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Abstract
Background  Migraine is a complex neurological disorder with high prevalence but unclear pathogenesis. Numerous 
studies have suggested that migraine is associated with alterations in brain imaging phenotypes (BIPs) and 
dysregulation of cerebrospinal fluid (CSF) and brain metabolism; however, causal evidence remains limited. Mendelian 
randomization (MR) offers a powerful approach for inferring causality using genetic instruments.

Methods  Firstly, we conducted linkage disequilibrium score regression (LDSC) to evaluate genetic correlations 
between migraine, including the migraine with aura (MA) and migraine without aura (MO) subtypes, and BIPs, CSF, 
and brain metabolites. Traits that showed genetic correlations with migraine, MA, or MO were retained for subsequent 
MR analysis with the corresponding migraine phenotype. Traits showing significant correlations were analyzed 
using bidirectional two-sample MR (TSMR), followed by two-step TSMR to identify cross-omics mediation effects. 
Additionally, We also applied summary-data-based MR (SMR) to detect brain-region-specific genes with potential 
causal effects. Enrichment analyses (KEGG, GO, PPI, transcription factor, and miRNA networks) were conducted to 
further explore underlying mechanisms.

Results  LDSC identified significant genetic correlations with 73 BIPs and 40 metabolites for overall migraine, 71 BIPs 
and 37 metabolites for MA, and 49 BIPs and 62 metabolites for MO. Enrichment analysis revealed that genetically 
associated metabolites were predominantly involved in amino acid metabolic pathways. TSMR identified 6 BIPs and 
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Introduction
Migraine, which includes two main subtypes—migraine 
with aura (MA) and migraine without aura (MO) [1]—
affects approximately 14–15% of the global population 
[2]. It is characterized by recurrent headache episodes, 

often accompanied by nausea, photophobia, and pho-
nophobia [3]. Despite its prevalence, the pathophysi-
ological mechanisms of migraine remain inadequately 
understood. Given the significant global prevalence 
of migraine, its considerable health burden, and its 

2 metabolites causally linked to overall migraine, 3 BIPs and 3 metabolites to MA, and 2 BIPs and 5 metabolites to MO. 
Most migraine-related BIPs mapped to the parietal lobe. Reverse MR analysis showed that overall migraine causally 
influenced 4 BIPs and 3 metabolites, while MA and MO affected 1 BIP and 1 metabolite, and 3 BIPs and 1 metabolite, 
respectively. Mediation analysis revealed five significant mediation pathways were identified. SMR analysis identified 
FAM83B and CIB2 consistently showing inhibitory effects across most regions. Enrichment analysis showed that these 
genes were predominantly involved in immune activation and cell adhesion.

Conclusions  Our study integrates cross-omics analyses to investigate the causal links between brain structure, 
metabolic alterations, gene expression, and migraine including its MA and MO subtypes. These findings provide novel 
insights into the pathophysiological mechanisms and potential targets for intervention across migraine subtypes.
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extensive impact on individuals and society, clarifying its 
pathophysiological mechanisms is crucial for alleviating 
the population’s health burden and enhancing individual 
well-being.

Although the causes of migraine attacks remain 
unclear, numerous studies have suggested that migraines 
are significantly linked to brain structure and function, 
including brain metabolism and neuroimaging stud-
ies [4, 5]. For example, the application of phosphorus 
nuclear magnetic resonance (31P-NMR) spectroscopy 
revealed abnormal energy metabolism in the brains of 
migraine patients [6]. Dysfunction of glutamate and 
GABA metabolism can trigger migraines by disrupting 
the brain’s balance between excitation and inhibition, 
leading to an imbalance in these key neurometabolites 
[7–9]. In addition, migraine has a higher prevalence in 
mitochondrial disorders [10]. Mitochondrial dysfunc-
tion plays a crucial role in the pathogenesis of migraines 
by disrupting energy metabolism, leading to excessive 
Ca2 + influx, increased free radical production, decreased 
mitochondrial membrane potential, and impaired oxida-
tive phosphorylation [11]. This mitochondrial damage 
promotes neuronal apoptosis, lowers the pain threshold, 
and triggers migraine attacks. In addition to metabolic 
changes, structural abnormalities in the brain have also 
been documented. Studies have shown that individuals 
with migraines exhibit a high frequency of white matter 
abnormalities, silent infarct-like lesions, and volumet-
ric changes in gray and white matter compared to con-
trols [4]. These modifications occur during migraine ictal 
and interictal periods, reshaping cerebral, cerebellar, and 
brainstem structures while disrupting neuronal network 
integrity and functional dynamics [12, 13].​.

​Building upon the previous discussion of metabolic 
and structural alterations in migraine, it’s important to 
note that changes in metabolite levels within the brain 
and CSF can significantly influence brain structure 
through mechanisms such as synaptic plasticity and 
neural remodeling. For example, in the chronic state of 
migraine, the brain or certain key areas of the brain may 
be in a constant state of low energy, leading to hyperac-
tivation and sensitisation of the trigeminal vascular sys-
tem [5]. Dysregulation of mitochondrial metabolites can 
lead to impaired energy homeostasis, oxidative stress, 
and neuronal apoptosis, further contributing to struc-
tural and functional abnormalities in the brain [14]. Con-
versely, structural changes in the brain may also affect 
metabolic pathways.Gray matter exhibits high metabolic 
activity, with approximately 70% of its energy expendi-
ture dedicated to signaling processes such as synaptic 
transmission and action potentials. In contrast, white 
matter primarily consumes energy for nonsignaling func-
tions, with only about 18% devoted to signaling, and its 
metabolism adjusts modestly in response to changes 

in cortical activity [15]. Moreover, region-specific gene 
expression patterns in the brain can modulate local met-
abolic activities and structural remodeling by regulat-
ing mitochondrial function, neurotransmitter synthesis, 
and neuroinflammatory responses. Given these com-
plex interactions between gene expression, metabolic 
processes, and brain structure, studying these aspects 
separately would likely overlook critical cross-talk and 
potentially miss important mechanistic insights. There-
fore, a multi-omics integrative approach is crucial for 
unraveling the pathophysiological mechanisms underly-
ing migraine.

These observational studies are designed as case-con-
trol studies, making it difficult to determine the temporal 
sequence between exposure factors and disease outcomes 
or establish causal relationships. Mendelian randomiza-
tion (MR) is a statistical method that uses genetic varia-
tions as instrumental variables and has been extensively 
utilized in evaluating causal relationships between expo-
sures and outcomes in recent years [16]. This method 
effectively investigates risk factors that causally influence 
disease incidence [17, 18]. It is a reliable approach as it 
reduces the confounding factors that could distort the 
results and eliminates the possibility of the results being 
influenced by reverse causation bias [19, 20].

Previous studies have recognized the importance 
of identifying causal links between metabolites, brain 
imaging phenotypes (BIPs), and migraine. For instance, 
Hamzeh et al. explored the causal relationships between 
plasma metabolites and migraine [21]. However, they 
overlooked the fact that, given the tightly regulated 
molecular exchange imposed by the blood-brain bar-
rier, peripheral metabolic changes may not fully reflect 
metabolic dysregulations within the central nervous 
system. Therefore, our study places particular empha-
sis on investigating causal relationships between brain 
and cerebrospinal fluid (CSF) metabolites and migraine. 
Similarly, Sun et al. and Mitchell et al. investigated causal 
associations between brain imaging-derived phenotypes 
and migraine [22, 23]. Compared to their research, build-
ing upon reliable segmentation methods and meaning-
ful measurement approaches, we carefully selected 587 
structural BIPs from the GWAS summary statistics pro-
vided by Smith et al. to avoid redundant phenotypes. 
Moreover, our study advances further by exploring the 
mediating effects of BIPs and metabolites, representing 
a comprehensive multi-omics approach. Additionally, 
we applied summary-data-based Mendelian randomiza-
tion (SMR) analysis using cis-eQTL data across 13 brain 
regions to systematically assess brain region-specific 
gene expression causally associated with migraine and its 
subtypes for the first time. Integrating macro-level (BIPs), 
micro-level (metabolites), and molecular-level (gene 
expression) data, this multi-layered analytical framework 
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constitutes one of the most comprehensive genetic and 
functional studies of migraine to date. Our findings 
provide a foundation for future research and potential 
therapeutic strategies targeting metabolic and immune 
pathways.

Methods
Study design
Firstly, Linkage Disequilibrium Score Regression (LDSC) 
was used to explore the genetic correlations between 
BIPs, CSF and brain metabolite, and migraine, includ-
ing its MA and MO subtypes. Traits that showed genetic 
correlations (rg-p-value < 0.05) with overall migraine, 
MA, or MO were retained for subsequent MR analysis 
with the corresponding migraine phenotype.

Secondly, to investigate potential mediation mecha-
nisms and integrate metabolic and imaging omics lay-
ers, we conducted a two-step two-sample Mendelian 
randomization. In first step, a two-sample MR analysis 
was conducted to investigate the causal impact of BIPs 
and CSF and brain metabolite on migraine and its sub-
types. In the second step, we conducted two additional 
two-sample MR analyses to further investigate the causal 
interrelationships of those BIPs and metabolites that 
showed significant associations (IVW p < 0.05) in the 
initial analysis. Specifically, we evaluated whether cer-
tain metabolites mediate the effect of BIPs on migraine, 
or whether BIPs mediate the effect of metabolites on 
migraine and calculated the mediation effect. Addition-
ally, we conducted reverse MR to explore the causal 
effects of migraine and its subtypes on BIPs and on brain 
and CSF metabolites.

Thirdly, We used SMR analysis to access the causal 
effect of gene expression in different brain regions on 
migraine and its subtypes using 13 GWAS summary 
datasets documenting gene expression in these regions. 
Afterward, we performed bioinformatics investigations 
on these genes, encompassing Kyoto Encyclopaedia of 
Genes and Genomes (KEGG) pathway analysis, protein-
protein interaction (PPI) analysis, transcription factor 
interaction prediction analysis, and miRNA interaction 
prediction analysis. Additionally, we utilised the Metabo-
Analyst 6.0 platform (http://dev.metaboanalyst.ca/) to 
investigate the metabolic pathways and do an enrichment 
analysis of the metabolites [24]. Our MR analysis relies 
on three key assumptions: (1) that instrumental variables 
(IVs) are strongly associated with exposure factors, (2) 
that IVs are independent of any confounding variables, 
and (3) that IVs affect outcomes exclusively through 
the exposure of interest. These assumptions strengthen 
the validity of causal inferences in MR studies [25]. We 
adhered to the recommended standards outlined in the 
Strengthening the Reporting of Observational Studies in 
Epidemiology-Mendelian Randomization (STROBE-MR) 

checklist for our study (Supplement STROBE-MR-check-
list) [26]. Figure  1 presents a concise summary of the 
research design.

Data source
The GWAS summary data of brain structural features 
were obtained from the IEU open GWAS project (​h​t​
t​p​​s​:​/​​/​g​w​a​​s​.​​m​r​c​​i​e​u​​.​a​c​.​​u​k​​/​d​a​t​a​s​e​t​s​/). Smith et al. ​c​o​n​d​
u​c​t​e​d a genome-wide association study derived from 
33,224 participants from the UK Biobank. These imag-
ing-derived phenotypes originated from three types of 
measurements: structural MRI, diffusion MRI (dMRI), 
and functional magnetic resonance imaging (fMRI) sum-
mary metrics [27]. From the initial 3,913 structural MRI-
derived phenotypes, 587 BIPs related to brain structural 
features were selected (Supplementary Table 1). These 
587 BIPs were further categorized based on the type of 
measurement into the following categories: regional and 
tissue volume, cortical area, cortical thickness, and white 
matter (WM) tract. The analysis also included 13 regional 
categories: Association fibers, Brainstem tracts, Commis-
sural fibers, Frontal lobe, Insula, Limbic system, Limbic 
system fibers, Occipital lobe, Parietal lobe, Projection 
fibers, Subcortical region, Temporal lobe, and Total brain 
[28].

The GWAS summary data for CSF and brain metabo-
lites derives from the most recent study by Cruchaga et 
al. [29]. Cruchaga et al. performed an MGWAS utilis-
ing extensive datasets of CSF (n = 2,602) and brain tissue 
(n = 1,016), uncovering novel genetic correlations for 440 
CSF metabolites and 962 brain metabolites (Supplemen-
tary Table 2).

To avoid overlapping samples, we conducted a com-
prehensive analysis of genome-wide association studies 
(GWAS) for three types of migraine using the Finngen 
database (https://www.finngen.fi/en) [30]: Overall 
migraine (26894 cases, 374605 controls), MA (11757 
cases, 374605 controls), and MO (9690 cases, 139,622 
controls). Each case was diagnosed using the Interna-
tional Classification of Diseases (ICD) criteria from the 
Finnish Hospital Discharge Register. ICD-10 code G43 
was used for migraine patients.

Selection of instrumental variables
In our forward and reverse MR analyses as well as the 
mediation analysis analysis, IVs underwent a rigor-
ous screening to ensure validity. According to one of 
the three key assumptions of MR analysis: IVs must be 
strongly associated with exposures, we prioritized using 
a genome-wide significance threshold of p < 5 × 10⁻⁸ 
to ensure that the selected SNPs were strongly asso-
ciated with the exposures [31]. When the number of 
SNPs meeting this threshold was too small (no more 
than three) to allow for sensitivity analyses, we adopted 

http://dev.metaboanalyst.ca/
https://gwas.mrcieu.ac.uk/datasets/
https://gwas.mrcieu.ac.uk/datasets/
https://www.finngen.fi/en
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a relaxed threshold of p < 5 × 10⁻⁶ to obtain a sufficient 
number of SNPs [32]. These SNPs were then assessed for 
linkage disequilibrium using the “clump data” tool, with 
a threshold set to r2 < 0.01 within a 10,000  kb window. 
This step ensured that the independent variables for each 
exposure were independent by excluding non-biallelic 
SNPs and those in linkage disequilibrium. To confirm 
that the remaining SNPs were strongly linked with the 
exposure, we excluded those with F-statistics below 10. 
SNPs with palindromic characteristics were systemati-
cally removed from the IVs. Finally, we ensured that the 
phenotype was relevant to the outcome by screening for 
confounding factors and removing such SNPs using the 
GWAS Catalog website (https://www.ebi.ac.uk/gwas).

Statistical analysis
Genetic correlation validation
Linkage Disequilibrium Score Regression (LDSC) is 
a widely used method for estimating genetic correla-
tions between complex diseases and traits. In this study, 
we applied LDSC to estimate the genetic correlation 
between BIPs, CSF and brain metabolite, and migraine. 
The LD score of each SNP was calculated to infer its 
association strength with complex traits based on the 
concept of genetic linkage disequilibrium (LD) [33]. We 
excluded SNPs that did not match HapMap3 SNPs and 
those with a minor allele frequency below 0.01. Results 
are presented as the genetic correlation coefficient (rg) 
with standard error (SE). The rg ranges from − 1 to 1, 

Fig. 1  Overall study design of the article
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with rg < 0 indicating a negative genetic correlation and 
rg > 0 indicating a positive genetic correlation. LDSC 
genetic correlation p-value (rg-p-value) below 0.05 were 
considered indicative of a possible genetic association. 
Results of LDSC analysis may not be available if one or 
both traits show insufficient heritability [34, 35]. 

Two-sample Mendelian randomization analysis
We performed a two-step TSMR analysis using several 
MR methods, including MR Egger, weighted median, 
inverse variance weighted (IVW), and weighted mode. 
We used the IVW method as the principal analysis, 
which is a robust MR method under the assumption of 
valid instrumental variables and balanced pleiotropy [36].

A causal association was considered statistically sig-
nificant if the IVW p-value was below the Bonferroni-
corrected threshold (i.e., 0.05 divided by the number of 
exposures tested at each stage of analysis), with no evi-
dence of horizontal pleiotropy or heterogeneity. Asso-
ciations with p-values less than 0.05 but exceeding the 
Bonferroni-corrected threshold, which also passed all 
sensitivity analyses, were interpreted as suggestive of 
potential causal effects [37, 38].

Sensitivity analysis
Heterogeneity was assessed using Cochran’s Q test, 
where a p-value greater than 0.05 indicated the absence 
of heterogeneity [39]. To assess horizontal pleiotropy, we 
employed MR Eggar and MR-Presso analyses; a p-value 
greater than 0.05 suggested no evidence of horizontal 
pleiotropy. The MR-PRESSO method was used to detect 
and remove significant outliers, thus minimizing the 
impact of horizontal pleiotropy [31, 40]. Additionally, we 
carried out a leave-one-out study, systematically exclud-
ing each SNP to determine whether a single SNP dispro-
portionately affected the results [41].

Reverse MR analysis
To further assess whether migraine and its subtypes exert 
a reverse causal effect on BIPs and on brain and CSF 
metabolites, we performed reverse MR analyses. In these 
analyses, migraine or its subtype served as the exposure, 
using its associated SNPs as instrumental variables, while 
BIPs and brain and CSF metabolites were treated as out-
comes. The analytical process followed the same method-
ology as the forward MR analysis.

Mediation analysis
We applied a two-step, two-sample Mendelian random-
ization framework to examine whether brain imaging 
phenotypes mediate the causal link between metabo-
lites and migraine, and whether metabolites mediate the 
effect of brain imaging phenotypes on migraine. First, 
in previous sections of the study, we identified BIPs 

and metabolites showing significant causal associa-
tions with overall migraine or its subtypes (MA, MO) 
without evidence of heterogeneity or horizontal pleiot-
ropy. Second, based on those BIPs and metabolites with 
IVW p-values < 0.05 from the first-step analysis, we con-
ducted additional two-sample MR analyses to investi-
gate the potential causal relationships between BIPs and 
metabolites—specifically assessing whether BIPs influ-
ence metabolite levels or, conversely, whether metabo-
lites affect BIPs. Third, we selected mediator candidates, 
whose effect is logically consistent with potential media-
tors based on the directions of the effect values: β₁ rep-
resents the effect of the exposure on the outcome, β₂ 
represents the effect of the exposure on the mediator, and 
β₃ represents the effect of the mediator on the outcome. 
When β₁ was positive, both β₂ and β₃ were required to be 
in the same direction (either both positive or both nega-
tive); when β₁ was negative, β₂ and β₃ were required to 
have opposite directions. The mediation effect was calcu-
lated using the coefficient product technique (mediation 
effect = β2 × β3), and the proportion mediated was esti-
mated as (β₂ × β₃) / β₁ [42, 43].

SMR methods and bioinformatic analysis of gene expression 
across various brain regions
We utilized expression quantitative trait loci (eQTLs) 
from multiple brain regions as proxies for gene expres-
sion, with eQTL data from the GTEx Consortium (​h​t​t​p​​s​
:​/​​/​g​t​e​​x​p​​o​r​t​​a​l​.​​o​r​g​/​​h​o​​m​e​/​d​a​t​a​s​e​t​s). To evaluate the poten-
tial causal influence of these genes on migraine, we per-
formed SMR analysis, applying eQTL selection criteria 
of a minor allele frequency (MAF) exceeding 1% and a 
significance threshold of p < 5e-08, restricting the study 
to cis-eQTLs. We selected genetic instrumental variables 
(IVs) to represent brain structure and gene expression in 
these locations. Furthermore, we found single nucleotide 
polymorphisms (SNPs) located within a 100  kb prox-
imity of the target genes that were substantially associ-
ated with gene expression in multiple brain regions. The 
causal effect of gene expression on migraine risk was 
estimated by integrating the influence of eQTLs on gene 
expression (βSNP-eQTL) with their impact on migraine 
susceptibility (βSNP-migraine). Associations were con-
sidered significant when P-values were below 0.05, and 
HEIDI test results with P-values more significant than 
0.05 supported the presence of a shared causal variant 
rather than linkage disequilibrium. Our findings suggest 
that gene expression at these loci may contribute caus-
ally to migraine risk, with several target genes commonly 
expressed across migraine and its subtypes, MA and MO. 
Further bioinformatics analyses were conducted on these 
genes, including KEGG pathway enrichment, PPI net-
work construction, and transcription factor and miRNA 
interaction prediction analyses. We used the Network 

https://gtexportal.org/home/datasets
https://gtexportal.org/home/datasets
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Fig. 2 (See legend on next page.)
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Analyst website (​h​t​t​p​​s​:​/​​/​w​w​w​​.​n​​e​t​w​​o​r​k​​a​n​a​l​​y​s​​t​.​c​a​/) for 
these analyses [44].

Metabolic pathways and enrichment analysis
To recognize CSF and brain metabolites (rg-p-
value < 0.05), we utilized MetaboAnalyst 6.0 (​h​t​t​p​​s​:​/​​/​w​w​
w​​.​m​​e​t​a​b​o​a​n​a​l​y​s​t​.​c​a​/) [24] to perform metabolic pathway 
analysis to ascertain probable metabolic pathways associ-
ated with the biological processes of migraine. This work 
utilized the KEGG database.

Result
Genetic correlations between BIPs, CSF and brain 
metabolite, and migraine
We used LDSC to investigate the genetic associations 
between BIPs, CSF and brain metabolites, and migraine 
(Fig. 2A). The LDSC analyses indicated that 73 BIPs had 
a statistically significant genetic connection with overall 
migraine, of which 18 were negatively genetically cor-
related, and 55 were positively genetically correlated. 
Simultaneously, the LDSC data indicated that 40 CSF and 
brain metabolites had statistically significant genetic cor-
relations with migraine(16 negatively genetic correlations 
and 24 positively genetic correlations), with an rg-p-value 
of less than 0.05.

The genetic associations between the MA and MO 
subtypes with BIPs and metabolites were also analyzed 
using LDSC. 71 BIPs had a statistically significant genetic 
association with MA, of which 21 were negatively corre-
lated, and 50 were positively correlated. 49 BIPs exhibited 
a statistically significant genetic association with MO, 
comprising 26 with a negative genetic correlation and 23 
with a positive genetic correlation. Our research identi-
fied 7 BIPs that exhibit genetic associations with overall 
migraine, as well as MA and MO subtypes (Fig. 2B).

The LDSC analysis revealed that 37 CSF and brain 
metabolites exhibited statistically significant genetic cor-
relations with MA, including 9 with negative correlations 
and 28 with positive correlations. Additionally, 62 CSF 
and brain metabolites were significantly correlated with 
MO, with 32 showing negative correlations and 30 show-
ing positive correlations. Our findings identified seven 
metabolites that exhibit concurrent genetic correlations 
with overall migraine and the MA and MO subtypes 
(Fig. 2C). Detailed of the LDSC analysis result was show 
in Supplementary Tables 3–4.

Next, we assessed the biochemical classes of metabo-
lites with significant genetic correlations to migraine and 

found that amino acids predominated in overall migraine, 
whereas lipids and xenobiotics were more prominent in 
both MA and MO (Fig. 2D).

Finally, KEGG pathway enrichment of these metabo-
lites highlighted distinct metabolic signatures for each 
phenotype. For overall migraine (Fig. 2E), pathways such 
as glycine, serine, and threonine metabolism, arginine 
and proline metabolism, and valine, leucine, and isoleu-
cine biosynthesis and degradation were enriched, sug-
gesting that metabolites with genetic associations are 
significantly related to amino acid metabolism. In the 
case of MA, KEGG enrichment analysis revealed that 
fructose and mannose metabolism, along with galactose 
metabolism, were notably enriched, highlighting the 
importance of sugar and carbohydrate metabolism in the 
development of MA. Additionally, numerous amino acid-
related pathways were also enriched. For MO (Fig.  2G), 
amino acid metabolism pathways were prominently 
enriched, further emphasizing the role of amino acids in 
this subtype. Across all migraine phenotypes amino acid 
metabolism emerged as a critical factor.

Exploring the causal effect of BIPs on migraine
The LDSC analysis revealed that 73 BIPs had a statisti-
cally significant genetic association with overall migraine, 
71 BIPs with MA, and 49 BIPs with MO. These BIPs 
were subsequently analyzed in TSMR to investigate their 
causal effects on the corresponding migraine phenotypes.

Notably, each increase in thickness of the right supe-
rior parietal gyrus was associated with a lower migraine 
risk (OR 0.760, 95% CI 0.665–0.869; p = 5.47 × 10⁻⁵), a 
finding that remained significant after Bonferroni cor-
rection. Similarly, greater thickness of the left superior 
parietal gyrus also conferred protection (OR 0.814, 95% 
CI 0.713–0.928; p = 0.002). In contrast, increased thick-
ness of the right cuneus cortex raised migraine risk (OR 
1.231, 95% CI 1.063–1.425; p = 0.005), as did higher dif-
fusion tensor mode (MÒ) in the right medial lemniscus 
(OR 1.156, 95% CI 1.024–1.305; p = 0.019). Thickness of 
the left inferior parietal cortex (OR 0.863, 95% CI 0.754–
0.988; p = 0.033) and ISOVF in the left inferior longitudi-
nal fasciculus (OR 0.927, 95% CI 0.861–0.997; p = 0.040) 
also showed protective effects.

For MA, two BIPs conferred protection. Higher Thick-
ness of the left superior parietal gyrus was associated 
with a reduction in MA risk (OR 0.776, 95% CI 0.639–
0.942; p = 0.010), and an increased ISOVF in the left ante-
rior corona radiata reduced MA risk (OR 0.847, 95% CI 

(See figure on previous page.)
Fig. 2  Genetic correlations between BIPs, CSF and brain metabolite, and migraine. (A) Manhattan plot of LDSC results for BIPs and CSF/brain metabo-
lites across migraine phenotypes. (B)Venn diagram illustrating the genetic correlation of BIPs with Migraine, MA, and MO. Numbers represent unique 
and shared metabolites among the groups. (C).Venn diagram illustrating the genetic correlation of metabolites with Migraine, MA, and MO. Numbers 
represent unique and shared metabolites among the groups. (D) Stacked bar plot showing the classification of metabolites with significant genetic cor-
relations to migraine phenotypes. (E–G) KEGG pathway enrichment analyses of migraine-related metabolites for overall migraine (E), MA (F), and MO (G)

https://www.networkanalyst.ca/
https://www.metaboanalyst.ca/
https://www.metaboanalyst.ca/
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0.740–0.970; p = 0.016). While the Volume of the left lat-
eral occipital cortex increased MA risk (OR 1.223, 95% 
CI 1.010–1.481; p = 0.040).

In MO, two BIPs increased susceptibility. Elevated 
greater Cortical surface area of the left postcentral gyrus 
increased risk (OR 1.241, 95% CI 1.048–1.471; p = 0.013), 
and higher ISOVF in the right uncinate fasciculus was 
associated with a increase in MO risk (OR 1.250, 95% 
CI 1.038–1.505; p = 0.019). The forest plot summarizing 
these results is shown in Fig. 3A. All BIPs with a causal 
effect on migraine and its MA and MO subtypes are 
summarized in Supplementary Tables 5–7.

Exploring the causal effect of CSF and brain metabolite on 
migraine
The LDSC analysis identified 40 CSF and brain metabo-
lites genetically correlated with overall migraine, 37 with 
MA, and 62 with MO, which were subsequently analyzed 
using TSMR to investigate their causal effects on the cor-
responding migraine phenotypes.

Two metabolites demonstrated significant causal 
effects on overall migraine: pyridoxal (CSF) was associ-
ated with a reduced risk (OR 0.660, 95% CI 0.477–0.914; 
p = 0.012), and 3‑ureidopropionate (CSF) also lowered 
the risk (OR 0.863, 95% CI 0.754–0.987; p = 0.031).

In MA, three metabolites increased risk: pyridoxal 
(CSF) (OR 1.231, 95% CI 1.063–1.425; p = 0.005), 
3-hydroxyhexanoate (brain) (OR 1.203, 95% CI 1.010–
1.433; p = 0.038), and glycosyl ceramide (d18:1/23:1, 
d17:1/24:1) (brain) (OR 1.101, 95% CI 1.005–1.207; 
p = 0.038).

For MO, two CSF metabolites were protective: 
1-oleoyl-GPC (18:1) (OR 0.587, 95% CI 0.388–0.887; 
p = 0.011) and lysine (OR 0.356, 95% CI 0.157–0.808; 
p = 0.014). In contrast, three metabolites increased MO 
risk: N-acetylglycine (CSF) (OR 1.579, 95% CI 1.046–
2.382; p = 0.030), X-15,674 (CSF) (OR 1.267, 95% CI 
1.011–1.589; p = 0.040), and 2-piperidinone (CSF) (OR 
1.123, 95% CI 1.005–1.255; p = 0.041). All the causal asso-
ciations were summarized in the forest plot shown in 
Fig. 3B. All metabolites with a causal effect on migraine 
and its MA and MO subtypes are summarized in Supple-
mentary Tables 8–10.

Reverse MR analysis of the causal effects of migraine on 
BIPs, CSF, and brain metabolites
We then conducted a reverse MR analysis to investigate 
the causal relationship of Migraine on BIPs, CSF, and 
Brain Metabolites. Results from the IVW reverse MR 
analyses indicated that migraine and its subtypes showed 
no significant causal associations with any of the BIPs 
or metabolites identified in the forward MR. However, 
exploratory reverse MR revealed that migraine and its 

subtypes exerted causal effects on eight additional BIPs 
and five metabolites.

Overall migraine was found to causally increase ISOVF 
in the right uncinate fasciculus (OR 1.141, 95% CI 1.047–
1.242; p = 0.003) and to decrease MO in the right supe-
rior thalamic radiation(OR 0.907, 95% CI 0.833–0.987; 
p = 0.024), Cortical surface area of the left postcentral 
gyrus(OR 0.911, 95% CI 0.837–0.991; p = 0.030), and 
MD in the middle cerebellar peduncle (OR 0.916, 95% 
CI 0.841–0.998; p = 0.045). MA increased the level of 
Thickness of the left postcentral gyrus (OR 1.042, 95% 
CI 1.001–1.083; p = 0.043). MO decreased the level of 
Cortical surface area of the right rostral middle cingu-
late cortex (OR 0.952, 95% CI 0.921–0.983; p = 0.003) and 
Volume of the right rostral middle cingulate cortex (OR 
0.958, 95% CI 0.927–0.990; p = 0.010) and increaded the 
level of ISOVF in the genu of corpus callosum (OR 1.035, 
95% CI 1.001–1.069; p = 0.042).The reverse MR results 
showing the causal effects of migraine on Bips are illus-
trated in the forest plot in Fig. 3C.

Overall migraine was associated with increased lev-
els of methylmalonate (OR 1.114, 95% CI 1.013–1.226; 
p = 0.026), ascorbic acid 3-sulfate (OR 1.123, 95% CI 
1.013–1.244; p = 0.027), and alpha-hydroxyisovalerate 
(OR 1.141, 95% CI 1.002–1.299; p = 0.046). MA was 
linked to elevated levels of N-acetyltaurine (OR 1.042, 
95% CI 1.004–1.082; p = 0.031), while MO increased the 
level of salicylate in CSF (OR 1.364, 95% CI 1.029–1.808; 
p = 0.031). The reverse MR results showing the causal 
effects of migraine on metabolites are illustrated in the 
forest plot in Fig. 3D. Further details of the reverse MR 
analysis can be found in Supplementary Tables 11–16.

Mediation analysis
Subsequently, we applied a two-step, two-sample Men-
delian randomization framework to investigate whether 
brain imaging phenotypes mediate the causal relation-
ship between metabolites and migraine, and conversely, 
whether metabolites mediate the effect of brain imaging 
phenotypes on migraine.BIPs and metabolites with IVW 
p-values < 0.05 from previous analyses were selected for 
TSMR analysis, and the detailed results are provided in 
Supplementary Table 7. We then screened for BIPs and 
metabolites that demonstrated both a causal relationship 
and logically consistent effect directions based on β val-
ues. Ultimately, five significant mediation pathways were 
identified, as summarized in Table 1; Fig. 4.

For overall migraine, the thickness of the right supe-
rior parietal gyrus was found to exert protective effect 
through the CSF metabolite nucleotide, with a mediated 
proportion of 5.33%. Similarly, the effect of nucleotide in 
CSF on overall migraine was partially mediated by the 
thickness of the left superior parietal gyrus, with a medi-
ation proportion of 19.69%.
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Fig. 3  Bidirectional Mendelian randomization analysis of causal relationships between BIPs, metabolites, and migraine subtypes. (A) Forest plot showing 
the causal effects of BIPs on overall migraine, MA, and MO identified through forward MR analysis. (B) Forest plot illustrating the causal effects of CSF and 
brain metabolites on migraine phenotypes based on forward MR analysis. (C) Forest plot of reverse MR results showing the causal effects of migraine and 
its subtypes on BIPs. (D) Forest plot of reverse MR results displaying the causal effects of migraine and its subtypes on CSF and brain metabolites
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In the case of MA, pyridoxal in CSF served as a media-
tor in the causal relationship between the volume of 
the left lateral occipital cortex and MA, accounting for 
11.44% of the effect. For MO, two significant mediation 
pathways were identified: X-15,674 mediated the effect 
of ISOVF in the right uncinate fasciculus on MO with a 
10.29% mediation proportion, and lysine in CSF medi-
ated the effect of cortical surface area in the left postcen-
tral gyrus on MO, explaining 10.96% of the total effect. 
These findings highlight the presence of cross-omics 
mediation effects, revealing the intertwined influence of 
structural brain changes and metabolic alterations in the 
pathogenesis of migraine. Further details of the media-
tion analysis analysis can be found in Supplementary 
Tables 17–19.

The causal effect of gene expression of different brain 
regions on migraine
Previous two-sample MR analyses identified BIPs with 
causal associations with migraine, localized to distinct 
brain regions. Based on this observation, we hypoth-
esized that different brain regions may exert region-
specific effects on migraine risk. To investigate this, 
we conducted a comprehensive SMR analysis using 
cis-eQTL data from 13 brain region databases to evalu-
ate the causal relationships between gene expression in 
13 brain regions and overall migraine as well as its sub-
types. This analysis identified 28 genes expressed in the 
Cerebellar Hemisphere that exhibited causal effects 
on migraine and its two subtype-related traits. Among 
these, 14 genes (LY6G5C, RP11-495P10.6, CYP21A2, 
CD6, INTS1, BTN2A2, SPAG1, ASB16-AS1, CCHCR1, 
EPHA5, PCDHA3, APTX, PITPNM2, MRPL43) were 
associated with an increased risk of migraine and its sub-
types, including MA and MO (Fig.  5A). Conversely, 14 
genes (TOM1L2, SOX7, ALG1L13P, ENPP7P1, RBMS2, 

FAM86B3P, TMEM132E, ZMYND12, CIB2, RP11-
271K11.5, FAM85B, C20orf96, HLA-DQA2, PIGP) were 
found to be protective, decreasing the risk of migraine 
and its subtypes (Fig.  5G-I). Our enrichment analysis 
revealed a strong immunological relevance in the identi-
fied pathways. In GO enrichment analysis, the majority 
of enriched pathways were associated with immune pro-
cesses, including the positive regulation of T cell activa-
tion, leukocyte cell-cell adhesion, lymphocyte activation, 
and leukocyte activation, as well as pathways related to 
the MHC class II protein complex and immunological 
synapse formation (Fig.  5B). Similarly, KEGG enrich-
ment analysis highlighted multiple immune-related path-
ways, such as antigen processing and presentation, Th1 
and Th2 cell differentiation, and Th17 cell differentia-
tion (Fig. 5C). Furthermore, both GO and KEGG analy-
ses identified significant enrichment in pathways related 
to cell adhesion, including cell adhesion molecules and 
the positive regulation of cell-cell adhesion. Moreover, 
we constructed PPI networks (Fig.  5D) and identified 
potential transcription factors (Fig.  5E) and interacting 
microRNAs (Fig. 5F) associated with these 28 genes. The 
Forest plots depicting the causal associations between 
genes and overall migraine (Fig. 5G), MA (Fig. 5H), and 
MO (Fig. 5I).

In the amygdala region, we identified 7 genes associ-
ated with migraine and its two subtypes, including 3 
genes with protective effects and 4 genes linked to an 
increased risk (Fig S1).

In the anterior cingulate cortex region, we identified 
11 genes associated with migraine and its two subtypes, 
including 6 genes with protective effects and 5 genes 
linked to an increased risk (Fig S2).

In the Caudate basal ganglia region, we identified 19 
genes associated with migraine and its two subtypes, 

Table 1  Mediation proportion of metabolites or BIPs in the causal pathways linking BIPs or metabolites to migraine and its subtypes
Exposure Mediator Outcome The Effect of Expo-

sure on Outcome 
β 1(95% CI)

The Effect of Me-
diator on Outcome
β2 (95% CI)

The Effect of Expo-
sure on Mediator
β3 (95% CI)

Me-
diation 
effect

Medi-
ated 
Propor-
tion (%)

Thickness of the 
right superior 
parietal gyrus

Nucleotide(CSF) Overall 
migraine

−0.274
(−0.407 -−0.141)

−0.148
(−0.282 -−0.013)

0.099
(0.015–0.183)

-0.015 5.328%

Nucleotide(CSF) Thickness of the left 
superior parietal 
gyrus

Overall 
migraine

−0.148
(−0.282 -−0.013)

−0.206
(−0.338 -−0.075)

0.141
(0.020–0.262)

-0.029 19.691%

Volume of the left 
lateral occipital 
cortex

pyridoxal(CSF) MA 0.201
(0.010–0.393)

−0.559
(−1.037 -−0.080)

−0.041
(−0.080 -−0.002)

0.023 11.444%

ISOVF in the right 
uncinate fasciculus

X-15,674 MO 0.223
(0.037–0.408)

0.237
(0.011–0.463)

0.097
(0.007–0.187)

0.023 10.292%

lysine(CSF) Cortical surface 
area of the left 
postcentral gyrus

MO −1.033
(−1.853 -−0.213)

0.216
(0.046–0.386)

−0.524
(−1.005 -−0.043)

-0.113 10.960%
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Fig. 4  Mediation analysis reveals cross-omics causal pathways linking brain imaging phenotypes, metabolites, and migraine. (A) Forest plot from the 
second step of two-step MR, assessing causal links between BIPs and metabolites that both demonstrated causal associations with migraine in the first 
step. (B) Schematic summary of five significant mediation pathways identified from two-step MR
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Fig. 5 (See legend on next page.)
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including 5 genes with protective effects and 14 genes 
linked to an increased risk (Fig S3).

In the Cerebellum region, we identified 36 genes asso-
ciated with migraine and its two subtypes, including 16 
genes with protective effects and 20 genes linked to an 
increased risk (Fig S4).

In the Cortex region, we identified 18 genes associ-
ated with migraine and its two subtypes, including 7 
genes with protective effects and 11 genes linked to an 
increased risk (Fig S5).

In the Frontal Cortex region, we identified 23 genes 
associated with migraine and its two subtypes, including 
9 genes with protective effects and 14 genes linked to an 
increased risk (Fig S6).

In the Hippocampus region, we identified 12 genes 
associated with migraine and its two subtypes, including 
5 genes with protective effects and 7 genes linked to an 
increased risk (Fig S7).

In the Hypothalamus region, we identified 11 genes 
associated with migraine and its two subtypes, including 
4 genes with protective effects and 7 genes linked to an 
increased risk (Fig S8).

In the Nucleus accumbens basal ganglia region, we 
identified 20 genes associated with migraine and its two 
subtypes, including 7 genes with protective effects and 13 
genes linked to an increased risk (Fig S9).

In the Putamen basal ganglia region, we identified 13 
genes associated with migraine and its two subtypes, 
including 4 genes with protective effects and 9 genes 
linked to an increased risk (Fig S10).

In the Spinal cord cervica region, we identified 12 genes 
associated with migraine and its two subtypes, including 
4 genes with protective effects and 8 genes linked to an 
increased risk (Fig S11).

In the Substantia nigra region, we identified 5 genes 
associated with migraine and its two subtypes, including 
3 genes with protective effects and 2 genes linked to an 
increased risk (Fig S12).

Several genes have significant causal effects in multiple 
brain regions on overall migraine and the MA and MO 
subtypes. Notably, FAM83B showed a significant associa-
tion across 13 brain regions, while CIB2 was implicated 
in 11 brain regions, with both displaying an inhibitory 
effect. These findings suggest that these genes may play 
a pivotal role in the neurobiological mechanisms under-
lying migraine susceptibility and its subtypes, poten-
tially influencing multiple functional networks across the 

brain. The detailed results of the SMR analysis are pro-
vided in Supplementary Table 20.

Discussion
To our knowledge, this is the first study to integrate brain 
imaging, metabolite, and gene expression data to dis-
sect the genetic mechanisms underlying migraine sub-
types. We first used LDSC to explore genetic correlations 
among BIPs, CSF and brain metabolites, and migraine. 
By performing bidirectional TSMR, we systematically 
assessed causal relationships and further applied a two-
step TSMR framework to identify cross-omics media-
tion effects. Subsequently, we conducted a SMR analysis 
across 13 distinct brain regions to evaluate the causal 
roles of regional gene expression in migraine and its sub-
types. These analyses revealed that brain structural alter-
ations influence migraine risk in part through brain and 
CSF metabolites, while metabolite levels can also modu-
late brain imaging phenotypes. Furthermore, SMR analy-
sis suggested that genes with a causal effect on migraine 
may influence migraine susceptibility through immune-
related pathways. Our study highlights a complex and 
interconnected pathophysiology in migraine.

Using LDSC, we identified significant genetic correla-
tions between migraine and brain metabolites and BIPs. 
The results reveal substantial genetic associations, indi-
cating a complex interplay between neurological struc-
tures, metabolic profile, and migraine pathophysiology. 
Our findings align with existing research, further sup-
porting the complex genetic basis of migraine [45, 46]. 
We further performed KEGG enrichment analysis on 
the metabolites that showed significant genetic corre-
lations with migraine. Across overall migraine as well 
as the MA and MO subtypes, we observed consistent 
enrichment of multiple amino acid metabolism-related 
pathways. Notably, pathways such as glycine, serine and 
threonine metabolism, and valine, leucine and isoleucine 
biosynthesis and degradation were prominently repre-
sented. These findings suggest that disturbances in amino 
acid homeostasis may play a functional role in migraine 
pathogenesis. Supporting this, loss-of-function muta-
tions affecting the α2-Na+/K + ATPase have been shown 
to cause familial hemiplegic migraine (FHM). A recent 
study by Sarah Smith and colleagues demonstrated that 
dysfunction of α2-Na+/K + ATPase, specifically in astro-
cytes, can evoke episodic paralysis in mice, which was 
associated with elevated levels of serine and glycine in 

(See figure on previous page.)
Fig. 5  The causal effect of gene expression in Cerebellar Hemisphere region on migraine. Venn diagram illustrating gene expression in the brain cerebel-
lar hemisphere with significant causal effects on Migraine, MA, and MO. Numbers indicate unique and shared metabolites among the groups (A). GO (B) 
and KEGG (C) pathways enriched by genes expressed in the brain cerebellar hemisphere region, exhibiting significant causal effects on Migraine, as well 
as MA and MO subtypes; the PPI network of screened genes showing the significant causal impact on Migraine, as well as MA and MO subtypes (D). The 
potential translational factors interacted with screened genes, significantly affecting migraine and MA and MO subtypes (E). The potential miRNA inter-
acted with screened genes, significantly affecting migraine and MA and MO subtypes (F). Forest plot depicting the causal associations between genes 
and overall migraine (G), MA (H), and MO (I)
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the brain [47]. In line with these experimental results, 
clinical metabolomic studies have also identified altered 
amino acid profiles in migraine patients. Izabela et al. 
found elevated levels of histidine in migraine patients 
both with and without aura, whereas decreased levels of 
valine and leucine were observed specifically in patients 
with migraine without aura [48]. Our finding collectively 
underscore the importance of amino acid metabolism 
in migraine pathogenesis. Future studies are warranted 
to further delineate how specific metabolic disruptions 
influence neuronal and glial function, and to evaluate the 
therapeutic potential of modulating amino acid pathways 
as a targeted intervention for different migraine subtypes.

Building on our finding that most migraine associated 
BIPs map to the parietal lobe. The parietal lobe forms a 
key subdivision of the cerebral cortex and comprises 
two principal functional areas: the somatosensory cor-
tex, which receives and processes tactile, proprioceptive, 
and other sensory inputs from the body and environ-
ment; and the posterior parietal cortex, which performs 
concurrent summaries and higher cognitive functions 
[49]. Cortical spreading depression (CSD) is a wave of 
neuronal and glial depolarization that propagates across 
the cerebral cortex and is considered the neurophysi-
ological correlate of migraine aura [50].Recent neuroim-
aging studies further underscore the parietal lobe’s key 
role in migraine, particularly in patients with aura. CSD 
events originating in the parietal cortex can trigger sen-
sory disturbances such as tingling and numbness [51]. 
Importantly, the neuronal and vascular responses to CSD 
are complex, involving the release of various vasoactive 
agents [52], thereby altering metabolic levels within the 
brain and CSF. Given these intricate neurovascular and 
metabolic interactions, further studies are required to 
elucidate the precise molecular mechanisms by which 
CSD modulates parietal lobe function via metabolic 
changes.

Our mediation analysis provides novel evidence sup-
porting the presence of cross-omics regulatory pathways 
in migraine pathogenesis. Specifically, we identified five 
robust mediation effects involving BIPs and CSF metabo-
lites, underscoring the dynamic interplay between brain 
structural features and metabolic alterations in shaping 
migraine risk. In overall migraine, the protective effect 
of right superior parietal gyrus thickness was partially 
mediated by CSF nucleotide levels, while the effect of 
nucleotides on migraine was partially mediated by the 
thickness of the left superior parietal gyrus. These bidi-
rectional mediation suggests a potential feedback regu-
latory mechanism between structural alterations in 
the parietal cortex and purine metabolism, collectively 
influencing migraine pathogenesis. Purine metabolites 
such as ATP, ADP, AMP, and adenosine play dual roles in 
migraine pathophysiology by modulating both vascular 

tone and nociceptive signaling through P2X and P2Y 
receptors. Dysregulated purinergic signaling contributes 
to neurogenic inflammation, cortical spreading depres-
sion, and trigeminovascular system activation, which are 
key mechanisms in migraine onset and progression [53]. 
It is conceivable that nucleotides and the parietal cortex 
interact to form a neuroprotective circuit that mitigates 
migraine susceptibility. Extracellular nucleotides such as 
ATP can act through purinergic receptors in the parietal 
cortex to regulate neuronal excitability and modulate 
pain-related sensory processing. Conversely, the struc-
tural integrity of the parietal cortex may help maintain 
balanced nucleotide metabolism by modulating neuronal 
activity and glial function. This bidirectional relationship 
could establish a homeostatic feedback loop that sup-
presses migraine initiation by simultaneously regulating 
brain metabolism and cortical excitability.

Previous two-sample MR analyses identified BIPs 
with causal associations with migraine, localized to 
distinct brain regions. Based on this observation, we 
hypothesized that different brain regions may exert 
region-specific effects on migraine risk. To investigate 
this, we conducted a comprehensive SMR to evaluate 
the causal relationships between gene expression in 13 
brain regions and migraine. In addition, we performed 
enrichment analyses, PPI network construction, and 
TF and miRNA regulatory analyses to further explore 
the potential underlying mechanisms. Our enrichment 
analysis revealed significant enrichment of these genes 
in immune-related pathways. GO enrichment analysis 
revealed significant enrichment in pathways related to T 
cell activation, lymphocyte activation, and leukocyte acti-
vation, highlighting the potential involvement of immune 
cell interactions and inflammatory processes in the 
pathophysiology of migraine. Furthermore, these genes 
were strongly associated with the MHC class II protein 
complex and the immune synapse formation pathway. 
This suggests that antigen presentation and immune sig-
nalling may be core migraine susceptibility mechanisms. 
Similarly, KEGG pathway enrichment analysis identified 
multiple immune-related signalling pathways, includ-
ing antigen processing and presentation, Th1 and Th2 
cell differentiation, and Th17 cell differentiation. Given 
their essential role in shaping immune responses, these 
findings suggest that distinct subpopulations of helper 
T cells may contribute to the onset and progression of 
migraine through the modulation of neuroinflamma-
tory pathways. Emerging evidence suggests a strong link 
between migraine pathophysiology, inflammation, and 
immune cell activity. The activation of immune pathways 
may influence the trigeminovascular system [54, 55], and 
elevated levels of inflammatory cytokines, including IL-6, 
TNF-α and calcitonin gene-related peptide (CGRP), play 
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a role in pain transmission and vascular changes during 
migraine attacks [54, 56, 57].

Notably, FAM83B exhibited significant associations in 
all 13 brain regions analyzed. Although its role in neural 
or immune function remains underexplored, FAM83B 
has been shown to impede the translocation of calbin-
din 2 (CALB2) from the cytoplasm to the mitochondria, 
thereby inhibiting apoptosis and enhancing mitochon-
drial activity [58]. It is plausible that FAM83B may exert 
a neuroprotective effect in migraine. By promoting mito-
chondrial function and reducing neuronal vulnerability 
to metabolic stress, FAM83B may help stabilize neuro-
nal excitability thresholds and reduce susceptibility to 
migraine attacks. This mechanistic hypothesis aligns with 
our findings of a consistent inhibitory effect of FAM83B 
across multiple brain regions.

These findings emphasize that brain structure and met-
abolic processes are not acting in isolation but are mech-
anistically interconnected. Our MR analysis revealed 
distinct genetic characteristics among total migraine, 
MA, and MO. These findings underscore the diver-
gent neurobiological mechanisms underlying MA and 
MO, suggesting that they may have distinct genetic and 
pathophysiological underpinnings despite their shared 
symptomatic features. These results further indicate that 
tailored therapeutic strategies, accounting for each sub-
type’s specific genetic and neurobiological profiles, may 
be essential for optimizing treatment efficacy.

This study employed a large sample size and instru-
mental factors obtained from the GWAS database, 
which enhanced the statistical power to predict causal 
associations and increased the reliability of the results. 
However, it is imperative to consider our study’s particu-
lar constraints. The genetic instruments and sample size 
still limit causal inference. The selected genetic variants 
may not fully capture the complex genetic background of 
these diseases. In addition, the findings of this study are 
derived from data collected from the European popula-
tion, indicating that there could be substantial limitations 
on the applicability of its results.

Despite these limitations, our findings provide valuable 
insights into the potential causal relationships among 
brain region-specific gene expression, BIPs, brain and 
CSF metabolites, and migraine, thereby highlighting 
potential therapeutic targets.
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