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Abstract

Objective: Some observational studies have unexpectedly reported the association of cholesterol
metabolismwithmental and psychological disorders, but a firm conclusion has not been drawn.
The aim of this study was to further investigate the effects of peripheral cholesterol traits and
cholesterol-lowering therapy on depression and schizophrenia using a Mendelian random-
isation approach. Methods: Instrumental variables meeting the correlation, independence and
exclusivity assumptions were extracted from one genome-wide association study for predicting
total cholesterol, low-density lipoprotein (LDL) cholesterol, high-density lipoprotein (HDL)
cholesterol and nonHDL cholesterol. Instrumental variables for total cholesterol and LDL
cholesterol were also adopted to predict statin use (a type of cholesterol-lowering drug); these
instrumental variables should not only satisfy the above assumptions but also be close to
3-hydroxy-3-methylglutaryl coenzyme A reductase (HMGCR, the target gene of statins) on the
chromosome. Three methods (including inverse variance weighted) were used to conduct
causal inference of the above exposures with depression and schizophrenia. Sensitivity analyses
were performed to assess horizontal pleiotropy. Results: Higher levels of peripheral nonHDL
cholesterol were nominally associated with a decreased risk of depression (P= 0.039), and
higher levels of HMGCR-mediated total cholesterol and LDL cholesterol were nominally
related to a decreased risk of depression (P= 0.013 and P= 0.028, respectively). Moreover,
these cholesterol traits cannot affect the risk of schizophrenia. Sensitivity analysis did not reveal
any horizontal pleiotropy. Conclusion: The study provided some interesting, but less sufficient,
evidence that nonHDL cholesterol may have a protective effect on depression, and lowering
cholesterol using statins might increase the risk of the disease.

Significant outcomes

• Mendelian randomisation is used to explore the relationship between cholesterol
metabolism and psychological disorders for the first time.

• NonHDL cholesterol genetically relieves depression, while statins may unexpectedly
contribute to the disease.

• These findings help to understand the pathogenesis of depression and identify new
therapeutic targets for the disease.

Limitations

• Depending on the purpose of the study, there are not many types of blood lipids and
psychological disorders involved in this study.

• The study adopts a commonly used drug-targeted Mendelian randomisation
method to explore the association of the HMGCR gene with depression and
schizophrenia, but due to data limitations, the study does not use another drug-
targeted method called summary-data-based Mendelian randomisation.

Introduction

Mental and psychological disorders have become major health challenges in the human
population. At present, depression is the most common psychological disorder worldwide,
affecting 280 million people, while schizophrenia, another serious mental illness, affects
approximately 24 million people (Ettman et al., 2020; Mojtabai, 2021; Subramaniam et al., 2021;
Hu et al., 2022). More importantly, these disorders significantly affect patients’ ability to work
and quality of life and can lead to disability and even suicide in severe cases (Bai et al., 2021;
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Jin, 2022). Therefore, it is crucial to explore risk factors and
potential therapies for depression and schizophrenia.

Although somewhat surprising, the available evidence does
suggest that lipid metabolism (including cholesterol metabolism)
is associated with these mental and psychological disorders. For
example, two observational studies reported that adverse lip-
oprotein patterns were detected in patients with major depressive
depression, and several diagnostic potential biomarkers compris-
ing lipids can distinguish patients with this disease from healthy
controls, revealing that lipidomics might be a potential tool for
depression investigation (van Reedt Dortland et al., 2010; Zhang
et al., 2022). One Mendelian randomisation (MR) analysis
confirmed a causal relationship between triglycerides and altered
cholesterol levels and depression traits for the first time, although it
had a relatively small sample size (So et al., 2021). In addition, one
recent review concluded that increased serum lipids may be
associated with the remission of schizophrenia symptoms during
treatment, and another meta-analysis suggested that some
schizophrenic patients with reduced lipids were more likely to
develop suicidal tendencies (Kim et al., 2019; Sankaranarayanan
et al., 2021).

The effects of hydroxymethylglutaryl coenzymeA (HMG-CoA)
reductase inhibitors (namely, statins), the most commonly used
cholesterol-lowering drugs, on the risk of depression and
schizophrenia have also been explored (Sirtori et al., 1991).
Briefly, one population-based cohort study suggested that
administration of the drug may have reduced the risk of
depression, but a meta-analysis including 13 observational studies
did not support this finding (Molero et al., 2020; Lee et al., 2021).
Another meta-analysis clarified that adjunctive therapy with
statins could improve schizophrenia symptoms, either negative or
positive (Andrade, 2018; Shen et al., 2018).

It is important to note that the above findings are mainly from
observational studies, which are susceptible to confounding factors
and causal inversions. Compared with this type of study, MR
studies can apply genetic variants to replace exposures and
outcomes of interest, enabling causal inference at the genetic
level and providing more reliable results (Emdin et al., 2017;
Birney, 2022).

Considering that cholesterol metabolism is one of the main
components of lipid metabolism and that statins are the most
commonly used cholesterol-lowering drugs, this study explored
the effects of peripheral cholesterol traits and statin use on
depression, schizophrenia and suicide attempts using traditional
MR and drug-targeted MR methods.

Methods

Ethical requirements

This study was approved by the ethics committee of Tianjin Haihe
Hospital. The summary data used in this study were obtained from
publicly available databases, and the providers of these data were
also approved by the local ethics committees.

Study design

This study was divided into traditional MR and drug-targeted MR
sections.

In the former section, the study adopted threeMRmethods [i.e.,
random-effected inverse variance weighted (IVW), Mendelian
randomisation pleiotropy residual sum and outlier (MR-PRESSO)
and MR–Egger] to investigate the effects of four cholesterol traits

[i.e., total cholesterol (TC), low-density lipoprotein cholesterol
(LDL-C), high-density lipoprotein cholesterol (HDL-C) and
nonHDL-C] on the risk of depression, schizophrenia and suicide
attempts. Suicide attempts are the most serious consequence of
mental and psychological disorders and were therefore included in
the study (Bai et al., 2021; Jin, 2022). Instrumental variables
predicting these cholesterol traits were extracted from correspond-
ing genome-wide association studies (GWASs).

In the latter section, the study also adopted these threeMRmethods
to examine the effects of two cholesterol traits (TC and LDL-C)
mediated by the 3-hydroxy-3-methylglutaryl coenzyme A reductase
(HMGCR) gene, which is the target gene for statins, on the three
outcomes (Sirtori et al., 1991). TC and LDL-C are themain effectors of
statins (Sirtori et al., 1991). When instrumental variables for these two
cholesterol traits are also spatially related to the HMGCR gene on the
chromosome, the use of statins can be predicted.

A series of sensitivity analyses were conducted on both the
traditional and drug-target sections to assess the validity of the
instrumental variables, determine heterogeneity and horizontal
pleiotropy, and detect possible confounding factors.

An overview of this study is also provided in Table 1.

Summary data

The summary depression data were obtained from the UKBiobank
(UKB) and Psychiatric Genomics Consortium (PGC) (excluding
23andme) cohorts, which included 170,756 cases and 329,443
controls (Howard et al., 2019). All cohort members were of
European descent, and the dataset included both males and
females. There were three types of depression phenotypes in this
dataset, i.e., broad depression, major depressive disorder, and the
international classification of disease (ICD)-coded major depres-
sive disorder phenotype. The definitions of these phenotypes were
determined by answering specific questions and reviewing ICD
codes, the details of which are presented in Supplemental Table 1.
The questions were ‘Have you ever seen a general practitioner for
nerves, anxiety, tension or depression?’ and ‘Have you ever seen a
psychiatrist for nerves, anxiety, tension or depression?’ Patients
with other psychiatric disorders (such as bipolar disorder and
schizophrenia) were excluded.

The data for schizophrenia were collected from a PGC two-
stage GWAS using 52,017 cases and 75,889 controls (Trubetskoy
et al., 2022). They cohort members all from the European
population, and the dataset included both sexes. Patients were
diagnosed with schizophrenia based on their typical symptoms and
treatment history. The data for suicide attempts were obtained
from a Neale laboratory GWAS using the UKB population. The
GWAS enrolled 2,658 cases and 2,275 controls, all of which were
European individuals and included males and females. These data
were downloaded directly from the IEU Open GWAS Project
(https://gwas.mrcieu.ac.uk/), and the dataset ID was ukb-d-20483.

The summary data for the four cholesterol traits were collected
from a multiancestry, genome-wide genetic discovery meta-
analysis of lipid levels from the Global Lipids Genetics
Consortium (GLGC) using approximately 1.65 million individ-
uals, including 1.3 million individuals of European ancestry
(Graham et al., 2021). Of these data, over 800,000 European
individuals (of both sexes), none of which were from the UK
Biobank (UKB), were selected for this study to avoid potential
sample overlap.

The summary data for obesity and coronary heart disease
(CHD) were obtained from two FinnGen cohorts using 342,400
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and 342,499 European individuals (including males and females)
(Kurki et al., 2023). These diseases were identified by consulting
the International Classification of Disease (ICD)-10 codes in the
medical records. The ICD-10 code for obesity was E66, and the
ICD-10 codes for CHD were I20.0, I21 and I22. These data were
used in the sensitivity analysis.

More information on these summary data is shown in Table 2.

Instrumental variables

In the traditional MR section, a total of 286, 238, 335 and 209
instrumental variables [i.e., single nucleotide polymorphisms
(SNPs)] were selected to separately predict TC, LDL-C, HDL-C
and nonHDL-C from the corresponding GWASs according to the
following standards: (1) The instrument variables must be highly
correlated with the exposures (correlation P value <5 × 10−8). (2)
The F statistic of the instrumental variable must be less than 10 to

exclude weak instrumental variables. (3) Linkage disequilibrium
(LD) clumping was conducted using an r2 value of 0.001 and a
window of 10,000 kb to ensure the independence of the
instrumental variables. (4) The instrumental variables related to
other common mental and psychological disorders were manually
eliminated by consulting the ‘phenoscanner’ data platform.

In the drug-target MR section, 12 SNPs were separately
selected to predict HMGCR-mediated TC and LDL-C according to
the following standards: (1) The instrument variables were
significantly correlated with the exposures (correlation P value
<5 × 10−6). (2) Weak instrument variables were directly removed
(F-statistic >10). (3) LD clumping was performed with an r2 value
of 0.30 and a window of 100 kb. (4) The instrumental variable must
be within 100 kb of either side of the HMGCR gene on the
chromosome. (5) The instrumental variables associated with other
mental and psychological disorders were excluded according to the
‘phenoscanner’.

Table 1. Overview and process of the study

Sections Instrumental variables MR methods Sensitivity analysis

Traditional MR A total of 209 to 335 SNPs were selected to predict fourcholesterol traits.
Correlation P value <5 × 10−8

F-statistic <10
LD Clumping (r2 = 0.001 and kb= 10,000)
Phenoscanner

IVW
MR-PRESSO
MR-Egger

Positive control analysis
Cochran’s Q test
MR-Egger intercept test
Multifactorial MR

Drug-target MR A total of 12 SNPs were separately selected to predict the two
HMGCR-mediated cholesterol traits.
Correlation P value <5 × 10−6

F-statistic <10
LD Clumping (r2 = 0.30 and kb= 100)
Located within ± 100 kb from HMGCR
Phenoscanner

IVW
MR-PRESSO
MR-Egger

Positive control analysis
Cochran’s Q test
MR-Egger intercept test
Multifactorial MR

MR, Mendelian randomisation; SNP, Single nucleotide polymorphism; LD, Linkage disequilibrium; MAF, Minor allele frequency; IVW, Inverse variance weighted; MR-PRESSO, Mendelian
randomisation pleiotropy RESidual sum and outlier.

Table 2. Characteristics of summary data in the study

Traits Roles Consortium Characteristics

Cholesterol traits Exposure GLGC Population: Europeans, both genders
Sample size: 1,654,960
Graham SE et al., Nature. 2021.
PMID: 34887591

Depression Outcome PGC Population: Europeans, both genders
Sample size: 170,756 (case) and 329,443 (control)
Howard et al., Nat Neurosci. 2019.
PMID: 30718901

Schizophrenia Outcome PGC Population: Europeans, both genders
Sample size: 52,017 (case) and 75,889 (control)
Trubetskoy et al., Nature. 2022.
PMID: 35396580

Suicide attempts Outcome Neale lab Population: Europeans, both genders
Sample size: 2,658 (case) and 2,275 (control)

1. IEU Dataset: ukb-d-20483

Obesity Confounder FinnGen Population: Europeans, both genders
Sample size: 18,330 (case) and 324,070 (control)
Kurki MI, et al., medRxiv. 2022.

CHD1 Confounder FinnGen Population: Europeans, both genders
Sample size: 39,036 (case) and 303,463 (control)
Kurki MI, et al., medRxiv. 2022.

CHD, Coronary heart disease; GLGC, Global Lipids Genetics Consortium; PGC, Psychiatric Genomics Consortium.
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In these two sections, after completing the above steps, the
instrumental variables related to the exposures were also extracted
from the GWAS of the outcomes. Harmonisation was performed
to adjust the orientation of the alleles.

The selection criteria for the instrumental variables are also
shown in Table 1. The selected instrumental variables are listed in
Supplemental Tables 2–7.

MR analysis

IVW, MR-PRESSO and MR–Egger were used to perform MR
analysis (Emdin et al., 2017; Birney, 2022). Among them, IVW has
the strongest causal inference ability and requires that all
instrumental variables not be affected by horizontal pleiotropy;
MR-PRESSO not only makes causal inferences but also detects
outliers that significantly affect the results and further reports the
corrected results; MR–Egger allows all instrumental variables to be
pleiotropic, and the results are most conservative. All these
methods reported odds ratios (ORs), 95% confidence intervals
(95% CIs), and P values. In this study, a causal relationship could
be established when the IVW result was statistically significant and
the direction of the results from the other two methods coincided
with the direction of the IVW result. A P value <0.05 indicated
nominal statistical significance. After the Bonferroni correction, a
P value <0.003 was considered to indicate statistical significance
(for six exposures and three outcomes).

Sensitivity analysis

Several sensitivity analyses were performed on both MR sections
(Wang et al., 2018; Zhang and Ghosh, 2021). First, the study
conducted positive control analyses to test the validity of the
instrumental variables. In these analyses, cholesterol traits or
HMGCR-mediated cholesterol traits were used as the exposures,
CHD was used as the outcome, and causal inference was made by
IVW. Second, Cochran’s Q test was used to measure heterogeneity,
and a P value less than 0.05 indicated heterogeneity. Third, the
MR–Egger intercept test was adopted to determine horizontal
pleiotropy, and a P value less than 0.05 indicated horizontal
pleiotropy. Fourth, the study performed multivariate MR to
identify confounding or mediating factors in the causal relation-
ships, and these factors included obesity and CHD.

All MR and sensitivity analyses were performed using
the TwoSampleMR package (version 0.5.7) in R software (version
4.3.0).

Results

Effects of cholesterol traits on depression, schizophrenia,
and suicide attempts

According to the positive control analyses, IVW suggested that
higher levels of TC, LDL-C and nonHDL-C and lower levels of
HDL-C were associated with an increased risk of CHD
(P= 3.457e-14, P= 6.397e-22, P= 1.396e-36, P= 8.918e-14).
These results confirmed the validity of the instrumental variables
(Supplemental Table 8).

As shown in Table 3, IVW revealed that higher levels of
peripheral nonHDL-C were nominally associated with a decreased
risk of depression (OR= 0.969, 95% CI= 0.941–0.998, P= 0.039).
As shown in Supplemental Table 9, MR-PRESSO and MR–Egger
supported the results from IVW (OR= 0.967, 95% CI= 0.941–
0.994, P= 0.017; OR= 0.977, 95% CI = 0.933–1.022, P= 0.314).

As shown in Table 3, the Cochran’s Q test revealed significant
heterogeneity, but the random-effects IVW used in this analysis
was tolerable and yielded reliable results (P= 1.017e-08). In
addition, theMR–Egger intercept test did not reveal any horizontal
pleiotropy (P= 0.651).

Because obesity and hyperlipidaemia often coexist, multivariate
MR was conducted to assess the effect of obesity. As shown in
Table 3, peripheral nonHDL-C was no longer related to the risk of
depression after adjusting for obesity (OR= 0.994, 95%
CI= 0.966–1.023, P= 0.692). As shown in Supplemental
Table 10, IVW was used to further explore the effect of obesity
on depression and revealed that this factor had no significant effect
on the risk of this disease (P= 0.578). Therefore, it is likely that
obesity plays amediating role between nonHDL-C and depression.

In addition, the peripheral levels of TC, LDL-C and HDL-C
were not related to the risk of depression (Table 3). The peripheral
levels of the four cholesterol traits were also not related to the risk
of schizophrenia or suicide attempts (Table 3).

Effects of HMGCR-mediated cholesterol traits on depression

As shown in Supplemental Table 8, the positive control analyses
(IVW) suggested that higher levels of HMGCR-mediated
TC and LDL-C were associated with an increased risk of CHD
(P= 3.100e-05, P= 4.299e-05). These results demonstrated that
inhibiting HMGCR expression may reduce the risk of CHD.
Therefore, these instrumental variables can effectively predict the use
of statins.

As shown in Table 4, IVW and MR-PRESSO reported that
higher levels of HMGCR-mediated TC were nominally associated
with a decreased risk of depression (OR= 0.904, 95% CI= 0.835–
0.979, P= 0.013; OR = 0.904, 95% CI= 0.840–0.973, P= 0.028).
The direction of theMR–Egger result was the same as the direction
of the above results (OR= 0.847, 95% CI= 0.546 ~ 1.312, P= 0.481).
The Cochran’s Q and MR–Egger intercept tests did not reveal any
heterogeneity or horizontal pleiotropy (P= 0.551, P= 0.774).

As shown in Table 4, the three MR methods explored the effect
of HMGCR-mediated LDL-C on depression and reported some
results similar to the relationship between HMGCR-mediated TC
and disease (OR = 0.917, 95% CI= 0.854–0.985, P= 0.017;
OR= 0.917, 95% CI= 0.864–0.974, P= 0.019; OR = 0.862, 95%
CI= 0.575–1.293, P= 0.494). The sensitivity analyses also did not
reveal any heterogeneity or horizontal pleiotropy (P= 0.707,
P= 0.770).

As shown in Table 4, because CHD is the primary indication for
statins, multivariate MR adjusted for this disease revealed that
HMGCR-mediated TC and LDL-C no longer reduced the risk
of depression (OR= 0.967, 95% CI= 0.928–1.006, P= 0.099;
OR= 0.977, 95% CI= 0.947–1.009, P= 0.159). As shown in
Supplemental Table 10, IVW further revealed that CHD did not
affect the risk of depression (P= 0.979). Therefore, CHD is likely to
play a mediating role between statin use and depression.

Effects of HMGCR-mediated cholesterol traits
on schizophrenia

As shown in Table 5, IVW suggested that higher levels of HMGCR-
mediated LDL-C were associated with an increased risk of
schizophrenia (OR= 1.246, 95% CI = 1.022–1.519, P= 0.030), but
MR–Egger reported the opposite result (OR= 0.672, 95%
CI= 0.206–2.196, P= 0.530). IVW also revealed that HMGCR-
mediated TC did not affect the risk of this disease (OR = 1.235,
95% CI= 0.961–1.587, P= 0.099).
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Table 3. MR estimates for cholesterol traits affecting the risk of depression, schizophrenia and suicide attempts

Exposures SNPs* Outcomes P value for MR OR value 95%CI P value for CQ P value for MI

IVW-MR

TC 286 Depression 0.435 0.987 0.955 ~ 1.020 4.721e-16 0.939

Schizophrenia 0.870 0.993 0.916 ~ 1.077 3.430e-46 0.646

Suicide attempts 0.543 1.017 0.964 ~ 1.073 0.190 0.163

LDL-C 238 Depression 0.125 0.973 0.940 ~ 1.008 2.238e-16 0.471

Schizophrenia 0.628 0.981 0.909 ~ 1.059 8.407e-27 0.966

Suicide attempts 0.533 0.983 0.933 ~ 1.037 0.268 0.567

HDL-C 335 Depression 0.142 0.976 0.945 ~ 1.008 2.073e-21 0.626

Schizophrenia 0.520 0.972 0.893 ~ 1.059 6.724e-76 0.240

Suicide attempts 0.193 1.038 0.981 ~ 1.098 0.016 0.789

NonHDL-C 209 Depression 0.039 0.969 0.941 ~ 0.998 1.017e-08 0.651

Schizophrenia 0.689 0.985 0.916 ~ 1.060 3.352e-25 0.497

Suicide attempts 0.575 0.986 0.937 ~ 1.036 0.159 0.879

Multivariate MR**

TC 286 Depression 0.332 0.985 0.954 ~ 1.016 – –

Schizophrenia 0.653 0.983 0.911 ~ 1.060 – –

Suicide attempts 0.435 1.021 0.969 ~ 1.075 – –

LDL-C 238 Depression 0.400 0.986 0.954 ~ 1.019 – –

Schizophrenia 0.814 0.991 0.919 ~ 1.068 – –

Suicide attempts 0.279 1.028 0.978 ~ 1.081 – –

HDL-C 335 Depression 0.314 0.985 0.956 ~ 1.015 – –

Schizophrenia 0.119 0.941 0.871 ~ 1.016 – –

Suicide attempts 0.807 1.007 0.954 ~ 1.062 – –

NonHDL-C 209 Depression 0.692 0.994 0.966 ~ 1.023 – –

Schizophrenia 0.727 1.012 0.945 ~ 1.084 – –

Suicide attempts 0.553 1.015 0.966 ~ 1.066 – –

IVW, Inverse variance weighted; MR, Mendelian randomisation; TC, Total cholesterol; LDL-C, Low-density lipoprotein cholesterol; HDL-C, High-density lipoprotein cholesterol; NonHDL-C, Non
high-density lipoprotein cholesterol; SNP, Single nucleotide polymorphism; OR, Odds ratio; 95%CI, 95% Confidence interval; CO, Cochran’s Q; MI, MR-Egger intercept.
*Number of SNPs predicted each exposure.
**These multivariate MR analyses adjusted for obesity.

Table 4. MR estimates for HMGCR-mediated cholesterol traits affecting the risk of depression

Exposures SNPs* MR methods P value for MR OR value 95%CI P value for CQ P value for MI

MR

HMGCR_TC 12 IVW 0.013 0.904 0.835 ~ 0.979 0.551 0.774

MR-PRESSO 0.028 0.904 0.840 ~ 0.973 – –

MR-Egger 0.481 0.847 0.546 ~ 1.312 – –

HMGCR_LDL 12 IVW 0.017 0.917 0.854 ~ 0.985 0.707 0.770

MR-PRESSO 0.019 0.917 0.864 ~ 0.974 – –

MR-Egger 0.494 0.862 0.575 ~ 1.293 – –

Multivariate MR**

HMGCR_TC 12 IVW 0.099 0.967 0.928 ~ 1.006 – –

HMGCR_LDL 12 IVW 0.159 0.977 0.947 ~ 1.009 – –

MR, Mendelian randomisation; HMGCR_TC, HMGCR-mediated total cholesterol; HMGCR_LDL, HMGCR-mediated low-density lipoprotein cholesterol; IVW, Inverse varianceweighted; MR-PRESSO,
Mendelian randomisation pleiotropy RESidual sum and outlier; SNP, Single nucleotide polymorphism; OR, Odds ratio; 95%CI, 95% Confidence interval; CO, Cochran’s Q; MI, MR-Egger intercept.
*Number of SNPs predicted each exposure.
**These multivariate MR analyses adjusted for coronary heart disease.
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Effects of HMGCR-mediated cholesterol traits on suicide
attempts

As shown in Table 6, the IVW and MR-PRESSO results
suggested that higher levels of HMGCR-mediated TC were
nominally associated with an increased risk of suicide attempts
(OR = 1.187, 95% CI = 1.018–1.384, P = 0.028; OR = 1.187, 95%
CI = 1.050–1.344, P = 0.020), and MR–Egger reported a
similar result (OR = 1.271, 95% CI = 0.564–2.863, P = 0.575).
In addition, the Cochran’s Q and MR–Egger intercept tests
revealed no heterogeneity or horizontal pleiotropy (P = 0.785,
P = 0.870).

As shown in Table 6, multivariate MR revealed that HMGCR-
mediated TC was not associated with the risk of suicide attempts
after adjusting for CHD (OR= 1.042, 95% CI= 0.964–1.127,
P= 0.301). As shown in Supplemental Table 10, IVW further
revealed that CHD did not affect the risk of suicide attempts
(P= 0.488). Therefore, CHDmay also play an intermediary role in
this potential relationship.

In addition, IVW did not reveal any relationship between
HMGCR-mediated LDL-C and suicide attempts (OR= 1.122, 95%
CI= 0.969–1.299, P= 0.123).

Discussion

Both depression and schizophrenia are common mental and
psychological disorders worldwide. Their aetiologies are complex,
and the risk of disease is influenced by many factors. Among these
factors, cholesterol metabolism is one that is surprising but not
negligible. These diseases are likely to be effectively controlled only
if these factors, including cholesterol metabolism, are fully
understood. Therefore, the present study used MR methods to
explore the associations of peripheral cholesterol and cholesterol-
lowering therapy with the risk of depression and schizophrenia.
The findings obtained may help us to gain insight into the
pathogenesis and risk factors for these diseases and help us to
identify new therapeutic targets.

Table 5. MR estimates for HMGCR-mediated cholesterol traits affecting the risk of schizophrenia

Exposures SNPs* MR methods P value for MR OR value 95%CI P value for CQ P value for MI

MR

HMGCR_TC 12 IVW 0.099 1.235 0.961 ~ 1.587 0.014 0.908

MR-PRESSO 0.123 1.216 0.982 ~ 1.505 – –

MR-Egger 0.707 1.354 0.296 ~ 6.192 – –

HMGCR_LDL 12 IVW 0.030 1.246 1.022 ~ 1.519 0.056 0.331

MR-PRESSO 0.058 1.246 1.022 ~ 1.519 – –

MR-Egger 0.530 0.672 0.206 ~ 2.196 – –

Multivariate MR**

HMGCR_TC 12 IVW 0.898 0.993 0.887 ~ 1.110 – –

HMGCR_LDL 12 IVW 0.902 1.005 0.922 ~ 1.096 – –

MR,Mendelian randomisation; HMGCR_TC, HMGCR-mediated total cholesterol; HMGCR_LDL, HMGCR-mediated low-density lipoprotein cholesterol; IVW, Inverse variance weighted; MR-PRESSO,
Mendelian randomisation pleiotropy RESidual sum and outlier; SNP, Single nucleotide polymorphism; OR, Odds ratio; 95%CI, 95% Confidence interval; CO, Cochran’s Q; MI, MR-Egger intercept.
*Number of SNPs predicted each exposure.
**These multivariate MR analyses adjusted for coronary heart disease.

Table 6. MR estimates for HMGCR-mediated cholesterol traits affecting the risk of suicide attempts

Exposures SNPs* MR methods P value for MR OR value 95%CI P value for CQ P value for MI

MR

HMGCR_TC 12 IVW 0.028 1.187 1.018 ~ 1.384 0.785 0.870

MR-PRESSO 0.020 1.187 1.050 ~ 1.344 – –

MR-Egger 0.575 1.271 0.564 ~ 2.863 – –

HMGCR_LDL 12 IVW 0.123 1.122 0.969 ~ 1.299 0.408 0.626

MR-PRESSO 0.151 1.122 0.969 ~ 1.299 – –

MR-Egger 0.465 1.393 0.593 ~ 3.272 – –

Multivariate MR**

HMGCR_TC 12 IVW 0.301 1.042 0.964 ~ 1.127 – –

HMGCR_LDL 12 IVW 0.395 1.027 0.966 ~ 1.091 – –

MR,Mendelian randomisation; HMGCR_TC, HMGCR-mediated total cholesterol; HMGCR_LDL, HMGCR-mediated low-density lipoprotein cholesterol; IVW, Inverse variance weighted; MR-PRESSO,
Mendelian randomisation pleiotropy RESidual sum and outlier; SNP, Single nucleotide polymorphism; OR, Odds ratio; 95%CI, 95% Confidence interval; CO, Cochran’s Q; MI, MR-Egger intercept.
*Number of SNPs predicted each exposure.
**These multivariate MR analyses adjusted for coronary heart disease.
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NonHDL-C refers to all lipoprotein cholesterol traits except
HDL-C, mainly LDL-C and very low-density lipoprotein choles-
terol (VLDL-C), of which LDL-C accounts for more than 70%.
Furthermore, nonHDL-C has been shown to be a powerful
predictor of atherosclerosis and CHD risk (Wang et al., 2021). In
the present study, we found that elevated peripheral levels of
nonHDL-C were associated with a reduced risk of depression,
while peripheral levels of LDL-C were not related to the risk of
disease. Notably, the former correlation, although slight, did have
nominal statistical significance; the strength of the latter
correlation was similar to that of the previous correlation but
failed to meet the criterion of nominal statistical significance.
Therefore, we suspected that another major component of
nonHDL-C (i.e., VLDL-C) might be the factor affecting the risk
of depression. Unfortunately, the selected GWAS did not provide
summary data on VLDL-C, and the present study cannot confirm
this hypothesis with the existing data.

The present study also explored the potential effect of statin use
on depression, but the results were surprising. Briefly, we found
that each one-SD increase in HMGCR-mediated TC and LDL-C
may reduce the risk of depression by 10% at the genetic level. These
findings indicate that statins, which are HMGCR inhibitors, may
unexpectedly increase the risk of this disease. Because the positive
control analysis confirmed the validity of the instrumental
variables for these HMGCR-mediated cholesterol traits, the above
results were procedurally reasonable. Moreover, the results from
the traditionalMR section also appeared to be consistent with these
results, which further added credibility to them, although these
correlations were only nominally significant.

Multivariate analyses eliminated the associations of these
cholesterol traits or HMGCR-mediated cholesterol traits with the
risk of depression after removing confounding factors (i.e., obesity
or CHD) in both the traditional and drug-targeted MR sections.
Because further analyses confirmed that these two confounding
factors did not affect the risk of depression, we believe that obesity
and CHD may be potential mediators of the relationship between
cholesterol metabolism and depression. The specific mechanism
involved should be explored in future research.

The results for depression in the present study were not
isolated. Several early observational studies reported that low
peripheral cholesterol levels were associated with depression and
that lower peripheral TC levels were the most important
predictor of depression severity (Khalid et al., 1998). One recent
review concluded that although the majority of published studies
have suggested that statin use has a protective effect on
depression, other studies have reported that these drugs have
no effect or a negative effect on the disease (De Giorgi et al., 2021).
Therefore, this topic remains controversial and should be further
explored.

There are two explanations for the above results: (1) The
‘obesity paradox’ is one controversial theory, but it is indeed
supported by a number of studies (Koifman and Arow, 2022). The
theory suggests that obesity has a potentially protective effect
against several diseases. Obesity is closely related to cholesterol
metabolism, so we suspected that the association between
cholesterol metabolism and depression may support the obesity
paradox. (2) Statins have a variety of biological effects. In addition
to reducing cholesterol levels, these drugs may promote the
occurrence of depression through other mechanisms. For example,
statins may increase serum cortisol in humans, which is implicated
in the development of depressive symptoms; the drugs may also
increase brain-derived neurotrophic factor levels through multiple

pathways, the latter being related to increased anxiety behaviours
(Sahebkar et al., 2016; Okudan and Belviranli, 2020).

In addition, this study revealed that the HMGCR-mediated
increase in TC increased the risk of suicide attempts by
approximately 18% for every one-SD increase, indicating that
statin use may reduce the risk of suicide. Thus, the effects of statins
on depression and suicide attempts are conflicting. One possible
explanation is that statins have the potential to increase the risk of
depression but may not increase the severity of depression;
alternatively, such drugs promote mild depression while reducing
major depression. These two types of regulatory mechanisms, such
as various physiological feedback mechanisms and the effects of
angiotensin receptor inhibitors on renal function, are common in
humans.

This study had the following limitations. First, due to a lack of
data and avoidance of sample overlap, it was not possible to use the
existing data to explore the association between VLDL and
depression. Moreover, there are several concerns about using the
new GWAS for VLDL analysis. For example, other GWASs that
could be used had very small sample sizes, which may have led to
unstable results; the use of completely different GWASs for VLDL
analysis may have led to a lack of comparability between the results
of the various components of this study. Second, in addition to
HMGCR, many other genes, such as PCSK9 and NPC1L1, were
involved in the regulation of cholesterol metabolism. However, the
summary data for these genes were much less well developed than
those for HMGCR, resulting in the inability to perform subsequent
MR analyses. Therefore, these genes were not included in this
study. Third, only one drug-target MR method was used in this
study; due to the lack of data, another commonly used method,
namely, summary-data-based MR, was not used. These limitations
should be remedied in future studies.

In conclusion, this study provided some interesting, but less
sufficient, evidence that nonHDL-C may have a protective effect
on depression, and lowering cholesterol using statins might
increase the risk of the disease. However, these findings do not
provide a confirmed conclusion; therefore, more studies should be
conducted to validate them and reveal the potential underlying
mechanisms involved.
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