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ABSTRACT: Background: The penetrance of leucine
rich repeat kinase 2 (LRRK2) mutations is incomplete and
may be influenced by environmental and/or other genetic
factors. Nonsteroidal anti-inflammatory drugs (NSAIDs)
are known to reduce inflammation and may lower

Parkinson’s disease (PD) risk, but their role in LRRK2-
associated PD is unknown.

Objectives: The objective of this study is to evaluate the
association of regular NSAID use and LRRK2-associ-
ated PD.
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Methods: Symptomatic ("LRRK2-PD") and asymptomatic
("LRRK2-non-PD") participants with LRRK2 G2019S,
R1441X, or 12020T variants (definitely pathogenic variant car-
riers) or G2385R or R1628P variants (risk variant carriers)
from 2 interational cohorts provided information on regular
ibuprofen and/or aspirin use (>2 pills/week for >6 months)
prior to the index date (diagnosis date for PD, interview date
for non-PD). Multivariate logistic regression was used to
evaluate the relationship between regular NSAID use and PD
for any NSAID, separately for ibuprofen and aspirin in all car-
riers and separately in pathogenic and risk variant groups.

Results: A total of 259 LRRK2-PD and 318 LRRK2-non-PD
participants were enrolled. Regular NSAID use was associ-
ated with reduced odds of PD in the overall cohort (odds

.

ratio [OR], 0.34; 95% confidence interval [Cl], 0.21-0.57) and
in both pathogenic and risk variant carriers (ORpathogenics
0.38; 95% CI, 0.21-0.67 and ORgiskvariants 0-19; 95% Cl,
0.04-0.99). Similar associations were observed for ibuprofen
and aspirin separately (ORpyprofens 0.19; 95% ClI, 0.07-0.50
and ORagpirin, 0.51; 95% Cl, 0.28-0.91).

Conclusions: Regular NSAID use may be associated
with reduced penetrance in LRRK2-associated PD. The
LRRK2 protein is involved in inflammatory pathways and
appears to be modulated by regular anti-inflammatory
use. Longitudinal observational and interventional studies
of NSAID exposure and LRRK2-PD are needed to con-
firm this association. © 2020 International Parkinson and
Movement Disorder Society

J

Parkinson’s disease (PD) represents the second most
common neurodegenerative illness after Alzheimer’s dis-
ease and is characterized clinically by bradykinesia, rest
tremor, rigidity, and postural instability as well as a vari-
ety of nonmotor features."* The pathogenesis of PD is
unknown, although both genetic and environmental fac-
tors are known to play a role.>* The most common
Mendelian genetic form of PD is caused by pathogenic
variants in the leucine rich repeat kinase 2 (LRRK2)
gene, which phenotypically closely resembles idiopathic
PD.**¢ Pathogenic variants in this gene are inherited in
an autosomal dominant fashion with reduced age-depen-
dent lifetime penetrance. Although still debated and
highly variable across different populations, penetrance
is estimated at approximately 30% by age 80.”” The
factors responsible for the decreased penetrance of these
mutations are largely unknown. Several other variants in
LRRK2 have also been associated with modestly
increased risk of PD (odds ratio [OR],1.5-3) and are
predominantly found in Asian populations.'®

Inflammation has long been thought to have a role in
the pathogenesis of PD at multiple levels in both sporadic
and familial diseases."’ Neuroinflammatory responses
may perpetuate degenerative neuronal injury, ultimately
leading to PD. In large epidemiological studies, nonsteroi-
dal anti-inflammatory medication (NSAIDs) use, including
both ibuprofen and aspirin, has been associated with
lower PD risk,'*'* although this has not been universally
observed."”® Because the LRRK2 protein is expressed in
most immune cells, including microglia, and may influ-
ence inflammatory pathways,””?! we investigated
whether regular NSAID use affected the risk of PD in 2
well-characterized international LRRK2 cohorts.

Methods

Participants

This study used phenotypic and environmental data
collected from members of 2 large international cohorts

of LRRK2 pathogenic or risk variant carriers: the
Parkinson’s Disease Genetic and Environmental Modi-
fiers (PD-GEM, 26 sites) and the Michael J. Fox
Foundation LRRK2 Cohort Consortium (MJFF-LCC
cross-sectional cohort, 14 sites). For both cohorts,
demographic information, PD diagnosis and age of
diagnosis, clinical features, response to therapy, and
family history of PD are available. Case report forms
and standard operating procedures for the MJFF-LCC
cohorts can be found at https://www.michaeljfox.org/
data-sets. A description of the study cohorts and deter-
mination of LRRK2 status in the PD-GEM cohorts are
described in Marras and colleagues.”* Information
regarding the relatedness of participants belonging to
the cohorts was available for approximately 30% of
participants. Participants with LRRK2 G2019S,
R1441X, and 12020T mutations were defined as “path-
ogenic variant carriers,”>>*° and those with G238SR
or R1628P were defined as as “risk variant carriers.”*®
Those participants meeting the criteria for PD were
defined as symptomatic (LRRK2-PD) and those without
PD as asymptomatic (LRRK2-non-PD). The breakdown
of participant totals, LRRK2-PD and LRRK2-non-PD,
age at exam, variant group, cohort, and region of ori-
gin are listed in Supplementary Table 1. Only cohort
sites that provided information on NSAID use were
included for this analysis.

Definition of PD

PD status was defined in accordance with standard
diagnostic criteria for PD (UK Brain Bank, National
Institutes of Health)! using available investigator assess-
ments and clinical information.

Environmental Exposure Data

In both study cohorts, environmental exposures were
assessed by using the NSAID module of the Parkinson’s
Disease Risk Factor Questionnaire, a validated set of
questionnaires developed to provide a standard tool for
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general use in epidemiologic studies of PD risk
factor questionnaire (RFQ-U) case report forms (CRFs),
version 1.0 Epidemiology Working Group of the Col-
laborative Centers for PD Environmental Research,
https://commondataelements.ninds.nih.gov/report-viewe
r/23354/Risk %20Factor %20Questionnaire % 20(RFQ)
%20-%20Physical %20Activity %20and %20Sleep). The
Parkinson’s Disease Risk Factor Questionnaire assesses
lifelong exposures including amount, duration, and time
of use in freestanding questionnaires, each covering a spe-
cific domain, such as smoking, caffeine, and alcohol con-
sumption. For this specific analysis, the history of regular
NSAID use was determined using the following questions:

1. Have you ever regularly taken ibuprofen-based
nonaspirin medications, that is, at least 2 pills per week
for 6 months or longer? These include ibuprofen, Advil,
Motrin, Nuprin, and others.

2. Have you ever regularly taken aspirin, that is, at
least 2 pills per week for 6 months or longer?

3. Have you ever regularly taken other anti-inflam-
matory medications for pain, inflammation, or swelling,

AND LRRK2 PARKINSON PENETRANCE
that is, at least 2 pills per week for 6 months or longer?
[Please do NOT include use of Tylenol or acetamino-
phen, or narcotic pain relievers such as Vicodin,

codeine, or Demerol.]

—IF YES: (a) At what age (or in what year) did you
start regularly taking X; (b) At what age (or in what
year) did you stop regularly taking X; (c) On average,
about how many pills per week did you take?

Regular use of any NSAID prior to the index date was
defined as >2 pills/week for =6 months. Smoking status,
also evaluated with the Parkinson’s Disease Risk Factor
Questionnaire, was included in all the models as ever (=1
cigarette per day for >6 months) versus never smoker.

Statistical Analysis

All statistical data analysis was performed using SPSS
version 21 (IBM SPSS Statistics, Armonk, NY). Means
and standard deviations are presented for normally dis-
tributed continuous variables. Two-sample # tests or
nonparametric equivalent and chi-square tests were

TABLE 1. Subject characteristics

Total LRRK2-PD LRRK2-non-PD

otal

Characteristics N N (%) % Male N (%) % Male

Subject totals? 577 259 51.0 318 38.7

Age, mean (SD, range)” 577 66.2 (11.5, 26-94) 60.9 (14.9, 18-89)

Age groups
<50 142 71 (50) 53.5 71 (50.0) 40.8
50-59 148 90 (60.8) 41.1 58 (39.2) 39.7
60-69 154 69 (44.8) 50.7 85 (55.2) 36.5
70-79 105 27 (25.7) 40.7 78 (74.3) 37.2
>79 28 2(7.1) 50.0 26 (92.9) 42.3

Gene group®

Pathogenic variants age, mean (SD, range)® 401 66.3 (11.7, 26-94) 52.0 (14.1, 19-87)

Pathogenic variants
Overall 401 232 (57.9) 491 169 (42.1) 414
G2019S 315 189 (60.0) 49.7 126 (40.0) 40.5
R1441 80 37 (46.3) 48.6 42 (53.8) 44.2
12020T 7 7 (100.0) 42.9 0(0) 0.0
Risk variants age, mean (SD, range)® 176 65.1 (9.7, 45-81) 70.9 (7.6, 52-89)

Risk variants
Overall 176 27 (15.3) 63.0 149 (84.7) 35.6
G2385R 114 24 (21.1) 66.7 90 (78.9) 38.9
R1628P 64 5(7.8) 40.0 59 (92.2) 30.5

Region
Africa® 11 11 (100.0) 27.3 0(0.0) 0.0
Asia® 181 32 (17.7) 59.4 149 (82.3) 35.6
Australia 10 8 (80.0) 62.5 2 (20.0) 0.0
Europe' 273 167 (61.2) 50.9 106 (38.8) 453
North Americad 102 41 (40.2) 46.3 61 (59.8) 36.1

aTest of gender distribution between PD and non-PD, %* = 8.579, P = 0.03.
bAge at enroliment; test of age difference, P < 0.05.

®As a result of overlapping mutations, the total count of variant carriers exceeds the total count of gene group.

9All from Algeria.
®China, n = 175; Japan, n = 4; Singapore, n = 2.

fSpain, n = 162; France, n = 30; Germany, n = 20; ltaly, n = 23; Norway, n = 22; Portugal, n = 16.

SUnited States, n = 76; Canada, n = 26.

LRRK2, leucine rich repeat kinase; PD, Parkinson’s disease; SD, standard deviation.
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used in unadjusted analyses. The relationship between
NSAID use and PD was determined using logistic regres-
sion. Models were calculated for any regular NSAID use
and separately for ibuprofen or aspirin use. We consid-
ered use of NSAIDs prior to the diagnosis date in
LRRK2-PD and prior to the interview date in non-PD
(index date). Analyses were performed for all genotypes
combined and separately for pathogenic and risk variant
groups. All logistic models were adjusted for index age
(as a continuous variable), gender, and smoking history.
Both race/ethnicity and region of origin in our data set
were highly correlated with specific LRRK2 variants, and
adjusting for race/ethnicity and/or region of origin did not
significantly alter the results of the models. For those
models that included all genotypes combined, we adjusted
for gene group (pathogenic or risk variant carriers) and
included a product term for the interaction between
smoking and gene group to evaluate whether the effect of
smoking would be greater in 1 genetic subpopulation
than in another. To control for potential reverse causality
(ie, early undiagnosed disease causing increased usage of
NSAIDs), exposure-lagging analysis was performed at 5
and 10 years prior to the index date.””

Results

Of the 577 participants enrolled, 259 (44.9%) were
LRRK2-PD and 318 (55.1%) were LRRK2-non-PD.

Demographic and clinical characteristics are summa-
rized in Table 1. Participants with PD were older than
those without PD (mean 66.2 years; standard deviation,
11.5 vs. 60.9 years |[standard deviation, 14.9];
P < 0.001) and more likely to be men (51% vs. 38.7%;
P = 0.003). More than half of the participants carried
the common G2019S pathogenic variant, including 189
(76.5%) LRRK2-PD and 126 (39.6%) LRRK2-non-
PD. The specific region of origin of all carriers is listed
in Supplementary Table 1. Approximately 70% were
derived from the MJFF-LCC cohort and 30% from PD-
GEM, and as expected, all risk variant carriers were
from Asian sites (Supplementary Table 1). Among those
with PD, age at onset did not differ between pathogenic
and risk variant carriers, and clinical features at time of
exam were comparable with the exception of presence
of disease asymmetry and having a positive response to
levodopa therapy, both of which were more common
among pathogenic variant carriers (95.5% vs. 81.5%
and 95.4% vs. 90.9%, respectively; P = 0.001 for both;
Supplementary Table 2).

In the overall sample, the rates of regular NSAID use
were higher among LRRK2-non-PD than in LRRK2-
PD (31.8% vs. 10.9%), including for both ibuprofen
(7.3% vs. 2.4%) and aspirin (24.2% vs. 8.2%; Table 2).
A similar pattern was observed when pathogenic and
risk variants were analyzed separately and when men
were studied individually. Among women, the rates of
NSAID use were higher in LRRK2-non-PD in all

TABLE 2. Regular NSAID use by age, gene group, and region

Any NSAID Ibuprofen Aspirin
Characteristics LRRK2-PD LRRK2-non-PD LRRK2-PD LRRK2-non-PD LRRK2-PD LRRK2-non-PD
Overall, n (%) 28 (10.9) 101 (31.8) 6 (2.37) 23 (7.26) 21 (8.20) 77 (24.21)
Age
<50 34.2 9(12.7) 0(0.0) 8 (11.27) 2(2.9) 3(4.23)
50-59 6 (6.7) 14 (24.1) 6 (10.34) 5 (5.6) 7 (12.07)
60-69 14 (20.3) 32 (37.6) . 4(4.71) 10 (14.7) 25 (29.41)
70-79 5(18.5) 35 (44.9) (4.0) 3(3.85) 4 (14.8) 32 (41.03)
>79 0(0.0) 11 (42.3) 0(0.0) 2 (8.0) 0(0.0) 10 (38.46)
Gene group
Pathogenic variants
carriers
All 26 (11.2) 38 (22.5) (2.7) 20 (11.9) 19 (8.3) 15 (8.9)
G2019S 24 (12.7) 31 (24.6) (3.3) 18 (14.4) 17 (9.1) 12 (9.5)
R1441 2(5.4) 7 (16.3) (0.0 2(4.7) 2 (5.6) 3(7.0)
12020T 0(0.0) 0 (0.0 0.0) 0(0.0) 0(0.0) 0(0.0)
Risk variant carriers
All 2(7.1) 63 (42.3) (0.0) 3(2.0 2(7.1) 62 (41.6)
G2385R 2 (8.3 33 (36.7) 0.0) 1(1.1) 2 (8.3 33 (36.7)
R1628P 0(0.0) 30 (50.8) (0.0 2 (3.9 0(0.0) 29 (49.2)
Region
Asia 2 (6.3) 63 (42.3) 0(0.0) 3(2.0 2 (6.3) 62 (41.6)
Australia 1(12.5) 0(0.0) 0(0.0) 0(0.0) 1(12.5) 0(0.0)
Europe 10 (6.0) 18 (17.0) 1(0.6) 11 (10.5) 9(5.4) 4 (3.8)
North America 15 (36.6) 20 (32.8) 5(12.8) 9 (14.9) 9 (22.5) 11 (18.0)

NSAID, nonsteroidal anti-inflammatory drugs; LRRK2, leucine rich repeat kinase; PD, Parkinson’s disease.
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groups with the exception of aspirin use in pathogenic
variant carriers, which was higher among those with
PD, although the sample size was small in this sub-
group (Table 3).

In the adjusted logistic regression models, regular
NSAID use was associated with lower risk for PD

USE AND LRRK2 PARKINSON PENETRANCE

(ORuny Nsamp, 0.345 95% confidence interval [CI],
0.21-0.57; Table 4). Both aspirin and ibuprofen were
independently associated with a lower risk of PD (ORL
buprofens 0.195 95% CI, 0.07-0.50; ORasa, 0.51; 95%
CI, 0.28-0.91), and similar findings were seen in both
pathogenic and risk variant carriers when analyzed

TABLE 3. NSAID use by age, genetic mutation, and gender

Any NSAID Ibuprofen Aspirin
LRRK2-PD LRRK2-non-PD LRRK2-PD LRRK2-non-PD LRRK2-PD LRRK2-non-PD
Analysis restricted to men
Overall, n (%) 12 (9.5) 35 (28.5) 1(0.8) 7(5.7) 11 (8.53) 29 (23.6)
Gene group
Pathogenic variants
carriers
All 11 (9.6) 17 (24.3) 1(0.9) 6 (8.7) 10 (8.9) 11 (15.7)
G2019S 10 (10.6) 12 (23.5) 1(1.1) 5(10.0) 9(9.8) 8 (15.7)
R1441X 1 (5.6) 5(26.3) 0(0.0) 1(5.3) 1(5.6) 3(15.8)
12020T 0 (0.0 0(0.0) 0(0.0) 0(0.0) 0(0.0) 0(0.0)
Risk variant carriers
All 1(5.9) 18 (34.0) 0(0.0) 1(1.9) 1(5.9 18 (34.0)
G2385R 1(6.3) 10 (28.6) 0(0.0) 0(0.0) 1(6.3) 10 (28.6)
R1628P 0(0.0) 8 (44.4) 0(0.0) 1 (5.6) 0 (0.0 8 (44.4)
Analysis restricted to women
Overall (n, %) 16 (12.4) 66 (33.8) 5 (4.07) 16 (8.2) 10 (7.87) 48 (24.6)
Gene group
Pathogenic variants
carriers
All 15 (12.7) 21 (21.2) 54.4) 14 (14.1) 9(7.7) 4 (4.0)
G2019S 14 (14.7) 19 (25.3) 5 (5.6) 13 (17.3) 8 (8.4) 4 (5.3)
R1441X 1(5.3) 2(8.3) 0(0.0) 1(4.2) 1 (5.6) 0(0.0)
12020T 0(0.0) 0(0.0) 0(0.0) 0(0.0) 0(0.0) 0(0.0)
Risk variant carriers
All 1(9.1) 45 (46.9) 0(0.0) 2 (2.1) 1(9.0) 44 (45.8)
G2385R 1(12.5) 23 (41.8) 0(0.0) 1(1.8) 1(12.5) 23 (41.9)
R1628P 0(0.0) 22 (53.7) 0(0.0) 1(2.4) 0 (0.0 21 (51.2)

NSAID, nonsteroidal anti-inflammatory drugs; LRRK2, leucine rich repeat kinase; PD, Parkinson’s disease.

TABLE 4. Logistic regression models

Overall Model
OR (95% CI)

5-Year LagModel
OR (95% Cl)

10-Year LagModel
OR (95% Cl)

Model for Men*
OR (95% CI)

Model for Women*
OR (95% CI)

Overall®
Any NSAID 0.34 (0.21-0.57) 0.48 (0.27-0.85) 0.90 (0.47-1.74) 0.28 (0.13-0.61) 0.42 (0.21-0.82)
Ibuprofen 0.19 (0.07-0.50) 0.25 (0.08-0.72) 0.52 (0.16-1.71) 0.06 (0.01-0.50) 0.27 (0.09-0.78)
Aspirin 0.51 (0.28-0.91) 0.72 (0.37-1.43) 1.57 (0.69-3.56) 0.41 (0.18-0.93) 0.77 (0.32-1.85)

Pathogenic variant carriers®

Any NSAID 0.38 (0.21-0.67) 0.51 (0.27-0.98) 1.05 (0.49-2.28) 0.27 (0.11-0.65) 0.48 (0.23-1.03)

Ibuprofen 0.19 (0.07-0.50) 0.23 (0.08-0.69) 0.49 (0.14-1.66) 0.07 (0.01-0.66) 0.25 (0.08-0.74)

Aspirin 0.79 (0.38-1.67) 1.11 (0.46-2.69) 5.14 (1.11-23.82) 0.45 (0.17-1.20) 1.86 (0.54-6.42)
Risk variant carriers?

Any NSAID 0.19 (0.04-0.99) 0.17 (0.02-1.66) 0.50 (0.04-5.85) 0.09 (0.01-1.07) 0.26 (0.03-2.75)

Ibuprofen 0.00 0.00 0.00 0.00 0.00

Aspirin 0.20 (0.04-1.00) 0.18 (0.02-1.70) 0.53 (0.04-6.26) 0.09 (0.01-1.07) 0.27 (0.03-2.84)

*Model adjusted for index age and smoking
2Model adjusted for index age, gender, smoking. and gene group.
OR, odds ratio; Cl, confidence interval; NSAID, nonsteroidal anti-inflammatory drugs.
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TABLE 5. Logistic regression models by age group
Age Group<50* Age Group50-69* Age Group>69* Age Groups< 64* Age Group>65*
OR (95% Cl) OR (95% Cl) OR (95% Cl) OR (95% Cl) OR (95% Cl)
Any NSAID 0.37 (0.09-1.48) 0.42 (0.22-0.81) 0.38 (0.00-0.31) 0.36 (0.19-0.67) 0.28 (0.10-0.76)
Ibuprofen 0 0.26 (0.08-0.86) 0.11 (0.00-1.87) 0.21 (0.7-0.60) 0.15 (0.01-1.68)
Aspirin 0.90 (0.14-5.95) 0.70 (0.33-1.52) 0.09 (0.01-0.60) 0.56 (0.26-1.22) 0.47 (0.16-1.38)

*Model adjusted for gender and smoking.

OR, odds ratio; Cl, confidence interval; NSAID, nonsteroidal anti-inflammatory drugs.

separately. In gender-specific models adjusted for
smoking and gene group (pathogenic or risk carrier),
overall NSAID use was associated with lower PD risk;
however, when broken down by NSAID type, the Cls
for the results for aspirin in women were wide and no
longer statistically significant. In analyses stratified by
age groups (<50, 50-69, >69 and < 64, 265), overall
NSAID use was associated with lower PD risk in all age
groups, but when studied separately by NSAID, the
results were only significant for ibuprofen in the youn-
ger group, likely reflecting increased uncertainty from a
small sample size (Table 5). The analysis was repeated
separately in each cohort, and the results were similar
for each (MJFF-LCC OR,,,y nsams, 0.265 95% CI, 0.13-
0.52; PD-GEM OR g,y nsam, 0.44; 95% CI, 0.19-1.02;
Mantel-Haenszel test of homogeneity P value = 0.59)

The results of a 5-year lagged model (Table 4) were
similar to the primary analysis (ORany nsam, 0.48;
95% CI, 0.27-0.85). In the 10-year lag, Cls were wide
and no longer significant, with the exception of aspirin,
which suggested an increased risk (10-year lag ORsa,
5.14; 95% CI, 1.11-23.82). However, the much
smaller sample size in this subgroup precludes confident
interpretations.

Discussion

The results of this study suggest that the regular use
of NSAID medication may lower the risk for PD among
LRRK2 variant carriers, including pathogenic and risk
variants, and for both ibuprofen and aspirin. This find-
ing supports a growing body of research evidence
involving inflammatory pathways in PD pathogenesis
and data from prior epidemiological studies supporting
a potential role for NSAIDs in lowering the risk of spo-
radic PD.

Animal models as well as human epidemiological
data support the importance of inflammatory mecha-
nisms in PD at multiple levels. Activated microglia,
inflammatory cytokines, and abnormalities in the com-
plement system all appear to play significant roles.*®
Reactive microglia are observed in nigral pathology
specimens in PD,%’ in humans and animals exposed to
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine,>”*° and
in other PD animal models.?”**% Such activated

microglia may underlie the oxidative stress thought to
be largely responsible for dopaminergic cell loss in
PD.*! Increased levels of the inflammatory cytokines
interleukin 1, interleukin 6, and tumor necrosis factor
o, known to sustain inflammation and immune
responses, as well as the complement component C-
reactive protein, have been found in basal ganglia and
cerebrospinal fluid of subjects with PD,** and genetic
variants affecting expression of certain cytokines have
been linked to increased risk for neurodegenerative dis-
orders, including PD.>* Endogenous a-synuclein is
involved in normal immune function,®® and pathogenic
a-synuclein directly induces both innate and adaptive
immune responses in the central nervous system and in
the periphery.*® Pharmacologic immunosuppression
and use of NSAIDs in rodent PD models also reduce
neurodegeneration,  highlighting  aberrant  neu-
roinflammation as a viable target for disease modifica-
tion in PD.%’

Epidemiological studies have shown that self-reported
aspirin and nonaspirin NSAID use including ibuprofen
may decrease the risk for PD.'>"'7 However, the find-
ings from such studies are heterogeneous and not uni-
versal because some studies did not find associations
for aspirin,'* or the protective effect of aspirin was only
present in women,'? or no association was found at
all.'® Several meta-analyses have evaluated these associ-
ations. A meta-analysis from 2010 suggested a protec-
tive effect for nonaspirin NSAID use on the risk for PD
estimated at ~15%,'? although a Cochrane review in
2011 did not demonstrate sufficient evidence for the
use of NSAIDs in PD prevention."® Among 2 more
recent meta-analyses, 1 supported the association of
non-aspirin NSAID on PD risk (pooled relative risk
[RR] = 0.91; 95% CI, 0.84-0.99),% but could not dem-
onstrate a dose response, and the other had a pooled
RR in the same direction, but did not reach statistical
significance (pooled RR = 0.95; 95% CI, 0.86-1.05).%°
Although it is likely that differences in methodology
from the different studies underlie some of the heteroge-
neity in these results, pathophysiologic heterogeneity
may also account for some of the variability. Studying
genetically homogeneous subgroups such as LRRK2
may provide additional insight.

The role of LRRK2 in inflammation raises the possi-
bility that inflammation may be even more important in
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LRRK2-associated PD than in idiopathic PD.*' Vari-
ants in the LRRK2 gene have been associated with
Crohn’s disease and other chronic inflammatory condi-
tions,'>?° suggesting potentially common genetic,
molecular, and cellular pathological pathways with PD.
The LRRK2 protein is involved in inflammatory path-
ways and is highly expressed in monocytes, macro-
phages, and microglia.*® Within monocytes, LRRK2
may have a role in their maturation.*! Exposure to cer-
tain antigens results in LRRK2 upregulation and
impaired autophagy in macrophages.** Lastly, the mag-
nitude of the association between NSAID exposure and
PD risk appears to be larger for LRRK2-PD. Pooled
RR from meta-analyses of idiopathic PD ranged from
0.90 to 0.95,'3%3° and our observed OR of 0.34
would correspond to an RR of 0.42 (assuming a PD
prevalence of 0.30 in nonexposed’™), although the het-
erogeneity of the study designs and populations make
this comparison difficult.

The physiologic pathways on which NSAIDs exert
their potentially neuroprotective effects have not been
definitively determined. NSAIDs inhibit cyclooxygenase
enzymes and hence may protect against reactive oxida-
tive species and glutamate induced toxicity.*® In this
specific genetic population, because the LRRK2 protein
is known to be involved in inflammatory path-
ways!”2%%%42 and impaired autophagy may result from
LRRK2 protein upregulation, it is possible that modu-
lation of this neuroinflammatory response by NSAIDs
may modify the neurodegenerative effect of these muta-
tions and variants. Recently, specific peripheral immune
profiles were able to discriminate between 3 different
clinical severity phenotypes in LRRK2-PD, suggesting
that certain proinflammatory proteins could predict dis-
ease progression.** Peripheral inflammation has also
been detected in asymptomatic G2019S carriers, and
inflammatory markers can discriminate between idio-
pathic PD and LRRK2-PD.*

PD is a complex disease believed to result from the
combined effect of environmental and genetic determi-
nants and although largely unknown, concrete evidence
of this interaction is starting to arise.***” Although
gene—gene and gene—environment interactions are
thought to underlie the incomplete and relatively low
penetrance of LRRK2 mutations and variants as well
as its phenotypic heterogeneity, to date few genetic or
environmental factors have been associated with
LRRK2-PD disease expression. Using data from a
genome-wide association study replication genotyping
in a large case-control study with prospectively col-
lected environmental information, Gao and col-
leagues*” examined the potential interaction between
PD single nucleotide polymorphisms (SNPs) from sev-
eral genes and human leukocyte antigen loci and
smoking and caffeine intake. They found a single signif-
icant interaction between a SNP near the LRRK2 gene
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and combined smoking and caffeine intake; however,
known LRRK2 variants were not genotyped. In a
recent case-control study from Israel, cigarette smoking
and increase coffee and tea intake were associated with
older age of onset of LRRK2-PD.*® Lastly, unaffected
LRRK2 mutation carriers with higher urate levels have
been found to have a reduced risk of developing PD,*
adding to prior evidence suggesting a protective effect
of urate in idiopathic PD.*® Although still unknown,
the modulation of urate levels on LRRK2-PD could be
related to neuroinflammation because the urate-acti-
vated Nrf2 antioxidant pathway likely plays a role in
LRRK2 pathogenesis.>'~>3

There are several limitations to this study. First, there
are innate limitations of a case-control study design,
including the potential for selection and recall bias.
NSAID dosage information used in this analysis was
obtained retrospectively via questionnaires, and the var-
iables necessary to perform a reliable dose-response
analysis could not be analyzed separately because of
insufficient data. Because the questionnaires did not
capture the indication for NSAID use, we cannot
explore the possibility of confounding by indication.
However, if an indication for NSAID use (such as
chronic inflammatory conditions'® or metabolic syn-
drome/cardiovascular risk factors’® for aspirin) were
also a cause of PD, one would expect the association
with NSAIDs to be in the opposite direction (ie, higher
NSAID use among manifesting carriers).

Because pain is a common indication for NSAID use,
hyperuricemia is associated with gouty arthritis, and
higher urate levels are associated with reduced PD risk,
there is a question as to whether urate levels may be
confounding the NSAID-PD association. However, the
majority (>75%) of individuals with hyperuricemia
(levels >7-8 mg/dL) are entirely asymptomatic,”® and
the incidence of gouty symptoms among the many hyp-
eruricemic individuals with levels between 7 to 8 mg/dL
is very low.>® Urate levels reported in unaffected
LRRK2 individuals had means below 7 mg/dL and
many below 6 mg/dL. It would hence be unlikely that
asymptomatic individuals within those urate levels
would have higher rates of NSAID usage. Another
potential confounder that could explain the findings
would be related to stoicism as part of the “premorbid
personality” described in PD leading to unwillingness
to take NSAIDs for pain; however, although there is
some evidence for higher rates of stoicism, harm avoid-
ance, and less novelty seeking behavior among patients
with PD,>”°® there is little data to support that such
personality traits would necessarily result in lessened
analgesic intake, especially preceding a diagnosis of PD.
The results in lagged analyses additionally suggest that
the observed results were not the result of differential
use of NSAIDs by persons with early undiagnosed PD
because pain is commonly reported prior to PD motor
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symptom onset.”” Also, as stated previously, a reverse
causation would be more likely in the opposite direc-
tion than the inverse relationship we observed. Another
potential limitation is that case and control selection
and recruitment methods differed between the centers,
and not all centers recruited non-PD carrier controls
(Supplementary Table 1). However, when the analysis
was limited to each cohort separately, the results were
similar for both cohorts even though the results limited
to the smaller PD-GEM cohort were no longer statisti-
cally significant. Unaffected LRRK2 variant carriers
represent first-degree and second-degree relatives of
cases in many centers. Very limited information was
available on the relatedness of subjects from the
cohorts, which precluded analytic adjustment. How-
ever, when limiting the analysis to those participants
who were known to be unrelated (a subset of PD-
GEM), this subcohort showed an association in the
same direction as our main analysis, although the Cls
were wide (unrelated cohort ORany nsam, 0.115 95%
CL 0.01-1.14).

Our study has significant strengths, including the
large numbers of manifesting and nonmanifesting
LRRK2 carriers of both known pathogenic mutations
and common risk variants from well-characterized
international cohorts as well as the use of validated
questionnaires on NSAIDs exposure.

In summary, the results of this investigation in 2 large
and well-characterized LRRK2 cohorts supports the
hypothesis that both aspirin and ibuprofen may reduce
the risk of PD manifestation. The optimal dose and
duration of exposure and the exact mechanisms by
which protection may be exerted are, however,
unknown. Anti-inflammatory drugs may potentially be
useful as disease-modifying treatments in LRRK2-PD,
and the ability to identify an at-risk population makes
interventions in this subgroup particularly feasible.
Lastly, because studies of LRRK2 kinase inhibitors are
already underway, the results of this study highlight the
potential need to control for the use of concomitant
anti-inflammatory medications. However, prospective
observational and interventional studies are needed to
establish definitively whether this relationship is causal. ®
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of Neurology Tunis, Tunisia: Faycal Hentati, MD;
Matthew Farrer, PhD; John Duda, MD; Matt Read,
BS; Lefkos Middleton, MD, FRCP; Rachel Gibson,
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Fatma Nabli, MD. Norwegian University of Science of
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