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Abstract  

Type 2 Diabetes Mellitus (T2DM) is a multifactorial metabolic disorder in which insulin sensitivity, chronic low-

grade inflammation, and glucose intolerance are found. Despite the fact that its pathophysiology has been extensively 

studied, the complex molecular mechanisms are not completely taken care of by the current treatments. A systems 

biology approach of combining protein-protein interaction (PPI) networks with centrality-based analysis is used in 

this study to identify key regulatory proteins linked to the pathogenesis of T2DM. Data on interactions were collected 

from STRING and analysed with two experimental sets of proteins associated with diabetes (21 proteins and 11 

proteins). The visualization of the network was done in Cytoscape software and the Degree, Closeness, Betweenness, 

and Eigenvector centrality were computed with Python. The three proteins, INS, AKT1, and IRS1, were identified as 

central nodes in the insulin signalling, glucose transport and PI3K-Akt pathways respectively in the 21-protein 

network. For the 11-protein network, the central proteins were involved in inflammation, adipokine signalling and 

lipid metabolism pathways. 

Keywords 

centrality analysis, protein-protein interaction (PPI) network, insulin resistance, inflammation, network topology, 
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Abbreviation  

GO – gene ontology; KEGG – Kyoto Encyclopedia of Genes and Genomes; PPI – protein–protein interaction;  

RAGE – receptor for advanced glycation end-products; STRING – search tool for retrieval of interacting 

genes/proteins; T2DM – type 2 diabetes mellitus.  
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Introduction 

Diabetes Mellitus type 2 (T2DM) is a progressive 

and chronic metabolic disorder, characterized by 

metabolic syndrome, impaired glucose homeostasis 

and insulin secretion. Diabetes mellitus (commonly 

simply known as diabetes) is a set of metabolic 

syndromes involving the carbohydrate, lipid and 

protein metabolism, which is characterized by the 

persistent hyperglycemia caused by the defects 

during insulin release or its action or both 

(Karamanou et al. 2016). T2DM is marked by 

metabolic syndrome and relative insulin inadequacy 

(Proost et al. 1996) where T2D takes over 90 

percent of all signs and symptoms of diabetes 

(Bonnefond et al. 2020). Diabetes mellitus is a 

chronic disease that occurs in the most common 

chain of problems in the world, and it can be caused 

by diabetic neuropathy, nephropathy, retinopathy, 

macrovascular complications, and miscellaneous 

complications (Nagareddy et al. 2014). Since 

obesogenic sedentary lifestyle an excessive 

consumption of food are the leading reasons behind 

T2DM, the natural means of prevention is the safe 

lifestyle change intervention (Tan et al. 2019). 

The existing global estimations and forecasts of 

T2DM indicate the significance of diabetes mellitus 

pandemic; but the estimates are limited in scope 

(Zheng et al. 2018). T2DM is a complicated 

condition, and it is under the influence of 

epigenetics, genotype-environment interaction. Key 

signaling pathways especially those dealing with 

glucose transport, insulin signaling and 

inflammatory response are deregulated which can 

play its part in central part in disease sequence. 

Despite extensive studies, the specific molecular 

processes involved in the pathogenesis of T2DM are 

not fully comprehended and treatment interventions 

are not yet sufficient to manage the complexity of 

its pathophysiology (Zhang et al. 2024). 

Network-based strategies and systems biology have 

provided a knowledgeable conceptual framework of 
dissecting complex disorders such as T2DM. 
Particularly, protein-protein interaction (PPI) 
networks can help the researcher map the functional 
interactions between disease-relevant proteins. 
Using centrality analysis, based on the graph theory, 

and the PPI data, one can discover the so-called hub 
or essential proteins, which are the crucial 
regulatory factors of the network structure and 

functionality. Such central proteins can always be 
used as future biomarkers or therapeutic targets. The 
process of the identification of central proteins in 

PPI networks can not only reinforce the body of 
knowledge about the molecular basis of T2DM, but 
also lay the foundation of precise medicine 
methods. The centrality analysis assists in the 
identification and separation of proteins that might 
be essential in network stability and functionality. 

These proteins widely resemble biological 
regulators or signaling intermediates. Using these 
primary nodes, the entire pathways or sub networks 
of disease processes can be controlled to offer a 
comprehensive approach to treatment that is more 
effective than the previously employed single-target 

therapeutic approach. Additionally, hub proteins 
tend to be conserved in various disease states and 
these further highlights their potential in drug 
targets or biomarkers. This system-wide research on 
T2DM will aim at bridging the gap between 
molecular information and clinical importance by 

emphasizing on biologically meaningful patterns of 
interaction (Zhang et al. 2024). 

This paper uses centrality-based analysis and PPI 
network to determine the core proteins in the T2DM 
process. Based on Curated protein groups of 
diabetes-related gene databases and Cytoscape with 

Python (Network) communication records of high-
confidence interaction we constructed and analyzed 
their interaction networks. We used centrality 
measures such as Degree, Closeness, Betweenness, 
and Eigenvector centrality that is used to assess the 
topological importance of each protein. The 

biological relevance of the identified hubs was 
tested by conducting enrichment analyses. These 
intents will help to offer new perspectives on the 
molecular organization of T2DM and will be 
instrumental in designing better and more specific 
therapeutic approaches Fig.1, this workflow 

illustrates the analytical steps used to explore 
molecular dysregulation in Type 2 Diabetes 
Mellitus (T2DM) through protein–protein 
interaction (PPI) network analysis. T2DM is 
characterized by insulin resistance, chronic low-
grade inflammation, and impaired glucose 

homeostasis. The proteins associated with these 
pathological processes are collected and used to 
construct a PPI network. The network is analysed 
using dedicated platforms such as Cytoscape and 
Network, enabling visualization and computational 
evaluation of interaction patterns. 
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Figure 1.  Workflow for network-based identification of key molecular hubs in T2DM 

 
Centrality metrics-including degree, closeness, 

betweenness, and eigenvector centrality—are 

applied to identify key hub proteins with significant 

roles in disease progression. After identifying the 

hub nodes, these candidate proteins undergo 

pathway enrichment analysis, which reveals 

disrupted metabolic and signalling pathways 

relevant to T2DM pathology. The resulting 

biological insights help explain functional 

mechanisms underlying T2DM and support 

potential clinical applications, such as biomarker 

discovery and therapeutic target identification. 

Related works. Karamanou et al. 2016 made a 

discussion on the milestones and important 

contributors of science in the development and 

understanding of diabetes mellitus. (Tan et al. 2019) 

summarized current therapy strategies for Type 1 

and Type 2 diabetes mellitus and pointed out gene 

therapy as a future therapeutic option. (Zheng et al. 

2018) have studied the world epidemiology of 

T2DM, its causes and complications, and clarified 

the rising prevalence of T2DM in the world. (Zhang 

et al. 2024) analyzed genes related to the T2DM 

disease through the pathway based weighted 

network analysis (WNA) to find out the crucial 

genetic interactions that are linked to the disease 

progression. Pathogenic variants in MODY genes 

that represent diabetes mellitus type 2 have been 

detected, and genetic susceptibility has been 

highlighted in the development of diabetes 

(Bonnefond et al. 2020). Recently, it has been 

reported that toll-like receptor activation and higher 

levels of ligands are found in newly diagnosed 

diabetic patients (Dasu et al. 2010), suggesting that 

inflammatory pathways play a role in the 

progression of diabetes. In the study (Michetti et al. 

2024), the authors studied the S100B protein and its 

function in obesity and diabetes, proposing a role in 

the regulation of metabolism and inflammation. 

(Egaña-Gorroño et al. 2020) investigated the 

mechanism of action of the receptor for advanced 

glycation end products and explored its therapeutic 

potential in diabetes and cardiovascular diseases in 

human and animal models. 

Ferri et al. (2021) reported that S100B protein is a 

potential target for pancreatic islet inflammation 

associated with Type 2 diabetes mellitus. In the 

study of Type 2 diabetes mellitus, (Jiang et al. 2013) 

explored the relationship between polymorphisms 

of TLR4 and type 2 diabetes mellitus and found that 

immune-related genetic polymorphisms are 
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associated with the susceptibility to type 2 diabetes 

mellitus. (Shen et al. 2025) examined the part 

played by TLR4 in glucolipotoxicity-induced 

mitochondrial dysfunction and inflammatory 

signaling in diabetes mellitus. The receptor for 

advanced glycation end products (RAGE) was 

discovered and expressed by (Neeper et al. 1992) 

and later emerged as an important biomarker and 

therapeutic target in the study of inflammation in 

diabetes. It was shown by (Hofmann et al. 1999) 

that RAGE is a central receptor in chronic 

inflammatory diseases, which mediate 

inflammatory signaling through interaction with 

S100/calgranulin proteins. The role of S100A8/A9 

signaling pathways in the induction of 

inflammatory responses in endothelial cells was 

reported to be significantly increased by the 

presence of advanced glycation end products, 

(Ehlermann et al. 2006). A connection was drawn 

between innate immunity and metabolic disorders 

as TLR4 signaling was related to insulin resistance 

induced by fatty acids (Shi et al. 2006). (Proost et 

al. 1996) reviewed some of the structural and 

functional properties of human MCP and their role 

in inflammatory responses.In obesity, obese AT-

Macs drive myelopoiesis and enhance monocytosis, 

and in diabetes, they drive chronic inflammation 

(Nagareddy et al. 2014). Papatheodorou et al. 

(2015) conducted a review on the main 

complications of diabetes mellitus, such as 

cardiovascular, renal, neurological and vascular 

complications. (Thomas et al. 2015) proposed a new 

classification of diabetes mellitus and its clinical 

relevance to the diabetic sub types. Moreover, 

(Zhang et al. 2024) examined the interactions of the 

genes and pathways related to the progression of 

Type 2 diabetes mellitus. Stierschneider et al. 

(2023) described the mechanisms and molecular 

mechanisms of endothelial cell TLR4 signaling in 

normal and inflammatory states. Medzhitov et al. 

(1997) found that the Drosophila Toll protein has a 

human homologue and showed that this protein is 

crucial for the activation of adaptive immune 

responses. In a study published by (Zhang et al. 

2017), the authors examined the expression of 

inflammatory genes induced by high glucose in 

vascular smooth muscle cells and its relation to the 

expression of iNOS-derived peroxynitrite and 

KLF5. In a study on the role of Krüppel-like factors 

in inflammatory regulation and vascular wall 

homeostasis, (Fan et al. 2017) found that the 

expression of these transcription factors was 

regulated by the inflammatory phenotype of 

endothelial cells. (Avrahami et al. 2020) examined 

the transcriptomic profile of single cells during 

human islet ontogeny and uncovered molecular 

mechanisms that underlie type 2 diabetes mellitus-

induced beta cell dedifferentiation. (Xiong et al. 

2023) confirmed the molecular effect of the TLR4 

variants in the Saudi Type 2 diabetic patients, and 

emphasized the role of genetic polymorphisms in 

disease progression. (Zhou et al. 2017) found PARP 

inhibition to be a significant improvement in 

diabetic wound healing and vascular repair 

mechanisms. In hypoxia-induced fibrin deposition 

and inflammatory activation, tissue factor 

transcription mechanisms stimulated by Egr-1 were 

studied (Yan et al. 1998).During disease 

progression, RAGE functions as a multiligand 

receptor which amplifies immune and inflammatory 

responses (Schmidt et al. 2001). Pietzsch et al. 

(2009) investigated the inflammatory significance 

of human S100A12 protein and its role as an 

important inflammatory mediator. Wang et al. 

(2014) investigated the role of the S100A9 protein 

in amyloid-neuroinflammatory cascades in 

neurodegenerative diseases. Phagocyte specific 

S100 proteins were examined as significant 

laboratory markers of inflammation and immune 

activation by (Foell et al. 2004). Vaquarizas et al. 

(2009) have described and categorized all human 

transcription factors (TFs) and their functions, 

expression and evolutionary roles in gene regulation 

studies. 

Materials and Methods 

The methodology of this paper deals with the 

protein-protein interaction (PPI) networks analysis 

of Type 2 Diabetes Mellitus aimed at the 

identification of the significant proteins to regulate 

the cellular functions using the centrality measures. 

It uses four major centrality measures. Degree 

Centrality, the one that identifies highly connected 

proteins in insulin resistance pathways; Closeness 

Centrality the one that Highlights proteins that 

effectively communicate with other highly 

influential proteins in glucose homeostasis; 

Eigenvector Centrality which prioritizes proteins 

that interact with other highly influential proteins in 

glucose homeostasis and lastly the Betweenness 
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Centrality which pinpoints key mediators in the way 

glucose is regulated and insulin acts. 

The information on protein-protein interaction (PPI) 

of T2DM is provided by STRING database (v11.5) 

and Bio GRID with the attention paid to the proteins 

implicated in glucose metabolism, insulin signaling 

and inflammatory pathways. The measures of 

statistics like edge density, number of nodes, 

transitivity of the global measure and p-value of PPI 

enrichment would be calculated to determine the 

strength of the building in the network. 

Interpretations of relationships between centrality 

metrics would be calculated and Interpreted using 

Pearson and Spearman correlation coefficients. 

Proteins would be classified into biological 

processes e.g. lipid metabolism, oxidative stress 

response and insulin signaling by using Gene 

Ontology (GO) term annotations. KEGG pathway 

mapping would establish the links to already known 

metabolic pathways such as PI3K/Akt pathway, 

AMPK signaling, and inflammatory cascades. 

Important proteins that regulate the uptake of 

glucose, the roles of beta-cell, and the efficiency of 

the mitochondria would be studied in terms of their 

therapeutic value. The identified central proteins 

could be superimposed on known databases of drug-

targets (Drug Bank, ChEMBL) to determine the 

possibility of therapeutic intervention. This method 

combines network biology and functional 

annotation, giving the systems view of the key 

molecular actors in T2DM. Since you are well 

versed in biosensors and signal processing, it would 

be interesting to consider the wearable diagnostics 

that measure the important biomarkers which are 

detected using this methodology 

Data collection and network generation. 

Centrality measures overview degree centrality 

(CD). The counting of immediate neighbors of a 

node v is divided by the maximum possible 

connections of the network and the result is the 

degree centrality of node v: 

𝐶𝑑(𝑣) =
deg⁡(𝑣)

𝑚𝑎𝑥𝑢∈𝑉deg⁡(𝑢)
⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(1) 

where deg(v) denotes the degree of node v, and the 

denominator normalizes by the highest degree in the 

network instead of N−1.  

Betweenness centrality (CB). Betweenness 

centrality measures the frequency of occurrence of 

node v in optimal route between two nodes s and t. 

The normalized form is: 

𝐶𝐵(𝑣) =
1

(𝑁 − 1)(𝑁 − 2)
∑

𝜎𝑠𝑡(𝑣)

𝜎𝑠𝑡𝑠,𝑡∈𝑉
𝑠≠𝑡≠𝑣

⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(2) 

where N is the aggregate of nodes, and the factor 
1

(𝑁−1)(𝑁−2)
⁡normalizes the score between 0 and 1. 

Closeness centrality (CC). Closeness centrality 

may also be formulated to be the reciprocation of 

the mean shortest line between node v and any other 

node: 

𝐶𝐶(𝑣) =
1

1
𝑁 − 1

∑ 𝑑(𝑢, 𝑣)𝑢∈𝑉
𝑢≠𝑣

=
𝑁 − 1

∑ 𝑑(𝑢, 𝑢)𝑢≠𝑣
⁡⁡(3) 

Eigenvector centrality (CE). Eigenvector 

centrality is characterized by the eigenvector 

equation of the adjacency matrix A, 𝐴𝑥 = 𝜆𝑥, 

where x is the vector of centrality scores, with the 

centrality of node v given by: 𝐶𝐸(𝑣) = 𝑥𝑣 Here, x is 

the eigenvector equivalent to the largest eigenvalue 

λ of A. This means: 

𝐶𝐸(𝑣) =
1

𝜆
∑ 𝐴𝑣𝑢𝐶𝐸(𝑢)𝑢𝜀𝑁(𝑣)                         (4) 

but often it’s simply described as the component of 

the principal eigenvector corresponding to node v. 

The centrality measures were determined with 

Python based libraries, mainly Net-work after the 

creation of networks based on high-confidence 

communication logs found through the STRING 

database (version 11.5). Interactions with 

confidence score of 0.7 or above were only retained 

to achieve biological validity. The predicted 

interactions were compared with experimental 

validations with the more weight being placed on 

experimentally supported links. Adjacency matrices 

were created in order to capture the interaction 

among proteins. Two sets of proteins were chosen 

to be analysed because of the different biological 

functions and network connections of the proteins. 

The 11-protein set was a set of core inflammatory 

regulators which were postulated to be playing key 

roles in signalling cascades. The 21-protein 

complex contained metabolic enzymes and 

regulators that had wider and less interactively 

connected functions. This difference made it 

possible to conduct comparative network analysis 

and demonstrated the relationship between 
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centrality and the functional enrichment output of 

STRING, which provided the understanding of 

various areas of T2DM pathology. 

Figure 2 shows the network of key molecular 

interactions with Type 2 Diabetes Mellitus (T2DM) 

that identifies AGER and the S100 family of 

proteins (S100B, S100A4, S100A6, S100A8, 

S100A10, S100A12) as key hubs of interaction. 

These proteins mediate with other disease related 

nodes like HMGB1, KRAS,  

DIAPH1 and S100P, and show regulatory effects on 

inflammation, glucose imbalance and insulin 

resistance. The surrounding of AGER and S100 

members with links indicates their relevance in the 

mediation of chronic low-grade inflammation and 

metabolic dysregulation in T2DM as potential 

biomarkers and therapeutic targets. 

 
Figure 2. Protein-protein interaction (PPI) network of T2DM-associated proteins 

Figure 3 is an extended network of interacting 

proteins that participate in Type 2 Diabetes Mellitus 

(T2DM) that is presented in the network, 

highlighting AGER as the hub with numerous 

connecting links to a variety of regulatory 

molecules (S100 family proteins, S100A8, S100A9, 

S100A10, S100A12, S100B, S100P), proteins of 

the inflammation process (HMGB1, TLR, CYBB, 

NO The high concentration of edges on AGER and 

S100 members indicates their combined functions 

in the chronic low-grade inflammatory process, 

oxidative stress, insulin resistance, and glucose 

imbalance. The network indicates that these 

molecules all play a role in the pathogenesis of 

T2DM, and central nodes are potential biomarkers 

or therapeutic targets to control the disease. The 11-

protein interaction showed a high internal 

interrelationship, as some of the proteins in the 

network were densely interdependent. This caused 

STRING enrichment to be enriched mostly with 

KEGG pathways which includes cytokine 

signalling, oxidative stress responses and insulin 

signalling (KEGG hsa04910). Proteins such as 

TNF, IL6, and RELA were at the top in all centrality 

measures, which show that they are important in 

regulating inflammatory signals. Conversely, 

relationship among 21 proteins was less connected 

with proteins being found in more diverse biological 

contexts. Consequently, terms of Gene Ontology 

(GO) Biological Process were more enriched in the 

results of STRING enrichment, such as 

mitochondrial organization (GO:0007005), fatty 

acid oxidation (GO:0006635) and metabolic 

homeostasis. The hub proteins became significantly 

important with high degree and eigenvector 

centrality scores: SIRT1, CPT1A, PPARGC1A. To 

determine consistency in degrees of topological 

metrics, Pearson and Spearman correlation 

coefficients were calculated between Degree, 

Betweenness and Eigenvector centrality scores. 
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Figure 3. Expanded protein-protein interaction (PPI) network highlighting key hub molecules in T2DM 

There was a good overlap in the determination of 

influential proteins as outraise was noted between 

degree centrality and eigenvector centrality (r > 0.9 

in both networks). 

Each dataset was executed to validate biological 

relevance using STRING-based functional 

annotation and KEGG pathway mapping. The 

enrichment analyses supported the claim that high-

centrality nodes were part of essential processes 

related to T2DM, which supports their potential as 

candidate biomarkers to design a biosensor. 

Result and Discussion 

Table 1, presents four centrality metrics degree, 

closeness, eigenvector, and betweenness used to 

evaluate the top molecular nodes within the Type 2 

Diabetes Mellitus (T2DM) protein-protein 

interaction network.  

Table 1. Centrality measures of key proteins in the T2DM PPI network 

Node 
Degree 

centrality 

Closeness 

centrality 

Eigenvector 

centrality 

Betweenness 

centrality 

AGER 1.0 1.00 0.464 0.513 

S10B 0.8 0.83 0.438 0.135 

S10 A6 0.5 0.667 0.345 0.006 

S10 A4 0.5 0.667 0.345 0.015 

S100A2 0.5 0.667 0.328 0.015 

S100A1 0.5 0.667 0.328 0.000 

S100A3 0.3 0.588 0.223 0.000 

HMGB1 0.3 0.588 0.223 0.000 

S100P 0.2 0.556 0.163 0.000 

DIAPH1 0.1 0.526 0.084 0.000 

KRAS 0.1 0.526 0.084 0.000 
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Among the analyzed proteins, AGER demonstrates 

the highest centrality values across all metrics, 

indicating its dominant role as a core hub with 

strong influence over network connectivity and 

communication. Members of the S100 family 

(S100B, S100A6, S100A4, S100A12, S100A11, 

S100A13) also exhibit notable centrality scores, 

suggesting their coordinated involvement in 

inflammatory and metabolic dysregulation 

associated with T2DM.  

Proteins such as HMGB1, DIAPH1, KRAS, and 

S100P show lower centrality values, reflecting more 

peripheral regulatory roles. Overall, the centrality 

analysis highlights AGER and S100 proteins as 

potential key targets for biomarker discovery and 

therapeutic intervention in T2DM. 

Figure 4 presents the various bar chart comparisons 

of centrality measures the determination of the 

significance of proteins within the Type 2 Diabetes 

Mellitus (T2DM) protein-protein interaction 

network. Sub-s (a) to the (d) each show a degree, 

closeness, eigenvector and betweenness centrality 

values of some chosen protein nodes, indicating 

differences in the network influence and 

connectivity. 

 
Figure 4. Centrality 2D column-chart for the 11-protein network. in the chart (a) represents the degree 

centrality (b) represents the closeness centrality (c) represents the betweenness centrality (d) represents 

the eigenvector centrality and (e) represents the chart for 11 proteins 
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All the four centrality measures have been 

summarized in the sub-figure (e), and the proteins 

can be compared directly where AGER has the 

highest scores, then several members of the S100 

family including S100B, S100A6, S100A4, 

S100A12 and S100A11. These imaging 

comparisons verify that AGER and S100 proteins 

have the highest percentage of network hubs and 

network communication, highlighting their possible 

control functions and the applicability as therapeutic 

or biomarker targets in T2DM. Diabetes is a 

significant factor of hearing loss in the older 

persons. Chronic otitis media (COM) resolution is a 

permanent dysfunction of the pars tensa or flaccida, 

usually the sequela of previous acute otitis media, 

negative middle ear pressure or acute serous otitis 

media. The inflammation of the middle ear, mastoid 

mucosa is not present, but inactive mucosal COM 

leads to a permanent openness of the pars tensa. The 

Degree, Closeness, Eigenvector, and Betweenness 

centrality measures of all the 11 proteins associated 

with the 11 OM were visualized in the STRING 

network. Out of them, AGER (Degree: 1.0, 

Closeness: 1.00, Eigenvector: 0.464, Betweenness: 

0.513) was the most central node, which attests the 

fact that it was a critical node in the signal mediation 

and the connectivity of the network. Likewise, 

S100B (Degree:0.8, Closeness: 0.833, Eigenvector: 

0.438, Betweenness: 0.135) was also significant in 

all measures, and therefore, may be a central 

interaction hub that is likely to engage in 

pathophysiological signaling during OM. Other 

S100 family members S100A6, S100A11 and 

S100A12 showed moderate values in centrality 

indices (degree 3- and Eigenvector > 0.68), which 

indicated a facilitative, yet important role in the 

molecular network. S100A13, S100P, KRAS, and 

DIAPH1 had lower centrality scores (Degree 02, 

Betweenness 0.02), which situated them in the 

periphery of the network with possible specialized 

or context-specific roles as opposed to general 

control. The network analysis will be interpreted 

that connector proteins with high degree and 

betweenness centrality (preferably AGER and 

S100B) are central integrators of OM-associated 

signaling which may have an important role in 

inflammation, host-pathogen response and 

chronicity due to their central location. These results 

were supported by the eigenvector centrality scores, 

showing that AGER and its direct interactors are as 

well positively connected to other well-connected 

nodes, which increases their capacity to impact the 

regulatory situation in the network. 

In Table 2, the scores of proteins like TTR, DIAPH1 

and APP were relatively low in all the measures of 

centrality, and this implies that they have a 

peripheral position in the network with minimal 

mediation and impact on interactions. The 

discussion highlights that high degree and 

betweenness proteins are central towards network 

organization and effectiveness. The highest score in 

all metrics is AGER that seems to be the central 

mediator of interactions that could be the master 

regulator of inflammation and immune responses in 

OM pathogenesis. The values of eigenvector 

centrality support the claim that numerous high-

degree nodes (e.g., S100B, S100A6, S100A7) are 

also closely related to other influential proteins 

pointing to their role in important signaling 

cascades. The Network Statistics and Functional 

Enrichment Analysis of Om-Associated Proteins 

can easily be found out. The PPI network analyzed 

is based on OM-related and has 11 nodes and 22 

edges, and the confidence of interaction was 

obtained through STRING (v11.5). The mean 

degree of the nodes is 4.0 and the clustering 

coefficient is about 0.70 which shows that the 

network is not only dense but modular with 

biologically pertinent association. 

Even though the size was very small, a statistically 

significant ppi enrichment p-value (p < 1.0e-10) 

was observed to confirm that the observed 

interactions are dubious to occur due to chance, and 

instead are more a product of underlying coherent 

molecular coordination that is associated with OM 

pathogenesis. A further analysis of the high-

centrality proteins using enrichment analysis 

showed relationships with important biological 

processes and pathways of host response, including: 

GO:0006954 Inflammatory response (p = 2.1e-05): 

indicating AGER, S100B and S100A12 as 

mediators of the OM-related inflammation. 

GO:0006955 Immune response (p = 7.6e-06): 

specifically of interest HMGB1 and S100 family 

proteins. Go:0042742 - Defense comment to 

bacterium (p = 9.3e-04): in agreement with OM 

bacterial etiology. GO:0035329 - signal 

transduction via interleukin-1 (p = 1.2e-03): with 

AGER and S100A12 involved. GO:0071345 

Cellular comment to cytokine stimulus (p = 5.6e-

04). These results are rather consistent with the 

clinical and biological complexity of Otitis Media, 
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especially the recurrent and biofilm-related form of 

the disease. The key proteins found are probable in 

the control of the epithelial barrier functions, 

recruitment of immune cells, and secretion of 

cytokines. This centrality-based network analysis of 

OM-associated proteins underlines the 

overwhelming role of AGER, and then S100B in the 

coordination of major interactions in the network. 

The existence of various S100 family proteins 

implies that they play a redundant yet synergistic 

role in immune signaling and inflammatory 

regulation. The network is validated as functional 

enrichment to validate the relevance of the network 

to OM pathophysiology, such as immune activation, 

cytokine response and bacterial defense providing 

potential biomarkers or therapeutic targets to 

intervene. 

Table 2. Centrality analysis of core proteins involved in the t2dm interaction network 

Protein 
Degree 

centrality 

Closeness 

centrality 

Eigenvector 

centrality 

Betweenness 

centrality 

AGER 1.000 1.000 0.524 0.763 

S100A6 0.30 0.588 0.276 0.001 

S100A4 0.30 0.588 0.276 0.001 

S100A7 0.30 0.588 0.276 0.001 

S100A11 0.30 0.588 0.263 0.007 

S100A12 0.30 0.588 0.263 0.007 

S100B 0.30 0.588 0.276 0.001 

TLR4 0.30 0.588 0.188 0.020 

CYBB 0.30 0.588 0.196 0.011 

NOX1 0.25 0.571 0.179 0.004 

DIAPH1 0.20 0.556 0.155 0.000 

NOX4 0.20 0.556 0.155 0.000 

KRAS 0.20 0.556 0.128 0.005 

S100A13 0.15 0.541 0.154 0.001 

JAK2 0.15 0.541 0.124 0.003 

HMGB1 0.15 0.541 0.134 0.000 

APP 0.15 0.541 0.119 0.003 

NRAS 0.15 0.541 0.113 0.000 

HRAS 0.15 0.541 0.113 0.000 

S100P 0.10 0.526 0.095 0.000 

TTR 0.05 0.513 0.077 0.000 

 

This Table 3, condenses the enriched Gene 

Ontology (GO) biological processes that are 

associated with important hub proteins in the 

network of interaction in Type 2 Diabetes Mellitus 

(T2DM). Proteins AGER, HMGB1, and various 

members of the S100 family (such as S100B, 

S100A6, S100A4, S100A11 and S100A12) have 

been shown to be highly linked to the inflammatory 

response, immune balancing and defense against 

bacterial stress, and thus they are of interest in the  

 

context of chronic inflammation observed in 

T2DM. They have been also involved in 

proliferation and anti-apoptotic processes which 

also denotes their part in the state of tissue 

remodeling and metabolic imbalance in diabetic 

conditions. Altogether, the GO enrichment indicates 

the versatile roles of these proteins in the process of 

inflammation, immune regulation, and cell survival 

mechanism in the pathology of T2DM. 
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Table 3. Gene ontology (GO) biological processes associated with identified hub proteins in T2DM 

GO term (BP) Proteins involved 

Inflammatory response AGER, S100B, S100A6, S100A12, HMGB1 

Immune response HMGB1, S100 family 

Defense response to bacterium S100A12, HMGB1, S100A6 

Cellular response to cytokine stimulus AGER, S100A12, HMGB1 

Actin cytoskeleton organization / motility S100A4, S100A11, S100B 

Actin filament organization S100A4, S100A11, S100B 

Positive regulation of cell proliferation S100B, S100A11, S100A6 

Negative regulation of apoptosis S100A11, S100B 

In this Table 4, the degree and closeness centrality 

with the biological functions of influential hub 

proteins in the Type 2 Diabetes Mellitus (T2DM) 

interaction network are integrated. AGER is 

identified as the key signaling node that serves as an 

advanced glycation end-products receptor and 

incorporates the inflammatory pathways. S100B is 

one of the related calcium-binding members of the 

S100 family exhibiting high centrality and 

regulating inflammatory signals as a result of its 

interaction with AGER. S100A12 displays 

significant immune activation properties through its 

connections with AGER and TLR4, which lead to 

high pro-inflammatory reactions. S100A4 is also 

involved in chronic inflammation with regulation of 

cell motility and epithelial remodeling, whereas 

S100A6 is a facilitator of proliferative and 

inflammatory cues, which connects with several 

other S100 proteins. All these proteins constitute 

functionally interconnected inflammatory units, 

which play a role in metabolic dysregulation and 

tissue remodeling that are indicative of T2DM. 

Table 4. Proteins network validation 

Protein 
Degree 

centrality 

Closeness 

centrality 
Functional role summary 

AGER 1.0 1.0 
Receptor for improved glycation end-products; 

central node linking inflammatory signals. 

S100B 0.8 0.833 
Calcium-binding protein; modulates 

inflammation and interacts with AGER. 

S100A12 0.5 0.667 
Activator of immune pathways via AGER and 

TLR4; highly pro-inflammatory. 

S100A4 0.5 0.667 
Modulates motility and epithelial remodelling; 

part of chronic inflammation responses. 

S100A6 0.5 0.667 
Involved in cell proliferation and inflammation; 

connects with multiple S100s. 

Table 5, The enriched GO biological processes 

show that the primary hub proteins in T2DM and, 

especially, in AGER and S100 family members, are 

closely related to immune activation, inflammation, 

and cytokine signaling. These proteins demonstrate 

the high significance of p-values of processes that 

are associated with the inflammatory response, the 

defense system, and the control of cytokines 

activity, and S100A4 also participate in 

angiogenesis. Altogether, the results underline that 
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these hub proteins are reference factors in 

promoting chronic inflammation and vascular 

changes that can be found in T2DM. Go Biological 

Process Enrichment (Selected Results). Enrichment 

analysis showed which biological processes were 

highly represented in the network, in particular, 

immune activation, epithelial bar modulation, and 

inflammation processes all of which are related to 

the pathogenesis of OM. 

Table 5. Top biological processes enriched among the 5 proteins 

GO term ID Biological process Proteins involved p-value 

GO:0006954 Inflammatory response AGER, S100B, S100A12 4.3e-09 

GO:0006952 Defense response AGER, S100A12, S100A6 2.6e-07 

GO:0034097 Response to cytokine AGER, S100B 1.8e-06 

GO:0050729 
Positive regulation of 

inflammatory response 
AGER, S100A12 7.2e-05 

GO:0001525 Angiogenesis S100A4 1.6e-04 

Table 6, which is enriched with GO terms, implies 

that dysregulated proteins in T2DM are closely 

linked to inflammation, immune activation, 

cytokine signaling, and, finally, altered signal 

transduction. The high significance values indicate 

that the biological processes that are prevailing 

factors in the progression of the disease are 

inflammatory and immune responses. 

Table 6. Functional enrichment analysis for 21 proteins

GO term Biological process # Proteins p-value 

GO:0006954 Inflammatory response 2 of 267 6.72e-09 

GO:0006952 Defense response 10 of 210 3.49e-07 

GO:0034097 
Response to cytokine 

stimulus 
9 of 198 2.33e-06 

GO:0007165 Signal transduction 13 of 523 4.20e-06 

GO:0006955 Immune response 11 of 410 7.85e-06 

Table 7 enumerates the highest-ranked proteins in 

the Type 2 Diabetes Mellitus (T2DM) interactional 

network, in degree centrality and closeness 

centrality values as well as, the biological functions 

attached to them. The centrality of AGER is the 

greatest, as it is a core receptor that promotes 

RAGE-mediated inflammation and epithelial 

integrity. TLR4 is the next important immune 

sensor activating the pro-inflammatory cascade 

pathways. One danger-associated molecular 

pattern, S100A12, induces the interaction with 

AGER and TLR4 to promote neutrophil recruitment 

and inflammatory signaling. Another reason why 

S100B is high is its involvement in the regulation of 

cytokines and the activation of immune cells. 

Collectively, these prioritized proteins are major 

inflammatory and immune regulation dysregulation 

drivers of T2DM. 
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Table 7. Proteins network validation 

Rank Protein Degree centrality Closeness centrality Biological role 

1 AGER 1.00 1.00 

Central receptor in RAGE 

signalling, inflammation, 

epithelial integrity. 

2 TLR4 0.30 0.588 

Toll-like receptor; initiates 

pro-inflammatory signalling 

cascade. 

3 S100A12 0.30 0.588 

DAMP molecule; binds 

AGER/TLR4, mediates 

neutrophil recruitment. 

4 S100B 0.30 0.588 

Modulates cytokine 

production and immune cell 

activation. 

This Table 8, contains substantially differentiated 

gene ontology (GO) biological processes that are 

linked to significant proteins involved in Type 2 

Diabetes Mellitus (T2DM), as well as the indicating 

statistical significance. The very important 

processes that comprise core proteins AGER, 

TLR4, S100A12, JAK2, and S100B are highly 

significant pathways that include inflammatory 

response (GO:0006954) and defense response 

(GO:0006952), which are of central importance to 

chronic inflammation in diabetes. Other pathways 

include immune system process (GO:0002376), 

response to lipopolysaccharide (GO:0032496) and 

innate immune response (GO:0045087) 

highlighting the involvement of the innate immune 

activation, especially through TLR4 activation and 

S100A12 activation, to amplify the inflammatory 

signaling. All these processes when put together 

stress that immune dysregulation and inflammation 

are key biological mechanisms in the progression of 

T2DM. 

Table 8. Functional enrichment 

GO term (ID) Biological process Involved proteins p-value 

GO:0006954 Inflammatory response AGER, TLR4, S100A12, JAK2, S100B 2.1e-11 

GO:0006952 Defense response AGER, S100A12, TLR4, JAK2 1.6e-09 

GO:0002376 Immune system process AGER, S100B, TLR4, JAK2 4.9e-08 

GO:0032496 
Response to 

lipopolysaccharide (LPS) 
TLR4, JAK2, S100A12 6.8e-06 

GO:0045087 Innate immune response AGER, TLR4, S100A12 3.2e-07 

This Table 9 identifies key proteins involved in 

development and maintenance of Otitis Media 

(OM) with a focus upon their roles of inflammatory 

and epithelial-associated action. AGER is a primary 

receptor of S100 proteins and HMGB1 which can 

induce chronic inflammation and degrade the 

integrity of the epithelial barrier. TLR4 detects 

microbial molecules including lipopolysaccharide 

(LPS) and is expressed greatly in OM resulting in 

vigorous inflammatory reactions in the mucosa. 

S100A12 is a neutrophilic inflammatory biomarker, 

which increases the immune cell recruitment using 



Food Science and Applied Biotechnology, 2026, 9(S1), xxx-xxx 

Geetha, et al., 2026       A multidimensional systems biology network strategy to recognize and prioritize… 

Page 14 

AGER. S100B is involved in the repair and 

epithelial signaling pathways which are relevant in 

recurrent inflammation in the middle ear. Moreover, 

JAK2 is also involved in cytokine-mediated 

processes, especially IL-6 and TNF, which increase 

the inflammatory cascades in OM. All these 

proteins are key triggers to immune activation, 

mucosal inflammation, and chronic disease 

development in OM. 21 protein network identifies 

AGER, TLR4, S100A12, S100B and JAK2 as 

important mediators of inflammation, immune 

modulation and epithelial response, which are 

important processes in the development of Otitis 

Media. 

Table 9. Interpretation and relevance to otitis media (OM) 

Protein Key role in OM pathogenesis 

AGER 
Receptor for S100s & HMGB1; mediates epithelial barrier dysfunction and 

chronic inflammation. 

TLR4 
Recognizes microbial components (e.g., LPS); upregulated in OM; drives mucosal 

inflammation. 

S100A12 
Biomarker for neutrophilic inflammation; forms complexes with AGER and 

promotes immune cell influx. 

S100B 
Contributes to epithelial cell signalling and repair; relevant in chronic middle ear 

inflammation. 

JAK2 
Central in cytokine signalling (IL-6, TNF); involved in inflammation 

amplification in OM. 

They are characterized by high centrality scores and 

strong functional enrichment and therefore: 

Diagnostic markers Clinical objectives of host 

response modulation and prevention of 

chronic/recurrent OM. Centrality Metrics 

Correlation Analysis. The high value of Pearson 

correlation between Degree and Betweenness 

centrality shows that the proteins with numerous 

connections (Degree) contribute to the performance 

of communications among other proteins in the 

network (Betweenness centrality) at a critical level. 

The significant correlation coefficient of 0.8 in this 

case indicates that the two measures have a strong 

relationship and the correlation coefficient is 

statistically significant (p < 0.01). It implies that the 

greater the number of connections that a protein 

possesses, the higher the chance that this protein is 

a significant bridge in signaling pathways in the 

biological system. 

The high Spearman correlation between Closeness 

and Eigenvector centrality (0.8, p < 0.05) would 

indicate that not only are proteins at the core of a 

network in a short path to all other proteins, but they 

are also well-connected to other important proteins, 

or influential nodes. This implies that these central 

proteins have significant role in the overall system 

and performance of the biological system. Simply 

put, when a protein is highly accessible, and also 

connected to other significant proteins, chances are 

high that the protein will play a major role in 

communication and signaling mechanisms of the 

network. The article shows the Pearson correlation 

of Degree and Eigenvector centrality is high, at 0.9, 

which has a strong correlation between the two 

measures of a protein network. The degree is the 

number of direct connections a protein has and the 

Eigenvector centrality is the effect of a node not just 

on the number of its connections but also the 

connections of its connections. The significance of 

the proteins with a high number of direct 

connections is indicated by this high correlation as 

it indicates that the protein is likely to be a central 

node and thus one that is significant to the entire 

structure and functionality of the network.  

The Spearman correlation between Betweenness 

centrality and Closeness centrality reveals a 

significant correlation between the two indices that 

are used to determine the significance of a protein 

in a network. This indicates that proteins that are 

related to other proteins in the network (Closeness) 

are also significant as intermediates that form links 

between various components of the network 
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(Betweenness), although with a correlation 

coefficient of 0.7 and a significance level of p that 

falls below 0.05. This result shows that the various 

methods of quantifying the centrality of a protein 

can frequently indicate comparable characteristics 

of network interactions. 

These results indicate that the centrality measures 

have a high level of internal consistency, which 

serves to support the strength and consistency of 

network-based node identification in the otitis 

media (OM) protein interaction map. Not only were 

these high-centrality proteins (AGER, TLR4, 

S100A12, JAK2, and S100B) ranked as the 

topological nodes, but also engaged in the 

inflammation, immune regulation, and bacterial 

defense pathways, which are important 

characteristics of the pathophysiology of otitis 

media (OM). Moreover, their functions were 

supported by KEGG pathway enrichment in: 

Cytokine-cytokine receptor interaction Cytokine-

cytokine receptor interaction involves a chemical 

attraction and repulsion between a cytokine and its 

receptor, resulting in the exertion of effects on the 

receiver (Racher et al. 2014). 

TLR signaling and Neutrophil-mediated immunity. 

These findings support the utility of the identified 

key nodes, and they go in line with the node 

centrality ranks, hence reinforcing the connection 

between network topology and biological 

significance in OM. The next explanation will be 

the biological explanation of high and low centrality 

proteins 

High centrality proteins. The AGER is a sensor 

that detects end-products of advanced glycation. Is 

a key homeostat of inflammation; binds TLR4, 

S100 proteins and KRAS. S100B & S100A9: 

Involved in the recruitment of neutrophils, 

production of cytokines, and biofilms. TLR4 + 

HMGB1: “Major danger detectives and activators 

of immune responses, which are in line with host 

defense against ear infection”. KRAS: Although it 

is generally an oncogene, it can also be involved in 

epithelial cell proliferation and immunomodulation 

signaling. 

Low-centrality proteins. DIAPH1, NOX4, APP: - 

Functionally peripheral in the non-stirred case but 

can be activated by oxidative stress or epithelial 

remodeling. Example: APP is involved in cell 

adhesion and inflammation- could be increased in 

certain OM conditions. 

Conclusion 

This paper is a depiction of the usefulness of 

network centrality metrics in identifying the most 

important regulatory proteins contained within 

Type 2 Diabetes (T2D) protein interaction network. 

Proteins, including AGER (RAGE), S100B, TLR4, 

HMGB1, and S100A12, were found as high-

centrality nodes through a confirmation and 

functional refinement analysis of STRING with 

critical roles in inflammatory signaling, oxidative 

stress response, and metabolic regulation - all 

features of T2D pathology. 

Correlation analysis showed that topological 

metrics have strong internal coherence. It is worth 

noting that there was a significant Pearson 

correlation (r = 0.80, p < 0.01) between Degree and 

Betweenness centrality whereas, Eigenvector 

centrality and Closeness centrality Spearman 

correlation (r = 0.75, p < 0.05) provided the 

reinforcement of network integrity. All these 

measures repeatedly placed AGER and TLR4 at the 

center of regulation, and their biological relevance 

was upheld. 

GO and KEGG pathway enrichment identified 

immune receptor activation (e.g., TLR signaling), 

redox regulation, and AGE-RAGE interactions to 

be significant biological processes. Significantly, 

although less central, the peripheral proteins such as 

NOX4 and DIAPH1 can retain functional 

importance triggered by conditions-specific stress 

such as oxidative stress in cases of hyperglycemia. 

Future perspectives. Since there is an increased 

incidence of T2D in the world and the current 

treatments are not effective, it is possible to find 

molecular hubs such as AGER and TLR4 as a 

starting point of targeted drug development. 

Forthcoming should focus on: Combining 

transcriptomics and proteomics in diabetic and non-

diabetic states to narrow situational regulatory 

motifs. Time-resolved network modeling of 

dynamic interactions and signaling cascades in T2D 

progression. 

Machine learning-based predictive analytics of 

identifying disease-driving and disease-responsive 

nodes. Computational docking coupled with 

simulation experiments to measure high-centrality 

protein persistence. The roles of high- and low-

centrality proteins in insulin signaling, 3-cell health 

and immune response which are empirically 

validated by gene knockdown/ CRISPR 
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experiments. This systems biology approach 

complements the translational potential of network 

medicine in the treatment of T2D and provides 

novel avenues to discover biomarker and to treat 

individuals on a personalized basis. 

Acknowledgement 

The authors express their sincere gratitude to Dr N 

G P Arts and Science College, Coimbatore, for 

providing the necessary research facilities and 

academic support to carry out this work. The 

authors also acknowledge Akshaya College of 

Engineering and Technology, Coimbatore, and 

Bannari Amman Institute of Technology, 

Sathyamangalam, for their valuable institutional 

support and technical guidance. The authors extend 

their thanks to all faculty members and technical 

staff who supported the successful completion of 

this research. 

Author Contributions 

The successful completion of this research work 

was achieved through the collective efforts of all the 

authors. Geetha S conceptualized the study, carried 

out the network analysis, and prepared the original 

manuscript draft. Manimekalai S supervised the 

research work, contributed to methodology design, 

and critically reviewed the manuscript. Malini M 

assisted in data analysis, interpretation of results, 

and validation of computational findings. Dr. P. 

Sathiyamurthi contributed to technical guidance, 

visualization of results, and manuscript editing. All 

authors contributed to the writing, review, and final 

approval of the manuscript. 

Funding 

There are no particular grants from funding 

organisations for this research. 

Institutional Review Board Statement 

Not applicable. 

Informed Consent Statement 

Not applicable. 

Data Availability Statement 

The corresponding author can provide the datasets 

upon request. 

 

Conflicts of Interest 

Hereby we are declaring that there is no conflict of 

interest related to this manuscript. 

Reference 

Avrahami D, Kaestner K.H. Single-cell transcriptomics 

of human islet ontogeny defines the molecular basis 

of beta cell dedifferentiation in type 2 diabetes. 

Molecular Metabolism, 2020, 42(12): 101057. 

https://doi.org/10.1016/j.molmet.2020.101057 

Bonnefond A, Boissel M, Bolze A, Durand E, 

Toussaint B, Vaillant E, Gaget S, Vaxillaire M, 

Dhennin V, Dechaume A, Marre M, Balkau B, 

Charpentier G, Franc S, Fajardy I, Philibert P, 

Boland A, Olaso R, Deleuze J.F, Colombo M, 

Pigeyre M, Baas F, Dina C, Froguel P. Pathogenic 

variants in actionable MODY genes are associated 

with type 2 diabetes. Nature Metabolism, 2020, 

2(10): 1126-1134. https://doi.org/10.1038/s42255-

020-00294-3 

Dasu M.R, Devaraj S, Park S, Jialal I. Increased toll-

like receptor activation and toll-like receptor 

ligands in recently diagnosed type 2 diabetic 

subjects. Diabetes Care, 2010, 33(4): 861-868. 

https://doi.org/10.2337/dc09-1799 

Egaña-Gorroño L, López-Díez R, Yepuri G, Ramirez 

L.S, Reverdatto S, Gugger P.F, Shekhtman A, 

Ramasamy R, Schmidt A.M. Receptor for 

advanced glycation end products and mechanisms 

and therapeutic opportunities in diabetes and 

cardiovascular disease: insights from human 

subjects and animal models. Frontiers in 

Cardiovascular Medicine, 2020, 7(3):  37. 

https://doi.org/10.3389/fcvm.2020.00037 

Ehlermann P, Eggers K, Bierhaus A, Most P, 

Weichenhan D, Greten J, Nawroth P.P, Katus H.A, 

Remppis A. Increased proinflammatory endothelial 

response to S100A8/A9 after preactivation through 

advanced glycation end products. Cardiovascular 

Diabetology, 2006, 5(3): 6. 

https://doi.org/10.1186/1475-2840-5-6 

Fan Y, Lu H, Liang W, Hu W, Zhang J, Chen Y.E. 

Krüppel-like factors and vascular wall homeostasis. 

Journal of Molecular Cell Biology, 2017, 9(5): 

352-363. https://doi.org/10.1093/jmcb/mjx037 

Ferri C, Benedetti S, Battistoni S, Ferroni F. Growing 

role of S100B protein as a putative therapeutic 

target for pancreatic islet inflammation in type 2 

diabetes. Biochemical Pharmacology, 2021, 

183(8): 114340. 

https://doi.org/10.1016/j.neubiorev.2021.04.035 

Foell D, Frosch M, Sorg C, Roth J. Phagocyte-specific 

calcium-binding S100 proteins as clinical 

laboratory markers of inflammation. Clinica 

https://doi.org/10.1016/j.molmet.2020.101057
https://doi.org/10.1038/s42255-020-00294-3
https://doi.org/10.1038/s42255-020-00294-3
https://doi.org/10.2337/dc09-1799
https://doi.org/10.3389/fcvm.2020.00037
https://doi.org/10.1186/1475-2840-5-6
https://doi.org/10.1093/jmcb/mjx037
https://doi.org/10.1016/j.neubiorev.2021.04.035


Food Science and Applied Biotechnology, 2026, 9(S1), xxx-xxx 

Geetha, et al., 2026       A multidimensional systems biology network strategy to recognize and prioritize… 

Page 17 

Chimica Acta, 2004, 344(1-2): 37-51. 

http://doi.org/10.1016/j.cccn.2004.02.023 

Hofmann M.A, Drury S, Fu C, Qu W, Taguchi A, Lu 

Y, Avila C, Kambham N, Bierhaus A, Nawroth P, 

Neurath M.F, Slattery T, Beach D, McClary J, 

Nagashima M, Morser J, Stern D, Schmidt A.M. 

RAGE mediates a novel proinflammatory axis: a 

central cell surface receptor for S100/calgranulin 

polypeptides. Cell, 1999, 97(7): 889-901. 

https://doi.org/10.1016/S0092-8674(00)80801-6  

Jiang Z.S, Sun Y.H, Wang S.M, Ruan J.S. Association 

of toll-like receptor 4 polymorphisms with type 2 

diabetes mellitus. Inflammation, 2013, 36(2): 251-

257. https://doi.org/10.1007/s10753-012-9541-7  

Karamanou M, Protogerou A, Tsoucalas G, 

Androutsos G, Poulakou-Rebelakou E. Milestones 

in the history of diabetes mellitus: the main 

contributors. World Journal of Diabetes, 2016, 

7(1): 1-7. https://doi.org/10.4239/wjd.v7.i1.1 

Medzhitov R, Preston-Hurlburt P, Janeway C.A Jr. A 

human homologue of the Drosophila Toll protein 

signals activation of adaptive immunity. Nature, 

1997, 388(6640): 394-397. 

https://doi.org/10.1038/41131 

Michetti F, Di Sante G, Clementi M.E, Valeriani F, 

Mandarano M, Ria F, Di Liddo R, Rende M, 

Romano Spica V. The multifaceted S100B protein: 

a role in obesity and diabetes? International 

Journal of Molecular Sciences, 2024, 25(2): 776. 

https://doi.org/10.3390/ijms25020776 

Nagareddy P.R, Kraakman M, Masters S.L, Stirzaker 

R.A, Gorman D.J, Grant R.W, Dragoljevic D, 

Hong E.S, Abdel-Latif A, Smyth S.S, Choi S.H, 

Korner J, Bornfeldt K.E, Fisher E.A, Dixit V.D, 

Tall A.R, Goldberg I.J, Murphy A.J. Adipose tissue 

macrophages promote myelopoiesis and 

monocytosis in obesity. Cell Metabolism, 2014, 

19(5): 821-835. 

https://doi.org/10.1016/j.cmet.2014.03.029 

Neeper M, Schmidt A.M, Brett J, Yan S.D, Wang F, 

Pan Y.C, Elliston K, Stern D, Shaw A. Cloning and 

expression of a cell surface receptor for advanced 

glycosylation end products of proteins. Cell, 1992, 

61(21): 1299-1308. https://doi.org/10.1016/S0021-

9258(18)42138-2 

Papatheodorou K, Banach M, Edmonds M, Papanas N, 

Papazoglou D. Complications of diabetes. Journal 

of Diabetes Research, 2015, 2015(8): 189525. 

https://doi.org/10.1155/2015/189525 

Pietzsch J, Hoppmann S. Human S100A12: a novel 

key player in inflammation? Amino Acids, 2009, 

36(3): 381-389. https://doi.org/10.1007/s00726-

008-0097-7 

Proost P, Wuyts A, Van Damme J. Human monocyte 

chemotactic proteins-2 and -3: structural and 

functional comparison with MCP-1. Journal of 

Leukocyte Biology, 1996, 59(1): 67-74. 

https://doi.org/10.1002/jlb.59.1.67 

Schmidt A.M, Yan S.D, Yan S.F, Stern D.M. The 

multiligand receptor RAGE as a progression factor 

amplifying immune and inflammatory responses. 

Journal of Clinical Investigation, 2001, 108(7): 

949-955. https://doi.org/10.1172/JCI14002 

Shen X, Zhao R, Yang Y, Liang X. TLR4 mediates 

glucolipotoxicity-induced mitochondrial 

dysfunction in type 2 diabetes mellitus. Cell 

Signalling, 2025, 153(4): 114438. 

https://doi.org/10.1016/j.intimp.2025.114438 

Shi H, Kokoeva M.V, Inouye K, Tzameli I, Yin H, 

Flier J.S. TLR4 links innate immunity and fatty 

acid-induced insulin resistance. Journal of Clinical 

Investigation, 2006, 116(11): 3015-3025. 

https://doi.org/10.1172/JCI28898 

Stierschneider A, Wiesner C. Shedding light on the 

molecular and regulatory mechanisms of TLR4 

signaling in endothelial cells under physiological 

and inflamed conditions. Frontiers in Immunology, 

2023, 14(11): 1264889. 

https://doi.org/10.3389/fimmu.2023.1264889 

Tan S.Y, Wong J.L.M, Sim Y.J, Wong S.S, Mohamed 

Elhassan S.A, Tan S.H, Lim G.P.L, Tay N.W.R, 

Annan N.C, Bhattamisra S.K, Candasamy M. Type 

1 and 2 diabetes mellitus: a review on current 

treatment approach and gene therapy as potential 

intervention. Diabetes and Metabolic Syndrome: 

Clinical Research and Reviews, 2019, 13(1): 364-

372. https://doi.org/10.1016/j.dsx.2018.10.008 

Thomas C.C, Philipson L.H. Update on diabetes 

classification. Medical Clinics of North America, 

Epub, 2015, 99(1): 1-16. 

https://doi.org/10.1016/j.mcna.2014.08.001  

Vaquerizas J.M, Kummerfeld S.K, Teichmann S.A, 

Luscombe N.M. A census of human transcription 

factors: function, expression and evolution. Nature 

Reviews Genetics, 2009, 10(4): 252-263. 

http://doi.org/10.1038/nrg2538 

Wang C, Klechikov A.G, Gharibyan A.L, Warmlander 

S.K.T.S, Jarvet J, Zhao L, Jia X, Shankar S.K, 

Olofsson A, Brannstrom T, Mu Y, Gräslund A, 

Morozova-Roche L.A. The role of pro-

inflammatory S100A9 in Alzheimer’s disease 

amyloid-neuroinflammatory cascade. Acta 

Neuropathologica, 2014, 127(4): 507-522. 

https://doi.org/10.1007/s00401-013-1208-4 

Xiong F, Chen S, Wang X, Li D. Molecular effects of 

TLR4 variants in Saudi T2D patients. Cells, 2023, 

12(18): 2290. http://doi.org/10.3390/cells12192340 

Yan S.F, Zou Y.S, Gao Y, Zhai C, Mackman N, Lee 

S.L, Milbrandt J, Stern D, Pinsky D.J, Ogawa S. 

Tissue factor transcription driven by Egr-1 is a 

critical mechanism of murine pulmonary fibrin 

deposition in hypoxia. Proceedings of the National 

http://doi.org/10.1016/j.cccn.2004.02.023
https://doi.org/10.1016/S0092-8674(00)80801-6
https://doi.org/10.1007/s10753-012-9541-7
https://doi.org/10.4239/wjd.v7.i1.1
https://doi.org/10.1038/41131
https://doi.org/10.3390/ijms25020776
https://doi.org/10.1016/j.cmet.2014.03.029
https://doi.org/10.1016/S0021-9258(18)42138-2
https://doi.org/10.1016/S0021-9258(18)42138-2
https://doi.org/10.1155/2015/189525
https://doi.org/10.1007/s00726-008-0097-7
https://doi.org/10.1007/s00726-008-0097-7
https://doi.org/10.1002/jlb.59.1.67
https://doi.org/10.1172/JCI14002
https://doi.org/10.1016/j.intimp.2025.114438
https://doi.org/10.1172/JCI28898
https://doi.org/10.3389/fimmu.2023.1264889
https://doi.org/10.1016/j.dsx.2018.10.008
https://doi.org/10.1016/j.mcna.2014.08.001
http://doi.org/10.1038/nrg2538
https://doi.org/10.1007/s00401-013-1208-4
http://doi.org/10.3390/cells12192340


Food Science and Applied Biotechnology, 2026, 9(S1), xxx-xxx 

Geetha, et al., 2026       A multidimensional systems biology network strategy to recognize and prioritize… 

Page 18 

Academy of Sciences USA, 1998, 95(14): 8298-

8303. https://doi.org/10.1073/pnas.95.14.8298 

Zhang M.L, Zheng B, Tong F, Yang Z, Wang Z.B, 

Yang B.M, Sun Y, Zhang X.H, Zhao Y.L, Wen 

J.K. iNOS-derived peroxynitrite mediates high 

glucose-induced inflammatory gene expression in 

vascular smooth muscle cells through promoting 

KLF5 expression and nitration. Biochimica et 

Biophysica Acta Molecular Basis of Disease, 2017, 

1863(11): 2821-2834. 

https://doi.org/10.1016/j.bbadis.2017.07.004 

Zhang X.Y, Lv W, Jiang S, Zhao Y. Analysis of type 2 

diabetes mellitus-related genes by constructing the 

pathway-based weighted network. IET Systems 

Biology, 2024, 18(1): 1-12. 

https://doi.org/10.1049/syb2.12110 

Zheng Y, Ley S.H, Hu F.B. Global aetiology and 

epidemiology of type 2 diabetes mellitus and its 

complications. Nature Reviews Endocrinology, 

2018, 14(2): 88-98. 

https://doi.org/10.1038/nrendo.2017.151 

Zhou X, Natalie L, Luo Z, Xie Y, Wei T, Bhatt D.L. 

PARP inhibition enhances diabetic wound healing. 

Journal of Vascular Surgery, 2017, 65(3): 762-

773. https://doi.org/10.1016/j.jvs.2016.03.407 

https://doi.org/10.1073/pnas.95.14.8298
https://doi.org/10.1016/j.bbadis.2017.07.004
https://doi.org/10.1049/syb2.12110
https://doi.org/10.1038/nrendo.2017.151
https://doi.org/10.1016/j.jvs.2016.03.407

