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Abstract

Background: Migraine frequently co-occurs with cardiovascular and metabolic
diseases. Observational studies examining the association between conventional lipid
profiles and migraine risk have yielded inconsistent results and cannot establish
causality. This study aimed to investigate the causal effects of specific lipid species
on migraine and its primary subtypes: migraine with aura (MA) and without aura
(MO). Methods: Using a Mendelian randomization (MR) methodology, this study
analyzed genome-wide association study (GWAS) data from the UK Biobank and
FinnGen Consortium. Exposures comprised seven lipids and 179 lipid species while
the outcomes were overall migraine and its subtypes. Pleiotropy and heterogeneity were
assessed using sensitivity analyses such as MR-Egger, weighted median, and Pleiotropy
Residual Sum and Outlier (MR-PRESSO). Results: Genetically predicted higher levels
of high-density lipoprotein cholesterol (HDL-C; odds ratio (OR) = 0.88; 95% confidence
interval (CI), 0.82—-0.93) and apolipoprotein A1 (ApoAl, OR =0.89; 95% CI, 0.84-0.95)
were associated with a reduced risk of migraine. Conversely, higher triglycerides (TG)
increased the risk of overall migraine. Lipidomic analysis revealed 15 specific lipid
species causally associated with overall migraine. Subtype-specific analyses revealed
divergent causal profiles for MO and MA. Seven triacylglycerol (TAG) species were
specifically associated with an increased risk of MO, whereas only sphingomyelins (SM)
(d36:1) was linked to an increased risk of MA. Conclusions: This study provides robust
evidence for a causal relationship between lipid metabolism and migraine, demonstrating
that these effects are highly specific to individual lipid molecules and migraine subtypes.
These findings enhance our understanding of the lipid-mediated mechanisms in migraine
pathogenesis and highlight potential subtype-specific pathways for developing future
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therapeutic and preventive strategies.

Keywords

Migraine; Mendelian randomization; Genome-wide association study; Lipids; Lipid

species; Causal effect

1. Introduction

Migraine, a prevalent and complex neurological disorder
affecting over 1 billion individuals globally and represents
the second-leading greatest cause of disability-adjusted life
years (DALYs) among neurological diseases [1-3]. Despite
therapeutic advancements, effective prevention remains a
significant challenge. This difficulty is compounded by well-
established comorbidities with cardiovascular and metabolic
diseases [4—6], as cohort studies report that migraine patients
face a 1.5-2.5-fold higher risk of these conditions in migraine
patients compared to the general population [7]. Dyslipidemia
has been proposed as a key link within this comorbidity
network. Observational studies have consistently associated
abnormalities in conventional lipid profiles, such as elevated

triglycerides (TG) and low-density lipoprotein cholesterol
(LDL-C), with an increased risk and severity of migraine
[8—11]. However, the precise causal role of lipid metabolism
in migraine pathogenesis remains unresolved. One proposed
mechanism suggests that dyslipidemia may exacerbate
systemic and neuroinflammation, thereby activating the
trigeminovascular pathway [12]. Mendelian randomization
(MR) studies have attempted to elucidate the causal nature of
these associations. Recent meta-analyses and investigations
have reported a protective effect for high-density lipoprotein
cholesterol (HDL-C) and a risk-increasing effect for TG
on migraine [13—15]. Although informative, these findings
primarily reaffirm the role of aggregate lipid measures.
This approach inherently limits biological interpretation,
as composite lipids like total TG mask the contributions of
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specific lipid species that may have distinct and even opposing
functions in neurological signaling and inflammation.

A critical, unaddressed question is whether the causal
effects of lipids on migraine are mediated by specific
molecular species and if these relationships differ between
migraine with aura (MA) and without aura (MO), which are
two subtypes with distinct pathophysiological profiles [16].
The structural and signaling functions of lipid subclasses, such
as glycerophospholipids and sphingolipids, are highly relevant
to migraine pathogenesis, as they regulate critical processes
like neurotransmission (e.g., serotonin, calcitonin gene-related
peptide (CGRP)) and neuronal membrane stability [17, 18].
However, current evidence is derived almost exclusively from
conventional lipid panels, leaving a significant knowledge
gap in the understanding of lipidome- and subtype-specific
mechanisms in migraine. Merely expanding the number
of exposures in a Mendelian randomization analysis does
not constitute a conceptual advance; the true novelty lies in
disentangling the causal roles of individual lipid molecules
across clinically distinct migraine subtypes.

We hypothesize that the causal relationship between dys-
lipidemia and migraine is not uniform but rather is driven by
specific lipid species with subtype-specific effects. To test
this hypothesis, we conducted a comprehensive MR analy-
sis, using genetic variants as instrumental variables (IVs) to
probe the causal links between an extensive panel of lipids
and migraine. Departing from prior MR studies that were
confined to broad lipid categories, our work is the first to
systematically interrogate the causal effects of 179 distinct
lipid species at the molecular level and to directly compare
these effects between MA and MO. By integrating the latest
genome-wide association study (GWAS) data from the UK
Biobank and FinnGen Consortium, our study aims to map
the causal landscape of the plasma lipidome onto migraine
and its subtypes. This molecular-level approach represents
a significant conceptual advance, moving beyond aggregated
traits to pinpoint precise molecular players. We anticipate
these findings will provide unprecedented detail into the lipid-
related etiology of migraine, offering mechanistic insights to
inform the development of subtype-specific biomarkers and
tailored preventive strategies. Ultimately, this work seeks to
bridge the critical gap between epidemiological association
and actionable clinical understanding.

2. Materials and methods

2.1 Study design and flowchart

In our study, we implemented a two-sample Mendelian ran-
domization (MR) framework to examine the causal effects
of lipid traits (seven serum lipids and 179 lipid species) on
migraine and its two primary subtypes: migraine without aura
(MO) and migraine with aura (MA). A detailed flowchart out-
lining the core assumptions of MR and our specific analytical
workflow is presented in Fig. |. In this study, overall migraine
and its sub-types were designated as the primary outcome,
and the 179 lipid species constituted the primary exposure set.
The causal associations between these primary exposures and
the primary outcomes were considered the primary analysis.

Associations tested in all other analyses, including those for
seven conventional lipids, were considered exploratory.

2.2 Data source

The genome-wide association study (GWAS) data for plasma
lipids were obtained from publicly available IEU OpenGWAS
database  (https://gwas.mrcieu.ac.uk/). Specifically,
GWAS summary statistics for low-density lipoprotein
cholesterol (LDL-C), high-density lipoprotein cholesterol
(HDL-C), apolipoprotein B (ApoB), apolipoprotein Al
(ApoAl), and triglycerides (TG) were obtained from
Richardson et al. [19]. Data for total cholesterol (TC)
and lipoprotein(a) (Lp(a)) were sourced from Barton et al.
[20], both utilizing the UK Biobank cohort. For lipidomic
analyses, summary statistics from a large-scale plasma
lipidome GWAS (https://www.ebi.ac.uk/gwas/, accession
IDs GCST90277238-GCST90277416) were obtained
via the GWAS Catalog. This dataset included 179 lipid
species from the GeneRISK cohort (N = 7174 Finnish
participants; 2595 males, 4579 females), categorized into
four major classes: glycerolipids (GL), glycerophospholipids
(GP), sphingolipids (SL), and sterols (ST). These classes
further encompass 13 lipid subclasses: Triacylglycerols
(TAG), diacylglycerols (DAG), lysophosphatidylcholines
(LPC), lysophosphatidylethanolamines (LPE),
phosphatidylcholines (PC), phosphatidylcholine ethers (PCO),
phosphatidylethanolamines (PE), phosphatidylethanolamine
ethers (PEO), phosphatidylinositols (PI), ceramides (Cer),
sphingomyelins (SM), cholesteryl esters (CE)/sterol esters
(SE), and cholesterol (Chol).

The effect estimates for all lipid exposures were scaled to
a 1-standard deviation (SD) increase in their levels, which
had undergone inverse normal transformation. Therefore, all
reported odds ratios (ORs) represent the risk change per 1-SD
increase in the respective lipid trait.

GWAS summary statistics for migraine were obtained from
the FinnGen Consortium (R10 release, https://r10.finngen.fi/).
Diagnoses were ascertained using International Classification
of Diseases (ICD) codes, with ICD-10 as the primary system,
supplemented by historical data mapped from ICD-9 and
ICD-8. Overall migraine (G6 MIGRAINE) was defined by
the ICD-10 code G43 (Migraine) or a relevant reimbursement
code (RO31 for prophylaxis or R032 for acute treatment).
Migraine without Aura (MO) was defined as individuals with
at least one specific diagnosis of G43.0 (Migraine without
aura). To ensure the purity of the subtype analyses, the
MO and MA groups were mutually exclusive. Individuals
with a record of G43.1 (MA) or the unspecified code
G43.9 were excluded from the MO group, and likewise,
individuals with a record of G43.0 (MO) or G43.9 were
excluded from the MA group. The final dataset comprised
20,908 cases and 312,803 controls for overall migraine
(G6_MIGRAINE), 7593 cases and 312,803 controls for
migraine without aura (G6 MIGRAINE NO AURA), and
8970 cases and 312,803 controls for migraine with aura
(G6_MIGRAINE_WITH_AURA).
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Assumption 2
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FIGURE 1. The flowchart of the Mendelian randomization study to explore causal associations between lipids and
migraine. SNPs: single nucleotide polymorphisms; MR: Mendelian randomization; [IVW: inverse-variance weighted.

2.3 Instrumental variable selection

Instrumental variables (IVs) were selected to satisfy the three
core MR assumptions: relevance, independence, and exclusion
restriction (Fig. 1). First, to ensure relevance, we selected
single nucleotide polymorphisms (SNPs) associated with each
exposure at a genome-wide significance level (p < 5 x 1078).
While this stringent threshold was used for the seven conven-
tional lipids, a more lenient threshold (p < 5 x 1075) was
applied for the 179 lipid species to ensure sufficient instrument
strength for these less-studied traits. SNPs associated with
migraine or its subtypes (p < 5 x 107%) were excluded to
minimize horizontal pleiotropy. Second, to ensure IV indepen-
dence, we performed linkage disequilibrium (LD) clumping
using an LD threshold of 72 < 0.001 within a 10,000 kb win-
dow. The robustness of IVs was assessed using the F'-statistic
and the proportion of variance explained (R?). To mitigate
weak instrument bias, the strength of all IVs was assessed
using the F-statistic, and any instrument with an F-statistic
below 10 was excluded (Supplementary Table 1). Finally,
we conducted two crucial harmonization and validation steps.
Detailed metrics for all significant associations, including the
number of SNPs (nSNP), mean F-statistic (with range), and R?
are provided in Supplementary Tables 2,3,4. Additionally,
to confirm the correct direction of causality, we performed
MR Steiger directionality tests for all significant associations.
All reported findings passed this test (p < 0.05), confirm-
ing that the proportion of variance explained was greater in
the exposure than in the outcome, which robustly supports
the hypothesized causal direction (Supplementary Table 1).
This stringent IV selection and validation process ensures the
reliability of our causal inferences. Palindromic SNPs with
ambiguous strand orientation or intermediate allele frequencies
were removed to avoid directional mismatches [21]. Detailed
IV metrics, including SNP counts, F-statistics, and RZ, are
provided in Supplementary Tables 2,3,4.

2.4 Statistical analysis

To explore genetic causal relationships between lipid traits and
migraine, we applied five MR methods: MR-Egger regression,
weighted median, inverse-variance weighted (IVW), simple
mode and weighted mode, with the IVW method serving as
the primary analysis due to its high statistical power. By
default, a fixed-effects IVW model was used; however, in
cases of significant heterogeneity (Cochran’s Q test p < 0.05),
a random-effects IVW model was applied. To ensure the
robustness of our findings and rigorously test for violations
of MR assumptions, we conducted several sensitivity analy-
ses. Specifically, directional pleiotropy was assessed via the
MR-Egger intercept test (Supplementary Table 5), and het-
erogeneity among instrumental variables was quantified with
Cochran’s Q statistic (Supplementary Table 6) and visually
inspected using funnel plots. The Pleiotropy Residual Sum and
Outlier (MR-PRESSO) test was used to detect and correct for
outliers. Additionally, a leave-one-out analysis was performed
to identify any single SNP driving the overall causal estimate.
To account for multiple comparisons across the large number
of traits tested, we controlled the false discovery rate (FDR)
using the Benjamini-Hochberg procedure. An association was
considered statistically significant only if its FDR-adjusted
p-value was less than 0.05. Analyses were performed in R
(version 4.4.1) using the TwoSampleMR package (v0.6.8) and
MR-PRESSO package.

3. Result

3.1 Causal relationships between plasma
lipoproteins and migraine

As illustrated in Fig. 2, our two-sample Mendelian

randomization (MR) analysis revealed significant
causal relationships between several conventional
plasma lipids and the risk of migraine. Detailed

genetic instrument information (Supplementary Tables



A

Exposure Outcome  Method nSNP  pyalue p,,. OR(95%Cl)
LoL-C Migraine Inverse variance weighted 144 0.197 0276 '—0—11 0.95(0.89 to 1.02)
Weighted median 144 0.393 —— 0.96(0.86 to 1.06)
MR Egger 144 0424 ———t 0.96(0.86 to 1.06)
Weighted mode 144 0.181 »—o—;—< 0.94(0.86 to 1.03)
HDL-C Inverse variance weighted 303 <0.001 <0.001 —— 1 0.88(0.82 t0 0.93)
Weighted median 303 0014 —— 0.89(0.81 10 0.98)
MR Egger 303 0.12 —— 0.93(0.84 to 1.02)
Weighted mode 303 0.005 —— 0.89(0.82 t0 0.97)
TG Inverse variance weighted 268 0.004 0.009 : —e—i 1.10(1.03 t0 1.17)
Weighted median 268 0.066 ?—0—1 1.08(0.99 to 1.18)
MR Egger 268 0.291 ——e——  1.05(0.96 10 1.16)
Weighted mode 268  0.068 —e—  1.07(0.99 to 1.16)
TC Inverse variance weighted 184 0.403 047 b—O:—t 0.97(0.91 to 1.04)
Weighted median 184 0.655 —— 0.98(0.90 to 1.07)
MR Egger 184 0822 — 0.99(0.90 to 1.08)
Weighted mode 184 0318 —e—tt 0.96(0.88 to 1.04)
ApoB Inverse variance weighted 166 0.671 0.671 !—d‘—c 0.99(0.93 to 1.05)
Weighted median 166 0.505 ———— 0.97(0.89 to 1.08)
MR Egger 166 0.231 ——t 0.95(0.87 to 1.03)
Weighted mode 166 0.315 >—0+1 0.96(0.90 to 1.03)
ApoA1 Inverse variance weighted 256 <0.001 0.001 —— : 0.89(0.84 to 0.95)
Weighted median 256 0.014 —— 0.90(0.82 t0 0.98)
MR Egger 256 0.001 —— 0.84(0.76 t0 0.93)
Weighted mode 256 0.007 —— : 0.89(0.82 t0 0.97)
Lipoprotein (a) Inverse variance weighted 47 0.041 0.072 -—0—1 0.94(0.88 to 1.00)
Weighted median 47 0.078 —— 0.96(0.91 to 1.00)
MR Egger 7 oM ——n 0.95(0.89 to 1.01)
Weighted mode 47 0038 ——t 0.95(0.90 to 1.00)
p < 0.05 was considered statistically significant 08 09 1 11

D —
protective factor risk factor

B
Exposure Outcome  Method nSNP  p.value p_. OR(95%Cl)
LDL-C MO Inverse variance weighted 144 0.281 0.281 — 0.95(0.85 to 1.05)
Weighted median 144 0.196 »—0—‘*—4 0.90(0.76 to 1.06)
MR Egger 144 0.076 —_—— 0.87(0.75 to 1.01)
Weighted mode 144 0.134 >—oﬁ‘—< 0.90(0.78 to 1.03)
HDL-C Inverse variance weighted 303 0.003 0.019 —— : 0.88(0.80 to 0.96)
Weighted median 303 0.141 D—O—?—' 0.89(0.77 to 1.04)
MR Egger 303 0.085 —— 0.89(0.78 to 1.02)
Weighted mode 303 0.028 — 0.87(0.77 t0 0.98)
TG Inverse variance weighted 268 0.006 0.019 : +——e—> 1.14(1.04 to0 1.25)
Weighted median 268 0.059 — 1.14(0.99 to 1.31)
MR Egger 268 0.080 ———e—> 1.13(0.99 to 1.30)
Weighted mode 268 0.020 | ——a—> 1.14(1.02 0 1.28)
TC Inverse variance weighted 184 0.222 0.259 —0+- 0.95(0.86 to 1.03)
Weighted median 184 0.444 —— 0.94(0.81 to 1.09)
MR Egger 184 0193 —— 0.92(0.81 to 1.04)
Weighted mode 184 0179 — 0.92(0.81 to 1.04)
ApoB Inverse variance weighted 166 0.179 0.251 —H« 0.94(0.86 to 1.03)
Weighted median 166 0.102 ——— 0.90(0.78 to 1.02)
MR Egger 166 0034 —— 0.88(0.78 to 0.99)
Weighted mode 166 0.081 — 0.90(0.80 to 1.01)
ApoA1 Inverse variance weighted 256 0.008 0.019 —— : 0.88(0.80 to 0.97)
Weighted median 256 0.060 —— 0.87(0.75 to 1.01)
MR Egger 256 0.002 —— : 0.79(0.68 to 0.92)
Weighted mode 256 0.017 — 0.86(0.76 t0 0.97)
Lipoprotein (a) Inverse variance weighted 47  0.176  0.251 —e— 0.95(0.88 to 1.02)
Weighted median 47 0.313 ——— 0.96(0.88 to 1.04)
MR Egger 47 0352 ——rt 0.96(0.89 to 1.04)
Weighted mode 47 0.261 —0+1 0.96(0.88 to 1.03)
p < 0.05 was considered statistically significant 08 09 1 14
—
protective factor risk factor
C
Exposure Outcome  Method nSNP  p.value p_. OR(95%Cl)
LDL-C MA Inverse variance weighted 144 0.121 0212 »—o—:c 0.92(0.83 to 1.02)
Weighted median 144 0.764 >—‘*o—c 1.02(0.89 to0 1.18)
MR Egger 144 0670 o> 1.03(0.89 to 1.21)
Weighted mode 144 0846 ——e——  0.99(0.87 to 1.12)
HDL-C Inverse variance weighted 303 0.001 0.007 —— : 0.86(0.79 to 0.94)
Weighted median 303 0.175 »—o—‘t—q 0.91(0.80 to 1.04)
MR Egger 303 0.253 —— 0.92(0.80 to 1.06)
Weighted mode 303 0353 ——— 0.94(0.81 to 1.08)
TG Inverse variance weighted 268 0.104 0212 H—e— 1.07(0.99t0 1.17)
Weighted median 268 0.802 ——o———  1.02(0.89 to 1.16)
MR Egger 268 0.510 »—l—o—- 1.04(0.92 to 1.18)
Weighted mode 268 0.566 »—:0—' 1.03(0.92t0 1.16)
TC Inverse variance weighted 184 0.724 0.724 —el— 0.98(0.89 to 1.08)
Weighted median 184 0.436 n—:—o—» 1.05(0.92 to 1.20)
MR Egger 184 0345 ——e——> 1.07(0.93 to 1.23)
Weighted mode 184 0350 ——e—— 1.06(0.94 to 1.20)
ApoB Inverse variance weighted 166  0.680 0724 —e— 0.98(0.90 to 1.07)
Weighted median 166 0.986 —— 1.00(0.88 to 1.13)
MR Egger 166 0.836 —e—— 099(0.87t01.12)
Weighted mode 166 0.855 — 0.99(0.88 to 1.11)
ApoA1 Inverse variance weighted 256 0.007 0.025 —— : 0.88(0.81 t0 0.97)
Weighted median 256 0.009 —— 0.84(0.74 to 0.96)
MR Egger 256 0.007 — 0.82(0.71 t0 0.95)
Weighted mode 256 0.037 — 0.87(0.77 t0 0.99)
Lipoprotein (a) Inverse variance weighted 47 0157 022 —— 0.94(0.87 to 1.02)
Weighted median 47 0.111 —— 0.94(0.88 to 1.01)
MR Egger 47 0.199 ——t 0.94(0.87 to 1.03)
Weighted mode 47 0.168 —— 0.95(0.89 to 1.02)
p < 0.05 was considered statistically significant 08 09 1 11

-
protective factor risk factor

FIGURE 2. The causal effect of seven lipids on migraine. Causal effect of seven lipids on (A) overall migraine, (B) migraine
without aura and (C) migraine with aura using different methods of Mendelian randomization. ORs and 95% confidence intervals
are presented per 1-SD increase in each lipid trait. nSNP: number of single nucleotide polymorphisms; OR: odds ratio; CI:
confidence interval; FDR: false discovery rate; LDL-C: low-density lipoprotein cholesterol; HDL-C: high-density lipoprotein
cholesterol; TG: triglycerides; TC: total cholesterol; ApoB: apolipoprotein B; ApoAl: apolipoprotein Al; MO: migraine without
aura; MA: migraine with aura; prpgr: p-value adjusted by the false discovery rate.



7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27)
and scatter plots of MR effects (Supplementary Figs. 1,2,3)
are provided. After correction for multiple testing, we found
that genetically predicted higher levels of both high-density
lipoprotein cholesterol (HDL-C) and apolipoprotein Al
(ApoAl) were robustly associated with a reduced risk of
overall migraine (HDL-C: odds ratio based on the inverse-
variance weighted method (ORIVW) = 0.88, 95% CI =
0.82-0.93, p-value adjusted by the false discovery rate
(prpr) <0.001; ApoAl: ORIVW = 0.89, 95% CI = 0.84—
0.95, prpr = 0.001) (Fig. 2A). These protective associations
were directionally consistent for both migraine without aura
(MO) (Fig. 2B) and migraine with aura (MA) (Fig. 2C).
Conversely, genetically predicted higher triglyceride (TG)
levels were associated with an increased risk of both overall
migraine (ORIVW = 1.10, 95% CI = 1.03-1.17, prpr =
0.009), and, more specifically, MO (ORIVW = 1.14, 95%
CI = 1.04-1.25, prpr = 0.019). No significant association
was observed between TG and MA. Although a nominal
association was detected between Lp(a) and overall migraine
risk, it did not survive correction for multiple testing (prpr
=0.072). Cochran’s Q test indicated heterogeneity for select
associations (Supplementary Table 6). Random-effects
IVW models, applied to heterogeneous results, yielded
consistent estimates. Funnel plots demonstrated symmetry
(Supplementary Figs. 4,5,6), and leave-one-out analyses
confirmed no single SNP disproportionately influenced causal
estimates (Supplementary Figs. 7,8,9). MR-Egger intercept
tests and MR-PRESSO global tests revealed no evidence of
horizontal pleiotropy (p > 0.05; Supplementary Table 5).

3.2 Causal relationships between lipid
species and migraine

To identify the specific molecular drivers of migraine, we
analyzed causal associations between 179 lipid species
and migraine risk. After FDR correction, we identified 15
individual lipid species with a significant causal effect on
the risk of overall migraine (Fig. 3, Supplementary Figs.
10,11). Two species demonstrated protective effects including
PC (16:0_16:0) (ORIVW = 0.91, 95% CI = 0.87-0.96,
prpr = 0.025) and PCO (18:1_16:0) (ORIVW = 0.92, 95%
CI = 0.87-0.97, prpr = 0.026) against migraine (Fig. 3,
Supplementary Figs. 10,11). Thirteen lipid species were
identified as risk factors for migraine (Fig. 3, Supplementary
Figs. 10,11). These included DAG (18:1 _18:2) (ORIVW =
1.07, 95% CI = 1.02-1.12, prpr = 0.034), PCO (18:1 20:3)
(ORIVW = 1.09, 95% CI = 1.03-1.15, prpr = 0.034), SM
(d36:1) (ORIVW =1.09, 95% CI1=1.04-1.14, prpr = 0.025),
SM (d38:1) (ORIVW = 1.06, 95% CI = 1.03-1.10, prpr =
0.025), TAG (48:1) (ORIVW = 1.14, 95% CI = 1.06-1.23,
prpr = 0.025), TAG (48:2) (ORIVW = 1.11, 95% CI =
1.04-1.18, prpr = 0.027), TAG (51:3) (ORIVW = 1.09, 95%
CI=1.03-1.15, prpr =0.027), TAG (52:4) (ORIVW = 1.08,
95% CI = 1.02-1.14, prpr = 0.034), TAG (53:2) (ORIVW
= 1.10, 95% CI = 1.04-1.17, prpr = 0.025), TAG (53:3)
(ORIVW = 1.08, 95% CI = 1.03-1.14, prpr = 0.025), TAG
(54:4) (ORIVW = 1.09, 95% CI = 1.04-1.14, prpr = 0.025),
TAG (54:5) (ORIVW = 1.12, 95% CI = 1.06-1.18, prpr =

0.008) and TAG (56:7) (ORIVW = 1.08, 95% CI =1.03-1.13,
PFDR = 0037)

The robustness of these lipidomic-wide findings was cor-
roborated by a comprehensive suite of sensitivity analyses.
Cochran’s Q test revealed no significant heterogeneity across
SNPs (p > 0.05; Supplementary Table 6). Funnel plots con-
firmed symmetry, supporting homogeneity (Supplementary
Fig. 12). MR-Egger intercept tests found no evidence of hori-
zontal pleiotropy (p > 0.05; Supplementary Table 5). Leave-
one-out analyses confirmed that no single SNP disproportion-
ately influenced the observed associations (Supplementary
Fig. 13). Scatter plots illustrating causal effects between
lipidomic species and migraine are provided in Supplemen-
tary Fig. 11.

3.3 Causal relationships between lipid
species and migraine without aura (MO)

Our subtype-specific analysis for migraine without aura (MO)
revealed a striking pattern: after FDR correction, all seven lipid
species found to be causally associated with an increased risk
of MO were triacylglycerols (TAGs) (Fig. 4, Supplementary
Figs. 14,15). Five of these TAGs, TAG (51:3) (ORIVW
= 1.15, 95% CI = 1.06-1.25, prpr = 0.034), TAG (53:2)
(ORIVW = 1.19, 95% CI = 1.08-1.30, prpr = 0.022), TAG
(53:3) (ORIVW =1.15, 95% CI = 1.06-1.24, prpr = 0.022),
TAG (54:4) (ORIVW = 1.14, 95% CI = 1.06-1.23, prpr =
0.024) and TAG (54:5) (ORIVW =1.17, 95% CI = 1.07-1.27,
prpr = 0.022) were also identified as risk factors for overall
migraine (Fig. 4). Additionally, TAG (48:3) (ORIVW = 1.15,
95% CI=1.05-1.26, prpr =0.045) and TAG (52:3) (ORIVW
=1.15,95% CI = 1.06-1.24, prpr = 0.022) were found to be
specifically associated with an increased risk of MO (Fig. 4).

Cochran’s Q test revealed no significant heterogeneity (p >
0.05; Supplementary Table 6). MR-Egger intercept tests de-
tected no horizontal pleiotropy (p > 0.05; Supplementary Ta-
ble 5). Funnel plots demonstrated symmetry (Supplementary
Fig. 16) and leave-one-out analyses confirmed that no sin-
gle SNP disproportionately influenced the causal estimates
(Supplementary Fig. 17).

3.4 Causal relationships between lipid
species and migraine with aura (MA)

In stark contrast to the findings for MO, our analysis for
migraine with aura (MA) identified only a single lipid species
with a significant causal effect after FDR correction. Geneti-
cally predicted higher levels of the sphingomyelin SM (d36:1)
were associated with an increased risk of MA (ORIVW =
1.15, 95% CI = 1.07-1.23, prpr = 0.007) demonstrated a
significant causal association with MA risk (Fig. 5, Supple-
mentary Figs. 18,19). After heterogeneity and pleiotrophy
analyses, no significant heterogeneity (Supplementary Table
6 and Supplementary Fig. 20) and no horizontal pleiotropy
(Supplementary Table 5) were determined. Leave-one-out
analyses confirmed the robustness of the causal association
(Supplementary Fig. 21).



Exposure Method nSNP p.value p. .. OR(95%Cl)
Diacylglycerol (18:1_18:2) levels Inverse variance weighted 24 0.003 0.034 1ot 1.07(1.02 to 1.11)
Weighted median 24 0.092 l:—O—‘ 1.06(0.99 to 1.13)
MR Egger 24 0.032 :l—o—c 1.15(1.02 to 1.30)
Weighted mode 24 0.102 —e— 1.07(0.99 to 1.16)
Phosphatidylcholine (16:0_16:0) levels Inverse variance weighted 20 <0.001 0.025 o= : 0.91(0.87 to 0.96)
Weighted median 20 0.006 l—H: 0.91(0.85 to 0.97)
MR Egger 20 0.392 '—0—1—| 0.94(0.81 to 1.08)
Weighted mode 20 0.053 —— 0.90(0.82 to 0.99)
Phosphatidylcholine (O-18:1_16:0) levels Inverse variance weighted 21 0.001 0.026 I-O-l: 0.92(0.87 to0 0.97)
Weighted median 21 0.011 '—O—i: 0.91(0.84 to 0.98)
MR Egger 21 0.654 o—:—o—c 1.04(0.88 to 1.23)
Weighted mode 21 0.127 —_——t 0.89(0.77 to 1.03)
Phosphatidylcholine (O-18:1_20:3) levels Inverse variance weighted 11 0.003 0.034 :0-0-4 1.09(1.03 to 1.15)
Weighted median 11 0.086 fl—o—c 1.06(0.99 to 1.14)
MR Egger 11 0.815 '—Ib—l 1.01(0.90 to 1.14)
Weighted mode 11 0.157 H——i 1.06(0.98 to 1.14)
Sphingomyelin (d36:1) levels Inverse variance weighted 22 <0.001 0.025 : o 1.09(1.04 to 1.14)
Weighted median 22 0.025 :'—O—l 1.08(1.01 to 1.16)
MR Egger 22 0.049 :r—o—b 1.15(1.01 to 1.30)
Weighted mode 22 0.198 F—o—i  1.08(0.96 to 1.22)
Sphingomyelin (d38:1) levels Inverse variance weighted 28 0.001 0.025 :'-O-l 1.06(1.02 to 1.10)
Weighted median 28 0.003 :i-o-i 1.08(1.03 to 1.14)
MR Egger 28 0.01 I—e—  1.11(1.03 to 1.20)
Weighted mode 28 0.019 :r—H 1.09(1.02 to 1.16)
Triacylglycerol (48:1) levels Inverse variance weighted 10 <0.001 0.025 : —eo— 1.14(1.06 to 1.23)
Weighted median 10 0.05 f—O—i 1.11(1.00 to 1.23)
MR Egger 10 0.61 ——+o—— 1.05(0.87 to 1.27)
Weighted mode 10 0.489 -ﬁI—O—t 1.07(0.89 to 1.27)
Triacylglycerol (48:2) levels Inverse variance weighted 14 0.002 0.027 : ——i 1.11(1.04 to 1.18)
Weighted median 14 0.014 :o—o—c 1.12(1.02 to 1.22)
MR Egger 14 0.852 ——i—— 1.02(0.82 to 1.27)
Weighted mode 14 0.118 '-:—0—' 1.13(0.98 to 1.30)
Triacylglycerol (51:3) levels Inverse variance weighted 16 0.002 0.027 :I-O-! 1.09(1.03 to 1.15)
Weighted median 16 0.092 -:—0—4 1.07(0.99 to 1.15)
MR Egger 16 0.454 ——i 1.05(0.93 to 1.19)
Weighted mode 16 0.35 hl-O—o 1.05(0.95 to 1.17)
Triacylglycerol (52:4) levels Inverse variance weighted 15 0.003 0.034 :H-i 1.08(1.03 to 1.14)
Weighted median 15 0.03 I'—O—! 1.08(1.01 to 1.16)
MR Egger 15 0.729 —t—t 1.02(0.89 to 1.18)
Weighted mode 15 0.089 4—0—' 1.10(0.99 to 1.21)
Triacylglycerol (53:2) levels Inverse variance weighted 13 0.001 0.025 : —— 1.10(1.04 to 1.17)
Weighted median 13 0.018 :l—O—i 1.11(1.02 to 1.21)
MR Egger 13 0.343 —+——o——> 1.12(0.89 to 1.41)
Weighted mode 13 0.089 1'—0—0 1.11(0.99 to 1.23)
Triacylglycerol (53:3) levels Inverse variance weighted 19 0.001 0.025 :n-o-c 1.08(1.03 to 1.14)
Weighted median 19 0.12 ——i 1.06(0.98 to 1.14)
MR Egger 19 0.647 '—I-O—‘ 1.04(0.89 to 1.20)
Weighted mode 19 0.157 -:—0—| 1.07(0.98 to 1.18)
Triacylglycerol (54:4) levels Inverse variance weighted 20 0.001 0.025 : o 1.09(1.04 to 1.14)
Weighted median 20 0.045 I'—H 1.07(1.00 to 1.15)
MR Egger 20 0.258 —e——i  1.08(0.95 to 1.22)
Weighted mode 20 0.082 q'—O—i 1.08(0.99 to 1.17)
Triacylglycerol (54:5) levels Inverse variance weighted 16 <0.001 0.008 : —— 1.12(1.06 to 1.18)
Weighted median 16 0.003 l—e—  1.12(1.04t0 1.21)
MR Egger 16 0.058 ﬁ—o—b 1.16(1.01 to 1.34)
Weighted mode 16 0.116 0,—0—0 1.09(0.98 to 1.21)
Triacylglycerol (56:7) levels Inverse variance weighted 18 0.003 0.037 :'-0-! 1.08(1.03 to 1.13)
Weighted median 18 0.058 I—H 1.08(1.00 to 1.16)
MR Egger 18 0.395 H—O—i 1.08(0.91 to 1.27)
Weighted mode 18 0.243 -:—o—c 1.09(0.95 to 1.25)
p < 0.05 was considered statistically significant ofs 4 1{2

protective factor risk factor

FIGURE 3. The causal effect of lipid species on migraine. The causal effect of fifteen lipid species on the risk of
migraine. ORs and 95% confidence intervals are presented per 1-SD increase for lipid species. nSNP: number of single nucleotide
polymorphisms; OR: odds ratio; CI: confidence interval; MR: Mendelian randomization; prpg: p-value adjusted by the false
discovery rate.



Exposure Method nSNP p.value p.. OR(95%Cl)
Triacylglycerol (48:3) Inverse variance weighted 17 0.002 0.045 : —o—i 1.15(1.05 to 1.26)
Weighted median 17 0.078 l'—o—- 1.12(0.99 to 1.28)
MR Egger 17 0.774 o—.-o—» 1.04(0.80 to 1.34)
Weighted mode 17 0.451 l—|—0—> 1.09(0.88 to 1.36)
Triacylglycerol (51:3) Inverse variance weighted 16 0.001 0.034 : —e—i 1.15(1.06 to 1.25)
Weighted median 16 0.255 l—:—o—o 1.07(0.95 to 1.21)
MR Egger 16 0.179 ——=e0—> 1.16(0.94 to 1.43)
Weighted mode 16 0.573 '—;-0—' 1.05(0.88 to 1.25)
Triacylglycerol (52:3) Inverse variance weighted 20 <0.001 0.022 : —o—i 1.15(1.06 to 1.24)
Weighted median 20 0.035 ?—0—0 1.12(1.01 to 1.24)
MR Egger 20 0.725 ——ro—— 1.03(0.86 to 1.24)
Weighted mode 20 0.254 -:—o—c 1.09(0.95 to 1.25)
Triacylglycerol (53:2) Inverse variance weighted 13 <0.001 0.022 : —o—> 1,19(1.08 to 1.30)
Weighted median 13 0.065 l‘—o—t 1.13(0.99 to 1.29)
MR Egger 13 0.428 i—r—0—> 1.16(0.81 to 1.65)
Weighted mode 13 0.222 '—0—> 1.13(0.94 to 1.35)
Triacylglycerol (53:3) Inverse variance weighted 19 0.001 0.022 : —eo—i 1.15(1.06 to 1.24)
Weighted median 19 0.061 !—o—c 1.12(0.99 to 1.26)
MR Egger 19 0.509 '—r—o—> 1.09(0.85 to 1.40)
Weighted mode 19 0.103 n—o—) 1.15(0.98 to 1.34)
Triacylglycerol (54:4) Inverse variance weighted 20 0.001 0.024 : —e—i 1.14(1.06 to 1.23)
Weighted median 20 0.128 H—o—- 1.09(0.97 to 1.23)
MR Egger 20 0.279 H—O—b 1.12(0.92 to 1.37)
Weighted mode 20 0.219 ':—0—0 1.09(0.95 to 1.25)
Triacylglycerol (54:5) Inverse variance weighted 16 <0.001 0.022 : —eo— 1.17(1.07 to 1.27)
Weighted median 16 0.175 H—0—| 1.09(0.96 to 1.24)
MR Egger 16 0.106 H—O-b 1.24(0.97 to 1.58)
Weighted mode 16 0.335 ———e—— 1.09(0.92 to 1.28)

p < 0.05 was considered statistically significant 0.5 1'

protective factor risk factor

FIGURE 4. The causal effect of lipid species on migraine without aura. The causal effect of seven lipid species on the risk
of migraine without aura. ORs and 95% confidence intervals are presented per 1-SD increase for lipid species. nSNP: number
of single nucleotide polymorphisms; OR: odds ratio; CI: confidence interval; MR: Mendelian randomization; pppg: p-value
adjusted by the false discovery rate.

Exposure Method nSNP p.value p... OR(95%CI)

Sphingomyelin (d36:1) Inverse variance weighted 22 <0.001 0.007 : —eo—i 1.15(1.07 to 1.23)
Weighted median 22 0.004 I —e—i 1.16(1.05t0 1.29)
MR Egger 22 0.018 : —a> 1.26(1.06 to 1.51)
Weighted mode 22 0.038 :»—.—» 1.18(1.02 to 1.36)

p < 0.05 was considered statistically significant 05 1 12

protective factor risk factor

FIGURE 5. The causal effect of lipid species on migraine with aura. The causal effect of one lipid species on the risk
of migraine without aura. ORs and 95% confidence intervals are presented per 1-SD increase for lipid species. nSNP: number
of single nucleotide polymorphisms; OR: odds ratio; CI: confidence interval, MR: Mendelian randomization; prpg: p-value
adjusted by the false discovery rate.



4. Discussion

This Mendelian randomization (MR) study provides genetic
evidence for the causal role of specific lipid profiles in mi-
graine pathogenesis. Our findings confirm that genetically
predicted higher levels of HDL-C and ApoAl reduce the risk
of overall migraine, whereas higher levels of triglycerides
increase it; a nominal association for lipoprotein(a) (Lp(a))
did not withstand correction for multiple testing. Critically,
our lipidomic-wide analysis demonstrates that these broad as-
sociations are underpinned by distinct molecular species with
striking subtype specificity. We found that an increased risk of
migraine without aura (MO) was driven by a cluster of several
triacylglycerol (TAG) species. In stark contrast, the risk for
migraine with aura (MA) was linked exclusively to a single
sphingomyelin, SM (d36:1).

4.1 Interpreting Mendelian randomization
evidence

Before discussing potential implications, it is critical to delin-
eate the scope of inference from our MR design. Our study
estimates the lifelong, population-level causal effect of genetic
predisposition to altered plasma lipid levels on migraine risk.
MR does not directly establish: (1) the consequences of acute,
pharmacological lipid modification; (2) whether the observed
effects are mediated by peripheral blood lipids, corresponding
changes in the central nervous system, or systemic sequelae;
or (3) the specific molecular pathways involved. The mecha-
nistic discussions below are therefore presented as biologically
plausible hypotheses intended to connect our causal evidence
with existing neurobiology and to generate testable models for
future research [22].

4.2 Conventional lipids and migraine
pathophysiology

The comorbidity between migraine and cardiovascular disease
is extensively documented [23-26], and dyslipidemia may
represent a key mechanistic bridge [11, 12, 27]. This link is
likely mediated through shared pathological pathways, such
as systemic inflammation and endothelial dysfunction, which
are known to be central to migraine pathophysiology. Our
results reinforce prior observations that ApoA1 and HDL-C are
protective [13, 28]. This protective effect is likely mediated by
the well-known anti-atherogenic and anti-inflammatory prop-
erties of these lipids [29, 30], which improve endothelial func-
tion and could thereby reduce migraine susceptibility. Mech-
anistically, HDL-C can downregulate endothelial adhesion
molecules like intracellular cell adhesion molecule-1 (ICAM-
1) and vascular cell adhesion molecule-1 (VCAM-1) [31, 32],
both of which have been directly implicated in the inflamma-
tory processes of migraine [33, 34].

Our analysis also provides insight into the roles of Lp(a) and
triglycerides (TG). We identified a nominal positive associa-
tion between genetically proxied Lp(a) and overall migraine
risk; however, this finding did not withstand stringent correc-
tion for multiple testing and should thus be interpreted as sug-
gestive. Should this association be validated in future studies,
a plausible mechanism exists, as Lp(a) is a known promoter of

atherosclerosis and endothelial dysfunction [35, 36], processes
that can impair cerebral blood flow and plausibly influence
migraine susceptibility [37, 38].

For TG, our MR analysis provides robust evidence for a
causal, risk-increasing relationship with overall migraine and,
more specifically, with MO, a finding that helps clarify previ-
ously inconsistent results from observational studies [9, 14, 15,
39]. This conclusion is powerfully substantiated at the molec-
ular level by our lipidomic data, which revealed that a distinct
cluster of TAG species specifically elevated the risk of MO.
A potential mechanism unifying these findings is that hyper-
triglyceridemia may exacerbate the pro-inflammatory state and
enhance platelet activity, both of which are well-established
processes in migraine pathophysiology [40, 41].

4.3 Lipidomic insights and hypotheses for
subtype-specific mechanisms

The novelty of our study lies in its ability to move beyond
aggregate lipids and propose mechanisms for specific molec-
ular species. PCs and PEs constitute the most abundant glyc-
erophospholipids in eukaryotic cell membranes [42, 43]. The
protective effect of the phosphatidylcholine PC (16:0 16:0),
also known as dipalmitoyl phosphatidylcholine (DPPC), likely
relates to its biophysical properties. As a fully saturated
phospholipid, DPPC is known to increase the stability and
order of cell membranes [44, 45]. We therefore hypothe-
size that its enrichment could stabilize neuronal membranes,
thereby increasing the threshold for neuronal hyperexcitability
and cortical spreading depression (CSD), and modulating the
function of pain-signaling receptors housed within membrane
microdomains [46].

Our finding of opposing causal effects for two ether-
linked phosphatidylcholines (PCOs) offers a compelling
mechanistic clue. While PCO (18:1 _16:0) was protective,
PCO (18:1_20:3) was risk-increasing. The critical difference
lies in their sn-2 fatty acid: the former contains palmitic
acid (16:0), while the latter contains dihomo-y-linolenic
acid (20:3, n-6), a direct precursor to arachidonic acid and
pro-inflammatory eicosanoids like prostaglandin E2 (PGE2)
[47], which is a well-established migraine trigger [48].
This divergence strongly suggests that the sn-2 fatty acid
composition of ether lipids is a key determinant of their effect
on migraine, potentially by modulating the balance between
pro- and anti-inflammatory signaling pools [49].

Our observation that the sphingomyelin SM (d36:1) was
exclusively linked to an increased risk of MA points toward
a mechanism central to the aura phenotype. As key compo-
nents of membrane microdomains [50], sphingolipids and their
metabolites, such as ceramide and sphingosine-1-phosphate
(S1P) [51], are deeply involved in neuroinflammation and
nociceptive signaling. Given that CSD is the neurobiological
correlate of aura, we propose that elevated SM (d36:1) may
alter the properties of these microdomains in a way that lowers
the threshold for CSD initiation or propagation [52], a possi-
bility that requires direct experimental testing.

The causal link between the diacylglycerol DAG
(18:1 _18:2) and increased migraine risk suggests a potential
dual-hit mechanism. As a key second messenger [53], DAG



directly activates protein kinase C (PKC), which can promote
neuronal hyperexcitability. Concurrently, its sn-2 linoleic
acid component can be metabolized into pro-inflammatory
substrates [54], offering a second pathway through which this
lipid species may increase migraine susceptibility.

4.4 Strengths and limitations

This study has notable strengths, including the use of updated,
large-scale GWAS data with refined phenotyping, and a de-
tailed lipidomic MR approach that moves beyond broad lipid
classes. This molecular-level approach enabled us to move
beyond conventional lipid panels to delineate distinct, subtype-
specific causal relationships for migraine, thereby generating
targeted hypotheses for future translational research.

Certain limitations, however, warrant consideration. First,
our reliance on GWAS data from individuals of predominantly
European ancestry means that these findings require validation
in more diverse populations to establish generalizability. Sec-
ond, while we employed robust methods to mitigate bias from
sample overlap, the potential for shared participants between
the Finnish exposure (GeneRISK) and outcome (FinnGen)
cohorts cannot be entirely excluded. Third, data constraints
prevented important subgroup analyses stratified by age, sex,
or body mass index (BMI), and we were unable to adjust for the
potential confounding effects of lipid-lowering medications.
Fourth, it is crucial to reiterate that while MR provides strong
evidence for causality, it does not elucidate the specific bio-
logical pathways involved, and our use of lipid measurements
from a single time-point does not capture the dynamic nature
of the plasma lipidome.

5. Conclusions

In conclusion, this large-scale Mendelian randomization study
provides robust genetic evidence supporting causal roles for
specific lipid profiles in migraine, with distinct effects for MO
and MA. The transition from conventional lipids to specific
lipid species offers a refined view of this relationship. While
our MR design establishes correlation consistent with causal-
ity, the specific biological mechanisms require further ex-
perimental investigation. Collectively, these findings deepen
our understanding of the lipid-migraine nexus and identify
novel, subtype-specific targets for the development of future
preventive and therapeutic strategies.
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