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Obesity partially mediates the diabetogenic effect of lowering low-density lipoprotein

cholesterol.
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Abstract

Objective: Low-density lipoprotein cholesterol (LDLc) lowering drugs modestly increase body
weight and type 2 diabetes risk, but the extent to which the diabetogenic effect of lowering LDLc

is mediated through increased body mass index (BMI) is unknown.

Research Design and Methods: We conducted summary-level univariable and multivariable
Mendelian randomization (MR) analyses in 921,908 participants to investigate the effect of
lowering LDLc on type 2 diabetes risk and the proportion of this effect mediated through BMI.
We used data from 92,532 participants from 14 observational studies to replicate findings in

individual-level MR analyses.

Results: One-SD decrease in genetically predicted LDLc was associated with increased type 2
diabetes odds (odds ratio [OR] 1.12, 95% confidence interval (CI) 1.01, 1.24) and BMI ($=0.07
SD units, 95% CI 0.02, 0.12) in univariable MR analyses. The multivariable MR analysis
showed evidence of an indirect effect of lowering LDLc on type 2 diabetes through BMI (OR
1.04 95% CI 1.01, 1.08) with a proportion mediated of 38% of the total effect (p=0.03). Total
and indirect effect estimates were similar across a number of sensitivity analyses. Individual-
level MR analyses confirmed the indirect effect of lowering LDLc on type 2 diabetes through

BMI with an estimated proportion mediated of 8% (p=0.04).

Conclusion: These findings suggest that the diabetogenic effect attributed to lowering LDLc is
partially mediated through increased BMI. Our results could help advance understanding of
adipose tissue and lipids in type 2 diabetes pathophysiology and inform strategies to reduce

diabetes risk amongst individuals taking LDLc lowering medications.
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Emerging data from large-scale randomized clinical trials have shown that low-density
lipoprotein cholesterol (LDLc) lowering drugs influence glycemic control in addition to their
hypolipidemic and cardioprotective effects (1-3). This evidence is supported by data showing
that naturally occurring genetic variation in molecular targets of LDLc lowering drugs, such as
genetic variants in or near HMGCR, NCPIL1, and PCSKY, are associated with impaired
glycemic control and higher risk of type 2 diabetes (3—6). In absolute terms, such risk represents

one additional case per 255 patients taking lipid lowering drugs for 4 years (1).

Preliminary studies have also provided evidence that lowering LDLc is associated with weight
gain (3—6). In a meta-analysis of lipid lowering clinical trials, LDLc lowering therapy increased
body weight by 0.24 kg after 4-years of follow-up (3). Furthermore, in a combined analysis of
genetic studies, each additional LDLc-lowering risk allele at HMGCR gene, which reduced
LDLc by 0.06 mmol/L (95% CI 0.05, 0.07), was associated with 0.30 kg/m? higher body mass
index (BMI) (3). Similar observations have been reported for variation in or near other lipid-
lowering drug targets such as PCSK9 (5,6). This suggests that the increased type 2 diabetes risk
observed in lipid-lowering trials and genetic studies might be in part mediated by weight gain,

but no studies have tested this hypothesis to date.

In this study, we leveraged human genetic data to test the hypothesis that the diabetogenic effect
of LDLc lowering is mediated through increased BMI. We used summary-level data from three
large-scale genetic studies including 921,908 European-descent participants to conduct
univariable and multivariable Mendelian randomization (MR) analyses. Then, we implemented
individual-level MR analyses to replicate the findings in 92,532 participants from 14

observational studies.
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RESEARCH DESIGN AND METHODS
Study design

We conducted summary-level univariable and multivariable MR analyses to assess the extent to
which the diabetogenic effect of LDLc lowering is mediated through BMI. MR is a
methodological approach that uses human genetic variation associated with modifiable exposures
as instrumental variables to test the causal effect of a risk factor on a disease or health-related
outcome. With MR, a genetic variant serves as a valid instrument if certain assumptions hold,
including that the genetic variant is associated with the exposure of interest, there are no
common causes of genotype and health outcome, and the genetic variant affect the outcome only
through their effect on the risk factor of interest (7). Summary-level MR analyses were
conducted using data from large-scale genome-wide association studies (GWAS) for LDLc from
UK Biobank (8), BMI from Genetic Investigation of Anthropometric Traits (GIANT) (9), and
type 2 diabetes from DIAbetes Genetics Replication And Meta-analysis (DIAGRAM) (10).
Summary-level MR analyses were complemented with the analysis of individual-level data in
92,532 participants from 14 observational studies within the Cohorts for Heart and Aging
Research in Genomic Epidemiology (CHARGE) consortium (11). Figure 1 conceptually depicts

our approach, and Table 1 and Table 2 summarize the studies included in each analysis.
Data sources

We obtained summary statistics from GWAS for each respective phenotype. For circulating lipid
traits, we obtained data based on 440,546 UK Biobank participants of European ancestry (8).
These traits included LDLc, high-density lipoprotein cholesterol (HDL-c), and triglycerides. We
did not exclude participants already on statins in UK Biobank because excluding a certain group

of people would be prone to collider bias when these genetic variants are used as genetic
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instruments in MR (12). Lipid traits were rank-normalized such that the GWAS effect sizes are
in standard deviation units, corresponding to 0.87mmol/L (8). Covariate adjustments in these
GWAS included age, sex, and genotyping array, and population stratification was addressed
through the use of linear mixed models (13). To identify genetic instrumental variables for
LDLc, we first selected variants associated with LDLc at genome-wide significance (p<5x10-%)
that were also available in the type 2 diabetes GWAS dataset. These variants were then clumped
using a pair-wise linkage disequilibrium (LD) cutoff of 72<0.001 within a 1Mb clumping
window estimated using data from the 1000 Genomes European as a reference panel.
Palindromic variants were excluded. This procedure identified 232 genetic instruments

(Supplementary Table 1).

For BMI, we obtained genetic association estimates for BMI from the GIANT consortium’s 2015
GWAS meta-analysis of 322,154 participants of European descent (9). BMI was rank-
normalized such that the GWAS effect sizes are in standard deviation units (corresponding to
~4.7kg/m?). Models were adjusted for age, age squared, and study-specific covariates (including
principal components to adjust for population stratification). The meta-analysis of study specific
GWAS was corrected by double genomic control to account for population stratification.
Utilizing the same variant selection procedure detailed above, we identified 75 variants to use as

instrumental variables for BMI (Supplementary Table 2).

Association estimates for type 2 diabetes were obtained from publicly available genetic
association estimates from DIAGRAM genome-wide association study meta-analysis of 26,676
T2D cases and 132,532 controls (10). Statistical adjustment in this GWAS included age, sex, and

principal components of ancestry.
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For replication of summary-level MR findings, we included data from 14 cohorts within the
CHARGE consortium to conduct individual-level MR analyses. A total of 92,532 individuals
(n=12,073 prevalent type 2 diabetes cases) with complete genotype and phenotype data and
without prevalent cardiovascular disease, including coronary heart disease, cerebrovascular
disease, and peripheral artery disease were included in these analyses. Detailed characteristics of
the participating cohorts and study participants are shown in Table 2, Supplementary Table 3,
and Supplementary Appendix 1. All study participants provided written informed consent to
participate in genetic studies, and ethical approval to conduct this study was obtained from local

research ethics committees.

For individual-level MR analyses we elaborated a pre-specific protocol including information,
such as definitions of exposures, outcomes, and covariates, and statistical analysis plan prior to
data analysis. The document that was distributed to each participating study can be found in
Supplementary Appendix 2. For individual-level MR analyses, ascertainment of type 2 diabetes
was defined by fasting or non-fasting glucose determinations, treatment with either insulin or
hypoglycemic agents, or by reviewing multiple sources of evidence, including linkage to primary
care registers and hospital admissions. LDLc was estimated using the Friedewald formula (14) or
directly measured using enzymatic assays. BMI was calculated as weight in kilograms divided

by the square of the height in meters.
Statistical analysis

We performed summary-level univariable MR analyses to investigate the total, indirect, and
direct effects of LDLc on type 2 diabetes (Figure 1). The total effect is defined as the net effect
of genetically predicted LDLc on type 2 diabetes irrespective of mechanism and was estimated

using 232 LDLc genetic instruments. The indirect effect is defined as the effect of genetically
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predicted LDLc on type 2 diabetes that is mediated through BMI. The indirect effect was
calculated using the product of coefficients method (15), in which we multiplied the MR
estimate for the effect of LDLc on BMI and the MR estimate for the effect of BMI on type 2
diabetes. To test the null hypothesis of no mediation through BMI, we calculated confidence
intervals for the indirect effect using a previously described Monte Carlo method (16). We used
the propagation of error method to derive a p value for the indirect effect (17). We also
calculated the proportion of the mediated effect by dividing the indirect effect by the total effect.
The direct effect is defined as the association of genetically predicted LDLc on type 2 diabetes
through mechanisms independent of mediation. To estimate the direct effect, we used
multivariable MR. For multivariable MR analyses, variants from the univariable analysis were
used again after undertaking further LD clumping to account for correlation between LDLc and
BMI genetic instruments. A total of 259 variants were used as instrumental variables in

multivariable MR (Supplementary Table 4).

LDLc instrument strength was assessed by deriving the F statistic based on the proportion of
variance in the phenotype explained by the genetic variants, sample size, and number of
instruments (18). The overall effect-sizes on type 2 diabetes were reported as odds ratios (OR)
and 95% confidence intervals of OR (95% CI) per 1SD decrease in genetically predicted LDLc,
which corresponds to 0.87 mmol/L (8). In the figures, we used beta coefficients to report
estimated effect sizes due to the inclusion of binary and continuous outcomes in the same figure,
but in the main text we elected to provide OR (=exp(beta)) for binary outcomes as it is easier to
interpret than the beta coefficients. Heterogeneity was examined using Cochran’s Q statistic (19).
Summary-level MR analyses were conducted using the inverse-variance weighted method

implemented in the TwoSampleMR package v4.26 (20).

1
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We performed sensitivity analyses that are more robust than the inverse-variance weighted
method to certain forms of pleiotropy, including the weighted median (21), MR-Egger (22), and
MR-PRESSO (23). Given the strong effect of genetic variation in 70 on BMI, we performed
analyses excluding lead variants in this locus. In a separate sensitivity analysis to investigate the
extent to which our results were affected by pleiotropic effects of LDLc genetic variants on other
lipids, we conducted multivariable MR analyses to account for pleiotropic effects of LDLc
genetic variants on HDLc and triglycerides. Because reverse causal effect of mediator on
exposure or outcome on mediator may bias mediation estimates (16), we used MR-Steiger to
filter out genetic instruments that explained more of the variance in the outcome trait than in the
exposure (24). We also investigated whether LDLc lowering alleles in or near genes encoding
molecular targets of lipid-lowering therapy (NPCIL1, HMGCR, PCSKY, and LDLR) were
associated with increased odds of type 2 diabetes and BMI. For these analyses we included all
variants within 100 kb on either side of each lipid lowering therapy target gene that were
associated with LDLc at a genome wide level of significance and that were in a pair-wise LD

cutoff of 72<0.001 within a 1Mb clumping window.

Individual-level MR analyses were conducted separately in studies from the CHARGE
Consortium. We estimated the causal effect of the exposure on the outcome using 2-stage least-
squares regression. In the first stage, we respectively regressed each exposure of interest on 232
LDLc and 75 BMI genetic instruments and obtained their predicted values, respectively. The
genetic instruments were encoded into dosage according to the number of LDLc or BMI
increasing-alleles from the respective GWAS, and variants were included separately rather than
aggregated in a polygenic score. In the second stage, logistic and linear regression models were

fitted adjusting for age, sex, the first five ancestry-derived principal components, and cohort-
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specific covariates. To obtain the total effect of LDLc on type 2 diabetes we performed logistic
regression with type 2 diabetes as the outcome and genetic predicted LDLc as exposure. We
estimated indirect effects by taking the product of predicted LDLc effect on BMI and predicted
BMI effect on type 2 diabetes. We used multivariable MR to estimate direct effect. The predicted
LDLc was first obtained from the clumped list of 259 genetic instruments for LDLc and BMI.
Then, we conducted logistic regression with type 2 diabetes as the outcome predicted LDLc
adjusting for age, sex, the first five ancestry-derived principal components, and cohort-specific
covariates. The estimated effects from participating cohorts were combined using fixed-effects

meta-analysis.

12
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RESULTS

We conducted summary and individual-level MR analyses to investigate the extent to which
BMI partially mediated the effect of lowering LDLc on type 2 diabetes odds (Figure 1). The 232
genetic instruments for LDLc explained 7% of the variance in LDLc and had a mean F statistic

of 142, indicating no evidence of weak genetic instruments.

One-SD reduction in genetically predicted LDLc increased the odds of type 2 diabetes by 12%
(95% CI 1.01, 1.24; Q test p<0.001; Figure 2a). To calculate the effect of lowering LDLc on type
2 diabetes mediated through BMI, we first tested for an association of genetically predicted
LDLc with BMI and showed that 1 SD reduction in genetically predicted LDLc increased BMI
by 0.07 SD units (95% CI 0.02, 0.12; Q test p<0.001; Figure 2a). Next, we tested for an
association of genetically predicted BMI with type 2 diabetes and showed that 1 SD increase in
genetically predicted BMI had an odds ratio on type 2 diabetes of 2.05 (95%CI 1.45, 2.92; Q test
p<0.001; Figure 2a). We estimated that the effect of LDLc on type 2 diabetes mediated through
BMI had an odds ratio of 1.05 (95% CI 1.01, 1.10; Figure 2a), and the calculated proportion
mediated was 44% of the total effect (p=0.03; Figure 2a). In multivariable MR, we observed less
evidence of a direct effect of lowering LDLc on type 2 diabetes (OR 1.12 95% CI1 0.96, 1.31;
Figure 2a) and the indirect effect had an odds ratio of 1.04 (95% CI 1.01, 1.08; Figure 2a) with a

proportion mediated of 38% of the total effect (p=0.03; Figure 2a).

We performed several sensitivity analyses. We first leveraged methods that relax the MR
assumption of no unbalanced horizontal pleiotropy and observed largely consistent estimates for
the total effect of lowering LDLc on the odds of type 2 diabetes and BMI (Supplementary Table
5). Results were similar after excluding genetic instruments in the F70 locus (Supplementary

Table 5). We also investigated whether our results were affected by pleiotropic effects of LDLc

1
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genetic variants on other lipid traits. This analysis provided consistent estimates on the total
effect of lowering LDLc on type 2 diabetes odds after accounting for pleiotropic effects on
triglycerides and HDLc (OR 1.18, 95% CI 1.05, 1.33; Supplementary Table 5). When analyzed
within LDLc drug targets, the diabetogenic effect of lowering LDLc was particularly evident for
genetic variation in or near NPCIL1 (OR 4.44, 95% CI 1.84, 10.70) and PCSK9 (OR 1.32, 95%
CI 1.01, 1.73; per 1 SD reduction in genetically driven LDLc, Supplementary Figure 1). LDLc
lowering alleles at HMGCR were primarily associated with increased BMI by 0.29 SD units
(95% CI1 0.20, 0.39; Supplementary Figure 1). Further, in an analysis to investigate potential
reverse causal effects, we observed largely consistent results with our primary analysis. In this
sensitivity analysis, the indirect effect of LDLc on type 2 diabetes had an odds ratio of 1.04 (95%
CI 1.01, 1.07) and the calculated proportion mediated through BMI was 39% of the total effect

(p=0.003; Supplementary Table 6).

Using individual-level data from 92,532 participants, we showed that 1 SD reduction in
genetically predicted LDLc increased the odds of type 2 diabetes by 20% (95% CI 1.12, 1.27;
Figure 2b). In an analysis to investigate the effect of lowering LDLc on BMI, we showed that 1
SD reduction in genetically driven LDLc increased BMI by 0.02 SD units (95% CI 0.00, 0.04;
Figure 2b). One-SD increase in genetically predicted BMI increased the odds of type 2 diabetes
by 97% (95% CI 1.92, 2.03; Figure 2b). We estimated that the effect of LDLc on type 2 diabetes
mediated through BMI had an odds ratio of 1.01 (95% CI 1.00, 1.03), and the calculated
proportion mediated was 8% of the total effect (p=0.04; Figure 2b). Similar to summary-level
MR, we observed less evidence of a direct effect of lowering LDLc on type 2 diabetes in
individual-level MR (OR 1.17, 95% CI 0.99, 1.39; Figure 2b). Cohort-specific estimates are

provided in Supplementary Figures 2-4.
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CONCLUSIONS

Results from this MR study using large-scale human genetic datasets support the observation that
lowering LDLc has a causal effect on risk of type 2 diabetes and provide consistent evidence that
the diabetogenic effects of lowering LDLc is in part mediated through increased BMI. These
results could help prioritize investigation of weight gain prevention to mitigate type 2 diabetes
risk amongst individuals taking LDLc lowering medications and inform future studies to insight

into molecular mechanisms linking adipose tissue and lipids in type 2 diabetes pathophysiology.

The effect of genetically predicted LDLc on type 2 diabetes is aligned with previous evidence
from both meta-analysis of randomized controlled trials and genetic studies showing that drugs
designed to reduce LDLc are associated with impaired insulin sensitivity and new-onset type 2
diabetes (1-6). In support of these observations, individuals with high LDLc levels due to
familial hypercholesterolemia appear to have a lower prevalence of diabetes than unaffected
relatives (25). However, data from FOURIER, a randomized, placebo-controlled trial

of subcutaneous injections of the anti-PCSK9 monoclonal antibody evolocumab, showed no
evidence of an association between pharmacological PCSK9 inhibition and incidence of new-
onset diabetes or glycemic alterations (26). While FOURIER was adequately powered to detect
the effect sizes for diabetes risk identified in genetic studies, the many differences between MR
and clinical trials in terms of duration, scale, and timing might explain the discrepant results. For
example, while MR estimates from our study can be interpreted in the context of lifelong
exposure to reduced LDLc in the general population, FOURIER investigated pharmacological
PCSKD9 inhibition over ~2 years of follow-up in patients with atherosclerotic disease who were
on statin therapy. By leveraging the most recent genetic associations for LDLc in MR analyses,

our results further support that the diabetogenic effect of lowering LDLs is likely attributable to

1
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processes related to modification of LDLc per se rather than by pleiotropic effects of lipid

lowering medications.

Our study adds to knowledge by formally investigating whether increased BMI mediates the
effect of lowering LDLc on type 2 diabetes risk. Previous meta-analyses of lipid lowering trials
have described a subtle increase in weight caused by lipid lowering drugs (3). Further, genetic
variants associated with lower circulating LDLc have also associated with modest increase in
BMI (3—6). However, none of previous studies could establish whether or not the diabetogenic
effect of LDLc lowering operates through increased BMI. By conducting mediation analysis in
the context of MR, our study provides evidence of an indirect effect of LDLc on type 2 diabetes
through BMI, suggesting that molecular pathways for lower circulating LDLc converge into
mechanisms related to higher BMI. However, reverse causation might still exist even that we
observed little evidence of such effects in a sensitivity analysis excluding genetic instruments
more strongly linked to the outcome than the exposure. In addition, the potential diabetogenic
effect of lowering LDLc mediated through BMI could be explained by changes in diet among
people taking hypolipemic medications as documented in a previous study in which caloric
intake increased by ~10% (95% CI 1.8 to 18.1) from 1999-2000 to 2009-2010 among individuals
taking statins (27). Findings from our study, in the context of MR, suggest that BMI is a causal
mediator of the diabetogenic effect of lowering LDLc, and that this effect is less likely to be
confounded by other measured or unmeasured factors such as increased caloric intake. Our
summary-level MR analysis supports that ~40% of the effect of lowering LDLc on increased
type 2 diabetes risk is mediated through BMI, but this estimate was attenuated to 8% in the

individual-level MR setting. Lack of independence between gene-exposure and gene-outcome
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estimates in presence of confounding in the individual-level MR setting might explain why the

proportion mediated was attenuated (28).

Results from this study may inform further studies to better understand pathophysiological
processes leading to dyslipidemia and impaired glucose metabolism. For example, new studies to
investigate adipocyte physiology in the context of lowering LDLc might add to previous
experimental observations showing that lowering LDLc impairs adipocyte maturation (29),
differentiation (30), and adipokine secretory profile (31,32). In addition, previous experimental
studies have suggested that methyl-B-cyclodextrin-mediated cholesterol depletion of 3T3-L1
adipocytes results in defective glucose uptake and oxidation, diminished GLUT-4 expression,
and impaired insulin signaling (33), and that increased intracellular cholesterol produces islet cell
dysfunction with reduced insulin secretion and cell proliferation (34). Our results support further
investigations in the crosstalk between adipose tissue and the liver, and are aligned with data
showing that genes involved in intracellular lipid and cholesterol transport, processes that occur
primarily in adipocytes but are closely linked to liver metabolism, are responsible for the inverse
effect on LDLc and blood glucose (35). A recent study has also shown that genetic variants with
opposite effects on LDLc and type 2 diabetes are mainly involved in lipogenesis, hepatic fat
uptake, and insulin secretion and action (36). Of note, several of the identified loci with opposite
effects on LDLc and type 2 diabetes were also associated with BMI, including sortilin

1 (SORTI). SORT1 is highly expressed in adipocytes and hepatocytes, and the sortilin gene
product facilitates the formation and export of VLDL from the liver (37). Taken together, these
results highlight the relevance of adipose tissue and liver in the diabetogenic effect of lowering
LDLc and support further investigations to better understand molecular mechanisms by which

lowering LDLc might impact adipocyte function, lipid metabolism, and dysglycemia.
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The implication that increased BMI partially mediates the effect of lowering LDLc and type 2
diabetes risk could help inform clinical interventions to mitigate the diabetogenic effects of lipid
lowering medications. For example, lipid lowering strategies that promote adipose tissue
expandability might have relevant implications for mitigating the dysglycemic effects of
lowering LDLc. Previous evidence suggest that the ANGPTL4 p.Glu40Lys loss-of-function
variant is associated with directionality consistent effects on type 2 diabetes and coronary artery
disease, and that their cardioprotective benefits are consistent across the population distribution
of LDLc lowering alleles (38). While the cardioprotective benefit of lipid lowering medications
vastly outweigh the harm from increased type 2 diabetes risk (39), findings from this and other
studies might have relevant clinical implications as they suggest it might be prudent to monitor
body weight and glycemic status after initiating lipid lowering medications, especially among

those at high risk for type 2 diabetes.

While MR is more robust to confounding and measurement error relative to conventional
observational methods (7), our results may still be biased by pleiotropic or bidirectional effects
of the variants modelled as instrumental variables. Although such bias cannot be entirely
excluded, it is reassuring that we obtained similar estimates in several sensitivity MR methods
that each make different assumptions concerning the presence of pleiotropic or bidirectional
variants. Sample overlap in the context of MR means that estimated effect sizes for variants
associated with the exposure and the outcome are partly coming from the same participants.
Sample overlap might bias the causal effect estimate induced by environmental confounding. A
recent study using simulation and real data has shown that the magnitude of sample overlap bias
is likely to be small, and that sample overlap usually leads to an underestimation of the true

causal effect (40) which means that the contributions of LDL-lowering therapies to obesity and
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type 2 diabetes risk are likely higher than we report here. Also, summary-level analyses were
performed using data from European populations, while ancestry-diverse populations were
included in the individual-level MR analysis. To alleviate potential issues related to low
transferability of genetic associations identified in GWAS that mostly included European descent
participants to other populations, our genetic instruments in individual-level MR analyses were
included separately without weighting rather than aggregated in a polygenic score using
European derived weights. Nonetheless, generalizability to other ancestry groups might be

uncertain.

In conclusion, our findings support that elevated BMI partially mediates the diabetogenic effects
observed with lowering LDLc. Further exploration of this mechanism may yield insights into
adipose tissue and type 2 diabetes pathophysiology, and targeted weight control strategies may
be investigated to mitigate the increased risk of type 2 diabetes amongst individuals taking LDLc

lowering therapies.
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Figure legends

Figure 1.

Title: Direct acyclic graph to illustrate total, direct, and indirect effects of LDLc on type 2

diabetes.

Figure legend: Directed acyclic graphs demonstrating (A) the hypothesized direction for the
total effect of lower low-density lipoprotein cholesterol (LDLc) on increased odds of type 2
diabetes (T2D) and (B) the hypothesized direction for the effect of lower LDL-c on increased

body mass index (BMI), which may partially mediate the effect of lowering LDLc on T2D risk.

Figure 2.

Title: Mendelian randomization estimates for the total, indirect, and direct effect of a genetically

predicted low LDLc on type 2 diabetes.

Figure legend: Forest plot of univariable and multivariable Mendelian randomization estimates
for the total, indirect, and direct effect of a genetically driven low LDLc on type 2 diabetes from
summary-level (a) and individual-level analyses (b). The indirect effect was calculated using the
products of the coefficient method (methods). The direct effect was obtained using multivariable
mendelian randomization (methods). Estimates for genetically predicted LDLc analyses were
oriented to reflect the effect of 1-SD decrease in LDLc on the outcome. We used beta
coefficients to report estimated effect sizes in the figure due to the inclusion of binary and

continuous outcomes, but in the main text we elected to provide odds ratios (=exp(beta)) for
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binary outcomes as it is easier to interpret than the beta coefficients. LDLc: low-density
lipoprotein cholesterol; MR: Mendelian randomization; BMI: body mass index; CI: confidence

interval; T2D: type 2 diabetes.
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Table 1. Characteristics of genome-wide association studies included in summary-level

Mendelian randomization analyses.

Trait / GWAS Consortium  Ethnicity Sample size (total Unit of PMID
Phenotype or cases/controls) measure
LDLc UK Biobank European 440,546 1-SD (mmol/L) 32203549
BMI GIANT European 322,154 1-SD (kg/m?) 25673413
T2D DIAGRAM European 26,676 /132,532 Log-odds 28566273

Table footnote: GWAS datasets included in summary-level MR analyses

Abbreviations PMID, PubMed ID; LDLc, low density lipoprotein cholesterol; T2D, Type 2
Diabetes; BMI, body mass index; DIAGRAM: DIAbetes Genetics Replication And Meta-
analysis; GIANT: Genetic Investigation of ANthropometric Traits.
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Table 2. Characteristics of the cohorts included in individual-level Mendelian randomization

analyses.

Page 32 of 97

Participating Cohorts

Coronary Artery Risk Development in Young Adults
Cardiovascular Health Study
Danish General Suburban Population Study

European Prospective Investigation into Cancer and
Nutrition-Potsdam study

Family Heart Study

Framingham Heart Study

Hispanic Community Health Study / Study of Latinos
Jackson Heart Study

Johns Hopkins Genetic Study of Atherosclerosis Risk
Malmo Diet and Cancer study

Mass General Brigham Biobank

Multi-Ethnic Study of Atherosclerosis

Rotterdam Study

Women's Genome Health Study

TOTAL

Abbreviation Country Sample size T2D cases
CARDIA USA 1,715 253
CHS USA 4,276 448
GESUS Denmark 7,120 321
EPIC-Potsdam Germany 2,316 93
FamHS USA 2,353 256
FHS USA 5,368 601
HCHS/SOL USA 11,822 2,271
JHS USA 2,992 999
GeneSTAR USA 2,526 379
MDC-CC Sweden 4,764 830
MGBB USA 13,925 1,806
MESA USA 4,912 1,064
RS The Netherlands 7,686 842
WGHS USA 20,757 1,910
92,532 12,073

Table footnote. Shown for each participating cohort the country of origin, the available sample

size with genetic and exposure information, and the number of individuals T2D that were

included.
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101 Abstract

102  Objective: Low-density lipoprotein cholesterol (LDLc) lowering drugs modestly increase body
103 weight and type 2 diabetes risk, but the extent to which the diabetogenic effect of lowering LDLc

104  is mediated through increased body mass index (BMI) is unknown.

105  Research Design and Methods: We conducted summary-level univariable and multivariable
106  Mendelian randomization (MR) analyses in 921,908 participants to investigate the effect of
107  lowering LDLc on type 2 diabetes risk and the proportion of this effect mediated through BMI.
108  We used data from 92,532 participants from 14 observational studies to replicate findings in

109  individual-level MR analyses.

110 Results: One-SD decrease in genetically predicted LDLc was associated with increased type 2
111  diabetes odds (odds ratio [OR] 1.12, 95% confidence interval (CI) 1.01, 1.24) and BMI (=0.07
112 SD units, 95% CI 0.02, 0.12) in univariable MR analyses. The multivariable MR analysis

113 showed evidence of an indirect effect of lowering LDLc on type 2 diabetes through BMI (OR
114 1.04 95% CI 1.01, 1.08) with a proportion mediated of 38% of the total effect (p=0.03). Total
115  and indirect effect estimates were similar across a number of sensitivity analyses. Individual-
116  level MR analyses confirmed the indirect effect of lowering LDLc on type 2 diabetes through

117  BMI with an estimated proportion mediated of 8% (p=0.04).

118  Conclusion: These findings suggest that the diabetogenic effect attributed to lowering LDLc is
119  partially mediated through increased BMI. Our results could help advance understanding of
120  adipose tissue and lipids in type 2 diabetes pathophysiology and inform strategies to reduce

121  diabetes risk amongst individuals taking LDLc lowering medications.

122
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Emerging data from large-scale randomized clinical trials have shown that low-density
lipoprotein cholesterol (LDLc) lowering drugs influence glycemic control in addition to their
hypolipidemic and cardioprotective effects (1-3). This evidence is supported by data showing
that naturally occurring genetic variation in molecular targets of LDLc lowering drugs, such as
genetic variants in or near HMGCR, NCPIL1, and PCSKY, are associated with impaired
glycemic control and higher risk of type 2 diabetes (3—6). In absolute terms, such risk represents

one additional case per 255 patients taking lipid lowering drugs for 4 years (1).

Preliminary studies have also provided evidence that lowering LDLc is associated with weight
gain (3—6). In a meta-analysis of lipid lowering clinical trials, LDLc lowering therapy increased
body weight by 0.24 kg after 4-years of follow-up (3). Furthermore, in a combined analysis of
genetic studies, each additional LDLc-lowering risk allele at HMGCR gene, which reduced
LDLc by 0.06 mmol/L (95% CI 0.05, 0.07), was associated with 0.30 kg/m? higher body mass
index (BMI) (3). Similar observations have been reported for variation in or near other lipid-
lowering drug targets such as PCSK9 (5,6). This suggests that the increased type 2 diabetes risk
observed in lipid-lowering trials and genetic studies might be in part mediated by weight gain,

but no studies have tested this hypothesis to date.

In this study, we leveraged human genetic data to test the hypothesis that the diabetogenic effect
of LDLc lowering is mediated through increased BMI. We used summary-level data from three
large-scale genetic studies including 921,908 European-descent participants to conduct
univariable and multivariable Mendelian randomization (MR) analyses. Then, we implemented
individual-level MR analyses to replicate the findings in 92,532 participants from 14

observational studies.
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RESEARCH DESIGN AND METHODS
Study design

We conducted summary-level univariable and multivariable MR analyses to assess the extent to
which the diabetogenic effect of LDLc lowering is mediated through BMI. MR is a
methodological approach that uses human genetic variation associated with modifiable exposures
as instrumental variables to test the causal effect of a risk factor on a disease or health-related
outcome. With MR, a genetic variant serves as a valid instrument if certain assumptions hold,
including that the genetic variant is associated with the exposure of interest, there are no
common causes of genotype and health outcome, and the genetic variant affect the outcome only
through their effect on the risk factor of interest (7). Summary-level MR analyses were
conducted using data from large-scale genome-wide association studies (GWAS) for LDLc from
UK Biobank (8), BMI from Genetic Investigation of Anthropometric Traits (GIANT) (9), and
type 2 diabetes from DIAbetes Genetics Replication And Meta-analysis (DIAGRAM) (10).
Summary-level MR analyses were complemented with the analysis of individual-level data in
92,532 participants from 14 observational studies within the Cohorts for Heart and Aging
Research in Genomic Epidemiology (CHARGE) consortium (11). Figure 1 conceptually depicts

our approach, and Table 1 and Table 2 summarize the studies included in each analysis.
Data sources

We obtained summary statistics from GWAS for each respective phenotype. For circulating lipid
traits, we obtained data based on 440,546 UK Biobank participants of European ancestry (8).
These traits included LDLc, high-density lipoprotein cholesterol (HDL-c), and triglycerides. We
did not exclude participants already on statins in UK Biobank because excluding a certain group

of people would be prone to collider bias when these genetic variants are used as genetic
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instruments in MR (12). Lipid traits were rank-normalized such that the GWAS effect sizes are
in standard deviation units, corresponding to 0.87mmol/L (8). Covariate adjustments in these
GWAS included age, sex, and genotyping array, and population stratification was addressed
through the use of linear mixed models (13). To identify genetic instrumental variables for
LDLc, we first selected variants associated with LDLc at genome-wide significance (p<5x10-%)
that were also available in the type 2 diabetes GWAS dataset. These variants were then clumped
using a pair-wise linkage disequilibrium (LD) cutoff of 72<0.001 within a 1Mb clumping
window estimated using data from the 1000 Genomes European as a reference panel.
Palindromic variants were excluded. This procedure identified 232 genetic instruments

(Supplementary Table 1).

For BMI, we obtained genetic association estimates for BMI from the GIANT consortium’s 2015
GWAS meta-analysis of 322,154 participants of European descent (9). BMI was rank-
normalized such that the GWAS effect sizes are in standard deviation units (corresponding to
~4.7kg/m?). Models were adjusted for age, age squared, and study-specific covariates (including
principal components to adjust for population stratification). The meta-analysis of study specific
GWAS was corrected by double genomic control to account for population stratification.
Utilizing the same variant selection procedure detailed above, we identified 75 variants to use as

instrumental variables for BMI (Supplementary Table 2).

Association estimates for type 2 diabetes were obtained from publicly available genetic
association estimates from DIAGRAM genome-wide association study meta-analysis of 26,676
T2D cases and 132,532 controls (10). Statistical adjustment in this GWAS included age, sex, and

principal components of ancestry.
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For replication of summary-level MR findings, we included data from 14 cohorts within the
CHARGE consortium to conduct individual-level MR analyses. A total of 92,532 individuals
(n=12,073 prevalent type 2 diabetes cases) with complete genotype and phenotype data and
without prevalent cardiovascular disease, including coronary heart disease, cerebrovascular
disease, and peripheral artery disease were included in these analyses. Detailed characteristics of
the participating cohorts and study participants are shown in Table 2, Supplementary Table 3,
and Supplementary Appendix 1. All study participants provided written informed consent to
participate in genetic studies, and ethical approval to conduct this study was obtained from local

research ethics committees.

For individual-level MR analyses we elaborated a pre-specific protocol including information,
such as definitions of exposures, outcomes, and covariates, and statistical analysis plan prior to
data analysis. The document that was distributed to each participating study can be found in
Supplementary Appendix 2. For individual-level MR analyses, ascertainment of type 2 diabetes
was defined by fasting or non-fasting glucose determinations, treatment with either insulin or
hypoglycemic agents, or by reviewing multiple sources of evidence, including linkage to primary
care registers and hospital admissions. LDLc was estimated using the Friedewald formula (14) or
directly measured using enzymatic assays. BMI was calculated as weight in kilograms divided

by the square of the height in meters.
Statistical analysis

We performed summary-level univariable MR analyses to investigate the total, indirect, and
direct effects of LDLc on type 2 diabetes (Figure 1). The total effect is defined as the net effect
of genetically predicted LDLc on type 2 diabetes irrespective of mechanism and was estimated

using 232 LDLc genetic instruments. The indirect effect is defined as the effect of genetically
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predicted LDLc on type 2 diabetes that is mediated through BMI. The indirect effect was
calculated using the product of coefficients method (15), in which we multiplied the MR
estimate for the effect of LDLc on BMI and the MR estimate for the effect of BMI on type 2
diabetes. To test the null hypothesis of no mediation through BMI, we calculated confidence
intervals for the indirect effect using a previously described Monte Carlo method (16). We used
the propagation of error method to derive a p value for the indirect effect (17). We also
calculated the proportion of the mediated effect by dividing the indirect effect by the total effect.
The direct effect is defined as the association of genetically predicted LDLc on type 2 diabetes
through mechanisms independent of mediation. To estimate the direct effect, we used
multivariable MR. For multivariable MR analyses, variants from the univariable analysis were
used again after undertaking further LD clumping to account for correlation between LDLc and
BMI genetic instruments. A total of 259 variants were used as instrumental variables in

multivariable MR (Supplementary Table 4).

LDLc instrument strength was assessed by deriving the F statistic based on the proportion of
variance in the phenotype explained by the genetic variants, sample size, and number of
instruments (18). The overall effect-sizes on type 2 diabetes were reported as odds ratios (OR)
and 95% confidence intervals of OR (95% CI) per 1SD decrease in genetically predicted LDLc,
which corresponds to 0.87 mmol/L (8). In the figures, we used beta coefficients to report
estimated effect sizes due to the inclusion of binary and continuous outcomes in the same figure,
but in the main text we elected to provide OR (=exp(beta)) for binary outcomes as it is easier to
interpret than the beta coefficients. Heterogeneity was examined using Cochran’s Q statistic (19).
Summary-level MR analyses were conducted using the inverse-variance weighted method

implemented in the TwoSampleMR package v4.26 (20).
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We performed sensitivity analyses that are more robust than the inverse-variance weighted
method to certain forms of pleiotropy, including the weighted median (21), MR-Egger (22), and
MR-PRESSO (23). Given the strong effect of genetic variation in 70 on BMI, we performed
analyses excluding lead variants in this locus. In a separate sensitivity analysis to investigate the
extent to which our results were affected by pleiotropic effects of LDLc genetic variants on other
lipids, we conducted multivariable MR analyses to account for pleiotropic effects of LDLc
genetic variants on HDLc and triglycerides. Because reverse causal effect of mediator on
exposure or outcome on mediator may bias mediation estimates (16), we used MR-Steiger to
filter out genetic instruments that explained more of the variance in the outcome trait than in the
exposure (24). We also investigated whether LDLc lowering alleles in or near genes encoding
molecular targets of lipid-lowering therapy (NPCIL1, HMGCR, PCSKY, and LDLR) were
associated with increased odds of type 2 diabetes and BMI. For these analyses we included all
variants within 100 kb on either side of each lipid lowering therapy target gene that were
associated with LDLc at a genome wide level of significance and that were in a pair-wise LD

cutoff of 72<0.001 within a 1Mb clumping window.

Individual-level MR analyses were conducted separately in studies from the CHARGE
Consortium. We estimated the causal effect of the exposure on the outcome using 2-stage least-
squares regression. In the first stage, we respectively regressed each exposure of interest on 232
LDLc and 75 BMI genetic instruments and obtained their predicted values, respectively. The
genetic instruments were encoded into dosage according to the number of LDLc or BMI
increasing-alleles from the respective GWAS, and variants were included separately rather than
aggregated in a polygenic score. In the second stage, logistic and linear regression models were

fitted adjusting for age, sex, the first five ancestry-derived principal components, and cohort-
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specific covariates. To obtain the total effect of LDLc on type 2 diabetes we performed logistic
regression with type 2 diabetes as the outcome and genetic predicted LDLc as exposure. We
estimated indirect effects by taking the product of predicted LDLc effect on BMI and predicted
BMI effect on type 2 diabetes. We used multivariable MR to estimate direct effect. The predicted
LDLc was first obtained from the clumped list of 259 genetic instruments for LDLc and BMI.
Then, we conducted logistic regression with type 2 diabetes as the outcome predicted LDLc
adjusting for age, sex, the first five ancestry-derived principal components, and cohort-specific
covariates. The estimated effects from participating cohorts were combined using fixed-effects

meta-analysis.
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RESULTS

We conducted summary and individual-level MR analyses to investigate the extent to which
BMI partially mediated the effect of lowering LDLc on type 2 diabetes odds (Figure 1). The 232
genetic instruments for LDLc explained 7% of the variance in LDLc and had a mean F statistic

of 142, indicating no evidence of weak genetic instruments.

One-SD reduction in genetically predicted LDLc increased the odds of type 2 diabetes by 12%
(95% CI 1.01, 1.24; Q test p<0.001; Figure 2a). To calculate the effect of lowering LDLc on type
2 diabetes mediated through BMI, we first tested for an association of genetically predicted
LDLc with BMI and showed that 1 SD reduction in genetically predicted LDLc increased BMI
by 0.07 SD units (95% CI 0.02, 0.12; Q test p<0.001; Figure 2a). Next, we tested for an
association of genetically predicted BMI with type 2 diabetes and showed that 1 SD increase in
genetically predicted BMI had an odds ratio on type 2 diabetes of 2.05 (95%CI 1.45, 2.92; Q test
p<0.001; Figure 2a). We estimated that the effect of LDLc on type 2 diabetes mediated through
BMI had an odds ratio of 1.05 (95% CI 1.01, 1.10; Figure 2a), and the calculated proportion
mediated was 44% of the total effect (p=0.03; Figure 2a). In multivariable MR, we observed less
evidence of a direct effect of lowering LDLc on type 2 diabetes (OR 1.12 95% CI1 0.96, 1.31;
Figure 2a) and the indirect effect had an odds ratio of 1.04 (95% CI 1.01, 1.08; Figure 2a) with a

proportion mediated of 38% of the total effect (p=0.03; Figure 2a).

We performed several sensitivity analyses. We first leveraged methods that relax the MR
assumption of no unbalanced horizontal pleiotropy and observed largely consistent estimates for
the total effect of lowering LDLc on the odds of type 2 diabetes and BMI (Supplementary Table
5). Results were similar after excluding genetic instruments in the F70 locus (Supplementary

Table 5). We also investigated whether our results were affected by pleiotropic effects of LDLc
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genetic variants on other lipid traits. This analysis provided consistent estimates on the total
effect of lowering LDLc on type 2 diabetes odds after accounting for pleiotropic effects on
triglycerides and HDLc (OR 1.18, 95% CI 1.05, 1.33; Supplementary Table 5). When analyzed
within LDLc drug targets, the diabetogenic effect of lowering LDLc was particularly evident for
genetic variation in or near NPCIL1 (OR 4.44, 95% CI 1.84, 10.70) and PCSK9 (OR 1.32, 95%
CI 1.01, 1.73; per 1 SD reduction in genetically driven LDLc, Supplementary Figure 1). LDLc
lowering alleles at HMGCR were primarily associated with increased BMI by 0.29 SD units
(95% CI1 0.20, 0.39; Supplementary Figure 1). Further, in an analysis to investigate potential
reverse causal effects, we observed largely consistent results with our primary analysis. In this
sensitivity analysis, the indirect effect of LDLc on type 2 diabetes had an odds ratio of 1.04 (95%
CI 1.01, 1.07) and the calculated proportion mediated through BMI was 39% of the total effect

(p=0.003; Supplementary Table 6).

Using individual-level data from 92,532 participants, we showed that 1 SD reduction in
genetically predicted LDLc increased the odds of type 2 diabetes by 20% (95% CI 1.12, 1.27;
Figure 2b). In an analysis to investigate the effect of lowering LDLc on BMI, we showed that 1
SD reduction in genetically driven LDLc increased BMI by 0.02 SD units (95% CI 0.00, 0.04;
Figure 2b). One-SD increase in genetically predicted BMI increased the odds of type 2 diabetes
by 97% (95% CI 1.92, 2.03; Figure 2b). We estimated that the effect of LDLc on type 2 diabetes
mediated through BMI had an odds ratio of 1.01 (95% CI 1.00, 1.03), and the calculated
proportion mediated was 8% of the total effect (p=0.04; Figure 2b). Similar to summary-level
MR, we observed less evidence of a direct effect of lowering LDLc on type 2 diabetes in
individual-level MR (OR 1.17, 95% CI 0.99, 1.39; Figure 2b). Cohort-specific estimates are

provided in Supplementary Figures 2-4.
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CONCLUSIONS

Results from this MR study using large-scale human genetic datasets support the observation that
lowering LDLc has a causal effect on risk of type 2 diabetes and provide consistent evidence that
the diabetogenic effects of lowering LDLc is in part mediated through increased BMI. These
results could help prioritize investigation of weight gain prevention to mitigate type 2 diabetes
risk amongst individuals taking LDLc lowering medications and inform future studies to insight

into molecular mechanisms linking adipose tissue and lipids in type 2 diabetes pathophysiology.

The effect of genetically predicted LDLc on type 2 diabetes is aligned with previous evidence
from both meta-analysis of randomized controlled trials and genetic studies showing that drugs
designed to reduce LDLc are associated with impaired insulin sensitivity and new-onset type 2
diabetes (1-6). In support of these observations, individuals with high LDLc levels due to
familial hypercholesterolemia appear to have a lower prevalence of diabetes than unaffected
relatives (25). However, data from FOURIER, a randomized, placebo-controlled trial

of subcutaneous injections of the anti-PCSK9 monoclonal antibody evolocumab, showed no
evidence of an association between pharmacological PCSK9 inhibition and incidence of new-
onset diabetes or glycemic alterations (26). While FOURIER was adequately powered to detect
the effect sizes for diabetes risk identified in genetic studies, the many differences between MR
and clinical trials in terms of duration, scale, and timing might explain the discrepant results. For
example, while MR estimates from our study can be interpreted in the context of lifelong
exposure to reduced LDLc in the general population, FOURIER investigated pharmacological
PCSKD9 inhibition over ~2 years of follow-up in patients with atherosclerotic disease who were
on statin therapy. By leveraging the most recent genetic associations for LDLc in MR analyses,

our results further support that the diabetogenic effect of lowering LDLs is likely attributable to
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processes related to modification of LDLc per se rather than by pleiotropic effects of lipid

lowering medications.

Our study adds to knowledge by formally investigating whether increased BMI mediates the
effect of lowering LDLc on type 2 diabetes risk. Previous meta-analyses of lipid lowering trials
have described a subtle increase in weight caused by lipid lowering drugs (3). Further, genetic
variants associated with lower circulating LDLc have also associated with modest increase in
BMI (3—6). However, none of previous studies could establish whether or not the diabetogenic
effect of LDLc lowering operates through increased BMI. By conducting mediation analysis in
the context of MR, our study provides evidence of an indirect effect of LDLc on type 2 diabetes
through BMI, suggesting that molecular pathways for lower circulating LDLc converge into
mechanisms related to higher BMI. However, reverse causation might still exist even that we
observed little evidence of such effects in a sensitivity analysis excluding genetic instruments
more strongly linked to the outcome than the exposure. In addition, the potential diabetogenic
effect of lowering LDLc mediated through BMI could be explained by changes in diet among
people taking hypolipemic medications as documented in a previous study in which caloric
intake increased by ~10% (95% CI 1.8 to 18.1) from 1999-2000 to 2009-2010 among individuals
taking statins (27). Findings from our study, in the context of MR, suggest that BMI is a causal
mediator of the diabetogenic effect of lowering LDLc, and that this effect is less likely to be
confounded by other measured or unmeasured factors such as increased caloric intake. Our
summary-level MR analysis supports that ~40% of the effect of lowering LDLc on increased
type 2 diabetes risk is mediated through BMI, but this estimate was attenuated to 8% in the

individual-level MR setting. Lack of independence between gene-exposure and gene-outcome
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estimates in presence of confounding in the individual-level MR setting might explain why the

proportion mediated was attenuated (28).

Results from this study may inform further studies to better understand pathophysiological
processes leading to dyslipidemia and impaired glucose metabolism. For example, new studies to
investigate adipocyte physiology in the context of lowering LDLc might add to previous
experimental observations showing that lowering LDLc impairs adipocyte maturation (29),
differentiation (30), and adipokine secretory profile (31,32). In addition, previous experimental
studies have suggested that methyl-B-cyclodextrin-mediated cholesterol depletion of 3T3-L1
adipocytes results in defective glucose uptake and oxidation, diminished GLUT-4 expression,
and impaired insulin signaling (33), and that increased intracellular cholesterol produces islet cell
dysfunction with reduced insulin secretion and cell proliferation (34). Our results support further
investigations in the crosstalk between adipose tissue and the liver, and are aligned with data
showing that genes involved in intracellular lipid and cholesterol transport, processes that occur
primarily in adipocytes but are closely linked to liver metabolism, are responsible for the inverse
effect on LDLc and blood glucose (35). A recent study has also shown that genetic variants with
opposite effects on LDLc and type 2 diabetes are mainly involved in lipogenesis, hepatic fat
uptake, and insulin secretion and action (36). Of note, several of the identified loci with opposite
effects on LDLc and type 2 diabetes were also associated with BMI, including sortilin

1 (SORTI). SORT1 is highly expressed in adipocytes and hepatocytes, and the sortilin gene
product facilitates the formation and export of VLDL from the liver (37). Taken together, these
results highlight the relevance of adipose tissue and liver in the diabetogenic effect of lowering
LDLc and support further investigations to better understand molecular mechanisms by which

lowering LDLc might impact adipocyte function, lipid metabolism, and dysglycemia.
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The implication that increased BMI partially mediates the effect of lowering LDLc and type 2
diabetes risk could help inform clinical interventions to mitigate the diabetogenic effects of lipid
lowering medications. For example, lipid lowering strategies that promote adipose tissue
expandability might have relevant implications for mitigating the dysglycemic effects of
lowering LDLc. Previous evidence suggest that the ANGPTL4 p.Glu40Lys loss-of-function
variant is associated with directionality consistent effects on type 2 diabetes and coronary artery
disease, and that their cardioprotective benefits are consistent across the population distribution
of LDLc lowering alleles (38). While the cardioprotective benefit of lipid lowering medications
vastly outweigh the harm from increased type 2 diabetes risk (39), findings from this and other
studies might have relevant clinical implications as they suggest it might be prudent to monitor
body weight and glycemic status after initiating lipid lowering medications, especially among

those at high risk for type 2 diabetes.

While MR is more robust to confounding and measurement error relative to conventional
observational methods (7), our results may still be biased by pleiotropic or bidirectional effects
of the variants modelled as instrumental variables. Although such bias cannot be entirely
excluded, it is reassuring that we obtained similar estimates in several sensitivity MR methods
that each make different assumptions concerning the presence of pleiotropic or bidirectional
variants. Sample overlap in the context of MR means that estimated effect sizes for variants
associated with the exposure and the outcome are partly coming from the same participants.
Sample overlap might bias the causal effect estimate induced by environmental confounding. A
recent study using simulation and real data has shown that the magnitude of sample overlap bias
is likely to be small, and that sample overlap usually leads to an underestimation of the true

causal effect (40) which means that the contributions of LDL-lowering therapies to obesity and
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type 2 diabetes risk are likely higher than we report here. Also, summary-level analyses were
performed using data from European populations, while ancestry-diverse populations were
included in the individual-level MR analysis. To alleviate potential issues related to low
transferability of genetic associations identified in GWAS that mostly included European descent
participants to other populations, our genetic instruments in individual-level MR analyses were
included separately without weighting rather than aggregated in a polygenic score using
European derived weights. Nonetheless, generalizability to other ancestry groups might be

uncertain.

In conclusion, our findings support that elevated BMI partially mediates the diabetogenic effects
observed with lowering LDLc. Further exploration of this mechanism may yield insights into
adipose tissue and type 2 diabetes pathophysiology, and targeted weight control strategies may
be investigated to mitigate the increased risk of type 2 diabetes amongst individuals taking LDLc

lowering therapies.

1
CONFIDENTIAL-For9Peer Review Only



418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

Diabetes Care Page 52 of 97

Acknowledgments

The authors thank genomic consortia (GIANT and DIAGRAM) for access to their publicly
available data as well as participants and staff of the UK Biobank and CHARGE cohorts for their
valuable contributions. A complete list of acknowledgments for participating studies is provided
in the appendix. Dr. Liu and Dr. Merino are the guarantors of this work and, as such, had full
access to all the data in the study and take responsibility for the integrity of the data and the

accuracy of the data analysis.

Funding

Dr. Wu, Dr. Liu, and Dr. Dupuis were partially supported by the National Institutes of Health
(U01 DKO078616). Dr. Meigs was supported by the National Institutes of Health SUM1
DKO078616-13 and RO1 HL151855. Dr. Florez was partially supported by National Institutes of
Health (HHSN2682013000011 / NO1-HC-65233). Dr. Gill is supported by the British Heart
Foundation Centre of Research Excellence (RE/18/4/34215) at Imperial College and a National
Institute for Health Research Clinical Lectureship (CL-2020-16-001) at St. George's, University
of London. Dr. Merino was partially supported by American Diabetes Association grant #7-21-
JDFM-005, the National Institutes of Health (DK40561), and the European Commission
(H2020-MSCA-IF- 2015-703787). Dr. Raffield was supported by the National Center for
Advancing Translational Sciences, National Institutes of Health, through Grant KL2TR002490
and by T32HL129982. Dr. Mercader is supported by American Diabetes Association Innovative
and Clinical Translational Award 1-19-ICTS-068. Dr. Olesen was supported by The Hallas-
Mopller Emerging Investigator Novo Nordisk (NNF170C0031204). Funding support for

participating cohorts is provided in the eMethods in the supplement. Dr. Davey Smith works in

2
CONFIDENTIAL-FopPeer Review Only



Page 53 of 97

441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462

463

Diabetes Care

the Medical Research Council Integrative Epidemiology Unit at the University of Bristol

MC_UU_00011/1.

Duality of interests

Dr. Richardson and Dr. Gill are employed part-time by Novo Nordisk outside of this work. Dr.
Gill has received consultancy fees from Policy Wisdom. Dr. Floyd has consulted for Shionogi,
Inc. Dr. Psaty serves on the Steering Committee of the Yale Open Data Access Project funded by

Johnson & Johnson. No conflicts of interest were reported for other authors.

Author Contributions

PW, JYM, ID, JD, CTL, and JM conceived the study design. PW, JYM, ID, JBM, JIR, and IM
were involved in data collection. PW, JYM, ID, GF, BCP FA, TGR, JLI, GH, JY, CMS, LMR,
LRY, MFF, and RRCC provided statistical expertise. ID, SR, CTL, and JM wrote the first draft
of the manuscript. All authors contributed to the interpretation of the results and critical revision
of the manuscript for important intellectual content and approved the final version of the
manuscript. The corresponding authors attest that all listed authors meet authorship criteria and
that no others meeting the criteria have been omitted.

#Contributed equally to this work.

*Contributed equally to this work.
Prior Presentation:

Parts of this study were presented in abstract form at the CHARGE Meeting, Houston, TX, 29—

31 January 2020.

21
CONFIDENTIAL-For Peer Review Only



464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

Diabetes Care Page 54 of 97

REFERENCES

1.

Sattar N, Preiss D, Murray HM, Welsh P, Buckley BM, de Craen AJ, et al. Statins and risk
of incident diabetes: a collaborative meta-analysis of randomised statin trials. Lancet
2010;375:735-742.

Preiss D, Seshasai SRK, Welsh P, Murphy SA, Ho JE, Waters DD, et al. Risk of incident
diabetes with intensive-dose compared with moderate-dose statin therapy: a meta-analysis.
JAMA 2011;305:2556-2564.

Swerdlow DI, Preiss D, Kuchenbaecker KB, Holmes M V, Engmann JEL, Shah T, et al.
HMG-coenzyme A reductase inhibition, type 2 diabetes, and bodyweight: evidence from
genetic analysis and randomised trials. Lancet 2015;385: 351-361.

Ference BA, Robinson JG, Brook RD, Catapano AL, Chapman MJ, Neff DR, et al.
Variation in PCSK9 and HMGCR and Risk of Cardiovascular Disease and Diabetes. N
Engl J Med 2016;375:2144-2153.

Lotta LA, Sharp SJ, Burgess S, Perry JRB, Stewart ID, Willems SM, et al. Association
Between Low-Density Lipoprotein Cholesterol-Lowering Genetic Variants and Risk of
Type 2 Diabetes. JAMA 2016; 316:1383-1388.

Schmidt AF, Swerdlow DI, Holmes M V, Patel RS, Fairhurst-Hunter Z, Lyall DM, et al.
PCSK9 genetic variants and risk of type 2 diabetes: a mendelian randomisation study.
lancet Diabetes Endocrinol 2017;5: 97-105.

Lawlor DA, Harbord RM, Sterne JAC, Timpson N, Davey Smith G. Mendelian
randomization: using genes as instruments for making causal inferences in epidemiology.
Stat Med 2008;27:1133-1163.

Richardson TG, Sanderson E, Palmerid TM, Korpelaid MA, Ference BA, Smith GD, et al.

22
CONFIDENTIAL-For Peer Review Only



Page 55 of 97

487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508

509

10.

1.

12.

13.

14.

15.

Diabetes Care

Evaluating the relationship between circulating lipoprotein lipids and apolipoproteins with
risk of coronary heart disease: A multivariable Mendelian randomisation analysis. PLoS
Med. 17.

Locke AE, Kahali B, Berndt SI, Justice AE, Pers TH, Day FR, et al. Genetic studies of
body mass index yield new insights for obesity biology. Nature 2015;518:197-206.

Scott RA, Scott LJ, Mégi R, Marullo L, Gaulton KJ, Kaakinen M, et al. An Expanded
Genome-Wide Association Study of Type 2 Diabetes in Europeans. Diabetes
2017;66:2888-2902.

Psaty BM, O’Donnell CJ, Gudnason V, Lunetta KL, Folsom AR, Rotter JI, et al. Cohorts
for Heart and Aging Research in Genomic Epidemiology (CHARGE) Consortium: Design
of prospective meta-analyses of genome-wide association studies from 5 cohorts. Circ
Cardiovasc Genet 2009;2:73-80.

Gkatzionis A, Burgess S. Contextualizing selection bias in Mendelian randomization: how
bad is it likely to be? Int J Epidemiol 2019;48:691-701

Loh P-R, Tucker G, Bulik-Sullivan BK, Vilhjalmsson BJ, Finucane HK, Salem RM, et al.
Efficient Bayesian mixed-model analysis increases association power in large cohorts. Nat
Genet 2015;47:284-290.

Friedewald WT, Levy RI, Fredrickson DS. Estimation of the concentration of low-density
lipoprotein cholesterol in plasma, without use of the preparative ultracentrifuge. Clin
Chem 1972;18:499-502.

Burgess S, Daniel RM, Butterworth AS, Thompson SG. Network Mendelian
randomization: Using genetic variants as instrumental variables to investigate mediation in

causal pathways. Int J Epidemiol 2015;44:484-495.

2
CONFIDENTIAL-For3Peer Review Only



510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

16.

17.

18.

19.

20.

21.

22.

23.

Diabetes Care Page 56 of 97

Burgess S, Thompson DJ, Rees JIMB, Day FR, Perry JR, Ong KK. Dissecting causal
pathways using mendelian randomization with summarized genetic data: Application to
age at menarche and risk of breast cancer. Genetics 2017;207:481-487.

Carter AR, Gill D, Davies NM, Taylor AE, Tillmann T, Vaucher J, et al. Understanding
the consequences of education inequality on cardiovascular disease: Mendelian
randomisation study. BMJ 2019;365.DOI:10.1136/bmj.11855.

Burgess S, Thompson SG. Avoiding bias from weak instruments in mendelian
randomization studies. Int J Epidemiol 2011; 40:755-764.

Bowden J, Hemani G, Davey Smith G. Invited Commentary: Detecting Individual and
Global Horizontal Pleiotropy in Mendelian Randomization-A Job for the Humble
Heterogeneity Statistic? Am. J. Epidemiol 2018;187: 2681-2685.

Hemani G, Zheng J, Elsworth B, Wade KH, Haberland V, Baird D, et al. The MR-base
platform supports systematic causal inference across the human phenome. Elife 2018;7.
DOI:10.7554/eLife.34408.

Bowden J, Davey Smith G, Haycock PC, Burgess S. Consistent Estimation in Mendelian
Randomization with Some Invalid Instruments Using a Weighted Median Estimator.
Genet Epidemiol. 2016;40(4):304—14.

Bowden J, Smith GD, Burgess S. Mendelian randomization with invalid instruments:
Effect estimation and bias detection through Egger regression. Int J Epidemiol
2015;44:512-525.

Verbanck M, Chen CY, Neale B, Do R. Detection of widespread horizontal pleiotropy in
causal relationships inferred from Mendelian randomization between complex traits and

diseases. Nat Genet 2018;50:693—-698.

24
CONFIDENTIAL-For Peer Review Only



Page 57 of 97

533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554

555

24.

25.

26.

27.

28.

29.

30.

31.

Diabetes Care

Hemani G, Tilling K, Davey Smith G. Orienting the causal relationship between
imprecisely measured traits using GWAS summary data. PLoS Genet 2017;13.
DOI:10.1371/journal.pgen.1007081.

Besseling J, Kastelein JJP, Defesche JC, Hutten BA, Hovingh GK. Association between
familial hypercholesterolemia and prevalence of type 2 diabetes mellitus. JAMA
2015;313:1029-1036.

Sabatine MS, Giugliano RP, Keech AC, Honarpour N, Wiviott SD, Murphy SA, et al.
Evolocumab and clinical outcomes in patients with cardiovascular disease. N Engl J Med
2017;376: 1713-22.

Sugiyama T, Tsugawa Y, Tseng CH, Kobayashi Y, Shapiro MF. Different time trends of
caloric and fat intake between statin users and nonusers among US adults: gluttony in the
time of statins? JAMA Intern Med 2014;174:1038-45.

Carter AR, Sanderson E, Hammerton G, Richmond RC, Davey Smith G, Heron J, et al.
Mendelian randomisation for mediation analysis: current methods and challenges for
implementation. Eur J Epidemiol 2021; published online May 7. DOI:10.1007/s10654-
021-00757-1.

Nakata M, Nagasaka S, Kusaka I, Matsuoka H, Ishibashi S, Yada T. Effects of statins on
the adipocyte maturation and expression of glucose transporter 4 (SLC2A4): Implications
in glycaemic control. Diabetologia 2006;49:1881-1892.

Nicholson AC, Hajjar DP, Zhou X, He W, Gotto AM, Han J. Anti-adipogenic action of
pitavastatin occurs through the coordinate regulation of PPARy and Pref-1 expression. Br
J Pharmacol 2007;151:807-815.

Khan T, Hamilton MP, Mundy DI, Chua SC, Scherer PE. Impact of simvastatin on

2
CONFIDENTIAL-ForSPeer Review Only



556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

32.

33.

34.

35.

36.

37.

38.

Diabetes Care Page 58 of 97

adipose tissue: Pleiotropic effects in vivo. Endocrinology 2009;150:5262-5272.

Cyr Y, Lamantia V, Bissonnette S, Burnette M, Besse-Patin A, Demers A, et al. Lower
plasma PCSK9 in normocholesterolemic subjects is associated with upregulated adipose
tissue surface-expression of LDLR and CD36 and NLRP3 inflammasome. Physiol Rep
2021;9. DOI:10.14814/phy2.14721

Chung S, Parks JS. Dietary Cholesterol Effects on Adipose Tissue Inflammation. Curr
Opin Lipidol 2016;27:19-25.

Da Dalt L, Ruscica M, Bonacine F, Balzarotti G, Dhyani A, Di Cairano E, et al. PCSK9
deficiency reduces insulin secretion and promotes glucose intolerance: the role of the low-
density lipoprotein receptor. Eur Heart J 2019;40:357-368.

Cohain AT, Barrington WT, Jordan DM, Beckmann ND, Argmann CA, Houten SM, et al.
An integrative multiomic network model links lipid metabolism to glucose regulation in
coronary artery disease. Nat Commun 2021;12. DOI:10.1038/s41467-020-20750-8.
Klimentidis YC, Arora A, Newell M, Zou L, Ordovas JM, Renquist BJ, et al. Phenotypic
and Genetic Characterization of Lower LDL-C and Increased Type-2 Diabetes Risk in the
UK Biobank. Diabetes 2020;69:2194-2205.

Kjolby M, Andersen OM, Breiderhoff T, Fjorback AW, Pedersen KM, Madsen P, et al.
Sortl, encoded by the cardiovascular risk locus 1p13.3, is a regulator of hepatic
lipoprotein export. Cell Metab 2010;12:213-223

Lotta LA, Stewart ID, Sharp SJ, Day FR, Burgess S, Luan J, et al. Association of
Genetically Enhanced Lipoprotein Lipase-Mediated Lipolysis and Low-Density
Lipoprotein Cholesterol-Lowering Alleles with Risk of Coronary Disease and Type 2

Diabetes. JAMA Cardiol 2018;3:957-966.

2
CONFIDENTIAL-For6Peer Review Only



Page 59 of 97

579
580
581
582
583
584
585

586

39.

40.

Diabetes Care

Silverman MG, Ference BA, Im K, Wiviott SD, Giugliano RP, Grundy SM, et al.
Association between lowering LDL-C and cardiovascular risk reduction among different
therapeutic interventions: A systematic review and meta-analysis. JAMA 2016;316:1289—
1297.

Mounier N, Kutalik Z. Correction for sample overlap, winner’s curse and weak instrument

bias in two-sample Mendelian Randomization. bioRxiv 2021.03.26.437168.

2
CONFIDENTIAL-FoZPeer Review Only



587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

Diabetes Care Page 60 of 97

Figure legends

Figure 1.

Title: Direct acyclic graph to illustrate total, direct, and indirect effects of LDLc on type 2

diabetes.

Figure legend: Directed acyclic graphs demonstrating (A) the hypothesized direction for the
total effect of lower low-density lipoprotein cholesterol (LDLc) on increased odds of type 2
diabetes (T2D) and (B) the hypothesized direction for the effect of lower LDL-c on increased

body mass index (BMI), which may partially mediate the effect of lowering LDLc on T2D risk.

Figure 2.

Title: Mendelian randomization estimates for the total, indirect, and direct effect of a genetically

predicted low LDLc on type 2 diabetes.

Figure legend: Forest plot of univariable and multivariable Mendelian randomization estimates
for the total, indirect, and direct effect of a genetically driven low LDLc on type 2 diabetes from
summary-level (a) and individual-level analyses (b). The indirect effect was calculated using the
products of the coefficient method (methods). The direct effect was obtained using multivariable
mendelian randomization (methods). Estimates for genetically predicted LDLc analyses were
oriented to reflect the effect of 1-SD decrease in LDLc on the outcome. We used beta
coefficients to report estimated effect sizes in the figure due to the inclusion of binary and

continuous outcomes, but in the main text we elected to provide odds ratios (=exp(beta)) for

2
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609  binary outcomes as it is easier to interpret than the beta coefficients. LDLc: low-density
610 lipoprotein cholesterol; MR: Mendelian randomization; BMI: body mass index; CI: confidence

611 interval; T2D: type 2 diabetes.

612
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Table 1. Characteristics of genome-wide association studies included in summary-level

Mendelian randomization analyses.

Trait / Sample size (total Unit of

Phenotype GWAS Consortium  Ethnicity or cases/controls) measure PMID
LDLc UK Biobank European 440,546 1-SD (mmol/L) 32203549
BMI GIANT European 322,154 1-SD (kg/m?) 25673413
T2D DIAGRAM European 26,676 /132,532 Log-odds 28566273

Table footnote: GWAS datasets included in summary-level MR analyses

Abbreviations PMID, PubMed ID; LDLc, low density lipoprotein cholesterol; T2D, Type 2
Diabetes; BMI, body mass index; DIAGRAM: DIAbetes Genetics Replication And Meta-
analysis; GIANT: Genetic Investigation of ANthropometric Traits.
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621 Table 2. Characteristics of the cohorts included in individual-level Mendelian randomization

622  analyses.

623

624
Participating Cohorts Abbreviation Country Sample size T2D cases
Coronary Artery Risk Development in Young Adults CARDIA USA 1,715 253
Cardiovascular Health Study CHS USA 4,276 448
Danish General Suburban Population Study GESUS Denmark 7,120 321
Euro.p.ean Prospective Investigation into Cancer and EPIC-Potsdam Germany 2316 93
Nutrition-Potsdam study
Family Heart Study FamHS USA 2,353 256
Framingham Heart Study FHS USA 5,368 601
Hispanic Community Health Study / Study of Latinos HCHS/SOL USA 11,822 2,271
Jackson Heart Study JHS USA 2,992 999
Johns Hopkins Genetic Study of Atherosclerosis Risk GeneSTAR USA 2,526 379
Malmo Diet and Cancer study MDC-CC Sweden 4,764 830
Mass General Brigham Biobank MGBB USA 13,925 1,806
Multi-Ethnic Study of Atherosclerosis MESA USA 4912 1,064
Rotterdam Study RS The Netherlands 7,686 842
Women's Genome Health Study WGHS USA 20,757 1,910

TOTAL 92,532 12,073
625

626  Table footnote. Shown for each participating cohort the country of origin, the available sample
627  size with genetic and exposure information, and the number of individuals T2D that were

628  included.

629

630

631

632

633

634

635
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Figure 1
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Figure 2
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Supplementary Table 1: Genetic variants used to proxy LDLc.

SNP CHR BP EA NEA EAF BETA SE
5880315 1| 10736809 | T C 0.660 0.015 0.002
156693893 1109255141 | T C 0.965 0.075 0.006
154970834 1109272258 | C T 0.813 0.105 0.003
5115458560 11109519352 | T C 0.981 0.050 0.008
1577257036 1 | 150503710 | C T 0.648 0.012 0.002
154661359 1| 16186658 | C T 0.377 -0.013 0.002
51434282 1199041592 | C T 0.275 -0.015 0.002
152642438 1 | 220796686 | A G 0.297 -0.025 0.002
156678608 1224511398 | T C 0.784 0.014 0.003
157551124 1| 23459267 | C T 0.125 -0.019 0.003
1510910476 1| 234599210 | C T 0.445 -0.012 0.002
15556107 1234717312 | C T 0.477 -0.035 0.002
1528631087 1234973467 | T C 0.787 0.016 0.003
1535189848 1| 25461931 | A G 0.555 0.026 0.002
1575460349 1| 26853597 | A C 0.977 -0.056 0.007
55637835 1| 55000630 | C T 0.879 0.019 0.003
rs11591147 1| 55039974 | G T 0.983 0.349 0.008
15472495 1| 55055640 | G T 0.351 -0.043 0.002
5111928762 1| 55228515 | A G 0.960 -0.051 0.005
152994562 1| 56332125 | A G 0.407 -0.013 0.002
151168086 1| 62646718 | A G 0.352 -0.039 0.002
151556562 1| 92568466 | G T 0.210 -0.019 0.002
152718717 2 | 108589683 | A G 0.857 -0.019 0.003
15150474434 2| 118087545 | G A 0.899 0.035 0.003
1517050272 2 | 120548864 | G A 0.591 0.021 0.002
154954192 2 | 134875411 | C T 0.627 -0.015 0.002
154556933 2| 157587377 | G A 0.603 0.011 0.002
152287622 2 | 168973818 | A G 0.397 0.021 0.002
157569317 2 | 202663256 | T C 0.469 -0.018 0.002
15719148 2| 20321886 | G A 0.224 0.018 0.002
177370158 2| 20823505 | A G 0.916 -0.025 0.004
1562122481 2| 20993943 | C A 0.623 -0.066 0.002
1572902590 2| 21066196 | G A 0.955 0.080 0.005
162131701 2| 21342131 | A G 0.927 -0.034 0.004
51250258 2 | 215435462 | C T 0.263 -0.014 0.002
rs11568318 2 | 233756852 | C A 0.934 -0.026 0.004
rs1731243 2| 26707543 | C T 0.393 -0.013 0.002
151260326 2| 27508073 | T C 0.396 0.035 0.002
1556236159 2 3588888 | T G 0.869 -0.018 0.003
154299376 2| 43845437 | G T 0.323 0.054 0.002
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156709904 2| 43853185 | A G 0.887 0.044 0.003
rs13020929 2| 44100324 | G A 0.543 -0.015 0.002
rs4671050 2] 62761034 | G T 0.684 0.020 0.002
rs12471768 2| 64701469 | T C 0.296 -0.014 0.002
rs3732359 31119817582 | G A 0.220 0.017 0.003
1s9841897 31122563722 | T C 0.844 -0.019 0.003
rs13076933 3] 12285932 | T G 0.741 0.021 0.002
1578946096 31132469319 | A G 0.942 0.039 0.004
1s3905668 31136212744 | A G 0.724 -0.014 0.002
rs11709868 3 | 142930002 | G T 0.703 0.015 0.002
159834932 3] 32493890 | A G 0.911 0.032 0.004
rs11706420 3] 58406684 | A G 0.917 0.028 0.004
1s55921103 3] 69761143 | G T 0.351 -0.014 0.002
rs13107325 4 | 102267552 | C T 0.925 0.025 0.004
1s2705453 4 | 155582205 | A G 0.479 0.012 0.002
rs13108218 4 3442204 | A G 0.385 0.018 0.002
rs9884390 4| 68507689 | T C 0.766 -0.025 0.002
1572663045 4| 73311680 | T G 0.979 -0.037 0.007
rs1458038 4 | 80243569 | C T 0.709 0.019 0.002
151229984 4| 99318162 | T C 0.027 -0.053 0.006
157734476 51123513182 | G A 0.450 -0.019 0.002
rs1003533 51132419959 | C T 0.812 0.018 0.003
rs58198139 5 1156972028 | C T 0.366 -0.032 0.002
rs146433259 5| 34713687 | C T 0.988 0.057 0.010
rs116734477 5| 52799190 | C T 0.959 0.047 0.005
159686661 5] 56565959 | C T 0.799 -0.015 0.003
rs889235 5| 72658576 | G A 0.787 0.019 0.003
1s7707394 51 75177114 | G A 0.643 -0.041 0.002
1512916 51 75360714 | T C 0.599 -0.062 0.002
rs17185536 6 | 100173055 | C T 0.754 0.017 0.002
rs3822855 6 | 115995719 | G T 0.598 -0.018 0.002
159491699 6 | 127150388 | C T 0.522 -0.014 0.002
1s12197047 6 | 130068066 | G A 0.330 -0.014 0.002
157776054 6 | 135097778 | A G 0.739 0.016 0.002
1512208357 6 1160122116 | C T 0.930 -0.057 0.004
rs146534110 6 |1 160157037 | G T 0.987 -0.068 0.009
rs3127580 6 | 160289819 | C T 0.845 -0.036 0.003
rs12179053 6 | 160290534 | C T 0.748 0.017 0.002
rs117733303 6 | 160501838 | A G 0.982 -0.084 0.008
rs118039278 6 ] 160564494 | G A 0.921 -0.084 0.004
1s2235215 6| 16130925 | T C 0.696 0.023 0.002
1rs79220007 6| 26098246 | T C 0.924 0.057 0.004
152893936 6| 27820406 | T C 0.913 0.035 0.004
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1s28782316 6| 29879365 | T G 0.451 -0.024 0.003
rs2187980 6 | 30255736 | A G 0.856 -0.027 0.003
152229094 6| 31572779 | T C 0.746 -0.018 0.002
rs115563246 6| 32521957 | G A 0.733 0.021 0.003
rs17205170 6 | 32634706 | G T 0.819 -0.038 0.003
1s76967117 6 | 34635914 | G A 0.885 0.028 0.003
15913499 6 | 37070656 | A G 0.491 0.012 0.002
1s2758879 6| 39281360 | G A 0.699 -0.012 0.002
1s9471975 6| 42951484 | T C 0.417 0.013 0.002
rs11772705 7 1100701281 | T C 0.712 0.017 0.002
1s869412 7 1034498 | T C 0.774 0.014 0.003
1534927723 71 21383307 | C T 0.843 0.016 0.003
1s55696093 71 21566355 | A G 0.782 -0.033 0.003
rs4722551 7] 25952206 | T C 0.841 -0.024 0.003
1567050321 7] 36129593 | T C 0.696 -0.015 0.002
1s2073547 7] 44542732 | A G 0.816 -0.036 0.003
rs4148826 7] 87445103 | T C 0.820 0.016 0.003
rs112758337 7] 98347956 | G A 0.814 0.016 0.003
1s2737265 8 | 115655407 | A G 0.720 0.020 0.002
rs112875651 8 | 125494452 | G A 0.609 0.061 0.002
rs11997161 8 1140728488 | T C 0.482 -0.012 0.002
rs11786083 8 1143976190 | G A 0.626 -0.016 0.002
151495741 8 | 18415371 | G A 0.221 0.017 0.003
1s59328596 8 | 22070716 | G A 0.852 0.018 0.003
rs117139027 8 | 29167426 | G A 0.982 0.057 0.008
1s9298506 8 | 54524964 | A G 0.792 -0.019 0.003
rs4738684 8 | 58480714 | A G 0.335 0.032 0.002
1s1365041 8 6706347 | G T 0.316 -0.012 0.002
rs9987289 8 9325848 | A G 0.091 -0.045 0.004
rs4841146 8 9432835 | C A 0.791 -0.015 0.003
1s2066714 91104824472 | T C 0.871 -0.021 0.003
rs11789603 9 1104884738 | C T 0.892 -0.025 0.003
152740488 9 1104899461 | A C 0.735 0.025 0.002
rs13289095 9 1128704210 | G T 0.854 0.021 0.003
1s2519093 9 | 133266456 | C T 0.815 -0.056 0.003
rs10448340 9 1136425617 | T G 0.680 0.015 0.002
156475606 9 1 22081851 | C T 0.516 0.020 0.002
rs3780181 9 2640759 | A G 0.932 0.028 0.004
156560499 9] 76115850 | G A 0.424 0.012 0.002
1s2250802 10 | 112161596 | G A 0.276 0.018 0.002
1s72823013 10 | 114026474 | G A 0.874 0.022 0.003
rs12246352 10 | 122945791 | A G 0.896 -0.026 0.003
rs1277763 10 | 18206956 | T C 0.204 -0.015 0.003
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rs79828839 10 | 50592671 | C T 0.801 -0.015 0.003
rs10822145 10 | 63174788 | C T 0.524 -0.012 0.002
1516926246 10 | 69333636 | C T 0.870 0.020 0.003
rs2068888 10 | 93079885 | G A 0.549 0.019 0.002
rs10791660 11 | 104000311 | C A 0.815 0.016 0.003
1s61905084 11 | 116739578 | T C 0.819 0.018 0.003
1s3741298 11 | 116786845 | C T 0.192 0.042 0.003
156589939 11 | 122647817 | A G 0.622 -0.013 0.002
1s59379014 11 | 126358105 | C T 0.927 -0.055 0.004
rs10128711 11| 18611437 | T C 0.261 -0.017 0.002
1s7108486 11 5655928 | T C 0.976 0.039 0.007
rs11601507 11 5679844 | C A 0.931 -0.032 0.004
15174564 11 | 61820833 | A G 0.651 0.032 0.002
rs11227247 11 | 65655382 | A C 0.865 -0.018 0.003
1574869459 11 | 66529098 | T C 0.761 0.017 0.002
rs3184504 12 | 111446804 | T C 0.483 -0.027 0.002
rs11066320 12 | 112468611 | A G 0.425 -0.022 0.002
rs11065385 12 | 120985583 | A G 0.309 0.024 0.002
rs11057397 12 | 123935181 | C T 0.663 0.012 0.002
rs112403212 12 | 124818708 | C T 0.859 -0.017 0.003
rs1007938 12 | 26649616 | A G 0.595 -0.012 0.002
152160994 12 | 50256274 | T C 0.353 -0.018 0.002
1s35882350 12 513963 | A G 0.739 -0.014 0.002
1s61754230 12 | 71785666 | C T 0.980 -0.043 0.007
rs78508096 12 8922110 | G A 0.774 -0.018 0.002
rs4771674 13 | 110386723 | A G 0.378 -0.013 0.002
156602912 13 | 113843576 | T G 0.715 -0.022 0.002
1s76428106 13 | 28029870 | T C 0.987 0.052 0.010
1s9534323 13 | 32376120 | A G 0.477 0.016 0.002
159316496 13 | 50467744 | G A 0.827 -0.014 0.003
rs11621792 14 | 24402720 | C T 0.547 -0.019 0.002
rs8008068 14 | 63766999 | A G 0.840 -0.016 0.003
156573971 14 | 70544752 | G A 0.445 0.013 0.002
rs61988555 14| 72972127 | T C 0.915 0.022 0.004
rs12435583 14 | 74740989 | G A 0.557 0.011 0.002
rs145730801 14 | 94301859 | T C 0.956 -0.036 0.005
1s72733982 15 | 57275452 | G T 0.940 -0.026 0.004
rs1532085 15 | 58391167 | A G 0.386 0.017 0.002
15261332 15 | 58435126 | A G 0.210 0.022 0.003
rs62011285 15| 63498864 | T C 0.657 -0.012 0.002
1s6495122 15 | 74833304 | A C 0.409 -0.014 0.002
1512445804 16 | 11612244 | G A 0.925 -0.023 0.004
1562033400 16 | 53777876 | A G 0.605 0.014 0.002
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1s3764261 16 | 56959412 | C A 0.676 0.033 0.002
1s56212732 16 | 70896467 | C T 0.915 0.024 0.004
1s62053078 16 | 71609769 | G T 0.626 -0.017 0.002
rs3794695 16 | 72063928 | C T 0.810 -0.048 0.003
1s7202323 16 | 72183214 | T G 0.770 0.026 0.002
rs11149612 16 | 83947360 | C T 0.540 0.016 0.002
rs4328458 16 | 86390687 | G A 0.556 -0.011 0.002
1s58926386 16 | 88505398 | G A 0.958 -0.029 0.005
rs704 17 | 28367840 | G A 0.524 -0.015 0.002
1s12453884 17 | 29533588 | T C 0.146 -0.016 0.003
rs12603885 17 | 31139704 | G A 0.300 -0.018 0.002
rs8065099 17 | 47556119 | T C 0.485 0.026 0.002
rs3110609 17 | 48676181 | T C 0.658 0.015 0.002
rs1801689 17 | 66214462 | A C 0.969 -0.062 0.006
1s77542162 17 | 69085137 | A G 0.978 -0.128 0.007
1s72853625 17 | 69209833 | G A 0.985 0.056 0.009
rs77049332 17 | 69230009 | A G 0.947 0.029 0.005
1s55714927 17 7176997 | C T 0.810 0.026 0.003
rs3744263 17 7710390 | T C 0.362 0.013 0.002
1512948394 17 | 78386710 | C T 0.518 0.018 0.002
1577960347 18 | 49583585 | A G 0.987 -0.071 0.009
1s7241918 18 | 49634583 | G T 0.176 -0.016 0.003
rs183143244 19 | 10554345 | A C 0.976 0.045 0.007
rs11668368 19 | 10609019 | G T 0.903 -0.029 0.004
rs10423733 19 | 11075243 | T C 0.820 0.103 0.003
1s72981271 19 | 11154116 | C T 0.709 -0.040 0.002
rs8101801 19 | 11224801 | C A 0.964 0.045 0.006
rs12986015 19 | 15693940 | C T 0.498 -0.013 0.002
1562120394 19 | 18227899 | G A 0.708 -0.016 0.002
1s58542926 19 | 19268740 | C T 0.925 0.106 0.004
rs188247550 19 | 19285807 | C T 0.987 0.121 0.010
1s144984216 19 | 20369092 | C T 0.975 0.037 0.007
1s56113850 19 | 40847202 | T C 0.423 -0.013 0.002
1s145130411 19 | 43485383 | T G 0.893 0.019 0.003
rs187870654 19 | 43753872 | G A 0.988 0.062 0.010
1562119267 19 | 44631381 | A C 0.978 0.251 0.007
1s62119282 19 | 44642317 | C T 0.938 -0.033 0.004
rs113330691 19 | 44792629 | G A 0.965 0.211 0.006
15148933445 19 | 44799247 | G A 0.978 0.438 0.008
rs77196615 19 | 44877078 | T C 0.984 -0.045 0.008
1572654437 19 | 44912842 | G A 0.970 -0.054 0.007
rs12691088 19 | 44915229 | G A 0.979 -0.178 0.008
1s138692741 19 | 44963875 | C T 0.964 -0.059 0.006
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rs150262789 19 | 45933306 | C T 0.984 0.099 0.008
1s516246 19 | 48702915 | C T 0.492 -0.030 0.002
rs35081008 19 | 58150868 | C T 0.852 0.032 0.003
rs438568 20 | 12978039 | A G 0.391 -0.013 0.002
15969075 20 | 17811678 | T C 0.335 -0.012 0.002
152618566 20 | 17864040 | G T 0.340 0.025 0.002
156050463 20 | 25228354 | G A 0.507 -0.013 0.002
15224424 20 | 35560231 | A G 0.788 0.021 0.003
rs117113213 20 | 40537052 | G A 0.967 -0.098 0.006
rs1997833 20 | 41061702 | T C 0.700 -0.022 0.002
156065347 20 | 41393319 | T C 0.782 -0.016 0.003
rs1800961 20 | 44413724 | C T 0.969 0.060 0.006
rs6073958 20 | 45923216 | T C 0.801 -0.017 0.003
rs73075609 20 5600143 | C T 0.973 -0.037 0.007
1s2256814 20 | 63742630 | G A 0.802 -0.015 0.003
rs6090101 20 | 64278167 | G A 0.802 -0.018 0.003
rs11911615 21 | 36180834 | T G 0.672 0.012 0.002
rs4818025 21 | 39337245 | A G 0.428 -0.014 0.002
15960596 22 | 40997516 | C T 0.661 -0.013 0.002
rs5770859 22 | 50435332 | A G 0.655 -0.013 0.002

Table Legend: Genetic variants for LDLc obtained from a GWAS for lipid levels in Richardson TG et a/ PLoS
Med 2020. Abbreviations: SNP, single nucleotide polymorphism; CHR, chromosome; BP, base position based on
genome assembly GRCh38p12; EA, effect allele; NEA, Non-effect allele; EAF, effect allele frequency.
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Supplementary Table 2: Genetic variants used to proxy BMI.

SNP CHR BP EA NEA EAF BETA SE
511165643 1 96458541 | C T 0.425 -0.022 0.003
512401738 1 77981077 | A G 0.425 0.021 0.003
1512566985 1 74536509 | G A 0.425 0.024 0.003
517024393 1 109612066 | C T 0.042 0.066 0.009
152820292 1 201815159 | A C 0.492 -0.020 0.003
rs3101336 1 72285502 | T C 0.351 -0.033 0.003
rs543874 1 177920345 | G A 0.267 0.048 0.004
15657452 1 49124175 | A G 0.417 0.023 0.003
rs1016287 2 59078490 | T C 0.325 0.023 0.003
rs10182181 2 24927427 | A G 0.500 -0.031 0.003
511126666 2 26705943 | G A 0.692 -0.021 0.003
rs11688816 2 62825913 | A G 0.542 -0.017 0.003
1512986742 2 58748008 | C T 0.500 0.021 0.004
513021737 2 632348 | A G 0.125 -0.060 0.004
51528435 2 180686235 | T C 0.583 0.018 0.003
152121279 2 142285716 | T C 0.117 0.025 0.004
157599312 2 212548507 | G A 0.708 0.022 0.003
513078960 3 85758440 | T G 0.817 -0.030 0.004
rs1516725 3 186106215 | T C 0.092 -0.045 0.005
rs16851483 3 141556594 | G T 0.908 -0.048 0.008
152365389 3 61250788 | C T 0.658 0.020 0.003
153849570 3 81742961 | A C 0.367 0.019 0.003
156804842 3 25064946 | A G 0.425 -0.019 0.003
10938397 4 45180510 | A G 0.567 -0.040 0.003
511727676 4 144737912 | C T 0.075 -0.036 0.006
513107325 4 102267552 | C T 0.883 -0.048 0.007
152112347 5 75719417 | G T 0.375 -0.026 0.003
13191362 6 162612318 | A G 0.800 0.028 0.005
52033529 6 40380914 | G A 0.258 0.019 0.003
5205262 6 34595387 | A G 0.733 -0.022 0.004
152207139 6 50877777 | G A 0.100 0.045 0.004
159400239 6 108656460 | C T 0.703 0.019 0.003
rs1167827 7 75533848 | A G 0.458 -0.020 0.003
152245368 7 76978826 | T C 0.758 -0.032 0.006
rs17405819 8 75894349 | C T 0.367 -0.022 0.003
152033732 8 84167474 | C T 0.758 0.019 0.004
1510733682 9 126698635 | A G 0.425 0.017 0.003
1510968576 9 28414341 | G A 0.292 0.025 0.003
rs1928295 9 117616205 | C T 0.425 -0.019 0.003
54740619 9 15634328 | T C 0.533 0.018 0.003
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rs6477694 9 109170062 | C T 0.358 0.017 0.003
rs11191560 10 103109281 | T C 0.942 -0.031 0.005
rs17094222 10 100635683 | C T 0.208 0.025 0.004
rs7899106 10 85651147 | A G 0.950 -0.040 0.007
rs7903146 10 112998590 | T C 0.250 -0.023 0.003
rs10840100 11 8647890 | G A 0.725 0.021 0.003
rs11030104 11 27662970 | A G 0.800 0.041 0.004
1512286929 11 115151684 | G A 0.433 0.022 0.003
1s2176598 11 43842728 | T C 0.200 0.020 0.004
rs3817334 11 47629441 | C T 0.550 -0.026 0.003
rs11057405 12 122297350 | A G 0.092 -0.031 0.006
rs7138803 12 49853685 | G A 0.558 -0.032 0.003
1512429545 13 53528071 | G A 0.900 -0.033 0.005
rs7992289 13 27462293 | A G 0.758 -0.026 0.004
rs10132280 14 25458973 | A C 0.333 -0.023 0.003
rs11847697 14 30045906 | T C 0.042 0.049 0.008
rs12885454 14 29267632 | C A 0.633 0.021 0.003
rs7141420 14 79433111 | T C 0.617 0.024 0.003
rs16951275 15 67784830 | C T 0.225 -0.031 0.004
rs3736485 15 51456413 | A G 0.425 0.018 0.003
1512446632 16 19924067 | A G 0.133 -0.040 0.005
rs1421085 16 53767042 | C T 0.450 0.081 0.003
rs3888190 16 28878165 | A C 0.358 0.031 0.003
rs758747 16 3577357 | C T 0.733 -0.023 0.004
rs879620 16 3965728 | C T 0.408 -0.024 0.004
rs9925964 16 31118574 | G A 0.392 -0.019 0.003
rs1000940 17 5379957 | G A 0.225 0.019 0.003
1512940622 17 80641771 | A G 0.458 -0.018 0.003
rs17066856 18 60382423 | C T 0.133 -0.040 0.006
rs1808579 18 23524924 | T C 0.475 -0.017 0.003
156567160 18 60161902 | C T 0.283 0.056 0.004
1517724992 19 18344015 | A G 0.692 0.019 0.004
1s2287019 19 45698914 | C T 0.850 0.036 0.004
1529941 19 33818627 | A G 0.333 -0.018 0.003
rs3810291 19 47065746 | A G 0.625 0.028 0.004

Table Legend: Genetic variants for BMI obtained from a GWAS for anthropometric measures in Locke AE et a/
Nature 2015.

Abbreviations: SNP, single nucleotide polymorphism; CHR, chromosome; BP, base position based on genome
assembly GRCh38p12; EA, effect allele; NEA, Non-effect allele; EAF, effect allele frequency.
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Supplementary Table 3: Characteristics of participants included in individual-level MR analyses.

CARDIA CHS GESUS EPIC FamHS FHS HCHSSOL JHS GeneSTAR "~ MESA MGBB RS WGHS
Age,y 545 725 55(13) 50(9) 55(13) 58(16) 46(14)  61(13)  49(13)  57(6) 69(10) 62(16) 64(7) 55(7)
ot Q5 B L8100 i W8 g 28 20 00 Lt D
BMI, kg/m2 298 (7.1) (246"76) (24§66) (246.'31) (25%7) (257.69) 297(6.0) 322(7.5 30.5(7.0) (235"96) (25?'71) (2653"14) (247"22) (255.'09)
fnﬁéﬁglucose’ 361 (1.56) (?:gg) N/A (igg) (?:‘2%) (?3491) >-8(2.0) (3232) 42 (173) ((5):%) (igg) N/A (?:;471) N/A
e A NS g o s UM N w55 4
rTn(:]aJleOleStemL 4.94(0.9) (?:g?) (igg) (ﬁg) (gigg) (40'.%(21 3-20 (1.11) 513% >-13(1.07) (?:(l)g) (313% (ﬁ(z)) (3133) (igg)
;?n181530165ter01’ 2.90(0.10) ((3):32) ((3):51;9‘) ((3):5) (3:22) (?):%) 3.20(0.93) (giéé) 3.08 (0.98) (g:;;) (?)ZS?) (égg) (36.696) (géé)
Eﬁiﬁmlwml’ 1.51(0.50) (é:ﬁ) ((l):i;) ((1)243‘3) ((l)éﬁ) (éiig) 130(0.31) ((1):32_) 143 (0.44) (01.347) ((l):jj) (é:gg) (é:jzlt) ((l)ég)
Triglycerides, mmol/L 2.90 (1.00) (éigg) (};g) (3:45‘21;) (}:gg) ((1)15491) 164 (1.31) (H?) 136 (0.79) ((1):?6)2) ((1):%) ((1):3%) ((1)123) éﬁ)

Note: Values are mean (SD) for continuous variables; numbers and (percentages) for categorical variables.

Abbreviation: BMI, body mass index; LDLc low lipoprotein density cholesterol; HDLc, high lipoprotein density cholesterol.

Coronary Artery Risk Development in Young Adults (CARDIA), USA; Cardiovascular Health Study (CHS), USA; Danish General Suburban Population Study
(GESUS), Denmark; European Prospective Investigation into Cancer and Nutrition-Potsdam (EPIC-Potsdam) study, Germany; Family Heart Study (FamHS),

USA; Framingham Heart Study (FHS), USA; Hispanic Community Health Study / Study of Latinos (HCHS/SOL), USA; Jackson Heart Study (JHS), USA;

Johns Hopkins Genetic Study of Atherosclerosis Risk (GeneSTAR), USA; Malmé Diet and Cancer-Cardiovascular Cohort study (MDC-CC), Sweden; Multi-
Ethnic Study of Atherosclerosis (MESA), USA; Partners HealthCare Biobank (PHBB), USA; the Rotterdam Study (RS), The Netherlands; Women's Genome

Health Study (WGHS), USA.
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Supplementary Table 4: Genetic variants used in the multivariable MR analysis to proxy LDLc¢ and BMI.

SNP CHR BP EA NEA EAF
1s880315 1 10736809 | T C 0.660
14970834 1 109272258 | C T 0.813
rs4370783 1 109503258 | A C 0.886
154661359 1 16186658 | C T 0.377
15543874 1 177920345 | A G 0.795
rs1434282 1 199041592 | C T 0.275
152820292 1 201815159 | A C 0.435
152642438 1 220796686 | A G 0.297
157517754 1 224356827 | A G 0.217
15556107 1 234717312 | C T 0.477
rs16844296 1 234972561 | G A 0.788
1535589882 1 25480604 | T C 0.554
15657452 1 49124175 | A G 0.391
rs11591147 1 55039974 | G T 0.983
152495477 1 55052794 | A G 0.606
511206517 1 55060755 | T G 0.967
rs1168086 1 62646718 | A G 0.352
153101336 1 72285502 | T C 0.396
1512566985 1 74536509 | G A 0.438
512401738 1 77981077 | G A 0.622
151556562 1 92568466 | G T 0.210
rs11165643 1 96458541 | C T 0.410
1s826681 2 108615619 | C T 0.857
1512464355 2 118092274 | A G 0.898
1517050272 2 120548864 | G A 0.591
154954192 2 134875411 | C T 0.627
1s2121279 2 142285716 | C T 0.875
54556933 2 157587377 | G A 0.603
152287622 2 168973818 | A G 0.397
151528435 2 180686235 | C T 0.379
1511693335 2 20170652 | G A 0.523
157569317 2 202663256 | T C 0.469
rs13392272 2 20994618 | C T 0.497
157567653 2 21054090 | G A 0.955
157599312 2 212548507 | G A 0.733
1513396400 2 21279855 | A G 0.554
151250229 2 215439661 | T C 0.261
rs11568318 2 233756852 | C A 0.934
rs10182181 2 24927427 | A G 0.514
511126666 2 26705943 | G A 0.744
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rs1260326 2 27508073 | T C 0.396
rs4850047 2 3587163 | T C 0.132
15745763 2 43228515 | T C 0.837
rs4299376 2 43845437 | G T 0.323
rs6709904 2 43853185 | A G 0.887
rs12986742 2 58748008 | T C 0.524
rs1016287 2 59078490 | T C 0.299
rs4671050 2 62761034 | G T 0.684
rs13021737 2 632348 | A G 0.172
rs12471768 2 64701469 | T C 0.296
rs3732359 3 119817582 | G A 0.220
rs9289196 3 122549659 | T C 0.826
rs13076933 3 12285932 | T G 0.741
rs9883745 3 132513479 | G A 0.669
rs6439629 3 136182428 | G A 0.728
rs16851483 3 141556594 | G T 0.934
rs4683438 3 142933717 | G T 0.666
rs1516725 3 186106215 | T C 0.137
rs6804842 3 25064946 | A G 0.426
1s9834932 3 32493890 | A G 0.911
rs11706420 3 58406684 | A G 0.917
1s2365389 3 61250788 | C T 0.592
rs9838601 3 69824633 | C T 0.354
rs3849570 3 81742961 | C A 0.654
rs13078960 3 85758440 | T G 0.798
rs13107325 4 102267552 | C T 0.925
rs11727676 4 144737912 | T C 0.904
rs1842896 4 155590307 | G T 0.479
rs6831256 4 3471412 | A G 0.577
rs10938397 4 45180510 | A G 0.566
rs2708699 4 68475319 | T C 0.593
rs1458038 4 80243569 | C T 0.709
157734476 5 123513182 | G A 0.450
rs1003533 5 132419959 | C T 0.812
156874202 5 156964617 | T C 0.366
152936574 5 52826192 | T G 0.736
159686661 5 56565959 | C T 0.799
rs3010239 5 72714474 | G A 0.790
1512916 5 75360714 | T C 0.599
rs17185536 6 100173055 | C T 0.754
rs9400239 6 108656460 | T C 0.295
rs3822855 6 115995719 | G T 0.598
1s9491699 6 127150388 | C T 0.522
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rs12197047 6 130068066 | G A 0.330
rs7776054 6 135097778 | A G 0.739
1s2297359 6 160071581 | T C 0.984
15456598 6 160117889 | G A 0.859
rs10455872 6 160589086 | A G 0.921
1rs6459450 6 16124329 | T C 0.693
rs13191362 6 162612318 | A G 0.876
rs1800562 6 26092913 | G A 0.923
rs13217599 6 27618451 | T C 0.912
rs3118362 6 28817308 | C T 0.095
rs3115626 6 29854284 | C T 0.194
rs2187980 6 30255736 | A G 0.856
1s2229094 6 31572779 | T C 0.746
rs6457614 6 32684123 | T G 0.880
rs3800406 6 35165297 | A G 0.896
rs913499 6 37070656 | A G 0.491
rs2033529 6 40380914 | A G 0.712
152296805 6 42961020 | T G 0.412
1s2207139 6 50877777 | A G 0.831
rs3757868 7 100885099 | G A 0.817
1s2107448 7 21445484 | C T 0.410
rs5008148 7 21564060 | A G 0.752
rs4722551 7 25952206 | T C 0.841
rs11772280 7 36146501 | C T 0.813
rs2073547 7 44542732 | A G 0.816
rs1167827 7 75533848 | A G 0.434
1s2245368 7 76978826 | C T 0.169
rs4148826 7 87445103 | T C 0.820
rs12701220 7 983092 | T C 0.789
rs10953259 7 98383795 | A C 0.184
1s2737252 8 115651671 | G A 0.720
152954021 8 125469835 | A G 0.495
rs11997161 8 140728488 | T C 0.482
rs11136343 8 143984818 | A G 0.616
151495741 8 18415371 | G A 0.221
rs9298506 8 54524964 | A G 0.792
rs4738684 8 58480714 | A G 0.335
rs17405819 8 75894349 | T C 0.702
rs2033732 8 84167474 | T C 0.255
rs9987289 8 9325848 | A G 0.091
1s2066714 9 104824472 | T C 0.871
rs11789603 9 104884738 | C T 0.892
rs1883025 9 104902020 | C T 0.745
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rs6477694 9 109170062 | C T 0.352
rs1928295 9 117616205 | T C 0.569
rs10733682 9 126698635 | A G 0.473
1s9697210 9 128706461 | G A 0.854
rs507666 9 133273983 | G A 0.815
rs10448340 9 136425617 | T G 0.680
rs4740619 9 15634328 | T C 0.551
156475606 9 22081851 | C T 0.516
rs3780181 9 2640759 | A G 0.932
rs10968576 9 28414341 | A G 0.678
rs10869595 9 75598309 | G A 0.596
rs17094222 10 100635683 | T C 0.786
rs11191560 10 103109281 | T C 0.923
rs2250802 10 112161596 | G A 0.276
rs4132670 10 113008012 | G A 0.687
rs1106056 10 122953445 | A G 0.896
rs1277763 10 18206956 | T C 0.204
1517496403 10 50591054 | T C 0.801
rs7077256 10 63576425 | A G 0.527
1516926246 10 69333636 | C T 0.870
rs7899106 10 85651147 | A G 0.950
rs2068888 10 93079885 | G A 0.549
rs10791660 11 104000311 | C A 0.815
1512286929 11 115151684 | A G 0.473
rs3741298 11 116786845 | C T 0.192
rs7112937 11 117009740 | T C 0.911
rs6589939 11 122647817 | A G 0.622
1s624259 11 126317973 | G A 0.554
rs4937122 11 126358764 | T G 0.925
rs10128711 11 18611437 | T C 0.261
rs11030104 11 27662970 | A G 0.797
1s2176598 11 43842728 | T C 0.247
rs3817334 11 47629441 | C T 0.592
rs11601507 11 5679844 | C A 0.931
rs174583 11 61842278 | C T 0.646
rs11227247 11 65655382 | A C 0.865
rs3819247 11 66526308 | T C 0.761
rs10840100 11 8647890 | A G 0.346
rs3184504 12 111446804 | T C 0.483
rs11066320 12 112468611 | A G 0.425
rs11065385 12 120985583 | A G 0.309
rs11057405 12 122297350 | G A 0.895
rs11057397 12 123935181 | C T 0.663
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rs11057830 12 124822507 | G A 0.859
rs1007938 12 26649616 | A G 0.595
rs7138803 12 49853685 | G A 0.631
rs10876044 12 50512622 | C T 0.361
rs1805738 12 8924734 | A G 0.774
rs9521732 13 110381474 | C A 0.617
156602909 13 113849020 | T C 0.672
1s7992289 13 27462293 | G A 0.206
rs7330025 13 32394470 | A G 0.477
1s9316496 13 50467744 | G A 0.827
1512429545 13 53528071 | G A 0.871
rs6573778 14 24403003 | T C 0.481
rs10132280 14 25458973 | C A 0.699
rs12885454 14 29267632 | C A 0.645
rs11847697 14 30045906 | C T 0.956
rs17101394 14 63765668 | G A 0.840
156573971 14 70544752 | G A 0.445
rs8022782 14 72975314 | C T 0.914
rs12431412 14 74753392 | G A 0.553
1s7141420 14 79433111 | C T 0.483
rs1395901 15 49557477 | C T 0.635
rs3736485 15 51456413 | A G 0.461
rs3803452 15 57287548 | T C 0.938
rs1532085 15 58391167 | A G 0.386
1s261332 15 58435126 | A G 0.210
rs2937856 15 63077543 | G A 0.139
rs10152515 15 63778180 | C A 0.696
rs16951275 15 67784830 | T C 0.773
1s6495122 15 74833304 | A C 0.409
512445804 16 11612244 | G A 0.925
1512446632 16 19924067 | G A 0.858
rs3888190 16 28878165 | C A 0.601
1s9925964 16 31118574 | A G 0.640
1s758747 16 3577357 | C T 0.722
rs879620 16 3965728 | C T 0.387
rs1421085 16 53767042 | T C 0.597
rs3764261 16 56959412 | C A 0.676
rs4788547 16 71600641 | G A 0.627
rs2000999 16 72074194 | G A 0.810
1s7202323 16 72183214 | T G 0.770
rs4782863 16 83948855 | A G 0.360
rs1552657 16 86391091 | G A 0.554
rs12447718 16 88503726 | G A 0.958
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rs704 17 28367840 | G A 0.524
rs548731 17 29555040 | C T 0.855
rs12603885 17 31139704 | G A 0.300
rs11870935 17 47655239 | G A 0.485
rs3110609 17 48676181 | T C 0.658
rs1000940 17 5379957 | A G 0.698
rs1801689 17 66214462 | A C 0.969
1s2886232 17 69154035 | T C 0.123
rs3826408 17 7197973 | C T 0.543
rs4366775 17 78385998 | C T 0.501
1512940622 17 80641771 | G A 0.560
rs1808579 18 23524924 | C T 0.518
1s7241918 18 49634583 | G T 0.176
rs6567160 18 60161902 | T C 0.767
rs17066856 18 60382423 | T C 0.908
rs892078 19 10612343 | T G 0.903
rs9305020 19 11076035 | T C 0.819
rs4804576 19 11220678 | G T 0.965
15626223 19 15691876 | C T 0.477
1s2302209 19 18213519 | C T 0.711
1517724992 19 18344015 | A G 0.732
rs10401969 19 19296909 | T C 0.924
1529941 19 33818627 | A G 0.326
152854496 19 43564041 | C T 0.813
1s2965157 19 44673068 | T C 0.970
rs3208856 19 44793549 | C T 0.965
rs10402271 19 44825957 | T G 0.677
rs8108762 19 45149969 | G A 0.681
1rs34851490 19 45881296 | A G 0.883
rs3810291 19 47065746 | G A 0.325
1s516246 19 48702915 | C T 0.492
rs12981684 19 58120777 | A G 0.779
rs438568 20 12978039 | A G 0.391
rs1977107 20 17863180 | T C 0.173
rs8115257 20 25227295 | A G 0.507
15224424 20 35560231 | A G 0.788
rs4810296 20 40563677 | C T 0.612
rs17820943 20 40639876 | C T 0.595
rs6016534 20 41250316 | C T 0.520
rs1800961 20 44413724 | C T 0.969
rs6065906 20 45925376 | T C 0.814
rs3208008 20 63694757 | A C 0.250
rs1060347 20 64276168 | G T 0.798
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rs2835299 21 36180950 | C T 0.672
rs2836986 21 39330210 | A C 0.429
rs138352 22 40872921 | T G 0.341
rs5770859 22 50435332 | A G 0.655

Note: Genetic variants from the univariable analysis were used again after undertaking further LD clumping to
account for correlation between LDLc and BMI genetic instruments (LD cutoff of 72<0.001 within a 1Mb clumping
window). Abbreviations: SNP, single nucleotide polymorphism; CHR, chromosome; BP, base position based on
genome assembly GRCh38p12; EA, effect allele; NEA, Non-effect allele; EAF, effect allele frequency.
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Supplementary Table 5: Mendelian randomization estimates in sensitivity analyses.

Exposure (# SNPs) Outcome Sensitivity analysis Odds ratio or Beta [95% CI] P value
LDLc (232) T2D Weighted median 1.18 [1.05-1.33] 0.006
MR Egger 1.18 [1.01-1.39] 0.039
MR-PRESSO* 1.14 [1.04-1.21] 0.004
FTO exclusion 1.10 [1.00-1.21] 0.044
MVMR adjusting for HDL-c
and TGS 1.18 [1.05-1.33] 0.005
LDLc (195) BMI Weighted median 0.05[0.01-0.08] 0.010
MR Egger 0.02 [-0.07-0.10] 0.710
MR-PRESSO** 0.06 [0.03-0.09] <0.001
FTO exclusion 0.05 [0.02-0.09] 0.002
MVMR adjusting for HDL-¢
and TGS 0.07 [0.02-0.11] 0.006

Note: Estimates reflect the effect of a 1-SD reduction in genetically predicted LDLc on the respective outcomes. BMI: body mass index; CI: confidence interval;
LDLc: low-density lipoprotein cholesterol; MR: Mendelian randomization; T2D: type 2 diabetes; MVMR, Multivariable MR.
These analyses included 2277, 223™", 8278, and 6928 genetic instruments, respectively.
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Supplementary Table 6: Sensitivity analysis to investigate potential causal reversal effects on MR estimates.

Exposure (# SNPs) Outcome Mediation contribution Odds ratio or Beta [95% CI] P value
LDLc (223)* T2D Total effect 1.11[1.02-1.21] 0.017
LDLc (192) % BMI Indirect effect 1.05[1.02-1.08] 0.002

BMI (73) % T2D Indirect effect 2.31[1.96-2.74] <0.001
Indirect effect 1.04[1.01-1.07] 0.003

Note: MR-Steiger was used to identify and filter out genetic instruments that explained more of the variance in the outcome trait than in the exposure. The
number of filtered variants were 9%, 3%, and 2%, respectively. Estimates reflect the effect of a 1-SD change in genetically driven exposures on outcomes. The
indirect effect of LDLc on T2D was calculated using the product method (methods). The proportion mediated was 39% of the total effect (p=0.003).
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Supplementary Figure 1: Association of LDLc lowering genetic variants at LDLc drug targets with T2D and BMI.

LDLc drug target

HMGCR
T2D ] 0.21[-0.17-0.59]
BMI - 0.29[0.20-0.39]
LDLR
T2D ® 0.14[-0.18-0.45]
BMI - 0.03[-0.05-0.11]
PCSK9
T2D e R 0.28[0.01-0.55]
BMI - 0.04[-0.05-0.12)
NPC1L1
T2D = 1.49[-0.61-2.37]
BMI — .- 0.07[-0.16-0.29]

| T T | |
0 0.5 1 1.5 2 25
beta (95% CI) per 1SD decrease in genetically predicted LDLc

Note: MR estimates for 1SD decrease in genetically predicted LDLc on T2D and BMI based on genetic variation for LDLc drug targets. Instrument selection for
LDLc drug targets was based on all genome-wide significant variants within 100kb on either side of each gene (HMGCR, LDLR, PCSK9, NPCILI) and that were
in a pair-wise LD cutoff of r?<0.001 within a 1Mb clumping window. Variants included were rs12916 at HMGCR; 1s10423733, rs72981271, and rs8101801 at
LDLR; rs11206517, rs11591147, and rs472495 at PCSK9; and rs2073547 at NPCIL1. T2D data are from 26,676 T2D cases and 132,532 controls from the
DIAGRAM consortium. BMI data are from 322,154 participants from the GIANT consortium. All results are scaled to represent the odds ratio or beta coefficient
per 1-SD genetically predicted reduction in LDLc.
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Supplementary Figure 2: Effect of a genetically predicted low LDLc on T2D odds in individual-level MR analyses.

CARDIA —_— 0.95[0.71, 1.27]
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Note: Forest plot of MR estimates from individual-level data analyses for the combined effect of 1SD decrease in genetically predicted LDLc on T2D odds
(black diamond) using fixed-effects inverse-variance weighted meta-analysis. Also, shown for each cohort the estimate of the association and the 95%
confidence interval of the estimate.
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Supplementary Figure 3: Effect of a genetically predicted low LDLc on BMI in individual-level MR analyses.
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Note: Forest plot of MR estimates from individual-level data analyses for the combined effect of 1SD decrease in genetically predicted LDLc on BMI (black
diamond) using fixed-effects inverse-variance weighted meta-analysis. Also, shown for each cohort the estimate of the association and the 95% confidence
interval of the estimate.
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Supplementary Figure 4: Effect of a genetically predicted BMI on T2D odds in individual-level MR analyses.
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Note: Forest plot of MR estimates from individual-level data analyses for the combined effect of 1SD in genetically predicted BMI on T2D odds (black diamond)
using fixed-effects inverse-variance weighted meta-analysis. Also, shown for each cohort the estimate of the association and the 95% confidence interval of the
estimate.
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Appendix 1

Description of the participating cohorts and exposure and outcome ascertainment

Participants for the current individual-level data MR study were drawn from 14 cohort studies, including the
Coronary Artery Risk Development in Young Adults (CARDIA), the Cardiovascular Health Study (CHS), the
Danish General Suburban Population Study (GESUS), the European Prospective Investigation into Cancer and
Nutrition-Potsdam (EPIC-Potsdam) study, the Family Heart Study (FamHS), the Framingham Heart Study (FHS),
the Hispanic Community Health Study / Study of Latinos (HCHS/SOL), the Jackson Heart Study (JHS), the Johns
Hopkins Genetic Study of Atherosclerosis Risk (GeneSTAR), the Malmé Diet and Cancer-Cardiovascular Cohort
study (MDC-CC), the Multi-Ethnic Study of Atherosclerosis (MESA), the Partners HealthCare Biobank (PHBB),
the Rotterdam Study (RS) and the Women's Genome Health Study (WGHS).

The Coronary Artery Risk Development in Young Adults (CARDIA) study is a study examining the
development and determinants of clinical and subclinical cardiovascular disease and its risk factors. It began in 1985
with a group of 5,115 black and white men and women aged 18-30 years, recruited from four communities in the
USA, with follow-up visits every 2—5 years for approximately 30 years.

For these analyses we included 1,717 participants (253 T2D cases) with available genome-wide genetic data. LDLc
was calculated using the Friedewald equation, and BMI was computed using weight and height determinations
obtained at regular clinical visits. T2D was ascertained based on a) use of diabetes medication (assessed at every
visit); b) a fasting blood glucose level of >6.99 mmol/l (126 mg/dl) (measured at visits in 1992, 1995, 2000, 2005);
¢) 2 h post-challenge glucose >11.1 mmol/l (200 mg/dl) (performed at the 1995 and 2005 visits); and/or d) a
HbA1c >6.5% (48 mmol/mol) (assessed at the 2005 visit).

The Cardiovascular Health Study (CHS) is a population-based prospective cohort study of cardiovascular disease
in adults older than 65 years and includes 5,888 participants > 65 years of age identified from four U.S. communities
using Medicare eligibility lists (Forsyth County, NC; Sacramento County, CA; Washington County, MD;
Pittsburgh, PA). The original cohort included 5,201 participants recruited in 1989—1990 and 687 additional subjects
were recruited in 1992—1993 to enhance the racial/ethnic diversity of the cohort.

For these analyses, we included 4,276 (448 prevalent T2D cases) individuals free of cardiovascular disease. LDLc
was calculated using the Friedewald equation after excluding individuals with triglycerides > 400mg/dl. Weight and
eight were used to calculate BMI. Participants were classified as having T2D based on medication with oral
hypoglycemic therapy or insulin or having fasting glucose level >7.0mmol/L.

The Danish General Suburban Population Study (GESUS). The cohort included 21,205 Danish participants (20-
100 years) between 2010-2013 in Naestved Municipality located approximately 70km south of Copenhagen.
Participants in the study completed a general questionnaire and a health examination including a non-fasting blood
sample. In this study, we included 7120 participants (321 T2D cases) who were genotyped using the Infinium
Global Screening Array v2 (Illumina). In the questionnaire, participants reported diabetes medication. Body mass
index (BMI) was calculated as measured weight(kg) divided by measured height(meter) squared. From lithium-
heparin plasma, nonfasting total cholesterol, high-density lipoprotein (HDL) cholesterol, triglycerides, and blood
glucose(mmol/L) were measured at health examination on Cobas. Low-density lipoprotein (LDL) cholesterol was
calculated using Friedewald equation among participants with triglycerides<4.0 mmol/L. From whole blood EDTA,
HbA 1c was measured on Tosoh Automated Glycohemoglobin Analyzer HLC-723G8 (Tosoh Corporation) (an
automated high-pressure liquid chromatography instrument). Participants were classified as having T2D based on
self-reported diabetes (with onset after 30-years old), medication with oral hypoglycemic therapy, nonfasting
glucose level >11.1mmol/L, or HbA1¢>48 mmol/mol.
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The European Prospective Investigation into Cancer and Nutrition-Potsdam (EPIC-Potsdam) study consists of
27,548 participants recruited between 1994 and 1998 from the general population in Potsdam and surroundings,
Germany. The baseline examination involved a personal interview including questions on prevalent diseases, self-
administered questionnaires, interviewer-conducted anthropometric measurements and a blood sample collection.

A random sub-cohort of 2,500 individuals was randomly selected from 26,444 participants who provided blood
samples at baseline. Of these, participants with prevalent myocardial infarction or stroke were excluded. Further
exclusion criteria were missing genetic data and missing lipid measurements, leaving 2,316 (93 prevalent T2D
cases) individuals for analyses in the sub-cohort. LDLc was calculated using the Friedewald equation and BMI was
computed using weight and height measured by trained interviewers. Prevalent type 2 diabetes at baseline was
evaluated by a physician with information from self-reported diabetes diagnosis and/or diabetes medication at
baseline. All participants provided written informed consent. The EPIC-Potsdam study was approved by the ethics
committee of the State of Brandenburg, Germany. All procedures were in accordance with the ethical standards of
the institutional and/or national research committee and with the 1964 Helsinki declaration and its later amendments
or comparable ethical standards.

The Family Heart Study (FamHS) is a multicenter, population-based study of genetic and nongenetic determinants
of coronary heart disease, atherosclerosis, and cardiovascular risk factors. The study began in 1992 with the
ascertainment of 1,200 families, half randomly sampled, and half selected because of an excess of coronary heart
disease or risk factor abnormalities. A broad range of phenotypes were assessed at a clinic examination including
height, weight, blood lipids and cardiovascular risk factors. Approximately 8 years later, study participants
belonging to the largest pedigrees were invited for a second clinical exam, and a total of 2,756 Caucasian
participants were examined.

All 2,756 participants consented for genetic studies and have genome-wide genetic data. We included 2,353
participants (n=256 T2D cases) for these analyses. LDLc was calculated using the Friedewald equation after
excluding individuals with triglycerides > 400mg/dl. T2D was defined by a fasting glucose > 126 mg/dl or taking
diabetes medications, self-report of T2D, or having doctor diagnosis of T2D. An age of onset > 40 years was also
required to diagnose T2D.

The Framingham Heart Study (FHS) is a community-based longitudinal study designed to examine CVD risk in
the offspring of the Original Cohort participants of the Framingham Heart Study and their spouses. In 1971, 5,124
individuals were enrolled; since then, the Offspring Cohort has been examined every 3—4 y. between 1998 and 2001,
during the 7th examination cycle, 3,539 adults, with a mean age of 61y, underwent a standardized medical history
and physical examination. Beginning in 2002, 4,095 Gen III participants, who had at least one parent in the
offspring cohort, were enrolled in the Framingham Heart Study. At the first cycle of the Gen III study, 4,095
individuals with a mean age of 40 y, underwent the standard clinic examination. For the present study both cohorts
were combined for the analysis.

A total of 5,368 adults with available DNA and consent to share genetic data were eligible for the current study.
LDLc concentrations were estimated using the Friedewald formula. Participants with serum triglycerides above 400
mg/dL were excluded from the analyses. BMI was computed using weight and height determinations obtained at
regular clinical visits. Diabetes was defined as a fasting plasma glucose >7.0 mmol/L, non-fasting glucose > 11.1
mmol/L, hbalc > 6.5, or treatment with either insulin or a hypoglycemic medication. Chart review was conducted to
identify participants with type 1 diabetes mellitus; those individuals were excluded from the analyses.

The Hispanic Community Health Study / Study of Latinos (HCHS/SOL) is a multi-center epidemiologic study in
Hispanic/Latino populations established in 2006 to assess the role of acculturation in the prevalence and
development of disease. The target population of 16,000 persons of Hispanic/Latino origin, specifically Cuban,
Puerto Rican, Dominican, Mexican, and Central/South American, were recruited through four Field Centers in
Miami, San Diego, Chicago and the Bronx area of New York. During 2008-2011 study participants aged 18-74
years underwent an extensive clinic exam and assessments. During the 2014-2017 second clinic visit participants
were re-examined to again collect data predictive of various health outcomes of interest.
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For this analysis we included 11,822 out of the ~13,000 participants with available genome-wide genetic data who
did not have cardiovascular disease at baseline. In HCSS/SOL, LDLc was quantified using the Friedewald equation.
BMI was computed from weight and height measured at the clinic visit. T2D was defined according to the American
Diabetes Association criteria which includes fasting glucose levels >126 mg/dL; or fasting <8 hours and fasting
glucose >200 mg/dL; or post-oral glucose tolerance test (OGTT) glucose >200 mg/dL; or hemoglobin A1C
(HbA1C) >6.5%; or if on current treatment with a hypoglycemic agent.

The Jackson Heart Study (JHS), is community-based epidemiologic investigation of environmental and genetic
factors associated with cardiovascular disease among African Americans, recruiting 5,306 men and women >21
years of age from the Jackson, Mississippi metropolitan area (Hinds, Madison, and Rankin counties). The baseline
exam was conducted from 2000 — 2004, with Exam 2 conducted from 2005 - 2008 and Exam 3 conducted from
2009 — 2013, with a 4™ exam ongoing (data for this study was drawn from Exams 1-3). All participants included in
this analysis provided written, informed consent for use of genetic data, and all study protocols conform to the 1975
Declaration of Helsinki guidelines. The study was approved by the Institutional Review Boards of the participating
institutions (University of Mississippi Medical Center, Jackson State University and Tougaloo College).

For this analysis we included 2,992 participants with post-quality control GWAS data from Affymetrix 6.0 array
(imputed to 1000G phase 3 v5 on the Michigan imputation server) and relevant phenotype data. Lipid profiles were
assessed at the University of Minnesota as previously described; LDL was calculated using the Friedewald equation,
with those with triglycerides > 400 mg/dL excluded. Prevalent diabetes was defined according to the American
Diabetes Association (ADA) criteria as fasting glucose > 126 mg/dL, HbAlc > 6.5%, or self-reported use of a
diabetes medication within 2 weeks prior to the clinic visit. BMI was calculated in kg/m? from height to the nearest
centimeter and weight to the nearest .1 kilogram in light clothing and in stocking feet. LDL, BMI, and diabetes were
assessed at Exams 1-3 in individuals participating in each exam.

The Johns Hopkins Genetic Study of Atherosclerosis (GeneSTAR) is an ongoing prospective family study that
begun in 1983 to explore the causes of premature cardiovascular disease. Briefly, probands with a premature
coronary disease event prior to 60 years of age were identified at the time of hospitalization in any of 10 Baltimore
area hospitals. Their apparently healthy 30-59-year-old siblings without known coronary artery disease were
initially recruited and screened between 1983 and 2006; offspring of the siblings and probands, as well as the co-
parent of these offspring, were recruited and assessed between 2003 and 2006.

In this study, 2,526 European- and African American participants with available genome-wide genetic data who did
not have cardiovascular disease were included. LDLc was estimated using the Friedewald formula for participants
with triglycerides < 400 mg/dl. BMI was calculated from height and weight measured at the clinical screening visit.
T2D was defined as fasting glucose levels >126 mg/dl, current hypoglycemic treatment, and/or self-reported history
at clinical screening visit.

The Malmé Diet and Cancer-Cardiovascular Cohort study (MDC-CC) consists of individuals randomly (50%)
invited to be involved in additional baseline examinations between 1991 and 1994. In total 6,103 individuals (46-68
y, 58% females) participated in the additional examinations.

For this analysis, we included 4,764 individuals for whom data on genotype were available. Levels of LDL-C were
calculated according to Friedewald's formula, with the assignment of missing values to subjects with a triglyceride
level of more than 4.5 mmol/L. BMI was calculated in kg/m? from height and weight obtained at clinical exams.
T2D cases were defined as individuals with fasting plasma glucose >7.0mmol/L, glucose > 11.0mmol/L 2-h after
OGTT, under diabetes medication (A10 drugs), or who have reported having diabetes in a questionnaire were
identified as incident diabetes cases. In addition, T2D cases were identified via at least one of seven registries or at
examinations during follow-up. Cases were also identified via registries from the National Board of Health and
Welfare: The Swedish National Inpatient Registry, the Swedish Hospital-based outpatient care, the Cause-of-death
Registry and the Swedish Prescribed Drug Registry.
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The Mass General Brigham Biobank (MGBB) is a hospital-based cohort including data from 30,000 ethnically
diverse consented patients seen at Partners HealthCare hospitals. Patients were recruited in the context of clinical
care appointments at more than 40 sites and clinics. Biobank subjects provide consent for the use of their samples
and data in broad-based research. A total of 15,061 individuals had available genomic data.

For this analysis, we included 13,925 individuals with available genome-wide genetic data and exposure and
outcome information. LDLc was determined directly or calculated using the Friedewald equation. BMI was
calculated from weight and height obtained during the clinical visits. T2D status was defined based on “curated
phenotypes” developed by the Biobank Portal team using both structured and unstructured electronic medical record
data and clinical, computational, and statistical methods.

The Multi-Ethnic Study of Atherosclerosis (MESA) is a study of the characteristics of subclinical cardiovascular
disease (disease detected non-invasively before it has produced clinical signs and symptoms) and the risk factors
that predict progression to clinically overt cardiovascular disease or progression of the subclinical disease. MESA
includes a diverse, population-based sample of 6,814 asymptomatic individuals of European- African- Hispanic- and
Chinese American ancestry ascertained across six field centers across the United States.

The sample included in this study was composed of those 4,912 individuals with available genome-wide genetic
data and no history of cardiovascular events. LDLc was calculated using the Friedewald equation. In MESA,
incident diabetes was defined as a fasting plasma glucose > 7.0mmol/L or treatment with either insulin or a
hypoglycemic medication.

The Rotterdam Study is a prospective population-based cohort study in Ommoord, a suburb of Rotterdam,
designed to investigate the prevalence and incidence of and risk factors for chronic diseases in the elderly. More
than 15,000 subjects aged 45 years or over comprise the Rotterdam Study cohort.

For the current analysis, 7,686 adults were eligible as they had available DNA data, LDLc determinations, and
outcome information. In RS, LDLc was calculated using the Friedewald equation. BMI was obtained from height
and weight. T2D was defined according to WHO guidelines as a fasting glucose level >7mmol/l, non-fasting
glucose level >11.1mmol/l or use of glucose-lowering medication.

The Women's Genome Health Study (WGHS) is a prospective cohort of initially healthy, female North American
health care professionals at least 45 years old at baseline representing participants in the Women’s Health Study
(WHS) who provided a blood sample at baseline and consent for blood-based analyses. The WHS was a 2x2 trial
beginning in 1992-1994 of vitamin E and low dose aspirin in prevention of cancer and cardiovascular disease with
about 10 years of follow-up. Since the end of the trial, follow-up has continued in observational mode.

For the present analysis. we included 20,757 participants. In WGHS, LDLc was quantified using the Friedewald
formula for individuals’ triglycerides < 4.5 mmol/L. T2D ascertainment was based on revised American Diabetes
Association diagnostic criteria. Cases were confirmed if 1 or more of the following conditions were met: (1)
presence of more than 1 classic symptom of hyperglycemia (i.e., polyuria, polydipsia, weight loss with or without
polyphagia, and blurred vision) plus either a fasting plasma glucose >7.0mmol/L or higher or random plasma
glucose >11.1mmol/L; (2) in the absence of symptoms, 2 or more elevated plasma glucose concentrations (fasting
plasma glucose >7.0mmol/L, random plasma glucose >11.1mmol/L, or 2-hour plasma glucose >11.1mmol/L during
oral glucose tolerance testing); or (3) use of insulin or an oral hypoglycemic agent. The primary care physician's
office was contacted for supporting documentation as necessary.
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Appendix 2

Pre-specified analysis plan

1. General methodological considerations
Participating cohort studies that had agreed to collaborate in this effort are listed below.

Main exclusion: History of previous cardiovascular events, including individuals with coronary heart disease,
cerebrovascular disease, or peripheral artery disease. We also excluded participants with missing T2D status and
those with missing genotype data (It was considered missing genotype data if a particular participant does not have
any genetic information).

1.1 Primary outcome and exposures
Outcome:
Prevalent T2D;

Definition: >7mmol/l (126mg/dl), random plasma glucose >11.1mmol/L (200mg/dl), being on diabetes medications
or self-reported diagnosis.

Exposure definitions:

We will generate a predicted value for both LDLc and BMI. To generate these predicted values, we will use three
different sets of genetic variants including: a) genetic variants associated with LDLc only, b) genetic variants
associated with BMI only, and c) genetic variants associated with both LDLc and BMI.

Genetic instruments for LDLc were identified from the largest GWAS meta-analysis of lipid traits from
UKB (Richardson TG, et al Plos Med 2020). The number of distinct genetic instruments for LDLc from this study is
232. Genetic instruments for BMI were identified from the largest GWAS meta-analysis of BMI for European ancestry
participants that does not include UKB participants (Locke A, et al Nat 2015). The number of distinct genetic
instruments for LDLc from this study is 75. Because several genetic variants from both datasets are overlapping, we
pruned the list of 232 LDLc + 75 BMI genetic instruments based on physical distance (1MB) and pairwise LD
(r’<0.001). A total of 259 distinct genetic instruments remains for the prediction of LDLc and BMI from the list of
variants associated with both phenotypes.

To predict LDLc and BMI we will use genotyped variants from each participating cohort with call rate higher than
0.95 and Hardy-Weinberg equilibrium p-value higher than 1x10-*. When not directly genotyped, we will use imputed
variant based on the criteria of imputation quality (INFO) > 0.7 and MACH 12>0.8. If variants included in the provided
SNP lists are missing in specific participating cohorts, we will use proxy variants based on available variants reaching
r>>0.8 with the variant included in the original list.

1.2 Covariates

Models will be adjusted for 1) age (years, continuous), 2) sex (male, female, categorical), 3 ancestry-derived principal
components (5 or more if needed), and 4) Cohort-specific covariates such as recruitment center or family relatedness
should be included based on each specific case. For multi-ancestry cohorts, we will stratify individual analyses by
major ethnic groups including a) European descent, b) African American, and c¢) Asian

1.4 Unit of analysis

To facilitate these analyses, and to enable a uniform approach to analyses across the participating consortia/studies,
the Coordinating Center will provide R software scripts for direct use (or adaptation as needed). For example. For
obtaining predicted values we will need to add all the genetic instruments separately in a regression model rather
than combining them into a polygenic score. Estimated effect sizes will be reported per 1SD change in main
exposures of interest.
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1.5 Subgroup analysis

For multi-ancestry cohorts, we will stratify individual analyses by major ethnic groups including a) European
descent, b) African American, and c¢) Asian

2. Statistical analyses

1. Each cohort lists whether information on LDLc and BMI genetic instruments discovered to date are available
either via direct genotyping or via imputation with a sufficient imputation quality. We acknowledge that not all
studies have full information on these genetic variants. However, a table providing the specific variants available by
each study will clarify the exclusions made in the main analyses.

2. Each cohort will provide basic descriptive statistics (mean (SD), min, max) of main exposures and outcome of
interest.

3. The following cohort-level characteristics at baseline will be provided:

Total number of participants

Total number of T2D cases

Country and region (i.e., Europe, North America).

Mean (SD) of LDLc

Mean (SD) of BMI

Mean (SD) of age

Number (%) of sex

Number (%) of participants of European, African American, or Asian descent

9. Mean (SD) of fasting glucose

10. Number (%) of participants with dyslipidemia

11. Mean (SD) of total cholesterol

12. Mean (SD) of HDLc

13. Mean (SD) of triglycerides

14. Ascertainment methods for T2D adjudication (i.e., fasting/non-fasting glucose determinations, treatment
with either insulin or a hypoglycemic drug at follow-up examinations, or by reviewing medical record).

15. Method of assessment of LDLc.

16. Method of assessment of BMI.

17. Method of genotyping imputation panels, and quality metrics

NN

The analysis plan is divided in three steps to calculate the total effect, the indirect effect, and the direct effect.

Step 1. Total effect of LDLc on T2D:
1.1 Generate predicted LDLc:
o Fit a linear regression without the addition of any covariates to obtain a predicted value for LDLc (LDLc ~
B1SNP1 + B,SNP2 + B;SNP3 + .... + B23;SNP232; script was used in FHS was provided).
e LDLc should be in mg/dl, so if your cohort has LDLc in mmol/L please transform this variable to mg/dl
before predicting LDLc (multiply mmol/L by 38.67 to obtain mg/dl).
e  The output is a new variable which includes the fitted values from this model (i.e., predicted values). We
denote the value for each participant as LDLc.232.
1.2 Obtain T2D estimates:

e Fit aregression model for T2D with LDLc.232 and covariates (T2D ~ By p  LDLc.232 + BcoyvpLcOVariates).
The output from this analysis is fp  LDLc.232. We will internally denote 3; p LDLc.232 as 7;,
o We will meta-analyze all T, to obtain the total effect of LDLc on T2D.

Step 2. Indirect effect of LDLc on T2D:
2.1 Obtain the effect of the exposure on the mediator:
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e  Use the previously generated LDLc.232 variable to calculate the effect of LDLc on BMI. Regression model
for BMI with LDLc.232 and covariates (BMI ~ B p LDLc.232 + BcoypL cOVariates).

e  The output from this analysis is B pp LDLc.232. We will internally denote 3 p LDLc.232 from this model
as oy,

o We will meta-analyze all a; to obtain the effect of LDLc on BMI.

2.2 Obtain the effect of the mediator on the outcome:
2.2.1 Generate predicted BMI:
o Fit a linear regression without the addition of any covariates to obtain a predicted value for BMI (BMI ~
B1SNP1 + B,SNP2 + B3SNP3 + .... + B75SNP75).
e  BMI should be in kg/m?
e The output is a new variable which includes the fitted values from this model. We denote the value for each
participant BMI.75.
2.2.1 Obtain T2D estimates:
Fit a regression model for T2D with BMI.75 and covariates (T2D ~ BgyiBMIL.75 + Bcovam cOVariates).
The output from this analysis is BeyBMI.75. We will internally denote BgyiBMI.75 as 3,
We will meta-analyze all 5, to obtain the effect of BMI on T2D.
To obtain the indirect effect we will use the product of coefficients method (a; * [52).

Step 3. Direct effect of LDLc on T2D:
3.1 Obtain predicted LDLc:
e Fit a linear regression without the addition of any covariates to obtain a predicted value for LDLc.
(LDLc~ B1SNP1 + B,SNP2 + B3SNP3 + ... + B250SNP259).
e The output is a new variable with the fitted values from this model. We denote the value for each
participant LDLc.hat

3.2 Obtain predicted BMI:
o Fit a linear regression without the addition of any covariates to obtain a predicted value for BMI.
(BMI~B;SNP1 + B,SNP2 + B3SNP3 + ...+ B250SNP259).
e  The output is a new variable with the fitted values from this model. We denote the value for each
participant as BMILhat.

3.3 Obtain estimates effect sizes on T2D:
¢  Fit a regression model with both predictors and covariates: T2D ~ By pragj LDLc.hat + Bgmiajs BMILhat +
Beovadj cOvariates
. The output from this model is By pL.qj LDLc.hat. We will internally denote Brpraqj LDLc.hat as (3,
o We will meta-analyze all f; to obtain the direct effect of LDLc on T2D.

3. List of cohorts that had agreed to collaborate in this effort

Coronary Artery Risk Development in Young Adults (CARDIA), USA. The Cardiovascular Health Study (CHS),
USA. The Danish General Suburban Population Study (GESUS), Denmark. The European Prospective Investigation
into Cancer and Nutrition-Potsdam (EPIC-Potsdam) study, Germany. The Family Heart Study (FHS), USA. The
Framingham Heart Study (FHS), USA. The Hispanic Community Health Study / Study of Latinos (HCHS/SOL),
USA. The Jackson Heart Study (JHS), USA. The Johns Hopkins Genetic Study of Atherosclerosis Risk
(GeneSTAR), USA. The Malmo Diet and Cancer-Cardiovascular Cohort study (MDC-CC), Sweden. The Mass
General Brigham Biobank (MGBB), USA. The Multi-Ethnic Study of Atherosclerosis (MESA), USA. the
Rotterdam Study (RS) The Netherlands. The Women's Genome Health Study (WGHS), USA.

(List in alphabetical order, updated January 2021).
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Appendix 3

Acknowledgement of sources of funding for participating cohort studies

The Coronary Artery Risk Development in Young Adults study is conducted and supported by the National
Heart, Lung, and Blood Institute (NHLBI) in collaboration with the University of Alabama at Birmingham
(HHSN2682018000051 & HHSN2682018000071), Northwestern University (HHSN2682018000031), University of
Minnesota (HHSN2682018000061), and Kaiser Foundation Research Institute (HHSN2682018000041).

The Cardiovascular Health Study research reported in this article was supported by NHLBI contracts
75N92021D00006, HHSN268201200036C, HHSN268200800007C, HHSN268201800001C, NO1HC55222,
NO1HC85079, NO1HC85080, NO1THC85081, NO1HC85082, NO1HC85083, NO1HC85086; and NHLBI grants
UO01HLO080295, ROTHL087652, RO1THL105756, ROIHL103612, ROIHL120393, and UO1HL130114 with additional
contribution from the National Institute of Neurological Disorders and Stroke. Additional support was provided
through RO1AG023629 from the National Institute on Aging. The provision of genotyping data was supported in
part by the National Center for Advancing Translational Sciences, CTSI grant UL1TR000124, and the National
Institute of Diabetes and Digestive and Kidney Disease Diabetes Research Center grant DK063491 to the Southern
California Diabetes Endocrinology Research Center. A full list of principal CHS investigators and institutions can
be found at CHS-NHLBI.org. The content is solely the responsibility of the authors and does not necessarily
represent the official views of the National Institutes of Health.

The Danish General Suburban Population Study GESUS was funded by the Region Zealand Foundation,
Naestved Hospital Foundation. Edith and Henrik Henriksens Memorial Scholarship, Johan and Lise Boserup
Foundation, TrygFonden, Johannes Fog’s Foundation, Region Zealand, Naestved Hospital, The National Board of
Health, and the Local Government Denmark Foundation.

The recruitment phase of the EPIC-Potsdam study was supported by the Federal Ministry of Science, Germany (01
EA 9401) and the European Union (SOC 95201408 05F02). The follow-up of the EPIC-Potsdam study was
supported by German Cancer Aid (70-2488-Ha I) and the European Community (SOC 98200769 05F02). This work
was supported by a grant from the German Ministry of Education and Research (BMBF) and the State of
Brandenburg (DZD grant 82DZD00302).

The Family Heart Study is conducted and supported by the National Heart, Lung, and Blood Institute (NHLBI)
RO1IHL117078 and by NIDDK R01-DK-089256

The Framingham Heart Study was conducted using data and resources from the Framingham Heart Study of the
National Heart Lung and Blood Institute of the National Institutes of Health and Boston University School of
Medicine. The analyses reflect intellectual input and resource development from the Framingham Heart Study
investigators participating in the SNP Health Association Resource (SHARe) project. This work was partially
supported by the National Heart, Lung and Blood Institute's Framingham Heart Study (Contract No. NO1-HC-
25195) and its contract with Affymetrix, Inc for genotyping services (Contract No. N02-HL-6-4278).

The Hispanic Community Health Study/Study of Latinos is a collaborative study supported by contracts from the
National Heart, Lung, and Blood Institute (NHLBI) to the University of North Carolina (HHSN2682013000011 /
NO01-HC-65233), University of Miami (HHSN2682013000041 / N01-HC-65234), Albert Einstein College of
Medicine (HHSN2682013000021 / NO1-HC-65235), University of Illinois at Chicago (HHSN2682013000031 / NO1-
HC-65236 Northwestern Univ), and San Diego State University (HHSN2682013000051 / NO1-HC-65237). The
following Institutes/Centers/Offices have contributed to the HCHS/SOL through a transfer of funds to the NHLBI:
National Institute on Minority Health and Health Disparities, National Institute on Deafness and Other
Communication Disorders, National Institute of Dental and Craniofacial Research, National Institute of Diabetes
and Digestive and Kidney Diseases, National Institute of Neurological Disorders and Stroke, NIH Institution-Office
of Dietary Supplements. The Genetic Analysis Center at the University of Washington was supported by NHLBI
and NIDCR contracts (HHSN268201300005C AMO03 and MODO03).
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The Jackson Heart Study is supported and conducted in collaboration with Jackson State University
(HHSN2682018000131), Tougaloo College (HHSN2682018000141), the Mississippi State Department of Health
(HHSN2682018000151) and the University of Mississippi Medical Center (HHSN268201800010I,
HHSN2682018000111 and HHSN2682018000121) contracts from the National Heart, Lung, and Blood Institute
(NHLBI) and the National Institute on Minority Health and Health Disparities (NIMHD). The authors also wish to
thank the staffs and participants of the JHS. The views expressed in this manuscript are those of the authors and do
not necessarily represent the views of the National Heart, Lung, and Blood Institute; the National Institutes of
Health; or the U.S. Department of Health and Human Services.

The Johns Hopkins Genetic Study of Atherosclerosis Risk was supported by grants from the National Institutes
of Health/National Heart, Lung, and Blood Institute (U01 HL72518, HL087698, HL49762, HL59684, HL58625,
HLO071025, HL092165, HL099747, K23HL105897), by grants from the National Institutes of Health/National
Institute of Nursing Research (NR0224103, NR008153), by a grant from the National Institutes of Health/National
Institute of Neurological Disorders and Stroke (NS062059), by a grant from the National Institutes of
Health/National Center for Research Resources (M01-RR000052) to the Johns Hopkins General Clinical Research
Center, and by a grant from the National Center for Advancing Translational Sciences, National Institutes of Health
(UL1TRO01079) to the Johns Hopkins Institute for Clinical & Translational Research.

The Malmé Diet and Cancer-Cardiovascular Cohort study was supported by the Swedish Research Council, the
Swedish Heart and Lung Foundation, the Novo Nordic Foundation, the Swedish Diabetes Foundation, and the
Péhlsson Foundation, and by equipment grants from the Knut and Alice Wallenberg Foundation, the Region Skéne,
Skane University Hospital, the Linneus Foundation for the Lund University Diabetes Center and the European
Research Council.

The Mass General Brigham Biobank was supported by funds from Partners HealthCare which includes
Massachusetts General Hospital and Brigham and Women's Hospital.

The Multi-Ethnic Study of Atherosclerosis study and the MESA SHARe projects are conducted and supported by
the National Heart, Lung, and Blood Institute (NHLBI) in collaboration with MESA investigators. Support for
MESA is provided by contracts 75N92020D00001, HHSN2682015000031, NO1-HC-95159, 75N92020D00005,
N01-HC-95160, 75N92020D00002, NO1-HC-95161, 75N92020D00003, NO1-HC-95162, 75N92020D00006, NO1-
HC-95163, 75N92020D00004, NO1-HC-95164, 75N92020D00007, NO1-HC-95165, NO1-HC-95166, NO1-HC-
95167, NO1-HC-95168, NO1-HC-95169, UL1-TR-000040, UL1-TR-001079, UL1-TR-001420. Funding for SHARe
genotyping was provided by NHLBI Contract N02-HL-64278. Genotyping was performed at Affymetrix (Santa
Clara, California, USA) and the Broad Institute of Harvard and MIT (Boston, Massachusetts, USA) using the
Affymetrix Genome-Wide Human SNP Array 6.0. Also supported in part by the National Center for Advancing
Translational Sciences, CTSI grant UL1TR001881, and the National Institute of Diabetes and Digestive and Kidney
Disease Diabetes Research Center (DRC) grant DK063491 to the Southern California Diabetes Endocrinology
Research Center.

The Rotterdam Study is funded by Erasmus Medical Center and Erasmus University, Rotterdam, Netherlands
Organization for the Health Research and Development (ZonMw), the Research Institute for Diseases in the Elderly
(RIDE), the Ministry of Education, Culture and Science, the Ministry for Health, Welfare and Sports, the European
Commission (DG XII), and the Municipality of Rotterdam. The authors are grateful to the study participants, the
staff from the Rotterdam Study and the participating general practitioners and pharmacists.

The Women's Genome Health Study is supported by the National Heart, Lung, and Blood Institute (HL043851

and HL080467) and the National Cancer Institute (CA047988 and UM1CA182913), with collaborative scientific
support and funding for genotyping provided by Amgen.
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