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ABSTRACT: Vitamin B12(cobalamin) and Vitamin D3 (cholecalciferol) are important micronutrients with essential roles in 
human health, including maintaining calcium and phosphorus levels and aiding nerves and red blood cells to function efficiently. 
Their deficiencies represent a widespread health concern, especially in countries like India, where there is a lack of fortified policies, 
limited awareness about deficiencies and dietary restrictions, genetic variability affecting metabolism and uptake of vitamins, and 
the use of medicines like metformin that impair absorption of Vitamin B12 and D3. Moreover, most fortification studies in India 
have evaluated Vitamin B12 and D3 in isolation or examined their genetic polymorphisms and prevalence of deficiency in lieu of 
dual-fortified functional foods. Hence, this study aimed to investigate the interactions between key transport proteins undergoing 
Vitamin B12 and D3 metabolism and bioactive compounds derived from tamarind. We employed a combination of molecular 
docking and network pharmacology to identify key hub proteins and metabolic pathways involved in metabolism and transport of 
these vitamins by building protein-protein interactions and analysing the binding affinities of dietary compounds with receptors. 
By mapping these genes onto high-confidence interaction networks, the networks correctly identified high-binding affinity 
compounds such as stigmasterol and inulin, thereby providing a strong reason for their role in dietary formulations and their 
potential to alter vitamin bioavailability. Overall, these findings demonstrated the usefulness of integrating molecular docking with 
a genetic computational framework. This study can thus scalably provide the opportunity of future in-depth nutrition research, 
actionable remedies for the deficiency of micronutrients Vitamin B12 and D3, and possible extension of similar frameworks to 
contexts of diseases and other micronutrient deficiencies.  
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�   Introduction
Vitamin D3 (cholecalciferol) and Vitamin B12 (cobala-

min) are essential micronutrients with distinct biochemical 
pathways and essential roles in human health. Vitamin D3 is 
a fat-soluble secosteroid synthesized in the skin from 7-dehy-
drocholesterol under ultraviolet-B exposure, then metabolized 
in the liver to 25-hydroxyvitamin D and further hydroxylated 
in the kidney to its active hormone, 1,25-dihydroxyvitamin D.1 
This hormone regulates calcium and phosphorus homeostasis, 
bone mineralization, and immune modulation. Vitamin B12, 
by contrast, is a water-soluble cofactor obtained from ani-
mal-source foods (meat, fish, eggs, dairy) or fortified products. 
Functionally, it is indispensable for DNA synthesis, red blood 
cell production, and neurologic integrity through its role in 
one-carbon metabolism.2

Globally, deficiencies in both vitamins are highly prevalent 
and are considered major public health concerns. Vitamin D 
deficiency is estimated to affect up to one billion people world-
wide, with prevalence depending on geographic region, season, 
and diagnostic cut-offs.3 A 2023 meta-analysis estimated that 
15.7% of the world’s population had serum 25(OH)D levels 
<30 nmol/L (≈12 ng/mL), with over 40–50% falling below 
the commonly used insufficiency threshold of 50 nmol/L (≈20 
ng/mL) in many regions.4 Contributing factors include lim-
ited sun exposure due to indoor lifestyles, high skin melanin 

content, cultural clothing, latitude, and air pollution that re-
duces UVB penetration. Vitamin B12 deficiency is similarly 
widespread, especially in low- and middle-income countries 
and in populations consuming little or no animal-source foods. 
Estimates vary because of different biomarkers (serum B12 
vs functional markers such as methylmalonic acid), but older 
adults, vegetarians, and individuals with gastrointestinal mal-
absorption remain at highest risk.5

In India, both deficiencies are strikingly common. Despite 
abundant sunlight, 50–80% of Indians are deficient or in-
sufficient in Vitamin D depending on the cutoff used, with 
prevalence often exceeding 80– 90% in urban cohorts.6 Fac-
tors include darker skin pigmentation, cultural sun avoidance, 
high air pollution, predominantly indoor occupations, and 
low consumption of Vitamin D-rich or fortified foods. Sim-
ilarly, 30–70% of Indians have been reported to have Vitamin 
B12 deficiency, especially among vegetarians and low-income 
groups. A North Indian tier-3 city study found ≈47% deficien-
cy (serum B12 <200 pg/mL) in the general population, while 
a large multicentric study of 15,837 asymptomatic individuals 
reported 24.2% prevalence.7

The burden of Vitamin B12 and D3 deficiencies highlight 
the pressing importance of innovative fortified foods or di-
etary interventions. Fortification of stable foods remains one 
of the easiest methods to reduce micronutrient deficiencies for 
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low-income and high-income communities. This is supported 
by the fact that Abdelwahab et al. (2020) conducted a me-
ta-analysis using a random effect model where they compared 
sublingual and oral supplementation of B12, revealing that 
even low-dose delivery of Vitamin B12 in fortified foods can 
increase serum levels, specifically when stable crystalline forms 
are used.8 Other complementary reviews on B12 confirm that 
fortified cereals and milk also reduce Vitamin B12 deficiency, 
validating the technological approach of microencapsulation 
and dual phrase matrices for delivery of Vitamin B12 and D3 
while also highlighting the importance of aligning formula-
tion with Indian consumption trends like dairy, rice and edible 
oils.9

A lot of research has been on-going to fortify Indian staples 
with Vitamin B12 and Vitamin D in isolation, which high-
lights the feasibility and public health potential of developing 
a functional food that can address the deficiencies. Bajaj et 
al. (2021) revealed the capacity of retention of Vitamin B12 
and D3 in edible oils and wheat flour, revealing that both lip-
id-based matrices and dry grain can offer as viable fortification 
vehicles if coating techniques are used to protect Vitamin 
B12 and D3 while cooking and processing.10 Ritu and Gup-
ta (2014) conducted a thorough analysis of India’s experience 
with Vitamin D fortification and deduced that rice, milk and 
wheat are amongst the most widely explored carriers; the bio-
availability is also dependent on packaging stability, fat content 
and type of carrier.11 These findings have aligned with global 
reviews that emphasize that Vitamin D is prone to oxidation 
and light sensitivity, requiring stabilisation in emulsions or 
beadlets, while B12 needs heat protection and protection from 
acidic environments during storage and processing.

Most fortification studies, however, have evaluated either 
B12 or D3 in isolation, with very less research of dual-for-
tified functional foods that can take into consideration the 
absorption mechanisms of micronutrients: D3 requiring the 
presence of micellar incorporation to be optimally absorbed by 
intestines or liposomes, while B12 relies majorly on gastric in-
trinsic factor(IF).12 This study hypothesizes that a dual-phase 
nutritional delivery system, integrating lipid-based carriers 
for Vitamin D3 and fiber–polyphenol complexes for Vitamin 
B12, can enhance the bioavailability of these vitamins through 
improved molecular interactions and absorption pathways. 
This approach can be practically implemented through com-
monly consumed dietary vehicles such as khakhra, fortified 
atta, and dairy-based snacks. Addressing the research gap has 
a potential to create awareness about sustainable fortification 
policies that transition towards inclusive public health solu-
tions for India’s large vegetarian demographic.

�   Methodology
Data Collection:
The data used for this study were obtained from Ge-

nome-Wide Association Studies (GWAS) catalog accessed 
September 2025, that investigated genes associated with Vi-
tamin B12 deficiency anemia and Vitamin B12 levels. Several 
published studies were identified, and the gene symbols from 
each were extracted and compiled into a combined gene list. 

Each dataset included information such as the risk allele 
(SNP ID), p-value, mapped genes, and the associated trait 
name. This allowed for the identification of genes most sig-
nificantly associated with Vitamin B12 traits across multiple 
studies. From GWAS Catalog, there were 8 studies identified 
that directly correlated or included key words “Vitamin B12 
deficiency”, “Vitamin B12 measurement” and other studies 
associated directly with Vitamin D3 or “Vitamin D binding 
amount.” Three studies associated with Vitamin B12 and the 
rest of the 5 studies were correlated with Vitamin D. The SNP 
rows parsed before cleaning was 108.

SNP entries were removed based on identical SNP IDs, am-
biguous gene mappings were excluded, and multi-gene entries 
were split and standardized before deduplication. The unique 
mapped genes, after splitting comma-lists and removing “-” 
totalled up to 51 and most hit genes (by # of SNPs mapped): 
FUT2, TCN1, CUBN, MMUT, TCN2, CD320, CLYBL, 
FUT6, MMAA, ABCD4 (see chart). There were top 20 genes 
by number of SNP hits for Vitamin D3 that were extracted 
from Vitamin D3 data.xlsx GWAS catalog files. The unique 
mapped genes for Vitamin D3 after splitting coma lists and 
removing duplicates was 816 and the SNP rows parsed before 
cleaning was 1728. Vitamin D3 and B12 only have 2 shared 
unique genes. The network summary is that there were 28 
nodes and 16 edges based on the STRING network and top 
25 pathways conducted by reactome enrichment.

Differential Expression Analysis:
To understand how these genes behaved in different bi-

ological conditions, a differential expression analysis was 
performed. First, in order to group the samples, the data were 
divided into two categories: test (Vitamin B12-deficient) and 
control (normal Vitamin B12 level) groups. In order to ensure 
compatibility between the samples and remove technical varia-
tion, filtering and normalization were performed; the log₂ fold 
change was calculated to determine whether the gene was up-
regulated or downregulated in the test group compared to the 
control group. By comparing the genes using the conventional 
p-value threshold, each gene was then tested for statistical sig-
nificance: genes with a p-value lower than 0.05 were considered 
differentially expressed, while genes with a p-value higher than 
0.05 were deemed statistically non-significant. Then, the re-
sults were displayed where each gene was signified as a dot on 
the volcano plot. Grey dots indicated non-significant genes (p 
≥ 0.05), blue dots represented downregulated genes (p < 0.05, 
negative logFC), and red dots indicated upregulated genes (p 
< 0.05, positive logFC). The volcano plot was created using 
log2Fold, and after applying the filters, genes with a p-value 
below 0.05 were correctly identified as differentially signifi-
cant. Further, the change in the -log10(p-value) on the y-axis 
against the x-axis was employed to clearly distinguish the dif-
ferential expressions. Genes had low p-value, and absolute 
logFC values tended to appear towards the top of the volcano 
plot, which represented stronger differential expression. The 
distinction between blue and red clusters represented expres-
sion differences between normal(control) groups and Vitamin 
B12-deficient(test) groups.
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Network and Pathway Analysis:
The pathway and network analysis was done using the 

STRING database to construct predicted and known pro-
tein-protein interactions(PPIs) by mapping associations. 
High-confidence interactions (total score ≥ 0.7) were retrieved 
for Homo sapiens, including diverse evidence channels such 
as gene neighborhood, text mining, experimental validation 
and coexpression. The resulting interaction data was down-
loaded in the format of a tab-separated values (TSV) file, 
which incorporated node pairs and their evidence scores. 
This file was then imported into Cytoscape for quantitative 
topological analysis, visualisation of the entire network and 
identifying potential targets. Each node(vertices) signified 
individual protein-coding genes and each edge(links) repre-
sented a validated or predicted interaction between the nodes. 
Topological parameters include degree, betweenness centrality, 
closeness centrality, clustering coefficient and average shortest 
path lengths that were calculated using Cytopscape’s Network 
Analyzer plugin to evaluate the relevance of the nodes in the 
entire network. This degree metric highlighted hub genes 
with the largest number of interactions(edges), betweenness 
and closeness centrality identified nodes with essential com-
municative roles within the entire network and clustering 
coefficients assessed the connectivity of nodes, indicating the 
functional modules. Pathway enrichment was performed using 
STRING and Reactome to identify significantly overrepre-
sented biological processes and signaling pathways among the 
interconnected nodes. Finally, the network was exported as a 
high-resolution PNG image and tabular node/edge attribute 
files for further interpretation, confirming the modular orga-
nization of the network and the presence of central hub genes 
regulating lipid metabolism pathways.

Molecular docking:
First, the 3D structures of the target protein(receptor) were 

obtained from the RCSB Protein Data Bank. The RCSB is an 
online database that offers experimentally determined struc-
tures of proteins in various formats. Then, the protein was 
downloaded in .pdb(Protein Data Bank) format, which is re-
quired for molecular docking software. This pdb file contains 
atomic coordinates of the protein and is utilised as a recep-
tor molecule in AutoDock Vina. Many bioactive compounds 
from tamarind were selected as ligands for docking. Instead 
of using all compounds present in tamarind, a few represen-
tative compounds were chosen for analysis that would bind 
well with Vitamin B12 or D3 or Vitamin B12 and D3, such 
as: Tannic acid, Inulin, Ferulic acid, Isomaltose, Pectin etc. In 
total, 28 bioactive compounds were chosen for analysis. These 
compounds were downloaded in SDF (Structure Data File) 
format, which contains the chemical structure and 3D infor-
mation of the molecules.

Then, Tamarind Bio was used, a web interface that contains 
top computational biology tools and can design and optimize 
nanobodies, autobodies, predict structures of immune proteins 
at massive scale and speed and predict binding poses of an-
tibody-antigen complexes. For this study, molecular docking 
was performed on the Autodock Vina package on Tamarind 

Bio to analyse how selected compounds interact with the tar-
get proteins and at what binding affinity. Since the exact active 
site of the receptor was unclear, binding docking was done. A 
grid box was made around the entire protein structure to de-
fine the possible three-dimension space in which ligand could 
possibly bind to the receptor, including allosteric sites and the 
active site.

More negative binding energy values suggest stronger and 
more efficient binding affinity between the ligand and the 
receptor, as they represent the formation of a more stable 
ligand–receptor complex. These values were computed by Aut-
oDock Vina, which accurately predicts the most energetically 
favourable orientation based on collision theory and position 
of a ligand by considering interactions such as hydrogen bond-
ing and hydrophobic forces. Therefore, compounds with more 
negative docking scores were considered to have a higher af-
finity interaction with the target protein.

�   Results 
Differential Expression Analysis:
Differential expression (DE) studies were compiled from 

publicly available transcriptomic datasets related to Vitamin 
B12 and Vitamin D3 deficiency. Across all studies, sample 
counts and test groups were standardized to ensure compa-
rability. For differential expression analysis, Geo2R/GWAS 
catalogue was used. The total studies selected were 15, howev-
er some of them did not have the analysis with Geo2R option 
or it was not performed on homo sapiens so the studies had 
to be discarded. Hence, total studies analysed and taken into 
account were 7. We filtered for adj.P.val less than 0.05 and 
counted the number of rows that satisfied this filter. Then we 
merged all genes across studies, removed duplicates and tab-
ulated the unique gene count. After removing the duplicate 
genes from the compiled list of genes identified per study, the 
list of genes came down to 26, 898.

For GEO Accession GSE22523, the title was Vitamin B12 
deficiency in human Liver cells, total samples were 24, control 
samples were 12 and test samples were 12. The key contrast 
was B12 vs control. For GEO accession GSE16743, the con-
dition was Vitamin D3 supplementation study, total samples 
were 36, control samples, 18, and test samples were also 18. 
The key contrast here was Pre vs Post supplementation. For 
GSE156212, the title was PBMC transcriptome under low 
Vitamin D and total samples were 40, control and test samples 
were 20 each and key contrast was deficient vs sufficient. On 
the other hand, for GSE52819, the condition was metabolic 
syndrome + B12 deficiency and total samples were 30, 15 sam-
ples each for test and control and key contrast was diseased vs 
healthy.

For GSE6743, the condition was Neuronal cell response to 
Vitamin D, the total samples was 20 and key contrast was treat-
ed vs untreated. Each key contrast was categorised and filtered 
by control and test. Out of the 7 studies analysed, only four of 
the studies actually expressed the differentially expressed genes 
since they contained Padj less than 0.05 as shown in the form 
of volcano plots in Figure 1. The symmetrical “V” shape of the 
plot illustrates the balance between up- and downregulated 
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The complete list of genes was submitted to the Reactome 
Pathway Analysis (v90). Enrichment was performed using 
the default settings with a p-value threshold < 0.05 and Ben-
jamini–Hochberg FDR correction. Pathway enrichment via 
Reactome (v90) revealed 135 significant pathways (FDR < 
0.05), with Glucuronidation (R-HSA-156588) emerging as 
the most enriched (p = 8.18 × 10-⁸). Reactome pathway en-
richment analysis revealed that the differentially expressed 
genes were mainly involved in glucuronidation, cholesterol 
metabolism and cytokine signalling in the immune system 
(R-HSA-1280215), with highly significant p-values as shown 
in Table 2.

genes. The presence of numerous points far from the center 
with high –log₁₀(p-value) values indicates a large number of 
genes showing strong and significant differential expression. 
This suggests that the experimental condition (test) induced 
robust transcriptional changes compared to control. Overall, 
this plot effectively highlights key genes that may be biologi-
cally relevant for downstream functional enrichment, pathway, 
and network analysis.

Network and Pathway Analysis:
2, 000 top-ranked genes from differential expression anal-

ysis were entered into the STRING v12.0 interface under 
Homo sapiens. After applying a high confidence filter (values 
≥ 0.700) and using gene co-expression, a connected network 
was created with 28 nodes(genes) and 16 edges(interactions). 
The quantitative network topological parameters - Degree, 
Closeness Centrality, Betweenness Centrality and Clustering 
Coefficient - were computed into Cytoscape using Networ-
kAnalyzer. Betweenness Centrality is defined as the frequency 
at which a gene is a connector along the shortest path between 
two nodes. Degree is the number of direct connections(edges) 
between nodes. Closeness centrality is a measure of distance 
between nodes to easily communicate with each other in the 
network.

Betweenness centrality is a measure of how often a node 
becomes the shortest path for other nodes in order to identify 
regulatory intermediates. Clustering coefficient is a measure of 
how interconnected the network’s nodes are in order to calcu-
late the probability of nodes to form modular clusters.
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Figure 1: Differential gene expression analysis across four GEO datasets (A–
D). The volcano plots show the distribution of differentially expressed genes 
between test and control groups for the independent studies: (A) GSE22523, 
(B) GSE156212, (C) GSE52819, and (D) GSE43166. The y-axis is –log₁₀(p-
value), x-axis is log₂(fold change) and each point on the volcano plots displays 
distinct genes. For p-adjusted values (Padj < 0.05), notably upregulated genes 
are displayed in red and significantly downregulated genes are displayed in 
blue; non-significant genes are shown as black points.

Figure 2: Network Visualization of Node Relationships. This shows a large-
scale network graph where individual nodes are represented by colored circles 
and interactions between nodes are denoted using lines. The spatial landscape 
of Figure 2 displays the spread of the interactions since highly interconnected 
nodes cluster tightly in the centre while sparsely connected nodes are located 
near the periphery of the figure. The node colors categorise the nodes into 
clusters and communities.
Table 1: Network Topological Parameters of Key Genes Identified in the 
Protein–Protein Interaction (PPI) Network.
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The compounds docked with the B12 receptor included In-
ulin, Epigallocatechin gallate (EGCG), Quercetin, Piperine, 
Tannic acid, Catechin, Ascorbic acid (Vitamin C), Curcum-
in, Riboflavin (Vitamin B2), Isomaltose, Pectin, Raffinose, 
Stachyose, Ferulic acid, Chitobiose, Lactic acid, Propionic acid 
and Butyric acid. The compounds docked with the D3 recep-
tor included Stigmasterol, Campesterol, Quercetin, Curcumin, 
Epigallocatechin gallate (EGCG), Piperine, Ferulic acid, 
Resveratrol, Tricaprylin (Trioctanoin), POPC (1-Palmitoyl-
2-oleoyl-sn-glycero-3-phosphocholine), Linoleic acid, DOPE 
(1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine), Ole-
ic acid, DPPC (1,2-Dipalmitoylphosphatidylcholine) and 
Monolaurin (Glycerol monolaurate). The complete docking 
results for all 28 compounds were compiled, sorted from the 
most negative to the least negative binding energy, and are pre-
sented in Table 3.

The top 15 compounds, selected based on the most nega-
tive binding affinity values from the Vina log file (first model), 
were: Inulin (-10.64 kcal/mol, B12), Stigmasterol (-8.775 
kcal/mol, D3), EGCG (-8.773 kcal/mol, B12), Campester-
ol (-8.677 kcal/mol, D3), Quercetin (-8.505 kcal/mol, B12), 
Piperine (-8.383 kcal/mol, B12), Tannic acid (-8.350 kcal/mol, 
B12), Catechin (-8.174 kcal/mol, B12), Ascorbic acid (-8.031 
kcal/mol, B12), Quercetin (-7.952 kcal/mol, D3), Curcum-
in (-7.801 kcal/mol, D3), Curcumin (-7.559 kcal/mol, B12), 
Riboflavin (-7.344 kcal/mol, B12), EGCG (-7.318 kcal/mol, 
D3), and Piperine (-7.029 kcal/mol, D3) as highlighted in Ta-
ble 8. The top 15 compounds indicate strong ligand–receptor 
interaction potential because a lower (more negative) binding 
energy indicates a more stable ligand–receptor complex and 
therefore a stronger predicted interaction. Two compounds, 
6-Gingerol (B12 and D3), did not generate valid docking 
scores and were excluded from comparative affinity analysis.

Each of the top 10 network hub genes was searched with-
in the top 25 Reactome pathways to identify their functional 
presence. To functionally validate the key genes identified from 
the network analysis, each of the top 10 hub genes—APOE, 
APOB, RHOA, ALDH1A2, CYP26A1, CYP7A1, APOA5, 
MTHFR, SMAD3, and CXCL8—was cross-checked against 
the top 25 Reactome pathways. Among these, APOE, APOB, 
RHOA, ALDH1A2, CYP26A1, CYP7A1, and APOA5 were 
present within the top 25 pathways, suggesting strong func-
tional relevance, whereas MTHFR, SMAD3, and CXCL8 
were not detected.

Molecular docking:
To perform blind docking, a grid box was set to enclose the 

entire receptor structure, allowing the ligands to explore all 
possible binding regions, including the active and allosteric 
sites. Figure 1: Grid box coordinates for binding with Vitamin 
B12 included: BoxX(-55), BoxY(10), BoxZ(-50), width (150), 
height (150) and depth (150). Figure 2: Grid box coordinates 
for binding with D3 included: BoxX(30), BoxY(109), BoxZ(-
20), width (100), height (101) and depth (100). The receptor 
structures used for docking were obtained from the RCSB 
Protein Data Bank, specifically the Intrinsic Factor–Cobala-
min complex bound to Cubilin (PDB ID: 3KQ4) for Vitamin 
B12 and the human Vitamin D–binding protein (PDB ID: 
1J7E) for Vitamin D3 as shown in Figure 3 and Figure 4. 
These receptors were first prepared in PDB format and the 
ligands were prepared in SDF format, and both receptors and 
ligands were converted to the required PDBQT format before 
docking. By enclosing the entire protein within the grid box, 
AutoDock Vina was able to predict energetically favourable 
binding positions towards a specific region of the receptor.
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Figure 3: Three-dimensional structure of human transport protein involved 
in Vitamin B12 absorption and human Vitamin D-binding protein obtained 
from the RCSB Protein Data Bank. (A) This shows the 3-dimensional 
structure of Vitamin B12 (B) This shows the 3-dimensional structure of 
Vitamin D3.

Table 2: Significantly Enriched Reactome Pathways Identified for the 
Selected Genes.

Table 3: Binding affinity scores of selected compounds with Vitamin D3 as 
a receptor.
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�   Discussion 
The study included an integrative bioinformatics workflow 

to transition from genetic signals to molecular-level validation 
and interactions for the Vitamin D3 and B12. First, GWAS 
and GEO-derived differential expression analysis were em-
ployed to correctly identify the genes that were associated 
with vitamin deficiency by providing comparative data be-
tween single-nucleotide polymorphisms and vitamin-related 
phenotypes, ensuring that the analysis was backed up with 
observed transcriptional change instead of mere isolated data-
sets. This step was important because differential expression 
analysis then showed which genes are actively down-regulated 
or up-regulated under specific conditions. The corroboration 
of differential expression analysis along with GWAS analysis 
mitigated the risk of false positives and ensured that the anal-
ysis was mainstreamed for functional response and to ensure 
they are genetically associated. Then, the genes were analysed 
using the STRING database to create PPI(Protein-Protein) 
interaction networks that demonstrated functional relation-
ships among gene products that show interdependent protein 
networks. To improve biological interpretability supported 
experimental results, the analysis was restricted to Homo sa-
piens and the network confidence threshold was increased to 
high confidence to display proteins with strong interactions. To 
perform topological analysis, the network was then imported 
into the application Cytoscope using parameters - closeness 
centrality, clustering coefficient, degree and betweenness cen-
trality. These metrics were computed for each node to identify 
signaling pathways among the interconnected nodes and over-
represented biological processes. Then, the top 10 high-degree 
genes, hub proteins, were selected by sorting the genes by de-
gree. Reactome pathway enrichment analysis was performed 
for the entire gene list to reduce overrepresentation of path-

ways and aided in interpreting network connectivity, including 
the reason behind gene clusters and robust identification of 
biologically helpful targets in place of single-metric prioriti-
sation. Finally, by using AutoDock Vina, molecular docking 
studies validated network-derived targets at the structural level 
and whether they could interact with key protein targets (Vi-
tamin D receptor: 1J7E; Vitamin B12-related protein: 3KQ4). 
Docking analysis helped assess binding potential of shortlisted 
compounds with receptors Vitamin D3 and Vitamin B12 and 
helped progress from hypothesis of abstract pathway enrich-
ment to hypothesis testing step of molecular interactions.

Reactome pathway enrichment results revealed statistically 
overpresentation of pathways such as cytokine signaling in the 
immune system and cholesterol metabolism and the extreme-
ly low -values and FDR-adjusted values reflected coordinated 
biological processes in line with vitamin performance. The 
enrichment of pathways such as cholesterol metabolism and 
cytokine signaling supported the immunomodulatory role of 
Vitamin D and its definition as a lipid-derived secosteroid. 
Several polyphenols such as stigmasterol and curcumin re-
vealed strong binding affinities with Vitamin D3 receptors. 
The strongest binding of stigmasterol is highly plausible given 
the extreme structural similarity between cholesterol-derived 
molecules and Vitamin D. Lower binding affinities were ob-
served with phospholipids because these molecules are usually 
less optimised for receptor-level binding in comparison to other 
receptors. The docking analysis Vitamin B12 included strong 
binding affinities with inulin, carbohydrate-based compound. 
This result aligns with the well-known fact that Vitamin B12 
absorption has been closely linked to dietary fibre interactions 
and high binding of oligosaccharides (including stachyose) and 
polyphenols (eg. catechin) indicate interactions with Vitamin 
B12-associated proteins.

Previous studies investigating Vitamin B12 and D3 have 
primarily focused on examining these vitamins in detail in 
isolation or have focused on genetic associations and clinical 
outcomes, without extending the research into compound-lev-
el analysis. Surendran et al. tried to find the relationship 
between SNPs (single-nucleotide polymorphisms) in Vitamin 
B12 pathways and their impact on cellular uptake and genetic 
variants linked with Vitamin B12 deficiency.13 This compre-
hensive review commendably categorises the range of Vitamin 
B-12 genes according to their biochemical roles ranging from 
mitochondrial metabolism to one carbon cycle regulation. 
While it includes how these genes individually contribute to 
the status of Vitamin B12, it does not continue to explore how 
these genes form PPI networks (protein-protein networks), 
topological central regulators and relative influence of specif-
ic genes. The pathway enrichment analysis conducted in this 
study allowed them to identify co-factors or regulators for the 
transport of Vitamin B12. Critically, whereas the study em-
phasizes the repeated need for biomarker discovery, our study 
systematically evaluates interactions between B12 to transition 
from genetic risk assessment to intervention-based remedies.

The authors primarily investigated how genetic differenc-
es in the Vitamin D metabolic pathway influence a person’s 
risk of developing high blood pressure (HBP).14 To study this, 
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Table 4: Binding affinity scores of selected compounds with Vitamin B12 
as a receptor.
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the researchers carried out a case-control study that included 
500 healthy controls and 250 people with high blood pressure. 
Then, they analysed 13 SNPs in Vitamin D-related genes and 
measured how frequently these variants occurred in the control 
group versus the patients with high blood pressure. Instead of 
starting with pre-selected genes like they did in this research 
study, this project included thousands of genes and identified 
genes linked to the status of Vitamin D3 and B12, not just how 
it affects one disease. Unlike candidate-gene associated studies 
that focused on linking disease risk and SNP (Single Nucle-
otide Polymorphism), GWAS was used to explore functional 
mechanisms and investigate protein interactions and biologi-
cal networks. Their work is limited to risk prediction without 
exploring protein-protein interactions or molecular binding 
mechanisms.15

Several studies have implemented similar methodologies 
albeit in different biological contexts. For example, a recent 
study (RSC Advances, 2024) on cervical cancer employed PPI 
(protein-protein interaction) analysis, pathway enrichment 
and molecular docking to find proteins mainly responsible for 
the most number of pathway modulations in cervical cancer. 
According to issue 6, 2024 from the journal: RSC advances, 
to conduct a “comprehensive investigation into the potential 
modulatory impacts of phytochemicals from Drymaria cor-
data on proteins associated with cervical cancer, the discovery 
target genes were subjected to enrichment analysis using the 
Search Tool for the Retrieval of Interacting Genes (STRING) 
database”. After constructing STRING-based networks, the 
authors incorporated molecular dynamics simulations such as 
free energy landscapes to monitor interactions such as hydro-
gen bonding and ligand-protein stability and then they used 
molecular docking to evaluate the binding to protein recep-
tors, akin to our docking of receptors Vitamin B12-D3 with 
phytochemicals. The success of the cervical cancer study in 
identifying quercetin 3-O-β-d-glucopyranosyl-(1→2)-rhamn-
opyranoside as a stable and promising inhibitor highlights the 
effectiveness of integrating network analysis, and molecular 
dynamics simulations.

Additionally, pathway analysis, PPI networks and molecular 
docking were used to investigate the mechanisms of action of 
Melissa officinalis (commonly known as lemon or honey balm) 
phytoconstituents in type-2 diabetes mellitus.16 Networks 
were constructed using the STRING online tool and Cytos-
cape (v.3.9.1) software. The protein–protein interaction (PPI) 
and target–pathway (TP) network analysis identified key hub 
genes, similar to our study, that highlighted quintessential roles 
in insulin resistance. They also conducted protein-protein in-
teraction network that included the targets shared between M. 
officinalis compounds and T2DM at a fixed confidence lev-
el and created a network consisting of 134 nodes and average 
neighbour count of 6.046. Then, they successfully used network 
topological parameters, namely degree, betweenness centrality 
and closeness coefficient (same topological parameters we used 
in our research). Furthermore, they calculated binding energies 
to rank and confirm stability of ligand-protein complexes. The 
success of the study constructing a string PPI network of pre-
dicted targets and effectively finding top 10 ranking hub genes 

leads us to anticipate that our study extends this reliability of 
application of topological parameters to identify hub genes.

�   Conclusion 
In conclusion, this study successfully used network pharma-

cology, pathway enrichment, and molecular docking to identify 
key hub genes, top pathways, and bioactive compounds appli-
cable to Vitamin D3 and B12 metabolism. By identifying hub 
genes and compounds with high predicted binding affinities, it 
highlights potential molecular targets for integrative computa-
tional analysis. Nevertheless, experimental validation through 
in vitro assays, in vivo models and formulation strategies is 
necessary to confirm the biological relevance and efficacy of 
the identified compounds on Vitamin B12 and D3 pathways. 
While these methods are effective in compiling a gene list and 
compound library, experimental validation can help translate 
these findings into application of therapeutic interventions for 
optimizing level of Vitamin B12 and D3 intake. Expanding 
the analysis to different ethnic groups could improve gener-
alizability of the results - for example, the target audience for 
our Vitamin B12 and D3-enhancing recipe will first be Indian 
populations, but research about other regions would allow for 
an effective assessment of how Vitamin B12 and D3 metabo-
lism changes based on diverse gene pools.
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