
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Fig. 7. Effect of dexamethasone pretreatment on B1 (A) and B2 (B)
receptor mRNA expression induced by TNF-«a or IL-18. HEL 299 cells
were treated with vehicle (control), TNF-« or IL-18 (10 ng/ml each), or
pretreated for 1 h with dexamethasone (1 uM) alone or in the presence of
TNF-«a or IL-18 for 2 h. B1 and B2 receptor mRNA expression was
assayed by Northern analysis. Dexamethasone inhibited the induced
expression of B1 and B2 receptor mRNA and also the basal expression of
B2 mRNA. Data shown as mean * S.E. of three to four separate exper-
iments. *P < .05, compared with corresponding control.

ability to regulate both B1 and B2 receptor protein and
mRNA in human lung fibroblasts. The effect of TNF-« on B1
and B2 receptor protein expression was also demonstrated at
the mRNA level and shared by the pleiotropic cytokine IL-1p.
The induction of B1 and the up-regulation of B2 receptor
mRNA preceded that of receptor protein, suggesting that the
increase in receptor protein may be due to an increase in the
rate of receptor synthesis as a consequence of the increase in
the steady-state levels of its mRNA. The kinetics of B1 re-
ceptor induction by TNF-« in HEL 299 cells agrees with data
obtained in IMR-90 fibroblasts challenged with IL-18 (Zhou
et al., 1998). The ability of TNF-a and IL-18 to up-regulate
the protein as well as the mRNA levels of B2 receptors in
HEL 299 cells is shared by other cytokines such as platelet-
derived growth factor in arterial smooth muscle and IL-183 in
human synovial cells (Bathon et al., 1992; Dixon et al., 1996).

We investigated the functional consequence of B1 and B2
receptor up-regulation by examining AA release. Following
B1 receptor induction with TNF-«, des-Arg'®-KD elicited an
increase in [PH]AA release from HEL 299 cells, which was
inhibited by the selective B1 antagonist des-Arg'°-[HOE 140]
but not by the selective B2 antagonist HOE 140. This indi-
cated that the induced B1 receptors are functionally coupled.
In untreated cells the B1 agonist was without effect. Induced
B1 receptors have also been shown to mediate fibroblast
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Fig. 8. Effect of actinomycin D and dexamethasone on the steady-state
levels of B1 (A) and B2 (B) receptor mRNAs. Cells were incubated with
TNF-« for 2 h and then exposed to vehicle, actinomycin D (5 pg/ml), and
the combination of actinomycin D and dexamethasone (1 uM). Cells were
harvested at the indicated times, and mRNA was isolated and assayed for
B1 and B2 receptor expression by Northern blotting. The graphs show the
mean time course of the decline in B1 and B2 mRNA levels expressed as
percentage at time 0 (end of TNF-a exposure). Results are mean + S.E.
from four to six experiments.
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proliferation, and TNF-a and IL-18 release from macrophage
cell lines (Marceau and Tremblay, 1986; Tiffany and Burch,
1989). In HEL 299 cells, stimulation of [’H]AA labeled cells
with BK also resulted in the release of incorporated radiola-
bel, which was not significantly different between control and
TNF-a-treated cells. This response was significantly inhib-
ited by HOE-140 but not by des-Arg'°-[HOE 140], suggesting
that the release is mediated by B2 receptor activation. This
result further suggests that either the [*H]AA release was
already maximal or that the up-regulated B2 receptors may
subserve other functions such as cytokine release or fibro-
blast proliferation. BK also synergizes with TNF-« to induce
enhanced prostaglandin synthesis in Swiss 3T3 fibroblasts
and IL-18 and IL-6 production from human gingival fibro-
blasts (Burch and Tiffany, 1989; Yucel-Lindberg et al., 1995;
Modeer et al., 1998).

To determine whether ongoing protein synthesis is re-
quired for receptor regulation by TNF-«, we assessed the
effect of the translation inhibitor cycloheximide on the
steady-state levels of B1 and B2 receptor mRNAs. We found
that cycloheximide alone was able to induce B1 and up-
regulate B2 receptors with kinetics similar to TNF-« and
IL-1p effects. There was no evidence for a synergy between
cycloheximide and TNF-«a or IL-18 (data not shown). These
results suggest that not only is the synthesis of intermediary
proteins not required for B1 receptor induction and B2 re-
ceptor up-regulation, but also that protein synthesis is actu-
ally inhibitory to B1 and B2 receptor expression. Further-
more, cycloheximide-promoted increase in Bl receptor
mRNA was still clearly apparent at 12 h, whereas the in-
crease in B2 receptor mRNA expression has declined toward
basal levels at this time point. This Differential effect of
cycloheximide on the kinetics of B1 and B2 receptor expres-
sion may be related to differences in the nature of protein(s)
involved in the regulation of B1/B2 receptor expression. Our
data on B2 receptor expression agrees with those obtained in
rat arterial smooth muscle where cycloheximide superin-
duced both basal and PDGF-stimulated B2 receptor mRNA
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Fig. 9. Relative rate of nuclear transcription of the human BK B1 and B2
genes following TNF-a treatments. HEL 299 cells were treated with
vehicle (control) or TNF-a (10 ng/ml) or were pretreated for 1 h with
dexamethasone (1 uM) alone or in the presence of TNF-a for 2 h, and
nuclei were collected for nuclear run-on assays. *’P-Labeled mRNA was
transcribed in vitro from isolated cell nuclei and 1.5 X 10® cpm of run-on
products were hybridized to membranes containing plasmids with inserts
for GAPDH or for the human B1 and B2 receptor cDNAs. Cytoplasmic
mRNA from the same samples were also extracted and assayed for B1
and B2 receptor mRNA expression using Northern blot analysis. The
blots shown are representative of three separate experiments performed
in duplicate.
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levels (Dixon et al., 1996). Cycloheximide has also been
shown to up-regulate Bl receptors in IMR-90 fibroblasts
through B1 mRNA stabilization (Zhou et al., 1998). The
inducing effect of cycloheximide on B1 receptor expression
has also been observed in vivo (DeBlois et al., 1991).

To gain further insight into the cellular mechanism lead-
ing to B1 receptor induction and B2 receptor up-regulation,
we investigated the contribution of cellular kinases in these
processes. Previous studies have shown that stimulation of
PKC induces an up-regulation of B1 and B2 receptors in
WI-38 and IMR-90 fibroblasts (Dalemar et al., 1996; Zhou et
al.,, 1998). We found that the specific PKC inhibitor
GF109203X, at a concentration that was effective in inhibit-
ing PKC-induced down-regulation of M, muscarinic receptor
protein and mRNA in HEL 299 cells (Rousell et al., 1995), did
not antagonize the effect of TNF-« on the B1 and B2 receptor
mRNA levels ruling out any involvement of this kinase in the
TNF-«a effect. However, cell treatment with the PKA inhibi-
tor H-8 inhibited TNFa-induced B2 receptor mRNA up-reg-
ulation, although having no affect on B1 receptor induction,
in agreement with a recent finding in lung fibroblasts (Zhou
et al., 1998). Thus, differential signaling pathways activated
by TNF-a are involved in B1 receptor induction and B2
receptor up-regulation. By contrast, we found no involvement
of the ceramide pathway on the TNF-a-induced regulation of
B1 and B2 receptor expression despite its reported mediation
of several TNF-a- or IL-1B8-mediated processes (Kolesnick
and Golde, 1994).

A further downstream signaling event known to be trig-
gered by cytokines such as TNF-«a and IL-18 is the activation
of the MAPK cascade, which comprises the ERK, JNK, and
the p38 pathways (Karin, 1998). Despite the activation of the
ERK module of the MAPK by TNF-a in HEL299 cells
(Haddad and Rousell, 1998), the MAPK kinase inhibitor PD
098059, used at a concentration that inhibited ERK activa-
tion by platelet-derived growth factor (Rousell et al., 1997),
did not affect the TNF-« effect on B1 and B2 receptor expres-
sion. This result is similar to that of a previous report on B1
receptor expression stimulated by IL-18 in IMR-90 fibro-
blasts (Zhou et al., 1998). Because the p38 kinases mediate
several cellular effects of TNF-«, including IL-6 synthesis
(Beyaert et al., 1996), we attempted to interfere with this
pathway with the selective p38 MAPK inhibitor SB 203580
(Cuenda et al., 1995). This compound significantly inhibited
TNF-«a induction of B1 and up-regulation of B2 receptors.
This is in agreement with the inhibition by SB 203580 of both
spontaneous and IL-B-stimulated up-regulation of contractile
response to des-Arg®-BK (mediated by B1 receptor stimula-
tion) in rabbit aortic rings (Larrivee et al., 1998). SB 203580
produced partial inhibition of TNF-a effects, indicating that
additional mechanisms such as JNK pathways are involved.
However, there are several isoforms of p38 kinases, all of
which are not inhibited by the current p38 kinase inhibitors,
including SB 203580 (Kumar et al., 1997; Wang et al., 1997).
The contribution of the JNK pathway to BK receptor regula-
tion by TNF-a was not investigated due to the lack of selec-
tive inhibitors.

Glucocorticoids are among the most potent and widely used
anti-inflammatory drugs (Barnes, 1996). We have used the
synthetic glucocorticoid dexamethasone to assess the effect of
glucocorticoids on TNF-a- and IL-1B-induced B1 and B2 re-
ceptor gene expression in HEL 299 cells. Although dexameth-
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asone had no effect on its own, it potently inhibited both
TNF-a and IL-18 induction of B1 receptors. Similarly we
have found that dexamethasone also inhibited both basal and
TNF-a- and IL-1B-stimulated B2 receptor expression. These
results suggest that the inhibition of basal as well as stimu-
lated BK B1 and B2 receptor expression by glucocorticoids
may contribute to their potent anti-inflammatory properties.

Several mechanisms could conceivably account for the in-
creased expression of B1 and B2 receptors by TNF-a and the
inhibitory effect of dexamethasone: an increase in the tran-
scription rate of the gene, a decrease in the degradation of the
mRNA, i.e., an increase in mRNA stability, or a combination
of these two processes. The half-life studies suggest that the
inhibitory effect of dexamethasone on TNF-«a regulation of B1
and B2 receptor expression is partly achieved through mRNA
destabilization. This was further substantiated using a nu-
clear run-on assay that showed first that TNF-« induction of
B1 and up-regulation of B2 receptor mRNA is not caused by
increased transcription of the B1 and B2 receptor genes and
second that dexamethasone protection is mediated through
post-transcriptional mechanisms. With regard to B1 receptor
expression, it was shown in IMR-90 fibroblasts where there
is a sizeable basal expression of B1 receptors, that IL-13
up-regulates B1 receptor mRNA through increased tran-
scription of the B1 receptor gene (Schanstra et al., 1998; Zhou
et al., 1998). The differences between our data and those
obtained in IMR-90 cells could be attributed to the fact that
the regulation of gene transcription is often cell-type and/or
stimulus-dependent. Nuclear run-on experiments conducted
with IL-18 as the stimulus show that, like TNF-«, IL-18 had
no effect on B1 and B2 receptor gene transcription. These
data suggest that, in HEL 299 cells, the post-transcriptional
regulation of both B1 and B2 receptor gene expression is not
specific for TNF-« as it is shared with IL-1B8. This is not
surprising because several signaling pathways are shared by
both TNF-« and IL-1B. Further experiments are needed to
more fully address the stimulus and cell specificity of the
regulation of BK receptor gene transcription.

The mechanism of TNF-a and IL-18 regulation of B1 as
well as B2 receptor gene transcription reported here is novel.
For these cytokines to increase the B1 and B2 receptor
mRNA levels solely via mRNA stabilization, it must be true
that B1 and B2 receptor gene transcription is constitutive in
unstimulated cells. Consistent with this view, we have ob-
served basal transcription of both genes. We postulate that
the level expression of mRNA does not normally culminate in
active protein due to rapid degradation of mRNA, via a mech-
anism involving a highly labile protein(s). This was substan-
tiated using cycloheximide where, by blocking synthesis of
this labile protein(s), we can trigger the accumulation of B1
and B2 receptor mRNA.

Regulated degradation of several mRNAs in mammalian
cells has been shown to depend on specific mRNA sequences
or secondary structures termed stem-loop-destabilizing ele-
ments (Caput et al., 1986; Brown et al., 1996). These specific
sequences, particularly the octanucleotide UUAUUUAU and
a more limited portion of this sequence AUUUA present in
the 3’-untranslated regions of several mRNA-encoding lym-
phokines and cytokines have been shown to act as instability
determinants governing a rapid turnover of mRNAs (Caput
et al., 1986; Brown et al., 1996). It is interesting to note that
a mRNA-destabilizing element, AUUUA, has been reported

to exist in the 3'- untranslated region of the B1 receptor,
suggesting that this sequence may a have a role in post-
transcriptional control of B1 receptor gene expression. The
conserved UUAUUUAU octanucleotide may contribute to a
binding site for a labile protein factor responsible for mRNA
destabilization. The labile protein could be a ribonuclease
itself or an mRNA-binding protein that enhances access of a
site to ribonuclease action. Indeed, several mRNA-binding
proteins have been identified and characterized and shown to
serve as a signal for targeting mRNA that encode many
cytokines, oncoproteins, and G-protein-coupled receptors for
degradation (Katz et al., 1994; Nakamaki et al., 1995; De-
Maria and Brewer, 1996). However, the significance of these
AUUUA-binding proteins to mRNA stabilization has not
been explored.

In summary, we have shown that both B1 and B2 receptors
are induced and up-regulated, respectively, by the pleiotropic
cytokine TNF-a through post-transcriptional mechanisms.
We have also demonstrated that p38 MAPK and/or PKA are
involved in the TNF-« signal transduction pathways in HEL
299 cells. Furthermore, the glucocorticoid dexamethasone
inhibited the expression of these receptors through post-
transcriptional mechanisms. Our results also indicate that
BK receptors are activated during inflammation and such
mechanism may be relevant for the manifestation of acute
and chronic inflammatory processes where TNF-a and IL-13
production are the predominant mediators.

References

Barnes PJ (1992) Bradykinin and asthma. Thorax 47:979-983.

Barnes PJ (1996) Molecular mechanisms of steroid action in asthma. J Allergy Clin
Immunol 97:159-168.

Bathon JM, Manning DC, Goldman DW, Towns MC and Proud D (1992) Character-
ization of kinin receptors on human synovial cells and upregulation of receptor
number by interleukin-1. J Pharmacol Exp Ther 260:384-392.

Beyaert R, Cuenda A, Berghe WV, Plaisance S, Lee JC, Haegeman G, Cohen P and
Fiers W (1996) The p38/RK mitogen-activated protein kinase pathway regulates
interleukin-6 synthesis in response to tumour necrosis factor. EMBO J 15:1914—
1923.

Brown CY, Lagnado CA and Goodall GJ (1996) A cytokine mRNA-destabilizing
element that is structurally and functionally distinct from A+U-rich elements.
Proc Natl Acad Sci USA 93:13721-13725.

Burch RM and Tiffany CW (1989) Tumor necrosis factor causes amplification of
arachidonic acid metabolism in response to interleukin 1, bradykinin, and other
agonists. J Cell Physiol 141:85—89.

Caput D, Beutler B, Hartog K, Thayer R, Brown-Shimer S and Cerami A (1986)
Identification of a common nucleotide sequence in the 3’-untranslated region of
mRNA molecules specifying inflammatory mediators. Proc Natl Acad Sci USA
83:1670-1674.

Cuenda A, Rouse J, Doza YN, Meier R, Cohen P, Gallagher TF, Young PR and Lee
JC (1995) SB 203580 is a specific inhibitor of a MAP kinase homologue which is
stimulated by cellular stresses and interleukin-1. FEBS Lett 364:229-233.

Dalemar LR, Jong YJI, Wilhelm B and Baenziger NL (1996) Protein kinase A and C
rapidly modulate expression of human lung fibroblast B2 bradykinin receptor
affinity forms. Eur J Cell Biol 69:236—244.

DeBlois D, Bouthillier J and Marceau F (1991) Pulse exposure to protein synthesis
inhibitors enhances vascular responses to des-Arg®-bradykinin: Possible role of
interleukin-1. Br JJ Pharmacol 103:1057-1066.

DeMaria CT and Brewer G (1996) AUF1 binding affinity to A+U-rich elements
correlates with rapid mRNA degradation. / Biol Chem 271:12179-12184.

Dixon BS (1994) Cyclic AMP selectively enhances bradykinin receptor synthesis and
expression in cultured arterial smooth muscle: Inhibition of angiotensin II and
vasopressin response. J Clin Invest 93:2535-2544.

Dixon BS, Sharma RV and Dennis MdJ (1996) The bradykinin B2 receptor is a
delayed early response gene for platelet-derived growth factor in arterial smooth
muscle. J Biol Chem 271:13324-13332.

Farmer SG and Burch RM (1992) Biochemical and molecular pharmacology of kinin
receptors. Annu Rev Pharmacol Toxicol 32:511-536.

Haddad E-B, Mak JCW and Barnes PJ (1994) Characterization [*H]Ba 679 BR, a
slowly dissociating muscarinic antagonist, in human lung: Radioligand binding
and autoradiographic mapping. Mol Pharmacol 45:899-907.

Haddad E-B and Rousell J (1998) Regulation of the expression and function of the
M2 muscarinic receptor. Trends Pharmacol Sci 19:322-327.

Haddad E-B, Rousell J, Lindsay M and Barnes PJ (1996a) Synergy between TNF-«
and IL-1B in inducing transcriptional down-regulation of muscarinic M2 receptor
gene expression: Involvement of PKA and ceramide pathways. o/ Biol Chem 271:
32586-32592.

2T0Z ‘T Jeqwiadaq uo 1sanb Aq 6o sjeuinofjadse weydjow wol} papeojumod


http://molpharm.aspetjournals.org/

aspet’

Haddad E-B, Rousell J, Mak JCW and Barnes PJ (1996b) Transforming growth
factor-p1 induces transcriptional down-regulation of m2 muscarinic receptor gene
expression. Mol Pharmacol 49:781-787.

Hall JM (1992) Bradykinin receptors: Pharmacological properties and biological
roles. Pharmacol Ther 56:131-190.

Hess JF, Borkowski JA, Young GS, Strader CD and Ransom RW (1992) Cloning and
pharmacological characterization of a human bradykinin (BK-2) receptor. Biochem
Biophys Res Commun 184:260-268.

Karin M (1998) Mitogen-activated protein kinase cascades as regulators of stress
responses. Ann NY Acad Sci 851:139-146.

Katz DA, Theodorakis NG, Cleveland DW, Lindsten T and Thompson CB (1994)
AU-A, an RNA-binding activity distinct from hnRNP Al, is selective for AUUUA
repeats and shuttles between the nucleus and the cytoplasm. Nucleic Acids Res
22:238-246.

Kolesnick R and Golde DW (1994) The sphingomyelin pathway in tumor necrosis
factor and interleukin-1 signaling. Cell 77:325-328.

Kumar S, McDonnell PC, Gum RJ, Hand AT, Lee JC and Young PR (1997) Novel
homologues of CSBP/p38 MAP kinase: Activation, substrate specificity and sensi-
tivity to inhibition by pyridinyl imidazoles. Biochem Biophys Res Commun 235:
533-538.

Larrivee JF, Bachvarov DR, Houle F, Landry J, Huot J and Marceau F (1998) Role
of the mitogen-activated protein kinases in the expression of the kinin B1 receptors
induced by tissue injury. J Immunol 160:1419-1426.

Marceau F (1995) Kinin B1 receptors: A review. Immunopharmacology 30:1-26.

Marceau F and Tremblay B (1986) Mitogenic effect of bradykinin and of des-Arg®-
bradykinin on cultured fibroblasts. Life Sci 39:2351-2358.

Menke JG, Borkowski JA, Bierilo KK, MacNeil T, Derrick AW, Schneck KA, Ransom
RW, Strader CD, Linemeyer DL and Hess JF (1994) Expression cloning of a
human B1 bradykinin receptor. J Biol Chem 269:21583—-21586.

Modeer T, Anduren I and Yucel-Lindberg T (1998) Bradykinin synergistically stim-
ulates interleukin 6 production in human gingival fibroblasts challenged with
interleukin 1 or tumour necrosis factor a. Cytokines 10:26-31.

Nakamaki T, Imamura J, Brewer G, Tsuruoka N and Koeffler HP (1995) Charac-
terization of adenosine-uridine-rich RNA binding factors.  Cell Physiol 165:484—
492.

1131

Regulation of Bradykinin B1 and B2 Receptor Expression

Rousell J, Haddad E-B, Lindsay MA and Barnes PJ (1997) Regulation of m2 mus-
carinic receptor gene expression by platelet derived growth factor: Involvement of
extracellular signal-regulated protein kinases in the down-regulation process. Mol
Pharmacol 52:966-973.

Rousell J, Haddad E-B, Mak JCW and Barnes PJ (1995) Transcriptional down-
regulation of m2 muscarinic receptor gene expression in human embryonic lung
(HEL 299) cells by protein kinase C. J Biol Chem 270:7213-7218.

Schanstra JP, Bataillé E, Castano MEM, Barascud Y, Hirtz C, Pesquero JB, Pecher
C, Gauthier F, Girolami J-P and Bascands J-L (1998) The B1-agonist [des-Argm]-
kallidin activates transcription factor NF-«B and induces homologous upregula-
tion of the bradykinin Bl-receptor in cultured human lung fibroblasts. J Clin
Invest 101:2080-2091.

Tiffany CW and Burch RM (1989) Bradykinin stimulates tumor necrosis factor and
interleukin-1 release from macrophages. FEBS Lett 247:189-192.

Trifilieff A, Da Silva A and Gies JP (1993) Kinins and respiratory tract diseases. Eur
Respir J 6:576-587.

Wang XS, Diener K, Manthey CL, Wang SW, Rosenzweig B, Bray J, Delaney J, Cole
CN, Chanhui PY, Mantlo N, Lichenstein HS, Zukowski M and Yao ZB (1997)
Molecular cloning and characterization of a novel p38 mitogen-activated protein
kinase. J Biol Chem 272:23668-23674.

Webb M, McIntyre P and Phillips E (1994) B1 and B2 bradykinin receptors encoded
by distinct mRNAs. J Neurochem 62:1247-1253.

Yucel-Lindberg T, Lerner UH and Modeer T (1995) Effects and interactions of
tumour necrosis factor alpha and bradykinin on interleukin-1 production in gin-
gival fibroblasts. JJ Periodontal Res 30:186—191.

Zhou X, Polgar P and Taylor L (1998) Roles for interleukin-1B, phorbol ester and a
post-transcriptional regulator in the control of bradykinin B1 receptor gene ex-
pression. Biochem J 330:361-366.

Send reprint requests to: Dr. El-Bdaoui Haddad, Department of Pharma-
cology, Aventis Pharmaceuticals, Rainham Road South Dagenham, Essex
RM10 7XS, United Kingdom. E-mail: el-bdaoui.haddad@aventis.com

2T0Z ‘T Jeqwiadaq uo 1sanb Aq 6o sjeuinofjadse weydjow wol} papeojumod


http://molpharm.aspetjournals.org/

