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Smoking interacts with genetic risk factors in the
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Objective: To determine whether the impact of tobacco exposure on rheumatoid arthritis (RA) risk is
influenced by polymorphisms at the HLA-DRB1 and glutathione S-transferase M1 (GSTM1) loci.
Methods: Subjects were participants from a case-control study nested within the Iowa Women’s Health
Study, a population based, prospective cohort study of postmenopausal women. Incident RA cases
(n = 115) were identified and medical records reviewed to confirm RA diagnosis. Controls without RA
(n = 466) were matched with RA cases by age and ethnic background. HLA-DRB1 typing classified subjects
according to the presence of alleles encoding the RA ‘‘shared epitope’’ (SE) sequence. GSTM1 was
genotyped using a multiplex polymerase chain reaction assay. Conditional logistic regression was used to
estimate the odds ratios (ORs) and 95% confidence intervals.
Results: Strong positive associations of smoking (OR = 6.0, p = 0.004), SE positivity (OR = 4.6,
p = 0.0006), and GSTM1 null genotype (OR = 3.4, p = 0.007) with risk of RA, and significant gene-
environment interactions (smoking by SE interaction p = 0.034; smoking by GSTM1 interaction p = 0.047)
were observed. Stratified analyses indicated that exposure to tobacco smoke primarily increased the risk
of RA among subjects who lacked genetic risk factors for the disease (that is, SE negative or GSTM1
present).
Conclusions: Although these findings require confirmation in other groups, the results support the
importance of considering both genetic and environmental factors, and also their interaction, in studies of
complex diseases like RA.

L
ike most common diseases, the aetiology of rheumatoid
arthritis (RA) is multifactorial, with important contribu-
tions from multiple genetic and environmental factors.1

Although recent genome wide screens in RA have substan-
tially increased our knowledge about the multiple genomic
regions that contribute to RA susceptibility,2–5 the HLA-DRB1
locus in the major histocompatibility complex, and in
particular DRB1 alleles encoding a common ‘‘shared’’ epitope
sequence in the third hypervariable region of the DRB1 chain,
is clearly the single most important genetic risk factor for
RA.6 7

The importance of environmental or other non-genetic risk
factors for RA is underlined by the large discordant rate for
RA among monozygotic twins, which in most studies is
greater than 70%.8 9 Although the elucidation of specific
environmental risk factors for RA has been a major challenge,
compelling evidence now supports an aetiological role for
exposure to tobacco smoke. Several large and well designed
studies document significant associations with disease risk,
particularly among men and rheumatoid factor (RF) positive
subjects.10–13 Of interest, RF positivity often precedes the
development of RA,14 and tobacco smoke exposure is
associated with RF positivity among subjects without RA.15 16

Research related to other diseases associated with tobacco
smoke exposure, particularly cancer, indicates that people are
not equally susceptible to the deleterious effects of tobacco
smoke. For example, genetic polymorphisms of glutathione
S-transferases (GSTs), which are believed to have an
important role in detoxifying carcinogens in tobacco smoke,
influence susceptibility to lung and colon cancer.17 18 Thus,
these studies document interactions between genetic and

environmental risk factors, consistent with expectations for
complex disease. Of note, recent work by Mattey et al
demonstrated an interaction between exposure to tobacco
smoke and the GSTM1 null polymorphism in determining RA
outcome.19

Our goal for the current study was to examine the
interaction of tobacco smoke exposure with specific genetic
risk factors, including the GSTM1 null polymorphism and the
HLA-DRB1 shared epitope (SE), in determining RA risk. We
chose as our study group a unique cohort of older women
with well characterised RA, in whom information about
exposure to tobacco smoke and other risk factors had been
collected before disease onset.

PATIENTS AND METHODS
Study group
RA cases and controls were participants in the Iowa Women’s
Health Study (IWHS), which is a prospective cohort study
established in 1986.20–22 The study was approved by the
Institutional Review Board at the University of Iowa, Iowa
City, and subjects provided informed consent. Details of the
identification and validation of incident RA cases in this
cohort have been published previously.13 23–25 In brief,
potential incident RA cases were initially identified by self
report in follow up surveys in this cohort, and confirmation
of RA diagnosis was established through review of medical
records and documentation of American College of

Abbreviations: GST, glutathione S-transferase; IWHS, Iowa Women’s
Health Study; OR, odds ratio; RA, rheumatoid arthritis; RF, rheumatoid
factor; SE, shared epitope
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Rheumatology criteria or a diagnosis from a board certified/
eligible rheumatologist.26 27 A total of 158 incident RA cases
were identified in this cohort. Buccal DNA samples were
obtained from 123 incident RA cases. The other 35 incident
RA cases were not sampled owing to death (n = 21), refusal
(n = 11) or loss to follow up (n = 3). For one of the sampled
cases smoking information was missing and seven of the
sampled cases were not successfully genotyped; thus the total
number of incident RA cases studied was 115.

Controls were randomly selected from IWHS participants
who reported no history of RA, and were matched with RA
cases by age and ethnic background—namely, Dutch,
English/Scottish/Welsh, German, Irish, Swedish,
Norwegian, Southern European (Italian, Greek, etc),
Eastern European (Polish, Russian, Czech, etc), other
Central or Western European, Asian, African American,
American Indian, and other. We initially identified up to
eight potential controls who matched each of the 158 RA
cases, and successfully enrolled a total of 524 controls, who
completed a questionnaire and provided a buccal DNA
sample. Fifty eight of these controls were excluded owing
to missing smoking data (n = 6) or missing genotypes
(n = 52), leaving a total of 466 controls available for the
analysis (a range of 1–6 controls for each case).

Exposure to tobacco smoke
Detailed information about exposure to tobacco smoke was
obtained for all cases and controls as part of the baseline
IWHS survey in 1986. Smoking data included age started, age
stopped, and number of cigarettes smoked per day.
Respondents who reported smoking on the baseline ques-
tionnaire were classified as current smokers. Data collected
about smoking status in follow up surveys (1992 and 1997)
indicated that smoking status was remarkably stable over
time (data not shown).

HLA-DRB1 genotyping
The assignment of HLA-DRB1 alleles was determined using
DNA sequencing of exon 2. Briefly, all DRB1 exon 2 sequences
were amplified and sequenced using the AlleleSEQR HLA-
DRB1 reagent kit and protocol (Forensic Analytical,
Hayward, CA, USA). Sequencing was performed using an
ABI 3700 (PE Applied Biosystems, Foster City, CA, USA). The
sequences were analysed using the Sequencing Analysis, MT
Navigator, and MatchTools software programs (PE Applied
Biosystems), which enable assignment of DRB1 genotypes
based on a recent library file of DRB1 alleles. The allele library
file (DRB1.L257) was obtained from the International
Immunogenetics database (ftp://ftp.ebi.ac.uk/pub/databases/
imgt/mhc/hla/ (accessed 21 June 2006)). To resolve ambig-
uous results for some exon 2 sequences, an additional
sequence reaction was similarly performed and analysed for
codon 86 sequences using the Forensic Analytical reagent kit
and protocol. This method detects all SE positive alleles,
including *0101, *0102, *0401, *0404, *0405, *0408, *0413,
*1001, and *1402. Subjects were classified as SE positive (that

is, one or two SE copies) or SE negative (that is, no SE copies)
based on their HLA-DRB1 genotype.

GSTM1 genotyping
The GSTM1*0 (null allele) was identified using a multiplex
polymerase chain reaction technique, modified from a
previous method.28 Three primers were used: (p1) FAM-59-
CGCCATCTTGTGCTACATTGCCCG-39 (final reaction concen-
tration, 25 pmol/l); (p2) 59-ATCTTCTCCTCTTCTGTCTC39

(50 pmol/l); and (p3) 59-TTCTGGATTGTAGCAGATCA-39

(25 pmol/l). The primer pair p1 and p3 amplified a 230 bp
fragment in the presence of the GSTM1 allele (no polymerase
chain reaction product for null allele); the primers p1 and p2
amplified a 158 bp fragment as an internal control. Size
fragments were analysed on an ABI 3700 automated
sequencer and alleles determined using the Applied
Biosystems GeneScan, version 3.5 and Genotyper, version
2.6 software packages.

Statistical methods
Univariate associations between smoking, the SE, GSTM1,
and RA risk were examined using contingency table analysis.
Owing to the matched case-control design, we used condi-
tional logistic regression to estimate the impact of smoking,
presence of the SE, GSTM1 null homozygosity, and interac-
tions between these factors on RA risk in multivariable
analyses. We also calculated odds ratios (ORs) to describe
associations of smoking with RA risk among strata defined
by specific genotypes.

RESULTS
Owing to features of the source population (that is, IWHS),
all study subjects were Caucasian women. Mean age at the
time of enrolment into the IWHS was about 60 years for RA
cases and controls (61.0 v 60.3, p = 0.06). Mean age at RA
onset for cases was 67.5 years. Sixty three per cent of RA
cases were RF positive and 31% had clear documentation of
erosive disease.

Table 1 shows univariate associations of smoking, SE
positivity, and GSTM1 null homozygosity with RA risk. All
three exposures were positively associated with RA risk, with
ORs ranging from 1.4 to 1.8. The frequencies of SE positivity
and GSTM1 null homozygosity among controls were in the
range for Caucasian populations.29–31 The prevalence of
smoking among controls was representative of the source
population (Iowa), and somewhat lower than the American
national average.32

Multivariable analysis using conditional logistic regression
accounted for the matched design, and table 2 shows the
results obtained. In addition to the three exposures of
interest, the model also included interaction terms between
smoking and both of the genetic risk factors. All three
exposures were significantly associated with RA risk in this
multivariable analysis, as were both of the gene-environment
interactions. Adjustment for other exposures shown to be
associated with RA in this cohort24 25 33 did not alter these

Table 1 Results of univariate analysis of smoking, shared epitope positivity, and
glutathione S-transferase M1 (GSTM1) null homozygosity and RA risk

Exposure
Patients with RA Controls

OR (95% CI)*No (%) No (%)

Tobacco smoke, ever 48 (41.7) 159 (34.1) 1.38 (0.91 to 2.10)
Tobacco smoke, current 22 (24.7) 59 (16.1) 1.71 (0.98 to 2.98)
Shared epitope positive 63 (60.6) 109 (45.8) 1.82 (1.14 to 2.91)
GSTM1 null homozygosity 58 (54.2) 200 (43.2) 1.56 (1.02 to 2.37)

*Odds ratios (OR) and 95% confidence intervals (CIs) describe univariate associations between each of the
exposures and RA risk.
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results. In particular, adjustment for cruciferous vegetable
intake, which has been reported to interact with GSTM1 in
the presence of smoking related cancers, did not alter these
results (data not shown).

To illustrate further the impact of tobacco exposure on RA
risk and to better understand the nature of the gene-
environment interactions we calculated ORs describing
associations with smoking according to strata defined by
specific genetic risk factors (table 3). As suggested by the full
multivariable analysis described above, these stratified
analyses indicate variation in risk associated with smoking
for subjects with different genetic risk factors. For example,
exposure to tobacco smoke was associated with an increased
risk of RA among SE negative subjects but not among SE
positive subjects. Similarly, exposure to tobacco smoke was
associated with a significantly increased risk of RA among
women with the GSTM1 present genotype, but not among
women with the GSTM1 null genotype. Thus, in both
situations the impact of smoking on RA risk operates
primarily among subjects who lack these genetic risk factors.

DISCUSSION
Two of the factors examined in this study, the HLA-DRB1 SE
and cigarette smoking, are well established RA risk factors.
The association of GSTM1 with RA risk or outcome has only
been examined in a few previous studies. Those studies
suggest an association of the GSTM1 null allele with RA risk
and outcome, particularly radiographic disease progres-
sion.19 34 Thus, our results confirm important preliminary
work related to this functional polymorphism. Interest in
GSTM1 and other GSTs relates to their role in the metabolism
of potentially toxic substances, such as the constituents of
tobacco smoke. Subjects with reduced or absent expression of
critical components in this pathway may be exposed to a
wide range of reactive oxygen species or other potentially

pathogenic substances. Thus, antioxidants have been shown
in this cohort and other populations to be associated with a
decreased risk of RA.24 35 36

A unique feature of our study was the examination of two
genetic and one environmental factor and their interaction in
a well designed population based, nested case-control study.
A particular strength is that controls were sampled from the
same population that generated the cases, minimising the
potential for selection bias, and cases and controls were
matched by ethnicity, minimising the potential for popula-
tion stratification, both of which have been cited as potential
problems with many genetic association studies. Although
interactions between genes and environmental factors are
considered to be fundamentally important in complex disease
aetiology, few studies have examined them. In part, this
reflects the challenges of defining the specific genetic and
non-genetic determinants of complex diseases such as RA.

The results of our study suggest that exposure to tobacco
smoke increases the risk of RA among older Caucasian
women who have not inherited the most well established
genetic risk factor for the disease—namely, the HLA-DRB1 SE
(table 3). In contrast, this exposure was not associated with
an increased risk of disease among SE positive women. Of
interest, previous work by Hutchinson et al demonstrated that
exposure to heavy smoking was particularly important for
subjects without a family history of RA.11 Although results of
SE (or other) genotyping were not available for that study, it
is tempting to speculate that the patients without a family
history of RA were less likely to have inherited the SE or
other genetic risk factors.

More recently, Padyukov et al studied associations of the
SE and smoking with RA in a population based case-control
study in Sweden.37 Our results were quite similar to theirs for
associations with the SE and smoking as main effects, as well
as significant interaction between these factors. In contrast,
the results of stratified analyses were notably different. In the
Swedish population, smoking was associated with RA risk
primarily among SE positive subjects. However, there were
important differences between the two study populations
that may account for these differences. In particular, because
the Swedish study did not focus on elderly onset disease the
average age of RA onset in that population was 20 years lower
than in our study. There are also likely to be important
differences in other potentially relevant exposures between
Sweden and America that may influence RA risk.

Our results also suggest that exposure to cigarette smoke is
a more important RA risk factor among subjects who have
the GSTM present genotype. This finding was unexpected, as
we hypothesised that smoking would be a stronger risk factor
for RA among those who do not express GSTM1 (null

Table 2 Results of conditional logistic regression
analysis of associations of smoking, shared epitope
positivity, and glutathione S-transferase M1 (GSTM1) null
homozygosity with RA risk

Independent variable OR (95% CI) p Value

Smoking 6.0 (1.8 to 20.0) 0.0036
Shared epitope (SE) positivity* 4.6 (1.9 to 11.2) 0.0006
GSTM1 null homozygosity 3.4 (1.4 to 8.2) 0.0074
Smoking-SE interaction 0.2 (0.06 to 0.90) 0.034
Smoking-GSTM1 null interaction 0.3 (0.07 to 0.98) 0.047

*SE positive alleles include HLA-DRB1*0101, *0102, *0401, *0404,
*0405, *0408, *0413, *1001, and *1402.

Table 3 Odds ratios describing the risk of RA associated with exposure to tobacco smoke
among strata defined by specific genetic risk factors

Genetic factor* Case Control OR (95% CI)

SE positive
Non-smoker 39 65 1 (reference)
Smoker 24 44 0.91 (0.48 to 1.72)

SE negative
Non-smoker 23 90 1 (reference)
Smoker 18 39 1.81 (0.88 to 3.71)

GSTM1 null genotype
Non-smoker 37 140 1 (reference)
Smoker 21 60 1.32 (0.72 to 2.45)

GSTM1 present genotype
Non-smoker 22 166 1 (reference)
Smoker 27 97 2.10 (1.13 to 3.89)

*SE, shared epitope (includes HLA-DRB1*0101, *0102, *0401, *0404, *0405, *0408, *0413, *1001 and *1402
alleles); GSTM1, glutathione S-transferase M1.
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genotype), as these subjects would be expected to have a
greater exposure to reactive oxygen species and other
compounds in cigarette smoke. On the other hand, these
results are consistent with our findings related to smoking
and SE status—namely, that smoking influenced RA risk
primarily among those who lacked this genetic risk factor.
Moreover, it may be that lack of GSTM1 expression itself is
such a strong risk factor for RA (main effect) that cigarette
smoking adds no additional risk or only a small amount
(there are multiple sources of oxidative load), but in the
lower risk setting of GSTM1 expression, cigarette smoking can
overwhelm protective mechanisms and thereby increase RA
risk. These provocative results clearly require confirmation in
other studies.

Although the population based nature of the IWHS cohort
is a study strength, this feature also limited the number of
incident RA cases available and restricted the sample to
postmenopausal Caucasian women. This also limited our
ability to study specific SE alleles or genotypes. Further, the
older age of the cohort meant that a number of the incident
RA cases had died or were too frail to participate in this
genetic study. However, comparison of demographic and
clinical characteristics of the incident cases who were not
included in the current genetic study with those who were
included suggests that their non-participation was not likely
to have introduced bias. Further, comparison of the controls
examined in the current study with the entire IWHS cohort,
including rates of smoking, suggests that the particular
control group studied did not introduce bias.13

The older age of the study population, in particular the
mean age at RA onset among the incident cases of nearly 67,
is also of interest because it is widely assumed that
genetic susceptibility factors are more important for subjects
with early onset disease. For example, the genetic contribu-
tion to breast cancer is substantially greater among women
with early onset disease.38 39 It is also possible that the impact
of smoking, a non-genetic risk factor, is relatively large in
this RA cohort, given their advanced age. However, research
in this area remains limited for RA and other complex
diseases.

The limited sample size and restriction of the current study
to Caucasian women means that additional work will be
required to confirm these findings and extend this work to
men and non-Caucasian populations. Given the higher rate
of smoking among men, this is an important question. In
addition, the SE does not appear to be as important a risk
factor for RA among some non-Caucasian populations, such
as African and certain Hispanic American groups.40 41 Thus,
further examination of the SE, in conjunction with smoking
or other epidemiological risk factors, is required to clarify the
impact of this genetic risk factor for non-Caucasian popula-
tions.

In summary, we observed an association of smoking, two
genetic risk factors, and their interaction, with the risk of RA
in a population based case-control study of older Caucasian
women. Our results suggest that the impact of smoking on
RA risk is substantially greater among women who have not
inherited specific genetic risk factors for the disease. The
interaction of genetic susceptibility with environmental risk
factors has been insufficiently studied, yet failure to account
for this complexity is likely to impede progress in the
identification of genetic and environmental determinants of
RA and other complex diseases.
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