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Background
*Scar formation is a normal outcome of wound healing but frequently results

in hypertrophic scars or keloids
*These scars cause functional limitation, pain, and aesthetic morbidity
*Mechanical forces are now recognized as critical regulators of fibrosis
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Key Takeaways

*Mechanical forces are primary drivers of scar biology
*Multiple pathways are recognized to influence this process
*Fibrosis results from force — signal — gene expression — fibroblast overactivation
*Modulating mechanotransduction can:
*Reduce pathological scarring
*Improve functional and cosmetic outcomes
Shift healing toward regeneration
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Abstract

Scar formation is the natural consequence of wound healing, yet in many cases it leads to
hypertrophic scars or keloids that impair function, create aesthetic concerns, and diminish
quality of life. While biochemical signaling pathways in wound repair have been well
characterized, mechanical forces are now recognized as equally crucial regulators of
cutaneous fibrosis. This narrative review utilized a structured literature search of PubMed
and Google Scholar databases to evaluate experimental, translational, and clinical evidence
regarding the role of mechanical tension and mechanotransduction in wound healing and
pathological scar formation. Relevant studies investigating biomechanical signaling
pathways, fibroblast activation, extracellular matrix remodeling, and therapeutic
tension-modulating strategies were identified through title, abstract, and full-text review.
We outline the four phases of wound repair and highlight how aberrant mechanical inputs
promote persistent inflammation, fibroblast overactivation, excessive extracellular matrix
deposition, and impaired collagen remodeling. Key mechanotransduction pathways,
including  focal (FAK)-extracellular  signal-regulated
(ERK)-monocyte chemoattractant protein-1 (MCP-1), transforming growth factor-beta
(TGF-B)/Smad, platelet-derived growth factor (PDGF)-PI3K/AKT and mitogen-activated
protein kinase (MAPK), Yes-associated protein (YAP)/transcriptional coactivator with
PDZ-binding motif (TAZ), and Wnt/B-catenin, are discussed with emphasis on their roles
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in myofibroblast differentiation and fibrosis. Translational advances including stress-shielding devices,
force-modulating closure techniques, and topical or intradermal inhibitors of FAK or YAP demonstrate how targeting
mechanical pathways can significantly reduce scar formation in animal models and preclinical studies. As
mechanical biology continues to intersect with regenerative medicine, therapeutics that modulate tension or
interrupt profibrotic mechanotransduction hold promise for shifting cutaneous repair from a fibrotic toward a
regenerative, scar-minimizing paradigm.

INTRODUCTION

Wound healing is a complex and dynamic biological process through which the body restores tissue integrity
following an insult or injury, with scar formation as the natural endpoint. Although scarring is vital for
quickly closing wounds and re-establishing the skin’s protective barrier, it often leads to fibrotic tissue that
lacks the integrity and functionality of healthy skin. This can result in functional limitations with restricted
mobility of the tissue, aesthetic issues, and emotional distress for patients!'’. Beyond their physical
manifestations, abnormal scars can impose substantial psychosocial burden, negatively affecting self-esteem,
body image, interpersonal relationships, and social perception. Patients frequently report emotional distress,
social anxiety, and reduced quality of life related to the visibility and chronicity of these lesions. Given the
high prevalence of pathological scarring and the limitations of existing therapies, understanding the
molecular and biomechanical mechanisms underlying fibrosis remains essential for the development of more
effective preventative and therapeutic strategies.

Following a traumatic insult that disrupts skin integrity, the normal process of cutaneous wound repair
engages a myriad of cell types in a strictly coordinated fashion. This process involves four primary phases:
hemostasis, inflammation, proliferation, and remodeling. Each step is regulated by a cascade of cellular and
molecular events and mobilizes various cell types, including platelets, immune cells, fibroblasts,
macrophages, and keratinocytes, to repair damaged tissue and restore skin function"*. Abnormal scar
development, such as hypertrophic scars and keloids, is marked by prolonged inflammation, overactive
fibroblasts, excessive collagen buildup, and disrupted remodeling of the tissue matrix'*. Factors such as
mechanical stress and skin tension are known to significantly influence these changes”'. Gaining deeper
insight into the biology of scar formation is essential for designing strategies that reduce or prevent
problematic scarring and enhance healing outcomes, particularly given its significant psychosocial impact,
including effects on self-esteem, body image, and social perception, which can substantially impair patients’
quality of life. This review provides a translational overview of current evidence surrounding mechanical
tension, mechanotransduction pathways, and emerging tension-modulating therapies in hypertrophic and
keloid scar formation. By integrating preclinical and early clinical evidence, this manuscript highlights
mechanical signaling as both a key driver of fibrosis and a promising therapeutic target for scar prevention.

Throughout this review, several biomechanical terms are used that warrant clarification. Mechanical forces is
the broadest term and encompasses all physical stimuli acting on tissues, including tension, compression,
shear stress, and strain. Skin tension refers to the intrinsic resting mechanical stress present within the skin
as a result of collagen fiber organization, elastin architecture, and regional biomechanical properties, often
reflected by Langer’s lines. In contrast, mechanical tension refers to externally applied or dynamically
generated tensile forces acting on tissues during movement, wound contraction, surgical closure, or tissue
expansion. Although multiple forms of mechanical force can influence cellular behavior, the majority of
evidence linking biomechanics to pathological scar formation has focused on tensile loading and
tension-mediated mechanotransduction. Therefore, the term “tension” is used throughout this review to
describe the predominant mechanical stimulus implicated in hypertrophic scar and keloid development.
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METHODS

This narrative review was conducted through a comprehensive literature search of PubMed and Google
Scholar databases to evaluate current evidence regarding the roles of mechanical forces and
mechanotransduction in wound healing and pathological scar formation. The literature search was
performed between January 2025 and March 2025 and mostly focused on reviews from the last 5 years,
however, some older data that strongly relates to the review were also included.

Search terms included combinations of keywords and Medical Subject Headings (MeSH) terms such as “scar
formation”, “wound healing”, “mechanical forces”, “mechanotransduction”, “skin tension”, “hypertrophic
scar”, “keloid”, “fibrosis”, “focal adhesion kinase”, “YAP/TAZ”, “transforming growth factor-beta”, and
“extracellular matrix”. Boolean operators (AND/OR) were utilized to refine the search strategy and identify

studies relevant to mechanobiology and scar pathophysiology.

Articles were screened initially by title and abstract review, followed by full-text assessment when
appropriate. Studies were included if they investigated the relationship between biomechanical forces and
wound healing, hypertrophic scar formation, keloid development, fibroblast mechanotransduction,
extracellular matrix (ECM) remodeling, or therapeutic strategies targeting mechanical signaling pathways.
Both experimental and clinical studies were considered eligible for inclusion. Foundational mechanobiology
studies and relevant review articles were additionally included to provide historical context and support
conceptual discussion.

Studies were excluded if they were unrelated to cutaneous wound healing, focused solely on non-skin fibrotic
diseases, lacked mechanobiological relevance, were non-English publications, or consisted of conference
abstracts without sufficient methodological detail. Preference was given to peer-reviewed studies with clear
experimental methodology and translational relevance.

The majority of included studies consisted of preclinical investigations utilizing murine models, porcine
models, in vitro fibroblast studies, and mechanobiological experiments evaluating tensile stress and
fibrosis-related signaling pathways. Due to the limited availability of high-quality randomized human clinical
trials in this field, human evidence included observational studies, early clinical trials, and translational
investigations involving scar reduction therapies and tension-offloading devices.

Because of heterogeneity in study design, experimental models, and reported outcomes, a quantitative
meta-analysis was not performed. Instead, findings were synthesized narratively with emphasis placed on
mechanotransduction pathways, biomechanical regulation of fibrosis, and translational therapeutic
applications.

ETIOLOGY AND EPIDEMIOLOGY OF PATHOLOGIC SCARS

Pathological scar formation represents a significant burden to the global healthcare system, resulting in
repeated clinical interventions, long-term patient effects, and billions of dollars spent yearly!. Two of the
most common types of pathological scars are hypertrophic scarring (HTS) and keloid scars. While similar in
origin and development, several key differences exist, including scar extent, causality, and genetic
predisposition'. Increasing evidence suggests that mechanical tension and biomechanical forces play an
important role in the development and progression of both scar types. While HTS formation is often
observed in burn victims (who suffer from HTS rates up to 70% when affected by deep burns), keloid scars
are more commonly observed in adolescent populations, which may imply a link to higher hormone levels
and increased skin tension during periods of rapid growth!”*. Additionally, the highest rates of keloid scar
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formation are seen in individuals living in equatorial regions, especially in African, Asian, and Latin
American countries"”’. While it is unclear to what degree this increased rate is due to increased sun and UV
exposure in these areas, unequal access to treatments, genetics, or differences in skin biomechanics, these
remain established epidemiologic factors'”.

Keloids are a form of abnormal or pathological scarring that arise when the wound-healing pathway becomes
dysregulated. Specifically, keloids are a benign fibroproliferative disorder in which excessive amounts of
collagen are produced by cells during the wound-healing process, resulting in an enlarged scar that often
extends beyond the original borders of the wound">"". The keloid scar is characterized by an exaggerated
macroscopic appearance as well as histology revealing a random meshwork of collagen bundles, which
differs from the linear collagen arrangement of regular scarring">"”'. Keloids also frequently occur in regions
of elevated cutaneous tension, including the chest, shoulders, upper back, and joints, supporting the theory
that mechanical stress contributes to their pathogenesis. The exact pathogenesis of keloid scars remains
unclear, with various theories proposed and researched, including sustained fibroblast activation, disordered
epithelial-mesenchymal transition, excessive angiogenesis, and aberrant mechanotransduction signaling!*'*..
Genetics, age, and gender predispositions towards keloid formation have been identified as well"”. Keloid
scars can be quite burdensome for those affected, as they are both aesthetically inferior and often
uncomfortable or painful. Keloids are a challenging clinical obstacle to overcome for physicians, as they are
often resistant to therapeutic options and have high rates of recurrence after being treated"®.

Similarly, a hypertrophic scar arises when the normal wound healing process becomes exaggerated and an
excess amount of collagen is deposited, leading to a raised and thickened scar!"?!. Unlike a keloid, a
hypertrophic scar remains within the confines of the original wound boundary and does not spread into
surrounding healthy skin®". Hypertrophic scars are especially common in wounds subjected to prolonged
tension, repetitive motion, or delayed healing, such as burns over joints or highly mobile regions of the body.
The result of such scarring is often cosmetically inferior and results in patient dissatisfaction, often driving
individuals to seek various forms of treatment to improve the appearance of their scars. Various
interventions are currently in use to combat HTS, including surgical scar revision, corticosteroid injections,
topical treatments, laser therapy, and emerging tension-reducing therapies® .

Certain anatomic regions are more prone to hypertrophic scar and keloid formation, which may indicate the
mechanism of scar formation. Areas like the sternum, shoulders, upper back, and joints develop scar tissue
more than other parts of the body. This is of particular interest because these locations are exposed to
elevated mechanical tension, repetitive stretching, and greater levels of mobility, all of which may contribute
to prolonged inflammatory signaling and abnormal collagen deposition during healing.

While the exact mechanisms underlying pathological scar formation remain incompletely understood, the
normal wound healing pathway is likely affected by both intrinsic cellular abnormalities and extrinsic
mechanical forces. By investigating the role of various cellular signaling pathways and how they can be
manipulated, as well as the external forces that act upon the overall process, clinicians and scientists may find
actionable targets to reduce or entirely prevent pathological scarring. Success in this field, whether partial or
complete, will reduce the impact of these prominent scars on patients and remove the burden of treatment
and revision from healthcare professionals. In this manuscript, we discuss the role of mechanical forces in
wound healing and scar formation as well as current and developing therapeutic options.

STAGES OF WOUND HEALING

Wound healing proceeds through four major stages: hemostasis, inflammation, proliferation, and
maturation/remodeling. Although each phase contributes to tissue repair, mechanical tension primarily
exerts its effects during the proliferative and remodeling stages, where it influences fibroblast activity, ECM

deposition, wound contraction, and scar formation.
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The proliferative phase of wound healing is strongly influenced by mechanical tension and
mechanotransduction during granulation tissue formation, fibroblast activation, and wound contraction*..
During this stage, growth factors such as transforming growth factor-beta (TGF-p) and platelet-derived
growth factor (PDGF) recruit and activate fibroblasts within the wound bed”**°\. Fibroblasts proliferate and
synthesize components of the provisional ECM, including type III collagen, proteoglycans, and
glycosaminoglycans, which provide structural support and a scaffold for cellular attachment and
migration”?*. As mechanical forces accumulate within the healing tissue, fibroblasts sense and respond to
matrix stiffness and tensile stress through integrins and associated cytoskeletal signaling pathways. These
biomechanical cues contribute to fibroblast differentiation into contractile myofibroblasts'*2.

The activation of signaling pathways such as TGF-B/Smad, PDGF/AKT, and PDGF/mitogen-activated
protein kinase (MAPK) promotes myofibroblast differentiation, characterized by increased expression of
a-smooth muscle actin (a-SMA) and enhanced synthesis of ECM proteins including type I and III collagen,
fibronectin, and hyaluronic acid'?”*****?/, Myofibroblasts generate contractile forces through actin-myosin
interactions that are mechanically transmitted to the ECM via focal adhesions. These forces facilitate wound
contraction, physically reducing wound size and drawing wound edges together”**'. Mechanical tension
further reinforces myofibroblast persistence and activity, creating a feedback loop in which increased tissue
stiffness promotes continued cellular contraction and ECM deposition.

Mechanical tension also plays a critical role during the maturation, or remodeling, phase of wound
healing"”**. During this stage, the initially deposited type III collagen is gradually degraded by matrix
metalloproteinases (MMPs) and replaced with stronger, more organized type I collagen”**¥. Importantly,
collagen fibers align along lines of mechanical stress, thereby improving the tensile strength and structural
integrity of the repaired tissue. As remodeling progresses, fibroblast density and vascularity decrease, and the

36,38,39]

wound transitions into a less cellular and more mechanically stable scar!

The balance of mechanical signaling during remodeling is essential for normal scar formation. Under
physiologic conditions, scar tissue matures into a relatively flat and pliable structure composed of organized
collagen bundles'***'!. However, excessive or prolonged mechanical tension can dysregulate
mechanotransductive signaling pathways, contributing to pathological scarring such as hypertrophic scars
and keloids!"****»*?]_ Elevated tensile forces promote sustained fibroblast and myofibroblast activation,
excessive collagen synthesis, and reduced ECM degradation, ultimately leading to abnormal scar
accumulation and tissue stiffness.

MECHANICAL FORCES

As previously mentioned, several physiological and biomechanical factors drive the normal process of
wound healing and scar formation. Among these, mechanical forces and tension have long been recognized
as crucial contributors, with increasing research over recent decades elucidating their role in scar biology.

Langer’s lines are a historic representation of the natural patterns of tension in human skin, arising from the
orientation of collagen fibers and fibroblast activity. Surgical incisions aligned with these lines are exposed to
less stress and are traditionally believed to heal with less obtrusive scars, while those placed perpendicular to
the lines are more likely to widen and form prominent scars'*!. Karl Langer, who first described these tension
lines, mapped them by puncturing cadaver skin and noting how circular wounds elongated into clefts that
reflected the underlying collagen alignment. His topographical findings established that skin mechanics are
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Figure 1. Cellular signaling pathways in mechanotransduction in scar formation. Adapted from Berry et al., Frontiers in Surgery, 202349,
licensed under CC BY 4.0. FAK: Focal adhesion kinase; MAPK: mitogen-activated protein kinase; ROCK: Rho-associated coiled-coil
containing protein kinase; YAP: Yes-associated protein; TAZ: transcriptional coactivator with PDZ-binding motif; TGF-: transforming
growth factor-beta; Smad: suppressor of mothers against decapentaplegic homolog.
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closely tied to dermal structure, with collagen organization dictating how skin responds to injury and
surgical manipulation. These early insights laid the foundation for the modern surgical approach to creating
incisions, where respecting Langer’s lines can reduce scar formation and wound complications. Building on
this, surgeon Dr. Robert Wray later quantified the relationship between wound closure force and scar width,
showing that both intrinsic skin tension and external mechanical forces play crucial roles in healing and scar
development!*’. Using a porcine model, outcomes of wound healing under artificially applied tension,
normal tension, and tension-offloading were recently compared. Remarkably, tension-offloading reduced
histologic scar area six-fold compared to controls and nine-fold compared to the applied tension group'.
This was further investigated in human trials, which showed that stress shielding resulted in decreased scar
formation when compared to controls. Following these small human clinical studies, this idea of offloading
mechanical tension has been utilized in surgical practice through the use of wound support devices such as
steri-strips, as well as through specific techniques in plastic and reconstructive surgery such as the Z-plasty
incision"”**,

The influence of mechanical forces on scar formation is a result of the aggregation of multiple pathways, not
any single signaling cascade [Figure 1]. Through the conversion of physical tension into cellular signals, these
pathways will activate various cell types that contribute to the formation of a profibrotic state. They
collectively regulate fibroblast differentiation, collagen synthesis, and ECM remodeling during scar
development.



Sheckley et al. Plast Aesthet Res. 2026;13:19 Page 7 of 16

At the cellular level, cells are embedded within a protein-dense structure called the ECM, which offers
mechanical support as well as facilitates cell-to-cell communication. The ECM is integral to wound healing,
playing a central role in modulating signaling pathways and regulating key cellular behaviors such as
proliferation, migration, and survival. Although composed of many different proteins, collagen and elastin
are among the most prevalent components of the ECM"™). Type I and type III collagen are arranged in an
irregular, basket-weave-like architecture. This disordered structure imparts tensile strength and rigidity to
the skin, enhancing its ability to resist permanent deformation and tearing. In contrast, elastin fibers are
extensively cross-linked and provide the skin with its elastic recoil, allowing it to stretch and return to its
original shape after mechanical stress is removed. Together, collagen and elastin form intertwined fibrous
networks that underlie the characteristic “J-shaped” stress-strain response of skin when subjected to uniaxial
tension"*?!. This response includes three distinct phases: (i) an initial low-stiffness region where elastin fibers
align with increasing load; (ii) a linear stiffening phase as collagen fibers straighten and bear load; and (iii) a
high-strain region culminating in tissue deformation, rupture, and scarring”®. These fibrous proteins interact
with cells primarily through integrins, which are transmembrane heterodimeric receptors that serve as
conduits for bidirectional signal transmission between the cell’s exterior and its internal environment.
Integrins physically link the ECM to the actin cytoskeleton inside the cell and are central to the structure and
function of Focal Adhesions"”**°.

MECHANOTRANSDUCTION AND OTHER SIGNALING PATHWAYS IMPORTANT TO FIBROSIS
Focal adhesion kinase

Focal Adhesions are multiprotein complex structures that have garnered significant attention in the study of
mechanotransduction due to their ability to convert mechanical stimuli into biochemical signals. When
external forces are applied to the ECM, Focal Adhesions translate these mechanical inputs into intracellular
responses, activating signaling cascades that promote inflammatory cell recruitment, keratinocyte
movement, angiogenesis, elevated collagen production, and profibrotic gene expression via Yes-associated
protein (YAP) [Figure 2]. All of these processes combine to contribute to scar formation. In a genome-wide
analysis of murine cells subjected to mechanical force, focal adhesion kinase (FAK) was identified to be a
pivotal mechanotransduction regulator that orchestrates fibrotic signaling via the extracellular
signal-regulated kinase (ERK) pathway and promotes monocyte chemoattractant protein-1 (MCP-1)
expression. FAK itself is a cytoplasmic tyrosine kinase that serves as an important mediator in several
pathways"”. Increased mechanical tension across a wound has been shown to markedly elevate FAK
activation (expressed via autophosphorylation at Tyr-397) and resultant downstream signaling through ERK
to affect collagen production®®. The effects of FAK modulation are reflected both at a molecular and
macrocosm level, with outcomes such as changes in functional biomechanical properties including tissue
elasticity and compliance™.

Deletion of FAK in fibroblasts led to a marked reduction in inflammation, fibrosis, and myofibroblast
activation, demonstrating the fibroblast-specific requirement for FAK in scar progression. Inhibition of FAK
also activated an AKT-mediated regenerative pathway [Figure 2]. Furthermore, pharmacological inhibition
of FAK in both in vitro human fibroblast cultures and in vivo animal models significantly suppressed MCP-1
secretion, inflammatory cell infiltration, ECM deposition, and subsequent scar formation. Collectively, these
findings underscore the central role of the FAK-ERK-MCP-1 axis in mechanically induced fibrosis and
suggest that targeting FAK may offer a promising therapeutic avenue to mitigate pathologic scarring and
promote regenerative healing™.

Additionally, targeting FAK may improve scar formation by other cellular processes as well, such as through
their interaction with myeloid cells. A recent study by co-authors Chen et al., based on animal models, found
that beyond the structural cells, immune cells are also mechanosensitive to external stimuli’. This research
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Figure 2. Schematic representation of FAK-dependent mechanotransduction and the effect of mechanical stress. (A) showing the
activation of FAK-Y AP signaling that promotes fibrosis (B) showing FAK inhibition and the activation of AKT-mediated induction of EGR1
and MFGES8, promoting regenerative repair. Adapted from Chen et al., Nature Communications, 2021, licensed under CC BY 4.0. 1:
Increased/upregulated; |: decreased/downregulated. ECM: Extracellular matrix; EGF: epidermal growth factor; EGFR: epidermal growth
factor receptor; FAK: focal adhesion kinase; FAKi: focal adhesion kinase inhibitor; aSMA: alpha-smooth muscle actin; YAP: Yes-associated
protein; AKT: protein kinase B; EGRT: early growth response 1, MAPK: mitogen-activated protein kinase; ROCK: Rho-associated coiled-coil
containing protein kinase; Rac: Ras-related C3 botulinum toxin substrate; COL1AT1: collagen type | alpha 1 chain; COL3AT: collagen type IlI
alpha 1 chain; POSTN: periostin; RUNXT: runt-related transcription factor 1, MFGES8: milk fat globule-EGF factor 8, MMP1: matrix
metalloproteininase 1, MMP3: matrix metalloproteininase 3.

demonstrated that a subset of monocytes/macrophages sense the mechanical state of the environment and
can drive fibrosis in the tissue. The mechanotransduction pathways via FAK in these immune cells are
shown to regulate their differentiation, and targeting these pathways or recruiting these immune cells may
reduce fibrosis'*”. Chen and colleagues explored how myeloid cells sense and respond to mechanical cues to
regulate wound healing. The distinct mechanoresponsive myeloid subpopulations in both scars and
unwounded skin that contribute to fibrotic outcomes were first identified. After applying exogenous
mechanical strain in vivo and in vitro, it was found that selectively inhibiting myeloid mechanosignaling via
the FAK pathway reduced the profibrotic myeloid subsets to promote native, anti-inflammatory populations.
In wild-type mice, mechanically strained wounds produced pronounced scar formation with collagen fibers
that were longer and highly aligned compared to unstrained controls. In contrast, myeloid-specific FAK
knockout mice exhibited significantly narrower scars with shorter, more randomly organized collagen fibers
resembling the natural basket-weave architecture of healthy skin'*”.

Targeting FAK and the associated signaling pathways have also been seen with prior use of FAK inhibitors
(FAKI), which have shown some promising results'®’. In an animal study by Ma et al., FAKI were incorporated
into a dermal-like pullulan-collagen hydrogel matrix and showed optimistic results with murine excisional
and burn wound models'®. Small molecule FAKIs, such as VS-6062, were used originally in solid tumors
but discontinued as antitumor agents due to systemic side effects when administered orally. However,
intradermal administration of this molecule in small wounds as well as topical administration in larger
wounds have shown benefits of reducing scar formation. Additionally, rapid and sustained release
mechanisms of these molecules topically have shown promising use with burns and wounds that require
more frequent dressing changes as well as splinted wounds!**’. FAKI hydrogels were also studied in
preclinical settings while utilizing split thickness skin grafts (STSG) following burns. STSGs are at risk of
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HTS and contracture with enhanced fibroproliferative and inflammatory factors and upregulated
mechanotransduction pathways!*”. In this study, FAKI was shown to reduce scar contraction and improve
the biomechanical properties in STSG animal models compared to non-treated wounds'®”. Ultimately, FAKIs
have shown overall faster wound repair and attenuation of scar formation, while also producing structurally
stronger regenerated skin'*”).

Other pathways of interest

Another seemingly important pathway for fibrogenesis and scar formation that is affected by mechanical
forces is TGF-B/Smad. Transforming growth factor-p1 (TGF-p1) is a cytokine ligand that is expressed in
states of inflammation by damaged tissue, causing receptor activation and downstream release of Smad
transcriptional complexes that translocate and stimulate gene transcription'® . As a result, fibroblasts are
directly activated to produce collagen as well as induce differentiation into myofibroblasts'*>**. Mechanical
stress seems to have a role in this process: increased tensile force on myofibroblasts and ECM can release
additional TGF-B1 and contribute to a positive feedback loop that results in excessive scar tissue
formation'*. TGF-B has also been shown to inhibit fibroblast/myofibroblast apoptosis as well as increase
proliferation, resulting in sustained production of ECM proteins and superabundant scarring'””.

Another canonical molecular pathway for scar tissue formation that is potentiated by mechanical stress
involves PDGF, a signaling protein that plays a significant role in normal wound healing. PDGF is directly
involved with initiation of downstream signaling cascades that result in fibroblast chemotaxis and
proliferation, stimulation of ECM protein production, and differentiation into myofibroblasts”*”*.. A number
of additional pathways are actuated by PDGF signaling. The PI3K/AKT pathway drives cell survival and
collagen/fibronectin synthesis via mTOR-dependent translation”"”®. The MAPK pathway functions via the
RAS/RAF/MEK/ERK cascade, a signaling module that serves to regulate fibroblast proliferation,
myofibroblast differentiation, and ECM gene expression”**". There is also significant cross-talk between
these and other related pathways, leading to a complex environment with multiple levels of input. While
PDGF expression normally peaks early in the wound-healing process, sustained production is a hallmark of
dysregulated scarring!*7##>%,

Another notable player in the signaling cascade downstream from FAK is the YAP. When mechanical stress
is detected by mechanosensitive ion channels, this leads to calcium influx and subsequent nuclear
translocation of YAP [Figure 2]. This YAP activation has been shown to promote the transcription of
profibrotic genes and stimulate ECM production, as demonstrated by hypertrophic scars in animal models.
Inhibition of YAP, either pharmacologically or genetically, reduces scar formation and shifts wound healing
toward a regenerative phenotype. This was seen in a co-authored study by Mascharak et al., which showed
that by inhibiting the YAP mechanotransduction pathway in large animal models, fibroblast dynamics were
altered”™. The single use of Verteporfin, a pharmacological YAP inhibitor, following an injury was shown to
reduce scar formation and restore tissue architecture’®. Additional YAP inhibition was achieved through
transgenic YAP knockout. Focusing on fibroblast subpopulations such as Engrailed-1 lineage positive and
negative cells, inhibition of the YAP pathway as a means to block mechanotransduction signaling led to
promotion of a more regenerative wound healing response that resulted in decreased fibrogenesis and
scarring”®. Further work on this topic elucidated the role of YAP signaling and mechanotransduction in the
scarring process: by studying transcriptional and tissue structural changes resulting from YAP inhibition,
additional signaling pathways (Trps1 and Wnt) were identified as key to the promotion of regenerative
trajectories of wound healing rather than scar tissue formation®.

Another pathway is the Wnt/p-catenin pathway in cutaneous scar formation. The Wnt pathway has been
extensively studied over the past two decades, and it has emerged as another key element in the response of
wound healing and scar formation to mechanical stimuli. The Wnt pathway has been shown to induce
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dermal fibrosis by affecting the cellular pathways leading to fibrosis, especially fibroblasts®*. The enhanced
B-catenin has been shown to increase collagen I gene expression and proliferation which in turn leads to scar
formation®"). It is also worth noting that fibroblasts expressing increased amounts of p-catenin have been
found in hypertrophic scars and keloids"”?". The mechanical forces and stress play a role in increasing the
transcription and translocation of the f-catenin in the nucleus”**. Blocking of the activation of the Wnt
pathway in vivo studies has shown promising results in decreasing skin fibrosis'®.

All of these cellular and molecular pathways affected by mechanical forces represent potential targets for
pharmacological modulation in order to influence scar formation. Significant effort has gone into developing
and commercializing various products to positively influence the scarring process. The economic burden of
patients seeking scar revision far exceeds the cost of commercial products aimed at preventing or treating
scars. This disparity has driven this significant interest in developing more effective strategies to modulate
scar formation.

PRODUCT UTILIZATION OF MECHANOTRANSDUCTION IN SCAR FORMATION

Wong et al. studied the use of a stress shielding device around incisional scars!'*". The hypothesis was that
forming an elastomeric polymer shielding device would prevent excessive scar formation by altering the
mechanical environment of the wound. Red Duroc pigs were studied, which were considered ideal models to
mimic human hypertrophic scars, as well as early clinical human models to study the safety and efficacy of
these stress-shielding polymer devices. Excisional full-thickness wounds were created on red Duroc pigs and
followed for 8 weeks with the polymer device and were compared with the unshielded incisions. The results
showed decreased scar hypertrophy when using the shielding device, with characteristics similar to
unwounded skin. The device was then used on human patients following abdominoplasty and showed
similar results at 6-12 month follow-up with improved scar appearance judged by an expert panel®. FAK
inhibition has also demonstrated measurable improvements in the biomechanical properties of healed skin.
In preclinical wound models, FAKI treated wounds showed increased Young’s modulus and ultimate
measured tensile strength compared to controls, indicating improved tissue strength, structural integrity, and
resistance to mechanical stress'®”). YAP inhibition with verteporfin in large animal models demonstrated
measurable improvements in wound biomechanics. Verteporfin-treated wounds regained elasticity over time
and exhibited ultimate tensile strength and Young’s modulus comparable to unwounded skin by 16 weeks,
whereas control wounds remained stiffer and mechanically weaker, suggesting a more regenerative healing
phenotype'®.

Other products aimed at decreasing tension around wounds to reduce scar formation include surgical
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tapes”, force modulating tissue bridges (FMTB)"", and silicone gel sheets"””, as well as other surgical closure
techniques utilizing sutures to offload mechanical tension. Silicone gel sheets are one of the most widely used
adjuncts to reduce scars in hypertrophic scars and keloids since the 1980s. One way the silicone gel sheet
works is by hydration and occlusion of the incision. However, it is also thought that the silicone distributes
the forces from the wound borders into the sheet itself due to its elasticity. This reduces the mechanical
tension, thereby reducing collagen deposition and scar formation”. Additionally, targeting the subset of
immune mechanosensing monocytes/macrophages may open the possibility of interventions before ECM
fibrosis is established by modulating immune mechanosensing rather than only targeting

fibroblasts/collagen!™' [Table 1].

There still appears to be great interest in reducing scars in the plastic surgery field, and understanding the
mechanism of these scars continues to develop. These products continue to be actively investigated as they
underscore the importance of mechanotransduction in reducing scar formation, particularly in hypertrophic
scars and keloids. Importantly, as we continue to understand the cellular pathophysiology of scar formation,
these strategies will emphasize the prevention rather than revision of scars, which shifts scar management
toward early intervention in high-risk wounds.
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Table 1. Bench-to-bedside table that maps each mechanomodulatory strategy to (a) wound-healing phase targeted; (b) hypothesized
mechanism; and (c) level of evidence and outcomes

Mechanomodulatory

Wound healing

Hypothesized mechanism of

Level of evidence and

. Key Ref.

strategy phase targeted action outcomes y

- L Reduced mechanical tension, thereby Precl|n|cgl émma.l studies and
Stress shielding (silicon gel, . . R . human clinical trials, reduced

. Proliferative reducing collagen deposition and . . . [61,95]
surgical tapes) ) B pigmentation and height of
myofibroblast formation
scars formed

Closure techniques (Z-plasty, Proliferative Redistributes tension across the incision, Human trials, improved [45,47,48]

deep dermal, layered closure)

FAK inhibition

YAP/TAZ inhibition

Whnt/B-catenin inhibition

Inflammatory +
Proliferative

Proliferative

Proliferative

thereby reducing profibrotic pathways

Modulates immune response to
mechanotransduction and shifts
macrophage phenotype away from
profibrotic. Also suppresses profibrotic
pathways

Blocks fibroblast proliferation

Inhibits a-SMA expression

overall cosmesis of scars

Preclinical animal studies,
reduced profibrotic myeloid
population

Preclinical animal studies,
reduced scar thickness

Preclinical, reduces

[58-60,62,63]

[84-86]

[891

myofibroblast differentiation

FAK: Focal adhesion kinase; YAP: Yes-associated protein; TAZ: transcriptional coactivator with PDZ-binding motif; Wnt: Wingless/Integrated
signaling pathway; a-SMA: alpha-smooth muscle actin.

LIMITATIONS AND CONTROVERSIES

Although substantial research has investigated the effects of mechanotransduction on hypertrophic scar
formation, a number of limitations exist. As evidenced by the literature cited by this paper, the majority of
the studied pathways and effects of mechanical tension on scarring were investigated using animal models,
particularly murine. While we have made an effort to incorporate particular animal models that better mimic
human scarring, such as red Duroc pigs, a lack of adequately powered human trials remains a significant
limitation within this field. The nature of modern scientific research necessitates the sequential progression
from in vitro to in vivo and finally human trials, meaning the available research will be carried out using
mostly cell and animal models. This is reflected in the studies utilized in writing this paper. Ethics, ease of
access, and availability of reagents all contribute to greater availability of animal and cell studies. Human
trials remain the gold standard of research, and it is important to keep in mind that the translational
potential of animal studies will always be somewhat limited due to interspecies differences. Further human
trials may reveal additional molecular idiosyncrasies that are unique and inherently involved with human
scar formation.

Conflicting research results also serve to illustrate the missing links in our understanding of the molecular
basis of human scarring. While many studies demonstrate that increased tensile forces promote scar
formation via activation of profibrotic pathways, other published investigations suggest that
mechanotransduction responses are highly context-dependent and vary according to wound timing, ECM
stiffness, fibroblast lineage heterogeneity, and the balance between regenerative and fibrotic signaling
pathways. These inconsistencies likely reflect a dynamic wound-healing process that is regulated by a
combination of chemical, mechanical, and other forces.

Finally, many of the products studied and applied to human subjects have so far shown mixed results. There
is no single product that provides definitive reduction in human scar formation. Additional randomized
human clinical trials will be required to study these products and establish the clear causation and consistent
results to continue with further application of such products.
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CONCLUSION

Scar formation remains an inevitable outcome of wound healing, especially in high tension areas of the body.
It is increasingly evident that mechanical forces play a pivotal role in dictating the quality and extent of this
complex process. From the alignment of Langer’s lines to the cellular signaling cascades of FAK,
TGEF-p/Smad, PDGF, YAP, and Wnt/B-catenin, mechanical cues have been shown to directly shape fibroblast
behavior, collagen deposition, and ultimately the architecture of scar tissue. A deeper understanding of
mechanotransduction has not only clarified the pathophysiology of hypertrophic and keloid scars but has
also opened new therapeutic avenues. Clinical strategies that respect skin biomechanics, such as incision
planning, stress-shielding devices, and novel pharmacologic inhibitors, are now showing promise in
reducing pathological scarring and improving functional and cosmetic outcomes. Although scarring is often
perceived as a primarily cosmetic issue, the reality is that many patients are affected both mentally and
physically by what they deem to be unsightly features or imperfections, especially when dealing with
pathologic processes such as HTS or keloids. The cost of treatment is high, ranging from several hundred
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dollars for topical therapies to several thousand for surgical scar revision®*'*". Discovering methods to
prevent these problems before they arise is both meaningful to patients and economically worthwhile for the
healthcare system. Future research should prioritize clinical studies investigating
mechanotransduction-targeted therapies and tension-modulating strategies in wound healing.
Advancements in regenerative medicine and mechanobiology may further support the development of

personalized approaches to reduce fibrosis and improve scar outcomes.
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