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ABSTRACT

Background and Objective: Atrial fibrillation (AF), a common arrhythmic disorder, is increasing in prevalence annually
and has become an important public health problem that jeopardizes human health. Metabolites are small molecules
produced in the process of metabolic reactions, and they can affect the risk of disease and possibly become targets for disease
management.

Methods: We used two-sample and bidirectional MR to explore potential causal associations between lipid groups and AF.
Two-step MR analysis was used to explore whether plasma metabolites mediated a causal effect from lipidomes to AF.
Result: We assessed the effect of 179 lipids on AF using IVW models and observed that 8 lipids were associated significantly
with AF (p < 0.05). Likewise, we assessed the effect of 1091 metabolites and 309 metabolite ratios on AF and observed that 22
metabolites were significantly associated with AF (p < 0.05). We analyzed the blood metabolites above as mediators in the
pathway from the lipidomes above to AF. We found that levels. Of lipid sterol ester (27:1/18:3) were associated with lower
homoarginine levels, and lower metabolite homoarginine levels were associated with an increased risk of AF.

Conclusion: Our study identified a causal relationship between plasma liposomes and AF, and additionally found that the

plasma metabolite homoarginine levels can act as a mediator of the lipid sterol ester in its effect on AF.

1 | Introduction

Atrial fibrillation (AF), a common arrhythmic disorder, has
become an important research topic in cardiovascular medicine
on a global scale. Statistically, the prevalence of AF is increasing
every year, making it an important public health problem that
jeopardizes human health. According to the Framingham Heart
Study (FHS), the prevalence of AF has tripled over the past
50 years [1, 2]. In addition to directly affecting heart function,
AF can cause obstruction to the flow of blood through the heart,

increasing the risk of thrombus clots in the atria, which can
lead to serious complications such as stroke and other serious
threats to the patient's life.

Some patients with cardiovascular diseases often experience lipid
metabolism disorders, which may lead to changes in atrial struc-
ture and function, thereby increasing the incidence of AF. Lipids
include many types, including some conventional lipids, such as
high-density lipoprotein cholesterol (HDL-C), low-density lipo-
protein cholesterol (LDL-C), triglycerides (TG), and total
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cholesterol (TC). These lipids have been recognized as risk factors
associated with cardiovascular disease. It has been shown that
higher levels of HDL-C and apolipoprotein A-1 are associated with
lower incident primary AF [3]. With the emergence of lipidomics
technologies, researchers have gained a deeper understanding of
the variability of circulating lipids and lipid classes. Some novel
lipids, such as glycerophospholipids, sphingolipids, and sterol
lipids, may enhance the assessment of cardiovascular diseases
compared to traditional lipids [4, 5]. However, the relevance of
these novel lipids to AF is still not known.

Metabolites are small molecular substances produced during
metabolic reactions, and their formation and concentration can
be easily influenced by factors such as genetics, diet, lifestyle, and
disease [6]. In contrast, they can influence disease risk and may
become targets for disease treatment [7]. With the continuous
development of metabolomics, an increasing number of metab-
olites have been discovered and studied, providing new insights
for a deeper understanding of the mechanisms underlying car-
diovascular diseases [8, 9]. Therefore, we have reason to believe
that exploring new therapeutic targets for AF at the metabolite
level holds significant potential, which may contribute to the
development of more effective treatment strategies.

Mendelian randomization (MR) is a potential method of causal
inference. MR utilizes strongly correlated single nucleotide
polymorphisms (SNP) as an instrumental variable to further
investigate the effect of exposure with respect to the outcome
[10]. MR reduces the potential for confusion bias and allows for
the avoidance of the problem of reverse causality that com-
monly occurs in observational studies [10].

In this study, we used univariate Mendelian randomization
(UVMR) to assess the causal relationship between lipids,
metabolites, and AF. A two-step MR analysis was then used to
assess whether these blood metabolites, which are significantly
causally associated with AF, could mediate the effect of lipids on
the risk of AF. The result is expected to provide more scientific
evidence for the prevention, diagnosis, and treatment of AF.

2 | Methods

2.1 | Study Design

In this study, we used two-sample and bidirectional MR to
investigate the potential causal association between lipidomes
and AF. The GWAS datasets used in this study were all from the
European population. We integrated 495 genetic associations
related to the lipidomes from the GWAS study by Ottensmann
et al. which recruited 7174 Finnish individuals and analyzed 179
lipids [11]. Metabolite statistics were obtained from the GWAS
study by Chen et al. in which plasma metabolites from 8299
unrelated European individuals were analyzed [12]. All GWAS
data we used are publicly available from the MRC IEU Open
GWAS data infrastructure [13] (https://gwas.mrcieu.ac.uk).
Therefore, our study did not require ethical approval. According
to Emdin et al. three core assumptions need to be followed in MR
studies to ensure the validity of potential causality [10]. We used
SNP as instrumental variables. MR analyses were performed

using R version 4.3.2 and the “Two-Sample MR” package
(version 0.5.6).

2.2 | Selection of Instrumental Variables

We enrolled genome-wide significant SNPs (P<5x107%) as
instrumental variables. To mitigate the effects of linkage dis-
equilibrium (LD), the threshold for SNPs independence was set to
r* <0.001 with an aggregation distance of 10,000 kb. We calculated
the F-statistic using R2 (the proportion of phenotypic variance ex-
plained by each SNP) and excluded the instrumental variables with
F-statistic less than 10. [14] Finally, a query was performed using a
pheno-scanner to remove the presence of confounding SNPs.

2.3 | Mendelian Randomization Analysis

We performed bidirectional and two-sample MR analyses to
assess the causal relationship between the lipid group and AF
with total effects obtained. We used MR methods including
inverse variance weighted (IVW), MR Egger, weighted median,
simple mode, and weighted mode [15-17]. Various methods
were employed to test the validity of the hypotheses. MR Egger
was utilized to evaluate the directed pleiotropy of instrumental
variables, with the intercept providing an estimate of mean
pleiotropy. The IVW method was used to estimate causal effect
values when there was no horizontal pleiotropy. The remaining
methods are complementary to MR, which provides reliable
causal effects when the {3 values are in the same direction [18].

We further used two-step MR analysis to explore whether
plasma metabolites mediated a causal effect from lipidomes to
AF. The overall effect was categorized into indirect (mediated)
and direct (unmediated) effects [19](as shown in Figure 1A,B).

2.4 | Sensitivity Analysis

Heterogeneity among genetic variants was assessed using Co-
chran's Q test and funnel plot. Horizontal pleiotropy was then
assessed using the MR Egger intercept method [19, 20]. The
MR-PRESSO method was primarily utilized to identify potential
outliers and recompute the estimates by excluding them to
assess the presence of directional pleiotropy. In cases where
heterogeneity is present, the outliers are eliminated, and the
causal effect analysis is conducted once more. If heterogeneity
still exists after removal, a random effects model is used to
assess the robustness of the results [21]. A leave-one-out sen-
sitivity analysis is also performed to verify that the causal effects
are stable and reliable.

3 | Results

3.1 | Relationship Between Lipidomes and AF

First, SNPs with an F-value less than 10 were excluded. Next, the
cascade imbalance effect was removed (* < 0.001 within 10,000 kb).
A query using pheno-scanner was performed to remove SNPs with
confounding, and finally, 32 SNPs in the lipid group were used as
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(A, B) Diagrams illustrating associations examined in this study. The total effect between plasma lipidome and atrial fibrillation

(AF). c is the total effect using genetically predicted plasma lipidome as exposure and AF as outcome. d is the total effect using genetically predicted
AF as exposure and plasma lipidome as outcome. (B) The total effect was decomposed into: (I) indirect effect using a two-step approach (where a is
the total effect of plasma lipidome on plasma metabolome, and b is the effect of plasma metabolome on AF) and the product method (a x b) and (II)
direct effect (¢’ = c - a X b). Proportion mediated was the indirect effect divided by the total effect. (C) Schematic diagram of the homoarginine levels

mediation effect.

instrumental variables. We assessed the effect of 179 lipids on AF
using the IVW model and observed that 8 lipids were significantly
associated with AF (p <0.05). In the MR analysis (Table 1A), we
found that lipids phosphatidylcholine (18:2_0:0) levels, phosphati-
dylcholine (18:0_18:2) levels, phosphatidylinositol (18:0_20:3) levels.
phosphatidylcholine (18:1_18:2) levels were negatively correlated
with AF (OR 0.8971, 0.9516, 0.9612, 0.9647, 0.9712, p < 0.05). On
the other hand, phosphatidylcholine (18:1_20:2) levels, phosphati-
dylcholine (18:2_20:4) levels, sterol ester (27:1/18:3) levels, sterol
ester (27:1/16:1) levels were positively correlated with AF (OR
1.0647, 1.0661, 1.1331, respectively, p < 0.05). The effects of these
lipids on AF were not heterogeneous (P-heterogeneity > 0.05) or
pleiotropic (P-intercept > 0.05) across instruments. In performing
the inverse MR analysis, we found that there was no inverse cau-
sality between AF and any of the above-mentioned lipids, and the
results are shown in Table 1B.

3.2 | Relationship Between Lipids and Plasma
Metabolites

After excluding SNPs with F-values less than 10 and removing
the cascade disequilibrium effect (+* < 0.001 within 10,000 kb), a
query was performed using pheno-scanner to remove SNPs with
confounding, and 11 SNPs were used as instrumental variables
in lipids. In MR analysis (Table 2B), lipid sterol ester (27:1/18:3)
levels were negatively correlated with Homoarginine levels,
(OR 0.7919, p < 0.05). The effect of this lipid on metabolites was
not heterogeneous (P-heterogeneity > 0.05) or pleiotropic (P-
intercept > 0.05) between instruments.

3.3 | Relationship Between Plasma Metabolites
and AF

Excluding SNPs with F-values less than 10 as well as removing
the cascade imbalance effect (> <0.001 within 10,000 kb), a
query was performed using pheno-scanner to remove SNPs with
confounding, and 104 SNPs in metabolites were used as
instrumental variables. We assessed the effect of 1091 metabo-
lites and 309 metabolite ratios on AF using the IVW model and
observed that 22 metabolites were significantly associated with
AF (p <0.05). In the MR analysis (Table 2A), we observed that

homoarginine levels, 5-methyluridine (ribothymidine) levels,
hexadecanedioate (C16-DC) levels, 5alpha-pregnan-diol dis-
ulfate levels, pregnenolone sulfate levels, N-acetylcarnosine
levels, 2-aminooctanoate levels, 1-oleoyl-GPG (18:1) levels. oc-
tadecenedioylcarnitine (C18:1-DC) levels, glycodeoxycholate
3-sulfate levels, 1-stearoyl-2-linoleoyl-gpc(18:0/18:2) levels,
N-acetyl- isoputreanine levels, lithocholate sulfate (1) levelss,
deoxycholic acid 12-sulfate levels, metabolonic lactone sulfate
levels, 1-palmitoyl-2- linoleoyl-gpc (16:0/18:2) levels, and
X-24546 levels were negatively correlated with AF (OR 0.9558,
0.9711, 0.9607, 0.9511, 0.9163, 0.9442, 0.9717, 0.9514, 0.9619,
0.9642, 0.9415, 0.9415, 0.9415, 0.9415, 0.9415, 0.9415, 0.9415,
0.9415, 0.9415, 0.9415, 0.9415, 0.9642 0.9415, 0.9423, 0.9363,
0.9591, 0.9670, 0.9502, 0.9458, p<0.05), while in-
doleacetylglutamine levels, taurodeoxycholic acid 3-sulfate
levels, N- acetyl-2-aminooctanoate levels, N-acetylputrescine
levels were positively correlated with AF (OR 1.0644, 1.0344,
1.0288, and 1.0481, p < 0.05). The effects of these metabolites
and metabolite ratios on AF were not heterogeneous across
instruments (P-heterogeneity > 0.05) or pleiotropic (P-
intercept > 0.05).

3.4 | Mendelian Randomization of Mediators

We analyzed the above blood metabolites as mediators of the
pathway from the above liposome to AF, and we found that
lipid sterol ester (27:1/18:3) levels were associated with lower
homoarginine levels, and lower metabolite homoarginine levels
were associated with an increased risk of AF (Figure 2B).
Homoarginine levels accounted for 3.52% (95% CI 1.39-6.28%)
of the association between sterol ester (27:1/18:3) levels and AF
risk, as shown in Figure 1C. Sensitivity analyses using the leave-
one-out method confirmed the causal association between
homoarginine levels and sterol ester (27:1/18:3) levels and the
risk of AF (Figure 3A,B), and the homoarginine levels and
sterol ester (27:1/18:3) levels (Figure 3C).

4 | Discussion

This study is the first to investigate the relationship among
lipids, metabolites, and AF using MR combined with mediation
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(Continued)

TABLE 1A

P-heterogeneity Egger intercept P-intercept

Q statistic

OR (95% CI)

Method

SNPs

Outcome

Exposure

0.3129
0.2142

3.5610
3.0815

0.0483
0.4403
0.1199
0.5254
0.2244
0.0209
0.4062
0.0388
0.7504
0.1625

1.0647 (1.0005, 1.1331)

Vw

MR-Egger

AF

Phosphatidylcholine (18:2_20:4) levels

0.6330

—0.0115

1.1559 (0.8587, 1.5559)
1.0560 (0.9859, 1.1310)

Weighted median

1.0339 (0.9437, 1.1328)

Simple mode

1.0585 (0.9840, 1.1386)
0.9612 (0.9295, 0.9940)
0.9583 (0.8846, 1.0381)
0.9626 (0.9284, 0.9980)
0.9893 (0.9314, 1.0508)
0.9623 (0.9237, 1.0024)

Weighted mode

0.6464
0.4380

1.6576
1.6509

vw
MR-Egger

AF

Phosphatidylinositol (18:0_20:3) levels

0.9423

0.0007

Weighted median

Simple mode

Weighted mode

analysis. The findings reveal that eight lipids have a potential
causal relationship with AF, while 22 metabolites are associated
with the condition. Subsequent mediation MR analysis indi-
cated that the level of the metabolite homoarginine may
mediate the relationship between the lipid sterol ester (27:1/
18:3) and AF. However, no significant mediating effects were
observed for the other lipids and metabolites in their impact
on AF.

Phosphatidylcholine is a phospholipid compound found in both
animal and plant cell membranes, plays a crucial role in cellular
signaling pathways, and is abundant in daily dietary intake.
When foods rich in phosphatidylcholine enter the intestine,
trimethylamine-N-oxide (TMAO) is produced by the gut mi-
crobiota. Elevated levels of TMAO have been positively corre-
lated with atherosclerosis, ischemic stroke, as TMAO increases
macrophage cholesterol accumulation and foam cell formation
[22]. Therefore, in clinical practice, when advising patients with
AF on dietary choices, it may be beneficial to consider reducing
the intake of TMAO to lower the risk of AF-related
complications.

The study by Li et al. found that an increase in carbon chain
length and a decrease in saturation of phosphatidylcholine are
associated with a higher risk of AF, which is consistent with our
findings. Furthermore, our study provides evidence for a
potential unidirectional causal relationship between phospha-
tidylcholine and AF [23]. In studies of inflammatory bowel
disease (IBD), it has been found that phosphatidylcholine levels
are reduced in the intestinal mucosa of patients with IBD, that
insufficient dietary choline exacerbates the condition, and that
supplementation with choline reduces the prevalence of colitis
in mice [24]. In mice, the process is mainly Escherichia coli
through choline, upregulation of transforming growth factor-f
(TGF-B), and induction of cytokine immunotolerance to T cells,
leading to the exertion of anti-inflammatory properties. This
suggests that moderate supplementation of phosphatidylcholine
in dietary interventions for patients with AF may have potential
benefits, although further research is necessary.

Despite phosphatidylinositol accounting for a minor proportion
of cellular membrane phospholipids (less than 5%), it plays a
crucial role in maintaining cellular functions. Soybeans are rich
in phosphatidylinositol, and their consumption can elevate
HDL-C levels and apolipoprotein A-1 levels, while reducing
triglycerides, thereby offering cardiovascular protection. Phos-
phatidylinositol also participates in the phosphatidylinositol
3-kinase (PI3K)/Akt signaling pathway, enhancing this signal-
ing cascade to improve arrhythmias [25].

Sterol esters, as important components of cell membranes and
hormone synthesis, are closely associated with the occurrence
of diseases such as atherosclerosis and diabetes when they
accumulate abnormally [26]. Our study found that elevated
levels of sterol esters may be associated with an increased risk of
AF, suggesting that monitoring sterol ester levels in clinical
practice could be beneficial for assessing the risk of AF.

The application of metabolomics provides us with new oppor-
tunities for investigating potential biomarkers for AF. In this
study, various metabolites were found to have causal
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TABLE 1B | Reverse MR analyses of the relationship between lipidomes and AF.
Exposure Outcome SNPs Method OR (95% CI) P
AF Sterol ester (27:1/16:1) levels 107 VW 0.9943 (0.9464, 1.0447) 0.8221
MR-Egger 0.9439 (0.8593, 1.0370) 0.2316
Weighted median 0.9585 (0.8825, 1.0410) 0.3141
Simple mode 1.0066 (0.8208, 1.2344) 0.9500
Weighted mode 0.9164 (0.8317, 1.0099) 0.0810
AF Sterol ester (27:1/18:3) levels 107 VW 1.0003 (0.9527, 1.0504) 0.9890
MR-Egger 0.9754 (0.8884, 1.0710) 0.6027
Weighted median 0.9358 (0.8646, 1.0130) 0.1008
Simple mode 0.9205 (0.7374, 1.1491) 0.4659
Weighted mode 0.9076 (0.8322, 0.9898) 0.0306
AF Phosphatidylcholine (18:2_0:0) levels 107 vw 0.9986 (0.9439, 1.0565) 0.9619
MR-Egger 1.0895 (0.9797, 1.2116) 0.1167
Weighted median 0.9751 (0.8964, 1.0608) 0.5576
Simple mode 1.0289 (0.8708, 1.2157) 0.7386
Weighted mode 1.0050 (0.9223, 1.0950) 0.9103
AF Phosphatidylcholine (18:0_18:2) levels 107 vw 1.0284 (0.9724, 1.0876) 0.3268
MR-Egger 1.1259 (1.0132, 1.2510) 0.0297
Weighted median 1.0530 (0.9635, 1.1509) 0.2543
Simple mode 1.0782 (0.9102, 1.2773) 0.3855
Weighted mode 1.0851 (0.9910, 1.1881) 0.0803
AF Phosphatidylcholine (18:1_18:2) levels 107 VW 1.0205 (0.9609, 1.0837) 0.5093
MR-Egger 1.1127 (0.9931, 1.2466) 0.0685
Weighted median 0.9890 (0.9069, 1.0785) 0.8028
Simple mode 0.9773 (0.7800, 1.2244) 0.8419
Weighted mode 1.0345 (0.9377, 1.1413) 0.5002
AF Phosphatidylcholine (18:1_20:2) levels 107 VW 1.0090 (0.9530, 1.0682) 0.7583
MR-Egger 1.0431 (0.9353, 1.1635) 0.4498
Weighted median 0.9875 (0.8955, 1.0891) 0.8016
Simple mode 1.1859 (0.9578, 1.4682) 0.1207
Weighted mode 1.0384 (0.9369, 1.1510) 0.4742
AF Phosphatidylcholine (18:2_20:4) levels 107 VW 0.9884 (0.9399, 1.0393) 0.6486
MR-Egger 1.0808 (0.9835, 1.1876) 0.1095
Weighted median 0.9886 (0.9034, 1.0818) 0.8030
Simple mode 0.8835 (0.7377, 1.0581) 0.1811
Weighted mode 0.9900 (0.9070, 1.0807) 0.8232
AF Phosphatidylinositol (18:0_20:3) levels 107 VW 1.0145 (0.9652, 1.0663) 0.5721
MR-Egger 0.9674 (0.8796, 1.0638) 0.4952
Weighted median 0.9608 (0.8866, 1.0413) 0.3300
Simple mode 1.0544 (0.8766, 1.2684) 0.5751
Weighted mode 0.9670 (0.8804, 1.0622) 0.4854

relationships with AF, with some metabolites confirmed in
previous studies to be associated with multiple diseases. Hex-
adecanedioate (C16-DC) levels serve as biomarkers for trans-
porter proteins [27]. Pregnenolone sulfate levels, an endogenous

neurosteroid, are mainly associated with cognitive aging and
sleep regulation in humans, offering potential as a new type of
neurotherapeutic drug [28]. N-acetylcarnosine levels, an anti-
oxidant, have been shown to improve or reverse lens opacities
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Homoarginine levels Atrial fibrillation 5 MR Egger 0.250 H « 0.940 (0.864 to 1.024)

5 Weighted median 0.054 . 0.957 (0.915 to 1.001)

5 Inverse variance weighted 0.026 L 0.956 (0.918 to 0.995)

5 Simple mode 0.120 ol 0.940 (0.884 to 1.000)

5 Weighted mode 0.146 i 0.954 (0.906 to 1.004)
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5 Weighted mode 0.114 Fo 1.074 (1.002 to 1.151)

T
1

FIGURE 2 | (A) A diagram showing the relationship between sterol esters, homoarginine, and AF. AF, atrial fibrillation. (B) Forest plot to

visualize the causal effects of homoarginine levels with sterol ester (27:1/18:3) levels and AF.
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FIGURE 3 |
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Sensitivity analyses using the leave-one-out approach on the association of exposures on outcome. (A) sterol ester (27:1/18:3) levels-

homoarginine levels; (B) homoarginine levels-AF; (C) sterol ester (27:1/18:3) levels-AF. Each black dot represents an IVW method for estimating
causal the effect of the exposures on the AF does not exclude a case where a particular SNP caused a significant change in the overall results. AF,

atrial fibrillation; SNP, single-nucleotide polymorphism.

in patients with cataracts [29]. Metabolonic lactone sulfate
levels are associated with metabolic syndrome and various
characteristics of heart metabolic diseases, such as glucose
homeostasis and total triglyceride levels [30]. Some metabolites’
functions are yet to be confirmed, and this study introduces a
new possibility of exploring potential therapeutic targets for AF
by investigating the metabolites associated with it.

Another metabolite with a potential causal link to AF, homo-
arginine, is an important non-protein amino acid. Research has
shown that elevated levels of homoarginine can inhibit the
activity of arginase, leading to increased levels of arginine and
nitric oxide, thereby improving vascular status [31]. Lower
levels of homoarginine are associated with the occurrence and
progression of AF and may exert a protective effect by

influencing the activity of T cells [32]. Specifically, our study
found that the level of sterol ester (27:1/18:3) influences the
progression of AF by affecting homoarginine level (Figure 2A).
Homoarginine may become a new target for future AF treat-
ment, and the potential effects of homoarginine supplementa-
tion merit validation in clinical trials.

This study has certain limitations. First, the MR method we
employed relies on several assumptions, including the
validity and independence of the instrumental variables.
However, the effectiveness of MR analysis can be affected by
the relationship between the instrumental variables and
potential confounding factors, which may lead to biased
results. In addition, although our use of a univariate model
helps control for the risk of overfitting present in multivariate
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models and appropriate instrumental variables were selected
to minimize confounding effects, other unmeasured variables
that may influence AF risk still need to be considered. Fur-
thermore, while our sample size is relatively large and en-
compasses various populations, there may still be issues of
selection bias, particularly due to differences in participant
selection and sample sources, which may limit the general-
izability of our findings to broader populations. Finally,
although this study provides some causal inference using the
MR approach, further large-scale randomized controlled tri-
als are needed to validate the exact roles and mechanisms of
metabolites and lipids in the occurrence of AF.

5 | Conclusion

Our research has elucidated the causal relationship between
plasma lipids and AF, and we have also discovered that plasma
metabolite homoarginine levels can act as a mediator for the
impact of lipid sterol ester on AF. The mediating effect accounts
for a relatively small proportion, while the mechanisms by
which lipids influence AF remain unclear. Further research is
needed to confirm the effects of homoarginine levels and other
potential mediators on AF.
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