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Abstract 

Background Currently, the treatment and prevention of migraine remain highly challenging. Mendelian randomiza-
tion (MR) has been widely used to explore novel therapeutic targets. Therefore, we performed a systematic druggable 
genome-wide MR to explore the potential therapeutic targets for migraine.

Methods We obtained data on druggable genes and screened for genes within brain expression quantitative trait 
locis (eQTLs) and blood eQTLs, which were then subjected to two-sample MR analysis and colocalization analysis 
with migraine genome-wide association studies data to identify genes highly associated with migraine. In addition, 
phenome-wide research, enrichment analysis, protein network construction, drug prediction, and molecular docking 
were performed to provide valuable guidance for the development of more effective and targeted therapeutic drugs.

Results We identified 21 druggable genes significantly associated with migraine (BRPF3, CBFB, CDK4, CHD4, DDIT4, 
EP300, EPHA5, FGFRL1, FXN, HMGCR, HVCN1, KCNK5, MRGPRE, NLGN2, NR1D1, PLXNB1, TGFB1, TGFB3, THRA, TLN1 
and TP53), two of which were significant in both blood and brain (HMGCR and TGFB3). The results of phenome-wide 
research showed that HMGCR was highly correlated with low-density lipoprotein, and TGFB3 was primarily associated 
with insulin-like growth factor 1 levels.

Conclusions This study utilized MR and colocalization analysis to identify 21 potential drug targets for migraine, two 
of which were significant in both blood and brain. These findings provide promising leads for more effective migraine 
treatments, potentially reducing drug development costs.

Keywords Migraine, Mendelian randomization, Druggable target genes

Background
Migraine is a prevalent chronic disease characterized 
by recurring headaches that are typically unilateral and 
throbbing, ranging from moderate to severe intensity, 
and often accompanied by nausea, vomiting, sensitivity 
to light, among other symptoms [1]. Migraine is recog-
nized as the second most disabling condition globally, 
creating substantial challenges for those affected and 
also placing a considerable strain on society overall [2]. 
Genetic factors play a substantial role in migraine, with 
its heritability estimated to be as high as 57% [3].

Currently, the treatment and prevention of migraine 
remain highly challenging. Although new drugs (e.g. 
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targeting the calcitonin gene-related peptide, namely 
CGRP) have been developed, offering significant ben-
efits to migraine sufferers, there are still many issues, 
such as side effects and less than ideal response rates [4]. 
Therefore, it is necessary to continue exploring poten-
tial therapeutic targets for migraine treatment. Inte-
grating genetics into drug development may provide a 
novel approach. While genome-wide association studies 
(GWAS) are very effective in identifying single nucleo-
tide polymorphisms (SNPs) associated with the risk of 
migraine [5], the GWAS method does not clearly and 
directly identify the causative genes or drive drug devel-
opment without substantial downstream analyses [6, 7].

Mendelian randomization (MR) is a method that uti-
lizes genetic variation as instrumental variables (IVs) to 
uncover a causal connection between an exposure and 
an outcome [8]. MR analysis has been widely applied to 
discover new therapeutic targets by integrating summa-
rized data from disease GWAS and expression quanti-
tative trait loci (eQTL) studies [9]. The eQTLs found in 
the genomic regions of druggable genes are always con-
sidered as proxies, since the expression levels of gene 
can be seen as a form of lifelong exposure. Therefore, 
we performed a systematic druggable genome-wide MR 
to explore the potential therapeutic targets for migraine. 
First, we obtained data on druggable genes and screened 
for genes within brain eQTLs and blood eQTLs, which 
were then subjected to two-sample MR analysis with 
migraine GWAS data to identify genes highly associated 
with migraine. Subsequently, we conducted colocaliza-
tion analysis to ensure the robustness of our results. For 
significant genes both in blood and brain, the phenome-
wide research was conducted to explore the relationship 
between shared potential therapeutic targets and other 
characteristics. In addition, enrichment analysis, protein 

network construction, drug prediction, and molecu-
lar docking were performed for all significant genes to 
provide valuable guidance for the development of more 
effective and targeted therapeutic drugs.

Methods
The overview of this study is presented in Fig. 1.

Druggable genes
Druggable genes were sourced from the Drug-Gene 
Interaction Database (DGIdb,https:// www. dgidb. org/) 
[10] and a comprehensive review [11]. The DGIdb offers 
insights into drug-gene interactions and the potential 
for druggability. We accessed the ’Categories Data’ from 
DGIdb, which was updated in February 2022. Addi-
tionally, we utilized a list of druggable genes provided 
in a review authored by Finan et al. [11]. By consolidat-
ing druggable genes from two sources, a broader range 
of druggable genes can be obtained, which have already 
been applied in previous study [12].

eQTL datasets
The blood eQTL dataset was sourced from eQTLGen 
(https:// eqtlg en. org/) [13], which provided cis-eQTLs 
for 16,987 genes derived from 31,684 blood samples col-
lected from healthy individuals of European ancestry 
(Table  1). We acquired cis-eQTL results that were fully 
significant (with a false discovery rate (FDR) less than 
0.05) along with information on allele frequencies. We 
obtained the brain eQTL data from the PsychENCODE 
consortia (http:// resou rce. psych encode. org) [14], encom-
passing 1,387 samples from the prefrontal cortex, pri-
marily of European descent (Table 1). We downloaded all 
significant eQTLs (with FDR less than 0.05) for genes that 
exhibited an expression level greater than 0.1 fragments 

Fig. 1 Overview of this study design. DGIdb: Drug-Gene Interaction Database; eQTL: expression quantitative trait loci; GWAS: genome-wide 
association studies; PheWAS: Phenome-wide association study; PPI: protein–protein interaction; DSigDB: Drug Signatures Database

https://www.dgidb.org/
https://eqtlgen.org/
http://resource.psychencode.org
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per kilobase per million mapped fragments in at least 10 
samples, along with complete SNP information.

Migraine GWAS dataset
In this study, the summary statistics data for migraine 
were obtained from a meta-analysis of GWAS conducted 
by the International Headache Genetics Consortium 
(IHGC) in 2022 [5]. To address privacy concerns related 
to participants in the 23andMe cohort, the GWAS sum-
mary statistics data used in this study did not include 
samples from the 23andMe cohort. The summary data 
comprised 589,356 individuals of European ancestry, 
with 48,975 cases and 540,381 controls (Table 1).

Mendelian randomization analysis
MR analyses were conducted using the ’TwoSampleMR’ 
package (version 0.5.7) [15] in R. We chose the eQTLs 
of the drug genome as the exposure data. For con-
structing IVs, SNPs with a FDR below 0.05 and located 
within ± 100  kb of the transcriptional start site (TSS) of 
each gene were selected. These SNPs were subsequently 
clumped at an  r2 less than 0.001 using European samples 
from the 1000 Genomes Project [16]. The R package ’phe-
noscanner’ [17] (version 1.0) was employed to identify 
phenotypes related to the IVs. Additionally, we excluded 
SNPs that were directly associated with migraine and the 
trait directly linked to migraine, namely headache. We 
harmonised and conducted MR analyses on the filtered 
SNPs. When only one SNP was available for analysis, we 
use the Wald ratio method to perform MR estimation. 
When multiple SNPs were available, MR analysis was 
performed using the inverse-variance weighted (IVW) 
method with random effects [18]. We used Cochran’s Q 
test to assess heterogeneity among the individual causal 
effects of the SNPs [19]. Additionally, MR Egger’s inter-
cept was utilized to evaluate SNP pleiotropy [20]. P-val-
ues were adjusted by FDR, and 0.05 was considered as 
the significant threshold. Additionally, we selected target 
genes associated with commonly used medications for 
migraine and compared their MR results with those of 
significantly druggable genes.

Colocalization analysis
Sometimes, a single SNP is located in the regions of two 
or more genes. In such cases, its impact on a disease 
(here, migraine) is influenced by a mix of different genes. 
Colocalization analysis was used to confirm the poten-
tial shared causal genetic variations in physical location 
between migraine and eQTLs. We separately filtered 
SNPs located within ± 100  kb from each migraine risk 
gene’s TSS from migraine GWAS data, blood eQTL data, 
and brain eQTL data. The probability that a given SNP is 
associated with migraine is denoted as P1, the probability 
that a given SNP is a significant eQTL is denoted as P2, 
and the probability that a given SNP is both associated 
with migraine and is an eQTL result is denoted as P12. 
All probabilities were set to default values (P1 = 1 ×  10−4, 
P2 = 1 ×  10−4, and P12 = 1 ×  10−5) [21]. We used posterior 
probabilities (PP) to quantify the support for all hypoth-
eses, which are identified as PPH0 through PPH4: PPH0, 
not associated with any trait; PPH1, related to gene 
expression but not associated with migraine risk; PPH2, 
associated with migraine risk but not related to gene 
expression; PPH3, associated with both migraine risk and 
gene expression, with clear causal variation; and PPH4, 
associated with both migraine risk and gene expression, 
with a common causal variant. Given the limited capacity 
of colocalization analysis, we restricted our subsequent 
analyses to genes where PPH4 was greater than or equal 
to 0.75. Colocalization analysis was conducted using the 
R package ’coloc’ (version 5.2.3).

Phenome‑wide association analysis
We used the IEU OpenGWAS Project (https:// gwas. 
mrcieu. ac. uk/ phewas/) [15] to obtain the phenome-wide 
association study (PheWAS) data of SNPs corresponding 
to druggable genes that were significant in both blood 
and brain following colocalization analysis.

Enrichment analysis
To explore the functionals’ characteristics and biological 
relevance of predetermined prospective druggable genes, 
the R package ’clusterProfiler’ (version 4.10.1) [22] was 
used for Gene Ontology (GO) and Kyoto Encyclopedia 
of Genes and Genomes (KEGG) enrichment studies. GO 
includes three terms: Biological Process (BP), Molecular 

Table 1 The details of eQTL and GWAS used in the study

Dataset Sample size Ancestry Consortium Web link

The blood cis-eQTL 31,684 European eQTLGen https:// eqtlg en. org/

The brain cis-eQTL 1,387 Primarily European PsychENCODE http:// resou rce. psych encode. org

Migraine GWAS 589,356 European IHGC https:// www. nature. com/ artic 
les/ s41588- 021- 00990-0

https://gwas.mrcieu.ac.uk/phewas/
https://gwas.mrcieu.ac.uk/phewas/
https://eqtlgen.org/
http://resource.psychencode.org
https://www.nature.com/articles/s41588-021-00990-0
https://www.nature.com/articles/s41588-021-00990-0
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Function (MF), and Cellular Component (CC). KEGG 
pathways can provide information about metabolic 
pathways.

Protein–protein interaction network construction
The protein–protein interaction (PPI) networks can 
visually display the relationships between protein inter-
actions of significant druggable genes. We constructed 
PPI networks using the STRING (https:// string- db. org/) 
s’  with a confidence score threshold of 0.4 as the mini-
mum required interaction score, while all other param-
eters were maintained at their default settings [23].

Candidate drug prediction
Drug Signatures Database (DSigDB,http:// dsigdb. tanlab. 
org/ DSigD Bv1.0/) [24] is a sizable database with 22,527 
gene sets and 17,389 unique compounds spanning 19,531 
genes. We uploaded previously identified significant 
druggable genes to DSigDB to predict candidate drugs 
and evaluate the pharmacological activity of target genes.

Molecular docking
We conducted molecular docking to assess the bind-
ing energies and interaction patterns between candidate 
drugs and their targets. By identifying ligands that exhibit 
high binding affinity and beneficial interaction patterns, 
we are able to prioritize drug targets for additional exper-
imental validation and refine the design of prospective 
candidate drugs. Drug structural data were sourced from 
the PubChem Compound Database (https:// pubch em. 
ncbi. nlm. nih. gov/) [25] and downloaded in SDF format, 
then converted to pdb format using OpenBabel 2.4.1. 
Protein structural data were downloaded from the Pro-
tein Data Bank (PDB, http:// www. rcsb. org/). The top five 
important drugs and the proteins encoded by the respec-
tive target genes were subjected to molecular docking 
using the computerized protein–ligand docking software 
AutoDock 4.2.6 (http:// autod ock. scrip ps. edu/) [26], and 
the results were visualized using PyMol 3.0.2 (https:// 
www. pymol. org/). The final structures of six proteins and 
four drugs were obtained.

Results
Druggable genome
We obtained 3,953 druggable genes from the DGIdb 
(Table  S1). Additionally, we acquired 4,463 drugga-
ble genes from previous reviews (Table  S2) [11]. After 
integrating the data, we obtained 5,883 unique drugga-
ble genes named by the Human Genome Organisation 
Gene Nomenclature Committee for subsequent analysis 
(Table S3).

Candidate druggable genes
After intersecting eQTLs from blood and brain tissue 
with druggable genes respectively, the blood eQTLs 
contained 3,460 gene symbols, while the brain eQTLs 
had 2,624 gene symbols. We performed MR analy-
sis and identified 24 significant genes associated with 
migraine from blood and 10 from brain tissue (Figs.  2 
and 3). Among them, two genes, HMGCR and TGFB3, 
reached significance in both blood (HMGCR OR 1.38 
and TGFB3 OR 0.88) and brain tissues (HMGCR OR 
2.02 and TGFB3 OR 0.73). Detailed results for the sig-
nificant IVs and full results of MR are available in the 
Table S4-S6.

We selected target genes associated with com-
monly used medications for migraine as comparisons 
for our study results [27]. These include CGRP-related 
gene (CALCB, CALCRL, RAMP1 and RAMP3), genes 
related to 5-hydroxytryptamine (5-HT) receptors tar-
geted by ergot alkaloids, triptans, and ditans (HTR1B, 
HTR1D, HTR1F), γ-aminobutyric acid (GABA) recep-
tor-related genes targeted by topiramate (GABRA1), cal-
cium ion channel-related genes targeted by flunarizine 
(CACNA1H, CACNA1I, CALM1), and genes related 
to β-adrenoceptor targeted by propranolol (ADRB1, 
ADRB2). Among these genes (Fig.  4), CALM1 showed 
significant association with migraine in blood eQTL, 
but it lost significance after FDR correction (OR 0.92, 
P = 0.039, FDR-P = 0.455). In brain eQTL, CALCB and 
RAMP3 showed correlation with migraine, and after 
FDR correction, CALCB still maintained significance 
(CALCB: OR 0.68, P = 0.0001, FDR-P = 0.029; RAMP3: 
OR 1.16, P = 0.031, FDR-P = 0.425).

Colocalization analysis
The results indicated that, of the previously identified 24 
significant genes from blood, 17 had a PPH4 greater than 
0.75. Among the 10 significant genes from brain, 6 had 
a PPH4 greater than 0.75. HMGCR and TGFB3 showed 
significant colocalization results in both blood and brain 
tissues (Table 2, Table 3 and Table S7).

Phenome‑wide association analysis
Due to the presence of the blood–brain barrier, com-
pared to various components in the blood and other 
organs, brain tissue is more difficult to be affected by the 
action of drugs [28]. Therefore, we used the IEU OpenG-
WAS Project to obtain the PheWAS results of SNPs cor-
responding to HMGCR and TGFB3 from blood, rather 
than from brain tissue. The results showed that HMGCR 
was highly correlated with low-density lipoprotein (LDL), 
and TGFB3 was primarily associated with the level of 

https://string-db.org/
http://dsigdb.tanlab.org/DSigDBv1.0/
http://dsigdb.tanlab.org/DSigDBv1.0/
https://pubchem.ncbi.nlm.nih.gov/
https://pubchem.ncbi.nlm.nih.gov/
http://www.rcsb.org/
http://autodock.scripps.edu/
https://www.pymol.org/
https://www.pymol.org/
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Fig. 2 Forest plot of 24 significant genes associated with migraine from blood
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insulin-like growth factor 1 (IGF1). The complete results 
are available in the Table S8-S9.

Enrichment analysis
Through GO analysis of 21 potential targets, we found 
that these targets are primarily involved in BP such as 
regulation of protein secretion (GO: 0050708), response 
to hypoxia (GO: 0001666), negative regulation of car-
bohydrate metabolic processes (GO: 0045912), and the 
intrinsic apoptotic signaling pathway in response to 
DNA damage by p53 class mediator (GO: 0042771). The 
main MF include transcription coregulator binding (GO: 
0001221) and chromatin DNA binding (GO: 0031490, 
Fig. 5). To explore the potential therapeutic pathways of 
migraine-associated significant druggable genes, KEGG 

analysis indicates that the target genes were primarily 
enriched in pathways such as Human T-cell leukemia 
virus 1 infection (hsa05166) and the Cell cycle (hsa04110, 
Fig. 6).

Protein–protein interaction network construction
We loaded 21 drug target genes into the STRING data-
base to create a PPI network. The results, shown in Fig. 7, 
displayed protein interaction pathways consisting of 21 
nodes and 22 edges.

Candidate drug prediction
We used DSigDB to predict potentially effective inter-
vention drugs and listed the top 10 potential interven-
tion drugs based on the adjusted P-values (Table 4). The 

Fig. 3 Forest plot of 10 significant genes associated with migraine from brain
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results indicated that butyric acid (butyric acid CTD 
00007353) and clofibrate (clofibrate CTD 00005684) 
were the two most significant drugs, connected respec-
tively to TGFB1, TGFB3, EP300, TP53 and TGFB1, 
CDK4, HMGCR, TP53. Additionally, arsenenous acid 
(Arsenenous acid CTD 00000922) and dexamethasone 

(dexamethasone CTD 00005779) were associated with 
most of the significant druggable genes.

Molecular docking
We used AutoDock 4.2.6 to analyze the binding sites and 
interactions between the top 5 candidate drugs and the 

Fig. 4 Forest plot of 13 genes associated with commonly used medications for migraine from blood and brain
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proteins encoded by the corresponding genes, generating 
the binding energy for each interaction. We obtained 14 
effective docking results between the proteins and drugs 
(Table  5). Docking amino acid residues and hydrogen 
bond lengths are shown in Fig. 8. Among these, the bind-
ing between CDK4 and andrographolide exhibited the 
lowest binding energy (-7.11 kcal/mol), indicating stable 
binding.

Discussion
This study integrated existing druggable gene targets 
with migraine GWAS data through MR and colocali-
zation analysis, identifying 21 druggable genes signifi-
cantly associated with migraine (BRPF3, CBFB, CDK4, 
CHD4, DDIT4, EP300, EPHA5, FGFRL1, FXN, HMGCR, 
HVCN1, KCNK5, MRGPRE, NLGN2, NR1D1, PLXNB1, 
TGFB1, TGFB3, THRA, TLN1 and TP53). To further 

illustrate the potential pleiotropy and drug side effects of 
significant druggable genes, we conducted a phenome-
wide research of two SNPs associated with two drugga-
ble genes of interest (HMGCR and TGFB3). Additionally, 
we performed enrichment analysis and constructed PPI 
network for these 21 significant genes to understand the 
biological significance and interaction mechanisms of 
these drug targets. Finally, drug prediction and molecular 
docking were conducted to further validate the pharma-
ceutical value of these significant druggable genes.

The association between HMGCR and migraine has 
been supported by multiple prior studies. One study 
indicated that migraine has significant shared signals 
with certain lipoprotein subgroups at the HMGCR locus 
[29]. Hong et  al. found that HMGCR genotypes associ-
ated with higher LDL cholesterol levels are linked to an 
increased risk of migraine [30]. Statins inhibit the activ-
ity of HMG-CoA reductase, which is encoded by the 
HMGCR gene, to exert their lipid-lowering effects and 
have been widely used in the prevention and treatment 
of coronary heart disease and ischemic stroke. Previ-
ous clinical research has shown that simvastatin com-
bined with vitamin D can effectively prevent episodic 
migraines in adults [31]. Additionally, HMGCR may also 
be involved in immune modulation, with studies suggest-
ing that migraine patients experience neuroinflamma-
tion due to activation of the trigeminal-vascular system, 
leading to peripheral and central sensitization of pain and 
triggering migraine attacks [32, 33]. HMGCR inhibitors 
can suppress the production of inflammatory mediators 
and cytokines, thus reducing inflammatory responses 
[34]. We speculate that the role of HMGCR in regulat-
ing inflammation and immunity may have influenced 
the drug prediction results generated by DSigDB, which 
based on Gene Set Enrichment Analysis (GSEA) [24, 
35, 36], diluting the role of HMGCR in regulating lipid 
metabolism. Therefore, statins did not appear in the pre-
dicted list of candidate drugs.

TGFB1 and TGFB3 encodes different secreted 
ligands of the transforming growth factor-beta (TGF-β) 
superfamily of proteins, namely TGF-β1 and TGF-β3. 
TGF-β is a pleiotropic cytokine closely associated with 
immunity and inflammation [37]. Research indicated 
that TGF-β3 can inhibit B cell proliferation and anti-
body production by suppressing the phosphorylation 
of NF-κB, thus exerting its anti-inflammatory effects 
[38]. The activation of the classical NF-κB pathway is 
a key mechanism that upregulates pro-inflammatory 
cytokines, promoting central sensitization and leading 
to the onset of chronic migraine [39]. A previous clini-
cal study indicated that the serum levels of TGF-β1 are 
significantly elevated in migraine patients [40]. Ishi-
zaki et al. found that TGF-β1 levels in the platelet poor 

Table 2 Colocalization results of 17 significant genes from blood

PPH0-PPH4 represent the posterior probabilities of different hypotheses, and 
PPH4 > 0.75 was considered as a significant colocalization result

Gene PPH0 PPH1 PPH2 PPH3 PPH4

CBFB 0.000 0.000 0.179 0.042 0.778

EP300 0.000 0.000 0.100 0.052 0.848

TGFB1 0.000 0.001 0.000 0.015 0.985

CHD4 0.000 0.000 0.057 0.055 0.888

HMGCR 0.000 0.000 0.001 0.029 0.970

TGFB3 0.000 0.000 0.055 0.000 0.945

HVCN1 0.000 0.000 0.063 0.075 0.862

THRA 0.000 0.000 0.003 0.002 0.995

NR1D1 0.000 0.000 0.003 0.002 0.995

CDK4 0.000 0.000 0.134 0.001 0.865

TLN1 0.003 0.000 0.116 0.007 0.874

TP53 0.000 0.000 0.011 0.003 0.986

PLXNB1 0.000 0.000 0.007 0.093 0.900

KCNK5 0.000 0.000 0.070 0.026 0.905

FXN 0.000 0.000 0.000 0.003 0.997

DDIT4 0.000 0.000 0.035 0.023 0.943

MRGPRE 0.000 0.000 0.000 0.008 0.992

Table 3 Colocalization results of 10 significant genes from brain

PPH0-PPH4 represent the posterior probabilities of different hypotheses, and 
PPH4 > 0.75 was considered as a significant colocalization result

Gene PPH0 PPH1 PPH2 PPH3 PPH4

BRPF3 0.067 0.008 0.035 0.003 0.888

HMGCR 0.110 0.087 0.011 0.008 0.785

TGFB3 0.045 0.001 0.052 0.000 0.902

FGFRL1 0.000 0.000 0.081 0.001 0.918

EPHA5 0.000 0.000 0.094 0.012 0.894

NLGN2 0.000 0.000 0.007 0.030 0.962
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plasma of migraine patients are significantly increased 
during headache-free intervals [41]. Bø et al. discovered 
that during acute migraine attacks, the levels of TGF-β1 
in cerebrospinal fluid are significantly higher compared 
to the control group [42]. Although some studies con-
sider TGF-β1 to be an anti-inflammatory cytokine [43], 
based on previous research and the results of this study, 
we believe that TGFB1 and its encoded protein, TGF-
β1, are associated with an increased risk of migraine. 
The pleiotropic effects of TGF-β1 on inflammation may 

depend on concentration and environment [44]. In 
addition, we found an association between TGFB3 and 
IGF1 in our phenome-wide research. A previous MR 
study showed that increased levels of IGF1 are causally 
associated with decreased migraine risk [45]. Recent 
experimental results suggest that the miR-653-3p/IGF1 
axis regulating the AKT/TRPV1 signaling pathway may 
be a potential pathogenic mechanism for migraine [46]. 
The beneficial effects of TGF-β3 and IGF1 on migraine 
may be associated with the regulation of gene expres-
sion in different microenvironments to promote the 

Fig. 5 GO enrichment results for three terms
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transition of microglial cells from M1 (pathogenic) to 
M2 (protective) phenotypes [47].

Among the 13 genes targeted by some commonly used 
migraine treatment drugs, the MR results for 3 genes 
were significant in blood or brain eQTL. Although only 
one gene remained significant after FDR correction, this 
still demonstrates that the significant genes newly identi-
fied in this study are reliable and have potential as drug 

targets to some extent. The lack of significance in cer-
tain drug target genes may be related to the insufficient 
sample size of the migraine GWAS data included in our 
study. It would be meaningful to validate the results of 
this study with more large-sample GWAS data available 
in the future.

In this study, DSigDB predicted 10 potential drugs for 
migraine, but current clinical research is mainly focused 

Fig. 6 KEGG enrichment results

Table 4 Candidate drug predicted by DSigDB

Drug name P‑value Adjusted P‑value Genes

butyric acid CTD 00007353 0.000 0.000 TGFB1; TGFB3; EP300; TP53

clofibrate CTD 00005684 0.000 0.000 TGFB1; CDK4; HMGCR; TP53

Sorafenib CTD 00004146 0.000 0.003 TGFB1; CDK4; DDIT4; TP53

Andrographolide CTD 00001445 0.000 0.005 TGFB1; CDK4; TP53

Arsenenous acid CTD 00000922 0.000 0.008 EPHA5; TGFB1; TGFB3; CDK4; 
DDIT4; EP300; TP53; FXN

Melatonin CTD 00006260 0.000 0.011 TGFB1; CDK4; TP53

Mehp CTD 00000849 0.000 0.011 EP300; HMGCR; TP53

dexamethasone CTD 00005779 0.000 0.012 TGFB1; TGFB3; EP300; NR1D1; TP53

NIMUSTINE CTD 00007067 0.000 0.013 FXN; TP53

Homocastasterone CTD 00002741 0.000 0.013 CDK4; TP53
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on melatonin and dexamethasone. ClinicalTrials (https:// 
clini caltr ials. gov/) has registered multiple studies on the 
efficacy of melatonin and dexamethasone for migraine. 
Many research findings differ differently and controver-
sially. A published clinical study on acute treatment of 
pediatric migraine showed that both low and high doses 

of melatonin contributed to pain relief [48]. The con-
sensus published by the Brazilian Headache Society in 
2022 lists melatonin as a recommended medication for 
preventing episodic migraine (Class II; Level C) [49]. 
However, study indicated that bedtime administration 
of sustained-release melatonin did not lead to a reduc-
tion in migraine attack frequency compared to placebo 
[50]. Dexamethasone has shown good efficacy for severe 
acute migraine attacks [51]. The 2016 guidelines for the 
emergency treatment of acute migraines in adults, issued 
by the American Headache Society, mention that dexa-
methasone should be administered to prevent the recur-
rence of migraine (Should offer—Level B) [52]. But study 
suggested that dexamethasone does not reduce migraine 
recurrence [53].

An animal study has shown that clofibrate can improve 
oxidative stress and neuroinflammation caused by the 
exaggerated production of lipid peroxidation products 
[54]. Clofibrate can activate peroxisome-proliferator-
activated receptors (PPAR) α, inhibit the activation of 
the NF-κB signaling pathway and the production of 
interleukin (IL)-6, exerting an anti-inflammatory effect 
[55, 56]. Additionally, a recent animal study indicated 
the upregulation of astrocytic activation and glial fibril-
lary acidic protein (GFAP) expression in the trigemi-
nal nucleus caudalis (TNC) in migraine mice model 
induced by recurrent dural infusion of inflammatory 
soup (IS). This was accompanied by the release of vari-
ous cytokines, increased neuronal excitability, and 

Fig. 7 PPI network built with STRING

Table 5 Molecular docking results of available proteins and 
drugs

The lower the Binding energy, the better the binding effect and the higher the 
affinity

Target PDB ID Drug PubChem ID Binding 
energy (kcal/
mol)

TGFB1 5VQP butyric acid 264 -4.17

TGFB1 5VQP clofibrate 2796 -5.9

TGFB1 5VQP Sorafenib 216,239 -5.32

TGFB1 5VQP Andrographolide 5,318,517 -4.93

TGFB3 8V52 butyric acid 264 -4.4

EP300 8GZC butyric acid 264 -3.3

TP53 6MY0 butyric acid 264 -4.05

CDK4 2W96 clofibrate 2796 -5.74

CDK4 2W96 Sorafenib 216,239 -5.65

CDK4 2W96 Andrographolide 5,318,517 -7.11

HMGCR 1HW9 clofibrate 2796 -4.35

TP53 6MY0 clofibrate 2796 -5.05

TP53 6MY0 Sorafenib 216,239 -7.05

TP53 6MY0 Andrographolide 5,318,517 -6.05

https://clinicaltrials.gov/
https://clinicaltrials.gov/
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promotion of central sensitization processes [57]. Clofi-
brate can reduce the activation of astrocytes and the 
expression of GFAP, thereby inhibiting neuroinflam-
mation [54]. Andrographolide is a major bioactive con-
stituent of Andrographis paniculata, has broad effects 
on various inflammatory and neurological disorders 
[58–60]. Although we did not find any migraine clinical 
trials related to clofibrate and andrographolide on Pub-
Med and ClinicalTrials, we believe that the prospects 
for using clofibrate and andrographolide in the treat-
ment of migraine are quite promising. We hope to see 
more research on the association of clofibrate and andro-
grapholide with migraine in the future.

Our study has several advantages. First, we provided 
compelling genetic evidence about migraine drug targets 
using MR, utilizing the largest publicly available GWAS 
data to date. Additionally, colocalization analysis helps 
reduce false negatives and false positives to ensure the 
robustness of the results. Enrichment analysis and PPI 
illustrate the functional characteristics and regulatory 
relationships of these targets genes, providing potential 
avenues for migraine drug development. The drug pre-
dictions demonstrate the medicinal potential of these 
genes, and high binding activity from molecular docking 
indicates the strong potential of these genes as drug tar-
gets. Our research conducts a comprehensive evaluation 
from identifying migraine-related druggable genes to 
drug binding properties, proposing migraine drug targets 
with compelling evidence.

This study also includes several notable limitations. 
Firstly, the number of eQTL IVs in MR is limited, with 
most not exceeding three SNPs, which restricts the cred-
ibility of the MR results. Additionally, while MR offers 
valuable insights into causality, it assumes a linear con-
nection between low-dose drug exposure and the expo-
sure-outcome relationship, which may not fully replicate 
real-world clinical trials that typically assess high doses 
of drugs in a short timeframe. Therefore, MR results may 
not accurately reflect the effect sizes observed in actual 
clinical settings, nor fully predict the impacts of drugs. 
Secondly, the generalizability of this study is limited by 
its primary inclusion of individuals of European descent. 
Extrapolating the findings to individuals of other genetic 
ancestry populations requires further research and 

Fig. 8 Molecular docking results of available proteins and drugs. 
a TGFB1 docking butyric acid, b TGFB1 docking clofibrate, c TGFB1 
docking Sorafenib, d TGFB1 docking Andrographolide, e TGFB3 
docking butyric acid, f EP300 docking butyric acid, g TP53 docking 
butyric acid, h CDK4 docking clofibrate, i CDK4 docking Sorafenib, 
j CDK4 docking Andrographolide, k HMGCR docking clofibrate, l 
TP53 docking clofibrate, m TP53 docking Sorafenib, n TP53 docking 
Andrographolide
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validation to ensure broader applicability. Thirdly, the 
study focuses mainly on cis-eQTLs and their relationship 
with migraine, potentially overlooking other regulatory 
and environmental factors that contribute to the com-
plexity of the disease. Fourthly, while enrichment analy-
sis is valuable, it has inherent limitations as it relies on 
predefined gene sets or pathways, which may not encom-
pass all possible biological mechanisms or interactions. 
A lack of significant enrichment does not necessarily 
mean there is no biological relevance, and researchers 
should interpret results cautiously. Fifth, the accuracy of 
molecular docking analysis largely depends on the quality 
of the protein structures and ligands. While this method 
identified potential drug targets, it does not guarantee 
their efficacy in clinical settings. Subsequent experimen-
tal validation and clinical trials are necessary to confirm 
the therapeutic potential of the identified targets. Moreo-
ver, we only investigated the side effects of 2 significant 
druggable genes. The effects of drugs on targets are very 
broad, and many off-target effects cannot be explored 
through MR, requiring further basic and clinical trials to 
gain a more comprehensive understanding. Finally, the 
clinical relevance of our study results needs further vali-
dation; the lack of clinical data related to our study is a 
significant limitation.

Conclusions
This study utilized MR and colocalization analysis to 
identify 21 potential drug targets for migraine, two of 
which were significant in both blood and brain. These 
findings provide promising leads for more effective 
migraine treatments, potentially reducing drug develop-
ment costs. The study contributes valuably to the field, 
highlighting the importance of these druggable genes 
significantly associated with migraine. Further clinical 
trials on drugs targeting these genes are necessary in the 
future.

Abbreviations
MR  Mendelian randomization
eQTL  Expression quantitative trait loci
GWAS  Genome-wide association studies
CGRP  Calcitonin gene-related peptide
SNPs  Single nucleotide polymorphisms
IVs  Instrumental variables
DGIdb  Drug-Gene Interaction Database
FDR  False discovery rate
IHGC  International Headache Genetics Consortium
TSS  Transcriptional start site
IVW  Inverse-variance weighted
5-HT  5-Hydroxytryptamine
GABA  γ-Aminobutyric acid
PP  Posterior probabilities
PheWAS  Phenome-wide association study
GO  Gene Ontology
KEGG  Kyoto Encyclopedia of Genes and Genomes
BP  Biological process
MF  Molecular function

CC  Cellular component
PPI  Protein–protein interaction
DSigDB  Drug Signatures Database
PDB  Protein Data Bank
LDL  Low-density lipoprotein
GSEA  Gene Set Enrichment Analysis
IGF1  Insulin-like growth factor 1
TGB-β  Transforming growth factor-beta
PPAR  Peroxisome-proliferator-activated receptors
IL  Interleukin
GFAP  Glial fibrillary acidic protein
TNC  Trigeminal nucleus caudalis
IS  Inflammatory soup

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s10194- 024- 01805-3.

Supplementary Material 1.

Acknowledgements
The authors sincerely thank related investigators for sharing the statistics 
included in this study.

Authors’ contributions
 LL contributed to the study conception and design. CCZ and YWH performed 
the statistical analysis. CCZ drafted the manuscript. All authors commented on 
previous versions of the manuscript. All authors contributed to the article and 
approved the submitted version.

Funding
This study was funded by China National Natural Science Foundation 
(82374575, 82074179), Beijing Natural Science Foundation (7232270), Out-
standing Young Talents Program of Capital Medial University (B2207), Capital’s 
Funds for Health Improvement and Research (CFH2024-2–2235).

Availability of data and materials
The Migraine GWAS dataset provided by Hautakangas et al. can be obtained 
by contacting International Headache Genetics Consortium [5]. Other data 
can be obtained from the original literature and websites.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
All data analyzed during this study have been previously published.

Competing interests
The authors declare no competing interests.

Received: 5 May 2024   Accepted: 5 June 2024

References
 1. (2018) Headache Classification Committee of the International Headache 

Society (IHS) The International Classification of Headache Disorders, 3rd 
edition. Cephalalgia 38(1):1–211. https:// doi. org/ 10. 1177/ 03331 02417 
738202

 2. GBD Neurology Collaborators (2019) Global, regional, and national 
burden of neurological disorders, 1990–2016: a systematic analysis for 
the Global Burden of Disease Study 2016. Lancet Neurol. 18(5):459–480. 
https:// doi. org/ 10. 1016/ s1474- 4422(18) 30499-x

https://doi.org/10.1186/s10194-024-01805-3
https://doi.org/10.1186/s10194-024-01805-3
https://doi.org/10.1177/0333102417738202
https://doi.org/10.1177/0333102417738202
https://doi.org/10.1016/s1474-4422(18)30499-x


Page 14 of 15Zhang et al. The Journal of Headache and Pain          (2024) 25:100 

 3. Choquet H, Yin J, Jacobson AS, Horton BH, Hoffmann TJ, Jorgenson E et al 
(2021) New and sex-specific migraine susceptibility loci identified from a 
multiethnic genome-wide meta-analysis. Commun Biol 4(1):864. https:// 
doi. org/ 10. 1038/ s42003- 021- 02356-y

 4. Tanaka M, Szabó Á, Körtési T, Szok D, Tajti J, Vécsei L (2023) From CGRP to 
PACAP, VIP, and beyond: unraveling the next chapters in migraine treat-
ment. Cells 12(22). http:// doi. org/ 10. 3390/ cells 12222 649.

 5. Hautakangas H, Winsvold BS, Ruotsalainen SE, Bjornsdottir G, Harder AVE, 
Kogelman LJA et al (2022) Genome-wide analysis of 102,084 migraine 
cases identifies 123 risk loci and subtype-specific risk alleles. Nat Genet 
54(2):152–160. https:// doi. org/ 10. 1038/ s41588- 021- 00990-0

 6. Qi T, Song L, Guo Y, Chen C, Yang J (2024) From genetic associations to 
genes: methods, applications, and challenges. Trends Genet. https:// doi. 
org/ 10. 1016/j. tig. 2024. 04. 008

 7. Namba S, Konuma T, Wu KH, Zhou W, Okada Y (2022) A practical guide-
line of genomics-driven drug discovery in the era of global biobank 
meta-analysis. Cell Genom 2(10):100190. https:// doi. org/ 10. 1016/j. xgen. 
2022. 100190

 8. Burgess S, Timpson NJ, Ebrahim S, Davey Smith G (2015) Mendelian ran-
domization: where are we now and where are we going? Int J Epidemiol 
44(2):379–388. https:// doi. org/ 10. 1093/ ije/ dyv108

 9. Storm CS, Kia DA, Almramhi MM, Bandres-Ciga S, Finan C, Hingorani AD 
et al (2021) Finding genetically-supported drug targets for Parkinson’s 
disease using Mendelian randomization of the druggable genome. Nat 
Commun 12(1):7342. https:// doi. org/ 10. 1038/ s41467- 021- 26280-1

 10. Freshour SL, Kiwala S, Cotto KC, Coffman AC, McMichael JF, Song JJ et al 
(2021) Integration of the Drug-Gene Interaction Database (DGIdb 4.0) 
with open crowdsource efforts. Nucleic Acids Res 49(D1):D1144–d1151. 
https:// doi. org/ 10. 1093/ nar/ gkaa1 084

 11. Finan C, Gaulton A, Kruger F A, Lumbers R T, Shah T, Engmann J, et al. 
(2017) The druggable genome and support for target identification and 
validation in drug development. Sci Transl Med 9(383). http:// doi. org/ 10. 
1126/ scitr anslm ed. aag11 66.

 12. Su WM, Gu XJ, Dou M, Duan QQ, Jiang Z, Yin KF et al (2023) Systematic 
druggable genome-wide Mendelian randomisation identifies thera-
peutic targets for Alzheimer’s disease. J Neurol Neurosurg Psychiatry 
94(11):954–961. https:// doi. org/ 10. 1136/ jnnp- 2023- 331142

 13. Võsa U, Claringbould A, Westra HJ, Bonder MJ, Deelen P, Zeng B et al 
(2021) Large-scale cis- and trans-eQTL analyses identify thousands of 
genetic loci and polygenic scores that regulate blood gene expression. 
Nat Genet 53(9):1300–1310. https:// doi. org/ 10. 1038/ s41588- 021- 00913-z

 14. Wang D, Liu S, Warrell J, Won H, Shi X, Navarro F C P, et al. (2018) Com-
prehensive functional genomic resource and integrative model for the 
human brain. Science 362(6420). http:// doi. org/ 10. 1126/ scien ce. aat84 64.

 15. Hemani G, Zheng J, Elsworth B, Wade K H, Haberland V, Baird D, et al. 
(2018) The MR-Base platform supports systematic causal inference across 
the human phenome. Elife 7. http:// doi. org/ 10. 7554/ eLife. 34408.

 16. Consortium. G P, Auton A, Brooks L D, Durbin R M, Garrison E P, Kang H 
M, et al 2015 A global reference for human genetic variation. Nature 
526(7571):68-74. http:// doi. org/ 10. 1038/ natur e15393

 17. Staley JR, Blackshaw J, Kamat MA, Ellis S, Surendran P, Sun BB et al (2016) 
PhenoScanner: a database of human genotype-phenotype associations. 
Bioinformatics 32(20):3207–3209. https:// doi. org/ 10. 1093/ bioin forma tics/ 
btw373

 18. Burgess S, Davey Smith G, Davies NM, Dudbridge F, Gill D, Glymour MM 
et al (2019) Guidelines for performing Mendelian randomization investi-
gations: update for summer 2023. Wellcome Open Res 4:186. https:// doi. 
org/ 10. 12688/ wellc omeop enres. 15555.3

 19. Greco MF, Minelli C, Sheehan NA, Thompson JR (2015) Detecting 
pleiotropy in Mendelian randomisation studies with summary data and 
a continuous outcome. Stat Med 34(21):2926–2940. https:// doi. org/ 10. 
1002/ sim. 6522

 20. Bowden J, Davey Smith G, Burgess S (2015) Mendelian randomization 
with invalid instruments: effect estimation and bias detection through 
Egger regression. Int J Epidemiol 44(2):512–525. https:// doi. org/ 10. 1093/ 
ije/ dyv080

 21. Giambartolomei C, Vukcevic D, Schadt EE, Franke L, Hingorani AD, Wallace 
C et al (2014) Bayesian test for colocalisation between pairs of genetic 
association studies using summary statistics. PLoS Genet 10(5):e1004383. 
https:// doi. org/ 10. 1371/ journ al. pgen. 10043 83

 22. Yu G, Wang LG, Han Y, He QY (2012) clusterProfiler: an R package for com-
paring biological themes among gene clusters. OMICS 16(5):284–287. 
https:// doi. org/ 10. 1089/ omi. 2011. 0118

 23. Szklarczyk D, Kirsch R, Koutrouli M, Nastou K, Mehryary F, Hachilif R et al 
(2023) The STRING database in 2023: protein-protein association net-
works and functional enrichment analyses for any sequenced genome 
of interest. Nucleic Acids Res 51(D1):D638–d646. https:// doi. org/ 10. 1093/ 
nar/ gkac1 000

 24. Yoo M, Shin J, Kim J, Ryall KA, Lee K, Lee S et al (2015) DSigDB: drug sig-
natures database for gene set analysis. Bioinformatics 31(18):3069–3071. 
https:// doi. org/ 10. 1093/ bioin forma tics/ btv313

 25. Kim S, Chen J, Cheng T, Gindulyte A, He J, He S et al (2023) PubChem 
2023 update. Nucleic Acids Res 51(D1):D1373–d1380. https:// doi. org/ 10. 
1093/ nar/ gkac9 56

 26. Morris GM, Huey R, Lindstrom W, Sanner MF, Belew RK, Goodsell DS et al 
(2009) AutoDock4 and AutoDockTools4: Automated docking with selec-
tive receptor flexibility. J Comput Chem 30(16):2785–2791. https:// doi. 
org/ 10. 1002/ jcc. 21256

 27. Zobdeh F, Ben Kraiem A, Attwood MM, Chubarev VN, Tarasov VV, Schiöth 
HB et al (2021) Pharmacological treatment of migraine: drug classes, 
mechanisms of action, clinical trials and new treatments. Br J Pharmacol 
178(23):4588–4607. https:// doi. org/ 10. 1111/ bph. 15657

 28. Pandit R, Chen L, Götz J (2020) The blood-brain barrier: physiology and 
strategies for drug delivery. Adv Drug Deliv Rev 165–166:1–14. https:// 
doi. org/ 10. 1016/j. addr. 2019. 11. 009

 29. Guo Y, Daghlas I, Gormley P, Giulianini F, Ridker PM, Mora S et al (2021) 
Phenotypic and Genotypic Associations Between Migraine and Lipo-
protein Subfractions. Neurology 97(22):e2223–e2235. https:// doi. org/ 10. 
1212/ wnl. 00000 00000 012919

 30. Hong P, Han L, Wan Y (2024) Mendelian randomization study of lipid 
metabolism characteristics and migraine risk. Eur J Pain. https:// doi. org/ 
10. 1002/ ejp. 2235

 31. Buettner C, Nir RR, Bertisch SM, Bernstein C, Schain A, Mittleman MA et al 
(2015) Simvastatin and vitamin D for migraine prevention: A randomized, 
controlled trial. Ann Neurol 78(6):970–981. https:// doi. org/ 10. 1002/ ana. 
24534

 32. Ferrari MD, Klever RR, Terwindt GM, Ayata C, van den Maagdenberg 
AM (2015) Migraine pathophysiology: lessons from mouse models and 
human genetics. Lancet Neurol 14(1):65–80. https:// doi. org/ 10. 1016/ 
s1474- 4422(14) 70220-0

 33. Kursun O, Yemisci M, van den Maagdenberg A, Karatas H (2021) Migraine 
and neuroinflammation: the inflammasome perspective. J Headache Pain 
22(1):55. https:// doi. org/ 10. 1186/ s10194- 021- 01271-1

 34. Greenwood J, Mason JC (2007) Statins and the vascular endothelial 
inflammatory response. Trends Immunol 28(2):88–98. https:// doi. org/ 10. 
1016/j. it. 2006. 12. 003

 35. Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA 
et al (2005) Gene set enrichment analysis: a knowledge-based approach 
for interpreting genome-wide expression profiles. Proc Natl Acad Sci U S 
A 102(43):15545–15550. https:// doi. org/ 10. 1073/ pnas. 05065 80102

 36. Mootha VK, Lindgren CM, Eriksson KF, Subramanian A, Sihag S, Lehar J 
et al (2003) PGC-1alpha-responsive genes involved in oxidative phospho-
rylation are coordinately downregulated in human diabetes. Nat Genet 
34(3):267–273. https:// doi. org/ 10. 1038/ ng1180

 37. Sanjabi S, Zenewicz LA, Kamanaka M, Flavell RA (2009) Anti-inflammatory 
and pro-inflammatory roles of TGF-beta, IL-10, and IL-22 in immunity and 
autoimmunity. Curr Opin Pharmacol 9(4):447–453. https:// doi. org/ 10. 
1016/j. coph. 2009. 04. 008

 38. Okamura T, Sumitomo S, Morita K, Iwasaki Y, Inoue M, Nakachi S et al 
(2015) TGF-β3-expressing CD4+CD25(-)LAG3+ regulatory T cells control 
humoral immune responses. Nat Commun 6:6329. https:// doi. org/ 10. 
1038/ ncomm s7329

 39. Sun S, Fan Z, Liu X, Wang L, Ge Z (2024) Microglia TREM1-mediated 
neuroinflammation contributes to central sensitization via the NF-κB 
pathway in a chronic migraine model. J Headache Pain 25(1):3. https:// 
doi. org/ 10. 1186/ s10194- 023- 01707-w

 40. Güzel I, Taşdemir N, Celik Y (2013) Evaluation of serum transforming 
growth factor β1 and C-reactive protein levels in migraine patients. Neu-
rol Neurochir Pol 47(4):357–362. https:// doi. org/ 10. 5114/ ninp. 2013. 36760

 41. Ishizaki K, Takeshima T, Fukuhara Y, Araki H, Nakaso K, Kusumi M et al 
(2005) Increased plasma transforming growth factor-beta1 in migraine. 

https://doi.org/10.1038/s42003-021-02356-y
https://doi.org/10.1038/s42003-021-02356-y
http://doi.org/10.3390/cells12222649
https://doi.org/10.1038/s41588-021-00990-0
https://doi.org/10.1016/j.tig.2024.04.008
https://doi.org/10.1016/j.tig.2024.04.008
https://doi.org/10.1016/j.xgen.2022.100190
https://doi.org/10.1016/j.xgen.2022.100190
https://doi.org/10.1093/ije/dyv108
https://doi.org/10.1038/s41467-021-26280-1
https://doi.org/10.1093/nar/gkaa1084
http://doi.org/10.1126/scitranslmed.aag1166
http://doi.org/10.1126/scitranslmed.aag1166
https://doi.org/10.1136/jnnp-2023-331142
https://doi.org/10.1038/s41588-021-00913-z
http://doi.org/10.1126/science.aat8464
http://doi.org/10.7554/eLife.34408
http://doi.org/10.1038/nature15393
https://doi.org/10.1093/bioinformatics/btw373
https://doi.org/10.1093/bioinformatics/btw373
https://doi.org/10.12688/wellcomeopenres.15555.3
https://doi.org/10.12688/wellcomeopenres.15555.3
https://doi.org/10.1002/sim.6522
https://doi.org/10.1002/sim.6522
https://doi.org/10.1093/ije/dyv080
https://doi.org/10.1093/ije/dyv080
https://doi.org/10.1371/journal.pgen.1004383
https://doi.org/10.1089/omi.2011.0118
https://doi.org/10.1093/nar/gkac1000
https://doi.org/10.1093/nar/gkac1000
https://doi.org/10.1093/bioinformatics/btv313
https://doi.org/10.1093/nar/gkac956
https://doi.org/10.1093/nar/gkac956
https://doi.org/10.1002/jcc.21256
https://doi.org/10.1002/jcc.21256
https://doi.org/10.1111/bph.15657
https://doi.org/10.1016/j.addr.2019.11.009
https://doi.org/10.1016/j.addr.2019.11.009
https://doi.org/10.1212/wnl.0000000000012919
https://doi.org/10.1212/wnl.0000000000012919
https://doi.org/10.1002/ejp.2235
https://doi.org/10.1002/ejp.2235
https://doi.org/10.1002/ana.24534
https://doi.org/10.1002/ana.24534
https://doi.org/10.1016/s1474-4422(14)70220-0
https://doi.org/10.1016/s1474-4422(14)70220-0
https://doi.org/10.1186/s10194-021-01271-1
https://doi.org/10.1016/j.it.2006.12.003
https://doi.org/10.1016/j.it.2006.12.003
https://doi.org/10.1073/pnas.0506580102
https://doi.org/10.1038/ng1180
https://doi.org/10.1016/j.coph.2009.04.008
https://doi.org/10.1016/j.coph.2009.04.008
https://doi.org/10.1038/ncomms7329
https://doi.org/10.1038/ncomms7329
https://doi.org/10.1186/s10194-023-01707-w
https://doi.org/10.1186/s10194-023-01707-w
https://doi.org/10.5114/ninp.2013.36760


Page 15 of 15Zhang et al. The Journal of Headache and Pain          (2024) 25:100  

Headache 45(9):1224–1228. https:// doi. org/ 10. 1111/j. 1526- 4610. 2005. 
00246.x

 42. Bø SH, Davidsen EM, Gulbrandsen P, Dietrichs E, Bovim G, Stovner LJ et al 
(2009) Cerebrospinal fluid cytokine levels in migraine, tension-type head-
ache and cervicogenic headache. Cephalalgia 29(3):365–372. https:// doi. 
org/ 10. 1111/j. 1468- 2982. 2008. 01727.x

 43. Yang L, Zhou Y, Zhang L, Wang Y, Zhang Y, Xiao Z (2023) Aryl hydrocarbon 
receptors improve migraine-like pain behaviors in rats through the regu-
lation of regulatory T cell/T-helper 17 cell-related homeostasis. Headache 
63(8):1045–1060. https:// doi. org/ 10. 1111/ head. 14599

 44. Komai T, Okamura T, Inoue M, Yamamoto K, Fujio K (2018) Reevaluation of 
pluripotent cytokine TGF-β3 in immunity. Int J Mol Sci 19(8):2261. https:// 
doi. org/ 10. 3390/ ijms1 90822 61

 45. Abuduxukuer R, Niu PP, Guo ZN, Xu YM, Yang Y (2022) Circulating insulin-
like growth factor 1 levels and migraine risk: a mendelian randomiza-
tion study. Neurol Ther 11(4):1677–1689. https:// doi. org/ 10. 1007/ 
s40120- 022- 00398-w

 46. Ye S, Wei L, Jiang Y, Yuan Y, Zeng Y, Zhu L et al (2024) Mechanism of NO(2)-
induced migraine in rats: The exploration of the role of miR-653-3p/IGF1 
axis. J Hazard Mater 465:133362. https:// doi. org/ 10. 1016/j. jhazm at. 2023. 
133362

 47. Ji J, Xue TF, Guo XD, Yang J, Guo RB, Wang J et al (2018) Antagonizing 
peroxisome proliferator-activated receptor γ facilitates M1-to-M2 shift of 
microglia by enhancing autophagy via the LKB1-AMPK signaling path-
way. Aging Cell 17(4):e12774. https:// doi. org/ 10. 1111/ acel. 12774

 48. Gelfand AA, Ross AC, Irwin SL, Greene KA, Qubty WF, Allen IE (2020) 
Melatonin for Acute Treatment of Migraine in Children and Adolescents: 
A Pilot Randomized Trial. Headache 60(8):1712–1721. https:// doi. org/ 10. 
1111/ head. 13934

 49. Santos PSF, Melhado EM, Kaup AO, Costa A, Roesler CAP, Piovesan ÉJ 
et al (2022) Consensus of the Brazilian Headache Society (SBCe) for 
prophylactic treatment of episodic migraine: part II. Arq Neuropsiquiatr 
80(9):953–969. https:// doi. org/ 10. 1055/s- 0042- 17553 20

 50. Alstadhaug KB, Odeh F, Salvesen R, Bekkelund SI (2010) Prophylaxis 
of migraine with melatonin: a randomized controlled trial. Neurology 
75(17):1527–1532. https:// doi. org/ 10. 1212/ WNL. 0b013 e3181 f9618c

 51. Gelfand AA, Goadsby PJ (2012) A neurologist’s guide to acute migraine 
therapy in the emergency room. Neurohospitalist 2(2):51–59. https:// doi. 
org/ 10. 1177/ 19418 74412 439583

 52. Orr SL, Friedman BW, Christie S, Minen MT, Bamford C, Kelley NE et al 
(2016) Management of Adults With Acute Migraine in the Emergency 
Department: The American Headache Society Evidence Assessment of 
Parenteral Pharmacotherapies. Headache 56(6):911–940. https:// doi. org/ 
10. 1111/ head. 12835

 53. Rowe BH, Colman I, Edmonds ML, Blitz S, Walker A, Wiens S (2008) Rand-
omized controlled trial of intravenous dexamethasone to prevent relapse 
in acute migraine headache. Headache 48(3):333–340. https:// doi. org/ 10. 
1111/j. 1526- 4610. 2007. 00959.x

 54. Oyagbemi AA, Adebiyi OE, Adigun KO, Ogunpolu BS, Falayi OO, Hassan 
FO et al (2020) Clofibrate, a PPAR-α agonist, abrogates sodium fluoride-
induced neuroinflammation, oxidative stress, and motor incoordination 
via modulation of GFAP/Iba-1/anti-calbindin signaling pathways. Environ 
Toxicol 35(2):242–253. https:// doi. org/ 10. 1002/ tox. 22861

 55. Sánchez-Aguilar M, Ibarra-Lara L, Cano-Martínez A, Soria-Castro E, 
Castrejón-Téllez V, Pavón N, et al. (2023) PPAR Alpha Activation by Clofi-
brate Alleviates Ischemia/Reperfusion Injury in Metabolic Syndrome Rats 
by Decreasing Cardiac Inflammation and Remodeling and by Regulat-
ing the Atrial Natriuretic Peptide Compensatory Response. Int J Mol Sci 
24(6). http:// doi. org/ 10. 3390/ ijms2 40653 21.

 56. Brown JD, Plutzky J (2007) Peroxisome proliferator-activated receptors 
as transcriptional nodal points and therapeutic targets. Circulation 
115(4):518–533. https:// doi. org/ 10. 1161/ circu latio naha. 104. 475673

 57. Zhang L, Lu C, Kang L, Li Y, Tang W, Zhao D et al (2022) Temporal char-
acteristics of astrocytic activation in the TNC in a mice model of pain 
induced by recurrent dural infusion of inflammatory soup. J Headache 
Pain 23(1):8. https:// doi. org/ 10. 1186/ s10194- 021- 01382-9

 58. Patel R, Kaur K, Singh S (2021) Protective effect of andrographolide 
against STZ induced Alzheimer’s disease in experimental rats: possible 
neuromodulation and Aβ((1–42)) analysis. Inflammopharmacology 
29(4):1157–1168. https:// doi. org/ 10. 1007/ s10787- 021- 00843-6

 59. Ahmed S, Kwatra M, Ranjan Panda S, Murty USN, Naidu VGM (2021) 
Andrographolide suppresses NLRP3 inflammasome activation in 
microglia through induction of parkin-mediated mitophagy in in-vitro 
and in-vivo models of Parkinson disease. Brain Behav Immun 91:142–158. 
https:// doi. org/ 10. 1016/j. bbi. 2020. 09. 017

 60. Ciampi E, Uribe-San-Martin R, Cárcamo C, Cruz JP, Reyes A, Reyes D et al 
(2020) Efficacy of andrographolide in not active progressive multiple scle-
rosis: a prospective exploratory double-blind, parallel-group, randomized, 
placebo-controlled trial. BMC Neurol 20(1):173. https:// doi. org/ 10. 1186/ 
s12883- 020- 01745-w

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1111/j.1526-4610.2005.00246.x
https://doi.org/10.1111/j.1526-4610.2005.00246.x
https://doi.org/10.1111/j.1468-2982.2008.01727.x
https://doi.org/10.1111/j.1468-2982.2008.01727.x
https://doi.org/10.1111/head.14599
https://doi.org/10.3390/ijms19082261
https://doi.org/10.3390/ijms19082261
https://doi.org/10.1007/s40120-022-00398-w
https://doi.org/10.1007/s40120-022-00398-w
https://doi.org/10.1016/j.jhazmat.2023.133362
https://doi.org/10.1016/j.jhazmat.2023.133362
https://doi.org/10.1111/acel.12774
https://doi.org/10.1111/head.13934
https://doi.org/10.1111/head.13934
https://doi.org/10.1055/s-0042-1755320
https://doi.org/10.1212/WNL.0b013e3181f9618c
https://doi.org/10.1177/1941874412439583
https://doi.org/10.1177/1941874412439583
https://doi.org/10.1111/head.12835
https://doi.org/10.1111/head.12835
https://doi.org/10.1111/j.1526-4610.2007.00959.x
https://doi.org/10.1111/j.1526-4610.2007.00959.x
https://doi.org/10.1002/tox.22861
http://doi.org/10.3390/ijms24065321
https://doi.org/10.1161/circulationaha.104.475673
https://doi.org/10.1186/s10194-021-01382-9
https://doi.org/10.1007/s10787-021-00843-6
https://doi.org/10.1016/j.bbi.2020.09.017
https://doi.org/10.1186/s12883-020-01745-w
https://doi.org/10.1186/s12883-020-01745-w

	Identifying therapeutic target genes for migraine by systematic druggable genome-wide Mendelian randomization
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Druggable genes
	eQTL datasets
	Migraine GWAS dataset
	Mendelian randomization analysis
	Colocalization analysis
	Phenome-wide association analysis
	Enrichment analysis
	Protein–protein interaction network construction
	Candidate drug prediction
	Molecular docking

	Results
	Druggable genome
	Candidate druggable genes
	Colocalization analysis
	Phenome-wide association analysis
	Enrichment analysis
	Protein–protein interaction network construction
	Candidate drug prediction
	Molecular docking

	Discussion
	Conclusions
	Acknowledgements
	References


