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Review Article

Abstract | Wound healing represents a highly orchestrated and dynamic biological process characterized by 
intricate cellular and molecular interactions that aim to restore tissue integrity after injury. This review provides 
an in-depth analysis of histopathological and immunohistochemical methodologies utilized in evaluating 
wound repair, highlighting their translational relevance and clinical implications. The wound healing cascade 
is traditionally delineated into four sequential yet overlapping phases: Hemostasis, inflammation, proliferation, 
and remodeling. Each phase exhibits distinct cellular responses and extracellular matrix (ECM) modifications 
essential for successful tissue regeneration. The accurate selection of animal models, predominantly rodents 
and porcine species, remains pivotal in elucidating fundamental mechanisms underlying wound repair and 
assessing therapeutic efficacy. However, it is imperative to recognize species-specific differences that may 
influence experimental outcomes and translational applicability. Recent advancements in histopathological 
assessment techniques, including quantitative morphometry, immunohistochemistry, and digital imaging, have 
significantly enhanced the precision of wound characterization. This precision instills confidence in the accuracy 
of our understanding of wound healing processes. These methodologies facilitate detailed identification and 
quantification of critical cellular components involved in healing processes, notably macrophages, fibroblasts, 
and endothelial cells. Dysregulated interactions among these cellular entities contribute to impaired healing 
outcomes observed in pathological conditions, including diabetes mellitus, chronic inflammatory disorders, 
and infection-related lesions. Emerging therapeutic strategies leveraging nanotechnology platforms, stem 
cell-based interventions, and advanced biomaterials have shown considerable promise in promoting effective 
wound repair. This highlights the potential for significant advancements in wound healing shortly. Evaluating 
histopathological parameters and molecular biomarkers remains essential for monitoring therapeutic 
responses and guiding targeted intervention development. Integrating cutting-edge imaging modalities with 
omics-based analytical approaches holds significant potential for bridging experimental findings with clinical 
practice. This underscores the importance of multidisciplinary collaboration in advancing wound healing 
research. Future research endeavors should prioritize such collaboration to translate mechanistic insights into 
innovative clinical strategies, ultimately enhancing wound management outcomes.
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Introduction

Overview of wound healing as a dynamic process: 
Wound healing is a highly orchestrated and 

dynamic biological process involving a coordinated 
series of cellular and molecular events to restore 
tissue integrity following injury. This sophisticated 
process depends on precisely regulated interactions 
occurring at both cellular and molecular levels. This 
process is typically divided into four overlapping 
phases: hemostasis, inflammation, proliferation, and 
remodeling (Ridhanya, 2019). 

Each phase contributes uniquely to restoring 
tissue structure and function, and disruptions 
in these phases can lead to abnormal or chronic 
wounds. Histopathological evaluation is pivotal 
in understanding these phases, providing detailed 
insights into tissue architecture, cellular composition, 
and extracellular matrix (ECM) dynamics during 
wound repair (Tuca et al., 2024).

Experimental models in wound healing: Bridging basic 
and clinical research
Laboratory animals, particularly rodents and pigs, have 
been indispensable in advancing our understanding of 
wound healing. These animal models offer a controlled 
environment to dissect the fundamental tissue repair 
mechanisms and identify critical histological and 
molecular changes during healing. These models 
allow researchers to study the histopathological 
and molecular mechanisms underlying tissue repair 
in a controlled environment (Parnell, 2013; Tuca et 
al., 2024). However, the choice of animal model 
significantly influences the translational relevance 
of findings, as species-specific differences in wound 
healing mechanisms can impact the interpretation of 
results (Nuutila et al., 2016; Parnell and Volk, 2019). 
Therefore, careful selection and validation of animal 

models are essential to ensure that experimental 
outcomes can be effectively translated to human 
clinical scenarios.

Advances in histopathological and immunohistochemical 
techniques for wound evaluation
Recent advancements in histopathological 
techniques, including quantitative morphometry, 
immunohistochemistry (IHC), and advanced 
imaging technologies, have significantly transformed 
the field. These cutting-edge methods enable 
researchers to obtain high-resolution, quantitative 
data that elucidate the spatial and temporal dynamics 
of wound healing. Consequently,  these innovations 
facilitate more precise and objective evaluations of 
wound healing, allowing for a deeper understanding 
of the complex biological processes involved (Li 
et al., 2022; He et al., 2024). They have yielded 
critical insights into the roles of essential cellular 
components, such as macrophages, fibroblasts, and 
endothelial cells, as well as the molecular pathways 
that regulate inflammation, angiogenesis, and 
extracellular matrix (ECM) remodeling (Hassanshahi 
et al., 2022; Zhang et al., 2023). By correlating specific 
histopathological findings with functional outcomes, 
these advancements offer the potential to identify 
novel therapeutic targets and biomarkers for improved 
wound management.

This review seeks to deliver an in-depth analysis of 
the histopathological and immunohistochemical 
assessment of wound healing in laboratory animals. 
It will provide a comprehensive overview of current 
methodologies and discuss how these approaches 
contribute to our understanding of the healing 
process. The analysis will focus on the classification 
of wound healing stages, the histological markers 
involved, and the methodologies utilized for 
evaluation. Additionally, the discussion will address 
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the advantages and limitations of commonly 
used experimental models, the factors influencing 
histopathological outcomes, and the implications of 
these findings for pharmacological and toxicological 
research. Ultimately, this review aims to bridge the 
gap between experimental research and clinical 
application, highlighting the translational potential 
of histopathological insights in wound healing.

Mechanisms of wound healing
Hemostasis and inflammation: the initial phases 
of repair: Wound healing commences immediately 
after injury with the hemostasis phase. During this 
stage, rapid vasoconstriction, coupled with platelet 
aggregation, leads to the prompt cessation of 
bleeding, thereby establishing a stable environment 
for subsequent repair processes. This initial phase is 
brief, typically lasting only a few hours, and is essential 
to limit blood loss and prepare the wound bed for 
the influx of repair cells. Following hemostasis, the 
inflammatory phase ensues. This phase is marked by 
rapidly recruiting immune cells, primarily neutrophils 
and macrophages, to the wound site (Ridhanya, 2019). 
These cells perform critical functions: they clear debris 
and pathogens through phagocytosis and release pro-
inflammatory cytokines such as interleukin-6 (IL-
6) and tumor necrosis factor-alpha (TNF-α). These 
cytokines help remove damaged tissue and stimulate 
angiogenesis, ensuring the developing tissue receives 
an adequate blood supply (Huang et al., 2023). 
Although the inflammatory phase usually extends 
over several days, its exact duration varies according 
to the severity and nature of the wound (Lodhi and 
Vadnere, 2017). Importantly, any dysregulation in 
this phase, especially an imbalance between pro- and 
anti-inflammatory cytokines, can result in chronic 
inflammation and impair the healing process (Table 
1, Figure 1) (Cioce et al., 2024).

Proliferation and tissue regeneration: fibroblast activity 
and angiogenesis
The proliferative phase is pivotal in tissue regeneration 
and is characterized by forming granulation tissue, a 
key element in repairing and rebuilding the wound. 
During this phase, fibroblasts proliferate and migrate 
into the wound bed, synthesizing and depositing ECM 
components, predominantly collagen, which provide 
a structural framework for new tissue (Nurrahmah et 
al., 2019). Concurrently, re-epithelialization occurs 
as keratinocytes from the wound margins migrate 
across the wound surface, thereby re-establishing 

the epidermal barrier (Ridhanya, 2019). Fibroblasts 
also differentiate into myofibroblasts, critical for 
wound contraction and size reduction (Monika et al., 
2021). The duration of this phase may extend over 
several weeks and is influenced by factors such as the 
wound’s size, anatomical location, and the occurrence 
of complications. Research further underscores 
the importance of an adequate oxygen supply in 
tissue regeneration; for example, hyperbaric oxygen 
therapy has been shown to enhance keratinocyte 
differentiation and promote epidermopoiesis (Table 
1, Figure 1) (Dan Dimitrijevich et al., 1999).

Remodeling and scar maturation: collagen reorganization 
and ECM dynamics
The final stage of wound healing, known as the 
remodeling or maturation phase, involves the 
reorganization and maturation of the ECM. In 
this phase, the initially abundant type III collagen 
in granulation tissue is gradually replaced by 
the stronger type I collagen, resulting in a more 
durable and functionally stable tissue (Santosa et al., 
2022). This complex process is mediated by matrix 
metalloproteinases (MMPs) and their inhibitors, 
tissue inhibitors of metalloproteinases (TIMPs), 
which together regulate the balance between collagen 
synthesis and degradation (Fadriquela et al., 2020; 
Pilloni et al., 2023). The remodeling phase may last 
months or even years, forming mature scar tissue (Table 
1, Figure 1) (Nahar et al., 2006; Nurrahmah et al., 2019).

Pathological implications in wound healing
Impaired healing: Molecular and cellular 
dysfunctions: A fundamental aspect of wound healing 
research is the direct comparison between normal 
and impaired healing, which is crucial for elucidating 
the cellular and molecular mechanisms underlying 
delayed recovery and informing the development of 
targeted therapeutic strategies. For instance, studies 
on diabetic mice have demonstrated that impaired 
wound healing is characterized by prolonged 
inflammation, diminished collagen synthesis, and 
defective angiogenesis, all of which contribute to 
delayed tissue repair and an increased risk of chronic 
wounds (Park et al., 2014; Lu et al., 2023).

Histopathological analysis of diabetic wounds 
revealed a significant reduction in vascular density, 
accompanied by a pronounced downregulation of 
angiogenesis and inflammatory regulation genes, 
including CCND1, ENO1, HIF1, and SERPINE1. 
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These findings emphasize the pivotal role of 
endothelial cell dysfunction in impaired wound 
healing and highlight potential therapeutic targets 
for enhancing healing outcomes in diabetic patients 
(Figure 2) (Lu et al., 2023).

Chronic wounds: Persistent challenges in tissue repair
Chronic wounds, characterized by prolonged healing 
time and impaired tissue repair, often exhibit unique 
histopathological features. These wounds typically 
show persistent inflammation, diminished angiogenic 
activity, and elevated matrix metalloproteinases 
(MMPs) that actively degrade the extracellular 
matrix, thereby hindering effective tissue regeneration 
(Schilrreff and Alexiev, 2022). 

Chronic wounds are often associated with persistent 
inflammation, which hinders tissue repair and 
predisposes the wound to further complications. 
Histopathological analysis of chronic wounds has 
revealed the presence of excessive granulation tissue, 
extensive fibrosis, and altered collagen deposition 
patterns, all of which contribute to the chronic nature 
of the wound (Schilrreff and Alexiev, 2022). Moreover, 
the dysregulation of immune responses characterized 
by the persistence of pro-inflammatory macrophages 
alongside a downregulation of anti-inflammatory 
cytokines plays a significant role in perpetuating 
chronic inflammation (Barman and Koh, 2020).

Histopathological examination of chronic wounds 
can reveal the presence of excessive granulation tissue, 
mark fibrosis, and altered collagen deposition patterns, 
which collectively indicate an aberrant healing process. 
Moreover, identifying bacterial colonies and dense 
inflammatory cell infiltrates through histological 
analysis provides critical insights into how infection and 
chronic inflammation contribute to wound persistence 
and deterioration (Schilrreff and Alexiev, 2022).

Chronic wound-associated lesions, such as pyoderma 
gangrenosum (PG) and Marjolin’s ulcer, exhibit 
histopathological characteristics crucial for accurate 
diagnosis and management. PG, a rare and challenging 
ulcerative dermatitis, is histologically marked by 
extensive epidermal and dermal necrosis accompanied 
by a prominent neutrophilic infiltrate, underscoring its 
inflammatory nature (Scafati et al., 2015). Marjolin’s 
ulcer, a malignant transformation arising secondary 
to burn injuries and chronic wounds, typically reveals 
features of squamous cell carcinoma on histological 

examination, emphasizing the risk of malignant 
degeneration in long-standing wounds (Mohammadi 
et al., 2013). The rarity of PG underscores the need for 
specialized knowledge and expertise in its diagnosis 
and management. Histopathological analysis of these 
lesions provides valuable insights into the complex 
interplay between infection, persistent inflammation, 
and impaired wound healing, which are key factors 
in the pathogenesis of these conditions. Advanced 
imaging techniques, such as digital morphometry and 
molecular analysis, further enhance the evaluation 
of chronic wounds and infection-associated lesions 
by offering high-resolution, quantitative data that 
support more accurate diagnosis and facilitate 
targeted treatment strategies (Figure 3) (Mojumdar 
et al., 2021; Kientzy et al., 2024).

Infectious agents and their impact on wound healing
Bacterial infections represent a major impediment to 
wound healing. Bacterial toxins and proteases directly 
damage the ECM, disrupting the wound’s structural 
integrity and hindering tissue repair (Lecron et al., 
2022). The resulting consequences range from delayed 
wound closure to the development of chronic wounds 
such as diabetic foot ulcers and surgical site infections 
(Goldufsky et al., 2015).

Viral infections can also significantly impair wound 
healing. Viruses such as herpes simplex virus (HSV) 
and human papillomavirus (HPV) can establish 
persistent infections in the skin, leading to chronic 
lesions and impaired epithelialization. As these 
viruses replicate within keratinocytes, the primary 
cells of the epidermis, they disrupt critical processes of 
cell proliferation and migration necessary for wound 
closure (Lecron et al., 2022).

Fungal infections, particularly those caused by 
Candida species, are another critical factor in impaired 
wound healing, especially in immunocompromised 
individuals. These fungi provoke chronic inflammation, 
compete with host cells and tissues for vital nutrients, 
and form biofilms that enhance resistance to 
treatment (Lecron et al., 2022; Ge and Wang, 2023). 
The effects include extended healing times and an 
elevated risk of systemic infection, underscoring the 
need for advanced diagnostic approaches and targeted 
antifungal therapies.

Non-infectious systemic diseases and healing dysregulation
Non-infectious diseases, especially chronic conditions, 
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exert systemic effects that negatively impact wound 
healing. These systemic effects include impaired 
circulation, immune dysregulation, and metabolic 
imbalances (Sorg et al., 2017; Zhao, 2023).

Diabetes mellitus is a leading cause of impaired wound 
healing, frequently resulting in chronic, non-healing 
ulcers, particularly in the lower extremities (Stachura 
et al., 2022; Armstrong et al., 2023). Hyperglycemia, a 
hallmark of diabetes, induces endothelial dysfunction, 
which results in reduced angiogenesis and impaired 
blood flow to the wound site. Additionally, the 
resultant hypoxia and accumulation of metabolic 
waste products further impair cell proliferation and 
ECM formation, ultimately hindering tissue repair 
(Catrina and Zheng, 2016).

Diabetic foot ulcers (DFUs are a common 
complication of diabetes, characterized by a triad 
of impaired angiogenesis, persistent inflammation, 
and altered ECM remodeling. Histopathological 
studies have revealed that DFUs exhibit a reduced 
vascular density and a downregulation of key genes 
related to angiogenesis and inflammation, including 
CCND1, ENO1, HIF1, and SERPINE1. These 
findings underscore the critical role of endothelial cell 
dysfunction in impaired wound healing and suggest 
potential therapeutic targets to improve healing 
outcomes in diabetic patients (Lu et al., 2023).

Obesity is associated with chronic systemic 
inflammation and impaired circulation, contributing 
to delayed wound healing (Zhao, 2023). Adipose tissue 
releases pro-inflammatory cytokines, such as tumor 
necrosis factor-alpha (TNF-α) and interleukin-6 
(IL-6), which disrupt the normal inflammatory phase 
of healing. This chronic inflammatory state hinders 
the resolution of inflammation, leading to prolonged 
healing times (Zhao, 2023).

Autoimmune diseases: Autoimmune conditions, 
such as rheumatoid arthritis and systemic lupus 

erythematosus, impair wound healing due to immune 
dysregulation. In these conditions, the immune 
system mistakenly attacks healthy tissues, resulting 
in chronic inflammation and tissue damage. This 
persistent inflammatory state disrupts the normal 
healing cascade, leading to delayed wound closure 
and increased infection susceptibility. The impaired 
immune response further compromises the body’s 
ability to combat these infections, resulting in more 
severe complications (Zhao, 2023).

Vascular diseases: Peripheral artery disease (PAD) and 
venous insufficiency significantly reduce blood flow 
to the wound site, depriving the tissue of essential 
oxygen and nutrients. This hypoxic environment and 
the accumulation of metabolic waste products impair 
cell proliferation and ECM formation, ultimately 
leading to chronic venous or arterial ulcers (Catrina 
and Zheng, 2016; Sorg et al., 2017).

Histopathological markers of wound healing
Histological markers are pivotal in elucidating the 
cellular and molecular mechanisms underlying wound 
healing. They are essential for assessing the healing 
progression, identifying dysregulated pathways, 
and evaluating the effectiveness of therapeutic 
interventions (Table 2).

Figure 1: Wound healing phases and example of 
histological markers in each phase.

Table 1: Classification of wound healing stages.
Stage Description Key cellular and molecular events
Hemostasis and inflammation Initiation of repair immediately after injury. Platelet aggregation, vasoconstriction, cytokine 

release
Proliferative phase Granulation tissue formation and angiogenesis. Fibroblast proliferation, VEGF release, collagen 

deposition
Remodeling and maturation Scar tissue formation and ECM reorganization. Collagen type III replaced by type I, MMPs and 

TIMPs regulation
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Table 2: Histological markers in wound healing.
Marker type Key markers Function
Inflammatory markers Macrophages (CD206, iNOS) Inflammation regulation
Proliferative markers Fibroblasts (α-SMA), Ki-67 Cell proliferation and tissue repair
Angiogenesis markers VEGF, CD31 Blood vessel formation
ECM remodeling markers MMPs, TIMPs Collagen degradation and synthesis regulation

Figure 2: Comparison of normal healing process vs. 
impaired healing process.

Inflammatory phase markers: Macrophage polarization 
and cytokine expression
Inflammation represents a critical phase in the 
wound healing process, marked by the recruitment 
of immune cells, including neutrophils, macrophages, 
and lymphocytes, to the site of injury (Hassanshahi 
et al., 2022; Sun  et al.,  2024). During this phase, 
inflammatory cells coordinate the clearance of 
pathogens and debris, setting the stage for subsequent 
repair. Notably, macrophages exhibit a dual 
functionality in this context, transitioning from a pro-
inflammatory M1 phenotype to an anti-inflammatory 
M2 phenotype as the healing process advances (Huang 
et al., 2023; Zhang et al., 2023). M2 macrophages are 
known to secrete anti-inflammatory cytokines, such 
as IL-10, which mitigate inflammation and promote 
tissue repair and regeneration (Miron et al., 2015; 
Vargas et al., 2024). Immunohistochemistry (IHC) 
has been instrumental in distinguishing between 
these macrophage phenotypes. For instance, the 
mannose receptor CD206 is a reliable marker for M2 
macrophages, while inducible nitric oxide synthase 
(iNOS) is typically associated with M1 macrophages 

(Nurrahmah et al., 2019; Littig et al., 2022). Studies 
have shown that an imbalance between M1 and M2 
macrophages can lead to chronic inflammation and 
impaired healing (Huang et al., 2023). Furthermore, 
treatments that modulate macrophage polarization, 
such as strong acidic electrolyzed water (StAEW), 
have demonstrated potential in reducing pro-
inflammatory cytokines and enhancing tissue repair 
(Fadriquela et al., 2020).

Figure 3: Challenges in the chronic wound environment.

Additionally, neutrophils are crucial in the initial 
inflammatory response, as they release reactive 
oxygen species and proteases to eliminate debris and 
pathogens (Miron et al., 2015; Brownhill et al., 2021). 
The abundance and distribution of these inflammatory 
cells can be visualized using histological staining and 
quantified with advanced image analysis techniques, 
providing objective metrics of the inflammatory 
response (Goto et al., 2021).

Proliferative activity and angiogenesis indicators: 
fibroblasts, myofibroblasts, and vascular density
The proliferative phase of wound healing is marked 
by the migration and proliferation of fibroblasts and 
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endothelial cells, essential for tissue regeneration and 
angiogenesis (Pensalfini and Tepole, 2023; Santoso 
et al., 2024). During this phase, fibroblasts not only 
synthesize and deposit ECM components primarily 
collagen but also form a robust scaffold that facilitates 
the formation of new tissue, while endothelial cells 
actively orchestrate the development of new blood 
vessels to ensure an adequate supply of vital nutrients 
and oxygen (Kyriakides et al., 1999; Sottile and 
Hocking, 2002). Key markers of fibroblast activity 
include α-smooth muscle actin (α-SMA), which 
serves as an indicator of myofibroblast differentiation 
and is critical for effective wound contraction, and 
Ki-67, a nuclear protein that denotes active cellular 
proliferation (Eggers et al., 2020; Pilloni et al., 2023).

Angiogenesis, a critical hallmark of the proliferative 
phase, is primarily regulated by vascular endothelial 
growth factor (VEGF), which plays a pivotal role in 
ensuring the efficient delivery of oxygen and nutrients 
to the wound site (Yari et al., 2020; Jin et al., 2024). 
This process is typically evaluated using markers such 
as VEGF and CD31, well-established indicators 
of endothelial cells. Additionally, quantitative 
analysis of these markers often performed using 
immunohistochemistry (IHC) combined with 
advanced image analysis software offers valuable 
quantitative insights into the extent of vascularization 
and the overall progress of tissue repair (Yari et al., 
2020; Jin et al., 2024; Wong et al., 2009; Mohammadi 
et al., 2016). Moreover, studies have shown that 
treatments designed to promote angiogenesis, such as 
administering growth factors or stem cells, can enhance 
wound healing by stimulating neovascularization and 
accelerating tissue repair (Park et al., 2014; An et al., 
2020).

Extracellular matrix (ECM) dynamics: Collagen typing 
and MMP/TIMP balance
The ECM is a critical component of wound 
healing, providing structural support and facilitating 
cell migration and proliferation. Collagen, 
particularly type I collagen, is the predominant 
ECM protein in the dermis and is crucial for 
wound strength and mature scar formation (Sottile 
and Hocking, 2002; Parekh and Hebda, 2017). 
Histological staining methods, such as Masson’s 
trichrome and Picro-sirius red, are commonly used 
to assess collagen organization and density. These 
stains allow researchers to differentiate between 
collagen types, quantify collagen deposition, and 

objectively evaluate ECM remodeling over time 
(Yari et al., 2020; Alghabban et al., 2023; Possa et 
al., 2024; Santoso et al., 2024). Disruptions in the 
balance between collagen synthesis and degradation 
mediated by matrix metalloproteinases (MMPs) 
and tissue inhibitors of metalloproteinases (TIMPs) 
can lead to impaired wound healing and excessive 
scarring (Fadriquela et al., 2020; Pilloni et al., 
2023). Consequently, treatments targeting ECM 
remodeling, such as bioactive glass or specific growth 
factors, have shown promise in improving wound 
healing outcomes by optimizing collagen deposition 
and organization (Vargas et al., 2024).

Immunohistochemical assessment of cellular dynamics
Macrophage phenotypes: M1 vs. M2 and their 
impact on healing: Macrophages exist in various 
activation states, which are primarily categorized into 
M1 (pro-inflammatory) and M2 (anti-inflammatory) 
phenotypes (Huang et al., 2023; Sun et al., 2024). 
Immunohistochemistry (IHC) is a valuable technique 
for differentiating these phenotypes by targeting 
specific cell surface markers. For instance, CD206 
(mannose receptor) is commonly used as a marker 
for M2 macrophages (Zhang et al., 2023), while 
iNOS (inducible nitric oxide synthase) is typically 
associated with M1 macrophages (Nurrahmah et 
al., 2019). Studies using IHC have demonstrated a 
dynamic shift in macrophage polarization during 
wound healing, with an initial predominance of M1 
macrophages giving way to a gradual increase in 
M2 macrophages as the wound progresses towards 
resolution. This transition is critical for effective 
wound healing since M2 macrophages promote 
tissue repair and angiogenesis, whereas excessive 
M1 activity can perpetuate inflammation and impair 
healing (Huang et al., 2023; Sun et al., 2024; Zhang 
et al., 2023). Furthermore, the precise temporal and 
spatial mapping of M1 and M2 macrophages via 
IHC offers critical insights into the inflammatory 
microenvironment and its influence on wound healing 
outcomes. Additional studies have explored how 
various treatments modulate macrophage polarization 
by using IHC to assess changes in these phenotypes 
and correlate them with improved healing (Littig et 
al., 2022; Abou El-ezz et al., 2022; Sheng et al., 2023).

Fibroblasts and myofibroblasts and their impact on 
healing
Fibroblasts and myofibroblasts play a crucial role in 
the synthesis and remodeling of the ECM during the 
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wound healing process (Monika et al., 2021). Fibroblasts 
produce collagen and other ECM components that 
form the structural scaffold necessary for tissue repair. 
At the same time, myofibroblasts, identified by their 
expression of α-smooth muscle actin (α-SMA), 
are key drivers of wound contraction. IHC enables 
researchers to differentiate between these cell types 
by targeting specific markers. For example, α-SMA is 
a definitive marker for myofibroblasts (Elbialy et al., 
2020), whereas markers such as CD40 can identify 
distinct fibroblast subpopulations with specialized 
functions (Littig et al., 2022).

Endothelial cells and angiogenesis: Vascularization of 
wound tissue
Angiogenesis, forming new blood vessels, is crucial 
for supplying oxygen and nutrients to the wound site 
and facilitating tissue repair (Hou et al., 2020; Zhang 
et al., 2023). Endothelial cells, which line the interior 
surfaces of blood vessels, are the primary drivers of 
angiogenesis. IHC enables the identification and 
quantification of endothelial cells using markers such as 
CD31 (platelet endothelial cell adhesion molecule-1) 
and von Willebrand factor (vWF), which effectively 
delineate vascular structures (Zhou et al., 2020; Zhang 
et al., 2023; Yang et al., 2021). Studies utilizing IHC 
have demonstrated that the density of blood vessels 
correlates with the rate of wound healing; impaired 
angiogenesis is associated with chronic wounds, while 
enhanced angiogenesis accelerates tissue repair (Hou 
et al., 2020; Zhang et al., 2023; Yang et al., 2021).

Factors influencing histopathological outcomes
Histopathological outcomes in wound healing studies 
are affected by many factors, including experimental 
design, inherent characteristics of the animal model, 
and external factors such as age and nutritional status. 
A comprehensive grasp of these influences is crucial 
for accurately interpreting results and designing 
effective, clinically applicable therapies (Figure 4).

Impact of experimental design on histological 
reproducibility
The experimental design significantly influences 
the reproducibility and interpretability of 

histopathological findings. Key factors include the 
type of wound model employed (e.g., excisional, 
incisional, or burn models), the size and anatomical 
location of the wound, the timing of tissue collection, 
and the methods used for histological processing 
(Nuutila et al., 2016). For example, using a splinted 
excisional wound model in mice can reduce the 
confounding effect of wound contraction, thereby 
providing a more accurate representation of human-
like healing (Fischer et al., 2023). Similarly, variations 
in fixation methods, embedding media, and staining 
techniques can directly influence the quality and 
subsequent interpretation of histological sections. 
Standardized protocols and rigorous quality control 
measures are thus essential to minimize variability 
and ensure the reliability of the histopathological data 
(Nuutila et al., 2016).

Figure 4: Factors influencing histopathological outcomes 
in wound healing.

Understanding the variability in experimental design 
is crucial for interpreting histopathological data in 
your research. Factors such as the type of wound model 
used, the wound size and location, and the timing of 
tissue collection can significantly alter the observed 
outcomes. For instance, a splinted excisional wound 
model in mice may better mimic human healing. 
However, the absence of standardized protocols 
can lead to inconsistencies in the histopathological 
findings, complicating cross-study comparisons and 
definitive conclusions.

Table 3: Common experimental models for wound healing.
Model type Advantages Limitations
Rodent models Cost-effective, genetic manipulation available Reliance on wound contraction, species differences
Porcine models Human-like skin structure and wound healing Expensive, logistical challenges
Rabbit models Useful for corneal wound studies Limited application in large-scale chronic wound studies
Canine models Relevant for veterinary applications High costs, ethical considerations
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Table 4: Techniques for histopathological assessment.
Technique Purpose Example stains/Markers
Histological staining Assess general tissue morphology HandE, Masson's Trichrome
Immunohistochemistry (IHC) Detect specific cellular markers VEGF, CD31, α-SMA
Quantitative morphometry Objective measurement of tissue components Image analysis software
Advanced imaging High-resolution 3D visualization Confocal microscopy, SHG microscopy

Table 5: Therapeutic impact of novel approaches.
Therapeutic approach Mechanism of action Histopathological impact References from document
Plant extracts and phyto-
chemicals

Anti-inflammatory, 
antioxidant, and angiogenic 
properties

Enhanced fibroblast proliferation, 
collagen deposition, and reduced 
inflammation

Silymarin, Teucrium polium 
extract, Trichosanthes dioica

Nanotechnology-based 
therapies

Antimicrobial and anti-in-
flammatory effects

Improved wound closure, reduced inflam-
mation, enhanced collagen organization

Silver and zinc nanoparticles

Growth factors (VEGF, 
EGF, PRP)

Angiogenesis and tissue 
regeneration

Increased granulation tissue formation 
and collagen deposition

PRP treatments, VEGF 
signaling modulation

Stem cell therapies Cellular differentiation and 
immune modulation

Enhanced tissue regeneration and angio-
genesis

Adipose-derived stem cells 
(ADSCs)

Advanced biomaterials 
(Hydrogels, Nanofibers)

Support for cell migration 
and ECM remodeling

Accelerated wound closure and improved 
granulation tissue

Chitosan-based hydrogels, 
polymeric nanofibers

Bioactive glass ECM remodeling and 
angiogenesis promotion

Enhanced collagen organization and 
capillary formation

Bioactive glass applications

Ceramide 1-Phosphate 
(C1P)

Inflammatory modulation 
and fibroblast migration

Improved fibroblast activity and collagen 
deposition

Interaction with cPLA2 
pathways

Strong acidic electrolyzed 
water (StAEW)

Anti-inflammatory effects Reduced pro-inflammatory cytokines and 
improved tissue repair

StAEW treatments

Hyperbaric oxygen therapy 
(HBOT)

Enhanced oxygenation and 
keratinocyte differentiation

Improved epithelialization and 
angiogenesis

Keratinocyte differentiation 
studies

MicroRNA (miRNA) 
therapeutics

Gene expression modulation Regulation of inflammation and ECM 
remodeling

miRNA studies (e.g., miR-
21)

Influence of age, species, and nutritional status
Age, species, and nutritional status significantly affect 
wound healing and histopathological outcomes. For 
instance, aging is associated with impaired immune 
function, reduced collagen synthesis, and decreased 
angiogenesis, all contributing to delayed wound 
healing. The expression of senescence-associated 
biomarkers, such as p21 and p53, is altered during 
wound healing in older individuals compared to 
younger subjects.

Species-specific differences are also significant. For 
instance, rodents typically heal wounds predominantly 
through contraction, whereas human healing relies 
more on re-epithelialization and granulation tissue 
formation (Nuutila et al., 2016). Such differences can 
confound histological data interpretation and affect 
animal studies translational relevance.

Furthermore, nutritional status is critical for providing 

the necessary substrates for tissue repair. Deficiencies 
in essential nutrients such as proteins, vitamins, and 
minerals can impair collagen synthesis, angiogenesis, 
and immune function, leading to delayed wound 
healing and altered histopathological features. 
Metabolic conditions, such as diabetes, further affect 
wound healing by altering growth factor levels and 
hypoxia-inducible factor (HIF-1) in the wound 
tissue; for example, studies on diabetic foot ulcers 
(DFUs) have revealed impaired angiogenesis and 
downregulation of genes such as CCND1, ENO1, 
HIF1, and SERPINE1, underscoring the role of 
endothelial cell dysfunction in impaired wound 
healing (Lu et al., 2023).

Species-specific differences in wound healing 
mechanisms pose a significant challenge in interpreting 
histopathological data. The fact that rodents primarily 
heal through wound contraction, which is markedly 
different from the re-epithelialization and granulation 
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tissue formation observed in human wounds, is an 
intriguing aspect of the research (Nuutila et al., 2016). 
These fundamental differences confound histological 
analyses and limit the direct translation of findings 
from animal models to human clinical settings, 
sparking further interest in the field.

Figure 5: Advanced imaging techniques devices.

Figure 6: Multi-omics integration for wound healing 
insights.

Impact of systemic conditions
Systemic conditions, such as  diabetes,  aging, 
and  nutritional deficiencies, are not just factors to 
be aware of but crucial aspects that researchers, 
clinicians, and students in the field should consider 
in their research. These conditions can significantly 
influence wound healing and histopathological 
outcomes. For example,  diabetic wounds  are 
characterized by impaired angiogenesis, reduced 
collagen synthesis, and persistent inflammation, 
which can delay healing and alter histopathological 
features. This understanding should drive a sense of 
responsibility and commitment to thorough research 
in the audience (Lu et al., 2023; Nirenjen et al., 2023)
Similarly,  aging  is associated with reduced immune 
function and decreased collagen production, which 
leads to delayed wound healing (Chia et al., 2021). 

These factors must be carefully considered when 
interpreting histopathological data and developing 
therapeutic strategies.

Experimental models in wound healing research
The selection of experimental models is paramount 
in wound healing research, significantly influencing 
the validity and translational relevance of the results. 
Laboratory animals, especially rodents and pigs, are 
commonly utilized because of their physiological 
similarities to humans and capacity to regulate 
experimental conditions effectively.

Rodent models: Advantages and limitations
Rodent models, including mice and rats, are the most 
commonly used animals in wound healing research due 
to their cost-effectiveness, ease of handling, and well-
established genetic manipulation techniques (Nuutila 
et al., 2016; Fischer et al., 2023). These models allow 
researchers to study specific molecular mechanisms 
and test therapeutic interventions in a controlled 
environment (Parnell and Volk, 2019).

While rodent models are cost-effective, easy to 
handle, and allow for studying specific molecular 
mechanisms and therapeutic interventions, they have 
limitations. Their dependence on wound contraction 
as the predominant healing mechanism contrasts with 
the processes of re-epithelialization and granulation 
tissue formation characteristic of human healing. 
Researchers have devised advanced methodologies to 
overcome this limitation, but the inherent anatomy, 
physiology, and immunology differences between 
rodents and humans remain a significant concern. 
(Parnell and Volk, 2019).

Porcine models: Bridging translational gaps
Porcine models are increasingly recognized for 
their  high concordance rate with human wound 
healing outcomes, making them particularly suitable 
for studying chronic wounds and evaluating the 
efficacy of new treatments (Parnell, 2013; Tuca 
et al., 2024). The skin structure of pigs closely 
resembles that of humans, with similar epidermal and 
dermal thickness, hair follicle density, and collagen 
organization (Tuca et al., 2024). 

Standardized porcine models, such as the  1.2 mm-
deep dermatome wound model, have been developed 
to enable reproducible and comprehensive wound 
healing studies. These models allow researchers to 
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perform histological analyses along the complete 
wound length, providing a more accurate representation 
of the healing process than traditional punch biopsy 
methods (Tuca et al., 2024). Additionally, porcine 
models are particularly useful for studying  chronic 
wounds  and  infection-associated lesions as they 
can mimic the complex pathophysiology of these 
conditions (Parnell, 2013).

Figure 7: Therapeutic impact of novel approaches.

Alternative animal models for wound healing research
In addition to rodents and pigs, animal models, such 
as  rabbits  and  canines, have been used in wound 
healing research. Rabbit models are particularly 
useful for studying corneal wound healing and  skin 
regeneration, while canine models are valuable for 
evaluating the efficacy of treatments in  veterinary 
medicine (Parnell and Volk, 2019). These alternative 
models offer unique advantages, such as larger wound 
sizes and the ability to induce chronic wounds, but 
they also pose practical challenges, including higher 
costs and limited availability (Parnell, 2013).

Techniques for histopathological wound healing assessment
Histopathological assessment is essential for 
evaluating the progression of wound healing and 
the efficacy of therapeutic interventions. This 
comprehensive approach enables researchers and 
clinicians to correlate microscopic tissue changes 
with functional outcomes in wound repair. Several 
techniques are employed to visualize and quantify 
histological markers, providing an objective and 
detailed understanding of the healing process (Table 
4).

Histological staining and immunohistochemistry
Hematoxylin and eosin (H and E) staining is the most 
widely used technique for assessing general tissue 

morphology, including evaluating inflammation, 
cell density, and overall tissue architecture (Yari et 
al., 2020; Jin et al., 2024). Specialized stains such as 
Masson’s trichrome, which is particularly useful for 
visualizing collagen deposition and organization, 
and Picrosirius red, which enables the differentiation 
between type I and type III collagen, enhance our 
ability to assess specific tissue components (Possa 
et al., 2024; Santoso et al., 2024). Combined with 
quantitative image analysis, these staining methods 
provide precise collagen content and organization 
measurements, which are critical for assessing wound 
healing outcomes (Wong et al., 2009; Mohammadi et 
al., 2016).

IHC is a powerful tool for detecting specific 
proteins and cellular markers within tissue samples. 
This technique allows for visualizing the spatial 
distribution of key molecules, such as VEGF, CD31, 
and α-SMA, thereby offering insights into cellular 
activity and signaling pathways during wound 
healing (An et al., 2020; Jin et al., 2024). IHC has 
been employed to investigate the impact of epidermal 
growth factor (EGF) on re-epithelialization, as well 
as to elucidate the role of VEGF in angiogenesis 
(Abbas et al., 2017; Mallick et al., 2022). Integrating 
IHC with quantitative analysis enables the evaluation 
of changes in protein expression and cellular activity 
throughout the healing process, offering critical 
insights into the mechanisms underlying therapeutic 
interventions (Hassanshahi et al., 2022).

Quantitative analysis: Morphometry and image-based 
metrics
Morphometric analysis is critical in evaluating 
wound healing by providing precise, quantitative 
measurements of tissue structure and cellular 
components. This approach involves capturing 
high-resolution images of stained tissue sections 
and utilizing specialized software to assess 
parameters such as cell density, collagen deposition, 
and immunohistochemical staining intensity 
(Mohammadi et al., 2016). Histomorphometry, a key 
technique in this field, enables objective evaluation of 
healing progress by measuring epithelial thickness, 
granulation tissue formation, and inflammatory 
cell infiltration (Hassanshahi et al., 2022). These 
quantitative assessments are essential for comparing 
normal and impaired wound healing and determining 
the efficacy of therapeutic interventions (Aziz et al., 
2023).
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Digital morphometry and AI-driven image analysis
Digital morphometry, with its unparalleled precision 
and objectivity, is indispensable for analyzing 
experimental models’ wound areas and other 
quantitative parameters. The combination of digital 
photography and image analysis software allows for 
highly precise measurements of wound size, shape, 
and other key features, essential for tracking healing 
progression over time (Kientzy et al., 2024).

Integrating artificial intelligence (AI) and deep learning 
methods has further advanced digital morphometry 
by automating the analysis of histological images. 
For instance, deep learning approaches have been 
developed to predict wound healing progress based on 
collagen fiber analysis, achieving up to 82% accuracy 
in classifying six distinct stages of healing (He et al. 
2024). This innovative approach leverages the unique 
capabilities of deep learning models to capture subtle 
variations in collagen fiber features, addressing the 
limitations of traditional methods that primarily 
focus on spatial characteristics (He et al. 2024).

Moreover, the application of transfer learning 
and interpretability techniques, such as Layer 
CAM, has significantly enhanced the accuracy and 
interpretability of these models. This combination 
of digital morphometry and AI-driven analysis 
holds significant promise and instills optimism for 
the future, improving the efficiency and accuracy of 
wound area measurements and predicting healing 
trajectories (He et al. 2024).

Cutting-edge imaging technologies
Recent advancements in imaging technologies 
have significantly transformed histopathological 
assessment, allowing for more accurate and objective 
evaluations of wound healing. Confocal and second 
harmonic generation (SHG) microscopy offer high-
resolution imaging capabilities and enable three-
dimensional visualization of tissue structures (Figure 
5) (Guan et al., 2009; Acosta et al., 2023). SHG 
microscopy, in particular, is highly effective for imaging 
collagen fibers due to its ability to generate contrast 
based on the non-linear optical properties of collagen. 
This makes it an invaluable tool for examining collagen 
organization and remodeling during wound healing 
(Acosta et al., 2023). Additionally, complementary 
imaging techniques such as laser Doppler imaging 
and color Doppler ultrasound facilitate real-time 
evaluation of blood perfusion and angiogenesis, 

offering a more comprehensive assessment when used 
alongside traditional histological methods (Salih et 
al., 2020; Li et al., 2022).

Modern imaging technologies, such as two-photon 
excited fluorescence microscopy (TPEF) and laser 
speckle contrast imaging (LSCI), have revolutionized 
the field of wound healing research. TPEF, combined 
with immunofluorescence staining, facilitates three-
dimensional reconstruction of blood vessel structures, 
thereby providing detailed insights into the angiogenic 
processes occurring during wound healing. This 
non-invasive technique also enables longitudinal 
monitoring of vascular network dynamics, allowing 
researchers to track changes in blood vessel density 
and morphology throughout the healing process (Li 
et al., 2022).

LSCI, on the other hand, quantifies blood perfusion 
in wounds, offering additional quantitative data on 
microcirculatory changes critical for assessing wound 
healing. Together, these imaging modalities deliver a 
comprehensive and quantitative evaluation of both 
angiogenesis and perfusion, improving the overall 
accuracy of wound healing assessments (Li et al., 
2022).

Integration of molecular and histological techniques 
Combining histopathology with molecular biology 
approaches: Integrating molecular techniques, such 
as quantitative polymerase chain reaction (qPCR) 
and single-cell RNA sequencing (scRNA-seq), with 
traditional histopathological analysis has provided a 
more comprehensive understanding of the molecular 
mechanisms underlying wound healing. For example, 
qPCR analysis performed alongside histological and 
immunohistochemical evaluations can yield critical 
insights into the expression profiles of key genes 
involved in wound repair, such as VEGF, collagen, 
and matrix metalloproteinases (MMPs) ( Jeon et al., 
2024).

scRNA-seq, on the other hand, allows for a detailed 
characterization of cellular heterogeneity within 
the wound bed. It reveals distinct transcriptomic 
signatures for various cell types, including endothelial 
cells, fibroblasts, and macrophages, essential for 
understanding impaired healing in conditions 
like diabetic foot ulcers (DFUs). This integrated 
approach bridges the gap between molecular biology 
and histopathology, enabling a more nuanced 
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interpretation of how cellular and molecular changes 
impact wound healing outcomes (Lu et al., 2023).

Integration of multi-omics approaches
Integrating multi-omics approaches, such as genomics, 
proteomics, and metabolomics, with histopathological 
analysis revolutionizes wound healing research. These 
cutting-edge techniques allow for a comprehensive 
interrogation of the molecular landscape underlying 
tissue repair, enabling the discovery of novel 
therapeutic targets and biomarkers (Figure 6) and 
sparking excitement about the potential discoveries.

For example, single-cell RNA sequencing 
(scRNA-seq) has been used to characterize cellular 
heterogeneity within the wound bed, revealing 
distinct transcriptomic signatures for various cell 
types, including endothelial cells, fibroblasts, and 
macrophages. This high-resolution approach has 
provided valuable insights into the molecular 
mechanisms responsible for impaired wound healing 
in conditions such as diabetic foot ulcers (DFUs) (Lu 
et al., 2023).

Similarly, proteomic analysis has been employed to 
identify key proteins and signaling pathways involved 
in wound healing, such as the TGF-β/Smad and 
VEGF signaling pathways, critical for orchestrating 
tissue repair and angiogenesis (Abbas et al., 2017; 
Pan et al., 2024). These discoveries have directly 
contributed to developing targeted therapies to 
modulate these pathways, enhancing tissue repair and 
regeneration.

Applications in pharmacological and toxicological studies
Histopathological evaluation is a cornerstone of 
pharmacological and toxicological studies, providing 
essential insights into the efficacy and safety of 
therapeutic interventions. By examining tissue 
architecture, cellular composition, and molecular 
markers, researchers can objectively assess the impact 
of various treatments on wound healing and identify 
potential adverse effects (Table 5, Figure 7).

Evaluating novel therapeutics: From plant extracts to 
nanotechnology
Histopathological analysis is critical for evaluating 
the efficacy of novel therapeutics, including plant 
extracts, phytochemicals, and nanotechnology-
based approaches. For instance, studies on silymarin, 
a flavonoid extracted from Silybum marianum, 

have demonstrated its ability to enhance fibroblast 
proliferation, promote granulation tissue formation, 
and stimulate angiogenesis in a rat model (Aliabadi 
and Farahmand, 2009). Similarly, research on 
Trichosanthes dioica extract has shown that it improves 
wound contraction and reduces epithelialization 
time in albino rats, as evidenced by detailed 
histopathological analysis (Nurrahmah et al., 2019).

Nanotechnology-based approaches, such as silver and 
zinc nanoparticles, have been extensively investigated 
for their potent antimicrobial and anti-inflammatory 
properties, which help prevent wound infections 
and support tissue regeneration. Histopathological 
studies further indicate that when these nanoparticles 
are appropriately sized and concentrated, they can 
significantly reduce inflammation and enhance 
collagen deposition, ultimately leading to improved 
wound healing outcomes (Ghorbanpour and Wani, 
2019; Mallick et al., 2022).

Assessing the safety of therapeutic interventions
Histopathological analysis is essential for evaluating 
therapeutic efficacy and assessing the safety of wound 
healing interventions. Studies on 5-fluorouracil (5-
FU), a widely used chemotherapeutic agent, have 
demonstrated its potential to impair microvascular 
function and delay wound healing in rats. Examining 
wound tissues from 5-FU-treated animals revealed 
disrupted microvascular architecture and altered 
dye distribution, emphasizing the importance of 
considering macroscopic and microscopic parameters 
when assessing treatment effects on wound repair 
(Aszodi and Ponsky, 1985).

The biocompatibility of nanomaterials, such as 
polymeric nanofibers, has also been extensively 
evaluated using histopathological techniques. 
Research indicates that these materials promote re-
epithelialization and tissue integration while eliciting 
minimal inflammatory responses, highlighting their 
potential as safe and effective wound dressings 
(Mallick et al., 2022; El-Sherbeni and Negm, 2023).

Growth factors and biologics: Accelerating tissue 
regeneration
Growth factors and biologic treatments such as 
epidermal growth factor (EGF), vascular endothelial 
growth factor (VEGF), and platelet-rich plasma 
(PRP) have shown significant potential in promoting 
wound healing. Histopathological assessment of 
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these treatments has consistently revealed increased 
granulation tissue formation, enhanced angiogenesis, 
and improved collagen deposition, all of which 
indicate superior tissue repair (Abbas et al., 2017; 
Mallick et al., 2022).

For example, PRP, rich in growth factors, has been 
demonstrated to accelerate wound closure and improve 
the quality of regenerated tissue in animal models and 
clinical settings. Histological analysis of PRP-treated 
wounds has shown increased fibroblast activity and 
enhanced collagen maturation, underscoring its 
potential as a powerful therapeutic agent in wound 
management (Mallick et al., 2022).

Therapeutic strategies and future directions
The impairment of wound healing by infectious and 
non-infectious diseases necessitates the development 
of effective therapeutic strategies. These strategies 
must simultaneously target the underlying causes 
of impaired healing while actively promoting tissue 
repair and controlling infection.

Targeting infectious agents: Antibiotics, nanoparticles, 
and phage lysins
Combating infectious agents is paramount in 
promoting wound healing. This approach involves 
diagnosing the infecting pathogen, assessing 
its susceptibility to antimicrobial agents, and 
implementing targeted treatment regimens (Becerra 
et al., 2016; Rai et al., 2017). Furthermore, developing 
novel antimicrobial agents, such as phage lysins 
(Cheng et al., 2018) and Phyto-engineered gold 
nanoparticles (Boomi et al., 2020), holds significant 
promise in overcoming the challenges of antibiotic 
resistance.

Addressing systemic factors: Comprehensive care for 
healing
Managing underlying systemic conditions is crucial 
for improving wound healing outcomes. In diabetes, 
maintaining strict glycemic control alongside 
interventions that target endothelial dysfunction 
and neuropathy is essential for effective healing 
(Vatankhah et al., 2017). Similarly, in obesity, weight 
management and strategies to reduce chronic 
inflammation are key to enhancing tissue repair. 
For autoimmune diseases, therapies that modulate 
the dysregulated immune response are necessary 
to alleviate chronic inflammation and minimize 
tissue damage (Zhao, 2023). In vascular diseases, 

interventions such as revascularization procedures are 
vital to restore adequate blood flow and oxygenation 
to the wound site, promoting healing (Lavery et al., 
2016; Yang et al., 2021). Additionally, using growth 
factors and other targeted therapeutic agents offers 
promising avenues to enhance aspects of the healing 
process (Raffetto et al., 2020).

Therapeutic strategies for chronic wounds
Histopathological evaluation has been instrumental 
in guiding the development of therapeutic strategies 
for chronic wounds. For instance, applying growth 
factors such as VEGF and EGF has demonstrated 
promise in promoting angiogenesis and re-
epithelialization, thereby accelerating wound closure 
(Mallick et al., 2022; Abbas et al., 2017). Similarly, 
stem cell-based therapies have shown potential 
in enhancing tissue regeneration and mitigating 
inflammation in chronic wound models (Nurrahmah 
et al., 2019). Nanotechnology-based approaches, such 
as silver nanoparticles and polymeric nanofibers, 
have been explored for their dual ability to combat 
infection and promote tissue repair in chronic wounds. 
(Ghorbanpour and Wani, 2019; Mallick et al., 2022). 
Histopathological studies have demonstrated that 
these nanomaterials can reduce inflammatory cell 
infiltration and enhance granulation tissue formation, 
improving healing outcomes (Ghorbanpour and 
Wani, 2019; Mallick et al., 2022).

Advanced wound care strategies
Optimizing wound care is critical for achieving 
favorable healing outcomes. This includes appropriate 
wound bed preparation, which involves the 
debridement of necrotic tissue and the removal of 
bioburden to create a conducive environment for 
healing (Barrett, 2017). Select dressings that maintain 
a moist wound environment, effectively control 
exudate, and protect the peri-wound skin (Lavery et 
al., 2016). Moreover, negative pressure wound therapy 
(NPWT) has effectively promoted granulation 
tissue formation and reduced edema, particularly in 
high-risk patients (Scalise et al., 2016). Applying 
bioengineered skin substitutes, growth factors, and 
other advanced therapies further offers potential 
to enhance wound healing outcomes (Lavery et al., 
2016). Nanotechnology-based approaches, such as 
cerium oxide nanoparticles (Allu et al., 2023) and 
collagen-nanoparticle composites (Grigore et al., 
2017), promise to reduce inflammation, promote 
angiogenesis, and combat infection.
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Development of advanced biomaterials
The development of advanced biomaterials is an 
emerging trend in wound healing research. These 
novel materials, including bioactive glass, polymeric 
nanofibers, and hydrogels, are engineered to mimic 
the ECM, thereby providing a supportive scaffold 
that facilitates cell migration, proliferation, and 
differentiation (Mallick et al., 2022; Vargas et al., 
2024). For example, chitosan-based hydrogels have 
been shown to accelerate wound closure rates and 
enhance collagen deposition in rat models, making 
them promising candidates for clinical applications in 
wound healing ( Jeon et al., 2024). Similarly, bioactive 
glass has been utilized to promote angiogenesis and 
ECM remodeling, improving healing outcomes in 
diabetic wound models (Vargas et al., 2024).

Personalized medicine: Customizing treatment for 
optimal outcomes
Personalized medicine is an emerging approach 
that tailors treatment strategies to the unique 
characteristics of individual patients, such as genetic 
predisposition, comorbidities, and nutritional status. 
This approach uses genomic profiling, biomarker 
analysis, and patient-specific therapies to optimize 
wound healing outcomes. For example, studies on 
adipose-derived stem cells (ADSCs) have shown 
that these cells can be genetically modified to express 
therapeutic genes such as VEGF and TGF-β, 
enhancing their regenerative potential (Wang et al., 
2024). Similarly, the formulation of patient-specific 
growth factor cocktails has been demonstrated to 
improve healing outcomes in chronic wound models 
by providing tailored therapeutic support (Mallick et 
al., 2022).

Acknowledgement

We would like to express their sincere gratitude to 
the members of the Animal Medicine (Infectious 
Diseases) and Pathology Departments at the Faculty 
of Veterinary Medicine, Benha University, for their 
valuable support, guidance, and insightful discussions 
throughout the preparation of this review. 

Novelty Statement

This review presents a novel framework that inte-
grates advanced histopathological techniques with 
omics-driven biomarkers to better understand the 
cellular dynamics in wound healing. This approach 

offers high-resolution insights into wound repair 
processes, enabling the development of personalized 
therapeutic strategies that target specific pathological 
microenvironments.

Author’s Contribution

Mohamed R. Mansour, Nada A. Ashour, Aliaa M. 
Gaballah, Yara E. Elzoghby, Rania M. Elbatawy, 
Mostafa Shoraba, Salma Shoulah: Writing original 
draft preparation, writing review and editing.
All authors have read and agreed to the published 
version of the manuscript.

Conflicts of interest
The authors have declared no conflict of interest.

References

Abbas, O.L., Terzi, Y.K., Özatik, O., Özatik, 
F.Y., Turna, G., Nar, R., Musmul, A., 2017. 
Enhancement of vascular endothelial growth 
factor’s angiogenic capacity by the therapeutic 
modulation of notch signalling improves tram 
flap survival in rats. J. Plast. Surg. Hand Surg., 
51(6): 405–413. https://doi.org/10.1080/20006
56X.2017.1285784

Abou El-Ezz, D., Abdel-Rahman, L.H., Al-
Farhan, B.S., Mostafa, D.A., Ayad, E.G., Basha, 
M.T., Abdelaziz, M. and Abdalla, E.M., 2022. 
Enhanced in vivo wound healing efficacy of a 
novel hydrogel loaded with copper (II) Schiff 
base quinoline complex (CuSQ) solid lipid 
nanoparticles. Pharmaceuticals, 15(8): 978. 
https://doi.org/10.3390/ph15080978

Acosta, A.C., Joud, H., Sun, M., Avila, M.Y., 
Margo, C.E. and Espana, E.M., 2023. 
Keratocyte-derived myofibroblasts: functional 
differences with their fibroblast precursors. 
Invest. Ophthalmol. Visual Sci., 64(13): 9-9. 
https://doi.org/10.1167/iovs.64.13.9

Alghabban, H.M., Saleem, N.H. and Ali, E.M.T., 
2023. Assessment of skin wound healing 
potentiality of the topical Prosopis juliflora leaf 
extract vs. sulphadiazine in male albino rat; 
histological and immunohistochemical study. 
Minia J. Med. Res., 34(3): 57–73.

Aliabadi, A. and Farahmand, M., 2009. Eval https://
doi.org/10.21608/mjmr.2023.223135.1461 
uation of the effect of topical silymarin 
ointment on wound healing in a rat model 

https://doi.org/10.1080/2000656X.2017.1285784
https://doi.org/10.1080/2000656X.2017.1285784
https://doi.org/10.3390/ph15080978
https://doi.org/10.1167/iovs.64.13.9
https://doi.org/10.21608/mjmr.2023.223135.1461
https://doi.org/10.21608/mjmr.2023.223135.1461


Continued Publication - 2025 | Volume 1 | Page 79

Advanced Analytical Pathology
under heat stress. J. Vet. Pharmacol. Therapeut., 
32: 167–167.

Allu, I., Kumar Sahi, A., Kumari, P., Sakhile, K., 
Sionkowska, A. and Gundu, S., 2023. A brief 
review on cerium oxide (CeO₂NPs)-based 
scaffolds: recent advances in wound healing 
applications. Micromachines, 14(4): 865. 
https://doi.org/10.3390/mi14040865

An, R., Zhang, Y., Qiao, Y., Song, L., Wang, H. 
and Dong, X., 2020. Adipose stem cells isolated 
from diabetic mice improve cutaneous wound 
healing in streptozotocin-induced diabetic 
mice. Stem Cell Res. Ther., 11: 1-11. https://
doi.org/10.1186/s13287-020-01621-x

Armstrong, D.G., Tan, T.W., Boulton, A.J. and 
Bus, S.A., 2023. Diabetic foot ulcers: A review. 
J. Am. Med. Assoc., 330(1): 62-75. https://doi.
org/10.1001/jama.2023.10578

Aszodi, A. and Ponsky, J.L., 1985. Effects of 
5-fluorouracil on the healing of bowel 
anastomosis in rats. Am. Surg., 51(11): 671–
674.

Aziz, M., Deleme, Z. and Khudhur, A., 2023. 
Effects of Derma+ Flex®, black silk suture on 
cutaneous primary wound healing in rabbits, 
histological evaluation. Al-Rafidain Dental 
J., 23(2): 347–355. https://doi.org/10.33899/
rdenj.2023.130911.1123

Barman, P.K. and Koh, T.J., 2020. Macrophage 
dysregulation and impaired skin wound healing 
in diabetes. Front. Cell Dev. Biol., 8: 528. 
https://doi.org/10.3389/fcell.2020.00528

Barrett, S., 2017. Wound-bed preparation: A 
vital step in the healing process. Br. J. Nurs., 
26(12): S24-S31. https://doi.org/10.12968/
bjon.2017.26.12.S24

Becerra, S.C., Roy, D.C., Sanchez, C.J., Christy, 
R.J. and Burmeister, D.M., 2016. An optimized 
staining technique for detecting Gram-positive 
and Gram-negative bacteria within tissue. BMC 
Res. Notes, 9: 1–10. https://doi.org/10.1186/
s13104-016-1902-0

Boomi, P., Ganesan, R., Prabu, P.G., Jegatheeswaran, 
S., Balakumar, C., Gurumallesh, P.H., Anand, 
K., Marimuthu, P.N., Jeyakanthan, J. and 
Saravanan, M., 2020. Phyto-engineered 
gold nanoparticles (AuNPs) with potential 
antibacterial, antioxidant, and wound healing 
activities under in vitro and in vivo conditions. 
Int. J. Nanomed., 15: 7553–7568. https://doi.
org/10.2147/IJN.S257499

Brownhill, V.R., Huddleston, E., Bell, A., Hart, 
J., Webster, I., Hardman, M.J. and Wilkinson, 
H.N., 2021. Pre-clinical assessment of single-
use negative pressure wound therapy during 
in vivo porcine wound healing. Adv. Wound 
Care, 10(7): 345–356. https://doi.org/10.1089/
wound.2020.1218

Catrina, S.B. and Zheng, X., 2016. Disturbed 
hypoxic responses as a pathogenic mechanism 
of diabetic foot ulcers. Diabetes Metab. Res. 
Rev., 32: 179–185. https://doi.org/10.1002/
dmrr.2742

Cheng, M., Zhang, L., Zhang, H., Li, X., Wang, 
Y., Xia, F., Wang, B., Cai, R., Guo, Z., Zhang, 
Y. and Ji, Y., 2018. An ointment consisting 
of the phage lysin LysGH15 and apigenin 
for decolonization of methicillin-resistant 
Staphylococcus aureus from skin wounds. Viruses, 
10(5): 244. https://doi.org/10.3390/v10050244

Chia, C.W., Sherman-Baust, C.A., Larson, S.A., 
Pandey, R., Withers, R., Karikkineth, A.C., 
Zukley, L.M., Campisi, J., Egan, J.M., Sen, 
R. and Ferrucci, L., 2021. Age-associated 
expression of p21 and p53 during human wound 
healing. Aging Cell, 20(5): e13354. https://doi.
org/10.1111/acel.13354

Cioce, A., Cavani, A., Cattani, C. and Scopelliti, 
F., 2024. Role of the skin immune system in 
wound healing. Cells, 13(7): 624. https://doi.
org/10.3390/cells13070624

Dan Dimitrijevich, S., Paranjape, S., Wilson, J.R., 
Gracy, R.W. and Mills, J.G., 1999. Effect of 
hyperbaric oxygen on human skin cells in 
culture and human dermal and skin equivalents. 
Wound Repair Regen., 7(1): 53–64. https://doi.
org/10.1046/j.1524-475x.1999.00053.x

Eggers, B., Marciniak, J., Memmert, S., Kramer, 
F.J., Deschner, J. and Nokhbehsaim, M., 2020. 
The beneficial effect of cold atmospheric 
plasma on parameters of molecules and cell 
function involved in wound healing in human 
osteoblast-like cells in vitro. Odontology, 108: 
607-616. https://doi.org/10.1007/s10266-020-
00487-y

Elbialy, Z.I., Atiba, A., Abdelnaby, A., Al-Hawary, 
I.I., Elsheshtawy, A., El-Serehy, H.A., Abdel-
Daim, M.M., Fadl, S.E. and Assar, D.H., 2020. 
Collagen extract obtained from Nile tilapia 
(Oreochromis niloticus L.) skin accelerates wound 
healing in rat model via upregulating VEGF, 
bFGF, and α-SMA genes expression. BMC 

https://doi.org/10.3390/mi14040865
https://doi.org/10.1186/s13287-020-01621-x
https://doi.org/10.1186/s13287-020-01621-x
https://doi.org/10.1001/jama.2023.10578
https://doi.org/10.1001/jama.2023.10578
https://doi.org/10.33899/rdenj.2023.130911.1123
https://doi.org/10.33899/rdenj.2023.130911.1123
https://doi.org/10.3389/fcell.2020.00528
https://doi.org/10.12968/bjon.2017.26.12.S24
https://doi.org/10.12968/bjon.2017.26.12.S24
https://doi.org/10.1186/s13104-016-1902-0
https://doi.org/10.1186/s13104-016-1902-0
https://doi.org/10.2147/IJN.S257499
https://doi.org/10.2147/IJN.S257499
https://doi.org/10.1089/wound.2020.1218
https://doi.org/10.1089/wound.2020.1218
https://doi.org/10.1002/dmrr.2742
https://doi.org/10.1002/dmrr.2742
https://doi.org/10.3390/v10050244
https://doi.org/10.1111/acel.13354
https://doi.org/10.1111/acel.13354
https://doi.org/10.3390/cells13070624
https://doi.org/10.3390/cells13070624
https://doi.org/10.1046/j.1524-475x.1999.00053.x
https://doi.org/10.1046/j.1524-475x.1999.00053.x
https://doi.org/10.1007/s10266-020-00487-y
https://doi.org/10.1007/s10266-020-00487-y


Continued Publication - 2025 | Volume 1 | Page 80

Advanced Analytical Pathology
Vet. Res., 16: 1–11. https://doi.org/10.1186/
s12917-020-02566-2

El-Sherbeni, S.A. and Negm, W.A., 2023. The 
wound healing effect of botanicals and pure 
natural substances used in in vivo models. 
Inflammopharmacology, 31(2): 755–772. 
https://doi.org/10.1007/s10787-023-01157-5

Fadriquela, A., Sajo, M.E.J., Bajgai, J., Kim, 
D.H., Kim, C.S., Kim, S.K. and Lee, K.J., 
2020. Effects of strong acidic electrolyzed 
water in wound healing via inflammatory 
and oxidative stress response. Oxid. Med. 
Cell. Long., 2020: 2459826. https://doi.
org/10.1155/2020/2459826

Fischer, K.S., Litmanovich, B., Sivaraj, D., Kussie, 
H.C., Hahn, W.W., Hostler, A.C., Chen, K. 
and Gurtner, G.C., 2023. Protocol for the 
splinted, human-like excisional wound model 
in mice. Bio Protoc., 13(3): e4606. https://doi.
org/10.21769/BioProtoc.4606

Ge, Y. and Wang, Q., 2023. Current research 
on fungi in chronic wounds. Front. Mol. 
Biosci., 9: 1057766. https://doi.org/10.3389/
fmolb.2022.1057766

Ghorbanpour, M. and Wani, S.H., 2019. Advances 
in phytonanotechnology: From synthesis to 
application. Academic Press.

Goldufsky, J., Wood, S.J., Jayaraman, V., Majdobeh, 
O., Chen, L., Qin, S., Zhang, C., DiPietro, 
L.A. and Shafikhani, S.H., 2015. Pseudomonas 
aeruginosa uses T3SS to inhibit diabetic wound 
healing. Wound Repair Regen., 23(4): 557–564. 
https://doi.org/10.1111/wrr.12310

Goto, T., Sapio, M.R., Maric, D., Robinson, J.M., 
Domenichiello, A.F., Saligan, L.N., Mannes, 
A.J. and Iadarola, M.J., 2021. Longitudinal 
peripheral tissue RNA-Seq transcriptomic 
profiling, hyperalgesia, and wound healing in 
the rat plantar surgical incision model. FASEB 
J., 35(10): e21852. https://doi.org/10.1096/
fj.202100347R

Grigore, M.E., Grumezescu, A.M., Holban, A.M., 
Mogoşanu, G.D. and Andronescu, E., 2017. 
Collagen-nanoparticles composites for wound 
healing and infection control. Metals, 7(12): 
516. https://doi.org/10.3390/met7120516

Guan, G., Bai, L., Zuo, B., Li, M., Wu, Z. and 
Li, Y., 2009. Scaffolds decorated by in vivo 
environment improve cell proliferation 
and wound healing. 2nd Int. Conf. Biomed. 
Eng. Inf., 1: 1–6. https://doi.org/10.1109/

BMEI.2009.5305865
Hassanshahi, A., Moradzad, M., Ghalamkari, S., 

Fadaei, M., Cowin, A.J. and Hassanshahi, M., 
2022. Macrophage-mediated inflammation 
in skin wound healing. Cells, 11(19): 2953. 
https://doi.org/10.3390/cells11192953

He, J., Wang, X., Chen, L., Cai, Y. and Wang, Z., 
2024. Deep learning method to predict wound 
healing progress based on collagen fibers in 
wound tissue. arXiv preprint arXiv: 2405.05297.

Hou, B., Cai, W., Chen, T., Zhang, Z., Gong, H., 
Yang, W. and Qiu, L., 2020. Vaccarin hastens 
wound healing by promoting angiogenesis 
via activation of MAPK/ERK and PI3K/
AKT signaling pathways in vivo. Acta 
Cirurgica Brasil., 34: e201901202. https://doi.
org/10.1590/s0102-865020190120000002

Huang, H., Okamoto, M., Watanabe, M., 
Matsumoto, S., Moriyama, K., Komichi, S., Ali, 
M., Matayoshi, S., Nomura, R., Nakano, K. and 
Takahashi, Y., 2023. Development of rat caries-
induced pulpitis model for vital pulp therapy. 
J. Dental Res., 102(5): 574–582. https://doi.
org/10.1177/00220345221150383

Jeon, S., Kim, I., Jeong, Y.J., Kim, Y., Chung, J.J. 
and Kim, S.W., 2024. Comparative analysis of 
antibacterial and wound healing activities of 
chitosan and povidone-iodine–based hydrogels. 
Ann. Plastic Surg., 92(2): 240–244. https://doi.
org/10.1097/SAP.0000000000003755

Jin, Y.X., Ngoc Chien, P., Thi Nga, P., Zhang, 
X.R., Ngan Giang, N., Thi Thuy Le, L., Trinh, 
T.T.T., Zhou, S.Y., Nam, S.Y. and Heo, C.Y., 
2024. Enhancing wound healing through 
innovative technologies: microneedle patches 
and iontophoresis. Front. Bioeng. Biotechnol., 
12: 1468423. https://doi.org/10.3389/
fbioe.2024.1468423

Kientzy, M., Bursztejn, A.C., Allaudeen, A.P., 
Chenuel, B., Hamroun, A. and Allado, E., 
2024. Accuracy of digital measurement for 
quantitative and qualitative indicators of 
wound healing and repair: A systematic review 
protocol. BMJ Open, 14(5): e085969. https://
doi.org/10.1136/bmjopen-2024-085969

Kyriakides, T.R., Tam, J.W. and Bornstein, P., 
1999. Accelerated wound healing in mice 
with disrupting the thrombospondin 2 gene. 
J. Invest. Dermatol., 113(5): 782–787. https://
doi.org/10.1046/j.1523-1747.1999.00755.x

Lavery, L.A., Davis, K.E., Berriman, S.J., Braun, 

https://doi.org/10.1186/s12917-020-02566-2
https://doi.org/10.1186/s12917-020-02566-2
https://doi.org/10.1007/s10787-023-01157-5
https://doi.org/10.1155/2020/2459826
https://doi.org/10.1155/2020/2459826
https://doi.org/10.21769/BioProtoc.4606
https://doi.org/10.21769/BioProtoc.4606
https://doi.org/10.3389/fmolb.2022.1057766
https://doi.org/10.3389/fmolb.2022.1057766
https://doi.org/10.1111/wrr.12310
https://doi.org/10.1096/fj.202100347R
https://doi.org/10.1096/fj.202100347R
https://doi.org/10.3390/met7120516
https://doi.org/10.1109/BMEI.2009.5305865
https://doi.org/10.1109/BMEI.2009.5305865
https://doi.org/10.3390/cells11192953
https://doi.org/10.1590/s0102-865020190120000002
https://doi.org/10.1590/s0102-865020190120000002
https://doi.org/10.1177/00220345221150383
https://doi.org/10.1177/00220345221150383
https://doi.org/10.1097/SAP.0000000000003755
https://doi.org/10.1097/SAP.0000000000003755
https://doi.org/10.3389/fbioe.2024.1468423
https://doi.org/10.3389/fbioe.2024.1468423
https://doi.org/10.1136/bmjopen-2024-085969
https://doi.org/10.1136/bmjopen-2024-085969
https://doi.org/10.1046/j.1523-1747.1999.00755.x
https://doi.org/10.1046/j.1523-1747.1999.00755.x


Continued Publication - 2025 | Volume 1 | Page 81

Advanced Analytical Pathology
L., Nichols, A., Kim, P.J., Margolis, D., Peters, 
E.J. and Attinger, C., 2016. WHS guidelines 
update: Diabetic foot ulcer treatment guidelines. 
Wound Repair Regenerat., 24(1). https://doi.
org/10.1111/wrr.12391

Lecron, J.C., Charreau, S., Jégou, J.F., Salhi, N., 
Petit-Paris, I., Guignouard, E., Burucoa, 
C., Favot-Laforge, L., Bodet, C., Barra, A. 
and Huguier, V., 2022. IL-17 and IL-22 are 
pivotal cytokines to delay wound healing of S. 
aureus and P. aeruginosa infected skin. Front. 
Immunol., 13: 984016. https://doi.org/10.3389/
fimmu.2022.984016

Li, L., Sun, Y., He, H., He, G., Ma, S., Yang, W. 
and Wang, Y., 2022. Quantitative assessment 
of angiogenesis in skin wound healing by 
multi-optical imaging techniques. Front. 
Phys., 10: 894901. https://doi.org/10.3389/
fphy.2022.894901

Littig, J.P.B., Moellmer, R., Estes, A.M., Agrawal, 
D.K. and Rai, V., 2022. Increased population of 
CD40+ fibroblasts is associated with impaired 
wound healing and chronic inflammation in 
diabetic foot ulcers. J. Clin. Med., 11(21): 6335. 
https://doi.org/10.3390/jcm11216335

Lodhi, S. and Vadnere, G.P., 2017. Relevance and 
perspectives of experimental wound models in 
wound healing research. Asian J. Pharm. Clin. 
Res., 10(7): 57–62. https://doi.org/10.22159/
ajpcr.2017.v10i7.18276

Lu, Y., Liu, X., Zhao, J., Bie, F., Liu, Y., Xie, J., Wang, 
P., Zhu, J., Xiong, Y., Qin, S. and Yang, F., 2023. 
Single-cell profiling reveals transcriptomic 
signatures of vascular endothelial cells in non-
healing diabetic foot ulcers. Front. Endocrinol., 
14: 1275612. https://doi.org/10.3389/
fendo.2023.1275612

Mallick, S., Nag, M., Lahiri, D., Pandit, S., Sarkar, 
T., Pati, S., Nirmal, N.P., Edinur, H.A., Kari, 
Z.A., Ahmad Mohd Zain, M.R. and Ray, R.R., 
2022. Engineered nanotechnology: An effective 
therapeutic platform for the chronic cutaneous 
wound. Nanomaterials, 12(5): 778. https://doi.
org/10.3390/nano12050778

Miron, R.J., Dard, M. and Weinreb, M., 2015. 
Enamel matrix derivative, inflammation, and 
soft tissue wound healing. J. Period. Res., 50(5): 
555–569. https://doi.org/10.1111/jre.12245

Mohammadi, A.A., Jafari, S.M.S. and Hosseinzadeh, 
M., 2013. Early Marjolin’s ulcer after minimal 
superficial burn. Iran. J. Med. Sci., 38(1): 69.

Mohammadi, T., Ebrahimi-barough, S. and Tavakol, 
S., 2016. Healing potential of fibroblast cells 
cultured on a PLA/CS nanofibrous scaffold 
in skin regeneration in Wistar rat. Koomesh, 
17(3): 677–685.

Mojumdar, E.H., Madsen, L.B., Hansson, H., 
Taavoniku, I., Kristensen, K., Persson, C., 
Morén, A.K., Mokso, R., Schmidtchen, A., 
Ruzgas, T. and Engblom, J., 2021. Probing skin 
barrier recovery on molecular level following 
acute wounds: An in vivo/ex vivo study on 
pigs. Biomedicines, 9(4): 360. https://doi.
org/10.3390/biomedicines9040360

Monika, P., Waiker, P.V., Chandraprabha, M.N., 
Rangarajan, A. and Murthy, K.N.C., 2021. 
Myofibroblast progeny in wound biology 
and wound healing studies. Wound Repair 
Regenerat., 29(4): 531–547. https://doi.
org/10.1111/wrr.12937

Nahar, M., Dutta, T., Murugesan, S., Asthana, 
A., Mishra, D., Rajkumar, V., Tare, M., Saraf, 
S. and Jain, N.K., 2006. Functional polymeric 
nanoparticles: An efficient and promising 
tool for active delivery of bioactives. Crit. Rev. 
Therap. Drug Carrier Syst., 23(4). https://doi.
org/10.1615/CritRevTherDrugCarrierSyst.
v23.i4.10

Nirenjen, S., Narayanan, J., Tamilanban, T., 
Subramaniyan, V., Chitra, V., Fuloria, N.K., 
Wong, L.S., Ramachawolran, G., Sekar, M., 
Gupta, G. and Fuloria, S., 2023. Exploring the 
contribution of pro-inflammatory cytokines 
to impaired wound healing in diabetes. 
Front. Immunol., 14: 1216321. https://doi.
org/10.3389/fimmu.2023.1216321

Nurrahmah, Q.I., Madhyastha, R., Madhyastha, H., 
Nakajima, Y. and Maruyama, M., 2019. Nuclear 
factor-kappa B and JNK mediate macrophage 
polarization shift induced by C-phycocyanin. 
Indian J. Biol., 57: 381-389.

Nuutila, K., Singh, M., Kruse, C., Philip, J., 
Caterson, E.J. and Eriksson, E., 2016. Titanium 
wound chambers for wound healing research. 
Wound Repair Regenerat., 24(6): 1097–1102. 
https://doi.org/10.1111/wrr.12472

Pan, H., Song, J., An, Q., Chen, J., Zheng, W., 
Zhang, L., Gu, J., Deng, C. and Yang, B., 2024. 
Inhibition of ubiquitin C-terminal hydrolase 
L1 facilitates cutaneous wound healing via 
activating TGF-β/Smad signalling pathway 
in fibroblasts. Exp. Dermatol., 33(10): e15186. 

https://doi.org/10.1111/wrr.12391
https://doi.org/10.1111/wrr.12391
https://doi.org/10.3389/fimmu.2022.984016
https://doi.org/10.3389/fimmu.2022.984016
https://doi.org/10.3389/fphy.2022.894901
https://doi.org/10.3389/fphy.2022.894901
https://doi.org/10.3390/jcm11216335
https://doi.org/10.22159/ajpcr.2017.v10i7.18276
https://doi.org/10.22159/ajpcr.2017.v10i7.18276
https://doi.org/10.3389/fendo.2023.1275612
https://doi.org/10.3389/fendo.2023.1275612
https://doi.org/10.3390/nano12050778
https://doi.org/10.3390/nano12050778
https://doi.org/10.1111/jre.12245
https://doi.org/10.3390/biomedicines9040360
https://doi.org/10.3390/biomedicines9040360
https://doi.org/10.1111/wrr.12937
https://doi.org/10.1111/wrr.12937
https://doi.org/10.1615/CritRevTherDrugCarrierSyst.v23.i4.10
https://doi.org/10.1615/CritRevTherDrugCarrierSyst.v23.i4.10
https://doi.org/10.1615/CritRevTherDrugCarrierSyst.v23.i4.10
https://doi.org/10.3389/fimmu.2023.1216321
https://doi.org/10.3389/fimmu.2023.1216321
https://doi.org/10.1111/wrr.12472


Continued Publication - 2025 | Volume 1 | Page 82

Advanced Analytical Pathology
https://doi.org/10.1111/exd.15186

Parekh, A. and Hebda, P.A., 2017. The contractile 
phenotype of dermal fetal fibroblasts in scarless 
wound healing. Curr. Pathobiol. Rep., 5: 271-
277. https://doi.org/10.1007/s40139-017-
0149-3

Park, S.A., Teixeira, L.B., Raghunathan, V.K., 
Covert, J., Dubielzig, R.R., Isseroff, R.R., 
Schurr, M., Abbott, N.L., McAnulty, J. and 
Murphy, C.J., 2014. Full-thickness splinted 
skin wound healing models in db/db and 
heterozygous mice: Implications for wound 
healing impairment. Wound Repair Regenerat., 
22(3): 368–380. https://doi.org/10.1111/
wrr.12172

Parnell, L.K., 2013. Asking the right questions to 
find the keys to wound healing. Wound Repair 
Regenerat., 21(3). https://doi.org/10.1111/
wrr.12047

Parnell, L.K. and Volk, S.W., 2019. The evolution 
of animal models in wound healing research: 
1993–2017. Adv. Wound Care, 8(12): 692–702. 
https://doi.org/10.1089/wound.2019.1098

Pensalfini, M. and Tepole, A.B., 2023. Mechano-
biological and bio-mechanical pathways in 
cutaneous wound healing. PLoS Comput. Biol., 
19(3): e1010902. https://doi.org/10.1371/
journal.pcbi.1010902

Pilloni, A., Marini, L., Gagliano, N., Canciani, 
E., Dellavia, C., Cornaghi, L.B., Costa, E. 
and Rojas, M.A., 2023. Clinical, histological, 
immunohistochemical, and biomolecular 
analysis of hyaluronic acid in early wound healing 
of human gingival tissues: A randomized, split-
mouth trial. J. Periodontol., 94(7): 868–881. 
https://doi.org/10.1002/JPER.22-0338

Possa, G.D.O.K., Chopek, S., Pereira, A.V., Koga, 
A.Y., Oliveira, M.R.P.D. and Costa, M.D.M., 
2024. Calendula glycolic extract enhances 
wound healing of alginate hydrogel. Acta 
Cirúrgica Brasil., 39: e399724. https://doi.
org/10.1590/acb399724

Raffetto, J.D., Ligi, D., Maniscalco, R., Khalil, 
R.A. and Mannello, F., 2020. Why venous leg 
ulcers have difficulty healing: Overview on 
pathophysiology, clinical consequences, and 
treatment. J. Clin. Med., 10(1): 29. https://doi.
org/10.3390/jcm10010029

Rai, S., Yadav, U.N., Pant, N.D., Yakha, J.K., 
Tripathi, P.P., Poudel, A. and Lekhak, B., 
2017. Bacteriological profile and antimicrobial 

susceptibility patterns of bacteria isolated 
from pus/wound swab samples from children 
attending a tertiary care hospital in Kathmandu, 
Nepal. Int. J. Microbiol., 2017: 2529085. https://
doi.org/10.1155/2017/2529085

Ridhanya, K., 2019. Skin wound healing: An update 
on the current knowledge and concepts. Res. J. 
Pharma. Technol., 12(3): 1448–1452. https://
doi.org/10.5958/0974-360X.2019.00240.3

Salih, M.A., Abdullah, A.N. and Aziz, S.A., 2020. 
Effect of hydroalcoholic extract of Teucrium 
polium on the process of wound healing in 
diabetic rats. Passer J. Basic Appl. Sci., 2(1): 
37–45. https://doi.org/10.24271/psr.09

Santosa, A.H., Kintawati, S. and Sugiaman, V.K., 
2022. Effect of resorbable collagen plug (RCP) 
on extraction wound healing. e-GiGi, 10(1): 81-
87. https://doi.org/10.35790/eg.v10i1.35790

Santoso, C.N., Widyantara, K.A., Kencana, 
N.B.W., Setyajati, F.E. and Setiawati, A., 
2024. Advances in quantitative and qualitative 
assessment of collagen in cutaneous wound 
healing. Indones. J. Pharma., 2024: 194-210. 
https://doi.org/10.22146/ijp.9773

Scafati, S.T., Scarpato, L., Tanzillo, G. and Reho, 
F., 2015. Beware of pyoderma gangrenosum 
complicating mastopexy: The importance 
of early detection and treatment.  Arch. 
Plastic Surg., 42(03): 368-370. https://doi.
org/10.5999/aps.2015.42.3.368

Scalise, A., Calamita, R., Tartaglione, C., Pierangeli, 
M., Bolletta, E., Gioacchini, M., Gesuita, 
R. and Di Benedetto, G., 2016. Improving 
wound healing and preventing surgical site 
complications of closed surgical incisions: A 
possible role of incisional negative pressure 
wound therapy. Int. Wound J., 13(6): 1260-
1281. https://doi.org/10.1111/iwj.12492

Schilrreff, P. and Alexiev, U., 2022. Chronic 
inflammation in non-healing skin wounds 
and promising natural bioactive compounds 
treatment. Int. J. Mol. Sci., 23(9): 4928. https://
doi.org/10.3390/ijms23094928

Sheng, W., Qin, H., Wang, T., Zhao, J., Fang, C., 
Zhang, P., Liu, P., Udduttula, A., Zeng, H. and 
Chen, Y., 2023. Advanced phosphocreatine-
grafted chitosan hydrogel promotes wound 
healing by macrophage modulation. Front. 
Bioeng. Biotechnol., 11: 1199939. https://doi.
org/10.3389/fbioe.2023.1199939

Sorg, H., Tilkorn, D.J., Hager, S., Hauser, J. and 

https://doi.org/10.1111/exd.15186
https://doi.org/10.1007/s40139-017-0149-3
https://doi.org/10.1007/s40139-017-0149-3
https://doi.org/10.1111/wrr.12172
https://doi.org/10.1111/wrr.12172
https://doi.org/10.1111/wrr.12047
https://doi.org/10.1111/wrr.12047
https://doi.org/10.1089/wound.2019.1098
https://doi.org/10.1371/journal.pcbi.1010902
https://doi.org/10.1371/journal.pcbi.1010902
https://doi.org/10.1002/JPER.22-0338
https://doi.org/10.1590/acb399724
https://doi.org/10.1590/acb399724
https://doi.org/10.3390/jcm10010029
https://doi.org/10.3390/jcm10010029
https://doi.org/10.1155/2017/2529085
https://doi.org/10.1155/2017/2529085
https://doi.org/10.5958/0974-360X.2019.00240.3
https://doi.org/10.5958/0974-360X.2019.00240.3
https://doi.org/10.24271/psr.09
https://doi.org/10.35790/eg.v10i1.35790
https://doi.org/10.22146/ijp.9773
https://doi.org/10.5999/aps.2015.42.3.368
https://doi.org/10.5999/aps.2015.42.3.368
https://doi.org/10.1111/iwj.12492
https://doi.org/10.3390/ijms23094928
https://doi.org/10.3390/ijms23094928
https://doi.org/10.3389/fbioe.2023.1199939
https://doi.org/10.3389/fbioe.2023.1199939


Continued Publication - 2025 | Volume 1 | Page 83

Advanced Analytical Pathology
Mirastschijski, U., 2017. Skin wound healing: 
An update on the current knowledge and 
concepts. Eur. Surg. Res., 58(1-2): 81-94. 
https://doi.org/10.1159/000454919

Sottile, J. and Hocking, D.C., 2002. Fibronectin 
polymerization regulates the composition 
and stability of extracellular matrix fibrils and 
cell-matrix adhesions. Mol. Biol. Cell, 13(10): 
3546-3559. https://doi.org/10.1091/mbc.e02-
01-0048

Stachura, A., Khanna, I., Krysiak, P., Paskal, W. 
and Włodarski, P., 2022. Wound healing 
impairment in type 2 diabetes model of leptin-
deficient mice. A mechanistic systematic 
review. Int. J. Mol. Sci., 23(15): 8621. https://
doi.org/10.3390/ijms23158621

Sun, X.J., Chen, J.A., Li, G., Wang, L., Wang, T.Y. 
and Wang, A.P., 2024. Maggot debridement 
therapy stimulates wound healing by altering 
macrophage activation. Int. Wound J., 21(3): 
e14477. https://doi.org/10.1111/iwj.14477

Tuca, A.C., Bernardelli de Mattos, I., Funk, 
M., Markovic, D., Winter, R., Lemarchand, 
T., Kniepeiss, D., Spendel, S., Hartmann, 
B., Ottoman, C. and Kamolz, L.P., 2024. 
A standardized porcine model for partial-
thickness wound healing studies: Design, 
characterization, model validation, and 
histological insights. Int. J. Mol. Sci., 25(14): 
7658. https://doi.org/10.3390/ijms25147658

Vargas, G.M., Aendekerk, F.M., de Boer, C., 
Geurts, J., Lucchesi, J. and Arts, J.J., 2024. 
Bioactive-glass-based materials with possible 
application in diabetic wound healing: A 
systematic review. Int. J. Mol. Sci., 25(2): 1152. 
https://doi.org/10.3390/ijms25021152

Vatankhah, N., Jahangiri, Y., Landry, G.J., Moneta, 
G.L. and Azarbal, A.F., 2017. Effect of systemic 
insulin treatment on diabetic wound healing. 
Wound Repair Regenerat., 25(2): 288-291. 

https://doi.org/10.1111/wrr.12514
Wang, W., Chen, L., Zhang, Y., Wang, H., Dong, 

D., Zhu, J., Fu, W. and Liu, T., 2024. Adipose-
derived stem cells enriched with therapeutic 
mRNA TGF-β3 and IL-10 synergistically 
promote scar-less wound healing in preclinical 
models. Bioeng. Trans. Med., 9(2): e10620. 
https://doi.org/10.1002/btm2.10620

Wong, J.K., Lui, Y.H., Kapacee, Z., Kadler, K.E., 
Ferguson, M.W. and McGrouther, D.A., 2009. 
The cellular biology of flexor tendon adhesion 
formation: An old problem in a new paradigm. 
Am. J. Pathol., 175(5): 1938-1951. https://doi.
org/10.2353/ajpath.2009.090380

Yang, H., Song, L., Sun, B., Chu, D., Yang, L., Li, 
M., Li, H., Dai, Y., Yu, Z. and Guo, J., 2021. 
Modulation of macrophages by a paeoniflorin-
loaded hyaluronic acid-based hydrogel 
promotes diabetic wound healing. Mater. Today 
Biol., 12: 100139. https://doi.org/10.1016/j.
mtbio.2021.100139

Yari, A., Heidari, F., Veijouye, S.J. and Nobakht, 
M., 2020. Hair follicle stem cells promote 
cutaneous wound healing through the SDF-1α/
CXCR4 axis: An animal model. J. Wound Care, 
29(9): 526-536. https://doi.org/10.12968/
jowc.2020.29.9.526

Zhang, H.M., Yang, M.L., Xi, J.Z., Yang, G.Y. and 
Wu, Q.N., 2023. Mesenchymal stem cells-based 
drug delivery systems for diabetic foot ulcer: A 
review. World J. Diabetes, 14(11): 1585. https://
doi.org/10.4239/wjd.v14.i11.1585

Zhao, R., 2023. The protein C system in cutaneous 
wounds and burns. Doctoral dissertation.

Zhou, D., Liu, T., Wang, S., He, W., Qian, W. and 
Luo, G., 2020. Effects of IL-1β and TNF-α on 
the expression of P311 in vascular endothelial 
cells and wound healing in mice. Front. 
Physiol., 11: 545008. https://doi.org/10.3389/
fphys.2020.545008

https://doi.org/10.1159/000454919
https://doi.org/10.1091/mbc.e02-01-0048
https://doi.org/10.1091/mbc.e02-01-0048
https://doi.org/10.3390/ijms23158621
https://doi.org/10.3390/ijms23158621
https://doi.org/10.1111/iwj.14477
https://doi.org/10.3390/ijms25147658
https://doi.org/10.3390/ijms25021152
https://doi.org/10.1111/wrr.12514
https://doi.org/10.1002/btm2.10620
https://doi.org/10.2353/ajpath.2009.090380
https://doi.org/10.2353/ajpath.2009.090380
https://doi.org/10.1016/j.mtbio.2021.100139
https://doi.org/10.1016/j.mtbio.2021.100139
https://doi.org/10.12968/jowc.2020.29.9.526
https://doi.org/10.12968/jowc.2020.29.9.526
https://doi.org/10.4239/wjd.v14.i11.1585
https://doi.org/10.4239/wjd.v14.i11.1585
https://doi.org/10.3389/fphys.2020.545008
https://doi.org/10.3389/fphys.2020.545008

