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To investigate whether antidiabetic drugs have a biological basis to be repurposed in PD prevention,
we applied adrug targetMendelian randomization framework to assess associations between genetic
variation in antidiabetic drug targets and PD risk or age at onset (AAO). Instrumental variables (IVs)
were derived from GWAS summary statistics on fasting glucose (FG), glycated hemoglobin (HbA1c),
and gene expression data from GTEx. Apart from SGLT2 inhibitors, all other antidiabetic drugs of
interest could be instrumented through our methods. Positive and negative control analyses were
carried out to validate 20 IVs in the FG arm and 23 IVs in the HbA1c arm. DPP-4 inhibitors failed the
positive control. GWAS summary statistics for PD risk and AAO data were sourced from the IPDGC
andCOURAGE-PD consortia, resulting in 42 083 cases/457 090 controls for risk and 37 103 PD cases
for AAO.MR analyses showed no significant associations across consortia or inmeta-analysis. These
findings do not support a causal role of genetic variation in antidiabetic drug targets in PD risk or AAO.

Parkinson’s disease (PD) is a neurodegenerative disorder affecting around
12million people globally1 with no disease-modifying treatments available2.
PD has a moderate genetic component, with heritability estimated at
16–36% (excluding monogenic mutations, which have higher penetrance,
and account for <2–5% of cases)2,3. The pathophysiology of PD involves
alpha-synuclein aggregation, neuroinflammation, vesicle and synaptic
transport impairment and dysfunction of mitochondria2. Some of these
mechanisms are not unique to PD, and using drugs already proven to work
for other diseases is a promising option in PD treatment.

Type 2 diabetes (T2D) and PD share common molecular4 and biolo-
gical pathways, such as protein accumulation, lysosomal andmitochondrial
dysfunction, and chronic systemic inflammation5–8. Drug repurposing or
repositioning uses already existing and safety-tested drugs for new
indications9. This is preferable compared to developing new substances due
to shorter timeline for development and approval9. Considering that T2D
and PD have biological processes in common, repurposing antidiabetic
medications for PD treatment or prevention has been suggested8. Both
traditional and recently developed antidiabetic drugs have lately been a
focus of repurposing efforts for neurodegenerative diseases10–12, includ-
ing PD8,12.

Metformin has been associated with a lower risk of PD and other
neurodegenerative diseases by a range of observational studies13–15. GLP-1
receptor agonists and DPP-4 inhibitors have also shown promising PD
prevention results in a cohort study of diabetic patients16. According to a
2024 update of the results from PD drug clinical trials, there are 5 ongoing

trials of GLP-1 receptor agonists as disease-modifying treatment for PD17.
On theother hand, a case-control studyof PDrisk indiabetes patients found
no association between a range of diabetes medications (insulins, sulfony-
lureas, DPP-4 inhibitors, GLP-1 receptor agonists andmetformin) and PD,
apart from thiazolidinediones – which was associated with a reduced PD
risk18. Additionally, SGLT2 inhibitors have been discussed as a potentially
viable repurposing alternative19. Thus, observational evidence on potential
repurposing of antidiabetic drugs in PD prevention is conflicting.

Mendelian randomization (MR) is an analytical method that uses
genetic variants (such as single-nucleotide polymorphisms, SNPs) as
instrumental variables (IVs) to proxy environmental exposures,minimizing
confounding and reverse causation in observational studies20,21. Drug target
MR is a specialized form of MR often applied with the aim to explore
repurposing opportunities20. For IVs to be valid in drug target MR, they
shouldmeet three key assumptions: 1) relevance (the IVs are associatedwith
the exposure), 2) independence (IVs are not associated with confounders),
and 3) exclusion restriction (no horizontal pleiotropy, meaning IVs influ-
ence the outcome only through the drug target)20.

MR evidence on potential repurposing of antidiabetic drugs in PD
prevention is inconclusive.Metforminhas been linked to reducedPD risk in
a drug target MR study22, hypothetically due to mechanisms such as
neuroprotection22 or regulation of mitochondrial activity23. However, both
metformin, GLP-1 receptor agonists, and insulin were linked to worsened
motor symptoms in another drug targetMR study24. SGLT2 inhibitors have
also been associated with increased risk for PD in a drug targetMR study25.
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Another MR study suggested sulfonylureas as an alternative for PD
prevention26, while a recent study using the same outcome data source
suggested no repurposing benefit of antidiabetic drugs in general for PD
prevention or treatment27. Limitations of previous drug targetMR studies of
antidiabetic drugs in PD include that they often relied solely on existing
literature or the same resources to identify and validate IVs, they focused on
only a subset of antidiabetic drugs and predominantly used the same
genome-wide association studies (GWAS) for PD-related outcomes.

The aim of the present study was to investigate whether antidiabetic
drugs have a biological basis for repurposing as primary preventive agents
against PD, applying a comprehensive IV selection process and leveraging a
large-scale meta-analysis of genetic data on PD risk and AAO that had not
been previously utilized for the topic of interest from the Comprehensive
Unbiased Risk Factor Assessment for Genetics and Environment in Par-
kinson’s Disease (COURAGE-PD) consortium28–30 in addition to the
International Parkinson’sDiseaseGenomicsConsortium(IPDGC)data31,32.
This resulted in a sample of 42 083 cases and 457 090 controls for PD risk,
and 37 103 cases for PD AAO.

Results
Selection of IVs
The number of IVs (SNPs) per drug class identified varied between zero (no
IVs identified) and 22 (Table 1). Our biologically informed selection criteria
were based on statistical significance from theGWAS summary statistics on
fasting glucose (FG) or glycated hemoglobin (HbA1c) (comprising two
different arms of the analysis) and gene expression data (expression
quantitative trait loci – eQTL). Metformin was instrumented by one IV in
the FG arm, insulin/insulin analogues by two IVs in the FG arm and one in
the HbA1c arm, GLP-1 receptor agonists by three IVs in each arm, and
sulfonylureas by four in the FG arm and two in the HbA1c arm. Thiazoli-
dinediones were instrumented with the most IVs both in the FG arm
(N = 17) and in theHbA1c arm of the study (N = 22). For SGLT2 inhibitors
in both arms andmetformin in the HbA1c arm, no IVs were identified due
to SGLT2 inhibitor IV candidates not fulfilling the filtering criteria in the
downstream GWASes. IVs and their corresponding genes with flanking
regions per drug class are detailed in Table 1. The number of IVs was the
same as the number of genes in all cases. IV alleles were harmonized such
that effect alleles corresponded to negative effect estimates. F statistics were
calculated for all IV sets, and results (F > 10) indicated that the IV sets
selected had appropriate instrument strength (Supplementary Tables 1, 2).

Negative and positive controls
All IVs passed the negative control, as there were no statistically significant
associations between selected IVs and childhood asthma (Fig. 1). Based on
our results, the hypothesis of no association is confirmed by the lack of
association found in the negative control, and thereby in line with MR
assumptions. Checking for directional consistency for decreasing risk of
T2D showed that IVs for thiazolidinediones, metformin (FG arm only),
insulin/insulin analogues and GLP-1 receptor agonists, as well as IVs in the
HbA1c arm for sulfonylureas, passed the positive control (Fig. 1). IVs for
Sulfonylureas in the FG armwere a borderline case butwere kept as IVs. IVs
for DPP-4 inhibitors did not pass the positive control, neither in the FG nor
the HbA1c arm, meaning that DPP-4 MR results do not have the same
validity as the rest of the drugs. Therefore, DPP-4 F statistics weremoved to
be reported separately (Supplementary Table 2).

MR analyses
Meta-analyzing the IPDGC and COURAGE data, the main MR analysis
(inverse variance weighted, IVW) showed no statistically significant asso-
ciations between genetic variation in targets of thiazolidinediones, sulfo-
nylureas, insulin/insulin analogues, GLP-1 receptor agonists and PD risk or
AAO (Fig. 2, Supplementary Table 3). However, based on the Wald ratio
model, the single IV for metformin in the FG arm (rs6598541 in the IGF1R
gene) was significantly associated with lower PD risk (meta-analysis:
B =−2.792, SE = 1.285, p = 0.0298) (Supplementary Table 3). Notably,

though, this statistical significance disappeared after Bonferroni correction
due to testingmultiple drug classes. The results remained non-significant in
consortium-stratified analyses, except for the association between the single
IV for metformin and PD risk in the FG arm in COURAGE-PD prior to
Bonferroni adjustment (COURAGE-PD only: B =−5.155, SE = 2.166,
p = 0.017; IPDGC only: B =−1.509, SE = 1.596, p = 0.345) (Supplementary
Tables 4, 5). We also found that GLP-1 receptor agonist IVs unadjusted,
borderline significantly increasedPDrisk in the FGarm, in theCOURAGE-
PD stratification using the IVWmodel (Beta = 3.024, SE = 1.496, p = 0.043).
We foundnoother statistically significant results for any otherMRmodel in
anyof the consortia (SupplementaryTables 3–5).AlthoughDPP-4 inhibitor
IVs failed the positive control, the corresponding non-significant, mixed
directionality results are displayed in Supplementary Table 6.

Sensitivity analyses
There were large variations by different drug classes in statistical uncer-
tainty, likelydue to the varyingnumber of IVs available per drug.Weplotted
post hoc sensitivity analysis scatterplots ofMR slopes of the GLP-1 receptor
agonists corresponding IVs, to compareMREggerwith the othermodels, as
MREgger results seemeddifferent from theother threemodels. This is likely
to be due to the low number of SNPs, and not due to instrument weakness,
as confirmed by the F statistics (Supplementary Table 1). We examined the
IV effect sizes for each exposure andoutcome to ensure themodel contained
no errors (see Supplementary Fig. 1). We found no evidence of colocali-
zation (Supplementary Table 7), in line with theMR results. Leave-one-out
MR analysis on the thiazolidinediones IVs were in line with our main MR
findings, thus confirming the non-significant results (Supplementary
Table 8).

Discussion
To our knowledge, our drug targetMR study used one of the largest GWAS
samples both for PD risk and AAO by combining data from the
COURAGE-PD and IPDGC consortia, resulting in 42 083 cases/457 090
controls for PD risk and 37 103 cases for PD onset. We found no evidence
that genetic variation in antidiabetic drug targets reduces the risk of PD or
delays its onset. This project was the first to address this question using
GWAS summary statistics from the COURAGE-PD consortium. More-
over, our IV selection approachwas novel, sincewe combined elements and
publicly available resources in a unique and comprehensive way by
including both the downstream biomarker and eQTL levels. While most
previous studies relied on the UK Biobank24,26,27 for GWAS data on
downstream biomarkers, we used data from a different study population
(MAGIC)33.

Our results were in line with findings of two previous antidiabetic drug
target MR studies24,27, but did not support others that found significant
decrease22,26 in PD risk. Based on the IPDGC datasets,Wang et al. found no
significant associations between genetic variation in antidiabetic drug tar-
gets and PD risk, AAO or PD progression27. We extended these findings
with additional data from the COURAGE-PD consortium28,29. A difference
between our study and Wang et al. was the IV selection process, as those
authors used GWAS summary statistics on medication-use from the UK
Biobank34,35, whereas we took a biologically informed approach based on
biomarkers and eQTL. The other study supporting our findings of a lack of
association between genetically predicted antidiabetic drug effects and PD
risk or AAO24 was based on GWAS summary statistics from the FinnGen
biobank and relied on IVs identified by previous studies11,36. Some of these
IVs were selected using downstream biomarkers11, and similar to our
approach, the metformin IVs were selected through a combination of
biomarkers and eQTL36. Yet, those authors identified metformin-related
drug targets in different genes thanwe did36. A potential explanation for this
is that themechanismof actionofmetformin is complex andnot completely
understood37.

Our findings did not confirm the drug target MR findings of Storm
et al., who found preliminarily positive evidence for repurposing met-
formin for PD prevention using the IPDGC datasets22. Storm et al.
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selected IVs through prefrontal cortex and blood tissue-specific eQTL
and pQTL filtering of druggable genes but did not filter specifically for
diabetes-related traits22. Further, our findings did not corroborate amore
recent drug target MR study that reported evidence for repurposing
sulfonylureas to prevent PD based on the IPDGC dataset26 with IVs
selection in a similar fashion to Zhao et al.24, but using IVs from a study
onAlzheimer’s disease selected from theUKBiobank11. It is important to
note though, that using the same sulfonylureas IVs, these results were
not reproduced in the Finngen PD risk dataset24. As we were unable to
instrument genetic variation in targets of SGLT2 inhibitors, a direct

comparison with a previous drug target MR study that reported
increased PD risk related to SGLT2 inhibitors25 is precluded.

We found a slight signal for decreased PD risk related to a SNP in the
IGF1R gene (Insulin-like growth factor 1 receptor), a drug target of met-
formin, in the FGarmbeforeBonferroni adjustment inCOURAGE-PDand
the meta-analysis. The variant has been implicated in inflammatory pro-
cesses in gout38, and is expressed in the heart and to a lesser extent in several
other tissues, including the brain (amygdala)39. Several lines of evidence
support the relevance of IGF-1/IGF1R in the pathophysiology and devel-
opment of PD40.

Fig. 1 | Negative and positive control. Effect estimates refer to the outcome effect
estimate (childhood asthma in panelA on top, and type 2 diabetes in Panel B on the
bottom), not the effect estimates coming from the downstream biomarkers. As we
were proxying antidiabetic drugs effect, the IVs were coded so that they decrease
(negative effect) the two downstream traits (red: fasting glucose, purple: glycated

hemoglobin). In successful negative control (panel A), we hypothesized that the
outcome is not associated with the IVs. In a successful positive control (panel B)
where the outcome is type 2 diabetes, the outcome effect sizes show negative effect
sizes for type 2 diabetes. Note: drug class is referred to as ‘Drug’ in the Figures for
brevity.

Fig. 2 | Inverse variance weighted Mendelian randomization analyses per down-
stream biomarker arm (red: fasting glucose, purple: glycated hemoglobin) using
meta-analysis of COURAGE-PD and IPDGCParkinson’s disease risk (panelA, left)
and meta-analysis of COURAGE-PD and IPDGC Parkinson’s disease age at onset

(panel B, right) outcome data. Effect estimates are log odds ratios. Note: TZD stands
for thiazolidinediones, and drug class is referred to as ‘Drug’ in the Figures for
brevity.
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Notably, there was very little overlap between IVs included in previous
drug targetMR studies on antidiabetics and PD risk and our study, which is
likely explained by the different study populations of the GWAS data for
downstream biomarkers, and our different approach. Only one IV in our
study (rs76895963) in the CCND2 (Cyclin D2 gene) was included in a
previous study27. However, two of the drug target genes in our study, PPIL6
(Peptidylprolyl Isomerase Like 6) and PHETA1 (PH Domain Containing
Endocytic TraffickingAdaptor 1), were alsoGWAS hits in the COURAGE-
PD riskGWAS30. Therewas no overlap between the hits identified by one of
the latest GWASes on PD risk41 and our IVs, but interestingly there was one
overlapping gene: SREBF1, which was a novel GWAS locus corresponding
to GLP-1 receptor agonists and thiazolidinediones in the HbA1c arm
among our IVS.

Observational studies on antidiabetics and PD risk have reported
mixed results. A meta-analysis of population-based cohort studies found
decreased risk of neurodegenerative diseases related to metformin, but no
association with PD13. SGLT2 inhibitors have shown some potential for
repurposing in a population-based Korean cohort study42. Thiazolidine-
diones were associated with lower PD risk in a population-based retro-
spective cohort study of T2D patients in China43. A meta-analysis of
observational evidence from Taiwan and the UK found that pioglitazone
(belonging to the thiazolidinediones drug class) was linked to decreased PD
risk in a dose-response manner44, but another meta-analysis reported no
association between certain thiazolidinediones, metformin, sulfonylureas,
DPP-4 inhibitors and PD risk45. Amajor difference between drug targetMR
and observational studies is the duration of exposure. Drug target MR
studies proxy lifelong exposure to the drug of interest, while observational
studies usually investigate much shorter periods20. Additionally, observa-
tional studies are limited by different biases, such as confounding and
reverse causation, which are minimized in the MR approach.

Large-scale observational data are limited to participantswith diabetes.
A meta-analysis of clinical trials for repurposing newer antidiabetic drugs,
also including persons with heart failure and chronic kidney disease, found
decreased risk of PD related to SGLT2 inhibitors but was limited by small
numbers, short follow-up and lack of exclusion of PD cases at baseline46.
Although early clinical trials of GLP-1 receptor agonists showed promising
results for disease modification in PD47, some later results showed limited
clinical relevance48, and a recent phase 3 trial of the GLP-1 receptor agonist
exenatide for disease modification was negative49.

One of the main strengths of this study was the combination of data
from the COURAGE-PD and IPDGC consortia, which to our knowledge,
resulted in the largest European-ancestry GWAS samples both for PD risk
and AAO. Additionally, we also used data from a large-scale consortium
(MAGIC) for the IV selection, in contrast tomost other similar studies that
relied on the UK Biobank24,26,27. To ensure biological relevance in the IV
selection process, i.e. that the SNP influences gene expression, we imple-
mented an eQTL-filtering step20,36,50. Furthermore, to triangulate findings,
we used sensitivity analyses, including positive and negative controls, in line
with current guidelines for performing and reporting drug target MR
studies51, also displayed in Supplementary Fig. 2.

However, there are limitations to our study. First, we were unable to
instrument SGLT2 inhibitors. Second, the outcome GWAS summary sta-
tistics were mostly based on persons of European ancestry, resulting in
generalizability mainly to European ancestry populations. Further research
on different populations is needed, especially considering that much of the
observational evidence in favor of repurposing antidiabetic drugs for PD
come from East Asia. Finally, it is important to acknowledge the general
limitation stemming from the study design that despite our best efforts to
followbest practice and conduct sensitivity analyses,we cannot fully exclude
that there is pleiotropy at play.

In conclusion, using a drug targetMR frameworkwith a comprehensive
approach to IV selection and summary statistics from a large PD GWAS
sample, we found no significant association between genetic variation in
antidiabetic drug targets andPDrisk orAAO.These results suggest that there
is no indication for repurposing any of the examined antidiabetic drugs for

primary prevention or delayed onset of PD. Future research should focus on
investigating other drug classes as potential strategies for PD prevention.

Methods
Study design: drug target MR
We used a drug target MR framework to investigate whether genetic var-
iation in antidiabetic drug targets would lower the risk or delay the
onset of PD.

MR is an analytic approach in which environmental exposure is
proxied throughgenetic variants, used as instrumental variables (IVs)20,21. In
contrast to conventional observational designs, MR helps to overcome
issues such as unresolved confounding and reverse causation thanks to
Mendel’s law of independent assortment, meaning that the inheritance of
genetic variants related to the trait of interest is independent of (i.e. ran-
domizedwith respect to) the inheritance of other traits21. Thismakes anMR
study similar to a randomized controlled trial, enabling causal inference if
certain assumptions are met52.

Drug target MR is a specific type ofMR concerned with the validation
of drug targets, often with the aim to explore drug repurposing
possibilities20.Unlike conventionalMR,which typicallyuses genetic variants
(IVs) associated with an exposure, drug target MR restricts instruments to
cis-acting variants located near or within the gene encoding the drug target.
IVs should pass three assumptions in a drug targetMR study20: (i) relevance
assumption, i.e. the drug affects the relevant tissues, e.g. by incorporating
downstream biomarkers in IV filtering; (ii) independence assumption, the
relationship between IVs and the outcome are independent of confounders;
(iii) exclusion restriction assumption (or 'no horizontal pleiotropy'
assumption53), effects frompleiotropicmechanisms shouldbe separate from
the drug target’s effect20. The first assumption is testable; the remaining two
are not testable, but falsifiable54. Byfiltering variantswithin the cis-regions of
relevant genes, including an eQTL step in the IV selection process, incor-
poratingGWASes on downstreambiomarkers, such as FG andHbA1c, and
applying LD clumping as the final step alongside downstream biomarkers,
we aimed to ensure biological relevance fulfilling the three assumptions.

Data resources
Genes linked to the antidiabetic drugs under study were identified from
PubChem55 andDrug-Gene InteractionDatabase (Beta version)56. All drugs
are listed in Supplementary Table 9.

To proxy antidiabetic drug effects, we used summary statistics from
two GWASes from theMeta-Analyses of Glucose and Insulin-related traits
Consortium(MAGIC): oneon fasting glucose (FG) andanother onglycated
hemoglobin (HbA1c)33,57. Both datasets were restricted to European
populations to harmonize with the available outcome datasets. To our
knowledge, theMAGIC samples donot overlapwith the outcomeGWASes.
For the outcomes of PD risk and age at onset (AAO), we relied on GWAS
summary statistics from two consortiums for each: IPDGC31,32 and the
COURAGE-PD consortium28–30. As there is some sample overlap between
the IPDGC and COURAGE-PD, we excluded the part of the sample from
COURAGE-PD that overlaps with IPDGC41–44. The PD risk datasets
included cases and PD-free controls, while the AAO GWAS datasets only
focused on PD cases with the aim to identify genetic loci associated with the
variation in onset age. For our meta-analyses of these two GWASes, our
sample included 42 083 cases/457 090 controls for risk and 37 103 PD cases
for AAO, thus resulting in the best-powered study so far.

We also used multi-tissue eQTL data, selected from The Genotype-
Tissue Expression (GTEx) Portal39,58. Sample size and further details on the
GWASes used and the eQTL dataset can be found in Supplementary
Table 10.

Selection of IVs
The IV selection process is described in Fig. 3. We first identified a list of
antidiabetic drugs for the drug classes of interest (e.g. tolazamide for sul-
fonylureas, exenatide for GLP-1 receptor agonists, etc., see Supplementary
Table 9) and genes associated with them. We defined our IVs as SNPs. IV
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selection was divided into two parallel, downstream biomarker arms, each
relating to diabetes: FG and HbA1c, corresponding to the proxied anti-
diabetic drug effects (lowering FG and HbA1c, respectively). The two arms
were kept separate to facilitate interpretation of the results. SNPs were
extracted from these two GWASes on glycemic traits in the cis-variant
region of the genes (defined as ±2500 base pairs of the gene location, similar
to previous research11), as well as from within the gene region. To ensure
biological relevance, SNPs were then filtered requiring genome-wide sig-
nificance (p < 5 ×10⁻⁸) in at least one of 48 tissues in the GTEx multi-tissue
eQTL resource39,59, sincemost antidiabetic drug targets are expressed across
multiple tissues. We then filtered further by requiring a strong association
with FG and HbA1c (p < 0.00001 in their respective GWASes). SGLT2
inhibitor IV candidates were lost during the latter filtering step, as they had
higher p values. We used both eQTL and GWASes on downstream bio-
markers to strengthen the plausibility of the relevance- and ‘no horizontal
pleiotropy’ assumptions in the MR design53, since having both filters helps
with proxying the protein quantitative trait loci (pQTL) level20,36. We then
performed LD clumping of the SNPs per drug class separately in each
downstreambiomarker arm, retaining SNPsusing the r2 cutoff of 0.001; this
LD clumping step contributed towards the independence assumption of
MR IV selection20. The remaining SNPswere then linked back to genes, and
then to drugs whose effects the genes proxy, and finally to the overall drug
classes. To ensure that the SNPs proxied antidiabetic drug effects con-
sistently and to allow interpretation of the positive and negative control as
well as MR analyses, SNPs were coded so that effect alleles lower FG and
HbA1c levels, respectively. F statistics were calculated to test the strength of
each IV set.

Positive and negative control
To ascertain directional consistency of genetically predicted drug effects
with clinical trial evidence/drugmechanisms, we performed positive and

negative control analyses for the selected IVs per drug class11 by random
effects meta-analysis of individual SNP effect sizes on the control
outcome.

For the positive control, we used T2D as the outcome and cor-
responding GWAS summary statistics from FinnGen (T2D, wide
definition)60. As the SNPs were coded so that the effect allele lowers
FG and HbA1c, we expected that they would also be associated with
lower risk for T2D. Therefore, drug classes with pooled estimates
showing directional consistency were considered to pass the positive
control.

For the negative control, childhood asthma risk was chosen as the
outcome, as we hypothesized that the selected exposures and drug
targets are not causally affecting childhood asthma risk. We used
GWAS summary statistics on childhood asthma (age <16) from the UK
Biobank through the IEU OpenGWAS project61. In line with our
hypothesis of no relationship between our IVs and risk for childhood
asthma, drug classes that pass the negative control should have a pooled
estimate showing no significant effect.

MR analyses
For theMR analyses, our outcome GWAS summary statistics were PD risk
and PDAAO.Weused 5 differentMRmodels (Wald ratio, inverse variance
weighted [IVW], MR Egger, weighted mean and weighted median) and
conducted analyses for each outcomebymeta-analyzing SNPs from the two
consortia using fixed-effects models, plus analyses stratified by consortium.
The analyses were kept separate depending on the downstream biomarker
used (FG orHbA1c). LD clumping andMR analyses were carried out using
the TwoSampleMR package in R (version 0.6.14)62.

All analyses were conducted in R (versions 4.2.3 and R 4.4.0)63.
Genomic locations corresponded to the GRCH37/hg19 genome assembly
via the R/Bioconductor package biomaRt64,65.

Fig. 3 | Flowchart of instrumental variable selection. HbA1c stands for glycated hemoglobin, and drug class is referred to as ‘Drug’ in the Figures for brevity.
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Sensitivity analyses
To ensure the validity of our results, we conducted sensitivity analyses.
These included post-analysis scatterplots to investigate effect sizes, con-
fidence intervals and MRmodel slopes further where we deemed results as
unusual or extreme. We have also conducted colocalization analysis where
MR signals were the most pronounced, to be able to answer the question
whether the exposure signal and the outcome signal are truly driven by the
same variant or whether it only appears so due to LD66. Since thiazolidi-
nediones had the highest number of IVs, leave-one-outMR using IVWwas
also conducted to investigate whether there are any outliers.

Data availability
Apart fromCOURAGE-PDdatasets, all data used are publicly available. For
details, see Supplementary Table 10.

Code availability
R codes are available on Zenodo (https://doi.org/10.5281/zenodo.
19388329), apart from the codes working directly on COURAGE-PD data.
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