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Asthma is recognised to arise from complex interactions
between environmental exposure and disease-susceptibility
genetic contributions.! Pharmacological management of the
condition aims to relieve symptoms, decrease airway
hyperresponsiveness, and optimize the quality of life in
patients. Inter-patient variability in the clinical responses to
anti-asthma drugs is a recognized factor that may confound
therapeutic outcome.

treatment. It is the challenge of
pharmacogeneticists to identify these
genetic determinants and study their
roles.

Introduction

Estimates show that as much as
60.6% of interindividual statistical
variance to salbutamol response may be
attributable to genetic factors, while
with inhaled glucocorticoids, the figure
may be as high as 86.1%.2 This
strongly suggests that genetic factors
may significantly contribute to the
clinical outcomes of pharmacological

Pharmacogenetics and

pharmacogenomics

The term pharmacogenetics was
originally coined by Friedrich Vogel in
19593, who used it to describe the
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influence of genetic factors on the
response to drugs. A second term,
pharmacogenomics, has relatively
recently found its way into the
literature, and although it has often
been used interchangeably with the
former, pharmacogenomics is better
used to describe the study of the
genome and its products as they relate
to drug responses, such as the
examination of whole genomes in order
to identify putative drug targets or to
study large scale differences in gene
expression in response to drugs.*®

Pharmacogenetic variation

The Human Genome Sequencing
project has provided us with the
sequence of the three billion base pairs
that make up our DNA, of which is
estimated that only 2% to 5% actually
consists of the coding regions that are
responsible for 25,000 — 32,000 genes.
Background DNA variation is present
throughout the whole genome, but
tends to occur at a higher frequency in
non-coding compared to coding
regions. The most common variation
consists of single base substitutions
(single nucleotide polymorphisms,
SNPs), of which nearly 1.8 million have
been identified to date.® Other types of
DNA variation include deletions or
insertions of one or more bases, and
variable repeats of specific sequences.
Pharmacogenetically-relevant DNA
variation would be expected to be
mainly located in coding sequences or
in regulatory regions of genes which
code for proteins involved in
pharmacological responses. Such genes
may include those responsible for drug
receptors (e.g. 3,-adrenoceptor,
muscarinic receptors, glucocorticoid
receptor) or proteins involved in drug
receptor signalling (e.g. G ) as well as
genes which code for drug-metabolizing
enzymes (e.g. cytochrome P450 group).

Pharmacogenetic variation
relevant to asthma

therapeutics
B3,-adrenoceptors

3,-adrenoceptors are primarily
expressed on airway smooth muscle
cells’, and are the target of the
3,-agonist drugs used in asthma. Nine
SNPs have been identified in the



3,-adrenoceptor coding region, of
which 4 result in amino acid
substitutions at the protein level.
Three of these have demonstrable
functional effects.®?

A DNA base change of adenine to
guanine at position 46 of the
3,-adrenoceptor gene (46A—G), results
in a receptor protein for which the
sixteenth amino acid is glycine instead
of arginine (Arg16—Gly). In cultured
cells, the Gly16 receptor variant
downregulates faster than Arg16 in the
presence of agonists®tt, while patient
studies have shown homozygous Gly16
adult asthmatics to exhibit a greater
degree of tolerance (described by a
higher loss in positive FEV, or FEF,
responses) to formoterol treatment
(24pg b.d. for 4 weeks) compared to
Arg16 homozygotes.? Argl6 adult
homozygotes have been shown to
demonstrate a higher and more rapid
salbutamol-evoked FEV, response'®
while Arg16 asthmatic children are 5.3
fold more likely to exhibit positive
clinical responses to salbutamol
treatment than Gly16 homozygotes.*
Gly16 asthmatic patients are 6 times
more likely to suffer from nocturnal
asthma symptoms'® and they
demonstrate a higher degree of airway
reactivity to histamine.®

A second polymorphism
(GIn27—Glu, 76C—G) confers on the
receptor a strong resistance towards
agonist-promoted desensitization and
downregulation. In primary cultures of
human airway smooth muscle cells,
approximately 60-fold greater
concentrations of isoprenaline were
required to desensitize the homozygous
Glu27 variant to the same extent as the
homozygous GIn27 form*, while
homozygous Glu27 patients have four-
fold lower methacholine reactivity than
their GIn27 counterparts.””

Work on Gly16/Glu27 double mutant
receptors, showed the Gly16 effects to
be dominant over Glu27 in cell
culture.® The highly downregulating
Gly16/GIn27 variant has a higher
prevalance in moderate than mild
asthmatics*® and is associated with a
higher degree of bronchial
hyperresponsiveness.*®

A third identified polymorphism
(Thri64—1le, 491C—T) is rare and
population studies are lacking. In vitro
work has identified the Ile164 variant

to bind isoprenaline, adrenaline and
noradrenaline with 4-fold lower affinity
than the wild type Thr164 form?, and
also to possess a reduced ability to
mediate agonist-independent basal
activation of adenylate cyclase,
implying the existence of a second
mechanism by which this variant
transduces signal less efficiently.?

Various SNPs are present in the
1470bp DNA region upstream of the
3,-adrenoceptor gene which is involved
in transcriptional control of the gene.
Cell culture studies have revealed that
the most commonly occurring mutant
haplotype (-20C, -47C, -367C, -468G)
exerts a small but significant decrease
in promoter activity compared to the
wild type sequence?® and this may result
in decreased 3,-adrenenoceptor
expression in patients carrying this
variant.

Muscarinic receptors

Polymorphic variation within
muscarinic M, and M, receptors could
potentially alter treatment responses to
anticholinergic agents, such as
ipratropium bromide. Mutation
screening of the M, receptor gene in
Maltese asthmatic individuals identified
two degenerate polymorphisms in the
coding region (1197T—C, Thr—Thr and
976A—C, Arg—Arg) and a common SNP
in the 3' non-coding region (1696T—A),
none of which are likely to be
functionally relevant, while no variation
could be identified in the M, coding
sequence.? A third M, coding region
degenerate polymorphism (1050A—G)
was identified in the Japanese
population while a rare degenerate M,
substitution (261C—T) was identified in
the M, coding region in the same
population.?* A recently identified
variable CA tandem repeat in the human
muscarinic M, gene promoter has been
shown to significantly influence gene
transcription in cultured cells® and
ongoing work by our group strongly
suggests that this variation may be
contributory to the development of
asthma symptoms in patients. It is
suggested that these promoter variants
may contribute to inter-individual
variability in response to muscarinic
antagonists (such as ipratropium
bromide) due to their influence on
muscarinic M, receptor expression.
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Anti-leukotriene drugs

Cysteinyl leukotrienes are released
into the airways by pro-inflammatory
cells including eosinophils, neutrophils
and mast cells, and bind to specific
receptors (primarily CysLT ) exerting
effects which include airway smooth
muscle contraction, plasma
extravasation and mucus
hypersecretion.?-2 The products are
derived from arachidonic acid, via an
enzymatic pathway in which
5-lipoxygenase (5-LOX) and leukotriene
C, synthase (LTC,S) exert primary
roles.? Drugs which inhibit 5-LOX, (e.g.
zileuton) or block receptors to which
cysteinyl leukotrienes bind (e.g.
zafirlukast, montelukast, pranlukast)
are the latest addition to the available
anti-asthma drugs, and they have a
proven clinical efficacy in relieving
symptoms.3® The genes for the
cysteinyl leukotriene receptors have
only been recently cloned, and studies
concerning genetic variation are
currently underway.

The 5-LOX gene (ALOX5) is located
on chromosome 10g11.12 3, and the
upstream flanking region has promoter
activity and contains consensus
sequences for several transcription
factors, including Sp1, Sp3, Egr-1,
Egr-2, NF-xB, GATA, Myb and AP family
members®, including a series of 5
tandem binding motifs for
Sp1/Egr-1([GGGCGG],).* Thirty five
percent of the population carries an
ALOX5 promoter with either one or two
Sp1/Egr-1 sequences deleted
([GGGCGG], [GGGCGG],) or the
insertion of an extra one ([GGGCGG],).
All 3 variants show decreased promoter
activity in cell culture, compared to
wild type [GGGCGG],. A study using
ABT-761, a 5-LOX inhibitor derivative of
zileuton, in 114 asthmatic patients, at
a dose of 300mg/day for 84 days,
showed the highest degree of
improvement in FEV, to occur in
patients who are heterozygous or
homozygous for the wild type allele at
the promoter locus, while patients who
are homozygous mutant did not benefit
from anti-5-LOX treatment.®*%

The gene for LTC, synthase (LTC,S) is
located on chromosome 5g35. Sanak,
et al., (1997) identified an A—C
substitution in a regulatory region, 444
bases upstream of the coding sequence
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which resulted in an additional motif
for transcription factor AP-2 (CCCG).
The polymorphism shows an association
with aspirin induced asthma and could
potentially contribute to increased LTC,
in the airway.® It could also be a
potential risk factor for adverse
reactions to nonsteroidal analgesics in
asthma, since it may alter the
expression pattern of the enzyme.

Glucocorticoid receptor

Glucocorticoids (GCs) act by binding
to a cytoplasmic receptor (GR), which
subsequently enters the nucleus and
through various mechanisms acts as a
positive or negative transcriptional
regulator. In this way, the
transcription of various pro-
inflammatory proteins is decreased,
while there is transcriptional
upregulation of anti-inflammatory
molecules, such as lipocortins.3”¢ Two
isoforms of the human glucocorticoid
receptor (hGR) exist, hGRa and hGRR,
of which only hGRa can bind ligand.
There is evidence to suggest that one
role of hGRR is to dimerize with hGRa,
creating a heterodimer that has less
transcriptional regulatory activity than
a normal hGRo. homodimer®, although
some authors disagree on this.*
Although the ligand-binding isoform is
the better studied in the literature,
polymorphic variation in either hGRa. or
hGRR may potentially exert an
influence on glucocorticoid-mediated
transcriptional regulation.

Notwithstanding the proven efficacy
of GCs, there remain a subset of
asthmatic patients who are GC-
resistant.** GRs in corticosteroid
resistant asthmatics exhibit a lower
interaction with activator protein-1
(AP-1), and this effect is accompanied
by raised levels of AP-1.42

While various glucocorticoid
receptor abnormalities have been
reported to contribute to generalized
inherited glucocorticoid resistance
(GIGR), a rare disorder characterized by
high cortisol levels with no Cushingoid
features®, studies identifying defined
contributions of hGR variants to steroid
resistance in asthma are currently
lacking.* Examples of identified hGR
variants include a Val641—Asp
substitution which results in a three-
fold lower binding affinity for
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dexamethasone in COS-7 cells*®, a
Val729—1lle substitution which results
in a four fold decrease in
dexamethasone activity*® and a
Asn363—Ser substitution which results
in a higher sensitivity to exogenously
administered glucocorticoids in healthy
elderly individuals, with respect to
cortisol suppression. Subjects carrying
this polymorphism tend to have a
higher body mass index and a lower
bone mineral density compared to wild
type individuals.*” A recent variant
identified in leukaemic cells
(Cys643—Arg) has been found to
decrease steroid-binding affinity and
transcriptional activity*, while an
Asn363—Ser variant has been
correlated with increased glucocorticoid
sensitivity, lowered bone mineral
density and increased body mass
index.* Although it may be expected
that asthmatic patients carrying the
Val641—Asp, Cys643—Arg or
Val729—1le GR variants may exhibit a
decreased clinical response to
glucocorticoid administration than the
respective wild-type individuals, current
evidence suggests that glucocorticoid
resistance in asthmatics may be
associated with variation in genes
coding for other proteins involved in
glucocorticoid-mediated pathways such
as histone deactylases.>®

Phosphodiesterase

At least 7 different
phosphodiesterase enzyme families are
expressed in humans, of which type 4
(PDE,) represents the predominant
CcAMP hydrolyzing activity in human
airway smooth muscle.* Augmentation
of PDE, activity might be expected to
decrease 3,-agonist response, by
degrading 3,-adrenoceptor mediated de
novo CAMP. Variations in enzyme
activity might also alter the response
to theophylline, although it is not yet
clear whether the in vitro
phosphodiesterase inhibitory action of
theophylline also occurs in vivo.?®
Indeed, the development of ‘second
generation theophyllines’ which
specifically inhibit PDE, enzymes in
vivo, is underway with phase 111 clinical
trials of PDE, selective inhibitors
currently in progress.>
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Database searches suggest that
phosphodiesterase genes contain a
number of polymorphisms; however
there are currently no available data on
the mutation screening of
phosphodiesterase genes in asthmatics.

Applications

One of the major aims of
pharmacogenetic research is to develop
DNA testing procedures that will predict
how a particular patient will respond to
a given drug, in terms of efficacy as
well as adverse effects. On a clinical
level, this will enable a more patient-
focused prescribing, and will help to
ensure that patients will receive the
drugs that will benefit them most, at
the dose which will provide the required
clinical response. Pharmacogenetic
tests may be used to stratify individuals
participating in clinical trials, into
pharmacogenetically homogeneous
groups and this may lead to more
robust scientific findings regarding the
group of patients who might eventually
be prescribed the medicine.%
Pharmacogenetic knowledge may also
help to develop drugs that will provide
efficacy in a wider spectrum of
patients, or promote the development
of new drugs specifically designed for
pharmacogenetically compromised
patients.

Ethical considerations

The present status suggests that
pharmacogenetic testing for specific
drugs may be available sooner rather
than later, and this oncoming is not
devoid of ethical dilemmas.
Pharmacogenetic testing may
discourage pharmaceutical companies
from developing medicines that would
only provide benefit for a minority of
patients. If pharmacogenetic testing is
incorporated into the licensing
conditions for specific drugs, this
increased expense might adversely
affect the cost-benefit equilibrium,
thus potentially depriving patients who
would particularly benefit from these
drugs. A pharmacogenetic test might
reveal more knowledge than is
specifically intended. For example, a
patient who is a rapid metabolizer for a
particular drug, is likely to also rapidly
metabolize other pharmacologically



unrelated drugs which share the same
metabolic pathways. Should such
additional information be disclosed to
the patient? In the clinical setting, a
patient might be expected to provide
informed consent for a
pharmacogenetic test to be carried out.
The implications of such a test should
be clearly explained, and the result
should be accompanied by professional
advice. Ethnicity may bear an
influence on the validity of a
pharmacogenetic test, since specific
genotypes may only be present in
particular populations. Will test
developers take this into account, or
will particular populations be sidelined
due to marketing or financial
considerations? Pharmacogenetic
information may be requested by
insurance companies, to aid in the
computation of health insurance
premiums, thus potentially dissuading
patients from consenting to such tests
for fear of having to pay higher
premiums or being unable to obtain
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The importance of this area of
research has been accented by the
recent UK Department of Health
announcement of a commitment of £4
million over 3 years to be granted to
pharmacogenetic research.

1. Tattersfield AE, Knox AJ, Britton JR, Hall IP.
Asthma. Lancet 2002; 360(9342):1313-1322.

2. Drazen JM, Silverman EK, Lee TH.
Heterogereity of therapeutic responses in
asthma. Br Med Bull 2000; 56(4):1054-1070.

3. Vogel F. Moderne probleme der
Humangeretik. Ergeb Inn Med Kinderheilkd
1959; 12:52-125.

4. Roses AD. Pharmacogenretics. Hum Mol Genet
2001; 10(20):2261-2267.

5. Nuffield Council on Bioethics.
Pharmacogenetics: ethical issues. London:
Nuffield Council on Bioethics, 2003.

6. http://snp.cshl.org/. (Accessed on 5 Jan
2005).

7. Hall IP, Widdop S, Townsend P, Daykin K.
Control of cyclic AMP levels in primary
cultures of human tracheal smooth muscle
cells. Br J Pharmacol 1992; 107(2):422-428.

8. Reihsaus E, Innis M, MacIntyre N, Liggett SB.
Mutations in the gene encoding for the beta
2-adrenergic receptor in normal and
asthmatic subjects. Am J Respir Cell Mol Biol
1993; 8(3):334-339.

9. Liggett SB. Polymorphisms of the
R3,-adrenergic receptor and asthma. Am J
Respir Crit Care Med 1997; 156(4 Pt 2):S156-
$162.

10. Green SA, Turki J, Innis M, Liggett SB.
Amino-terminal polymorphisms of the human
f3,-adrenergic receptor impart distinct
agonist-promoted regulatory properties.
Biochemistry 1994; 33(32):9414-9419.

11. Green SA, Turki J, Bejarano P, Hall IP, Liggett
SB. Influence of R3,-adrenergic receptor
genotypes on signal transduction in human
airway smooth muscle cells. Am J Respir Cell
Mol Biol 1995; 13(1):25-33.

12. Aziz 1, Hall IP, McFarlare LC, Lipworth BJ. B3,-
adrenoceptor regulation and bronchodilator
sensitivity after regular treatment with
formoterol in subjects with stable asthma. J
Allergy Clin Immunol 1998; 101(3):337-341.

13. Lima JJ, Thomason DB, Mohamed MH, Eberle
LV, Self TH, Johnson JA. Impact of genetic
polymorphisms of the B,-adrenergic receptor
on albuterol bronchodilator
pharmacodynamics. Clin Pharmacol Ther
1999; 65(5):519-525.

14. Martinez FD, Graves PE, Baldini M, Solomon
S, Erickson R. Association between genetic
polymorphisms of the B,-adrenoceptor and
response to albuterol in children with and
without a history of wheezing. J Clin Invest
1997; 100(12):3184-3188.

15. Turki J, Pak J, Green SA, Martin RJ, Liggett
SB. Genetic polymorphisms of the
13,-adrenergic receptor in nocturnal and
nonnocturnal asthma. Evidence that Gly16
correlates with the nocturnal phenotype. J
Clin Invest 1995; 95(4):1635-1641.

16. Holroyd KJ, Levitt R, Dragwa C, Amelung P,
Panhuysen C, Meyers D, Bleecker E, Postma D.
Evidence for 3, adrenergic receptor
polymorphism at amino acid 16 as a risk
factor for bronchial hyperresponsiveness. Am
J Respir Crit Care Med 1995; 151:A673.

Issue 9 Respiratory Supplement 2005

17. Hall IP, Wheatley A, Wilding P, Liggett SB.
Association of Glu 27 3,-adrenoceptor
polymorphism with lower airway reactivity in
asthmatic subjects. Lancet 1995;
345(8959):1213-1214.

18. Weir TD, Mallek N, Sandford AJ, Bai TR,
Awadh N, Fitzgerald JM, Cockcroft D, James
A, Liggett SB, Pare PD. R,-Adrenergic
receptor haplotypes in mild, moderate and
fatal/near fatal asthma. Am J Respir Crit Care
Med 1998; 158(3):787-791.

19. DAmato M, Vitiani LR, Petrelli G, Ferrigno L,
di Pietro A, Trezza R, Matricardi PM.
Association of persistent bronchial
hyperresponsiveness with B3 _-adrenoceptor
(ADRB2) haplotypes. A population study. Am
J Respir Crit Care Med 1998; 158(6):1968-
1973.

20. Green SA, Cole G, Jacinto M, Innis M, Liggett
SB. A polymorphism o the human
[3,-adrenergic receptor within the fourth
transmembrane domain alters ligand binding
and functional properties of the receptor. J
Biol Chem 1993; 268(31):23116-23121.

21. Green SA, Turki J, Hall IP, Liggett SB.
Implications of genetic variability of human
3,-adrenergic receptor structure. Pulm
Pharmacol 1995; 8(1):1-10.

22. Scott MG, Swan C, Wheatley AP, Hall IP.
Identification of novel polymorphisms within
the promoter region of the human

13,-adrenergic receptor gene. Br J Pharmacol
1999; 126(4):841-844.

the chronicill 27




23.

24.

25.

26.

217.

28.

29.

30.

3L

32.

33.

34.

35.

28

Fenech AG, Ebejer MJ, Felice AE, Ellul-
Micallef R, Hall IP. Mutation screening of the
muscarinic M, and M, receptor genes in
normal and asthmatic subjects. Br J
Pharmacol 2001; 133(1):43-48.

Yamamoto T, Yamashita N, Kuwabara M,
Nakano J, Sugimoto H, Akiyama K, Hirai K,
Ishii A, Uehara Y, Ohta K. Mutation screening
of the muscarinic M, and M, receptor genes
in asthmatics, outgrow subjects, and normal
controls. Ann Geret 2002; 45(3):109-113.

Fenech AG, Billington CK, Swan C, Richards S,
Hunter T, Ebejer MJ, Felice AE, Ellul-Micallef
R, Hall IP. Novel polymorphisms influencing
transcription of the human CHRM2 gene in
airway smooth muscle. Am J Respir Cell Mol
Biol 2004; 30(5):678-686.

Samuelsson B. Leukotrienes: mediators of
immediate hypersensitivity reactions and
inflammation. Science 1983; 220:568-575.

Chanarin N, Johnston SL. Leukotrieres as a

target in asthma therapy. Drugs 1994;
47:12-24.

Drazen JM. Leukotrienes in asthma and
rhinitis. In: Busse W, Holgate ST, editors.
Asthma and rhinitis. Oxford: Blackwell
Scientific Publications, 1995: 838-850.

Dixon RA, Diehl RE, Opas E, Rands E, Vickers
PJ, Evans JF, Gillard JW, Miller DK.
Requirement of a 5-lipoxygenase-activating
protein for leukotriene synthesis. Nature
1990; 343(6255):282-284.

Holgate ST, Bradding P, Sampson AP.
Leukotriene antagonists and synthesis
inhibitors. J Allergy Clin Immunol 1996;
98:1-13.

Funk CD, Hoshiko S, Matsumoto T, Radmark O,
Samuelsson B. Characterization of the human
5-lipoxygenase gene. Proc Natl Acad Sci USA
1989; 86:2587-2591.

Hoshiko S, Radmark O, Samuelsson B.
Characterization of the human 5-lipoxygenase
gene promoter. Proc Natl Acad Sci USA 1990;
87:9073-9077.

Silverman E, In KH, Yandava C, Drazen JM.
Pharmacogenetics of the 5-lipoxygenase
pathway in asthma. Clin Exp Allergy 1998; 28
Suppl 5:164-170.

Drazen JM, Yandava CN, Dube L, Szczerback
N, Hippensteel R, Pillari A, Israel E, Schork N,
Silverman ES, Katz DA, Drajesk J.
Pharmacogenetic association between ALOX5
promoter genotype and the resporse to anti-
asthma treatment. Nat Genet 1999;
22(2):168-170.

In KH, Asano K, Beier D, Grobholz J, Finn PW,
Silverman EK, Silverman ES, Collins T, Fischer
AR, Keith TP, Serino K, Kim SW, De Sanctis
GT, Yandava C, Pillari A, Rubin P, Kemp J,

the chronicill

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

Issue 9 Respiratory Supplement 2005

Israel E, Busse W, Ledford D, Murray JJ, Segal
A, Tinkleman D, Drazen JM. Naturally
occurring mutations in the human
5-lipoxygenase gene promoter that modify
transcription factor binding and reporter
gene transcription. J Clin Invest 1997;
99(5):1130-1137.

Sanak M, Simon HU, Szczeklik A. Leukotriene
C, synthase promoter polymorphism and risk
of aspirin-induced asthma. Lancet 1997;
350(9091):1599-1600.

Barnes PJ. Mechanisms of action of

glucocorticoids in asthma. Am J Respir Crit
Care Med 1996; 154(2 Pt 2):521-S26.

van der Velden VH. Glucocorticoids:
mechanisms of action and anti-inflammatory
potential in asthma. Mediators Inflamm
1998; 7(4):229-237.

Sousa AR, Lane SJ, Cidlowski JA, Staynov DZ,
Lee TH. Glucocorticoid resistance in asthma
is associated with elevated in vivo expression
of the glucocorticoid receptor beta-isoform. J
Allergy Clin Immunol 2000; 105(5):943-950.

de Lange P, Koper JW, Brinkmann AO, de Jong
FH, Lamberts SW. Natural variants of the beta
isoform of the human glucocorticoid receptor
do not alter sensitivity to glucocorticoids.
Mol Cell Endocrinol 1999; 153(1-2):163-168.

Szefler SJ, Leung DY. Glucocorticoid-resistant
asthma: pathogenesis and clinical
implications for management. Eur Respir J
1997; 10(7):1640-1647.

Adcock IM, Lane SJ, Brown CR, Lee TH,
Barnes PJ. Abnormal glucocorticoid receptor-
activator protein 1 interaction in steroid-
resistant asthma. J Exp Med 1995;
182(6):1951-1958.

Malchoff CD, Malchoff DM. Glucocorticoid
resistance in humans. Trends Endocrinol
Metab 1995; 6(3):89-95.

DeRijk RH, Schaaf M, de Kloet ER.
Glucocorticoid receptor variants: clinical
implications. J Steroid Biochem Mol Biol
2002; 81(2):103-122.

Hurley DM, Accili D, Stratakis CA, Karl M,
Vamvakopoulos N, Rorer E, Constantine K,
Taylor SI, Chrousos GP. Point mutation
causing a single amino acid substitution in
the hormone binding domain of the
glucocorticoid receptor in familial
glucocorticoid resistance. J Clin Invest 1991;
87(2):680-686.

Malchoff DM, Brufsky A, Reardon G,
McDermott P, Javier EC, Bergh CH, Rowe D,
Malchoff CD. A mutation of the glucocorticoid
receptor in primary cortisol resistance. J Clin
Invest 1993; 91(5):1918-1925.

Huizenga NA, Koper JW, de Lange P, Pols HA,
Stolk RP, Burger H, Grobbee DE, Brinkmann

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

AO, de Jong FH, Lamberts SW. A
polymorphism in the glucocorticoid receptor
gene may be associated with and increased
sensitivity to glucocorticoids in vivo. J Clin
Endocrinol Metab 1998; 83(1):144-151.
Nagano M, Nakamura T, Niimi S, Fujino T,
Nishimura T, Murayama N, Ishida S, Ozawa S,
Saito Y, Sawada J. Substitution of arginine
for cysteire 643 of the glucocorticoid
receptor reduces its steroid-binding affinity
and transcriptional activity. Cancer Lett
2002; 181(1):109-114.

Koper JW, Stolk RP, de Lange P, Huizenga NA,
Molijn GJ, Pols HA, Grobbee DE, Karl M, de
Jong FH, Brinkmann AO, Lamberts SW. Lack
of association between five polymorphisms in
the human glucocorticoid receptor gene and
glucocorticoid resistance. Hum Genet 1997;
99(5):663-668.

Pelaia G, Vatrella A, Gallelli L, Cazzola M,
Maselli R, Marsico SA. Potential geretic
influences on the response to asthma
treatment. Pulm Pharmacol Ther 2004;
17(5):253-261.

Schudt C, Tenor H, Hatzelmann A. PDE
isoenzymes as targets for anti-asthma drugs.
Eur Respir J 1995; 8(7):1179-1183.

Polson JB, Krzanowski JJ, Goldman AL,
Szentivanyi A. Inhibition of human
pulmonary phosphodiesterase activity by
therapeutic levels of theophylline. Clin Exp
Pharmacol Physiol 1978; 5(5):535-539.

Bergstrand H. Phosphodiesterase inhibition
and theophylline. Eur J Respir Dis Suppl
1980; 109:37-44.

Schmidt D, Dent G, Rabe KF. Selective
phosphodiesterase inhibitors for the
treatment of bronchial asthma and chronic
obstructive pulmonary disease. Clin Exp
Allergy 1999; 29 Suppl 2:99-109.

Nuffield Council on Bioethics.

Pharmacogenetics: Ethical issues. London:
Nuffield Council on Bioethics, 2003.

March R, Cheeseman K, Doherty M.
Pharmacogenetics - legal, ethical and
regulatory considerations. Pharmacogenomics
2001; 2(4):317-327.

Fenech A, Hall IP. Pharmacogenetics of
asthma. Br J Clin Pharmacol 2002;
53(1):3-15.

Hall IP. Pharmacogenetics of asthma. Eur
Respir J 2000; 15(3):449-451.

Pignatti PF. Trends in pharmacogenomics of
drugs used in the treatment of asthma.
Pharmacol Res 2004; 49(4):343-349.
Department of Health (UK). Genetics White
Paper - our inheritance, our future - realising
the potential of genetics in the NHS (CM
5791). Norwich: The Stationery Office, 2003.





