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ABSTRACT 
Background: Early childhood caries (ECC) is a multifactorial disease increasingly linked with systemic conditions 
such as iron deficiency anemia (IDA) and immune dysregulation. However, the molecular relationship between 
inflammation and iron homeostasis in ECC remains unclear. 
Aim: To explore the molecular interactions between iron-regulatory proteins and inflammatory mediators using an in 
silico docking approach. 
Materials and Methods: Protein–protein docking was performed using HADDOCK 2.4. Key targets including 
hepcidin (HAMP), ferroportin (SLC40A1), interleukin-6 (IL-6), IL6 receptor (IL6R), gp130, tumor necrosis factor-
alpha (TNF-α), TNFR1, transferrin, and transferrin receptor (TFRC) were selected. Structures were retrieved from 
RCSB PDB and SWISS-MODEL, prepared using BIOVIA Discovery Studio, and analyzed for binding interactions 
and stability. 
Results: Docking revealed stable interactions across all complexes, with hepcidin–ferroportin showing strong binding 
affinity. IL-6–IL6R–gp130 and TNF-α–TNFR1 interactions confirmed robust inflammatory signaling, while 
transferrin–TFRC demonstrated efficient iron uptake binding. 
Conclusion: This study highlights a molecular link between inflammation and iron metabolism, identifying potential 
therapeutic targets in ECC-associated immune dysregulation. 
Keywords: Early Childhood Caries; Iron Deficiency Anemia; Hepcidin; Ferroportin; Interleukin-6; Tumor Necrosis 
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Introduction 
Early Childhood Caries (ECC) is a highly prevalent, 
multifactorial oral disease affecting children under six 
years of age and is increasingly recognized as a biofilm-
mediated, immunoinflammatory condition rather than 
solely a microbial infection.[1] The dynamic interaction 

between cariogenic microorganisms such as 
Streptococcus mutans and the host immune response 
leads to activation of inflammatory pathways, resulting 
in progressive destruction of the tooth structure and 
potential systemic implications.[2] Recently, attention 
has shifted toward understanding ECC as a condition 
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influenced not only by local oral factors but also by 
systemic health conditions, particularly nutritional 
deficiencies and immune dysregulation.[3], [4] 
Iron deficiency anemia (IDA) is one of the most common 
nutritional disorders in children worldwide and plays a 
critical role in modulating immune responses and host 
susceptibility to infections.[5] Iron is essential for 
multiple biological processes, including oxygen 
transport, DNA synthesis, and immune cell function. 
Deficiency of iron has been shown to impair both innate 
and adaptive immunity, altering cytokine production, 
reducing lymphocyte proliferation, and compromising 
antimicrobial defense mechanisms.[6] Emerging 
evidence suggests that children with ECC are more likely 
to present with reduced hemoglobin levels, decreased 
serum ferritin, and an increased prevalence of iron 
deficiency anemia compared to caries-free children. 
These findings highlight a potential bidirectional 
relationship, where ECC may contribute to poor 
nutritional intake and systemic inflammation, while iron 
deficiency may exacerbate susceptibility to oral 
infections and disease progression. 
At the molecular level, iron homeostasis is tightly 
regulated by key proteins such as hepcidin, ferritin, and 
transferrin receptors, which interact closely with 
inflammatory mediators including interleukin-6 (IL-6) 
and tumor necrosis factor-alpha (TNF-α).[7] Hepcidin, a 
central regulator of systemic iron metabolism, is 
upregulated during inflammation, leading to decreased 
iron availability and contributing to anemia of 
inflammation.[8] Studies have demonstrated that 
elevated IL-6 levels are associated with increased 
hepcidin expression, thereby linking inflammatory 
pathways with iron dysregulation.[9],[10] Biomarkers 
such as soluble transferrin receptor (sTfR) and ferritin 
have been shown to reflect both iron status and 
inflammatory burden in pediatric populations.[11] These 
interconnected pathways suggest that ECC-associated 
inflammation may influence systemic iron metabolism, 
while iron deficiency may, in turn, modulate the immune 
response within the oral environment. 
Despite growing clinical evidence supporting the 
association between ECC and iron deficiency anemia, the 
underlying molecular mechanisms linking iron 
homeostasis and immune dysregulation in ECC remain 
poorly understood. Most existing studies are limited to 
observational clinical data assessing hematological 
parameters without exploring the mechanistic pathways 

or molecular interactions involved.[12] Furthermore, 
there is a lack of integrative approaches combining 
immunological, biochemical, and computational 
analyses to elucidate how iron-regulatory proteins 
interact with inflammatory mediators in the context of 
ECC. In particular, in silico studies focusing on 
molecular mapping, protein–protein interaction 
networks, and pathway enrichment related to iron 
metabolism and ECC are scarce. 
Therefore, there is a critical need to investigate the 
molecular interplay between iron homeostasis and 
immune response in ECC using advanced computational 
approaches. An in silico framework allows for the 
integration of existing biological data to identify key 
regulatory targets, signaling pathways, and potential 
therapeutic nodes. Understanding these interactions may 
provide more profound insights into the pathogenesis of 
ECC as a systemic–oral interface disease and could 
facilitate the identification of novel biomarkers and 
targeted interventions. 
This study aims to perform an in silico analysis of iron 
deficiency anemia-associated immune dysregulation in 
early childhood caries by mapping key iron homeostasis 
proteins and inflammatory mediators. By integrating 
molecular interaction networks and pathway analysis, 
this study seeks to bridge the existing gap between 
clinical observations and mechanistic understanding, 
thereby contributing to a more comprehensive model of 
ECC pathogenesis. 
MATERIALS & METHODS 
Study Design and Molecular Docking Strategy 
This study was designed as an in silico protein–protein 
interaction analysis to elucidate the molecular interplay 
between iron homeostasis and immune dysregulation in 
early childhood caries. Based on biologically validated 
pathways, five key docking pairs were selected: Hepcidin 
(HAMP)–Ferroportin (SLC40A1), IL-6–IL6R, TNF-α–
TNFR1, and Transferrin (TF)–Transferrin Receptor 
(TFRC). These interactions were chosen due to their 
established roles in linking inflammation with systemic 
iron regulation, particularly via the IL-6–hepcidin axis 
and TNF-mediated immune signaling.[13] 
 
Protein Structure Retrieval and Model Selection 
Three-dimensional structures of the selected proteins 
were obtained from the RCSB Protein Data Bank (PDB) 
and SWISS-MODEL repository. For ferroportin 
(SLC40A1), Model 02 based on the AlphaFold DB 
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template (Q9NP59.1.A) with 100% sequence identity 
and GMQE 0.81 was selected for docking due to its 
complete structural coverage. The Transferrin receptor 
(TFRC) structure was obtained using Model 01, which 
demonstrated optimal GMQE, QMEANDisCo scores, 
and human sequence identity. The TNF-α–TNFR1 
interaction was modeled using the experimentally 
validated extracellular domain of TNFR1 (PDB ID: 
1BQU) retrieved from RCSB, ensuring biological 
accuracy of receptor–ligand binding [4]. Hepcidin 
structure was obtained from experimentally resolved 
peptide structures (e.g., PDB: 1M4F) to preserve native 
conformation during docking. 
 
Protein Preparation and Cleaning Using BIOVIA 
Discovery Studio 
All retrieved protein structures were preprocessed using 
BIOVIA Discovery Studio Visualizer (Dassault 
Systèmes, USA) prior to docking. Protein cleaning was 
performed to eliminate structural artifacts that may 
interfere with docking accuracy. Initially, all water 
molecules, heteroatoms, and co-crystallized ligands 
(such as ions or inhibitors) were removed from the 
protein structures. In cases where template-derived 
ligands (e.g., minihepcidin or POV molecules) were 
present, these were carefully deleted to avoid bias in 
docking orientation. Missing hydrogen atoms were 
added, and protonation states were adjusted to 
physiological conditions. Subsequently, proteins were 
subjected to energy minimization using the CHARMm 
force field, ensuring structural stability and removal of 
steric clashes. Bond orders were corrected, and partial 
charges were assigned. For membrane proteins such as 
ferroportin, only the extracellular domain relevant to 
ligand binding was considered for docking to avoid non-
specific interactions within transmembrane helices. This 
preprocessing step is critical, as improper structure 
preparation can significantly affect docking accuracy and 
interaction prediction.[14] 
 
Active and Passive Residue Definition 
Docking constraints were defined based on biologically 
relevant binding interfaces reported in literature. For the 
hepcidin–ferroportin complex, extracellular residues 
involved in iron export regulation were selected as active 
residues. Similarly, for cytokine–receptor interactions, 
known binding regions such as the IL-6–IL6R interface 
and TNF–TNFR1 extracellular domain residues were 

used to guide docking. Passive residues were 
automatically assigned by the HADDOCK server 
surrounding the defined active residues. This data-driven 
docking approach improves biological relevance and 
reduces false-positive interactions. 
 
Protein–Protein Docking Using HADDOCK 
Protein–protein docking was performed using the 
HADDOCK 2.4 web server (High Ambiguity Driven 
protein–protein DOCKing) via the WeNMR platform. 
HADDOCK integrates experimental and predicted 
interaction data to generate biologically meaningful 
docking complexes [6]. Prepared receptor and ligand 
structures were uploaded, and defined active/passive 
residues were incorporated as docking restraints. 
Docking was executed in three stages: Rigid-body energy 
minimization (it0) to generate initial docking poses. 
Semi-flexible refinement (it1) allowing side-chain 
flexibility at the interface. Explicit solvent refinement to 
stabilize complexes under physiological conditions. 
Docked complexes were clustered and ranked based on 
the HADDOCK score, which combines van der Waals, 
electrostatic, desolvation, and restraint energies. 
Additional parameters including cluster size, RMSD, 
buried surface area (BSA), and Z-score were analyzed to 
identify the most stable and biologically relevant 
interaction models.[15] 
 
Post-Docking Analysis and Visualization 
The top-ranked docking complexes were analyzed using 
BIOVIA Discovery Studio Visualizer. Interaction 
analysis included identification of hydrogen bonds, 
hydrophobic interactions, electrostatic contacts, π–π 
stacking, and van der Waals interactions at the protein–
protein interface. Two-dimensional interaction maps 
were generated to highlight key amino acid residues 
involved in binding, while three-dimensional structural 
representations were used to assess spatial orientation 
and binding pocket characteristics. Complex stability 
was inferred based on interaction density, binding 
interface complementarity, and absence of steric 
clashes.[16], [17], [18] 
 
Pathway Integration and Functional Interpretation 
The docking results were integrated into a broader iron–
immune regulatory network to understand mechanistic 
links between inflammation and iron metabolism. The 
IL-6–IL6R–gp130 axis was interpreted in relation to 
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STAT3-mediated hepcidin induction, while TNF-α–
TNFR1 interactions were linked to NF-κB activation and 
inflammatory signaling. 
 
The hepcidin–ferroportin interaction was analyzed as the 
central regulatory step controlling iron export, and the 
transferrin–TFRC interaction was evaluated in the 
context of cellular iron uptake. This integrative approach 
allowed mapping of molecular events connecting ECC-
associated inflammation with systemic iron 
dysregulation. 
 
RESULTS 
 
Protein–protein docking across the five biologically 
relevant axes—Hepcidin–Ferroportin, IL-6–IL6R, 
IL6R–gp130, TNF-α–TNFR1, and Transferrin–TFRC—
showed that all complexes formed stable interaction 
poses with favorable HADDOCK clustering, low-energy 
conformations, and clear interface complementarity. The 
iron-homeostasis pairs, particularly Hepcidin–
Ferroportin and Transferrin–TFRC, demonstrated 
compact binding interfaces with consistent van der Waals 
stabilization and biologically meaningful receptor 
engagement. The inflammatory signaling pairs, namely 
IL-6–IL6R, IL6R–gp130, and TNF-α–TNFR1, also 
generated plausible docked conformations supported by 
hydrogen bonds, salt bridges, and hydrophobic contacts, 
indicating preserved cytokine–receptor recognition. 
These findings support the feasibility of a linked 
molecular network in which inflammatory cytokine 
signaling converges with iron transport regulation. 
 

 
Figure 1(A): Three-dimensional visualization of the 
docked complex showing hepcidin (blue) interacting 
with ferroportin (orange) in a ribbon representation, 
highlighting the binding orientation at the extracellular 
domain. 

 
Figure 1(B): Surface representation of the protein–
protein interface demonstrating complementary binding 
regions, with electrostatic surface mapping indicating 
potential interaction hotspots. 
 

 
Figure 1(C): Close-up view of the binding interface 
depicting key amino acid residues involved in 
interaction, including hydrogen bonds (green dashed 
lines) and van der Waals contacts stabilizing the 
complex. 
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Figure 1(D): Box plot representing van der Waals energy 
distribution across HADDOCK clusters, indicating 
cluster-wise stability and interaction strength. 

 
 
Figure 1(E): Scatter plot of HADDOCK score versus 
interface RMSD (i-RMSD) for all generated docking 
poses, illustrating cluster distribution and selection of the 
most stable complex. 
The docking analysis in figure 1(A-E) demonstrated a 
stable and biologically relevant interaction between 
hepcidin and ferroportin at the extracellular interface. 
The structural visualization shows proper orientation of 
hepcidin within the binding region of ferroportin, 
indicating strong surface complementarity. Detailed 
interface analysis revealed multiple hydrogen bonds and 
hydrophobic interactions contributing to the stability of 
the complex. Cluster-based energy evaluation showed 
that the top-ranked cluster exhibited the most favorable 
van der Waals energy and lowest HADDOCK score, 
suggesting a highly stable binding conformation. The 
HADDOCK score versus i-RMSD plot further confirmed 
that the best clusters were tightly grouped with low 
RMSD values, indicating consistent and reliable docking 
results. In contrast, a few outlier clusters with higher 
energies and RMSD values were considered less stable 
and excluded from interpretation. These results support a 
strong hepcidin–ferroportin interaction, consistent with 
its known role in regulating iron export and contributing 
to iron homeostasis. 
 
 

 
Figure 2(A): Three-dimensional representation of the 
docked complex showing receptor–ligand interaction 
(orange and blue chains) in ribbon format, illustrating 
the spatial orientation and binding alignment. 
 
 

 
Figure 2(B) Surface visualization of the docked complex 
highlighting electrostatic complementarity and interface 
overlap between interacting proteins. 
 
 

 
Figure 2(C): Close-up view of the interaction interface 
demonstrating key molecular contacts, including 
hydrogen bonds (green dashed lines), salt bridges, and 
hydrophobic interactions, stabilizing the complex. 
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Figure 2(D): Scatter plot of HADDOCK score versus 
interface RMSD (i-RMSD), showing clustering of 
docking poses and identification of the most stable 
conformations. 

 
Figure 2(E): Box plot of van der Waals energy across 
clusters, indicating relative stability and intermolecular 
packing efficiency of different docking clusters. 
The docking analysis in figure 2(A-E) revealed a stable 
interaction between the selected cytokine–receptor 
complexes, with well-defined binding at the interface as 
demonstrated in the structural and surface 
representations. The interacting proteins exhibited strong 
geometric complementarity, with multiple hydrogen 
bonds, hydrophobic contacts, and electrostatic 
interactions contributing to complex stability. The 
HADDOCK score versus i-RMSD plot showed clear 
clustering of low-energy conformations, with Cluster 2 

exhibiting the most favorable docking score and minimal 
RMSD, indicating a highly stable and convergent binding 
mode. The van der Waals energy distribution further 
supported this observation, as the top clusters displayed 
lower energy values reflecting efficient intermolecular 
packing. Outlier structures with higher energy and 
RMSD were excluded as less stable conformations. 
These results confirm a strong and biologically relevant 
interaction, supporting the role of cytokine receptor 
binding in downstream signaling pathways associated 
with inflammatory regulation. 

 
Figure 3(A): Three-dimensional ribbon representation of 
the docked complex showing TNF-α (ligand, orange) 
interacting with the extracellular domain of TNFR1 
(receptor, blue), illustrating the binding orientation and 
structural alignment. 
 

 
Figure 3(B): Surface representation of the TNF-α–
TNFR1 complex highlighting the interface region, 
demonstrating electrostatic complementarity and surface 
accommodation between ligand and receptor. 
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Figure 3(C): Magnified view of the binding interface 
depicting key intermolecular interactions, including 
hydrogen bonds (green dashed lines), salt bridges, and 
hydrophobic contacts, contributing to complex 
stabilization. 

 
Figure 3(D): Scatter plot of HADDOCK score versus 
interface RMSD (i-RMSD) showing clustering of 
docking poses, with the most stable conformations 
grouped at low RMSD and low HADDOCK score 
regions. 

 

Figure 3(E): Box plot of van der Waals energy 
distribution across clusters, indicating the relative 
stability of docking conformations, with the top-ranked 
cluster exhibiting the most favorable energy profile. 
The docking analysis  demonstrated in figure 3 (A-E) 
shows a stable and biologically relevant interaction 
between TNF-α and TNFR1, with the ligand binding to 
the extracellular receptor domain in a well-defined 
orientation. Structural and surface analyses revealed 
strong complementarity between the interacting proteins, 
supporting efficient ligand–receptor recognition. The 
interface was stabilized by multiple hydrogen bonds, 
electrostatic interactions, and hydrophobic contacts, 
indicating a robust binding mechanism. Cluster analysis 
indicated that the top-ranked cluster possessed the lowest 
HADDOCK score and minimal interface RMSD, 
reflecting high structural convergence and stability. The 
van der Waals energy distribution further confirmed that 
this cluster exhibited superior intermolecular packing 
compared to other clusters, while higher-energy outlier 
conformations were considered less favorable. These 
findings are consistent with the known biological role of 
TNF-α binding to TNFR1 in initiating downstream 
inflammatory signaling pathways, thereby validating the 
reliability of the docking model and its relevance to 
immune mediated disease mechanisms. 

 
Figure 4(A): Three-dimensional ribbon representation of 
the docked complex showing transferrin (ligand, blue) 
bound to the transferrin receptor (TFRC, orange), 
illustrating the overall binding orientation and structural 
alignment. 
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Figure 4(B): Surface representation of the TF–TFRC 
complex highlighting the interface region and 
electrostatic complementarity, indicating efficient ligand 
accommodation within the receptor binding domain. 

 
Figure 4(C): Close-up visualization of the binding 
interface depicting key intermolecular interactions, 
including hydrogen bonds (green dashed lines), salt 
bridges, and hydrophobic interactions, stabilizing the 
complex. 

 
Figure 4(D): Scatter plot of HADDOCK score versus 
interface RMSD (i-RMSD), demonstrating clustering of 
docking conformations, with the most stable complexes 

grouped at low RMSD and low HADDOCK score 
regions. 

 
Figure 4(E): Box plot of van der Waals energy 
distribution across clusters, illustrating cluster-wise 
stability, with the top-ranked cluster showing the most 
favorable energy profile and tighter distribution 
compared to other conformations. 
The docking analysis demonstrated in Figure 4(A-E) 
showed a strong and biologically relevant interaction 
between transferrin and its receptor TFRC, with the 
ligand binding at the receptor interface in a well-defined 
orientation consistent with known iron-transport 
mechanisms. Structural and surface analyses revealed 
high complementarity between transferrin and TFRC, 
facilitating efficient ligand recognition and binding. The 
interaction interface was stabilized by multiple hydrogen 
bonds, electrostatic interactions, and hydrophobic 
contacts, indicating a robust and stable complex. Cluster 
analysis indicated that the top-ranked cluster exhibited 
the lowest HADDOCK score and minimal interface 
RMSD, reflecting high convergence and structural 
stability. The van der Waals energy distribution further 
supported this observation, with the leading cluster 
displaying more favorable energy values compared to 
other clusters, while outlier conformations with higher 
energies were considered less stable. These findings 
confirm the reliability of the docking model and support 
the critical role of the transferrin–TFRC interaction in 
mediating cellular iron uptake and maintaining iron 
homeostasis. 
Taken together, the docking comparisons suggest a 
coordinated mechanistic framework in which IL-



Molecular Mapping of Iron Homeostasis and Inflammatory Target of Iron Deficiency Anemia Associated 
Immune Dysregulation in Early Childhood Caries -  An In Silico Analysis 

 
 

IJDDT, Volume 16 Issue 16s, 2026 Page 795 
 

6/IL6R/gp130 and TNF-α/TNFR1 signaling may 
potentiate inflammatory responses that intersect with the 
Hepcidin–Ferroportin axis to restrict iron export, while 
the Transferrin–TFRC complex sustains cellular iron 
uptake. The overall pattern of low HADDOCK scores, 
acceptable interface-RMSD clustering, and stable 
intermolecular contacts across the selected canonical 
pairs supports the biological validity of the chosen 
targets. These results strengthen the concept that immune 
dysregulation and iron-homeostasis imbalance are 
structurally and functionally connected, providing a 
mechanistic basis for iron deficiency anemia associated 
inflammatory perturbations in early childhood caries. 
 
DISCUSSION 
The present in silico study provides a comprehensive 
molecular framework linking iron homeostasis and 
inflammatory signaling through protein–protein docking 
of five biologically relevant complexes, namely 
Hepcidin–Ferroportin, IL-6–IL6R, IL6R–gp130, TNF-
α–TNFR1, and Transferrin–TFRC. The docking results 
demonstrated stable binding conformations, favorable 
HADDOCK scores, and consistent clustering patterns, 
supporting the biological plausibility of these interactions 
in the context of immune-mediated iron dysregulation. 
These findings align closely with existing experimental 
and clinical evidence, further validating the integrated 
molecular model proposed in this study. 
 
The Hepcidin–Ferroportin interaction, identified as the 
central regulatory axis of iron metabolism, exhibited 
strong binding stability and interface complementarity in 
the present analysis. This is consistent with the structural 
findings of Billesbølle et al., who demonstrated that 
hepcidin binds to ferroportin and occludes the iron export 
pathway, thereby inhibiting iron efflux.[19] Nemeth et al. 
showed that hepcidin directly regulates systemic iron 
levels by inducing ferroportin internalization and 
degradation.[13] The stable docking configuration 
observed in this study supports this mechanism and 
further reinforces the concept that inflammatory 
signaling can directly modulate iron availability through 
hepcidin-mediated pathways. 
 
The results of the IL-6–IL6R and IL6R–gp130 docking 
provide additional insight into the upstream regulation of 
hepcidin expression. The strong interaction observed 
between IL-6 and its receptor, followed by stable IL6R–

gp130 complex formation, aligns with the work of 
Boulanger et al., who described the assembly of a 
hexameric IL-6 signaling complex necessary for 
downstream activation.[20] Furthermore, Nemeth et al. 
established that IL-6 is a key inducer of hepcidin 
expression during inflammation.[13], [21]  The docking 
stability observed in these complexes supports the 
mechanistic pathway in which IL-6 signaling through 
IL6R and gp130 activates intracellular pathways such as 
JAK/STAT, ultimately leading to increased hepcidin 
production and iron sequestration. 
 
The TNF-α–TNFR1 docking results also demonstrated 
strong binding affinity and stable interaction patterns, 
which are consistent with the structural insights reported 
by Banner et al., where TNF-α binding to TNFR1 
initiates receptor trimerization and downstream 
signaling.[22] The presence of multiple hydrogen bonds 
and electrostatic interactions in the current docking 
analysis supports the role of TNF-α as a potent 
inflammatory mediator that can amplify immune 
responses. Although TNF-α does not directly regulate 
iron metabolism, its involvement in inflammatory 
cascades contributes to the overall immune environment 
that influences hepcidin expression and iron homeostasis. 
Thus, the observed docking interactions reinforce the 
indirect yet significant role of TNF-α in iron 
dysregulation. 
 
The Transferrin–TFRC interaction demonstrated one of 
the most stable docking profiles in this study, 
characterized by low HADDOCK scores and tight 
clustering. This finding is in agreement with the 
crystallographic study by Cheng et al., which showed that 
transferrin binds to its receptor with high specificity, 
facilitating receptor-mediated endocytosis and iron 
uptake.[23] The strong interaction observed in this study 
supports the essential role of the transferrin–TFRC 
complex in maintaining intracellular iron supply. 
Furthermore, the complementary surface interactions and 
hydrogen bonding patterns identified here are consistent 
with the known mechanism of transferrin-mediated iron 
transport. 
 
Importantly, the present findings also correlate with 
clinical studies linking iron deficiency anemia and early 
childhood caries. Schroth et al. reported that children 
with severe ECC had significantly lower ferritin and 
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hemoglobin levels, suggesting compromised iron 
status.[8] Shaoul et al. and Bansal et al. demonstrated a 
strong association between iron deficiency anemia and 
severe dental caries.[9], [24] The molecular interactions 
identified in this study provide a mechanistic explanation 
for these clinical observations. Specifically, increased 
inflammatory signaling (via IL-6 and TNF-α) may 
elevate hepcidin levels, leading to decreased ferroportin 
activity and reduced systemic iron availability, thereby 
contributing to anemia in affected children. 
 
The integration of these docking results suggests a 
coordinated regulatory network in which inflammatory 
cytokines and iron transport proteins function 
synergistically. IL-6-driven hepcidin upregulation 
suppresses iron export through ferroportin, while 
transferrin–TFRC interaction ensures cellular iron 
uptake. TNF-α contributes to the inflammatory milieu, 
further influencing iron metabolism indirectly. This 
interconnected system highlights the bidirectional 
relationship between immunity and iron homeostasis, 
particularly in disease conditions characterized by 
chronic inflammation. 
 
Despite the strengths of this study, certain limitations 
should be acknowledged. The docking analysis is based 
on static protein structures and does not account for 
dynamic conformational changes or cellular 
environmental factors. While the selected docking pairs 
are biologically validated, experimental validation 
through in vitro or in vivo studies is required to confirm 
these interactions under physiological conditions. Future 
studies should validate these in silico findings through in 
vitro and in vivo experiments, including mutational 
analysis and molecular assays, to confirm the role of 
cytokine-mediated hepcidin regulation in iron 
dysregulation associated with inflammatory conditions 
such as early childhood caries. 
 
CONCLUSION 
This in silico study establishes a clear molecular link 
between iron homeostasis and inflammatory signaling 
through the docking of key protein–protein interactions, 
including Hepcidin–Ferroportin, IL-6–IL6R, IL6R–
gp130, TNF-α–TNFR1, and Transferrin–TFRC. The 
observed stable binding conformations, favorable 
HADDOCK scores, and consistent clustering patterns 
indicate that these interactions are structurally reliable 

and biologically relevant. The findings highlight the 
hepcidin ferroportin axis as the central regulator of iron 
metabolism, with upstream modulation by inflammatory 
cytokines such as IL-6 and TNF-α. Together, these 
interactions support a mechanistic framework in which 
inflammation promotes hepcidin expression, suppresses 
iron export, and alters iron distribution, while 
transferrin–TFRC maintains cellular iron uptake. This 
study presents an integrated molecular framework 
linking immune responses with iron metabolism, 
providing more profound insight into the pathogenesis of 
conditions such as early childhood caries and 
highlighting key pathways that may serve as promising 
targets for future therapeutic strategies. 
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