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Abstract
Caffeine intake has been associated with a decreased risk of Parkinson’s disease (PD) in men but
the effect in women is less clear, and appears to be modified by use of post-menopausal estrogens.
In a nested case-control study within the Nurses Health Study (NHS) and the Health Professionals
Follow-up Study (HPFS), we examined associations between single nucleotide polymorphisms
(SNPs) of caffeine metabolizing genes (CYP1A2 and NAT2) and estrogen receptors (ESR1 and
ESR2), their interaction with caffeine intake and hormone replacement therapy (PMH) use
(collected prospectively) and risk of PD. We matched 159 female cases to 724 controls and 139
male cases to 561 controls on birth year, source of DNA (blood or buccal smear), age and sex. The
CYP1A2 rs762551 polymorphism (lower enzyme inducibility) was marginally associated with an
increased risk of PD (RR, for increasing number of minor alleles = 1.34; 95% CI 1.02, 1.78 in
women, but not in men. None of the NAT2 (classified as slow vs. fast acetylator), ESR1 or ESR2
polymorphisms were significantly associated with an altered risk of PD. Marginally significant
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interactions were observed between caffeine intake and the ESR1 polymorphism rs3798577 (p =
0.07) and ESR2 polymorphism rs1255998 (p=0.07). The observed increased risk of PD among
female but not male carriers of the rs762551 polymorphism of CYP1A2 and the interactions of
caffeine with ESR1 rs3798577 and ESR2 rs1255998 may provide clues to explain the relationship
between gender, caffeine intake, estrogen status and risk of PD and need to be replicated.
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Introduction
Caffeine intake has been associated with a significantly reduced risk of Parkinson’s disease
(PD) in men in several cohort [1,2] and case-control studies.[3] In women, the association
appears to be modified by use of post-menopausal hormones: non-users of PMH are at a
decreased risk of Parkinson’s disease, whereas among users of PMH, caffeine has been
associated with increased risk of PD.[4] In an attempt to understand the mechanisms behind
the protective effect of caffeine on the risk of PD and the interaction with estrogen, we
studied polymorphisms of genes involved in caffeine and estrogen metabolism.

Caffeine is metabolized to paraxanthine primarily by the P450 CYP1A2 enzyme, which is
responsible for more than 90% of caffeine metabolism.[5] CYP1A2 also metabolizes
estrogen.[6] Individuals carrying the (-163A->C) variant of CYP1A2 (rs762551) have lower
CYP1A2 activity, presumably because this polymorphism reduces the enzyme inducibility.
[7]

Another enzyme involved in caffeine clearance is NAT2, whose function is to catalyze the
transformation of a broad range of xenobiotics.[8] Carriers of mutant alleles are slow
acetylators and metabolize less efficiently certain endogenous compounds, including
caffeine.[8] This enzyme has previously been studied with relation to risk of PD and in
gene-environment interaction studies,[9] but with mixed results.

The observation in a mouse model of Parkinson disease that estrogen prevents the
neuroprotective effects of low and moderated doses of caffeine [10] supports the hypothesis
that the difference in the observed effect of caffeine in men and women is explained by an
interaction with estrogen. Therefore, polymorphisms in estrogen receptors could modify the
association between caffeine and risk of PD in women. Two estrogen receptors have been
identified, estrogen receptor alpha (ESR1), which is primarily responsible for sexual
development with functions in the endometrium and the hypothalamus[11], and estrogen
receptor beta (ESR2), with functions in the kidney, brain, bone, heart, lungs, intestinal
mucosa, prostate, and endothelial cells.[11] An association between ESR1 and risk of PD
has been reported in some[12] but not all[13] studies. There are no data, however, on
possible interactions between these genes and either caffeine or use of postmenopausal
hormones.

We here report the results of a nested case-control study among participants in the Nurses
Health Study (NHS) and the Health Professionals Follow-up Study (HPFS) conducted to
examine whether polymorphisms of the caffeine metabolizing genes NAT2 and CYP1A2,
and of the estrogen receptors ESR1 and ESR2 are associated with altered risk of PD, and
whether these polymorphisms interact with caffeine intake or PMH in determining PD risk.
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Methods
Participants in this study were men and women who provided a blood or buccal smear
sample from amongst those enrolled in the NHS and HPFS. The NHS began in 1976 when
121,700 nurses aged 30–55 returned mailed questionnaires regarding lifestyle factors and
disease history. The HPFS began in 1986 when 51,529 male health professionals (dentists,
optometrists, pharmacists, osteopaths, podiatrists and veterinarians) aged 40–75 years
returned similar questionnaires. Biennial questionnaires are mailed to study participants to
update information on risk factors and disease occurrence. A semi-quantitative food
frequency questionnaire (SFFQ) is mailed every four years to both cohorts and includes
questions on consumption of coffee and other caffeinated beverages.

All participants were invited to provide blood samples for investigations of biomarkers and
disease outcomes. Blood was collected between 1989 and 1990 in the NHS (32,826 women)
and between 1993 and 1995 in the HPFS (18,018 men). In the NHS, cases and controls who
had not provided blood as part of the main study were sent a package including an invitation
to provide a buccal smear, two cytobrushes (one for each cheek), instructions for use, a
request of consent to examine genetic markers of disease and a stamped return envelope. Up
to three additional packages were sent to non-responders emphasizing the importance of
their participation. We were able to obtain genetic samples on 52% (139 of 266) of the
confirmed PD cases in the HPFS and 58% (153 of 264) confirmed PD cases in the NHS. Of
those for whom gnentics samples were obtainted, in the HPFS, 139 (100%) provided a blood
sample and in the NHS, 63 (40%) cases had provided buccal smear samples and the rest
provided blood samples.

Both the NHS and HPFS were approved by the Human Subjects Research Committees at
Harvard School of Public Health and Brigham and Women's Hospital. All study subjects
provided written informed patient consent.

Case ascertainment
The ascertainment of PD cases in these cohorts has been previously described.[14] Briefly,
participants who reported a new diagnosis of PD were asked permission to contact their
neurologist and review their medical records. After obtaining permission, neurologists were
asked to fill out a questionnaire to determine certainty of the diagnosis (definite, probable,
possible, or not PD), or to send a copy of the medical records. Diagnoses made by
neurologists have been found to be as accurate as those obtained by applying specific
diagnostic criteria and shown to correctly identify a higher proportion of PD cases.[15] If a
neurologist was not involved or did not respond, a questionnaire was mailed to the patient’s
internist or general physician. For deceased participants, deaths were reported by next of
kin, coworkers, postal authorities or the National Death Index.

A total of 159 incident cases of definite and probable PD were documented between
baseline and December 2000 among women and 139 cases were documented between
baseline and December 2002 among men with available genetic samples.

Control selection
To maximize the sample size and power of the study, we used all available controls. In the
NHS, for each case, four controls who had never reported a diagnosis of PD were randomly
selected and matched on year of birth, source of DNA (blood or buccal smear), and, for
cases with blood, an additional 2 controls were matched on time between blood collection,
processing of the blood sample and fasting status; this last matching factor was included
because we plan to use these case-control sets also for separate studies involving plasma
biomarkers. Likewise, for HPFS, an initial 2 to 1 matching was performed followed by an
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additional 2:1 matching on plasma factors for all cases because blood was available for all
cases in HPFS. Overall, the study comprised 1285 controls (724 women and 561 men).

Laboratory analysis
All SNPs in this study were chosen based on their potential functional impact, relevance to
PD, and minor allele frequency greater than 10% by searching public databases and prior
publications. The SNPs chosen for analysis are listed in Table 1; they included three SNPs
(representing the slow acetylator phenotype) of the NAT2 gene (Ile114->Thr (rs1801280),
Arg197->Gln (rs1799930) and Gly286->Gln (rs1799931) one SNP (−163A->C) of the
CYP1A2 gene (rs762551), and, among women, four SNPs of the ESR1 gene (rs2077647,
rs2228480, rs379857, rs1801132) and and five SNPs of the ESR2 gene (rs1256049,
rs1256030, rs928554, rs1255998, rs1152579). Genotyping was performed on genomic DNA
extracted from buffy coat with QIAmp (Qiagen Inc., Chatsworth, CA) using the TaqMan
assay on the ABI PRISM 7900HT Sequence Detection System (Applied Biosystems, Foster
City, CA).

Covariate assessment
Caffeine intake was obtained from the general cohort follow-up. All the questionnaires
addressed the usual consumption during the previous 12 months of a specified amount foods
and beverages containing caffeine (one cup for coffee and tea, one glass for soft drinks, one
ounce for chocolate) and allowed nine possible response categories ranging from never to
six or more per day. Caffeine intake was calculated using the US Department of Agriculture
food composition sources. In these calculations, we assumed the caffeine content was as
follows: 137 mg per cup of coffee, 47 mg per cup of tea, 46 mg per can or bottle of cola
beverage and 7mg per serving of chocolate candy.(16) Validation studies revealed high
correlation between self-reported coffee intake according to the SFFQ and consumption
during 4 weeks of diet records (r = 0.78). High correlations were also observed for other
caffeinated beverages (tea: 0.93; cola drinks: 0.84).[17] Information on use and type of
hormone therapy was collected in the NHS beginning in 1976. PMH is presented as a binary
variable, but interactions with cumulative use of PMH were also examined. The validity of
reported PMH use in this study is supported by prior reports of strong significant
associations between this variable and ovarian and breast cancer in the NHS cohort.[18,19]
Smoking history was also obtained as part of the general cohort follow-up. Caffeine intake
and pack years of smoking used in the analyses were the cumulative average up to two years
before disease onset. Information on PMH use was taken from the questionnaire two years
preceding disease onset.

Statistical analysis
The assumption of Hardy-Weinberg equilibrium (HWE) was tested for all SNPs using a χ2

test comparing observed to expected genotype frequencies. To account for the matched
design of the study, conditional logistic regression models controlling for all the matching
factors and smoking in pack years were used to calculate relative risks (RRs) and 95%
confidence intervals (CIs) to assess the relationship between the SNPs listed in Table 1 and
risk of PD. Conditional logistic regression models with a term for the SNP, a term for PMH
and an interaction between the SNP and PMH and between the SNP and smoking were used
to calculate RRs in stratified analyses. Genotypes were coded as 0, 1, or 2 according to
number of minor alleles (multiplicative model) to calculate the risk with increasing number
of minor alleles. To assess the statistical significance of interactions, we used likelihood
ratio tests, comparing a model including the interaction to an otherwise equivalent model
without the interaction. We also examined higher order interactions with both caffeine and
PMH status for each of the polymorphisms in the study.
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All genotyped SNPs were used for haplotype analyses (except for CYP1A2, in which only
one SNP was genotyped). Haplotypes for cases and controls were imputed using PROC
HAPLOTYPE in SAS Genetics (SAS Institute, Cary, NC). The association between specific
haplotypes and PD risk was assessed in conditional logistic regression models controlling
for all the matching factors and smoking in pack years. Likelihood ratio tests were used to
determine the overall significance of this model.

Results
The polymorphisms examined in this study are listed in the online appendix Table 1S.
Genotype and allele frequencies were similar between cases and controls for all SNPs in this
study (Table 1–Table 3).

All the SNPs except ESR1 rs1801132 in women and all SNPs in men confirmed to the
Hardy-Weinberg equilibrium (HWE). The ESR1 rs1801132 polymorphism in women
violated the HWE assumption (p = 0.0005), and was removed from subsequent analyses.

The overall relative risk associated with each additional 100mg caffeine intake in a linear
model was 0.92 (0.82, 1.04) in men and 0.97 (95% CI: 0.88, 1.07) in women. Among
women, the overall relative risk of PD associated with use of post-menopausal hormones
was 1.21 (95% CI: 0.79, 1.87).

The CYP1A2 rs762551 polymorphism was associated with a marginally increased risk of
PD in women (RR = 1.34; 95% CI 1.02, 1.78), but not in men (Table 1). When stratified by
use of PMH, the association between this SNP and PD appeared slightly stronger in users of
PMH (RR = 1.51; 95% CI 1.07, 2.13) than among non-users (RR = 1.10; 95% CI 0.62,
1.97).

Neither the NAT2 slow acetylator phenotype nor any of the ESR1 or ESR2 polymorphisms
in this study were associated with an increased risk of PD (Table 2 and Table 3). No
statistically significant (p<0.05) interactions were observed between any of the
polymorphisms in this study or the NAT2 acetylator phenotype and caffeine intake (Table
3). For polymorphisms where the p-interaction with caffeine was below 0.10 (ESR1
rs3798577 and ESR2 rs1255998), the effect of caffeine intake in increments of 100mg per
day by genotype is shown in Figure 1.

A marginally significant interaction (p = 0.03) was observed between the ESR1 rs1256049
polymorphism and use of PMH among women. In ever users of PMH, this polymorphism
was associated with a marginally decreased risk of PD (RR = 0.35; 95% CI 0.12, 1.05) and
among never users of PMH this SNP was associated with a marginally increased risk of PD
(RR = 2.00; 95% CI 0.63, 6.36). No significant interactions were observed between any of
the other ESR1 and ESR2 polymorphisms (Table 3) nor the CYP1A2 rs762551
polymorphism (Table 1), or the NAT2 acetylator phenotype (Table 2) and use of PMH or
No significant interactions were observed with duration of PMH use for any of the
polymorphisms and the interaction of the ESR2 rs1256049polymorphism with duration of
PMH use was not significant (p = 0.17).

In addition to it’s marginally significant interaction with caffeine (Table 3) we observed a
significant three-way interaction with caffeine (linear) and PMH use (ever/never) and ESR2
rs1255998 (p= 0.05). Among ever-users of PMH, we observed a significant interaction of
these polymorphism with caffeine (p = 0.04), whereas among never-users of PMH, the
interaction was not significant. No other significant higher-order interactions were observed.
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Haplotype analyses using all of the genotyped SNPs resulted in 3 haplotypes for NAT2
(men and women), 8 haplotypes for ESR1 (women only) and 3 haplotypes for ESR2
(women only) predicted to occur with greater than 5% frequency (Table 4). The haplotypes,
individually or overall, were not associated with an increased risk of PD (Table 4).

Discussion
We report a marginally increased risk of PD with increasing number of minor alleles (C
allele) of the CYP1A2 rs762551 polymorphism. The CYP1A2 enzyme is part of the
cytochrome P450 system. It is a hepatic enzyme primarily responsible for the metabolism of
a number of substances, including drugs, caffeine, environmental toxins and estrogens.[20]
This enzyme is responsible for more than 90 percent of caffeine metabolism.[21] In humans,
the first step in the biotransformation of caffeine, the microsomal caffeine 3-demethylation
in the liver, is catalyzed by CYP1A2.[22] CYP1A2 also metabolizes MPTP, a neurotoxin
that induces Parkinsonism.[23] The rs762551 polymorphism of CYP1A2 is believed to
either be a direct cause of decreased CYP1A2 activity, or to be linked to other genetic
variants conferring lower inducibility and reduced caffeine clearance.[7] CYP1A2 rs762551
has also been linked to decreased serum estradiol levels,[20] suggesting that, given an
association between this polymorphism and risk of PD, this enzyme may be implicated in
the interaction between caffeine and estrogen use and risk of PD. Cornelis et al.[24] reported
that this polymorphism modified the relationship between coffee intake and risk of
myocardial infarction (MI). In carriers of at least one mutant allele of CYP1A2 rs762551,
caffeine was associated with an increased risk of MI, whereas no association with caffeine
was observed in non-carriers; the interaction between caffeine and PMH was not modified
by CYP1A2. However, because we did not observe an interaction between CYP1A2 and
either caffeine or PMH in this study, it is difficult to make a connection between this
enzyme and the role of caffeine or estrogen in Parkinson disease,

Only one previous study has examined the association between this polymorphism and risk
of PD. Tan et al.,[25] examined the effect of the CYP1A2 rs762551 polymorphism on risk
of PD and the interaction of this SNP with caffeine intake in men and women. They
observed an OR for PD for allele A vs. allele C of 0.827 (0.675, 1.104), p = 0.068, which
correspond to an OR of 1.21 for allele C vs. allele A. This association is in the same
direction as that observed among women in our study. Tan et al did not report significant
interactions between caffeine and CYP1A2.

Forsyth et al[26] measured activity of CYP1A2 in PD patients and controls, in both treated
and untreated PD patients, and in controls and did not find significant differences between
these groups; genotypes were not reported.

We did not observe associations between the NAT2 acetylator phenotype and risk of PD. In
some prior studies, NAT2 slow acetylators were reported to have an increased risk of PD,
[9,27] whereas other studies have been null.[28] In addition to combining the NAT2 SNPs
into a slow/fast acetylator phenotype, we examined the effect of each individual NAT2 SNP
(rs1799931, rs180280, and rs1799930) and did not observe significant associations with risk
of PD or interactions with caffeine or PMH.

The interaction of ESR2 rs1256049 with PMH and the marginal interactions of ESR1
rs3798577 and ESR2 rs1255998 with caffeine deserve further investigation. The rs1256049
polymorphisms is a silent synonymous polymorphism and has been hypothesized to lead to
changes in mRNA folding and differences in mRNA translation or stability. [29,30] To our
knowledge, this polymorphism has not been previously associated with altered risk of
Parkinson disease. Both ESR1 rs3798577 and ESR2 rs1255998 have previously been
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associated with lower serum estrogen concentrations.[31] Therefore, the observation that, in
women carrying two mutant alleles of either of these polymorphisms, caffeine has a stronger
protective effect then it does among women with no mutant alleles (Figure 1) supports the
hypothesis that the protective effect of caffeine appears to be strongest in the relative
absence of estrogen.

Important strengths of this study are the nested case-control design, which reduces bias due
to selection of controls, the reliance on well-established cohorts with high rates of follow-up
(response rates over 90%), and the availability of prospectively collected, updated, and
validated information on caffeine consumption, PMH use or smoking.[2,32] Furthermore,
participants in the NHS and the HPFS have excellent access to health care, and the large
majority of participants diagnosed with PD were followed by a neurologist or movement
disorder specialist. This does not preclude diagnostic errors, and some level of
misclassification is almost inevitable, but this is likely to be small, because using a
neuropathological diagnosis as the standard, the positive predictive values for a clinical
diagnosis of PD made by neurologists range from 85 to 98%.[15]

The main limitation of our study is the relatively small sample size. Whereas power was
good for gene main effects – we estimated 80% power to detect odds ratios of greater than
1.18 for SNP with a minor allele frequency of 10% or greater. -- the power to detect
interactions of moderate strength was modest, and therefore null results should be
interpreted cautiously. Furthermore, some of the results may be due to chance. None of the
p-values for the reported associations reached the statistical significance level that would be
required if we apply a Bonferroni correction taking into account the 13 tests performed in
women (significance p-value = 0.0038) and the 4 tests done in men (significance p-value =
0.0125).

In summary, we did not find convincing evidence that variations in CYP1A2, NAT2, ESR1
and ESR2 predict risk of PD or modify the association of caffeine with PD. The minor C
allele of the rs762551 polymorphism of CYP1A2 was associated with an increased risk of
PD among women, but not among men, but, even among women, this association was of
marginal significance and could have occurred by chance. Possible interactions between
PMH and ESR2 rs1256049 and between caffeine and ESR1 rs3798577 and ESR2 rs1256049
were of marginal significance.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Effect of 100mg increase in caffeine intake1 according to genotype for ESR1 rs3798577 and
ESR2 rs125599
1adjusted for matching factors (age, source of DNA (blood or buccal smear), race) with
additional adjustment for smoking in pack years
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