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What is already known
· Evidence from clinical trials supports that pharmacologic lowering of low-density lipoprotein cholesterol (LDL-c) prolongs lifespan in populations at elevated cardiovascular risk.
· It is unknown whether these beneficial effects of LDL-c lowering on lifespan generalize to a general population that is not selected for elevated cardiovascular risk.
· It is also unknown whether the effect of LDL-c lowering on lifespan is similar across various drug targets, particularly for PCSK9 and NPC1L1.

What this study adds
· This genetic evidence supports that lifelong higher LDL-c levels, both generally and through inhibition of PCKS9, reduce lifespan and longevity. 
· A 1-standard deviation higher genetically proxied lifelong increase in LDL-c reduced lifespan by 1.2 years and reduced the odds of longevity to the 90th percentile age by 28%.
· In a general population that is not selected for increased cardiovascular risk, there is likely a net benefit of LDL-c lowering therapies, although randomized controlled trials are necessary before modification of clinical practice.


Abstract and Keywords
Background: It is unknown whether long-term low-density lipoprotein cholesterol (LDL-c) lowering may increases lifespan and longevity in a general population not selected for elevated cardiovascular risk. The present study aimed to investigate the overall and gene-specific effect of circulating low-density lipoprotein cholesterol (LDL-c) levels on lifespan and longevity in a general population.
Methods and Results: Leveraging data from the Global Lipids Genetics Consortium (n=173,082), we identified genetic variants to proxy LDL-c levels generally, and also through perturbation of particular drug targets (HMGCR, NPC1L1 and PCSK9). We investigated their association with lifespan (n=1,012,240) using Mendelian randomization, and replicated results using the outcome of longevity to the 90th vs. 60th percentile age (11,262 cases / 25,483 controls). A 1-standard deviation (SD) increase in genetically proxied LDL-c was associated with 1.2 years lower lifespan (95% confidence interval (CI) -1.55- -0.87; P=3.83x10-12). Findings were consistent in statistical sensitivity analyses, and when considering the outcome of longevity (odds ratio for survival to the 90th vs 60th percentile age 0.72, 95% CI 0.64-0.81, P=7.83x10-8). Gene-specific MR analyses showed a significant effect of LDL-c modification through PCSK9 on lifespan (-0.99 years, 95% CI -1.43, -0.55, P=6.80x10-6), however MR estimates for HMGCR and NPC1L1 were underpowered.
Conclusions: This genetic evidence supports that higher LDL-c levels, both generally and through PCKS9, reduce lifespan and longevity. Even forIn a general population that is not selected for increased cardiovascular risk, there is likely a net benefit of LDL-c lowering therapies, although randomized controlled trials are necessary before modification of clinical practice.
Key words: HMGCR, LDL-c, lifespan, Mendelian randomization, NPC1L1, PCSK9.

Introduction
Higher low-density lipoprotein cholesterol (LDL-c) levels increase risk of atherosclerotic cardiovascular disease (CVD), with consistent evidence of effect identified across studies investigating genetically proxied variation in LDL-c levels and randomized-controlled trials (RCTs) of LDL-c lowering therapies1. As CVD is the leading cause of mortality worldwide2, it may be expected that interventions targeting LDL-c would reduce all-cause mortality. However, such effects may be mitigated by adverse effects of LDL-c lowering, such as increased risk of intracerebral hemorrhage3,, type 2 diabetes4 , and weight gain4. While a meta-analysis of statin therapy trials found evidence for an all-cause mortality benefit5, no such effect has been found in meta-analyses of PCSK9 inhibitor trials6,7. A meta-regression pooling data across all published trials investigating LDL-c lowering therapies only found evidence for an all-cause mortality benefit for patients with a baseline LDL-c greater than 100mg/dL8. Thus, effects of LDL-c lowering on all-cause mortality and lifespan may be heterogeneous across drug classes and patient subgroups. Alternatively, the lack of evidence for a mortality benefit for PCSK9 inhibitors may be a consequence of the limited follow-up data from clinical trials to date. As participants in trials of LDL-c lowering therapy are typically selected for higher CVD risk and followed for limited periods of time, it is unclear the extent to which long-term reductions in LDL-c may influence lifespan in a general population.

Results from prospective observational studies investigating this question have been conflicted9,10, potentially due to residual confounding, reverse causality and survival bias. These potential limitations may be overcome by the use of Mendelian randomization (MR), an analytic approach that uses randomly allocated germline genetic variants as proxies for exposures to study causal effects of exposures on disease outcomes11. Given that these randomly allocated germline genetic variants cannot typically be modified after conception, this approach is relatively robust to confounding and reverse causality. MR can be used to study effects of genetic variation in drug targets on disease outcomes12, and to study effects of cardiovascular disease risk factors on lifespan and longevity13. Although prior MR studies have suggested beneficial effectsits of overall LDL-c lowering on lifespan, inferences from these studies have been limited due to low power, lack of independent replication, and potential bias by shared genetic associations with other lipid fractions14,15,16. Moreover, to our knowledge, differential effects of LDL-c on lifespan by gene-specific drug targets have not been systematically assessed.

To address this evidence gap, we leveraged population-based data from over one million individuals to determine the effect of lifelong exposure to higher LDL-c on lifespan17. We explored whether this effect was independent of other lipid fractions and sought replication using a largely independent study of longevity18. Finally, we performed analyses investigating effects of LDL-c lowering mediated through drug targets (HMGCR, NPC1L1, and PCSK9). We aimed to complement evidence from randomized trials of LDL-c lowering and to provide insight into the net benefit of LDL-c lowering in a general population.
Methods
Genetic associations with LDL-c and mediators
The overall study design is shown in Figure 1. Genetic association estimates for low-density lipoprotein cholesterol (LDL-c) were obtained from a meta-analysis of genome-wide association studies (GWAS) conducted by the Global Lipids Genetics Consortium (GLGC)19. The meta-analysis was restricted to participants of European ancestry, and most contributing cohorts measured blood lipid levels after eight or more hours of fasting, with exclusion of individuals on lipid-lowering therapy. Values of LDL-c were inverse normal transformed with a sample standard deviation (SD) of 38.7mg/dL (approximately 1mmol/L)19. Genetic associations were adjusted for age, sex, and principal components (in 35% of individuals), and the double genomic control method was used to correct for potential population stratification19. We also obtained genetic associations reported by GLGC for high-density lipoprotein cholesterol (HDL-c; n up to 187,167) and triglycerides (n up to 177,861) for use in multivariable MR sensitivity analyses. These traits were similarly transformed and analyzed, with sample SDs of 15.5mg/dL for HDL-c and 41mg/dL for triglycerides. As a secondary data source, we obtained genetic associations with LDL-c measured in unrelated individuals of European ancestry in the UK Biobank cohort (n=343,621)20,21. Here, LDL-c was directly measured and there was no exclusion of study participants on lipid-lowering therapy. Values of LDL-c were inverse normal transformed with a sample SD of 33.7mg/dL. We also obtained genetic associations with type 2 diabetes (74,124 cases / 824,006 controls; all of European ancestry)22 for use in multivariable MR sensitivity analyses. Genetic associations were not adjusted for BMI, and either principal components or linear mixed models were used to control for population stratification.

We considered coronary artery disease (CAD) and ischemic stroke ass a mediators of the effects of LDL-c on lifespan. Genetic associations with CAD were obtained from the CARDIoGRAMplusC4D Consortium, which used an inclusive case definition including myocardial infarction, acute coronary syndrome, chronic stable angina and coronary stenosis greater than 50% (60,801 cases / 123,504 controls; 77% European ancestry)23. The double genomic control method was used to correct for potential population stratification23. Genetic associations with ischemic stroke were obtained from the MEGASTROKE consortium, and were adjusted for age and sex (60,341 ischemic stroke cases / 454,450 controls; 86% of European ancestry)24. The single genomic control method was used to correct for potential population stratification.

Genetic association estimates for lifespan and longevity
As the primary lifespan outcome, we obtained genetic association estimates with parental survival from a meta-analysis of the UK Biobank and the LifeGen consortium of 26 population cohorts (n=1,012,240; all of European ancestry)17. Although the GLGC sample did not include data from UK Biobank, some cohorts contributing data to the LifeGen consortium also contributed data to the GLGC (up to 9.6% sample overlap; Supplementary Methods). These studies used a Cox proportional hazards model to estimate offspring genetic variant effects on parental survival, with statistical adjustment made for sex, regional assessment center and genotyping batch and array (for the UK Biobank cohort), and 10 principal components of ancestry. Effect sizes obtained using genetic data from offspring are half of the actual variant effect size in the parent, and were therefore doubled to reflect the expected genetic effects in parents17. This approach effectively imputes the parental genotype data, permitting the use of a much larger sample in genetic analysis. The summary-level genetic effects from this study are reported as log hazard protection ratios. These coefficients can be multiplied by ten to estimate the absolute change in lifespan years per additive allele dosage17.

As a secondary outcome using a distinct phenotype definition in a largely independent sample, we obtained genetic associations from a meta-analysis of case-control studies of individual (i.e. non-parental) longevity to a sex and birth cohort-specific 90th vs. 60th percentile age (11,262 cases, 25,483 controls)18. Up to 2,311 cases (20.5% of total) and 5,968 controls (23.4% of total) overlapped with the GLGC GWAS, and up to 2,266 cases (18.5% of total) and 8,830 controls (34.7% of total) contributed to the lifespan GWAS (Supplementary Methods). As example survival percentiles, the 60th and 90th percentile ages in the 1920 US birth cohort correspond to 75 and 89 years for men and 83 and 94 years for women18. Genetic associations with longevity were obtained in participants of European ancestry and were adjusted for clinical site, family relationships, and principal components (if applicable)18. The genetic effects from this study are reported as log-odds of survival to the 90th percentile vs. 60th percentile age.

Genetic variants modelled as instrumentsGenetic proxies for exposure traits
For univariable Mendelian randomization (MR) analyses investigating overall effects of LDL-c, we first identified genome-wide significant (P<5x10-8) single-nucleotide polymorphisms (SNPs) associated with LDL-c that were also present in the outcome GWAS dataset. To ensure independence of the variants genetic proxiesmodelled as instrumental variables, these SNPs were then clumped using a 10Mb window and pair-wise linkage disequilibrium (LD) r2 < 0.001 (using the 1,000 Genomes Project Phase 3 European LD reference panel25). This step was implemented using the TwoSampleMR26 package. Instrument strength was quantified using the F-statistic27, and percent variance explained was quantified using the R2 value28.

For multivariable MR analyses, we first pooled together all genome-wide significant SNPs that were associated with any of the exposures and that were also present in the lifespan GWAS dataset. These SNPs were then clumped with respect to the lowest P-value corresponding to any of the exposures26 using a 10Mb window and pair-wise linkage disequilibrium (LD) r2 < 0.001. This approach was used for analyses adjusting LDL-c estimates for genetic associations with i) HDL-c and triglycerides,  and ii) CAD, iii) ischemic stroke, and iv) CAD and ischemic stroke. 

To proxy effects of modifying LDL-c -c through single genes encoding drug targets for LDL-c lowering therapies, we selected variants previously identified as genetic proxies for modulation of HMGCR (targeted by statins), NPC1L1 (targeted by ezetimibe), and PCSK9 (targeted by PCSK9 inhibitors)29. For these single gene analyses, we considered variants with a genome-wide significant association with LDL-c and a genomic position within 100kb of the target gene30. In contrast to the instruments variants used to proxy overall LDL-c levels, clumping these variants using a pair-wise LD cutoff of r2 < 0.001 yields very few variants for use in MR (1 for HMGCR, 1 for NPC1L1, and 2 for PCSK9). In keeping with prior work, we therefore clumped the variants in the gene regions using a pair-wise LD r2 < 0.20 to include additional variants in the gene-specific MR analyses29, and used appropriate methods to control for residual LD (see below).

Statistical analysis
Genetic associations with LDL-c and lifespan were harmonized by aligning beta coefficients to the same effect allele26, with no exclusion made for potentially palindromic variants. We used the random-effects inverse-variance weighted (IVW) method as the primary MR approach26. This method regresses the SNP-outcome association on the SNP-exposure association and weights the effects by the inverse of the standard error of the SNP-outcome associations, with the intercept fixed at the origin26. This method estimates the causal effect of a 1-standard deviation (SD) increase in genetically proxied LDL-c on years of lifespan.

Causal effects estimated in this MR analysis are unbiased provided that the variants ingenetic proxies for the LDL-c instrument do not influence lifespan through pathways independent of LDL-c (also referred to as horizontal pleiotropy31). As a global test for potential horizontal pleiotropy, we conducted a statistical test for heterogeneity using Cochran’s Q, which assesses for over-dispersion in the causal effects estimated by each variant in theof the genetic proxies for LDL-c instrument32. To assess whether over-dispersion may be biasing the MR estimate, we used methods that relax assumptions about horizontal pleiotropy, including the weighted median estimator33, MR-Egger34 (including a statistical test for unbalanced pleiotropy), contamination mixture method35, and Mendelian randomization pleiotropy residual sum and outlier (MR-PRESSO)36. To characterize the function of variants identified as heterogeneous by MR-PRESSO, we obtained gene-based annotation on the SNP and the identity of the nearest gene using PhenoScanner V237, and determined whether any SNPs were positioned within 1Mb of a lead SNP identified in the lifespan GWAS17. We conducted regression-based multivariable MR38 including LDL-c, HDL-c, and triglycerides as exposures to account for pleiotropic effects of genetic predictors proxies of LDL-c on different lipid fractions39,19. As a complementary approach, we performed analyses using genetic proxies for LDL-c that did not associate with either HDL-c or with triglycerides at genome-wide significance (P<5x10-8). To determine whether results were influenced by winner’s curse or by exclusion of individuals on lipid-lowering therapy in the GLGC, we repeated IVW analyses using genetic associations with LDL-c measured in UK Biobank20 and in the Million Veterans Program40. We conducted a statistical test for heterogeneity to determine whether the magnitude of this effect differed from the effect estimated using the variants from the GLGC instrumentdataset. As a secondary outcome, we conducted IVW analysis of genetically proxied LDL-c (using the GLGC instrument weights) on the 90th vs. 60th percentile age outcome, and repeated the sensitivity analyses described above..

We conducted performed multivariable MR adjusting genetic associations with LDL-c for CAD and ischemic stroke to estimate the direct effect of LDL-c on lifespan. These estimates were used to quantify the proportion of the total LDL-c effect on lifespan that was not mediated through CAD and ischemic stroke41,42. Standard errors were estimated using the propagation of error method. In analyses of LDL-c restricted to predefined gene regions, we used the IVW method accounting for correlation between genetic variantsinstruments (IVW-corr)43. Correlations were estimated using the 1,000 Genomes Project Phase 3 European LD reference panel25, accessed through the TwoSampleMR package of R26. In a sensitivity analysis we further clumped these instruments genetic proxies to an r2 < 0.1 and used conventional IVW regression without accounting for correlation. This clumped set of variants was also used in weighted median and MR Egger sensitivity analyses for the genes that had at least three available genetic proxies for use in MR analyses. All MR analyses were conducted using the TwoSampleMR v0.4.2326 and MendelianRandomization v0.4.143 packages.

Ethical approval, data availability and reporting
All included genetic association studies obtained informed consent and ethical approval17–19. The data underlying this article were accessed from sources in the public domain (links provided in Supplementary Table 1). This study has been reported in accordance with the STROBE-MR guidelines (Supplementary Checklist). Code for conducting these analyses is available upon request. The study protocol was not pre-registered.

Results
Effect of genetically proxied LDL-c on lifespan
The LDL-c genetic instrument includedWe identified 80 variants for use as genetic proxies for LDL-c. with The mean F-statistic for all the proxies was 156 (range 28-1663). These variants collectively explained 9.92% of the variance in LDL-c. Genetic variants modelled as instrumental variablesproxies for the lipid traits are presented in Supplementary Tables 2-5, and forest plots visualizing causal effects estimated by each individual variant are provided in Supplementary Figures 1-8.

In the primary analysis, we found that a genetically proxied 1-SD increase in LDL-c reduced lifespan by 1.21 years (95% confidence interval (CI) -1.55- -0.87, P=3.83x10-12). The causal effects estimated by the individual variants were more heterogeneous than expected by chance (Cochran’s Q P=1.02x10-32). Results were consistent across all MR sensitivity analyses (Figure 2), and the Egger intercept test for unbalanced pleiotropy was consistent with the null hypothesis of no pleiotropy (P=0.35). MR-PRESSO identified seven significantly heterogeneous variants, with a significant global test for potential pleiotropy (P<2x10-4). Ffive of which these variants were positioned within 1Mb of a lead SNP identified in the lifespan GWAS17 (including variants in APOE and LPA; Supplementary Table 6) and . aAnalyses removing these variants provided similar MR effect estimates (Figure 2; Pdistortion=0.54). Multivariable MR models aAdjusting the LDL-c instrument genetic proxies for genetic associations with HDL-c and triglycerides or for type 2 diabetes liability in a multivariable MR model also provided similar effect estimates (Figure 2). Similarly, removing genetic proxies for LDL-c that were also associated with HDL-c or with triglycerides yielded similar MR estimates (Figure 2). The estimate for the effect of higher LDL-c on lifespan was consistent when using genetic associations with LDL-c from UKB and from MVP (lifespan years per 1-SD increase in LDL-c: -1.50, 95% CI -1.92 - -1.07, P=5.04x10-12; Figure 2), with no evidence that this effect differed from that estimated by when using genetic associations from the GLGC instrument (PUKB=0.28; PMVP=0.15). When considering the outcome of longevity, genetically proxied higher LDL-c reduced the odds of survival to the 90th vs. the 60th percentile of age (odds ratio (OR) 0.72, 95% CI 0.64-0.81, P=7.83x10-8, Cochran’s Q P=1.46x10-5), with consistent results in sensitivity analyses (Supplementary Table 7)..

Direct effects of LDL-c on lifespan after accounting for mediation through CADcoronary artery disease and ischemic stroke
A 1-SD higher genetically proxied LDL-c had odds ratio 1.53 for CAD (95% CI 1.39-1.69, P=9.71x10-18) and odds ratio 1.10 for ischemic stroke (95% CI 1.03-1.18, P=5.05x10-3). For every log-odds increase in genetically proxied liability to CAD and ischemic stroke, there was a respective reduction of 1.72 lifespan years (95% CI -2.21- -1.24, P=2.82x10-12) and 1.88 lifespan years (95% CI -2.61- -1.16, P=3.72x10-7).. 	Comment by Gill, Dipender P S: As I write in the response letter, I’m not sure if this is required. I also don’t recall seeing it described in the Methods. I would omit this paragraph.

We used multivariable MR to estimate the direct effect of genetically proxied LDL-c on lifespan after accounting for mediation throughWhen adjusting for either genetically proxied liability to CAD, ischemic stroke, or both phenotypes in multivariable MR, the direct effect of genetically proxied LDL-c on lifespan was attenuated from the total effect but remained significantly different from the null (-0.61 years, 95% CI -0.93- -0.30, P=1.59x10-4; Figure 2). The estimated proportion of the LDL-c effect on lifespan not mediated through CAD was 51% (95% CI 21%-81%).The estimated proportion of the LDL-c effect on lifespan that was not mediated through these phenotypes was 51% for CAD (95% CI 21%-81%), 79% for ischemic stroke (95% CI 44%-114%), and 42% when accounting for both CAD and ischemic stroke (95% CI 16%-69%). 	Comment by Gill, Dipender P S: See changes in the response letter.

Pathway and drug target-specific effects of LDL-c on longevity 
Genetic variants used as proxies for LDL-lowering drug targets are presented in Supplementary Table 4. A 1-SD higher genetically proxied LDL-c through PCSK9 reduced lifespan by 0.99 years (95% CI -0.55- -1.43, P=6.80x10-6; Figure 3). Point estimates for the HMGCR and NPC1L1 instruments genetic proxies were also consistent with a reduction in lifespan, however the confidence intervals for these estimates crossed the null (Figure 3), with consistent directions of effect estimated using the outcome of survival to the 90th vs. 60th percentile age (Supplementary Table 78). MR estimates in sensitivity analyses using the conventional IVW method with variants clumped to an r2 < 0.1 were consistent for PCSK9 and HMGCR, however the sign of the coefficient for the effect of the NPC1L1 instrument genetic proxy on lifespan was positive with wide confidence intervals (Figure 3). Sensitivity analyses using these clumped variants in weighted median and MR Egger analyses showed consistent evidence for an effect of the PCSK9 genetic proxy on lifespan (Supplementary Table 9).  

Discussion
In this Mendelian randomization analysis, we found evidence for an association between higher genetically proxied LDL-c and reduced lifespan. This effect was robust in sensitivity analyses and replicated in a largely independent sample utilizing a distinct longevity outcome. We identified deleterious effects of higher genetically proxied LDL-c through the PCSK9 gene region on lifespan. Although analyses using the HMGCR and NPC1L1 genetic instruments proxies provided concordant direction of effect, the confidence intervals were wide and overlapped the null. As such, these null results are likely related attributable to insufficient power rather than absence of a biological effect.

Taken together, these data support the hypothesis that long-term LDL-c lowering increases lifespan and longevity in a general population not selected for elevated cardiovascular risk. This extends evidence for a mortality benefit with LDL-c lowering to a broader pool of individuals relative to the high-risk populations considered in RCTs8. In fact, participants in the UK Biobank are on average healthier than the UK population44. These results reinforce the notion that, on average for the population considered, the beneficial effects of LDL-c lowering far outweigh any detrimental effects of LDL-c lowering3,4. We provide mechanistic insight for this effect by showing that approximately half 42% of the causal effect of LDL-c on lifespan is mediated through pathways independent of coronary artery disease and ischemic stroke. This is consistent with the observation that LDL-c has a causal effect on a range of outcomes beyond coronary artery disease, including ischemic stroke (particularly the large artery subtype)3,, including p41, peripheral vascular disease45,46 , and abdominal aortic aneurysm46,47. Additional work is needed to determine whether there are any direct effects of LDL-c on aging that may explain its effects on lifespan, independently of the reduced risk of cardiovascular disease risk.

Prior evidence from a meta-analysis of PCKS9 inhibitor trials7 and from genetic analyses using a weighted PCSK9 allele score15 have not supported effects of PCSK9 inhibition on all-cause mortality. In contrast, our analyses found robust evidence for an effect of higher genetically proxied LDL-c through the PCSK9 gene region on reduced lifespan. On the basis of this result, we anticipate that PCSK9 inhibitors will be found to have an all-cause mortality benefit as more mortality data accrues. This prediction assumes no substantial off-target effects of PCSK9 inhibitors on mortality, consistent with network meta-analyses that have not found any signal for such an effect48. The deleterious point estimates of higher LDL-c on lifespan estimated using the HMGCR and NPC1L1 instruments genetic proxies were not significant, but were underpowered as evidenced by the wide confidence intervals.

As the estimated effect in MR is most appropriately compared to the effect of adherence to a lifelong intervention on a given outcome, the point estimates we report should not be extrapolated to assume predict the effect of LDL-c lowering on lifespan in the general populationfrom a shorter-term clinical intervention. An analogous clinical intervention would require long-term adherence to LDL-c lowering therapies, and widespread uptake of such an intervention may be limited by side effects and pill burden49,50. The development of novel, long-acting LDL-c lowering agents with infrequent dosing schedules may improve long-term adherence51. Alternatively, public health efforts, such as promotion of a healthy diet52, that create smaller but more widespread changes in the population distribution of LDL-c levels may be effective tools to increase overall lifespan and longevity53.

There are several strengths to highlight in this analysis. Although the effect of genetically proxied LDL-c on lifespan has been previously studied16,14, our study leverages the largest sample size to date, is the first to investigate the outcome of longevity, and is the first to investigate gene-specific effects of LDL-c modification through drug targets. An advantage of investigating outcomes such as lifespan and longevity is the implicit consideration of both beneficial and detrimental effects of a given intervention. By analyzing parental lifespan, we mitigate immortal time bias related to differential selection into a study by individual survival status. However, this bias may influence analyses using the outcome of longevity. By using reported parental lifespans, we also mitigate bias due to potentially differential rates of loss to follow-up in strata of LDL-c. We reported effects on the scale of relative change in lifespan years, which is more clinically interpretable than the conventionally reported hazard ratio. 	Comment by Gill, Dipender P S: This is ambiguous to me. I’d prefer to delete.

Our study also has limitations. Although we found consistent results across multiple sensitivity analyses, we cannot fully exclude potential bias attributable to effects of the genetic instruments proxies on lifespan through pathways other than LDL-c (i.e. violation of the Mendelian randomization assumption of no horizontal pleiotropy). Our results may be biased by a small degree of overlap between the exposure and outcome samples. However, such bias is typically minimal in the setting of strong genetic instruments (F-statistic > 10)54.  The mediation analysis we performed using CAD and ischemic stroke may be biased due to the binary nature of these mediators41. The MR estimates obtained using parental lifespans may not generalize to contemporary populations given systematic differences in the environment and distribution of atherosclerotic risk factors55. Finally, the MR method we used only considers the linear associations of small changes in genetically proxied LDL-c around the population mean, and cannot be extrapolated to infer the effect of changes in LDL-c at extremes of this distribution (e.g. in familial hypercholesterolemia).

In conclusion, we found genetic support for an effect of higher overall and PCSK9-mediated circulating LDL-c on reducing lifespan. Our approach considered the cumulative lifelong effect of genetically proxied modifications in LDL-c levels and was further applied in populations that were not selected for increased cardiovascular risk. These results therefore provide evidence that earlier and wider use of LDL-c lowering therapies may be an effective strategy for improving overall lifespan and longevity. Further investigation incorporating randomized controlled trial data is warranted to provide definitive evidence of such effects.
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Figure legends
Figure 1. Study design. LDL: low-density lipoprotein.
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Figure 2. Forest plot of Mendelian randomization estimates and sensitivity analyses for the association between genetically proxied LDL-c and lifespan (n=1,012,240). Point estimates are expressed as the effect of a 1-standard deviation (SD) increase in low-density lipoprotein cholesterol (LDL-c) on years of lifespan. The MR- pleiotropy residual sum and outlier (MR-PRESSO) method identified and removed 8 variants and multivariable MR adjusted for genetic associations with high-density lipoprotein cholesterol and triglycerides. The “LDL-c specific variants” were not associated with either triglycerides or HDL-c at genome-wide significance. The ‘direct effect’ reflects the residual association of genetically proxied LDL-c with lifespan after adjusting for mediation through coronary artery disease. Adj: adjusted; CI: confidence interval; Con-Mix: contamination mixture; IVW: inverse-variance weighted; MVMR: multivariable Mendelian randomization; MVP: Million Veterans Program; T2D: type 2 diabetes; TG: triglycerides; WM: weighted median.
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[bookmark: _GoBack]Figure 3. Forest plot of drug target-specific Mendelian randomization estimates for the association between genetically proxied LDL-c and lifespan (n=1,012,240). The primary random-effects IVW-corr method was used for variants with correlation r2 < 0.2, while the conventional random-effects IVW method was used for variants with correlation r2 < 0.1. Point estimates are expressed as the effect of a 1-standard deviation (SD) increase in low-density lipoprotein cholesterol (LDL-c) on years of lifespan. CI: confidence interval.
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