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Background and Aims: Cholelithiasis etiology intricately involves lipid metabolism. We sought to investigate the plausible causal 
link between genetically proxied lipid-lowering medications—specifically HMGCR inhibitors, PCSK9 inhibitors, and NPC1L1 
inhibitors—and cholelithiasis risk.
Methods: Our study utilized two genetic instruments for exposure to lipid-lowering drugs. These instruments encompassed genetic 
variants linked to low-density lipoprotein (LDL) cholesterol within or in proximity to drug target genes, along with loci governing 
gene expression traits of these targets. Effect estimates were derived through Inverse-variance-weighted MR (IVW-MR) and summary- 
data-based MR (SMR) methods.
Results: Higher HMGCR-mediated LDL cholesterol levels (IVW-MR, OR = 2.15, 95% CI = 1.58–2.94; P = 0.000) and increased 
HMGCR expression (SMR, OR = 1.19, 95% CI = 1.04–1.37; P = 0.014) are linked to elevated cholelithiasis risk, suggesting potential 
benefits of HMGCR inhibition. In contrast, higher PCSK9-mediated LDL cholesterol levels (IVW-MR, OR = 0.72, 95% CI = 0.56– 
0.94; P = 0.015) and increased PCSK9 expression (SMR, OR = 0.90, 95% CI = 0.82–0.99; P = 0.035) both correlate with lower 
cholelithiasis risk, indicating that PCSK9 inhibition may elevate this risk. Nevertheless, no substantial link emerged between NPC1L1- 
mediated LDL cholesterol or NPC1L1 expression and cholelithiasis in both IVW-MR and SMR analyses.
Conclusion: This MR investigation affirms the causal link between the utilization of HMGCR inhibitors and a diminished risk of 
cholelithiasis. Additionally, it indicates a causal link between PCSK9 inhibitors use and increased cholelithiasis risk. However, no 
significant correlation was found between NPC1L1 inhibitors use and cholelithiasis risk.
Keywords: cholelithiasis, lipid-lowering drugs, Mendelian randomization analysis, HMGCR inhibitors, PCSK9 inhibitors, NPC1L1 
inhibitors

Introduction
Cholelithiasis represents a significant global public health concern, affecting an estimated 10–20% of adults 
worldwide.1,2 Over 20% of individuals with cholelithiasis encounter symptoms or complications, including potential life- 
threatening conditions like gallstone-related pancreatitis, acute cholecystitis, and acute cholangitis.1 These stones can be 
categorized into two main types based on composition: pigment stones and cholesterol stones.3 In Western nations, 
approximately 80% to 90% of gallstones extracted through surgery consist of cholesterol stones.4 The formation of 
cholesterol stones is often linked to cholesterol supersaturation in the bile.4 Previous research has explored the relation-
ship between plasma cholesterol levels and gallstones, yielding varying results. Some studies suggest a positive 
correlation,5–7 while others propose a negative correlation,8,9 and there are studies indicating no significant correlation.10

Lipid-lowering medications, including 3-hydroxy-3-methylglutaryl–CoA reductase (HMGCR) inhibitors commonly 
referred to as statins, Niemann-PickC1–like1 (NPC1L1) inhibitors such as ezetimibe, and proprotein convertase 
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subtilisin/kexin type 9 (PCSK9) inhibitors like alirocumab, are crucial for primary and secondary prevention of cardiovas-
cular diseases and are widely used worldwide.11–13 These medications not only lower serum low-density lipoprotein 
cholesterol concentrations but also affect cholesterol metabolism in the liver and/or its secretion into the bile.11–14

In a recent Mendelian randomization (MR) study, a link emerged between reduced serum total cholesterol levels and 
heightened cholelithiasis risk.8 This finding has raised concerns regarding the potential risk of cholelithiasis among 
individuals taking lipid-lowering drugs, considering the large population using these medications. While numerous prior 
observational studies have indicated a potential connection between the utilization of statins and a lowered cholelithiasis 
risk, these studies are susceptible to residual confounding and the possibility of reverse causation.15–17 For example, 
individuals taking statins often exhibit various characteristics associated with cardiovascular disease.17,18 Additionally, 
traditional observational studies investigating the impact of statins on cholelithiasis can be influenced by factors such as 
dosage and duration of medication use.16 Limited research exists on the effects of NPC1L1 inhibitors on gallstones. 
Animal experiments suggest that ezetimibe may prevent cholesterol gallstone formation by inhibiting intestinal choles-
terol absorption and promoting gallstone dissolution.19 However, a single-sample MR study simulating ezetimibe effects 
through genetic variations in NPC1L1 indicates an elevated likelihood of symptomatic gallstones.20 Currently, the 
correlation between PCSK9 inhibitors and cholelithiasis risk lacks research evidence.

MR studies employ single-nucleotide polymorphisms (SNPs) as instruments to investigate causal effects between 
exposures and outcomes.21 By mimicking random assignment in controlled trials, MR studies minimize common 
confounding biases observed in observational studies, given that genetic variants are arbitrarily assigned during concep-
tion. Furthermore, MR studies can overcome issues of reverse causality since the genetic variants are determined before 
disease onset.22 By analyzing the natural variations in the gene responsible for encoding the protein drug target, we can 
gain valuable insights into the potential clinical effects associated with these drugs.23 The primary aim of this research is 
to employ a two-sample MR strategy to explore the possible causal link between cholelithiasis risk and three genetically 
proxied lipid-lowering medications: HMGCR inhibitors, NPC1L1 inhibitors, and PCSK9 inhibitors.

Methods
Study Design
This two-sample MR investigation relies on openly accessible summary-level data sourced from genome-wide associa-
tion studies (GWASs) and studies involving expression quantitative trait loci (eQTLs) (Supplementary Table S1). Ethical 
approval has been granted by the relevant institutional review boards for all of these studies, with participants giving 
informed consent. In our MR study, we utilized two different sources of genetic instruments as proxies for lipid-lowering 
drugs (Figure 1).

Genetic GWAS Data of Cholelithiasis
The GWAS summary statistics employed in the MR analysis for cholelithiasis were acquired from FinnGen Round 8, 
accessible at https://r8.finngen.fi/. The cholelithiasis GWAS dataset comprised 32,894 cases and 301,383 controls. 
Cholelithiasis in FinnGen R8 was defined as “The presence of calculi in the gallbladder” and corresponded to ICD 
codes: ICD-10: K80, ICD-9: 574, ICD-8: 574. Additional details can be found at https://risteys.finregistry.fi/endpoints/ 
K11_CHOLELITH. A total of 20,175,454 variants were analyzed in this GWAS dataset. The association analysis utilized 
the mixed-model logistic regression method SAIGE (v.0.35.8.8), and the analysis accounted for covariates including sex, 
age, genotyping batch, and principal components (PCs).24

Genetic Proxies for Lipid-Lowering Drugs
MR analysis relies on three key assumptions for valid instrumental variables in ensuring causal inference.22 Firstly, 
selected variants should strongly associate with the studied exposures. We assessed instrument strength using F statistics 
calculated as the ratio of the squared β coefficient to the squared standard error,25,26 with an F value greater than 10 
indicating sufficient strength.27 The second assumption necessitates that the chosen variants remain independent of any 
potential confounding factors. To address this, we utilized a curated genotype-phenotype database, namely 
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PhenoScanner, to screen for variants associated with confounding factors. In the present study, factors previously 
recognized as risk factors for cholelithiasis, such as obesity-related indicators, diabetes, metabolic syndrome, and 
parenteral nutrition, are considered potential confounding variables.1–3 Lastly, selected variants should uniquely influence 
the outcome solely via their influence on the exposure. We performed sensitivity analyses to confirm this condition.

Low-Density Lipoprotein (LDL) Cholesterol-Based Genetic Instruments
For the first set of genetic instruments employed to represent the three lipid-lowering medications, we selected LDL 
cholesterol as the biomarker, as previous research has demonstrated that each of the three lipid-lowering drugs effectively 
reduces LDL cholesterol levels.11–13 To identify relevant SNPs, we utilized GWAS summary data of LDL cholesterol 
levels from a UK Biobank study, which consisted of 440,546 individuals of European ancestry.28 Only common SNPs 
possessing a minor allele frequency (MAF) surpassing 1% were considered for inclusion in the analysis. The GWAS 
dataset is available at https://gwas.mrcieu.ac.uk/datasets/ieu-b-110/.28

For instrumental variable selection, we focused on variants linked to LDL cholesterol at genome-wide significance 
(r2 < 0.1; P < 5 × 10−8) within a range of ±100 kb around the target genes. Specifically, the HMGCR gene (build 
GRCh37/hg19: chromosome 5: 74632993-74657941) was used as an instrument for statins, the NPC1L1 gene (chromo-
some 7: 44552134-44580929) for ezetimibe, and the PCSK9 gene (chromosome 1: 55505221-55530525) for PCSK9 
inhibitors like alirocumab or evolocumab.29 Limited SNP availability (r2 < 0.1) impeded sensitivity analysis in the MR 
study for NPC1L1 inhibitors. To ensure an adequate number of SNPs, instrumental SNPs for NPC1L1 inhibitors were 
permitted to exhibit limited linkage disequilibrium (r2 < 0.3) with one another.29

What’s more, we utilized PhenoScanner (http://www.phenoscanner.medschl.cam.ac.uk/),30 a curated genotype- 
phenotype resource, to investigate associations between variants instrumental for specific drug targets and additional 
traits that might indicate pleiotropic pathways. We identified and excluded four SNPs from the HMGCR gene that were 
associated with body fat (P < 1 × 10−5), considering body fat as a known risk factor for cholelithiasis.8 Additionally, two 
SNPs from the PCSK9 gene were excluded as they were associated with the use of statin drugs. No SNPs from the 
NPC1L1 gene used as proxies for NPC1L1 inhibitors were excluded. (Supplementary Table S2).

Figure 1 Two-Sample MR study design for the association between lipid-lowering drugs and cholelithiasis. 
Abbreviations: GWAS, genome-wide association study; eQTLs, expression quantitative trait loci; LDL, low-density lipoprotein; HMGCR, 3-hydroxy-3-methylglutaryl CoA 
reductase; PCSK9, proprotein convertase subtilisin/kexin type 9; NPC1L1, Niemann-Pick C1–like 1; IVW, multiplicative random effects inverse variance weighted method; 
SMR, summary-data-based mendelian randomization; HEIDI, heterogeneity in dependent instruments; MR-PRESSO, Mendelian Randomization Pleiotropy RESidual Sum and 
Outlier; MAF, minor allele frequency.
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eQTL-Based Genetic Instruments
To validate the causal associations derived from LDL cholesterol-based genetic instruments, we employed the available 
eQTLs associated with the target genes of each drug as proxies for the drug exposure.

We utilized eQTLs summary-level data obtained from two sources. The eQTLs summary-level data for the HMGCR 
gene were acquired from the eQTLGen Consortium (https://www.eqtlgen.org/). Additionally, the eQTLs summary-level 
data for the PCSK9 and NPC1L1 genes were obtained from the GTEx Consortium V8 (https://gtexportal.org/).

In our analysis, we identified common SNPs of eQTLs with an MAF greater than 1%. These SNPs were found to be 
significantly (P < 5.0×10−8) associated with the expression levels of three genes: HMGCR and PCSK9 in blood, and 
NPC1L1 in adipose subcutaneous tissue. Notably, no eQTLs for NPC1L1 were available in blood or other tissues at 
a significant level.29

We focused solely on cis-eQTLs, which are eQTLs located within a 1 Mb region on either side of the encoded gene. 
We identified a total of 921 common cis-eQTLs (MAF > 1%) in blood for the HMGCR gene, with the top SNP being 
rs6453133. Furthermore, we identified 24 common cis-eQTLs in blood for the PCSK9 gene, with the top SNP being 
rs472495. Additionally, we found 11 common cis-eQTLs in adipose subcutaneous tissue for the NPC1L1 gene, with the 
top SNP being rs41279633 (Supplementary Table S3).

Statistical Analyses
Primary MR Analysis
We employed the Inverse-variance-weighted MR (IVW-MR) approach to amalgamate effect estimations when utilizing 
genetic variants linked to LDL cholesterol levels as instruments. To assess the robustness of the results against horizontal 
pleiotropy, we also implemented MR Egger, weighted median, and weighted mode methods. These analyses were 
conducted using the TwoSampleMR package in R software, version 4.3.0.

Additionally, we employed the Summary-data-based MR (SMR) method with eQTLs as instruments. This approach 
enabled the exploration of the relationship between gene expression levels and the outcome of interest through the 
utilization of summary-level data from GWAS and eQTL studies.31 We performed the analysis using the SMR software, 
version 1.3.1 (https://cnsgenomics.com/software/smr/#Overview).

Sensitivity Analysis
Validation of the genetic instruments employed in the study involved performing positive control analyses. To validate 
the instrument derived from LDL cholesterol GWAS, we investigated the connection between the studied exposures and 
coronary heart disease (CHD), given that CHD is the primary indication for lipid-lowering medications. The CHD 
GWAS datasets were obtained from https://gwas.mrcieu.ac.uk/datasets/finn-b-I9_CHD/. The association between expo-
sures of interest and LDL cholesterol levels was investigated for the instrument derived from eQTLs, given the 
established role of lipid-lowering drugs in reducing LDL cholesterol. The LDL cholesterol GWAS datasets were sourced 
from https://gwas.mrcieu.ac.uk/datasets/ieu-b-110/.

In the IVW-MR approach, we assessed heterogeneity through the Cochran Q test, where a P value below 0.05 
indicated the presence of heterogeneity.32 To gauge directional horizontal pleiotropy, MR Egger regression was applied, 
focusing on the intercept term with P < 0.05 indicating its presence.33 Furthermore, we conducted Mendelian 
Randomization Pleiotropy RESidual Sum and Outlier (MR-PRESSO) analysis to identify and adjust for horizontal 
pleiotropic outliers, with a P < 0.05 for the Global test indicating their presence.34 In the SMR approach, we utilized the 
heterogeneity in dependent instruments (HEIDI) test via the SMR software,31 with a significant threshold of P < 0.01, 
indicating a likely association due to linkage.35

To address multiple testing, we adjusted significance thresholds using Bonferroni correction. We considered 
P < 0.017 as strong evidence (three exposures and one outcome) and 0.017 ≤ P < 0.05 as suggestive evidence.

Results
In the IVW-MR analysis, we selected a total of seven, 14, and six SNPs near the HMGCR, PCSK9, and NPC1L1 genes, 
respectively, from the UK Biobank GWAS summary data on LDL cholesterol levels. The F-Statistics of all instrument 
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variants exceeded 10, indicating minimal weak instrument bias in our study (Supplementary Table S2). The IVW-MR 
analysis provided robust evidence linking HMGCR-mediated LDL cholesterol (equivalent to a 1 mmol/l increase) with 
cholelithiasis risk (OR = 2.15, 95% CI = 1.58–2.94; P = 0.000), implying a potential protective role of HMGCR 
inhibitors against cholelithiasis. Furthermore, compelling evidence emerged for a connection between PCSK9-mediated 
LDL cholesterol and cholelithiasis risk (OR = 0.72, 95% CI = 0.56–0.94; P = 0.015), hinting at a potential unfavorable 
impact of PCSK9 inhibitors on cholelithiasis development. Nonetheless, the IVW-MR analysis yielded no indications of 
a link between NPC1L1-mediated LDL cholesterol and cholelithiasis. Heterogeneity was evaluated through the Cochran 
Q test, and none of the reported outcomes displayed evidence of heterogeneity (all P > 0.05). Furthermore, neither the 
intercept term in MR-Egger regression nor the MR-PRESSO analysis demonstrated significant evidence of overall 
horizontal pleiotropy (all P > 0.05) (Figure 2; Table 1).

The SMR analysis revealed 921, 24, and 11 cis-eQTLs from eQTLGen or GTEx Consortium related to the respective 
target genes HMGCR, PCSK9, and NPC1L1. The utmost significant cis-eQTL SNP for each drug’s target gene was 
designated as the genetic instrument, all exhibiting F-Statistics exceeding 10 (Supplementary Table S3). Our results from 
the SMR analysis provided strong evidence that higher blood expression levels of the HMGCR gene (equivalent to a one 
standard deviation increase) are strongly linked to an increased cholelithiasis risk (OR = 1.19, 95% CI = 1.04–1.37; P = 
0.014), further suggesting that HMGCR inhibitors may reduce the risk of cholelithiasis. Furthermore, we uncovered 
suggestive evidence suggesting a negative link between PCSK9 expression and cholelithiasis risk (OR = 0.90, 95% CI = 
0.82–0.99; P = 0.035), further supporting the possibility of adverse effects of PCSK9 inhibitors against cholelithiasis. 
However, there was no notable association detected between NPC1L1 expression and cholelithiasis, aligning with the 
outcomes of the IVW-MR analysis. Moreover, the HEIDI test within the SMR analysis suggested that all identified 
associations, except for the link between HMGCR expression and cholelithiasis (P = 0.009), were not influenced by 
linkage (P > 0.01) (Figure 3; Table 2).

In the positive control investigation, substantial links were identified between each drug exposure and coronary heart 
disease when utilizing genetic instruments derived from LDL cholesterol GWAS (Table 3). Similarly, we identified 
significant links between drug exposure and LDL cholesterol levels by employing genetic instruments based on eQTL 
(Table 4). These results provide further validation and assurance regarding the efficacy of the selected genetic instru-
ments in our MR study.

Figure 2 Associations between low-density lipoprotein (LDL) cholesterol mediated by gene HMGCR, PCSK9, or NPC1L1 and cholelithiasis risk. 
Abbreviations: HMGCR, 3-hydroxy-3-methylglutaryl CoA reductase; PCSK9, proprotein convertase subtilisin/kexin type 9; NPC1L1, Niemann-Pick C1–like 1; SNP, single 
nucleotide polymorphisms; OR, odds ratio; IVW, inverse variance weighted.
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Discussion
The current MR study provides strong evidence supporting a positive association between HMGCR-mediated LDL 
cholesterol levels and HMGCR expression with the risk of cholelithiasis. This implies that HMGCR inhibitors may 
potentially offer a protective effect against cholelithiasis. Conversely, our observations provide strong evidence suggest-
ing a negative correlation between PCSK9-mediated LDL cholesterol levels and the risk of cholelithiasis. Moreover, 
there is suggestive evidence pointing to a negative association between PCSK9 expression and cholelithiasis risk. In 
summary, these findings imply that the use of PCSK9 inhibitors may elevate the risk of cholelithiasis. No evidence 
supported an association between NPC1L1-mediated LDL cholesterol levels or NPC1L1 expression with cholelithiasis 
risk. To the best of our knowledge, this study represents the first MR investigation of lipid-lowering drugs in relation to 
cholelithiasis. Furthermore, it is the first study to explore the potential impact of PCSK9 inhibitors on the risk of 
cholelithiasis. Our research results may offer insights into the influence of cholesterol-lowering drugs on the formation of 
cholelithiasis.

Previous observational studies have suggested a potential decrease in the risk of cholelithiasis with the use of statin 
drugs.16,36 However, observational studies are susceptible to lingering confounding variables and the possibility of 
reverse causation. Our current study utilized MR to establish a causal link between statin use and cholelithiasis risk.

A recent MR study has proposed that reduced total cholesterol levels could represent an autonomous risk factor for 
cholelithiasis.8 This raises concerns that the use of lipid-lowering drugs to decrease cholesterol levels could potentially 
increase the risk of cholelithiasis. The authors of that MR study speculate that one of the mechanisms behind this 
association may involve the liver’s compensatory synthesis of cholesterol and an enhanced cholesterol secretion into bile, 
both of which could increase the risk of cholelithiasis.37 Interestingly, HMGCR is an essential enzyme in cholesterol 
synthesis,14 and statin use not only lowers serum total cholesterol but also inhibit cholesterol synthesis by suppressing the 
activity of HMGCR, thus interrupting the aforementioned mechanism. The protective effect of statin drugs on the risk of 
cholelithiasis does not seem to be achieved by reducing serum cholesterol levels but may be related to a decrease in the 
secretion of cholesterol from the liver into bile.38,39 These two processes occur simultaneously after statin-mediated 
HMGCR inhibition. Therefore, the previous observational studies and the findings of our MR study regarding the 
decreased risk of cholelithiasis with statin use are not contradictory to the conclusions of that MR study.8

This study is the first to propose a potential increase in the risk of cholelithiasis associated with the use of PCSK9 
inhibitors. Interestingly, this finding contradicts the findings of this study regarding the reduced risk of cholelithiasis with 

Table 1 Associations Between LDL Cholesterol Mediated by Gene HMGCR, PCSK9, or NPC1L1 and Cholelithiasis Risk

Exposure Outcome Number 
of SNPs

Beta se p value p value for 
Cochran 
Q Test

p value for 
MR-Egger 
Intercept

p value for MR- 
PRESSO 

Global Test

HMGCR CHOLELITHIASIS 7 0.767665425 0.158026504 0.000 0.895 0.840 0.904

PCSK9 CHOLELITHIASIS 14 −0.321904803 0.132366007 0.015 0.629 0.583 0.6116667
NPC1L1 CHOLELITHIASIS 6 −0.193596005 0.174642397 0.268 0.626 0.681 0.7016667

Abbreviations: LDL, low-density lipoprotein; HMGCR, 3-hydroxy-3-methylglutaryl CoA reductase; PCSK9, proprotein convertase subtilisin/kexin type 9; NPC1L1, 
Niemann-Pick C1–like 1; SNP, single nucleotide polymorphisms; OR, odds ratio; MR-PRESSO, Mendelian Randomization Pleiotropy RESidual Sum and Outlier.

Figure 3 Summary-data-based Mendelian randomization (SMR) association between expression of gene HMGCR, PCSK9, or NPC1L1 and cholelithiasis risk. 
Abbreviations: HMGCR, 3-hydroxy-3-methylglutaryl CoA reductase; PCSK9, proprotein convertase subtilisin/kexin type 9; NPC1L1, Niemann-Pick C1–like 1; OR, odds 
ratio; SMR, summary-data-based mendelian randomization.
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HMGCR inhibitors. This discrepancy may be perplexing, but we speculate that the reason for the effect of lipid-lowering 
drugs on the risk of cholelithiasis may not be due to their ability to lower serum cholesterol and then affect the saturation 
of cholesterol in bile.38,39 Instead, it may be due to different mechanisms by which different lipid-lowering drugs lower 
serum cholesterol.40,41

In the case of PCSK9 inhibitors, their mechanism of action involves inhibiting PCSK9 activity, thereby enhancing the 
expression and function of LDL receptors (LDLR).42 This, in turn, promotes increased metabolism of LDL cholesterol in 
the liver. Previous studies have suggested that hepatic fat accumulation may increase the secretion of PCSK9 by the 
liver,43,44 resulting in reduced hepatic uptake of LDL cholesterol. However, the use of PCSK9 inhibitors allows the liver 
to continue taking up LDL cholesterol, even if it is already accumulated in the hepatic cholesterol pool. Our hypothesis is 
that this augmented hepatic metabolism leads to an accumulation of cholesterol in the intrahepatic cholesterol pool, 
resulting in elevated cholesterol secretion into the bile and subsequently increasing the risk of cholelithiasis.14

Another possible reason is that the accumulation of cholesterol in the liver may inhibit the activity of Cholesterol 7α- 
hydroxylase (CYP7A1),45 which is the rate-limiting step in the synthesis of bile acids in the liver. This reduction in bile 

Table 2 SMR Association Between Expression of Gene HMGCR, PCSK9, or 
NPC1L1 and Cholelithiasis Risk

Gene Top eQTL 
SNP

SMR Association HEIDI Test

Beta se p-value p-value Number 
of SNPs

HMGCR rs6453133 0.174722 0.071195 1.41E-02 9.11E-03 20

PCSK9 rs472495 −0.10082 0.047746 3.47E-02 2.71E-01 8

NPC1L1 rs41279633 −0.00316 0.022075 8.86E-01 8.75E-01 5

Abbreviations: HMGCR, 3-hydroxy-3-methylglutaryl CoA reductase; PCSK9, proprotein convertase 
subtilisin/kexin type 9; NPC1L1, Niemann-Pick C1–like 1; SNP, single nucleotide polymorphisms; SMR, 
summary-data-based mendelian randomization; HEIDI, heterogeneity in dependent instruments.

Table 3 Associations Between LDL Cholesterol 
Mediated by Gene HMGCR, PCSK9, or NPC1L1 
and Coronary Heart Disease

Exposure OR 95% CI p value

HMGCR 2.07 1.34–3.20 0.0011

PCSK9 2.57 1.75–3.76 1.41E-06
NPC1L1 5.25 3.02–9.11 0.000000003

Abbreviations: LDL, low-density lipoprotein; HMGCR, 
3-hydroxy-3-methylglutaryl CoA reductase; PCSK9, propro-
tein convertase subtilisin/kexin type 9; NPC1L1, Niemann- 
Pick C1–like 1; OR, odds ratio.

Table 4 SMR Association Between Expression of Gene HMGCR, 
PCSK9, or NPC1L1 and LDL Cholesterol Level

Exposure OR 95% CI p value Tissue

HMGCR 1.46 1.37–1.55 3.00E-34 Blood

PCSK9 1.26 1.18–1.34 3.24E-12 Blood

NPC1L1 1.08 1.06–1.10 7.51E-13 Adipose Subcutaneous

Abbreviations: HMGCR, 3-hydroxy-3-methylglutaryl CoA reductase; PCSK9, propro-
tein convertase subtilisin/kexin type 9; NPC1L1, Niemann-Pick C1–like 1; SNP, single 
nucleotide polymorphisms; SMR, summary-data-based Mendelian randomization.
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acid synthesis leads to a decrease in bile acid levels in the bile, resulting in cholesterol supersaturation in the bile and an 
increased risk of gallstone formation.46 Currently, it remains uncertain whether PCSK9 inhibition directly affects the 
cholesterol saturation index in bile. Thus, further research is required to validate it.

The association between PCSK9 inhibition and an increased risk of gallstones can also be observed in patients with 
hyperthyroidism. Some studies have found that serum PCSK9 levels decrease in patients with hyperthyroidism,47,48 

while other studies have found an increased risk of gallstones in patients or mice with hyperthyroidism.49,50 Our study 
findings may provide insights into the underlying mechanisms that contribute to the increased risk of gallstones in 
patients with hyperthyroidism.

While our study suggests an increased risk of cholelithiasis associated with PCSK9 inhibitors, the specific dosage and 
duration of PCSK9 inhibitor use that leads to this risk are still unknown. Nevertheless, considering that lipid-lowering 
therapy for primary or secondary prevention of cardiovascular diseases is often lifelong, it is essential not to overlook this 
potential risk when clinically administering PCSK9 inhibitors.

In our study, we did not observe any correlation between NPC1L1 inhibitors and the risk of cholelithiasis, despite 
previous contradictory findings in NPC1L1 inhibitors research.19,20 An animal experiment suggested that ezetimibe 
effectively reduces intestinal cholesterol absorption, thereby preventing gallstones and reducing bile saturation in mice, 
and even promoting gallstone dissolution.19 However, a different study utilizing single-sample MR suggested that genetic 
variations in NPC1L1, resembling the effects of ezetimibe, are linked to an elevated risk of symptomatic cholelithiasis.20

The conclusions of both studies may be challenged. The former study’s conclusion is based on experimental mice 
receiving a high-cholesterol diet, which is not representative of the common diet in human populations. In addition, while 
NPC1L1 is predominantly expressed in the small intestine of rodents,51 humans exhibit significant NPC1L1 expression in 
the liver as well.52 The latter study’s conclusion may also be questioned because single-sample MR studies are prone to 
the “winner’s curse” effect, where the effect estimates of ezetimibe on gallstone risk may be exaggerated and higher than 
the actual situation.53 Additionally, the latter study did not undertake sensitivity analyses to test for potential bias due to 
pleiotropy.54

Based on our observations, we speculate that the lack of causal relationship between NPC1L1 inhibitors and 
cholelithiasis risk may be due to their dual effects.2 NPC1L1 inhibitors reduce intestinal cholesterol absorption by 
inhibiting NPC1L1 in the intestines, leading to decreased liver cholesterol secretion, which may lower the risk of 
cholelithiasis.19 However, NPC1L1 inhibitors also inhibit NPC1L1 in the liver, reducing the uptake of biliary cholesterol 
by the liver and potentially increasing cholesterol content in bile, which may increase the risk of cholelithiasis.20 

Considering the combined effects of these two mechanisms, NPC1L1 inhibitors may neither increase nor decrease the 
risk of cholelithiasis.

This study has several limitations. Firstly, although MR and randomized controlled trials share the common goal of 
providing reliable evidence for causal relationships, it is not appropriate to directly compare their estimated treatment 
effects. MR estimates capture the enduring consequences of modulating drug targets, which may differ from interven-
tions given at specific timeframes and their impacts over shorter durations. However, MR estimates still serve a valuable 
purpose in indicating the presence and direction of causal effects.23,55 Secondly, when verifying the link between 
HMGCR-mediated LDL cholesterol and the risk of cholelithiasis using the eQTL of target genes of HMGCR inhibitors 
as a proxy for HMGCR inhibition exposure, the HEIDI test suggested that the detected correlation between HMGCR 
gene expression and the outcome could potentially result from a linkage scenario. Nevertheless, in our main MR analysis 
of HMGCR-mediated LDL cholesterol levels, we found no evidence of pleiotropy. Thirdly, despite conducting multiple 
sensitivity analyses to scrutinize the MR study assumptions and employing PhenoScanner to identify proxy SNPs 
associated with confounding factors, we were still unable to completely eliminate the potential for confounding bias 
and/or horizontal pleiotropy. Fourthly, it is important to note that the eQTL and GWAS data used in this study primarily 
originated from European populations, where cholelithiasis is predominantly cholesterol-based. Hence, it’s important to 
approach the extrapolation of these findings to different populations with caution. Fifthly, the HMGCR inhibitor and 
PCSK9 inhibitor primarily target the liver, whereas the NPC1L1 inhibitor affects both the liver and the intestines. 
Regrettably, there are presently no eQTLs accessible specifically for these target genes in the liver. Using eQTLs 
obtained from blood or adipose subcutaneous tissue as substitutes for liver eQTLs could potentially compromise the 
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accuracy of the genetic instruments in reflecting the mechanisms of action of these drugs in the liver. To address this 
concern, positive control analyses were performed to authenticate the genetic instruments employed in this study.

Conclusions
In summary, this MR study supports a causal association between HMGCR inhibitors use and reduced cholelithiasis risk. 
Additionally, it indicates a causal link between PCSK9 inhibitors use and increased cholelithiasis risk. However, no 
significant correlation was found between NPC1L1 inhibitors use and cholelithiasis risk.

Abbreviations
MR, Mendelian randomization; GWAS, genome-wide association study; eQTLs, expression quantitative trait loci; LDL, 
low-density lipoprotein; HMGCR, 3-hydroxy-3-methylglutaryl CoA reductase; PCSK9, proprotein convertase subtilisin/ 
kexin type 9; NPC1L1, Niemann-Pick C1–like 1; IVW, multiplicative random effects inverse variance weighted method; 
SNP, single nucleotide polymorphisms; OR, odds ratio; SMR, summary-data-based mendelian randomization; HEIDI, 
heterogeneity in dependent instruments; MR-PRESSO, Mendelian Randomization Pleiotropy RESidual Sum and Outlier; 
MAF, minor allele frequency.
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