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Introduction
Fibrosis, marked by excessive collagen deposition and ex-

tracellular matrix alterations, is a critical process in tissue repair 
and wound healing. It holds vital importance in both research and 
clinical practice, with fibrotic disorders contributing significantly 
to mortality rates in the United States. An estimate of 45% of all 
deaths are due to or are associated with fibrotic disorders [1]. This 
review aims to comprehensively explore fibrosis in wound healing, 
with a specific focus on differentiating collagen deposition in repair, 
regeneration, and tissue fibrosis.

In repair and regeneration, collagen deposition is a normal as-
pect of the healing process, striving to restore tissue integrity and  

 
function [2,3]. Repair entails granulation tissue formation with col-
lagen deposition, angiogenesis, and inflammatory cell infiltration 
[4]. This tissue is replaced over time by connective tissue and epi-
thelial cells during the remodeling phase in the form of scar tissue 
[5]. Tumor stroma resembles scar tissue in terms of the presence 
and active participation of CAFs, endothelial and immune cells, and 
extracellular matrix (ECM) [6,7].

Repair leads to tissue fibrosis, involving excessive and improp-
er collagen deposition, culminating in dense, stiff fibrotic scars [6]. 
This occurs when the original tissue structure is significantly lost, 
often due to persistent inflammation or prolonged injury. An im-
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balance between collagen synthesis and degradation results in an 
accumulation of collagen-rich extracellular matrix components, 
leading to excessive cross-linking and functional impairment in 
scar tissue.

In the context of skin cancer, fibrosis is unique, primarily driven 
by interactions between cancer cells and stromal cells, particularly 
cancer-associated fibroblasts (CAFs) [6]. CAFs foster collagen-rich 
extracellular matrix deposition in the tumor microenvironment, 
promoting tumor growth and invasion [6]. Understanding these 
differences in collagen deposition is essential for targeted thera-
peutic development.

The significance of fibrosis in wound healing extends to clinical 
management, where it can impair tissue function and lead to debil-
itating scars, particularly in chronic wounds and fibrotic disorders 
[7]. Distinguishing between wound healing-related and cancer-re-
lated fibrosis is crucial, as they occur in distinct contexts with dif-
ferent implications [6,7].

Exploring the roles of various cells, including monocytes, in fi-
brosis is essential. Differentiating between benign and cancerous 
fibrosis provides valuable insights into their pathophysiological 
mechanisms and may guide condition-specific therapeutic strat-
egies. Given the importance of fibrosis in wound healing and its 
clinical impact, this review aims to assess the existing literature, 
identify knowledge gaps, and provide insights for future research 
and clinical management.

Methods
A comprehensive literature review was conducted to gather rel-

evant information on the fibrotic response in wound healing, spe-
cifically focusing on the skin. The review process involved an exten-
sive search of the PubMed database, utilizing key search terms such 
as “skin fibrotic response,” “skin fibrotic response healing,” and 
“skin fibrotic response cancer.” The objective was to identify stud-
ies that investigated fibrosis in wound healing and its association 
with skin-related conditions, including cancer. Inclusion criteria 
was set to include all study types published in the English language, 
providing a broad scope of research encompassing experimental 
studies, clinical trials, observational studies, and reviews. Papers 
not published in English or those not specifically evaluating fibro-
sis in the context of wound healing were excluded from the review. 
The retrieved articles were then assessed based on their titles and 
abstracts to determine their relevance to the research objective. 
The screened papers were then reviewed in full text, and those not 
found to meet inclusion and exclusion criteria were excluded.

Discussion
Fibrosis in Wound Healing versus Cancer Lesion Fibrosis

Collagen deposition occurs during normal wound healing, for-
eign body responses to implants, cancer associated fibrosis, genet-
ic connective tissue disorders, keloid formation, and burn wound 
contractures. While the structural role of collagen involves energy 
storage and transmission, providing mechanical support for tissues 
and preventing premature mechanical failure, it is also a natural 
substrate for cellular attachment during skin regeneration and re-

pair. The processes of collagen deposition, collagen synthesis and 
secretion can go awry resulting in hypertrophic scarring, keloid 
formation, cancer associated fibrosis, tissue failure as a result of 
genetic connective skin disorders, and burn wound contractures 
[8,9]. The cellular and molecular mechanisms driving collagen 
deposition are intricate, involving the activation and differentiation 
of diverse cell types. Fibroblasts, myofibroblasts, and other stromal 
cells play pivotal roles in collagen synthesis and deposition [8]. 
Moreover, growth factors, cytokines, and signaling pathways, such 
as transforming growth factor-beta (TGF-β), have been implicated 
in regulating wound healing-related fibrosis [9]. A profound com-
prehension of these mechanisms is indispensable for the develop-
ment of precisely targeted therapies to modulate fibrotic responses 
and facilitate proper wound healing.

Comparative analysis of fibrosis across various tissue types 
reveals notable divergences in fibrotic processes and outcomes. 
Skin fibrosis, for instance, may manifest distinct characteristics in 
contrast to fibrosis in other anatomical regions [10]. These dispar-
ities extend to the underlying mechanisms, cellular interactions, 
and molecular signaling pathways, emphasizing the need for tis-
sue-specific strategies in comprehending and addressing fibrosis.

Distinguishing between fibrosis linked to epithelial-mesen-
chymal transition (EMT) in wound healing and fibrosis associated 
with cancer-associated fibroblasts (CAFs) and cellular mutations in 
skin cancer assumes paramount significance. EMT signifies a pro-
cess wherein epithelial cells undergo a phenotypic shift towards a 
mesenchymal state. EMT has been associated with both physiolog-
ic regeneration and pathological fibrotic conditions, such as in the 
context of acne [11]. Conversely, fibrosis linked to CAFs and cellular 
mutations in skin cancer contributes to tumor progression and in-
vasion, entailing intricate interactions among cancer cells, stromal 
elements, and the extracellular matrix [12].

A grasp of these distinctions offers valuable insights into the 
distinct cellular origins, molecular pathways, and therapeutic av-
enues for each condition. Keloids and hypertrophic scars stand 
apart from typical scars in terms of their pathogenesis and clinical 
presentation. Keloids are characterized by excessive collagen depo-
sition extending beyond the wound boundaries, yielding raised, 
thickened, and often pruritic scars [10]. In contrast, hypertrophic 
scars remain confined within the original wound borders and tend 
to regress over time. The mechanisms underpinning keloid and hy-
pertrophic scar formation encompass dysregulated collagen syn-
thesis, altered cellular signaling, and irregular wound healing re-
sponses [10]. Substantial further inquiry is imperative to elucidate 
the specific factors contributing to keloid and hypertrophic scar de-
velopment, as well as to identify efficacious treatment modalities.

Wound contracture affecting joints is seen during the healing of 
a burn that reduces the original wound size and appears to involve 
myofibroblasts. Myofibroblasts are important cells that contain a 
contractile element, alpha-smooth muscle actin (SMA), which con-
tributes to the contracture of a scar [11]. During re-epithelization 
of a wound, myofibroblasts usually disappear ending further con-
tracture. However, if this process continues through the re-epithe-
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lization of wound healing after a severe burn, a debilitating wound 
may result leading to extremely limited range of motion and poor 
cosmetic outcomes [12]. The balance between contraction of my-

ofibroblasts and re-epithelialization determines the flexibility and 
quality of a healed wound and determines level of scar formation 
(Table 1, Figure 1).

Table 1: General overview of wound healing phases. 

Phase   Associated Factors & Events

Inflammatory Phase [10]

Initiated immediately after injury

Hemostasis to stop bleeding

Inflammatory cells (neutrophils, macrophages) clear debris

Release of cytokines and growth factors to attract immune cells

Setting the stage for the subsequent phases

Granulation Phase [10,11]

Proliferation of new blood vessels (angiogenesis)

Fibroblasts synthesize collagen and extracellular matrix

Formation of granulation tissue

Epithelial cells migrate and proliferate

Wound contraction begins

Remodeling Phase [10,11,12]

Collagen matures and is remodeled

Scar tissue becomes stronger and more organized

Epithelial cells complete wound closure

Tensile strength of the wound gradually improves

Healing may continue for months or years, with the scar becoming less visible over time

Figure 1: Diagram illustrating how substrate stiffness can affect the cellular response during healing resulting in increased focal adhesions 
and accumulation of stress fibers within cells. (Left) When fibroblasts and inflammatory cells accumulate in a wound they initially attach to the 
exposed tissue after necrotic tissue is removed. They then form focal adhesions through integrin mediated MAP kinase pathways leading to 
stress fiber formation and the production of stiff collagen matrices. (Right) An example of this occurs when an implant is placed in the breast. 
This leads to the formation of a collagenous capsule around the implant as a result of a foreign body response. The foreign body response 
leads to capsular contraction around the implant which can cause pain and implant movement. Figure 1 was created under a license from Bio 
render.
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Granulation Tissue in Wound Healing

Granulation tissue deposition is a hallmark of the proliferative 
phase in wound healing, marked by the formation of new blood ves-
sels and connective tissue components [13]. However, the presence 
and extent of granulation tissue are subject to variability, contin-
gent upon factors like wound type and severity, underlying condi-
tions, and individual healing responses. In minor injuries, such as 
those affecting the epidermis and superficial dermis, substantial 
granulation tissue formation may not be a requisite for healing. 
Such wounds may promptly progress to the remodeling phase, 
where collagen fibers reorganize and mature. This accelerated pro-
cess, stemming from an efficient inflammatory response and rapid 
tissue repair, results in wound resolution without the deposition of 
prominent granulation tissue [13].

Conversely, deep chronic or non-healing wounds often exhibit a 
protracted inflammatory phase and impaired granulation tissue de-
velopment. Factors like persistent infection, inadequate blood sup-
ply, or systemic illnesses can disrupt the natural course of wound 
healing, impeding granulation tissue formation [10]. Consequently, 
these wounds may exhibit delayed or incomplete healing, poten-
tially leading to chronicity or excessive fibrosis [11]. In the case 
of wound healing after breast implantation, fibrous capsules can 
continue to grow around the implants and undergo capsular con-
traction for years, leading to pain and cosmetic changes requiring 
implant removal [13,14]. Despite the softness of breast implants, 
scar tissues continue to growth due to the hyperactivity of contrac-
tile myofibroblasts that secrete collagen and other ECM proteins 
[15,16]. Thus, the cycle of wound healing may repeat indefinitely, 
resulting in continued growth of scar tissue [15].

The stages of wound healing can diverge based on lesion na-
ture and location. Variables such as wound depth, the presence of 
foreign bodies or necrotic tissue, and specific tissue involvement 
can dictate the processes and timeline of wound repair [15]. For 
example, wounds affecting deeper tissues like muscle or tendons 
may necessitate more intricate and extended healing processes in 
comparison to superficial wounds.

Furthermore, distinct wound types, encompassing acute trau-
matic wounds, surgical incisions, and chronic ulcers, may display 
variations in the inflammatory response, angiogenesis, and cellular 
events during healing [16]. The underlying pathophysiology and 
lesion-specific microenvironment significantly impact the phases 
and ultimate outcomes of wound healing.

The Role of Mesenchymal Stem Cells, Macrophages, and Myo-
fibroblasts

The roles of mesenchymal stem cells (MSCs), M1 and M2 mac-
rophages, and myofibroblasts in tissue deposition, collagen remod-
eling, and wound contraction are pivotal in the wound healing pro-
cess. MSCs possess the potential to differentiate into various cell 
types, including fibroblasts, which are central to collagen synthesis 
and deposition [17]. Furthermore, MSCs exert immunomodulatory 
effects, foster tissue regeneration through paracrine actions, se-
crete growth factors, and interact with other cell types involved in 
wound healing.

Macrophages, fundamental to the inflammatory phase of wound 
healing, exhibit distinct M1 and M2 phenotypes. M1 macrophages 
contribute to the early inflammatory response and facilitate bacte-
rial clearance, while M2 macrophages participate in tissue repair 
and extracellular matrix remodeling [18]. M2 macrophages release 
anti-inflammatory cytokines and growth factors, thereby promot-
ing collagen synthesis and matrix remodeling [19]. Their presence 
is crucial for resolving inflammation and transitioning from the in-
flammatory to the proliferative phase of wound healing.

Myofibroblasts, contractile cells, significantly contribute to 
wound contraction, tensile strength, and tissue remodeling. Their 
differentiation from fibroblasts is triggered by various signals, 
including mechanical tension and growth factors like transform-
ing growth factor-beta (TGF-β) [20]. Myofibroblasts express al-
pha-smooth muscle actin (α-SMA) and are key drivers of wound 
contraction through their contractile properties. However, when 
unregulated, these contractile cells are the cause of debilitating 
wound contracture in burn patients and capsular contraction of 
breast implants [21].

The presence of these cells and activities can influence collagen 
deposition and wound contraction. MSCs, via differentiation into 
fibroblasts, impact the quantity and quality of extracellular matrix 
collagen. Moreover, MSCs modulate the behavior of other cells, in-
cluding macrophages and myofibroblasts, through paracrine sig-
naling, further affecting collagen deposition and tissue remodeling 
[17]. Macrophages, particularly M2 macrophages, are actively in-
volved in collagen synthesis and remodeling, with their secreted 
factors, such as TGF-β and other growth factors, promoting collagen 
fiber production and organization [18]. An imbalance between M1 
and M2 macrophages can lead to compromised collagen deposition 
and hindered wound healing. Myofibroblasts, due to their contrac-
tile properties, are essential for wound closure and wound size re-
duction. Disruptions in myofibroblast recruitment or function can 
result in delayed wound contraction and impaired healing.

The roles and behaviors of MSCs, M1 and M2 macrophages, 
and myofibroblasts in tissue deposition, collagen remodeling, and 
wound contraction can vary among different wound types. Factors 
like the underlying pathophysiology, wound location, and comor-
bidities can influence these cells’ functions [21]. In acute traumatic 
wounds or surgical incisions, MSCs, M2 macrophages, and myofi-
broblasts generally contribute to typical tissue repair, collagen syn-
thesis, and wound contraction. However, in chronic wounds such 
as diabetic ulcers or venous ulcers, altered cell behavior may occur 
due to persistent inflammation and an impaired healing environ-
ment, resulting in impaired collagen deposition, delayed healing, 
and compromised wound contraction [22]. Specific wound types 
like burns or pressure ulcers present unique challenges and may 
exhibit variations in the inflammatory response and interactions 
with MSCs, macrophages, and myofibroblasts. Understanding these 
differences is paramount for developing tailored therapies to opti-
mize healing outcomes in various wound contexts. Biofilm forma-
tion on wounds poses a significant obstacle to healing by shielding 
bacteria and perpetuating inflammation, disrupting typical healing 
processes. In acute wounds, MSCs, M2 macrophages, and myofibro-
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blasts facilitate tissue repair, but chronic wounds such as diabetic 
or venous ulcers suffer from altered cell behavior due to prolonged 
inflammation, leading to impaired collagen deposition and delayed 
healing [19]. Different wounds, such as burns or pressure ulcers, 
present unique challenges with varied inflammatory responses 
and interactions with healing cells. Tailoring therapies to address 
biofilm-related impediments and leveraging the potential of cells 
involved in healing can optimize outcomes in diverse wound con-
texts.

EMT Transition and Dysregulation of Mechanosignaling

The Epithelial-Mesenchymal Transition (EMT) is a fundamen-
tal process that plays a critical role in tissue development, wound 
healing, and is also implicated in pathological conditions such as 
cancer and scarring. EMT involves the transformation of epithelial 
cells into mesenchymal-like cells with enhanced migratory and in-
vasive properties [6]. In wound healing, EMT contributes to tissue 
regeneration and repair by allowing epithelial cells to adopt a mi-
gratory phenotype, facilitating the formation of granulation tissue 
[22]. Epidermal keratinocytes become motile and possess mesen-
chymal traits during EMT. During wound repair, re-epithelialization 
may be thought of as a partial and reversible EMT process [23]. 
However, in the context of cancer and scarring, EMT can become 
dysregulated, thereby contributing to disease progression.

One intriguing facet related to EMT in cancer and scarring is its 
potential impact on mechanosignaling pathways. Mechanosignaling 
refers to the transmission of mechanical forces and cues that reg-
ulate cellular behaviors and tissue remodeling [24]. EMT has been 
shown to modulate mechanosignaling pathways, including the ac-
tivation of focal adhesion kinase (FAK), Rho GTPases, and cytoskel-
etal remodeling [25]. Integrin-mediated mechanotransduction ini-
tiates a cellular response through the sensing of these mechanical 
signals by integrins, which transmits forces to FAKs, collagen, and 
stress fibers of intracellular proteins such as F-actin, talin, and vin-
culin. Furthermore, the binding of collagen and integrin produces 
stronger, load-bearing structures for efficient cell-matrix adhesion 
[26]. These mechanosignaling pathways with integrin-mediated 
mechanotransduction are pivotal in cell migration, invasion, and 
tissue contractility [27].

In cancer, dysregulated EMT can induce changes in mechano-
signaling pathways that promote tumor cell invasion and metasta-
sis. The acquisition of a mesenchymal phenotype enhances tumor 
cell contractility, enabling them to penetrate the extracellular ma-
trix and invade neighboring tissues [28]. Furthermore, changes in 
mechanosignaling can impact the tumor microenvironment, influ-
encing stromal cell behavior and altering the biomechanical prop-
erties of the tumor.

Similarly, in scarring and fibrosis, dysregulated EMT can con-
tribute to excessive collagen deposition and tissue stiffening [27]. 
Changes in mechanosignaling pathways may also trigger the activa-
tion of myofibroblasts, contractile cells involved in tissue remodel-
ing [21]. Dysregulated mechanosignaling can lead to increased my-
ofibroblast contractility, excessive collagen production, and altered 
tissue architecture, ultimately resulting in the formation of fibrotic 
scars.

Understanding the interplay between EMT and mechanosignal-
ing in cancer and scarring is of paramount importance. The specific 
molecular mechanisms and signaling pathways involved in these 
processes offer valuable insights into the development of targeted 
therapies aimed at modulating EMT and mechanosignaling to pre-
vent or treat cancer metastasis and fibrotic disorders. Additional 
research is needed to fully elucidate the intricate connections be-
tween EMT, mechanosignaling, and disease progression, providing 
promising avenues for improving clinical interventions and patient 
outcomes.

Regarding the change in cadherins during fibrosis associated 
with cancer, it’s important to note that EMT often involves alter-
ations in cadherin expression [29]. Epithelial cells typically express 
E-cadherin, which plays a role in cell-cell adhesion and maintaining 
epithelial integrity. During EMT, there is a downregulation of E-cad-
herin and an upregulation of N-cadherin, a mesenchymal cadherin 
[29]. These changes in cadherin expression contribute to the loss 
of epithelial characteristics and the acquisition of mesenchymal 
properties by cells undergoing EMT. In the context of fibrosis as-
sociated with cancer, EMT can lead to similar changes in cadherin 
expression, which may promote cancer cell invasion and metastasis 
[29]. Understanding these cadherin changes is vital for targeting 
EMT-related processes in cancer treatment and metastasis preven-
tion [30]. CAFs mediate increased ECM stiffness through inducing 
rigidly oriented collagen fibers that promotes EMT of cancer cells. 
The mechanical forces exerted by the stiffened environment induc-
es TWIST1, an EMT- promoting transcription factor [30]. 

Mechanosignaling in Wound Healing & Differences in Fibrotic 
Mechanotransduction Pathways in Cancerous and Non-Cancer-
ous Lesions

Mechanosignaling is a pivotal factor in wound healing, translat-
ing mechanical cues from the extracellular matrix (ECM) into bio-
chemical signals that regulate cellular behavior and tissue remodel-
ing. In non-cancerous skin lesions, such as acute wounds or surgical 
incisions, mechanosignaling pathways play a crucial role in coordi-
nating cellular activities essential for effective wound healing [22]. 
These pathways encompass mechanosensors like integrins and 
focal adhesion complexes, which sense and respond to mechanical 
forces acting on the cells. Substrate stiffness is one of the factors 
that can impact cellular response, including growth, differentiation, 
and morphology. Yeung, et al. (2005) suggest that cell-cell interac-
tions can override the influence of substrate on the cell. Moreover, 
in the case of capsular contraction of breast implants, the immune 
response to a foreign body mediates cellular response, forming the 
capsule [16,31,32]. Thus, substrate stiffness is not the only key in-
fluencer in cellular response.

In the context of wound healing, mechanotransduction path-
ways in non-cancerous skin lesions predominantly direct cell mi-
gration, proliferation, and tissue contraction. Mechanical forces 
stemming from ECM stiffness and tension trigger integrin cluster-
ing, subsequently activating downstream signaling molecules in-
cluding Focal Adhesion Kinase (FAK), Rho GTPases, and Yes-asso-
ciated protein (YAP)/transcriptional co-activator with PDZ-binding 
motif (TAZ) [12]. The activation of these pathways orchestrates cy-
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toskeletal remodeling, cell polarization, and the secretion of growth 
factors and cytokines, facilitating wound closure and tissue regen-
eration [12,26].

Conversely, mechanotransduction pathways in cancerous skin 
lesions exhibit distinct characteristics due to the dysregulated cel-
lular behaviors linked with cancer progression. Cancer cells often 
display altered mechanical properties, mostly increased stiffness, 
and demonstrate aberrant mechanosignaling responses [31]. Dys-
regulation in mechanotransduction pathways can enhance tumor 
cell survival, invasion, and metastasis. In cancerous skin lesions, 
mechanosignaling pathways play a role in promoting cancer cell 
migration, invasion, and the remodeling of the tumor microenvi-
ronment [32]. Altered mechanosignaling can lead to heightened 
activation of focal adhesion complexes, increased contractility, and 
cytoskeletal reorganization, thereby facilitating tumor cell invasion 
through the ECM [33].

Increased collagen stiffness has been reported to increase FA 
complexes which provides sufficient traction for cell spreading, 
proliferation, and migration, ultimately leading to enhanced mech-
anotransduction and dramatic effects on cellular response [33]. 
Moreover, dysregulated mechanosignaling in cancer cells can in-
fluence intercellular communication, angiogenesis, and immune 
responses within the tumor microenvironment [33].

Furthermore, distinctions in fibrosis mechanotransduction 
pathways between cancerous and non-cancerous skin lesions are 
evident. In non-cancerous skin lesions, fibrosis is a tightly regulat-
ed process that aids in tissue repair. Mechanosignaling pathways 
involved in fibrosis, such as TGF-β/Smad and YAP/TAZ, are critical 
for activating and differentiating fibroblasts into myofibroblasts, 
leading to collagen production, tissue remodeling, and associations 
with cancerous lesions [12].

In cancerous skin lesions, fibrosis is often linked to tumor 
progression and unfavorable clinical outcomes. Fibrosis mecha-
notransduction pathways in cancer may encompass interactions 
among Cancer-Associated Fibroblasts (CAFs), tumor cells, and the 
ECM. CAFs can exhibit enhanced contractility and altered mechano-
signaling responses, resulting in excessive collagen deposition and 
tissue stiffening, thereby contributing to tumor progression and 
treatment resistance.

Understanding the disparities in mechanotransduction path-
ways between cancerous and non-cancerous skin lesions is of para-
mount importance in developing targeted therapeutic approaches. 
Targeting specific mechanosignaling molecules or pathways in-
volved in cancer-associated fibrosis offers novel prospects for in-
tervention to curb tumor growth, invasion, and metastasis. Further 
investigations are warranted to elucidate the precise mechanisms 
and identify potential therapeutic targets within the fibrosis mech-
anotransduction pathways in cancerous skin lesions, ultimately en-
hancing patient outcomes and treatment strategies.

Mechanotransduction in Fibrosis and Wound Healing: Epider-
mal Growth Factor (EGF) and Fibroblast Growth Factor Beta 
(FGF-β)

Mechanotransduction, the process by which mechanical forc-

es are converted into biochemical signals, plays a pivotal role in 
wound healing and fibrosis. Among the many molecular players, 
epidermal growth factor (EGF) and fibroblast growth factor beta 
(FGF-β) stand out as key regulators [5]. EGF released by platelets 
is involved in cell proliferation, migration, and tissue regeneration, 
making it vital during the initial phases of wound healing [5]. FGF-β, 
on the other hand, contributes to angiogenesis, stimulating the for-
mation of new blood vessels crucial for delivering oxygen and nu-
trients to the healing tissue.

However, beyond growth factors like EGF and FGF-β, ion chan-
nels and receptors for growth factors and hormones also contribute 
significantly to this process, acting as sensors for mechanical cues, 
initiating signaling cascades that impact cell behavior [5]. More-
over, receptors for growth factors and hormones, including those 
found on MSCs, play essential roles in transducing mechanical 
stimuli into biochemical signals, influencing cellular activities cru-
cial for healing and tissue regeneration [32]. MSCs themselves have 
been shown to release FGF-β during the healing process, contribut-
ing to the intricate network of signaling molecules that regulate tis-
sue repair and regeneration [33]. Understanding these multifacet-
ed interactions among ion channels, receptors, growth factors, and 
the role of MSCs in releasing FGF-β enhances our comprehension 
of the complex mechanisms underpinning effective wound healing 
and tissue regeneration.

Mechanical forces can induce the release of growth factors from 
inflammatory cells; however, prolonged forces can lead to chron-
ic inflammatory responses, resulting in fibrosis and excessive scar 
formation [34]. 

In the context of skin cancer, dysregulation of EGF and FGF-β 
signaling pathways can occur. Tumor cells often overexpress 
growth factor receptors, that can be stimulated by mechanical 
forces and other cell surface recptors leading to uncontrolled cell 
division and migration [35]. This can disrupt the orderly process 
of wound healing and promote tumor invasion. Understanding the 
interplay between these growth factors and mechanotransduction 
pathways can facilitate understanding of how cancer lesions seize 
these mechanisms for their benefit.

The Role of Beta-Catenin and WNT Signaling in Wound Healing 
and Fibrosis

To advance our understanding of mechanotransduction in the 
context of wound healing and fibrosis, a meticulous examination of 
the roles played by beta-catenin and the WNT signaling pathway 
is imperative. These molecular components are pivotal contrib-
utors to the intricate network of mechanotransduction processes 
and warrant substantial consideration within our comprehensive 
review.

Beta-catenin, a multifunctional protein deeply involved in cell 
adhesion and transcriptional regulation, assumes a multifaceted 
role in mechanotransduction [36]. In the context of wound healing, 
beta-catenin operates as a molecular switch, facilitating the tran-
sition from an epithelial to a mesenchymal state, a transition com-
monly denoted as EMT [36]. EMT holds a fundamental role in the 
migration and proliferation of cells during tissue repair. Moreover, 
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the influence of beta-catenin on cell-cell adhesion and signaling 
substantially impacts tissue regeneration by meticulously regulat-
ing cellular responses to mechanical cues.

Similarly, the WNT signaling pathway, with its intricate network 
of ligands and receptors, is intricately intertwined with mechano-
transduction.

Throughout the wound healing process, WNT signaling effec-
tively orchestrates various cellular behaviors, including cell migra-
tion, proliferation, and differentiation [37]. Furthermore, this path-
way interfaces with beta-catenin, operating as a potent regulator of 
EMT and fibrosis. While these mechanotransduction actors are fun-
damental in normal wound healing, their dysregulation can yield 
profound disparities in fibrosis associated with skin cancers [38]. 
Within the cancer context, mutations in beta-catenin or aberrant 
activation of the WNT signaling pathway can precipitate uncon-
trolled cell proliferation, invasion, and metastasis. These alterations 
disrupt the finely tuned mechanisms of mechanotransduction that 
govern tissue homeostasis and repair, ultimately contributing to 
the pathogenesis of cancer [38].

As we delve deeper into the ramifications of beta-catenin and 
WNT signaling on mechanotransduction in wound healing and fi-
brosis, it becomes increasingly apparent that these molecular en-
tities play a central role in orchestrating cellular responses to me-
chanical stimuli. Understanding the intricate ways in which they 
influence these processes gives invaluable insights into both nor-
mal and pathological tissue repair. Furthermore, it unveils novel av-
enues for targeted interventions. By crafting therapeutic strategies 
designed to modulate beta-catenin and WNT signaling, we have the 
potential to enhance wound healing and mitigate fibrosis associat-
ed with skin cancers. This knowledge holds a prominent position 
in translational research, harboring the potential to bridge the gap 
between fundamental mechanotransduction science and enhanced 
clinical outcomes for patients with a diverse array of skin condi-
tions.

Additionally, the application of Hippo pathway inhibitors to 
treat BCCs that do not heal after excision serves as a promising ex-
ample of how comprehending mechanotransduction can lead to in-
novative clinical interventions, particularly through the inhibition 
of WNT signaling [39].

Conversion of E-Cadherin to N-Cadherin in Focal Adhesions

Another critical aspect of mechanotransduction in wound 
healing and its relation to skin cancer involves the conversion of 
E-cadherin to N-cadherin within focal adhesions [40]. E-cadherin is 

typically responsible for maintaining cell-cell adhesion in epithelial 
tissues. During wound healing, E-cadherin can be downregulated, 
leading to the loss of epithelial characteristics and enabling cells to 
adopt a more migratory, mesenchymal phenotype - a hallmark of 
EMT [40]. N-cadherin, associated with a more motile phenotype, 
can then take its place, facilitating cell movement during tissue re-
pair [40].

In skin cancer, this process can become dysregulated, contrib-
uting to increased tumor cell mobility and invasion. The switch 
from E-cadherin to N-cadherin in focal adhesions allows cancer 
cells to detach from the primary tumor site and infiltrate neighbor-
ing tissues [41]. Investigating the precise mechanisms behind this 
cadherin switch within focal adhesions is crucial to understanding 
how cancer lesions manipulate mechanotransduction pathways to 
drive their behavior.

Collagen Mutations and Integrin Binding

Collagen mutations also warrant attention when considering 
their potential impact on mechanotransduction pathways in wound 
healing and skin cancer. Collagen is a major component of the ECM 
and serves as a substrate for integrin binding - a key event in mech-
anotransduction [42]. Integrins are cell surface receptors that in-
teract with the ECM, transmitting mechanical signals into intracel-
lular responses [42].

In cases where collagen mutations affect the binding affinity 
of integrins, this can disrupt the formation of focal adhesions and 
downstream mechanotransduction processes [43]. Such disrup-
tions may downregulate cell-mediated mechanotransduction path-
ways, impairing the ability of cells to sense and respond to mechan-
ical cues in the microenvironment [43]. This can have implications 
for both normal wound healing, where proper ECM remodeling is 
crucial, and skin cancer, where changes in the tumor microenviron-
ment can influence tumor progression and metastasis (Table 2).

Experimental Models for Fibrosis

Experimental models play a vital role in studying fibrosis in 
wound healing, allowing researchers to investigate cellular and 
molecular processes, test potential therapeutic interventions, and 
explore the efficacy of targeted approaches. Various animal models, 
such as mice, rats, and pigs, have been utilized to simulate wound 
healing and fibrotic responses [44]. In-vitro models using cell 
cultures and tissue engineering techniques also provide valuable 
insights into specific cellular interactions and signaling pathways 
involved in fibrosis [45].

Table 2: Overview of Mechanisms and Molecular Players Shaping Wound Healing and Fibrosis. 

Component Inflammatory Phase Granulation Phase   Remodeling Phase 

Beta-catenin (Wound Healing) [36] Modulates initial cell adhesion and 
signaling. 

Influences cell migration, prolifera-
tion, and differentiation.

Regulates cell signaling and extra-
cellular matrix (ECM) remodeling.   

WNT Signaling (Wound Healing) 
[36]

Modulates cell behavior: cell migra-
tion, proliferation, and differenti-

ation.

Orchestrates cellular processes in 
coordination with microenviron-

ment: migration, proliferation, and 
differentiation. 

Regulates epithelial-mesenchymal 
transition (EMT) and fibrosis.   
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MSCs (Mesenchymal Stem Cells) [6]
Modulate the immune response. Se-
crete growth factors and paracrine 

signals. 

Promote tissue regeneration and 
angiogenesis. Facilitate ECM depo-

sition and cell interactions. 

Contribute to collagen synthesis 
and tissue remodeling.     

M1 Macrophages [17] Promote bacterial clearance and 
early inflammatory response.  

Are involved in inflammation 
resolution. 

Regulate tissue repair and ECM 
remodeling.                                    

M2 Macrophages [18] Release anti-inflammatory cyto-
kines and growth factors. 

Contribute to collagen synthesis 
and remodeling of the ECM. 

Play a key role in ECM remodeling 
and tissue maturation.                      

Myofibroblasts [17] Contractile cells are involved in 
wound contraction.  

Contribute to tissue contraction and 
tensile strength.  

Influence tissue remodeling and 
wound closure.           

TGF-β (Transforming Growth Fac-
tor-beta) [21]

Regulates fibroblast activation and 
collagen synthesis.

Contributes to ECM production and 
tissue regeneration. 

Plays a crucial role in ECM remodel-
ing and fibrosis.

Knowledge Gaps and Further Investigations

Despite significant advancements in understanding fibrosis in 
wound healing, several knowledge gaps and areas for future re-
search remain. Further investigations are needed to unravel the 
precise mechanisms underlying EMT in regeneration, repair, and 
pathological tissue fibrosis. Additionally, elucidating the genetic and 
molecular alterations associated with fibrosis in wound healing, 
particularly in skin cancer, can aid in the development of targeted 
therapies and personalized treatment approaches. Moreover, there 
is a need to explore novel experimental models and techniques that 
more accurately recapitulate the complex microenvironment of fi-
brosis in wound healing.

In addition to the findings and implications discussed, it is im-
portant to consider the role of noninvasive tools in the study and 
clinical assessment of fibrosis in wound healing and cancer. One 
such tool is vibrational optical coherence tomography (VOCT). 
VOCT holds promise for noninvasive assessment and monitoring of 
fibrosis in wound healing and cancer [46]. It can provide real-time, 
three-dimensional imaging of tissue structures, allowing research-
ers and clinicians to visualize and analyze the collagen deposition, 
organization, and remodeling processes associated with fibrosis 
[46].

Additionally, VOCT’s molecular sensitivity enables the identifi-
cation and characterization of specific biomarkers and molecular 
alterations related to fibrosis, aiding in early detection and per-
sonalized treatment approaches [47]. The integration of VOCT into 
clinical practice can have significant implications, potentially offer-
ing an alternative to invasive procedures, while reducing patient 
discomfort and the risk of complications. VOCT’s ability to provide 
quantitative and objective measurements can enhance diagnostic 
accuracy and facilitate treatment decision-making. Moreover, the 
longitudinal monitoring capabilities of VOCT can enable the as-
sessment of treatment response and disease progression over time, 
guiding therapeutic interventions and optimizing patient outcomes.

Conclusion
Understanding the distinction between fibrosis in wound 

healing and cancer lesion fibrosis has significant implications for 
clinical management. It has the potential to aid in accurate diag-
nosis, appropriate treatment selection, and improved patient out-
comes. This knowledge can inform the development of targeted 
therapies to modulate fibrotic responses in wound healing, prevent 

excessive scarring, and promote optimal tissue regeneration. Ad-
ditionally, understanding the mechanisms underlying fibrosis in 
cancer lesions can guide the creation of therapeutic strategies to 
target the tumor microenvironment and mitigate the pro-fibrotic 
effects associated with cancer-associated fibroblasts. Furthermore, 
mechanotransduction plays a pivotal role in both wound repair and 
cancer-related fibrosis, as the process encompasses physical forces 
acting on cell surface mechanosensors that link mechanical impact 
to cytoskeleton structures. Mechanotransduction may activate in-
tracellular signaling cascades and yield pleiotropic mediators or 
engage developmental pathways with complex genetic programs 
and cellular outcomes.

Further research is needed to address the identified knowledge 
gaps and expand the understanding of fibrosis in wound healing 
and cancer. Future studies may focus on identifying the intricate 
cellular and molecular mechanisms underlying epithelial-mesen-
chymal transition in regeneration, repair, and pathological tissue 
fibrosis. Additionally, investigations into the genetic and molecular 
alterations associated with fibrosis in wound healing and skin can-
cer can provide insights into personalized treatment approaches 
and targeted interventions. The clinical relevance of this research 
lies in its potential to improve the management of fibrotic condi-
tions associated with wound healing and cancer. By elucidating the 
underlying mechanisms and identifying therapeutic targets, this 
knowledge can contribute to the development of innovative treat-
ments and interventions aimed at reducing scar formation, promot-
ing tissue regeneration, and improving the prognosis of patients 
with fibrotic disorders. By advancing the current understanding of 
fibrosis in wound healing and its association with cancer, we can 
pave the way for more effective clinical management and improved 
patient outcomes.
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