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In recent years, the complex interplay between genes and the environment has gained 

increased attention in Parkinson’s disease (PD), a progressive neurodegenerative disorder. 

Despite the identification of causal mutations in several genes (ie, LRRK2, GBA, SNCA, 
and others) and environmental or lifestyle factors linked to reduced risk (eg, smoking, 

caffeine) or increased risk (eg, dairy products, pesticides) for development of PD, our 

understanding of gene-environment interaction remains modest. Further exploration of how 

an individual’s environmental exposures (“exposome”) and their genome may intertwine to 

influence the development and progression of PD is thus warranted. This increased 

knowledge could have both mechanistic and clinical implications, leading to trials of 

disease-modifying and preventive strategies.

In this month’s issue of Movement Disorders, Luciano et al1 carried out a case-control study 

in individuals with LRRK2 gene mutations pathogenic for PD. The G2019S mutation, which 

is the predominant LRRK2 variant in this cohort, demonstrates variable age-dependent 

penetrance, with PD developing in 25% to 42% of carriers by the age of 80 years.2 This 

incomplete penetrance suggests that other factors play a role in LRRK2 mutation-driven PD. 

Recently, several case-control studies of symptomatic (“LRRK2-PD”) and asymptomatic 

(“LRRK2-non-PD”) LRRK2 mutation carriers have sought to identify potential markers of 

its penetrance. Iwaki et al3 evaluated a polygenic risk score in mutation carriers from several 

large research databases and found that a higher polygenic risk score was associated with 

greater odds of development of PD (odds ratio [OR], 1.34; 95% confidence interval [CI]: 

1.09–1.64) per 1 standard deviation of increase from the cohort mean. Bakshi et al4 

investigated urate in LRRK2-PD and LRRK2-non-PD from the Parkinson’s Progression 

Markers Initiative (PPMI) and LRRK2 Cohort Consortium (LCC) cohorts and discovered 

that the odds of having developed PD were approximately halved (OR, 0.46; 95% CI: 0.29–

0.76) for each 2-mg/dL increment in plasma (or serum) urate. Caffeine, a well-studied, 

potential protectant in PD, has also been explored in mutation carriers, with both caffeine 

drinkers and those with higher levels of caffeine-linked plasma analytes observed to have 

*Correspondence to: Dr. Grace Crotty, Department of Neurology, Massachusetts General Hospital, 15 Parkman Street, WACC 835, 
Boston, MA 02114, USA; grace.crotty@mgh.harvard.edu. 

Relevant conflicts of interest/financial disclosures: Nothing to report.

HHS Public Access
Author manuscript
Mov Disord. Author manuscript; available in PMC 2021 October 01.

Published in final edited form as:
Mov Disord. 2020 October ; 35(10): 1727–1730. doi:10.1002/mds.28240.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



lower odds of PD.5,6 Other studies of LRRK2 mutation carriers include targeted and 

untargeted metabolomics profiling showing a different metabolomic profile in LRRK2-PD 

and LRRK2-non-PD groups,7 and assessment of urinary phospholipids observing marginally 

higher levels of urinary 2,2′-di-18:1-bis(monoacylglycerol)phosphate in LRRK2-PD 

compared with LRRK2-non-PD subjects (P = 0.045). Notably, urinary phospholipid 

concentrations were greater in both the LRRK2-PD and LRRK2-non-PD groups compared 

with those without LRRK2 mutation, and thus they may not be a useful marker for LRRK2 
resistance.8 Although yet to be investigated in humans, another potential indicator of 

LRRK2 PD resistance is 5′-deoxyadenosylcobalamin (AdoCbl), a physiologically active 

form of vitamin B12. In cellular and animal models of LRRK2 PD, AdoCbl was found to be 

a mixed-type allosteric modulator of LRRK2 kinase, reduced dopaminergic 

neurodegeneration, or dopamine deficits.9

Luciano et al1 evaluated the association between regular nonsteroidal anti-inflammatory 

drug (NSAID) use, defined as two or more pills per week for 6 months or more, and the 

presence of PD in 259 LRRK2-PD and 318 LRRK2-non-PD participants from the LCC and 

the PD-Genetic and Environmental Modifiers cohorts. Their retrospective case-control study 

found that regular NSAID use was associated with lower odds of having PD for any NSAID 

(OR, 0.34; 95% CI: 0.21–0.57), and separately for ibuprofen and aspirin (OR, 0.19 and 0.51, 

respectively). They concluded that regular NSAID use may be associated with reduced 

penetrance in LRRK2 mutation carriers. Although NSAID exposure has been previously 

identified as an inverse risk factor for idiopathic PD, this study is unique because it explored 

exposure in mutation carriers with and without PD and suggested a new marker of LRRK2 
resistance. Study strengths included a large sample size of well-characterized mutation 

carriers (n = 577) and use of a validated questionnaire for NSAID exposure, the PD-Risk 

Factor Questionnaire. Their regression models accounted for important PD confounders, 

such as age, gender, and smoking status, and their analyses answered clinically relevant 

questions, such as specificity of association to NSAID type (ie, ibuprofen and aspirin), age 

group, and gender.

As noted by the authors, there were some limitations to their study. First of all, despite the 

inclusion of several potential confounders in their models, some covariates of established 

relevance were not accounted for, including caffeine exposure and serum urate levels. 

Because these two factors have also been identified as markers of LRRK2 penetrance,4-6 

their absence from the regression models may have overestimated or underestimated an 

independent inverse association seen with NSAID exposure. Second, the reliance on 

retrospective, incomplete data precluded evaluation for an NSAID dose dependence, which, 

if present, may support biological relevance and inform the design of future NSAID 

interventional studies. In addition, as thoughtfully highlighted by the authors, the lack of 

information on the indication for NSAID use prevented them from assessing for 

confounding by indication. The inclusion of acetaminophen use as a non-NSAID that, like 

ibuprofen in particular, is also commonly used as an over-the-counter analgesic would have 

been helpful as a comparator to address confounding by analgesic indication. Similarly, the 

lack of corresponding data on idiopathic PD cases and controls (who do not carry a LRRK2 
mutation) from the same cohorts prevented assessment of whether the inverse association 

between NSAIDs and PD subjects was greater in the presence of a LRRK2 mutation, which 
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could offer insight into LRRK2 pathophysiology. Lastly, caution is required when 

interpreting the exposure-lagging analysis of 5 and 10 years, which was attempted to 

exclude reverse causation. Because premotor PD can occur up to 20 years before motor 

symptoms, some of the subjects may have been incorrectly classified as LRRK2-non-PD.

Most meta-analyses of NSAIDs and idiopathic PD have shown an inverse association10,11; 

however, not all of them have.12 This inconsistency in the literature is likely secondary to 

differences in study methodology, with some studies not differentiating between the 

NSAIDs13,14 or assessing only aspirin and nonaspirin NSAIDs.15,16 Many studies did not 

collect data on ibuprofen, an NSAID that has more consistently shown an inverse association 

with PD.10 In Luciano et al’s article,1 they found an inverse association for ibuprofen and 

aspirin. Consistent with the literature, they found lower odds of PD in ibuprofen consumers 

(OR, 0.19) compared with aspirin users (OR, 0.51). This NSAID differential effect may be 

because of their heterogeneous pharmacological properties. Although all NSAIDs inhibit the 

cyclooxygenase-2 enzyme, some have additional anti-inflammatory and potentially 

neuroprotective properties.17 Ibuprofen, unlike aspirin, is an agonist of the peroxisome 

proliferator-activated receptor-γ of the inhibitory transcription factor, which when activated 

results in the inhibition of inflammatory cytokines’ gene expression.18

Neuroinflammation is thought to play a part in the pathogenesis of PD, which has been 

reported to feature activated microglia, upregulated cyclooxygenase-1 and −2 expression, 

and increased inflammatory cytokines and related molecules.17 In addition, polymorphisms 

in inflammatory cytokine genes (ie, tumor necrosis factor-α and interleukin-1β)19 and cell-

surface human leukocyte antigen20 have been associated with increased PD risk. The role of 

LRRK2 in inflammation and immune system regulation is also being increasingly explored 

because it is expressed in the cells of the innate and adaptive immune system.21 Moreover, 

LRRK2 mRNA and protein levels are induced during proinflammatory states,22 and 

polymorphisms in the LRRK2 gene are associated with several other chronic inflammatory 

disorders, including Crohn’s disease23 and leprosy.24 Given this plausible mechanistic 

linkage between NSAIDs and LRRK2, Luciano et al’s1 findings of an inverse association of 

NSAIDs with LRRK2 PD suggest that if NSAIDs were truly protective against PD, then 

they may be particularly effective against LRRK2 PD. Indeed, the association was even 

greater in their LRRK2 study (RR, 0.42) than in other studies of idiopathic PD (pooled 

relative risk [RR], 0.90–0.95).11,12,25 Although replication of these results is warranted, 

ideally in a common cohort, they support consideration of NSAIDs as potential disease-

modifying agents for LRRK2 PD. As schematized in Figure 1a, a LRRK2 mutation may 

contribute to an abnormal or excessive inflammatory response that in turn, if unchecked, 

results in PD. In this model, the inflammation and resultant neurodegeneration could be 

avoided or ameliorated by NSAIDs.

Alternatively, as depicted in Figure 1b, NSAID intake may be an epiphenomenon or a 

marker of an unknown determinant of reduced PD risk in mutations carriers, without 

actually influencing PD risk. NSAID exposure may be downstream of other well-recognized 

inverse risk factors and possible protectants, such as smoking, caffeine intake, or serum urate 

levels. Supporting smoking is the observation that smokers are more likely to report pain26 

and to use analgesic drugs27 than never smokers, although the authors incorporated smoking 
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history into their model, raising the possibility of an even stronger association without 

adjustment, if smoking history were less frequent in cases than controls. For serum urate, 

high levels are associated with gout, which may require NSAIDs for pain relief. In addition 

to caffeine often being found in analgesic formulations, its intake has also been associated 

with osteoarthritis,28,29 which is treated with NSAIDs. These are only a few alternative 

explanations for the observed inverse associations. This association may also be driven by an 

unknown protective influence that leads to a putative premorbid personality of PD,30 which 

may include reduced novelty seeking and stoicism that could also account for lower 

exposure to addictive (eg, nicotine, caffeine) and analgesic (eg, NSAID) substances.

Further exploration of NSAID use in LRRK2 mutation carriers in longitudinal cohorts 

would build on the cross-sectional study of Luciano et al1 to address whether exposure in 

fact predicts a lower rate of phenoconversion among healthy carriers or slower clinical 

progression among those with manifest LRRK2 PD. Fortunately, large prospectively 

characterized cohorts of LRRK2 mutation carriers are now being established and tracked 

long term. The PPMI genetic cohort and the online cohort Fox Insight, for example, have 

enrolled participants with and without a LRRK2 mutation and collected environmental data 

on NSAIDs, caffeine, smoking, and other relevant environmental and lifestyle factors using 

validated questionnaires. The identification of genetic or environmental modulators that 

reduce pathogenic mutation penetrance may prove invaluable. A better understanding of 

LRRK2 gene-environment interactions, in particular, may aid in the selection of modifiable 

risk factors that can be tested in preventative trials. However, prior to commencing such a 

trial, questions to be addressed include which NSAID to test, what dose to use, and for what 

duration. Despite wide, often over-the-counter use of NSAIDs, they are not without risks 

and currently should not be recommended as a disease-modifying therapy in LRRK2 
mutation carriers. Nevertheless, associations of NSAIDs and other candidate protective 

factors with PD resistance among LRRK2 mutation carriers are encouraging and suggest 

that prevention trials targeting genetically at-risk individuals may not be too far off.
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FIG. 1. 
Alternative explanations for the inverse association between nonsteroidal anti-inflammatory 

drugs (NSAIDs) and LRRK2-driven Parkinson’s disease (PD), which may be based on a 

causal, protective role of NSAIDs (a) or one in which their use is an epiphenomenon (b). 

Question marks and dashed lines represent uncertain modifiers, mediators, or pathways 

within each model. Red color represents neuroprotective, inhibitory influences on 

pathogenicity of LRRK2 mutations on PD.
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