
RESEARCH ARTICLE

Gene–Environment Interactions
for Parkinson’s Disease
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Objective: Parkinson’s disease (PD) is a neurodegenerative disorder with complex etiology. Multiple genetic and envi-
ronmental factors have been associated with PD, but most PD risk remains unexplained. The aim of this study was to
test for statistical interactions between PD-related genetic and environmental exposures in the 23andMe, Inc. research
dataset.
Methods: Using a validated PD polygenic risk score and common PD-associated variants in the GBA gene, we
explored interactions between genetic susceptibility factors and 7 lifestyle and environmental factors: body mass index
(BMI), type 2 diabetes (T2D), tobacco use, caffeine consumption, pesticide exposure, head injury, and physical activ-
ity (PA).
Results: We observed that T2D, as well as higher BMI, caffeine consumption, and tobacco use, were associated with
lower odds of PD, whereas head injury, pesticide exposure, GBA carrier status, and PD polygenic risk score were asso-
ciated with higher odds. No significant association was observed between PA and PD. In interaction analyses, we found
statistical evidence for an interaction between polygenic risk of PD and the following environmental/lifestyle factors:
T2D (p = 6.502 � 10�8), PA (p = 8.745 � 10�5), BMI (p = 4.314 � 10�4), and tobacco use (p = 2.236 � 10�3).
Although BMI and tobacco use were associated with lower odds of PD regardless of the extent of individual genetic
liability, the direction of the relationship between odds of PD and T2D, as well as PD and PA, varied depending on
polygenic risk score.
Interpretation: We provide preliminary evidence that associations between some environmental and lifestyle factors
and PD may be modified by genotype.
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Parkinson’s disease (PD) may be the fastest growing
neurological disorder worldwide, with prevalence of

1% to 2% in the age >60 years population.1 It is charac-
terized by chronic, progressive neuronal loss and intracel-
lular alpha-synuclein inclusions (Lewy bodies). The
genetic architecture of PD involves contributions from
both common, modest effect-size alleles, and rarer, mono-
genic forms identified via linkage analyses of affected fami-
lies, such as SNCA, PINK1, PARK7, LRRK2, and PRKN.2

Over the past decade, genome-wide association studies
(GWAS) have identified susceptibility loci involved in
complex disease, broadening our understanding of the
genetic basis of PD.3,4

Among the genes observed to play a role in PD eti-
ology, the glucocerebrosidase (GBA) gene locus, also
known for its role in Gaucher’s disease, has emerged as a
notable risk factor for sporadic disease. Approximately
10 to 15% of European PD patients carry a PD-associated
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GBA variant, with the presence of multiple, aggregated
variants increasing PD risk by up to 15-fold more com-
pared with the general population, depending on sever-
ity.5,6 Pathogenic variants of the GBA gene are associated
with a distinctive phenotype, including younger onset and
more severe non-motor features.2,7 Of the common risk
variants in GBA, the most prevalent are N370S, E326K,
and T369M, particularly in individuals with Ashkenazi
Jewish descent.7

The cumulative impact of common risk alleles can
be summarized at an individual level into a polygenic risk
score (PRS), which has been successfully applied in
research settings to identify putative interactions between
genetic and lifestyle risk factors in the pathogenesis of
PD. Calculation of PRS has enabled us to explain 16 to
36% of PD heritability.4 This information on genetic risk
can then be further characterized in conjunction with
modifiable phenotypic risk factors identified through epi-
demiological studies, thereby advancing our understanding
of complex disease etiology.8

Indeed, it is believed that lifestyle and environmental
exposures contribute to the incidence of sporadic disease,
with some playing a greater role than others. There is
significant evidence implicating head injuries, pesticides
exposure, tobacco, and caffeine consumption in idiopathic
PD.9–11 Similarly, conditions, such as metabolic syndrome,
as well as type 2 diabetes (T2D) and BMI individually,
have also been described to influence disease development
in several studies.12,13

Previous studies have examined interactions between
LRRK2 and various lifestyle factors, such as tobacco, black
tea consumption, and NSAID use, all of which were shown
to be associated with a decreased risk of disease pene-
trance.14,15 Other studies have examined evidence for inter-
actions between a PD PRS and common health risk
factors, such as diabetes, alcohol, and tobacco consumption,
which revealed a highly complex genetic etiology with vari-
able gene-by-environment interactions.16

In this large population-based cross-sectional study,
we explored the interaction between genetic risk factors
for PD – both in terms of polygenic risk and pathogenic
GBA variants – and various lifestyle and environmental
factors.

Methods
Participants
The dataset consisted of customers of 23andMe, Inc., a
direct-to-consumer genetics company. Informed written
consent to participate in research was obtained from all
participants.

IRB Statement
Participants provided informed consent and volunteered
to participate in the research online, under a protocol
approved by the external AAHRPP-accredited IRB, Ethi-
cal & Independent (E&I) Review Services. As of 2022,
E&I Review Services is part of Salus IRB (https://www.
versiticlinicaltrials.org/salusirb).

Parkinson’s Disease Study Cohort
23andMe’s PD cohort was assembled from the customer
database back in 2009 with continuous enrollment since.
The project was designed to collect survey data in a cohort
of consented participants who self-reported a diagno-
sis of PD.

Previous data from UK Biobank have suggested that
self-reported PD is a reliable proxy for a PD diagnosis,
showing a strong correlation with diagnostic codes for PD
recorded in the Electronic Healthcare Records.16 In a
small internal validation cohort (n = 50), there was 100%
concordance between self-reported PD in 23andMe and
clinical assessment by a neurologist.17

The cohort has since expanded with additional
recruitment collaborations with the Michael J. Fox Foun-
dation and other PD patient advocacy groups.18 Since its
inception, participants who self-reported a diagnosis of
PD diagnosis were targeted to complete a dedicated online
PD survey that included a comprehensive series of ques-
tions designed to assess signs/symptoms of PD, risk fac-
tors, lifestyle habits, and lifetime environmental exposures.
Controls were recruited from the pool of research-
consented participants who did not report a diagnosis of
PD or parkinsonism at entry or on follow-up surveys. PD
cases and controls were removed from the analysis cohort
if they reported: (1) a diagnosis of atypical parkinsonism
(e.g. multiple system atrophy); (2) a history of severe vas-
cular disease (stroke, deep vein thrombosis, or pulmonary
embolism); or (3) a change in their diagnosis on subse-
quent survey.

Lifestyle and Environmental Factors
We prioritized 7 variables that have been repeatedly
reported in previous PD epidemiological studies as modifi-
able environmental exposures or comorbidities: T2D,
tobacco use, caffeine consumption, BMI, pesticide expo-
sure, head injury, and physical activity (PA).11,19 Answers
from the self-reported survey questions were matched to
each variable, and the data extracted. T2D was recorded
as the presence of a previous diagnosis (yes/no). BMI was
calculated from mass (kg) divided by height squared (m2)
and the quantile was normalized separately in men and
women. Tobacco consumption was dichotomized by a
smoking history of at least 100 cigarettes in a lifetime
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(yes/no). Caffeine consumption was measured as daily
milligrams of caffeine from any of the following: coffee,
tea, soda, or energy drinks. Caffeine consumption was
then transformed by log10(x + 75) to create a more nor-
mally distributed variable. Pesticide exposure was defined
as use of pesticides, herbicides, fungicides, insecticides,
rodenticides, or fumigants in a home or garden in a typi-
cal month (yes/no). Head injury history was recorded as
having ever had a head injury or concussion as the result
of a sporting activity, fall, violence, car accident, or other
accidents that happened during childhood and adulthood
(yes/no). Physical activity was measured as the amount of
times per week a participant engaged in physical activity
for >30 minutes. All variables were recorded cross-
sectionally and assessed at the time of survey, which for
most participants was after they had self-reported their
diagnosis of PD. As such, the analysis is limited to explor-
ing interactions in cross-sectional data rather than examin-
ing temporal associations.

Genotyping
DNA extraction and genotyping were performed on
saliva samples by Clinical Laboratory Improvement
Amendments-certified and College of American
Pathologists-accredited clinical laboratories of Laboratory
Corporation of America. Samples were genotyped on 1 of
5 genotyping platforms. The V1 and V2 platforms were
variants of the Illumina HumanHap550+ BeadChip, and
contained a total of �560,000 single-nucleotide polymor-
phisms (SNPs), including �25,000 custom SNPs selected
by 23andMe. The V3 platform was based on the Illumina
OmniExpress + BeadChip, and contained a total of
�950,000 SNPs and custom content to improve the over-
lap with our V2 array. The V4 platform is a fully custom
array, and includes a lower redundancy subset of V2 and
V3 SNPs with additional coverage of lower-frequency cod-
ing variation, and �570,000 SNPs. The V5 platform is
an Illumina Infinium Global Screening Array of
�640,000 SNPs supplemented with �50,000 SNPs
of custom content. Samples had minimum call rates
of 98.5%.

SNPs were removed if they: (1) were only genotyped
on the V1 and/or V2 platforms, (2) were located on chrM
or chrY, (3) failed a test for parent–offspring transmission,
(4) had a Hardy–Weinberg equilibrium p < 10�20,
(5) had a call rate <90%, (6) had p < 10�50 in an
ANOVA of genotype versus 20 equally-sized genotype
date bins, (7) had R2 > 0.1 in an ANOVA of
genotype versus sex, or (8) had probes matching multiple
genomic positions in the reference genome.

Imputation
We imputed variants using the Human Reference Consor-
tium imputation reference panel12 (32,488 samples,
39,235,157 SNPs). Multiallelic sites with N alternate
alleles were split into N separate biallelic sites. We then
removed any site whose minor allele appeared in only
1 sample. In preparation for imputation, we split each
chromosome of the reference panel into chunks of no
more than 300,000 variants, with overlaps of 10,000
variants on each side. We used a single batch of 10,000
individuals to estimate Minimac3 imputation model
parameters for each chunk.

To generate phased participant data for the V1 to
V4 platforms, we used an internally developed tool, Finch,
which implements the Beagle graph-based haplotype
phasing algorithm, modified to separate the haplotype
graph construction and phasing steps.20 Finch extends
the Beagle model to accommodate genotyping error and
recombination, to handle cases where there are no
consistent paths through the haplotype graph for the
individual being phased. We constructed haplotype
graphs for all participants from a representative sample
of genotyped individuals, and then performed out-
of-sample phasing of all genotyped individuals against
the appropriate graph.

SNPs with imputation R2 < 0.3 were removed. SNP
dosages were tested for platform batch effects between the
V4 and V5 platforms via ANOVA and SNPs with
p < 10�50 were removed.

GBA Variants
We aggregated 3 known GBA PD risk-associated
variants E326K (rs2230288, imputed, r2 = 0.994),
T369M (rs75548401, imputed, r2 = 0.747), and N370S
(rs76763715, genotyped) into a single binary variable
(referred to hereafter as “GBA carrier status”) denoting
whether an individual was a carrier for any variant. Fol-
lowing the methods of previous groups,21 variants E326K,
T369M, and N370S were combined into a single GBA
variable due to their similar effects on GCase activity in
humans, reducing it by 18 to 46% on average.22

PRS Calculation
To select SNPs for inclusion into the PRS, we used sum-
mary statistics from the most recently published Euro-
pean-ancestry PD GWAS excluding 23andMe
participants.4 We restricted the analysis to common
(minor allele frequency >1%), biallelic, autosomal, non-
palindromic SNPs. SNPs were selected using the
“clumping-and-thresholding (C + T)” approach. We
used all possible combinations of 5 clumping thresholds

3

Reynoso et al: Gene–Environment Interactions in Parkinson’s Disease

 15318249, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ana.26852 by T

est, W
iley O

nline L
ibrary on [15/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



and 11 p value thresholds to generate 55 PRSs. SNPs
were LD-clumped using PLINK (version 1.9) with a
clumping distance of 250 kb and 5 clumping R2 thresh-
olds: 0.1, 0.2, 0.4, 0.6, and 0.8. The 503 European-
ancestry samples from the 1,000 Genomes project were
used as the LD reference. Using p values for each SNP’s
association with PD, we filtered SNPs using 11 p value
thresholds: 5 � 10�8, 5 � 10�5, 5 �10�4, 0.005, 0.05,
0.1, 0.2, 0.4, 0.6, 0.8, and 1. Effect size estimates for
the association of each variant with PD were obtained
from the GWAS beta coefficient, representing the per-
allele log odds ratio for PD.

We constructed 55 PRSs for 23andMe research par-
ticipants as the weighted sum of risk allele counts for the
SNPs selected in each of the 55 C + T profiles. We mat-
ched SNPs from the PD GWAS to 23andMe SNPs using
the CPRA (chromosome, position, reference allele, alter-
native allele) format and excluding unmatched variants.4

We harmonized SNP effect size estimates following the var-
iant harmonization schema in Hartwig et al. 2016.23 To
ensure good SNP quality, we removed SNPs with imputa-
tion R2 < 0.5 or a difference in minor allele frequency
>30% between the PD GWAS variant and the 23andMe
variant. For each of the 55 C + T profiles, PRS values were

calculated for each individual, i, as PRSi ¼GT
i β, where β

is an N�1 vector of harmonized weights for the N
selected SNPs, and Gi is the corresponding N�1 vector
of imputed dosages of the N selected SNPs in individual
i. Finally, we standardized the PRS across all participants
to have mean 0 and standard deviation 1.

To identify the best-performing PRS, we split our
dataset into a 30% training test set and a 70% held-out
test set. In the test set, we performed 55 logistic regres-
sions using PD as the dependent variable, 1 of the 55 PRSs
as the independent variable, and the following covariates:
age (determined at the time the survey information was
collected), sex, household income (inferred from zip code),
and 5 principal components of genetic ancestry. We
selected the PRS with the largest McFadden R2 value for
use in the 70% held-out set. The best-performing PRS
used a clumping R2 of 0.8 and a p-value threshold of 0.4.
The corresponding C + T profile contained 603,976
SNPs before harmonization and 593,886 SNPs (98.3%)
after harmonization.

Age and Sex-Matched Datasets
For each of the 7 lifestyle and environmental factors, we
constructed age and sex-matched PD case–control
datasets; including all individuals from the 70% held-
out set with available data for the variable of interest.
Specifically, we divided PD cases into 20 evenly popu-
lated age bins; determined the number of controls that

fell into each corresponding age bin; divided the number
of controls in a bin by the number of corresponding
cases; determined the minimum number of available
controls per case across all bins; and randomly selected
this minimum number of age and sex-matched controls
for each case. We also created a matched “full dataset”
containing all PD cases regardless of whether data were
available for the environment and lifestyle factors. We
used the full dataset for all analyses that did not use data
from any of the 7 environment and lifestyle factors.
These case–control datasets only contained individuals
with predominantly European ancestry, as the PRS was
derived from a European ancestry GWAS.24 Table 1
provides information on the sample size for each case–
control dataset.

Statistical Analysis
Logistic regression models were run in our age and
sex-matched datasets using PD status as the outcome, 1 of
the environmental/lifestyle variables, and the following
covariates: age (determined at the time the survey infor-
mation was collected), sex, and 5 principal components
of genetic ancestry. Unlike the PRS validation models,
household income was not included as a covariate due to
high missingness within the variable. For each test, the
environmental/lifestyle variables were modeled as follows:
BMI, caffeine consumption, and PA were modeled
as continuous variables, whereas T2D diagnosis, tobacco
consumption, pesticide exposure, and head injury were
modeled as binary variables. Models were of the form: PD
status � age + sex + principal component 1 + principal
component 2 + principal component 3 + principal
component 4 + principal component 5 + environmental/
lifestyle variable.

Next, we created 7 logistic regression models to test for
the interaction between each of the 7 environmental variables
and the effect of PRS. For each of the 7 variables, we modeled
the effect of the lifestyle factor, the PRS (reflecting the OR
associated with 1 SD increase in PRS), and the interaction
between the factor and the PRS in the relevant age
and sex-matched dataset. Each model followed the form:
PD status � age + sex + principal component 1 + principal
component 2 + principal component 3 + principal compo-
nent 4 + principal component 5 + PRS + environmental/life-
style variable + interaction between PRS and environmental/
lifestyle variable. We then repeated these analyses, but
substituted GBA carrier status for the PRS, to evaluate
the interaction and effect of GBA carrier status. As we
ran a total of 14 interaction tests, we used a Bonferroni
adjusted p value of 3.6 � 10�3 (0.05/14 tests, 7 interac-
tion models for PRS and 7 interaction models for GBA
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carrier status) as the threshold for statistical significance
for the interaction tests.

All statistical analyses were carried out using R
v.4.1.2, and regressions were run using rlib23, a proprie-
tary 23andMe software package.

Results
We constructed age- and sex-matched case–control
datasets derived from the 23andMe research database
(Methods; Table 1). The full dataset contained 18,819
PD cases (40.2% women) and 545,751 controls (55.7%
women). At the time of data collection, PD cases and
controls had an average age of 73.1 and 73.0 years,
respectively (SDPD = 10.8 years, SDcontrol = 10.8 years).
The average years of PD duration for cases was 6.8
(SDPD = 5.8 years). We tested 2 genetic factors: a PRS
derived from the largest published PD GWAS (Nalls MA
2019) and GBA carrier status (PD = 7.6% carriers,
control = 4.5% carriers). Table 2 shows the results of
the 7 lifestyle traits and environmental exposures in the
controls and PD cohort. Because data availability varied
across self-reported variables, we constructed separate
age and sex-matched datasets for each factor (median
NPD = 14,692, median Ncontrol = 520,056). Age and
sex distributions were similar across all datasets

(PD mean age 71.5–72.9 years, PD percentage women
40.3–43.8%).

We observed negative associations between PD and
caffeine intake (OR 0.43, 95% CI 0.41–0.46) tobacco use
(OR 0.70, 95% CI 0.68–0.72), BMI (OR 0.79, 95% CI
0.78–0.80), and T2D (OR 0.86, 95% CI 0.82–0.91).
We found positive associations between PD and pesticide
exposure (OR 1.16, 95% CI 1.11–1.22), head injury
(OR 1.31, 95% CI 1.25–1.38), PRS (OR per SD 1.41,
95% CI 1.39–1.43), and GBA carrier status (OR 1.73,
95% CI 1.63–1.83). There was no significant association
between PD and physical activity (OR 0.99, 95% CI
0.99–1.00).

In the regression models with interaction terms,
we found significant interactions between the PRS and
T2D (OR 0.87, 95% CI 0.83–0.91, p = 6.502 � 10�8),
BMI (OR 0.97, 95% CI 0.96–0.99, p = 4.314 � 10�4),
PA (OR 1.01, 95% CI 1.01–1.02, p = 8.745 � 10�5),
and tobacco use (OR 0.95, 95% CI 0.92–0.98,
p = 2.236 � 10�3; Fig , Table 3). No significant interac-
tions were observed in the GBA analysis.

To put the magnitude of these interactions in
context, we calculated the crude prevalence of PD for each
exposure in the top and bottom PRS quartiles. In the
PRS-by-T2D interaction dataset, the crude prevalence of

TABLE 1. Characteristics of the Parkinson’s Disease Cohort and Controls

Variable

Cases Controls

pN N

Age, mean (SD), yr 73.1 (10.8) 18,819 73.0 (10.8) 545,751 1.9 � 10�1

Female, n (%) 7,599 (40.2%) 18,819 303,979 (55.7%) 545,751 <1 � 10�300

PD duration, mean (SD) 6.8 (5.8) 18,819 N/A N/A N/A

PRS, mean (SD) 0.3 (1.0) 18,819 �0.01 (1.0) 545,751 <1 � 10�300

GBA carrier status, n (%) 1,438 (7.6%) 18,819 23,793 (4.5%) 545,751 1.3 � 10�80

Physical activity, mean (SD) 3.1 (2.6) 14,695 3.1 (2.6) 602,495 2.6 � 10�1

Q-norm body mass index, mean (SD), kg/m2 �0.2 (1.1) 16,843 0.01 (1.0) 555,819 4.6 � 10�193

Type 2 diabetes, n (%) 1,699 (11.5%) 16,425 64,090 (11.1%) 574,875 9.5 � 10�9

Tobacco use, n (%) 6,547 (39.0%) 16,776 251,252 (46.8%) 536,832 1.9 � 10�106

Pesticide exposure, n (%) 2,953 (42.1%) 7,022 88,186 (38.1%) 231,726 5.5 � 10�11

Head injury, n (%) 3,137 (41.0%) 7,652 28,117 (33.4%) 84,172 2.4 � 10�22

Caffeine consumption log10(x + 75),
mean (SD), mg

2.3 (0.3) 10,364 2.4 (0.4) 93,276 6.2 � 10�168

Abbreviations: GBA = glucocerebrosidase; PD = Parkinson’s disease; PRS = polygenic risk score.
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PD in the lowest PRS quartile was 7% higher in people
with T2D (1.92%) compared with people without T2D
(1.79%). However, in the highest PRS quartile, the preva-
lence of PD was 21% lower in people with T2D (3.37%)
compared with people without T2D (4.17%).

In the PRS-by-BMI interaction dataset, the crude
prevalence of PD in the lowest PRS quartile was 32%
lower in people with BMI in the highest quartile (1.73%)
compared with people with BMI in the lowest quartile
(2.54%). In contrast, PD prevalence in the highest PRS
quartile was 45% lower in people with BMI in the highest
quartile (3.43%) compared with people with BMI in the
lowest quartile (6.19%).

In the PRS-by-PA interaction dataset, the crude
prevalence of PD in the lowest PRS quartile was 3% lower
in people who were physically active >3.5 times per week
(1.56%) compared with people who were physically active
≤1.5 times per week (1.60%). However, PD prevalence in
the highest PRS quartile was 19% higher in people who
were physically active >3.5 times per week (3.96%) com-
pared with people who were physically active ≤1.5 times
per week (3.32%).

In the PRS-by-smoking interaction dataset, the
crude prevalence of PD in the lowest PRS quartile was
23% lower in ever smokers (1.72%) compared with never
smokers (2.24%). In the highest PRS quartile, the preva-
lence of PD was 29% lower in ever smokers (3.76%)
compared with never smokers (5.32%).

Discussion
In this large, cross-sectional case–control study, we
observed evidence for statistical interactions between PRS

and BMI, PRS and T2D, PRS and PA, and PRS and
tobacco consumption on odds of PD.

There remains a large proportion of PD risk
that continues to be unexplained by genetic variation, envi-
ronmental exposures, lifestyle factors, or comorbidities.
Exploring interactions between genetic and non-genetic fac-
tors may ultimately yield insights into disease risk through
follow-up investigation. However, interpreting such interac-
tions is far from straightforward, and so, rather than offer-
ing mechanistic insights, this study should be viewed as
providing evidence for proof of principle.25 We observed
4 significant statistical interactions in the present analysis.
For 2 lifestyle variables, BMI and tobacco, the inverse asso-
ciations between each variable and PD were attenuated in
the presence of a higher genetic risk of PD, and magnified
in the presence of a lower genetic risk.

For T2D, the nature of the interaction was more
complicated, reversing directions of association at lower
levels of PRS. The relationship between T2D and PD has
been extensively studied, and there is increasing evidence
for shared underlying pathways and mechanisms.26 Most
prospective cohort studies that ascertained T2D prior to
PD diagnosis endorse a modest increase in the risk of PD
associated with T2D.27 However, cross-sectional and
case–control studies often reveal inverse associations
between T2D and PD, as seen in the present study. This
raises the possibility of bias due to selective mortality, in
study designs that are more susceptible to this type of
bias.27 Evidence for T2D conveying an increased risk
of PD in high-quality, prospective studies is supported by
Mendelian randomization.27 We previously showed an
interaction between T2D and PRS using data from UK
Biobank.28 In that prospective cohort study, the

TABLE 2. Regression Models Without an Interaction Effect

Variable OR 95% CI p value NPD Ncontrols

Head injury 1.31 1.25–1.38 *7.03 � 10�28 7,652 84,172

Pesticide exposure 1.16 1.11–1.22 *8.17 � 10�10 7,022 231,726

Type 2 diabetes 0.86 0.82–0.91 *1.97 � 10�8 16,425 574,875

Q-norm BMI 0.79 0.78–0.80 *2.48 � 10�190 16,843 555,819

Tobacco use 0.70 0.68–0.72 *2.42 � 10�108 16,776 536,832

Caffeine consumption 0.43 0.41–0.46 *1.80 � 10�167 10,364 93,276

Physical activity 0.99 0.99–1.00 0.111 14,695 602,495

Note: Order of presentation: positive association, inverse association, null. *Significance was considered as p < 0.05.
Abbreviations: 95% CI = 95% confidence interval; BMI = body mass index; OR = odds ratio.
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interaction suggested that T2D was a more potent risk
factor in those with a lower genetic liability toward
PD. As such, in both studies, the magnitude of the associ-
ation was greatest in those with lower genetic liability.

Drugs used to treat T2D are being widely rep-
urposed and tested to see if they might modify the course
of PD. Although the results presented here reflect PD risk
rather than progression, they raise the possibility that

FIGURE: Marginal effects plots for the 7 polygenic risk score (PRS)-by-variable interaction models. Lines represent the fitted
probability of Parkinson’s disease (PD) for a given pair of PRS and variable values, shaded areas represent 95% confidence
intervals. The y-axis shows the fitted probability of PD on a logit-transformed scale to preserve a linear relationship with the PRS
and phenotypic factors. The x-axis window spans �2 standard deviations of PRS, covering �95% of individuals. The environment
and lifestyle factor values plotted are as follows: (A) presence or absence of head injury; (B) presence or absence of pesticide
exposure; (C) presence or absence of a type 2 diabetes (T2D) diagnosis; (D) quantile-normalized body mass index (BMI) at the
sample mean (0), one standard deviation below the sample mean (�1), or one standard deviation above the sample mean (1);
(E) presence or absence of tobacco use; (F) log10-transformed caffeine intake at the sample mean (2.39), one standard deviation
below the sample mean (2.03), or one standard deviation above the sample mean (2.74); (G) number of 30-minute bouts of
physical activity per week for all possible survey response options (0, 1.5, 3.5, 6, 9.5, or 12).
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genetic stratification could be important when recruiting
patients to such trials to identify subgroups that will have
the best response.

There exists compelling observational evidence for
an inverse association between PA and PD.29–32 Again, a

serious challenge is unpicking reverse causality from
a causal relationship. Individuals who have undertaken
regular PA appear to be at reduced risk of PD, but it is
also probable that in the early stages of disease, PA reduces
due to occult disease. We found no association between

TABLE 3. Regression Models With an Interaction Effect

Model OR 95% CI p N

Head injury PRS main effect 1.43 1.39–1.48 1.12 � 10�115 91,140

Variable main effect 1.33 1.26–1.40 5.49 � 10�28

Interaction between PRS and variable 0.96 0.92–1.01 1.37 � 10�1

Interaction between GBA and variable 1.08 0.89–1.30 4.22 � 10�1

Pesticide exposure PRS main effect 1.42 1.37–1.46 1.36 � 10�108 232,056

Variable main effect 1.18 1.12–1.24 3.26 � 10�10

Interaction between PRS and variable 0.96 0.92–1.01 1.13 � 10�1

Interaction between GBA and variable 0.97 0.81–1.17 7.73 � 10�1

Type 2 diabetes PRS main effect 1.42 1.40–1.44 <1 � 10�300 590,544

Variable main effect 0.90 0.85–0.95 5.08 � 10�5

Interaction between PRS and variable 0.87 0.83–0.91 **6.50 � 10�8

Interaction between GBA and variable 0.81 0.65–0.99 4.83 � 10�2

Q-norm BMI PRS main effect 1.39 1.37–1.41 <1 � 10�300 555,951

Variable main effect 0.80 0.79–0.81 4.01 � 10�157

Interaction between PRS and variable 0.97 0.96–0.99 **4.31 � 10�4

Interaction between GBA and variable 0.95 0.89–1.00 6.15 � 10�2

Tobacco use PRS main effect 1.44 1.41–1.47 6.28 � 10�288 536,704

Variable main effect 0.71 0.69–0.73 3.82 � 10�91

Interaction between PRS and variable 0.95 0.92–0.98 **2.24 � 10�3

Interaction between GBA and variable 0.82 0.72–0.93 1.46 � 10�3

Caffeine consumption PRS main effect 1.50 1.31–1.73 8 � 10�9 103,130

Variable main effect 0.44 0.41–0.46 3.56 � 10�152

Interaction between PRS and variable 0.97 0.91–1.03 2.85 � 10�1

Interaction between GBA and variable 0.97 0.77–1.22 8.05 � 10�1

Physical activity PRS main effect 1.34 1.30–1.37 4.62 � 10�111 602,208

Variable main effect 0.99 0.98–1.00 5.08 � 10�3

Interaction between PRS and variable 1.01 1.01–1.02 **8.75 � 10�5

Interaction between GBA and variable 1.02 1.00–1.05 5.69 � 10�2

Note: **Statistically significant interactions were considered as p < 3.6 � 10�3 (Bonferroni adjustment). Polygenic risk score reflects the OR associated
with 1 SD increase in polygenic risk score.
Abbreviations: 95% CI = 95% confidence interval; OR = odds ratio; PRS = polygenic risk score; Q-norm BMI = quantile-normalized body mass
index.
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PA and PD in our regression model without an interac-
tion effect. In our regression model with an interaction
effect, however, a protective association was apparent with
greater levels of PA in participants with lower genetic lia-
bility. Several PA-based intervention studies have already
been conducted and have shown improvements in “off”
state UPDRS scores, hinting at possible disease-modifying
benefits.33 Given the health benefits of PA, it is possible
that survival bias contributed to the observed interaction
between PA and PD genetic risk. For this to occur, mortal-
ity would have to be greater in people with (1) low levels of
physical activity and high levels of PD genetic risk than in
people with (2) the same low levels of physical activity, but
low levels of PD genetic risk. Nonetheless, we cannot
exclude the possibility of a detrimental effect of exercise
beyond a certain age or stage of disease. For example, stud-
ies have shown that forced exercise following the acute
phase of brain trauma can hinder synaptic transmission by
promoting tissue sensitivity to stress responses.34,35 PA-
focused intervention studies are imminent for those at risk
of future PD, and the current results suggest that genetic
stratification could be important in their design and
interpretation.

Observational studies examining the association
between BMI and PD are complex to interpret given the
dynamic nature of BMI during the course of
PD. Generally, a reduction in BMI is seen following a
diagnosis of PD and may precede the diagnosis.36 This
could be attributed to the disruption of normal homeo-
static and hedonic mechanisms that result from neuroen-
docrine changes of disease pathogenesis.37 Given the
possibility of reverse causation, a meta-analysis of prospec-
tive cohort studies that measured BMI prior to PD diag-
nosis demonstrated no overall association.38 Previous
Mendelian randomization studies further examined the
association of genetically estimated BMI and liability
toward PD, again concluding an inverse association that
was not thought to be explained by survival bias.38,39

The issue of survival bias is important when consid-
ering exposures that are associated with premature mortal-
ity and age-related outcomes, such as PD, including
higher BMI and T2D or lower levels of physical activity.
Several of the intriguing inverse associations that have
been reported for PD might be driven, in part or entirely,
by survivor bias or other types of bias. The cross-sectional
nature of the present study prevents us from postulating a
causal or clinically meaningful relationship between BMI
and PD. Nonetheless, our study presents a novel finding,
which is the possibility of this interaction to be modified
according to genotype. Although individually such interac-
tions may be of small magnitude, the significant shift and

consequent risk, seen in population response, warrants fur-
ther investigation.

An inverse association between smoking and PD risk
has long been recognized. Epidemiological studies consis-
tently highlight reduced odds of disease in individuals
who smoke tobacco-containing cigarettes or are indirectly
exposed to tobacco smoke.11,40–43 In the present study,
we not only observed the presence of an inverse associa-
tion between tobacco consumption and odds of PD, but
also a potential interaction between smoking and PRS,
such that the protective association with smoking was
greatest in those at higher genetic risk.

In this study, we also highlighted that pesticide
exposure and a history of head injury are associated with a
higher odds of PD, both of which have been well docu-
mented before.10,44,45 Similarly, we replicated a well-
known inverse association between caffeine and PD.46–48

However, we did not find evidence of interaction with
genotype for any of these associations.

Genetic stratification in future clinical trials seems
inevitable, and will help underpin a general shift toward
precision medicine.49 Randomized controlled trials are an
excellent way to examine causal relationships, but are not
always ethical and/or practical. Based on the current
results, existing and planned clinical trials focused on rep-
urposed drugs for T2D and non-drug interventions, such
as PA, may benefit from genetic stratification of partici-
pants to build on the initial observations we report
here.50,51

A limitation of this study was that the definition of
both PD cases and other related variables relied on self-
reporting. This type of data collection can lead to bias and
inaccuracy, but has been previously validated in terms of
the variables reporting and the genetic data.52,17 Further-
more, the dataset lacks temporal information regarding
the 7 selected environment and lifestyle traits and PD,
and is cross-sectional rather than longitudinal in nature. It
should be noted that as data collection occurred on aver-
age 6.8 years after PD diagnosis, the associations observed
could have been in part driven by survival bias and/or
reverse causation. In addition, the 23andMe study popula-
tion is not a random sample of the overall population, and
results derived from this type of sampling may not be gen-
eralizable to individuals who are not well-represented. For
example, our study only contained individuals of
European descent. This means that the findings may not
be generalizable and should be investigated in other ances-
tral groups.53 Variability associated with ancestral diversity
could account for differences in genetic risk factors, sus-
ceptibility to the environmental exposures, as well as inter-
actions between the two.
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The present study is the first to systematically exam-
ine interactions between selected environmental and life-
style traits and common genetic variation related to
PD. Use of 23andMe data meant that sufficiently large
sample sizes could be used to investigate interaction, but
the findings and implications should be followed by fur-
ther research, including the re-analysis of data from previ-
ously completed T2D drug trials in PD and PA trials in
PD, stratified by genotype.
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