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Introduction

Stroke is the second leading cause of death and the leading cause 
of disability worldwide.1 From 1990 to 2019, the absolute num-
ber of deaths globally from ischemic stroke increased by 61.0%, 

and disability-adjusted life years due to ischemic stroke increased 
by 57.0%.1 Given its huge socioeconomic burden, novel drug ther-
apies are urgently needed for ischemic stroke.

Metformin, a well-established AMP-activated protein kinase 
(AMPK) activator, is the first-line antidiabetic drug to manage 
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hyperglycemia in type 2 diabetes.2 In addition to its antidiabetic 
effects, metformin may reduce the risk of cardiovascular disease 
and cancer in a manner that goes beyond glycemic control.3,4 Plas-
ma metformin concentrations in patients taking standard clinical 
doses of 1.5–2.0 g/d were only 5–30 μM.5 Recently, Ma et al.6 
found that clinical doses of metformin (low doses of metformin) 
activated lysosomal AMPK through a novel PEN2-ATP6AP1-
ATPase pathway, an AMP-independent mechanism. An experimen-
tal stroke study reported the neuroprotective effects of chronic 
metformin treatment on stroke outcomes, possibly through the 
modification of AMPK activity, which is a pharmacological tar-
get of metformin.7,8 An observational study has shown that met-
formin-pretreated patients with diabetes who had acute stroke 
and underwent thrombolysis had better functional outcomes at 
3 months following ischemic stroke than those not pretreated 
with metformin.9 However, it is unclear whether these findings 
are clinically relevant because of the uncertain generalizability 
of preclinical studies to humans and the susceptibility of obser-
vational studies to confounding and reverse causation. 

Mendelian randomization (MR) is a genetic epidemiological 
approach that uses genetic variants as proxies to study the causal 
effect of an exposure on an outcome; this approach is less vul-
nerable to confounding and reverse causality than traditional 
observational epidemiology.10,11 MR has previously been used to 
study the causal effect of AMPK activation on the risk of cardio-
vascular disease and cancer.3 Here, we performed this MR study 
using genetically proxied AMPK activation to study the AMPK 
pathway-dependent effects of metformin on functional outcome 
following ischemic stroke. 

Methods

Study design
This study used a two-sample MR design that extracted summa-
rized genetic association data for exposure and outcome from 
two independent non-overlapping populations, restricted to Eu-
ropean-ancestry individuals to minimize bias due to population 
stratification. 

 
Genetic instrument selection 
We selected the genetic instruments for AMPK activation from 
a prior study by Luo et al.3 Specifically, Luo et al.3 constructed the 
genetic instruments using the following approaches: (1) single 
nucleotide polymorphisms (SNPs) within 1 MB pairs upstream 
and downstream of genes that encode AMPK subunits; (2) SNPs 
associated with HbA1c (%) (P≤0.05) in the Meta-Analyses of 
Glucose and Insulin-Related Traits Consortium (MAGIC) Europe-
an database including 123,665 participants without diabetes;12 

(3) SNPs were in low linkage disequilibrium (LD, r2<0.3); and (4) 
SNPs were also associated with HbA1c (P≤0.05) in the UK Bio-
bank including 391,199 individuals. Based on the above ap-
proaches, Luo et al.3 identified 44 SNPs as instruments for AMPK 
activation. The instruments for AMPK activation have been vali-
dated in positive control outcomes of HbA1c and type 2 diabe-
tes.3 We used the 44 SNPs (r2<0.3) as genetic instruments for 
AMPK activation in the primary analyses (Supplementary Table 1). 
This relatively lenient LD threshold (r2<0.3) can increase the pro-
portion of variance explained and thus improve statistical power. 
In the sensitivity analyses, we restricted our instrument selection 
to a more stringent LD correlation threshold (r2<0.1). 

Study outcome 
The primary outcome was the modified Rankin Scale (mRS) score 
at 3 months following the onset of ischemic stroke, evaluated 
as a dichotomous variable (mRS 3–6 vs. 0–2) and subsequently 
as an ordinal variable (ordinal mRS). Poor functional outcomes 
were defined by a 3-month mRS score of 3–6. Genome-wide as-
sociation study (GWAS) summary-level data for 3-month mRS 
were extracted from the Genetics of Ischaemic Stroke Functional 
Outcome (GISCOME) network, which includes 6,165 ischemic 
stroke patients of European ancestry.13 In the present study, we 
used two formulations of 3-month mRS: dichotomous mRS (mRS 
3–6 vs. 0–2) and ordinal mRS. In the GISCOME study, 2,335 pa-
tients (37.9%) suffered poor functional outcome (mRS 3–6). Given 
that metformin has been reported to exert protective effects even 
before ischemic stroke onset,9 we used the GWAS results without 
adjusting for baseline National Institutes of Health Stroke Scale 
(NIHSS), and the GWAS results were adjusted for age, sex, and 
principal components. In the sensitivity analyses, we also used 
the GWAS results adjusted for NIHSS, age, sex, and principal 
components.

Evaluating the association of genetically 
predicted AMPK activation with risk of ischemic 
stroke using MR
An important issue of MR in case-only studies is collider bias.14 
To evaluate whether the observed effects of AMPK activation 
on functional outcome following ischemic stroke were due to 
collider bias, we evaluated the causal effect of genetically pre-
dicted AMPK activation on the risk of ischemic stroke. In the ab-
sence of collider bias, the association between genetically prox-
ied AMPK activation and the risk of ischemic stroke should be 
insignificant. Summary data for ischemic stroke were extracted 
from the MEGASTROKE consortium, which includes 34,217 pa-
tients and 406,111 controls of European descent.15 
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Evaluating the impact of genetically predicted 
HbA1c on functional outcome following 
ischemic stroke using MR
To investigate whether the effect of AMPK activation on func-
tional outcomes following ischemic stroke occurred via HbA1c 
lowering or other mechanisms, we evaluated the association be-
tween genetically predicted HbA1c levels and functional out-
comes following ischemic stroke. We obtained 99 independent 
SNPs robustly associated with HbA1c (%) from MAGIC (P<5×10-8, 
r2<0.01) (Supplementary Table 2),16 and found no overlap between 
the 99 HbA1c and 44 AMPK SNPs.

Ethics and patient consent
All data were obtained from GWAS studies with ethical review 
board approval, and all participants provided informed consent.

Statistical analyses
We calculated individual MR estimates and their standard errors 
using the Wald ratio and the delta method, respectively.17 The 
MR estimates of genetically proxied AMPK activation and out-
comes were evaluated by pooling individual MR estimates using 
the fixed effects inverse-variance weighted (IVW) method.17 The 
heterogeneity across individual SNPs was assessed using Co-
chran’s Q test (statistical significance set at P<0.05). To check 
the robustness of the findings, we used several MR methods that 
are more robust to pleiotropy. The weighted median estimator 
requires that ≥50% of the weight is obtained from valid instru-
ments.18 The MR–robust adjusted profile score (MR-RAPS) with 
the Huber loss function models were used to assess the pleio-
tropic effects of SNPs using a random-effects distribution.19 The 
MR–Egger regression produced MR estimates adjusted unbalanced 
pleiotropy, and the MR–Egger intercept test indicated whether 
there was unbalanced pleiotropy.20 However, due to a low statis-
tical power, MR–Egger estimate generally had a lower precision 
than the IVW estimate.20 Finally, the MR pleiotropy residual sum 
and outlier (MR-PRESSO) test was used to detect pleiotropic 
outliers.21 

Odds ratios (ORs) and 95% confidence intervals (CIs) were 
scaled per 1% decrease in HbA1c. All statistical analyses were 
performed with R version 4.0.2 (R Foundation for Statistical Com-
puting, Vienna, Austria), using the MendelianRandomization,22 
mr.raps,19 MR-PRESSO,21 and TwoSampleMR packages.23

Data availability statement 
This study uses publicly available summary-level data. Summary-
level data for ischemic stroke and 3-month mRS scores were ob-
tained from the MEGASTROKE consortium and the Cerebrovas-
cular Disease Knowledge Portal created by the International Stroke 

Genetics Consortium, respectively. The genetic variants used as 
instruments are provided in Supplementary Tables 1 and 2.

Results

According to the IVW analysis, a genetically predicted reduction 
in HbA1c (%) instrumented by 44 AMPK variants was significant-
ly associated with decreased odds of poor functional outcomes 
(mRS 3–6 vs. 0–2, OR: 0.06, 95% CI: 0.01–0.49, P=0.009) (Table 1). 
This association was maintained when 3-month mRS was analyzed 
as an ordinal variable (OR: 0.08, 95% CI: 0.01–0.47, P=0.005). The 
effects remained directionally consistent in MR-RAPS, weighted 
median, and MR–Egger estimates (Table 1), although with wider 
95% CIs, owing to low statistical power. In addition, similar results 
were obtained in the analyses restricted to instrument selection 
with a lower LD threshold (r2<0.1) (Table 1) and in the analyses 
based on the 3-month mRS GWAS with adjustment for NIHSS 
(Supplementary Table 3). Cochran’s Q test and MR–Egger inter-

Table 1. Associations of genetically proxied AMPK activation with func-
tional outcome after ischemic stroke

Outcomes OR (95% CI) P 

Primary analysis (44 SNPs, r2<0.3)

mRS (3–6 vs. 0–2; not adjusted NIHSS)

IVW (P for Cochran’s Q=0.95) 0.06 (0.01–0.49) 0.009 

MR-RAPS 0.04 (0.00–0.52) 0.015 

Weighted median 0.07 (0.00–1.86) 0.111 

MR–Egger (P for intercept=0.93) 0.05 (0.00–3.65) 0.169 

Ordinal mRS (not adjusted NIHSS)

IVW (P for Cochran’s Q=0.81) 0.08 (0.01–0.47) 0.005 

MR-RAPS 0.07 (0.01–0.57) 0.014 

Weighted median 0.09 (0.01–1.31) 0.078 

MR–Egger (P for intercept=0.48) 0.25 (0.01–8.25) 0.435 

Sensitivity analysis (25 SNPs, r2<0.1)

mRS (3–6 vs. 0–2; not adjusted NIHSS)

IVW (P for Cochran’s Q=0.72) 0.05 (0.00–0.75) 0.030 

MR-RAPS 0.03 (0.00–0.80) 0.036 

Weighted median 0.02 (0.00–1.16) 0.059 

MR–Egger (P for intercept=0.68) 0.02 (0.00–4.03) 0.150 

Ordinal mRS (not adjusted NIHSS)

IVW (P for Cochran’s Q=0.45) 0.07 (0.01–0.59) 0.014 

MR-RAPS 0.06 (0.00–0.81) 0.034 

Weighted median 0.07 (0.00–1.61) 0.097 

MR–Egger (P for intercept=0.28) 0.52 (0.01–35.87) 0.764 

AMPK, AMP-activated protein kinase; OR, odds ratio; CI, confidence inter-
val; SNPs, single nucleotide polymorphisms; mRS, modified Rankin Scale 
score; NIHSS, National Institutes of Health Stroke Scale; IVW, inverse-vari-
ance weighted; MR-RAPS, Mendelian randomization–robust adjusted pro-
file score.
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cepts indicated no evidence of pleiotropy (P>0.27). Similarly, 
the MR-PRESSO test did not detect any potential outliers. 

In all MR methods, we did not find robust evidence of geneti-
cally predicted reduction in HbA1c (%) instrumented by 44 AMPK 
variants being associated with risk of ischemic stroke (IVW OR: 
0.80, 95% CI: 0.48–1.35, P=0.412) (Table 2), supporting the con-
tention that their associations with functional outcome may 
not be attributed to collider bias. In addition, using 99 HbA1c in-
struments, we found no evidence that genetically predicted re-
duction in HbA1c (%) was associated with the odds of poor func-
tional outcome (mRS 3–6 vs. 0–2, IVW OR: 0.82, 95% CI: 0.42– 
1.62, P=0.572) (Table 3) and higher 3-month disability as quantified 
by ordinal mRS (IVW OR: 0.72, 95% CI: 0.42–1.24, P=0.240) 
(Table 3), which suggests that the protective effect of metfor-
min, via AMPK pathways, on functional outcome following isch-
emic stroke is likely to occur through a glycemic-independent 
mechanism. In all analyses, we found no evidence of pleiotropy, 
as determined by Cochran’s Q test and MR–Egger intercepts (P> 
0.05) (Tables 2 and 3). Similarly, MR-PRESSO tests did not de-
tect any potential outliers.

Discussion

This is the first MR study to investigate the causal effects of met-
formin based on AMPK variants on functional outcome follow-
ing ischemic stroke. Our findings suggest that AMPK activation 
by metformin may exert beneficial effects on functional outcome 
following ischemic stroke. In addition, our findings support the 
protective effect of metformin via the AMPK pathway likely to 
occur via a glycemic-independent mechanism.

Only one observational study in the European population has 
focused on evaluating the effect of pre-stroke metformin use on 
stroke severity and functional outcome; this study included 
1,919 patients with ischemic stroke and type 2 diabetes who 
underwent intravenous thrombolysis.9 Westphal et al.9 found 
that metformin-pretreated patients presented with less severe 
stroke on admission and better functional outcomes at 3 months 
than those not pretreated with metformin. Furthermore, the re-
searchers found no evidence of differences in HbA1c levels be-
tween metformin-pretreated patients and those not pretreated 
with metformin, supporting the protective effect of pre-stroke 
metformin use on post-stroke outcomes that goes beyond gly-
cemic control. This MR study differs from the previous observa-
tional study by Westphal et al.9 in two respects. First, our MR 
study evaluated the effects of genetically proxied AMPK activa-
tion in a non-diabetic population; however, the previous study 
was conducted in patients with diabetes. Second, this observa-
tional study was influenced by unmeasured confounding factors. 
Conversely, because genetic variants are randomly assigned at 
conception, the MR is less influenced by confounding factors. 

MR estimates represent the effects of lifetime exposure; thus, 
genetically proxied AMPK activation reflects long-term AMPK 
activation by chronic pre-stroke metformin use. An experimen-
tal stroke study also showed that long-term AMPK activation 
by chronic pre-stroke metformin use exerts a protective effect 
on stroke outcome.8 Li et al.8 evaluated the effect of chronic pre-
stroke metformin treatment on experimental stroke and found 
that chronic pre-stroke metformin treatment reduced stroke-in-
duced lactate formation. Long-term AMPK activation by chronic 
metformin treatment may enhance lactate levels in the intact 
brain under sublethal metabolic stress, thereby making the brain 
less susceptible to subsequent injury.8 

The key strength of this study is the use of genetic variants 
within genes that encode AMPK subunits for evaluating the po-
tential effect of proxied AMPK activation by metformin use on 
post-stroke outcomes, which should minimize confounding and 
time-related biases (e.g., reverse causation). 

This study has several limitations. First, our MR study may only 
evaluate the effect of metformin on functional outcomes fol-

Table 3. Associations of genetically predicted reduction in HbA1c (%) with 
functional outcome after ischemic stroke

Outcomes OR (95% CI) P 

mRS (3–6 vs. 0–2)

IVW (P for Cochran’s Q=0.81) 0.82 (0.42–1.62) 0.572 

MR-RAPS 0.90 (0.45–1.82) 0.771 

Weighted median 0.99 (0.31–3.12) 0.979 

MR–Egger (P for intercept=0.29) 1.48 (0.41–5.37) 0.548 

Ordinal mRS

IVW (P for Cochran’s Q=0.79) 0.72 (0.42–1.24) 0.240 

MR-RAPS 0.75 (0.43–1.32) 0.315 

Weighted median 1.00 (0.39–2.52) 0.995 

MR–Egger (P for intercept=0.22) 1.26 (0.44–3.56) 0.665 

OR, odds ratio; CI, confidence interval; mRS, modified Rankin Scale score; 
IVW, inverse-variance weighted; MR-RAPS, Mendelian randomization–ro-
bust adjusted profile score.

Table 2. Associations of genetically proxied AMPK activation with risk of 
ischemic stroke

MR methods OR (95% CI) P 

IVW (P for Cochran’s Q=0.07) 0.80 (0.48–1.35) 0.412 

MR-RAPS 0.80 (0.35–1.82) 0.589 

Weighted median 0.68 (0.30–1.56) 0.364 

MR–Egger (P for intercept=0.28) 0.45 (0.13–1.51) 0.197 

AMPK, AMP-activated protein kinase; MR, Mendelian randomization; OR, 
odds ratio; CI, confidence interval; IVW, inverse-variance weighted; MR-
RAPS, MR-robust adjusted profile score. 
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lowing ischemic stroke via AMPK activation pathways. Further 
studies are needed to assess whether there are AMPK-indepen-
dent pathways involved in the effect of metformin on post-stroke 
outcome. Second, the MR estimates are the effects of lifetime 
exposure, whereas randomized controlled trials (RCTs) evaluate 
short-term pharmacological treatment; thus, further RCTs are 
warranted to verify the protective effect of metformin on post-
stroke outcomes. Third, an important issue of applying MR in case-
only studies is collider bias.14 In this study, if genetically proxied 
AMPK activation was associated with ischemic stroke onset, the 
genetic instruments may be associated with risk factors for on-
set; thus, the association between the genetic instruments and 
functional outcome following ischemic stroke may be vulnerable 
to confounding by these factors. However, we found that geneti-
cally proxied AMPK activation was not associated with the on-
set of ischemic stroke, suggesting that collider bias was unlikely 
to have affected our findings. Fourth, the threshold used for the 
AMPK variant selection was lower than the conventional genome-
wide significance threshold. Nevertheless, the association of vari-
ants with HbA1c was verified in two independent studies (MAGIC 
and UK Biobank), which reduced the possibility of false positives. 
In addition, 44 AMPK variants were validated in the positive con-
trol outcomes of HbA1c and type 2 diabetes. Fifth, our MR study 
only estimated linear causal effects, and further nonlinear MR 
studies are needed to study the dose-response effect of metfor-
min on post-stroke outcomes. Sixth, the effects of metformin 
on post-stroke outcomes for different ischemic stroke subtypes 
are unclear, and further studies are warranted. Seventh, there 
is no evidence of AMPK activation in humans at the clinical dose 
of metformin. Finally, our study was restricted to the European 
population, which limits the generalizability of our findings to 
other populations.

Conclusions

This MR study provides evidence that long-term AMPK activa-
tion by metformin use may exert beneficial effects on functional 
outcome following ischemic stroke. Further research is needed 
to verify these protective effects on functional outcomes after 
ischemic stroke.

Supplementary materials

Supplementary materials related to this article can be found 
online at https://doi.org/10.5853/jos.2022.03230.
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Supplementary Table 1. Fourty-four AMPK variants associated with 
HbA1c in the MAGIC, restricted to participants of European descent

SNP EA NEA Beta (%) SE PMAGIC PUK Biobank

rs10230736 G A -0.0110 0.0038 4.44E-03 4.13E-04

rs10259821 A G -0.0037 0.0019 4.71E-02 1.20E-03

rs10492081 A G -0.0071 0.0024 2.87E-03 9.20E-21

rs1050187 C T -0.0042 0.0019 2.42E-02 1.71E-03

rs10783277 C T -0.0045 0.0019 1.58E-02 4.35E-05

rs10875764 C T -0.0077 0.0038 4.45E-02 1.32E-13

rs10875801 C T -0.0089 0.0023 9.35E-05 5.95E-30

rs10875814 G A -0.0051 0.0024 3.22E-02 1.34E-09

rs10875843 A G -0.0093 0.0045 3.67E-02 4.79E-08

rs11168355 G A -0.0055 0.0022 1.14E-02 2.63E-43

rs11168359 A G -0.0150 0.0032 1.61E-06 6.94E-91

rs11168547 T C -0.0079 0.0026 2.28E-03 1.06E-26

rs11168643 A G -0.0180 0.0061 2.89E-03 3.84E-08

rs11239944 A G -0.0180 0.0061 3.05E-03 1.88E-04

rs11884246 A C -0.0033 0.0017 4.64E-02 2.61E-02

rs12297820 A G -0.0170 0.0029 1.26E-08 1.09E-43

rs12322783 A G -0.0045 0.0023 4.82E-02 1.80E-08

rs12582586 T C -0.0050 0.0024 3.58E-02 1.92E-04

rs12582811 G T -0.0089 0.0033 7.23E-03 1.96E-06

rs12830014 G A -0.0074 0.0037 4.71E-02 8.62E-04

rs1365964 G A -0.0057 0.0029 4.93E-02 6.91E-03

rs1489107 A G -0.0140 0.0058 1.73E-02 2.16E-22

rs1563636 C T -0.0057 0.0025 2.18E-02 1.94E-03

rs1635527 C G -0.0038 0.0019 4.15E-02 4.35E-36

rs16858808 A G -0.0250 0.0120 3.22E-02 2.36E-03

rs17197593 T C -0.0140 0.0062 2.23E-02 5.50E-05

rs17572109 A G -0.0055 0.0020 5.18E-03 1.54E-05

rs17614932 A C -0.0120 0.0051 1.45E-02 2.70E-11

rs17834622 A G -0.0064 0.0019 5.95E-04 1.10E-17

rs1808593 T G -0.0049 0.0024 3.96E-02 3.83E-03

rs1859443 G A -0.0058 0.0025 1.96E-02 6.27E-13

rs1859444 C T -0.0048 0.0024 4.39E-02 1.42E-22

rs2059409 T C -0.0110 0.0047 2.17E-02 1.16E-02

rs2732480 A C -0.0120 0.0020 2.00E-09 1.07E-142

rs2932091 A C -0.0043 0.0021 3.79E-02 1.25E-03

rs3816560 C T -0.0040 0.0019 3.19E-02 2.07E-05

rs4760702 A T -0.0110 0.0048 1.98E-02 1.16E-09

rs6726126 A G -0.0038 0.0018 3.09E-02 3.38E-07

rs7134565 C T -0.0035 0.0018 4.68E-02 3.79E-37

rs7596500 G T -0.0160 0.0074 3.16E-02 8.87E-03

rs7780461 T C -0.0063 0.0032 4.97E-02 1.16E-02

rs7806203 C T -0.0039 0.0020 4.74E-02 6.75E-03

rs7959684 A G -0.0050 0.0021 1.58E-02 1.30E-50

rs7975821 A G -0.0041 0.0021 4.77E-02 2.81E-07

AMPK, AMP-activated protein kinase; MAGIC, Meta-Analyses of Glucose 
and Insulin-Related Traits Consortium; SNP, single nucleotide polymor-
phism; EA, effect allele; NEA, non-effect allele; SE, standard error.

Supplementary Table 2. Ninety-nine variants associated with HbA1c in 
the MAGIC, restricted to participants of European descent

SNP EA NEA Beta (%) SE P

rs10151436 A T 0.0130 0.0021 3.85E-11

rs10169706 T C 0.0260 0.0046 1.48E-08

rs10231021 A T 0.0089 0.0013 8.69E-14

rs10405535 A G 0.0122 0.0016 6.47E-14

rs10419234 T C -0.0224 0.0038 1.47E-09

rs10774624 A G 0.0093 0.0013 4.17E-14

rs10811661 T C 0.0128 0.0017 1.74E-14

rs10830963 C G -0.0197 0.0015 1.54E-36

rs10998752 A G 0.0125 0.0017 1.32E-14

rs11039154 T C -0.0087 0.0014 3.11E-09

rs11224314 A G -0.0152 0.0022 1.61E-13

rs11248914 T C 0.0114 0.0014 1.42E-14

rs11257655 T C 0.0110 0.0016 1.91E-13

rs112578089 A G -0.0360 0.0061 2.18E-11

rs112601576 T C 0.0089 0.0016 2.85E-08

rs11558471 A G 0.0151 0.0014 3.38E-25

rs11643024 A G 0.0084 0.0015 7.98E-10

rs11656775 A G 0.0070 0.0014 2.50E-08

rs11719201 T C -0.0129 0.0015 2.43E-18

rs117233107 A G -0.0470 0.0072 8.45E-11

rs1175549 A C 0.0098 0.0015 7.13E-13

rs12491937 A G 0.0090 0.0013 1.42E-13

rs12612492 T C 0.0188 0.0019 1.88E-26

rs1278769 A G -0.0091 0.0015 5.52E-12

rs13089972 A T 0.0111 0.0014 1.87E-15

rs13134327 A G 0.0144 0.0014 2.81E-26

rs13234131 A G -0.0113 0.0020 2.06E-09

rs13389076 A G 0.0332 0.0038 3.04E-18

rs13419763 T C 0.0080 0.0014 5.48E-09

rs1367173 T C -0.0152 0.0020 1.66E-14

rs138374952 A G -0.0251 0.0045 3.32E-08

rs138917529 A T 0.0377 0.0057 9.50E-11

rs145353824 A C -0.0381 0.0068 2.36E-09

rs1535464 A G -0.0086 0.0017 1.11E-08

rs16926246 T C -0.0727 0.0021 1.02E-268

rs17037289 A G -0.0089 0.0015 2.40E-09

rs174559 A G -0.0106 0.0014 3.31E-13

rs17533945 T C -0.0128 0.0014 1.62E-23

rs1799945 C G 0.0245 0.0018 3.32E-47

rs1800562 A G -0.0383 0.0027 2.33E-50

rs192471087 C G 0.0107 0.0019 1.37E-10

rs1948759 A G -0.0097 0.0017 2.44E-08

rs2273475 A G -0.0128 0.0023 1.99E-09

rs2375278 A G 0.0112 0.0017 1.05E-11

rs247833 A G 0.0085 0.0017 2.85E-08

rs267738 T G 0.0109 0.0016 1.14E-11
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Supplementary Table 2. Continued

SNP EA NEA Beta (%) SE P

rs2748427 A G -0.0307 0.0022 9.82E-49

rs28671200 T G 0.0086 0.0017 1.56E-08

rs2908277 A G 0.0166 0.0020 1.29E-18

rs2954021 A G -0.0070 0.0012 1.92E-10

rs2971670 T C 0.0316 0.0017 5.10E-88

rs340882 C G -0.0084 0.0013 1.48E-10

rs34664882 A G -0.0485 0.0040 4.82E-37

rs360140 A C -0.0084 0.0013 9.62E-13

rs3778321 A G -0.0106 0.0016 4.18E-11

rs3829109 A G -0.0086 0.0015 2.68E-08

rs3842753 T G 0.0075 0.0016 3.93E-08

rs4076213 A G -0.0127 0.0016 3.54E-16

rs452306 T C -0.0098 0.0014 5.51E-13

rs453922 T C -0.0126 0.0021 1.36E-08

rs4727979 A C 0.0121 0.0024 4.61E-08

rs4737009 A G 0.0228 0.0015 8.29E-56

rs4760682 A C 0.0164 0.0018 3.20E-20

rs4894769 A T -0.0073 0.0013 3.61E-09

rs4980325 T G 0.0108 0.0014 4.70E-14

rs560887 T C -0.0307 0.0014 5.55E-122

rs608793 T C 0.0065 0.0013 4.55E-08

rs61750929 T C -0.0284 0.0029 9.49E-24

rs62079722 A C 0.0112 0.0018 1.91E-11

rs62175726 T C -0.0218 0.0036 1.29E-10

rs6445541 T G 0.0077 0.0014 1.14E-08

rs651007 T C 0.0108 0.0015 3.28E-15

rs6804915 A C -0.0108 0.0014 2.76E-16

rs6877043 T C 0.0085 0.0014 1.99E-10

rs6931514 A G -0.0102 0.0014 1.18E-13

rs6980507 A G 0.0109 0.0013 8.15E-20

rs7042939 A G 0.0102 0.0013 1.50E-15

rs7190771 A G 0.0085 0.0013 6.02E-11

rs7198799 T C 0.0083 0.0014 4.76E-09

rs72864470 T C 0.0105 0.0017 1.52E-09

rs7323938 T C -0.0098 0.0018 3.39E-10

rs737092 T C -0.0073 0.0013 7.57E-09

rs7534795 T C 0.0100 0.0016 2.13E-09

rs7547793 A C -0.0118 0.0021 6.61E-09

rs76533333 A G -0.0265 0.0025 2.81E-29

rs76815645 A G -0.0131 0.0022 3.40E-09

rs7861647 T C 0.0128 0.0016 4.50E-14

rs7903146 T C 0.0133 0.0014 1.04E-22

rs7918272 C G -0.0147 0.0015 8.23E-23

rs8138197 A G -0.0073 0.0014 3.54E-08

rs837763 T C 0.0176 0.0013 5.20E-38

Supplementary Table 2. Continued

SNP EA NEA Beta (%) SE P

rs855791 A G 0.0188 0.0013 1.34E-56

rs857725 T G -0.0208 0.0014 5.43E-55

rs9299503 A G 0.0117 0.0023 1.27E-08

rs9376090 T C 0.0247 0.0014 1.90E-62

rs9604472 C G 0.0133 0.0023 1.79E-08

rs9818758 A G 0.0131 0.0017 1.49E-13

rs9909940 T C 0.0322 0.0014 1.43E-116

rs9914988 A G 0.0125 0.0016 4.66E-17

MAGIC, Meta-Analyses of Glucose and Insulin-Related Traits Consortium; 
SNP, single nucleotide polymorphism; EA, effect allele; NEA, non-effect al-
lele; SE, standard error.

Supplementary Table 3. Associations of genetically proxied AMPK activa-
tion with functional outcome after ischemic stroke based on the 3-month 
GWAS results with adjustment for NIHSS

Outcomes OR (95% CI) P 

Sensitivity analysis (44 SNPs, r2<0.3)

mRS (3–6 vs. 0–2; adjusted NIHSS)

IVW (P for Cochran’s Q=0.92) 0.06 (0.01–0.76) 0.029

MR-RAPS 0.04 (0.00–0.93) 0.045

Weighted median 0.08 (0.00–3.61) 0.196

MR–Egger (P for intercept=0.80) 0.04 (0.00–5.29) 0.191

Ordinal mRS (adjusted NIHSS)

IVW (P for Cochran’s Q=0.29) 0.11 (0.02–0.69) 0.018

MR-RAPS 0.10 (0.01–0.91) 0.041

Weighted median 0.07 (0.00–1.08) 0.057

MR–Egger (P for intercept=0.73) 0.20 (0.00–9.62) 0.416

Sensitivity analysis (25 SNPs, r2<0.1)

mRS (3–6 vs. 0–2; adjusted NIHSS)

IVW (P for Cochran’s Q=0.76) 0.06 (0.00–1.14) 0.061

MR-RAPS 0.04 (0.00–1.42) 0.077

Weighted median 0.07 (0.00–6.81) 0.26

MR–Egger (P for intercept=0.61) 0.01 (0.00–5.92) 0.167

Ordinal mRS (adjusted NIHSS)

IVW (P for Cochran’s Q=0.40) 0.10 (0.01–0.91) 0.041

MR-RAPS 0.10 (0.01–1.43) 0.090

Weighted median 0.06 (0.00–1.48) 0.085

MR–Egger (P for intercept=0.67) 0.24 (0.00–23.08) 0.542

AMPK, AMP-activated protein kinase; GWAS, genome-wide association 
study; NIHSS, National Institutes of Health Stroke Scale; OR, odds ratio; CI, 
confidence interval; SNPs, single nucleotide polymorphisms; mRS, modified 
Rankin Scale score; IVW, inverse-variance weighted; MR-RAPS, Mendelian 
randomization–robust adjusted profile score.


