WWwWw.aging-us.com AGING 2023, Vol. 15, No. 24

Research Paper
Causal effects of lipid-lowering therapies on aging-related outcomes
and risk of cancers: a drug-target Mendelian randomization study

Han Chen'’, Xinyu Tang®", Wei Su®", Shuo Li%, Ruoyun Yang!, Hong Cheng?, Guoxin Zhang?,
Xiaoying Zhou?

!Department of Gastroenterology, The First Affiliated Hospital of Nanjing Medical University, Nanjing, Jiangsu, China
2Department of Radiation Oncology, The First Affiliated Hospital of Nanjing Medical University, Nanjing, Jiangsu, China
3Department of Neurology, The First Affiliated Hospital of Nanjing Medical University, Nanjing, Jiangsu, China
*Equal contribution

Correspondence to: Xiaoying Zhou, Guoxin Zhang; email: zhouxiaoying0926@njmu.edu.cn, zhangguoxinzxy@njmu.edu.cn
Keywords: lipid-lowering drugs, aging, Mendelian randomization
Received: August 30, 2023 Accepted: November 13, 2023

Published: December 19, 2023

Copyright: © 2023 Chen et al. This is an open access article distributed under the terms of the Creative Commons Attribution
License (CC BY 4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original
author and source are credited.

ABSTRACT

Background: Despite the widespread use of statins, newer lipid-lowering drugs have been emerging. It remains
unclear how the long-term use of novel lipid-lowering drugs affects the occurrence of cancers and age-related
diseases.

Methods: A drug-target Mendelian randomization study was performed. Genetic variants of nine lipid-lowering
drug-target genes (HMGCR, PCKS9, NPC1L1, LDLR, APOB, CETP, LPL, APOC3, and ANGPTL3) were extracted as
exposures from the summary data of Global Lipids Genetics Consortium Genome-Wide Association Studies
(GWAS). GWAS summary data of cancers and noncancerous diseases were used as outcomes. The inverse-
variance weighted method was applied as the main statistical approach. Sensitivity tests were conducted to
evaluate the robustness, pleiotropy, and heterogeneity of the results.

Results: In addition to marked effects on decreased risks of atherosclerotic cardiovascular diseases, genetically
proxied lipid-lowering variants of PCKS9, CETP, LPL, LDLR, and APOC3 were associated with longer human
lifespans (g<0.05). Lipid-lowering variants of ANGPTL3 and LDLR were associated with reduced risks of
colorectal cancer, and ANGPTL3 was also associated with lower risks of gastric cancer (g<0.05). Lipid-lowering
LPL variants were associated with decreased risks of hypertension, type 2 diabetes, nonalcoholic fatty liver
disease, and bladder cancer (g<0.05). Lipid-lowering variants of PCKS9 and HMGCR were associated with
decreased risks of osteoporosis (g<0.05). Lipid-lowering APOB variants were associated with a decreased risk of
thyroid cancer (g<0.05).

Conclusions: Our study provides genetic evidence that newer nonstatin lipid-lowering agents have causal
effects on decreased risks of several common cancers and cardiometabolic diseases. These data provide genetic
insights into the potential benefits of newer nonstatin therapies.

INTRODUCTION prevention for atherosclerotic cardiovascular disease
(ASCVD) as supported by numerous clinical trials [2,
3]. However, even with optimal statin therapy, there are

still notable residual ASCVD risks [4]. In addition,

Statins are commonly used lipid-lowering drugs that
target 3-hydroxy-3-methylglutaryl coenzyme A re-

ductase (HMGCR) [1]. As first-line agents to lower
plasma LDL cholesterol (LDL-C), statins have shown
consistent benefits in both primary and secondary

statin adherence is not clinically sufficient due to a
potential risk of newly diagnosed type 2 diabetes [5]
and intolerance of adverse events such as myopathy and
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hepatopathy [6]. Therefore, to improve lipid-lowering
effects, new nonstatin lipid-lowering pharmaceutical
agents have emerged.

In recent years, several gene-target drugs have been
developed due to their favorable lipid-lowering effect.
Cholesterol absorption inhibitors, proprotein convertase
subtilisin/kexin type 9 (PCSK9) inhibitors, and bempedoic
acid (BA) are several newer nonstatin medications with
cholesterol-lowering effects [7, 8], while angiopoietin-like
protein 3 (ANGPTL3) inhibitors and antisense oligo-
nucleotides targeting the mRNA of apoprotein C-111
(APOC3) have effects on lowering serum triglyceride
levels [9]. As clinical trials investigating the effectiveness
and safety of several newer nonstatin drugs are still
currently in progress [10], the impact of long-term use of
these drugs on morbidity and mortality remains unclear.
Therefore, in our study, we aim to investigate the genetic
impact of different lipid-lowering drugs on cardio-
metabolic diseases, the risk of cancers, and age-related
outcomes by examining gene targets.

Mendelian randomization (MR) is an analytical
approach that has been widely applied to investigate the
causal relations between exposures and outcomes [11].
A drug-target MR analysis belongs to the MR study but
only retains genetic variants in or near the target gene of
the drug substance [12]. The effects of genetic variants
within the encoding gene of a drug target can illustrate
the potential causal effect of controlling a drug target on
modulating exposures and outcomes. Therefore, we
performed a two-sample MR study with drug-target MR
analysis, mimicking the long-term administration of
different lipid-lowering agents in randomized clinical
trials, to provide genetic insights into the safety of
different lipid-lowering drugs on age-related traits.

MATERIALS AND METHODS
Study design and data sources

Our MR study followed the Strengthening the
Reporting of Observational Studies in Epidemiology
using Mendelian Randomization (STROBE-MR) guide-
lines (Supplementary Table 1). A two-sample MR
analysis with drug-target analysis was designed. The
exposures comprised LDL-cholesterol- or triglyceride-
lowering genetic variants in or near various drug-target
genes. The classification of lipid-lowering drugs and
their target genes was based on the latest expert
consensus and guidelines regarding lipid-lowering
therapies [10, 13], which are summarized in Table 1. To
enhance the credibility of the causal effects of gene
variants, we performed positive control analyses, given
the recognized benefits of lipid-lowering drugs in
coronary artery disease.

The outcome data included multiple GWAS summary
data of cardiometabolic diseases (coronary athero-
sclerosis, major coronary heart disease events,
hypertension, type 2 diabetes, nonalcoholic fatty liver
disease (NAFLD)), risk of cancers (colorectal cancer,
gastric cancer, esophageal cancer, hepatocellular
carcinoma, pancreatic cancer, lung cancer, thyroid
cancer, bladder cancer, and cerebral tumors), and age-
related outcomes (parental lifespan and longevity,
telomere length, chronic obstructive pulmonary disease
(COPD), Alzheimer's disease/dementia, and osteo-
porosis). All the data sources used in this study were
derived from publicly accessible GWAS summary data
of European populations, and detailed information is
presented in Table 2.

Figure 1 presents the main MR assumptions. As the
main effect of lipid-lowering drugs is to reduce LDL-C
or triglyceride levels, we used the associations of these
selected genetic instruments with circulating lipid
concentrations to proxy the pharmacological modula-
tion of the drug-target protein (relevance assumption).
The assumption is that genetic variants are not
associated with confounders (independence assumption)
and affect human lifespan through other pathways
(exclusion restriction assumption) [14]. This study
employed publicly available summary statistics for
analysis, and no ethical approval was needed.

Selection of genetic variants

For drug-target MR, information on pharmacologically
active protein targets and their encoding genes was
extracted from the DrugBank (https://go.drugbank.com/)
and NCBI Gene Database (https://www.ncbi.nim.
nih.gov/gene/). A total of 11 target genes were identified,
including low-Density Lipoprotein Receptor (LDLR), 3-
hydroxy-3-methylglutaryl coenzyme A reductase
(HMGCR), ATP-citrate synthase (ACLY), proprotein
Convertase  Subtilisin/Kexin  Type 9 (PCKS9),
Niemann-Pick C1-like 1 (NPC1L1), apoprotein B-100
(APOB), cholesteryl ester transfer protein (CETP),
lipoprotein lipase (LPL), peroxisome proliferator
activated receptor alpha (PPARA), angiopoietin-related
protein 3 (ANGPTL3), and apoprotein C-111 (APOC3).
Genetic variants within these genes that encode protein
targets of lipid-lowering drugs (cis-variants) were
extracted from the GWAS summary data from the
Global Lipids Genetics Consortium [15]. Cis-variants
are defined as genetic variants located on the same
DNA molecule as the target gene [16]. The serum levels
of LDL-C and TG were used as proxies for LDL-C-
lowering and TG-lowering targets, respectively. Drug-
target SNPs, clumped to an LD threshold of r2<0.3 with
a 100 kb window distance, were identified at a genome-
wide level of significance (p<5x170~%) within +100 kb
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Table 1. Summary of genetically proxied lipid-lowering drug

targets.

Drug Encoding Gene location Eligible
effect Drug class Drug target genes (GRCh37 from ensembl) Drug substance 1Vs
Key Modulator LDL Receptor LDLR CHR:19:11,200,038-11,244,492 - yes
HMGCR inhibitors HMG-CoA reductase HMGCR  CHR:5:74,632,154-74,657,929 Alorvastatin o
Rosuvastatin etc.
ACLY inhibitors ATP-citrate synthase ACLY CHR:17:40,023,161-40,086,795 Bempedoic acid no
A Proprotein Convertase . Evolocumab
PCSKQ inhibitors Subtilisin/Kexin Type 9 PCSK9 CHR:1:55,505,221-55,530,525 Alirocumab yes
ILDL-C  TC absorption inhibitors Niemann-Pick C1-like1 NPC1L1 CHR:7:44,552,134-44,580,914 Ezetimibe yes
ASO fagenn ApoB Apo B100 APOB  CHR:2:21,224,301-21,266,945  Mipomersen  yes
ASO targeting CETP Cholesteryl Ester . .
MRNA Transfer Protein CETP CHR:16:56,995,762-57,017,757 Torcetrapib yes
BA sequestrants Bile acids - - Cholestyr.amme no
Colestipol
Key Modulator Lipoprotein Lipase LPL CHR:8:19,759,228-19,824,769 - yes
. Peroxisome Proliferator- . Fenofibrate
Fibrates Activated Receptor-alpha PPARA CHR:22:46,546,424-46,639,653 Gemfibrozil no
TG ANGPTLS inhibitors A”g'°§r00'f;i';"§e'ated ANGPTL3  CHR:1:63,063,158-63,071,830  Evinacumab  yes
ASO targeting ApoC-Ill Apo C-III APOC3  CHR:11:116,700,422-116,703,788  Volanesorsen  yes

Abbreviations: LDL-C, Low-Density Lipoprotein Cholesterol; TG, Total triglyceride; LDLR, Low-Density Lipoprotein Receptor;
HMGCR, 3-hydroxy-3-methylglutaryl coenzyme A reductase; PCKS9, Proprotein Convertase Subtilisin/Kexin Type 9; NPC1L1,

Niemann-Pick C1-like 1; APOB, Apoprotein B-100; CETP, Cholestery
Angiopoietin-related protein 3; APOC3, Apoprotein C-lll.

regions of the corresponding genes. PPARA and ACLY
were excluded from further analysis due to insufficient
numbers of SNPs identified as drug proxies. Steiger
filtering [17] was also used to identify the bidirectional
effects, and variants with reverse causal effects were
removed accordingly. SNPs with inconsistent alleles
(i.e., A/G vs. A/C) were strictly excluded.

Statistical analysis

The inverse variance weighting (IVW) method [18] was
primarily used to estimate the causal effects. This
approach estimates the causality of a 1 standard
deviation increase in exposure to genetic predictors of
outcome. Beta estimates were utilized to evaluate
GWAS data with continuous outcomes, while odds
ratios were used to estimate the GAWS data with binary
outcomes. The association estimates of the same trait
were combined using a meta-analysis of the fixed or
random effects model based on heterogeneity [19].

To test the MR assumptions in the study design, we first
calculated the F statistic for each instrument using the
following formula: F=R?(n—1-k)/(1-R?)k, (R? stands
for the proportion of variation explained, k stands for
the number of eligible SNPs, and n stands for the
sample size) [20]. No significant weak instrumental bias
was defined as eligible SNPs with F-statistics greater

| Ester Transfer Protein; LPL, Lipoprotein Lipase; ANGPTL3,

than 10. Statistical power was estimated using the
mRnd website (https://shiny.cnsgenomics.com/mRnd/).
To validate the results from the VW method, we
conducted sensitivity tests using MR-Egger regression,
weighted median, maximum likelihood, and weighted
mode methods [21]. We estimated heterogeneity and
horizontal pleiotropy using the Cochran Q test and MR
Egger’s intercept test. Additionally, we utilized “leave-
one-out” analysis to identify heterogeneous SNPs by
omitting each instrumental SNP in turn. P-values were
adjusted from multiple testing using the false discovery
rate (FDR, g-value) with the Benjamin-Hochberg
method.

All analyses were implemented in R software version
4.1.0 using the TwosampleMR (github.com/MRCIEU/
TwpSampleMR), MendelianRandomiszation, and coloc
R packages. Forest plots were derived from the ggplot
and ggplot2 R packages, and heatmaps were derived
from the pheatmap R packages. The figure illustrating
the pharmacological mechanisms of lipid-lowering
drugs was drawn using the FigDraw platform
(https://www.figdraw.com/).

Availability of data and materials

All data generated or analysed during this study are
included in this published article and its Supplementary
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Table 2. Data resources of the exposures and outcomes used in this study.

GWAS traits GWAS consortium  First author Year PMID  Population Datatype Samplesize Case/control Unit
Circulating Lipids
LDL cholesterol GLGC Willer CJ 2013 24097068 96% European Continuous 173,082 - SD (mg/dL)
Total cholesterol GLGC Willer CJ 2013 24097068 96% European Continuous 187,365 - SD (mg/dL)
Total Triglycerides GLGC Willer CJ 2013 24097068 96% European Continuous 177,861 - SD (mg/dL)
Age-related Outcomes
Parental lifespan UKBiobank Timmers PR 2019 30642433 European Continuous 500,193 - SD
Telomere length UKBiobank Codd V 2021 34611362 European Continuous 472,174 - SD
dC.:LzZQC obstructive pulmonary e ey BenElsworth 2018 ; European  Binary 462933  1605/461,328  LogOR
Alzheimer's disease/dementia MRC-IEU Ben Elsworth 2018 - European Binary 399,793  19,255/380,538  LogOR
Osteoporosis MRC-IEU Ben Elsworth 2018 - European Binary 462,933 7,547/455,386 LogOR
Cardiometabolic Diseases
Coronary atherosclerosis FinnGen 2022 - European Binary 328,042 42,421/285,621 LogOR
:Zﬁ; coronary heart disease FinnGen 2022 - European Binary LogOR
Hypertension MRC-IEU Ben Elsworth 2018 - European Binary 463010  54,358/408,652  LogOR
Type 2 Diabetes DIAMANTE Mahajan A 2018 30297969  European Binary 898,130  74,124/824,006 LogOR
Nonalcoholic fatty liver disease Namjou B 2019 31311600 European Binary 9677 1,106/8,571 LogOR
Maligant Tumors
Fernandez- .
Colorectal cancer GECCO Rozadilla C 2023 36539618 European Binary 185,616 78,473/107,143 LogOR
Gastric cancer FinnGen 2022 - European Binary 260810 1,227/259,583  LogOR
Esophageal cancer FinnGen 2022 - European Binary 260086 503/259,583 LogOR
Pancreatic cancer FinnGen 2022 - European Binary 260832 1,249/259,583 LogOR
Hepatocelullar cancer FinnGen 2022 - European Binary LogOR
Lung cancer UKBiobank Burrows K 2021 - European Binary 374687 2,761/372,016 LogOR
Thyroid cancer FinnGen 2022 - European Binary 261108 1,525/259,583  LogOR
Bladder cancer FinnGen 2022 - European Binary 259667 84/259,583 LogOR
Brain tumors FinnGen 2022 - European Binary 260357 774/259,583 LogOR

Information Files. The availability of all the data used in
the study was summarized in Supplementary Table 2.

Consent for publication

This manuscript has not been previously published. All
authors have consented to the publication of the
manuscript in this journal.

RESULTS

Effects of genetic variation in lipid-lowering drug
targets on human lifespan

We used the largest GWAS dataset that contains the
largest-scale lifespan-associated GWAS summary data
among 500,193 European individuals [22]. Figure 2
presents the causal effects of 9 genetically proxied lipid-
lowering gene targets on human lifespan or longevity-
related traits. After Steiger filtration, 13 variants were
selected to proxy LDL lowering through LDLR
modulator, 7 for HMGCR, 12 for PCKS9, 3 for
NPC1L1, 21 for LPL, 18 for APOB, 4 for CETP, 4 for
ANGPTL3, and 10 for APOC3, with all F statistics
greater than 10 (Supplementary Table 2).

We identified six lipid-lowering variants that were
associated with increased lifespan, including PCKS9
(Beta 0.11; 95% CI: 0.06 to 0.15; p-nw=4.55x10,
FDR=5.95x10"), CETP (Beta 0.24; 95% CI: 0.14 to
0.34; p-vw=3.72x10-06, FDR=5.31x10°), APOC3
(Beta 0.08; 95% CI: 0.04 to 0.12; p-nw=4.67x107,
FDR=4.58x10%), LDLR (Beta 0.15; 95% CI: 0.11 to
0.19; p-vw=1.08x101, FDR=2.83x10%), and LPL
(Beta 0.12; 95% CI: 0.09 to 0.195; p-nw=1.62x10"%5,
FDR=8.48x101%). There was little statistical evidence
of longevity-associated effects among NPC1L1 (Beta
0.06; 95% CI: -0.16 to 0.28; p-vw=0.58, FDR=0.76)
and HMGCR (Beta 0.08; 95% CI: 0.01 to 0.15; p-
ww=0.03, FDR=0.11). Sensitivity tests (Supplementary
Table 3) showed consistent trends in the estimates, with
no statistical evidence of bias from horizontal
pleiotropy and heterogeneity (Supplementary Table 4).

Results of positive control analysis

In the positive control analysis (Figure 3), we identified
significant associations between most lipid-lowering
gene targets (HMGCR, LDLR, PCSK9, NPCI1L1,
and LPL) and a decreased risk of both coronary
atherosclerosis and major coronary heart disease (CHD)
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Figure 1. Flowchart of the study design and MR assumptions. Assumptions of the Mendelian randomization study: in this study,
genetic instruments were selected to represent the pharmacological modulation of drug target proteins based on their associations with
circulating lipid concentrations (relevance assumption). Additionally, it was assumed that the selected genetic variants are not associated
with confounding factors (independence assumption). The third assumption was that genetic variants should not affect human lifespan
through other pathways (exclusion restriction assumption). Abbreviations: LDL-C, Low-Density Lipoprotein Cholesterol; TC, Total cholesterol;
TG, Total triglyceride; LDLR, Low-Density Lipoprotein Receptor; HMGCR, 3-hydroxy-3-methylglutaryl coenzyme A reductase; PCKS9,
Proprotein Convertase Subtilisin/Kexin Type 9; NPC1L1, Niemann-Pick C1-like 1; APOB, Apoprotein B-100; CETP, Cholesteryl Ester Transfer
Protein; LPL, Lipoprotein Lipase; ANGPTL3, Angiopoietin-related protein 3; APOC3, Apoprotein C-lll; CHD, Major coronary heart disease; CAS,

Coronary atherosclerosis; T2D, Type 2 diabetes.
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Figure 2. Forest plot visualizing the causal effects of the genetically proxied lipid-lowering drug targets on longevity-related
traits. The forest plot showed the estimated effects of 1 mmol/L lower LDL-C or TG concentration by target-specific variants in each drug
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target gene on longevity-related traits, using the IVW method. Beta and 95% Cl were used in quantitative outcomes.
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events, except for APOB, CETP, and APOC3 (only
associated with reduced coronary atherosclerosis risks)
and ANGPTL3 (no association with either CHD or
coronary atherosclerosis).
Lipid-lowering drug and
noncancerous diseases

targets age-related

We also investigated the genetic association between
different lipid-lowering drugs and cardiometabolic
diseases. In addition to marked effects on decreased
risks of atherosclerotic cardiovascular diseases in
positive control analysis, lipid-lowering variants of
CETP (OR 0.41; 95% CI: 0.26 to 0.64; p-
IVW=7.48x10°, FDR=6.52x10"*) and LPL (OR 0.61;
95% CI: 0.55 to 0.68; p-1VW=5.27x103, FDR=0.03)
were associated with decreased risks of hypertension.
Genetically proxied lipid-lowering variants of LDLR
(OR 1.15; 95% CI: 1.08 to 1.23; p-1VW=2.86x105,
FDR=2.99x10"), HMGCR (OR 1.29; 95% CI: 1.13 to
1.45; p-IVW=9.71x10"°, FDR=7.62x10%), and APOB
(OR 1.09; 95% CI: 1.16 to 1.03; p-1VW=2.92x1073,
FDR=1.48x102) were associated with increased risks

Age-related diseases (Noncancerous) OR (95% CI) p-values g-values
Coronary atherosclerosis '
LDLR* - H 0.512(0.421 100.624)  2.97e-11  6.66e-10
HMGCR* —— 0.587(0.432100.797)  6.56e-04  3.96¢-03
PCSK9* —— 0.592 (0.467 t0 0.749) 1.25¢-05  1.40e-04
NPCILI1* —— 0.403 (0.254 to 0.638) 1.08e-04  8.07¢-04
APOB + 0.811(0675t00.973) 244e-02 95502
CETP* —-— 0.407 (0.261 t0 0.635)  7.48e-05 6.52e—04
LPL* - 0.612(0.552t00.678)  5.29¢-21  8.31e-19
ANGPTL3 —— 0.990 (0.769 10 1.275)  9.39e-01  9.64e-01
APOC3 —— l 0.665 (0.534 10 0.829)  2.89%¢-04  1.97¢-03
Major coronary heart disease events
LDLR* —-— 0.509 (0.400 10 0.648)  4.30e—08  8.44e-07
HMGCR* - 0.590 (0453 10 0.769)  9.30e-05  7.62e—04
PCSK9* - - 0.506 (04170 0.614)  531e-12  1.67e-10
NPCILI* —-— : 0.328(0.219t00.492) 691e-08 1.21e—06
APOB - 0.961 (0.852 10 1.085)  5.22e-01  7.07e-01
CETP —-—'— 0.745(0470 10 1.179)  2.09¢-01 4.25¢-01
LPL* - 0.637(0.573100.708)  8.2%-17 6.51e-15
ANGPTL3 —.— 0.782 (0.596 to 1.026)  7.59e—02  2.09¢-01
APOC3 + 0.776 (0.626 10 0.963)  2.16e-02  8.90e-02
Hypertension
LDLR* L 0.985(0.979100.991)  2.15e-07  3.38e—06
HMGCR ) 1.004 (0.991 to 1.017)  537e-01 7.14e-01
PCSK9 . 1.003 (0.996 10 1.010)  4.51e—01  6.50e—01
NPCILI I 1.016 (0.993 10 1.039)  1.68e=01  3.56e-01
APOB l 0.997 (0.991 t0 1.003)  3.03¢—01  5.19e-01
CETP* = 0.961 (0.945100.978)  5.21e=06  6.29¢—05
LPL* i 0.993 (0.988100.998)  5.27e-03  2.59¢-02
ANGPTL3 L] 1.003 (0.990 0 1.016)  6.45¢—01  7.96e—01
APOC3 ! 1.009 (0.999 10 1.018)  8.02¢-02  2.17¢-01
Type 2 Diabetes
LDLR* L 1.152(1.078 10 1.230)  2.86e-05  2.99¢—04
HMGCR* - —— 1.279(1.130 to 1.448)  9.7le-05  7.62e-04
PCSK9 "' 0.993 (0.920 to 1.072)  8.56e—-01  9.20e-01
APOB* - 1.094 (1.031 10 1.160)  2.92¢—03  1.48¢—02
CETP e 0.865(0.714 t0 1.047)  1.37¢-01  3.16e-01
LPL* - 0.711 (0.649t00.777)  9.8le-14 3.85¢-12
ANGPTL3 + 1.006 (0.873 to 1.160) ~ 9.30e-01  9.61e-01
APOC3 - 0.967 (0.865 to 1.081)  5.57e-01  7.35¢e-01
6 0.5 1 L5 2
" lrisks trisks

of T2D. Lipid-lowering variants of LPL were
associated with decreased risks of both T2D (OR
0.71; 95% CI: 0.65 to 0.77; p-IVW=9.81x102,
FDR=3.85x10?%?) and NAFLD (OR 0.52; 95% CI:
0.32 to 0.84; p-IVW=7.02x103, FDR=3.34x107?).
Lipid-lowering variants of HMGCR (OR 1.01; 95%
Cl: 1.004 to 1.02; p-IVW=1.39x103, FDR=7.27x103)
were associated with a slightly increased risk of
osteoporosis whereas PCKS9 (OR 0.99; 95% CI: 0.99
to 0.997; p-IVW=9.89x10* FDR=5.75x107%) was
associated with decreased risks of osteoporosis. In
addition, we found that none of the nine drug-target
genes were associated with COPD and Alzheimer's
disease/dementia (with all g-values>0.05). Sensitivity
tests showed consistent trends in the estimates, with
no statistical evidence of bias from horizontal
pleiotropy and  heterogeneity  (Supplementary
Tables 5, 6).

Lipid-lowering drug targets and risk of cancers

Next, we explored the genetic associations between
lipid-lowering drugs and cancers (Figure 4). We

Age-related diseases (Noncancerous)

Chronic obstructive pulmonary disease

OR (95% CI)  p-values g-values

LDLR 1 0.998 (0.996 10 1.000)  0.051 0.155
PCSK9 + 1.000(0.998 to 1.003)  0.970 0.989
APOB . 1.001(0.99910 1.003)  0.315  0.526
CETP ‘- 0.999 (0.996t0 1.002)  0.480 0.667
LPL F 1.001 (0.999 10 1.002)  0.266 0.469
ANGPTL3 ] 1.001 (0.997 10 1.005) ~ 0.627 0.794
APOC3 [} 1.000 (0.998 10 1.003)  0.796 0.893
Nonalcoholic fatty liver disease i
LDLR —‘b— 1.025(0.624 t0 1.683)  0.923  0.960
HMGCR —-7‘ 0.460(0.180t0 1.176)  0.105  0.279
PCSK9 [ 0.897 (0.49210 1.634)  0.722  0.840
CETP —u—t— 0.168 (0.025t0 1.139)  0.068 0.194
LPL* —— 0.519(0.32210 0.836)  0.007 0.033
ANGPTL3 e 0.539(0.182101.598)  0.265 0.469
APOC3 —l——— 0.713(0.41010 1.240)  0.231 0.446
Alzheimer's disease/dementia ;
LDLR ; 1.002 (0.997 to 1.006)  0.476  0.667
HMGCR i 0.999(0.991 10 1.007)  0.790 0.892
PCSK9 1 0.992(0.985 10 1.000)  0.050 0.155
NPCIL1 “ 0.993(0.9771t01.010) 0425 0.629
APOB J‘ 0.996 (0.99210 1.001)  0.135  0.316
CETP l: 0.993 (0.981 10 1.005)  0.234  0.446
LPL l 0.996 (0.992 10 1.000)  0.049  0.155
ANGPTL3 ] 0.999(0.990 10 1.008)  0.816 0.896
APOC3 -: 0.996 (0.991 10 1.000)  0.068 0.194
Osteoporosis :
LDLR M 1.001 (0.998 10 1.003)  0.601 0.767
HMGCR* ‘h 1.009 (1.004 to 1.015)  0.001  0.007
PCSK9* u 0.994 (0.990 10 0.997)  0.001  0.006
APOB . 1.000 (0.998 10 1.002)  0.871 0.920
CETP ‘p 1.002(0.99510 1.009)  0.567 0.742
LPL . 1.002(1.000 to 1.005)  0.033 0.117
ANGPTL3 ﬁ 1.000(0.995 to 1.005)  0.873  0.920
APOC3 . 1.000 (0.997 to 1.003)  0.977 0.990
——t—T
0 05 1 L5 2
Lrisks trisks

Figure 3. Causal effects of the genetically proxied lipid-lowering drug targets on age-related noncancerous diseases. The
forest plot showed the estimated effects of 1 mmol/L lower LDL-C or TG concentration by target-specific variants in each drug target gene on
age-related noncancerous diseases, using the IVW method. OR and 95% Cl indicated the effect estimates of a Immol/L change of circulating

lipids on outcomes.
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identified that lipid-lowering variants of ANGPTL3 (OR
0.83; 95% CI: 0.72 to 0.95; p-IVW=7.65x107,
FDR=3.53x10) and LDLR (OR 0.83; 95% CI: 0.82 to
0.93; p-IVW=7.39x10°, FDR=6.52x10"%)  were
associated with decreased risks of colorectal cancers,
and ANGPTL3 (OR 0.13; 95% CI: 0.04 to 0.41; p-
IVW=4.64x104, FDR=2.91x10%) was also associated
with lower risks of gastric cancers. Lipid-lowering LPL
variants were associated with decreased risks of bladder
cancers (OR 0.56; 95% CI. 0.39 to 0.79; p-
IVW=1.06x10%,  FDR=5.94x10%).  Lipid-lowering
APOB variants were associated with a decreased risk of
thyroid cancer (OR 0.52; 95% CI:. 0.36 to 0.75; p-
IVW=4.29x10*4, FDR=2.81x107%). None of the nine
drug-target genes were genetically associated with
esophageal cancers, pancreatic cancers, hepatocellular

Age-related diseases (Cancers)

Colorectal cancer

OR (95% CI)

p-values g-values

LDLR - 0.872 (0.815t0 0.933)  7.39E-05 0.001
HMGCR . 0.969 (0.845 to 1.110) 0.645 0.796
PCSK9 - 0.965 (0.894 t0 1.042) 0359 0.593
NPCIL1 °—l— 1.218 (0.949 to 1.562) 0.122  0.309
APOB - 0.948 (0.895 to 1.005) 0.072  0.201
CETP —— 0.812 (0.671 to 0.983) 0.032 0.116
LPL - 0.926 (0.869 to 0.986) 0.016  0.069
ANGPTL3 - 0.825 (0.717 to 0.950) 0.008  0.035
APOC3 - 1.093 (0.975 to 1.226) 0.129 0.312
Gastiic cancer
LDLR *v—'—’ 1.400 (0.826 to 2.374) 0211 0.425
HMGCR ——————  0.741(0.299 t0 1.834) 0.516 0.704
PCSK9 — 0.943 (0.545 to 1.631) 0.834  0.909
APOB — 1.039 (0.664 to 1.626) 0.867 0.920
CETP —'—' 1.391 (0.186 t0 10.393)  0.748 0.857
LPL e 0.654 (0.369 to 1.157) 0.144  0.323
ANGPTL3 -— 0.130 (0.042 to 0.407)  7.65E-03 0.003
APOC3 —i—' 1.279 (0.713 to 2.294) 0.409 0.623
Esophageal cancer
LDLR T 2.204(0.952t0 5.102) 0.065 0.192
HMGCR —— 3.141 (0.706 to 13.968)  0.133 0.316
PCSK9 —'—‘— 0.701 (0.320 to 1.536) 0.375 0.595
NPCIL1 ﬂ—‘—> 0.220 (0.012 to 4.141) 0312 0.526
APOB —— 0.389 (0.174 t0 0.873) 0.022  0.089
CETP —'—'—> 0.509 (0.018 to 14.040)  0.690 0.827
LPL —.— 0.468 (0.219 to 1.002) 0.051 0.155
ANGPTL3 — 0.250 (0.038 to 1.635) 0.148 0.323
APOC3 —— %> 1.565 (0.564 t0 4.339) 0.389  0.605
Pancreatic cancer
LDLR —m—————— 1,155 (0.686 to 1.947) 0.587 0.755
HMGCR —— 0.392 (0.155 to 0.990) 0.048 0.155
PCSK9 e 0.759 (0.468 to 1.232) 0.265 0.469
APOB —v—¢—> 1.273 (0.804 t0 2.014) 0.304 0.519
CETP —&——> 1.013(0.128 t0 7.993) 0.990 0.990
LPL e 0.953 (0.593 to 1.532) 0.843 0913
ANGPTL3 — = 0.582(0.180t0 1.883) 0.367 0.594
APOC3 —'— 0.914 (0.517 to 1.615) 0.757 0.861
Hepatocelullar cancer
LDLR ———=———> 1.354(0.627 10 2.927) 0.440  0.641
HMGCR —'—' 0.342 (0.050 to 2.343) 0.275 0.480
PCSK9 ———%—> 1.304 (0.664 to0 2.560) 0.441  0.641
APOB —_— 0.881 (0.464 to 1.674) 0.700  0.827
LPL —— = 0.950(0.489 to 1.845) 0.880 0.921
APOC3 - 0.584 (0.263 to 1.295) 0.186 0.384
1T 1 1T 1

0 0.5 1 1.5 2

lrisks frisks

cancers, lung cancers, or brain cancers (with all g-
values>0.05). Sensitivity tests showed consistent trends
in the estimates, with no statistical evidence of bias
from horizontal pleiotropy and heterogeneity
(Supplementary Tables 7, 8).

All the statistical powers of the MR results are presented
in Supplementary Table 9. The main results of the study
are summarized in Figures 5, 6. The leave-one-out
analyses were presented in Supplementary Figure 1.

DISCUSSION

Lipid metabolism has been reported to play an important
role in the human lifespan and aging process [23].
However, findings were mostly derived from the data of

Age-related diseases (Cancers) OR (95% CI) p-values q-values

Lung cancer

LDLR . 0.999 (0.997t0 1.001)  0.236  0.446
HMGCR [ 1.001 (0.998 10 1.005)  0.399 0.614
PCSK9 . 0.998 (0.996 t0 1.000)  0.111  0.290
APOB . 0.999 (0.997t0 1.001)  0.172  0.360
CETP ) 0.996 (0.991 t0 1.001)  0.140  0.319
LPL . 1.001 (0.999101.002) 0528 0.709
ANGPTL3 . 0.996 (0.992t0 1.000) ~ 0.050 0.155
APOC3 . 0.999 (0.997t0 1.001)  0.218 0.433
Thyroid cancer
LDLR —— 0.952 (0.631t0 1.436)  0.815 0.896
HMGCR —=————— 0.863(0415t01.794)  0.693 0.827
PCSK9 ——=———  1247(0.850101.829)  0.260 0.469
NPCILI — = 1,997 (0.376 10 10.606)  0.417 0.629
APOB —-— 0.522 (0.363 10 0.749)  4.29E-04 0.003
CETP —a————————— 0372(0.072101.911) 0236 0.446
LPL —— 0.746 (0.51210 1.086)  0.126  0.312
ANGPTL3 = 1460 (0.577103.694) 0424 0.629
APOC3 — 0.764 (0.486 10 1.201)  0.244  0.456
Bladder cancer
LDLR —— 0.645 (0.431100.964)  0.032 0.116
HMGCR ———=——— 1.260(0.631t02.517)  0.512 0.704
PCSK9 —— 0.928 (0.632t0 1.361)  0.701  0.827
APOB —a—— 0.853 (0.605t0 1.202)  0.364 0.594
CETP . 0483(0.097102.395) 0373 0.595
LPL ——— 0.555(0.390 10 0.789)  0.001  0.006
ANGPTL3 — = 1.905(0.796 t0 4.559)  0.148 0.323
APOC3 —— 0.924 (0.604t0 1.412)  0.715  0.838
Brain cancer
LDLR ———=——— 1.414(0.782102.558) 0252 0.465
HMGCR ——— 0.298 (0.104100.859)  0.025 0.095
PCSK9 = 1562 (0.899102.714)  0.113 0.291
APOB e 0.828 (0.491 t0 1.397)  0.479  0.667
LPL —— 0.488 (0.280 10 0.850)  0.011  0.051
ANGPTL3 ————————=—> 1.627(0.428106.180) 0475 0.667
APOC3 ——a————  0.841 (039910 1.774)  0.649 0.796
0 05 1 15 2

risks Trisks

Figure 4. Causal effects of the genetically proxied lipid-lowering drug targets on cancers. The forest plot showed the estimated
effects of 1 mmol/L lower LDL-C or TG concentration by target-specific variants in each drug target gene on cancers, using the IVW method.
OR and 95% Cl indicated the effect estimates of a Immol/L change of circulating lipids on outcomes.
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animal models such as shorter-lived yeast, flies, and
rodents, as lifespan research involving human subjects
requires large amounts of time and cost [24]. By
utilizing MR analysis, we were able to directly examine
the genetic links between circulating lipids
and longevity in humans. In this study, we used drug-
targeted MR and identified several newer nonstatin
lipid-lowering agents, such as those targeting LPL,
ANGPTL3, and LDLR, which were associated with
increased human lifespans and decreased risks of

LDLR-Lifespan

PCSK9-Lifespan

several and cardiometabolic

disorders.

common cancers

LDLR and LPL are two key modulators in lipid
metabolism. In our study, both genes had causal effects
on human lifespans. The LDLR gene can be affected by
statin therapies, because interfering with the hepatic
cholesterol synthesis could compensate for the increase
in the de novo synthesis of LDLR and cause transport of
more LDLR to the hepatocellular membranes [25]. We
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Figure 5. Sensitivity test in drug-target MR analyses. Scatter plots of four statistical tests showing representative lipid-lowering drug
target genes that had a causal relationship on the different outcomes. Each black dot represents an SNP significantly associated with lipid-
lowering effects. The gray lines around the dot represent the 95% confidence intervals of each SNP. Four lines generated by different MR
tests were colored as red (Inverse Variance Weighted, IVW), blue (MR Egger), purple (Weighted Median), and green (Weighted mode). the X-
axis represents the SNPs effects of certain lipid-lowering genes, and the Y-axis represents the SNPs effects of different outcomes.
Abbreviations: HTN, hypertension; NAFLD, non-alcoholic fatty liver disease; OS, osteoporosis; CRC, colorectal cancer; GC, gastric cancer; TC,

thyroid cancer, BC, bladder cancer.
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identified two other genes, PCSK9 and CETP, which
were also associated with prolonged lifespans, and these
two genes could also affect LDLR expression in lipid
metabolism. The PCSK9 inhibitor prevents LDLR
degradation, increases LDLR expression, and ultimately
aids in the elimination of circulating LDL-C [26]. The

CETP inhibitor works by increasing LDLR expression
and thus lowering LDL-C levels [27]. As the discovery
of new drugs such as PCSK9 or CETP inhibitors is still
ongoing, their impact on cardiovascular morbidity and
mortality, as well as lifespan, remains uncertain. Several
clinical trials are currently in progress to determine their
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Figure 6. Summary of the study. (A) Summary of the mechanisms of action of lipid-lowering pharmaceutical agents included in our study.
(B) Heatmap visualization of the Beta or OR estimates of lipid-lowering drug targets on different outcomes. The figure displays a matrix with
rows representing gene targets of lipid-lowering agents and columns representing outcomes from different GWAS consortiums. The values in
each square indicate the Beta or OR estimates and are color-coded based on their specific values. (B) Heatmap applied the gradually
deepening orange, indicating the increasing Beta values. (C) Heatmap applied the deepening red indicating the increasing OR values and the
deepening green representing the decreasing ORs. Abbreviations: TL, telomere length; CHD, Major coronary heart disease; CAS, Coronary
atherosclerosis; T2D, Type 2 diabetes; HTN, hypertension; NAFLD, non-alcoholic fatty liver disease; OS, osteoporosis; CRC, colorectal cancer;
GC, gastric cancer; EC, esophageal cancer; HCC, hepatocellular carcinoma; LC, lung cancer; PC, pancreatic cancer; TC, thyroid cancer, BC,
bladder cancer; BT, brain tumors; COPD, chronic obstructive pulmonary disease; AD, Alzheimer's disease/dementia, OS, osteoporosis.
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efficacy [10, 28]. Therefore, our findings provide
promising evidence for developing these novel LDL-C-
lowering agents.

In addition to LDL-C-lowering drugs through the
LDLR pathway, we found that variants in the genes that
encode the targets of TG through the LPL pathway were
associated with lower risks of several cardiometabolic
diseases. We observed that statin use was associated
with increased risks of T2D, which is consistent with
previous clinical trials reporting potential T2D risks
with long-term statin use [29, 30]. In contrast to
HMGCR inhibitors, LPL targets were associated with
reduced risks of cardiovascular events, T2D, hyper-
tension, and NAFLD, indicating the promising roles of
developing newer nonstatin therapies through the LPL
pathway. To gain a better understanding, it is imperative
to focus on large-scale epidemiological and long-term
randomized trials to specifically investigate the
magnitude of the expected clinical benefit of newer
nonstatin therapies.

Another finding in our MR study is the potential
association between lipid-lowering genes and colorectal
cancer (CRC). Although we did not find a direct causal
effect of statin-targeted HMGCR on CRC risks, we
confirmed that lipid-lowering LDLR variants, which are
the key downstream genes in cholesterol metabolism,
were associated with reduced CRC risks. Previous in
vivo and in vitro studies have demonstrated a potential
correlation between lipid metabolism and CRC [31, 32].
These studies have suggested that LDLR could be an
important target for CRC chemoprevention. Further
investigation is needed to study the role of the LDLR
gene in preventing CRC. In addition, our findings
indicate that targeting the lipid-lowering ANGPTL3
gene may decrease the risk of CRC. ANGPTL3 plays a
role in lipid metabolism via the LPL pathway. Previous
research has shown a correlation between ANGPTL3
and liver metastasis in CRC [33, 34]. Our results
suggest that the TG pathways may also contribute to the
development of CRC, and ANGPTL3 could be
considered an additional chemopreventive target for
CRC.

As a promising approach, this MR study provided
genetic associations regarding statin use and human
longevity traits. However, these MR results must be
interpreted with caution. First, although statistical
powers in most MR results exceed 90%, a few results
still lack sufficient statistical powers. Thus, these results
still need further validation in larger-scale GWAS data
that may be available in the future. Third, our study
employed multiple genetic proxies of lipid-lowering
drugs, which suggests that the observed causal effects
on lifespan may be attributed to genetically proxied

drug-target genes rather than the whole impact of a
specific drug in the real world. While drug-target MR
analysis can provide insight into causal effects, it is
important to note that it cannot accurately quantify the
clinical benefits. Hence, there is a need for additional
high-quality randomized trials or large-scale epidemio-
logical studies.

Our study has several limitations. First, we were
unable to investigate the causal effects of bempedoic
acid or fibrates on human longevity due to the
insufficient numbers of target-specific SNPs in the
Global Lipids Genetics Consortium. Second, it is
worth mentioning that our findings are limited to
individuals of European ancestry and should be
verified in other populations. To gain a comprehensive
understanding, it is crucial to conduct large-scale
epidemiological studies and long-term randomized
trials to specifically examine the extent of the
anticipated clinical benefits of lipid-lowering drugs on
age-related outcomes.

CONCLUSIONS

Our study provides genetic evidence that newer
nonstatin lipid-lowering agents have causal effects on
decreased risks of several common cancers and
cardiometabolic diseases. These data provide genetic
insights into the potential benefits of newer nonstatin
therapies. Long-term and large-scale clinical trials
should also focus on the efficacy of these newer lipid-
lowering drugs on age-related outcomes.
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Supplementary Figure 1. Leave-one-out plots for the causal effects of representative lipid-lowering drug target genes
(Exposure) that had a causal relationship with the different diseases (outcomes). (A) Causal effects of LDLR on CRC; (B) Causal
effects of LDLR on lifespan; (C) Causal effects of PCSK9 on lifespan; (D) Causal effects of PCSK9 on OS; (E) Causal effects of APOB on lifespan;

(F) Causal effects of APOB on TC; (G) Causal effects of CETP on lifespan; (H) Causal effects of CETP on HTN; (I) Causal effects of LPL on lifespan;
(J) Causal effects of LPL on HTN; (K) Causal effects of LPL on NAFLD; (L) Causal effects of LPL on BC.
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Supplementary Tables
Please browse Full Text version to see the data of Supplementary Tables 1-8.

Supplementary Table 1. The STROBE statement guideline checklist of this study.

Supplementary Table 2. Genetically instrumented lipid-lowering genetics variants of target genes in Longevity-
related traits.

Supplementary Table 3. Sensitivity analysis of genetically proxied lipid-lowering variants on human lifespan.

Supplementary Table 4. Results of heterogeneity and pleiotropy tests for the causal effects of lipid-lowering
gene targets on human lifespan.

Supplementary Table 5. Sensitivity analysis of genetically proxied lipid-lowering variants on age-related
noncancerous diseases.

Supplementary Table 6. Results of heterogeneity and pleiotropy tests for the causal effects of lipid-lowering
gene targets on age-related noncancerous diseases.

Supplementary Table 7. Sensitivity analysis of genetically proxied lipid-lowering variants on cancers.

Supplementary Table 8. Results of heterogeneity and pleiotropy tests for the causal effects of lipid-lowering
gene targets on cancers.

Supplementary Table 9. Statistical power for drug-target MR analyses.

Drug target R2 Statistical power
97arg Lifespan CAS CHD T2D  Hypertension NAFLD Osteoporosis CRC GC EC TC BC

LDLR 0.11% 98% 92%  100% 100% 99% 12% 90% 100% 91% 100% 61% 33%
HMGCR 0.10% 74% 95%  100% 100% 96% 6% 99% 100% 38% 100% 48% 80%
PCSK9 0.15% 2% 98%  100% 100% 100% 10% 96% 100% 67% 43% 89% 66%
NPC1L1 0.06% 16% 68%  100% 100% 93% - - 100% - 64% - -
APOB 0.14% 86% 100%  100% 100% 99% 25% 100% 100% 93% 25% 41% 80%
CETP 0.08% 18% 63% 99% 100% 91% 6% 100% 99% 87% 20% 13% 19%
LPL 0.16% 96% 82% 93% 100% 98% 19% 100% 100% 31% 13% 26% 16%
ANGPTL3  0.19% 10% 100%  98% 100% 88% 6% 100% 100% 24% 68% 100% 100%
APOC3 0.19% 70% 100%  99% 100% 99% 20% 100% 100% 21% 13% 26% 16%
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