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Abstract

Once scar tissues mature, it is impossible for the surrounding tissue to regenerate normal dermal
tissue. Therefore, it is essential to understand the fundamental mechanisms and establish effective
strategies to inhibit aberrant scar formation. Hypertrophic scar formation is considered a result
of the imbalance between extracellular matrix synthesis and degradation during wound healing.
However, the underlying mechanisms of hypertrophic scar development are poorly understood.
The purpose of this review was to outline the management in the early stage after wound healing
to prevent hypertrophic scar formation, focusing on strategies excluding therapeutic agents of
internal use. Treatment aimed at molecular targets, including cytokines, will be future options to
prevent and treat hypertrophic scars. More basic studies and clinical trials, including combination

therapy, are required to investigate the mechanisms and prevent hypertrophic scar formation.
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Background

A hypertrophic scar (HS) is a skin condition characterized by exces-
sive fibrosis with disordered collagens from skin fibroblasts [1].
HS usually develops during the wound healing process subsequent
to deep-thickness trauma or burn injury and hinders normal func-
tion, resulting in physical, psychological and aesthetic problems for
patients [2, 3]. Several clinical studies reported that the incidence
rates differed among causes, from 40% to 94% following surgery
and from 30% to 91% following burn injury. In low- and middle-
income countries, the incidence rate is greater, reflecting the high
rate of burn injuries [4]. Major risk factors for HS formation include
gender, age, genetic predisposition, immunological responses of the
patient, type of injury, wound size and depth, anatomical site and
mechanical tension on the wound [5]. Furthermore, previous studies
demonstrated that HS proliferate exponentially for 2-18 months
after injury [6].
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However, the underlying mechanisms of HS development are
poorly understood; thus, there are few effective therapies. Nonin-
vasive treatments include intralesional corticosteroid injection and
laser, which have not been effective at fully preventing HS formation.
Recent studies have investigated whether intralesional injection of
botulinum toxin type A (BTXA) was more effective in inhibiting HS
than intralesional injection of corticosteroid or placebo [7, 8]. How-
ever, these treatments fail to effectively regenerate healthy dermal
tissue [9]. Once scar tissues mature, it is impossible for the surround-
ing tissue to regenerate normal dermal tissue [10-12]. Therefore,
the current treatment of HS mainly depends on surgical excision
with postoperative radiation, which is invasive [13]. It is essential
to understand the fundamental mechanisms and establish effective
strategies to inhibit aberrant scar formation.

The purpose of this review was to outline the management in the
early stage after wound healing to prevent HS formation, focusing
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Figure 1. Wound healing mechanism. An abnormality within the processes can cause HS formation. HS hypertrophic scar, TGFB transforming growth factor
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on strategies excluding therapeutic agents of internal use. We suggest
the potential of numerous therapies for treating wounds expected to
develop into HS after burn, trauma, or surgery.

Review

Wound healing and scarring
Skin wound healing is a process that consists of three sequential
phases: inflammation, proliferation and regeneration. HS formation
can occur as a result of an abnormality in these processes. When skin
is deeply injured, the early inflammatory cascade will be activated,
in which numerous inflammatory cells infiltrate the damaged area
and release cytokines [14]. The cytokines stimulate the migration
of keratinocytes and fibroblasts to the wound site, and subsequent
proliferation of these cells begins 4-5 days later. Fibroblasts secrete
extracellular matrix (ECM) proteins such as fibronectin, collagen
and hyaluronic acid, resulting in the formation of granulation tissue
[1]. During the proliferation phase, abundant vascularization and
angiogenesis play a key role in supplying the inflammatory cells and
fibroblasts for the formation of an occasional granulation matrix
[15]. It is well known that increased vascular density is present in
hypertrophic scars compared with normal scars [16]. Approximately
1 week after sustaining the wound, some fibroblasts differentiate
into myofibroblasts that also secrete ECM proteins, including
collagen 1 and 3. Myofibroblasts are alpha-smooth muscle actin
(e-SMA)-positive cells which are activated by transforming growth
factor-B1 (TGF-B1). They play a key role in contracting the edges
of the wound and reducing wound size [17, 18]. Simultaneously,
re-epithelization begins as keratinocytes proliferate at the wound
margin. When the re-epithelization is initiated, the number of
blood vessels is decreased, which induces apoptosis in both
fibroblasts and myofibroblasts. As a result, wound contraction is
discontinued [17]. Therefore, there are few fibroblasts in mature scar
tissue (Fig. 1).

HS formation is considered a result of the imbalance between
ECM synthesis and degradation during wound healing [19]. How-

rosis factor

ever, the excessive inflammatory cytokines, including IL-18, IL-6 and
TNF-«, not only promote fibroblast proliferation and ECM synthesis,
but also inhibit collagenase activity and increase the production
of collagenase inhibitors. These events result in abnormal collagen
composition and ultimately lead to scarring [14]. It is widely accepted
that the time to complete wound healing is the most important factor
to predict the development of HS. Past studies regarding burn patients
reported that only one-third of wounds developed scarring tissue
if healing occurred between 14 and 21 days. On the other hand,
78% of the sites became HS if the wound healed after 21 days
[20]. Treatments always have some controversy, especially for burn
patients. It is difficult to assess the depth and range of a burn,
and to reach agreement on post-surgery management [21]. During
the wound-healing process, any abnormality can have a negative
influence on tissue regeneration and lead to HS formation. From
a preventive perspective, some therapeutic interventions should be
recommended for patients in whom would healing takes longer than
14 days for wound closure (Fig. 2).

Signaling pathway in fibroblasts of HS

Transforming growth factor beta (TGFB) is the most representative
cytokine to promote fibrosis and scarring formation. It is secreted by
numerous cells, mainly activated T cells, macrophages, neutrophils
and platelets [22]. Chen et al. found that the expression of TGFA1
is increased in HS [23]. The topical application of TGFB1 inhibitor
within 2 weeks after injury resulted in clinical improvement in terms
of scar maturation [22]. Moreover, several studies have demonstrated
the influence of cell proliferation by TGFB1, with the underlying
mechanism mainly comprising the regulation of Smad3 by TGFA1
[24,25].

Numerous signaling transduction pathways participate in
inducing cell proliferation and inhibiting cell apoptosis, which
mediate the formation and promotion of HS (Fig. 2). Among them,
the TGFB1/Smad pathway is considered to play an important
role in HS formation by mainly promoting two functions:
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Figure 2. A five-year-old girl sustained an avulsion injury on dorsal foot. (a) Conservative treatment was continued for 40 days. (b) One year after the wound

healed, hypertrophic scars are observed at the deep wound
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Figure 3. TGFB1/Smad signaling pathway in fibroblast. TGFp transforming growth factor beta, MAPK mitogen-activated protein kinase, PI3K/AKT phosphoinosi-
tide 3 kinase/protein kinase B, ERK extracellular signal-regulated protein kinase, JNK c-Jun N-terminal kinase

ECM synthesis or deposition by stimulating fibroblasts and
the induction of fibroblast differentiation into myofibroblasts
[26-28]. The mitogen-activated protein kinase (MAPK) and
phosphoinositide 3 kinase/protein kinase B (PI3K/AKT) pathways
are also the two major representative signaling pathways. MAPKs,
including the extracellular signal-regulated protein kinase (ERK),
¢-Jun N-terminal kinase (JNK) and p38 pathways promote the TGF-
B1/Smad signal pathway in scarring fibroblasts [27]. However, the
specific molecular target drug has not been clinically applied for
HS. We collected diverse reports of novel treatments for abnormal
scarring. Most therapeutic options have potential effectiveness as
both monotherapy and combination therapy for the management of
abnormal scarring (Fig. 3).

Current and emerging approaches to HS

Pressure therapy Pressure treatment has been considered the main-
stay noninvasive treatment for HS, and is widely used worldwide
and its effectiveness has been established [4, 29]. According to
the study using the Bama minipig model, 1- to 2-month pressure
application inactivated the PI3K/AKT pathways and activated the
ERK signaling pathways, leading to downregulation of the mRNA
expression of collagen I and III analyzed by quantitative polymerase
chain reaction (q-PCR) compared with no-pressure conditions. In

addition, the pressure intervention resulted in a smaller size, less
contraction and softer scar surface [30]. These results were con-
sidered to be due to the restriction of blood flow to the scar
tissue, leading to a low supply of oxygen, nutrients and cytokines
involved in the inflammatory response. Ischemia induces mitochon-
dria swelling and vacuolation, causing fibroblasts to reduce their abil-
ity to synthesize ECM. Additionally, hypoxic environments induce
the release of prostaglandin E2, which increases the expression
of collagenase, thereby degenerating collagen fibers [31]. In brief,
it is possible that pressure intervention in the early stage of HS
formation helps to regulate neovascularization and reduce inflam-
mation in the scar area. A previous study suggested that it is more
effective if pressure therapy is performed within 2 months after
injury [32]. The authors recommended that the pressure should be
maintained between 20 and 30 mmHg, which is above capillary
pressure. However, high pressures exceeding 30-40 mmHg can cause
severe adverse events, including maceration or paresthesia at the
area [33-36].

Silicone The mechanism of treatment using silicone-based products
is considered to restore the barrier function of the stratum corneum
by reducing transepidermal water loss (TEWL). Once the function
of the stratum corneum is disrupted by deep-thickness wounds, the
TEWL will increase and take more than 1 year to normalize [37]. An
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in-vitro study demonstrated that the levels of proinflammatory
cytokine mRNAs increased in cultured keratinocytes exposed to
dehydration [38]. These cytokines affect the signaling pathway
involved in the production of collagen by fibroblasts. Moreover,
clinical trials and cases reported that keratinocytes stop producing
cytokines after 2-3 months of silicone gel treatment [39]. This review
suggests that the mechanism of action of silicone therapy has not
been completely determined, but is likely to involve the occlusion
and hydration of the stratum corneum with subsequent cytokine-
mediated signaling from keratinocytes to dermal fibroblasts. On
the other hand, Phillips et al. reported that the treatment of HS
with a moisturizer had no effect on scar elevation or erythema [40].
Overall, these outcomes suggest that intervention by simple hydration
is insufficient for reducing abnormal scarring.

Steroids The topical administration of steroids for burn injuries
has generally been used. Glucocorticoids have been reported to be
effective in improving dermal microcirculation in an animal study
[41]. In addition, it has been reported that glucocorticoids protect
against TNF-a-induced apoptosis of fibroblast cells in mice [42,
43]. Recently, Sobec et al. reported that the topical administration
of oxandrolone, which is an anabolic steroid with less virilization
potential than testosterone, led to better wound healing and reduced
HS formation in rabbit ears [44]. The epidermis is highly sensitive to
injury and plays a key role, not only in inflammation initiation, but
also in maintaining inflammation long after re-epithelization [45].

As prolonged inflammation induces HS formation, topical
steroids are a good option. In another clinical study, children with
severe burns (>40% total body surface area) received oxandrolone
daily for almost 1 year, leading to a reduction of acute-phase
inflammatory proteins without hepatotoxicity, which is sometimes
described as an adverse event of the systemic administration of
oxandrolone [46-49].

Laser therapy There is consistent evidence that early laser interven-
tion for the prevention of HS formation would be beneficial in
both the speed of scar reduction and the efficacy of therapeutic
response. Clinically, it has been widely accepted that pulsed dye
laser (PDL) treatment reduces HS formation mainly by decreasing
angiogenesis. PDL has been reported to improve the pliability and
erythema of immature scar by destruction of small blood vessels by
photothermolysis [50]. Other theories of the mechanism by which
PDL may achieve clinical efficacy in the treatment of scars include
the decreased cellular activity resultant from laser-induced anoxia or
through collagenolysis by laser stimulation of cytokine release [51].
Brewin and Lister. described the effectiveness of early intervention
using PDL for HS [2]. They suggested that success would be shown
when 2-3 treatments have been performed at intervals of around
6 weeks within 6 months after injury. The most common side effect
of PDL is post-delivery purpura, which persists up to 7-10 days.
However, few serious side effects of the use of PDL have been reported
[52]. We should consider actively early PDL intervention because it
is less invasive.

Recently, the use of ablative lasers based on the fractional
approach has become a novel strategy for the treatment of scars [53,
54]. The detailed mechanism by which the fractional laser affects
scar remodeling is unknown, but ablative fractional resurfacing may
influence the secretion of various cytokines and growth factors. Qu
et al. showed that fractional carbon oxide (CO;) laser treatment
induced mature hypertrophic burn scar regression by suppressing

both types I and III collagen deposition through decreasing
TGFB2, TGFB3 and basic fibroblast growth factor expression
and increasing matrix metalloproteinases-1 expression [55]. Their
findings indicated that these factors may play an important role
in the regression of mature HS following fractional CO, laser
treatment. Rodriguez et al. have developed a model of third-degree
dermal burn injury in Red Duroc pigs to compare the effects of CO,
and erbium:yttrium—aluminum-garnet (Er:YAG) ablative fractional
lasers in the treatment of HS following acute burn injury [56]. In their
work, molecular changes noted in the areas of dermal remodeling
indicated that matrix metalloproteinase (MMP)-2, MMP-9 and
decorin (DCN) play significant roles in tissue regeneration and
account for the enhanced effect of the Er:YAG laser treatment.
Further animal or prospective studies are needed to determine
how fractional laser treatment induces biosignals that suppress HS
formation.

Resection and radiation as adjuvant therapy Surgical approaches
vary with the type of scar. In the case of keloids, simple surgical
excision leads to faster synthesis of new ECM and results in larger
scarring. Thus, high recurrence rates between 50% and 80% have
been reported [57]. Mechanical tension placed on the wound or
scar promotes angiogenesis and induces scarring [58]. To prevent the
recurrence of keloids, surgical excision using postoperative radiation
within 48 hr is widely accepted [59-61]. In an established scar,
the cells no longer rapidly proliferate and the ECM is already laid
down. This is why radiotherapy alone is not effective. In contrast,
the inflammatory cells that infiltrate during initial surgical wound
healing are radiosensitive and largely eliminated by apoptosis. As a
result of inflammatory reduction, radiation therapy as an adjuvant
treatment can prevent the occurrence of abnormal scarring by con-
trolling fibroblast proliferation and arresting the cell cycle [62]. Clin-
ically, the appropriate protection of surrounding tissue is essential to
avoid radiation-induced carcinogenesis or other side effects. Electron
beams, which can achieve high homogeneity at the required depth
without irradiation of the deeper structures, are mainly used [63].

At this point, extra- or intralesional excision of hypertrophic scars
followed by early postoperative radiotherapy should be both simple
and effective at preventing recurrence at excision sites. However,
we need long-term results including carcinogenesis to apply it as a
reliable medical intervention.

Botulinum toxin type A BTXA is a neurotoxic protein produced
by the bacterium Clostridium botulinum or related species. It has
been used to treat hyperhidrosis and cervical dystonia, so its safety
and efficacy have been established [64]. Recently, BTXA has been
used in the treatment of HS by injecting it into the musculature
underlying wound sites and this has achieved good outcomes, reduc-
ing the itching, promoting scar softening and reducing the effects
of contracture [65-67]. Jeong et al. reported that fibroblast-to-
myofibroblast differentiation was significantly decreased after BTXA
treatment of fibroblasts from hypertrophic scars [68]. Xiao et al. also
demonstrated that BTXA effectively inhibited fibroblasts from pro-
liferation and differentiation into myofibroblasts, which can regulate
the expression of TGFB1 and ECM proteins [69].

Although BTXA has inhibitory effects on ‘fibroblasts in the
aberrant scar’, it demonstrated no significant inhibitory effects
on ‘fibroblasts in the normal scar’ even when the concentration
was increased [70]. However, the optimal concentration of
BTXA as an intralesional injection is unknown and may depend
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Table 1. Mechanisms of interventions in this review.
Antifibroblast Anti-inflammation Anti-angiogenesis Reference

Pressure Hypoxia (inhibit ability to synthesize Low supplication cells and cytokines Restrict blood flow [30-32]
collagen, accelerate apoptosis)

Silicon Reduce TEWL (reduce cytokine from [37,38]

keratinocytes)

Steroid Protect against TNF-a-induced Reduce inflammation [42-45]
apoptosis of fibroblast

Laser Anoxia Destruction of small blood vessels [50, 51]

Radiation inhibit fibroblasts proliferation, Promote immune cell apoptosis [62]
induce cellular senescence

BTXA decrease TGF-B1 expression (inhibit [69]
fibroblasts proliferation and
differentiation)

ADSC Reduce NO (inhibit fibroblasts Inflammatory regulation 87,
proliferation and differentiation) 90-92]

Increase DCN (reduce TGF-81
activity)

TNF tumor necrosis factor, TGFB transforming growth factor beta, BTXA botulinum toxin type A, ADSC adipose-derived stem cells, DCN decorin,

TEWL transepidermal water loss, NO nitric oxide

on the size or severity of the wound. We conclude that the
injection of BTXA for HS is promising and worth investigating
further.

Future management possibilities for HS
Anti-inflammatory therapy Both clinical cases and experimental
studies have demonstrated that HS is due to delayed wound healing.
As persistent inflammation of the injured skin may lead to HS
formation, anti-inflammatory therapy will be an effective strategy
to avoid it. Interleukin 10 (IL-10) is considered to play a key role
in scar formation by regulatory actions against the recruitment
and differentiation of inflammatory cells [71]. IL-10 also has
antifibrotic effects by activating the crosstalk between PI3K/AKT
and Janus kinase/signal transducers and activators of transcription3
(JAK/STAT3) signaling pathways in fibroblasts stimulated by TGFg-
1. This is why IL-10 downregulates the collagen expression in
fibroblasts, leading to the attenuation of fibrosis [72,73].

Tumor necrosis factor alpha stimulated gene 6 (TSG-6) was
identified from ¢cDNA from TNF-treated fibroblasts. It belongs to
the hyaluronic acid binding protein family [74]. TSG-6 inhibits the
expression of the inflammatory cytokines, including IL-6, IL-18 and
TNF-a, and reduces angiogenesis, resulting in fibroblast apoptosis.
TSG-6 is a protein that has both anti-inflammatory effects and pro-
apoptosis effects; therefore, the injection of TSG-6 into scar tissue
may be effective to reduce the deposition of collagen [14].

Anti-angiogenesis therapy HS tissues contain more microvessels than
the normal dermis [75]. There have been several experimental inves-
tigations on the effectiveness of anti-angiogenic therapy to reduce
abnormal tissue formation [76, 77]. Some studies described that an
antivascular endothelial growth factor (VEGF) monoclonal antibody
effectively inhibited not only angiogenesis in scar tissues, but also
ECM production from the fibroblasts in mice [78, 79].

Usnic acid (UA) is an active compound isolated mainly from
lichens [80]. Previous studies using the rabbit ear model revealed that
UA attenuated HS formation and the effects were associated with
suppression of the VEGFR2-mediated signaling pathway [81]. In-
vitro investigations suggested that UA suppresses the proliferation,

migration and tube formation of endothelial cells [80]. Based on these
principles, anti-angiogenesis therapy may be an efficient and feasible
approach.

Adipose-derived cell therapy A relatively new option for preventing
HS is autologous fat grafting, resulting in partial but significant
improvements in abnormal scar tissue [82]. Klinger et al. reported
a clinical assessment using the Patient and Observer Scar Assessment
Scale (POSAS) and durometer measurements in 20 patients with HS
[83]. The clinical trial revealed that areas treated using autologous
fat grafts were significantly reduced. Bruno et al. reported a total
of 93 burn scars assessed by histological evaluation [84]. In the
study, marked improvement was observed 3 months after undergoing
autologous fat transplantation. This mechanism is still under discus-
sion, but the stem cells from adipose tissue may function in such
histological and clinical scar improvement.

Numerous studies have reported that adipose tissue is com-
posed of several cell types, including adipocytes, immune cells and
adipose-derived stem cells (ADSC), that still retain differentiation
potential [85, 86]. ADSCs are abundant in adipose tissue, and can
be readily acquired, separated and cultured, hence why they are
now widely investigated regarding their ability to promote wound
healing. Moreover, ADSCs have an inflammatory regulatory func-
tion by secreting different bioactive substances, and are expected
to inhibit abnormal scar formation [87-89]. Moreover, based on
animal scarring models, the transplantation of ADSCs into scar
tissue may be effective at inhibiting fibroblast proliferation and
transformation into myofibroblasts by reducing nitric oxide (NO)
[90]. A study using a rabbit ear scarring model demonstrated that
the p53 protein level was higher in HS tissues than in normal
scar tissues. According to previous reports, mesenchymal stem cells
(MSC) with p53 gene knockdown lost the ability to reduce the
proliferation of fibroblasts through increasing NO production [91].
These findings suggest that the effects of MSC depend on p53-related
pathways.

Another recent finding was the role of ADSCs in the preven-
tion and treatment of pathological scars. An immunofluorescence
assay revealed that ADSCs can inhibit «-SMA expression and pro-
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Figure 4. Schema of hypertrophic scar formation. Target of therapeutic intervention. IL interleukin, BTXA botulinum toxin type A, ADSC adipose-derived stem
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mote DCN expression [10]. DCN is an extracellular small-molecular
complex synthesized by fibroblasts. It can bind to TGFB1 to reduce
its activity and the occurrence of fibrosis [92]. DCN-related therapy is
also expected to be used in the prevention and treatment of excessive
scar formation [56] (Table 1).

Perspective and limitation

Treatment aimed at molecular targets, including cytokines, will be
future options to prevent and treat HS. Recently, targeting drugs
blocking the specific signaling pathway have been used in clinical
situations. For example, the topical treatment of a JAK inhibitor was
applied for atopic dermatitis. Such topical treatment is preferable
considering side effects. At this stage, we can summarize and provide
some strategies to prevent HS formation (Fig. 4). More basic studies
and clinical trials, including combination therapy, are required to
investigate the mechanisms and prevent HS formation.

For decades, animal models of HS have been used to reveal the
pathophysiology of scarring and test new therapies, such as the rabbit
ear model, the white pig model and nude mice. The main limitation
of these models was the inability to reproduce the normal process
of HS development [93]. Aberrant scars, including HS, are specific
to humans. Laboratory animals have a fibromuscular layer under
the dermis, which is considered to be the main pathological differ-
ence to humans. Therefore, healing from injury depends on wound
contraction rather than re-epithelialization in animal models [44].
The rabbit ear model of HS is well-established and widely used for
investigations. However, the physiology and immune system of rabbit
skin are very different from those of humans. Moreover, genetic
predisposition, which plays an important role in HS formation in
humans, has not been considered in the rabbit ear model [94].

Conclusion

Acceleration of the wound-healing process can reduce the incidence
of HS formation; therefore, proper management and interventions
in the early stage of wound healing remain important. We provided
some strategies based on molecular evidence to prevent HS formation
after wound healing. Further studies that reveal the underlying mech-
anisms of wound healing and HS formation are needed to provide
new treatment options for the management of aberrant scars.
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