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1 Airway smooth muscle (ASM) in human asthma shows reduced relaxation and cyclic AMP
generation in response to b-adrenoceptor agonists. IL-b attenuates cyclic AMP generation but the
underlying mechanism is unclear. We have reported that IL-1b induces cyclo-oxygenase-2 (COX-2) in
human ASM cells and results in a marked increase in prostanoid generation with PGE2 and PGI2 as the
major products.

2 We investigated the role of COX-2 induction and prostanoid release (measured as PGE2) in IL-1b
induced attenuation of cyclic AMP generation in response to the b-adrenoceptor agonist isoprenaline
(ISO).

3 Pre-treatment of human ASM cells with IL-1b signi®cantly attenuated cyclic AMP generation in
response to high concentrations of ISO (1.0 ± 10.0 mM) in a time- and concentration-dependent manner.
The e�ect was accompanied by a high concentration of PGE2 release. The non-selective COX inhibitor
indomethacin (Ind), the selective COX-2 inhibitor NS-398, the protein synthesis inhibitors cycloheximide
(CHX) and actinomycin D and the steroid dexamethasone (Dex) all abolished the PGE2 release and
prevented the attenuated cyclic AMP generation.

4 COX substrate arachidonic acid time- and concentration-dependently mimicked IL-1b induced
attenuation and the e�ect was prevented by the non-selective COX inhibitors Ind and ¯urbiprofen, but
not by NS-398, CHX and Dex.

5 In contrast to IL-1b, TNFa and IFNg, which are ine�ective in inducing COX-2 and releasing PGE2

from human ASM cells, did not a�ect the cyclic AMP formation.

6 Our study demonstrates that COX-2 induction and the consequent release of prostanoids plays a
crucial role in IL-1b induced attenuation of human ASM cell cyclic AMP response to ISO.
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Introduction

Several pieces of evidence suggest that b-adrenergic relaxant
mechanisms may be dysfunctional in asthmatic airways

(Barnes, 1995). ASM relaxation to b-adrenoceptor agonists in
vitro is impaired in airways taken from patients who died of
asthma exacerbations (Bai, 1991; Goldie et al., 1986), in

surgical lobectomy samples from patients with stable asthma
(De Jongste et al., 1987) and in animal models of asthma
(Barnes et al., 1980; Emala et al., 1993). The attenuated b-
adrenergic responsiveness in asthmatic airways could not be
attributed to a decrease in b-adrenergic receptor density or
a�nity (Sharma & Je�ery, 1990; Shore et al., 1997) or a
speci®c defect in the receptor gene (Reihsaus et al., 1993). In

one instance an increase in the receptor density and a�nity was
observed despite an impairment in functional relaxation (Spina
et al., 1989). It has therefore been suggested that there is

uncoupling of ASM b-receptors from adenylyl cyclase in
asthma (Barnes, 1995).

Elevated levels of a number of pro-in¯ammatory cytokines,

including interleukin-1b (IL-1b), tumour necrosis factor-a
(TNFa) and interferon-g (IFNg), occur in bronchoalveolar
lavage (BAL) ¯uid from asthmatic patients (Broide et al., 1992;
Cembrzynska-Nowak et al., 1993). IL-1b and TNFa have been
shown to play a major part in regulating smooth muscle

contractility. IL-1b causes b-adrenergic hyporesponsiveness in
various human and animal tissues and cells (Chung et al., 1990;

Kelsen et al., 1995; Shore et al., 1997; Wills-Karp et al., 1993);
treatment of rats in vivo and guinea-pig tracheas in vitro with
TNFa also induces bronchial constrictor hyperresponsiveness

(Kips et al., 1992) and reduces relaxation by b-adrenoceptor
agonist isoprenaline (ISO) (Wills-Karp et al., 1993) respec-
tively. Furthermore, IL-1b causes a decrease in response of

human ASM cells to ISO (Shore et al., 1997) and TNFa
inhibits ISO stimulated adenylyl cyclase activity in canine
ASM cells (Emala et al., 1997). Taken together, these ®ndings
suggest that pro-in¯ammatory cytokines, particularly IL-1b,
may be responsible in part for the reduced relaxant responses
to b-adrenoceptor agonists in asthmatic patients and in animal
models of asthma, but the precise mechanism(s) underlying

this hyporesponsiveness has not been fully explored.
Cyclo-oxygenase (COX), the key enzyme converting

arachidonic acid (AA) to prostanoids, exists in two isoforms.

COX-1 is constitutively expressed whereas COX-2 is induced
by in¯ammatory stimuli (Pang & Hoult, 1996; Pang & Knox,
1997; Vane, 1994). We and others have reported that IL-1b
(Pang & Knox, 1997; Vigano et al., 1997) or a mixture of

cytokines (Belvisi et al., 1997) induces COX-2 expression in
cultured human ASM cells and the induction is accompanied
by a marked increase in prostaglandin E2 (PGE2) and

prostaglandin I2 (PGI2) production (Pang & Knox, 1997).
Since PGE2 and PGI2 are both coupled to adenylyl cyclase and
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increase intracellular cyclic AMP, chronically elevated levels of
PGE2 and PGI2 would be expected to cause heterologous
desensitization of adenylyl cyclase. We postulated that IL-1b
induced COX-2 expression and the consequent release of high
concentration PGE2 and PGI2 are responsible for attenuating
cyclic AMP generation in response to b-adrenoceptor agonists
in IL-1b treated human ASM cells and impairing ASM

relaxation in asthma.
The present study explores the potential link between IL-1b

enhanced prostanoid release (measured as PGE2) via COX-2

induction and the attenuation of human ASM cell cyclic AMP
responses to ISO. The non-selective COX inhibitor indo-
methacin (Ind), selective COX-2 inhibitor NS-398 (N-(2-

cyclohexyloxy-4-nitrophenyl)-methanesulphonamide), protein
synthesis inhibitors cycloheximide (CHX) and actinomycin D
(Act) and the anti-in¯ammatory steroid dexamethasone (Dex)

were used to assess the role of COX-2 activity and induction in
the process. In addition, the ability of exogenously applied
COX substrate arachidonic acid (AA) to mimic the attenuating
e�ect of IL-1b was also investigated and the e�ect of IL-1b was
compared to that of TNFa and IFNg which are ine�ective in
COX-2 induction and prostanoid release in human ASM cells
(Pang & Knox, 1997).

Methods

Cell culture

Human tracheas were obtained from two post-mortem
individuals (one male aged 44 and one female aged 52, with
no evidence of airway diseases) within 12 h of death. Primary
cultures of human ASM cells were prepared from explants of

ASM according to methods previously reported (Hall et al.,
1992; Pang & Knox, 1997). Cells at passage three to four were
used for all experiments. We have previously shown that the

cells grown in this manner depict the immunohistochemical
and light microscopic characteristics of typical ASM cells
(Pang & Knox, 1997).

Experiment protocol

The cells were cultured to con¯uence in 24-well culture plates

and growth-arrested in serum deprived medium for 24 h prior
to experiments. Immediately before each experiment, fresh
serum free medium containing the cytokines to be tested was

added. In most experiments the cells were incubated with either
1.0 ng ml71 IL-1b, or 10.0 ng ml71 TNFa or 50.0 ng ml71

IFNg for 24 h. In the time course experiments the cells were

incubated with IL-1b (1.0 ng ml71) for 1 ± 24 h whereas in the
concentration response experiments the cells were incubated
for 24 h with 0.01 ± 10.0 ng ml71 IL-1b. At the indicated times,
the culture media were either removed or harvested and stored
at 7208C until the radioimmunoassay of PGE2 content
(Delamere et al., 1994). The anti-PGE2 antiserum had
negligible cross-reactivity in our hands (Pang & Knox, 1997).

To test the inhibition of various reagents on the e�ect of IL-1b
or the inhibition of the e�ect of isoprenaline by the selective b-
adrenoceptor antagonist propranolol, all drugs were added

30 min prior to the addition of IL-1b or ISO respectively.
Experiments with AA were conducted in the same way as IL-
1b. The cytokines were dissolved in serum-free medium, all

other agents were dissolved in dimethyl sulphoxide (DMSO,
®nal concentration 1.0% v/v) except AA which was dissolved
in ethanol (®nal concentration 1.0% v/v). In all the studies, a
group of control cells were incubated with the vehicles used to

dissolve the agents applied in the experimental cells for the
same period of time.

Cyclic AMP assay

After the incubation with cytokines or AA and the removal of
culture media, the cells were washed three times with

phosphate bu�ered saline (PBS) and incubated in 0.5 ml fresh
medium with 1.0 mM 3-isobutyl-1-methylxanthine (IBMX) to
prevent cyclic AMP degradation. The cyclic AMP production

reaction was initiated with the addition of ISO and was
terminated 10 min later with 0.1 ml 30% (w/v) ice cold
trichloroacetic acid which was then removed by amine/freon

extraction (Khym, 1975), cyclic AMP content in the extract
was determined by a protein binding assay (Gilman, 1970).

Cell viability

The toxicity of all the chemicals used in this study and their
vehicles DMSO and ethanol to human ASM cells was

determined by MTT assay (Pang & Knox, 1997). After 24 h
incubation with the chemicals, 20 ml 5 mg ml71 MTT
[thiazolyl blue, 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenylter-

trazolium bromide] was added to the culture medium in 96
well plates and incubated for 1 h at 378C. After removing the
medium, 200 ml DMSO was added to solubilize the blue

coloured tetrazolium and the plates were shaken for 5 min and
the OD550 values were read in a microplate reader. Viability
was set as 100% in control cells.

Materials

Recombinant human IL-1b, PGE2, arachidonic acid, propra-

nolol, indomethacin, ¯urbiprofen, dexamethasone, cyclohex-
imide, actinomycin D, 3-isobutyl-1-methylxanthine, adenosine
3' : 5'-cyclic monophosphate, protein kinase, 3' : 5'-cyclic AMP

dependent, MTT [thiazolyl blue, 3-(4,5-Dimethylthiazol-2-yl)-
2,5-diphenyltertrazolium bromide] and anti-PGE2 serum were
all purchased from Sigma (Poole, Dorset, U.K.); recombinant

human TNFa and IFNg from Genzyme (West Malling, Kent,
U.K.); [5,6,8,11,12,14,15(n)-3H] PGE2 (speci®c activity
6.737 TBq mmol71) and [8-3H] adenosine 3' : 5'-cyclic phos-
phate (speci®c activity 1.04 TBq mmol71) from Amersham

Life Science (Little Chalfont, Bucks, U.K.); NS-398 from
Cayman Chemical (Ann Arbor, MI, U.S.A.); isoprenaline
from Calbiochem-Novabiochem (La Jolla, CA, U.S.A.).

Statistical analysis

Data were expressed as means+s.e.mean from n determina-
tions (wells). Statistical analysis was performed by using the
statistical software from SPSS Inc (SPSS Inc., 1996). Data

were tested by one way analysis of variance followed by
unpaired two-tailed t-test to determine the signi®cant
di�erences between means. The results were adjusted for
multiple testing by using Bonferroni's correction. P values of

less than 0.05 were accepted as statistically signi®cant.

Results

E�ect of IL-1b on cyclic AMP formation in response to
ISO

The synthesis of cyclic AMP by human ASM cells in response
to ISO and the e�ect of the selective b-adrenoceptor antagonist
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propranolol (Prop) were studied ®rst. Basal cyclic AMP levels
were low in control cells (0.344+0.05 pmol million71 cells)
and greatly increased after stimulation with ISO (10.0 mM,
10 min) which was concentration-dependently inhibited by
Prop, indicating that the ISO response is working through the
b-adrenoceptors (Figure 1). The capacity of human ASM cells
to generate cyclic AMP in unstimulated conditions and after

IL-1b pre-treatment was then examined. As shown in Figure 2,
IL-1b (1.0 ng ml71 for 24 h) signi®cantly increased basal cyclic
AMP levels (1.061+0.336 pmol million71 cells, P50.01) and

cyclic AMP formation in response to 0.1 mM ISO (P50.01) but
markedly reduced cyclic AMP formation in response to 1.0
and 10.0 mM ISO (P50.05, P50.01 respectively) (Figure 2).

Human ASM cells pre-treated with IL-1b (1.0 ng ml71)
showed a time-dependent decrease in cyclic AMP formation
in response to ISO in the time course experiment (Figure 3A).

The attenuation was signi®cant after 2 h of incubation and
peaked at 24 h. Treatment of the cells with various
concentrations of IL-1b for 24 h also produced a concentra-
tion-dependent attenuation of cyclic AMP production to ISO

(Figure 3B). The cyclic e�ect was signi®cant from 0.1 ng ml71

and maximal at 1.0 ng ml71.

E�ect of various inhibitors on IL-1b induced PGE2

release and attenuation in cyclic AMP formation

The e�ect of the non-selective COX inhibitor Ind, selective
COX-2 inhibitor NS-398, protein synthesis inhibitors CHX
and Act and the steroid Dex was assessed on IL-1b induced

PGE2 generation and attenuation in cyclic AMP production in
response to ISO. Basal release of PGE2 was low from untreated
human ASM cells, IL-1b (1.0 ng ml71, 24 h) markedly
increased PGE2 synthesis and this was completely blocked by

all inhibitors tested (all 1.0 mM, P50.001, Figure 4A). The
cyclic AMP production (Figure 4B) in response to ISO
(10.0 mM) was signi®cantly attenuated by IL-1b (1.0 ng ml71,

24 h, P50.01) and this attenuation was prevented by Ind,

CHX, Act, Dex (P50.01) and NS-398 (P50.001). In contrast,
after the cells were incubated with the inhibitors themselves
(without IL-1b), no signi®cant changes in cyclic AMP

production from the cells in response to ISO were observed
(24.64+4.20 pmol million71 cells for Ind; 20.04+2.54 pmol
million71 cells for NS-398; 21.13+2.41 pmol million71 cells
for CHX; 16.91+0.60 pmol million71 cells for Act;

23.96+3.93 pmol million71 cells for Dex; and
19.29+0.73 pmol million71 cells for control cells). These
results suggest that COX products after IL-1b pre-treatment,

particularly those from the inducible COX-2, are involved in
IL-1b induced attenuation of human ASM cell responses to
ISO.

E�ect of the COX substrate AA on PGE2 release and
cyclic AMP formation in response to ISO

In order to further clarify the role of COX products in IL-1b
induced desensitization of the cell responses to ISO, we
examined if exogenously applied AA could result in similar

attenuation. AA was found to cause PGE2 release in a time-
(Figure 5A) and concentration-dependent (Figure 5B)
manner, the highest concentration of PGE2 was observed

after 16 h of incubation with 10.0 mM AA. The PGE2 release
was accompanied by the attenuation of cyclic AMP
production in response to ISO (10.0 mM), also in a time-

(Figure 6A) and concentration-dependent (Figure 6B)
manner. The pattern was similar to that of IL-1b (Figure
3A and B). The non-selective COX inhibitors Ind and

¯urbiprofen (Flu) strongly and concentration-dependently
inhibited the PGE2 release from AA (Figure 7A) whereas
other inhibitors NS-398, CHX and Dex had no signi®cant
e�ect (Figure 7B). Responses to ISO were strongly reduced

by AA pre-treatment (10.0 mM, 24 h) and this attenuation
was again prevented by Ind and Flu in a concentration-
dependent manner (Figure 8A). However, NS-398, CHX and

Dex, even at higher concentrations for the latter two

Figure 1 E�ect of propranolol on cyclic AMP generation in
response to isoprenaline (ISO). Con¯uent human ASM cells in 24-
well plates were growth arrested for 24 h in serum-free medium.
Fresh medium was changed before the experiments and the cells were
incubated with increasing concentrations of propranolol in 0.5 ml
medium for 30 min before further incubation with or without
(baseline) 1.0 mM IBMX and 10.0 mM ISO for 10 min. The generated
cyclic AMP was measured by a protein binding assay. Each point
represents the mean+s.e.mean of eight determinations from two
independent experiments with cells from two individuals. Signi®cant
di�erences in cyclic AMP accumulation by propranolol-treated cells
to vehicle-treated cells (0 mM propranolol) were calculated by
ANOVA and an unpaired two-tailed t-test and adjusted by
Bonferroni's correction for multiple comparisons (***P50.001).

Figure 2 Concentration response of isoprenaline (ISO) on cyclic
AMP generation from control cells and cells pre-treated with IL-1b.
Con¯uent human ASM cells in 24-well plates were growth arrested
for 24 h in serum-free medium. Fresh medium was changed before
the experiments and the cells were incubated with or without IL-1b
1.0 ng ml71 for 24 h. The medium was then removed and the cells
were washed with PBS and incubated in 0.5 ml fresh medium with or
without (baseline) 1.0 mM IBMX and various concentrations of ISO
for 10 min. The generated cyclic AMP was measured by a protein
binding assay. Each point represents the mean+s.e.mean of eight
determinations from two independent experiments with cells from
two individuals. Signi®cant di�erences in cyclic AMP accumulation
by IL-1b-treated cells to vehicle-treated cells (control) were calculated
by ANOVA and an unpaired two-tailed t-test and adjusted by
Bonferroni's correction (*P50.05, **P50.01).
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Figure 3 Time course (A) and concentration response (B) of IL-1b on cyclic AMP generation from human ASM cells in response
to isoprenaline (ISO). Con¯uent human ASM cells in 24-well plates were growth arrested for 24 h in serum-free medium. Fresh
medium was changed before the experiments and the cells were incubated with IL-1b (1.0 ng ml71) for the times indicated or with
increasing concentrations of IL-1b for 24 h. The medium was then removed and the cells were washed with PBS and incubated in
0.5 ml fresh medium with 1.0 mM IBMX and 10.0 mM ISO for 10 min. The generated cyclic AMP was measured by a protein
binding assay. Each point represents the mean+s.e.mean of eight determinations from two independent experiments with cells from
two individuals. Signi®cant di�erences in cyclic AMP accumulation by IL-1b-cyclic treated cells to vehicle-treated cells (control)
were calculated by ANOVA and an unpaired two-tailed t-test and adjusted by Bonferroni's correction for multiple comparisons
(*P50.05, ***P50.001).

Figure 4 E�ect of various inhibitors on IL-1b induced PGE2 production (A) and cyclic AMP generation in response to
isoprenaline (ISO) (B). Con¯uent human ASM cells in 24-well plates were growth arrested for 24 h in serum-free medium. Fresh
medium was changed before the experiments and the cells were incubated with indomethacin (Ind), NS-398, cyclohexamide (CHX),
actinomycin D (Act) or dexamethosone (Dex) (all 1.0 mM), respectively, for 30 min before the addition of IL-1b (1.0 ng ml71). After
24 h incubation the medium was removed for PGE2 assay by RIA and the cells were washed with PBS and incubated in 0.5 ml fresh
medium with or without (baseline) 1.0 mM IBMX and 10.0 mM ISO for 10 min. The generated cyclic AMP was measured by a
protein binding assay. Each point represents the mean+s.e.mean of eight determinations from two independent experiments with
cells from two individuals. Signi®cant di�erences in PGE2 and cyclic AMP accumulation by inhibitor-treated cells to IL-1b-treated
cells were calculated by ANOVA and an unpaired two-tailed t-test and adjusted by Bonferroni's correction for multiple comparisons
(**P50.01, ***P50.001).
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Figure 5 Time course (A) and concentration response (B) of arachidonic acid (AA) on PGE2 production. Con¯uent human ASM
cells in 24-well plates were growth arrested for 24 h in serum-free medium. Fresh medium was changed before the experiments and
the cells were incubated with AA (10.0 mM) for the times indicated or with increasing concentrations of AA for 24 h. The medium
was then removed for PGE2 assay by RIA. Each point represents the mean+s.e.mean of eight determinations from two independent
experiments with cells from two individuals. Signi®cant di�erences in PGE2 release by AA-treated cells to vehicle-treated cells
(control) were calculated by ANOVA and an unpaired two-tailed t-test and adjusted by Bonferroni's correction for multiple
comparisons (*P50.05, **P50.01, ***P50.001).

Figure 6 Time course (A) and concentration response (B) of arachidonic acid (AA) on cyclic AMP generation in response to
isoprenaline (ISO). Con¯uent human ASM cells in 24-well plates were growth arrested for 24 h in serum-free medium. Fresh
medium was changed before the experiments and the cells were incubated with AA (10.0 mM) for the times indicated or with
increasing concentrations of AA for 24 h. The medium was then removed and the cells were washed with PBS and incubated in
0.5 ml fresh medium with 1.0 mM IBMX and 10.0 mM ISO for 10 min. The generated cyclic AMP was measured by a protein
binding assay. Each point represents the mean+s.e.mean of eight determinations from two independent experiments with cells from
two individuals. Signi®cant di�erences in cyclic AMP accumulation by AA-treated cells to vehicle-treated cells (control) were
calculated by ANOVA and an unpaired two-tailed t-test and adjusted by Bonferroni's correction for multiple comparisons
(*P50.05, **P50.01, ***P50.001).
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(10.0 mM) than those used in the IL-1b experiment (1.0 mM,
Figure 4B), were without e�ect (Figure 8B), indicating that
COX products on their own mimic the attenuation e�ect of

IL-1b and that COX-2 activity or induction is not involved in
AA induced attenuation but is essential in IL-1b attenuated
b-adrenergic responses.

E�ect of TNFa and IFNg on cyclic AMP formation in
response to ISO

Since we have previously shown that TNFa and IFNg have no
e�ect on PGE2 release and COX-2 induction in human ASM
cells (Pang & Knox, 1997), we compared the e�ect of these

cytokines with that of IL-1b on cyclic AMP production of the
cells in response to ISO. As shown earlier (Figures 2, 3 and
4B), IL-1b caused a signi®cant decrease in cyclic AMP

production as compared with control cells. TNFa and IFNg
(24 h, 10.0 and 50.0 ng ml71 respectively), however, had no
e�ect (Figure 9), providing further evidence that COX-2

induction and the consequent release of COX products play a
critical role in IL-1b induced desensitization of human ASM
cell responses to ISO.

Cell viability

Cell viability for control cells was 100.00+9.68%. After 24 h

treatment with AA 0.1, 1.0, 10 and 100 mM cell viability was
99.78+11.69%, 100.65+8.24%, 100.25+7.36% and 72.69+
1.17% respectively. Due to the cytotoxic e�ect of 100 mM AA

was used as the highest concentration in this study. Cell

viability for drug vehicles 1% DMSO and 1% ethanol was
98.27+4.68% and 105.75+6.81% respectively. Cell viability
after 24 h treatment with all other chemicals used in this study

was consistently 495% compared with cells treated with the
vehicles.

Discussion

Our results demonstrated that ISO stimulated large quantity
cyclic AMP synthesis from human ASM cells via the activation
of b-adrenoceptors; pre-treatment of human ASM cells with
IL-1b resulted in a time- and concentration-dependent

decrease in the responses of the cells to ISO and the attenuated
response was prevented by reagents that blocked either the
generation of COX products (by COX inhibitor Ind and COX-

2 selective inhibitor NS-398) or the induction of COX-2 (by
protein synthesis inhibitors CHX and Act and steroid Dex).
Since we have recently reported details of the induction of

COX-2 and prostanoid release in human ASM cells by IL-1b
and the inhibition of this process by CHX, Act and Dex (Pang
& Knox, 1997), the Western blot results were not shown here.

The attenuating e�ect of IL-1b was mimicked by the COX
substrate AA, which was then prevented by COX inhibitors
Ind and Flu but was una�ected by NS-398, CHX and Dex.
Furthermore, TNFa and IFNg, which are ine�ective on PGE2

release and COX-2 induction in human ASM cells (Pang &
Knox, 1997), had no e�ect on b-adrenergic responses in these
cells. Our ®ndings provide the ®rst direct evidence that COX-2

induction and the consequent release of prostanoids play a

Figure 7 E�ect of non-selective COX inhibitors (A) and other inhibitors (B) on AA induced PGE2 production. Con¯uent human
ASM cells in 24-well plates were growth arrested for 24 h in serum-free medium. Fresh medium was changed before the experiments
and the cells were incubated with 0.1 ± 10.0 mM indomethacin (Ind), 0.1 ± 10.0 mM ¯urbiprofen (Flu), 1.0 mM NS-398, 10.0 mM
cyclohexamide (CHX), or 10.0 mM dexamethasone (Dex), respectively, for 30 min before the addition of AA (10.0 mM). After 24 h
incubation the medium was removed for PGE2 assay by RIA. Each point represents the mean+s.e.mean of eight determinations
from two independent experiments with cells from two individuals. Signi®cant di�erences in PGE2 production by inhibitor-treated
cells to AA-treated cells were calculated by ANOVA and an unpaired two-tailed t-test and adjusted by Bonferroni's correction for
multiple comparisons (***P50.001).
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critical role in IL-1b induced hyporesponsiveness to b-
adrenoceptor agonists.

Evidence has accumulated to support the hypothesis that

cytokines, most notably IL-1b and to a lesser extent TNFa,
contribute to the impaired airway relaxation in asthma. IL-1b
causes b-adrenergic hyporesponsiveness in isolated guinea-pig

(Wills-Karp et al., 1993) and rabbit airways (Hakonarson et
al., 1996, 1997), human airway epithelial cells (Kelsen et al.,
1995) and human ASM cells (Shore et al., 1997). Recently,
Hakonarson and associates (Hakonarson et al., 1997)

demonstrated that the altered responsiveness of atopic/
asthmatic sensitized rabbit ASM was largely attributed to
autologously induced expression and autocrine action of IL-

1b. The results in our present study with IL-1b are in
agreement with the above ®ndings, especially with those
obtained from cultured human ASM cells. Several studies

have evaluated the e�ect of TNFa on b-adrenergic-mediated
responses in the airways. Treatment of rats in vivo with TNFa
induced bronchial constrictor hyperresponsiveness (Kips et al.,

1992). TNFa also reduced relaxation by ISO in guinea-pig
tracheas (Wills-Karp et al., 1993) and rabbit trachea smooth
muscle segments (Hakonarson et al., 1996). The latest studies
have further demonstrated that TNFa inhibits ISO-stimulated
adenylyl cyclase activity in canine ASM cells (Emala et al.,
1997). However, unlike the above ®ndings with TNFa, in the
present study in human ASM cells we were unable to detect

any substantial change in responses to ISO after treatment

Figure 8 E�ect of non-selective COX inhibitors (A) and other inhibitors (B) on AA induced cyclic AMP generation in response to
isoprenaline (ISO). Con¯uent human ASM cells in 24-well plates were growth arrested for 24 h in serum-free medium. Fresh
medium was changed before the experiments and the cells were incubated with 0.1 ± 10.0 mM indomethacin (Ind), 0.1 ± 10.0 mM
¯urbiprofen (Flu), 1.0 mM NS-398, 10.0 mM cycloheximide (CHX), or 10.0 mM dexamethasone (Dex), respectively, for 30 min before
the addition of AA (10.0 mM). After 24 h incubation the medium was removed and the cells were washed with PBS and incubated in
0.5 ml fresh medium with or without (baseline) 1.0 mM IBMX and 10.0 mM ISO for 10 min. The generated cyclic AMP was
measured by a protein binding assay. Each point represents the mean+s.e.mean of eight determinations from two independent
experiments with cells from two individuals. Signi®cant di�erences in cyclic AMP accumulation by inhibitor-treated cells to AA-
treated cells were calculated by ANOVA and an unpaired two-tailed t-test and adjusted by Bonferroni's correction for multiple
comparisons (*P50.05, ***P50.001).

Figure 9 E�ect of IL-1b, TNFa and IFNg on cyclic AMP
generation in response to isoprenaline (ISO). Con¯uent human
ASM cells in 24-well plates were growth arrested for 24 h in serum-
free medium. Fresh medium was changed before the experiments and
the cells were incubated with IL-1b (1.0 ng ml71), TNFa
(10.0 ng ml71) or IFNg (50.0 ng ml71) for 24 h. The medium was
then removed and the cells were washed with PBS and incubated in
0.5 ml fresh medium with or without (baseline) 1.0 mM IBMX and
10.0 mM ISO for 10 min. The generated cyclic AMP was measured by
a protein binding assay. Each time point represents the mean+
s.e.mean of eight determinations from two independent experiments
with cells from two individuals. Signi®cant di�erences in cyclic AMP
accumulation by cytoline-treated cells to vehicle-treated cells (control)
were calculated by ANOVA and an unpaired two-tailed t-test and
adjusted by Bonferroni's correction for multiple comparisons
(**P50.01).
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with TNFa. The discrepancy could be explained by the
di�erence in the tissue species and the culture conditions. In
the study with canine ASM cells, signi®cant changes could

only be observed after 72 h but not 24 h incubation with TNFa
(Emala et al., 1997), while in our study the cells were
stimulated with TNFa for 24 h. Nevertheless, the negative
results with TNFa and IFNg provide complementary evidence
to support our hypothesis that IL-1b induced impairment in
human ASM cell responses to ISO is mainly mediated by
COX-2 induction.

In airway smooth muscle, ISO binds to the b-adrenergic
receptors that couple to the stimulatory G-protein Gs, the a
subunit of which in turn activates the enzyme adenylyl cyclase

to generate cyclic AMP (Barnes, 1995). Increased cyclic AMP
activates protein kinase A and protein kinase C to cause
relaxation of ASM (Barnes, 1995; Torphy, 1994). The

observations that IL-1b did not a�ect the ability of direct
adenylyl cyclase activator forskolin to cause cyclic AMP
accumulation (Hakonarson et al., 1996; Shore et al., 1997) or
smooth muscle relaxation (Hakonarson et al., 1996) suggest

that the decreased b-adrenergic responsiveness by IL-1b is not
due to any change in the activity or expression of adenylyl
cyclase. The fact that a phosphodiesterase inhibitor IBMX was

used together with ISO (Shore et al., 1997, this paper) also
excludes the involvement of changes in phosphodiesterase
activity in the e�ects of IL-1b within the constraint of our

experimental design. It does not rule out an additional e�ect
on phosphodiesterase. The e�ects in our experiments are likely
to be mediated upstream of the adenylyl cyclase enzyme. The

observations of others allow speculation on the interaction
site. Further studies have shown that IL-1b had no e�ect on
the expression of the stimulatory G-protein subunit Gsa (Shore
et al., 1997), however, IL-1b attenuated relaxation of trachea

smooth muscle to ISO was ablated by a muscarinic M2-
receptor antagonist and was associated with enhanced
induction of the inhibitory G-protein subunits Gia2 and Gia3
(Hakonarson et al., 1996). This suggests that the cytokine
induced impairment of airway responsiveness to b-adrenocep-
tor agonists may be in part attributable to enhanced M2-

receptor/Gi protein-coupled inhibition of adenylyl cyclase.
Other mechanisms may also be involved however. Although
our studies convincingly show that cyclic AMP accumulation
is impaired by IL-1b, future studies are required to investigate
the functional consequences of this in human ASM.

Prostaglandins (mainly PGE2 and PGI2) activate the
prostaglandin EP2 and EP4 receptors, which are also coupled

to Gs and adenylyl cyclase (Narumiya, 1994), to increase cyclic
AMP production in human ASM cells (Hall et al., 1992). Thus
PGs share a similar receptor-mediated signal transduction

system with b-adrenoceptor agonists and the functional
responses to PGE2 receptor stimulation, like that to b-
adrenoceptor stimulation, are attenuated by the activation of

Gi protein (Lerner et al., 1992). It is therefore reasonable to

speculate that elevated levels of PGs could cause heterologous
attenuation of adenylyl cyclase. In fact, IL-1b caused a
decreased response not only to ISO but also to PGE2 (Shore

et al., 1997; Hakonarson et al., 1996). Observations from our
previous study and present study have demonstrated that IL-
1b caused induction of COX-2 in human ASM cells and
consequently resulted in marked increase in prostanoid

generation with PGE2 and PGI2 as the major products (Pang
& Knox, 1997); IL-1b attenuated the capacity of human ASM
cells to form cyclic AMP in responses to ISO and this

attenuation was prevented by reagents that blocked either the
activity or the induction of COX-2 (this paper); exogenously
applied AA, which in turn was converted to prostanoids by

existing COX-1, also caused attenuated responses in a similar
pattern as IL-1b, and exogenously applied PGE2 concentra-
tion-dependently caused attenuated cyclic AMP responses to

both ISO and PGE2 (Pang et al., 1998). The ®ndings are in
agreement with the report that pre-treating human ASM cells
with agents that induce cyclic AMP formation resulted in a
marked decrease in the capacity of the cells to produce cyclic

AMP following subsequent application of ISO (Hall et al.,
1993). It is therefore likely that IL-1b induced decrease in
responses of ASM to b-adrenoceptor agonists though the

uncoupling of b-receptors from adenylyl cyclase activation
may largely be mediated by the induction of COX-2.

In summary, we examined the role of COX-2 induction in

IL-1b induced attenuation of human ASM cell cyclic AMP
responses to the b-adrenoceptor agonist ISO. Our results
demonstrated that: (a) pre-treatment of human ASM cells with

IL-1b resulted in marked time- and concentration-dependent
decrease in cyclic AMP accumulation following subsequent
application of ISO; (b) agents that blocked either the activity
or the induction of COX-2 not only abolished IL-1b induced

PGE2 generation but also prevented IL-1b induced attenuation
of the cell cyclic AMP responses to ISO; (c) pre-treatment with
COX substrate AA also caused impairment on cyclic AMP

accumulation of the cells in a similar pattern as that of IL-1b
and only agents that blocked the activity of the existing COX-1
prevented the attenuated response; (d) pre-treatmentwithTNFa
and IFNg, which do not cause COX-2 induction or prostanoid
release in these cells, did not a�ect the cyclic AMP formation.
Collectively, these ®ndings indicate for the ®rst time that COX-
2 induction and the consequent release of prostanoids are

fundamental in mediating IL-1b induced attenuation of human
ASM cell cyclic AMP responses to ISO, thus providing fresh
insights into the mechanisms of cytokine action in asthma

pathogenesis.

This study was supported by The National Asthma Campaign, NHS
Executive Trent and GlaxoWellcome. The authors thank Colin
Clelland for providing us with specimens of human trachea and
Sarah Lewis for statistical advice.

References

BAI, T.R. (1991). Abnormalities in airway smooth muscle in fatal
asthma: a comparison between trachea and bronchus. Am. Rev.
Respir. Dis., 143, 441 ± 443.

BARNES, P.J. (1995). Beta adrenergic receptors and their regulation.
Am. J. Respir. Crit. Care Med., 152, 838 ± 860.

BARNES, P.J., DOLLERY, C.T. & MACDERMOT, J. (1980). Increased
pulmonary alpha-adrenergic and reduced beta-adrenergic recep-
tors in experimental asthma. Nature, 285, 569 ± 571.

BELVISI, M.G., SAUNDERS, M.A., HADDAD, E.B., HIRST, S.J.,

YACOUB, M.H. & MITCHELL, J.A. (1997). Induction of cyclo-
oxygenase-2 by cytokines in human cultured airway smooth
muscle cells: novel in¯ammatory role of this cell type. Br. J.
Pharmacol., 120, 910 ± 916.

BROIDE, D.H., LOTZ, M., CUOMO, A.J., COBURN, D.A., FREDER-

MAN, E.C. &WASSERMAN, S.I. (1992). Cytokines in symptomatic
asthma airways. J. Allergy Clin. Immunol., 89, 958 ± 967.

Cyclo-oxygenase-2 and attenuated cyclic AMP production 1327L. Pang et al



CEMBRZYNSKA-NOWAK, M., SZKLARZ, E., INGLOT, A.D. &

TEODORCZYK-INJEYAN, J.A. (1993). Elevated release of tumour
necrosis factor-alpha and interferon-gamma by bronchoalveolar
leukocytes from patients with bronchial asthma. Am. Rev. Respir.
Dis., 147, 291 ± 295.

CHUNG, M.K., GULICK, T.S., ROTONDO, R.E., SCHREINER, G.F. &

LANGE, L.G. (1990). Mechanism of cytokine inhibition of b-
adrenergic agonist stimulation of cyclic AMP in rat cardiac
myocytes. Circ. Res., 67, 753 ± 763.

DE JONGSTE, J.C., MONS, H., BONTA, I.L. & KERREBIJN, K.F.

(1987). Human asthmatic airway responses in vitro: a case report.
Eur. J. Respir. Dis., 70, 23 ± 29.

DELAMERE , F., HOLLAND, E., PATEL, S., BENNETT, J., PAVORD, I.

& KNOX, A. (1994). Production of PGE2 by bovine cultured
airway smooth muscle cells and its inhibition by cyclo-oxygenase
inhibitors. Br. J. Pharmacol., 111, 983 ± 988.

EMALA, C., BLACK, C., CURRY, C., LEVINE, M.A. & HIRSHMAN,

C.A. (1993). Impaired b-adrenergic receptor activation of
adenylyl cyclase in airway smooth muscle in the Basenji-
Grayhound dog model of airway hyperresponsiveness. Am. J.
Respir. Cell Mol. Biol., 8, 668 ± 675.

EMALA, C.W., KUHL, J., HUNGERFORD, C.L. & HIRSHMAN, C.A.

(1997). TNF-a inhibits isoproterenol-stimulated adenylyl cyclase
activity in cultured airway smooth muscle cells. Am. J. Physiol.,
272, L644 ± L650.

GILMAN, A.G. (1970). A protein binding assay for adenosine 3' : 5'-
cyclic monophosphate. Proc. Natl. Acad. Sci., 67, 305 ± 312.

GOLDIE, R.G., SPINA, D., HENRY, P.J., LULICH, K.M. & PATERSON,

J.W. (1986). In vitro responsiveness of human asthmatic bronchus
to carbachol, histamine, b-adrenoceptor agonists and theophyl-
line. Br. J. Pharmacol., 22, 669 ± 676.

HAKONARSON, H., HERRICK, D.J., GONZALEZ SERRANO, P. &

GRUNSTEIN, M.M. (1996). Mechanism of cytokine-induced
modulation of beta-adrenoceptor responsiveness in airway
smooth muscle. J. Clin. Invest., 97, 2593 ± 2600.

HAKONARSON, H., HERRICK, D.J., GONZALEZ SERRANO, P. &

GRUNSTEIN, M.M. (1997). Autocrine role of interleukin 1b in
altered responsiveness of atopic asthmatic sensitized airway
smooth muscle. J. Clin. Invest., 99, 117 ± 124.

HALL, I.P., DAYKIN, K. & WIDDOPS, S. (1993). b2-adrenoceptor
desensitization in cultured human airway smooth muscle. Clin.
Sci., 84, 151 ± 157.

HALL, I.P., WIDDOPS, S., TOWNSEND, P. & DAYKIN, K. (1992).
Control of cyclic AMP levels in primary culture of human
tracheal smooth muscle cells. Br. J. Pharmacol., 107, 422 ± 428.

KELSEN, S.G., ANAKWE, O., ZHOU, S., BENOVIC, J. & AKSOY, M.

(1995). Interleukins impair beta-adrenergic receptor adenylyl
cyclase (bAR-AC) system function in human airway epithelial
cells. Chest, 107(suppl): 138S ± 139S.

KHYM, J.X. (1975). An analytical system for the rapid separation of
tissue nucleotide low pressure on conventional anion exchanges.
Clin. Chem., 21, 1245 ± 1252.

KIPS, J.C., TAVERNIER, J. & PAUWELS, R.A. (1992). Tumour necrosis
factor (TNF) causes bronchial hyperresponsiveness in rats. Am.
Rev. Respir. Dis., 145, 332 ± 336.

LERNER, R.W., LOPASCHUK, G.D. & OLLEY, P.M. (1992). Prosta-
glandin E2 receptors in the heart are coupled to inhibition of
adenylyl cyclase via a pertussis toxin sensitive G protein. Can. J.
Physiol. Pharmacol., 70, 77 ± 84.

NARUMIYA, S. (1994). Prostanoid receptors: Structure, function and
distribution. Ann. NY Acad. Sci. U.S.A., 744, 126 ± 138.

PANG, L.H., HOLLAND, E. & KNOX, A.J. (1998). Impaired cAMP
production in human airway smooth muscle cells by bradykinin:
role of cyclooxygenase products. Am. J. Physiol., 275, L322 ±
L329.

PANG, L.H. & HOULT, J.R.S. (1996). Induction of cyclooxygenase and
nitric oxide synthase in endotoxin-activated J774 macrophages is
di�erentially regulated by indomethacin: Enhanced cyclooxy-
genase-2 protein expression but reduction of inducible nitric
oxide synthase. Eur. J. Pharmacol., 317, 151 ± 155.

PANG, L.H. & KNOX, A.J. (1997). E�ect of interleukin-1b, tumour
necrosis factor-a and interferon-g on the induction of cyclo-
oxygenase-2 in cultured human airway smooth muscle cells. Br. J.
Pharmacol., 121, 579 ± 587.

REIHSAUS, E., INNIS, M., MACINTYRE, N. & LIGGETT, S.B. (1993).
Mutations in the gene encoding for the b2-adrenergic receptor in
normal and asthmatic subjects. Am. J. Respir. Cell Mol. Biol., 8,
334 ± 339.

SHARMA, R.K. & JEFFERY, P.K. (1990). Airway b-adrenoceptor
number in cystic ®brosis and asthma. Clin. Sci., 78, 409 ± 417.

SHORE, S.A., LAPORTE, J., HALL, I.P., HARDY, E. & PANETTIERI,

R.A. JR. (1997). E�ect of IL-1b on responses of cultured human
airway smooth muscle cells to bronchodilator agonists. Am. J.
Respir. Cell Mol. Biol., 16, 702 ± 712.

SPINA, D., RIGBY, P.J., PATERSON, J.W. & GOLDIE, R.G. (1989).
Autoradiographic localization of b-adrenoceptors in asthmatic
human lung. Am. Rev. Respir. Dis., 140, 1410 ± 1415.

SPSS INC. (1996). SPSS base for Windows user's guide. SPSS Inc.
Chicago. 564 pp.

TORPHY, T.J. (1994). b-adrenoceptors, cAMP and airway smooth
muscle relaxation: challenges to the dogma. Trends Physiol. Sci.,
15, 370 ± 374.

VANE, J.R. (1994). Pharmacology: towards a better aspirin. Nature,
367, 215 ± 216.

VIGANO, T., HABIB, A., HERNANDEZ, A., BONAZZI, A., BORASCHI,

D., LEBRET, M., CASSINA, E., MACLOUF, J., SALA, A. & FOLCO,

G. (1997). Cyclooxygenase-2 and synthesis of PGE2 in human
bronchial smooth-muscle cells. Am. J. Respir. Crit. Care Med.,
155, 864 ± 868.

WILLS-KARP, M., UCHIDA, Y., LEE, J.Y., JINOT, J., HIRATA, A. &

HIRATA, F. (1993). Organ culture with proin¯ammatory cytokine
reproduces impairment of the b-adrenoceptor-mediated relaxa-
tion in tracheas of a guinea pig antigen model. Am. J. Respir. Cell
Mol. Biol., 8, 153 ± 159.

(Received May 14, 1998
Revised August 28, 1998

Accepted September 1, 1998)

Cyclo-oxygenase-2 and attenuated cyclic AMP production1328 L. Pang et al


