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Background: Non-specific bronchial hyperresponsiveness (NSBH) is a known predictor of accelerated
rate of decline in lung function in smokers. Polymorphisms of the β2 adrenergic receptor (ADRB2) have
previously been associated with NSBH and bronchodilator response (BDR) in asthmatics. Based on
these associations, we hypothesised that ADRB2 polymorphisms would be associated with NSBH and
BDR as well as an accelerated rate of decline in lung function among smokers.
Methods: The prevalence of two ADRB2 polymorphisms, Arg16→Gly and Gln27→Glu, was
examined in 587 smokers chosen from the NHLBI Lung Health Study for having the fastest (n=282) and
slowest (n=305) 5 year rate of decline in forced expiratory volume in 1 second (FEV1; mean ∆FEV1

–4.14 and +1.08% predicted/year, respectively).
Results: Contrary to our hypothesis, no ADRB2 allele or haplotype was associated with NSBH, BDR,
or rate of decline in lung function. However, there was a significant negative association between het-
erozygosity at position 27 and a fast decline in lung function (adjusted odds ratio 0.56, 95% CI 0.40
to 0.78, p=0.0007).
Conclusions: Heterozygosity at position 27 may be protective against an accelerated rate of decline
in lung function. The polymorphism at position 16 does not contribute to the rate of decline in lung
function, measures of NSBH, or BDR in smokers.

Non-specific bronchial hyperresponsiveness (NSBH) is a
known risk factor for the respiratory symptoms and
disease progression in chronic obstructive pulmonary

disease (COPD). In cross sectional studies, smokers and non-
smokers who have NSBH have lower baseline forced
expiratory volume in 1 second (FEV1)

1 and higher respiratory
symptom scores2 than those who do not have NSBH. Further-
more, smokers and non-smokers with NSBH have been shown
in longitudinal studies to have a faster rate of decline in
FEV1.
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Although cigarette smoking contributes to both NSBH and
respiratory symptoms such as chronic cough, dyspnoea and
wheezing, the association between NSBH and respiratory
symptoms exists independently of cigarette smoking.2 NSBH
is also closely associated with atopy5 and is a diagnostic
feature of asthma.6 The observation that NSBH is associated
with both asthma and COPD supports the longstanding
hypothesis that a common determinant underlies both these
conditions.7

Polymorphisms in the β2 adrenergic receptor (ADRB2) have
previously been shown to be associated with asthma
severity,8 9 NSBH,10 11 bronchodilator response,12–15 and level of
lung function.16 Wang et al showed that the ADRB2 Arg16 allele
was a risk factor for asthma and there was a significant inter-
action with cigarette smoking.17 However, Ho et al found that
Arg16 was less prevalent in Chinese patients with COPD and
that the Gln27 allele was associated with more severe airflow
obstruction.18 The Arg16→Gly and Gln27→Glu polymor-
phisms in ADRB2 are known to affect agonist induced receptor
downregulation in vitro19 20 and in vivo.21 We hypothesised that,
if these polymorphisms affect NSBH in asthma, they may also
contribute to NSBH in COPD, thus potentially modifying
bronchodilator response (BDR) and rate of decline in lung
function (∆FEV1/year).

Associations of NSBH with FEV1, rate of decline in lung
function, and respiratory symptoms of COPD have been

shown in the NHLBI Lung Health Study (LHS) cohort.22 The

LHS (phase I) was a multicentre randomised clinical trial that

measured lung function in 5887 subjects for 5 years.23

Measurements of NSBH to methacholine and BDR were made

in all subjects at baseline. From the continuing smokers in the

LHS I cohort we selected the 282 with the fastest rate of

decline in FEV1 over 5 years and the 305 with the greatest

increase in FEV1 over the same time period. The prevalence of

the Arg16→Gly and Gln27→Glu polymorphisms in the ADRB2
was compared in these groups using established polymerase

chain reaction (PCR) methods. We also tested whether there

was a relationship between these polymorphisms and NSBH

measured using inhalation of methacholine and response to

an inhaled β adrenergic agent (isoproterenol). This is the first

study to examine the relevance of these polymorphisms to

NSBH, BDR, and rate of decline in lung function in smokers.

METHODS
Study subjects
Subjects were selected from participants in phase I of the Lung

Health Study. The design of this multicentre randomised

clinical trial has been described more extensively elsewhere.23

Study participants were current smokers aged 35–60 with

mild to moderate airflow obstruction (FEV1 55–90% predicted

and FEV1/FVC <0.70). Exclusion criteria included serious ill-

nesses such as cancer, heart attack or stroke, or other

important conditions that required medical treatment. The

primary outcome variable was rate of decline in FEV1 over a

follow up period of 5 years. Of the 3216 continuing smokers in

this cohort, 282 were chosen for their rapid decline in lung

function (decline in % predicted FEV1 >3.0% per year), and

305 were selected with no decline in lung function over the

same period (increase in % predicted FEV1 >0.4% per year).

All selected participants were white.

See end of article for
authors’ affiliations
. . . . . . . . . . . . . . . . . . . . . . .

Correspondence to:
Dr A J Sandford, UBC
McDonald Research
Laboratories, Room 292, St
Paul’s Hospital, 1081
Burrard Street, Vancouver,
BC, Canada V6Z 1Y6;
asandford@mrl.ubc.ca

Revised version received
12 March 2003
Accepted for publication
3 April 2003
. . . . . . . . . . . . . . . . . . . . . . .

703

www.thoraxjnl.com

 on M
ay 23, 2023 by guest. P

rotected by copyright.
http://thorax.bm

j.com
/

T
horax: first published as 10.1136/thorax.58.8.703 on 28 July 2003. D

ow
nloaded from

 

http://thorax.bmj.com/


Genotyping methods
Genotyping of the polymorphisms at positions 16 and 27 was

performed by restriction enzyme digestion of PCR products as

previously described.9 Briefly, 12 µl of a 50 µl PCR product was

digested with NcoI at an introduced restriction site to

determine the genotype encoding amino acid 16. In addition,

12 µl of the same PCR product was digested with BbvI to iden-

tify the presence or absence of a naturally occurring restriction

site at the locus encoding amino acid 27. The products of each

PCR reaction were resolved by electrophoresis on 3% agarose

gels stained with ethidium bromide. Template-free controls

and known genotype controls were included in each

experiment. Genotypes were scored without knowledge of the

phenotypes by two independent observers. The samples were

re-genotyped if there was any disagreement concerning the

genotype. Twenty samples were selected at random and were

sequenced to confirm the genotyping protocol. All samples

showed the same genotypes for both polymorphisms as with

the restriction enzyme analysis.

Statistical analysis
The Gly16 and Gln27 allele frequencies and allelic associations

with rate of decline in lung function were analysed using the

χ2 test for 2×2 contingency tables. The associations were also

analysed by multiple logistic regression to adjust for potential

confounding factors. The outcome variables of interest were

BDR, NSBH, and a dichotomous variable related to rate of

decline in lung function—that is, rapid decline or no decline.

Potential confounding factors included in the analysis were

smoking history (pack years), age, sex, and initial level of lung

function (pre-bronchodilator FEV1 % predicted). Two factor

interactions were also investigated in the models. NSBH was

expressed as a two point methacholine dose-response slope as

previously described.24 Mean BDR in the different genotypic

groups was compared by ANOVA. Differences in mean NSBH

were compared by the Wilcoxon test since these data were not

normally distributed. All tests were performed using the JMP

Statistics software package (SAS Institute Inc).

Although we confined our analyses to the white individuals

in the study, there could be genetically distinct subgroups in

this population because the LHS was a multicentre study. To

minimise the possibility of a spurious association due to

population stratification, we therefore added “centre” as a

variable in the regression analysis to test for any significant

association.

Haplotype frequencies were estimated using the expecta-

tion maximisation (EM) algorithm25 since haplotypes could

not be discerned directly from double heterozygotes. The Arle-

quin software package was used to perform these estimations,

to test for linkage disequilibrium, and for Hardy-Weinberg

equilibrium.26

RESULTS
The characteristics of the study subjects are summarised in

table 1. For both polymorphisms the overall observed

distribution of homozygotes and heterozygotes conformed to

expectations based on Hardy-Weinberg analysis. There was

strong linkage disequilibrium between alleles at the two loci

(D′=100%, p<0.000001) as shown by other investigators.9 11 12

Power analyses showed that our study design had sufficient

power to detect a 1.3 fold difference in BDR and a 1.4 fold dif-

ference in methacholine NSBH between genotypic groups for

the Arg16→Gly polymorphism, and a relative risk for rapid

decline in lung function as low as 1.6. There was similar power

to detect associations with the Gln27→Glu polymorphism

(data not shown).

Contrary to our hypothesis, no allele, genotype or haplotype

was associated with methacholine NSBH or with BDR (table

2). The allele frequency for Glu27 was similar in subjects with

a fast decline in lung function (0.47) and in those with no

decline in lung function (0.48), and the rate of decline in lung

function was not associated with the estimated haplotypes

(table 3).

However, the Glu27/Gln27 heterozygous genotype was sig-

nificantly less prevalent in smokers with a rapid rate of decline

in lung function (odds ratio 0.57, 95% CI 0.41 to 0.80,

Table 1 Characteristics of the 587 study subjects

Fast decline
(n=282)

No decline
(n=305) p value

M/F 165/117 203/102 0.04
Age (years) 49.5( 6.4) 47.6 (6.8) 0.0004
Pack years 42.8 (19.1) 38.4 (18.2) 0.0039
∆FEV1/year % predicted (5 year) –4.13 (1.07) 1.08 (0.71) <0.0001
Baseline FEV1 % predicted 72.7 (8.9) 75.7 (8.1) <0.0001
Bronchodilator response (% change from
baseline)

3.2 (5.6) 5.8 (5.4) <0.0001

Methacholine responsiveness (O’Connor
slope)*

–23.2 (32.4) –7.8 (15.2) <0.0001

Values are mean (SD).
*O’Connor slope=percentage decline in forced expiratory volume in 1 second (FEV1) per final cumulative
dose of methacholine administered.24

Table 2 Analysis of bronchodilator response and methacholine responsiveness
stratified by β2 adrenergic receptor genotype

Genotype

Bronchodilator response
(% change from
baseline) p value

Methacholine
responsiveness
(O’Connor slope) p value

Gly16/Gly16 4.4 (5.6) 0.87 –15.5 (26.1) 0.16
Gly16/Arg16 4.7 (5.7) –13.7 (24.3)
Arg16/Arg16 4.5 (5.8) –18.8 (30.9)
Glu27/Glu27 4.3 (5.5) 0.46 –17.1 (28.7) 0.46
Glu27/Gln27 4.8 (5.6) –13.8 (23.8)
Gln27/Gln27 4.2 (5.8) –16.0 (27.8)

Values are mean (SD).
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p=0.0009, table 4). Figures 1 and 2 show the distribution of
genotypes within the two groups of smokers. The excess het-
erozygotes in those with no decline in lung function resulted

in a deviation from Hardy-Weinberg equilibrium (p=0.03) in

this group. There was a similar trend away from Hardy-

Weinberg equilibrium in the subjects in whom there was a fast

decline in lung function, but this did not reach statistical sig-

nificance (p=0.11). However, when the two groups were com-

bined there was a good fit with Hardy-Weinberg equilibrium

(p=0.91).

These data suggest that the Glu27/Gln27 genotype has a

protective role against a rapid decline in lung function. How-

ever, it is important to ensure that this association was not due

to chance effects of β2 adrenergic receptor status on smoking

exposure, so a one way ANOVA was performed to show that

there was no significant difference (p=0.98) in smoking

history between heterozygotes and homozygotes for the

Glu27/Gln27 polymorphism. To adjust this result for poten-

tially confounding factors a logistic regression was also

performed (table 5); the association between heterozygosity

for the polymorphism at position 27 and the rate of decline

remained significant in this analysis. The adjusted odds ratio

for the Glu27/Gln27 genotype and the rate of decline in lung

function was 0.56 (95% CI 0.40 to 0.78, p=0.0007). When

“centre” was added as a variable in the regression analysis, the

association between Glu27/Gln27 heterozygosity and rate of

decline in lung function was still significant (p=0.0018).

Since ADRB2 polymorphisms have previously been associ-

ated with NSBH and BDR, we tested for possible interactions

between these phenotypes and the Glu27/Gln27 genotype.

There was a significant interaction between heterozygosity at

position 27 and NSBH to methacholine on the rate of decline

(p<0.0001), but there was no interaction between Glu27/

Gln27 genotype and BDR (p=0.41).

DISCUSSION
ADRB2 polymorphisms occur commonly in the human popu-

lation and have been associated with a number of asthma

phenotypes.8 9 11 12 27–29 The aim of this study was to investigate

the association between ADRB2 polymorphisms and BDR,

NSBH, and the rate of decline in lung function in smokers. In

contrast to results in patients with asthma, we found no

association between ADRB2 polymorphisms and either BDR or

NSBH. However, there was a significantly lower prevalence of

heterozygous Glu27/Gln27 individuals among the smokers

with a fast decline in lung function, suggesting a protective

effect of this genotype.

Previous association studies of ADRB2 polymorphisms and

specific phenotypes related to airway disease and function

have been reviewed by Joos et al.30 Despite considerable

controversy and conflicting results, the most consistent

finding was a relationship between the polymorphism at posi-

tion 16 and BDR. However, we found no association between

BDR and any allele, genotype, or haplotype in this study. This

could be related to the sampling strategy used. Because we

were primarily interested in polymorphisms which affect the

Table 3 Estimated haplotype frequencies among smokers with a fast decline in lung
function and in those with no decline in lung function

Haplotype Gly16/Glu 27 Gly16/Gln27 Arg16/Glu27 Arg16/Gln27

Fast decline 0.47 0.18 0 0.35
No decline 0.48 0.16 0 0.36
Total 0.47 0.17 0 0.36

There was no significant difference in haplotype frequencies between the two groups. Frequencies were
estimated using the EM algorithm implemented in the Arlequin software package.

Table 4 Distribution of Glu27/Gln27 genotypes
among smokers with a fast decline in lung function and
in those with no decline in lung function

Group
Homozygous at
position 27

Heterozygous at
position 27 p value

Fast decline 159 (56%) 123 (44%) 0.0009
No decline 130 (43%) 175 (57%)

Figure 1 Genotype distribution (position 16) in subjects with a fast
decline in lung function and in those with no decline. There was no
significant difference in genotype frequencies between the groups
(p=0.46 for a 3×2 contingency table).

0%
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40%

50%

Gly/Gly 16 Gly/Arg 16 Arg/Arg 16

Fast decline
No decline

Figure 2 Genotype distribution (position 27) in subjects with a fast
decline in lung function and in those with no decline. A significant
difference in genotype frequency was seen between the two groups
(p=0.004 for a 3×2 contingency table). Heterozygosity for the
Glu/Gln27 allele was significantly more frequent in those with no
decline in lung function, suggesting a protective effect of this
genotype.
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Table 5 Multiple logistic regression for fast decliners
versus no decliners

Variable Odds ratio 95% CI p value

Pack years 3.02 0.85 to 10.96 0.089
Baseline FEV1 % predicted 0.26 0.12 to 0.54 0.0004
Age 2.23 1.15 to 4.33 0.017
Sex (male) 0.65 0.45 to 0.93 0.018
Glu/Gln27 genotype 0.56 0.40 to 0.78 0.0007
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rate of decline in lung function, we selected those subjects
with the most rapid and the slowest decline in lung function
rather than a random sample of subjects. Despite this, the dis-
tribution of BDR as measured by the % increase in FEV1 was
normally distributed in the group as a whole. However, differ-
ent factors might influence BDR in subjects with a rapid
decline in lung function compared with those with a slow
decline in lung function.

In subjects with asthma NSBH has been associated with
specific ADRB2 polymorphisms; specifically, asthmatics who
had the Gly16/Gln27 haplotype were more responsive to
methacholine than subjects with other haplotypes.15 We found
no association of any allele, genotype or haplotype with airway
responsiveness in our group despite a wide range of
responsiveness. Because methacholine responsiveness is a
powerful predictor of the rate of decline in lung function in
smokers, the distribution of methacholine responsiveness
(expressed as slope) was not normally distributed in our sub-
ject sample and, in fact, showed a bimodal distribution. Again
this distribution, which was related to subject selection, could
have masked a real association between ADRB2 polymor-
phisms and NSBH. Despite the lack of an association between
any polymorphism and methacholine responsiveness, we
found a strong interaction between the ADRB2 genotype,
methacholine responsiveness, and rate of decline in lung
function. Heterozygosity for the Gln27→Glu polymorphism
was only protective against a rapid rate of decline in lung
function in individuals who had low responsiveness to
methacholine (values less negative than –16.5). These
individuals represented 72.4% of the total study participants.
The individuals with more responsive airways may have been
exposed to other risk factors for NSBH (either environmental
of genetic factors) that overwhelmed the protective effect of a
Gln27/Glu genotype.

The finding that the heterozygous state displays a different
phenotype from either homozygous state is unusual but is a
well recognised phenomenon termed “heterozygous advan-
tage”. Several studies in a variety of diseases have shown a
distinct phenotype in subjects with heterozygosity at specific
loci.31–34 For example, a study of the role of the secretor blood
group in psoriasis showed that heterozygosity had a strong
protective effect (odds ratio 0.17) even though the allele
frequencies did not differ between patients and controls.35

Although one possible explanation for the apparent associ-
ation could be a type 1 error, the strength of the association
and the strongly positive interaction with methacholine
responsiveness prompted us to speculate about biologically
plausible explanations for the finding. One possible mech-
anism for a heterozygote advantage is an interaction between
the wild type and mutant protein isoforms in heterozygous
cells. This is a plausible mechanism for receptor molecules,
especially if they form dimers. A “heterodimeric” receptor
consisting of a wild type and a mutant protein may have dif-
ferent agonist binding, signal transduction, or agonist
promoted desensitisation properties than wild type or mutant
homodimers. Several lines of evidence indicate that ADRB2,
like other G protein coupled receptors, form dimers. The
formation of ADRB2 dimers was shown to have functional
effects on receptor stimulated adenylate cyclase activity.36 In
addition, ADRB2 ligands have been shown to promote recep-
tor dimerisation.36 37 The results of a study of a mutant ADRB2
(Cys341Gly) suggested that the dimer is the active form of the
receptor.38

If there is a heterozygote advantage, a possible mechanism
could be that Gln/Glu “heterodimers” have altered functional
characteristics compared with either Gln/Gln or Glu/Glu
homodimers. The Gln27→Glu polymorphism does not occur
in the sixth transmembrane region that is important in dimer
formation.36 However, a synthetic peptide derived from this
region resulted in only a 69% reduction in dimer formation
indicating that other regions may also influence dimerisation.

An alternative explanation for the excess of heterozygotes
among those with a slow decline in lung function could be
related to linkage disequilibrium between the Gln27→Glu
polymorphism and another polymorphism within the ADRB2
gene or the immediate region. The ADRB2 gene contains a
small open reading frame (ORF) upstream to the receptor
transcription start point. This ORF encodes a 19 amino acid
peptide that modulates receptor translation.39 A polymor-
phism in this peptide (Arg19→Cys) was shown to affect
ADRB2 expression at the protein level.40 In human airway
smooth muscle cells ADRB2 receptor density was approxi-
mately twofold higher in cells with the Cys isoform than in
those with the Arg isoform.40 However, because of the strong
linkage disequilibrium between the two polymorphisms,
Glu27 (which is associated with protection against agonist
induced receptor downregulation) is almost always found
with Arg19.40 41 In a recent study Glu27 was found exclusively
with Arg19 and vice versa in all 396 haplotypes delineated.41

Likewise, Gln27 was found exclusively with Cys19. The only
individuals who have both alleles associated with high ADRB2
receptor density (Glu27 and Cys19) are therefore those that
are heterozygous at both loci. The heterozygous state at posi-
tion 27 is thus a marker for the compound genotype.
Individuals with this genotype would have one allele
conferring high expression at baseline (Cys19) and one allele
(Glu27) that confers resistance to downregulation after
agonist exposure. The overall physiological effect of this com-
bination may confer greater protection from loss of lung func-
tion than either homozygotes for Cys19 (who will also be
homozygous for Gln27) or homozygotes for Glu27 (who will
also be homozygous for Arg19).

Another possible explanation for these data is a spurious
association because of population stratification. Although we
confined our analyses to the white individuals in the study,
there could be genetically distinct subgroups in this popula-
tion because the LHS was a multicentre study. The fact that
the two polymorphisms were in Hardy-Weinberg equilibrium
and that there was no difference in allele frequencies between
subjects with a fast decline in lung function and those in
whom lung function did not decline provides a powerful
argument that the association of this polymorphism with the
rate of decline was not confounded by population structure.
We also added “centre” as a variable in the regression analysis
and showed that the association of Glu27/Gln27 heterozygos-
ity with rate of decline in lung function was still significant in
this analysis.

In addition to analysing individual polymorphisms, we also
estimated haplotype frequencies. Since no association was
found with the haplotypes, there may be concern regarding
the accuracy of the estimates since these were not measured
directly but were estimated using the EM algorithm. However,
the results of a recent study have shown that estimations of
haplotype frequency based on the EM algorithm accurately
reflect the true frequencies, particularly for common polymor-
phisms such as those studied here.42 There are many
additional polymorphisms in the ADRB2 gene and these could
be used further to define the haplotypes in our population.
However, Drysdale et al performed a comprehensive survey of
ADRB2 haplotypes and showed that the Arg16/Gly16 and
Glu27/Gln27 polymorphisms are sufficient to distinguish the
three common haplotypes in white subjects.41 Another seven
haplotypes exist in the white population but they are all rare
and the combined frequency of these haplotypes is only 5.5%.
It is therefore unlikely that additional haplotypic data would
substantially change our results.

In summary, this is the first study to address the possible
influence of the ADRB2 polymorphisms on BDR and metha-
choline NSBH as well as the rate of decline in FEV1. The
Arg16→Gly polymorphism at position 16 was not associated
with the rate of decline in lung function, measures of NSBH,
or BDR in smokers. However, there was a novel negative
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association between heterozygosity at position 27 and a fast

decline in lung function, despite the lack of an association

with NSBH or BDR. Possible explanations for this observation

are molecular interaction of isoform heterodimers or linkage

disequilibrium with a second protective allele.

ACKNOWLEDGEMENTS
This study was supported by a grant from the Canadian Institutes of
Health Research. The Lung Health Study was supported by contract
N01-HR-46002 from the Division of Lung Diseases of the National
Heart, Lung, and Blood Institute. Dr Joos was supported the Swiss
National Science Foundation, Novartis Research Foundation, Uarda-
Frutiger Foundation and the Swiss Society of Pneumology. Dr
Sandford was supported by a Parker B Francis Fellowship and is the
recipient of a Canada Research Chair in genetics. The authors would
like to thank Helen Voelker for expert assistance with the statistical
analysis.

. . . . . . . . . . . . . . . . . . . . .

Authors’ affiliations
L Joos, T D Weir, P D Paré, A J Sandford, UBC McDonald Research
Laboratories/iCAPTURE Center, Vancouver, BC, Canada
J E Connett, Division of Biostatistics, School of Public Health, University
of Minnesota Minneapolis, MN, USA
N R Anthonisen, Faculty of Medicine, University of Manitoba,
Winnipeg, MB, Canada
R Woods, Canadian HIV Trials Network, St Paul’s Hospital, Vancouver,
BC, Canada

REFERENCES
1 Rijcken B, Schouten JP, Weiss ST, et al. The relationship between airway

responsiveness to histamine and pulmonary function level in a random
population sample. Am Rev Respir Dis 1988;137:826–32.

2 Rijcken B, Schouten JP, Weiss ST, et al. The relationship of nonspecific
bronchial responsiveness to respiratory symptoms in a random population
sample. Am Rev Respir Dis 1987;136:62–8.

3 Rijcken B, Schouten JP, Xu X, et al. Airway hyperresponsiveness to
histamine associated with accelerated decline in FEV1. Am J Respir Crit
Care Med 1995;151:1377–82.

4 Tracey M, Villar A, Dow L, et al. The influence of increased bronchial
responsiveness, atopy, and serum IgE on decline in FEV1. A longitudinal
study in the elderly. Am J Respir Crit Care Med 1995;151:656–62.

5 European Community Respiratory Health Survey. Determinants of
bronchial responsiveness in the European Community Respiratory Health
Survey in Italy: evidence of an independent role of atopy, total serum IgE
levels, and asthma symptoms. Allergy 1998;53:673–81.

6 National Asthma Education and Prevention Program. Expert Panel
Report II. Guidelines for the diagnosis and management of asthma.
Publication no 97-4051. Bethesda, MD: National Institutes of Health,
1997.

7 Orie NG, Sluiter HJ, De Vries K, et al. The host factor in bronchitis. In:
Orie NG, Sluiter HJ, eds. Bronchitis 1960. Assen: Royal Vangorcum,
1961: 43–59.

8 Turki J, Pak J, Green SA, et al. Genetic polymorphisms of the
β2-adrenergic receptor in nocturnal and non-nocturnal asthma. Evidence
that Gly16 correlates with the nocturnal phenotype. J Clin Invest
1995;95:1635–41.

9 Weir TD, Mallek N, Sandford AJ, et al. β2-adrenergic receptor
haplotypes in mild, moderate and fatal/near fatal asthma. Am J Respir
Crit Care Med 1998;158:787–91.

10 Hall IP, Wheatley A, Wilding P, et al. Association of Glu 27
β2-adrenoceptor polymorphism with lower airway reactivity in asthmatic
subjects. Lancet 1995;345:1213–4.

11 Ramsay CE, Hayden CM, Tiller KJ, et al. Polymorphisms in the
β2-adrenoreceptor gene are associated with decreased airway
responsiveness. Clin Exp Allergy 1999;29:1195–203.

12 Martinez FD, Graves PE, Baldini M, et al. Association between genetic
polymorphisms of the β2-adrenoceptor and response to albuterol in
children with and without a history of wheezing. J Clin Invest
1997;100:3184–8.

13 Lima JJ, Thomason DB, Mohamed MHN, et al. Impact of genetic
polymorphisms of the β2-adrenergic receptor on albuterol bronchodilator
pharmacodynamics. Clin Pharmacol Ther 1999;65:519–25.

14 Ulbrecht M, Hergeth MT, Wjst M, et al. Association of
β2-adrenoreceptor variants with bronchial hyperresponsiveness. Am J
Respir Crit Care Med 2000;161:469–74.

15 D’Amato M, Vitiani LR, Petrelli G, et al. Association of persistent
bronchial hyperresponsiveness with β2-adrenoceptor (ADRB2) haplotypes:
a population study. Am J Respir Crit Care Med 1998;158:1968–73.

16 Summerhill E, Leavitt SA, Gidley H, et al. β2-adrenergic receptor
Arg16/Arg16 genotype is associated with reduced lung function, but not
with asthma, in the Hutterites. Am J Respir Crit Care Med
2000;162:599–602.

17 Wang Z, Chen C, Niu T, et al. Association of asthma with β2-adrenergic
receptor gene polymorphism and cigarette smoking. Am J Respir Crit
Care Med 2001;163:1404–9.

18 Ho LI, Harn HJ, Chen CJ, et al. Polymorphism of the β2-adrenoceptor in
COPD in Chinese subjects. Chest 2001;120:1493–9.

19 Green SA, Turki J, Innis M, et al. Amino-terminal polymorphisms of the
human β2-adrenergic receptor impart distinct agonist-promoted regulatory
properties. Biochemistry 1994;33:9414–9.

20 Green SA, Turki J, Bejarano P, et al. Influence of β2-adrenergic receptor
genotypes on signal transduction in human airway smooth muscle cells.
Am J Respir Cell Mol Biol 1995;13:25–33.

21 Tan S, Hall IP, Dewar J, et al. Association between β2-adrenoceptor
polymorphism and susceptibility to bronchodilator desensitisation in
moderately severe stable asthmatics. Lancet 1997;350:995–9.

22 Tashkin DP, Altose MD, Connett JE, et al. Methacholine reactivity
predicts changes in lung function over time in smokers with early chronic
obstructive pulmonary disease. The Lung Health Study Research Group.
Am J Respir Crit Care Med 1996;153:1802–11.

23 Connett JE, Kusek JW, Bailey WC, et al. Design of the Lung Health
Study: a randomized clinical trial of early intervention for chronic
obstructive pulmonary disease. Control Clin Trials 1993;14:3–19S.

24 O’Connor GT, Sparrow D, Weiss ST. A prospective longitudinal study of
methacholine airway responsiveness as a predictor of pulmonary-function
decline: the Normative Aging Study. Am J Respir Crit Care Med
1995;152:87–92.

25 Sham P. Statistics in human genetics. London: Arnold, 1998.
26 Schneider S, Roessli D, Excoffier L. Arlequin ver. 2.000: a software for

population genetics data analysis. Switzerland: Genetics and Biometry
Laboratory, University of Geneva, 2000.

27 Kotani Y, Nishimura Y, Maeda H, et al. β2-adrenergic receptor
polymorphisms affect airway responsiveness to salbutamol in asthmatics.
J Asthma 1999;36:583–90.

28 Holloway JW, Dunbar PR, Riley GA, et al. Association of β2-adrenergic
receptor polymorphisms with severe asthma. Clin Exp Allergy
2000;30:1097–103.

29 Dewar JC, Wilkinson J, Wheatley A, et al. The glutamine 27
β2-adrenoceptor polymorphism is associated with elevated IgE levels in
asthmatic families. J Allergy Clin Immunol 1997;100:261–5.

30 Joos L, Paré PD, Sandford AJ. β2-Adrenergic receptor polymorphisms
and asthma. Curr Opin Pulm Med 2001;7:69–74.

31 Comings DE, Gonzalez N, Wu S, et al. Studies of the 48 bp repeat
polymorphism of the DRD4 gene in impulsive, compulsive, addictive
behaviors: Tourette syndrome, ADHD, pathological gambling, and
substance abuse. Am J Med Genet 1999;88:358–68.

32 Comings DE. Molecular heterosis as the explanation for the controversy
about the effect of the DRD2 gene on dopamine D2 receptor density. Mol
Psychiatry 1999;4:213–5.

33 Comings DE, MacMurray JP, Gonzalez N, et al. Association of the
serotonin transporter gene with serum cholesterol levels and heart
disease. Mol Genet Metab 1999;67:248–53.

34 Frohlander N, Stjernberg N. Association between haptoglobin groups
and hereditary predisposition for bronchial asthma. Hum Hered
1989;39:7–11.

35 Beckman L, Bronnestam R, Cedergren B, et al. HL-A antigens, blood
groups, serum groups and red cell enzyme types in psoriasis. Hum Hered
1974;24:496–506.

36 Hebert TE, Moffett S, Morello JP, et al. A peptide derived from a
β2-adrenergic receptor transmembrane domain inhibits both receptor
dimerization and activation. J Biol Chem 1996;271:16384–92.

37 Angers S, Salahpour A, Joly E, et al. Detection of β2-adrenergic receptor
dimerization in living cells using bioluminescence resonance energy
transfer (BRET). Proc Natl Acad Sci USA 2000;97:3684–9.

38 Hebert TE, Loisel TP, Adam L, et al. Functional rescue of a constitutively
desensitized β2AR through receptor dimerization. Biochem J
1998;330:287–93.

39 Parola AL, Kobilka BK. The peptide product of a 5′ leader cistron in the
β2 adrenergic receptor mRNA inhibits receptor synthesis. J Biol Chem
1994;269:4497–505.

40 McGraw DW, Forbes SL, Kramer LA, et al. Polymorphisms of the 5′
leader cistron of the human β2-adrenergic receptor regulate receptor
expression. J Clin Invest 1998;102:1927–32.

41 Drysdale CM, McGraw DW, Stack CB, et al. Complex promoter and
coding region β2-adrenergic receptor haplotypes alter receptor
expression and predict in vivo responsiveness. Proc Natl Acad Sci USA
2000;97:10483–8.

42 Tishkoff SA, Pakstis AJ, Ruano G, et al. The accuracy of statistical
methods for estimation of haplotype frequencies: an example from the
CD4 locus. Am J Hum Genet 2000;67:518–22.

Polymorphisms in the β2 adrenergic receptor 707

www.thoraxjnl.com

 on M
ay 23, 2023 by guest. P

rotected by copyright.
http://thorax.bm

j.com
/

T
horax: first published as 10.1136/thorax.58.8.703 on 28 July 2003. D

ow
nloaded from

 

http://thorax.bmj.com/

