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ABSTRACT

Objective  Associations between various metabolic conditions and Parkinson’s disease (PD) have been previously identified in
epidemiological studies. We aimed to investigate the causal effect of lipid levels, type 2 diabetes mellitus (T2DM), and body mass
index (BMI) on PD in a Korean population via Mendelian randomization (MR).

Methods Two-sample MR analyses were performed with inverse-variance weighted (IVW), weighted median, and MR-Egger
regression approaches. We identified genetic variants associated with lipid concentrations, T2DM, and BMI in publicly available
summary statistics, which were either collected from genome-wide association studies (GWASs) or from meta-analyses of GWAS
that targeted only Korean individuals or East Asian individuals, including Korean individuals. The outcome dataset was a GWAS
on PD performed in a Korean population.

Results From previous GWASs and meta-analyses, we selected single nucleotide polymorphisms as the instrumental variables.
Variants associated with serum levels of low-density lipoprotein cholesterol, high-density lipoprotein cholesterol, and triglycer-
ides, as well as with T2DM and BMI, were selected (n = 11, 19, 17, 89, and 9, respectively). There were no statistically significant
causal associations observed between the five exposures and PD using either the IVW, weighted median, or MR-Egger methods
(p-values of the IVW method: 0.332, 0.610, 0.634, 0.275, and 0.860, respectively).

Conclusion This study does not support a clinically relevant causal effect of lipid levels, T2DM, and BMI on PD risk in a Ko-
rean population.

Keywords Body mass index; Hyperlipidemia; Hypertriglyceridemia; Mendelian randomization; Parkinson’s disease;
Type 2 diabetes mellitus.

Parkinson’s disease (PD) is the most common neurodegen-
erative movement disorder worldwide and is characterized by
resting tremors, rigidity, bradykinesia, and postural instability."
Globally, up to 10 million people are estimated to have PD. The
prevalence is rapidly increasing in aging societies, including in
South Korea.> Given the significant social and economic burden

of PD on the next generation, research has focused on identi-
fying modifiable risk factors that can be targeted to prevent the
disease.’

Many epidemiological studies have suggested that metabolic
conditions are related to PD.*> Abnormal cholesterol levels, type
2 diabetes mellitus (T2DM), and obesity are risk factors that are
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actively being investigated for their association with PD.*® How-
ever, the evidence is inconclusive, with some studies showing
that these factors have a protective effect.” Observational studies
are prone to various biases, including from unmeasured, con-
founding factors, which may explain the contradictory results.
Mendelian randomization (MR) is a technique that can over-
come these limitations;"° specifically, by using genetic variants
associated with each risk factor as proxy markers, the risk of con-
founding factors that can impact both the risk factor and out-
come are minimized, thus enabling causality to be established.

Recently, a large-scale MR project studying more than 400 ex-
posures as risk factors for PD was completed." Exposures were
derived from previous genome-wide association studies (GWASs);
however, the majority of the GWASs targeted Europeans or their
descendants.”” Genetic variants are highly specific regarding eth-
nicity. Therefore, risk factors identified through MR studies of
European populations cannot be generalized to other ethnicities.
Moreover, due to the assessment of more than 400 exposures in
the PD MR project, individual exposures without statistical sig-
nificance were not fully discussed." Given this background, we
aimed to examine whether metabolic parameters (blood lipid
levels, T2DM, and body mass index [BMI]) are causally related
to PD development in a Korean population using MR.

MATERIALS & METHODS

Study design and data sources

MR utilizes one or more single nucleotide polymorphisms
(SNPs) as the instrumental variable (IV) for the risk factor for
interest (exposure) to explore the strength of association with the
disease of interest (outcome).”” Two-sample MR analyses were
performed to investigate the causal relationship between three
exposures (blood lipid levels, T2DM, and BMI) and the outcome
(PD). Two-sample MR uses two different study results for the IV-
exposure and IV-outcome associations to estimate a causal effect
of the exposure on the outcome."

For the exposure dataset, we searched for previously reported
GWASs on the three exposures by using the following criteria:
1) SNPs were reported with a p-value < 5.0 x 10°%, 2) more than
ten SNPs were associated with the given exposure to avoid a
weak instrumental bias, and 3) the studied population was Ko-
rean. Ideally, the samples should be drawn from the same popu-
lation for two-sample MR; however, if there were no existing
Korean GWAS satisfying criteria 1 or 2, we expanded the search
for the exposure dataset to GWAS targeting an East Asian pop-
ulation, within which Korean individuals were included.

For the outcome dataset, we used summary statistics from the
Korean PD GWAS by our group (Park KW, Chung SJ [2021].
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Ethnicity- and Sex-Specific Genome-Wide Association Study on
Parkinsons Disease. Unpublished manuscript). The study includ-
ed 1,050 sporadic Korean PD patients (age: 64.0 + 9.7 years; 554
[53%] females; disease duration at sample collection: 5.3 + 4.4
years) and 5,000 age- and sex-matched healthy controls (age:
64.0 + 10.0 years; 2,610 [52%] females). All of the patients were
diagnosed as having PD by movement disorder specialists via
the United Kingdom Parkinson’s Disease Brain Bank Criteria.

Assumptions and gene prioritization

Due to the fact that MR uses genetic variants as a proxy for
exposure, three key assumptions should be met to avoid biasing
the results and to define the chosen variants as valid IVs (Fig-
ure 1). The genetic variants should be associated with the expo-
sure (IV assumption 1), should not be associated with confound-
ers (IV assumption 2), and should only influence the outcome
through the exposure (IV assumption 3). To satisfy these assump-
tions, the reported SNPs in the exposure dataset were further ex-
amined as follows. First, we only included SNPs with a strong as-
sociation with the exposure by setting the p-value threshold as
< 5.0 x 10°. Second, if linkage disequilibrium (LD) between a
pair of SNPs was confirmed (R* > 0.25 by using the LDlinkR
package version 1.1.2),"” one SNP of the pair was excluded, as
including multiple SNPs in LD can lead to confounding effects.
Third, not to violate the IV assumption 3, all of the SNPs were
screened for previously reported associations with PD in the PD-
Gene database (http://www.pdgene.org),'* as well as in our Ko-
rean PD outcome dataset and through the identification of path-
ological associations via a literature search. Fourth, if a SNP was
not available in our Korean PD GWAS dataset, we identified a
proxy SNP in our dataset with the highest LD with the SNP (R’
cutoft of 0.8) by using LDlinkR. Finally, SNPs with strand-am-
biguous alleles were excluded to rule out strand mismatches.

Potential
T confounders
Instrument —> Exposure » Outcome (PD)
H 1) Lipid levels: LDL, HDL, TG 4
! 2) T2DM !
, 3) BMI ® 1

Figure 1. The framework of the Mendelian randomization analysis
that was used in this study. The three key assumptions are denoted
in the figure with the thick black arrow (instrument variable [IV] as-
sumption 1) and the two red dashed line arrows with the general
prohibition sign (circle with backslash in it) (IV assumptions 2 and
3). BMI, body mass index; LDL, low-density lipoprotein cholesterol;
HDL, high-density lipoprotein cholesterol; PD, Parkinson’s disease;
T2DM, type 2 diabetes mellitus; TG, triglyceride.



Statistical analyses

We used an inverse-variance weighted (IVW) fixed-effect
method, the MR-Egger method, and a weighted median meth-
od for MR estimates. The IVW method uses a meta-analysis ap-
proach to combine the causal effect of multiple genetic variants;
however, it has the potential to include pleiotropic genetic vari-
ants. The MR-Egger method provides less biased effect estimates
in the presence of directional pleiotropy. Both the IVW and MR-
Egger methods further assume that the pleiotropic effects of ge-
netic variants are independent of their associations with the ex-
posure. The weighted median method provides consistent effect
estimates even when this assumption is violated.

We used Cochran’s Q-statistics and funnel plots to assess het-
erogeneity among the SNPs. We also performed a leave-one-out
analysis to investigate whether a disproportionate influence of
individual SNPs occurred in the effect estimate.

The MendelianRandomization R package version 0.6.0 was
used to perform the MR estimates and sensitivity analyses.”” All
of the statistical analyses were performed with R version 4.1.2
(R Core Team [2021], R: A language and environment for statis-
tical computing, R Foundation for Statistical Computing, Vienna,
Austria, https://www.R-project.org/). p-values under 0.05 were
considered to be statistically significant. The study was approved
by the Institutional Review Board of Ujjeongbu Eulji Medical
Center (IRB #: NON2021-002). Informed consent was waived
due to the fact that the study utilized publicly available sum-
mary statistics.
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RESULTS

Lipid levels

We adopted IV for lipid levels based on a previous two-sam-
ple MR study on lipid levels and ischemic heart disease in a Ko-
rean population.'s The study performed GWAS on three serum
lipid fractions (low-density lipoprotein [LDL] cholesterol, high-
density lipoprotein [HDL] cholesterol, and triglyceride [TG])
measured in 35,000 Korean participants. Details of the data sourc-
es and IV prioritization process are summarized in Supplemen-
tary Table 1 (in the online-only Data Supplement). To evaluate
their association with PD, we selected 11, 19, and 17 SNPs as IVs
for LDL, HDL, and TG, respectively; the SNPs are listed in Sup-
plementary Tables 2-4 (in the online-only Data Supplement).

The IVW method yielded no evidence to support a causal as-
sociation between LDL levels and PD (beta = 0.009, standard er-
ror [SE] = 0.010, p = 0.332) (Table 1 and Figure 2A). The MR-
Egger test also failed to show a causal association between LDL
levels and PD (beta = 0.006, SE = 0.013, p = 0.682) (Table 1 and
Figure 2A) without evidence of directional pleiotropy, which can
be represented by the intercept deviation from zero (beta = 0.020,
SE =0.054, p = 0.712). Likewise, the weighted median approach
yielded no causal association between LDL levels and PD (beta =
0.007, SE = 0.011, p = 0.518) (Table 1 and Figure 2A). Moreover,
the Cochran’s Q-test showed no evidence of heterogeneity be-
tween IV estimates (Table 1), which was supported by a sym-
metric funnel test (Supplementary Figure 1A in the online-only
Data Supplement), thus indicating no heterogeneity. The leave-
one-out analysis demonstrated that no single SNP drove the

Table 1. MR estimates of the causal effect of exposure to adverse metabolic and anthropometric conditions on Parkinson’s disease

Exposure Method Beta SE p-value Number of SNPs Cochran’s Q statistic Heterogeneity p-value
LDL VW 0.009 0.010 0.332 1 2.35 0.999
MR-Egger 0.006 0.013 0.682 1 2.21 0.988
Weighted median 0.007 0.011 0.518 1 NA NA
HDL IVW 0.011 0.021 0.610 19 4.00 1.000
MR-Egger -0.022 0.041 0.594 19 3.14 1.000
Weighted median 0.010 0.028 0.723 19 NA NA
TG VW 0.002 0.004 0.634 17 3.86 0.999
MR-Egger 0.005 0.006 0.403 17 3.39 0.999
Weighted median 0.002 0.005 0.656 17 NA NA
T2DM VW -0.208 0.190 0.275 89 26.40 1.000
MR-Egger -0.098 0.422 0.817 89 26.61 1.000
Weighted median 0.021 0.287 0.943 89 NA NA
BMI Ivw 0.193 1.098 0.860 8 0.92 0.996
MR-Egger -1.878 3.834 0.624 8 0.60 0.996
Weighted median ~ -0.259 1.347 0.848 8 NA NA

MR, Mendelian randomization; SE, standard error; SNP, single nucleotide polymorphism; LDL, low-density lipoprotein cholesterol; IVW, inverse-vari-
ance weighted method; NA, not applicable; HDL, high-density lipoprotein cholesterol; TG, triglyceride; T2DM, type 2 diabetes mellitus; BMI, body

mass index.
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Figure 2. Scatter plots visualizing the Mendelian randomization (MR) estimates of the different exposures with the outcome (Parkinson’s
disease). The exposures are as follows; A: Low-density lipoprotein cholesterol, B: High-density lipoprotein cholesterol, C: Triglyceride. D:
Type 2 diabetes mellitus, and E: Body mass index. Inverse-variance weighted (IVW), MR-Egger, and weighted median methods are the
main estimators of the analysis; a simple median estimate is shown as a reference.

IVW estimate (Supplementary Figure 1B in the online-only Data
Supplement).

Neither the IVW, MR-Egger, nor weighted median methods
demonstrated evidence of a causal association between HDL
levels and PD (IVW, beta = 0.011, SE = 0.021, p = 0.610; MR-
Egger, beta = -0.022, SE = 0.041, p = 0.594; weighted median,
beta = 0.010, SE = 0.028, p = 0.723) or between TG levels and
PD (IVW, beta = 0.002, SE = 0.004, p = 0.634; MR-Egger, beta =
0.005, SE = 0.006, p = 0.403; weighted median, beta = 0.002, SE =
0.005, p = 0.656) (Table 1, Figure 2B and C). The heterogeneity
tests and leave-one-out analysis showed no significant hetero-
geneity among the IV estimates (Supplementary Figure 1C-F in
the online-only Data Supplement).
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T2DM

We identified a meta-analysis that combined 23 GWASs on
T2DM in 433,540 individuals from an East Asian population,
which included 97,676 Korean individuals from three datasets."”
From the summary statistics, 171 SNPs associated with T2DM
with p <5 x 10*® (unadjusted for BMI) were initially identified as
IV candidates. A total of 89 SNPs were finally selected as the IVs
after the IV prioritization process (Supplementary Tables 1 and 5
in the online-only Data Supplement). The SNP rs7983505 was
excluded because the proxy SNP 152858980 (R* with rs7983505 =
0.960) showed an association with PD in our Korean PD GWAS
(p = 0.0005), although it was not associated with PD in the PD-
Gene database.

The IVW, MR-Egger, and weighted median methods that were



performed to estimate the causal relationship between T2DM
and PD showed no statistically significant associations (IVW,
beta = -0.208, SE = 0.190, p = 0.275; MR-Egger, beta = -0.098,
SE =0.422, p = 0.817; weighted median, beta = 0.021, SE = 0.287,
p =0.943) (Table 1 and Figure 2D). Similarly, the heterogeneity
tests and leave-one-out analysis showed no significant hetero-
geneity among the IV estimates (Supplementary Figure 1G and
H in the online-only Data Supplement).

BMI

We identified a meta-analysis that combined 21 GWASs on
BMI in 134,548 individuals from an East Asian population,
which included 19,325 Korean individuals from five datasets.'®
From the summary statistics, 12 SNPs associated with BMI were
initially identified, and eight SNPs were included as IVs (Sup-
plementary Tables 1 and 6 in the online-only Data Supplement).

The IVW, MR-Egger, and weighted median methods that were
performed to estimate the causal relationship between BMI and
PD showed no significant associations (IVW, beta = 0.193, SE =
1.098, p = 0.860; MR-Egger, beta = -1.878, SE = 3.834, p = 0.624;
weighted median, beta = -0.259, SE = 1.347, p = 0.848) (Table 1
and Figure 2E). The heterogeneity tests and leave-one-out anal-
ysis also showed no significant heterogeneity among the IV es-
timates (Supplementary Figure 11 and J in the online-only Data
Supplement).

DISCUSSION

In this study, we applied MR methods to determine the causal
effect of metabolic conditions (including lipid levels, T2DM, and
BMI) on PD and found that these conditions are not risk fac-
tors in a Korean population.

We found that none of the lipid markers (specifically, LDL,
HDL, or TG) were associated with sporadic PD in a Korean pop-
ulation. Given the functional rationale and genetic evidence that
brain cholesterol homeostasis is altered in neurodegenerative dis-
orders, numerous epidemiological studies have investigated the
association between serum lipid levels and PD.”” Although ear-
lier studies have reported mixed results with both deleterious
and protective associations,””** a recent meta-analysis that com-
bined 13 case—control and eight cohort studies with 980,180 sub-
jects (including 11,188 PD patients) suggested that elevated se-
rum levels of LDL, TG, and total cholesterol may protect against
PD.* Lipids have been implicated in various aspects of PD patho-
genesis; specifically, dysfunctional lipid binding with a-synuclein,
which is the key protein involved in PD, affects the folding, ag-
gregation, and distribution of the protein.”* GWAS for PD vali-
dated numerous hits in lipid-associated pathways, which is rep-
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resented by variants in two well-known lipid pathway genes (GBA
and LRRK?2). The hits in the two genes exhibit differences in
prevalence and types according to the ethnicity of the target
population.”* In contrast to our MR results, European-target-
ed MR studies have shown that higher levels of LDL, TG, and
total cholesterol are associated with a lower future risk of PD.®
Such discrepancies in MR results may also support the signifi-
cance of ethnicity for genetic contributions to PD in the context
of lipid regulation, but more supporting evidence from East
Asian populations is encouraged.

There has long been debate about the association between
T2DM and PD, which share several common features. These
diseases are two of the most common chronic degenerative dis-
eases in humans, and they arise from the destruction of specific
cells (such as nigrostriatal dopaminergic neurons in PD and pan-
creatic beta cells in T2DM). The fact that some drugs targeting
T2DM seem to protect against PD has led to several epidemiolog-
ical investigations.?® One large cohort study found an increased
rate of PD diagnosis following T2DM.” In addition, a recent com-
prehensive study using both meta-analyses of traditional obser-
vational studies and MR methods observed that the presence of
T2DM increases PD risk.*” However, the authors highlighted an
important limitation of the study; specifically, they stated that
the majority of observational data and all of the genetic data were
derived from patients of European ancestry. Both T2DM and PD
exhibit differences between East Asian and European descen-
dants; for example, T2DM develops in East Asian patients at a
lower BMI and a younger age and requires earlier insulin treat-
ment compared with European descendants.” In Western stud-
ies, the prevalence and incidence rates of PD are higher, and male
predominance is more obvious.” In support of these differences
in a clinical context, our study suggests that the association be-
tween T2DM and PD should be investigated more thoroughly
in the Eastern regions.

There are also conflicting results about the association between
BMI and PD. Epidemiological studies have shown that being
overweight may be a risk factor for PD,” whereas other studies
have suggested that being underweight is a risk factor for PD.*
Moreover, the determination of the causal effect of BMI on PD
is difficult due to various potential biases. For example, the pres-
ence of PD can lower BMI due to the hyposmia, change in ap-
petite, and physical inactivity resulting from having the disease.
Such a complex relationship between BMI and PD could result
in the conflicting results that have been reported from traditional
observational studies. Therefore, MR could be a useful method
in delineating a causal association. A previous two-sample MR
study focusing on European descendants found that higher BMI
leads to a lower risk of PD.* Another large MR study investigat-
ing PD reported an inverse relationship between adiposity mea-
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sures (arm fat percentage, leg fat percentage, and trunk fat mass,
among other measures) and PD risk."" In contrast, we found no
evidence to support a causal effect of BMI on PD in a Korean
population. Such contradictory results may suggest that in an
Asian population, body composition is not a pathogenic mech-
anism in PD. However, obesity is more severe in Western than
East Asian societies, and individuals who have higher BMI have
a higher risk of early mortality in the West; therefore, individu-
als with lower BMI may be overrepresented in populations with
PD because of the late appearance of the disease in their lifes-
pan. Due to the fact that the causal relationship between BMI
and PD is still unclear even with MR methods, further studies
to functionally clarify the relationship between adiposity and
neurodegeneration are warranted.

Due to the fact that PD is one of the most common global neu-
rodegenerative disorders, with increased social and economic
burdens, efforts to identify and modify the risk factors associat-
ed with the disease have been undertaken. The most well-estab-
lished risk factors for sporadic PD include age, male sex, and
family history of PD, which are uncorrectable.’ The potential
effects of the three metabolic factors on PD that were investigat-
ed in our study pose great importance, due to the fact that these
factors are modifiable through lifestyle and medication. Although
our results do not support the causal effect of abnormal lipid lev-
els, glucose levels, or BMI on the risk of PD in the Korean popu-
lation, these conditions should be properly managed to avoid
their inherent negative impacts on health. However, our study
justifies the idea that these comorbid conditions do not need to
be strictly adjusted in epidemiological studies on risk factors for
PD in the Korean population.

There were several limitations in our study. First, the number
of individuals included in the outcome database was small com-
pared with those individuals in meta-analyses worldwide. Hence,
the power of the study was relatively low, which could lead to
false-negative results. However, this scenario is inevitable for ge-
netic studies targeting a small genetic group, such as the Korean
population. Further larger-scale MR targeting Korean or East
Asian populations should be encouraged, along with functional
studies. Second, our results showed that the presence of the in-
vestigated exposures does not alter the risk of PD, but conclusions
about whether controlling the metabolic conditions in those in-
dividuals who already have the conditions would lower the risk
of PD or slow the progression of PD cannot be drawn.

In conclusion, our MR analysis does not support the causal
effects of abnormal lipid levels, T2DM, and BMI on the risk of
PD in a Korean population. When considering the different ge-
netic backgrounds between Eastern and Western world popu-
lations, larger MR studies targeting East Asia should be encour-
aged to elucidate their risk factors for PD.
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Supplementary Table 1. Data source informations and instrument selection process

Lipid levels
LDL HDL TG oM sml

Reference 1 2 3
Population Korean East Asians East Asians
Study design GWAS for MR Meta-analysis of GWAS Meta-analysis of GWAS
Data source Korean Genome and Epidemiology Study (KoGES) 23 GWAS 21 GWAS
Sample size 35,000 433,540 134,548
Instrument inclusions & exclusions

Number of SNPs with p < 5.0 x 108 (a) 20 29 20 171 12

SNPs in LD (R? > 0.25) (b) 0 0 0 0 0

SNPs with direct influence on PD (c) 0 1 0 1 0

Proxy SNPs unidentifiable (d) 9 7 & 58 1

Pallindromic SNPs or ambiguous strand 0 2 0 23 3

information (e)
Final number of SNP {a-(b+c+d+e)} 1 19 17 89 8

LDL, low-density lipoprotein cholesterol; HDL, high-density lipoprotein cholesterol; TG, triglyceride; DM, diabetes mellitus; BMI, body mass index;
GWAS, genome-wide association study; MR, Mendelian randomization; SNPs, single nucleotide polymorphisms; LD, linkage disequilibrium; PD,
Parkinson’s disease.

REFERENCES

1. Lee SH, Lee JY, Kim GH, Jung KJ, Lee S, Kim HC, et al. Two-sample Mendelian randomization study of lipid levels and ischemic heart disease. Korean Circ J
2020;50:940-948.

2. Spracklen CN, Horikoshi M, Kim YJ, Lin K, Bragg F, Moon §, et al. Identification of type 2 diabetes loci in 433,540 East Asian individuals. Nature
2020;582:240-245.

3. Wen W, Zheng W, Okada Y, Takeuchi E, Tabara Y, Hwang JY, et al. Meta-analysis of genome-wide association studies in East Asian-ancestry populations
identifies four new loci for body mass index. Hum Mol Genet 2014;23:5492-5504.



Supplementary Table 2. List of instrumental SNPs to calculate the effect estimates of LDL level for PD

R e Exposure (LDL) Outcome (PD)
e Beta SE MAF  Froxy-SNP
used

rs1034601 T 12 CUX2 -1.383 0.256 0.401 Yes 0.000 0.128 0.405
rs1053878 A 9 ABO 2.779 0.288 0.249 No 0.082 0.201 0.245
rs10987824 A 9  FAM102A 1.783 0.323 0.182 Yes -0.051 0.112 0.205
rs11134475 A 5  TIMD4, HAVCR1 -1.786 0.296 0.233 Yes 0.033 0.172 0.232
rs12740374 T 1 CELSR2 -6.085 0.530 0.059 No -0.118 0.176 0.062
rs3846661 A 5 HMGCR -2.827 0.249 0.477 Yes 0.018 0.136 0.482
rs6129731 A 20 TOP1 -1.894 0.321 0.188 Yes -0.026 0.142 0.184
rs737337 C 19 DOCK6 -1.798 0.278 0.278 No 0.052 0.175 0.279
rs7394579 G 11 FADS1, FADS2 -1.827 0.268 0.315 Yes -0.070 0.079 0.318
rs7412 T 19 APOE -16.330 0.505 0.064 No -0.084 0.194 0.065
rs7588415 A 2 LOC101928271, APOB, C20rf43 -2.488 0.377 0.124 No -0.119 0.104 0.119

SNP, single nucleotide polymorphism; LDL, low-density lipoprotein cholesterol; PD, Parkinson’s disease; SE, standard error; MAF, minor allele fre-
quency; CHR, chromosome.



Supplementary Table 3. List of instrumental SNPs to calculate the effect estimates of HDL level for PD

R e Exposure (HDL) Outcome (PD)
SNP  alelle Beta SE map  PTOSNP g sE
used

rs11570891 T 8 LPL 2.148 0.141 0.125 Yes -0.103 0.110 0.124
rs1180333 T 1 PPIEL -0.841 0.151 0.109 Yes 0.052 0.233 0.111
rs12832859 T 12 LOC105370051 0.705 0.116 0.208 Yes 0.132 0.248 0.212
rs1532085 G 15 - -1.531 0.094 0.485 No -0.061 0.077 0.488
rs1883025 T 9 ABCA1 -1.439 0.108 0.252 No -0.069 0.092 0.251
rs2289891 (0 1 SIK3 1.700 0.214 0.051 Yes 0.077 0.338 0.047
rs28679685 G 8 - 1.345 0.117 0.202 No 0.027 0.175 0.196
rs2876971 G 22 UBE2L3 -0.543 0.095 0.422 Yes 0.120 0.214 0.427
rs289745 C 16 - 0.882 0.094 0.484 No 0.013 0.132 0.486
rs2925979 T 16 CMIP -0.534 0.097 0.367 No -0.037 0.099 0.370
rs4149310 A ABCA1 -0.674 0.104 0.287 No -0.073 0.084 0.276
rs4244229 G - 0.531 0.094 0.430 Yes 0.014 0.133 0.422
rs429358 C 19 APOE -1.831 0.160 0.095 No 0.026 0.226 0.099
rs4360631 G 10 - 0.588 0.098 0.360 Yes 0.040 0.159 0.351
rs4983387 A 14 ZBTB42 -0.631 0.098 0.351 No -0.042 0.098 0.349
rs651821 Cc 11 APOA5 -2.683 0.101 0.299 Yes 0.013  0.145 0.300
rs74436333 G 20 PCIF1, LOC107985388 -1.574 0.192 0.065 Yes -0.053 0.214 0.062
rs769446 Cc 19 APOE 1.356 0.189 0.067 Yes -0.084  0.194 0.065
rs821840 G 16 CETP 3.895 0.123 0.171 Yes 0.031 0.190 0.163

SNP, single nucleotide polymorphism; HDL, high-density lipoprotein cholesterol; PD, Parkinson’s disease; SE, standard error; MAF, minor allele fre-
quency; CHR, chromosome.



Supplementary Table 4. List of instrumental SNPs to calculate the effect estimates of TG level for PD

R e Exposure (TG) Outcome (PD)
SNP  alelle Beta  SE Proxy-SNP peta  sE
used

rs113103943 A 6 HLA-DQB1, HLA-DQA2 12.630 1.569 0.054 Yes 0.254 0.455 0.050
rs113988682 G 8 LPL, SLC18A1 -13.980 1.069 0.124 Yes -0.108 0.108 0.123
rs114815710 A 6 MUC22 8.538 1.390 0.070 Yes 0.202 0.403 0.055
rs115697023 G 6 HLA-DOA, HLA-DPA1 12.020 1.698 0.046 Yes 0.213 0.455 0.042
rs1260326 (¢} 2 GCKR -10.480 0.713 0.449 No 0.041 0.154 0.451
rs174541 (03 1 FADS1, FADS2 4.428 0.758 0.319 Yes -0.076 0.076 0.318
rs1865063 T 19 DOCK®6 -4.459 0.794 0.273 Yes 0.024 0.154 0.275
rs28780106 A 6 TRIM40 7.526 1.350 0.074 Yes 0.177 0.352 0.076
rs2954021 A 8 TRIB1, LINC00861 7.537 0.712 0.430 Yes 0.093 0.193 0.417
rs34859606 G 8 LPL, SLC18A1 -8.908 0.885 0.201 Yes 0.027 0.175 0.196
rs4938355 G 11 PCSK7 8.457 1.189 0.098 Yes 0.087 0.265 0.104
rs58542926 T 19 TM6SF2 -9.184 1.338 0.076 No 0.022 0.250 0.073
rs651821 C 1 APOAS5, APOA4 27.960 0.757 0.299 Yes 0.013 0.145 0.300
rs7798357 C 7 MLXIPL -8.347 1.161 0.103 Yes 0.074 0.252 0.103
rs79589473 A 6 LY6G6F 11.460 1.603 0.051 Yes 0.160 0.388 0.052
rs9261547 G 6 HCG17 8.946 1.373 0.072 Yes 0.065 0.281 0.073
rs9436224 C 1 DOCK7 -6.335 0.903 0.190 Yes 0.128 0.252 0.176

SNP, single nucleotide polymorphism; TG, triglyceride; PD, Parkinson’s disease; SE, standard error; MAF, minor allele frequency; CHR, chromo-
some.



Supplementary Table 5. List of instrumental SNPs to calculate the effect estimates of T2DM level for PD

T = Exposure (T2DM) Outcome (PD)
SNP alelle  CHR Beta SE MAF  Proxy-SNP
used

rs1016565 A 9 DMRT2, DMRT3, LINC01230 0.039 0.007 0.421 Yes 0.003 0.127 0.433
rs10736116 C 10 ARHGAP19, ARHGAP19-SLIT1  0.049 0.007 0.306 Yes 0.025 0.154 0.298
rs10830963 G 1 MTNR1B 0.039 0.007 0.421 No 0.029 0.143 0.435
rs10852123 A 15  AP3S2, C150rf38-AP3S2 0.058 0.010 0.201 No -0.064 0.116 0.182
rs10886863 G 10  LINCO01153, FGFR2, MIR5694 -0.058 0.007 0.336 Yes -0.020 0.120 0.296
rs10938398 A GNPDA2, GABRG1 0.049 0.007 0.292 Yes 0.058 0.182 0.281
rs10965248 A 9 CDKN2B-AS1, DMRTA1 -0.182 0.006 0.437 Yes -0.018 0.109 0.435
rs11043003 C 11 ASCL2, MIR4686 0.104 0.012 0.082 Yes -0.097 0.154 0.084
rs11205766 A 1 CDKN2C, MIR4421 -0.086 0.012 0.097 Yes -0.010 0.201 0.095
rs112820281 C 10  PLEKHA1 0.049 0.007 0.410 Yes -0.048 0.092 0.358
rs117267808 A 16  GP2 0.104 0.014 0.078 Yes 0.054 0.264 0.080
rs118074491 G 12 SPPL3 0.191 0.019 0.032 Yes 0.035 0.405 0.027
rs11926494 C 3  UBE2E2, MIR548AC -0.113 0.009 0.180 Yes -0.008 0.147 0.199
rs1215468 T 13  SPRY2, LINC00382, LINCO1080 -0.086 0.007 0.281 Yes 0.020 0.148 0.300
rs1236816 A 10  PTEN 0.039 0.007 0.499 No 0.062 0.169 0.465
rs12600132 T 16  PKD1L3 0.039 0.005 0.432 Yes 0.076 0.181 0.421
rs1260326 C 2 GCKR 0.068 0.007 0.456 No 0.041 0.154 0.451
rs12625671 (0] 20  HNF4A 0.068 0.007 0.442 Yes -0.004 0.120 0.459
rs12698877 G 7 AUTS2 0.068 0.005 0.336 Yes -0.096 0.061 0.342
rs12712928 (0] 2  SIX3, SIx2 0.058 0.007 0.402 Yes -0.113 0.043 0.379
rs13086331 A 3  BCL6, LPP-AS2 -0.049 0.010 0.189 Yes -0.150 0.054 0.176
rs13092876 A 3  IGF2BP2 0.122 0.007 0.312 Yes 0.025 0.149 0.312
rs13266634 G 8  SLC30A8 -0.113 0.007 0.414 Yes 0.024 0.143 0.410
rs1328412 A 9 LOC101927450, TLE4 -0.095 0.014 0.055 Yes 0.006 0.255 0.064
rs1421085 C 16 FTO 0.131 0.009 0.167 No -0.039 0.161 0.122
rs148928116 A 10 JMJDIC -0.058 0.010 0.205 Yes 0.095 0.226 0.190
rs149265787 G 8  JPH1 0.131 0.020 0.024 Yes -0.028 0.330 0.033
rs16902871 G 5  RANBP3L 0.058 0.010 0.149 No 0.030 0.196 0.140
rs1850421 A 3 P2RY1, MBNL1 0.049 0.007 0.278 Yes -0.036 0.106 0.313
rs186568031 T 17  SLC16A11 0.113 0.011 0.094 Yes 0.001 0.211 0.093
rs201018682 A 3  SLC2A2 -0.058 0.010 0.184 Yes 0.033 0.184 0.187
rs2074120 A 7 CALCR 0.039 0.007 0.323 Yes -0.066 0.082 0.328
rs2233580 T 7  PAX4 0.293 0.011 0.086 No 0.008 0.239 0.073
rs2269245 C 1 PGM1 -0.058 0.007 0.185 Yes 0.092 0.238 0.147
rs243018 C 2 MIR4432, LOC101927285 -0.058 0.007 0.334 Yes 0.020 0.143 0.337
rs2583934 T 12 HMGA2, LOC100129940 0.058 0.007 0.340 Yes 0.049 0.164 0.344
rs28599782 A 4 MOB1B 0.068 0.010 0.209 Yes 0.058 0.192 0.221
rs28637892 T 22 WNT7B, ATXN10 0.049 0.007 0.215 Yes 0.077 0.206 0.213
rs2925979 T 16 CMIP 0.039 0.007 0.364 No -0.037 0.099 0.370
rs3135911 A FGFR4 0.049 0.005 0.432 Yes -0.045 0.094 0.389
rs328301 T FGFR1, C8orf86 0.039 0.007 0.328 Yes 0.017 0.144 0.328
rs34204798 G 10  zZmiz1 -0.058 0.007 0.432 Yes 0.128 0.220 0.415
rs349359 C KCNB2 0.039 0.007 0.242 Yes 0.003 0.148 0.237
rs3731600 G SCTR -0.122 0.023 0.032 No 0.019 0.360 0.032
rs3735567 C 7 JAZF1 -0.058 0.010 0.222 Yes 0.018 0.151 0.277
rs3751236 G 12 KLHL42, PTHLH -0.068 0.007 0.328 Yes -0.003 0.131 0.316
rs4148646 C 11 KCNJ11 0.077 0.007 0.385 Yes 0.037 0.154 0.392
rs4237150 C 9 GLIS3 0.068 0.007 0.426 Yes -0.032 0.100 0.414
rs4273712 G 6  RSPO3, MIR588 0.049 0.007 0.469 No -0.017 0.110 0.475
rs475002 G 19  SNAPC2 0.039 0.007 0.518 No 0.015 0.136 0.482
rs476828 C 18  MC4R, PMAIP1 0.086 0.007 0.243 Yes 0.053 0.180 0.242
rs4776970 A 15 MAP2K5 0.039 0.007 0.221 No 0.032 0.175 0.216
rs4922793 T 1 BDNF -0.039 0.007 0.434 Yes 0.076 0.181 0.442
rs532504 A 1 LOC101928778, SEC16B 0.058 0.007 0.213 Yes -0.020 0.130 0.246
rs56687477 A 8  KCNU1, MIR1268A 0.049 0.007 0.323 Yes -0.060 0.086 0.350
rs58524310 G 14  IRF2BPL,LRRC74 0.049 0.007 0.327 Yes 0.001 0.127 0.394
rs60054445 G 3 ADCY5 -0.049 0.007 0.336 Yes -0.058 0.085 0.356
rs6021276 T 20  NFATC2 0.039 0.007 0.410 Yes 0.027 0.144 0.437
rs602652 T 1 CCND1, LOC101928292 -0.058 0.007 0.191 Yes -0.016 0.147 0.184
rs60573766 G 1 LINCO1141 -0.039 0.007 0.355 Yes 0.055 0.171 0.346
rs61021634 A 15  RGMA, LOC101927153 0.049 0.007 0.438 No 0.070 0.176 0.414
rs610930 A 7  AUTS2 0.068 0.007 0.287 Yes -0.065 0.091 0.289
rs62405419 T 6 TFAP2B 0.049 0.007 0.268 Yes 0.029 0.156 0.310
rs62469016 Cc 7  STEAP2 0.068 0.007 0.223 Yes 0.103 0.221 0.222
rs6416749 C 16 HCCATS5, ZFHX3 0.049 0.007 0.375 No -0.021 0.109 0.388
rs6556925 C 5 - 0.039 0.005 0.416 Yes 0.038 0.153 0.431
rs6806156 A 3 ZBTB20, GAP43 -0.049 0.007 0.389 Yes -0.021 0.112 0.370
rs7109575 G 1 ARAP1 -0.140 0.015 0.055 Yes -0.020 0.241 0.064
rs7307263 G 12 LINC01234 0.039 0.007 0.427 Yes 0.020 0.140 0.411
rs73085586 C 20 LOC284788, LINC00261 -0.039 0.007 0.356 Yes -0.033 0.104 0.360
rs7313668 T 12 PTPRR, TSPANS 0.049 0.007 0.374 Yes 0.018 0.140 0.377
rs73708054 (0 EFR3A, ADCY8 0.039 0.007 0.252 Yes 0.012 0.151 0.242
rs74334916 (¢} PARPS8 0.068 0.012 0.075 Yes 0.128 0.309 0.086
rs75990271 T FAM185A, POLR2J2 -0.068 0.010 0.185 Yes -0.004 0.152 0.202
rs76704029 T 15  HERC2 -0.058 0.010 0.278 Yes 0.043 0.165 0.299
rs77065181 A 10  C10orf115 0.086 0.016 0.047 Yes -0.186 0.204 0.036
rs7739842 G ENPP3, MED23 0.049 0.007 0.356 No 0.066 0.175 0.367
rs7787720 T ETV1, ARL4A 0.058 0.007 0.421 Yes 0.062 0.171 0.396
rs7901695 C 10 TCF7L2 0.278 0.017 0.038 Yes 0.090 0.427 0.029
rs8038760 T 15 PTPN9, SIN3A -0.049 0.007 0.392 Yes -0.024 0.108 0.384
rs8043085 T 15  RASGRP1 0.049 0.007 0.449 Yes 0.080 0.184 0.431
rs8064454 A 17  HNF1B 0.122 0.007 0.305 Yes -0.063 0.090 0.296
rs896852 G 8 TP53INP1, NDUFAF6 0.039 0.007 0.300 Yes 0.041 0.164 0.291
rs9316706 A 13 LINC00424, LINC00540 0.039 0.007 0.351 Yes -0.061 0.082 0.385
rs9350271 A 6  CDKAL1 0.191 0.006 0.423 Yes 0.049 0.159 0.474
rs9376382 G 6 ECT2L -0.039 0.005 0.401 Yes 0.087 0.188 0.419
rs9515905 A 13 MIR17, MIR17HG, LINC00379 0.077 0.009 0.831 Yes 0.001 0.176 0.146
rs952472 © 15  HMG20A 0.068 0.007 0.395 Yes -0.069 0.072 0.419
rs9859381 G 3 CASR 0.039 0.005 0.486 Yes 0.028 0.146 0.449

SNP, single nucleotide polymorphism; T2DM, type 2 diabetes mellitus; PD, Parkinson’s disease; SE, standard error; MAF, minor allele frequency;
CHR, chromosome.



Supplementary Table 6. List of instrumental SNPs to calculate the effect estimates of BMI for PD

Exposure (BMI) Outcome (PD)
Intrumental Effect CHR —_—
SNP alelle Beta SE MAF Proxy-SNP
used

rs11030104 T 11 BDNF, BDNF-AS -0.048 0.005 0.45 Yes 0.062 0.170 0.449
rs12463617 G 2 TMEM18, FAM150B -0.063 0.009 0.09 Yes -0.073 0.166 0.086
rs1558902 A 16 FTO 0.076 0.007 0.15 Yes -0.042 0.159 0.122
rs2237892 T 11 KCNQ1 0.033 0.005 0.36 No 0.061 0.171 0.379
rs2535633 G 3 ITIH4, MUSTN1 0.031 0.006 0.41 Yes 0.089 0.191 0.439
rs574367 T 1 LOC101928778, SEC16B 0.058 0.006 0.21 Yes -0.020 0.130 0.246
rs591166 A 18 MC4R, PMAIP1 0.046 0.006 0.24 Yes 0.060 0.179 0.278
rs6545814 G 2 ADCY3 0.033 0.005 0.45 Yes 0.040 0.152 0.446

SNP, single nucleotide polymorphism; BMI, body mass index; PD, Parkinson’s disease; SE, standard error; MAF, minor allele frequency; CHR, chro-
mosome.
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Supplementary Figure 1. Funnel plots (left column) and leave-one-out analysis (right column) of the MR analyses exposures. LDL (A and
B), HDL (C and D), TG (E and F), T2DM (G and H), and BMI (I and J). MR, Mendelian randomization; LDL, low-density lipoprotein choles-
terol; HDL, high-density lipoprotein cholesterol; TG, triglyceride; T2DM, type 2 diabetes mellitus; BMI, body mass index; Cl, confidence in-
terval; IVW, inverse-variance weighted method.



