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Abstract

Purpose: This study aims to systematically investigate the multi-target 

mechanisms of cobalamin in the treatment of ischemic stroke using network 

pharmacology and molecular docking approaches.

Methods: We screened databases to identify the targets of cobalamin and 

performed intersected with with ischemic stroke-related targets to construct 

a "drug-target-disease" interaction network. Gene Ontology (GO) and Kyoto 

Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses 

were conducted to identify key biological processes and signaling pathways. 

Additionally, molecular docking simulations were performed to assess the 

binding affinity between cobalamin and hub proteins. Molecular dynamics 

(MD) simulations were used to assess the stability of the protein-ligand 

complexes over a 500 ns simulation period. Additionally, ADME (Absorption, 

Distribution, Metabolism, Excretion) and blood-brain barrier (BBB) 

permeability predictions were made using ADMETlab 3.0 and admetSAR 3.0.

Results: A total of 95 therapeutic targets of cobalamin for ischemic stroke 

were identified. Network analysis and molecular docking highlighted eight 

core targets—ALB, TIMP1, PLG, FN1, AGT, SERPINE1, APOE, and SPP1—with 

high binding affinities to cobalamin. GO analysis suggested that cobalamin 

regulates inflammatory responses, post-translational modifications, 

complement binding, and lipoprotein particle binding. KEGG analysis 

identified complement and coagulation cascades, the PI3K/AKT pathway, and 

inflammation-related signaling as central to its therapeutic effects. Molecular 

docking showed strong binding to ALB and TIMP1, which was further 

confirmed by MD simulations, with minimal conformational changes. The PLG-

cobalamin complex exhibited more fluctuations. ADME analysis revealed low 
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passive permeability, particularly across the blood-brain barrier, but moderate 

distribution and high plasma protein binding.

Conclusion: This study provides evidence that cobalamin may offer 

neuroprotective effects in ischemic stroke by interacting with key target 

proteins involved in coagulation, inflammation, and lipid metabolism. The 

findings highlight the potential of cobalamin as a therapeutic agent, although 

its limited ability to cross the blood-brain barrier may restrict its oral use. 

Further experimental validation and development of suitable delivery methods 

are needed to fully realize cobalamin’s potential in stroke therapy.

Keywords: Ischemic stroke, Cobalamin, Network pharmacology, Molecular 

Docking

1. Introduction

Ischemic stroke accounts for approximately 70% of all stroke cases and is 

responsible for more than 10 million deaths worldwide each year 

(https://www.who.int/data/gho). Its pathophysiology is highly complex, 

involving multiple interrelated processes such as oxidative stress, 

inflammation, neuronal apoptosis, and disruption of the blood-brain barrier (1, 

2). Although reperfusion therapies, including recombinant tissue plasminogen 

activator (rt-PA) and endovascular thrombectomy, have demonstrated clinical 

efficacy when administered within a narrow therapeutic window, many 

patients still experience irreversible neurological deficits due to delayed 

treatment and the risk of reperfusion injury (3). Consequently, exploring 

neuroprotective agents with multi-target and multi-pathway regulatory effects 

has become a prominent area of research.

Cobalamin (vitamin B12) is a water-soluble vitamin essential for one-carbon 

metabolism and myelin synthesis. Emerging studies suggest that cobalamin 

may exert neuroprotective effects, including antioxidant, anti-inflammatory, 

anti-apoptotic, and mitochondrial regulatory functions (4, 5). Owing to these 

pleiotropic biological activities, cobalamin is hypothesized to modulate 
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multiple pathological processes involved in ischemic stroke (6). However, 

direct experimental evidence supporting this hypothesis remains limited. 

Notably, cobalamin deficiency has been associated with various neurological 

disorders, such as cognitive impairment, autism spectrum disorder, epilepsy, 

schizophrenia, depression, and migraine. Several studies have demonstrated 

that cobalamin supplementation can alleviate symptoms of these conditions 

(7-9). In addition, low serum cobalamin levels have been identified as an 

independent risk factor for ischemic stroke, and early supplementation has 

shown potential to improve neurological outcomes in stroke patients (10-12).

Traditional experimental approaches are often insufficient to fully elucidate 

the complex regulatory networks underlying ischemic stroke. In contrast, 

network pharmacology, which integrates target prediction, pathway analysis, 

and molecular docking, offers a systematic approach to explore the 

interactions between drugs, targets, and diseases, thereby providing novel 

insights into the therapeutic potential of cobalamin (13).

This study aims to: (1) identify the core targets of cobalamin in ischemic 

stroke through network pharmacology; (2) evaluate the binding affinity 

between cobalamin and key targets through molecular docking analysis; and 

(3) propose a multi-target regulatory framework to support future 

experimental validation. The findings are expected to establish a theoretical 

foundation for nutritional interventions and drug development strategies 

targeting ischemic stroke. An overview of the study workflow is presented in 

Figure 1.

2. Methods and materials

2.1 Identification of targets of cobalamin

Potential cobalamin targets were systematically retrieved from three 

databases in November 2024: DrugBank, GeneCards, and 

SwissTargetPrediction. For GeneCards, we retained only targets with 

relevance scores ≥ 10, which was chosen based on previous studies that 

suggest a relevance score of 10 or higher is indicative of robust biological 
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evidence for the target’s involvement in relevant pathways or diseases (14). 

For SwissTargetPrediction, a probability cutoff of ≥0.5 was used, in line with 

typical usage in predictive modeling, where a probability of ≥0.5 is considered 

a reasonable threshold for reliable predictions of drug-target interactions (15). 

All gene names were converted to official HUGO Gene Nomenclature 

Committee symbols via UniProt, and duplicates were removed after cross-

database integration. 

2.2 Identification of ischemic stroke disease targets

Disease-related targets for ischemic stroke were identified by searching the 

GeneCards, DisGeNET, and OMIM databases. In the GeneCards database, 

targets with a relevance score ≥10 were selected to ensure high-confidence 

associations with ischemic stroke (14). In contrast, all associated genes from 

DisGeNET were included to provide broad coverage of potential mechanisms, 

as our aim was to capture a wide array of relevant genes without restricting 

the dataset based on score thresholds. This approach was chosen to avoid 

missing any potentially important genes linked to ischemic stroke. Similarly, 

relevant manually curated genes were retrieved from OMIM using the 

keyword "ischemic stroke."

Data from the three databases were integrated using a Venn diagram, and 

duplicate entries were removed to generate a comprehensive list of ischemic 

stroke-related targets. The potential therapeutic targets of cobalamin against 

ischemic stroke were then identified by cross-referencing these common 

ischemic stroke targets with known cobalamin targets using the Draw Venn 

Diagram online tool. Functional classification of the resulting therapeutic 

targets was conducted using the PANTHER classification system (accessed 

November 2024) (16). 

2.3 PPI network construction and analysis 

The common cobalamin targets for ischemic stroke were analyzed using the 

DAVID database (accessed December 2024) for Gene Ontology (GO) and Kyoto 

Encyclopedia of Genes and Genomes (KEGG) enrichment analysis with 
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Benjamini-Hochberg FDR correction (17-19). Terms with P < 0.05 and FDR < 

0.05, containing at least 5 targets, were considered significant. Protein-protein 

interaction (PPI) networks were constructed using the STRING database 

(Homo sapiens; minimum interaction score: 0.7) and visualized in Cytoscape 

using a force-directed layout. Hub genes were identified as the top 10% based 

on degree centrality. The integrated functional network was then constructed 

and visualized (20).

2.4 Molecular docking validation  

First, the crystal structure of the target protein was obtained from the PDB. 

PyMOL was used to remove water molecules, inorganic ions, and other non-

essential components, and the processed structure was saved as the receptor 

file (21). The ligand molecule was retrieved from the PubChem database, 

converted to PDB format using PyMOL, and subsequently prepared by adding 

hydrogen atoms and charges. For target proteins with co-crystallized ligands, 

the active site was defined using the coordinates of the bound ligand. For 

proteins without co-crystallized ligands, potential binding pockets were 

predicted using the CASTp 3.0 server (http://sts.bioe.uic.edu/castp/), and the 

center of the largest predicted pocket was selected to define the docking grid. 

All docking grid boxes were then constructed using AutoDockTools, where the 

grid center coordinates and box dimensions were specified accordingly. 

Molecular docking was subsequently performed using AutoDock Vina (22). 

After docking, the binding conformation with the lowest binding energy was 

selected and analyzed. The receptor-ligand interactions were visualized using 

PyMOL (23). The URLs employed in this section are summarized in Table 1.

2.5 Molecular dynamics simulations validation 

Based on the docking results, the optimal protein-ligand complex was 

subjected to molecular dynamics (MD) simulations using the GROMACS 5.0 

package (24) with the CHARMM36 force field (24) under periodic boundary 

conditions. Ligand topology parameters were generated using the CHARMM 

General Force Field (CGenFF) (25). The system was solvated, neutralized by 
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the addition of counterions, and energy-minimized using the steepest descent 

algorithm to eliminate unfavorable contacts.

Electrostatic interactions were calculated using the particle mesh Ewald 

(PME) method, while van der Waals interactions were treated with a suitable 

cutoff scheme. The system was equilibrated sequentially in the NVT ensemble 

for 50,000 steps and then in the NPT ensemble for an additional 50,000 steps. 

Production MD simulations were subsequently conducted for 100 ns at 300 K 

with a time step of 2.0 fs, and trajectory coordinates were saved every 1 ps for 

further analysis (26, 27).

2.6 In silico prediction of ADME and blood–brain barrier properties of 

cobalamin

Pharmacokinetic and other ADMET-related properties of cobalamin were 

predicted using two web-based tools, ADMETlab 3.0 

(https://admetlab3.scbdd.com/server/screening) and admetSAR 3.0 

(https://lmmd.ecust.edu.cn/admetsar3/resource.php). The canonical SMILES 

representation of cobalamin was obtained from PubChem, and gastrointestinal 

absorption, blood–brain barrier (BBB) permeability, volume of distribution, 

and other ADMET-related parameters were predicted under the default 

settings of each server.

3. Results 

3.1 Target identification for GO and KEGG enrichment analysis of 

cobalamin intervention in ischemic stroke

A total of 2,216 cobalamin-related targets were initially retrieved from the 

GeneCards, DrugBank, and SwissTargetPrediction databases. Simultaneously, 

2,262 ischemic stroke-associated targets were identified by searching the 

GeneCards and OMIM databases. By intersecting the cobalamin-related 

targets with those associated with ischemic stroke, 828 common targets were 

obtained (Figure 2A). Subsequently, a Venn diagram analysis between these 

828 shared targets and our previously identified proteomic targets yielded 95 

ACCEPTED MANUSCRIPTARTICLE IN PRESS

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



overlapping genes (Figure 2B). The functional categories of these 95 targets 

are shown in Figure 2C, including metabolite interconversion enzymes, 

protein-modifying enzymes, intercellular signaling molecules, transmembrane 

signal receptors, gene-specific transcriptional regulators, transporters, 

protein-binding activity modulators, cell adhesion molecules, 

defense/immunity proteins, and DNA metabolism proteins.

3.2 PPI network construction

The investigate the interactions among the therapeutic targets of cobalamin 

in ischemic stroke, a PPI network was constructed using the STRING database. 

(Figure 3A). The resulting interaction data were imported into Cytoscape 

v3.10.1 for visualization (Figure 3B). To further identify the core targets of 

cobalamin in the regulation of ischemic stroke, degree centrality (DC) was 

calculated using the CytoNCA plugin in Cytoscape. ALB, FN1, and CRP 

exhibited the highest DC values (Table 2) and were therefore selected as 

potential hub targets.

Subsequent GO enrichment analysis of these hub genes revealed that they 

are significantly involved in several biological processes, including fibrinolysis, 

negative regulation of coagulation, low-density lipoprotein particle remodeling, 

and acute-phase responses (Figure 3E, 3F, 3H). These functions align with the 

known pathological mechanisms of ischemic stroke and suggest that the 

identified hub genes may serve as critical targets through which cobalamin 

exerts its therapeutic effects. To explore the modular structure of the network, 

cluster analysis was performed using the MCODE plugin. Three distinct 

clusters were identified: Cluster 1 included 40 nodes and 437 edges (score = 

22.410), Cluster 2 contained 27 nodes and 149 edges (score = 11.462), and 

Cluster 3 comprised 4 nodes and 6 edges (score = 4.000) (Figures 3C, 3D, 3G). 

GO biological process enrichment analysis was conducted for each cluster to 

characterize their functional significance. As illustrated in Figure 3E, proteins 

in Cluster 1 were primarily involved in the negative regulation of blood 

coagulation, acute-phase response, and blood coagulation. Proteins in Cluster 
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2 (Figure 3F) were mainly associated with blood coagulation, inflammatory 

response, negative regulation of fibrinolysis, and complement activation via 

the alternative pathway. Cluster 3 proteins (Figure 3H) were predominantly 

related to lipid transport, lipoprotein metabolic process, and triglyceride 

catabolic process.

Collectively, these results suggest that the core functional modules within 

the PPI network are mainly involved in coagulation cascades, inflammatory 

responses, and lipid metabolism. These biological processes are known to play 

critical roles in the pathogenesis and progression of ischemic stroke.

  To further identify the key regulatory genes within the network, topological 

analysis was performed using the CytoHubba plugin in Cytoscape. Nodes were 

ranked using the Maximal Clique Centrality (MCC) algorithm, which is 

considered a robust method for hub gene identification. This analysis 

identified 10 hub genes: AGT, CRP, PLG, VWF, ALB, FN1, TIMP1, APOE, SPP1, 

and SERPINE1 (Figure 4A).

Subsequently, GO enrichment analysis was conducted for these hub genes. 

In the biological process (BP) category, the top five enriched terms were: 

symbiont-related biological processes, fibrinolysis, low-density lipoprotein 

particle remodeling, negative regulation of blood coagulation, and negative 

regulation of fibrinolytic processes (Figure 4B). In the cellular component (CC) 

category, the most significantly enriched terms included: platelet alpha 

granule lumen, extracellular space, extracellular region, extracellular 

exosome, and collagen-containing extracellular matrix (Figure 4C). For 

molecular function (MF) (Figure 4D), the top enriched terms were: protease 

binding, protein folding chaperone binding, receptor–ligand activity, signaling 

receptor binding, and integrin binding.

Notably, network centrality analysis using CytoNCA showed a high degree 

of consistency with the results obtained from CytoHubba, further validating 

the critical role of these hub genes. These genes are primarily involved in the 

regulation of key biological processes such as the coagulation cascade, 
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inflammatory response, and lipid metabolism, suggesting that they may play 

essential roles in the pathogenesis and progression of ischemic brain injury.

3.3 GO enrichment analysis

  Figure 5A illustrates the core hub genes potentially modulated by cobalamin 

in the context of ischemic stroke. GO enrichment analysis further revealed the 

involvement of these genes in key BP, CC, and MF. In the BP category, the top 

five enriched terms were: acute-phase response, interaction with symbiont, 

acute inflammatory response, platelet degranulation, and maintenance of 

location (Figure 5B). For the CC category, the most significantly enriched 

components included: platelet alpha granule lumen, platelet alpha granule, 

blood microparticle, endoplasmic reticulum lumen, and secretory granule 

lumen. In the MF category, the top five enriched functions were: chaperone 

binding, macrolide binding, toxic substance binding, opsonin binding, and low-

density lipoprotein particle binding. In addition, the c-net network diagram 

(Figure 5C) provides a visual overview of the functional associations among 

these hub genes. These findings suggest that cobalamin may exert protective 

effects in ischemic stroke by modulating key biological processes such as the 

inflammatory response, post-translational protein modification, complement 

activation, and lipoprotein particle binding.

3.4 KEGG enrichment analysis

  KEGG pathway analysis provides key insights into the regulatory 

mechanisms underlying biological processes, thereby facilitating a more 

comprehensive understanding of the protective effects of cobalamin in 

ischemic stroke. As shown in Figure 6A, cobalamin appears to exert its effects 

primarily through several critical signaling pathways, including the 

complement and coagulation cascades, cholesterol metabolism, and ECM–

receptor interaction pathways. Further KEGG enrichment analysis categorized 

these pathways into the following major functional groups (Figures 6B and 6C): 

Human disease-related pathways, such as the AGE-RAGE signaling pathway 

in diabetic complications, Staphylococcus aureus infection, proteoglycans in 
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cancer, various infectious diseases, and endocrine and metabolic disorders; 

Organismal systems, encompassing pathways involved in the immune system, 

digestive system, aging, complement and coagulation cascades, and 

cholesterol metabolism; Cellular processes, including phagosome formation, 

focal adhesion, ferroptosis, the p53 signaling pathway, cell growth and death, 

transport and catabolism, and cell–cell communication in eukaryotes; 

Environmental information processing, including ECM–receptor interaction, 

cytokine–cytokine receptor interaction, PI3K-Akt signaling pathway, signaling 

molecules and interaction, and signal transduction. Figure 6D illustrates a 

bubble plot of the top 20 significantly enriched pathways and their associated 

target genes, while Figure 6E displays a pathway–target network, with green 

nodes representing signaling pathways and yellow nodes indicating target 

genes. Taken together, these findings suggest that cobalamin may exert 

neuroprotective effects against ischemic stroke by modulating multiple 

pathways, particularly those involved in the complement and coagulation 

cascades, PI3K/Akt signaling, and other inflammation-related mechanisms. 

This highlights the potential of cobalamin as a multitarget therapeutic agent 

in the prevention and treatment of ischemic stroke.

3.5 Validation of interactions between cobalamin and potential targets 

through molecular docking

To evaluate the binding affinity of cobalamin with the proteins encoded by 

the 10 hub genes, molecular docking analysis was performed. The docking 

model with the lowest binding energy ( Δ G) was recorded for each ligand–

target protein pair. Due to the lack of available docking sites for CRP and vWF 

in the AutoDock database, these two targets were excluded from the docking 

analysis. The docking results for the remaining eight target proteins are 

summarized in Table 3 and illustrated in Figure S1. Among them, cobalamin 

exhibited the strongest binding affinity with ALB and TIMP1, with ALB 

showing the most stable binding conformation. This was followed by PLG, FN1, 

AGT, SERPINE1, APOE, and SPP1. The specific binding sites between 
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cobalamin and each target protein are depicted in Figure S1. These results 

suggest that cobalamin may exert its protective effects in ischemic stroke, at 

least in part, by stably interacting with key hub proteins involved in the 

pathophysiology of the disease. It is noteworthy that ALB, TIMP1, PLG, and 

cobalamin exhibit the strongest binding energies in their interactions.

3.6 Molecular dynamics simulations of the core targets

  We employed MD simulations to evaluate the dynamic stability of receptor-

ligand complexes under physiological conditions. Cobalamin was selected for 

simulation with ALB, TIMP1, and PLG to assess binding stability, considering 

factors such as binding affinity, complex interactions, and compound 

structural diversity. The stability of each system was evaluated by calculating 

the root mean square deviation (RMSD), root mean square fluctuation (RMSF), 

radius of gyration (Rg), and solvent accessible surface area (SASA) during a 

500 ns simulation period. Additionally, Gibbs free energy landscape analysis 

was performed to further validate the binding stability of cobalamin with the 

target genes and to explore its potential neuroprotective mechanisms.

Through MD simulations, the ALB-Cobalamin and TIMPI-Cobalamin 

complexes exhibited high structural stability. The RMSD of ALB-Cobalamin 

was 1.0 nm (Figure 7A), while the RMSD of TIMPI-Cobalamin was even lower, 

around 0.5 nm, indicating minimal conformational changes. Ligand RMSD 

analysis showed that Cobalamin remained stable in both ALB-Cobalamin and 

TIMPI-Cobalamin complexes, with low RMSD values of 1.0 nm and 0.5 nm, 

respectively (Figure 7B). In contrast, the PLG-Cobalamin complex displayed a 

higher RMSD of 1.5 nm (Figure 7A), with the ligand RMSD fluctuating 

significantly, showing greater variation in Cobalamin's structure.

In the radius of gyration (Rg) analysis, the ALB-Cobalamin complex exhibited 

an Rg value of 3.0 nm (Figure 7C), suggesting a more extended conformation. 

In contrast, both PLG-Cobalamin and TIMPI-Cobalamin had smaller Rg values 

of 2.5 nm, indicating that these complexes are more compact and structurally 

stable (Figure 7C).
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In the SASA analysis, the SASA values for all three complexes remained 

stable without significant changes, indicating that their surface properties did 

not undergo significant alterations during the simulations (Figure 7D).

In the RMSF analysis, ALB-Cobalamin showed considerable fluctuation, 

especially in the 100-300 residue region (Figure 8A), while TIMPI-Cobalamin 

exhibited small fluctuations, demonstrating overall high stability (Figure 8E). 

The RMSF of PLG-Cobalamin showed greater fluctuations (Figure 8C), 

indicating higher structural flexibility and larger variations in the region 

interacting with Cobalamin. The number of hydrogen bonds in ALB-Cobalamin 

remained around 1 (Figure 8B), while in PLG-Cobalamin, it fluctuated between 

1 and 5 (Figure 8D), suggesting a more dynamic interaction with Cobalamin. 

The number of hydrogen bonds in TIMPI-Cobalamin remained relatively stable, 

between 2 and 3 (Figure 8F).

Finally, the Gibbs free energy landscape analysis revealed that the ALB-

Cobalamin complex had its lowest energy point at PC1 ~ 0.4, PC2 ~ 2.8, 

suggesting a more extended conformation (Figure 9A, B, C). The free energy 

landscape of PLG-Cobalamin was more complex, showing multiple low-energy 

points, with the lowest energy region at PC1 ~ 0.8, PC2 ~ 3.0 (Figure 9D, E, 

F), suggesting the existence of multiple stable conformations. The TIMPI-

Cobalamin free energy landscape displayed a deep and concentrated low-

energy region, with the most stable conformation occurring at PC1 ~ 0.3, PC2 

~ 2.0 (Figure 9G, H, I), indicating a stable and less variable structure.

3.7 In silico ADME and blood brain barrier profile of cobalamin

  To characterize the pharmacokinetic profile of cobalamin at the 

computational level, we predicted its ADMET properties using ADMETlab 3.0 

and admetSAR 3.0 (Table S1). Both platforms indicated that cobalamin has a 

very large molecular weight (approximately 1.3 kDa) and an extremely high 

topological polar surface area (TPSA ~460-480 Å ² ), with good aqueous 

solubility, but clearly falls outside the typical physicochemical space of drug-

like small molecules. With respect to absorption, admetSAR 3.0 predicted very 
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low Caco-2 permeability (Caco-2 probability 0.003; logPapp -6.55), a low 

probability of human intestinal absorption (HIA = 0.085), and a high 

probability of cobalamin being a P-glycoprotein substrate (0.949), suggesting 

poor passive intestinal permeability and a propensity for efflux transport. For 

distribution, both tools supported a moderate apparent volume of distribution 

(VDss ~0.3-0.5 L/kg) and high plasma protein binding (approximately 75%). 

Regarding the blood–brain barrier, ADMETlab 3.0 yielded a BBB score of 

0.000462, and admetSAR 3.0 predicted a blood brain barrier permeability 

probability of 0.06, both indicating that cobalamin is very unlikely to cross the 

blood brain barrier efficiently by passive diffusion. Overall, these in silico 

results consistently suggest that cobalamin exhibits poor passive permeability 

(including across the blood brain barrier), together with a moderate 

distribution volume and substantial plasma protein binding.

4. Discussion

With the rapid development of the economy and society, the prevalence of 

ischemic stroke has gradually increased worldwide, leading to a heavy 

economic and social burden. Our previous clinical studies have identified 

cobalamin deficiency as a significant predictor of the occurrence and 

development of ischemic stroke, and early supplementation of cobalamin can 

improve patient outcomes (10-12). Additionally, cobalamin is a bioactive 

compound with multiple beneficial effects, including neuroprotective roles in 

ischemic stroke, such as epigenetic regulation, mitochondrial function 

modulation, and the preservation of the neurovascular unit integrity. A study 

involving 43,732 men without cardiovascular disease or diabetes found that 

vitamin B12 intake was negatively associated with ischemic stroke. Compared 

to the lowest intake group, the highest intake group had an adjusted 

multivariable hazard ratio of 0.73 (95% confidence interval: 0.53-0.99; P < 

0.05) (28). In another study, 224 patients with ischemic stroke and H-type 

hypertension received conventional treatment and were given 500 µg of 

methylcobalamin daily for 6 months. The results showed that methylcobalamin 
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significantly reduced plasma tHcy and hs-CRP levels, decreased carotid 

intima-media thickness, and improved both NIHSS and BI scores, thereby 

effectively enhancing the patients' prognosis (29). In this study, we used 

network pharmacology, bioinformatics analysis, molecular docking 

simulations and MD simulations to explore potential therapeutic targets and 

mechanisms of cobalamin in ischemic stroke from multiple perspectives. The 

aim of this study is to investigate the potential therapeutic targets of 

cobalamin in the treatment of ischemic stroke.

First, we identified and validated a set of target genes closely associated 

with ischemic stroke, including ALB, TIMP1, PLG, FN1, AGT, SERPINE1, 

APOE, and SPP1. These genes are critically involved in the pathophysiological 

processes of stroke, encompassing blood circulation, neuroprotection, 

inflammation, apoptosis, and vascular remodeling. Notably, our study 

demonstrated that cobalamin is predicted to interact with these genes, 

suggesting its potential therapeutic value in promoting neurological recovery 

following ischemic stroke.

ALB is the most abundant circulating protein in the bloodstream and plays 

a multifaceted biological role. Its functions include binding and transporting a 

wide array of plasma drugs and endogenous molecules, maintaining colloid 

osmotic pressure, and exerting antioxidant, anticoagulant, and antiplatelet 

effects (30-32). Previous studies have identified serum ALB levels as predictive 

biomarkers for both the occurrence of stroke and unfavorable outcomes 

following stroke. The PIVOTAL trial, which enrolled 2,141 participants, 

reported that lower ALB levels were independently associated with an 

increased risk of stroke over a median follow-up of 2.1 years, suggesting that 

ALB may be an important predictor of stroke risk in this population (33). 

Similarly, findings from the CNSR-III, which analyzed data from 13,618 

patients with acute ischemic stroke or transient ischemic attack, 

demonstrated that reduced serum ALB was an independent predictor of poor 

prognosis. Patients with ALB levels <35 g/L had a 37% higher risk of 
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unfavorable functional outcomes at 3 months (adjusted OR = 1.37) and a 113% 

higher risk of mortality (adjusted HR = 2.13). Additionally, for every 10 g/L 

reduction in ALB, the risk of adverse outcomes further increased (OR = 1.17, 

HR = 1.86). These associations remained significant throughout the 1-year 

follow-up period, reinforcing the prognostic value of serum ALB in stroke 

patients (34). Collectively, these findings underscore the multifactorial role of 

ALB in ischemic stroke pathology-not only as a prognostic biomarker but also 

as a potential therapeutic target for redox modulation and hemodynamic 

stabilization. Cobalamin, known for its antioxidant properties, may enhance 

these effects via upregulation of ALB expression, providing a plausible 

neuroprotective mechanism (35).

TIMP1 is an endogenous inhibitor of matrix metalloproteinases (MMPs) and 

plays a crucial role in maintaining the integrity of the blood–brain barrier (36). 

A cohort study by Zhong et al. reported that elevated serum TIMP1 levels at 

admission were associated with poor outcomes in stroke patients (37). Existing 

evidence suggests that during acute brain injury, the endogenous expression 

of TIMP1 is insufficient to provide adequate neuroprotection, indicating the 

need for exogenous supplementation to achieve its full therapeutic potential. 

The neuroprotective mechanisms of TIMP1 may include: (1) inhibition of MMP-

9-mediated blood-brain barrier disruption; (2) attenuation of inflammatory 

responses; and (3) promotion of tissue repair (37, 38). These findings support 

the rationale for developing TIMP1-targeted therapeutic strategies in stroke 

management. Thus, by promoting TIMP1 expression, cobalamin may 

contribute to maintaining blood-brain barrier integrity, suppressing 

neuroinflammation, and improving post-stroke recovery- a hypothesis worthy 

of further in vivo validation.

PLG, a core component of the fibrinolytic system, not only facilitates 

thrombolysis but also modulates stroke progression through its roles in 

resolving inflammation, regulating immune cell migration, and providing 

neuroprotection. Dysregulation of PLG function has been closely associated 
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with the onset and development of stroke (39). Similarly, genetic 

polymorphisms in SERPINE1, which also acts as a chemotactic factor, have 

been associated with an increased risk of ischemic stroke and may exacerbate 

neuronal injury after ischemia-reperfusion by enhancing neutrophil infiltration 

(40). Dysregulation of the coagulation-fibrinolysis axis may also contribute to 

cerebral hemorrhage by compromising vascular stability. For instance, 

polymorphisms in the FN1 gene-such as rs10202709-are significantly 

associated with the risk of intraventricular hemorrhage (IVH) in preterm 

infants, with carriers of the TT genotype being more prone to developing high-

grade IVH (41). Moreover, elevated plasma levels of cellular fibronectin, a 

splice variant of FN1, have been identified as a biomarker for hemorrhagic 

transformation and poor clinical outcomes in patients with acute ischemic 

stroke (42). Collectively, these findings highlight the therapeutic relevance of 

modulating the fibrinolytic pathway in ischemic stroke. The observed 

regulatory effects of cobalamin on PLG and SERPINE1 expression suggest a 

potential for restoring hemostatic equilibrium and attenuating secondary 

brain injury. This supports the rationale for exploring cobalamin as a multi-

target agent capable of simultaneously modulating thrombotic and 

inflammatory mechanisms post-stroke

The M235T polymorphism in the AGT gene has been significantly associated 

with an increased risk of ischemic stroke-particularly lacunar infarction in 

men-among Asian populations (43). The underlying mechanisms may involve 

impaired regulation of blood pressure and accelerated atherosclerotic 

progression. APOE also contributes to stroke susceptibility through epigenetic 

regulation: its DNA methylation status may modulate key pathways involved 

in atherogenesis (44), while APOE genotype variations may further elevate 

cardiovascular risk by disrupting fatty acid metabolism (45). SPP1 plays a 

critical role in orchestrating the inflammatory response during the acute phase 

of stroke. After cerebral ischemia–reperfusion injury, SPP1 expression is 

significantly upregulated and is negatively regulated by miR-340-5p, 
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highlighting its potential as a therapeutic target for anti-inflammatory 

strategies (46). SPP1⁺ macrophages have been shown to promote stroke-

associated inflammation following aneurysmal rupture by driving phenotypic 

switching of vascular smooth muscle cells and facilitating collagen remodeling 

(47). Furthermore, in the MCAO model, activation of SPP1⁺ microglia 

exacerbates pontine infarction, whereas inhibiting their activity confers 

neuroprotective effects (48). Taken together, AGT, APOE, and SPP1 represent 

distinct but convergent pathways-hypertension, lipid metabolism, and 

inflammation-that underlie stroke pathogenesis. The observed regulatory 

effects of cobalamin on these targets suggest a multifactorial mechanism of 

neuroprotection, providing further justification for its exploration as a 

candidate therapeutic agent with pleiotropic effects in ischemic stroke.

KEGG enrichment analysis revealed that the complement and coagulation 

cascades, along with the PI3K/Akt signaling pathway, are closely associated 

with the pathogenesis of stroke. Cobalamin deficiency contributes to increased 

stroke risk through multiple mechanisms. On one hand, it leads to abnormal 

accumulation of blood cells in the bone marrow. The resulting fragility of 

erythrocyte membranes predisposes them to intramedullary hemolysis, 

causing erythrocyte fragmentation and thrombocytopenia. The accumulation 

of hemolytic byproducts further damages the vascular endothelium (49). On 

the other hand, cobalamin deficiency promotes the buildup of toxic 

metabolites such as homocysteine and methylmalonic acid, which impair 

endothelial function through oxidative stress. This triggers platelet activation 

and upregulation of tissue factor expression, ultimately initiating the 

coagulation cascade and exacerbating vascular pathology (50). The 

complement system exerts a dual role in ischemic stroke: while its activation 

aggravates cerebral ischemia/reperfusion injury and inflammatory responses, 

it also participates in neural repair processes. Clinical studies have shown that 

elevated levels of complement components, such as C3, are positively 

correlated with the degree of neurological impairment in patients with 
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ischemic stroke (51, 52), suggesting that the complement cascade may serve 

as a dynamic target for modulating both injury and repair mechanisms after 

stroke.

The PI3K/Akt pathway plays a central neuroprotective role in stroke by 

regulating cell proliferation, survival, and metabolism. In cerebral 

ischemia/reperfusion injury, activation of this pathway alleviates oxidative and 

endoplasmic reticulum stress, suppresses inflammation, neuronal apoptosis, 

autophagy, and pyroptosis, and preserves the integrity of the blood–brain 

barrier. These effects collectively contribute to a reduction in infarct volume 

and improvement in neurological function (53-55). Notably, cobalamin 

supplementation has been shown to activate the PI3K/Akt pathway, leading to 

increased expression of brain-derived neurotrophic factor, inhibition of 

neuronal apoptosis, and attenuation of neurological damage in cerebral palsy 

models (56), further underscoring the therapeutic potential of this signaling 

axis in stroke.

Through MD simulations and ADME analysis, this study highlights the 

potential of cobalamin in the treatment of ischemic stroke. The simulation 

results indicate that cobalamin demonstrates strong binding stability with key 

targets, such as ALB, TIMP1, and PLG, with the ALB-Cobalamin and TIMPI-

Cobalamin complexes exhibiting low RMSD and high stability. These findings 

suggest that cobalamin may exert neuroprotective effects through multiple 

mechanisms, including antioxidant activity, preservation of blood-brain 

barrier integrity, and regulation of thrombus formation. However, ADME 

analysis reveals that cobalamin has a high molecular weight and polar surface 

area, which, coupled with its poor ability to cross the blood-brain barrier, may 

limit its efficacy as an oral drug. Nevertheless, due to its high plasma protein 

binding and stability, cobalamin shows promise as a co-therapeutic agent. 

Future studies should focus on validating these simulation results and 

exploring more effective delivery methods to fully realize the therapeutic 

potential of cobalamin in ischemic stroke treatment.
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This study, through computational modeling, revealed that cobalamin may 

exert neuroprotective effects by modulating multiple key genes and signaling 

pathways, offering novel insights into the treatment of ischemic stroke. 

However, several limitations should be acknowledged. First, the findings rely 

on computational predictions, which have not yet been validated by in vitro, in 

vivo, or clinical studies. This means that while the potential interactions 

between cobalamin and key stroke-related genes are promising, they require 

further experimental validation. Second, this study did not include 

comparisons with existing stroke therapies or explore the potential of 

combination interventions, which could provide more context for the 

therapeutic potential of cobalamin. Additionally, the optimal therapeutic 

dosage of cobalamin remains undefined, and further studies are needed to 

determine this. Future research should focus on experimentally validating the 

identified targets and pathways, investigating their underlying mechanisms, 

and evaluating both the clinical efficacy and safety of cobalamin-based 

interventions. These efforts will be essential for advancing the translational 

potential of cobalamin in stroke therapy. Despite these limitations, the present 

study provides a valuable framework for further investigation into the 

mechanisms by which cobalamin may act in the treatment of stroke, 

representing an important contribution to the field.

5. Conclusion

In this study, we employed a combination of network pharmacology, 

bioinformatics analysis, and molecular docking simulations to investigate the 

potential mechanisms of cobalamin in the treatment of ischemic stroke. Our 

findings indicate that cobalamin targets a broad range of molecules implicated 

in ischemic stroke, and its therapeutic effects may be mediated through the 

reversal of aberrant expression of key genes, including ALB, TIMP1, PLG, FN1, 

AGT, SERPINE1, APOE, and SPP1. Moreover, the complement and coagulation 

cascades, as well as the PI3K/Akt signaling pathway, emerged as potential 

therapeutic pathways. These findings provide a comprehensive understanding 
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of the molecular targets through which cobalamin may exert neuroprotective 

effects, offering a theoretical foundation for its clinical application in ischemic 

stroke treatment.
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Figure 1. A flowchart of the network pharmacology analysis used in the 

study

Figure 2. Identification of genes regulating ischemic stroke by 
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cobalamin. (A) The common targets of cobalamin and ischemic stroke. (B) 

The common targets between proteomic targets-cobalamin and ischemic 

stroke targets. (C) Classification of the identified targets.  

Figure 3. The enrichment analysis of PPI network. (A) The PPI network 

from STRING. (B) The visualization of PPI network. (C) The Cluster1 of PPI. 

(D) The Cluster2 of PPI. (E) The GO-BP analysis of Cluster1. (F) The GO-BP 

analysis of Cluster2. (G) The Cluster3 of PPI. (H) The GO-BP analysis of 
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Cluster3.

Figure 4. The GO function enrichment analysis of core targets of 

cobalamin regulating ischemic stroke. (A) The hub genes of PPI network. 

(B) The BP analysis of hub genes. (C) The CC analysis of hub genes. (D) The 

MF analysis of hub genes.
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Figure 5. The GO function enrichment analysis of core targets of 

cobalamin regulating ischemic stroke. (A) The hub genes of PPI network. 

(B) The BP, CC and MF analysis of hub genes. (C) The c-net analysis of hub 

genes.
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Figure 6. The KEGG enrichment analysis identified the core pathways 

of cobalamin regulating ischemic stroke. (A) KEGG pathway analysis. (B) 

KEGG classification analysis. (C) KEGG pathway annotation analysis. (D) The 

network of targets-pathways (Note: the V shape represents-pathway, the 

yellow rectangle represents target). (E) A pathway–target network, with green 

nodes representing signaling pathways and yellow nodes indicating target 

genes. Data from KEGG (58), available at www.kegg.jp/kegg/kegg1.html.
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Figure 7. RMSD, Radius of Gyration (Rg), and SASA Analysis of Protein-

Cobalamin Complexes. (A) Backbone RMSD (after least-squares fitting to 

backbone) for ALB-Cobalamin, PLG-Cobalamin, and TIMPI-Cobalamin 

complexes. (B) Ligand RMSD after backbone fitting, showing the stability of 

Cobalamin in the binding pockets. (C) Radius of Gyration (Rg) for the 

complexes. (D) Solvent Accessible Surface Area (SASA) analysis.
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Figure 8. RMSF and Hydrogen Bonding Analysis of Protein-Cobalamin 

Complexes.

(A) RMSF of ALB-Cobalamin. (B) Hydrogen bonds in ALB-Cobalamin. (C) 

RMSF of PLG-Cobalamin. (D) Hydrogen bonds in PLG-Cobalamin. (E) RMSF of 

TIMPI-Cobalamin. (F) Hydrogen bonds in TIMPI-Cobalamin.
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Figure 9. Gibbs Free Energy Landscape of Protein-Cobalamin 

Complexes. (A) Gibbs free energy landscape of ALB-Cobalamin. (B) Three-

dimensional Gibbs free energy landscape of ALB-Cobalamin. (C) Three-

dimensional Gibbs free energy plot of ALB-Cobalamin. (D) Gibbs free energy 

landscape of PLG-Cobalamin. (E) Three-dimensional Gibbs free energy 

landscape of PLG-Cobalamin. (F) Three-dimensional plot of PLG-Cobalamin’s 

free energy. (G) Gibbs free energy landscape of TIMPI-Cobalamin. (H) Three-

dimensional Gibbs free energy landscape of TIMPI-Cobalamin. (I) Three-

dimensional Gibbs free energy plot of TIMPI-Cobalamin.

Table 1. The webservers/software used in the study

N

O

Database 

and 

analysis 

platform

Website Versio

n

Referenc

es
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1 AutoDock 

Vina_v1.2.2

https://vina.scripps.edu/ V1.2.2 [19]

2 AutoDockTo

ols

https://autodock.scripps.edu/resources/adt/ V1.5.7 (59)

3 Cytoscape https://cytoscape.org/ V3.10.

1

(60)

4 DAVID 

Bioinformati

cs

https://david.ncifcrf.gov/tools.jsp - (61)

5 Draw Venn 

Diagram

http://bioinformatics.psb.ugent.be/webtools/

Venn/

- -

6 DisGeNet 

database

https://www.disgenet.org/ - (62)

7 Drugbank 

database

https://go.drugbank.com/ V6.0 (63)

8 GeneCards 

database

https://www.genecards.org/ - (14)

9 OMIM https://omim.org/ - (64)

10 PubChem 

database

https://pubchem.ncbi.nlm.nih.gov/ - -

11 Pymol https://www.pymol.org/ V3.0.4 (65)

12 CASTp 3.0 http://sts.bioe.uic.edu/castp/ - (66)

13 String tool https://string-db.org/ V12.0 (67)

14 Swiss Target 

Prediction

http: //www.swisstargetprediction.ch/ - (68)

15 Uniprot 

database

https://www.uniprot.org/ - (69)

16 ADMETlab 

3.0 

https://admetlab3.scbdd.com/server/screeni

ng/

V3.0 (70)
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17 admetSAR 

3.0

https://lmmd.ecust.edu.cn/admetsar3/resour

ce.php/

- (71, 72)

Table 2. The evaluation of drug-likeness properties on key 

metabolites

NO. Target DC value NO. Target DC value

1 ALB 37 20 F2 27

2 APOE 36 21 LEP 27

3 CRP 35 22 MPO 26

4 FN1 35 23 SPP1 26

5 PLG 35 24 CLU 25

6 VWF 32 25 TTR 25

7 VTN 32 26 PF4 25

8 APOB 32 27 PXDN 25

9 C3 31 28 ADIPOQ 24

10 AGT 31 29 APOH 24

11 SERPINE1 30 30 THBS1 23

12 KNG1 30 31 SERPINC1 23

13 APP 29 32 CCL5 22

14 TIMP1 29 33 CP 22

15 HP 29 34 PON1 21

16 TGFB1 28 35 C4B 21

17 SERPINA1 28 36 SERPINF2 20

18 VCAM1 28 37 MMP2 20

19 IGF1 27

Table 3. Molecular docking results of Cobalamin with target proteins
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Drug Targets PDB ID Energy 

(kcal/mol)

Full Fitness 

(kcal/mol)

ΔGvdw (kcal/mol)

Cobalamin AGT 5M3X -6.5 -4.5 -5.5

Cobalamin ALB 6JE7 -8.7 -6.5 -7.4

Cobalamin APOE 6V7M -6.3 -4.2 -5.4

Cobalamin FN1 4GH7 -6.8 -4.8 -5.8

Cobalamin PLG 8UQ6 -7.9 -6 -6.7

Cobalamin SERPINE1 9PAI -6.5 -4.7 -5.5

Cobalamin SPP1 3DSF -6.2 -4.5 -5.3

Cobalamin TIMP1 3V96 -8.2 -6.1 -7
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