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Keloids are fibroproliferative skin disorder caused by abnormal healing of injured or irritated
skin and are characterized by excessive extracellular matrix (ECM) synthesis and
deposition, which results in excessive collagen disorders and calcinosis, increasing the
remodeling and stiffness of keloid matrix. The pathogenesis of keloid is very complex, and
may include changes in cell function, genetics, inflammation, and other factors. In this
review, we aim to discuss the role of biomechanical factors in keloid formation. Mechanical
stimulation can lead to excessive proliferation of wound fibroblasts, deposition of ECM,
secretion of more pro-fibrosis factors, and continuous increase of keloid matrix stiffness.
Matrix mechanics resulting from increased matrix stiffness further activates the fibrotic
phenotype of keloid fibroblasts, thus forming a loop that continuously invades the
surrounding normal tissue. In this process, mechanical force is one of the initial factors
of keloid formation, and matrix mechanics leads to further keloid development. Next, we
summarized the mechanotransduction pathways involved in the formation of keloids, such
as TGF-β/Smad signaling pathway, integrin signaling pathway, YAP/TAZ signaling
pathway, and calcium ion pathway. Finally, some potential biomechanics-based
therapeutic concepts and strategies are described in detail. Taken together, these
findings underscore the importance of biomechanical factors in the formation and
progression of keloids and highlight their regulatory value. These findings may help
facilitate the development of pharmacological interventions that can ultimately prevent
and reduce keloid formation and progression.
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INTRODUCTION

Skin is the largest organ of the human body, covering the entire
surface of the human body, with the functions of protection,
excretion, body temperature regulation, and others (Hsu et al.,
2018a). As the interface between the external environment and
internal tissue, skin is easily damaged by infection, disease,
trauma, and other factors. When the skin is injured, the
healing process can be categorized into hemostasis,
inflammation, proliferation, re-epithelialization, and
remodeling (Rodrigues et al., 2019). It should be noted that
these five processes are only artificially divided. In fact, the
healing process after injury is continuous and indivisible.
Typically, after the completion of these five processes, the
dermal tissue ends up filled with extracellular matrix (ECM)
components, but does not overgrow, instead forming a filler tissue
that differs from the normal skin structure, which is known as a
physiological scar. When the skin healing process is maladjusted,
the abovementioned process is further disordered, forming scar
hyperplasia, usually accompanied by itching, local discomfort or
pain, and other chronic symptoms, which is called a pathological
scar. Pathological scarring has been reported in 32–60% of
patients after surgery (Mahdavian Delavary et al., 2012).

Pathological scar, mainly including hypertrophic scar and
keloid, are skin fibroproliferative disease characterized by an
abnormal wound healing process, massive production of ECM
mainly composed of collagen disorders and calcinosis, and
hyperplasia of dermal tissue (Lee and Jang, 2018). A
hypertrophic scar refers to a scar that does not exceed the
original injury site. It is generally red or pink, relatively hard
and itchy, and often disappears spontaneously after several years.
Different from a hypertrophic scar, a keloid has the
characteristics of excessive growth beyond the scope of
trauma, and is more likely to invade adjacent tissues and
cannot be resolved by itself. In other words, a keloid has the
characteristics of invasive tumor growth, and therefore, it tends to
be considered as a “benign skin tumor” (Limandjaja et al., 2020).
Keloids are more likely to relapse after treatment, and are mainly
treated via simple surgery, with a high recurrence rate. Therefore,
the treatment of keloid is more difficult and requires more
attention.

Keloid formation and progression is a complex process, which
is believed to be independently or jointly driven by changes in
cellular function, genetics, inflammation, and other factors. Of
particular interest is the recent evidence that biomechanical
factors play a key role in the formation and progression of
keloids. Here we begin with an introduction to the various
factors involved in the progression of keloid pathology and
then describe the recent advances in biomechanical regulation
of keloids as accumulated evidence suggests that several
mechanotransduction signaling pathways, such as TGF-β/
Smad signaling pathway, Integrin signaling pathway, YAP/
TAZ signaling pathway, and calcium ion pathway, are
involved in the process of keloid fibrosis, and have been
proved to play an important role in keloid development.
Finally, some potential therapeutic concepts and strategies
based on biomechanical factors are described.

KELOID PATHOGENESIS STUDY

A keloid is a skin disorder caused by excessive proliferation of
skin fibers. The exact mechanism underlying keloid formation is
still not fully understood. Current studies suggest that changes in
cell function, genetics, inflammation, and biomechanical factors
all play an important role in keloid formation.

Changes in Cellular Function
During the process of keloid formation, the function of many
types of cell populations abnormally changes. Fibroblasts are the
most abundant cell type in all connective tissues of the body. As
far as skin is concerned, fibroblasts mainly form the ECM by
constructing different proportions of collagen and elastin to
maintain the structural integrity and normal physiological
functions of the skin (Plikus et al., 2021; Xue et al., 2022).
Fibroblasts, the primary effector cells in keloids, eventually
lead to keloid formation by inducing a persistent
inflammatory response and excessive ECM deposition (Suarez
et al., 2015; Luo et al., 2017). This process is driven by many
growth factors, including transforming growth factor -β (TGF-β),
platelet-derived growth factor (PDGF), fibroblast growth factor β
(FGF-β), and insulin-like growth factor I (IGF-I) (Andrews et al.,
2016; Nagar et al., 2021). In keloids, the effects of these growth
factors on fibroblasts contribute to the enhanced scar phenotype.
Changes in fibroblast phenotypes are believed to be at the core of
keloid formation. Studies have shown that the fibroblasts in the
center of a keloid are usually in a resting state, whereas those in
the periphery are in an abnormal proliferating state. Compared
with normal skin fibroblasts, keloid fibroblasts have stronger anti-
apoptosis and migration abilities (Wang et al., 2013; Jumper et al.,
2017).

Some studies have suggested that keloid formation is
associated with metabolic reprogramming of keloid fibroblasts,
including the transition from oxidative phosphorylation to
aerobic glycolysis. Compared with normal skin, the keloid
tissue showed upregulated GLUT-1 expression and enhanced
expressions of several glycolytic enzymes, such as HK1, HK2,
PFK1, PFK2, PDK1, and PKM2, (Vinaik et al., 2020). Keloid
fibroblasts also had higher basic glycolysis and glycolysis capacity
and reduced basal oxidative respiration, maximum oxidative
respiration, and reserve respiration capacity (Li et al., 2018; Li
et al, 2020). GLUT-1-dependent glycolysis and ROS production
mediate the proliferation of keloid fibroblasts, and GLUT-1
inhibitor WZB117 can reduce glycolysis and ROS production
of keloid fibroblasts (Lu et al., 2021).

Although keloid fibroblasts are still believed to be responsible
for keloid formation, recent studies have shifted focus to
recognizing the potential role of abnormal epidermal cell
populations in scar formation. Basic abnormalities found in
keloid keratinocytes with regard to the secretion of wound
healing mediators, differentially expressed genes, paracrine
action of co-cultured cells, and epithelial-mesenchymal
transition (EMT) all support a more active role of
keratinocytes in keloid formation (Yan et al., 2015; Hahn
et al., 2016; Li and Wu, 2016). In addition, co-culture of
abnormal keloid keratinocytes and dermal fibroblasts induces
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a pro-fibrotic phenotype and increases the expression of pro-
fibrotic factors (Lee et al., 2016).

Genetic Factors
Recent studies have shown that race, genetic susceptibility, age,
and gender are patient characteristics that may influence
susceptibility to keloids. There are significant differences in
scarring among different ethnicities, with worldwide keloid
prevalence ranging from 0.09% in the United Kingdom to
16% in Congo, suggesting that individuals with darker skin are
more likely to develop it (Kiprono et al., 2015). In addition, keloid
has familial genetic characteristics, and family members of keloid
patients have a higher disease incidence. For example, the
prevalence rate of keloid in the first, second, and third degree
relatives of Chinese keloid patients was 7.62, 0.38, and 0.035%,
respectively (Lu et al., 2015). In addition, keloid can occur at all
ages, but the incidence is highest between the ages of 10 and
30 years (Young et al., 2014).

There is increasing evidence indicating that various different
and reversible epigenetic modifications, represented by DNA
methylated histone modifications and non-coding RNAs, play
key roles in the gene regulation of keloid and downstream
fibroblast functions (He et al., 2017; Xu et al., 2019; Lv et al.,
2020). Histone modification refers to the processes such as
methylation, acetylation, phosphorylation, adenylation,
ubiquitination, and ADP ribosylation by related enzymes
(Wang et al., 2016a). DNA methylation is involved in keloid
formation, and includes processes such as cell proliferation,
invasion of myofibroblasts, activation of collagen deposition
and disorder (Nyika et al., 2022). Russell et al. found that
abnormal DNA methylation and histone acetylation
modification of keloid fibroblasts can affect the stability of
gene expression, and DNA methylation of HOXA9 and
HOXA10 can alter the wound healing ability of keloid
fibroblasts (Russell et al., 2010). Liu et al. (2018) further found
that SFRP1 promoter methylation promotes keloid formation by
promoting Wnt/β-catenin signaling pathway activity and β-
catenin and α-SMA mRNA and protein expressions.
Functional non-coding RNAs, such as microRNAs (miRNAs)
and long non-coding RNAs (lncRNAs), play an important role in
the regulation of keloid gene expression (Lv et al., 2020). Wang
et al. (2019) found that miR-152-3p expression was significantly
upregulated in keloid tissue and keloid fibroblasts compared with
normal skin tissue. Further studies showed that miR-152-3p
regulates cell proliferation, invasion, and ECM expression by
targeting FOXF1 in keloid fibroblasts. Jin et al. (2019) showed
that lncRNA HOXA11-AS induced collagen I synthesis via
Smad5 signal transduction mediated by sponging miR-124-3p
to promote keloid formation.

Inflammatory Factors
Studies have shown that inflammatory mediators and
inflammatory cells are involved in the entire process of wound
healing (Ogawa, 2017; Rodrigues et al., 2019). It is believed that
pathological scars are caused by excessive and persistent
inflammation, and the intensity of inflammation is positively
correlated with the final scar size (Huang et al., 2014). Various

inflammatory cells, including (Zhou et al., 2021), mast cells
(Bagabir et al., 2012), lymphocytes (Chen et al., 2018), and
monocytes (Limandjaja et al., 2019), have been reported to be
involved in keloid formation. Among these, macrophages are
important cells that initiate an inflammatory response during
wound healing and lead to excessive spreading of inflammation.
In keloid tissues, macrophages upregulate M2-related genes
highly associated with tissue repair and remodeling (Jin et al.,
2018). These macrophages further promote the transformation of
fibroblasts into myofibroblasts by secreting TGF-β and PDGF,
which in turn promotes collagen deposition and scarring
(Hesketh et al., 2017). TGF-β is a representative pro-fibrotic
cytokine that is most closely related to keloid formation (Berman
et al., 2017). In contrast, TGF-β-secreted factors can indirectly
contribute to fibrosis through signaling pathways in an
inflammatory microenvironment (Hahn et al., 2016). In
addition, pro-inflammatory factors such as interleukin (IL)-1α,
IL-1β, and IL-8, CKLF-1, and COX-1 are upregulated in the
keloid tissue, suggesting that in patients with keloids, pro-
inflammatory genes in the skin are sensitive to trauma, which
in turn may promote chronic inflammation and lead to excessive
keloid growth (Abdou et al., 2014; Lin et al., 2020; Wu et al.,
2020).

BIOMECHANICAL FACTORS IN KELOID
FORMATION

The abovementioned studies mainly focus on the role of
biological factors in keloid formation and have made great
progress. They initially revealed the mechanism of occurrence
and development of keloids, but the clinical efficacy was not
significant after intervention with different targets, indicating that
previous studies were incomplete. Recent studies have focused on
the role of the external environment, particularly the local
mechanical wound environment. Current scientific basis and
clinical evidence clearly indicate that biomechanical factors
play an important role in keloid formation, contracture, and
abnormal keloid development and treatment. Next, we will
summarize the research in this area and explore the role of
biomechanical factors in keloid formation.

Biomechanical Factors Associated With
Skin Wound Healing
Skin injury is a common phenomenon in the human body, and
the recovery of anatomical continuity and functional
reconstruction of tissue after injury is a complex and dynamic
process. Early observations in anatomy and surgery suggest the
importance of mechanical tension in wound healing outcomes.
For example, Langer lines in the human skin correspond to
tension bands that occur naturally in the skin because of the
interaction of collagen fibrils and fibroblasts. Conventional
assumptions point to the alignment of the underlying ECM,
cell orientation and contraction, and muscle involvement in
the formation of these invisible lines. Surgical incisions made
parallel to these lines reduce tension and heal more easily, with
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less scarring than incisions made perpendicular to them (Wong
et al., 2011; Yazdani Abyaneh et al., 2014). The mechanical
properties of the skin are mainly associated with the
composition and tissue of ECM in the dermis (Shook et al.,
2018). Collagen, the most abundant protein in ECM, exists in the
dermis as fibrin; it provides tensile strength and determines the
stiffness and mechanical strength of skin tissues (Nyström and
Bruckner-Tuderman, 2019). The skin is also affected by tension,
which plays an important role in maintaining homeostasis. There
are many sources of skin tension, such as stretching of fore-chest
skin caused by breathing and stretching caused by joint
movement. Normal mechanical forces on wounds and scars
induce tension homeostasis, allowing cells and ECM in tissues
to progress normally at different stages of wound healing. The
balance of internal and external mechanical forces, represented by
ECM, cytoskeleton, intracellular signaling, and applied tensile
stress, ensures normal healing of the skin after injury, whereas
disruption of this balance may lead to pathological scarring (Harn
et al., 2019).

Tension in Keloid Genesis and Development
Research has shown that keloids clearly tend to occur in areas of
high stress. Rei Ogawa’s map of 1,500 keloid lesions in 483
Japanese patients showed 733 (48.9%) in the anterior thoracic
region and 403 (26.9%) in the scapular region, which are the
regions usually exposed to continuous or intermittent tension
stimulation during daily life activities. Keloid incidence was lower
in areas where the skin stretched and contracted less (such as the
parietal area or the anterior leg), even in patients with multiple or
large keloids (Ogawa et al., 2012). Dohi et al. (2019) also showed
that changes in human postural positions (i.e., standing, sitting,
and supine) are associated with dynamic changes in local stress/
strain distributions, especially in areas prone to keloid formation.
In terms of shape, keloids often grow in the direction of skin
tension and take on a specific shape, namely, the typical butterfly,
crab claw, and dumbbell shape appears on the shoulder, chest,
and upper arm, respectively (Ogawa et al., 2003; Jumper et al.,
2017). In the fore-chest, for example, keloids often grow
horizontally because the pectoralis major muscles contract in a
horizontal direction. In addition, elongated vaccine keloids,
which are common in the upper arm, are associated with
widespread vaccination during childhood: shoulder keloids
tend to grow along the long axis because of the tension
exerted on the vaccine wound by arm movement. Three-
dimensional finite element models based on clinical samples
showed that respiratory movements caused stress in the area
around the chest keloid, and the stress was concentrated in the
area around the bilateral ends of the keloid, resulting in the keloid
possibly taking on a crab or butterfly shape (Nagasao et al., 2013).
Keloid, as a result of malregulated wound healing, is usually
accompanied by inflammation in the early stage, which to some
extent promotes excessive proliferation of fibroblasts, increased
production of fibroblast products, and high expression of
cytokines related to inflammatory reactions in these
inflammation-infiltrated areas. Studies have also shown that
mechanical force stimulation can continuously activate acute
inflammatory pathways, thereby promoting the prolongation

of inflammatory period, leading to wound fibrosis, and
promoting hyperplasia of fibrous tissue to form keloids (El
Ayadi et al., 2020).

In addition, mechanical stimulation is also one of the
important factors causing functional changes in keloid cells.
Suarez et al. established a new three-dimensional collagen
lattice model using photogrammetry and in vitro technology
to simulate the tension experience of normal skin and keloid
tissue in vivo. The results showed that three tension-related genes
(Hsp27, PAI-2, and integrin α2β1) were up-regulated in keloid
fibroblasts under stress, which promoted ECM synthesis and cell
proliferation (Suarez et al., 2014). Kiya et al. focused on
endothelial cells in keloid dermal microvessels. Dermal
microvascular endothelial cells release endothelin-1 (ET-1) in
response to continuous uniaxial tensile stress, contributing to
fibroblast-to-myofibroblast differentiation, collagen synthesis,
and contractile properties via the RhoA/Rho kinase pathway
(Kiya et al., 2017). Stretch tension can promote a high
expression of integrin αVβ3 in keloid-derived mesenchymal
stem cells (MSCs), suggesting that stretch tension may affect
MSC secretion (Song et al., 2019). These results suggest that
mechanical stimulation can cause functional changes related to
wound healing in cells, leading to the development of keloids.
Lipid metabolism and their metabolites play an important role in
keloid development and are believed to be involved in mechanical
transduction (Huang and Ogawa, 2013). Caveolin-1 (CAV-1), as
a biofilm marker protein and one of the main scaffold proteins of
cell membranes, plays an important role in cell signal
transduction, cell adhesion, intracellular cholesterol transport,
and lipid metabolism, and is also related to cellular mechanical
regulation (Hsu et al., 2018b; Vykoukal et al., 2020). CAV-1
shows low expression in keloid fibroblasts (Zhang et al., 2011).
Low expression of CAV-1 decreases cell stiffness, but increases
the contractility and migration ability of keloid fibroblasts. In
keloid fibroblasts, reduced CAV-1 leads to upregulation of the
transcription factor RUNX2, which is a potential regulator of
increased ECM production in keloids and is associated with
fibrosis (Hsu et al., 2018b).

Matrix Mechanics in keloid Genesis and
Development
The influence of matrix mechanics on keloid progression has also
attracted the attention of researchers. Stretching and tension of
skin may result in overexpression of tension-related proteins in
keloids. Keloid formation is also closely related to excessive cell
proliferation and ECM deposition (Canady et al., 2013; Xue and
Jackson, 2015). Histopathological examination of mature keloid
lesions revealed the deposition of connective tissue ECM,
particularly collagen I and III with dense fibrous structures.
Collagen V and VI were also found to be abundant, especially
in the early stages of development. Therefore, up-regulation of
collagen VI gene expression can be used as an early biomarker in
the process of keloid fibrosis (Andrews et al., 2016). Collagen
fibers in keloid tissue are clumped rather than netted, and its
fibers are thicker, more parallel, with less cross-linking between
fibers (Syed et al., 2011). Another prominent protein found in
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keloid ECM is periostin, a stromal cell protein that promotes
keloid formation by activating the RhoA pathway to promote
TGF-β1 secretion (Zhang et al., 2014; Maeda et al., 2019). These
pathological features lead to a large amount of keloid collagen
production, pathological cross-linking, and deposition and
remodeling of ECM, resulting in matrix stiffness of keloid that
is different from that of normal skin. Therefore, matrix stiffness,
which is as an important feature and marker of keloid pathology,
has received increasing attention in clinical diagnosis of keloids.
Changes in ECM content during keloid formation allow tissue
stiffness to be characterized by acoustic imaging to observe
information about target tissue stiffness. Using shear-wave
elastography, researchers have found that the Young’s
modulus of keloid tissue was around 124.6 KPa, which is
much higher than 17.7 KPa of normal skin (Huang et al.,
2020; Hang et al., 2021). These advances allow for the
noninvasive assessment of progressive tissue stiffness and
provide a valuable tool for the clinical understanding of
progressive tension and maladaptive wound repair.

Matrix stiffening is not only the pathological result of
keloid fibrosis but also an important clue indicating the
progression of keloid fibrosis. Although stromal stiffness,
an important feature and marker of keloid pathology, has
received increasing attention and recognition in the clinical
diagnosis of keloid, matrix mechanics has also been shown to
facilitate the progression of keloids. Macarak et al. have
reported that the higher the stiffness of the basal surface
(3, 10, 25 KPa, >1,000 KPa), the higher the expression of
the pro-fibrotic gene α-SMA in keloid fibroblasts (Macarak
et al., 2021). Kenny et al. (2018) found that increased substrate
stiffness specifically stimulated keratinocyte proliferation
without affecting adhesion, survival, or terminal
differentiation, and was mediated by epidermal growth
factor (EGF) signaling. Deng et al. (2021) found that keloid
fibroblasts are stiffer than normal fibroblasts when cultured
on hydrogels that mimic tissue stiffness. Matrix stiffness
contributes to the transformation of normal keloid
fibroblasts to a fibrotic phenotype, such as that with higher
YAP nuclear expression. In 2010, Kurokawa et al. (2010)
constructed three-dimensional images of keloids and
hypertrophic scar vessels and found that the number of
capillaries in keloids was significantly lower than that in
hypertrophic scar, and that the lumen was flatter. This is
caused by the pressure of a large number of fibroblasts and
collagen in keloids. Excessive proliferation of fibroblasts and a
large amount of collagen deposition will also hinder the
diffusion of oxygen around, resulting in tissue hypoxia (Lei
et al., 2019). Importantly, hypoxia is believed to be a key
mechanism underlying keloid formation. Previous studies
have shown that keloid fibroblasts proliferate, migrate,
invade, and increase collagen synthesis under hypoxic
conditions (Zhang et al., 2014; Kang et al., 2020). In
addition, hypoxia promotes EMT in keloid fibroblasts and
inhibits apoptosis (Kim et al., 2019).

Based on the importance of matrix mechanics in the current
process of keloid fibrosis, studies have been conducted to
investigate whether targeting keloid matrix mechanics has the

potential to treat or even reverse fibrosis. Obviously, the most
direct approach toward altering keloid matrix mechanics is to
inhibit and slow the increase in keloid stiffness during fibrosis.
From this viewpoint, it is possible to reduce the stiffness of keloid
matrix by influencing or reducing the factors that promote the
stiffening of keloid matrix. As one of the main components of
fiber matrix, collagen plays a key role in regulating the mechanical
properties of ECM. Therefore, it is possible to reduce the stiffness
of ECM and slow down the process of keloid fibrosis by reducing
collagen synthesis in ECM or excessive deposition of collagen
degraded by collagenase. Transmembrane protein 88 (TMEM88)
belongs to the TMEM family and is involved in the regulation of
tumorigenesis and fibrogenesis. Zhao et al. (2017a) found that
overexpression of TMEM88 inhibited TGF-β1 expression in
keloid fibroblasts, thereby decreasing collagen I expression.
Tissue inhibitors of matrix metalloproteinases (MMPs) and
tissue inhibitors of metalloproteinases (TIMPs) are two
important regulators of degradation and remodeling of ECM.
Aoki et al. (2014) promoted the degradation of collagen I in
keloids by targeting TIMP-1 with small interfering RNA. Lysyl
oxidase (LOX) plays an important role in collagen cross-linking,
and helps increase tissue stiffness and the resistance of collagen-
rich substrates to degradation. Kim (2021) found that keloid
dermal fibroblasts showed the highest degree of expression of skin
fibrosis markers, such as LOX and four LOX-like family enzymes,
at the cell-matrix interface. Epidermal growth factor-mediated
LOX expression was significantly reduced, thereby reducing the
fibrotic phenotype of keloid fibroblasts and promoting collagen
degradation.

In conclusion, current studies suggest that mechanical stimulation
can lead to excessive proliferation of fibroblasts at the wound site,
ECM deposition, and secretion of more pro-fibrotic factors, thus
promoting the continuous increase of ECM stiffness in keloids. At the
same time, the matrix mechanics of ECM further promotes the
fibrotic phenotype of keloid fibroblasts, thus forming a loop and
resulting in continuous invasion of the surrounding normal tissues by
keloids. During this process, the mechanical force is one of the
initiating factors of keloid formation, and matrix mechanics leads to
further keloid development (Figure 1).

BIOMECHANICAL FACTORS AND
MECHANOTRANSDUCTION PATHWAYS IN
KELOIDS
In the pathological process of gradual stiffening of keloid matrix,
the cells in keloid sense changes in mechanical properties of the
microenvironment and activate mechanical transduction
pathways, thus transforming external mechanical stimuli into
biochemical signals and ultimately guiding cellular behavior
(Mierke, 2022). How matrix mechanics affects and regulates
cell fate at a macro to micro scale is still unclear. However,
some studies have found that some proteins involved in
mechanical transduction pathways play a role in this process.
Several mechanically sensitive pathways in keloid development
and their effects on keloid progression will be introduced next
(Figure 2).
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TGF-β/Smad Signaling Pathway in Keloids
As a classical signaling pathway, the TGF-β signaling pathway has
been proved to be an important signaling pathway involved in
fibrosis progression during mechanical regulation (Chen et al.,

2019). The transforming growth factor superfamily includes
TGF-β, bone morphogenetic protein (BMP), and growth
differentiation factor (GDF), among which there are three
different subtypes of TGF-β in the mammalian genome,

FIGURE 1 |Causes of keloidmatrix stiffening during fibrotic progression. Mechanical stimulation can lead to excessive proliferation of wound fibroblasts, deposition
of ECM, secretion of more pro-fibrosis factors, and continuous increase of matrix stiffness of keloid ECM.Matrix mechanics resulting from elevated matrix stiffness further
activates the fibrotic phenotype of keloid fibroblasts, thus forming a loop that continuously invades surrounding normal tissue.

FIGURE 2 |Main Mechanotransduction Signaling Pathways in keloid. TGF-β/Smad, integrin/FAK, YAP/TAZ signaling pathways and Calcium ion signaling are the
main mechanotransduction signaling pathways that mediate mechanoresponsiveness. TGF-β senses mechanical forces and signals through Smads, where Smad2/3
binds to Smad4 and enters the nucleus, where they bind DNA and initiate trans-activation of target genes. Integrin signaling induces gene expression through FAK/Erk
pathway, and also interferes with TGF-β/Smad signaling pathway. Mechanical stimulation can promote YAP to nuclear transfer and function. The Gq-coupled
receptor activated by stretch stimulation can activate PLCβ and produce DAG and IP3. IP3 acts on the intracellular calcium pool to release Ca2+, resulting in the increase
of intracellular free calcium ion concentration and the subsequent intracellular reaction of Raf/MEK/Erk pathway.
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namely TGF-β1, TGF-β2, and TGF-β3. Most of the biological
functions of TGF-β superfamily are realized by binding to TGF-β
receptor and activating the Smad signaling pathway
(Frangogiannis, 2020). TGF-β1 is a stimulant of wound repair
and tissue regeneration and a mediator of ECM production.
During active wound healing, TGF-β is involved in various
processes, including inflammation, angiogenesis, cell
proliferation, collagen and matrix production, and wound
remodeling (Pakyari et al., 2013). TGF-β is overexpressed in
keloid the tissue and regulates the transformation of fibroblasts to
myofibroblasts, and TGF-β1 has the highest proportion and the
strongest activity. TGF-β1 can stimulate the proliferation and
differentiation of keloid fibroblasts, up-regulate the expression of
α-SMA and collagen, and promote the synthesis of ECM, thus
leading to increased keloid tissue stiffness (Wang et al., 2016b;
Zhang et al., 2020). TGF-β level is closely associated with the
response of keloids to mechanical forces. Wang et al. (2006)
found that keloid-derived fibroblasts exposed to equibiaxial strain
produce higher levels of TGF-β1, TGF-β2, and collagen 1α at
mRNA and protein levels than those produced by normal skin
fibroblasts. Hypoxia induces the transformation of fibroblasts
into myofibroblasts by activating TGF-β/Smad3 signaling
pathway and increases collagen synthesis in keloid fibroblasts
in a hypertrophic keloid microenvironment induced by high
matrix stiffness (Zhao et al., 2017b).

Integrin Signaling Pathway in Keloids
Integrin family is a kind of cell adhesion, signal pathway hub and
the function of mechanical force signal sensing dimers proteins
across the membrane. They are the link of ECM to the actin
cytoskeleton in the cell and regulate specific signal transduction
cascade reactions. Therefore, the protein is mediated the effect of
matrix–cell and the cell–cell interaction, so as to promote the
reshaping of the ECM (Bachman et al., 2015).Wound tension is an
important factor in activating the integrin signaling pathway,
which can directly activate integrin, convert mechanical signals
into chemical signals in the cytoplasm, and promote the
proliferation and differentiation of fibroblasts and secretion of
collagen (Gauthier and Roca-Cusachs, 2018). Keloid fibroblasts
showed up-regulated expressions of α1β1 and α2β1 integrins.
Integrin α1β1 promoted fibroblast proliferation but inhibited
collagen synthesis, whereas α2β1 had the opposite effect (Suarez
et al., 2013). Song et al. analyzed integrin expression in keloid-
derived mesenchymal stem cells, including α2, α3, α5, αV, α8, α10,
α11, β1, and β3, and found that mechanical tension up-regulated
the expression of integrin αV and integrin β3, thus up-regulating
cell proliferation and collagen synthesis. Moreover, integrin αvβ3 is
more sensitive to mechanical tension, and may be a new target for
keloid treatment and prevention of keloid recurrence (Song et al.,
2019). In addition, integrin also mediated the activation of TGF-β.
In the process of TGF-β activation, integrin binds to the pre-
domain and releases TGF-β using the stretching force generated by
the actin cytoskeleton. At the same time, integrin can be
abnormally expressed under the stimulation of TGF-β,
promoting physiological and pathological changes in the body
(Dong et al., 2017). During keloid formation, increased mechanical
forces transmit high pressure through fibroblasts. This pressure is

applied on integrins, causing latency-related peptides to unfold and
release an active form of TGF-β (Leask, 2013).

YAP/TAZ Signaling Pathway in Keloids
Yes-associated protein (YAP) and transcriptional coactivator with a
PDZ-binding domain (TAZ) are among the activated
mechanosensory pathways. YAP/TAZ can read a wide range of
mechanical cues, such as ECM stiffness and topology, shear stress,
and cell shape, and translate these into cell-specific biological effects
(Zanconato et al., 2019). This ability to respond to different
mechanical signals highlights YAP/TAZ’s central role as a general
purpose mechanical sensor and effector. Mechanical transduction of
YAP/TAZ is mainly controlled by its subcellular localization because
YAP/TAZ activation requires its accumulation in the nucleus
(Panciera et al., 2017). Gao et al. (2022) study showed that
increased nuclear YAP/TAZ staining was observed in keloid tissue
fibroblasts compared with that in normal skin. Activation of YAP-
TAZ in the nucleus leads to the expression of pro-fibrosis genes,
increased α-SMA expression, and excessive matrix deposition
(Panciera et al., 2017). YAP/TAZ can be activated by matrix
stiffness to further promote the transformation of fibroblasts into
myofibroblasts and increase collagen deposition through a positive
feedback loop, thereby enhancing the stiffness of the matrix
microenvironment and leading to further YAP activation (Liu
et al., 2015). Rho/Rho kinase signaling is a key upstream regulator
of mechanical and receptor-mediated YAP and TAZ activation and
also provides mechanosensory functional connectivity through
integrin-based adhesion and tractor-producing actomyosin
cytoskeleton. ROCK is a major downstream effector of Rho,
driving cell contractility and mediating fibrosis pathology (Johan
and Samuel, 2019). Inhibiting ROCK with drugs or inhibitors can
alleviate the keloid fibrosis process caused by increased matrix
stiffness, thereby disrupting or blocking the cellular response to
tissue stiffness (Mun et al., 2014; Kiya et al., 2017).

Calcium Ion Signaling in Keloids
It is believed that many signaling pathways are associated with Ca2+

influx, which is associated with a response to mechanical forces. The
Gq-coupled receptor activated by stretch stimulation can activate
PLCβ and produce DAG and IP3 (Jemal et al., 2014). IP3 acts on the
intracellular calcium pool to release Ca2+, resulting in an increase in
intracellular free calcium ion concentration and the subsequent
intracellular reaction of the Raf/MEK/Erk pathway (Jain et al.,
2018). In fibroblasts, uniaxial stretching increases intracellular
Ca2+ levels (Sakamoto et al., 2010). The Piezo1 channel has been
identified as a new mechanically activated cation channel (MAC)
reportedly capable of modulating force-mediated cellular biological
behavior. In hypertrophic scars, cycling mechanical stretching
increased Piezo1 expression and promoted proliferation,
migration, and differentiation of human skin fibroblasts and
activated Piezo1-mediated influx of calcium (He et al., 2021). Yan
et al. (2021) demonstrated phosphoproteome and biological evidence
of abnormal calcium homeostasis and induction of abnormal platelet
aggregation in keloid fibroblasts. These results suggest that the
calcium pathway plays a role in mechanical transduction of
keloids. There are also some studies showing that calcium
antagonists are effective in treating keloids. Calcium antagonists
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reduce ECMproduction, induce collagenase synthesis, and inhibit IL-
6, vascular endothelial growth factor, and fibroblast proliferation
(Verhiel et al., 2015). As a calcium channel blocker, verapamil can
increase the proteolytic activity of collagenase and regulate collagen
metabolism in the ECM. Verapamil treatment increases
procollagenase synthesis and decreases fibrous tissue production in
keloids (Li and Jin, 2016; Srivastava et al., 2019).

CLINICAL CONTROL OF SKIN TENSION
FOR KELOID PREVENTION AND
TREATMENT
Biomechanical factors play an important role not only in the
occurrence and development of keloids but also in its prevention
and treatment. Many targeted biomechanical approaches have
been developed for keloid prevention and treatment.

Pharmacological Strategies
Several drugs have been developed to target mechanical transduction
signaling pathways. TGF-β has been shown to play an important role
in the fibrosis process of keloids, and therefore, multiple therapeutic
strategies (including drugs, siRNA, shRNA, and miRNA, among
others) have been designed to target TGF-β/Smad signaling to
interfere with fibroblast-mediated keloid progression (Zhang et al.,
2020; Marty et al., 2021). Ginsenoside Rg3 is a substance extracted
from ginseng, a traditional Chinese medicine. Rg3 can inhibit the
proliferation of keloid fibroblasts and inhibit the migration of keloid
fibroblasts by up-regulating the expression of the anti-fibrosis gene
TGF-β3 and down-regulating the expression of the pro-fibrosis gene
α-SMA and connective tissue growth factor (Tang et al., 2018).
Treatment with integrin αVβ3 inhibitor Cyclo (-RGDfK) resulted
in a dramatic decrease of keloid-derived mesenchymal stem cell
proliferation, collagen I, and collagen III for 48 h after either static
culture or tensile culture (Song et al., 2019). Gao et al. have
significantly inhibited the proliferation of keloid fibroblasts,
reduced cell migration, induced apoptosis, and down-regulated
collagen I production by targeting low endogenous YAP or TAZ
knockdown. YAP/TAZ inhibitor verteporfin has shown similar but
stronger inhibitory effect on fibroblasts (Gao et al., 2022).

Suture of Intradermal Tension Reduction
and Extradermal Tension Reduction
Therapy
Surgeons have long known that optimizing incision design is an
effective means to reduce wound mechanical tension and prevent
postoperative scar hyperplasia. Surgical incisions are usually designed
to be parallel to skin Langer’s lines, and vertical incision should not be
made as far as possible to reduce skin tension. During plastic surgery,
Z-plasty,W-plasty, andV-Y plasty are often used to repair scars, so as
to disperse the mechanical tension of the incision and reduce the
possibility of postoperative scar widening and recurrence (Ogawa,
2019). After keloid excision, degradable subcutaneous or fascial
tensioning sutures can be used. Tension is placed on the deep and
superficial fascia layers so that the wound edges can join naturally
with very little tension, avoiding dermal sutures (Wang et al., 2014;

Tsuge et al., 2020). Intralesional injection of Botulinum toxin type A
(BoNT-A) is an effective clinical method for preventing and treating
keloids. When administered locally, BoNT-A causes temporary
paralysis of the wound muscle, thereby reducing disposal tension
(Kasyanju Carrero et al., 2019). Skin tensioners can also be used to
reduce the postoperative incision tensioning. The skin tensioning
device is usually composed of adhesive tape fixing parts on both sides
and an adjustable locking part in the middle. The fixing part is worn
on both sides of the incision. By adjusting the tension of the incision
through the locking part, it can effectively promote wound healing,
reduce the occurrence of postoperative incision cracking, reduce
mechanical tension of the incision, and avoid excessive keloid
development (Chen et al., 2020). In addition to tension therapy,
there are many other clinical treatments, including drug therapy
(Yang et al., 2021), radiotherapy (Hsieh et al., 2021), cryotherapy (Lee
et al., 2020), and stem cell therapy (Bojanic et al., 2021). Although
there are many treatment options for keloids, any single treatment
can lead to a higher recurrence rate, and multimodal combination
therapy is a necessary and effective method at present. For example,
after surgical resection, combined therapy with Z-plasty and electron
beam irradiation to reduce wound tension can effectively control
keloid locally (Wang et al., 2020).

CONCLUSION

Keloids are a fibroproliferative disease caused by excessive growth of
fibroblasts and excessive secretion of collagen. Many factors,
including changes in cell function, genetic factors, and
inflammation factors, play an important role in the occurrence
and development of keloids. Biomechanical factors are a basic but
relatively unexplored area for understanding keloids. Both
macroscopic physical mechanical factors and microscopic matrix
mechanical factors at a cellular ormolecular level have been proved to
have an important impact on the progression of keloid fibrosis and
treatment research. Further study on the role of biomechanical factors
in the keloid development and modification of mechanical forces or
mechanical transduction signals will provide a direction for the
development of new therapeutic strategies.

AUTHOR CONTRIBUTIONS

MLE, WX, and WL contributed to conception and design of the
study. FF and MLI wrote the first draft of the manuscript and
contribute equally to this study. LP, JW, CW, and LY wrote
sections of the manuscript. All authors contributed to manuscript
revision, read, and approved the submitted version.

FUNDING

This work was supported by National Natural Science
Foundation of China (82003384, 11902058); Chongqing
Talents: Exceptional Young Talents Project (cstc2021ycjh-
bgzxm0197), Fundamental Research Funds for the Central
Universities (2020CDJYGSG003), and Scientific Research

Frontiers in Pharmacology | www.frontiersin.org May 2022 | Volume 13 | Article 9062128

Feng et al. Keloid Fibrosis and Mechanical Factors

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Foundation from Chongqing University (02210011044110), and
Project for Excellent Talents in Xihua University Grant

(Z212031); Natural Science Foundation of Chongqing
(cstc2019jcyj-msxmX0741,jxyn2020-6, CQSZYY2020011).

REFERENCES

Abdou, A. G., Maraee, A. H., and Saif, H. F. (2014). Immunohistochemical
Evaluation of COX-1 and COX-2 Expression in Keloid and Hypertrophic
Scar. Am. J. Dermatopathol. 36 (4), 311–317. doi:10.1097/DAD.
0b013e3182a27b83

Andrews, J. P., Marttala, J., Macarak, E., Rosenbloom, J., and Uitto, J. (2016).
Keloids: The Paradigm of Skin Fibrosis - Pathomechanisms and Treatment.
Matrix Biol. 51, 37–46. doi:10.1016/j.matbio.2016.01.013

Aoki, M., Miyake, K., Ogawa, R., Dohi, T., Akaishi, S., Hyakusoku, H., et al. (2014).
siRNA Knockdown of Tissue Inhibitor of Metalloproteinase-1 in Keloid
Fibroblasts Leads to Degradation of Collagen Type I. J. Investig. Dermatol
134 (3), 818–826. doi:10.1038/jid.2013.396

Bachman, H., Nicosia, J., Dysart, M., and Barker, T. H. (2015). Utilizing
Fibronectin Integrin-Binding Specificity to Control Cellular Responses.
Adv. Wound Care (New Rochelle) 4 (8), 501–511. doi:10.1089/wound.
2014.0621

Bagabir, R., Byers, R. J., Chaudhry, I. H., Müller, W., Paus, R., and Bayat, A. (2012).
Site-specific Immunophenotyping of Keloid Disease Demonstrates Immune
Upregulation and the Presence of Lymphoid Aggregates. Br. J. Dermatol 167
(5), 1053–1066. doi:10.1111/j.1365-2133.2012.11190.x

Berman, B., Maderal, A., and Raphael, B. (2017). Keloids and Hypertrophic Scars:
Pathophysiology, Classification, and Treatment. Dermatol Surg. 43 Suppl 1
(Suppl. 1), S3s18. doi:10.1097/DSS.0000000000000819

Bojanic, C., To, K., Hatoum, A., Shea, J., Seah, K. T. M., Khan, W., et al. (2021).
Mesenchymal Stem Cell Therapy in Hypertrophic and Keloid Scars. Cell. Tissue
Res. 383 (3), 915–930. doi:10.1007/s00441-020-03361-z

Canady, J., Karrer, S., Fleck, M., and Bosserhoff, A. K. (2013). Fibrosing Connective
Tissue Disorders of the Skin: Molecular Similarities and Distinctions.
J. Dermatol Sci. 70 (3), 151–158. doi:10.1016/j.jdermsci.2013.03.005

Chen, B., Ding, J., Jin, J., Song, N., and Liu, Y. (2020). Continuous Tension
Reduction to Prevent Keloid Recurrence after Surgical Excision: Preliminary
Experience in Asian Patients. Dermatol Ther. 33 (4), e13553. doi:10.1111/dth.
13553

Chen, G., Xia, B., Fu, Q., Huang, X., Wang, F., Chen, Z., et al. (2019). Matrix
Mechanics as Regulatory Factors and Therapeutic Targets in Hepatic Fibrosis.
Int. J. Biol. Sci. 15 (12), 2509–2521. doi:10.7150/ijbs.37500

Chen, Z., Zhou, L., Won, T., Gao, Z., Wu, X., and Lu, L. (2018). Characterization of
CD45RO

+ Memory T Lymphocytes in Keloid Disease. Br. J. Dermatol 178 (4),
940–950. doi:10.1111/bjd.16173

Deng, Z., Subilia, M., Chin, I. L., Hortin, N., Stevenson, A. W., Wood, F. M., et al.
(2021). Keloid Fibroblasts Have Elevated and Dysfunctional
Mechanotransduction Signaling that Is Independent of TGF-β. J. Dermatol
Sci. 104 (1), 11–20. doi:10.1016/j.jdermsci.2021.09.002

Dohi, T., Padmanabhan, J., Akaishi, S., Than, P. A., Terashima, M., Matsumoto, N.
N., et al. (2019). The Interplay of Mechanical Stress, Strain, and Stiffness at the
Keloid Periphery Correlates with Increased Caveolin-1/ROCK Signaling and
Scar Progression. Plast. Reconstr. Surg. 144 (1), 58e–67e. doi:10.1097/PRS.
0000000000005717

Dong, X., Zhao, B., Iacob, R. E., Zhu, J., Koksal, A. C., Lu, C., et al. (2017). Force
Interacts with Macromolecular Structure in Activation of TGF-β. Nature 542
(7639), 55–59. doi:10.1038/nature21035

El Ayadi, A., Jay, J. W., and Prasai, A. (2020). Current Approaches Targeting the
Wound Healing Phases to Attenuate Fibrosis and Scarring. Int. J. Mol. Sci. 21
(3), 105. doi:10.3390/ijms21031105

Frangogiannis, N. (2020). Transforming Growth Factor-β in Tissue Fibrosis. J. Exp.
Med. 217 (3), e20190103. doi:10.1084/jem.20190103

Gao, N., Lu, L., Ma, X., Liu, Z., Yang, S., and Han, G. (2022). Targeted Inhibition of
YAP/TAZ Alters the Biological Behaviours of Keloid Fibroblasts. Exp. Dermatol
31 (3), 320–329. doi:10.1111/exd.14466

Gauthier, N. C., and Roca-Cusachs, P. (2018). Mechanosensing at Integrin-
Mediated Cell-Matrix Adhesions: from Molecular to Integrated
Mechanisms. Curr. Opin. Cell. Biol. 50, 20–26. doi:10.1016/j.ceb.2017.12.014

Hahn, J. M., McFarland, K. L., Combs, K. A., and Supp, D. M. (2016). Partial
Epithelial-Mesenchymal Transition in Keloid Scars: Regulation of Keloid
Keratinocyte Gene Expression by Transforming Growth Factor-β1. Burns
Trauma 4 (1), 30. doi:10.1186/s41038-016-0055-7

Hang, J., Chen, J., Zhang, W., Yuan, T., Xu, Y., and Zhou, B. (2021). Correlation
between Elastic Modulus and Clinical Severity of Pathological Scars: a Cross-
Sectional Study. Sci. Rep. 11 (1), 23324. doi:10.1038/s41598-021-02730-0

Harn, H. I., Ogawa, R., Hsu, C. K., Hughes, M. W., Tang, M. J., and Chuong, C. M.
(2019). The Tension Biology ofWoundHealing. Exp. Dermatol 28 (4), 464–471.
doi:10.1111/exd.13460

He, J., Fang, B., Shan, S., Xie, Y., Wang, C., Zhang, Y., et al. (2021). Mechanical
Stretch Promotes Hypertrophic Scar Formation through Mechanically
Activated Cation Channel Piezo1. Cell. Death Dis. 12 (3), 226. doi:10.1038/
s41419-021-03481-6

He, Y., Deng, Z., Alghamdi, M., Lu, L., Fear, M. W., and He, L. (2017). From
Genetics to Epigenetics: New Insights into Keloid Scarring. Cell. Prolif. 50 (2),
326. doi:10.1111/cpr.12326

Hesketh, M., Sahin, K. B., West, Z. E., and Murray, R. Z. (2017). Macrophage
Phenotypes Regulate Scar Formation and Chronic Wound Healing. Int. J. Mol.
Sci. 18 (7), 545. doi:10.3390/ijms18071545

Hsieh, C. L., Chi, K. Y., Lin, W. Y., and Lee, L. T. (2021). Timing of Adjuvant
Radiotherapy after Keloid Excision: A Systematic Review and Meta-Analysis.
Dermatol Surg. 47 (11), 1438–1443. doi:10.1097/DSS.0000000000003165

Hsu, C. K., Lin, H. H., Harn, H. I., Hughes, M. W., Tang, M. J., and Yang, C. C.
(2018a). Mechanical Forces in Skin Disorders. J. Dermatol Sci. 90 (3), 232–240.
doi:10.1016/j.jdermsci.2018.03.004

Hsu, C. K., Lin, H. H., Harn, H. I., Ogawa, R., Wang, Y. K., Ho, Y. T., et al. (2018b).
Caveolin-1 Controls Hyperresponsiveness to Mechanical Stimuli and
Fibrogenesis-Associated RUNX2 Activation in Keloid Fibroblasts. J. Investig.
Dermatol 138 (1), 208–218. doi:10.1016/j.jid.2017.05.041

Huang, C., Akaishi, S., Hyakusoku, H., and Ogawa, R. (2014). Are Keloid and
Hypertrophic Scar Different Forms of the Same Disorder? A Fibroproliferative
Skin Disorder Hypothesis Based on Keloid Findings. Int. Wound J. 11 (5),
517–522. doi:10.1111/j.1742-481X.2012.01118.x

Huang, C., and Ogawa, R. (2013). Roles of Lipid Metabolism in Keloid
Development. Lipids Health Dis. 12, 60. doi:10.1186/1476-511X-12-60

Huang, S. Y., Xiang, X., Guo, R. Q., Cheng, S., Wang, L. Y., and Qiu, L. (2020).
Quantitative Assessment of Treatment Efficacy in Keloids Using High-
Frequency Ultrasound and Shear Wave Elastography: a Preliminary Study.
Sci. Rep. 10 (1), 1375. doi:10.1038/s41598-020-58209-x

Jain, R., Watson, U., Vasudevan, L., and Saini, D. K. (2018). ERK Activation
Pathways Downstream of GPCRs. Int. Rev. Cell. Mol. Biol. 338, 79–109. doi:10.
1016/bs.ircmb.2018.02.003

Jemal, I., Soriano, S., Conte, A. L., Morenilla, C., and Gomis, A. (2014). G Protein-
Coupled Receptor Signalling Potentiates the Osmo-Mechanical Activation of
TRPC5 Channels. Pflugers Arch. 466 (8), 1635–1646. doi:10.1007/s00424-013-
1392-z

Jin, J., Zhai, H. F., Jia, Z. H., and Luo, X. H. (2019). Long Non-coding RNA
HOXA11-AS Induces Type I Collagen Synthesis to Stimulate Keloid
Formation via Sponging miR-124-3p and Activation of Smad5
Signaling. Am. J. Physiol. Cell. Physiol. 317 (5), C1001–c1010. doi:10.
1152/ajpcell.00319.2018

Jin, Q., Gui, L., Niu, F., Yu, B., Lauda, N., Liu, J., et al. (2018). Macrophages in
Keloid Are Potent at Promoting the Differentiation and Function of Regulatory
T Cells. Exp. Cell. Res. 362 (2), 472–476. doi:10.1016/j.yexcr.2017.12.011

Johan, M. Z., and Samuel, M. S. (2019). Rho-ROCK Signaling Regulates Tumor-
Microenvironment Interactions. Biochem. Soc. Trans. 47 (1), 101–108. doi:10.
1042/BST20180334

Jumper, N., Hodgkinson, T., Paus, R., and Bayat, A. (2017). A Role for Neuregulin-
1 in Promoting Keloid Fibroblast Migration via ErbB2-Mediated Signaling.
Acta Derm. Venereol. 97 (6), 675–684. doi:10.2340/00015555-2587

Kang, Y., Roh, M. R., Rajadurai, S., Rajadurai, A., Kumar, R., Njauw, C. N., et al.
(2020). Hypoxia and HIF-1α Regulate Collagen Production in Keloids.
J. Investig. Dermatol 140 (11), 2157–2165. doi:10.1016/j.jid.2020.01.036

Frontiers in Pharmacology | www.frontiersin.org May 2022 | Volume 13 | Article 9062129

Feng et al. Keloid Fibrosis and Mechanical Factors

https://doi.org/10.1097/DAD.0b013e3182a27b83
https://doi.org/10.1097/DAD.0b013e3182a27b83
https://doi.org/10.1016/j.matbio.2016.01.013
https://doi.org/10.1038/jid.2013.396
https://doi.org/10.1089/wound.2014.0621
https://doi.org/10.1089/wound.2014.0621
https://doi.org/10.1111/j.1365-2133.2012.11190.x
https://doi.org/10.1097/DSS.0000000000000819
https://doi.org/10.1007/s00441-020-03361-z
https://doi.org/10.1016/j.jdermsci.2013.03.005
https://doi.org/10.1111/dth.13553
https://doi.org/10.1111/dth.13553
https://doi.org/10.7150/ijbs.37500
https://doi.org/10.1111/bjd.16173
https://doi.org/10.1016/j.jdermsci.2021.09.002
https://doi.org/10.1097/PRS.0000000000005717
https://doi.org/10.1097/PRS.0000000000005717
https://doi.org/10.1038/nature21035
https://doi.org/10.3390/ijms21031105
https://doi.org/10.1084/jem.20190103
https://doi.org/10.1111/exd.14466
https://doi.org/10.1016/j.ceb.2017.12.014
https://doi.org/10.1186/s41038-016-0055-7
https://doi.org/10.1038/s41598-021-02730-0
https://doi.org/10.1111/exd.13460
https://doi.org/10.1038/s41419-021-03481-6
https://doi.org/10.1038/s41419-021-03481-6
https://doi.org/10.1111/cpr.12326
https://doi.org/10.3390/ijms18071545
https://doi.org/10.1097/DSS.0000000000003165
https://doi.org/10.1016/j.jdermsci.2018.03.004
https://doi.org/10.1016/j.jid.2017.05.041
https://doi.org/10.1111/j.1742-481X.2012.01118.x
https://doi.org/10.1186/1476-511X-12-60
https://doi.org/10.1038/s41598-020-58209-x
https://doi.org/10.1016/bs.ircmb.2018.02.003
https://doi.org/10.1016/bs.ircmb.2018.02.003
https://doi.org/10.1007/s00424-013-1392-z
https://doi.org/10.1007/s00424-013-1392-z
https://doi.org/10.1152/ajpcell.00319.2018
https://doi.org/10.1152/ajpcell.00319.2018
https://doi.org/10.1016/j.yexcr.2017.12.011
https://doi.org/10.1042/BST20180334
https://doi.org/10.1042/BST20180334
https://doi.org/10.2340/00015555-2587
https://doi.org/10.1016/j.jid.2020.01.036
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Kasyanju Carrero, L. M., Ma, W. W., Liu, H. F., Yin, X. F., and Zhou, B. R. (2019).
Botulinum Toxin Type A for the Treatment and Prevention of Hypertrophic
Scars and Keloids: Updated Review. J. Cosmet. Dermatol 18 (1), 10–15. doi:10.
1111/jocd.12828

Kenny, F. N., Drymoussi, Z., Delaine-Smith, R., Kao, A. P., Laly, A. C., Knight, M.
M., et al. (2018). Tissue Stiffening Promotes Keratinocyte Proliferation through
Activation of Epidermal Growth Factor Signaling. J. Cell. Sci. 131 (10), 780.
doi:10.1242/jcs.215780

Kim, H. (2021). Ameliorating Fibrotic Phenotypes of Keloid Dermal Fibroblasts
through an Epidermal Growth Factor-Mediated Extracellular Matrix
Remodeling. Int. J. Mol. Sci. 22 (4), 2198. doi:10.3390/ijms22042198

Kim, J., Kim, B., Kim, S. M., Yang, C. E., Song, S. Y., Lee, W. J., et al. (2019).
Hypoxia-Induced Epithelial-To-Mesenchymal Transition Mediates Fibroblast
Abnormalities via ERK Activation in Cutaneous Wound Healing. Int. J. Mol.
Sci. 20 (10). doi:10.3390/ijms20102546

Kiprono, S. K., Chaula, B. M., Masenga, J. E., Muchunu, J. W., Mavura, D. R.,
and Moehrle, M. (2015). Epidemiology of Keloids in Normally Pigmented
Africans and African People with Albinism: Population-Based Cross-
Sectional Survey. Br. J. Dermatol 173 (3), 852–854. doi:10.1111/bjd.13826

Kiya, K., Kubo, T., Kawai, K., Matsuzaki, S., Maeda, D., Fujiwara, T., et al. (2017).
Endothelial Cell-Derived Endothelin-1 Is Involved in Abnormal Scar
Formation by Dermal Fibroblasts through RhoA/Rho-Kinase Pathway. Exp.
Dermatol 26 (8), 705–712. doi:10.1111/exd.13264

Kurokawa, N., Ueda, K., and Tsuji, M. (2010). Study of Microvascular
Structure in Keloid and Hypertrophic Scars: Density of Microvessels
and the Efficacy of Three-Dimensional Vascular Imaging. J. Plast. Surg.
Hand Surg. 44 (6), 272–277. doi:10.3109/2000656X.2010.532923

Leask, A. (2013). Integrin β1: A Mechanosignaling Sensor Essential for Connective
Tissue Deposition by Fibroblasts. Adv. Wound Care (New Rochelle) 2 (4),
160–166. doi:10.1089/wound.2012.0365

Lee, H. J., and Jang, Y. J. (2018). Recent Understandings of Biology, Prophylaxis
and Treatment Strategies for Hypertrophic Scars and Keloids. Int. J. Mol. Sci. 19
(3), 711. doi:10.3390/ijms19030711

Lee, Y. I., Kim, S. M., Kim, J., Kim, J., Song, S. Y., Lee, W. J., et al. (2020). Tissue-
remodelling M2 Macrophages Recruits Matrix Metallo-Proteinase-9 for
Cryotherapy-Induced Fibrotic Resolution during Keloid Treatment. Acta
Derm. Venereol. 100 (17), adv00306. doi:10.2340/00015555-3665

Lee, Y. S., Hsu, T., Chiu, W. C., Sarkozy, H., Kulber, D. A., Choi, A., et al.
(2016). Keloid-derived, Plasma/fibrin-Based Skin Equivalents Generate
De Novo Dermal and Epidermal Pathology of Keloid Fibrosis in a Mouse
Model. Wound Repair Regen. 24 (2), 302–316. doi:10.1111/wrr.12397

Lei, R., Li, J., Liu, F., Li, W., Zhang, S., Wang, Y., et al. (2019). HIF-1α Promotes the
Keloid Development through the Activation of TGF-β/Smad and TLR4/
MyD88/NF-κB Pathways. Cell. Cycle 18 (23), 3239–3250. doi:10.1080/
15384101.2019.1670508

Li, M., andWu, L. (2016). Functional Analysis of Keratinocyte and Fibroblast Gene
Expression in Skin and Keloid Scar Tissue Based on Deviation Analysis of
Dynamic Capabilities. Exp. Ther. Med. 12 (6), 3633–3641. doi:10.3892/etm.
2016.3817

Li, Q., Qin, Z., Nie, F., Bi, H., Zhao, R., Pan, B., et al. (2018). Metabolic
Reprogramming in Keloid Fibroblasts: Aerobic Glycolysis and a Novel
Therapeutic Strategy. Biochem. Biophys. Res. Commun. 496 (2), 641–647.
doi:10.1016/j.bbrc.2018.01.068

Li, Z., and Jin, Z. (2016). Comparative Effect and Safety of Verapamil in Keloid and
Hypertrophic Scar Treatment: a Meta-Analysis. Ther. Clin. Risk Manag. 12,
1635–1641. doi:10.2147/TCRM.S118748

Limandjaja, G. C., Niessen, F. B., Scheper, R. J., and Gibbs, S. (2020). The Keloid
Disorder: Heterogeneity, Histopathology, Mechanisms and Models. Front. Cell.
Dev. Biol. 8, 360. doi:10.3389/fcell.2020.00360

Limandjaja, G. C., Waaijman, T., Roffel, S., Niessen, F. B., and Gibbs, S. (2019).
Monocytes Co-cultured with Reconstructed Keloid and Normal Skin Models
Skew towards M2 Macrophage Phenotype. Arch. Dermatol Res. 311 (8),
615–627. doi:10.1007/s00403-019-01942-9

Lin, X., Wang, Y., Jiang, Y., Xu, M., Pang, Q., Sun, J., et al. (2020). Sumoylation
Enhances the Activity of the TGF-β/SMAD and HIF-1 Signaling Pathways in
Keloids. Life Sci. 255, 117859. doi:10.1016/j.lfs.2020.117859

Liu, F., Lagares, D., Choi, K. M., Stopfer, L., Marinković, A., Vrbanac, V., et al.
(2015). Mechanosignaling through YAP and TAZ Drives Fibroblast Activation

and Fibrosis. Am. J. Physiol. Lung Cell. Mol. Physiol. 308 (4), L344–L357. doi:10.
1152/ajplung.00300.2014

Liu, J., Zhu, H., Wang, H., Li, J., Han, F., Liu, Y., et al. (2018). Methylation of Secreted
Frizzled-Related Protein 1 (SFRP1) PromoterDownregulatesWnt/β-CateninActivity
in Keloids. J. Mol. Histol. 49 (2), 185–193. doi:10.1007/s10735-018-9758-3

Lu, W. S., Zheng, X. D., Yao, X. H., and Zhang, L. F. (2015). Clinical and
Epidemiological Analysis of Keloids in Chinese Patients. Arch. Dermatol
Res. 307 (2), 109–114. doi:10.1007/s00403-014-1507-1

Lu, Y. Y., Wu, C. H., Hong, C. H., Chang, K. L., and Lee, C. H. (2021). GLUT-1
Enhances Glycolysis, Oxidative Stress, and Fibroblast Proliferation in Keloid.
Life (Basel) 11 (6), 505. doi:10.3390/life11060505

Luo, L., Li, J., Liu, H., Jian, X., Zou, Q., Zhao, Q., et al. (2017). Adiponectin Is
Involved in Connective Tissue Growth Factor-Induced Proliferation, Migration
and Overproduction of the Extracellular Matrix in Keloid Fibroblasts. Int.
J. Mol. Sci. 18 (5), 1044. doi:10.3390/ijms18051044

Lv, W., Ren, Y., Hou, K., Hu, W., Yi, Y., Xiong, M., et al. (2020). Epigenetic
Modification Mechanisms Involved in Keloid: Current Status and Prospect.
Clin. Epigenetics 12 (1), 183. doi:10.1186/s13148-020-00981-8

Macarak, E. J., Wermuth, P. J., Rosenbloom, J., and Uitto, J. (2021). Keloid
Disorder: Fibroblast Differentiation and Gene Expression Profile in
Fibrotic Skin Diseases. Exp. Dermatol 30 (1), 132–145. doi:10.1111/exd.
14243

Maeda, D., Kubo, T., Kiya, K., Kawai, K., Matsuzaki, S., Kobayashi, D., et al.
(2019). Periostin Is Induced by IL-4/IL-13 in Dermal Fibroblasts and
Promotes RhoA/ROCK Pathway-Mediated TGF-β1 Secretion in
Abnormal Scar Formation. J. Plast. Surg. Hand Surg. 53 (5), 288–294.
doi:10.1080/2000656X.2019.1612752

Mahdavian Delavary, B., van der Veer, W. M., Ferreira, J. A., and Niessen, F. B.
(2012). Formation of Hypertrophic Scars: Evolution and Susceptibility. J. Plast.
Surg. Hand Surg. 46 (2), 95–101. doi:10.3109/2000656X.2012.669184

Marty, P., Chatelain, B., Lihoreau, T., Tissot, M., Dirand, Z., Humbert, P., et al.
(2021). Halofuginone Regulates Keloid Fibroblast Fibrotic Response to TGF-β
Induction. Biomed. Pharmacother. 135, 111182. doi:10.1016/j.biopha.2020.
111182

Mierke, C. T. (2022). Viscoelasticity, like Forces, Plays a Role in
Mechanotransduction. Front. Cell. Dev. Biol. 10, 789841. doi:10.3389/fcell.
2022.789841

Li, Q. I., Chen, B., and Qin, Z. (2020). Mitochondrial Dysfunction and
Morphological Abnormality in Keloid Fibroblasts. Adv. Wound Care 9. 539

Mun, J. H., Kim, Y. M., Kim, B. S., Kim, J. H., Kim, M. B., and Ko, H. C. (2014).
Simvastatin Inhibits Transforming Growth Factor-β1-Induced Expression of
Type I Collagen, CTGF, and α-SMA in Keloid Fibroblasts. Wound Repair
Regen. 22 (1), 125–133. doi:10.1111/wrr.12136

Nagar, H., Kim, S., Lee, I., Kim, S., Choi, S. J., Piao, S., et al. (2021). Downregulation
of CR6-Interacting Factor 1 Suppresses Keloid Fibroblast Growth via the TGF-
β/Smad Signaling Pathway. Sci. Rep. 11 (1), 500. doi:10.1038/s41598-020-
79785-y

Nagasao, T., Aramaki-Hattori, N., Shimizu, Y., Yoshitatsu, S., Takano, N., and
Kishi, K. (2013). Transformation of Keloids Is Determined by Stress
Occurrence Patterns on Peri-Keloid Regions in Response to Body
Movement. Med. Hypotheses 81 (1), 136–141. doi:10.1016/j.mehy.2013.04.016

Nyika, D. T., Khumalo, N. P., and Bayat, A. (2022). Genetics and Epigenetics of
Keloids. Adv. Wound Care (New Rochelle) 11 (4), 192–201. doi:10.1089/wound.
2021.0094

Nyström, A., and Bruckner-Tuderman, L. (2019). Matrix Molecules and Skin
Biology. Semin. Cell. Dev. Biol. 89, 136. doi:10.1016/j.semcdb.2018.07.025

Ogawa, R. (2017). Keloid and Hypertrophic Scars Are the Result of Chronic
Inflammation in the Reticular Dermis. Int. J. Mol. Sci. 18 (3). 606. doi:10.3390/
ijms18030606

Ogawa, R., Mitsuhashi, K., Hyakusoku, H., and Miyashita, T. (2003). Postoperative
Electron-Beam Irradiation Therapy for Keloids and Hypertrophic Scars:
Retrospective Study of 147 Cases Followed for More Than 18 Months.
Plast. Reconstr. Surg. 111 (2), 547–555. doi:10.1097/01.PRS.0000040466.
55214.35

Ogawa, R., Okai, K., Tokumura, F., Mori, K., Ohmori, Y., Huang, C., et al. (2012).
The Relationship between Skin Stretching/contraction and Pathologic Scarring:
the Important Role of Mechanical Forces in Keloid Generation. Wound Repair
Regen. 20 (2), 149–157. doi:10.1111/j.1524-475X.2012.00766.x

Frontiers in Pharmacology | www.frontiersin.org May 2022 | Volume 13 | Article 90621210

Feng et al. Keloid Fibrosis and Mechanical Factors

https://doi.org/10.1111/jocd.12828
https://doi.org/10.1111/jocd.12828
https://doi.org/10.1242/jcs.215780
https://doi.org/10.3390/ijms22042198
https://doi.org/10.3390/ijms20102546
https://doi.org/10.1111/bjd.13826
https://doi.org/10.1111/exd.13264
https://doi.org/10.3109/2000656X.2010.532923
https://doi.org/10.1089/wound.2012.0365
https://doi.org/10.3390/ijms19030711
https://doi.org/10.2340/00015555-3665
https://doi.org/10.1111/wrr.12397
https://doi.org/10.1080/15384101.2019.1670508
https://doi.org/10.1080/15384101.2019.1670508
https://doi.org/10.3892/etm.2016.3817
https://doi.org/10.3892/etm.2016.3817
https://doi.org/10.1016/j.bbrc.2018.01.068
https://doi.org/10.2147/TCRM.S118748
https://doi.org/10.3389/fcell.2020.00360
https://doi.org/10.1007/s00403-019-01942-9
https://doi.org/10.1016/j.lfs.2020.117859
https://doi.org/10.1152/ajplung.00300.2014
https://doi.org/10.1152/ajplung.00300.2014
https://doi.org/10.1007/s10735-018-9758-3
https://doi.org/10.1007/s00403-014-1507-1
https://doi.org/10.3390/life11060505
https://doi.org/10.3390/ijms18051044
https://doi.org/10.1186/s13148-020-00981-8
https://doi.org/10.1111/exd.14243
https://doi.org/10.1111/exd.14243
https://doi.org/10.1080/2000656X.2019.1612752
https://doi.org/10.3109/2000656X.2012.669184
https://doi.org/10.1016/j.biopha.2020.111182
https://doi.org/10.1016/j.biopha.2020.111182
https://doi.org/10.3389/fcell.2022.789841
https://doi.org/10.3389/fcell.2022.789841
https://doi.org/10.1111/wrr.12136
https://doi.org/10.1038/s41598-020-79785-y
https://doi.org/10.1038/s41598-020-79785-y
https://doi.org/10.1016/j.mehy.2013.04.016
https://doi.org/10.1089/wound.2021.0094
https://doi.org/10.1089/wound.2021.0094
https://doi.org/10.1016/j.semcdb.2018.07.025
https://doi.org/10.3390/ijms18030606
https://doi.org/10.3390/ijms18030606
https://doi.org/10.1097/01.PRS.0000040466.55214.35
https://doi.org/10.1097/01.PRS.0000040466.55214.35
https://doi.org/10.1111/j.1524-475X.2012.00766.x
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Ogawa, R. (2019). Surgery for Scar Revision and Reduction: from Primary Closure
to Flap Surgery. Burns Trauma 7, 7. doi:10.1186/s41038-019-0144-5

Pakyari, M., Farrokhi, A., Maharlooei, M. K., and Ghahary, A. (2013). Critical Role
of Transforming Growth Factor Beta in Different Phases of Wound Healing.
Adv.Wound Care (New Rochelle) 2 (5), 215–224. doi:10.1089/wound.2012.0406

Panciera, T., Azzolin, L., Cordenonsi, M., and Piccolo, S. (2017). Mechanobiology
of YAP and TAZ in Physiology and Disease. Nat. Rev. Mol. Cell. Biol. 18 (12),
758–770. doi:10.1038/nrm.2017.87

Plikus, M. V., Wang, X., Sinha, S., Forte, E., Thompson, S. M., Herzog, E. L., et al.
(2021). Fibroblasts: Origins, Definitions, and Functions in Health and Disease.
Cell. 184 (15), 3852–3872. doi:10.1016/j.cell.2021.06.024

Rodrigues, M., Kosaric, N., Bonham, C. A., and Gurtner, G. C. (2019). Wound
Healing: A Cellular Perspective. Physiol. Rev. 99 (1), 665–706. doi:10.1152/
physrev.00067.2017

Russell, S. B., Russell, J. D., Trupin, K.M., Gayden, A. E., Opalenik, S. R., Nanney, L.
B., et al. (2010). Epigenetically Altered Wound Healing in Keloid Fibroblasts.
J. Investig. Dermatol 130 (10), 2489–2496. doi:10.1038/jid.2010.162

Sakamoto, Y., Ishijima, M., Kaneko, H., Kurebayashi, N., Ichikawa, N., Futami, I.,
et al. (2010). Distinct Mechanosensitive Ca2+ Influx Mechanisms in Human
Primary Synovial Fibroblasts. J. Orthop. Res. 28 (7), 859–864. doi:10.1002/jor.
21080

Shook, B. A., Wasko, R. R., Rivera-Gonzalez, G. C., Salazar-Gatzimas, E., López-
Giráldez, F., Dash, B. C., et al. (2018). Myofibroblast Proliferation and
Heterogeneity Are Supported by Macrophages during Skin Repair. Science
362 (6417), 362. doi:10.1126/science.aar2971

Song, H., Liu, T., Wang, W., Pang, H., Zhou, Z., Lv, Y., et al. (2019). Tension
Enhances Cell Proliferation and Collagen Synthesis by Upregulating
Expressions of Integrin αvβ3 in Human Keloid-Derived Mesenchymal Stem
Cells. Life Sci. 219, 272–282. doi:10.1016/j.lfs.2018.12.042

Srivastava, S., Kumari, H., and Singh, A. (2019). Comparison of Fractional CO2

Laser, Verapamil, and Triamcinolone for the Treatment of Keloid. Adv. Wound
Care (New Rochelle) 8 (1), 7–13. doi:10.1089/wound.2018.0798

Suarez, E., Syed, F., Alonso-Rasgado, T., and Bayat, A. (2015). Identification of
Biomarkers Involved in Differential Profiling of Hypertrophic and Keloid Scars
versus Normal Skin. Arch. Dermatol Res. 307 (2), 115–133. doi:10.1007/s00403-
014-1512-4

Suarez, E., Syed, F., Alonso-Rasgado, T., Mandal, P., and Bayat, A. (2013). Up-
regulation of Tension-Related Proteins in Keloids: Knockdown of Hsp27, α2β1-
integrin, and PAI-2 Shows Convincing Reduction of Extracellular Matrix
Production. Plast. Reconstr. Surg. 131 (2), 158e–173e. doi:10.1097/PRS.
0b013e3182789b2b

Suarez, E., Syed, F., Rasgado, T. A., Walmsley, A., Mandal, P., and Bayat, A.
(2014). Skin Equivalent Tensional Force Alters Keloid Fibroblast Behavior
and Phenotype. Wound Repair Regen. 22 (5), 557–568. doi:10.1111/wrr.
12215

Syed, F., Ahmadi, E., Iqbal, S. A., Singh, S., McGrouther, D. A., and Bayat, A.
(2011). Fibroblasts from the Growing Margin of Keloid Scars Produce
Higher Levels of Collagen I and III Compared with Intralesional and
Extralesional Sites: Clinical Implications for Lesional Site-Directed
Therapy. Br. J. Dermatol 164 (1), 83–96. doi:10.1111/j.1365-2133.2010.
10048.x

Tang, M., Bian, W., Cheng, L., Zhang, L., Jin, R., Wang, W., et al. (2018).
Ginsenoside Rg3 Inhibits Keloid Fibroblast Proliferation, Angiogenesis
and Collagen Synthesis In Vitro via the TGF β/Smad and ERK Signaling
Pathways. Int. J. Mol. Med. 41 (3), 1487–1499. doi:10.3892/ijmm.2018.
3362

Tsuge, T., Aoki, M., Akaishi, S., Dohi, T., Yamamoto, H., and Ogawa, R. (2020).
Geometric Modeling and a Retrospective Cohort Study on the Usefulness of
Fascial Tensile Reductions in Severe Keloid Surgery. Surgery 167 (2), 504–509.
doi:10.1016/j.surg.2019.07.028

Verhiel, S., Piatkowski de Grzymala, A., and van der Hulst, R. (2015). Mechanism
of Action, Efficacy, and Adverse Events of Calcium Antagonists in
Hypertrophic Scars and Keloids: A Systematic Review. Dermatol Surg. 41
(12), 1343–1350. doi:10.1097/DSS.0000000000000506

Vinaik, R., Barayan, D., Auger, C., Abdullahi, A., and Jeschke, M. G. (2020).
Regulation of Glycolysis and the Warburg Effect in Wound Healing. JCI Insight
5 (17), 138949. doi:10.1172/jci.insight.138949

Vykoukal, J., Fahrmann, J. F., Gregg, J. R., Tang, Z., Basourakos, S., Irajizad, E., et al.
(2020). Caveolin-1-mediated Sphingolipid Oncometabolism Underlies a
Metabolic Vulnerability of Prostate Cancer. Nat. Commun. 11 (1), 4279.
doi:10.1038/s41467-020-17645-z

Wang, L. Z., Ding, J. P., Yang, M. Y., and Chen, B. (2014). Forty-five Cases of Chest
Keloids Treated with Subcutaneous Super-tension-reduction Suture Combined
with Postoperative Electron-Beam Irradiation. Dermatol Surg. 40 (12),
1378–1384. doi:10.1097/DSS.0000000000000163

Wang, R., Bai, Z., Wen, X., Du, H., Zhou, L., Tang, Z., et al. (2019). MiR-152-3p
Regulates Cell Proliferation, Invasion and Extracellular Matrix Expression
through by Targeting FOXF1 in Keloid Fibroblasts. Life Sci. 234, 116779.
doi:10.1016/j.lfs.2019.116779

Wang, R., Xin, M., Li, Y., Zhang, P., and Zhang, M. (2016). The Functions of
Histone Modification Enzymes in Cancer. Curr. Protein Pept. Sci. 17 (5),
438–445. doi:10.2174/1389203717666160122120521

Wang, X., Gao, Z., Wu, X., Zhang, W., Zhou, G., and Liu, W. (2016). Inhibitory
Effect of TGF-β Peptide Antagonist on the Fibrotic Phenotype of Human
Hypertrophic Scar Fibroblasts. Pharm. Biol. 54 (7), 1189–1197. doi:10.3109/
13880209.2015.1059862

Wang, X., Liu, Y., Chen, X., Zhang, M., and Xiao, Z. (2013). Impact of MiR-21 on
the Expression of FasL in the Presence of TGF-β1. Aesthet. Surg. J. 33 (8),
1186–1198. doi:10.1177/1090820X13511969

Wang, Y., Ma, J., Zhang, Z., and Shen, H. (2020). Combined Surgical Excision
and Electron External Beam Radiation Improves the Treatment of Keloids:
A Descriptive Study. Dermatol Ther. 33 (4), e13494. doi:10.1111/dth.
13494

Wang, Z., Fong, K. D., Phan, T. T., Lim, I. J., Longaker, M. T., and Yang, G. P.
(2006). Increased Transcriptional Response to Mechanical Strain in Keloid
Fibroblasts Due to Increased Focal Adhesion Complex Formation. J. Cell.
Physiol. 206 (2), 510–517. doi:10.1002/jcp.20486

Wong, V. W., Akaishi, S., Longaker, M. T., and Gurtner, G. C. (2011). Pushing
Back: Wound Mechanotransduction in Repair and Regeneration. J. Investig.
Dermatol 131 (11), 2186–2196. doi:10.1038/jid.2011.212

Wu, J., Del Duca, E., Espino, M., Gontzes, A., Cueto, I., Zhang, N., et al. (2020).
RNA Sequencing Keloid Transcriptome Associates Keloids with Th2, Th1,
Th17/Th22, and JAK3-Skewing. Front. Immunol. 11, 597741. doi:10.3389/
fimmu.2020.597741

Xu, Z., Guo, B., Chang, P., Hui, Q., Li, W., and Tao, K. (2019). The
Differential Expression of miRNAs and a Preliminary Study on the
Mechanism of miR-194-3p in Keloids. Biomed. Res. Int. 2019, 8214923.
doi:10.1155/2019/8214923

Xue, M., and Jackson, C. J. (2015). Extracellular Matrix Reorganization
during Wound Healing and its Impact on Abnormal Scarring. Adv.
Wound Care (New Rochelle) 4 (3), 119–136. doi:10.1089/wound.2013.
0485

Xue, M., Zhao, R., March, L., and Jackson, C. (2022). Dermal Fibroblast
Heterogeneity and its Contribution to the Skin Repair and Regeneration.
Adv. Wound Care (New Rochelle) 11 (2), 87–107. doi:10.1089/wound.
2020.1287

Yan, L., Cao, R., Wang, L., Liu, Y., Pan, B., Yin, Y., et al. (2015). Epithelial-
mesenchymal Transition in Keloid Tissues and TGF-β1-Induced Hair Follicle
Outer Root Sheath Keratinocytes.Wound Repair Regen. 23 (4), 601–610. doi:10.
1111/wrr.12320

Yan, Z., Zhang, W., Xu, P., Zheng, W., Lin, X., Zhou, J., et al. (2021).
Phosphoproteome and Biological Evidence Revealed Abnormal Calcium
Homeostasis in Keloid Fibroblasts and Induction of Aberrant Platelet
Aggregation. J. Proteome Res. 20 (5), 2521–2532. doi:10.1021/acs.jproteome.
0c00984

Yang, S., Luo, Y. J., and Luo, C. (2021). Network Meta-Analysis of Different
Clinical Commonly Used Drugs for the Treatment of Hypertrophic Scar
and Keloid. Front. Med. 8, 691628. doi:10.3389/fmed.2021.691628

Yazdani Abyaneh, M. A., Griffith, R., Falto-Aizpurua, L., and Nouri, K. (2014).
Famous Lines in History: Langer Lines. JAMA Dermatol 150 (10), 1087. doi:10.
1001/jamadermatol.2014.659

Young, W. G., Worsham, M. J., Joseph, C. L., Divine, G. W., and Jones, L. R. (2014).
Incidence of Keloid and Risk Factors Following Head and Neck Surgery. JAMA.
Facial. Plast. Surg. 16 (5), 379–380. doi:10.1001/jamafacial.2014.113

Frontiers in Pharmacology | www.frontiersin.org May 2022 | Volume 13 | Article 90621211

Feng et al. Keloid Fibrosis and Mechanical Factors

https://doi.org/10.1186/s41038-019-0144-5
https://doi.org/10.1089/wound.2012.0406
https://doi.org/10.1038/nrm.2017.87
https://doi.org/10.1016/j.cell.2021.06.024
https://doi.org/10.1152/physrev.00067.2017
https://doi.org/10.1152/physrev.00067.2017
https://doi.org/10.1038/jid.2010.162
https://doi.org/10.1002/jor.21080
https://doi.org/10.1002/jor.21080
https://doi.org/10.1126/science.aar2971
https://doi.org/10.1016/j.lfs.2018.12.042
https://doi.org/10.1089/wound.2018.0798
https://doi.org/10.1007/s00403-014-1512-4
https://doi.org/10.1007/s00403-014-1512-4
https://doi.org/10.1097/PRS.0b013e3182789b2b
https://doi.org/10.1097/PRS.0b013e3182789b2b
https://doi.org/10.1111/wrr.12215
https://doi.org/10.1111/wrr.12215
https://doi.org/10.1111/j.1365-2133.2010.10048.x
https://doi.org/10.1111/j.1365-2133.2010.10048.x
https://doi.org/10.3892/ijmm.2018.3362
https://doi.org/10.3892/ijmm.2018.3362
https://doi.org/10.1016/j.surg.2019.07.028
https://doi.org/10.1097/DSS.0000000000000506
https://doi.org/10.1172/jci.insight.138949
https://doi.org/10.1038/s41467-020-17645-z
https://doi.org/10.1097/DSS.0000000000000163
https://doi.org/10.1016/j.lfs.2019.116779
https://doi.org/10.2174/1389203717666160122120521
https://doi.org/10.3109/13880209.2015.1059862
https://doi.org/10.3109/13880209.2015.1059862
https://doi.org/10.1177/1090820X13511969
https://doi.org/10.1111/dth.13494
https://doi.org/10.1111/dth.13494
https://doi.org/10.1002/jcp.20486
https://doi.org/10.1038/jid.2011.212
https://doi.org/10.3389/fimmu.2020.597741
https://doi.org/10.3389/fimmu.2020.597741
https://doi.org/10.1155/2019/8214923
https://doi.org/10.1089/wound.2013.0485
https://doi.org/10.1089/wound.2013.0485
https://doi.org/10.1089/wound.2020.1287
https://doi.org/10.1089/wound.2020.1287
https://doi.org/10.1111/wrr.12320
https://doi.org/10.1111/wrr.12320
https://doi.org/10.1021/acs.jproteome.0c00984
https://doi.org/10.1021/acs.jproteome.0c00984
https://doi.org/10.3389/fmed.2021.691628
https://doi.org/10.1001/jamadermatol.2014.659
https://doi.org/10.1001/jamadermatol.2014.659
https://doi.org/10.1001/jamafacial.2014.113
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Zanconato, F., Cordenonsi, M., and Piccolo, S. (2019). YAP and TAZ: a Signalling
Hub of the Tumour Microenvironment. Nat. Rev. Cancer 19 (8), 454–464.
doi:10.1038/s41568-019-0168-y

Zhang, G. Y., Yu, Q., Cheng, T., Liao, T., Nie, C. L., Wang, A. Y., et al. (2011). Role of
Caveolin-1 in the Pathogenesis of Tissue Fibrosis by Keloid-Derived Fibroblasts In
Vitro. Br. J. Dermatol 164 (3), 623–627. doi:10.1111/j.1365-2133.2010.10111.x

Zhang, T., Wang, X. F., Wang, Z. C., Lou, D., Fang, Q. Q., Hu, Y. Y., et al. (2020).
Current Potential Therapeutic Strategies Targeting the TGF-β/Smad Signaling
Pathway to Attenuate Keloid and Hypertrophic Scar Formation. Biomed.
Pharmacother. 129, 110287. doi:10.1016/j.biopha.2020.110287

Zhang, Z., Nie, F., Kang, C., Chen, B., Qin, Z., Ma, J., et al. (2014). Increased
Periostin Expression Affects the Proliferation, Collagen Synthesis, Migration
and Invasion of Keloid Fibroblasts under Hypoxic Conditions. Int. J. Mol. Med.
34 (1), 253–261. doi:10.3892/ijmm.2014.1760

Zhao, B., Guan, H., Liu, J. Q., Zheng, Z., Zhou, Q., Zhang, J., et al. (2017). Hypoxia Drives
the Transition of Human Dermal Fibroblasts to a Myofibroblast-like Phenotype via
the TGF-β1/Smad3 Pathway. Int. J. Mol. Med. 39 (1), 153–159. doi:10.3892/ijmm.
2016.2816

Zhao, H., Lu, F., Cui, S., Zhang, X., Wang,W., Si, E., et al. (2017). TMEM88 Inhibits
Extracellular Matrix Expression in Keloid Fibroblasts. Biomed. Pharmacother.
95, 1436–1440. doi:10.1016/j.biopha.2017.09.047

Zhou, B., Gao, Z., and Liu, Z. (2021). Important Role of Mechanical
Microenvironment on Macrophage Dysfunction during Keloid Pathogenesis.
Exp. Dermatol. doi:10.1111/exd.14473

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Feng, Liu, Pan, Wu, Wang, Yang, Liu, Xu and Lei. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Pharmacology | www.frontiersin.org May 2022 | Volume 13 | Article 90621212

Feng et al. Keloid Fibrosis and Mechanical Factors

https://doi.org/10.1038/s41568-019-0168-y
https://doi.org/10.1111/j.1365-2133.2010.10111.x
https://doi.org/10.1016/j.biopha.2020.110287
https://doi.org/10.3892/ijmm.2014.1760
https://doi.org/10.3892/ijmm.2016.2816
https://doi.org/10.3892/ijmm.2016.2816
https://doi.org/10.1016/j.biopha.2017.09.047
https://doi.org/10.1111/exd.14473
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	Biomechanical Regulatory Factors and Therapeutic Targets in Keloid Fibrosis
	Introduction
	Keloid Pathogenesis Study
	Changes in Cellular Function
	Genetic Factors
	Inflammatory Factors

	Biomechanical Factors in Keloid Formation
	Biomechanical Factors Associated With Skin Wound Healing
	Tension in Keloid Genesis and Development
	Matrix Mechanics in keloid Genesis and Development

	Biomechanical Factors and Mechanotransduction Pathways in Keloids
	TGF-β/Smad Signaling Pathway in Keloids
	Integrin Signaling Pathway in Keloids
	YAP/TAZ Signaling Pathway in Keloids
	Calcium Ion Signaling in Keloids

	Clinical Control of Skin Tension for Keloid Prevention and Treatment
	Pharmacological Strategies
	Suture of Intradermal Tension Reduction and Extradermal Tension Reduction Therapy

	Conclusion
	Author Contributions
	Funding
	References


