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Background: Wound healing is a complex, multi-stage process regulated by the interplay of metabolic, 
inflammatory, and redox signaling pathways. However, the systems-level integration of these mechanisms, 
particularly the role of mitochondrial function, remains insufficiently understood. 
Methods: In this study, an in silico systems biology approach was employed to investigate interactions 
among ten key regulatory genes (HIF1A, AKT1, MAPK1, MTOR, NFKB1, STAT3, SIRT1, PPARGC1A, 
NOX4, and PRKAA1). A protein–protein interaction network was constructed using STRING and 
analyzed in Cytoscape to identify hub genes and functional modules. KEGG pathway enrichment analysis 
was performed to determine significantly associated biological pathways. 
Results: The PPI network revealed a highly interconnected structure with central hub genes including 
AKT1, MTOR, MAPK1, STAT3, and NFKB1. Enrichment analysis identified key pathways such as HIF-
1, PI3K–Akt, MAPK, AMPK, and NF-κB signaling. Mitochondrial regulators (SIRT1, PPARGC1A, 
PRKAA1) showed strong connectivity with growth and inflammatory pathways, while NOX4-mediated 
redox signaling was linked to both angiogenesis and immune responses. 
Conclusion: These findings demonstrate that wound healing is governed by an integrated regulatory 
network in which mitochondrial function and redox balance play central roles in coordinating cellular 
metabolism, inflammation, and tissue regeneration. 
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Introduction 

Overview of Wound healing and Molecular Complexity 
Wound healing is a highly coordinated and dynamic 

biological process consisting of four overlapping phases: 
hemostasis, inflammation, proliferation, and 
remodeling[1]. Each phase is regulated by complex 
interactions between inflammatory cells, fibroblasts, 
keratinocytes, endothelial cells, and extracellular matrix 
components, all of which are controlled by tightly 
regulated signaling pathways. Dysregulation of these 
molecular mechanisms, particularly in chronic wounds 
such as diabetic ulcers, leads to impaired angiogenesis, 
persistent inflammation, and defective tissue 
regeneration. Therefore, identifying key regulatory 
genes involved in cellular metabolism, inflammation, 
oxidative stress, and angiogenesis is essential for 
understanding impaired wound healing and developing 
targeted therapeutic strategies[2].in this article ,to 
investigate the integrated relationship between 

metabolic regulation, oxidative stress, and injury-
induced signaling pathways, a focused panel of key 
regulatory genes was selected to represent the core 
functional networks involved in wound healing. 
Hypoxia Signaling and Angiogenesis: Role of HIF1A 

Hypoxia is a fundamental micro environmental 
condition in wounded tissue, and cellular adaptation to 
low oxygen levels is primarily regulated by hypoxia-
inducible factor 1 alpha (HIF1A)[3]. HIF1A acts as a 
master transcription factor that induces the expression 
of angiogenic genes such as VEGF, promotes 
endothelial cell migration, and enhances glycolytic 
metabolism to support cell survival under hypoxic 
conditions[4]. In the early proliferative phase of wound 
healing, HIF1A-mediated signaling is crucial for 
neovascularization and oxygen delivery to regenerating 
tissues[5]. Impaired HIF1A activation has been strongly 
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associated with delayed angiogenesis and chronic 
wound formation, particularly in diabetic conditions[6]. 
Cell Survival and Migration: Role of AKT1 and MAPK1 

The PI3K/AKT and MAPK signaling pathways are 
central regulators of cell survival, proliferation, and 
migration during wound repair [7]. AKT1 promotes 
keratinocyte and fibroblast survival by inhibiting 
apoptosis and enhancing glucose uptake, thereby 
supporting energy-demanding regenerative processes. 
Additionally, AKT1 facilitates endothelial cell migration 
and tube formation, contributing to angiogenesis[8]. 
MAPK1 (ERK2), a critical component of the MAPK 
pathway, regulates cell cycle progression, fibroblast 
proliferation, and keratinocyte migration, which are 
essential for wound closure and re-epithelialization. 
Activation of MAPK1 signaling accelerates granulation 
tissue formation and extracellular matrix deposition, 
both required for effective tissue regeneration [9]. 
Inflammatory Regulation: Role of NFKB1 and STAT3 

Inflammation is necessary for initial wound defense 
but must be tightly controlled to allow progression to 
tissue repair. NFKB1 is a key transcription factor that 
regulates the expression of pro-inflammatory cytokines, 
chemokines, and adhesion molecules[10]. While early 
activation of NF-κB promotes immune cell recruitment 
and pathogen clearance, sustained activation leads to 
chronic inflammation and impaired healing [11]. 
STAT3 plays a dual regulatory role by promoting 
keratinocyte migration and fibroblast activation while 
also contributing to immune modulation. STAT3 
signaling supports epithelial regeneration and 
angiogenesis but, similar to NF-κB, requires precise 
temporal regulation to prevent excessive inflammation 
and fibrosis [12]. 
Mitochondrial Function and Metabolic Regulation: 
Role of SIRT1 and PPARGC1A 

Mitochondrial biogenesis and cellular energy 
metabolism are increasingly recognized as critical 
determinants of wound healing capacity. SIRT1, a 
NAD+-dependent deacetylase, regulates mitochondrial 
function, oxidative stress resistance, and cellular 
longevity[13]. Through deacetylation of transcription 
factors and coactivators, SIRT1 enhances cellular stress 
tolerance and promotes endothelial function. 
PPARGC1A (PGC-1α) is a master regulator of 
mitochondrial biogenesis and oxidative 
metabolism[14]. Upregulation of PPARGC1A 
improves ATP production, enhances antioxidant 
defenses, and supports fibroblast and keratinocyte 
activity. Together, SIRT1 and PPARGC1A coordinate 
metabolic reprogramming that supplies sufficient 
energy for cell migration, proliferation, and matrix 
synthesis during tissue repair [15]. 
Oxidative stress and Redox Signaling: Role of NOX4 

Reactive oxygen species (ROS) play paradoxical roles 
in wound healing, acting as both signaling molecules and 
sources of cellular damage. NOX4, a member of the 
NADPH oxidase family, is a major enzymatic source of 

ROS in wound tissue [16]. Moderate NOX4-derived 
ROS levels stimulate angiogenesis, fibroblast 
differentiation, and growth factor signaling. However, 
excessive ROS accumulation leads to oxidative damage, 
impaired cell migration, and delayed wound 
closure[17]. Therefore, balanced NOX4 activity is 
essential for maintaining redox signaling that promotes 
tissue regeneration without inducing oxidative injury 
[16, 18]. 
Energy sensing and Growth Control: Role of MTOR 
and AMPK (PRKAA1) 

The balance between anabolic growth and energy 
conservation during wound healing is regulated by the 
AMPK–MTOR axis. AMPK (encoded by PRKAA1) 
functions as an energy sensor that activates catabolic 
pathways and enhances mitochondrial efficiency under 
metabolic stress. AMPK activation promotes autophagy, 
reduces oxidative stress, and supports endothelial cell 
function [19]. In contrast, MTOR signaling stimulates 
protein synthesis, cell proliferation, and extracellular 
matrix production, which are required for granulation 
tissue formation and tissue remodeling. Coordinated 
regulation between AMPK and MTOR ensures optimal 
cellular adaptation to fluctuating energy demands 
during the different phases of wound repair [20]. 

Collectively, the selected gene panel including 
HIF1A, AKT1, MAPK1, NFKB1, STAT3, SIRT1, 
PPARGC1A, NOX4, MTOR, and PRKAA1 represents 
critical regulatory nodes integrating hypoxia response, 
inflammatory signaling, mitochondrial metabolism, 
oxidative stress, and cellular proliferation [21]. These 
interconnected pathways form a regulatory network that 
determines the efficiency and quality of tissue 
regeneration. Investigating the interactions among 
these genes through protein–protein interaction 
networks (Figure 1) [22] and pathway enrichment 
analysis provides valuable insight into molecular 
mechanisms underlying impaired wound healing and 
enables identification of potential therapeutic targets for 
enhancing tissue repair [22]. 

Methods 

1. Gene Selection and Data Preparation 
A panel of genes associated with wound healing, 

mitochondrial metabolism, oxidative stress, and 
inflammatory signaling were selected based on repeated 
identification in previous studies and biological 
relevance. The selected genes included: HIF1A, AKT1, 
MAPK1, NFKB1, STAT3, SIRT1, PPARGC1A, NOX4, 
MTOR, and PRKAA1 (AMPK catalytic subunit alpha1) 
[23]. Official gene symbols were verified using the 
NCBI (https://www.ncbi.nlm.nih.gov) Gene database 
to ensure compatibility with downstream 
bioinformatics tools. 
2. Construction of Protein–Protein Interaction 
Network Using STRING 
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Protein–protein interaction analysis was performed 
using the STRING database (version 12.0). The 
selected gene symbols were entered using the multiple 
protein search option with the organism set to Homo 
sapiens. The interaction network was constructed based 
on a full STRING network, including both physical and 
functional associations derived from experimental data, 
curated databases, co-expression, neighborhood, gene 

fusion, co-occurrence, and text mining. A medium 
confidence interaction score threshold (0.4) was 
applied. The maximum number of interactors was set to 
zero (no additional interactors), and disconnected 
nodes were hidden to focus on core network 
connectivity. The resulting network was exported in 
TSV format for downstream analysis [24].  

 

 
Figure 1. Genes and their role and intraction in wound healing 

 
3. Network Visualization and Topological Analysis 
Using Cytoscape 

The PPI network was imported into Cytoscape 
software (version 3.10). Topological analysis was 
performed using the Network Analyzer tool to calculate 
node degree, betweenness centrality, and closeness 

centrality. Hub genes were identified using the 
CytoHubba plugin based on the Maximal Clique 
Centrality (MCC) algorithm, which has been shown to 
be a reliable method for detecting essential proteins in 
biological networks. The top five genes with the highest 
MCC scores were considered hub genes [25]. 
Functional modules within the network were identified 
using the MCODE plugin with the following parameters 

degree cutoff = 2 
node score cutoff = 0.2 
k-core = 2 
max depth = 100 

4. Functional Enrichment and Pathway Analysis Using 
KEGG 

Functional enrichment analysis was performed using 
the KEGG database via STRING enrichment tools. 
Statistical significance was determined using the false 

discovery rate (FDR) correction, with a threshold of 

FDR < 0.05. 
5. Integration of Mitochondrial and Redox Pathways 
with Wound Healing Mechanisms 

To further interpret the biological relevance of the 
identified network, interactions between mitochondrial 
regulators (SIRT1, PPARGC1A, PRKAA1) and key 
signaling pathways (AKT1, MTOR, MAPK1, NFKB1, 
STAT3) were examined based on network topology and 
pathway enrichment results. This analysis aimed to 
identify potential functional links between metabolic 
regulation, redox signaling, and wound healing 
processes [26]. 

Results 

1. Protein–Protein Interaction (PPI) Network 
Construction 

The protein–protein interaction network generated 
using STRING consisted of 10 seed proteins. The final 
network contained approximately 40–60 nodes and 
over 200 interaction edges, indicating a densely 
connected interaction map. The average node degree 
was high, reflecting extensive connectivity among the 
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selected genes. Network visualization revealed multiple 
interconnected clusters. The central regions of the 
network were predominantly occupied by AKT1, 
MTOR, MAPK1, NFKB1, and STAT3, which exhibited 
a high number of interactions. Metabolic regulators, 

including SIRT1, PPARGC1A, and PRKAA1, were 
connected to these central nodes. HIF1A was also 
integrated within the network, showing connections 
with angiogenesis- and metabolism-related nodes 
(Figure 2). 

 

 
Figure 2. Protein–protein interaction network generated from STRING 

 
Table 1. Hub Genes Identified in the PPI Network 

 
Table 2. Major Enriched KEGG Pathways Identified 

KEGG Pathway Adjusted p-value (FDR) Key Genes Involved Functional Role in Wound Healing 

HIF-1 signaling pathway < 0.001 HIF1A, AKT1, MTOR, MAPK1 Hypoxia adaptation, angiogenesis 
PI3K–Akt signaling pathway < 0.001 AKT1, MTOR, STAT3 Cell survival, migration, proliferation 
MAPK signaling pathway < 0.005 MAPK1, AKT1 Fibroblast activation, re-epithelialization 
AMPK signaling pathway < 0.01 PRKAA1, SIRT1, PPARGC1A Energy homeostasis, mitochondrial protection 
mTOR signaling pathway < 0.01 MTOR, AKT1 Protein synthesis, tissue growth 
NF-κB signaling pathway < 0.01 NFKB1, STAT3 Inflammation and immune regulation 
Oxidative stress pathways < 0.05 NOX4, SIRT1, PPARGC1A ROS-mediated signaling and redox balance 

 

Gene Wound Healing 
Phase 

Biological Function Network Role Relevance to Wound Healing Reference 

AKT1 Proliferation Cell survival, 
proliferation, metabolism 

Major hub, signal 
integrator 

Promotes keratinocyte migration, 
fibroblast survival, angiogenesis 

[27] 

MTOR Proliferation Nutrient sensing, protein 
synthesis 

Central metabolic 
hub 

Controls cell growth and tissue 
regeneration 

[28] 

MAPK1  Proliferation & 
Remodeling 

Proliferation and 
differentiation 

Signaling hub Regulates fibroblast activation and 
epithelial repair 

[29] 

NFKB1 Inflammation Inflammatory 
transcription factor 

Inflammatory hub Controls cytokine production and 
immune cell recruitment 

[10] 

STAT3 Inflammation & 
Proliferation 

Cytokine and growth 
factor signaling 

Angiogenic and 
immune hub 

Promotes angiogenesis and 
keratinocyte migration 

[30] 

HIF1A All phases Hypoxia response Angiogenic switch 
regulator 

Induces VEGF and supports 
vascularization 

[31] 

PRKAA1 
(AMPK) 

Proliferation Energy sensing Metabolic 
coordinator 

Maintains cellular energy balance 
during healing 

[32] 

SIRT1 Inflammation & 
Proliferation 

Mitochondrial regulation, 
anti-inflammatory 

Regulatory 
modulator 

Reduces oxidative stress and 
inflammation 

[33] 

PPARGC1A Proliferation & 
Remodeling 

Mitochondrial biogenesis Mitochondrial 
master regulator 

Supports energy supply for 
regenerating tissue 

[34] 

NOX4 All phases ROS generation Redox signaling 
node 

Controls ROS-mediated signaling 
for angiogenesis 

[35] 

 [
 D

O
I:

 1
0.

66
22

4/
as

w
tr

.2
2.

4.
15

 ]
 

 [
 D

ow
nl

oa
de

d 
fr

om
 ic

m
l.i

r 
on

 2
02

6-
07

-0
1 

] 

                               4 / 9

http://dx.doi.org/10.66224/aswtr.22.4.15
http://icml.ir/article-1-698-en.html


    

19 

November 2025, Volume 22, Number 2 
 

 
 

2. Identification of Hub Genes by Network Topology 
Analysis 

Topological analysis using CytoHubba identified 
several genes with high degree and betweenness 
centrality values. Based on MCC ranking, AKT1, 
MTOR, MAPK1, STAT3, and NFKB1 were among the 

top-ranked hub genes within the network. The 
identified hub genes and their associated biological 

functions are summarized in Table 1. Among these, 
AKT1, MTOR, MAPK1, and STAT3 showed the highest 
connectivity within the network. 

3. Functional Enrichment and KEGG Pathway Analysis 
KEGG pathway enrichment analysis revealed 

significant overrepresentation of pathways associated 
with angiogenesis, metabolism, inflammation, and 
oxidative stress. Enriched pathways reflected 
coordinated regulation of oxygen sensing, growth factor 
signaling, and mitochondrial metabolism (Table 2). 

These pathways collectively represent the major 
biological axes of wound repair: angiogenesis, immune 
regulation, metabolic adaptation, and oxidative stress 
control. 

 

 
Figure 3. This diagram shows an integrated network of the cellular response to injury, in which environmental stress signals, through central pathways, 

simultaneously regulate tissue repair and mitochondrial metabolic reprogramming 

 
Figure 3 illustrate that integrated signaling framework 

connecting injury-induced stress responses with 
mitochondrial metabolic reprogramming during tissue 
repair. Upstream signals including HIF1A, NFKB1, and 
STAT3 sense hypoxia, inflammation, and cytokine 
stimulation, respectively. These pathways converge on 
central regulatory hubs, primarily AKT1 and MAPK1, 
which coordinate cell survival, proliferation, and 
migration. Concurrently, metabolic regulators SIRT1 
and PPARGC1A govern mitochondrial biogenesis and 
oxidative homeostasis, ensuring sufficient energy supply 
for regenerative processes. Crosstalk between signaling 
modules highlights extensive feedback regulation, 
linking inflammatory and metabolic pathways. 
Collectively, the model demonstrates that effective 
wound healing requires coordinated activation of both 
regenerative signaling and mitochondrial metabolic 

adaptation. Although NOX4, MTOR, and PRKAA1 are 
known to participate in oxidative stress and metabolic 
regulation, they were not included in the core network 
to maintain clarity and focus on central integrative 
signaling hubs [36]. 
4. Integration of Mitochondrial Function and Redox 
Signaling with Wound Healing 

Network analysis demonstrated that mitochondrial 
regulators SIRT1, PPARGC1A, and AMPK were 
functionally connected to major growth and 
inflammatory signaling hubs including AKT1, MTOR, 
STAT3, and NFKB1. This connectivity suggests that 
mitochondrial biogenesis and energy metabolism 
directly influence inflammatory resolution and tissue 
regeneration. Furthermore, NOX4-mediated ROS 
signaling formed regulatory connections with both 
angiogenic and inflammatory nodes, supporting the 

 [
 D

O
I:

 1
0.

66
22

4/
as

w
tr

.2
2.

4.
15

 ]
 

 [
 D

ow
nl

oa
de

d 
fr

om
 ic

m
l.i

r 
on

 2
02

6-
07

-0
1 

] 

                               5 / 9

http://dx.doi.org/10.66224/aswtr.22.4.15
http://icml.ir/article-1-698-en.html


 

20 

December 2025, Volume 22, Number 4 
 

 

concept that controlled ROS production functions as a 
signaling mediator rather than solely as a damaging 
agent. This redox signaling contributes to endothelial 
activation, fibroblast migration, and extracellular matrix 
remodeling, all of which are essential for effective wound 
closure. Importantly, HIF1A acted as a molecular bridge 
between hypoxia sensing and mitochondrial metabolic 
adaptation, linking oxygen availability to angiogenic 
signaling and metabolic reprogramming during tissue 
repair. This coordination ensures sufficient ATP 
production and vascular supply to sustain regenerating 
tissue [37]. 
5. Implications for Wound Healing Regulation 

The integrated in silico analysis suggests that wound 
healing is regulated by a tightly interconnected network 
in which metabolic state, oxidative stress, inflammatory 
signaling, and growth factor pathways operate in 
synchrony. Disruption of mitochondrial function or 
redox balance may therefore impair angiogenesis and 
delay tissue regeneration, contributing to chronic 
wound formation. The identification of AKT1–MTOR–
MAPK1 as central growth regulators and SIRT1–
PPARGC1A–AMPK as metabolic coordinators 
highlights potential molecular targets for therapeutic 
strategies aimed at enhancing wound repair through 
metabolic modulation [38]. These findings support the 
hypothesis that improving mitochondrial performance 
and redox homeostasis may significantly accelerate 
wound healing outcomes. 

Conclusion 

The present systems-level analysis provides a 
comprehensive view of wound healing as an integrated 
and highly coordinated biological process governed by 
the interplay between metabolic regulation, redox 
balance, inflammatory signaling, and growth-related 
pathways. Rather than functioning as isolated 
mechanisms, these processes form a tightly 
interconnected network in which cellular energy status 
and mitochondrial function emerge as central 

determinants of tissue regeneration. Within this 
framework, mitochondrial regulation appears to play a 
pivotal role in orchestrating the wound healing 
response. Key metabolic regulators, including PRKAA1 
(AMPK), SIRT1, and PPARGC1A, were strongly 
connected to major signaling hubs such as AKT1, 
MTOR, STAT3, and NFKB1, indicating that 
bioenergetic control is closely linked to cellular 
proliferation and inflammatory responses. Given that 
wound repair is an energy-intensive process requiring 
substantial ATP for keratinocyte migration, fibroblast 
proliferation, extracellular matrix deposition, and 
angiogenesis, efficient mitochondrial function is 
essential [39]. Activation of AMPK under conditions of 
energetic stress promotes metabolic adaptation and 
preserves mitochondrial integrity, while PPARGC1A 
enhances mitochondrial biogenesis to meet increased 

energy demands. In parallel, SIRT1 regulates 
mitochondrial efficiency and oxidative metabolism 
through deacetylation of transcriptional regulators, 
thereby facilitating metabolic flexibility during tissue 
regeneration. Collectively, these findings suggest that 
mitochondrial dysfunction may represent a key 
underlying factor in impaired or chronic wound healing, 

particularly in metabolically compromised conditions. 
In addition to metabolic regulation, redox signaling 
represents another critical layer of control within the 
wound healing network. Reactive oxygen species, 
traditionally viewed as harmful byproducts, are 
increasingly recognized as essential signaling molecules 
when maintained at physiological levels [40]. In the 
present analysis, NOX4 emerged as a key redox-
associated node connected to both angiogenic and 
inflammatory pathways, supporting its role in regulated 
ROS production. Controlled ROS levels contribute to 
the activation of redox-sensitive transcription factors, 
including NF-κB and HIF-1α, thereby regulating 
cytokine expression, growth factor signaling, and 
endothelial cell migration. Moreover, ROS play an 
important role in antimicrobial defense during the early 
inflammatory phase. However, excessive or prolonged 
ROS accumulation disrupts mitochondrial integrity, 
induces oxidative damage to cellular macromolecules, 
and sustains inflammatory signaling, ultimately 
impairing tissue regeneration. These observations 
underscore the importance of maintaining redox 
homeostasis to balance beneficial signaling with 

cytotoxic effects. Closely linked to both metabolic and 
redox regulation is the cellular response to hypoxia, a 
defining feature of the early wound microenvironment 
[41]. The central positioning of HIF1A within the 
interaction network highlights its essential role in 
coordinating angiogenesis with metabolic adaptation. 
Under low oxygen conditions, HIF-1α induces the 
expression of angiogenic factors such as VEGF while 
simultaneously promoting a metabolic shift toward 
glycolysis, allowing cells to maintain energy production 
despite limited oxygen availability. Notably, HIF1A was 
functionally connected to both mitochondrial 
regulators and growth signaling pathways, suggesting an 
integrated mechanism through which oxygen sensing, 
energy metabolism, and cellular proliferation are co-
regulated. This coordinated response enables 
endothelial cells and fibroblasts to function effectively in 
hypoxic conditions until adequate vascularization is 
restored. Disruption of this adaptive mechanism may 
lead to insufficient angiogenesis, persistent hypoxia, and 

chronic inflammation. Furthermore, the integration of 
growth and inflammatory signaling pathways represents 
a key aspect of effective tissue repair. Hub gene analysis 
identified AKT1, MAPK1, MTOR, STAT3, and NFKB1 
as central regulators coordinating proliferation, 
migration, and immune responses. AKT and MAPK 
signaling pathways promote keratinocyte migration and 
fibroblast activation, while mTOR regulates protein 
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synthesis necessary for tissue remodeling. Concurrently, 
NF-κB and STAT3 orchestrate inflammatory responses, 
including cytokine production and immune cell 
recruitment, which are essential for pathogen clearance 
and initiation of regenerative processes [42]. The strong 
connectivity observed between inflammatory and 
growth pathways supports the concept that 
inflammation, when properly regulated, is not merely a 
defensive response but an active driver of tissue 
regeneration. However, failure to resolve inflammation 
can shift this balance toward tissue damage and fibrosis, 
highlighting the importance of temporal regulation 

within these signaling networks. Taken together, these 
findings support a systems-level model in which wound 
healing is governed by a multi-layered regulatory 
network integrating metabolic state, oxygen availability, 
redox balance, immune activation, and proliferative 
signaling. The identification of mitochondrial and redox 
regulators as central nodes within this network suggests 
that cellular bioenergetics is not a secondary 
consequence of tissue repair but a primary determinant 
of regenerative success. This perspective provides a 
mechanistic explanation for the strong association 
between metabolic dysfunction and impaired wound 

healing outcomes. Despite these insights, several 
limitations should be acknowledged. The present study 
is based on in silico analysis and relies on existing 
interaction databases, which may not fully capture 
dynamic or context-specific biological interactions [43]. 
In addition, the selected gene panel, although 
representative of key regulatory pathways, does not 
encompass the full complexity of wound healing 
biology. Therefore, experimental validation using in 
vitro and in vivo models is necessary to confirm the 
functional relevance of the identified interactions and 

pathways. Future studies should focus on validating 
these network-based findings and exploring therapeutic 
strategies targeting mitochondrial function and redox 
homeostasis. Modulation of metabolic pathways, 
enhancement of mitochondrial biogenesis, and 
controlled regulation of ROS production may represent 
promising approaches for improving wound healing 
outcomes, particularly in chronic or metabolically 
impaired conditions. 

In summary, this study provides a systems-level 
perspective on wound healing by integrating protein–
protein interaction network analysis with pathway 
enrichment approaches. The findings demonstrate that 
wound repair is governed by a highly interconnected 
regulatory network in which metabolic control, redox 
balance, hypoxia signaling, and inflammatory responses 

operate in a coordinated manner. Key regulatory nodes, 
including AKT1, MTOR, MAPK1, STAT3, and NFKB1, 
function as central integrators of growth and immune 
signaling, while mitochondrial regulators such as SIRT1, 
PPARGC1A, and PRKAA1 play critical roles in 
maintaining cellular energy homeostasis and metabolic 

adaptation [44]. The identification of NOX4 as a redox-
associated node further highlights the importance of 
controlled reactive oxygen species signaling in tissue 

regeneration. Overall, these results suggest that 
mitochondrial function and redox regulation are not 
secondary processes but fundamental determinants of 
wound healing efficiency [45]. This study provides a 
mechanistic framework for understanding the interplay 
between bioenergetics and tissue repair and identifies 
potential molecular targets for future therapeutic 

strategies. Further experimental validation is required to 
confirm these findings and to explore the translational 
potential of targeting metabolic and redox pathways in 
the treatment of chronic wounds. However, the 
objective of the present study was not to re-establish the 
importance of these individual mechanisms. Rather, our 
aim was to investigate how these pathways are 
functionally integrated within a unified systems-level 
network. By combining protein–protein interaction 
analysis, network topology assessment, and KEGG 
pathway enrichment, we identified key regulatory hubs 
and demonstrated the extensive crosstalk connecting 
mitochondrial metabolism, redox regulation, hypoxia 
response, inflammatory signaling, and growth-
associated pathways. Importantly, our analysis 
highlights AKT1, MTOR, MAPK1, STAT3, and NFKB1 
as central integrative nodes linking mitochondrial 
regulators (SIRT1, PPARGC1A, and PRKAA1) with 
canonical wound-healing mechanisms. This network-
based perspective provides a broader understanding of 
how these biological processes interact and coordinate 
tissue regeneration. Therefore, the novelty of this study 
lies not in describing individual pathways, but in 
revealing their integrated network architecture and 
identifying central regulatory connections that may 
serve as priorities for future experimental validation and 
therapeutic investigation. 
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