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1 Cyclo-oxygenase (COX) is the enzyme that converts arachidonic acid to prostaglandin H2 (PGH2)
which can then be further metabolized to prostanoids which modulate various airway functions. COX
exists in at least two isoforms. COX-1 is expressed constitutively, whereas COX-2 is expressed in
response to pro-in¯ammatory stimuli. Prostanoids are produced under physiological and pathophysio-
logical conditions by many cell types in the lung. However, the regulation of the di�erent COX isoforms
in human airway smooth muscle (HASM) cells has not yet been determined.

2 COX-1 and COX-2 protein were measured by Western blot analysis with speci®c antibodies for
COX-1 and COX-2. COX-2 mRNA levels were assessed by Northern blot analysis by use of a COX-2
cDNA probe. COX activity was determined by measuring conversion of either endogenous or exogenous
arachidonic acid to three metabolites, PGE2, thromboxane B2 or 6-ketoPGF1a by radioimmunoassay.

3 Under control culture conditions HASM cells expressed COX-1, but not COX-2, protein. However, a
mixture of cytokines (interleukin-1b (IL-1b), tumour necrosis factor a (TNFa) and interferon g (IFNg)
each at 10 ng ml71) induced COX-2 mRNA expression, which was maximal at 12 h and inhibited by
dexamethasone (1 mM; added 30 min before the cytokines). Furthermore, COX-2 protein was detected
24 h after the cytokine treatment and the expression of this protein was also inhibited by dexamethasone
(1 mM) and cyclohexamide (10 mg ml71; added 30 min before the cytokines).

4 Untreated HASM cells released low or undetectable amounts of all COX metabolites measured over
a 24 h period. Incubation of the cells with the cytokine mixture (IL-1b, TNFa, IFNg each at 10 ng ml71

for 24 h) caused the accumulation of PGE2 and 6-keto-PGF1a.

5 In experiments where COX-2 metabolized endogenous stores of arachidonic acid, treatment of
HASM cells with IL-1b in combination with TNFa caused a similar release of PGE2 to that when the
three cytokines were given in combination.

6 In other experiments designed to measure COX-2 activity directly, cells were treated with cytokines
for 24 h before fresh culture medium was added containing exogenous arachidonic acid (30 mM for
15 min) after which PGE2 was measured. IL-1b and TNFa increased COX-2 activity and an additional
small increase was produced by the three cytokines in combination.

7 These ®ndings suggest that the increased expression of COX-2 is intimately involved in the
exaggerated release of prostanoids from HASM cells exposed to pro-in¯ammatory cytokines. These data
indicate a role for airway smooth muscle cells, in addition to their contractile function, as in¯ammatory
cells involved in the production of mediators which may contribute to the in¯ammatory response seen in
diseases such as asthma.
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Introduction

Cyclo-oxygenase (COX) is the enzyme which converts ara-
chidonic acid to prostaglandin H2 (Hamberg et al., 1974)
which can be further metabolized to prostanoids, including
prostaglandin E2 (PGE2), prostacyclin (PGI2) and thrombox-
ane A2 (TXA2). It is now known that COX can exist in at least
two distinct isoforms (Xie et al., 1991; see Mitchell et al., 1995).
COX-1 is generally thought to produce prostanoids which
serve to maintain cellular homeostasis and is known to be
expressed constitutively in many cell types including en-
dothelial cells (Mitchell et al., 1995). COX-2 has been de-
monstrated to be expressed in response to many pro-
in¯ammatory stimuli, including cytokines (Maier et al., 1990;

Mitchell et al., 1994), in cells in vitro and at the site of in-
¯ammation in vivo (Vane et al., 1994). Furthermore, COX-2 is
thought to be the isoform responsible for the production of
pro-in¯ammatory prostanoids in various models of in-
¯ammation (Chan et al., 1995).

Prostanoids are produced both under physiological and
pathophysiological conditions by all cell types present in the
lung and are known to modulate various airway functions
including airway and vascular tone, cell proliferation, plasma
exudation, in¯ammatory cell recruitment and activity, cyto-
kine release, mucus secretion and parasympathetic and sensory
nerve function. However, the role of prostanoids in the lung is
dependent on their local concentration, the pro®le of prosta-
noids released and the presence of speci®c cell surface receptors
which are capable of activating di�erent signal transduction
pathways and therefore eliciting a wide range of e�ects.1Author for correspondence.
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Cytokine levels are increased in in¯ammatory airway dis-
eases such as asthma (Barnes, 1994). Lipopolysaccharide (LPS)
and/or certain cytokines, such as interleukin-1b (IL-1b) result
in the increased expression of COX-2 in airway epithelial cells
(Mitchell et al., 1994; Newton et al., 1996), airway macro-
phages (Lee et al., 1992; O'Sullivan et al., 1992; Mitchell et al.,
1993; Hempel et al., 1994) and monocytes (Hempel et al.,
1994). However, although prostanoids are known to be pro-
duced by airway smooth muscle cells (Delamere et al., 1994),
the production of prostanoids under pro-in¯ammatory con-
ditions and the regulation of the di�erent isoforms of COX in
these cells has not yet been determined. A preliminary account
of this work was presented at a British Pharmacological So-
ciety meeting (Saunders et al., 1996).

Methods

Isolation of human airway smooth muscle cells

Cells were isolated and cultured as previously described
(Hirst et al., 1992). Tracheal rings, obtained from either
heart or heart and lung transplantation donors (2 female, 2
male, aged 24 ± 37 years), were placed in sterile Hank's
bu�ered salt solution (HBSS) (in mM: NaCl 136.8, KCl 5.4,
MgSO4 0.8, Na2HPO4. 7H20 0.4, CaCl2. 2H20 1.3, NaHCO3

4.2 and glucose 5.6) containing the antibiotics penicillin
(100 u ml71), streptomycin (100 mg ml71) and the anti-fungal
agent amphotericin B (2.5 mg ml71). With sterile instruments
and under aseptic conditions the smooth muscle layer was
dissected free of adherent connective tissue. A strip of
smooth muscle (0.5 ± 1 cm long) was dissected from between
the cartilage plates and the epithelial layer removed by a
rounded scalpel blade and incubated for 30 min at 378C in
5% CO2/air in HBSS containing 10 mg ml71 bovine serum
albumin (BSA) and the enzymes collagenase (type XI,
1 mg ml71) and elastase (type I, 3.3 u ml71). After further
removal of remaining connective tissue, the smooth muscle
was chopped ®nely and incubated for a further 150 min in
the enzyme solution outlined above with elastase content
increased to 15 u ml71. In order to separate the dispersed
cells from the enzyme solution it was centrifuged (100 g,
5 min) at 48C and then resuspended in Dulbecco's modi®ed
Eagle's medium (DMEM) containing heat inactivated foetal
calf serum (10% v/v), sodium pyruvate (1 mM), L-glutamate
(2 mM), non-essential amino acids (1x) and anti-microbial
agents as previously described.

Primary culture of human airway smooth muscle
(HASM) cells

The HASM cellular suspension was placed in a tissue culture
¯ask (75 cm2) with 6 ml of supplemented DMEM and in-
cubated at 378C in 5% CO2/air. The culture medium was re-
placed after 4 ± 5 days (12 ml) and subsequently every 3 ± 4
days. After approximately 10 ± 14 days the cells reach con-
¯uence at which time they were passaged by standard cell
culture techniques into 2 6 75 cm2 ¯asks which were split 1:2
at con¯uence. With this approach, cells could be maintained in
culture over many passages (usually 4 to 12) (Hirst et al.,
1992).

Cell counts were performed with a Neubauer haemocyt-
ometer; cell viability was assessed by trypan blue exclusion and
was found to be greater than 97%. By use of immuno-
¯uorescence techniques, cultured HASM cells at con¯uence
and in the absence of growth factors stained (595%) for
smooth muscle a-actin. In addition, when examined by light
microscopy these cells displayed the characteristics of viable
smooth muscle cells in culture (Twort & van Breemen, 1988).
Cell respiration, an indicator of cell viability, was also assessed
by the mitochondrial-dependent reduction of 3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide to for-
mazan as previously described (Hirst et al., 1992; Mitchell et

al., 1993). Cells were plated at a density of approximately
60,000 and 2000 cells/well onto 6 and 96 well culture plates,
respectively. At con¯uence the cells were growth arrested,
being placed in a serum free medium containing the supple-
ments outlined above and apotransferin (5 mg ml71), insulin
(1 mM), ascorbate (100 mM) and bovine serum albumin (0.1%).
The cells were maintained in this medium for 72 h before the
experiment was started. In experiments designed to investigate
the e�ect of serum on cytokine (cytokine mixture: IL-1b,
TNFa, IFNg each at 10 ng ml71)-induced PGE2 release, 2.5%
serum was found to enhance release optimally with no further
increase observed at 10% (from 0.285+0.098 ng ml71 to
7.084+0.749 ng ml71 in cells treated with 2.5% serum; n=3).
All experiments, unless otherwise stated were performed with
cells which were incubated with medium supplemented with
2.5% foetal calf serum.

Measurement of COX activity

COX metabolites were measured by radioimmunoassay
(Salmon, 1978; Mitchell et al., 1994) for PGE2, 6-keto PGF1a

and TXB2. Antibodies to PGE2 and TXB2 had less than 5%
cross-reactivity with all other prostaglandins measured. An-
tibody to 6-keto- PGF1a had less than 5% cross reactivity to
thromboxane B2 and 17% cross reactivity to PGE2. For ex-
periments designed to measure the release of prostanoids
from endogenous arachidonic acid experiments were per-
formed with similar protocols to those previously described
by Mitchell et al. (1994) for airway epithelial cells. Cells
were grown in 96 well plates and treated with either
lipopolysaccharide (LPS; 0.1 ± 10 mg ml71), tumour necrosis
factor-a (TNFa; 0.1 ± 100 ng ml71), interleukin 1b (IL-1b;
0.1 ± 100 ng ml71), interferon g (IFNg; 0.1 ± 100 ng ml71),
alone or in various combinations for 24 h and the medium
removed for radioimmunoassay. In some experiments, dex-
amethasone (1 mM), cyclohexamide (10 mg ml71) or in-
domethacin (30 mg ml71) were added 30 min before the
addition of the cytokine mixture (IL-1b, TNFa, IFNg, all
cytokines at 10 ng ml71) for 24 h and the predominant COX
metabolite (PGE2) measured. Indomethacin (30 mg ml71) was
used at a concentration that is known to inhibit maximally
both isoforms of COX (Mitchell et al., 1993). In separate
experiments, designed to measure COX activity, cells were
treated with di�erent combinations of cytokines as detailed
above for 24 h after which time fresh medium was added
containing arachidonic acid (30 mM) for 15 min at 378C and
then removed for radioimmunoassay.

In another series of experiments, cells were exposed to the
cytokine mixture (IL-1b, TNFa, IFNg each at 10 ng ml71) for
0, 2, 4, 6, 12, 24 and 48 h and the medium removed for
radioimmunoassay in order to assess the time-dependent re-
lease of prostanoids.

Western blot analysis

In other experiments HASM cells were grown in 6 well
plates as detailed above. After exposure to the mixture
of cytokines (IL-1b, TNFa, IFNg 10 ng ml71 for each; (+)-
dexamethasone, 1 mM; indomethacin, 30 mg ml71; cyclohex-
amide, 10 mg ml71) the culture medium was removed, PGE2

levels measured and the cells incubated with extraction
bu�er (Tris, 50 mM; EDTA,10 mM; Triton X-100, 1% v/v;
phenylmethylsulphonyl ¯uoride, 1 mM; pepstatin A, 0.05 mM

and leupeptin, 0.2 mM) with gentle shaking. The cell extract
was then boiled (10 min) in a ratio of 1:1 with gel loading
bu�er (Tris, 50 mM; SDS, 10% w/v; glycerol, 10% v/v;
2-mercaptoethanol 10% v/v and bromphenol blue,
2 mg ml71). Samples were centrifuged at 10,000 g for 2 min
before being loaded onto a 4% stacking gel/ 7.5% separ-
ating gel and subjected to electrophoresis (1.5 h at 125V ±
200V). The separated proteins were transferred to ni-
trocellulose (BIORAD; 1 h at 0.3A). After transfer to ni-
trocellulose, the blot was incubated in blocking solution
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(dried minimal-fat milk 25 g and Tween-20 1.25 ml in PBS
solutions 500 ml) for 1 h before being primed for 1 h with
either rabbit polyclonal antisera raised against puri®ed sheep
seminal vesicle COX-1 or rabbit polyclonal antibody raised
against puri®ed sheep placental COX-2 (a kind gift from Dr
Ian Rodger, Merck Frosst, Point due Claire, Quebec, Ca-
nada). The blots were then incubated with a secondary an-
tibody raised in donkey against rabbit, conjugated to horse
radish peroxidase and antibody-bound protein visualized by
enhanced chemiluminence (ECL, Amersham plc, U.K.).
There was no detectable cross reactivity of the COX-1 an-
tibody with COX-2 or the COX-2 antibody with COX-1
(Figure 1a and b).

Northern blot analysis

RNA preparation and Northern blot hybridization analysis
Total RNA from HASM was extracted according to the single
step extraction procedure of Chomczynski & Sacchi (1987).
Purity and quality were assessed by A260/A280 spectro-
photometric measurements. Samples were size fractionated on
a 1% agarose/formaldehyde gel containing 20 mM morpholi-
nosulphonic acid (MOPS), 5 mM sodium acetate and 1 mM

EDTA (pH 7.0) and blotted onto Hybond-N ®lters (Amer-
sham, U.K.) by capillary action with 20 6 SSC (Standard
Saline Citrate, 16SSC, 0.15 mM NaCl and 0.015 M sodium
citrate at pH 7.0).

The blots were prehybridized for 4 ± 6 h at 428C in bu�er
consisting of 46SSC, 50% formamide, 50 mM Tris-HCl (pH
7.5), 56 Denhardt's solution (0.02% Ficoll/ 0.02% poly-
vinylpyrrolidone/ 0.02% bovine serum albumin), 0.1% so-
dium dodecyl sulphate (SDS), 5 mM EDTA and 250 mg ml71

sonicated denatured salmon sperm DNA. The cDNA probe
(20 ± 30 ng) were labelled with [32P]-dCTP (3000 Ci mmol71)
(NEN, U.K.) by random priming and added to the pre-
hybridization chambers at a ®nal strength of 1 to 26106

c.p.m. ml71 and incubated for 12 ± 16 h at 428C. After hy-
bridization, blots were washed to a stringency of 0.16SSC,
0.1% SDS at 608C for 30 min. Blots were then exposed to
Kodak OMAT XS ®lm at 7708C with intensifying screens
for 1 to 4 days. After exposure, blots were stripped in 50%
formamide, 10 mM HaH2 PO4 for 1 h at 658C before sub-
sequent rehybridization.

To account for di�erence in loading or transfer of the
mRNA, hybridization with a 1272 bp PstI fragment from rat
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) cDNA
was performed.

Materials

Tritiated PGE2, thromboxane B2 and 6-keto-PGF1a were ob-
tained from Amersham International (Amersham, Bucks,
U.K.). IL-1b and IFNg were purchased from Boehringer
Manheim (Boehringer Manheim, Lewes, East Sussex, U.K.)
and TNFa from R & D Systems (R & D Systems Europe Ltd.,
Abingdon, Oxfordshire, U.K.). ECL reagent was obtained
from Amersham International (Amersham, Bucks., U.K.). The
COX-1 and COX-2 standards were purchased from the Alexis
Corporation (Alexis Corporation Ltd., Nottingham, U.K.).
Amphotericin B, non essential amino acids, sodium pyruvate
were purchased from Life Technologies (Life Technologies
Ltd, Paisley, U.K.). All other materials were purchased from
Sigma Chemical Company (Poole, U.K.) unless otherwise
stated.

Statistical analysis

Results shown are the mean+s.e.mean from n determinations
from HASM cells obtained from 3 or 4 patients. Data were
analysed by a Kruskal-Wallis non-parametric ANOVA test
followed by a Dunn's test for multiple comparisons.
All treatments were compared with control values,
*P50.05,**P50.01, ***P50.001.

Results

Characterization of the isoforms of COX present in
HASM cells

Untreated HASM cells contained COX-1 protein (Figure 1a)
but COX-2 was not detected (Figure 1b). However, after ex-
posure of the cells to the cytokine mixture there was an in-
dution of COX-2 mRNA which apparent 2 h after cytokine
treatment, maximal at 12 h and still evident at up to 24 h after
treatment (Figure 2a). Furthermore, 24 h after treatment with
the cytokine mixture there was a release of PGE2 (Figure 3), an
induction of COX-2 protein with no change in the expression
of COX-1 (Figure 1a and b). Furthermore, the release of PGE2

in response to the cytokine mixture was abolished by the COX-
1/COX-2 inhibitor indomethacin (Figure 3). Pretreatment of
HASM cells with dexamethasone (1 mM), added 30 min before
the addition of the cytokine mixture, almost abolished the
induction of COX-2 mRNA and protein (Figures 1b and 2b)
and inhibited the release of PGE2 (Figure 3). Furthermore,
cyclohexamide (10 mg ml71, 30 min before cytokine mixture)
inhibited the expression of COX-2 protein and the release of
PGE2 (Figure 3). Alternatively, cyclohexamide alone increased
the `basal' expression of COX-2 mRNA and further increased
the cytokine-induced expression of COX-2 mRNA in HASM
cells (Figure 2b).

1 2 3 4 5

1 2 3 4 5 6

a

b

Figure 1 Expression of cyclo-oxygenase-1 (COX-1) and COX-2
protein in HASM cells. (a) A Western blot with a speci®c antibody to
COX-1 which recognizes a band of approximately 70 kDa. Each lane
was loaded with 10 mg of protein for samples and 10 ng of protein
for the COX-1 and COX-2 standards. Lane 1, COX-1 standard; lane
2, COX-2 standard; lane 3, molecular weight markers; lane 4, extracts
from untreated HASM cells; lane 5, extracts from HASM cells
treated with a mixture of cytokines (IL-1b, TNFa, IFNg all at
10 ng ml71 for 24 h). (b) A representative Western blot with a
speci®c antibody to COX-2 which recognises a band of approxi-
mately 70 kDa. Each lane was loaded with 10 mg of protein for
samples and 10 ng of protein for the COX-1 and COX-2 standards.
Lane 1, COX-1 standard; lane 2, COX-2 standard; lane 3, extracts
from untreated HASM cells; lane 4, extracts from HASM cells
treated with a mixture of cytokines (IL-1b, TNFa, IFNg all at
10 ng ml71 for 24 h); lane 5, extracts from HASM cells pretreated
with dexamethasone (1 mM; for 30 min) before treatment with the
mixture of cytokines for 24 h; lane 6, extracts from HASM cells pre-
treated with cyclohexamide (10 mg ml71; for 30 min) before treat-
ment with the mixture of cytokines for 24 h.
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Release of COX metabolites by HASM cells from
endogenous stores of arachidonic acid

Untreated HASM cells released low or undetectable levels of
all COX metabolites measured (PGE2, below level of detec-
tion; 6-keto PFG1a, 0.258+0.12 ng ml71; TXB2 0.162-
+0.075 ng ml71, n=6) (Figure 4). However, incubation of the
cells for 24 h with the cytokine mixture caused the accumula-
tion of PGE2 (13.67+3.63 ng ml71, n=6), 6-keto PGF1a

(8.51+1.56 ng ml71, n=6) and TXB2 (0.44+0.12 ng ml71,
n=6) (Figure 4). In separate experiments, incubation of
HASM cells with LPS (0.1 ± 10 mg ml71) or any cytokines in-
dividually (0.1 ± 100 ng ml71) did not cause detectable release
of PGE2 (Figure 5). However, the release of PGE2 was elevated
over control levels when HASM cells were incubated with IL-
1b together with TNFa for 24 h (each 10 ng ml71) (control,
0.06+0.041 ng ml71, n=12; IL-1b plus TNFa, 8.719-
+4.058 ng ml71 n=12, P50.001) and after the addition of

0 2 4 6 12 24 (h)

COX-2

COX-2

GAPDH

GAPDH

a

1 2 3 4 5 6
b

Figure 2 The expression of the 4.5 kb cyclo-oxygenase-2 (COX-2)
mRNA in HASM cells. (a) Kinetics of COX-2 mRNA induction in
HASM. Cells were treated with the cytokine mixture (IL-1b, TNFa,
IFNg each at 10 ng ml71) for the time indicated in hours and then
harvested for Northern blot analysis. (b) E�ect of dexamethasone
and cyclohexamide on COX-2 mRNA expression. Cells were treated
with, lane 1, vehicle; lane 2, cytokine mixture (IL-1b, TNFa, IFNg
each at 10 ng ml71 for 12 h); lane 3, cyclohexamide alone
(10 mg ml71 for 12 h); lane 4, pretreated for 1 h with cyclohexamide
(10 mg ml71) before incubation with the cytokine mixture for 12 h;
lane 5, dexamethasone (1 mM for 12 h); lane 6, pretreated with
dexamethasone (1 mM for 1 h) before incubation with the cytokine
mixture for 12 h. RNA from these samples was then extracted and
evaluated for COX-2 mRNA expression by Northern blot analysis.
To control for di�erences in RNA loading, blots were hybridized
with glyceraldehyde-3-phosphate dehydrogenase (GAPDH) which
was used as an internal standard.
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Figure 3 Demonstrates the release of PGE2 by HASM cells treated
with either vehicle (control), or the cytokine mixture (IL-1b, TNFa,
IFNg, all at 10 ng ml71 for 24 h) alone or in the presence of the
cytokine mixture with either indomethacin (Indo, 30 mg ml71) or
dexamethasone (Dex, 1 mM) or cyclohexamide (Cyclo, 10 mg ml71)
added 30 min before the addition of cytokines. The data represent
the mean+s.e.mean for 9 determinations from HASM cells from 3
patients.
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Figure 4 Release of di�erent cyclo-oxygenase (COX) metabolites by
HASM in untreated (control) and after treatment with a mixture of
cytokines (IL-1b, TNFa, IFNg all at 10 ng ml71 for 24 h). The data
represent the mean+s.e. for 6 determinations from HASM cells from
2 patients.
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Figure 5 Demonstrates the release of PGE2 by HASM cells treated
with either vehicle (control), IL-1b, TNFa, IFNg, a mixture of any
two cytokines or a mixture of the three cytokines (IL-1b, TNFa and
IFNg) all at 10 ng ml71 for 24 h. The data represent the mean+-
s.e.mean for 12 determinations from HASM cells from 4 patients.
Signi®cant di�erences in the release of PGE2 by vehicle-treated
(control) compared to treated cells were calculated by a Kruskal-
Wallis Non-parametric ANOVA test followed by Dunn's test for
multiple comparisons (***P50.001).
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the cytokine mixture (8.412+2.94, n=12, P50.001) (Figure
5).

The treatment of HASM cells with the cytokine mixture for
2, 4, 6, 12 and 24 h resulted in a time-dependent release of
PGE2 which was signi®cant at 12 h after the addition of cy-
tokines (Figure 6).

Release of COX metabolites by HASM cells from
exogenous stores of arachidonic acid

In HASM cells COX activity (measured in the presence of
exogenous arachidonic acid; 30 mM; 15 min) was elevated at
24 h after the addition of IL-1b together with TNFa (each

10 ng ml71) (control, 0.352+0.172 ng ml71, n=6; IL-1b plus
TNFa, 11.703+3.62 ng ml71, n=6, P50.05) and after the
addition of the cytokine mixture (19.899+3.913, n=6,
P50.001) (Figure 7).

Discussion

Prostanoids, generated under physiological or pathophysiolo-
gical conditions, in¯uence many aspects of airway smooth
muscle function. Thromboxane A2 has been implicated in the
hyperresponsiveness of airway smooth muscle which is asso-
ciated with allergen challenge (Chung et al., 1986) and ozone
inhalation (Aizawa et al., 1985). Furthermore, thromboxane
A2 has been demonstrated to cause airway hyperresponsive-
ness to muscarinic agents in asthmatic individuals (Fujimura et
al., 1986). In contrast, PGE2 is a potent inhibitor of bronch-
oconstriction induced by metabisulphite (Pavord et al., 1991),
allergen (Pavord et al., 1993), exercise and distilled water
(Passargiklian et al., 1976; 1977). However, apart from their
actions on airway smooth muscle tone, prostanoids are also
known to modulate mitogenesis of airway smooth muscle
(Noveral & Grunstein, 1992; Johnson et al., 1995). Moreover,
as well as eliciting functional responses to prostanoids via ac-
tivation of cell surface receptors, airway smooth muscle cells
themselves can produce prostanoids which may then act in an
autocrine fashion (Noveral & Grunstein, 1992; Delamere et al.,
1994).

It is now established that peptide mediators, such as cyto-
kines and growth factors, orchestrate and perpetuate the
chronic in¯ammation of diseases such as bronchial asthma
(Barnes, 1994). Pro-in¯ammatory cytokines, such as TNFa
and IL-1b, regulate the release of several in¯ammatory med-
iators by inducing the expression of synthesising enzymes such
as COX-2 in airway epithelial cells. (Mitchell et al., 1994;
Newman et al., 1994; Newton et al., 1996). We have now ex-
tended these ®ndings and have demonstrated that a combi-
nation of cytokines (TNFa and IL-1b) stimulate human airway
smooth muscle cells to release COX metabolites with no fur-
ther increase when IFNg was added to the mixture. In addi-
tion, the cytokine mixture increased COX activity and induced
the expression of COX-2 mRNA and protein. These results are
in agreement with a recent study which demonstrated an in-
creased expression of COX-2 mRNA in rat tracheobronchial
smooth muscle cells after exposure of the cells to TNFa and
IL-1b (Vadas et al., 1996). Low levels of COX-1 protein were
detected in untreated cells but these levels were not increased
with cytokine treatment. In addition, no detectable release of
PGE2 was found in untreated cells, suggesting that the ex-
aggerated release of prostanoids was not due to an increased
expression or activity of the COX-1 protein.

We have found clear di�erences in cytokine combinations
required to reduce COX-2 in human epithelial compared to
airway smooth muscle cells. These di�erences may indicate cell
speci®c signal transduction pathways for COX-2 induction.
However, whether these cytokines cause the induction of
COX-2 directly or via the release of other mediators has not
yet been established. Furthermore, human airway epithelial
cells release predominantly PGE2 when induced to express
COX-2 (Mitchell et al., 1994), whereas human airway smooth
muscle cells release PGE2 and the stable metabolite of pros-
tacyclin, 6-keto PGF1a in roughly equivalent amounts. The
®nding that di�erent airway cells release prostanoids in dif-
ferent proportions (Mitchell et al., 1994; this paper), suggests
that the e�ects of COX-2 induction in the airway are depen-
dent not only on the type of prostanoid receptors present but
also on the population of cells exposed to cytokines.

Furthermore, cyclohexamide, a protein synthesis inhibitor,
prevented the induction of COX-2 protein by the cytokine
mixture. These results indicate that the enhanced release of
prostanoids is dependent on de novo transcription and trans-
lation. In addition, there was superinduction of COX-2
mRNA in the presence of cyclohexamide, a phenomenon that
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Figure 6 Time-dependent release of PGE2 from HASM cells after
the addition of the cytokine mixture (IL-1b, TNFa, IFNg all at
10 ng ml71). Culture medium was removed at 2, 4, 6, 12 and 24 h
after the addition of cytokines. No PGE2 was detected in culture
medium removed from cells after the addition of vehicle for the same
time points. The data represent 3 determinations from HASM cells
obtained from 1 patient.
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Figure 7 Induction of cyclo-oxygenase (COX) activity (measured in
the presence of exogenous arachidonic acid; 30 mM) in HASM cells
by di�erent combinations of cytokines. HASM cells were treated with
either vehicle (control), IL-1b, TNFa, IFNg or a mixture of any two
cytokines or a mixture of the three cytokines (IL-1b, TNFa, IFNg)
all at 10 ng ml71 for 24 h. The culture medium was then replaced
with fresh medium containing arachidonic acid (30 mM) and
incubated for 15 min. The formation of PGE2 by the cells was then
measured as an index of COX-2 activity. The data represent the
mean+s.e.mean for 6 determinations from HASM cells obtained
from 2 patients. Signi®cant di�erences in the release of PGE2 by
untreated (control) compared to treated cells were calculated by
Kruskal-Wallis Non-parametric ANOVA test followed by Dunn's
Multiple Comparisons Test (*P50.05, ***P50.001).
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has been demonstrated before for other cell types (Lyons-
Giordano et al., 1993). Moreover, in this study we have de-
monstrated that the induction of COX-2 mRNA and protein
and the release of PGE2 on cytokine treatment are inhibited by
the anti-in¯ammatory steroid dexamethasone. The inhibitory
action of dexamethasone on the expression of pro-in-
¯ammatory genes such as inducible nitric oxide synthase has
been demonstrated to be linked, in part, to the suppression of
nuclear factor (NF)-kB activity (Kleinert et al., 1996). Fur-
thermore, the human COX-2 promoter has two putative NF-
kB binding sites (Appleby et al., 1994) which may indicate that
the expression of this in¯ammatory gene, and the inhibitory
action of glucocorticosteroids, are intimately linked to the
activity of this transcription factor. Moreover, it is tempting to
speculate that the anti-in¯ammatory action of glucocorticos-
teroids in in¯ammatory airway diseases such as bronchial
asthma may be associated with the inhibitory action of these
compounds on the induction of immediate early genes such as
COX-2 and the consequent suppression of prostanoid release
at the site of in¯ammation.

It is evident that prostanoids have wide ranging e�ects in
the airways including modulation of airway and vascular tone,
plasma exudation, in¯ammatory cell recruitment, and activity,
cytokine release, mucus secretion and cholinergic and sensory
nerve function. However, it is still unknown whether the in-
creased expression of COX-2 in human airway smooth muscle
cells and the exaggerated production of PGE2 and prostacyclin
would be deleterious or bene®cial for airway function in in-
¯ammatory diseases such as asthma. An alternative hypothesis
to COX-2 expression being a pro-in¯ammatory event could be
that prostanoid production by COX-2 is a natural defence
mechanism of the airways to in¯ammation. In fact, the in-

duction of COX-2 in human airway smooth muscle could
theoretically shunt arachidonic acid away from the production
of constrictor leukotrienes towards the production of dilator
prostaglandins such as PGE2 and prostacyclin. In this way
inhibition of prostanoid production with non-steroidal anti-
in¯ammatory drugs in a population of asthmatics that express
larger amounts of cyclo-oxygenase (eg. COX-2) could theo-
rectically lead to the phenomenon known as `aspirin-sensitive'
(DahleÂ n & DahleÂ n, 1995).

In conclusion, the data presented here demonstrate COX-2
induction in human airway smooth muscle cells in response to
stimulation with pro-in¯ammatory cytokines. This enhanced
release of prostanoids from human airway smooth muscle cells
reveals a novel role for this cell as an in¯ammatory cell in
addition to its contractile function. This observation is con-
sistent with recent data demonstrating the release of the che-
mokines RANTES (John et al., 1996) and IL-8 (Watson et al.,
1996) from human airway smooth muscle cells on cytokine
stimulation. Therefore, these results would seem to indicate
that airway smooth muscle cells contribute to airway in-
¯ammation by interacting with cytokines to produce various
mediators and chemoattractants which can evoke cellular in-
®ltration and therefore perpetuate the in¯ammatory response.
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