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Abstract
Background  Emerging evidence suggests that remnant cholesterol (RC) is strongly associated with an increased 
incidence of cardiometabolic diseases (CMD). However, the causality have not been confirmed. We aimed to evaluate 
the causal associations of RC with CMD and the relative risk factors using two-sample Mendelian randomization (MR) 
methods.

Methods  Summary-level statistics of RC, CMD, and cardiometabolic risk factors were obtained from the published 
data from individuals with a predominantly European ancestry mainly from the UK Biobank and the FinnGen biobank. 
Univariable and multivariable MR analyses were used to evaluate the causal relationships between RC and CMD. A 
bidirectional MR analysis was performed to estimate the causality between RC and cardiometabolic risk factors. The 
main MR method was conducted using the inverse-variance weighted method.

Results  Univariable MR analyses showed that genetically predicted RC was causally associated with higher risk of 
ischemic heart disease, myocardial infarction, atrial fibrillation and flutter, peripheral artery disease, and non-rheumatic 
valve diseases (all P < 0.05). Multivariable MR analyses provided compelling evidence of the harmful effects of RC on 
the risk of ischemic heart disease (P < 0.05). Bidirectional MR analysis demonstrated that RC was bidirectionally causally 
linked to total cholesterol, triglycerides, low-density lipoprotein cholesterol, hypercholesterolemia (all P < 0.05). 
However, no genetic association was found between RC and metabolic disorders or the other cardiometabolic risk 
factors.

Conclusions  This MR study demonstrates that genetically driven RC increases the risk of several CMD and 
cardiometabolic risk factors, suggesting that targeted RC-lowering therapies may be effective for the primary 
prevention of CMD.
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Introduction
Cardiometabolic diseases (CMD) is associated with 
overnutrition-induced dyslipidemia and characterized by 
chronic inflammation due to nutrient excess [1]. Remark-
able changes in circulating lipoprotein levels, mainly 
the low-density lipoprotein cholesterol (LDL-C) level, 
have been observed in CMD, such as cardiovascular dis-
eases (CVDs) [2, 3], obesity [4], type 2 diabetes mellitus 
(T2D) [5], non-alcoholic fatty liver disease (NAFLD) [6], 
and chronic kidney disease (CKD) [7]. It has also been 
revealed that CMD is linked to dyslipidemia and dyslip-
idemia-associated aggregation of other cardiometabolic 
risk factors, including glucose dysregulation, overweight, 
and several biobehavioral traits (such as smoking and 
alcohol consumption) [8]. Moreover, despite treated with 
LDL-C-lowering agents, most of the predicted first or 
recurrent CVDs events are not avoided due to substantial 
residual risks [9]. The malignant outcomes may be partly 
on account of the remnant cholesterol (RC), which refers 
to the cholesterol within triglyceride (TG)-rich lipopro-
teins may contribute to these residual risks [10]. Emerg-
ing landscape also illuminated that people with a high RC 
level are more likely to have metabolic disorders, such 
as obesity, diabetes, and metabolic syndrome [11–13]. 
A genetic study showed that elevated RC level is a causal 
risk factor for ischemic heart disease (IHD) with low-
grade inflammation, as indicated by the C-reactive pro-
tein (CRP) level [14]. However, the potential interactions 
between RC and CMD as well as aforementioned relative 
risk factors have not been fully revealed.

Much of the available data on the association of RC 
and CMD and relative risk factors have been gained from 
observational or interventional studies, but the evidence 
is still limited and cannot fully account for the confound-
ing factors (such as lifestyle and age) and reverse causal-
ity bias. Mendelian randomization (MR) analyses provide 

an opportunity to reliably and effectively explore the 
potential causal relationship between RC and CMD. To 
our knowledge, MR studies have hitherto partially inves-
tigated the genetic associations between RC and CMD, 
which demonstrated that genetically instrumented RC 
was correlated with an increased risk of IHD, aortic valve 
stenosis, and myocardial infarction (MI) [15–17]. Mean-
while, current MR studies only included single samples, 
i.e., they were based on individual-level data that may be 
influenced by weak instrument bias. Therefore, system-
atic two-sample MR analyses using large-scale genome-
wide association studies (GWAS) data from different 
datasets are required to elucidate the causal relationships 
among RC, CMD, and the related risk factors in a uni-
form setting.

In this study, we evaluated the causal associations 
between RC and CMD. Then, we conducted bidirectional 
MR analysis to explore whether there is a reverse or bidi-
rectional causality between RC and risk factors of CMD.

Methods
Study design and data sources
Two-sample MR was performed to investigate the causal 
associations of RC with CMD and the related risk factors 
using summary-level statistics from GWAS (Fig. 1). Data 
in each study from predominantly European individuals 
were publicly available. The details of GWAS data sources 
are described in the Additional file, Table S1.

The study performed Mendelian randomization (MR) 
analyses to test the causality of associations of remnant 
cholesterol with cardiometabolic diseases (CMD) and 
their risk factors. In the first stage, for each exposure, MR 
analyses (two-sample MR analysis and multivariable MR 
analysis) were performed using the CMD database. The 
second stage involved bidirectional MR analysis between 
remnant cholesterol and several cardiometabolic risk 

Fig. 1  Study flow diagram
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factors. BMI, body mass index; CKD, chronic kidney dis-
ease; CRP, C-reactive protein; T2D, type 2 diabetes melli-
tus; DVT, deep venous thrombosis; HDL-C, high-density 
lipoprotein cholesterol; HF, heart failure; HOMA-IR, 
homeostasis model assessment of insulin resistance; ICH, 
intracerebral haemorrhage; IHD, ischemic heart disease; 
LDL-C, low-density lipoprotein cholesterol; MI, myo-
cardial infarction; NAFLD, nonalcoholic fatty liver dis-
ease; PAD, peripheral artery disease; SAH, subarachnoid 
haemmorrhage; TC, total cholesterol; TG, triglycerides; 
TIA, transient ischemic attack.

Data sources for RC
The GWAS summary statistics of RC were obtained from 
the MRC Integrative Epidemiology Unit (IEU) OpenG-
WAS database and included data from 115,078 individu-
als of European ancestry (https://gwas.mrcieu.ac.uk/).

Data sources for CMD
We obtained GWAS data for CMD, including CVDs 
(IHD, heart failure [HF], MI, cardiomyopathy, atrial 
fibrillation and flutter, hypertension, peripheral artery 
disease [PAD], non-rheumatic valve diseases, ischemic 
stroke, intracerebral haemorrhage [ICH], subarachnoid 
haemorrhage [SAH], transient ischemic attack [TIA], 
deep venous thrombosis of lower extremities, pulmonary 
embolism, and aortic aneurysm), and metabolic disor-
ders (T2D, obesity, NAFLD, and CKD). To minimize the 
instrument bias, we included GWAS summary data asso-
ciated with CMD to maximize the sample sizes of Euro-
pean ancestry, while avoiding the sample overlap with 
UKB participants. Most of the GWAS data were obtained 
from the Finngen Biobank. The details of data sources are 
presented in Additional file, Table S1.

Data sources for cardiometabolic risk factors
We retrieved the contributing GWAS summary data 
for modifiable cardiometabolic risk factors. These pub-
licly available data sources had the most homogeneous 
populations and did not include the UKB population. 
The GWAS data were mainly from the GIANT Consor-
tium and the Finngen Biobank. The relative risk factors 
included pure hypercholesterolaemia, fasting blood glu-
cose, fasting blood insulin, homeostasis model assess-
ment of insulin resistance (HOMA-IR), smoking status, 
alcohol consumption, total cholesterol (TC), TG, LDL-
C, high-density lipoprotein (HDL-C), body mass index 
(BMI), body fat, overweight, CRP, waist circumference, 
hip circumference, waist-to-hip ratio (WHR), insomnia, 
sleep apnoea, and depression. Additional information on 
these data sources is presented in Additional file, Table 
S1.

Two-sample MR analysis
For the two-sample MR, our main exposure was geneti-
cally determined using genome-wide significance 
(P < 5 × 10− 8) and independence (linkage disequilibrium 
[LD] r2 < 0.001, > 10,000 kb) RC as the instrumental vari-
able. Then, we used F statistics (F = beta2/se2) for each 
SNP to evaluate the strength of associations between 
SNPs and phenotypes [18]. SNPs with low statistical 
power (F statistic < 10) were removed. Overall, fifty-four 
genetic variants were selected, as summarized in Addi-
tional file, Table S2. The summary statistics were har-
monized based on a previously recommended method 
before conducting the statistical analysis [19]. The ran-
dom-effect inverse variance weighted (IVW), which 
assumes that all instrumental variables are valid. Since 
the above methods may lead to directional pleiotropic 
bias, we applied sensitivity analysis for the two-sample 
MR (weighted median method, MR-Egger method, and 
MR-PRESSO method) to test the reliability and stabil-
ity of the main MR assumptions. The causal effects were 
considered robust when at least three MR methods pro-
duced similar estimates. Furthermore, we used scatter 
plots and Cochran’s Q-test to examine the heterogeneity. 
To determine whether a single SNP is driving the causal 
association, a leave-one-out sensitivity analysis was per-
formed by sequentially removing a single variant from 
the analysis. The statistical analyses were performed 
using R software (R version 4.1.3). MR analyses were con-
ducted using the MR-based R package “TwoSampleMR” 
(version 0.5.6), while MR-PRESSO was conducted using 
the MR-PRESSO R package (version 1.0).

Multivariable MR
After accounting for the potential confounders, including 
TC, TG, HDL-C, and LDL-C levels, we applied multivari-
able MR through IVW method to estimate the indepen-
dent causal effect of RC on CMD [20]. The GWAS data 
for TC, TG, HDL-C, and LDL-C were obtained from the 
UKB resource.

Bidirectional MR
We performed bidirectional MR analyses to identify pos-
sible causal effects of cardiometabolic risk factors on RC. 
For pure hypercholesterolemia, fasting blood glucose, 
fasting blood insulin, alcohol consumption, TC, TG, 
LDL-C, HDL-C, BMI, body fat, overweight, CRP, SBP, 
DBP, waist circumference, hip circumference, WHR, 
sleep apnoea, and depression, SNPs with P < 5 × 10− 8, 
LD r2 < 0.001 were selected (Additional file, Table S4). 
For HOMA-IR, insomnia, and smoking, there were no 
genome wide significant SNPs (P < 5 × 10− 8) available, 
and we used a more liberal P value (P < 1 × 10− 5) as the 
instrumental variable. Similarly, IVW, weighted median, 
MR-Egger, and MR-PRESSO were applied. The GWAS 

https://gwas.mrcieu.ac.uk/
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for alcohol consumption and depression showed only one 
SNP; thus, only IVW was applied.

Results
The summary information of genetic instruments identi-
fied for RC is presented in Additional file, Table S2 and 
Additional file, Table S3. Briefly, fifty-four SNPs were 
extracted as genetic instruments for RC in the two-sam-
ple MR analysis. The detailed information related to the 
genetic variants for cardiometabolic risk factors in the 
bidirectional MR analysis is presented in Additional file, 
Table S3 and Additional file, Table S4. The F-statistics for 
all instrumental variables used in the present study were 
> 10.

RC and CMD
In the univariable IVW models, genetic predisposition to 
RC was significantly positively correlated with IHD, MI, 
atrial fibrillation and flutter, PAD, and non-rheumatic 
valve disease (P < 0.05 in at least three MR methods in the 
four methods of IVW, weighted median, MR-egger, and 
MR-PRESSO) (Fig. 2, Additional file, Table S5, and Addi-
tional file, Figure S1). There was a clear causal associa-
tion between RC and aortic aneurysm (IVW, odds ratio 

[OR] = 1.430, 95% confidence interval [CI] = 1.146–1.785, 
P < 0.05; weighted Median, OR = 1,328, 95%CI = 1.040–
1.694, P < 0.05); however, some estimates showed a 
reduced strength in the sensitivity analyses (MR-Egger, 
OR = 1,210, 95%CI = 0.859–1.706, P = 0.281) (Fig. 2, Addi-
tional file, Table S5, and Additional file, Figure S1). There 
was no evidence of an association of RC with DVT of 
lower extremities, pulmonary embolism, ischemic stroke, 
ICH, SAH, TIA, HF, cardiomyopathy, hypertension, 
T2D, obesity, NAFLD, or CKD (Fig.  2, Additional file, 
Table S5, and Additional file, Figure S1). With the excep-
tion of IHD, there was no evidence of directional hori-
zontal pleiotropy (Additional file, Table S5). The funnel 
plots showed no directional pleiotropy, and the variation 
effects were symmetrically distributed (Additional file, 
Figure S2 and Additional file, Figure S3). However, there 
was significant heterogeneity for the analysis of IHD, MI, 
atrial fibrillation and flutter, PAD, and non-rheumatic 
valve disease. Previous clinical studies have presented 
that RC is significantly correlated with an increased risk 
of IHD, and MR approaches showed a positive causal-
ity [14, 15]. Similarly, MR analysis of IHD in this study 
showed consistent associations, suggesting that the 
selected genetic instrumental variables are valid.

Fig. 2  Causal association between remnant cholesterol and cardiometabolic diseases
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Univariate MR analyses of the associations between 
genetically instrumented RC and 20 cardiometabolic dis-
eases. ORs (95% CIs) were estimated using the inverse-
variance weighted method. CI, confidence interval; nSNP, 
number of single nucleotide polymorphisms; OR, odds 
ratio; other abbreviations as in Fig. 1.

In the multivariable MR models adjusted for each lipid 
profile component (HDL-C, LDL-C, TC, and TG), the 
positive associations persisted for IHD (Additional file, 
Table S6). After adjusting for HDL-C, the correlations 
remained significant for MI, atrial fibrillation and flut-
ter, PAD, and non-rheumatic valve disease, whereas the 
correlations were attenuated when adjusted for LDL-C 
(Additional file, Table S6). In the multivariable MR model 
adjusted for TC, the associations of RC with atrial fibril-
lation and flutter or non-rheumatic valve disease was 
weakened, while the associations of RC with atrial fibril-
lation and flutter or PAD were attenuated when adjusted 
for TG (Additional file, Table S6). When adjusted for the 
whole lipid profile component (HDL-C, LDL-C, TC, and 

TG), the associations with the five CMD were attenuated 
(Additional file, Table S6).

RC and cardiometabolic risk factors
In the IVW MR analyses, higher RC increased the risk of 
hypercholesterolaemia and higher TC, TG, LDL-C levels 
(Fig.  3 and Additional file, Table S5). The effect direc-
tion remained consistent when consider the other three 
methods of weighted median, MR-egger, or MR-PRESSO. 
Additionally, the genetic variables predicted that a higher 
RC caused a lower body fat level (IVW, OR = 0.929, 
95%CI = 0.882–0.978, P < 0.05; Weighted Median, OR 
0.925, 95%CI 0.864–0.990, P < 0.05); however, some sen-
sitivity analyses weakened the estimates (MR-Egger, 
OR = 0.886, 95%CI = 0.790–0.993, P = 0.051) (Fig.  3 and 
Additional file, Table S5). Additionally, horizontal plei-
otropy evaluated using different MR methods against 
the single SNP tests (Additional file, Figure S4 and Addi-
tional file, Figure S5). There was no clear evidence of cau-
sality between genetically predisposed RC and HDL-C, 

Fig. 3  Causal association between remnant cholesterol and cardiometabolic risk factors
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BMI, circulating CRP, fasting blood glucose, fasting 
blood insulin, hip circumference, waist circumference, 
WHR, alcohol consumption, smoking status, overweight, 
HOMA-IR, insomnia, sleep apnoea, or depression (Fig. 3 
and Additional file, Table S5).

Univariate MR analyses of the association between 
genetically instrumented RC and 20 cardiometabolic 
risk factors. The ORs (95% CIs) were estimated using the 
inverse-variance weighted method. Abbreviations as in 
Figs. 1 and 2.

Cardiometabolic risk factors and RC
The causal estimates indicated that hypercholester-
olaemia and higher circulating TC, TG, LDL-C lev-
els significantly increased the RC level, while lower 
hip circumference might significantly elevate the RC 
level (P < 0.05 in at least three MR methods in the four 
methods of IVW, weighted median, MR-egger, and MR-
PRESSO) (Fig. 4 and Additional file, Table S5). BMI, cir-
culating insulin, alcohol consumption, WHR, and sleep 
apnoea were significantly related to the risk of RC (IVW: 
P < 0.05) (Fig. 4 and Additional file, Table S5). However, a 

consistent estimate was not obtained using the weighted 
median method, MR-Egger method, and MR-PRESSO 
methods, indicating that the observed associations were 
not robust (Additional file, Table S5). There was poten-
tial evidence of heterogeneity, and the causal estimates 
were imprecise (Additional file, Figure S6 and Additional 
file, Figure S7). The genetic instruments for HDL-C, body 
fat, fasting blood glucose, waist circumference, smoking 
status, overweight, HOMA-IR, depression, and insom-
nia were not significantly genetically associated with RC 
(Fig. 4 and Additional file, Table S5).

Univariate MR analyses of the associations between 
genetic instruments of 20 cardiometabolic risk factors 
and RC. ORs (95% CIs) were estimated using the inverse-
variance weighted method. Abbreviations as in Figs.  1 
and 2.

Discussion
Principal findings
In this MR study, we investigated the association of the 
genetic predisposition to RC with IHD, MI, atrial fibril-
lation and flutter, PAD, and non-rheumatic valvular 

Fig. 4  Causal association between cardiometabolic risk factors and remnant cholesterol

 



Page 7 of 10Guan et al. Cardiovascular Diabetology          (2023) 22:207 

disease (Fig.  5). We presented a significant association 
between genetic predisposition to RC and aortic aneu-
rysm. In contrast, there was no evidence of a causal 
relationship between RC and other CMD, such as cere-
brovascular diseases (ischemic stroke, ICH, SAH, and 
TIA), thromboembolic diseases (DVT of lower extremi-
ties and pulmonary embolism), and metabolic disorders 
(T2D, obesity, NAFLD, and CKD). The causal associa-
tion between RC and IHD was confirmed after adjust-
ing for the lipid profile components using multivariable 
MR. However, there was uncertain causal relationship of 
RC and MI, atrial fibrillation and flutter, PAD, and non-
rheumatic valvular disease and should be interpreted 
with caution. This is to some extent due to the presence 
of multicollinearity among lipid profile components and 
the small numbers of independent genetic instruments 
for RC, which may result in a low statistical power. Nev-
ertheless, the consistency, robustness, and strength of 
relationships using different MR models support a clear 
causality between elevated RC levels and the risks of MI, 
atrial fibrillation and flutter, PAD, and non-rheumatic 
valvular disease. We also found potentially strong bidi-
rectional genetic predisposition between RC and TC, 
TG, LDL-C, and hypercholesterolaemia. In addition, we 
revealed that hip circumference is inversely associated 
with the RC level.

The adverse effects of RC on the development of CMD 
have been consistently demonstrated. A meta-analysis of 
137,895 individuals showed that RC is an important tar-
get for cardiovascular risk reduction, which is consistent 
with our findings [21]. A recent two-sample MR analysis 
also confirmed the risk of remnant lipids in cardiovascu-
lar and cerebrovascular diseases [22]. Furthermore, the 
positive correlations between the RC level and IHD, MI, 
and aortic valve stenosis was illuminated in large cohort 
studies [15–17]. However, evidence from single-sample 

MR may be influenced by several potential confounders. 
The current two-sample analysis is based on summary 
data from two non-overlapping datasets and has a higher 
degree of confidence in terms of the assessment of cau-
sality. This MR study confirms and extends the results 
of previous single-sample MR studies. Interestingly, we 
also revealed that the genetic predisposition to RC was 
associated with the risk of atrial fibrillation and flutter, 
although RC has not been previously assessed as a risk 
factor for atrial fibrillation and flutter. After adjusted for 
TC and LDL-C levels, this association was significantly 
attenuated (Additional file, Table S6). To our knowledge, 
the TC and LDL-C levels were inversely associated with 
the hazards of atrial fibrillation and flutter [23]. All these 
researches demonstrate that the associations between RC 
and atrial fibrillation and flutter may be indirect and, at 
least partially, mediated by the associations of TC and 
LDL-C levels with atrial fibrillation and flutter. Our study 
also provided significant estimates of bidirectional causal 
effect of RC and hypercholesterolaemia. Given that 
hypercholesterolemia is not just considered a modifiable 
risk factor but a controllable and treatable syndrome [24, 
25], this causality between RC and hypercholesterolemia 
may provide novel therapeutic targets for hypercholes-
terolemia. While the reverse causality between hypercho-
lesterolemia and RC may be interpreted as the change of 
RC level may be considered as an auxiliary indicator to 
judge the severity of hypercholesterolemia progression. 
However, the deep biological mechanism of this bidirec-
tional causality needs more research in the future.

CMD is of particular interest because of the widespread 
epidemics of T2D, NAFLD, obesity, and CKD, which are 
associated with a significant increase in the CVDs preva-
lence in the context of genetic predisposition [26–28]. 
Previous observational studies have demonstrated that 
RC is independently associated with increased risks of 

Fig. 5  Impact of remnant cholesterol on cardiometabolic diseases and relative risk factors. Abbreviations as in Figs. 1 and 2
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such metabolic disorders [29–32]. However, we found 
no evidence of a causal relationship between RC and the 
aforementioned metabolic diseases. Notably, MR and 
mediation analysis indicated that the increased risk of 
IHD due to obesity was to some extent mediated by RC, 
implying that metabolic disorders may not alone clarify 
the increased incidence of CVDs. Additionally, the causal 
mediating effects of intermediate variables (e.g., RC) can-
not be neglected [13]. Importantly, the genetic variants 
associated with the metabolic disorders assessed in our 
study were only a small fraction of the overall datasets; 
thus, our study may not have reached adequate statistical 
power to detect small effects, as seen in traditional obser-
vational studies (Additional file, Table S5). Furthermore, 
we found no evidence of a causal relationship between 
RC and some of the cardiometabolic risk factors, includ-
ing metabolic traits (e.g., CRP, blood glucose, and insulin 
levels) and biobehavioral traits (e.g., smoking status, alco-
hol consumption, and insomnia). In addition, we cannot 
exclude the presence of a weak association owing to the 
limited number of cases. Several observational studies 
have evaluated the correlation between RC and metabolic 
or biobehavioral risk factors. For example, in a cohort of 
non-LDL dyslipidemia (NLD) patients with a high RC 
level, NLD was associated with smoking, but not alco-
hol consumption [33]. In another cohort study of 48,250 
individuals, genetic analysis showed a causality between 
elevated RC and increased CRP levels [14]. Therefore, the 
role of RC in these metabolic or biobehavioral risk factors 
needs to be further investigated.

Potential mechanisms
RC represents a diverse group of lipoproteins of varying 
density, volume, protein content, and core lipid composi-
tion, including very low-density lipoprotein cholesterol, 
intermediate-density lipoproteins (d = 1.006 to 1.019  g/
ml), and chylomicrons [34]. Similar to the LDL-C, RC 
can cross the arterial wall and be endocytosed by mac-
rophages and smooth muscle cells, leading to foam cell 
formation, atherosclerosis and low-grade sterile inflam-
mation [35, 36]. Moreover, perturbed metabolic states, 
including insulin resistance and abnormal glycemia, 
may also influence the circulating RC level by affect-
ing RC production, metabolism, and clearance function 
[37]. In fact, the basic mechanistic pillars of CMD con-
verge on the disturbance of substance metabolism and 
subsequently low-grade sterile inflammation, termed 
metaflammation, which links the interface of metabolism 
and immunity in CMD [1]. Falling whithin the scope, RC 
is considered a form of danger-associated stimuli derived 
from “self” that participate in the complex interface con-
necting metabolic and immune responses, thereafter 
triggering cellular and molecular events via the immuno-
metabolic signaling networks.

Limitations
The current MR study design avoided the effects of 
reverse causality and minimized the residual confound-
ers between RC and CMD, which somewhat downgrade 
the evidence level of traditional observational studies. 
Another advantage is that the exposure and outcome 
summary data extracted in this study were obtained from 
different databases, which minimized potential bias in 
the causal evaluations of RC and CMD.

This work also had some limitations. Firstly, the anal-
ysis was performed using summary data, which limited 
our ability to perform stratified analyses, such as by sex or 
age. Secondly, the genetic variants selected for MR analy-
sis in the present study may not account for all genetic 
variants in the examined traits; therefore, the study may 
not have sufficient power to detect a small effect. For 
example, with regard to the association between circulat-
ing CRP and RC levels (Additional file, Table S5), it may 
explain only a small fraction of the variation in CRP level 
since the GWAS summary data of CRP includes only a 
few genetic variants. Moreover, because of the possible 
genetic similarities between exposures, it is hard to select 
SNPs that are significantly independently associated 
with RC and are not associated with other lipids. Never-
theless, as additional genetic variants are identified, the 
larger GWAS data may make it possible to determine 
whether specific genetic variants in RC are differentially 
associated with cardiometabolic outcomes. Although it is 
impossible to completely exclude the pleiotropic effects 
for the genetic variables involved in this study, the esti-
mates from our sensitivity analyses were consistent, sug-
gesting a negligible potential pleiotropic bias. Finally, the 
current study primarily used genetic data from individu-
als with a European ancestry, which limits the general-
izability of the results to other populations, despite the 
advantages of genetic homogeneity.

Future directions
To our knowledge, no randomized controlled trial has 
evaluated the effect of RC reduction on CMD for primary 
prevention [38]. Observational studies illuminated that 
high RC levels persist in patients treated with statins, and 
interventional studies have shown that statins combined 
with evolocumab or pemafibrate is effective in reducing 
the RC levels [39–41]. However, the PROMINENT study 
suggested that pemafibrate failed to improved cardiovas-
cular outcomes despite reductions in RC in patients with 
T2D, hypertriglyceridemia, and below-average HDL-C 
[42]. Additionally, cohort studies from the United King-
dom and Finland have shown that statin use is effective 
in reducing RC, and the combination of metabolomics 
with genetic substitutes for drug targets has confirmed 
the pharmacological effects of statins [43]. The conflict-
ing results from clinical studies make it more difficult to 
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assess the therapeutic effects when take RC level as a bio-
marker of lipid-lowering treatment. Basically, drug-target 
MR analyses for pharmaceutical development and effect 
prediction can provide compelling genetic evidence and 
identify potential druggable targets and target-off effects. 
Drugs with a known genetic basis of the mechanism of 
action are more likely to be succeed in clinical trials or 
help estimate the effects of long-term drug exposure.

Conclusions
In this study, we illuminated that genetically determined 
exposure to elevated RC levels significantly increases the 
risks of IHD, MI, atrial fibrillation and flutter, PAD, and 
non-rheumatic valvular disease. Sensitivity analyses fur-
ther confirmed the causal relationships between RC and 
the aforementioned CMD. The evidence for a causal rela-
tionship between RC and cardiometabolic risk factors is 
limited. Given the significant ethical and practical impli-
cations of performing large-scale randomized controlled 
trials, particularly for primary prevention, the results 
shed lights on novel therapeutic approaches regarding 
lipid-lowering therapy, such as RC management.
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