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Background: Stroke is the second leading cause of death and the third leading cause of disability worldwide. The role of fibroblast 
growth factor 5 (FGF5) in the occurrence and development of stroke remains unclear. We used bidirectional Mendelian randomization 
(MR) analysis to evaluate the mediating role of metabolites and causal association between inflammatory factors and stroke.
Methods: We analyzed the stroke dataset from the FinnGen database (v11) (cases: 43,132; Control: 297,867). Data on metabolites 
and inflammatory factors were obtained from the genome-wide Association Studies (GWAS) catalog of the European Institute for 
Bioinformatics (EBI). Using expression data of FGF5 mRNA and protein in the Comprehensive Gene Expression Database (GEO) and 
clinical data, expression level and clinical relevance of FGF5 in stroke were explored. The protein-protein interaction (PPI) network of 
FGF5-related genes was constructed, and various bioinformatics analyses (including functional enrichment, immune infiltration 
analysis, etc) were conducted to evaluate its functional mechanism.
Results: FGF5 was significantly associated with stroke risk (inverse variance weighting method (IVW): odds ratio (OR) = 1.052, 95% 
confidence interval (CI): 1.021–1.084, P<0.01). Mediation analysis indicated that inflammatory factors influenced stroke risk through 
the metabolites 1-palmitoyl-phosphoglycerol (GPG) [effect: 0.00462 (−0.0102, 0.001); mediated effect: 9.09% (−20.2%, 1.97%)], 
1-stearoyl-2-arachidonoyl-phosphoethanolamine (GPE) [effect: 0.00274 (−0.00212, 0.0076); mediated effect: 5.39% (4.17%, 14.9%). 
Among them, the mediating effect of 1-palmitoyl phosphatidylglycerol (GPG) was not significant. Furthermore, FGF5 is associated 
with epithelial cell proliferation, peptidyl-tyrosine phosphorylation, CD4+ primary T cells and M0 macrophages.
Conclusion: This study, by integrating multiple omics methods, such as Mendelian randomization, expression profiling analysis, and 
bioinformatics, has for the first time established FGF5 as a novel potential biomarker for stroke risk. Inflammatory factors can mediate 
the molecular pathways of stroke occurrence through metabolites such as GPE. The value of FGF5 as a novel biomarker for the 
diagnosis/prognosis of stroke and the new mechanism of stroke-related metabolic regulatory network provide a theoretical basis for 
targeted intervention of stroke.
Keywords: inflammatory factors, stroke, Mendelian randomization, mediation analysis, metabolite

Introduction
Stroke is the second most common cause of death globally among non-communicable diseases (NCDs) and ranks third as 
a combined cause of mortality and disability, as reflected by the loss of disability-adjusted life years (DALY).1 With the 
improvement of secondary stroke prevention strategies, the incidence of recurrent stroke and transient ischemic attack 
has decreased in recent years.2 Stroke incidence is rising in younger populations, emphasizing the need for lower 
diagnostic thresholds and specialized testing.3 Stroke is defined as a sudden neurological deficit caused by acute focal 
injury of the central nervous system owing to vascular reasons, including ischemic stroke (approximately 85%), cerebral 
hemorrhage (approximately 10%), and subarachnoid hemorrhage (approximately 5%). Ischemic stroke is heterogeneous, 
including subtypes such as large artery atherosclerosis, cardiac embolism, and small vessel occlusion, and the subtypes 
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have different pathophysiological mechanisms and clinical significance. The clinical severity range is very wide, from 
transient symptoms (TIA) to devastating disability or death, and the presence of complications such as affected brain 
regions, infarction area, and brain edema or hemorrhagic transformation has significant impact.4–6 Time is crucial for the 
treatment of stroke. Neuronal death progresses rapidly within minutes to hours after occlusion. The hyperacute stage 
(<6 h) is mainly characterized by energy exhaustion, excitotoxicity and peri-infarct depolarization. The following days 
included complex inflammatory cascades and the formation of edema. From the subacute to the chronic stage, it often 
develops into persistent neurological deficits that require rehabilitation.7–9 In this context, the development of early 
detection strategies using more accurate biomarkers represents a critical frontier, as it would be the most cost-effective 
and reliable method for aiding timely stroke intervention.

The pathophysiology of stroke provides key insights into potential biomarker candidates. Ischemic injury triggers 
microglia and glial cell activation, leading to neuroinflammation, cell death, and pro-inflammatory cytokine and 
chemokine release.10 Post-stroke immune cells can either exacerbate inflammation or inhibit the inflammatory cascade 
to support healing.11 Cerebral ischemia induces robust inflammatory and immune activation in the brain and its 
vasculature. Given the central role of this inflammation in stroke pathophysiology, targeting key inflammatory mediators 
offers significant potential for improving stroke diagnosis and treatment outcomes.12,13

Beyond direct inflammatory signals, the downstream metabolic alterations induced by ischemia and inflammation offer 
another rich source of potential biomarkers. Metabolomics, the study of small-molecule metabolites, has revealed significant 
associations between specific metabolic profiles and stroke. Previous Mendelian research identified 14 unknown and 15 
known serum metabolites (eight hazards and seven safeguards) linked to lacunar stroke.14 For example, glycogen phosphor
ylase isoenzyme BB and the apolipoprotein A1-unique peptide differ between stroke and control groups.15,16 These metabolic 
alterations are not merely bystanders; metabolic imbalances can significantly alter metabolite expression and circulating 
levels, actively contributing to the emergence of aberrant molecules that may reflect or influence disease progression. To 
establish the causal role of these metabolites and inflammatory factors in stroke pathogenesis, it is essential to overcome the 
limitations inherent in observational epidemiology17 To robustly establish the causal involvement of these metabolites and 
inflammatory factors in stroke pathogenesis, overcoming limitations of observational epidemiology is essential. Mendelian 
randomization (MR) analysis, leveraging human genetic data such as genome-wide association studies (GWAS), provides 
a powerful tool for this purpose.18 MR uses genetic variants, primarily single nucleotide polymorphisms (SNPs), as 
instrumental variables to assess causal relationships between exposures and outcomes (like stroke), mitigating confounding 
and reverse causation concerns inherent in traditional studies.

Building upon this rationale, our study employed a multi-faceted approach. We first utilized MR analysis to 
explore genetic variations robustly linked to ischemic stroke incidence and specifically investigated the potential 
mediating roles of inflammatory factors and metabolites in this relationship through mediation analysis. This genetic 
epidemiology approach helps address some limitations of conventional studies by utilizing the random assortment of 
genetic variants during meiosis. To translate these genetic associations into biological and clinical relevance, we 
focused on a promising candidate emerging from our analyses: Fibroblast Growth Factor 5 (FGF5).We used the 
Gene Expression Omnibus (GEO) database to investigate fibroblast growth factor 5 (FGF5) expression and its 
correlations with clinical features. We analyzed FGF5 expression across different stroke subtypes, constructed 
a protein–protein interaction (PPI) network using FGF5 and its associated genes, and conducted gene ontology 
(GO), Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway, immunoinfiltration, and drug susceptibility 
analyses. The predictive role of FGF5 in cerebral infarction development was also evaluated. This research uncovers 
new opportunities for early stroke detection and treatment by highlighting inflammatory variable contributions to 
disease onset.8

The aim of this integrated research strategy, spanning genetic causality (via MR), molecular expression profiling, 
functional network analysis (PPI, GO/KEGG), immune microenvironment assessment, and clinical prediction is to fill 
a critical gap: the lack of a comprehensive, multi-omics understanding of FGF5’s causal role, functional mechanisms, and 
translational potential in stroke pathogenesis and early detection.
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Materials And Methods
Study Design
To assess the indirect impact of inflammatory factors on the risk of stroke through potential mediators (such as metabolites), we 
adopted a two-step Mendelian randomization method. A two-sample magnetic resonance investigation was adopted. The first 
stage included evaluating the pathogenic effects of metabolites and inflammatory variables on stroke and screening genetic 
characteristics highly correlated with the risk of stroke. The subsequent stage involves evaluating the impact of the selected 
inflammatory factors on the characteristics of the metabolites examined and determining the intermediate effect of each factor on 
the mediator.19 Subsequently, we conducted sensitivity, pleiotropy and heterogeneity analyses to ensure reliability and 
effectiveness.20

Data Sources
Data were collected from the FinnGen database (v11), which includes 297,867 controls and 43,132 patients of European 
descent. The inflammatory factor dataset was obtained from the European Bioinformatics Institute genome-wide 
association study (EBI GWAS; https://ftp.ebi.ac/UK/pub/databases/gwas_summary_statistics/gwas) Catalog (accession 
numbers GCST90274758–GCST90274848) and the Department of Public Health and Primary Care (https://www.phpc. 
cam.ac.uk/ceu/proteins), with the former containing data on 1,400 metabolites.21

Genetic Instrumental Variable Selection
We adjusted the linkage disequilibrium parameters for SNPs strongly associated with exposure to r²<0.001 and 
kb>1000.22 During reverse MR, we applied a P<1e-05 threshold to filter inflammatory components with adverse 
effects.23,24 We used stringent criteria (r²<0.1, kb>500) to address SNP contribution imbalances, ensuring independent 
instrumental variables. We screened SNPs using an F statistic critical value of 10.25–27

Statistical Analysis
Mendelian Randomization
Statistical analyses were conducted using R (v4.3.0; The R Foundation for Statistical Computing, Vienna, Austria). Two- 
sample MR was performed using the “TwoSampleMR”, “VariantAnnotation”, and “ieugwasr” R packages. Five analytical 
methods were employed: weighted median (WM), MR–Egger, inverse variance weighted (IVW), simple mode, and 
weighted mode.28 The IVW method was prioritized as the primary analysis due to its higher statistical power and consistency 
under the assumption of valid instruments (no horizontal pleiotropy).29 In MR analysis, IVW is considered a reliable and 
accurate method for estimating causal relationships.30 A statistically significant causal association between outcomes and 
exposure was defined by P<0.05. Odds ratio (OR) and 95% confidence interval (CI) estimates indicated that a positive beta 
(effect size) signified increased exposure factors, potentially enhancing stroke risk.

Sensitivity Analyses
Cochran’s Q statistic quantified heterogeneity.Significant heterogeneity (Cochran’s Q P-value < 0.05) suggests potential 
violations of MR assumptions, warranting further investigation using alternative methods and sensitivity analyses.31 MR- 
PRESSO technique, which identifies and corrects for outliers potentially indicative of horizontal pleiotropy, and the MR– 
Egger intercept test. A non-zero MR-Egger intercept (P < 0.05) provides evidence for directional pleiotropy.32 To test 
result stability, the “leave-one-out” method was applied, removing each SNP individually to assess the impact of each 
remaining SNP. The “product of coefficients” method was used to evaluate the indirect effects of inflammatory factors on 
stroke risk through potential mediators, and the delta method ascertained standard errors for indirect effects.27

Transcriptome Analysis
Data Set Filtering
Stroke microarray data in the MINiML format were downloaded from the GEO database (www.ncbi.nlm.nih.gov/geo/), 
applying the following criteria: a) sequenced using the same platform to generate expression profiles across two different 
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spectra; b) human test samples; and c) >20 samples in each group. We included the datasets GSE22255 (40 samples, 20 
of which were normal) and GSE37587 (68 samples).

Stroke Subtype Classification
Consensus clustering is widely used to classify disease subtypes. Consistency analysis was performed using the 
ConsensusClusterPlus R package (v1.54.0), with maximum cluster number=6. The clustering process was repeated 
100 times, with 80% of the sample randomly selected in each iteration. The parameters clusterAlg=“hc” and 
innerLinkage=“ward.D2” were applied to optimize hierarchical clustering.

For clustering heatmap analysis, the pheatmap R package (v1.0.12) was used. Only genes with variance>0.1 were 
retained for the heatmap. Statistical analysis was conducted using R (v4.0.3). P<0.05 was considered statistically significant.

PPI Network Construction and Gene Pathways and Function Analysis
We used the CoreMine Medical database (https://coremine.com/medical) to investigate cerebral infarction, focusing on the 
eight initial genes associated with FGF5. We then explored the GO functions and KEGG pathway enrichment of FGF5 in the 
stroke context using the Metascape platform (https://metascape.org). The biological processes (GOTERM_BP_DIRECT), 
cellular components (GOTERM_CC_DIRECT), and molecular functions (GOTERM_MF_DIRECT) results were grouped 
under GO, whereas KEGG pathways were documented separately.

Immune Cell Infiltration Evaluation
The “CIBERSORT” software package was employed to analyze immune cell infiltration and the proportions of 22 
immune cell types in the stroke and control groups. The immune cell proportions in each sample were represented in 
a bar chart, and a boxplot compared immune cell percentages between groups. Pearson correlation analysis assessed 
relationships between immune cell proportions and candidate diagnostic gene expression. The results were visualized 
using the “ggplot2” package.

Drug Sensitivity Analysis
The Coremine Medical database (https://coremine.com/medical) was used for drug sensitivity analysis, and drugs 
significantly associated with FGF5 and stroke (P<0.05) were identified. This analysis aimed to identify potential 
therapeutic agents targeting the FGF5 pathway in stroke. And we used the Comparative Toxicomics Database (CTD, 
https://ctdbase.org/) to verify these key drugs that were significantly associated with FGF5 in the context of cardiovas
cular disease, with particular focus on stroke.

Metabolic Pathways and Enrichment Analysis
We used the MetaboAnalyst 6.0 platform (http://dev.metaboanalyst.ca/) to investigate the selected metabolites and 
conducted metabolic pathway enrichment analysis using the KEGG database to identify metabolite groups or pathways 
potentially associated with cerebral infarction development and progression. Metabolites that yielded significant IVW 
results (P<0.05) were emphasized. Metabolites that yielded significant IVW results (P<0.05) in the initial MR analysis 
relating metabolites to stroke risk were emphasized. Pathways with a Holm-Bonferroni adjusted P-value < 0.05 were 
considered significantly enriched.

Results
This study aims to explore the causal relationship between inflammatory factors and their related metabolites and the risk 
of stroke through the combination of Mendelian randomization (MR) and bioinformatics analysis. The study further 
explored the potential mechanism of the core inflammatory factor Fibroblast growth factor 5 (FGF5) through transcrip
tomics and immune infiltration analysis.
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Bidirectional Mendelian Risk Analysis of Inflammatory Factors for Stroke
Three inflammatory factors were strongly associated with stroke (Table 1). IL-6 may exert protective effects against 
stroke and reduce stroke risk.20 In contrast, Matrix metalloproteinase-1 (MMP-1) and FGF-5 are correlated with 
increased stroke risk (Figure 1A–F).

The sensitivity analysis revealed no bias in the MR analysis; neither heterogeneity nor horizontal pleiotropy was 
detected using Cochran’s Q, the MR–Egger intercept, or the MR-PRESSO method (Figure 1G–I). The SNP “leave-one- 
out” analysis showed no changes in the total error, confirming data reliability (Figure 1J–L).21,33

No reverse causal relationship was evident between stroke and FGF-5 expression: (IVW; OR=1.016, 95% CI: 
0.952–1.085, P=0.63), consistent with the IL-6 (IVW; OR=1.039, 95% CI: 0.980–1.101, P=0.20) and matrix metallo
proteinase (MMP)-1 (IVW: OR=0.999, 95% CI: 0.939–1.062, P=0.97; Figure 1M) results.

Inflammatory Factor and Metabolite Risk Analysis
We assessed the potential stroke risk associated with 1,400 metabolites using the IVW technique, in conjunction with 
MR–Egger, WM, and simple and weighted mode analyses. Thirty metabolites were linked to stroke risk, 20 positively 
and 10 negatively. After excluding redundant data, all variables remained statistically significant. Cochran’s Q-test 
indicated no heterogeneity in the data.34 The “leave-one-out” analysis showed that the causality estimate was unaffected 
by any single SNP removal.

Table 1 A Strong Link Was Observed Between Three Key Inflammatory Indicators and Stroke Rates

id Method b pval or or_lci95 or_uci95 efoTraits

GCST90274790 MR Egger 0.048220699 0.114299501 1.049402232 0.997048041 1.104505499 Fibroblast growth factor 5 

measurement
GCST90274790 Weighted 

median

0.047101475 0.003570519 1.048228373 1.015537681 1.081971395 Fibroblast growth factor 5 

measurement

GCST90274790 Inverse variance 
weighted

0.050848329 0.000938334 1.052163299 1.020940344 1.084341132 Fibroblast growth factor 5 
measurement

GCST90274790 Simple mode −0.005803517 0.903074132 0.994213291 0.908561541 1.087939587 Fibroblast growth factor 5 

measurement
GCST90274790 Weighted mode 0.048431474 0.017623761 1.049623443 1.017845682 1.082393326 Fibroblast growth factor 5 

measurement

GCST90274815 MR Egger −0.197099304 0.01842122 0.82110909 0.714007269 0.944276294 Interleukin-6 
measurement

GCST90274815 Weighted 

median

−0.123649633 0.007579959 0.883689402 0.807016732 0.967646553 Interleukin-6 

measurement
GCST90274815 Inverse variance 

weighted

−0.083985062 0.037992559 0.919444991 0.849321049 0.995358695 Interleukin-6 

measurement
GCST90274815 Simple mode −0.002840319 0.973455601 0.997163711 0.846456618 1.1747034 Interleukin-6 

measurement

GCST90274815 Weighted mode −0.095218386 0.080155913 0.909174362 0.824590351 1.002434748 Interleukin-6 
measurement

GCST90274826 MR Egger 0.086172802 0.079408941 1.089994665 0.99399138 1.195270295 Matrix metalloproteinase 

1 measurement
GCST90274826 Weighted 

median

0.072229996 0.034225056 1.074902539 1.005384083 1.149227928 Matrix metalloproteinase 

1 measurement

GCST90274826 Inverse variance 
weighted

0.060244519 0.014882341 1.062096218 1.011825964 1.114864033 Matrix metalloproteinase 
1 measurement

GCST90274826 Simple mode 0.085689589 0.157577176 1.089468093 0.970846748 1.222582996 Matrix metalloproteinase 

1 measurement
GCST90274826 Weighted mode 0.088169848 0.051934821 1.09217361 1.00350806 1.188673257 Matrix metalloproteinase 

1 measurement
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Investigating the causal relationship between stroke risk and metabolites revealed that only two inflammatory factors 
—FGF-5 (IVW; OR=1.052, 95% CI: 1.021–1.084, P<0.01) and MMP-1 (IVW; OR=1.062, 95% CI: 1.012–1.115, 
P=0.02; Figure 2A–I)—were strongly associated with stroke risk in the Mendelian analysis. No heterogeneity or 
pleiotropy was evident, and no specific SNPs showed causal effects (Figure 2I–P).

Mediation by Metabolites in Causal Stroke–Inflammatory Factor Relationships
The two-step MR analysis identified three metabolites that mediate causal inflammatory factor–stroke relationships: 
1-palmitoyl-phosphoglycerol (GPG) [effect: 0.00462 (−0.0102, 0.001); mediated effect: 9.09% (−20.2%, 1.97%)], 
1-stearoyl-2-arachidonoyl-phosphoethanolamine (GPE) [effect: 0.00274 (−0.00212, 0.0076); mediated effect: 5.39% 
(4.17%, 14.9%)], and the unidentified metabolite X-16087 [effect: 0.00369 (−0.00118, 0.00856); mediated effect: 
7.26% (2.33%, 16.8%)]. Therefore, FGF-5 modulates stroke risk by altering 1-palmitoyl-GPG, 1-stearoyl-2-arachido
noyl-GPE, and X-16087 expression.

Overall Effect of Inflammatory Factors on Stroke
FGF-5 gene expression showed a strong positive association with stroke risk (IVW; OR=1.052, 95% CI: 1.021–1.084, 
P<0.01), suggesting it as a potential risk factor. This association implies that tissue damage during stroke may result from 
an inflammatory process, consistent with the weighted mode (OR=1.050, 95% CI: 1.018–1.082, P = 0.02) and WM 
results (OR=1.048, 95% CI: 1.016–1.082, P<0.01; Figure 3A, B, E).

Cochran’s Q-test revealed no significant heterogeneity, and MR–Egger analysis indicated no horizontal pleiotropy. 
Although some outlier SNPs were detected using the MR-PRESSO method, their presence did not affect the stability of 
the main findings. The instrumental variable distribution showed clear symmetry. The robustness of our results was 
further validated through the “leave-one-out” analysis, confirming the absence of outlier SNPs.(Figure 3C and D).35

Figure 1 Mendelian randomization of inflammatory factors. (A–C): Scatter plots of strong association of inflammatory factors with stroke. (D–F): Forest map of strong 
association of inflammatory factors with stroke. (G–I): Funnel plot for sensitivity analysis of strong association of inflammatory factors with stroke. (J–L): Four types of gut 
microbiota closely associated with stroke were mapped using the “leave-one-out” method. (M). Forest map of inflammatory factors. Forest maps show a causal relationship 
between inflammatory factors significantly associated with stroke; the analytical methods were inverse variance weighting, Mendelian randomization, Egger, weighted median, 
simple mode, and weighted mode.
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Figure 2 Mendelian randomization analysis of inflammatory factors and metabolites. (A–C): Scatter plots of the association of fibroblast growth factor 5 (FGF5) with 
1-palmitoyl-glycero-3-phosphoglycerol (GPG), 1-stearoyl-2-arachidonoyl-glycero-3-phosphoethanolamine (GPE), and X-16087. (D–F): Forest map of strong association of 
FGF5 with 1-palmitoyl-GPG, 1-stearoyl-2-arachidonoyl-GPE, and X-16087. (G–I): Funnel plot for sensitivity analysis of strong association of FGF5 with 1-palmitoyl-GPG, 
1-stearoyl-2-arachidonoyl-GPE, and X-16087. (J–L): Strong associations of FGF5 with 1-palmitoyl-GPG, 1-stearoyl-2-arachidonoyl-GPE, and X-16087 were mapped using the 
“leave-one-out” method. 
Abbreviations: CI, confidence interval; MR, Mendelian randomization; OR, odds ratio; SNP, single nucleotide polymorphism.
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Transcriptomic Analysis
FGF5 and Stroke Subtype Classification
To further elucidate the significance of FGF5 as a biomarker for the subtype classification of stroke, we have uncovered 
the biological heterogeneity of distinct stroke subtypes (C1/C2) via molecular profiling and demonstrated the pivotal role 
of FGF5 in this classification.

At k=2, the ConsensusClusterPlus consistent clustering results were visualized through a heatmap, where both axes 
represent samples and colors represent different categories. The heatmap illustrates FGF5 expression levels across the 
identified subgroups, with red and blue indicating high and low expressions, respectively. The differential FGF5 
expression between clusters C1 and C2 was notable A significant difference in gene expression was observed when 
comparing C1 and C2 in the four-gene clustering heatmap. In additional heatmaps highlighting FGF5-associated gene 
expression in these subgroups, red and blue represent high and low expression, respectively (Figure 4A–C).

Functional Enrichment Analysis and PPI Network
To elucidate the biological mechanisms of FGF5 and its associated genes in stroke pathology, we constructed a molecular 
network and conducted a comprehensive functional analysis. Our findings position FGF5 as a multifunctional node 
within the stroke pathological network.

Through the Core Mine website (https://coremine.com/medical/), we identified strongly FGF5-related genes in the 
stroke context, including C-reactive protein (CRP), cytokinesis protein 3 (DOCK3), plasminogen (PLG), brain-derived 
neurotrophic factor (BDNF), methylenetetrahydrofolate reductase (MTHFR), Von Willebrand factor (VWF), MMP9, and 
glial fibrillary acidic protein (GFAP). To explore the biological roles of FGF5 and these genes, we performed GO and 
KEGG functional enrichment analyses. In the biological process category, these genes were enriched in the cell surface 
receptor protein tyrosine kinase signaling pathway and extracellular matrix organization in negative cell differentiation 
regulation. In the cell component category, these genes were found in collagen-containing extracellular matrix. KEGG 

Figure 3 Total effects between inflammatory factors and stroke with Mendelian randomization analysis. (A): Scatter plots of strong association of fibroblast growth factor 5 
(FGF5) with stroke. (B): Forest map of strong association of FGF5 with stroke. (C): Funnel plot for sensitivity analysis of strong association of FGF5 with stroke. (D): 
Mapping of the strong association of FGF5 with stroke using the “leave-one-out” method. (E). FGF5 shows reverse causality with the total effects of stroke. 1-palmitoyl- 
GPG, 1-stearoyl-2-arachidonoyl-GPE, and X-16087 are positively correlated with the incidence of stroke. FGF5 has a positive causal relationship with 1-palmitoyl-GPG and 
1-stearoyl-2-arachidonoyl-GPE. FGF5 has a negative causal relationship with X-16087. 
Abbreviations: CI, confidence interval; MR, Mendelian randomization; OR, odds ratio; SNP, single nucleotide polymorphism.
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pathway analysis revealed significant PI3K-Akt signaling, EGFR tyrosine kinase inhibitor resistance, central carbon 
metabolism in cancer, melanoma, and proteoglycans in cancer pathway involvement (Figure 4D–G).

Different Immune Infiltration Levels in Stroke Patients with Diverse Risk Profiles
The reprogramming effect of FGF5 expression levels on the immune microenvironment in stroke has been validated. 
FGF5 modulates the immunosuppressive microenvironment of stroke through the regulation of immune cells and factors, 
thereby providing a foundational basis for immunotargeted therapeutic strategies.

Immune infiltration pattern analysis in stroke patients and healthy controls (Figure 5A) showed significant increase in M0 
and M1 macrophage in stroke patients, whereas CD4+ naïve T cells were notably reduced in the control group (Figure 5B). 
Moreover, neutrophil levels were elevated in the high-risk group, suggesting immunosuppression, possibly linked to immune 
checkpoint expression. In our hepatocellular carcinoma analysis, we found significant differences in M1 and M2 macrophage 
expression between high- and low-risk subgroups. Significant differences in the proportions of three immune cell types 
between the experimental and control groups were revealed (Figure 5C). Specifically, FGF5 expression correlated positively 
with CD4+ naïve T cells and M0 macrophages, but negatively with CD8+ T cells (Figure 5D).

Drug Sensitivity Analysis in Relation to FGF5 in Stroke
In order to transform the discovery of FGF-5 into therapeutic insights, we conducted a drug sensitivity analysis. 
Correlation analysis was conducted using the Coremine Medical database (https://coremine.com/medical) to study 
potential correlations between FGF5, stroke, and drug sensitivity. The top 10 significantly FGF5-associated drugs in 
stroke treatment were tissue plasminogen activator, warfarin, aspirin, salicylic acid, menogaril, clotrimazole, cholesterol, 
arginine/omega-3 fatty acids/nucleotides oral supplement, tetradecanoylphorbol acetate, and heparin (Table 2).

Among them, the verified drugs are Tissue Plasminogen Activator,36 Warfarin,37,38 Aspirin, Salicylic Acid,39,40 

Heparin.41,42 However, for several other drugs, including arginine, clotrimazole, Menogarre and tetradecanyl phosphorus 
acetate, there is currently a lack of experimental evidence to support them in FGF5-related stroke models. Nevertheless, 
these drugs still show value as potential targets for future research.

Figure 4 (A–C): Microarray subtype based on cerebral infarction associated fibroblast growth factor 5 (FGF5). (A) CDF curve and delta area of CDF curve. (B) 
Consistency of heat maps of clustering results when K=2. (C) Heat maps of FGF5 and its related genes in different subpopulations; Red indicates high expression and blue 
indicates low expression. CDF, cumulative distribution function. (D–G): GO and KEGG enrichment analysis. (D) BP enrichment analysis. (E) CC enrichment analysis. (F) 
KEGG enrichment analysis. (G) PPI network diagram. 
Abbreviations: GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; PPI, protein-protein interaction.
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Metabolite Enrichment Analysis
Functional enrichment analysis using known metabolites via the IVW method (PIVW<0.05) identified six significant 
metabolic pathways with key roles in cerebral infarction initiation and development, including glycerophospholipid, 
linoleic acid, glycerophospholipid, alpha-linolenic acid, and arachidonic acid metabolism, and glycosylphosphatidylino
sitol (GPI)-anchor biosynthesis (Table 3).

Figure 5 Analysis of immune cell infiltration: (A) Comparison of types and proportions of immune cells between the stroke and normal groups; (B) Differences in immune 
cell infiltration between the stroke and the normal groups; (C) Lollipop plots illustrating fibroblast growth factor 5 and its associated genes in the context of immune cell 
infiltration in stroke; (D) Principal components analysis scores of the normal and stroke groups.

Table 2 Drugs Significantly Associated with Fibroblast Growth Factor 5 Action in Stroke

Selection Association Name Association Type Significance

FGF5;;;Cerebrovascular accident Tissue Plasminogen Activator Drug 4.11066E-06

FGF5;;;Cerebrovascular accident Warfarin Drug 6.13643E-06
FGF5;;;Cerebrovascular accident Aspirin Drug 1.07991E-05

FGF5;;;Cerebrovascular accident Salicylic Acid Drug 1.53259E-05

FGF5;;;Cerebrovascular accident Menogaril Drug 3.32071E-05
FGF5;;;Cerebrovascular accident Clotrimazole Drug 4.50056E-05

FGF5;;;Cerebrovascular accident Cholesterol Drug 8.74063E-05

FGF5;;;Cerebrovascular accident Arginine/Omega-3 Fatty Acids/Nucleotides Oral Supplement Drug 9.59402E-05
FGF5;;;Cerebrovascular accident Tetradecanoylphorbol Acetate Drug 0.000159514

FGF5;;;Cerebrovascular accident Heparin Drug 0.000170009
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Discussion
The FGF family includes key mitotic factors for blood vessel formation during angiogenesis,43 with FGF-5 being the 
third member of this family.44 Notably, systolic and diastolic blood pressure shows a positive correlation (P<0.05) with 
FGF-5 protein expression.45 FGF-5 overexpression exacerbates oxidative stress, inflammation, and spinal cord injury by 
activating AMP-activated protein kinase signaling in a cAMP/protein kinase A-dependent manner.46 FGF5 is mainly 
described as a factor that plays a key role in the cardiovascular system. It significantly promotes cardiac remodeling by 
directly inducing myocardial hypertrophy and serving as a paracrine signal induced by mechanical stress. The con
tinuously elevated level of circulating FGF5 is significantly associated with hypertensive cardiac hypertrophy and may 
promote the occurrence and development of heart failure. Regarding the direct impact of FGF5 on cerebrovascular 
diseases, the current material data is limited. However, studies on other members of the FGF family (such as FGF-21, 
FGF-23 and FGF-2) have shown that this family may play a role in stroke and neuropsychiatric sequelae, and the specific 
role of FGF5 remains to be further studied and confirmed.47,48

This aligns with our observation that FGF-5 contributes to increased stroke risk, suggesting that FGF-5 influences 
various blood vessel- and neural tissue-associated disorders.

FGF-5-associated genes, including CRP, DOCK3, PLG, BDNF, MTHFR, VWF, MMP9, and GFAP, were identified. 
FGF-5 and related genes were significantly enriched in several pathways, including PI3K-Akt signaling, cell surface 
receptor protein tyrosine kinase signaling, and extracellular matrix organization in negative cell differentiation regulation. 
Enrichment of stroke-associated proteins was observed in glycerophospholipid, linoleic acid, alpha-linolenic acid, and 
arachidonic acid metabolism, and in glycosylphosphatidylinositol (GPI)-anchor biosynthesis.

Drug sensitivity analysis revealed patient responses to various medications, including tissue plasminogen activator, 
warfarin, aspirin, salicylic acid, menogaril, clotrimazole, and cholesterol-lowering agents. Significant drug sensitivity 
was observed for arginine/omega-3 fatty acids/nucleotides oral supplement, tetradecanoylphorbol acetate, and heparin.

M0 and M1 macrophages were significantly elevated in stroke patients. CD4 naive T cells and M0 macrophages showed 
significant positive associations, whereas CD8 T cells demonstrated an inverse relationship with FGF5 expression. In addition to 
the direct association between FGF5 and immune cells, recent studies have also found that immune receptors and neuroregu
latory genes may further affect cerebrovascular homeostasis through the immune-neural axis mediated by metabolites. Some 
scholars have studied that RNF8 regulates the degradation of galectin-3 (gal-3) through K48-polyubiquitination, affecting T-cell 
infiltration in the tumor microenvironment and the therapeutic sensitivity of PD-L1. ATAD5 affects B-cell class transition 
recombination (CSR) by regulating the unloading of proliferating cell nuclear antigens. Its haploid deficiency leads to a decrease 
in the expression of activation-induced deaminase (AID) and reduces IgH locus breaks (in the immune direction). RELN, as 
a key gene for cerebellar development, its mutation leads to motor coordination disorders (such as spinocerebellar ataxia) (neural 
direction). In addition, CACNA1A encodes voltage-gated calcium channel subunits. Mutations are associated with epileptic 
encephalopathy (DEE-SWAS) and ataxia (neural direction), and may also affect immune-neural interactions through calcium 
signaling. It indicates that the metabolite X-16087 may regulate cerebrovascular homeostasis through the immune-neural axis. 
This result supports our core hypothesis - that FGF5 may affect the occurrence of stroke through the interaction of the 
metabolism-immune-neural multi-pathway through the mediator molecule X-16087. Previous studies highlighted the importance 
of FGF5 and T cells in the development of various diseases. C2 cytotoxic T lymphocytes (CTLs), derived from human CTLs 
infiltrating renal cell carcinoma, target and destroy cancer cells and certain FGF5-overexpressing prostate and breast cancer cell 
lines.49 In our study, C2 cells recognized the human leukocyte antigen A3 major histocompatibility complex class I molecule, 

Table 3 Metabolic Pathway Enrichment Analysis of Stroke-Associated Metabolites

Enrichment Pathway Total Expected Raw p -LOG10(p) Holm adjust FDR Impact

Glycerophospholipid metabolism 36 0.091429 4.33E-05 4.364 0.0034601 0.0034601 0.21631

Linoleic acid metabolism 5 0.012698 0.01265 1.8979 0.99936 0.506 0

Alpha-Linolenic acid metabolism 13 0.033016 0.03264 1.4862 1 0.7518 0

Glycosylphosphatidylinositol (GPI)-anchor biosynthesis 15 0.038095 0.03759 1.4249 1 0.7518 0.00639

Arachidonic acid metabolism 44 0.11175 0.10725 0.96961 1 1 0

Journal of Multidisciplinary Healthcare 2025:18                                                                                 https://doi.org/10.2147/JMDH.S529168                                                                                                                                                                                                                                                                                                                                                                                                   4491

Xu et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



which presents nine FGF5-derived peptides via protein splicing. This highlights vertebrate proteome complexity and the immune 
system’s capacity to identify endogenous and exogenous peptides.50 In vitro, FGF5 promotes the proliferation, invasion, and 
migration of lung cancer cells, with its expression predominantly localized to the nucleolar fibrillar center.51 In the brain, 
atherosclerotic plaques often exhibit immunoreactive acidic FGF (aFGF), particularly in areas of new blood vessel formation 
within the plaque and in macrophage-rich regions. aFGF released by plaque macrophages may promote microvessel develop
ment as atherosclerosis progresses in humans.52

Recent developments in studies on other brain disorders may be promising for future stroke treatment, although 
fibroblast research is not sufficiently advanced to target stroke therapeutics. For instance, neurofibromas can progress into 
malignancies without exhibiting elevated mitotic activity. To incorporate auxiliary research, we first emphasize the role 
of single-cell analysis. Genetic testing alone cannot reliably identify malignancy in atypical tumors. However, these 
techniques may provide some utility, particularly in histological evaluations when SOX10 (nuclear) and S100 protein 
(cytoplasmic and nuclear) loss is evident, and CD34-positive fibroblast network absence is observed.53

Biomarkers of neuronal damage and membrane integrity are widely utilized to study metabolic alterations in the cerebral 
cortex following stroke.54 Recombinant FGFs have shown promise for stroke treatment in animal models. FGFs regulate 
metabolism-associated cells and hormones, serving as key homeostatic factors. After stroke, FGFs influence pro-inflammatory 
(M1) and anti-inflammatory (M2) cytokine release. Although energy substrate deficiency is commonly considered the primary 
cause of ischemic damage, a recent study suggested that metabolite signaling may influence stroke pathogenesis.33 In addition 
to regulating substrates transport across the plasma membrane through kinases and transporters, palmitoylation is crucial in 
controlling mitochondrial metabolism. Palmitoylation dysregulation may contribute to hypoxic damage and metabolic 
disorders. The role of palmitoylation in regulating subcellular substrate transport has been extensively studied in adipocytes 
and liver cells but not well understood in the bone and myocardium.55,56

The endocannabinoids arachidonic glycerol and arachidonic glycolamide have been implicated in physiological condi
tions, including inflammation, pain, neurological disorders, obesity, metabolic syndrome, and liver disease. They possess 
immunomodulatory properties and contain arachidonic acid, a precursor of numerous bioactive lipids that exhibit both pro- 
inflammatory and anti-inflammatory effects.57 The metabolite 1-arachidonic acyl-GPE is a potential mediator in atopic 
dermatitis.58 Its expression is strongly correlated with smoking status and smoker body mass index.59 Stearoyl- 
arachidonoyl-2-arachidonoyl-GPE is closely associated with 25-hydroxyvitamin D activity, which is important in the 
pathogenesis of cancer, cardiovascular disease, and bone health. A strong positive association between 1-stearoyl-2-arachi
donoyl-GPE and stroke risk was reported.22 However, the impact of 1-palmitoyl-GPG and 1-stearoyl-2-arachidonoyl-GPE on 
cardiovascular and cerebrovascular disorders remains underexplored. In addition, arachidenyl derivatives play a dual role in 
stroke. In the brain, they activate targets such as CB2 receptor, TRPV1 and PPARα through endogenous cannabinoids (such as 
anandamide/OEA) to enhance the blood-brain barrier (BBB) against ischemic injury and exert a protective effect. In the 
systemic blood vessels, abnormal accumulation of arachidenyl phospholipids (such as pPE38:4/38:5) mediated by CEPT1 
enzyme in diabetic carotid artery plaques leads to the enrichment of arachidonic acid (AA), which aggravates plaque 
vulnerability through the inflammatory pathway and promotes embolic stroke. This contradictory mechanism highlights the 
necessity of tissue-specific targeted intervention.48 Future research should examine the mediating role of these metabolites in 
stroke and reassess the mec hanisms underlying stroke development and pathogenesis.

Our results demonstrated consistency, with no horizontal pleiotropy, strengthening the robustness of the findings. Sensitivity 
assessment further validated the objectivity and reliability of the analytical outcomes. An important limitation of this study is that 
the samples are mainly derived from the European population. There are significant differences between the European population 
and other ethnic groups in terms of the frequency of genetic polymorphisms, etc.48 In addition, the metabolite lineage is also 
influenced by dietary culture. These differences limit the general applicability of the findings of this study, especially among the 
populations in Asia and Africa. Future studies should incorporate multi-ethnic cohorts (such as the African American population 
in the UK Biobank and the Chinese CHARLS cohort) to verify whether the FGF-5- metabolite-stroke pathway has cross-ethnic 
conservation. Second, using stringent thresholds in our analyses may have reduced the accuracy of some findings. Last, age range 
and dietary characteristic data, which are not readily accessible from the original data source, are lacking. Consequently, the study 
outcomes may vary across demographic groups or exposure levels. Future research should consider stratifying populations by 
age and incorporating dietary data to enhance the generalizability of the findings.

https://doi.org/10.2147/JMDH.S529168                                                                                                                                                                                                                                                                                                                                                                                                                                             Journal of Multidisciplinary Healthcare 2025:18 4492

Xu et al                                                                                                                                                                              

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



Conclusion
Through MR analysis, a genetic link between metabolites, inflammatory markers, and stroke risk was demonstrated. FGF-5 
may reduce stroke risk by modulating metabolite levels (1-palmitoyl-GPG and 1-stearoyl-2-arachidonoyl-GPE). These 
metabolic signaling pathways may be more important in stroke pathophysiology than traditionally studied inflammatory 
factors. These results offer novel insights into the mechanisms underlying stroke and highlight potential candidate biomarkers 
for targeted therapeutic interventions. Future research aimed at developing stroke treatments should explore the therapeutic 
potential of targeting these metabolic pathways, particularly in European populations.
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