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recent research topics and current review articles in the field of scar research for all kinds of tissues

and organs.
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Scars develop in the final stage of wound healing. The biological pathways that underlie wound
healing and scarring are complex. In particular, the exact mechanisms that initiate and regulate them
and lead to their progression remain to be fully elucidated. A major goal of medical science is scar-less
wound healing. To achieve this goal, it is necessary to elucidate the relevant clinical, histopathological,
and molecular manifestations of scars, and to understand how these manifestations relate to each other.
The purpose of the Special Issue “Recent Advances in Scar Biology” that was published recently in
the International Journal of Molecular Sciences was to illustrate the biological mechanisms that underpin
scarring and effective clinical treatments. This Special Issue included a selection of recent research
topics and current review articles in the field of scar research for all kinds of tissues and organs.

Normally, the cutaneous wound healing process closes skin gaps by inducing the formation of
granulation tissue and epithelialization, which re-establishes an effective epidermal barrier. The complex
biochemical events that underlie wound closure can be categorized into four overlapping processes:
coagulation, inflammation, proliferation and remodeling. Coagulation and the inflammatory process
begin immediately after injury, while the proliferative phases start within a few days. The remodeling
phase commences within a week of injury and continues for months. If the inflammatory and
proliferative phases are feeble, wound healing may be delayed and chronic wounds may develop.
In relation to this, Horng et al. [1] showed in the Special Issue that estrogen deficiency, such as that in
postmenopausal women, has detrimental effects on wound-healing processes, particularly inflammation
and re-granulation, and that exogenous estrogen treatment may reverse these effects [1]. Conversely,
if the inflammatory and proliferative phases are excessively vigorous and prolonged due, for example,
to infection or burn, heavy scars can develop. Clinical interventions that target these phases can,
therefore, improve wound healing. For example, Jeong et al. [2] showed in a rat incisional wound-healing
model that injections with polydeoxyribonucleotide (a mixture of nucleotides from trout sperm) have
anti-inflammatory effects and, therefore, reduce the size of the scar [2].

After full-thickness burning, necrotized tissues (eschars) develop. These eschars delay wound
healing, thereby promoting the formation of hypertrophic scars. Monsuur et al. [3] showed in the
Special Issue that, while acellular extracts of burn eschars stimulate the proliferation and migration
of adipose mesenchymal stromal cells and fibroblasts, they also inhibit the basic fibroblast growth
factor-induced proliferation and sprouting of endothelial cells. This inhibitory effect may explain
why the presence of an eschar blocks the formation of excessive granulation tissue by full-thickness
burn wounds [3]. Akita et al. also showed that proper epithelialization plays an important role in the
healing of burn wounds: when patients with extensive burns received cultured epithelial autografts
(CEA) along with either highly expanded (over 1:6 ratio) or less expanded (gap 1:6) mesh, the former
combination was associated with accelerated wound healing. Moreover, scoring by experts using
the Vancouver and Manchester Scar Scales showed that CEA with the highly expanded mesh led to
better scar formation [4]. The exhaustive review of Mostaço-Guidolin et al. also showed that proper
formation of the extracellular matrix plays a key role in the epithelialization and other wound-healing
events that lead to a smooth wound-healing course: studies that used second harmonic generation
microscopy to image the fibrillar collagens in wounded and repaired skin, lung, cardiovascular, tendon
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and ligaments, and eye tissue indicate that the balance between extracellular matrix synthesis and
degradation determines the degree of scarring after wounding [5].

Multiple wound-healing processes, including granulation tissue formation and wound contraction
and epithelialization, are influenced by mechanical forces [6,7]. The mechanisms by which these forces
shape wound healing remain to be fully elucidated, but the review of Januszyk et al. [8] in the Special
Issue suggests that focal adhesion kinase (FAK), which is a mediator of mechanotransduction pathways,
plays a central role in both the inflammation and fibrosis that characterizes aberrant wound healing [8].
Moreover, multiple lines of evidence suggest that the formation of granulation tissue and numerous
functions of fibroblasts, myofibroblasts, endothelial cells, and epithelial cells are affected by intrinsic
and extrinsic mechanical stimuli. In recent years, many mechanosensors in these cells and tissues and
the mechanosignaling pathways that they trigger have been elucidated [9–11]. These mechanosensors
include mechanosensitive ion channels, cell-adhesion molecules (including integrins), and actin
filaments in the cytoskeleton. When these structures and molecules sense mechanical stimuli, signaling
pathways are activated and gene expression is altered. An important family of mechanosensitive ion
channels is the transient receptor potential cation channel (TRP channel) family. Its members include
TRP vanilloid (TRPV) 4, which is a mechanosensor in the skin [9], and TRPV3, which is a temperature
sensor and vasoregulator. Park et al. reported that TRPV3 may contribute to the pruritus in burn scars
by increasing the expression of thymic stromal lymphopoietin by epidermal keratinocytes. Thymic
stromal lymphopoietin is a cytokine that has been linked to allergic and fibrotic diseases. Thus, thymic
stromal lymphopoietin may be a potential therapeutic target for post-burn pruritus [12]. In relation to
the signaling pathways that are triggered by mechanosensors, one may be the transforming growth
factor (TGF)-β/SMAD pathway. This pathway plays a very well known role in collagen synthesis
and fibrosis, but several lines of evidence suggest that it is also a mechanosignaling pathway [10,11].
This is supported by the study of Maeda et al., who subjected canine eyes to, first, glaucoma filtration
surgery and, then, subconjunctival implantation of gelatin hydrogel with and without an anti-TGF-β
antibody. They found that the controlled release of the anti-TGF-β antibody was associated with
better intraocular pressure and less bleb formation and conjunctival scarring [13]. Other important
mechanosignaling pathways are the mitogen-activated protein kinase (MAPK) and NF-κB interaction
signaling pathways [10].

In relation to cutaneous scarring specifically, keloids and hypertrophic scars develop when
the inflammation process is prolonged. Common initiators of these scars are cutaneous injury
(including trauma) and irritation, insect bites, burn, surgery, vaccination, skin piercing, acne, folliculitis,
chicken pox, and herpes zoster infection. These injuries and infections appear to result in chronic
inflammation of the reticular layer of the dermis, which then drives the aberrant growth of keloids and
hypertrophic scars [14]. The involvement of the reticular dermal layer is crucial: superficial injuries that
do not reach the reticular dermis never cause these heavy scars. Reticular dermal inflammation may be
promoted by a number of external and internal post-wounding stimuli, including mechanical tension
on the wound edge, systemic factors such as sex hormones, and genetic factors [14]. Several molecules
that play important roles in excessive cutaneous scarring have been identified. Kim et al. reported
in this Special Issue that one of these may be high-mobility group box 1 (HMGB1): when normal
and keloid fibroblasts were treated with HMGB1 or its inhibitor, their migration was accelerated
and inhibited, respectively [15]. Moreover, Yamawaki et al. reported that the serine protease HtrA1
not only participates in the development of diseases such as osteoarthritis and age-related macular
degeneration, it may also play an important role in keloid pathogenesis: they showed that keloid tissue
fibroblasts express higher levels of this protein than surrounding normal skin and that silencing HtrA1
expression inhibits keloid fibroblast proliferation [16].

Numerous preventive and treatment strategies for keloids and hypertrophic scars have
been reported. They include corticosteroid injection/tape/ointment, radiotherapy, cryotherapy,
compression therapy, stabilization therapy, 5-fluorouracil (5-FU) therapy, and surgical methods [17–19].
In their review in this Special Issue, Lee et al. [20] summarized these methods after describing the
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wound-healing phases, the proteins and cytokines that play important roles in each phase, and some
recently discovered anti- and pro-fibrotic pathways (e.g., hypoxia) [20]. Moreover, Park et al. reported
that −79 ◦C spray-type cryotherapy effectively treats keloids [21]. Similarly, Cui et al. [22] reported that
extracorporeal shock-wave therapy markedly improves the appearance and symptoms of post-burn
hypertrophic scars, apparently by inhibiting the epithelial–mesenchymal transition [22].

Thus, the Special Issue “Recent Advances in Scar Biology” that was published in the International
Journal of Molecular Sciences provides intriguing glimpses into the current wound healing/scarring
field. It will be of interest for researchers and physicians who wish to understand the mechanisms
that underlie wound healing and scarring and how these mechanisms can be manipulated to yield
effective treatments of wounds and scars.

Conflicts of Interest: The author declares no conflicts of interest.
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Abstract: In this present study, we investigated the effect of a controlled release of anti-transforming
growth factor β (TGF-β) antibody on intraocular pressure (IOP), bleb formation, and conjunctival
scarring in a canine glaucoma filtration surgery model using gelatin hydrogel (GH). Glaucoma
surgery models were made in 14 eyes of 14 beagles and divided into the following two groups:
(1) subconjunctival implantation of anti-TGF-β antibody-loaded GH (GH-TGF-β group, n = 7),
and (2) subconjunctival implantation of GH alone (GH group, n = 7). IOP and bleb features were then
assessed in each eye at 2- and 4-weeks postoperative, followed by histological evaluation. We found
that IOP was significantly reduced at 4-weeks postoperative in the two groups (p < 0.05) and that
IOP in the GH-TGF-β-group eyes was significantly lower than that in the GH-group eyes (p = 0.006).
In addition, the bleb score at 4-weeks postoperative was significantly higher in the GH-TGF-β group
than in the GH group (p < 0.05), and the densities of fibroblasts, proliferative-cell nuclear antigen
(PCNA)-positive cells, mast cells, and TGF-β-positive cells were significantly lower in the GH-TGF-β
group than in the GH group. The findings of this study suggest that, compared with the GH-group
eyes, implantation of anti-TGF-β antibody-loaded GH maintains IOP reduction and bleb formation
by suppressing conjunctival scarring due to the proliferation of fibroblasts for a longer time period
via a sustained release of anti-TGF-β antibody from GH.

Keywords: trabeculectomy; glaucoma; gelatin hydrogel; transforming growth factor-β; beagles

1. Introduction

Glaucoma filtration surgery (i.e., trabeculectomy) is a primary treatment for glaucoma that
results in decreased intraocular pressure (IOP) by draining the aqueous humor to the subconjunctival
space and forming a bleb. Reportedly, the most common cause of unsuccessful trabeculectomy
surgery is subconjunctival scarring of the filtration bleb, which leads to subconjunctival fibrosis [1,2].
The findings of a large prospective randomized trial showed that a single application of mitomycin
C (MMC) or 5-flurouracil (5-FU) during trabeculectomy surgery greatly improves the surgical
results; i.e., the prolonged bleb persistence and IOP reduction via strong suppression of fibroblast
proliferation [3]. However, their application also increases the risk of complications such as a thin bleb,
bleb infection, and infectious endophthalmitis at the late phase [4–6].
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In this present study, we investigated transforming growth factor β (TGF-β), which is known
to have three isoform types in humans; i.e., β1, β2, and β3. Isoforms β1 and β2 are known to
greatly stimulate the dermal scarring response [7,8]. β2 is the mainly expressed ocular isoform,
and is identified in both normal and diseased eyes [9,10]. The conjunctival scarring response in
trabeculectomy surgery is thought to be affected by the passage of the aqueous humor including
growth factors such as TGF-β, and subconjunctival scarring post glaucoma surgery is strongly affected
by cytokines (especially TGF-β in the aqueous humor) [11,12]. Compared with other growth factors,
TGF-β2 is reportedly dominant in the aqueous humor of glaucoma patients [13,14]. The TGF-β family
is the main stimulator leading to conjunctival scarring post trabeculectomy, and various cells, such
as fibroblasts and macrophages, can secrete them [15]. It was previously reported that TGF-β2 could
increase α-smooth muscle actin (α-SMA) expression and the transdifferentiation of fibroblasts in
conjunctiva to myofibroblasts [16]. In another previous study, the authors’ findings revealed that bleb
failure post trabeculectomy primarily occurred due to the excessive accumulation of collagen in the
subconjunctival space, and that high activity of TGF-β was associated with scarring [17]. Numerous
studies have reported that the expression of TGF-β activates the proliferation by human Tenon’s
fibrosis, and excessive production of granulation tissue constituents leading to scar formation [18–20].
In addition, several studies have reported that TGF-β inhibitors may effectively reduce scarring
by reducing TGF-β activity via neutralization with antibodies [21,22]. Subconjunctival injections
of anti-TGF-β antibody, as a drug substituting for MMC, were performed in a clinical trial for the
suppression of fibroblast proliferation post trabeculectomy, however, the outcome was reportedly
unsuccessful [23].

Various drug delivery systems (DDSs) have been tested for sustained drug release, since it
is important to prevent scarring over an extended period following glaucoma surgery. Several
previous studies have focused on subconjunctivally implanting DDSs to provide a sustained release of
antiproliferative drugs over an extended time period post glaucoma surgery [24–26]. Most of those
studies reported that these DDSs maintained IOP reduction and prolonged bleb persistence to the same
degree as the conventional application of MMC and 5-FU, while significantly reducing their toxicity.
However, most of those DDSs have yet to obtain successive results in the treatment of glaucoma
patients [25].

Gelatin hydrogel (GH), a biodegradable material developed in Japan, has reportedly been used as
a DDS for bioactive proteins in other medical fields [27]. Various growth factors gradually released
from GH have been effective for therapy of various tissues [28,29]. In addition, GH has been applied
to clinical therapies, such as for severe skin lesions complicating autoimmune vasculitis syndromes,
peripheral arterial disease, and severe ischemic limb pain, and was found to be both safe and
effective [30,31]. In the field of ophthalmology, GH impregnated with basic fibroblast growth factor has
reportedly been used to induce experimental models of subretinal or corneal neovascularization [32,33].

We previously reported the possibility of using GH containing chymase inhibitor and GH
containing MMC for longer-term maintenance of filtering blebs and IOP reduction by the prolonged
suppression of subconjunctival scarring [34,35]. In this present study, we investigated the effect of
a sustained release of anti-TGF-β antibody from GH in a canine glaucoma surgery model for IOP
reduction and the effect on tissue in comparison with the application of GH alone.

2. Results

2.1. Verification of Anti-TGF-β Antibody in GH

Goat anti-Chicken IgY (H + L) secondary antibody was utilized to detect anti-TGF-β1-2 antibody.
GH soaked overnight in phosphate-buffered saline (PBS) did not show a positive staining image by
immunostaining, however, we were able to verify a wide range of positive staining images at sections
of sliced GH with anti-TGF-β antibody overnight (Figure 1).
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(A) (B) 

Figure 1. Gelatin hydrogel (GH) containing anti-transforming growth factor β (TGF-β) antibody. GH
soaked overnight in phosphate-buffered saline (PBS) (A) did not show a positive staining image by
immunostaining, however, we were able to verify a wide range of positive staining images (red) at
sections of sliced GH with anti-TGF-β antibody (B) overnight. Scale bars: 500 μm.

2.2. IOP Change

The initial IOP values (mean ± SD) were 15.9 ± 0.7 mmHg in the GH containing anti-TGF-β
antibody group (GH-TGF-β group) and 15.5 ± 0.8 mmHg in the GH alone group (GH group). The IOP
values at 2-weeks postoperative were 8.1 ± 0.4 mmHg in the GH-TGF-β group and 8.0 ± 0.4 mmHg in
the GH group. The IOP values at 4-weeks postoperative were 9.4 ± 0.7 mmHg in the GH-TGF-β group
and 12.9 ± 0.7 mmHg in the GH group. In the eyes in both groups, IOP was found to be significantly
reduced at 2- and 4-weeks postoperative (p < 0.05, unpaired t-test, Figure 2). Although there was no
significant difference in IOP between the eyes in both groups at 2-weeks postoperative, IOP at 4-weeks
postoperative was significantly lower in the GH-TGF-β group than in the GH group (p < 0.05, unpaired
t-test). At 4-weeks postoperative, IOP once again began to increase in the GH group, however, IOP
reduction was maintained in the GH-TGF-β group (p < 0.05, repeated measures ANOVA).

Figure 2. The effects to intraocular pressure (IOP) change by GH containing anti-TGF-β antibody. IOP
changes in the GH-TGF-β group (�) and in the GH group ( ). Data are shown as the mean ± SD of 14
beagles. ( p < 0.05, unpaired t-test). At 4-weeks postoperative, IOP once again began to increase in
the GH group, however, IOP reduction was maintained in the GH-TGF-β group (p < 0.05, repeated
measures ANOVA).
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2.3. Bleb Score

The bleb scores at 4-weeks postoperative were 3.7 ± 0.2 (mean ± SD) in the GH-TGF-β group
and 2.7 ± 0.4 in the GH group; i.e., the bleb score was significantly higher in the GH-TGF-β group
than in the GH group (p < 0.05, Mann–Whitney U-test, Figure 3).

Figure 3. Comparison of bleb scores. Bleb score changes in the GH-TGF-β (�) group and in the GH
group ( ). Data are shown as the mean ± SD for 14 beagles. The bleb score at 4-weeks postoperative was
significantly higher in the GH-TGF-β group than in the GH group ( p < 0.05, Mann–Whitney U-test).

2.4. Subconjunctival/Scleral Area Ratio

As shown in Figure 4, the subconjunctival area in the GH-TGF-β group was less thickened
compared with that in the GH group. The ratio of subconjunctival area to scleral area was significantly
lower in the GH-TGF-β-group eyes than in the GH-group eyes (p = 0.001, unpaired t-test, Table 1).

 
(A) (B) 

Figure 4. Subconjunctival/scleral area ratio. Representative photomicrographs of the sections,
posterior to the sclerectomy area, obtained from the eyes treated in the GH-TGF-β group (A) and GH
group (B) at 4-weeks postoperative and stained with azan stain. Collagen fiber is stained with blue.
The subconjunctival area and the scleral area are surrounded by red and light-blue lines, respectively.
*: ciliary body. Scale bars: 1 mm.
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Table 1. Compressions of the ratio of the conjunctival area to the scleral area, and densities of fibroblasts,
TGF-β-positive cells, proliferative-cell nuclear antigen (PCNA)-positive cells, and mast cells between
eyes in the GH-TGF-β group and the GH group. Data are shown as the mean ± SD for 14 beagles.

Indexes GH-TGF-β Group GH Group p-Value (Student’s t-Test)

Ratio of the conjunctival area to the scleral area 1.0 ± 0.1 2.4 ± 0.1 0.001
Density of fibroblasts, per mm2 27.8 ± 8.6 67.6 ± 18.7 0.01

Density of TGF-β-positive cells, per mm2 9.8 ± 1.5 18.2 ± 3.3 0.04
Density of PCNA-positive cells, per mm2 4.2 ± 3.2 14.4 ± 6.0 0.03

Density of mast cells, per mm2 7.2 ± 1.6 13.8 ± 2.0 0.01

2.5. Vimentin-Positive Cells

A lower number of vimentin-positive cells (fibroblasts stained with anti-vimentin antibody) was
found in the GH-TGF-β-group eyes than in the GH-group eyes (Figure 5). The densities of fibroblasts
in the lesion were significantly higher in the GH group compared with those in the GH-TGF-β group
(p = 0.01, Student’s t-test, Table 1).

(A) (B) 

Figure 5. Vimentin-positive cells in the subconjunctival lesion. Representative immunohistochemical
staining images of the section for vimentin in the eyes in the GH-TGF-β group (A) and those in the GH
group (B). Vimentin-positive cells are indicated by black arrowheads. Scale bars: 100 μm.

2.6. TGF-β Antibody-Positive Cells, Proliferative Cell Nuclear Antigen (PCNA)-Positive Cells, and Mast Cells

The numbers of TGF-β-positive cells, PCNA-positive cells, and mast cells were also significantly
lower in the GH-TGF-β group compared to the GH group (p = 0.04, p = 0.03, and p = 0.01, respectively,
Student’s t-test; Figures 6–8, Table 1).

(A) (B) 

Figure 6. TGF-β-positive cells in the subconjunctival lesion. Representative immunohistochemical
staining images of the section for TGF-β antibody-positive cells in the GH-TGF-β-group eyes (A) and
in the GH-group eyes (B). TGF-β-positive cells are indicated by black arrowheads. Scale bars: 100 μm.
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(A) (B) 

Figure 7. PCNA-positive cells in the subconjunctival lesion. Representative immunohistochemical
staining images of the section for PCNA-positive cells in the GH-TGF-β-group eyes (A) and in the
GH-group eyes (B). PCNA-positive cells are indicated by black arrowheads. Scale bars: 100 μm.

(A) (B) 

Figure 8. Mast cells in the subconjunctival lesion. Representative photomicrographs of the sections
obtained from eyes in the GH-TGF-β group (A) and the GH group (B) and stained with Toluidine blue
stain. Mast cells are indicated by black arrowheads. Scale bars: 100 μm.

3. Discussion

To the best of our knowledge, there have been no previous studies regarding the use of GH or other
DDSs to release anti-TGF-β antibody in glaucoma surgery. Thus, this is the first experimental study
regarding the effects of extended released anti-TGF-β antibody on wound healing in an experimental
glaucoma filtration surgery model.

As mentioned in the Materials and Methods section, we prepared GH containing anti-TGF-β
antibody. To confirm that the GH contains anti-TGF-β antibody, immunostaining was performed.
We verified the existence of anti-TGF-β antibody activity in GH, indicating that GH embedded
underneath the conjunctiva can release the anti-TGF-β antibody.

In this present study, we used our previously described [34,35] simple sclerotomy as a filtration
surgery model to evaluate the effects of drugs or DDSs on IOP, bleb formation, and histological changes.
In this model, the scleral flap and suturing flap associated with conventional trabeculectomy were
not made. In order to precisely evaluate the effects of drugs in the surgery model, the same outward
aqueous flow is required in all experimental eyes. However, controlling suture tightness to obtain
the same outward aqueous flow is very difficult. Therefore, in this present study, we used the simple
sclerotomy, as we deemed it to be the most appropriate filtration surgery model.

10



Int. J. Mol. Sci. 2017, 18, 985

Our findings showed that IOP was significantly reduced at 2- and 4-weeks postoperative in both
the GH group and the GH-TGF-β group. However, IOP once again began to increase at 4-weeks
postoperative in the GH group, while IOP reduction was maintained in the GH-TGF-β group. This
IOP change in the GH group is similar to the findings in our previously reported experiment [34,35]
using the same glaucoma filtration surgery model and DDS, whereas IOP in the GH-TGF-β group
was lower at 4-weeks postoperative, thus suggesting that anti-TGF-β antibody released from GH
maintains IOP reduction. The bleb score at 4-weeks postoperative was significantly higher in the
GH-TGF-β group than in the GH group. Together with abovementioned results, anti-TGF-β antibody
from GH maintained the filtration bleb, and resulted in prolonged IOP reduction. To investigate the
mechanism of the maintained bleb formation, we performed histological experiments. The ratio of
subconjunctival area to scleral area was significantly lower in the GH-TGF-β-group eyes than in the
GH-group eyes, thus suggesting that the above-described bleb formation in the GH-TGF-β group
resulted from the inhibition of cell proliferation post glaucoma surgery in the bleb. To confirm this
hypothesis, immunohistological analysis was performed. The densities of fibroblasts in the lesion were
significantly higher in the GH group than in the GH-TGF-β group. The numbers of TGF-β-positive
cells, PCNA-positive cells, and mast cells were also significantly lower in the GH-TGF-β group than in
the GH group. Those results thus verified our hypothesis.

The findings of a previous clinical study showed no significant IOP reduction via the injection
of anti-TGF-β antibody post filtration surgery [23]. The difference between the results in that study
and those in this present study is whether or not a DDS was used. The injected antibody alone was
washed out in the early stage due to the effect of filtration in trabeculectomy in these injection methods,
whereas the sustained release of the antibody from GH was more effective to maintain bleb formation
and IOP reduction. In a previous study [29], it was reported that the sustained release of TGF-β from
GH enhanced the activity of bone regeneration. In that study, the authors employed a rabbit model
with a calvarial defect and applied the GH containing TGF-β to the rabbit skull defect. As a control,
PBS with TGF-β was employed. The authors then compared the bone mineral density (BMD) at the
skull defect of the rabbit after treatment with GH containing TGF-β and PBS with TGF-β. In that study,
it was described that GH containing TGF-β enhanced the BMD of the skull defect to a significantly
higher extent than PBS with TGF-β. The authors also compared the release of TGF-β via subcutaneous
implantation of GH containing TGF-β, and injection with TGF-β into the back of a mouse. The findings
illustrated that TGF-β was retained by the implantation of GH containing TGF-β for longer time
periods than TGF-β injection, and that free TGF-β disappeared from the injected site within one day.
These findings indicated that the sustained release of TGF-β from GH was necessary to effectively
enhance its osteoinductive function.

In the present study, we utilized GH as a DDS to spontaneously release anti-TGF-β antibody to
obtain an extensive effect of anti-fibrosis in the subconjunctival area. Previous studies have shown that
the controlled release of drugs over a time range of five days to three months was possible via the use
of GH [36], and that the controlled release was effective for regenerative therapy of various tissues [29].

We previously reported the possibility of GH application as a new DDS to obtain a longer-term
maintenance of filtering blebs [34,35]. In addition, the findings in those two reports demonstrated
that the implantation of MMC-loaded GH had almost the same effects on IOP and bleb formation as
the application of MMC alone in a canine filtration surgery model, and that GH containing chymase
inhibitor made the period of filtration bleb formation and IOP reduction longer by decreasing cell
proliferation. Taken together, this DDS is worthy of further investigation to improve the postoperative
success rate of glaucoma surgery.

It should be noted that there were several limitations in the present study. First, the effect of
the anti-TGF-β antibody might be different in the human eye. Thus, the toxicity of the antibody and
GH DDS should be verified in primates in the future. Second, longer-term observation of the effects
and toxicities of anti-TGF-β antibody might be needed. Although a 4-weeks observation period is
effective for examining strong and dynamic scarring reaction in the early stage, a 3-month or greater
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observation period is much more informative to predict the long-term outcome and is necessary to
determine whether this method can be clinically utilized. Third, conventional MMC application was
not employed as a negative control, so that data is required in a future study. Fourth, since the simple
sclerectomy used in the study might have a different effect on TGF-β expression around the flap site,
careful interpretation from this experiment is necessary. In addition, the most effective dosage of
anti-TGF-β antibody for use in GH for glaucoma surgery should be investigated.

4. Materials and Methods

4.1. Verification of Anti-TGF-β Antibody in GH

Anti-TGF-β1-2 antibody (Polyclonal Chicken IgY) was purchased from R&D Systems, Inc.
(Minneapolis, MN, USA). Preparation of the GH containing the anti-TGF-β antibody was as follows:
anti-TGF-β neutralizing antibody solution was produced by diluting with physiological saline, and
a 5 × 5 × 1.5 mm block of freeze-dried GH (MedGel PI5®; Wako Chemical, Tokyo, Japan) was then
soaked in the 0.1% anti-TGF-β antibody solution overnight at 4 ◦C. The GH preparation method used
in this present study was the same as that previously described [34,35].

In order to verify that the anti-TGF-β antibody was trapped and existent in the GH, we also
fixed the GH with Carnoy’s Solution (Muto Pure Chemicals Co., Ltd., Tokyo, Japan) to prepare a
paraffin block. Furthermore, the GH was soaked in physiological saline overnight and compared as
a negative control. All of the GH sections obtained from the above-described paraffin blocks were
incubated with goat anti-Chicken IgY (H + L) secondary antibody, biotin conjugate (Thermo Fisher
Scientific, Inc., Waltham, MA, USA) for 30 min at room temperature, followed by incubation with
avidin-biotin-peroxidase complex (LSAB 2 Kit/HRP; Dako Japan, Kyoto, Japan) for 30 min to identify
TGF-β-positive cells.

4.2. Animals and IOP Measurement

This experimental protocol was approved by the Committee of Animal Use and Care of Osaka
Medical College (No. 28008). This study involved 14 eyes of 14 beagles purchased from Japan SLC,
Inc. (Hamamatsu, Japan). The beagles were fed regular canine food, had constant free access to
tap water, and were housed in an air-conditioned room at approximately 23 ◦C and 60% humidity
with a 12-h light–dark cycle. All of the animal experiments were conducted in accordance with the
ARVO Statement for Use of Animals in Ophthalmic and Vision Research. The IOP measurements were
gauged via the use of a calibrated pneumatonometer (Model 30 Classic; Medtronic Solan, Jacksonville,
FL, USA) under general anesthesia with intravenous injection of pentobarbital sodium (35 mg per kg
body weight) in a front-facing position.

4.3. Glaucoma Filtration Surgery Model

For the glaucoma filtration surgery model, the beagles were anesthetized with pentobarbital
sodium as described above. Briefly, a control suture was first fixed to the cornea using 8-0 Vicryl®

(Ethicon US, LLC., Dallas, TX, USA) suture. Next, a 10-mm fornix-based flap of conjunctiva and the
Tenon’s capsule (5 mm in length) was made as previously described [34,35], and hemostasis was then
performed. After a 3 × 1 mm scleral portion was removed at the limbus, peripheral iridectomy was
performed. The conjunctiva was closed using a 10-0 nylon suture. After surgery, the appropriate
amount of 3 mg/g ofloxacin was applied to the eye.

4.4. Experiment Protocol

At the end of the glaucoma filtration surgery described above, a 5 × 5 mm block of GH-TGF-β
group (n = 7) or GH group (n = 7) was surgically implanted under the conjunctiva before closing the
conjunctiva. In each dog, IOP and bleb score was assessed every 2 weeks for 1-month postoperative.
After the final measurement, a dog was killed with a lethal dose of KCl intracardially injected and
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ophthalmectomy was performed, followed by soaking in 4 ◦C saline solution. Then, we identified the
bleb area by a marked 10-0 nylon suture and excised the area by 10 × 5 mm including conjunctiva,
subconjunctival tissue, and sclera and performed the following histological examination.

4.5. Bleb Scores

Blebs were examined via slit-lamp microscopy and graded according to the definition previously
reported by Perkins et al. [37], reflecting increasing bleb height and size as follows: Score 1: minimally
high conjunctiva thickening without swelling; Score 2: mild swelling present; Score 3: elevated bleb
covering an area equivalent to 2–3 clock hours of the eye; and Score 4: greatly elevated bleb covering
an area equivalent to more than 4 clock hours of the eye. A score of 0 indicated no observed bleb.

4.6. Histological Examination

Conjunctival and scleral tissue specimens were prepared for histologic analysis after fixation
for 24 h with Carnoy Solution (Muto Pure Chemicals Co., Ltd., Tokyo, Japan) and embedded in
paraffin. Next, 5-μm-thick sections were cut and mounted on silanized slides (Dako Japan), and
then deparaffinized with xylene and a series of graded ethanol. The change in thickness of the
conjunctiva and subconjunctival tissue was investigated via the ratio of subconjunctival area to scleral
area stained with Hematoxylin-Eosin and Azan-Mallory. Mast cells were stained with Toluidine Blue
for identification. The ratio of subconjunctival area to scleral area was then calculated (MacSCOPE
Ver 2.2; Mitani Corporation, Fukui, Japan). To retrieve the antigen, sections were pretreated with
10 mM citrate buffer (pH 6.0) and autoclaved for 5 min at 120 ◦C before immunohistochemical staining.
The sections were then soaked in absolute methanol containing 3% hydrogen peroxide for 5 min
at room temperature to remove endogenous peroxidase activity. To suppress nonspecific binding,
the sections were incubated with Serum-Free Protein Block (X0909; Dako Japan) for 5 min. To identify
the PCNA-positive cells, the sections were incubated with mouse monoclonal antibody against PCNA
(PC10, M0879; Dako Japan) for 15 h at 4 ◦C. Then, the slides were incubated with biotin-conjugated
secondary antibody (LSAB 2 Kit/HRP; Dako Japan) for 30 min after being washed in PBS. Thereafter,
those sections were incubated with avidin-biotin-peroxidase complex (LSAB 2 Kit/HRP; Dako Japan)
for 30 min, washed with PBS, and then incubated with 0.05% 3,3-diaminobenzidine. The slides
were then washed in running water, counterstained with hematoxylin, and mounted with cover
glasses. To identify the TGF-β-positive cells, the sections were incubated with Polyclonal Chicken IgY
anti-TGF-β1-2 antibody (R&D Systems, Inc.) for 15 h at 4 ◦C. To identify the fibroblasts, monoclonal
mouse anti-vimentin antibody (M0725; Dako Japan) was also used in this present study.

We counted the PCNA-positive cells, fibroblasts, mast cells, and TGF-β-positive cells at the sites
where they accumulated in the subconjunctival lesions, posterior to the sclerectomy area, by use of a
light microscope (number per ×100 fields). The average number of each type of cell in five randomly
selected fields of implanted GH was then calculated.

4.7. Masked Manner

All measurements were performed by investigators (MM and SK) who were masked from
identifying which eye or tissue was in the GH-TGF-β or GH group.

4.8. Statistical Analysis

Each measurement was expressed as the mean ± SD. Statistical comparisons for repeated
measurements used repeated-measures ANOVA, followed by other tests. Bleb scores were statistically
analyzed via the Mann–Whitney U-test. IOP change and subconjunctival/scleral area ratio were
evaluated via the unpaired t-test. Other parameters were evaluated via the Student’s t-test. Differences
were considered statistically significant at a p-value of <0.05.
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5. Conclusions

In conclusion, the findings of this present study demonstrated that implantation of an anti-TGF-β
antibody-loaded GH was more effective for the maintenance of IOP reduction and bleb formation by
the sustained release of anti-TGF-β antibody. Our findings also demonstrated that it is possible to
suppress the scarring effects and maintain IOP reduction and filtration bleb formation longer than is
possible with only a subconjunctival injection of anti-TGF-β antibody.
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Abstract: High-mobility group box protein-1 (HMGB-1) plays a central role in the inflammatory
network, and uncontrolled chronic inflammation can lead to excessive scarring. The aim of this study
was to evaluate the anti-inflammatory effects of polydeoxyribonucleotide (PDRN) on scar formation.
Sprague-Dawley rats (n = 30) underwent dorsal excision of the skin, followed by skin repair. PDRN
(8 mg/kg) was administered via intraperitoneal injection for three (PDRN-3 group, n = 8) or seven
(PDRN-7 group, n = 8) days, and HMGB-1 was administered via intradermal injection in addition
to PDRN treatment for three days (PDRN-3+HMGB-1 group; n = 6). The scar-reducing effects of
PDRN were evaluated in the internal scar area and by inflammatory cell counts using histology and
immunohistochemistry. Western blot, immunohistochemistry and immunofluorescence assays were
performed to observe changes in type I and type III collagen and the expression of HMGB-1 and
CD45. Treatment with PDRN significantly reduced the scar area, inflammatory cell infiltration and the
number of CD45-positive cells. In addition, the increased expression of HMGB-1 observed in the sham
group was significantly reduced after treatment with PDRN. Rats administered HMGB-1 in addition
to PDRN exhibited scar areas with inflammatory cell infiltration similar to the sham group, and the
collagen synthesis effects of PDRN were reversed. In summary, PDRN exerts anti-inflammatory and
collagen synthesis effects via HMGB-1 suppression, preventing scar formation. Thus, we believe that
the anti-inflammatory and collagen synthesis effects of PDRN resulted in faster wound healing and
decreased scar formation.

Keywords: polydeoxyribonucleotide; cicatrix, inflammation; wounds and injuries; rats

1. Introduction

Inflammation is an inevitable first step in the process of wound healing and is closely related
to scar formation. However, continuous and chronic inflammation stimulates the secretion of
pro-inflammatory cytokines and causes excessive scarring [1–4]. In one prior study involving a
scarless fetal wound-healing model, scar formation was caused by the injection of mast cells [5].
In addition, despite the observation that neutrophil depletion did not alter wound-breaking strength or
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collagen deposition, neutrophil depletion resulted in wounds that healed in a more organized fashion
compared with normal wounds [6]. Furthermore, another previous study revealed that macrophage
depletion also reduced scar formation [7]. Hence, we hypothesized that the inhibition of inflammatory
cell infiltration could be a factor in reducing scar formation.

The sustained infiltration of immune cells during prolonged and intense inflammation contributes
to the continuous growth of keloid lesions [8,9]. Moreover, keloid growth involves an abnormal
response to inflammation [4,10,11]. In particular, extracellular high-mobility group box protein-1
(HMGB-1) plays a central role in the inflammatory network, as it is induced by a number of cytokines
and can in turn induce a series of inflammatory reactions [12]. HMGB-1 can stimulate inflammation by
binding to several receptors and acts as a potent inflammatory cytokine [13]. Although there have been
few studies on the relationship between HMGB-1 and fibrosis or scarring, the serum level of HMGB-1
has been positively correlated with skin thickness in systemic sclerosis [14]. Furthermore, icariin, which
is used to treat erectile dysfunction, has been shown to reduce liver fibrosis in a thioacetamide-induced
liver fibrosis model by antagonizing the increase in HMGB-1 in addition to other mechanisms [15].

Polydeoxyribonucleotide (PDRN) is composed of a mixture of nucleotides extracted from trout
sperm. PDRN exerts anti-inflammatory effects by inhibiting mast cell degranulation and inflammatory
cytokines [16,17]. A previous study reported that PDRN administration reduced pro-inflammatory
mediators, such as tumor necrosis factor alpha (TNF-α), interleukin 6 (IL-6), and HMGB-1 [18].
Although it could be hypothesized that PDRN may reduce scarring by down-regulating inflammatory
reactions and HMGB-1, no previous studies have investigated the relationship between PDRN and
scarring. Accordingly, the aim of this study was to evaluate the anti-inflammatory effects of PDRN,
including reduced infiltration of inflammatory cells and HMGB-1 expression, on scar formation via
short-duration administration.

2. Results

2.1. Polydeoxyribonucleotide Decreases Scar Size in Incisional Scar Tissue in Rats

On Day 7 of the postoperative period, all groups exhibited complete re-epithelialization and
the formation of granulation tissue, as demonstrated by hematoxylin and eosin (H&E) and Masson’s
trichrome (M-T) staining (Figure 1A). Although the sham group displayed active inflammation with
abundant inflammatory cells and fewer collagen fibers on Day 14 of the postoperative period, the
PDRN-3 and PDRN-7 groups exhibited lower inflammatory cell infiltration with collagen fibers in the
scar area in the H&E- and M-T-stained tissues (Figures 1B and 2).

To estimate the scar area and the degree of granulation tissue formation, only the boundary of the
scar area that covered below the epidermis and above the panniculus carnosus was measured. In each
wound, the scar and/or granulation tissue areas were estimated from two H&E-stained tissue sections
representing different areas of the same wound. Each measurement is shown as the mean ± SEM.
In the quantitative analysis of the scar area, the scar sizes of the sham, PDRN-3, and PDRN-7 groups
were 51,272 ± 5793 μm2, 13,201 ± 2243 μm2, and 21,329 ± 1518 μm2, respectively, on Day 7 of the
postoperative period (* p < 0.05, *** p < 0.001; Figure 1C), while, on Day 14 of the postoperative period,
the scar sizes decreased to 35,368 ± 3511 μm2, 12,304 ± 1842 μm2, and 13,291 ± 1076 μm2, respectively
(** p < 0.01, *** p < 0.001; Figure 1C). These results indicated that PDRN administration reduced the
scar size compared with the sham group.
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Figure 1. H&E- and M-T-stained tissues from the sham, Polydeoxyribonucleotide (PDRN)-3, and
PDRN-7 groups on Days 7 and 14 (magnification, 40×). (A) All groups exhibited complete
re-epithelialization and the formation of granulation tissue on Day 7. However, the PDRN-3 group
showed the narrowest granulation tissue area among all groups. (B) Hematoxylin and eosin (H&E)-
and Masson’s trichrome (M-T)-stained tissues from the sham, PDRN-3, and PDRN-7 groups on
Day 14 (magnification, 40×). The sham group continued to show a wide granulation tissue area with
inflammation. However, the PDRN-3 and PDRN-7 groups showed more collagen deposition within
narrower scar areas, as demonstrated by M-T staining. (C) Quantitative analyses of the scar areas in
each treatment group. The scar areas were significantly narrower in the PDRN-3 and PDRN-7 groups
than in the sham group on Days 7 and 14. However, no significant difference in scar size was observed
between the PDRN-3 and PDRN-7 groups on Day 7 or 14 (* p < 0.05, ** p < 0.01, *** p < 0.001).

 

Figure 2. The sham group still exhibited granulation tissue and fewer collagen fibers with inflammatory
cell infiltration on Day 14. However, the PDRN-treated groups demonstrated reduced inflammatory
cell infiltration and collagen fibers (arrows) within the scar area.
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2.2. Polydeoxyribonucleotide Decreases Inflammatory Cell Infiltration in Incisional Scar Tissue in Rats

To observe inflammatory cell infiltration within the scar tissue, we performed CD45
immunofluorescence staining on tissue collected on postoperative Day 7. More CD45-expressing
leukocytes were detected in the sham group than in the PDRN-3 and PDRN-7 groups (Figure 3A).
The number of inflammatory cells was calculated from four serial H&E-stained tissue sections from
within the dermis of the scar area (Figure 3B). On Day 7 of the postoperative period, the mean numbers
of inflammatory cells within the scar tissue were 21.16 ± 2.49, 13.47 ± 1.77, and 14.31 ± 2.28 in the
sham, PDRN-3, and PDRN-7 groups, respectively. On Day 14 of the postoperative period, the mean
numbers of inflammatory cells within the scar tissue were 15.34 ± 1.81, 7.53 ± 1.02, and 8.00 ± 1.12 in
the sham, PDRN-3, and PDRN-7 groups, respectively. The numbers of inflammatory cells on Days 7
and 14 were significantly lower in the PDRN-3 and PDRN-7 groups than the sham group (* p < 0.05,
*** p < 0.001; Figure 3C).

 

Figure 3. Cont.
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Figure 3. (A) Immunofluorescence analysis of CD45-expressing leukocytes on Day 7 (magnification,
400×). The sham group exhibited abundant cellular infiltration, and the majority of the cells were
CD45-positive (green) leukocytes. The PDRN-3 and PDRN-7 groups exhibited diminished cellular
infiltration and CD45-positive leukocytes. (B) Inflammatory cell infiltration in the scar area, as
demonstrated by H&E staining (magnification, 400×). On Days 7 and 14, the sham group exhibited
significant inflammatory cell infiltration into the scar area compared with the PDRN-3 and PDRN-7
groups. (C) Comparison of inflammatory cell counts. The infiltration of inflammatory cells in the
scar area was lower in the PDRN-treated groups than in the sham group on Days 7 and 14 (* p < 0.05,
*** p < 0.001).

2.3. Polydeoxyribonucleotide Decreases HMGB-1 Expression in Incisional Scar Tissue in Rats

Inflammatory cells were clearly observed within the scar tissue following staining for high
mobility group box-1 (HMGB-1). On Day 7 of the postoperative period, increased HMGB-1 protein
expression was observed in the sham group, whereas the PDRN-3 and PDRN-7 groups exhibited
decreased HMGB-1 protein expression within the narrow scar areas. On Day 14 of the postoperative
period, the sham group continued to exhibit high HMGB-1 expression in the wide scar areas, whereas
the PDRN-3 and PDRN-7 groups showed markedly decreased HMGB-1 expression and only a small
number of inflammatory cells (Figure 4A). Semi-quantitative analysis indicated that, on Days 7 and 14,
the PDRN-3 and PDRN-7 groups exhibited significantly lower HMGB-1 protein expression than the
sham group (* p < 0.05, ** p < 0.01, *** p < 0.001; Figure 4B).
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Figure 4. (A) Immunohistochemistry of high mobility group box-1 (HMGB-1) (magnification, 400×).
All groups exhibited extracellular expression of HMGB-1, though the PDRN-3 and PDRN-7 groups
displayed weaker expression within the narrow scar areas on Day 7. On Day 14, the sham group
continued to show high extracellular expression of HMGB-1 in the wide scar areas, whereas extracellular
expression of HMGB-1 was absent in the PDRN-3 and PDRN-7 groups. (B) Semi-quantitative analysis of
HMGB-1 expression levels. The sham group showed significantly higher levels of HMGB-1 expression
than the PDRN-3 and PDRN-7 groups on Days 7 and 14 (* p < 0.05, ** p < 0.01, *** p < 0.001).

2.4. HMGB-1 Administration Reverses the Anti-Inflammatory and Collagen Synthesis Effects of PDRN

We next examined whether HMGB-1 administration could reverse the effects of PDRN. On Day 7
of the postoperative period, the sham and PDRN-3 + HMGB-1 groups exhibited wider granulation
tissue areas than did the PDRN-3 group (Figure 5A). The sham and PDRN-3 + HMGB-1 groups
continued to show higher inflammation with wider scar areas on Day 14 of the postoperative period
(Figure 5B). Quantitative analysis of the scar area indicated that the scar sizes in the PDRN-3 + HMGB-1
group were 44,688 ± 3573 μm2 and 34,593 ± 2751 μm2 on Days 7 and 14, respectively. Furthermore, the
scar sizes in the PDRN-3 + HMGB-1 group were similar to those of the sham group and significantly
wider than those of the PDRN-3 group on Days 7 and 14 (* p < 0.05, ** p < 0.01; Figure 5C).
Administration of HMGB-1 to the PDRN-3 group resulted in enhanced inflammation (Figure 5D).
The mean numbers of inflammatory cells in the PDRN-3 + HMGB-1 group were 18.07 ± 2.10 and
11.75 ± 1.27 on Days 7 and 14, respectively (* p < 0.05, *** p < 0.001; Figure 5E).
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Figure 5. (A) H&E- and M-T-stained tissues from the sham, PDRN 3 and PDRN-3 + HMGB-1 groups
on Day 7 (magnification, 40×). The PDRN-3 + HMGB-1 group exhibited wider scars compared with
the PDRN 3 group. (B) H&E- and M-T-stained tissues from the sham, PDRN 3 and PDRN-3 + HMGB-1
groups on Day 14 (magnification, 40×). Although the rats in the PDRN-3 + HMGB-1 group
were treated with PDRN, this group exhibited wide scars similar to the sham group on Day 14.
The scar-narrowing effect of PDRN was reversed by administration of HMGB-1. (C) The scar areas in
the PDRN-3 + HMGB-1 group were significantly wider than those in the PDRN-3 group. Additional
administration of HMGB-1 reversed the scar-narrowing effect of PDRN (* p < 0.05, ** p < 0.01).
(D) Inflammatory cell infiltration (arrow) in the PDRN-3 + HMGB-1 group, as demonstrated by
H&E staining (magnification, 400×). Many inflammatory cells had infiltrated the scar area on Days
7 and 14. (E) The total inflammatory cell count was significantly higher in the PDRN-3 + HMGB-1
group than in the PDRN-3 group on Day 14 (* p < 0.05, *** p < 0.001). This result indicated that the
anti-inflammatory effect of PDRN was reversed by HMGB-1 administration.

The synthesis of type I and type II collagen was analyzed by Western blots in the sham, PDRN-3,
and PDRN-3 + HMGB-1 groups. On Day 7 of the postoperative period, type I collagen in the PDRN-3
and PDRN-3 + HMGB-1 groups increased by 1.36 ± 0.07-fold and 1.08 ± 0.03-fold, respectively,
compared with the sham group (* p < 0.05, ** p < 0.01; Figure 6A). Type III collagen in the PDRN-3
and PDRN-3 + HMGB-1 groups also increased by 3.07 ± 0.31-fold and 1.35 ± 0.03-fold, respectively,
compared with the sham group (** p < 0.01, *** p < 0.001; Figure 6A). On Day 14 of the postoperative
period, type I collagen in the PDRN-3 and PDRN-3 + HMGB-1 groups increased by 1.43 ± 0.03-fold and
0.75 ± 0.02-fold, respectively, compared with the sham group (*** p < 0.001; Figure 6B). Type III collagen
in the PDRN-3 and PDRN-3 + HMGB-1 groups also increased by 1.38 ± 0.11-fold and 0.88 ± 0.01-fold,
respectively, compared with the sham group (* p < 0.05, ** p < 0.01; Figure 6B). These results indicated
that PDRN administration stimulated wound healing by reducing inflammation and increasing
collagen synthesis. Furthermore, the effect of PDRN was reversed by HMGB-1 administration.
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Figure 6. (A) Western blots for type I and type III collagen on Day 7. The expression of type
I and III collagen was significantly higher in the PDRN-3 group compared with the sham and
PDRN-3 + HMGB-1 group (* p < 0.05, ** p < 0.01, *** p < 0.001). (B) Western blots for type I and
type III collagen on Day 14. The PDRN-3 group also demonstrated higher collagen synthesis compared
with the other groups. PDRN accelerated wound healing by promoting early collagen synthesis.
This effect of PDRN was reversed by HMGB-1 administration (* p < 0.05, ** p < 0.01, *** p < 0.001).

3. Discussion

As an A2AR agonist, PDRN exerts angiogenic effects via vascular endothelial growth
factor (VEGF) augmentation [19,20] and tissue-repair effects via fibroblast stimulation [21,22].
Additionally, the activation of A2AR has an anti-inflammatory effect due to the inhibition of several
pro-inflammatory mediators [16,18,23]. Previous investigations found that the injection of PDRN
until the proliferative phase of wound healing resulted in a fibroplasia effect [20,22,24]. Although a
fibroplasia effect from the prolonged injection of PDRN is beneficial to the compromised wound, it is
not beneficial with respect to scar formation. Scar formation as the final result of wound healing is
due to temporary overlaps of three phases: inflammatory, proliferative, and remodeling. In normal
wound healing, there is an influx of inflammatory cells to the wound site until Days 4–6, followed by
a proliferative phase during which inflammatory cells are replaced with fibroblasts. The transition
between inflammation and proliferation is important because abnormal inflammatory prolongation
results in excessive scarring [25]. Thus, we suspected that PDRN, which has both anti-inflammatory
and collagen synthesis effects, could be beneficial in scar formation when administered during the
inflammatory phase. Because uncontrolled and prolonged inflammation of the dermis produces
pathologic scars, reduced inflammation and faster wound healing could have a beneficial effect on
scar formation [4]. In this regard, we hypothesized that intensive administration of PDRN during the
inflammatory phase for approximately three to seven days post-wounding could reduce inflammation
and promote progression to the proliferative phase and early collagen synthesis.

Minimizing inflammation is thought to be associated with reducing scar formation [26,27].
Continuous and histologically localized inflammation of the reticular layer of the dermis produces
pathologic scars [4]. Similarly, it has been shown that in surgical wounds, dermal inflammation that
persists for 1–2 weeks can result in aberrant scarring and eventually pathologic scars [4]. Thus, we
attempted to determine the degree of inflammation after PDRN administration. CD45, which is also
referred to as common leukocyte antigen, is a ubiquitous membrane glycoprotein expressed in all
hematopoietic cells, except mature erythrocytes [28]. The degree of cellular infiltration was significantly
greater in the sham group, and the majority of these cells were CD45+ leukocytes. To objectively
analyze the infiltration of inflammatory cells, we counted cell numbers in H&E-stained tissues. The scar
areas in the sham group were more abundantly infiltrated with inflammatory cells than those in the
PDRN-treated groups. Hence, our results indicated that the administration of PDRN could decrease
inflammation, which may be a factor in excessive scar formation.

HMGB-1 is a ubiquitous nuclear protein that exists in eukaryotic cells [29]. Extracellular HMGB-1
regulates the synthesis of monocyte-derived pro-inflammatory cytokines such as TNF-α and IL-1 [30].
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Extracellular HMGB-1 secreted from necrotic and inflammatory cells triggers inflammation by inducing
inflammatory cell chemotaxis, which in turn initiates the production of pro-inflammatory cytokines by
other inflammatory cells [12,31]. In previous investigations, administration of PDRN down-regulated
the expression of the inflammatory cytokine HMGB-1 in arthritis and periodontitis models [16,18].
Although the relationship between HMGB-1 and scar formation remains unclear, HMGB-1 induced
scar formation when applied to early embryonic murine skin wounds [32]. Thus, we hypothesized
that PDRN may down-regulate inflammation and scar formation in surgical wounds by suppressing
HMGB-1. On Day 7, extracellular HMGB-1 expression was widespread throughout the granulation
tissue in all treatment groups, particularly in the sham group. On Day 14, extracellular HMGB-1
expression remained apparent in the sham group but was decreased in the PDRN treatment groups.
Thus, our results implied that PDRN administration reduced HMGB-1 as a potent inflammatory
mediator. To confirm the role of HMGB-1 in PDRN action, we administered HMGB-1 to the PDRN-3
group. This additional HMGB-1 administration counteracted the effects of PDRN, resulting in a wide
scar area. Furthermore, collagen synthesis was also significantly suppressed by the administration
of HMGB-1 to PDRN-treated rats. Inflammatory cell infiltration was also increased on Day 14 in
PDRN-treated rats that were administered HMGB-1. Therefore, HMGB-1 could reverse the collagen
synthesis and anti-inflammatory effects of PDRN. These results supported our hypothesis that PDRN
exerts its anti-inflammatory and collagen synthesis effects via HMGB-1 suppression.

Histologic analyses of tissue samples collected on Day 7 showed that all groups were in the
early proliferative phase, as indicated by the formation of granulation tissue; however, substantial
inflammatory cell infiltration was observed in the sham group, which continued to exhibit granulation
tissue and inflammatory cell infiltration on Day 14. Furthermore, the scar widths were significantly
narrower in the PDRN-treated groups than in the sham group. PDRN could reduce the granulation
tissue that serves as potential scar tissue during the early wound-healing phase. Thus, PDRN prevents
scar formation via the promotion of fast wound healing by suppressing inflammation and enhancing
collagen synthesis.

In summary, we concluded that faster wound healing and decreased scar formation were induced
by the anti-inflammatory and collagen synthesis effects of PDRN. However, the short experimental
period could be a potential limitation of our study. Nonetheless, it was obvious that the reduced
formation of granulation tissue and decreased infiltration of inflammatory cells combined with faster
wound healing following PDRN administration could improve the characteristics and sizes of scars.

4. Materials and Methods

4.1. Animal Model

Twenty-four male Sprague-Dawley (SD) rats were used to study incisional wounds. All animal
protocols used in this study were approved by the Yonsei University Institutional Animal Care and
Use Committee (16 April 2014). General anesthesia was induced via intraperitoneal injection of a
zolazepam tiletamine mixture (30 mg/kg, Zoletil®; Virbac, Carros, France) and xylazine (10 mg/kg,
Rompun®; Bayer, Leverkusen, Germany). A 6 × 1 cm2 rectangular design was made to excise the
skin and the panniculus carnosus muscle. The skin and panniculus carnosus muscle were excised,
and only the skin layer was closed to maximize tension stress by leaving the muscle layer unrepaired.
After surgery, the rats were randomly assigned to one of three treatment groups: sham (n = 8), PDRN-3
(n = 8), and PDRN-7 (n = 8). The sham group was injected with 1 mL of normal saline for seven
days, whereas the PDRN-3 and PDRN-7 groups were administered PDRN via intraperitoneal injection
(8 mg/kg, Placentex Integro®, Mastelli SRL, Sanremo, Italy) for three and seven days, respectively.

Another experiment was performed to clarify whether the effects of PDRN on scar diminishing
and inflammation were mediated by HMGB-1. To determine whether HMGB-1 administration
increased scar formation and inflammatory cell infiltration, 400 μg of HMGB-1 (HMGBiotech, Milan,
Italy) diluted in 500 μL of normal saline was administered on a central 2-cm area of the incisional
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wound via intradermal injection for three days followed by PDRN administration as described for the
PDRN-3 group (PDRN-3 + HMGB-1 group; n = 6). HMGB-1 was administered before intraperitoneal
injection of PDRN. Other experimental protocols were the same as described above.

4.2. Histologic Analysis

Four SD rats in each group were euthanized on Days 7 and 14, and tissue biopsies were performed
to evaluate inflammatory cell counts and scar areas. Tissue samples (10 mm thick) were obtained
from the middle region of the wound, where there was maximal tension. All tissues were fixed in 10%
neutral buffered formalin, embedded in a paraffin block, and stained with H&E and M-T stain.

The H&E- and M-T-stained tissues were examined under a light microscope at 40× to estimate the
scar areas and the degree of tissue granulation. The scar area was estimated using ImageJ® software
version 1.49 (National Institutes of Health, Bethesda, MD, USA). In each wound, the scar and/or
granulation tissue areas were obtained from two tissue sections representing different areas of the same
wound. The mean scar and/or granulation tissue areas for each wound were then converted from pixel
numbers to square micrometers that were calculated using the ratio of pixel numbers to the scale bar.

The H&E-stained tissues were also examined using a light microscope at 400× to evaluate the
degree of inflammatory cell infiltration in the scar tissue. The inflammatory cells were counted in
four serial sections of tissue from within the dermis of the scar area. The numbers of inflammatory
cells were calculated for each wound from two tissue sections representing different areas of the same
wound, and then the mean number of inflammatory cells was obtained.

4.3. Immunohistochemistry for HMGB-1

Tissues obtained from the middle region of the wound were fixed with 10% formaldehyde
and embedded in a paraffin block. Tissue sections were pretreated with a 3% hydrogen peroxide
solution for 10 min to block endogenous peroxidase activity and then treated with a protein blocking
serum-free reagent (X0909 DAKO, Carpinteria, CA, USA) for 30 min to prevent non-specific reactions.
The sections were incubated at 4 ◦C overnight with primary antibodies (HMGB-1, Abcam, Cambridge,
MA, USA) and then incubated at room temperature for 20 min with secondary antibodies from the
DAKO Envision Kit (DAKO, Carpinteria, CA, USA). The expression of HMGB-1 in the scar area was
semi-quantitatively analyzed using the MetaMorph® image analysis software version 7.8 (Universal
Imaging, West Chester, PA, USA).

4.4. Immunofluorescence Assay for CD45

For immunofluorescence microscopy, the samples were blocked with 1% bovine serum
albumin (BSA) followed by incubation with anti-CD45 (Life Technologies Co., Carlsbad, CA, USA)
overnight at 4 ◦C. The next day, the cells were washed in phosphate-buffered saline and incubated
with an Alexa Flour 488-conjugated goat anti-rabbit immunoglobulin G secondary antibody for
60 min at room temperature. The final antibody treatment also contained tetramethylrhodamine
isothiocyanate–conjugated phalloidin and 4′,6-diamidino-2-phenylindole stain (DAPI; both at 1 g/mL;
Sigma, St. Louis, MO, USA) for nuclear staining. The slides were mounted in Vectashield® HardSet
Mounting Medium with DAPI (Vector Laboratories, Burlingame, CA, USA), and the cells were viewed
under a confocal laser scanning microscope (LSM700; Carl Zeiss MicroImaging, Thornwood, NY, USA)

4.5. Western Blots for Type I and Type III Collagen

The wound homogenates were analyzed via Western blotting. The protein concentration was
quantified using a bicinchoninic acid assay (Thermo Fisher Scientific, Waltham, MA) and normalized
to a standard concentration using extraction buffer. The proteins were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred to polyvinylidene
difluoride membranes (Millipore, Billerica, MA, USA). The membranes were blocked for 1 h with
3% BSA in 1X TBST and then incubated overnight at 4 ◦C with monoclonal mouse anti-collagen type I
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α1 and α2 antibodies and anti-collagen type III α1 and α3 antibodies (1:1000, Abcam, Cambridge, MA,
USA). The primary antibody was detected using a horseradish peroxidase-conjugated goat anti-mouse
or anti-rabbit secondary antibody (1:5000, Cell Signaling, Beverly, MA, USA). The protein bands were
visualized using an ECL detection kit (Thermo Fisher Scientific, Waltham, MA, USA) according to
the manufacturer’s instructions. Finally, immunoblot signals were analyzed using ImageJ® software
version 1.49 (National Institutes of Health, Bethesda, MD, USA). The results from each group were
expressed as the integrated intensity relative to the sham group, measured with the same batch.

4.6. Statistical Analysis

Each measurement is shown as the mean ± SEM. All pairwise differences between the group
measurements were examined by independent and paired t-tests using standard software (SPSS for
Windows v15.0; SPSS Inc., Chicago, IL, USA). Statistical significance was set at p < 0.05.
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Abstract: Hypertrophic scars and keloids are fibroproliferative disorders that may arise after any
deep cutaneous injury caused by trauma, burns, surgery, etc. Hypertrophic scars and keloids are
cosmetically problematic, and in combination with functional problems such as contractures and
subjective symptoms including pruritus, these significantly affect patients’ quality of life. There have
been many studies on hypertrophic scars and keloids; but the mechanisms underlying scar formation
have not yet been well established, and prophylactic and treatment strategies remain unsatisfactory.
In this review, the authors introduce and summarize classical concepts surrounding wound healing
and review recent understandings of the biology, prevention and treatment strategies for hypertrophic
scars and keloids.
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1. Introduction

Many life situations result in injury to the skin. Physical trauma, surgical incisions, burn injuries,
vaccinations, skin piercings, herpes infection and even insect bites can cause skin injury and resultant
scar problems. Each year in the developed world, approximately 100 million people suffer from
scar-related issues [1]. Most superficial injuries do not leave significant scars, but deep cutaneous
injuries occasionally produce serious problems, hypertrophic scars and keloids [2]. Cosmetic problems,
functional problems such as contractures and patients’ subjective symptoms including pruritus and
pain can cause hypertrophic scars and keloids to dramatically affect patients’ quality of life, physical
status and psychological health [3]. Hypertrophic scars and keloids are fibroproliferative disorders
that result from abnormal wound healing, defined as increased or decreased regulation of certain
wound healing processes. Understanding the major mechanisms underlying abnormal wound healing
and correcting them will benefit numerous patients, like the wide-spread public health effects of
antibiotics in the twentieth century. Many studies on hypertrophic scars and keloids have been
reported, and our understanding of these conditions is improving. However, the pathophysiology
remains extremely complex. In this review, we introduce and summarize the classical concepts of
wound healing and review the recent biological advances in treatment, as well as the manner in which
these advances translate into preventive and treatment strategies for hypertrophic scars and keloids.
This review included the basic knowledge on scar biology any kind of physician should know and
may be appropriate for general physicians rather than scar specialists.
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2. Methods

The original articles dealing with the biology, prophylaxis and treatment strategies for
hypertrophic scars and keloids were searched and reviewed. PubMed, Web of Science and Cochrane
library databases were searched on the keywords: hypertrophic scar OR keloid AND biology;
hypertrophic scar OR keloid AND prophylaxis; hypertrophic scar OR keloid AND treatment.
Time limits were from 1 January 2010 to the present. In addition, important reference articles from
the included articles were also reviewed. Several meta-analysis were also reviewed to estimate
the outcome of a certain treatment modality. Duplicates, letters, reviews, hypotheses articles dealing
with the fibrotic disorders on internal organs, studies dealing with specific surgical techniques and
studies published in a language other than English were excluded. Figure 1 shows the flowchart of
the literature search for this review.

Figure 1. The flowchart of the literature search for this review.

3. Classical Concepts of Wound Healing

The classical model of wound healing involves three distinct, but overlapping phases that follow
a time sequence: the inflammatory phase, the proliferative phase and the remodeling phase. The first
phase of wound healing is the inflammatory phase that starts immediately after tissue injury and lasts
for approximately 2–3 days after injury. Coagulation cascades, complement activation and platelet
degranulation prevent further fluid and blood losses by creating platelet plugs and a fibrin matrix [4].
The immune system and inflammatory reactions are activated to prevent infection and removing
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devitalized tissues [5]. Neutrophils are recruited by chemotactic factors produced by platelet and
bacterial degranulations [6], and monocytes are recruited and differentiated into macrophages 2–3 days
after injury.

The second phase of wound healing is the proliferative phase. This phase of new tissue formation
occurs approximately 2–3 days after tissue damage and may last for 3–6 weeks. Active cellular
proliferation and migration characterize this phase. Keratinocytes migrate to the damaged dermis;
new blood vessels grow inward within the damaged tissue; and new capillaries replace the fibrin
matrix with granulation tissue via the actions of macrophages and fibroblasts. Granulation tissue
forms a new substrate for keratinocyte migration. Keratinocytes proliferate and mature within
granulation tissue along the wound margin, restoring the protective function of the epithelium.
In the late proliferative phase, a portion of the fibroblasts differentiates into myofibroblasts in
association with macrophages. Fibroblasts and myofibroblasts produce extracellular matrix (ECM),
mainly in the form of collagen; this accumulated collagen forms most of the eventual scar [7].
Other constituents of ECM include elastin, hyaluronic acids and proteoglycans. Myofibroblasts,
which contain actin filaments, have contractile properties and help bring the edges of the wound
together over time [8]. Once wound closure is accomplished, the final remodeling phase commences.
This phase is characterized by degradation of excessive tissue, transforming immature healing products
into a mature form. Remodeling may last for a year or more. Excessive ECM is degraded and remodeled
from type III collagen, the main component of ECM present during the early wound healing process,
to mature type I collagen.

4. Important Proteins and Cytokines in the Wound Healing Processes

It is important to achieve a proper balance between these wound healing phases. Synthesis
and degradation of ECM should be balanced, otherwise wound healing may be delayed or result in
excessive scars. Important proteins and cytokines that influence balanced wound healing processes
are summarized herein (Figure 2) and are important for understanding current investigations in
keloid treatment.

Figure 2. Important proteins and cytokines in the wound healing processes. The classical model of wound
healing involves three distinct, but overlapping phases that follow a time sequence: the inflammatory,
proliferative and remodeling phases. Important cells, proteins and cytokines in each phase are listed.
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4.1. Inflammatory and Proliferative Phase

Prolonged and excessive inflammatory reactions result within the context of increased fibroblast
activity, which in turn produces excessive ECM. In this phase, degranulation of platelets releases
and activates transforming growth factor β (TGF-β), particularly TGF-β1, TGF-β2, platelet-derived
growth factor (PDGF), insulin-like growth factor (IGF-1) and epidermal growth factor (EGF). Vascular
endothelial growth factor (VEGF), which is produced by epidermal cells, is a positive regulator of
angiogenesis. Because of this, overexpression of VEGF is related to excessive capillary formation,
collagen type I production and overall scar volume increase [9]. These cytokines are not only
fibrogenic growth factors, but also chemotactic agents for epithelial cells, endothelial cells, neutrophils,
macrophages, mast cells and fibroblasts [4,8]. Fibroblasts originating in keloid tissues show increased
receptors to these growth factors and demonstrate increased responsiveness compared with fibroblasts
from normal tissues [10–13]. Tissue inhibitors of metalloproteinases (TIMPs) are endogenous inhibitors
of matrix metalloproteinases (MMPs); thus, increased levels of TIMPs, especially TIMP-1 and
TIMP-2, are associated with hypertrophic scar formation [9]. Tumor necrosis factor-α (TNF-α)
is an inflammatory cytokine produced by monocytes and macrophages during the inflammatory
phase. It has been known that this cytokine induces collagen degranulation and contributes to
minimizing excessive scarring. One suggested mechanism is that TNF-α increases the MMP1/TIMP3,
MMP2/TIMP3 ratios [14]. However, other studies showed that the biologic effect of TNF-α was not
the same on the fibroblasts from lung and skin tissues showing tissue specificity [15] and TNF-α
induced epithelial-mesenchymal transition in human skin wound healing [16]. Therefore, it is still
unclear whether TNF-α would promote or attenuate scar formation.

Immune responses are also related to wound healing processes. T helper CD4 cells are thought
to be major immunoregulatory cells during wound healing processes. CD4 T cells express Th1 or
Th2 responses [17]. Th1 responses produce interferon-γ and interleukin (IL)-12 and are thought to
be related to the attenuation of fibrogenesis. Th2 responses of CD4 cells are generally likely related
to fibrogenesis. IL-4, IL-5, IL-6 and IL-13 are thought to be related to pro-fibrosis [18,19], but IL-10 is
thought to be related to anti-fibrosis [20–22]. These cytokines are essential for promoting or impeding
the fibroblast recruitment and proliferation, ECM deposition, angiogenesis and re-epithelialization [4].
Endothelial cytokines including IL-8, IGF-1, fibroblast growth factor (FGF)-β and heparin promote
angiogenesis. Wound re-epithelialization is enhanced by EGF, TGF-α and IGF-1 [4].

4.2. Remodeling Phase

During the remodeling phase, excessive ECM is degraded, and collagen type III, an immature
collagen form, is converted to mature collagen type I. TGF-β3 is considered to play a role in reducing
the newly-synthesized ECM [23]. Significantly lower TGF-β3 mRNA expression was found in keloid
tissues [24,25]. However, TGF-β isoforms (TGF-β1, TGF-β2 and TGF-β3) do not present its activity as
isolated ligands, but are also associated with receptors and activity modulators; therefore, the mere
presence or absence of TGF-β may not fully explain abnormal wound healing [26]. Members of
the MMP family have major effects on ECM degradation and remodeling and mediate the degradation
of type III and type I collagens, the major components of ECM [27,28]. MMP-2 and MMP-9 are
active during the remodeling phase. MMP-9 is involved in degradation of type IV and V collagens,
fibronectin and elastin. MMP-2 plays an important role in ECM remodeling by degrading denatured
collagen [29,30]. MMPs have a downregulating effect on inflammation by decreasing and antagonizing
chemokines [31,32]. Immunity, cell migration and angiogenesis are also influenced by MMPs [33].
MMP activities are regulated by TIMPs. Decorin is a proteoglycan component of dermal connective
tissue that binds to type I collagen fibrils and influences TGF-β [34]. This protein is decreased in keloids
and hypertrophic scars [35]. By binding and neutralizing TGF-β, decorin decreases the stimulatory
effects of TGF-β on collagen, fibronectin and glycosaminoglycan synthesis [17]. Decorin also inhibits
angiogenesis by interacting with VEGF receptors (VEGFR2) and by inhibiting hepatocyte growth
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factors and PDGF [36]. Decorin’s antifibrotic properties are receiving attention as a future therapeutic
agent [37,38].

5. Recent Findings of Scar Biology

Here, we introduce some recent findings on scar biology. These consist of some factors that
influence pro-fibrotic or anti-fibrotic pathways.

5.1. Hypoxia

Oxygen has long been known to be an important factor in wound healing [39,40]. There have been
many reports suggesting that a hypoxic environment is associated with keloid formation [41,42].
Zhao et al. measured the quantity of hypoxia inducible factor (HIF)-1α in keloid and normal
tissues and reported that keloid tissues are relatively hypoxic tissues compared to normoxic tissues,
and hypoxia induces a pro-fibrotic state in dermal fibroblasts via the TGF-β1/SMAD3 pathway [43].

5.2. Periostin

Periostin is a secreted extracellular matrix (ECM) protein, which was originally identified in
osteoblast, periodontal ligament and periosteum [44]. This matricellular protein is expressed in
the basement membrane, dermis and hair follicle [45]. Periostin is induced by TGF-β in human dermal
fibroblast and has an important role in wound healing and scar pathogenesis by inducing angiogenesis,
fibroblast proliferation and myofibroblast persistence [45–47]. It starts to increase its expression from
a few days after injury, peaking after about seven days after injury and decreasing afterwards [48,49].
Many authors have reported that periostin is abnormally elevated in hypertrophic scars and keloids
compared to normal tissues [45,46,50,51] and implicates periostin as a possible therapeutic target in
the treatment of hypertrophic scars and keloid.

5.3. MicroRNAs

MicroRNAs (miRNAs) are a group of short noncoding RNAs that pair complementarily with
target genes and silence that genes post-transcriptionally. It thereby regulates negatively the expression
of their target genes. miRNAs are thought to be deregulated in many skin diseases such as malignant
skin diseases and keloids [52–55]. Some researchers performed miRNA expression microarrays in
keloids and normal tissues [55,56] and reported upregulated or downregulated miRNAs in keloid
tissues compared to normal tissues. miRNA-199a-5p [57], miRNA-21 [58–61], miRNA-146a [62],
miRNA-1224-5p [56], miRNA-31 [63], and so forth, were investigated and showed potential in
the treatment of hypertrophic scars and keloids.

6. Preventions and Treatment Strategies for Hypertrophic Scars and Keloids

Because the processes are so complicated, the definitive processes that underlie excessive scar
formation are yet to be elucidated. So far, preventions and treatment strategies mainly focus on
reducing inflammation. Other therapies, targeting genes and molecules, require more study prior
to being introduced in clinical practice. The current treatment strategies for hypertrophic scars and
keloids are listed below and summarized in Table 1.
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Table 1. Current treatment strategies for hypertrophic scars and keloids.

Categories Modalities Suggested Mechanisms Use

Prophylaxis

Tension-free closure -Reduce inflammation by reducing
mechanotransduction

-Debridement of inviable tissues,
adequate hemostasis
-Rapid tension free primary closure

Taping or silicone sheeting
-Reduce inflammation by reducing
mechanotransduction: occlusion
and hydration

-Start 2 weeks after primary
wound treatment
-12 h a day for at least 2 months

Flavonoids -Induction of MMPs
-Inhibition of SMADs expression

-Start 2 weeks after primary
wound treatment
-Generally twice daily for 4 to 6 months

Pressure therapy -Occlusion of blood vessels
-Inducing apoptosis

-Pressure of 15 to 40 mmHg
-More than 23 h a day for at least 6 months

Treatment
(current)

Corticosteroids -Reducing inflammation and proliferation
-Vasoconstriction

-Intralesional injection: triamcinolone
10 to 40 mg/mL
-1 to 2 sessions a month (2 to 3 sessions,
but can be extended)
-Tapes/plasters, ointments are available
-Combination is common

Scar revision -Direct reduction of scar volume
-At least 1 year after primary
wound treatment
-Combination is recommended

Cryotherapy -Scar tissue necrosis

-Deliver liquid nitrogen using spray,
contact or intralesional needle cryoprobe
-10 to 20 s freeze-thaw cycles
-Combination is common

Radiotherapy -Anti-angiogenesis
-Anti-inflammation

-Adjuvant after scar revision
-24–48 h after scar revision surgery
-Total of 40 Gray or less, over several
divided sessions

Laser therapy -Vaporize blood vessel
-Anti-inflammation

-585-nm pulsed dye laser: 6.0–7.5 J/cm2

(7 mm spot) or 4.5–5.5 J/cm2 (10 mm spot)
-1064-nm Nd:YAG laser: 14 J/cm2

(5 mm spot)
-2 to 6 sessions, every 3–4 weeks

5-Fluorouracil -Anti-angiogenesis
-Anti-inflammation

-Intralesional injection: 50 mg/mL
-Weekly for 12 weeks
-Combination is common

Treatment
(Emerging)

MSC * therapy

-Modulation of proinflammatory
cell activity
-Anti-fibrosis
-Promote normal angiogenetic activity

-Systemic injection
-Local injection (at the wound)
-Engineered MSC-seeded tissue scaffold

Fat grafting -Deliver adipose-tissue derived MSCs -Fat injection or fat tissue grafting
underneath or into the wound

Interferon
-Downregulating TGF-β1
-Attenuates collagen synthesis and
fibroblast proliferation

-Intralesional injection: 1.5 × 106 IU,
twice daily over 4 days

Human recombinant
TGF-β3/TGF-β1 or

2 neutralizing antibody
-Adjust TGF-β3: TGF-β1 or 2 ratio Not available currently

Botulinum toxin type A

-Reduce muscle tension during
wound healing
-Arrest cell cycle in non-proliferative stage
-Influence TGF-β1 expression

-Intralesional injection: 70~140 U,
1 or 3 months interval, 3 sessions

Bleomycin
-Decreasing collagen synthesis
-Reduce lysyl-oxidase levels
-Induce apoptosis

-Intralesional injection: 1.5 IU/mL,
2 to 6 sessions at monthly interval

* MSC: mesenchymal stem cell; MMPs: matrix metalloproteinases; TGF: transforming growth factor.

6.1. Prevention

6.1.1. Tension-Free Primary Closure

Regardless of a patient’s tendency to exhibit bad scars (or not), (1) debridement of inviable or
severely contaminated tissues, (2) adequate hemostasis to prevent hematoma, seroma or abscess
formation and (3) rapid primary closure using tension-free techniques are wound care basics and
are very important for minimizing the effects of bad scars. Wound epithelialization that is delayed
beyond 10–14 days increases the risk of hypertrophic scars, and quick primary closure to induce rapid
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epithelialization is necessary to achieve good scarring [64]. The importance of tension-free closure
techniques cannot be overstated. Wounds that are subject to tension tend to develop into bad scars [65].
The exact molecular mechanisms that govern how our skin responds to physical tension remain
uncertain; however, several pathways that convert mechanical forces into biochemical responses
have been investigated and reported. This process is called mechanotransduction [66]. Gurtner et al.
reported on the fibrotic effects of mechanical tension and described the preventive effect of offloading
wound tension on scar formation [67].

6.1.2. Passive Mechanical Stabilization

To prevent wound stretching and consequential mechanotransduction, prolonged passive
mechanical wound stabilization has been applied [68–71] using paper tapes or silicone sheets.
Paper tapes help alleviate scar formation, and silicone sheeting is superior to paper tapes because it
avoids repeated epidermal avulsion.

Other mechanisms of silicone sheets include occlusion and hydration of the scar surface.
The inherent antifibrotic properties of silicone are not definite [72]. Silicone sheeting is recommended
for use from two weeks after primary wound treatment for more than 12 h a day for at least two months.
For body areas where silicone sheets do not easily fit, silicone gel can be applied.

6.1.3. Flavonoids

Flavonoids (or bioflavonoids) are naturally-derived substances from various plants and have
been used for preventing severe scar formation. Several studies have reported the efficacy of
flavonoid scar gels like Contractubex Gel (Merz Pharma, Frankfurt, Germany) or Mederma Skin
Care Gel (Merz Pharmaceuticals, Greensboro, NC, USA). The efficacy of these gel products is
controversial [73–77], but other flavonoids like quercetin exert antifibrotic actions. These actions may be
mediated through induction of MMP-1 or inhibition of SMAD2, SMAD3 or SMAD4 expression [77,78].
The instructions of flavonoids, for instance, Contractubex Gel, is as follows: (1) start two weeks after
primary wound treatment; and (2) twice daily for four to six months.

6.1.4. Pressure Therapy

Cutaneous wound compression has been used not only for prevention, but also for treatment
of hypertrophic scars and keloids. Although pressure therapy reduces the subjective and objective
signs and symptoms of hypertrophic scars and keloids, the scientific evidence supporting their use
is weak, and their clinical efficacy is also controversial [79]. The suggested mechanisms underlying
pressure therapy include occlusion of blood vessels and limiting the delivery of inflammatory
cytokines, nutrients and oxygen from blood vessels to scar tissue [80–84]. Increasing apoptosis may be
another mechanism of pressure therapy [85]. There are no comparative analyses of pressure amount,
and the pressure amount that is used clinically relies on empirical reports. Currently, the recommended
amount is 15–40 mm Hg for more than 23 h a day for at least six months [83,86].

6.2. Current Treatment Strategies

6.2.1. Corticosteroids

Intralesional steroid injection, steroid tapes/plasters and steroid ointments have been used
to treat hypertrophic scars and keloids. Intralesional injection is the most popular method for
steroid administration, although steroid tapes/plasters are gaining popularity [87]. The mechanism
underlying this therapy is attributed to its anti-inflammatory effect [72]. In addition, steroid therapy
seems to reduce collagen synthesis, glycosaminoglycan production, fibroblast proliferation and
degeneration of collagen and fibroblasts [88,89]. Another suggested mechanism is induction of
vasoconstriction mediated by binding of the topical steroid to classical glucocorticoid receptors [2].
Resolution rates for keloids treated with intralesional steroid injections are variable and range from
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50% to 100% and recur in 9% to 50% [90]. Most previous studies used triamcinolone acetonide (TAC),
injected alone or in combination with other treatment modalities such as 5-FU, verapamil, cryotherapy
or surgery. The concentrations of injectable TAC vary from 10 to 40 mg/mL, but the recommended
concentration of TAC in monotherapy is 40 mg/mL for keloid resolution [91]. The injection is
performed 1–2 times a months until the scar has flattened. Intralesional steroid injections could
cause side effects such as skin atrophy or telangiectasia.

6.2.2. Scar Revision Surgery

Surgical excision is a traditional treatment for hypertrophic scars and keloids. The remodeling
phase of classical wound healing may last for more than one year; therefore, excision of hypertrophic
scars or keloids should be considered after at least one year of primary wound treatment therapy.
As time goes by, hypertrophic scars tend to regress naturally or with conservative treatment such
as steroid injections. Therefore, in many cases, there is no need to perform scar revision surgery.
For keloids, surgical excision alone frequently results in disappointing outcomes. To improve
postoperative surgical outcomes, multimodal combination therapy such as postoperative steroid
application or radiotherapy might be added. When surgeons perform scar revision surgery, they should
establish tension-free wound closure in order to decrease tension-related inflammation and thereby
reduce recurrence. Various techniques including three-layered sutures, subcutaneous/fascial tensile
reduction sutures, Z-plastics or local flap reconstruction can be utilized on a case-by-case basis [92,93].
Recurrence rates of hypertrophic scars after scar revision surgery are low, but the recurrence rate of
keloids after scar revision surgery is 45% to 100% [94–96].

6.2.3. Cryotherapy

Cryotherapy has been used to treat hypertrophic scars or keloids as a monotherapy or in
conjunction with other therapies such as intralesional steroid injections [97]. Treatments that combine
cryotherapy and intralesional triamcinolone injections significantly improve hypertrophic scars and
keloids [98–100]. Delivery methods for cryotherapy are variable and include sprays, contact or
the intralesional-needle cryoprobe method. The intralesional-needle cryoprobe method shows better
results than the spray or contact method, producing rapid re-epithelialization [101]. The suggested
mechanism underlying cryotherapy is tissue necrosis induced by vascular damage. It seems that
necrotized tissues induced by frostbite (as opposed to burn injury) secrete unique inflammatory
cytokines; therefore, the responses of fibroblasts may differ [2]. Cryotherapy success rates range from
32 to 74% after several sessions [102–104].

6.2.4. Radiotherapy

Several studies have shown the effectiveness of radiotherapy on keloid treatment. Both external
beam therapy and brachytherapy (or internal radiation therapy) have been used and studied for
treatment of keloids. Radiotherapy is generally conducted as an adjuvant treatment 24 to 48 h after
scar revision surgery, and the recommend radiation dose is 40 Gray over several divided sessions
to minimize adverse effects [105]. The suggested mechanism of radiotherapy for treating keloids
is anti-angiogenesis and successive anti-fibroblast activity. Suppression of angiogenesis decreases
delivery of inflammatory cytokines, and successive inhibition of fibroblast activity results in decreased
collagen synthesis, thus suppressing keloid development [106,107]. Radiotherapy carries an inherent
risk of carcinogenesis; therefore, even though the risk is low [108,109], radiation-vulnerable areas,
including the thyroid and breast, should be treated after achieving informed consent and with abundant
cautions. Shen et al. reported the recurrence rate of 9.59% [109]. Recently, radioactive skin patches have
been used for localized skin diseases like skin cancers or keloids [110,111]. Radioactive skin patches
use various kinds of radionuclides and have variable effectiveness for treating keloids. These patches
are frequently used in combination with other available treatment.

35



Int. J. Mol. Sci. 2018, 19, 711

6.2.5. Laser Therapy

Laser therapy was introduced for keloid treatment in the 1980s [112], and several kinds of lasers
with various wavelengths were investigated and reported. Among these, the most popular laser used
to treat hypertrophic scars and keloids is the 585-nm pulsed dye laser (PDL) [113]. The recommended
energy is 6.0 to 7.5 J/cm2 (7-mm spot) or 4.5 to 5.5 J/cm2 (10-mm spot) [114], and two to six sessions
of treatment may be needed [113]. The 1064-nm Nd:YAG laser is another popular laser for treating
hypertrophic scars and keloids. For this laser, the recommended energy is 14 J/cm2 (5-mm spot),
with the procedure being repeated every three to four weeks [115,116]. These laser treatments vaporize
blood vessels. By doing this, inflammatory cytokines are limited in their ability to reach hypertrophic
scars and keloids, thereby suppressing the development of aberrant scars. Possible side effects of
laser therapy include hyperpigmentation, hypopigmentation, blister formation and postoperative
purpura [117–120].

6.2.6. 5-Fluorouracil

5-FU is a medication mainly used to treat cancer. By injecting it into a vein, it can be used for
the treatment of esophageal, stomach, pancreatic, colon, breast and cervical cancers. It can also be used
topically for actinic keratosis and basal cell carcinoma in a cream or solution formulation [87]. 5-FU has
also been used to treat keloids [121]. The suggested mechanism is anti-angiogenesis, anti-fibroblast
proliferation and anti-collagen Type I expression induced by TGF-β [122–124]. This therapy is used
solely or in combination with another treatment, and intralesional injection is the preferred method of
delivery. Nanda et al. reported scar size reduction in a majority of patients in whom 5-FU was injected
intralesionally weekly for 12 weeks in a concentration of 50 mg/mL [122]. Possible side effects include
pain and ulceration. A systematic review reported 45% to 96% of effectiveness [125].

6.3. Emerging Therapies

6.3.1. Mesenchymal Stem Cell Therapy

Mesenchymal stem cells (MSCs) have immunomodulatory and antifibrotic effects by secreting
paracrine growth factors [126–129]. The antifibrotic effects of MSC on fibrotic diseases such as
myocardial infarctions, renal fibrosis or liver cirrhosis have been investigated and reported [130–136].
MSCs are also used to prevent or attenuate excessive inflammatory processes that are characteristic
of hypertrophic scars and keloids. MSC treatments have variable delivery methods and doses [137].
Delivery is conducted via systemic injections, local injections (at the wound, intradermal or
subcutaneously) or via an engineered MSC-seeded tissue scaffold [138–141]. The possible mechanisms
underlying MSC treatment include: (1) modulation and inhibition of proinflammatory cell
activity; (2) antifibrotic activity via downregulation of myofibroblast differentiation and collagen
type I and III production; and (3) promotion of normal angiogenetic activity that aids in normal
wound healing [137,142]. Even though many researchers have reported anti-inflammatory and
anti-fibrotic effects of MSC, there are reports of possible proinflammatory actions of MSC [143–145].
More investigations and long-term preclinical studies should be conducted to apply this method to
clinical practice.

6.3.2. Fat Grafting

Autologous fat grafting or lipotransfer, underneath or into the wound, has been performed for
patients with hypertrophic scars or keloids. Several studies have reported the effectiveness of fat
grafting on severely-scarred lesions [146–148]. These reports showed beneficial effects on excessive
scar lesions, and side effects were rarely reported. The mechanism underlying fat injections is believed
to be that transferred fat tissues deliver adipose-tissue derived MSCs to the wound.
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6.3.3. Interferon

Interferon (IFN) is comprised of cytokines that have anti-proliferative and anti-fibrotic effects.
As mentioned earlier, IFNs attenuate collagen synthesis and fibroblast proliferation by downregulating
TGF-β1. Although adverse effects including pain at the injection site and flu-like symptoms are
relatively common in IFN treatment, some authors reported a good outcome of combination therapy
of IFN α-2b with TAC injection [149,150].

6.3.4. Transforming Growth Factor-β

TGF-β isoforms (TGF-β1,2,3) had long been a target of anti-keloid therapy. Several studies showed
that the ratio of TGF-β3 and TFG-β1 and 2 is important in scar progression or remission [151,152].
Many studies had been performed to investigate the effect of exogenous TGF-β1 and 2 neutralizing
antibodies and exogenous TFG-β3 and had proven the effect of TGF-β isoforms; TGF-β1 and 2 increase
fibrosis, and TGF-β3 attenuates fibrosis [153]. Recombinant human TGF-β3, avotermin (planned trade
name Juvista) showed successful results in phase I/II clinical trials [154–156], but failed in phase III
clinical trials.

6.3.5. Botulinum Toxin A

Botulinum toxin, which is derived from Clostridium botulinum, is a potent neurotoxin that
blocks neuromuscular transmission. Some authors have reported that botulinum toxin type
A can minimize scar formation by reducing muscle tension during wound healing, causing
the fibroblast cell cycle to be paused in a non-proliferative state, G0 or G1, and influencing TGF-β1
expression [157–161]. Intralesional injection was the preferred delivery method, and 70–140 U of
Type A botulinum toxin was delivered per sessions at one- or three-month intervals for three or
nine months (three sessions) [160,162–164]. Treatment outcomes were generally favorable, and patient
satisfaction was high. Improvement was also reported regarding pain, tenderness and itching
sensation [160,162,163].

6.3.6. Bleomycin

Bleomycin is a cytotoxic, antineoplastic, antiviral and antibacterial agent [165], derived from
Streptomyces verticillus, and has been used for dermatologic diseases such as warts. This agent has
also been used for hypertrophic scars and keloids. Several studies have found that bleomycin-treated
human dermal fibroblasts showed diminished collagen synthesis, even with the co-existence of
TFG-β1, and a reduction in the levels of lysyl-oxidase, which is involved in the maturation of collagen.
In addition, apoptosis was also induced by bleomycin treatment [166–169]. Intralesional injection
is the preferred delivery method, and 1.5 IU/mL of bleomycin were injected two to six sessions at
monthly intervals. Several studies reported that complete flattening was achieved in 54% to 73% of
keloid patients [166,167] and other symptoms like itching and pain were also resolved. Possible side
effects include injection site pain, ulceration, atrophy and hyperpigmentation, but systemic side effects
were not observed [165,167].

7. Conclusions

Hypertrophic scars and keloids result from abnormal wound healing. Excessive ECM deposition
is characteristic of these lesions. Increased inflammatory and proliferative processes and decreased
remodeling processes cause excessive ECM deposition. Genetic and systemic factors are also related to
these excessively scarring lesions. Although encouraging results of molecular- or cytokine-targeting
therapies are being continuously reported, current prophylaxis and treatment strategies still mainly
focus on decreasing inflammatory processes. Further understanding of the mechanisms underlying
excessive scarring is needed to develop more effective prophylaxis and treatment strategies.
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Abstract: The ability to respond to injury with tissue repair is a fundamental property of all
multicellular organisms. The extracellular matrix (ECM), composed of fibrillar collagens as well as a
number of other components is dis-regulated during repair in many organs. In many tissues, scaring
results when the balance is lost between ECM synthesis and degradation. Investigating what disrupts
this balance and what effect this can have on tissue function remains an active area of research. Recent
advances in the imaging of fibrillar collagen using second harmonic generation (SHG) imaging have
proven useful in enhancing our understanding of the supramolecular changes that occur during
scar formation and disease progression. Here, we review the physical properties of SHG, and the
current nonlinear optical microscopy imaging (NLOM) systems that are used for SHG imaging.
We provide an extensive review of studies that have used SHG in skin, lung, cardiovascular, tendon
and ligaments, and eye tissue to understand alterations in fibrillar collagens in scar tissue. Lastly,
we review the current methods of image analysis that are used to extract important information about
the role of fibrillar collagens in scar formation.

Keywords: second harmonic generation; nonlinear optical microscopy; scar tissue; fibrillar collagen;
skin; lung; vessels; image analysis

1. Introduction

The ability to respond to injury with tissue repair is a fundamental property of all multicellular
organisms. In the seconds after injury, various intracellular and intercellular pathways must be
activated and synchronized to respond if tissue integrity and homeostasis are to be restored. In general,
the wound repair process in almost all tissues involves activation of the cellular components of the
immune system (neutrophils, monocytes, lymphocytes and dendritic cells), the blood coagulation
cascade and the resultant activated inflammatory pathways. In addition to immune cells, multiple
structural cell types are activated (endothelial cells, epithelium, keratinocytes, and fibroblasts),
which undergo marked changes in phenotype and gene expression leading to cell proliferation,
differentiation, migration and extracellular matrix production [1,2]. Once the wound repair response
has successfully regained tissue homeostasis, it must be controlled and switched off. Interestingly,
malignant transformation is an uncommon event in repairing wounds [3,4]. The human fetus and
some adult eukaryotic organisms can respond to injury through regeneration leading to restoration of
the original tissue architecture [5]. In adult humans, this ability is lost through unknown processes, and
wound repair normally results in non-functional tissues formed by a patch of cells (mainly fibroblasts)
and disorganized extracellular matrix (mainly fibrillar collagens) that is commonly referred to as
scar tissue.
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Demographically, the number of individuals suffering from chronic wounds and impaired healing
conditions continues to rise leading to health and economic burdens to society [6–9]. As an example,
defective wound repair and chronic wounds can result from myocardial scar tissue leading to
congestive heart failure after myocardial infarction, cirrhosis of the liver and lung fibrosis in response
to toxin-mediated injury, or hypertrophic scars to surgical wounds. Understanding the underlying
molecular basis of tissue repair and its failure is therefore an important unmet clinical need.

Studying wound repair in various conditions and models will expand our understanding of
the wound repair process in humans that will hopefully lead to the identification of novel pathways
or molecular signals that can be therapeutically targeted to restore their lost regenerative capacity.
Over the last 15 years, nonlinear optical microscopy (NLOM) has emerged as a powerful research
tool [10–13] for visualizing the supramolecular assembly of collagen in tissues at an unprecedented
level of detail [14–17]. Based on the physics of nonlinear light-matter interactions, and using these
interactions as contrast mechanisms for cellular and tissue imaging investigations, modalities such as
Second Harmonic Generation (SHG), Third Harmonic Generation (THG), Coherent anti-Stokes Raman
(CARS), and two-photon excitation fluorescence (TPEF) have acquired a reputation as an excellent
optical tool for answering multiple biological questions [13,18,19]. The development of NLOM imaging
has enhanced basic biomedical research, and provided a new suite of quantitative metrics for the
diagnosis of a wide range of diseases [20–38].

In this review, we describe the physical characteristic of SHG, and the current NLOM systems
that are used by biologists for SHG imaging. We provide an extensive review of studies that have used
SHG in wounding and repair of skin, lung, cardiovascular, tendon and ligament, and eye tissues to
understand alterations in fibrillar collagens in scar tissue [39–42]. It is important to note that SHG
imaging is used to study many other diseases, including cancer, but this review is limited to the tissues
listed above. Lastly, we provide an overview of the current methods of image analysis that are used to
extract important information about the role of fibrillar collagens in scar formation.

2. The Extracellular Matrix

The extracellular matrix (ECM) is essential for the normal development, function and homeostasis
of all eukaryotic cells [43–46]. While providing the physical matrix that separates establishing and
established tissues and organs, the ECM also actively participates in regulating the abundance of
growth factors, receptors, level of hydration and pH of the local tissue environment. The exquisite
tissue specific functions of the ECM are achieved through its complex biochemical composition
(water, proteins and polysaccharides) and dynamic biophysical properties [43–46]. ECM molecules
are generally formed from small, modular repeating subunits that form homo or heteropolymers
that become supramolecule assemblies with highly specialized functions. In all cases, each class of
ECM molecule has evolved the ability to interact with other classes of ECM molecules to produce
unique structural and biochemical properties. Therefore ECM molecules can function as support
for cells (complex adhesion surfaces, diffusion barriers) or act as active participants in cell signaling
(binding domains for growth factors and chemokines) [47–50]. The ECM is primarily composed of
two classes of macromolecules: glycoproteins (such as fibronectin, proteoglycans and laminin) and
fibrous proteins (including collagens and elastin). This review focuses on the structural properties of
fibrillar collagens and how the NLOM technique SHG can be applied to understand their biophysical
properties in organs during health and disease.

3. Fibrillar Collagen

Collagens form a heterogeneous family of fibrous proteins of which there are 28 different types
identified in vertebrates. In animals, the collagen family represents the most abundant protein [51]
and collagen is the dominant protein within the ECM. Here, we focus on the fibrillar collagens, which
are capable of withstanding tensile forces within the ECM and have a non-centrosymetric structure
that can be imaged using NLOM.
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At the structural level, all collagen molecules are made up of three polypeptide α chains that form
homo- or heterotrimers. The prototypical α chain in all fibrillar collagens consists of approximately
338 repeating Gly-X-Y- triplets called a triple-helical motif (where X and Y can be any amino acid but
are frequently proline and hydroxyproline) that is flanked by two non-collagenous domains, the N-
and C-propeptides [52–55]. Once transcribed and within the endoplasmic reticulum, the triple-helix
structure results in the intertwining of the three α chains starting at the C-terminal propeptide, forming
a right-handed superhelix that is further stabilized by hydroxylation of particular lysine and proline
residues (O-linked glycosylation). This assembly results in a rod-like structure 300 nm in length
and 1.5 nm in diameter, termed procollagen, which is packaged for export by the Golgi apparatus.
Procollagen is then converted into mature collagen by the removal of N- and C-propeptides via
collagen type-specific metalloproteinase enzymes, within plasma membrane extrusions (known as
fibripositors) that project from the cell surface. Mature collagen molecules then have the ability
to engage in self-association to form microfibrils at the cell surface that can merge and grow both
longitudinally and axially. To form mature collagen fibres, lysyl oxidases covalently crosslink lysine
residues within the supramolecular assembly, providing stability and mechanical properties [45,56–60].
Conversely, non-fibrillar collagens contain non-triple helix regions, which lead to kinks in the resulting
macromolecular structure that straighten under small strains. This means that non-fibrillar collagens
do not form centrosymetric structures and cannot be visualized by SHG.

4. Collagen Imaging Using Second Harmonic Generation (SHG) Microscopy

SHG microscopy has emerged as a useful tool for studying key facets of collagen remodeling.
SHG imaging is an attractive alternative to conventional or fluorescent-based histology for studying
tissue composition and visualizing the molecular structure of collagen due to its label-free nature,
high sensitivity and specificity [14,19,61–63]. The optical sectioning capability of SHG also provides a
means of imaging bulk tissue in 3 dimensions (3D).

4.1. What Is SHG and How Does It Work?

In short, SHG is a process that occurs when two photons are combined in an optically nonlinear
medium, lacking in centro-symmetry (such as collagen), creating a SHG photon with a wavelength
exactly half of the excitation wavelength (or twice the frequency, ω), as illustrated in Figure 1.

Figure 1. Second-harmonic generation (SHG) is a nonlinear optical process, in which two photons
interacting within a nonlinear material are effectively “combined” to form a new photon with twice the
energy (2ω), and therefore twice the frequency, or half the wavelength of the initial photons.

Before we begin explaining SHG, we need to first take a step back and define what light is. Light is
part of the electromagnetic spectrum, and electromagnetic radiation waves are defined as fluctuations
of electric and magnetic fields, which can transport energy between locations. Light, or electromagnetic
radiation, can also be described as a stream of photons, mass-less particles that travel at the speed of
light with wavelike properties.

The optical response of a material is expressed in terms of the induced polarization. Polarization
describes the response of both the material and the applied electric field to one another. Polarization
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can be used to calculate the forces that result from these interactions [64–66]. For a linear material,
the relationship between the polarization P and the electric field E of the incident radiation is linear:

P = ε0·χ(1) E (1)

where χ(1) is the linear susceptibility (a dimensionless proportionality constant). The linear
susceptibility due to an applied electric field indicates the degree of polarization of a dielectric material.
A material with a higher linear susceptibility, has a greater ability to polarize in response to the field,
thereby reduces the total electric field inside the material (and stores energy).

In nonlinear optics, such as SHG imaging the response of the material is often described as a
polynomial expansion of the material polarization P in powers of the electric field E. The second term
defines the SHG.

P = ε0·(χ(1) E + χ(2) E·E + χ(3) E·E·E +······) (2)

The SHG signal originates from the nonlinear polarization. The incident wave generates dipoles
inside the material. These dipoles radiate at twice the frequency of the incident wave. The relative
phase of the induced dipoles is fixed because the incident beam has a well-defined amplitude and
phase within the material at any given point and time. The SHG signal can be obtained only if the
induced dipoles radiate in phase, as illustrated in Figure 2. This phase-matching ensures that the
contributions add up constructively from all positions in the material.

Figure 2. A sketch of the concept of phase matching. The fundamental wave at frequency ω has a well
defined phase and amplitude everywhere in the crystal. The induced dipoles all radiate at a frequency
2ω with a phase dictated by the fundamental wave. The picture shows the case where all dipoles
radiate in phase in the forward direction so that all contributions add up constructively.

There are several factors affecting the magnitude of SHG. It depends quadratically on the intensity
of the excitation light, and is affected by the polarization and wavelength of the excitation light. SHG
signal can also be dependent on the inherent properties of the material: the nonlinear susceptibility,
the phase mismatch between the SHG and the excitation light, and the distribution and orientation of
the SHG sources within the focal volume [67–70].

4.2. How Does Fibrillar Collagen Generate SHG Signal

Collagen fibres have a very suitable structure for generating SHG signal. Fibrillar collagen is
highly anisotropic and the SHG signal generated is coherently amplified because of the tight alignment
of repeating structures within the collagen triple helix and within fibrils. As SHG imaging is dependent
on the signal remaining phase-matched within the material, a second harmonic wave generally
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co-propagates with the excitation beam, resulting in SHG signal in the same, forward direction as the
excitation beam [19,69,71]. Typically, between 80% and 90% of the SHG signal from collagen in a tissue
sample will propagate in the forward direction, depending on how much the sample scatters light.

A single, 40- to 300-nm collagen fibre would be expected to behave as a single dipole,
which radiates in all directions except normal to the incident beam. The peptide bonds within
the collagen chains generate a permanent dipole moment, which is a measure of the separation of
positive and negative electrical charges within a system, allowing SHG to occur within collagen-rich
samples, as shown in Figure 3a.

Figure 3. Illustration of (a) collagen fibres acting as dipoles, which radiates in all directions except
normal to the incident beam; and (b) the geometric arrangement of a single collagen fibre relative to an
applied electric field. The emitted SHG signal after spectral filtering is shown in blue; (c) if the light is
polarized along the collagen fibre axis (z), the maximum SHG signal will be observed. On the other
hand, if it is polarized perpendicular to the fibre axis (x), the weakest SHG signal will be observed.

Figure 3a illustrates how a planar collagen array, normal to the incident beam results in waves in
the forward and backward direction being in phase, and therefore radiating strongly in both directions.
Little lateral propagation occurs because the wave from one dipole and its neighbor will not be in phase
laterally. An array orientated in the direction of the beam will propagate forward, because all dipoles
will have the same phase relationship to the excitation beam in the forward direction, regardless of the
spacing, but will randomly not be in phase in the backward direction [19,71].

An interesting characteristic of SHG microscopy is that the excited volume within the specimen is
elliptical, with the long axis in the direction of the beam. In a collagenous tissue, the overall signal is
predominantly propagated in the forward direction, compared to an isolated individual fibre that may
radiate SHG signal both forward and backward. Any group of collagen fibres will have more excited
dipoles in line with the beam than across it.

An important aspect to consider is that SHG is polarization sensitive. For many sources of SHG,
the amount of signal produced is dependent on the polarization state of the incident laser light, relative
to the scattering due to the molecular structure. To illustrate this, we shall focus on the polarization
sensitivity of SHG from collagen fibrils, as it is the component most imaged by SHG microscopy in
biomedical applications [11,13,72,73].
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Most studies on the polarization sensitivity of collagen have been carried out on tendon which is
composed of highly ordered parallel collagen-type I fibres. The intensity of the SHG signal produced
from a collagen sample is dependent on the orientation of the polarization state of the laser excitation
light with respect to the fibre axis [72–74], as illustrated in Figure 3b. For a linearly polarized laser
beam incident on a collagen fibril, the amount of SHG signal produced for different polarization
orientations is shown in Figure 3c.

For fibrils lying in the plane perpendicular to the direction of excitation laser light propagation, the
amount of SHG produced depends on the angle (α) between the fibre axis (z) and the laser polarization.
If the light is polarized along the fibre axis, the maximum SHG signal will be observed [74,75].
On the other hand, if it is polarized perpendicular to the fibre axis, the weakest SHG signal will be
observed. This means that the polarization dependence of the SHG signal can be measured to study
the orientation of the collagen fibrils within tissue. In the case of the fibre cross-section, due to the fibre
structure’s centrosymmetry, no SHG will ever be detected independent of the orientation of the laser
polarization. The intensity of the SHG signal also depends on the angle between the collagen fibre and
the imaging plane. The intensity of the SHG is maximized when the collagen fibre is in the imaging
plane and very low when the fibre is perpendicular to the imaging plane.

The use of polarization analysis in SHG imaging permits the extraction of the tissue’s structural
information, including collagen fibre packing. However, for non-polarization resolved SHG imaging,
circularly polarized light is preferred, as it will excite all fibre orientations equally. More recent systems
use half or quarter wave plates to generate a circular polarized beam which can generate an uniform
excitation in all fibre directions (both parallel or perpendicular collagen fibres), and therefore detect
the signal generated from all fibres within the tissue, independent of their orientation.

In SHG microscopy the focal area in which the SHG signal is generated has sub-micron dimensions,
which is much smaller than the coherence length in collagen. Therefore, the SHG signal should not
be significantly reduced by destructive interference. SHG microscopy has proven to be an ideal tool
for the analysis and quantification of the spatial arrangement of collagen fibres in tissue [11,13,72–74].
This information can be crucial when dealing with complex medical problems, such as atherosclerotic
plaque development, fibrosis, airway wall remodeling, etc.

4.3. SHG Imaging Systems

There are a number of commercial multi-photon confocal microscopes now available on the
market that can be used for SHG imaging (specifically collecting backscatter signal). In general,
whether using in-house developed or ready-made equipment, a similar set up is used, as reviewed
extensively previously [71] and shown in Figure 4. The basic requirements for a system to image
SHG is a scanning confocal microscope equipped with a multi-photon femto-second pulse laser as an
excitation source such as the Coherent Chameleon family of titanium:sapphire multi-photon tunable
lasers (Coherent Inc., Santa Clara, CA, USA). Figure 4 illustrates the general schematic for the set
up for collection of the SHG signal. When imaging the SHG of fibrillar collagen an excitation of 800
nm is used, the light path passes through a linear or circular polarizer, and an objective and reaches
the specimen. The backscatter signal is not collected as in normal confocal imaging (such as with a
pinhole). Instead, a non-descanned mode is used to collect the entire signal; the photons pass through
a long wavelength dichroic mirror and the SHG filter (~410 nm). High gain photomultiplier tubes are
then used to collect the SHG signals both in the forward and backward directions. As described above,
the addition of polarization to a basic SHG imaging system (Figure 2) provides further information
regarding the macrostructural information about the collagen fibre bundles. Therefore, most systems
currently available additionally include a λ/2 or λ/4 plate to allow for uniform polarization of the
tissue and maximum signal recovery. The maximum depth that can be imaged using such a SHG
imaging system depends on the characteristics of the tissue. For example, the melanin in pigmented
skin will burn at the laser power required to image more than ~50 μm into the superficial side, but if
excised and flipped over the skin can be imaged ~300 μm into the dermal surface.
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Figure 4. SHG imaging schematic and example image of mouse skin. The optical pathway schematic
illustrates the general set-up for SHG imaging. The embedded mouse skin SHG image was taken
using a Zeiss 710 confocal microscope was equipped with a Ti:Sa Chameleon multiphoton tunable
laser (Coherent, Santa Clara, CA, USA) at 800 nm, a dichroic mirror, a custom filter set (BP:414/46,
DC:495, BP:525/50), and a 20× water immersion objective. The resulting image was processed using
Zen software (Zeiss Microscopy, Jena, Germany). PMT, photomultiplier tube; F-ISO, Faraday isolator.

4.4. Recent In Vivo Instrumentation Advances

Multimodal nonlinear optical (NLO) laser-scanning microscopes have been key to visualizing
several specific biomolecules without the need of any specific tissue preparation and providing superior
spatial and biochemical specificity. Coherent anti-Stokes Raman scattering (CARS), stimulated Raman
scattering (SRS), two-photon-excitation fluorescence (TPEF), SHG and third harmonic generation
(THR) have been extensively used in biomedical research. However, one of the biggest challenges
faced by scientists are related to miniaturizing these laser-based microscopes to a point where these
techniques could be easily used in clinic and in vivo.

Several groups have been intensively working towards this goal [76–78]. Crisafi et al. have
presented the design of a multimodal NLO laser-scanning microscope on a compact fibre-format,
integrating three NLO modalities (CARS, SRS, and TPEF) [79]. Their proposed system offers for the
first time the possibility to develop a NLO microscope using off-the-shelf components, providing a
cost-effective alternative to commercial systems. Song et al. were successful in adding SHG into the
mix, developing a fully integrated multimodal microscopy that can provide photoacoustic (optical
absorption), TPEF and SHG information from tissue in vivo [80]. The authors were able to visualize
the cortex of a mouse and SHG was successfully used to reveal complementary tissue microstructures.
Other groups, including Atsuta et al., were able to monitor collagen changes in human skin, by using
fibre optic delivery of the pulse light, making a compact SHG microscope enclosed into a lens tube
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system [81]. This system provided the flexibility needed to perform measurements of several regions
in the human skin.

Finally, another recent application of miniaturized SHG was proposed by Schnitzer et al. [82,83].
They have combined previous ideas of SHG imaging sarcomere organizations in human patients
in vivo. They developed a miniaturized microscope which can be attached to the desired region (or
limb), and therefore acquire information on sarcomere length coupled with electrical stimulation
from normal patients, from stroke patients on both affected and unaffected limbs, and from patients
recovering from injury. This application of SHG microscopy represents an important step towards the
first true in vivo image system able to monitor muscle structure in patients.

5. Alterations in Fibrillar Collagens in the Disease State

SHG imaging has been used to study a number of tissues and assess the quality of the fibrillar
collagen in both the normal and disease state. In Figure 5, we present some examples of label-free
SHG images from different specimens of normal tissues. This imaging technology is capable of not
only providing a snap-shot of the collagen structure, which is useful in itself, but also of helping to
ascertain key biologically relevant information about disease pathology that will be key to furthering
our understanding of the pathological process in many fibrotic diseases. Table 1 summarizes the
breadth of studies that are possible in skin, lung, cardiovascular, tendon and ligaments, and eye tissues
using SHG imaging in biomedical research (discussed in more detail below).

Figure 5. Examples of label-free SHG images from different tissue and specimens. The collagen
network can be observed at the dermal layer of (a) human skin; or (b) mouse skin. The collagen
deposition in human airways from a (c) human healthy donor; and (d) in vitro collagen gel model,
showing fibrillar collagen synthesized by human fibroblasts from airways; (e) adventitia layer of a
healthy aorta artery (rabbit); and (f) scar tissue formation in infarcted hearts from mouse; (g) human
cartilage; and (h) tendons from rabbits can also be assessed using SHG imaging.
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Table 1. Representative examples of Second Harmonic Generation (SHG) applications.

Organ/Tissue Key Conclusions
Representative

Reference

Skin

• Uniquely shows changes in collagen assembly upon thermal damage.
• Highly valuable for diagnosing and screening early melanocytic lesions.
• SHG to auto-fluorescence aging index of dermis (SAAID) can be a good

indicator of the severity of photoaging;
• Distinct morphological differences in melanoma compared with

melanocytic nevi.
• Used to distinguish between scar (keloid and hypertrophic) and

normal tissue
• Shows alteration in collagen structure in scar tissue after grafting

[23,30,84–86]

Tendon and
Ligaments

• Good at determining the orientation of collagen fibrils in the fascicle
and the ratio γ between the two independent elements of the
second-order nonlinear susceptibility tensor;

• Normal cartilage reveals a consistent pattern of variation in fibril
orientation with depth. In lesions, the pattern is severely disrupted and
there are changes in the pericellular matrix;

• The differences in collagen fibre organization between normal and
injured tendon indicate that the organization of collagen fibres is
regularly oriented in normal tendons and randomly organized in
injured tendons.

[75,87–89]

Cardiovascular

• SHG shows that collagen plaques intermingle with elastin;
• Based on a measure of the collagen/elastin ratio, plaques were detected

with a sensitivity of 65% and specificity of 81%. Furthermore, the
technique gives detailed information on the structure of the collagen
network in the fibrous cap;

• Single parameter based on intensity changes derived from
multi-channel nonlinear optical (NLO) images can classify plaque
burden within the vessel;

• Using the optical index for plaque burden (OIPB) it was possible to
differentiate between healthy regions of the vessel and regions with
plaque, as well as distinguish plaques relative to the age;

• Texture analysis based on first-order statistics (FOS) and second-order
statistics such as gray level co-occurrence matrix (GLCM) extracted
SHG image features that are associated with the structural and
biochemical changes of tissue collagen networks.

[28,40,90–93]

Lung

• Significant difference in collagen organization in airway tissue between
chronic obstructive pulmonary disease (COPD) and non-diseased;

• High resolution images can be generated without the need of staining
and tissue damage;

• Fibrillar collagen’s subresolution structure is altered in usual interstitial
pneumonia versus cryptogenic organizing pneumonia and healthy lung

[94–96]

Eye

• SHG can delineate the stroma from other corneal components.
• SHG imaging revealed that corneal collagen fibrils are regularly packed

as a polycrystalline lattice, accounting for the transparency of cornea. In
contrast, scleral fibrils possess inhomogeneous, tubelike structures with
thin hard shells, maintaining the high stiffness and elasticity of
the sclera.

[24,97]

In-vitro models

• Self-assembled fibrillar gels can be imaged by SHG
• SHG can characterize differential microscopic features of the collagen

hydrogel that are strongly correlated with bulk mechanical properties
• Depending on the collagen source, in vitro models yield homogeneous

fibrillar texture with a quite narrow range of pore size variation,
whereas all in vivo scaffolds comprise a range from low- to high-density
fibrillar networks and heterogeneous pore sizes within the same tissue.

[34,98–100]
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5.1. Skin

The skin is composed of three main layers: the epidermis, dermis and hypodermis. The epidermis
is a thin layer of epidermal cells covered by the stratum corneum and provides the barrier function of
the skin. The deeper dermal layer is primarily collagenous and provides structural support for cells
and the dermal appendages (sabaceous glands, hair follicles, etc.), as well as the mechanical properties
(strength, flexibility, distensibility, etc.) of the skin [101]. A large proportion of the cells within the
dermis are mesenchymal in origin including interstitial fibroblasts, which maintain the ECM and the
hair follicle dermal stem cells, which expand during injury to contribute to the interstitial fibroblast
population [102]. The hypodermis is essentially highly vascularized adipose tissue. SHG imaging
has proven useful in determining the directionality and organization of the fibrillar collagen in the
skin, in both health and disease. Compared to cross-sections imaged after histochemical staining with
Picro-Sirius Red stain or immunostaining for collagen, the 3D images that are created using SHG
imaging of the whole tissue allow for determination of the arrangement of the collagen content in
the dermis.

Recent studies have used SHG to distinguish between normal and pathologically scarred skin,
suggesting potential diagnostic use for SHG imaging in the clinic [86,103]. Studies using SHG imaging
have illustrated that the overall isotropic nature of dermal collagen provides the necessary distensability
for mobility (to avoid puncture and for joint motion). Of particular note is that the proportion of
collagen fibres that are aligned increases in keloid and surgical scar tissue [104–106]. The collagen
fibre bundles in scarred skin after grafting have been shown to be straighter and thinner [85]. These
factors appear to contribute to the decrease in the tensile strength of the scar compared with normal
skin [85,107].

5.2. The Lung

The lung is formed from a dichotomous branching structure of airways that enables airflow
that enters the nose and mouth to be directed to the 600 million terminal alveoli structures where
gas exchange occurs. In terms of fibrillar collagens, the developing lung contains primarily
fibrillar collagens I and III, which are deposited primarily by lung fibroblasts during the canalicular
stage, in which the respiratory airways and alveolar ducts are formed, preceding the bulk of
elastogenesis [108,109]. From the late stages of gestation to adult life, the collagen content in the
lung increases five-fold. Specifically, in the rabbit lung, it has been shown during maturation that
rapid growth after birth leads to a 15% increase in collagen synthesis relative to the rate of total
protein synthesis which declines after two months [110]. In bronchopulmonary dysplasia (BPD)
patients and animal models of BPD, ECM cross-linking enzymes are deregulated and aberrant late
lung development blocks alveolarization, suggesting that perturbed ECM cross-linking may impact
alveolarization [111]. Further, in many obstructive lung diseases that involve airway fibrosis such
as asthma, chronic obstructive pulmonary disease (COPD) and idiopathic pulmonary fibrosis (IPF),
alterations in fibrillar collagens due to deposition or turnover are the primary focus of research.

To date, SHG imaging of fibrillar collagen has primarily been used to confirm fibrotic regions
in human IPF tissues [112] and mouse IPF models [113] identified by histological stains (Masson’s
trichrome). The technique has also been used to identify differences in the collagen organization in
emphysematous COPD lung tissues compared to control donors [114,115]. In terms of quantification
of SHG, signal intensity has previously been used to quantify the fibrosis-related increase in fibrillar
collagen in a mouse model of pulmonary fibrosis [112], a human-mouse xenograft model of airway
epithelial-induced fibrosis in asthma [116] and an in vitro collagen-gel contraction model using lung
fibroblasts from COPD patients [117]. The SHG signal intensity has also been used to compare the
ratio of collagen and elastin (measured by TPEF) in COPD lungs [115]. Using a standardized approach
Tijn et al. reported on the potential to use forward SHG (F-SHG)/backward SHG (B-SHG) ratios as an
approach to determine the amount of disorganized collagen in the airways of patients with COPD
compared to controls [96]. Most recent studies have used the F-SHG/B-SHG ratio propagation SHG
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signal to demonstrate that the collagen microstructure is altered in regions of normal tissue and usual
interstitial pneumonia, with increased mature fibrillar collagen compared to a reduced mature elastin
fibre content. However, only preliminary data presented in abstract form has applied texture analysis
to the human airways to demonstrate that collagen fibres are more disorganized in asthmatic airways
compared to controls throughout the entire airway tree [118].

5.3. Cardiovascular System

Arteries are mainly composed of soft collagenous tissue; they serve as an elastic reservoir to
transform the high pressure, pulsatile output into a flow with moderate fluctuations [119]. The vessel
walls of large arteries have a number of structural features in common, although structural variations
between the various arteries do exist. Fibrillar collagen is the ubiquitous load-bearing element which
confers the macroscopic mechanical responses of the arterial wall, which are highly nonlinear, elastic
and anisotropic [119]. The arrangement of collagen fibres in concentric anisotropic layers leads
to the anisotropic mechanical behavior of arterial tissues. As the ECM is primarily composed of
fibrillar collagen, in the arteries, it provides the majority of cellular attachment. Collagen tearing
and defects result in disease and changes in the biomechanical behavior of the arterial tissue [14,42].
These alterations can result from the buildup of arterial plaques (or atherosclerosis), consisting of
extracellular deposits of low-density lipids (LDLs), that gradually develop over a period of many
years [120,121]. Current available clinical methods (ultrasound and magnetic resonance imaging) lack
sufficient resolution to follow the structural changes in the ECM composition of the arterial lumen,
as this requires imaging on the micron-scale [122,123]. SHG imaging may be suitable for identifying
changes in arterial wall structure and composition as it could identify areas at risk of rupture earlier
than currently available techniques, leading to the development of novel treatments specific for these
alterations [14,124,125]. There are current limitations to SHG imaging in the cardiac system, as it has
been shown ineffective at imaging arterial branch points, which are thought to be most susceptible
to plaque formation due to local wall stress and heterogeneities of blood flow [90,91,93]. Studies
using multimodal SHG microscopy have shown that mechanical considerations do not sufficiently
convey the risk of rupture, but that local changes in biochemical composition must also be considered,
which would not have been discerned by other clinical imaging modalities and standard histology
alone [90–92].

In addition to arteries, SHG imaging of collagen has been used for the characterization of cardiac
scar tissue formed due to myocardial infarction [40]. Mostaço-Guidolin et al. [40] showed significant
reduction of collagen deposition in the adipose-derived stem cells (ASCs)-treated infracted heart. In the
ASCs-treated infarcted myocardium, SHG imaging revealed highly-directional and organized collagen
fibres compared to the un-treated infarcted myocardium, in which the collagen was significantly
less organized.

5.4. Tendons and Ligaments

Tendons and ligaments facilitate a wide range of joint motion and considerable weight and
energy savings associated with locomotor movement [87,126]. Tendons transmit forces between the
muscle and bone, providing function, while ligaments provide bone to bone transmission of force,
providing stability [87,126,127]. Although these two structures have different functions, both of them
have similar characteristics. Specifically, both tendons and ligaments are predominantly composed
of fibrillar collagen type I molecules arranged as fibrils, fibres, fibre bundles and fascicles [126,127].
The cellular components of tendons and ligaments consist of mature fibroblast and fibrocytes, although
these are in low abundance and the majority of the tissue in both is composed of collagens and some
glycosaminoglycans and elastic fibres [87,127–129]. A number of studies have now focused on the
structural and molecular organization of the ECM in tendons and ligaments [87,126–128]. Tendons
and ligament defects have largely been explained by abnormal collagen fibrillogenesis [130,131]. SHG
imaging is capable of evaluating collagenase-induced tendon injury [89,94,132], with the ability to
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clearly differentiate normal and injured tendon collagen fibre organization. Injured tendons display
less ordered collagen fibres in comparison to normal tendons. Biomechanically, abnormalities in crimp
structure (which allow longitudinal elongation of tendons in response to loads) and collagen fibre
organization result in a loss of performance of normal functions and thus degrade a subject’s ability to
move. SHG microscopy has been shown to be more sensitive to assessing tendon injury than standard
clinical measurements using histology and light microscopy.

5.5. The Eye

The stroma of the eye is composed mainly of collagen type I, however common methods that
are used for imaging the corneal epithelium (confocal microscopy) are ineffective for imaging this
collagenous tissue [14,133]. Furthermore, due to the potential for permanent injury from resection
of in vivo tissues, traditional histological techniques are not an option for diagnosing pathologies
of the stroma. Because the collagenous composition of corneal stroma, SHG microscopy is an ideal
option for the label-free imaging and diagnosis of pathological conditions [24]. For example, Tan et
al. characterized collagen disruption in infectious keratitis using SHG imaging and simultaneously
used two-photon fluorescence to identify infectious pathogens (bacterial, fungal and protozoan) ex
vivo [97]. SHG imaging cannot compete with electron microscopy in terms of resolution, however
under physiological conditions in vivo the structure of cornea can be investigated using SHG
imaging [14,24,97].

5.6. In Vitro Models: Collagen Gels

Cellularized collagen gels are a common model used to understand several biological processes
involving the interactions of cells with collagen [20,34,100,117,134,135]. Collagen gels have been
successfully imaged by SHG microcopy, as they can provide information on structural rearrangements
in the 3-D structure of the collagen matrix, which is modified by various cellular physiological
processes [100]. Ajeti et al. [20] proposed the use of collagen gels, consisting of mixtures of collagen
type I and type V isoforms to serve as a model of the ECM during cancer invasion in vivo. Using
several metrics from SHG images, they found that SHG imaging was sensitive to the incorporation of
Collagen V into Collagen I fibrils. They developed SHG microscopy as a tool to discriminate Collagen
I/Collagen V composition in tissues to characterize and follow breast cancer invasion [20]. Another
example of collagen gel characterization using intensity based analysis of SHG images was presented
by Campbell et al., who concluded that defective collagen I remodeling and contraction was a feature
of COPD parenchymal fibroblasts compared to fibroblasts derived from normal donors [117]. Finally,
in tissue engineering, collagen gels and SHG images have played a vital role providing insights about
the relationship between the microstructure and tissue bulk mechanical properties [134]. SHG has
been proven to be an ideal non-invasive tool for examining collagen microstructure, cellularity and
crosslink content in gels in both in vitro models and biological tissue.

6. Quantitative Image Analysis Methods

SHG microscopy has been a very powerful tool in biomedical research. However, most published
SHG imaging work has described collagen organization without focusing on the quantitative measures
which are possible to implement to characterize SHG images. In several studies, pathological conditions
were described using empirical observations derived from collagen SHG images. While the ability to
track associations between collagen SHG images and pathology is important, it is equally important
to have the ability to track such correlations using quantifiable measures for objective comparison.
Quantitative SHG imaging analysis methods have largely relied on image pixel-counting techniques,
similar to those applied to histological tissue images. Several SHG collagen imaging studies have
recently proposed novel methodologies for quantifying the features of SHG images.

Although commercially available laser scanning microscopes are supplied with software with
some rudimentary data analysis capabilities, many groups have been working on developing methods
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to quantify the fibrillar structures detected in SHG images. Many external software packages have been
successfully used for analysis of SHG data, including the measurement of intensities, the application of
a threshold for measuring fibre lengths and division for F-SHG/B-SHG analysis. ImageJ or Fiji can run
these analyses, or the can be automated using MATLAB or LabVIEW. Commercial packages including
Improvision and Imaris are capable of rendering 3D images, as are some plugins especially written for
Fiji. We present below the most commonly used analysis methods for SHG data; however, we would
like to note that, while these processes are integral to measuring fibre length and distribution, they are
not specific to SHG image analysis.

6.1. Intensity-Based Analysis

Intensity-based image analysis is the most straightforward form of quantification. The signal
collected in each individual detector is associated with a specific pixel. Each pixel receives a value
which can be associated to the signal intensity, and therefore, the amount of collagen deposited
in that specific region. It is important to highlight that intensity-based analysis takes into account
the intensities of individual pixels, and they are considered independently from their neighboring
pixels [40]. Other than the absolute intensity value detected by each region of the sensor (which will
later become the image’s pixels), some first-order statistics can describe the gray levels (or intensities)
of the histogram corresponding to an image. Among these parameters, the most commonly applied
in SHG data analysis are the mean, standard deviation, integrated density, skewness, and kurtosis.
The mean and integrated densities provide measures of the overall lightness/darkness of the image,
while the standard deviation describes its overall contrast. These measures can be associated to
the amount of collagen fibres, which is proportional to the detected SHG signal. The skewness
quantitatively evaluates the asymmetry of the shape of the distribution of pixel intensities around the
mean value of the histogram, while kurtosis measures the peakedness of the distribution relative to the
length and size of the histogram tails [40]. Skewness and kurtosis can be useful when aiming to detect
fibre features such as edges and how distinct they are from a certain background. In digital image
processing, kurtosis values can be interpreted in combination with noise and resolution measurements.
On the other hand, skewness tend to be positive in darker and glossier surfaces than lighter and matte
surfaces, being therefore useful in making judgments regarding the fibre surfaces.

6.2. Forward–Backward SHG-Signal

To exploit the coherence of SHG and thus extract sub-resolution feature information, the SHG
microscope could be set up with both F-SHG and B-SHG collection channels. The microscope’s
transmission pathway enables us to collect the F-SHG signal. This mode allows one to collect the
majority of the SHG signal. To acquire B-SHG, the use of the confocal laser scanning head is necessary.
It is important to highlight that to distinguish between TPEF and SHG signal it is necessary to perform
a synchronous spectrum. In terms of quantitative analysis, the structural differences observed between
the F-SHG and B-SHG images have not been well studied [136]. F-SHG/B-SHG ratio measurements are
one of the most common quantitative measures presented in SHG image analysis. Some groups have
claimed to be able to differentiate collagen types by calculating F-SHG/B-SHG ratio measurements.
However, more rigorous experiments with standardized samples must be performed and correlated
with traditional techniques, such as immunohistochemistry, before we can attribute this capability to
SHG microscopy. F-SHG/B-SHG ratio measurements can be useful for assessing the fibre orientation
content. Laterally oriented fibres appear primarily in the backward direction, whereas axial oriented
fibres appear primarily in the forward direction. To successfully extract information from this measure,
the relative collection efficiencies of the two detection pathways (transmission and confocal), including
the detectors, need to be calibrated for each objective/condenser combination. This procedure must
be done with isotropic emitters, such as KDP (monopotassium dihydrogen phosphate) crystal. One
alternative to F-SHG/B-SHG images is the use of circularly polarized light; it can be obtained by placing
a quarter-wave plate just before the objective. Circularly polarized nonlinear optics has the ability to
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quantify molecular symmetry after the acquisition of a minimal number of images using exclusively
intensity information [137]. It can therefore be exploited to quantify the molecular alignment in arterial
collagen with a single image during mechanical loading. The SHG intensity with circularly polarized
light is not sensitive to the absolute orientation of the scattered signals, thus enabling characterization
of their relative degree of order within a single image per tissue state.

6.3. Polarization

Polarization-resolved SHG is an alternative that can be used to extract information beyond simple
visualization of fibre lengths or by pixel intensity. Polarization-resolved SHG is a form of measurement,
which analyses the signal intensity as a function of laser polarization. Examples of this type of SHG
measurement have been presented by some authors [75,138], where, by analyzing the signal anisotropy
for constant linear polarization excitation, they were able to gather data on the protein helical pitch
angle and the dipole alignment angle, respectively.

As the SHG signal generated by collagen fibres is highly dependent on their orientation, when
working with polarization-resolved SHG, one can easily create a gamut of images showing the
preferred fibre orientation within a certain region. As a general guideline, in the first measurement,
the laser polarization is aligned with the long axis of a collagen fibre(s), and then rotated through 180◦,
where the intensity of these successive images is recorded. This collection of images can be used to
verify changes occurring during collagen remodeling in scar formation, as the collagen fibres in this
case tend not to present a preferable orientation.

6.4. Transform-Based Methods

Another way to quantitatively extract information from SHG images is by applying
transform-based image analysis techniques. These techniques represent an image in a space whose
coordinate system has an interpretation that is closely related to the characteristics of a texture, using
the spatial frequency properties of the pixel intensity variations. Several methods are available and
the success of these methods will strongly depend on the type of transform used to extract textural
characteristics from the image and the final goal of the overall analysis. Methods based on Fast
Fourier Transform (FFT) usually perform poorly in practice, due to its lack of spatial localization.
However, Indhal and Næs [139] illustrated the use of spectra from 2-D FFT magnitude images for
textural feature extraction, which can be used to determine the percentage of pixels and therefore
collagen fibre bundles with the same alignment [85]. Gabor filters provide means for better spatial
localization. Features derived from a set of Gabor filters have been widely used in texture analysis for
image segmentation [140,141]. However, their usefulness is limited in practice because there is usually
no single filter resolution at which one can localize a spatial structure in biological samples. Wavelet
transform methods of feature extraction offer several advantages over FFT and Gabor-based methods.
Wavelets have been used to characterize texture and to treat the problems of texture segmentation and
classification [142,143]. FFT has been by far the most used method to characterize SHG images due to
its simplicity and availability in several image analysis software packages. FFT has been able to show
differences between different types of tissue and/or conditions, such as cancer-stage differentiation,
scar formation and collagen remodeling in skin diseases. FFT analysis can be useful when combined
with F-SHG/B-SHG or polarization-resolved SHG images, as it provides a quantitative measure of
fibre orientation. However, further exploration of the capability of wavelets to aid in the interpretation
of SHG images is still necessary.

6.5. Texture Analysis

Texture analysis has always been a powerful tool in the analysis of bio-medical imaging, remote
sensing and industrial inspection, and its outputs are mainly classification, segmentation, and synthesis.
Textures are very diverse and the approaches for analyzing them are likewise very diverse, and mainly
differ from each other by the method used for extracting textural features. Texture analysis techniques,
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also called higher order statistics, primarily describe characteristics of regions in an image through
higher-order measures of their grayscale histograms. The most robust and frequently cited method for
texture analysis is based on extracting various textural features from a gray level co-occurrence matrix
(GLCM) [144]. The GLCM approach is based on the use of second-order statistics of the grayscale
image histograms. Entropy, inverse difference moment (IDM), energy, inertia, entropy and correlation
were reported as the most suitable textural parameter to evaluate collagen changes [40,117,118,144].
Entropy has been associated with the degree of fibre organization, and therefore can be very useful for
the characterization of several tissue and conditions [144]. Alternatively, the run length matrix (RLM)
texture analysis approach characterizes coarse textures as having many pixels in a constant gray level
run and fine textures as having few [145]. For the purpose of collagen characterization, the choice
between GLCM and RLM is clear: GLCM provides more flexibility and is able to provide quantitative
measures of a varied of fibre features.

7. Limitations

There is no question that SHG microscopy is a powerful tool for examining biological tissue.
However, as with any technology, it also presents limitations. As is the case with other NLOM
modalities, SHG needs a laser as a light source. Most of the commercial femto-seconds lasers (needed
to generate SHG signal) are based on Ti:Sapphire laser sources. The price of Ti:Sapphire lasers have
decreased over the years, but are still quite an investment. One recent advance in this regard is the use
of solid-state pump lasers, as they are less expensive, more compact and reliable sources for NLOM.

Another major factor that significantly affects making SHG microscopy applicable for broader
use is the availability of compact systems small enough to fit into a catheter-sized probe that can be
used to acquire in vivo images, as well as fully automated and maintenance-free systems. This next
step for laser and NLOM development will allow these techniques to be used in routine, biological
and clinical environments without the need for laser physicists.

The limited penetration depths (100–300 μm with laser excitation in the 800–1000 nm range) make
SHG microscopy not suitable for certain applications, such as when the region of interested is located
centimeters within the tissue or organ. Using conventional optical geometry, the spatial resolution of
SHG microscopy is also limited by the diffraction limit, which is related to the wavelength (several
hundred nm) of the incident waves. Super-resolution NLOM is starting to become available and this
limitation should soon be overcome by the next generation of microscopes.

Lastly, for biological applications, the largest limitation to SHG microscopy is its ability to assess
only a small number of structural proteins or harmonophores. In addition, to fibrillar collagens,
this includes actin-myosin complexes, microtubules, centrosomes and mitotic spindles in cells (not
discussed here). To date there are no methods available that can distinguish between fibrillar collagen
types, which could greatly advance the field of wound repair and regeneration biology.

8. Conclusions

Understanding scar formation (fibrillar collagen formation) over time in humans has huge
potential to deliver new therapeutics for correct wounds. Without the need for labeling, SHG imaging
is particularly suitable for in vivo studies of collagenous connective tissue, partially due to strong
contrast and large sensing depth. In future, the development of SHG endoscopes comprised of a pulsed
laser source, a fibre-optic catheter, and a microelectromechanical systems (MEMS)-based scanning
head, could offer large potential to clinical research. This would enable achievable penetration depths
of 100–200 micrometers to analyze scar tissue non-invasively in human subjects using current clinical
endoscopy techniques. Such a device could aid in assessment of scar tissue and enable new protocols
to non-invasively monitor the efficiency of therapeutics and their effects on tissue function in vivo.
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Abbreviations

SHG Second harmonic generation
THG Third harmonic generation
B-SHG Backward second harmonic generation
F-SHG Forward second harmonic generation
Col Collagen
COPD Chronic obstructive pulmonary disease
CARS Coherent anti-Stokes raman spectroscopy
MEMS Microelectromechanical system
GLCM Gray level co-occurrence matrix
IDM Inverse difference moment
RLM Run length matrix
AMT Angle Measure Technique
FFT Fast Fourier Transform
ECM Extracellular matrix
3D 3-dimension
LDL Low density lipids
ASC Apdipose stem cell
NLOM Non-linear optical microscopy
TPEF Two photon electron fluorescence
BPD Bronchopulmonary dysplasia
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Abstract: The majority of full-thickness burn wounds heal with hypertrophic scar formation.
Burn eschar most probably influences early burn wound healing, since granulation tissue only
forms after escharotomy. In order to investigate the effect of burn eschar on delayed granulation
tissue formation, burn wound extract (BWE) was isolated from the interface between non-viable
eschar and viable tissue. The influence of BWE on the activity of endothelial cells derived from
dermis and adipose tissue, dermal fibroblasts and adipose tissue-derived mesenchymal stromal cells
(ASC) was determined. It was found that BWE stimulated endothelial cell inflammatory cytokine
(CXCL8, IL-6 and CCL2) secretion and migration. However, BWE had no effect on endothelial cell
proliferation or angiogenic sprouting. Indeed, BWE inhibited basic Fibroblast Growth Factor (bFGF)
induced endothelial cell proliferation and sprouting. In contrast, BWE stimulated fibroblast and
ASC proliferation and migration. No difference was observed between cells isolated from dermis or
adipose tissue. The inhibitory effect of BWE on bFGF-induced endothelial proliferation and sprouting
would explain why excessive granulation tissue formation is prevented in full-thickness burn wounds
as long as the eschar is still present. Identifying the eschar factors responsible for this might give
indications for therapeutic targets aimed at reducing hypertrophic scar formation which is initiated
by excessive granulation tissue formation once eschar is removed.

Keywords: burn; wound healing; wound extract; granulation tissue; endothelial cell; fibroblast;
ASC; skin

1. Introduction

One of the most frequent causes of full-thickness burn wounds is exposure to hot water or
(flash) fire. A full-thickness burn wound results in loss of viable epidermis and dermis. Currently,
small full-thickness burns (<15% Total Body Surface Area; TBSA) are treated conservatively for
10–14 days, followed by debridement of eschar and application of a split skin autograft to deeper,
non healing regions. To prevent a Severe Systemic Inflammation Syndrom (SIRS), burns larger than 15%
TBSA require earlier excision followed by debridement and application of a split skin autograft [1,2].
The majority of full-thickness burn wounds result in the formation of hypertrophic scars, independent of
the treatment strategy [3]. In order to develop improved treatment strategies to prevent hypertrophic
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scar formation, a better understanding of the early stages of wound healing and the influence of eschar
on the early healing process is required.

Wound healing of full-thickness burns differs from normal wound healing in several aspects,
notably alterations in haemostasis, inflammation and granulation tissue formation [4]. Burn injury
coagulates the superficial blood vessels hindering fibrin clot formation, and when the wound is
debrided excessive bleeding is triggered, leading to haemostasis, followed by the formation of
granulation tissue within a few days [4]. Clinical observations show that the presence of eschar
on the wound bed prohibits granulation tissue formation. Granulation tissue is characterized by
a high density of fibroblasts, granulocytes, macrophages and microcapillaries. In full-thickness burn
wounds the cells required for wound healing have to migrate from the wound edges, from the
subcutaneous adipose tissue or other origins. In addition to dermal fibroblasts and dermal-endothelial
cells (dermal-EC) migrating from the wound edges also adipose tissue-derived mesenchymal stromal
cells (ASC) and adipose-endothelial cells (adipose-EC) are likely to be involved and may contribute
to less favorable wound healing and hypertrophic scar formation. For example, the persistent
myofibroblasts in hypertrophic scars may originate from the adipose tissue, since a high percentage of
ASC express the myofibroblast marker α-smooth muscle actin [5–7]. Also a possible contribution of
endothelial cells to hypertrophic scar formation has been suggested as hypertrophic scars contain more
microcapillaries than normal scars [8,9]. The alterations in haemostasis, granulation tissue formation
and the contribution to wound healing by cells from alternative origins, such as adipose tissue can
contribute to the increased risk of hypertrophic scar formation as seen in many full-thickness burn
wounds [4].

Since granulation tissue only forms after the burn wound eschar has been removed, burn eschar
is most likely to strongly influence early healing of the burn wound. To investigate this further,
burn wound extract (BWE) can be isolated from the interface between non-viable eschar and viable
tissue and used to represent the burn wound environment, allowing us to study the cellular and
molecular components involved in burn wound healing [10,11]. Previously we have shown that
this BWE is highly bioactive containing abundant levels of many cytokines, chemokines and growth
factors such as CCL2, CCL5, CCL18, CCL20, CCL27, IL-1α, IL-6, CXCL1, CXCL8, basic fibroblast
growth Factor (bFGF), hepatocyte growth factor and transforming growth factor-β. BWE could further
stimulate ASC and fibroblasts to secrete more mediators related to inflammation, angiogenesis and
granulation tissue formation resulting in an amplified inflammatory response [11].

In this study, to further investigate the effect of eschar-derived BWE on delayed granulation tissue
formation we focused on endothelial cells derived from the dermis and adipose tissue. The influence
of BWE on endothelial cell inflammation, migration, proliferation and angiogenic sprouting was
determined. Our results indicate that BWE from full-thickness burn wounds stimulates the secretion
of inflammatory proteins and endothelial cell migration, but inhibits endothelial cell proliferation
and vessel sprouting. In contrast to the findings with dermal- and adipose-EC, stimulation of both
proliferation and migration was seen with fibroblasts and ASC in the presence of BWE.

2. Results

2.1. Eschar

Eschar was removed from the patient by (tangential) excision (Figure 1). Eschar at the interface
between non-viable and viable tissue was used to obtain an acellular BWE for the experiments
described in this study. Characteristics of the eschar and BWE are shown in Table 1. The histology
of this eschar showed absence of an epidermis and a tissue containing many small, rounded cells in
the lower eschar layers (Figure 1c). It has previously been reported that eschar contains viable cells
resembling ASC [12].
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Figure 1. Macroscopic pictures and morphology of human eschar tissue. (a) Eschar tissue on patient;
(b) Eschar after tangential excision; (c) Eschar at interface of non-viable and viable tissue from which
acellular Burn Wound Extract (BWE) is derived (see Materials and Methods); hematoxylin and eosin
staining showing the absence of epidermis; small, rounded cells are present in the lower levels of the
dermis (areas with blue nuclei; see arrows). Scale bar = 1 cm (a,b) or 200 μm (c).

Table 1. Characteristics of burn wounds, properties of the burn wound extract (BWE) and experiments
where each BWE donor was used.

# Gender Age Cause of Burn TBSA
Time after

Injury (Days)
Protein Concentration

BWE (μg/mL)
BWE Used
in Figure

1 female 49 hot water 9% 21 2850 F2
2 female 62 hot object 2% 13 2420 F2
3 female 30 flame 60% 6 1120 F2
4 female 73 flame 2% 17 3260 F4
5 male 49 chemicals 48% 6 720 F3,4,5
6 male 64 hot object 7% 12 1780 F3,4,5
7 male 45 chemicals 0.5% 14 830 F3,4,5
8 female 46 hot object 0.5% 10 1620 F3,4,5
9 male 52 hot water 2.5% 10 2970 F3,4,5

2.2. Burn Wound Extract Inhibits Endothelial Cell Proliferation and Sprouting

Previously we have shown that eschar BWE contains a large reservoir of bioactive cytokines
and chemokines [11]. In order to determine the effect of BWE on cells underneath the eschar,
both dermal-EC and adipose-EC were exposed to BWE. The influence of BWE on (i) inflammatory
cytokine secretion was determined by ELISA; (ii) cell migration was determined using the wound
healing scratch assay and (iii) proliferation by 3H incorporation.

BWE exposure increased CXCL8, IL-6 and CCL2 secretion by dermal- and adipose-EC in
a dose dependent manner in line with our previous findings for fibroblasts and ASC (Figure 2).
CXCL8 secretion was induced by 8.2 and 8.9-fold, IL-6 by 37.3 and 28.1-fold and CCL2 by 4.4 and 4.7-fold
(dermal- and adipose-EC respectively; 100 μg/mL). Migration of adipose-EC was also stimulated
during a time period of 16 h in the scratch wound-healing assay. For dermal-EC a relative increase of
1.19-fold (100 μg/mL) was observed compared to the bFGF positive control, which showed 1.29-fold
increase (not significant) (Figure 3a). For adipose-EC a relative increase of 1.33-fold (100 μg/mL) was
observed compared to the bFGF positive control, which showed 1.50-fold increase (p < 0.01) (Figure 3a).
The morphology of the cells was not affected by the addition of BWE (Supplementary Figure S1a).
In contrast to cell migration, BWE did not influence the basal level of proliferation of endothelial cells
(Figure 3b,c). Endothelial cell proliferation was stimulated by the addition of bFGF, for dermal-EC
a relative increase of 4.63-fold was achieved by 10 ng/mL bFGF and for adipose-EC a relative increase of
3.35-fold (Figure 3b,c). Notably, when BWE was added in combination with bFGF, the bFGF stimulated
increase in proliferation was inhibited in a dose-dependent manner (Figure 3b,c). The inhibitory effect
was more pronounced for dermal-EC than for adipose-EC. The relative proliferation for dermal-EC was
reduced by 49% and for adipose-EC by 37% when 10 ng/mL bFGF was combined with 100 μg/mL BWE.
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Figure 2. Secretion of inflammation factors by dermal- and adipose-endothelial cells. Secretion of
CXCL8, IL-6 and CCL2 after a 24 h exposure to 0, 40 or 100 μg/mL BWE. Basal amounts of protein
in culture medium containing 100 μg/mL BWE without cells: CXCL8: <2 ng/mL; IL-6: <1 ng/mL;
CCL2: <0.5 ng/mL. Significance of the dose response curve was calculated using a one-way ANOVA
followed by a Dunn’s multiple comparison test and significance of basic Fibroblast Growth Factor
(bFGF) induction was tested with a t-test; * p < 0.05. Data is shown for 3 independent experiments
as mean ± SEM. Each experiment represents a different cell donor and a different BWE donor
(see Table 1). Black, solid bars represent dermal-endothelial cells (dermal-EC) and grey, striped bars
adipose-endothelial cells (adipose-EC).

 

Figure 3. Migration scratch assay and proliferation assay using dermal- and adipose-endothelial cells.
(a) Relative migration values of dermal- and adipose-EC cultured in the presence of 0, 40 or 100 μg/mL
BWE or 10 ng/mL bFGF. Relative migration is calculated from the scratch area closed compared
to unexposed endothelial cells; (b) Proliferation (3H incorporation) values, relative to unexposed
endothelial cells, of dermal-EC cultured in the presence of 0, 3 or 10 ng/mL bFGF in combination with
BWE; (c) Proliferation values, relative to unexposed endothelial cells, of adipose-EC cultured in the
presence of 0, 3 or 10 ng/mL bFGF combined with BWE. Significance of the dose response curve was
calculated using a one-way ANOVA followed by a Dunn’s multiple comparison test and significance
of bFGF induction was tested with a t-test; * p < 0.05, ** p < 0.01. Data is shown for 4 independent
experiments as mean ± SEM. Each experiment represents a different cell donor and a different BWE
donor (see Table 1). Solid bars represent dermal-EC and striped bars adipose-EC.
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Since angiogenesis involves a combination of cell proliferation, migration and matrix degradation
we then determined the influence of BWE in a vessel sprouting assay. Sprout formation, as a measure
for angiogenic response, was investigated using a 3D fibrin matrix. Endothelial cells seeded on top of
this matrix will form sprouts into the matrix when an angiogenic stimulus is added to the medium [13].
Dermal- and adipose-EC did not form sprouts when exposed to BWE alone. When dermal- and
adipose-EC were exposed to the angiogenic stimulus bFGF (10 ng/mL) induction of sprouting was
clearly observed (Figure 4). Notably, this bFGF mediated increase in sprouting was inhibited by
BWE in a dose-dependent manner. Dermal-EC showed 72% inhibition and adipose-EC showed 82%
inhibition when 10 ng/mL bFGF was combined with 100 μg/mL BWE (Figure 4).

Figure 4. Sprouting assay using dermal- and adipose-endothelial cells. (a) Representative pictures of
sprout formation of dermal- and adipose-EC into 3D fibrin matrices when exposed to 10 ng/mL bFGF
or 10 ng/mL bFGF with 100 μg/mL BWE. Arrows indicate the sprouts; (b) Relative sprouting values
of dermal- and adipose-EC in the presence of 0 or 10 ng/mL bFGF combined with 0, 40 or 100 μg/mL
BWE compared to 10 ng/mL bFGF stimulated cultures. Significance of the dose response curve
was calculated using a one-way ANOVA followed by a Dunn’s multiple comparison test; ** p < 0.01,
*** p < 0.001. Data is shown for 6 independent experiments as mean ± SEM. Each experiment represents
a different cell donor and a different BWE donor (see Table 1). Black, solid bars represent dermal-EC
and grey, striped bars adipose-EC. Scale bars represent 50 μm.

2.3. Burn Wound Extract Stimulates Both Migration and Proliferation of Fibroblasts and ASC

Next the influence of BWE on fibroblast and ASC proliferation and migration was investigated.
In contrast to endothelial cells, fibroblasts and ASC both showed a significant increase in migration in
the scratch assay in the same order of magnitude as the epidermal growth factor (EGF) positive control
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(Figure 5a). For fibroblasts the highest relative increase of 2.31-fold was observed using 100 μg/mL
BWE whereas EGF only showed 1.73-fold increase. For ASC the highest relative increase of 2.31-fold
was observed using 40 μg/mL BWE whereas EGF only showed 1.94-fold increase. The morphology
of the cells was not affected by the addition of BWE (Supplementary Figure S1b). BWE stimulated
proliferation of fibroblasts and ASC, to the same extent as EGF (5 ng/mL) (Figure 5b). For fibroblasts
the highest relative increase of 1.50-fold using 100 μg/mL BWE was observed whereas EGF showed
1.42-fold increase. For ASC the highest relative increase of 1.88 fold using 40 μg/mL BWE was observed
whereas EGF showed 1.68 fold increase.

Figure 5. Migration scratch assay and proliferation assay using dermal fibroblasts and adipose
tissue-derived mesenchymal stromal cells. (a) Relative migration values of fibroblasts and Adipose
tissue-derived mesenchymal Stromal Cells (ASC) cultured in the presence of BWE or epidermal growth
factor (EGF); (b) Relative proliferation values of fibroblasts and ASC cultured in the presence of BWE
or EGF. The 5 and 10 ng/mL concentrations of EGF are optimal concentrations to serve as a positive
control for the proliferation and migration experiments respectively. Significance of the dose response
curve was calculated using a one-way ANOVA followed by a Dunn’s multiple comparison test and
significance of EGF induction was tested with a t-test; * p < 0.05, ** p < 0.01. Data is shown for
4 independent experiments as mean ± SEM. Each experiment represents a different cell donor and
a different BWE donor (see Table 1). Black, solid bars represent fibroblasts and grey, striped bars ASC.

3. Discussion

The BWE derived from full-thickness burn wounds contains a very potent cocktail of bioactive
cytokines, chemokines and growth factors representative of burn wound eschar [11]. In this study our
focus was on the effect of BWE on endothelial cells from dermis and adipose tissue. BWE stimulated
endothelial cells to secrete inflammatory proteins and enhanced endothelial cell migration. However,
BWE had no effect on endothelial cell proliferation and angiogenic sprouting, and actually inhibited
bFGF-mediated proliferation and sprouting. In contrast BWE stimulated both migration and proliferation
of fibroblasts and ASC.

Our observation that BWE stimulated endothelial cells to secrete IL-6, CXCL8 and CCL2 was in
agreement with our previous findings in which we showed that BWE stimulated inflammatory protein
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secretion by fibroblasts and ASC (but not keratinocytes) [11]. In the BWE there are many proteins
present that can elicit an inflammatory response in endothelial cells, such as CCL2, IL-6, IL-1α, CXCL1
and CXCL8 [11]. No differences were found between dermal-EC and adipose-EC, however ASC were
found to secrete more CCL2, IL-6 and CXCL8 in response to BWE than fibroblasts. The increased
migration of endothelial cells, fibroblasts and ASC in the wound healing scratch assay may be attributed
to the highly bioactive composition of the BWE that contains many chemotactic proteins such as
bFGF and CCL5 [14,15]. Notably, we found that BWE inhibited endothelial cell proliferation and
vessel sprouting. Vessel sprouting requires a combination of proliferation, migration and matrix
breakdown [16,17]. Other studies investigating the effect of burn blister fluid on endothelial cells
showed conflicting results, as endothelial cell proliferation, chemotaxis and angiogenesis were either
stimulated or not affected [18–20]. However, blister fluid cannot be compared to our BWE, since blister
fluid is obtained very early after injury (within 6–72 h) from (deep) partial-thickness burn wounds
(compared to BWE which is isolated from full-thickness burn wounds between day 6 and 21). However,
our results for fibroblasts and ASC were in line with results from blister fluid, which had a clear
stimulatory effect on fibroblast proliferation and contraction [21,22].

In full-thickness burn wounds the eschar is often left on the burn wound for 10–14 days before
a decision is made to remove the eschar by (tangential) excision. During this time period not only
an alteration in wound healing is seen with regards to hemostasis, but also in granulation tissue
formation. The removal of eschar causes excessive bleeding followed by hemostasis and (excessive)
granulation tissue forms a few days after escharotomy [4]. An explanation for the inhibitory effect of
BWE on bFGF-induced proliferation and sprouting may be the presence of inhibitory factors in the
BWE, e.g., plasminogen activator inhibitor-1 or angiopoietin-2. The non-viable burned tissue might
also release collagen-4 derived angiogenesis inhibitors into the BWE, for example arresten, canstatin or
tumstatin [19]. Our findings give an explanation as to why excessive granulation tissue formation is
prevented in full-thickness wounds as long as the eschar is still present. Further research is required
to identify the factors present at the interface of non-viable eschar and viable tissue as this can give
indications for therapeutic targets aimed at reducing hypertrophic scar formation which is initiated by
excessive granulation tissue formation.

4. Materials and Methods

4.1. Human Tissue

Human adult skin with underlying adipose tissue was obtained from healthy individuals
undergoing abdominal dermolipectomy. The discarded skin was collected anonymously if patients
had not objected to use of their rest material (opt-out system). Eschar was obtained from patients with
full-thickness burn wounds undergoing escharotomy. Anonymous tissue collection procedures were
performed in compliance with the “Code for Proper Secondary Use of Human Tissue” as formulated
by the Dutch Federation of Medical Scientific Societies (www.federa.org) and following procedures
approved by the institutional review board of the VU University medical center.

4.2. Burn Wound Extract

Eschar was removed 6–21 days post burn from 9 patients with full-thickness burn wounds.
Characteristics of the burn wounds and properties of the BWE are shown in Table 1. The upper layers
of the eschar were removed and discarded until just above the viable layer. Then the eschar at the
interface between non-viable and viable tissue was collected, cut into 0.4 cm2 pieces and placed in
either 1 mL PBS or 1 mL PBS containing protease inhibitor cocktail (1:100; PIC; Sigma-Aldrich, St. Louis,
MO, USA). After two hours gentle shaking at 4 ◦C the remaining tissue was removed and the solution
was centrifuged to pellet any remaining tissue. The supernatant was then filtered using a sterile 0.4 μm
pore size filter (Merck Millipore, Amsterdam, the Netherlands) to ensure that all cell and tissue debris
was removed as well as any bacteria. This acellular supernatant extracted from the tissue interface
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between non-viable and viable tissue was collected and stored at −80 ◦C, and further referred to as
BWE. The total protein concentration in the BWE was determined using the Bradford Bio-Rad Protein
Assay (BioRad Laboratories, Hercules, CA, USA) as described by the supplier. The BWE contained
varying protein concentrations, 2200 ± 1000 μg/mL. For each independent experiment a different cell
donor and a BWE isolated from a different donor was used. In the experiments BWE was diluted in
the culture medium to 40 and 100 μg/mL to standardize the protein content within each experiment.

4.3. Cell Culture

Adipose tissue was carefully dissected from the skin. The remaining skin was then treated with
dispase to remove the epidermis from the dermis. The adipose stromal vascular cell fraction and
dermal stromal vascular cell fraction were then isolated using collagenase type II/dispase II adipose
tissue or dermis as previously described [14].

Dermal fibroblasts (fibroblasts) and ASC were cultured in DMEM (Lonza, Verviers, Belgium),
1% UltroSerG (UG) (BioSepra SA, Cergy-Saint-Christophe, France) and 1% penicillin/streptomycin
(P/S) (Invitrogen, Carlsbad, CA, USA).

Endothelial cells were purified from the dermal stromal vascular cell fraction (dermal-EC) and
from the adipose stromal vascular cell fraction (adipose-EC) using a MidiMACS separator with
microbeads against CD31 as previously described [13]. A >99% pure population (CD31+/CD90−) was
obtained at passage 3. The endothelial cells were further cultured on 1% gelatin (Sigma-Aldrich) coated
flasks in endothelial cell medium (EC medium): M199 medium (Lonza), 1% P/S, 2 mM L-glutamin
(Invitrogen), 10% heat-inactivated New Born Calf Serum (Invitrogen), 10% heat-inactivated Human
Serum (Invitrogen), 5 U/mL heparin (Pharmacy VUmc, Amsterdam, The Netherlands) and 3.7 μg/mL
endothelial cell growth factor (ECGF; crude extract from bovine brain) (Physiology department VUmc,
Amsterdam, The Netherlands).

The cells were stored in the vapor phase of liquid nitrogen until required. For experiments
dermal-EC and adipose-EC between passage 5 and 7 were used and fibroblasts and ASC between
passage 1 and 3. In all experiments donor-matched cells were used.

4.4. Exposure of Endothelial Cells to BWE

Dermal-EC and adipose-EC were seeded in an equal density of 1 × 104 cells/cm2 on gelatin-coated
culture plates in EC medium. After 16 h the wells were washed twice with HBSS/0.5 mM EDTA
before replacing the medium with M199 medium, 10% HS, 10% NBCS, 1% P/S, 2 mM L-glutamin.
Monolayers of endothelial cells were exposed to 0, 40 or 100 μg/mL BWE in PIC in HMEC medium
for 24 h. Culture supernatants were collected for ELISA.

4.5. Cell Migration Assay

Migration of dermal- and adipose-EC was studied as previously described [13]. In short:
Dermal- and adipose-EC were seeded in an equal density of 2 × 104 cells/cm2 on gelatin-coated
culture plates in EC medium. The EC medium was replaced when the cells reached confluency by
M199 medium with 10% HS, 10% NBCS, 2 mM L-glutamin and 1% P/S for 24 h before the start of
the experiment. A scratch was drawn in a confluent monolayer of dermal- and adipose-EC with
a plastic disposable pipette tip. After washing, the cells were exposed to M199 medium with 10% HS,
10% NBCS, 2 mM L-glutamin and 1% P/S supplemented with different concentrations of BWE (0, 40 or
100 μg/mL) or 10 ng/mL bFGF. Phase contrast pictures were taken directly after drawing the scratch
and after 16 h of exposure.

Fibroblasts and ASC were seeded in a density of 3.5 × 104 cells/cm2 on culture plates in
DMEM medium with 1% UltroSerG and 1% P/S [14]. The medium was replaced when the cells
reached confluency by DMEM medium with 0.1% Bovine serum albumin and 1% P/S for four days.
Then the scratch was drawn through the confluent monolayer with a plastic disposable pipette tip.
After washing, the cells were exposed to DMEM medium with 0.1% BSA and 1% P/S supplemented
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with different concentrations of BWE (0, 40 or 100 μg/mL) or 5 ng/mL EGF. Phase contrast pictures
were taken directly after drawing the scratch and 72 h of exposure. Data were analyzed using an image
processing algorithm [23]. The closed area was determined by subtracting the open area at time point
t = 16 h or t = 72 h from t = 0 h.

4.6. Proliferation Assay

Proliferation of dermal- and adipose-EC in response to BWE was determined using 3H-thymidine
incorporation, adapted from Monsuur et al. [13]. Endothelial cell proliferation was studied in triplicate
in low nutrient medium in order to determine their response to BWE. The endothelial cells were
seeded on gelatin-coated culture plates in a density of 8 × 103 cells/cm2 in M199 medium with 5% HS,
10% NBCS, 2 mM L-glutamin and 1% P/S. Cells were left to adhere to the culture plates for 16 h,
followed by 72 h stimulation with either BWE (0, 40, 100 μg/mL in PBS) or bFGF (0, 3 or 10 ng/mL;
ReliaTech GmbH, Wolfenbuttel, Germany) or combinations between growth factor and BWE (0, 40,
100 μg/mL). During the last 16 h of growth, 1 μCi 3H-thymidine (Perkin Elmer, Belgium) was added to
quantify the amount of DNA replication as a measure for proliferation. The β-emission was measured
with Ultima Gold scintillation fluid on a Tri-Carb 2800TR Liquid Scintillation Analyzer (PerkinElmer,
Zaventem, Belgium).

Proliferation of fibroblasts and ASC in response to BWE was determined in triplicate by manual
cell counting. Fibroblasts were seeded on uncoated culture plates in a density of 5 × 103 cells/cm2

in DMEM medium with 0.1% Bovine serum albumin and 1% P/S. Cells were left to adhere to the
culture plates for 16 h, followed by 56 h stimulation with either BWE (0, 40, 100 μg/mL in PBS) or
EGF (0, 10 ng/mL; Sigma-Aldrich). Phase contrast pictures were taken directly after exposure to BWE
and after 56 h of exposure. Manual cell counting was performed to determine relative proliferation
compared to control.

4.7. In Vitro Sprouting Assay

In vitro tube formation was studied using 3D fibrin matrices and dermal- or adipose-EC,
as previously described [13]. Briefly, fibrin matrices were prepared by addition of thrombin (0.5 U/mL)
(MSD, Haarlem, the Netherlands) to a 3 mg/mL fibrinogen (Enzyme Research Laboratories, Leiden,
the Netherlands) solution in M199 medium and 100 μL was added to the wells of a 96-well plate.
After polymerization, thrombin was inactivated by incubating the matrices with M199 medium with
10% HS, 10% NBCS, 2 mM L-glutamin and 1% P/S. Dermal- or adipose-EC were seeded to reach
a confluent density of 6 × 104 cells/cm2. After 16 h, the adipose- and dermal-EC were stimulated
with M199 medium with 10% HS, 10% NBCS, 2 mM L-glutamin and 1% P/S and 2 ng/mL TNF-α
(ReliaTech GmbH) supplemented with BWE (0, 40, 100 μg/mL in PBS) or bFGF (0, 3 or 10 ng/mL)
or BWE and bFGF combined. The sprouts formed by dermal- or adipose-EC into the fibrin matrices
were photographed and analyzed using a Nikon Eclipse 80i microscope (Nikon, Tokyo, Japan) and
NIS-elements AR software 3.2 (Nikon). The amount of sprouting was measured as percentage surface
area of the sprouts of the total surface of the picture.

4.8. Histological Staining

Paraffin embedded sections of eschar of 5 μm were stained for morphological analysis (hematoxylin
and eosin; HE). The sections were photographed using a Nikon Eclipse 80i microscope (Nikon).

4.9. Secretion of Cytokines and Chemokines

ELISAs were performed using commercially available ELISA antibodies. All reagents were used
in accordance to the manufacturer’s specifications. IL-6 and CCL2 (both R&D Systems, Abingdon, UK)
and CXCL8 (Sanquin, Amsterdam, The Netherlands). ELISA results are expressed in ng/mL.
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4.10. Statistical Analysis

Statistical analyses were performed using t-tests or one-way ANOVA followed by a Dunn’s
multiple comparison test. All data was obtained from three to six independent experiments using
different cell donors and duplicate wells. The cells in each experiment were donor-matched. Each cell
donor was combined with a different BWE donor. Differences were considered significant when
* p < 0.05, ** p < 0.01, *** p < 0.001. Results are shown as mean ± SEM.

Supplementary Materials: Supplementary materials can be found at www.mdpi.com/1422-0067/18/8/1790/s1.
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Abstract: Abnormal skin scarring causes functional impairment, psychological stress, and high
socioeconomic cost. Evidence shows that altered mechanotransduction pathways have been linked
to both inflammation and fibrosis, and that focal adhesion kinase (FAK) is a key mediator of
these processes. We investigated the importance of keratinocyte FAK at the single cell level in
key fibrogenic pathways critical for scar formation. Keratinocytes were isolated from wildtype
and keratinocyte-specific FAK-deleted mice, cultured, and sorted into single cells. Keratinocytes
were evaluated using a microfluidic-based platform for high-resolution transcriptional analysis.
Partitive clustering, gene enrichment analysis, and network modeling were applied to characterize
the significance of FAK on regulating keratinocyte subpopulations and fibrogenic pathways important
for scar formation. Considerable transcriptional heterogeneity was observed within the keratinocyte
populations. FAK-deleted keratinocytes demonstrated increased expression of genes integral to
mechanotransduction and extracellular matrix production, including Igtbl, Mmpla, and Col4a1.
Transcriptional activities upon FAK deletion were not identical across all single keratinocytes,
resulting in higher frequency of a minor subpopulation characterized by a matrix-remodeling
profile compared to wildtype keratinocyte population. The importance of keratinocyte FAK
signaling gene expression was revealed. A minor subpopulation of keratinocytes characterized
by a matrix-modulating profile may be a keratinocyte subset important for mechanotransduction and
scar formation.

Keywords: focal adhesion kinase; keratinocyte; mechanotransduction; extracellular matrix; single-cell
transcriptional analysis; skin fibrosis; hypertrophic scar; transcriptomics

1. Introduction

Tissue repair is among the most complex biological processes and occurs through a highly
regulated cascade of overlapping biochemical and cellular events [1]. The underlying orchestrators
of the wound healing cascade have yet to be fully elucidated [2]. A fundamental paradigm of
cutaneous healing in the adult human is that every injury provokes a fibroproliferative response
resulting in the formation of a scar [3]. Scar tissue, formed through normal wound healing to
re-establish continuity of the integument, represents the “midpoint” in a spectrum of wound healing
responses [4]. Aberrations in the process, such as hypertrophic scarring and keloid formation, represent
an “over-healing” response, whereas some patients may suffer from “under-healing” in chronic and/or
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delayed wounds [5]. Both extremes of wound healing can lead to significant functional impairment,
psychosocial morbidity, and constitute a significant socioeconomic burden [6].

Although the pathogenesis of over- and under-healing is not completely understood, recent
studies have provided significant insight into the pathophysiologic basis of dysfunctional wound
healing. Mechanical cues have been identified to play a major role in both chronic wound development
as well as hypertrophic scar (HTS) formation [7]. Mechanotransduction pathways influence the
homeostasis in virtually all tissues and organ systems [8–10]. Mechanical homeostasis in the skin
is also a critical regulator of skin biology. For example, the human skin has been shown to have
static lines of maximal stress called the Langer’s lines, which surgeons use to orient incisions to
minimize scar formation [11]. In addition, joint movement, muscle activity, and gravity can cause
dynamic stress to the skin. Mechanical strain introduced by pregnancy, weight gain, or subcutaneously
implanted devices can induce an increase in mass, volume, and area of the skin [12]. Disruption of
skin homeostasis by wounds, genetic alterations, or diseases can lead to aberrant mechanobiology
of the skin [10]. Improved understanding of skin mechanotransduction pathways at baseline levels,
under homeostasis and under mechanical stress will clarify skin mechanobiology and its role in normal
and pathologic skin disorders.

Recent evidence has linked a central mechanotransduction pathway, i.e., the non-receptor
protein tyrosine kinase, focal adhesion kinase (FAK), to both mechanical homeostasis and pro-fibrotic
mechanotransduction and other wound healing aberrations [8,9]. Our laboratory was the first to
develop and publish the murine model of HTS based on mechanical loading and showed that sustained
mechanical forces were able to induce FAK-mediated pro-survival signaling and modify inflammation.
In addition, using microarray analysis we have shown in a porcine model and human studies that
elevated wound tension caused a pro-fibrotic phenotype and HTS formation. In addition, we recently
reported that in diabetic delayed wound healing, FAK degradation by calpain might decelerate
wound repair. Integrin-FAK mechanotransduction cascades are involved in fibro-proliferative states
such as hepatic fibrosis [13], cardiac hypertrophy [14], vascular smooth muscle atherosclerosis [15],
and pulmonary fibrosis [16]. FAK can activate numerous downstream components involved in
fibrogenic events such as PI3K/Akt and mitogen-activated protein kinases (MAPK) [17–23]. How FAK
modulates skin cell behavior, especially on other mechanotransduction and wound healing-associated
proteins, is not well understood.

Our laboratory has previously demonstrated that FAK is important for mechanotransduction in
cutaneous fibroblasts and that a fibroblast-specific deletion of FAK results in reduced fibrosis after injury
in a mouse model of scar formation [24]. In contrast, the loss of FAK specifically in keratinocytes leads
to significantly delayed wound healing and pathologic dermal proteolysis in mice [25]. Keratinocyte
FAK-deleted mice were also found to have decreased dermal thickness and collagen density, findings
linked to over-activation of the matrix-remodeling enzyme matrix metalloproteinase 9 (MMP9) [25].
However, a paradoxical upregulation of collagen I and III, the predominant collagen subtypes in
cutaneous healing, in these wounds suggests that FAK signaling has a complex effect on extracellular
matrix (ECM) repair.

Keratinocytes have been shown to express high levels of collagen based on transcriptome-wide
microarray studies [26,27], which suggest a role for these cells in ECM deposition. While global
gene expression analyses are sufficient for population wide transcriptional screening, transcriptional
profiling of higher resolution is needed to uncover aberrations in cellular signaling only affecting
a subset of cells [28]. Since rare, but important subpopulations of cells can significantly alter the
biological process of wound healing and mechanical homeostasis, our laboratory has developed
a microfluidics-based approach to gene expression analysis that enables the discovery of altered
gene expression patterns on a single-cell level [29]. Here we employ this method to evaluate how
dysregulation of FAK signaling affects mechanically unstimulated keratinocyte gene transcription
at baseline and whether the loss of this mechanical mediator leads to perturbations in cellular
subpopulations that may explain the impairments observed at a physiological level.
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2. Results

2.1. Knockout of Keratinocyte FAK (Focal Adhesion Kinase) Alters the Expression of Numerous Genes Integral
to Tissue Repair

Keratinocytes have been shown to influence cutaneous fibrosis and repair [25,30] and are highly
mechanoresponsive cells [31–33]. Mechanoresponsive cellular components, in particular through
activation of FAK, have recently been identified as key mediators in the development of hypertrophic
scars, as well as physiological wound healing [24,25]. In an attempt to elucidate how FAK affects
gene expression in epithelial cells during cutaneous repair, we compared wildtype (WT) and FAK
knockout (KO) keratinocytes (Figure 1) utilizing microfluidic-based single-cell transcriptomics [29].
Single-cell analysis of freshly isolated keratinocytes from WT and keratinocyte-specific FAK-deleted
mice demonstrated significant transcriptional heterogeneity both within and across these two groups
(Figure 1A,B), with clear lack of any FAK expression in the KO group. Numerous genes were
differentially expressed between these cells as a result of FAK deletion (Figure 1B). These include
ECM genes such as Collagen type IV (Col4) subunits and Keratin 6 (Krt6) as well genes that regulate
cell-ECM adhesion and ECM-mediated mechanotransduction such as Fak, Cd44, Pax, integrins such as
Itgav and Itgb1, Itgb4, Itgb6, and Itgb8. Factors involved in tissue repair and matrix remodeling such as
MMPs and tissue inhibitors of MMPs (TIMPs) were altered in KO cells. For example, expression of
Cd44, Itgav, and Itgb1 were differentially up-regulated with FAK deletion, suggesting that these
signaling regulators are closely associated with FAK and FAK-mediated mechanotransduction network.
Interestingly, genes involved in cancer progression including tyrosine protein kinase (Src) and breast
cancer anti-estrogen resistance protein (Bcar) were also altered in FAK KO cells. These data indicate
that keratinocyte FAK expression is closely linked to mechanoregulatory factors, as well as mediators
implicated in tissue repair and remodeling, underscoring the variety of molecular pathways affected
by mechanotransduction component FAK.

2.2. FAK-Deleted Keratinocytes Demonstrate Alterations in Key Mechanotransduction and Collagen
Signaling Pathways

To elucidate the effects of FAK deletion on keratinocyte intracellular signaling, we next identified
canonical pathways whose expression was significantly altered using Ingenuity Pathway Analysis
(IPA). Analyzing known canonical pathways based on genes up- and down-regulated in FAK-deleted
keratinocytes, we found that integrin signaling, FAK signaling, and ERK/MAPK signaling were most
highly affected by the loss of keratinocyte FAK. We further utilized IPA to generate transcriptional
networks based on over- (Figure S2A) or under- (Figure S2B) expressed genes in the KO cells compared
to WT keratinocytes. These included numerous collagen and integrin genes, as well as major upstream
regulators such as Fak, Akt, and Erk. When we merged these pathways (Figure 2) we obtained
a comprehensive signaling network centered on the FAK-AKT-ERK axis, again demonstrating the
critical role of FAK in the regulation of collagen/integrin expression. Notably, an upstream analysis of
these differentially expressed genes implicated two key molecular regulators of the transcriptional
changes in KO cells. The merged transcriptome network shown in Figure 2 represents features of
activation of fibrogenic regulator Tgfbr2 and suppression of the proto-oncogene Mycn that produced
the majority of transcriptional changes observed in KO cells.
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Figure 1. Keratinocyte FAK deletion alters the expression of numerous genes integral to tissue repair.
(A) Hierarchical clustering of simultaneous gene expression for single cells from WT (left) and FAK KO
(right) mice. Gene expression is presented as fold change from median on a color scale from yellow
(high expression, 32-fold above median) to blue (low expression, 32-fold below median). Cell/gene
qPCR reactions failing to amplify after 40 cycles are designated as non-expressers and represented in
gray; (B) Differential gene expression between WT and FAK KO cells identified using nonparametric
two-sample Kolmogorov-Smirnov testing. Twenty-one genes exhibit significantly different (p < 0.01
following Bonferroni correction for multiple comparisons) distributions of single cell expression
between populations, illustrated here using median-centered Gaussian curve fits. Black and gray color
histogtams denote WT and FAK KO expression, respectively. The left bar for each panel represents the
fraction of qPCR reactions that failed to amplify in each group.
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Figure 2. FAK-deleted keratinocytes demonstrate alterations in key mechanotransduction and collagen
signaling pathways. The top scoring Ingenuity Pathway Analysis (IPA)-constructed transcriptome
network generated from genes significantly up-regulated (grey) and down-regulated (black) in
FAK-deleted keratinocytes compared to WT cells were merged using IPA’s Ingenuity Knowledge
Base, creating a super-network centered on the FAK-AKT-ERK axis. Direct relationships are indicated
by solid lines, and dashed lines represent indirect relationships. Known relationships among molecules
across the original two networks are represented in magenta. * denotes FAK (PTK2).

2.3. FAK Deletion Affects Keratinocyte Gene Expression Asymmetrically and Induces a Transcriptionally
Activated Subpopulation

Given the considerable transcriptional heterogeneity observed at the single-cell level and earlier
description of keratinocytes as a cell pool composed of distinct subsets [34,35], we applied partitional
clustering to identify transcriptionally distinct (and potentially functionally distinct) subpopulations
(Figure 3A). We found that keratinocytes could be grouped into three discrete subgroups based on
their transcriptional signatures, designated here as clusters 1, 2, and 3. Interestingly, cluster 1 cells
were almost exclusively found in WT mice. In contrast, cluster 2 cells were predominantly found
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in the FAK KO mice. These subgroups were defined by differing expression patterns similar to
those of aggregate WT vs KO cells, and the added granularity of this analysis identified additional
differentially expressed genes including multiple collagen and MMP targets (Figure 3B). Furthermore,
we identified an additional population of cells (cluster 3) that appear to be activated keratinocytes
defined by significant overexpression of collagen and MMP transcripts, which were predominantly
found in the KO mice. Higher frequency of cluster 3 cells in the KO mice (approximately 80%)
suggests that suppression of FAK may trigger activation and proliferation of these cells, thus resulting
in the paradoxical over-expression of collagen observed in the wounds of keratinocyte FAK KO
mice [25]. As described previously, keratinocyte FAK KO mice demonstrate dermal proteolysis
and clinical features of wound chronicity but also over-express certain subtypes of collagen [25].
Identification of cluster 3 keratinocytes in our current analysis provides an explanation for this
paradoxical observation [25]. We identified select genes whose transcriptional activities are differential
among cells in each cluster across all keratinocytes comprising each cluster. Figure 3B shows
multiple differentially-expressed collagen and MMP target genes identified this way. Of interest,
expression of integrin α-6 (Itga6) and integrin α-8 (Itga8) were regulated in an opposite manner
in the absence of epithelial FAK. Both integrin subtypes can modulate keratinocyte migration and
cell-ECM interactions and are implicated in wound healing. Expression profiles of integrin α-3 (Itga3),
an integrin subtype involved in epithelial-mesenchymal transition, and Cd44 cell adhesion molecule
were both significantly up-regulated in FAK KO cells [36]. In addition, there was a trend that an array
of differentially-expressed MMP proteins was up-regulated with FAK deletion, suggesting that loss
of FAK can modulate ECM-remodeling activities and can potentially lead to altered wound healing
profiles seen in FAK KO mice.

Figure 3. Partitional cluster analysis of single-cell transcriptional data. (A) K-means clustering of
WT (black bar) and FAK-deleted keratinocytes (grey bar). Gene expression is presented as fold
change from median on a color scale from yellow (high expression, 32-fold above median) to blue
(low expression, 32-fold below median); (B) Differentially-expressed genes among cells in each cluster
using non-parametric two sample Kolmogorov-Smimov testing across all (both WT and FAK KO)
keratinocytes comprising each cluster, illustrated here using median-centered Gaussian curve fits.
The left bar for each panel represents the fraction of qPCR reactions that failed to amplify in each group.
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We next applied enrichment analysis to the gene sets up-regulated in cells from each putative
subpopulation. Cluster 1 cells were characterized by comparatively increased integrin signaling,
FAK signaling, and ERK/MAPK signaling (Figure S3A), consistent with intact FAK expression in these
predominantly WT cells. By contrast, cluster 2 cells were associated with ILK signaling and inhibition
of MMPs, as well as suppression of paxillin signaling (Figure S3B). Corresponding transcriptional
networks were subsequently generated for each subgroup using IPA as described above. Analysis of
signaling pathways implicated in cluster 1 resulted in a network defined by increased expression of
numerous Timp genes (Figure 4A). Of interest, the network of cluster 2 was characterized by elevated
expression of various collagen genes (Figure 4B), which was similar to cluster 3 (Figure 4C). Given the
complex molecular interactions orchestrated by mechanical signaling [10], we explored intracellular
pathways affected by FAK modulation by combining regulatory networks from each keratinocyte
subgroup using known relationships among commonly expressed genes (Figure 5). The pathway
analysis indicates that a complex signaling cascade centered on the FAK-AKT-P13K axis, may regulate
expression of collagen, integrin, and Mmp genes. These data suggest that FAK activation/deactivation
in keratinocytes has widespread downstream implications and represents a key mechanism underlying
the regulation of cellular mechanotransduction, extracellular matrix deposition, and tissue remodeling.

 
Figure 4. Network analysis of keratinocyte subpopulations. Top scoring Ingenuity Pathway Analysis
(IPA)-constructed transcriptome networks based genes that were significantly up-regulated in cluster 1
(A; red), cluster 2 (B; green), and cluster 3 (C; blue). Direct relationships are indicated by solid lines,
and dashed lines represent indirect relationships.
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Figure 5. Merged network analysis of keratinocyte subpopulations. Merged network analysis of the
three clusters in Figure 4. The top scoring networks generated from genes significantly up-regulated in
each of the three keratinocyte subpopulations (cluster 1 (red), cluster 2 (green), and cluster 3 (blue))
were merged using Ingenuity Pathway Analysis (IPA), creating a super-network centered on the
FAK-AKT-PI3K axis. Known relationships among molecules across the original three networks are
represented in magenta. * denotes FAK (PTK2).

3. Discussion

Mechanotransduction pathways have long been shown to regulate human skin biology, scar
formation, and wound repair [37]. Previously, our laboratory has identified FAK as a key
mechanosensor in both the epidermal and dermal skin compartments with an important role in
the cutaneous response to injury [24,25]. Biomechanical aberrations in the wound environment may
predispose patients to either hypertrophic scarring or non-healing wounds, both of which are growing
public health burdens awaiting effective therapeutics.

In a recent study, we demonstrated that deletion of FAK from epithelial keratinocytes resulted in
accelerated dermal proteolysis and delayed wound healing in a mouse model [25]. Here we utilized
single-cell microfluidic techniques to identify distinct subgroups of FAK-deleted keratinocytes that
may drive this pathologic response. Specifically, one subgroup appears primed to activate matrix
degradation and remodeling. Multiple genes linked to wound mechanotransduction were shown
to be regulated by FAK, including integrins, Mmps, and matrix components, supporting a primary
role for epithelial mechanosensing in wound repair. Furthermore, these results suggest that distinct
subpopulations of dysfunctional keratinocytes may have the potential to impair normal cutaneous
tissue repair.

These findings also confirm the importance of FAK-MAPK intracellular signaling networks in
skin mechanobiology [24,25]. The FAK-MAPK pathway has been shown to regulate mechanosensing
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in numerous tissues throughout the body, including endothelium, bone, heart, and lung [38–41].
These intracellular pathways may serve as molecular targets to modulate aberrant wound repair.
Current device-based approaches to modulate mechanical wound signaling, such as negative pressure
wound therapy, are believed to work in part via these intracellular networks [42,43]. An alternative
strategy would be to directly target these mechanotransduction pathways pharmacologically, as has
been successfully demonstrated in a murine hypertrophic scar model in which small molecule FAK
inhibitors were employed [24].

Focal adhesion complexes are dynamic multi-component mechanosensors that influence multiple
aspects of cell biology [44,45]. The focus of our study is to investigate the role of epithelial FAK in
regulating the transcriptional profiles of mechanically unstimulated keratinocytes at baseline. With
loss of epithelial FAK, we observe a corresponding decrease in expression of integrin α-6 (Itga6)
and increased expression of integrin α-8 (Itga8). Integrins are transmembrane receptor complexes
that dimerize and transmit extracellular cues (such as mechanical force) into cells. The differential
expression and activation of integrins can modify diverse cell behaviors and is highly implicated in
wound healing [46]. Itga6 has been closely linked to keratinocyte migration and cell-matrix interactions
with the basement membrane component laminin-111 [47]. Itga8 has been less frequently examined
in keratinocytes, but studies suggest a role for this protein in epithelial-mesenchymal interactions,
matrix remodeling, and cell migration [48,49]. These findings demonstrate that loss of FAK alters the
surface integrin profile of keratinocytes and potentially disrupts how the epithelial layer senses the
wound environment. It is also interesting to note that expression of Cd44, a cell adhesion molecule that
has been shown to stimulate activation of FAK via Rho-dependent mechanisms, was up-regulated
with loss of epithelial FAK. Since Cd44 has a direct functional link to FAK-mediated signaling and
plays a role in suppressing apoptosis, its importance in the context of wound healing may be of future
interest. In a similar context, expression of Ccnd1 was also increased with epithelial FAK deletion,
suggesting that cellular proliferation profiles can also be altered with loss of FAK in keratinocytes.

Further, we found that WT keratinocytes demonstrated considerable expression of
integrin-FAK-MAPK pathways, whereas FAK-deleted keratinocytes preferentially expressed ILK and
suppressed paxillin signaling - known components of focal adhesion complexes [50]. The significance
of this is unclear, as both ILK and paxillin activate many of the same targets as FAK. Of interest,
increased activation of ILK and dysregulation of paxillin signaling have been linked to pathologic
expression of the matrix-degrading enzyme MMP9 [51,52]. This concept of altered biomechanical
sensing has also been applied to cancer metastasis, as tumor cells invade adjacent tissues by secreting
MMPs and bypassing physical contact inhibition signals. Our current study will form the basis for
future studies on characterization of keratinocyte subpopulations under mechanical stimuli.

4. Materials and Methods

4.1. Animals

All procedures were approved by the Administrative Panel on Laboratory Animal and Care
committee (Protocol number APLAC-12080 approved on 21 December 2012) at Stanford University.
Wildtype (WT) mice (C57BL/6) were purchased from Jackson Laboratories (Bar Harbor, ME,
USA). Keratinocyte-restricted FAK knockout mice were produced as previously described [25].
Transgenic mice were generated by crossing keratinocyte-specific K5-Cre recombinase mice
(FVB.Cg-Tg(KRT1-5-cre)5132JIj, purchased from University of North Carolina Mutant Mouse Regional
Resource Center) to homozygous floxed FAK mice (B6.129-Ptk2tm1Lfr/Mmcd, purchased from
University of California Davis Mutant Mouse Regional Resource Center (Davis, CA, USA).

4.2. Keratinocyte Harvest and Culture

Primary epithelial keratinocytes were isolated from WT and keratinocyte-specific FAK knockout
mice as previously published [53]. Briefly, full thickness skin was harvested from the mouse dorsum
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using sterile techniques. Specimens were floated in trypsin (Gibco/lnvitrogen, Carlsbad, CA, USA)
before adhering the epidermal surface to a culture dish lid. After removing the dermis with forceps,
the epidermal specimens were minced and placed into suspension. Cells were grown on plates
coated with Coating Matrix Kit (Gibco/lnvitrogen, Waltham, MA, USA) and keratinocyte basal media
(Lonza, Walkersville, MD, USA) supplemented with KGM Gold Bullet Kit (Lonza) was used to maintain
cells. After a short-term culture for approximately 7 days without subculturing, passage 0 keratinocytes
were used for all experiments.

4.3. Single-Cell Transcriptional Analysis

Cultured keratinocytes were sorted as single cells into lysis buffer using a Becton Dickinson
FACSAria flow cytometer. Live/dead gating was performed based on propidium iodide exclusion.
Reverse transcription and low cycle pre-amplification were performed following addition of
Superscript Ill reverse transcriptase enzyme (Invitrogen, Waltham, MA, USA), Cells Direct reaction
mix (Invitrogen), TaqMan assay primer sets (Applied Biosystems, Foster City, CA, USA) (Figure S1).
The resulting cDNA was loaded onto a 48.48 Dynamic Array (Fluidigm, South San Francisco, CA,
USA) for qPCR amplification using Universal PCR Master Mix (Applied Biosystems) with TaqMan
assay primer sets, and products were analyzed on the BioMark reader system (Fluidigm).

Analysis of single-cell data was performed as previously described [54]. Briefly, expression data
from all chips (both WT and FAK KO) were normalized relative to the median expression for each gene
in the pooled sample and converted to base 2 logarithms. Absolute bounds of ±5 cycle thresholds from
the median were applied, and non-expressers were assigned to this floor. Heatmaps were generated
and organized using hierarchical clustering in order to facilitate data visualization using MATLAB
(R2011 b, MathWorks, Natick, MA, USA).

Partitional clustering of gene expression data for each group of keratinocytes was performed
using a modified k-means algorithm to identify subpopulations based on transcriptional profiles [55].
Gene-wise comparisons between groups and across clusters was achieved using a standard two sample
Kolmogorov-Smirnov test with a strict cutoff of p < 0.05 following Bonferroni correction for multiple
hypothesis testing. For comparisons among subgroups, the empirical distribution of cells from each
cluster was evaluated against that of the remaining cells in the experiment.

Canonical pathway calculations and network analyses were performed using Ingenuity Pathway
Analysis (IPA, Ingenuity Systems, Redwood City, CA, USA). For these analyses, the gene targets
interrogated in the corresponding single-cell analysis (rather than the entire transcriptome) were used
as the reference set in order to avoid biasing the associated enrichment and network calculations.

5. Conclusions

Our study contributes to improved understanding of FAK-mediated keratinocyte gene
transcription by dissecting and highlighting the effects of this mediator and related pathway
components in the epidermis. Global suppression of FAK not only restricted to keratinocytes (e.g.,
using pharmacological FAK inhibitors), however, may result in different pathophysiological outcomes
and remains to be studied. In addition, we have shown the existence of a novel subpopulation of
keratinocytes that may respond differentially to fibrogenic mechanical cues during the course of wound
healing and scar formation. It also remains to be studied how FAK alters the transcriptional profiles
of mechanically-strained keratinocytes. The challenge of targeting these cells in vivo to modulate
this process remains an ongoing effort, and future studies will clarify the clinical relevance of these
single-cell transcriptional findings.

In conclusion, the findings of our study will enhance our understanding of the epidermal
mechanotransduction important for scar formation and will have future implications for developing
fibrosis and scar therapies targeting FAK-mediated mechanotransduction pathways.
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Abstract: Wound healing is a physiological process, involving three successive and overlapping
phases—hemostasis/inflammation, proliferation, and remodeling—to maintain the integrity of skin
after trauma, either by accident or by procedure. Any disruption or unbalanced distribution of these
processes might result in abnormal wound healing. Many molecular and clinical data support the
effects of estrogen on normal skin homeostasis and wound healing. Estrogen deficiency, for example
in postmenopausal women, is detrimental to wound healing processes, notably inflammation and
re-granulation, while exogenous estrogen treatment may reverse these effects. Understanding the
role of estrogen on skin might provide further opportunities to develop estrogen-related therapy for
assistance in wound healing.

Keywords: estrogen; estrogen receptor; wound healing

1. Introduction

The epidermis and dermis of normal skin maintain a steady-state equilibrium to ensure
a protective barrier against the external environment [1–3]. When the protective barrier is
broken by trauma, injury, radiation, chemical injury, and/or burns, the wound healing process is
immediately set in motion and complex biochemical events take place to repair the damage [4–8].
The normal wound healing process involves three successive and overlapping stages, including the
hemostasis/inflammation phase, the proliferation phase, and the remodeling phase [9–15].

After an injury to skin, hemostasis activates immediately. The exposed sub-endothelium,
collagen, and tissue factor will activate platelet aggregation, which leads to degranulation and
releasing chemotactic and growth factors (GF), such as proteases, platelet-derived GF, and vasoactive
agents (histamine and serotonin) [16]. Clot formation is obtained, thus achieving successful
hemostasis. Chemokines released by platelet activation arouse chemotaxis of neutrophil granulocytes,
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macrophages, and T lymphocytes into the wound to cleanse debris and bacteria to provide
a desired environment for wound healing [16]. Neutrophils are the first cells to appear at
the injury site, and create an environment to prevent infection [10,11]. Then, macrophages
accumulate within the injury sites and facilitate the phagocytosis of bacteria and damaged tissue.
The hemostasis/inflammatory phase proceeds for 48 to 72 h and then the proliferative phase follows.

The proliferative phase, represented by profuse fibroblasts, keratinocytes, endothelial cells,
and an accumulation of extracellular matrix (ECM), attenuates gradually and lasts for three to
six weeks [10,11]. During the proliferation phase, granulation tissue is formed to replace the clot
formation originally created after injury. The major components of granulation tissue are macrophages,
fibroblasts, proteoglycans, hyaluronic acid, collagen, and elastin. Additionally, the recruited fibroblasts
differentiate into myofibroblasts to achieve wound contraction by cytokines and/or molecules and
GFs, including platelet-derived GF, fibroblast GF, nerve GF, transforming GF-β (TGF-β, including
TGF-β1, TGF-β2, and TGF-β3), connective tissue GF (CTGF), cysteine-rich 61 (Cyr61), interleukins
(IL, including IL-6, IL-8, and IL-10), homeobox 13, the Wnt signaling pathway, osteopontin, and early
growth response protein 1 [6–8,17–24]. The upregulation of vascular endothelial GFs all provide
a structural framework for endothelial cells to proliferate and lay down new vessels by the process
of angiogenesis during this phase [10,22,23]. Re-epithelialization is essential for the re-establishment
of tissue integrity. After the completion of re-epithelialization, represented by keratinocytes from
wound edge and neighboring adnexal structures migrating across the wound surface, apoptosis of
myofibroblasts then occurs, and the skin defect is closed.

The subsequent remodeling phase often takes six to nine months or up to a year to
complete [7–10,13]. During the remodeling phase, a precise balance between the apoptosis of existing
cells and the production of new cells should be fulfilled. Profuse ECM is degraded gradually and the
immature type III collagen is amended into mature type I collagen, resulting in stronger scar tissue.
The following are critical for normal wound healing: the orientation of type I collagen, the regression
of the immature vessels, and the activation of myofibroblasts [10,25–27]. The final actin-rich cells and
reorganization of mature blood contribute to normal wound healing.

Many factors play a role in wound healing [3,4,7–24,28–30], including endocrine factors. The aims
of the current review are limited mainly to the discussion of the effects of estrogen on wound healing.

2. Estrogen and Estrogen Signaling

The three major forms of estrogens in humans are estradiol, estrone, and estriol, with estradiol
being the predominant form [31–35]. The ovary is the main source of estrogen in the premenopausal
period, and granulosa cells are the key cells to produce estrogen [36–40]. Estrogen is also synthesized
in skin tissue [41], presenting a concept termed “intracrinology” [42]. Crucially, estrogen regulation
depends on estrogen-metabolism enzymes, which include aromatase, catalyzing the conversion of
androgens (including dehydroepiandrosterone (DHEA) and testosterone) to estrogens, as well as
17β-hydroxysteroid dehydrogenase 1 and 17β-hydroxysteroid dehydrogenase 2 converting estrone to
estradiol [42].

Many natural or chemical synthetic compounds imitating estrogen have been found, and we called
these compounds estrogen-like compounds, such as selective estrogen receptor modulators (SERMs),
phytoestrogens, and others [31,43–45]. The action of these estrogen-like compounds on cells or tissues
is far more complicated, although the main pathway might follow the classical ligand-mediated nuclear
receptor signaling, such as estrogen receptors α and β (ERα and ERβ) located within the nuclei of
target cells [46,47]. The absence of a ligand (estrogen) shows that ERs are associated with an inhibitory
heat shock protein [41].

Estrogen receptors, class I members of the superfamily of nuclear receptors characterized as
ligand-inducible transcription factors, have considerable sequence identity in the DNA-binding
domains, which permits both receptor types (homo- or hetero-dimers) to interact with the ER
elements of various genes. Sequence differences between the two receptors occur primarily in
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the N- and C-terminal regions. Estrogen receptors can also act as coregulators through binding
to other transcription factors already attached to the gene regulatory region and by ligand-independent
mechanisms [31,43]. Furthermore, each ER has several known isoforms; at least two isoforms of the
gene product relating to ERα and six isoforms of the gene product relating to ERβ are known [31].
ERs are identified in skin, but the expression of ERs on skin depends on the location in the body and
cell type [42].

In addition of classical estrogen and ER action, membrane-bound ERs show a distinct role [48].
G-protein-coupled ER1 (GPER1) or G-protein-coupled receptor 30 (GRP30) is a seven-transmembrane
receptor protein that binds specifically to estrogen and plays an important role in rapid non-genomic
cell signaling [48,49]. Taken together, estrogen signaling can be mediated either through a rapid
non-genomic effect or a classical genomic effect. The intricate biochemistry of the mode of action
of ERs can be separated into three major aspects, including: (1) the interaction of ERs with other
membrane-bound receptors as a form of non-genomic action to regulate the activation or suppression
of different transcription factors; (2) the mechanism of ER action alone or in combination of other
transcription factors as a form of genomic action to modulate DNA-binding ability to influence gene
expression; (3) specific amino acid sequences and structural configurations of ERs [48].

3. Estrogen Signaling and Wound Healing

To explore the relationship between estrogen and wound healing, the term “wound healing and
oestrogen” (from 1947 to 30 July 2017) was used to search PubMed for relevant English-language
articles (Available online: https://www.ncbi.nlm.nih.gov/pubmed/?term=wound+healing%2C+
estrogen) [50], which identified 532 articles. The following is a brief summary.

The influence of estrogen on wound healing was investigated in the animal model in 1947 [50]
and in humans in 1953 [51]. Afterwards, much evidence supports that the estrogen is important on
wound healing [31,41,42,52–61]. It has been shown that primary estrogen deficiency contributes to
cutaneous aging and delayed wound repair or impaired wound healing [41,42]. A decrease in the
collagen content (both type I and especially type III) of thigh skin in postmenopausal women without
hormone replacement therapy has been found at a rate of 2% (skin wrinkling) per postmenopausal
year [56]. Compared with premenopausal women, postmenopausal women demonstrate a decrease in
collagen types I and III and a reduction in the type III/type I ratio within the dermis, and this change
is much more related with the period of estrogen deficiency rather than chronological age [57].

Skin elasticity correlates negatively with years since menopause [56]. Estrogen therapy can rescue
the above with an increasing elasticity of 5% over a year [56]. The daily administration of topical
estradiol to the skin of postmenopausal women has shown that the amount of hydroxyproline is
significantly increased and a morphologic examination by electron microscopy showed a significant
improvement in elastic and collagen fibers [58]. Systemic oral estrogen replacement therapy also
showed the similar positive effect on skin contour due to the significantly increasing amount of
collagen fibers [59].

Microarray-based profiling of genes differentially expressed in rapid and slow wound healing
identified 83% of downregulated gene sets and 80% of upregulated probe sets that were
estrogen-regulated [60]. Among these, many factors have been investigated, including estrogen-regulated
protease inhibitors, arginase 1 (Arg1), and macrophage migration inhibitory factor (MIF) [60–62].
These protease inhibitors, including SERPINB4 and SERPINB7, which act to protect against the
inappropriate activation of cathepsins, are important for wound healing [60]. Deprivation of these
protease inhibitors will result in tissue breakdown [60]. Arg1-expressing cells were significantly decreased
in the wound granulation tissue of mice after oophorectomy. Arg1 metabolizes L-arginine to generate
proline, a substrate for collagen synthesis. Hence, Arg1 is central to modulating the balance between
inflammation and matrix deposition during wound healing [60]. MIF is further discussed in the next
section (estrogen signaling on hemostasis/inflammation process) [62]. All of this hints that estrogen has
a more profound influence on aging than previously thought.
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Additionally, estrogen can protect against the development of a chronic wound [52,60].
Furthermore, estrogen replacement and topical application of estrogen or its precursor accelerate
wound healing [53–55,61], since systemic DHEA levels are strongly associated with protection
against chronic venous ulceration in humans. Women who received hormone replacement therapy
were less likely to develop a venous leg ulcer (age-adjusted relative risk (RR) 0.65, 95% confidence
interval (CI) 0.61–0.69) or a pressure ulcer (RR 0.68, 95% CI 0.62–0.75) than those who did not use
hormone replacement therapy, according to a case-cohort study in the UK General Practice Research
Database [63]. Moreover, anti-estrogen therapy, such as tamoxifen or aromatase inhibitors, which plays
a major role in hormone receptor-positive breast cancer management [64–66], is also correlated with
poor wound healing [66]. A study found that women who received anti-estrogen therapy experienced
more wound healing complications (61% vs. 28%, p < 0.001), fat necrosis (26% vs. 8.3%, p < 0.001),
infections (15% vs. 2.8%, p < 0.001), delayed wound healing (49% vs. 13%, p < 0.001), and grade III/IV
capsular contracture (55% vs. 9.1%, p = 0.001) than those who did not [67], suggesting the important
role of estrogen in the wound healing process.

The new insights on the molecular mechanisms mediating the estrogen protective function
on wound healing are discussed and topics addressing the involvement of estrogen signaling on
hemostasis/inflammation process, proliferation process, and final remodeling process are shown in
the following sections.

4. Estrogen Signaling on Hemostasis/Inflammation Process

The recognition of the importance of estrogen in skin physiology would suggest it that may have
an important role in wound healing, and a number of studies are available to provide evidence that
estrogen might have an important role in all phases of wound healing by modifying the inflammatory
reaction, accelerating re-epithelialization, stimulating granulation formation, regulating proteolysis,
and balancing collagen synthesis and degradation [68–70].

The first step of wound healing is immediate hemostasis and a prompt initiation of the
inflammatory process. These conditions are mediated by local activation of the coagulation system,
hematopoietic system, inflammatory cells, and immune system. Coagulation systems, including
coagulation factors, are significantly influenced by estrogen signaling transduction [71–73]. However,
current knowledge on the effects of estrogen on hemostasis shows the different effect on the coagulation
system when the administration route of estrogen is different [73]. A hemostasis imbalance was found
among oral estrogen users with a decrease in coagulation inhibitors and an increase in markers of
activation coagulation, leading to a global enhanced thrombin formation; by contrast, transdermal
estrogen use (avoiding the first-pass effect of liver metabolism) was associated with less change
in hemostasis variables and did not activate coagulation and fibrinolysis [73]. Therefore, estrogen
deficiency might slow down the activation of coagulation and subsequently impair the immediate
hemostasis, which initiates the wound healing process, suggesting the important role of estrogen in
hemostasis during wound healing.

During the following inflammation process, the aggregation of megakaryocytes, leukocytes,
monocytes, macrophages, lymphocytes, and mast cells is needed. These immune cell populations,
including monocytes, neutrophils, macrophages, lymphocytes, and mast cells, as well as hematopoietic
progenitors in bone marrow express ERs, suggesting that estrogen directly affects the functions of
these cells, including cytokines, in growth factor production [74–79]. Even CD34+ hematopoietic stem
cells in human adult bone marrow, but not in hematopoietic stem cells from cord blood, also express
ERs, suggesting that ER expression is highly regulated in hematopoietic precursor development [77].
Estrogen receptor activity augments and dampens innate immune signaling pathways in dendritic
cells and macrophages [74].

Monocyte-derived dendritic cells express high levels of ERα and low levels of ERβ [77].
B lymphocytes and plasmacytoid dendritic cells display the highest levels of ERβ in comparison
with any other cell type, although B lymphocytes also express the highest levels of ERα compared to
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other leukocytes [77]. Furthermore, macrophages predominantly express the N-terminal truncated
ERα46 protein, and this response is mainly dependent on estrogen induction [78,79]. Since ERα
acts directly on hematopoietic stem cells, lymphoid progenitors and myeloid progenitors promote
development pathways [78].

Excessive neutrophil recruitment and protease production is often associated with impaired
wound healing [68]. Estrogen therapy can reduce the number of wound neutrophils, and reduce
the neutrophil adhesion molecule L-selectin, leading to diminished neutrophil localization at sites of
inflammation [41]. Administration of estrogen can increase wound fibronectin levels, as well as reduce
elastase activity and lessen the degradation of fibronectin in wound tissue [79–81].

Estrogen signaling pro-inflammatory cytokine production is varied by the cell type and local
estrogen concentration (environmental factors). One report showed that treatment with estrogen can
induce ERα expression in macrophages, but the ERβ expression is not changed, and the increasing
ERα expression is time-dependent during monocyte-to-macrophage differentiation [82]. The C-X-C
motif chemokine ligand 8 (CXCL-8)—one of the chemokines known to cause allergic reactions
and profound inflammation [83]—production of macrophages is suppressed in estrogen-mediated
ER-dependent pathways.

Additionally, MIF—one of the pro-inflammatory cytokines, which was established by micro-array
techniques to identify more than 600 differently regulating repair/inflammation-associated gene
targets—is a key player in skin biology and wound healing [60–62]. MIF has a direct effect on the
expression of genes involved in all aspects of the wound healing process, in addition to genes associated
with cellular proliferation, differentiation, and apoptosis in a wide range of cell types [62]. Impaired
healing in the absence of estrogen via elevated MIF is associated with dysregulated differentiation,
cell contractile machinery, and altered signaling and transcription, coupled with a proteolytic and
a pro-inflammatory state [62]. Estrogen treatment can downregulate MIF expression, resulting in
an improvement in wound healing [62]. Furthermore, in vitro studies suggested a direct effect on
specific pro-inflammatory cytokine production by macrophages via mitogen-activated kinase (MAP),
phosphatidylinositol 3 (PI3) kinase pathways, and a nuclear factor κB-dependent mechanism [60–62].
This information suggests the importance of ERα expression and regulation in the ability of estrogen
to modulate innate immune response.

There are several possible mechanisms to address the relationship between the function of
these innate immune cells and estrogen, including estrogen signaling epigenetic changes of immune
cells, especially for precursor cells, which might influence downstream developmental pathways
or functional responses in mature immune cells. For example, estrogen signaling gene activation
promotes a developmental pathway, or altered activity of estrogen signaling transduction in immune
cells within a pathway when they are activated [74].

To summarize during the inflammatory phase of wound healing, neutrophils are the first
responders of the inflammatory response, and function mainly by clearing debris and pathogens;
subsequently, activated macrophages join and continue to clear debris and pathogens, as well as
clear apoptotic neutrophils that remain at the wound site. All of them are influenced by estrogen,
supporting the important roles of estrogen-mediated signaling transduction in the first step of the
wound healing process. Estrogen results in dampening purulent inflammation, decreasing neutrophil
numbers as shown above, promoting alternative macrophage polarization (promoting a shift
from M1 to M2 subtypes), reducing the expression of pro-inflammatory cytokines, such as tissue
necrotic factor (TNF) α, and decreasing elastase production, contributing to the beneficial roles of
aiding wound closure and collagen deposition. The role of macrophage phenotypes on wound healing
has been extensively reviewed recently [83,84].

In brief, monocytes can be classically or alternatively activated to form M1 and M2 macrophages,
respectively [83]. Conventionally, M1 macrophages, which are activated by pro-inflammatory
mediators interferon-γ (IFN-γ), TNF, and damage-associated pattern molecules, have a known
scavenger function [84]. These classically activated M1 macrophages prolifically produce

98



Int. J. Mol. Sci. 2017, 18, 2325

pro-inflammatory cytokines, such as TNF and IL-6 and other mediators, enabling them to phagocytose
neutrophils that have undergone apoptosis and remove any pathogens or debris in the wound. All of
this facilitates the initial stages of wound healing. M2 macrophages are typically anti-inflammatory
and regulate re-vascularization and wound closure [83]. M2 macrophages can been further divided
into four discrete types: M2a, M2b, M2c, and M2d, based on their function and key markers [83].
Collectively, alterations in macrophage number and phenotype will disrupt the wound healing.

Although estrogen is important for wound healing, the effects of estrogen on wounds should be
a balancing act, since both low and high levels of estrogen will slow inflammation, and over-inhibition
of inflammation is not good for wound healing.

5. Estrogen Signaling on the Proliferation Process

The proliferative process of wound healing involves profuse fibroblasts, keratinocytes,
and endothelial cells, as well as an accumulation of ECM [10,11]. Therefore, the relationship between
estrogen and targeted cells, including fibroblasts, keratinocytes, and endothelial cells, is discussed. Al these
cells contain ERs.

Cells with low-level differentiation potential, for example mesenchymal cells, have the ability
to stimulate tissue renewal. The fibroblast is the key mesenchymal cell type in connective tissue and
deposits the collagen and elastic fibers of the ECM, critical for wound healing. Aging and estrogen
deficiency result in defects in fibroblast differentiation and functionality associated with impaired
hyaluronan synthase 2 and epidermal growth factor receptor function, as a result of upregulated
microRNA-7 expression, which mediates the over-activation of JAK/STAT1 [53].

Estrogen signaling interacts with the microRNA-7 promoter, suppresses microRNA-7 expression,
and further attenuates STAT1 expression and activity. Estrogen is important for the proliferation,
migration, and differentiation of fibroblasts [53], which is primarily mediated by ERα [67]. Estrogen
induces a rapid re-organization of the cytoskeleton in dermal fibroblast via the non-classical receptor
GPR30, MAPK, PI3 K/Akt, and ERK1/2 activation [48,49,85–87]. Finally, the function of fibroblasts
may be markedly varied even within a single tissue [87], which results from different autocrine
(intracrine) signals. Aromatase activity and Wnt-regulated signals form the overlying epidermis can
act both locally, via ECM deposition, and via secreted factors. All impact the behavior of fibroblasts in
different dermal locations.

Additionally, human dermal fibroblasts can be “transiently” activated to go forward to
myofibroblast differentiation (αSMA expression) [88,89]. Permanent or sequential presence of
TGF-β1 and IL-10 might modify the proliferation and migration of fibroblasts and their activated
form-myofibroblasts [90]. Study has shown that the removal of TGF-β1 after initial stimulation
resulted in an increase of apoptosis of myofibroblasts [90]. TGF-β1 stimulation followed by IL-10
treatment did not result in increased cell apoptosis, but instead led to a significant increase of cell
motility and a reduction of myofibroblasts [90]. All of this hints at the precise and dynamic function of
cytokines—such as TGF-β1 and IL-10—as an important cue for the completion of wound healing [90].

Keratinocytes proliferate and migrate over the wound to create a barrier between the outer and
inner environments, mediated through re-epithelialization. Similar to the impact of estrogen on
fibroblasts, estrogen also imparts potent mitogenic effect on keratocytes, promoting in vitro and
in vivo migration [41], which might be affected by the estrogen-mediated ERβ interaction with
keratocytes. One study showed that the pharmacological activation of ERβ, but not that of ERα, led to
a significant alteration in the pattern of differentiation and the proliferation activity of keratinocytes,
suggesting that the stimulation of epidermal regeneration may ensue after treating a wound with
a targeting to ERβ [91]. However, although the activation of the TGF-β pathway is critical for fibroblast
transformation to myofibroblasts [90], the TGF-β pathway is downstream of ERα and ERβ; thus,
the ER-mediated function might be opposite [92].

The relation of estrogen to endothelial cells has been investigated before [93,94]. Mature endothelial
cells are derived from endothelial progenitor cells from bone marrow, and these endothelial progenitor
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cells are defined as cells that have a positive receptor to hematopoietic stem cell marker-CD34, endothelial
cell marker-vascular endothelial growth factor receptor 2, and an immature hematopoietic stem cell
marker CD133 [95]. Estrogen signaling induces the mobilization of circulating endothelial progenitor
cells from bone marrow, and these cells help to build and restore injured and/or damaged endothelium.
Estrogen also induces proliferation and migration, and inhibits the apoptosis of endothelial progeny
cells. The main mechanism of estrogen-mediated re-reendothelialization is a nitric oxide-dependent
pathway [93,95]. Endothelial cells constitute an essential cornerstone in the building and maintenance
of endothelial blood vessels (lining the lumen of every blood vessel). Endothelial cells are involved in
filtration, hemostasis, barrier function, inflammation, and angiogenesis, serving as gatekeepers, preventing
degeneration, and assisting in wound healing [95,96].

6. Estrogen Signaling on the Remodeling Process

The last step of the wound healing is the remodeling phase, which relies on a controlled balance
between the synthesis and degradation of the ECM, and estrogen is thought to involve both [67].
Collagens, composing three α chains of repeating Gly-Xaa-Yaa triplets, which not only induce each
α chain to adopt a left-handed PolyPro II helix, but also represent a base by which to classify collagen
types, are the most abundant proteins in the human body and the main components of the ECM [96].
Thus far, at least 28 types of collagens have been reported [97]. Collagens can be classified as
homotrimeric and heterotrimetric types. Homotrimeric collagens (e.g., type II and type III) have
three α chains of identical sequence, and heterotrimetric collagens have two α chains of identical
sequence (α1) and one α chain of differing sequence (α2) (i.e., type I), or three α chains with different
sequences (α1, α2, and α3) (i.e., type VI) [96].

Among these collagens, type I and type III collagens are important for wound healing [10,27],
and both have fibrillar structures [97]. Type I collagens are the most profuse and ubiquitous of the
collagens in the connective tissues [97]. Evidence has shown that the deposition of different types of
collagens may cause diverse wound healing [7–10]. Type I collagen is dominant in normal wounds;
by contrast, in hypertrophic scar or keloid scar, type III is dominant [4].

A myriad of factors stringently control the formation and degradation of collagens [98–105].
Among these, matrix metalloproteinases (MMPs), a family of zinc dependent proteases, are crucial [97].
These MMPs involve the tight control of ECM not only for an initial step of wound
healing—inflammation—but also for the end step of wound healing, remodeling over time [99].
The interaction of the keratinocytes with collagen I, in animal models, triggers MMP-1 expression
immediately when tissue insult occurs, and the basal keratinocytes at the epithelial front secretes
MMP-1, which cleaves the provisional matrix, paving the path for the proper migration of these
rapidly proliferating cells at the distal end [98]. This highest level of MMP-1 at day one gradually will
decrease to basal level towards the completion of re-epithelialization. Persistent high levels of MMP-1
(collagenase 1) result in impairing wound healing [98]. This abnormal over-activity of MMP-1 is also
supported by other studies [99].

One study showed that a magnitude of a 116-fold increase in the average protease activity is found
in abnormal wound exudates when compared to normal acute wound exudates [97]. The expressions
of the other MMPs, such as MMP-8 and MMP-13, are also disrupted in poor wound healing.
MMP-8 (collagenase 2) has a stronger affinity toward type I collagen; therefore, the overexpression and
activation of MMP-8 is directly involved in the pathogenesis of chronic non-healing wounds [98–104].
Absent expression of MMP-13 (collagenase 3) in the epidermis and overexpression of MMP-13 in
non-healed wounds also suggests that the expression of several MMPs are derailed both at mRNA and
protein levels in abnormal wound healing [98].

MMPs also regulate cell-cell and cell-matrix interactions through modulating and releasing
cytokines, growth factors, and other biological active fragments that are sequestered in the ECM [100].
Growing evidence has convincingly identified select MMPs in membrane-type and intracellular
compartments with unexpected physiological and pathological roles [98,99]. Membrane-type MMPs
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involve sheddase activities, collagenolysis, bacterial killing, and intracellular trafficking reaching
as far as the nucleus. These membrane-type MMPs may also support pericellular proteolysis and
endocytosis [100]. The above described research supports the important role of MMPs in wound
healing, because MMPs are not only responsible for the direct degradation of ECM molecules, but are
also key modulators of cardinal bioactive factors [102,103].

Coinciding with the dysregulation of MMPs, the tight regulation of endogenous inhibitors,
tissue inhibitors of metalloproteinases (TIMPs), is also reported to be involved in wound
healing [101,102]. These TIMPs directly regulate MMP activity and the MMPs/TIMPs balance can
determine the net MMP activity, ECM turnover, and tissue remodeling, including wound healing.

The successful remodeling phase of wound healing depends on type I collagen in place of the
original type III collagen. Type III collagens have more “flexible” potential cleavage sites than type
I, and thus are more susceptible to hydrolysis by a variety of MMPs [97]. The classical collagenases
include MMP-1, MMP-8, and MMP-13, based on efficiently catalyzing collagen hydrolysis ability [94].
Membrane-type I MMP prefers type I collagen, and the activity against type I collagen is 6.5 times
that of type III collagens [97]. Since clear evidence shows that a single MMP cannot be unequivocally
labeled as “good” or “bad”, because the net result of proteolytic activity should be dependent on
situations when considering wound healing in general [104], it is not surprising that dysregulation in
any protease function that affects ECM homeostasis might contribute to poor wound healing.

7. Conclusions

A full understanding of cutaneous estrogen synthesis and signaling is essential for future
estrogen-based pharmacological manipulations of wound healing. Existing clinical estrogen-like
compounds (e.g., tamoxifen, raloxifene, phytoestrogens, and genistein) are also known to influence
the wound healing process [105], suggesting that the effects of estrogen on wound healing are
complicated and worthy of further investigation. Translation of these estrogen and estrogen-like
compound-mediated pathways from the bench to the clinic remains a promising proposition.
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The following abbreviations are used in this manuscript:

GF growth factor
ECM extracellular matrix
TGF-β transforming growth factor-β
DHEA dehydroepiandrosterone
SERMs selective estrogen receptor modulators
ER estrogen receptor
Cyr61 cysteine-rich 61
IL interleukin
GPER1 G-protein-coupled ER1
GRP30 G-protein-coupled receptor 30
Arg1 arginase 1
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TNF tumor necrosis factor
MIF macrophage migration inhibitory factor
RR relative risk
CI confidence interval
MMPs metalloproteinases
TIMPs tissue inhibitors of metalloproteinases
siRNA small interfering RNA
MAP mitogen-activated kinase (MAP)
PI3K phosphatidylinositol-3-kinase
miRNAs microRNAs
CXCL-8 C-X-C motif chemokine ligand 8
IFN-γ interferon-γ
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Abstract: Post-burn pruritus is a common and distressing sequela of burn scars. Empirical antipruritic
treatments usually fail to have a satisfactory outcome because of their limited selectivity and possible
side effects. Therefore, novel drug targets need to be identified. Here, we aimed to investigate the
possible role of protease-activated receptor 2 (PAR2) and transient receptor potential vanniloid 3
(TRPV3), along with the relation of TRPV3 to thymic stromal lymphopoietin (TSLP). Specimens
from normal (unscarred) or burn-scarred (with or without pruritus) tissue were obtained from
burn patients for this study. In each sample, the keratinocytes were isolated and cultured, and the
intracellular Ca2+ level at the time of stimulation of each factor was quantified and the interaction was
screened. PAR2 function was reduced by antagonism of TRPV3. Inhibiting protein kinase A (PKA)
and protein kinase C (PKC) reduced TRPV3 function. TSLP mRNA and protein, and TSLPR protein
expressions, increased in scars with post-burn pruritus, compared to scars without it or to normal
tissues. In addition, TRPV1 or TRPV3 activation induced increased TSLP expression. Conclusively,
TRPV3 may contribute to pruritus in burn scars through TSLP, and can be considered a potential
therapeutic target for post-burn pruritus.

Keywords: protease-activated receptor 2; transient receptor potential vanniloid 3; thymic stromal
lymphopoietin; post-burn pruritus

1. Introduction

Transient receptor potential (TRP) channels are an ion channel group located in the plasma
membrane of numerous types of cells. It was shown that certain thermosensitive TRP channels,
especially TRP vanilloid 1 (TRPV1), TRPV3, TRPV4 and TRP ankyrin 1 (TRPA1), have important roles
in the pathogenesis of pruritus as well as pain [1]. In a few of the early studies, the absence of TRPV3
in the TRP channels of skin cells was reported, but this finding was later reversed [2,3]. Besides skin
and neuronal cells, TRPV3 is also expressed in the nasal and oral cavities [4]. In our previous study,
we evaluated the clinical and histopathological characteristics of patients with post-burn pruritus and
discovered increased expression of TRPV3, TRPV4 and TRPA1 [5]. Among them, TRPV3, in particular,
is predominantly expressed in the epidermis of the tissue of pruritic burn scars. Moreover, Ca2+

influx via TRPV3 is markedly greater in the keratinocytes isolated from pruritic burn scars than in
nonpruritic burn scars or normal skin [6]. In our previous study, protease-activated receptor 2 (PAR2)
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and neurokinin receptor 1 (NK1R) also were more abundant in pruritic burn scars than in nonpruritic
burn scars [6].

Despite these previous studies, there is still much more to be studied about the pathway.
For example, how TRPV3, which is highly expressed in keratinocytes, is involved in the itching
of burn patients. We hypothesized that the PAR2 pathway might have the effect on TRPV3 of inducing
itching in burn scars. This is suggested because of previous discoveries showing that PAR2 activation
sensitizes thermoTRPs like TRPV1, TRPV4 and TRPA1 [7–9]. Moreover, the effect of PAR2 on TRPV3
channel has not been established.

Thymic stromal lympopoietin (TSLP) is a cytokine involved in allergic diseases and fibrotic
conditions such as asthma, allergic rhinitis, atopic dermatitis, systemic sclerosis and scleroderma [10–14].
Intracellular increase of Ca2+ promotes TSLP expression through the calmodulin–calcineurin
pathway [15]. PAR2 and TRPV1 activation reportedly increased TSLP in airway epithelium [15,16],
but the evidence for TRPV3 inducing TSLP expression in epidermal keratinocyte is lacking. Previous
study revealed that TSLP derived from keratinocytes act directly via TSLP receptors on sensory nerve
terminals to induce pruritus [17]. We hypothesized that epithelial TSLP might have a role in pruritus of
burn scar patients and that the TSLP expression level might be increased in burn-scar tissues.

The aims of this study were (1) to determine whether PAR2 downstream pathways have relations
with TRPV3 function; (2) to elucidate the mechanism of it and (3) to compare the expression of TSLP in
pruritic burn scars with that in nonpruritic burn scars and normal tissue.

2. Results

2.1. Characteristics of Patients

The 27 burn patients included 19 males and 8 females, ages between 8 and 60 years (36.9 ± 14.2).
The average time after burn injury for all patients was 103.2 ± 125.0 months (range, 6–487 months).
The patients had total body surface area (TBSA) from 2% to 70% (22.7 ± 22.6). There was no statistical
difference on age, proportion of males, TBSA, and time after burn injury (Table 1).

Table 1. The clinical differences between burn patients with and without pruritus.

Characteristic
Nonpruritic Burn Scar

Patients (n = 15)
Pruritic Burn Scar
Patients (n = 12)

p-Value

Age, years 34.3 ± 23.6 40.1 ± 13.8 0.419
Gender (male), % 80 75 0.6374

Burned area (% of TBSA) 19.3 ± 23.6 26.9 ± 21.4 0.123
Time after burn injury, months 135.6 ± 147.5 62.9 ± 77.9 0.188

VAS for pruritus 0 6.4 ± 0.8 <0.001 *

All data shown are means ± SD or percentage. Significantly different at * p < 0.05. VAS, visual analogue scale;
TBSA, total body surface area. p-values were calculated by Wilcoxon signed rank test for continuous variables and
chi-square test for categorical variable.

2.2. PAR2 Activation Induces Intracellular Ca2+ Influx in Cultured Human Keratinocytes and Amplifies
TRPV3 Activation Induced Intra + Cellular Ca2+ Influx in Burn Scars

To compare intracellular Ca2+ influx after TRPV3 activation between keratinocytes cultured from
normal tissue and burn-scarred tissue with or without pruritus, TRPV3 agonist (500 μM Carvacrol and
200 μM 2-APB mixture) was used to treat each group.

The Ca2+ influx in the cultured keratinocytes decreased slowly with time (Figure 1A–C).
The keratinocytes from pruritic burn scars showed higher peak level of intracellular Ca2+ influx
than normal and nonpruritic burn scars, at the time of TRPV3 agonist treatment (Figure 1D).
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Figure 1. Ca2+ influx in cultured keratinocytes of: (A) Normal control; (B) Nonpruritic burn scar
and (C) pruritic burn scar; (D) Intracellular Ca2+ levels at the time of TRPV3 agonist treatment. Each
group was treated with TRPV3 agonist (500 μM Carvacrol and 200 μM 2-APB mixture) and Ca2+

buffer with 0.5 M ethylenediaminetetraacetic acid (EDTA) was used for control. The Ca2+ influx in
cultured keratinocytes decreased slowly with time. NC: keratinocytes from normal control; B (N):
keratinocytes from a nonpruritic burn scar; B (P): keratinocytes from a pruritic burn scar; Error bars
in (A–C): standard deviation of the mean value obtained from three experiments; Error bars in (D):
standard error, each performed in triplicate.* p < 0.001.

To investigate the effects of PAR2 on TRPV3 activation, keratinocytes cultured from normal
tissue and burn-scarred tissue with or without pruritus, were treated with PAR2 agonist (100 uM
SLIGRL-NH2). After that, they were treated with TRPV3 or TRPV1 agonist. The intracellular Ca2+

level was recorded continuously with a multimode detector.
PAR2 agonist induced intracellular Ca2+ influx in cultured human keratinocytes of normal tissue,

and in nonpruritic and pruritic burn-scar tissues (Figures 2 and 3). The keratinocytes from pruritic
burn scars showed higher peak level of intracellular Ca2+ influx than normal and nonpruritic burn
scars, at the time of TRPV3 agonist treatment (Figure 2G). Unlike normal tissue, keratinocytes from
scar tissue showed an increasing pattern of intracellular Ca2+ level (Figure 2A–C). In keratinocytes
transfected by TRPV3 siRNA, PAR2 agonist increased intracellular Ca2+ level; whereas TRPV3 agonist
decreased it (Figure 2D–F).

After treatment with TRPV1 agonist, intracellular Ca2+ slowly increased in all keratinocyte groups
except for TRPV3 siRNA transfected normal control keratinocyte (Figure 3A–C,E,F). The keratinocytes
from pruritic burn scars showed higher peak level of intracellular Ca2+ influx than normal and
nonpruritic burn scars, at the time of TRPV1 agonist treatment (Figure 3G).
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Figure 2. Ca2+ influx in cultured keratinocytes of: (A) Normal control; (B) nonpruritic burn scar;
(C) pruritic burn scar; (D) TRPV3 siRNA transfected normal control; (E) TRPV3 siRNA transfected
nonpruritic burn scar and (F) TRPV3 siRNA transfected pruritic burn scar; (G) Intracellular Ca2+ levels
at the time of TRPV3 agonist treatment. Each group was pretreated with protease-activated receptor 2
(PAR2) agonist (100 μM SLIGRL-NH2) or PAR2 antagonist (100 uM LRGILS-NH2); then TRPV3 agonist
(500 μM Carvacrol and 200 μM 2-APB mixture) was added. PAR2 agonist induced intracellular Ca2+

influx in cultured human keratinocytes of normal (unscarred), and in nonpruritic and pruritic burn-scar
tissues. The pruritic burn scars showed the highest level of intracellular Ca2+ influx. Unlike normal
tissue, keratinocytes from scar tissue showed a pattern of increasing intracellular Ca2+. In keratinocytes
transfected with TRPV3 siRNA, PAR2 agonist increased the level of intracellular Ca2+, but TRPV3
agonist decreased it. NC: keratinocytes from normal control; B (N): keratinocytes from a nonpruritic
burn scar; B (P): keratinocytes from a pruritic burn scar; Error bars in (A–F): standard deviation of
the mean value obtained from three experiments; Error bars in (G): standard error, each performed in
triplicate.* p < 0.001.
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Figure 3. Ca2+ influx in cultured keratinocytes of: (A) Normal control; (B) nonpruritic burn scar;
(C) pruritic burn scar; (D) TRPV3 siRNA transfected normal control; (E) TRPV3 siRNA transfected
nonpruritic burn scar and (F) TRPV3 siRNA transfected pruritic burn scar; (G) intracellular Ca2+

levels at the time of TRPV3 agonist treatment. Each group was pretreated with PAR2 agonist (100 uM
SLIGRL-NH2) or PAR2 antagonist (100 uM LRGILS-NH2); then TRPV1 agonist (1 uM Capsaicin) was
added. PAR2 agonist induced intracellular Ca2+ influx in cultured human keratinocytes of normal
(unscarred), and in nonpruritic and pruritic burn-scar tissues. After treatment with TRPV3 agonist,
intracellular Ca2+ slowly increased in all keratinocyte groups except for TRPV3 siRNA transfected
normal control keratinocyte. NC: keratinocytes from normal control; B (N): keratinocytes from a
nonpruritic burn scar; B (P): keratinocytes from a pruritic burn scar; Error bars in (A–F): standard
deviation of the mean value obtained from three experiments; Error bars in (G): standard error, each
performed in triplicate.* p < 0.001.

2.3. PAR2 Amplification of TRPV3 Agonist Effects Via PKA, PKC and PLC-β Related Mechanism

To examine the mechanism of amplified TRPV3 activation in PAR2 agonist pretreated
keratinocytes of burn-scar tissue, we evaluated the level of intracellular Ca2+ of cultured keratinocytes
from normal tissue or burn-scarred tissue (with or without pruritus) after inhibiting PLC-β, protein
kinase A (PKA) and protein kinase C (PKC), which are essential components of intracellular Ca2+

influx signalling by PAR2.
The blocking of PKA and PKC is associated with reduced intracellular Ca2+ influx compared to

the control when treated with PAR2 agonist or with additional TRPV3 agonist treatments (Figure 4).
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Figure 4. Ca2+ influx in cultured keratinocytes of: (A) Normal control, (B) Nonpruritic burn scar and (C)
Pruritic burn scar. Each group was pretreated with PAR2 agonist (100 μM SLIGRL-NH2), PAR2 agonist
with phospholipase C (PLC)-β inhibitor (10 μM U73122), PAR2 agonist with protein kinase A (PKA)
inhibitor (10 μM H-89) or PAR2 agonist with and protein kinase C (PKCs) (α, β, γ, δ, ε and ζ) inhibitor
(10 μM GF109203X); then TRPV3 agonist (500 μM Carvacrol and 200 μM 2-APB mixture) was added.
Inhibition of PKA and PKC, which are essential components of intracellular Ca2+ influx signalling by
PAR2, is associated with reduced intracellular Ca2+ influx compared to the control, even when treated
with PAR2 agonist or with additional TRPV3 agonist treatments. NC: keratinocytes from normal control;
B (N): keratinocytes from a nonpruritic burn scar; B (P): keratinocytes from a pruritic burn scar.

2.4. Inhibition of TRPV3 Channels Attenuated the Action of PAR2

To evaluate the role of the TRPV3 channel on PAR2 function, we compared the intracellular Ca2+

level with Fluo-3, with PAR2 agonist in TRPV3 pretreated keratinocytes cultured from normal tissue
or burn-scarred tissue (with or without pruritus).

Intracellular Ca2+ influx by PAR2 agonist in keratinocytes was markedly reduced after
pre-treatment with TRPV3 antagonist (Figure 5). The keratinocytes from pruritic burn scars showed
higher peak level of intracellular Ca2+ influx than normal and nonpruritic burn scars, at the time of
PAR2 agonist treatment (Figure 5D).
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Figure 5. Ca2+ influx in cultured keratinocytes of: (A) Normal control, (B) Nonpruritic burn scar and
(C) pruritic burn scar. (D) Intracellular Ca2+ levels at the time of PAR2 agonist treatment. Control
group was treated only with PAR2 agonist (100 uM SLIGRL-NH2), while test group was treated with
PAR2 agonist and TRPV3 antagonist (125 μM DPTHF). TRPV3 antagonist pretreated group showed
lower intracellular Ca2+ influx induced by PAR2 agonist than did control group. NC: keratinocytes
from normal control; B (N): keratinocytes from nonpruritic burn scar; B (P): keratinocytes from pruritic
burn scar; Error bars in (A–C): standard deviation of the mean value obtained from three experiments,
Error bars in (D): standard error, each performed in triplicate.* p < 0.001.

2.5. Thymic Stromal Lymphopoietin (TSLP) and TSLPR Expression Increased in Burn-Scar Tissues, Especially
in Pruritic Burn Scars

In order to compare the expression of TSLP and TSLPR in normal and burn-scar tissues with or
without pruritus, we measured the mRNA level of TSLP in the tissues using qPCR. Then, western
blotting was performed to measure the protein level of TSLP and TSLPR in the tissue.

The highest TSLP expression of mRNA and protein was observed in pruritic burn-scar tissue by
qPCR and western blotting. Expression of TSLPR proteins was also greatest in pruritic burn-scar tissue
subjected to western blotting (Figure 6).

To visualize the expression pattern of TRPV3, TSLP and TSLPR, immunohistochemistry was
performed on normal and burn-scar tissues with or without pruritus, each in twelve sets, using
DAPI (4′,6-diamidino-2-phenylindole), TRPV3 antibody, TSLP antibody, TSLPR antibody and PGP
9.5 antibody.

Immunohistochemistry showed markedly increased TRPV3, TSLP and TSLPR expression in
pruritic burn-scar tissue compared to normal (unscarred) tissue. TRPV and TSLP were highly expressed
in the spinous layer and TSLPR was mainly observed in the lower spinous layer and basal layer
(Figures 7–10).
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Figure 6. Expression of (A) thymic stromal lymphopoietin (TSLP) protein and (B) TSLP receptor (TSLPR)
protein in normal and burn-scar tissues with or without pruritus was measured by (C) western blotting
(WB). Expression of (D) TSLP mRNA was measured using quantitative real-time PCR in normal and
burn-scar tissues with or without pruritus. The greatest TSLP expression of mRNA and protein was
observed in pruritic burn-scar tissue using qPCR and western blotting (A–C). TSLPR proteins were also
highest in pruritic burn-scar tissue via western blotting results (D). NC: keratinocytes from normal control;
B (N): keratinocytes from nonpruritic burn scar; B (P): keratinocytes from pruritic burn scar; TSLP: thymic
stromal lymphopoietin; TSLPR: thymic stromal lymphopoietin receptor; Error bars: standard deviation
of the mean value obtained from three experiments, each performed in triplicate. * p < 0.001.

Figure 7. Three-color immunofluorescence confocal images were obtained for 4′,6-diamidino-2-
phenylindole (DAPI), blue), TSLP (green) and protein gene product 9.5 (PGP 9.5, red) from tissues
of (A) normal; (B) nonpruritic and (C) pruritic burn scars. The staining of TSLP, well observed in the
spinous layer of the epidermis, was least in (A) normal control and greatest in (C) pruritic burn-scar
tissue. NC: keratinocytes from normal control; B (N): keratinocytes from a nonpruritic burn scar;
B (P): keratinocytes from a pruritic burn scar; TSLP: thymic stromal lymphopoietin. Scale bars = 50 μm.
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Figure 8. Three-color immunofluorescence confocal images were obtained for DAPI (blue), TSLPR (green)
and PGP 9.5 (red) from tissues of (A) Normal, (B) Nonpruritic and (C) Pruritic burn scars. The staining
of TSLPR, mainly observed in the lower spinous layer and basal layer of the epidermis, was least in (A)
Normal control and greater in (B,C) Burn-scar tissues with or without pruritus. NC: keratinocytes from
normal control; B (N): keratinocytes from nonpruritic burn scar; B (P): keratinocytes from pruritic burn
scar; TSLPR: thymic stromal lymphopoietin receptor. Scale bars = 50 μm.

Figure 9. Three-color immunofluorescence confocal images were obtained for DAPI (blue), TRPV3
(green) and TSLP (red) from tissues of (A) normal, (B) nonpruritic and (C) pruritic burn scars.
The staining of TRPV3 and TSLP, well observed in spinous layer of the epidermis, was least in
(A) normal control and greater in (B,C) burn-scar tissues with or without pruritus. NC: keratinocytes
from normal control; B (N): keratinocytes from nonpruritic burn scar; B (P): keratinocytes from pruritic
burn scar; TSLP: thymic stromal lymphopoietin. Scale bars = 50 μm.
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Figure 10. Three-color immunofluorescence confocal images were obtained for DAPI (blue), TRPV3
(green) and TSLPR (red) from skin tissues of (A) normal, (B) nonpruritic and (C) pruritic burn scars.
The staining of TRPV3, well observed in spinous layer of the epidermis, and TSLPR, in lower spinous
and basal layer, was least in (A) normal control and higher in (B,C) burn-scar tissues with or without
pruritus. Staining of TSLPR was greatest in burn-scar tissue with pruritus. NC: keratinocytes from
normal control; B (N): keratinocytes from nonpruritic burn scar; B (P): keratinocytes from pruritic burn
scar; TSLPR: thymic stromal lymphopoietin receptor. Scale bars = 50 μm.

2.6. TRPV1 and TRPV3 Activation Induce TSLP Expression in Normal Human Epidermal Keratinocytes

Finally, to confirm that TRPV3 activation induces TSLP production in keratinocytes, normal
human epidermal keratinocytes (NHEKs) were transfected with TRPV3 cDNA containing vectors and
TRPV3 siRNA. TRPV3 agonist was used to treat MOCK, TRPV3 overexpressing, and TRPV3 blocked
NHEKs. TRPV1 agonist was also treated as control. The mRNA level of TSLP was quantified with
qPCR, and the protein level was quantified using western blot.

In normal human epidermal keratinocytes treated with TRPV3 agonist, TSLP mRNA and protein
expression increased. The expression of TSLP mRNA was significantly increased by TRPV3 agonist in
TRPV3 overexpressed NHEK, but not in the TRPV3 knockout NHEK with siRNA. The expression of
TSLP mRNA and protein was also increased by TRPV1 agonist treatment. There was no significant
increase in TSLP protein expression in TRPV1 agonist treatment with TRPV3 overexpressed NHEK,
and no increase in the TRPV3 knockout NHEK (Figure 11).
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Figure 11. Normal human epidermal keratinocytes (NHEKs) were transfected with TRPV3 overexpressing
vector or with siRNA, to analyse the effect of TRPV3 and TRPV1 channels on TSLP expression. Western
blotting was conducted to measure the TSLP protein level in response to (A) TRPV3 agonist (500 μM
Carvacrol + 200 μM mixture 2-APB) and (B) TRPV1 agonist (1 μM Capsacin). Quantitative real-time PCR
was performed to measure the TSLP mRNA level in response to (C) TRPV3 agonist and (D) TRPV1 agonist.
In normal human epidermal keratinocytes treated with TRPV3 agonist, TSLP mRNA and protein expression
increased. The expression of TSLP mRNA was significantly increased by TRPV3 agonist treatment with
TRPV3 overexpressed NHEK, but not with TRPV3 knockout NHEK with siRNA. The expression of TSLP
mRNA and protein was also increased by TRPV1 agonist treatment. There was no significant increase in
TSLP protein expression in TRPV1 agonist treatment with TRPV3 overexpressed NHEK and no increase in
TRPV3 knockout NHEK. NC: keratinocytes from normal control; B (N): keratinocytes from nonpruritic
burn scar; B (P): keratinocytes from pruritic burn scar; NHEK: normal human epidermal keratinocyte;
TSLP: thymic stromal lymphopoietin; TSLPR: thymic stromal lymphopoietin receptor; Error bars: standard
deviation of the mean value obtained from three experiments, each performed in triplicate.

3. Discussion

In this study we demonstrated the relationships of PAR2, TRPV3 and TSLP in keratinocytes from
scars with or without pruritus.

PARs are widely expressed G-protein coupled receptors, differentially activated by various
physiological factors such as thrombin (PAR1, PAR3 and PAR4), mast cell-derived tryptase (PAR2) and
trypsin (PAR2 and PAR4), which mediate various signals [18,19]. PAR2 can be activated by proteases
from circulation, inflammatory cells, neurons and keratinocytes; and controls inflammation, pain and
neuronal excitability [20–22]. Its agonists also cause thermal and mechanical somatic hyperalgesia [23].
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In contrast with TRPV1, TRPV4 and TRPA1, which are reportedly sensitized by PAR2 activation
in keratinocytes and neurons, there has been no report on the relationship of TRPV3 with PAR2 [7–9].
The increase in intracellular Ca2+ by PAR2 was greatest in burn scars with pruritus (Figures 2C
and 3C). In addition, the effect of PAR2 agonist on intracellular Ca2+ (increase) in keratinocytes was
not decreased by TRPV3 siRNA treatment (Figure 2D–F); while in the presence of TRPV3 antagonist,
the PAR2 agonist was less effective in increasing intracellular Ca2+ levels (Figure 5). This suggests that
the TRPV3 channel is involved but not necessarily required for PAR2 to increase intracellular Ca2+.
In the presence of the pretreated PAR2 antagonist in keratinocytes cultured in normal and burn scars,
the TRPV3 agonist did not induce marked intracellular Ca2+ influx (Figure 2). PLC-β, PKA, and PKC
are the subsequent signalling pathways after PAR2 activation. In this study, the action of PAR2 on
intracellular Ca2+ was decreased by inhibition of PKA and PKC, as expected. Moreover, the action
of TRPV3 agonist was also decreased by inhibiting PKA and PKC (Figure 4). In the context of the
fact that PKA and PKC modulate the activation of TRPV1, this result implies that PKA and PKC are
necessary for TRPV3 to function [24–26]. It can be suggested that PKA, PKC and/or other downstream
signalling pathways of PAR2 affect TRPV3 inducing Ca2+ influx.

On the other hand, the decrease of intracellular Ca2+ after treating TRPV3 agonist (carvacrol +
2-APB mixture) on PAR2 agonist pretreated si-RNA transfected keratinocytes (Figure 2D–F) may be
caused by the inhibitory effect of 2-APB on inositol phosphate 3 (IP3) receptor [27]. The IP3 receptor itself
is a calcium channel that is linked to intracellular space like endoplasmic reticulum, and when activated,
transfers intraluminal calcium to intracellular space to increase intracellular Ca2+ level. Inhibition of the
IP3 receptor, a calcium channel, may have reduced intracellular Ca2+. Despite the fact that 2-APB can
act on other TRP channels such as TRPV1/2/3/4/6, TRPM7/8, TRPC6, and store-operated calcium
channels and show a different pattern in Ca2+ regulation in a dose-dependent manner, 2-APB is widely
used as TRPV3 agonist since there are few alternatives [28–31].

Thymic stromal lymphopoietin (TSLP) is known to have an important role in the pathogenesis
of atopic dermatitis by mediating an immune response to Th2 [32]. It is released via the
Ca2+-calmodulin/nuclear factor of activated T cell NFAT pathway in multiple cells including
keratinocytes and dendritic cells [33]. Keratinocyte-derived TSLP expression is increased in acute
and chronic lesions of atopic dermatitis patients. Genetic variants of TSLP can either induce or protect
against the cutaneous inflammation of atopic dermatitis, which may be the result of corresponding
increase or decrease in TSLP protein activity [32,34,35]. TSLPR is a heterodimer of the IL-7 receptor
alpha chain and TSLP-specific receptor chain, and is expressed in nerve tissue and dorsal root ganglia.
We found that TRPV3 and TSLP were increased in burn-scar tissues, especially in burn scars with
pruritus (Figures 6 and 7). TRPV3 is responsible for the epidermal layer differentiation and proliferation,
which is important to the skin barrier function as well as the pathogenesis of xerotic eczema and the
process of wound healing [36,37]. Increased expression of TRPV3 may have a role in the healing of
burn injury, and it is possible that increased TRPV3 induced the expression of TSLP. TSLP secreted by
keratinocytes may acts directly on TSLP receptors on sensory nerve terminals to induce pruritus [17].
Recently, it has been reported that TSLP expression increased in idiopathic pulmonary fibrosis, atopic
dermatitis fibrosis and keloid scar tissue, and it has been reported that it induces transforming growth
factor-β, and affects collagen synthesis and fibrocyte infiltration [13]. The findings of our study could
be of great significance in explaining the role of TSLP because it might play an important role in the
pathogenesis of post-burn pruritus and, although not focused on in this study, burn-scar formation.

The TRPV family of ion channels has six members [38]. Among them, TRPV3 is abundantly
expressed in the skin, especially in epidermal and hair follicular keratinocytes, as well as in the cornea,
the distal colon, human larynx and inner ear [39–46]. Activation of the epidermal growth factor
receptor (EGFR) induces TRPV3 channel activity, which eventually stimulates the release of the growth
factor (TGF) [36]. In addition, temperature stimulation activates TRPV3 (and TRPV4) and promotes
barrier recovery after mechanical damage [47]. With respect to pain sensation, it is noteworthy that
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the naturally existing TRPV3 agonists (camphor, eugenol, carvacrol, etc.) function as skin sensitizers,
because they induce irritation and pain on topical application [48].

In the present study, expression of TSLP at the protein level and mRNA level increased after
TRPV1 and TRPV3 channel activation in normal human epidermal keratinocytes (Figure 11). It has
been reported that the activation of the TRPV1 channel in bronchial epithelial cells increases the
secretion of TSLP [13]. However, there has been no study of TSLP and TSLPR increase after TRPV1
activation in human epidermal keratinocytes. Furthermore, it is significant that we found that
TSLP expression increases after TRPV3 stimulation. Burn-scar tissues had greater TSLP protein
and mRNA expression, and greater TSLPR protein expression, than did normal skin tissue (Figure 6).
Also, immunofluorescence confocal microscopy images of pruritic burn-scar tissue showed increased
staining for TRPV3, TSLP and TSLPR as well (Figures 7–10). From the results of our previous study,
it appeared that pruritic burn-scar tissue had greater TRPV3 mRNA expression than did normal and
nonpruritic burn-scar tissue [5]. Therefore, upregulation of the TRPV3 channel in the scar tissue
with pruritus may lead to an increase in TSLP expression, which may be one of the mechanisms of
post-burn pruritus.

There have been reports that TRP channels other than TRPV3, such as TRPV1/4, TRPA1, and
TRPM6/7 contribute to pruritus. Authors noted at the location of expression of TRP channels, since
they are all different. Although TRPV1 and TRPV3 are highly expressed in skin, TRPV1 is also highly
expressed in and nerve tissues while TRPV3 is more restricted to the skin, being more selective for
itching or pain. Other TRP channels also may have some role in pruritus. However, practically, selective
agonists and antagonists have not been found on many TRP channels and further investigation is
necessary. Given that TRPV3 is mainly expressed in epithelial tissues, it now appears that agents
selectively inhibiting TRPV3 may be beneficial in controlling pruritus and may have fewer side effects.

4. Materials and Methods

4.1. Patient Selection

Patients with burn scars treated in Hangang Sacred Heart Hospital, Hallym University
(Seoul, Korea) were included. Inclusion criteria was burn patients who were 18 years or older
who agreed to volunteer. Exclusion criteria were patients with (i) pre-existing chronic systemic
or dermatologic diseases which cause pruritus, (ii) concurrent systemic medications affecting pruritus
symptoms (such as antihistamines or immunomodulators like systemic steroids and cyclosporine),
(iii) concurrent psychotic disease, (iv) pregnancy, and (v) patients who could not provide clinical
information about their pruritus. Each patient received a thorough dermatologic examination
and underwent a complete examination to exclude other cutaneous or systemic causes of pruritus.
Laboratory tests were done to assess blood sugar, liver function and kidney function. The Institutional
Review Board of Hangang Sacred Heart Hospital approved the study protocol. Informed consent was
obtained from each patient or their parents/legal representative.

4.2. Pruritus in Burn Scars

All patients were asked whether they had pruritus on their burn scars. The patients were divided
into two groups: those with pruritus and those without.

4.3. Tissue Collection

Tissue samples were taken from two different sites from 27 patients undergoing plastic surgery
to correct excessive scar tissue: one from a hypertrophic burn scar and the other from normal skin
of the inguinal area, which skin is rarely exposed to the sun. In the patients with post-burn pruritus,
the specimens were obtained from the most pruritic areas.
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4.4. Isolation and Cultivation of Keratinocytes

Post-burn hypertrophic scars and normal skin biopsy specimens were obtained. Dispase
(Boehringer Mannheim, Mannheim, Germany) (2.4 U/mL for 14 h at 4 ◦C) was treated to
them to mechanically separate the dermis from epidermis. The epidermis part was rinsed with
phosphate-buffered saline (PBS) and a single-cell suspension was obtained by treatment with 1 mM
EDTA (Gibco, Grand Island, NY, USA) for 30 min in a water bath at 37 ◦C. The dermis was also washed
with PBS and a single-cell suspension was obtained by treatment with 500 U/mL collagenase (Gibco)
for 1 h in a water bath at 37 ◦C. For the cultivation of keratinocytes, isolated cells were rinsed with
PBS and were then overlaid (10 × 105/mL) on a culture of adherent, nonproliferating NIH 3T3 mouse
fibroblast cells (2 × 104/cm2) which is treated with mitomycin C. Cells were cultivated in vitro under
standard conditions (5% CO2 conditioned atmosphere, 99% humidity and 37 ◦C) for various time
periods before RNA extraction and qRT-PCR were performed. Culture medium of 0.15 mM calcium
chloride (3:4 Dulbecco’s modified Eagle’s medium, 1:4 Ham’s F12; Gibco) was supplemented with 10%
fetal calf serum (FCS), an antibiotic mixture, 1% L-glutamine, 0.5 μg/mL hydrocortisone, 5 μg/mL
insulin, 2.4 μg/mL adenine, 5 μg/mL transferrin, 2 nM triiodothyronine, 1 nM cholera toxin and
10 ng/mL of epidermal growth factor (all from Sigma, St. Louis, MO, USA). Half of the exhausted
medium was replaced with fresh medium every 4 days.

4.5. Transfecting Normal Human Epidermal Keratinocytes

For TRPV3 siRNA transfection, keratinocytes were cultured for a day in serum-free media. Then,
a TRPV3 siRNA reagent system (Santa Cruz Biotechnology, Dallas, CA, USA) was applied. TRPV3
siRNA and the transfection reagent were mixed and incubated for 45 min at room temperature.
The TRPV3 siRNA mixture was overlaid onto the washed cell and incubated for 5 h in a CO2 incubator.
Two-fold serum medium was added and the mixture was cultured for one day.

For TRPV3 overexpression, TRPV3 DNA (TrueORF Gold, Rockville, MD, USA) and Lipofectamine
2000 (Thermo Fisher, Carlsbad, CA, USA) were gently mixed and incubated for 10 min at room
temperature. DNA-lipid complex was dripped onto keratinocytes and then cultured for a day in a
CO2 incubator.

4.6. RNA Extraction and Quantitative Real-Time PCR (qRT-PCR)

The total RNA of tissues and cultured cells were extracted and purified using an RNeasy mini kit
(#74106, Qiagen, Hilden, Germany) according to the manufacturer’s instructions. A total of 500 ng RNA,
and RT premix solution from High Capacity cDNA RT kits (#4374966; Applied Biosystems, Foster City,
CA, USA), were added in steps at 25 ◦C for 10 min, 37 ◦C for 2 h and 85 ◦C for 5 min. For the real-time
PCR, a reaction mix was prepared containing TaqMan Mastermix (Applied Biosystems), TaqMan probe
(Hs00263639_m1 QuantiFast Probe Assay, TSLP; Hs00845692_m1 QuantiFast Probe Assay, TSLPR).

In order to measure TSLP expression in keratinocytes cultured from pruritic, nonpruritic burn
scars and normal skin, data was collected using a Light-Cycler480II (Roche, Rotkreuz, Switzerland)
under the following conditions: 45 cycles of 95◦ for 30 s, 60◦ for 30 s, and 72◦ for 1 s.

4.7. Western Blot

Tissue samples were homogenized in 400 μL RIPA buffer (50 mM Tris-HCl (pH 7.4), 150 mM
NaCl, 1 mM PMSF, 1 mM EDTA, 1% Triton X-100, 0.5% sodium deoxycholate and 0.1% sodium
dodecyl sulfate (SDS)). The protein was separated on SDS-polyacrylamide gels (20 μg per sample) and
transferred to a nitrocellulose membrane using standard procedure (Protran, Schleicher & Schuell,
city, Germany). The membranes were put in 5% non-fat milk for 1 h at room temperature and then
incubated with primary anti-TSLPR antibody (1:1000; sc-83871, Santa Cruz Biotechnology, Dallas,
CA, USA) and anti-TSLP antibody (1:10,000; ab47943, Abcam, Cambridge, MA, USA), overnight at 4 ◦C.
After three washes of 5 minutes each in PBS–Tween 20 (0.1%, v/v), membranes were incubated with
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the secondary antibody (1:5000; AP307P, Millipore, Burlington, CA, USA) conjugated with horseradish
peroxidase, anti-rabbit IgG for 2 h at 4 ◦C and then three 5-min washes were performed. The signal
was detected with an enhanced chemiluminescence system according to the manufacturer’s manual
(Amersham Pharmacia Biotech, Milan, Italy).

4.8. Intracellular Ca2+ Measurement

Cells (3 × 104/200 mL/well) were cultured in a 96-well plate (NalgeNunc, Naperville, IL, USA)
for 3–4 days in supplemented media with 20 μM calcium. Cells were washed using 4-(2-hydroxyethyl)
-1-piperazineethanesulfonic acid (HEPES)-buffered saline solution (mM: 121 NaCl, 5.4 KCl, 0.8 MgCl2,
25 HEPES, 1.8 CaCl2 and 6.0 NaHCO3 at pH 7.3) and then loaded with 4 μM Fluo-3/AM (Invitrogen,
Carlsbad, CA, USA) with an equivalent volume of 20% Pluronic F127 (Invitrogen) for 45 min in an
incubator at 37 ◦C. Thereafter, the cells were washed twice with HEPES-buffered saline solution for
10 min at room temperature in the dark. Following transfer to EDTA solution with 2 mM calcium at
room temperature, the cells were measured using a multimode detector (DTX880, Beckman-Coulter,
Brea, CA, USA). Fluorescence was excited by an argon laser at 488 nm and emissions were collected
using a 515 filter. The concentrations of materials used for activating and blocking TRP channels in this
study were: Carvacrol 500 μM + 2-Aminoethoxydiphenyl borate (2-APB) 200 μM mixture, as TRPV3
agonist; DPTHF 125 μM, as TRPV3 antagonist; Capsacin 1 uM as TRPV1 agonist; SLIGRL-NH2 100 uM,
as PAR2 agonist; LRGILS-NH2 100 uM, as PAR2 antagonist; U73122 10 μM, as phospholipase C inhibitor;
H-89 10 μM, as PKA inhibitor; GF109203X 10 μM, as PKC-α, β, γ, δ, ε and ζ inhibitor. Chemicals were
obtained from Santa Cruz Biotechnology, Sigma, or Abcam.

4.9. Confocal Microscopy

Zeiss Axiovert and Bio-Rad MRC1000 confocal microscopes with Zeiss Plan Apo ×40 (NA 1.4)
or ×100 (NA 1.3) objectives were used to observe specimens. Image collection was done at a zoom
of 1–2, iris of <3 μm and typically 5–10 optical sections were taken at intervals of 0.5 μm. Images
were coloured to represent the appropriate fluorophores, and processed using Adobe Photoshop 7.0
(Adobe Systems, Mountain View, CA, USA) to modulate contrast and brightness. Images of stained
and control slides were collected and processed identically. The fluorescence intensity of the cells was
checked by selecting a straight line across the neuronal soma and using the plot profile function of
ImageJ software (version 10.2, NIH image).

4.10. Statistical Analysis

Data were expressed as mean ± SD. All statistical analyses were conducted using PASW Statistics
18 (SPSS, Inc., Chicago, IL, USA). Statistical comparisons were made using paired t-test or McNemar’s
test. Statistical comparisons between two groups were made using the Fisher’s exact test and the
Mann–Whitney U test.
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Abstract: Cryotherapy has been regarded as an effective modality for the treatment of keloids, and the
spray-type device is one of the novel cryotherapeutic units. However, the biological mechanisms
and therapeutic effects of this technique are incompletely studied. We evaluated the clinical efficacy
of our cryotherapy protocol with molecular and pathologic evidence for the treatment of keloids.
We evenly split each of ten keloid lesions into a non-treated (C−) and treated (C+) area; the C+
area was subjected to two freeze-thaw cycles of spray-type cryotherapy using −79 ◦C spray-type
CryoPen™. This treatment was repeated after an interval of two weeks. The proliferation and
migration abilities of the fibroblasts isolated from the dermis under the cryotherapy-treated or
untreated keloid tissues (at least 5 mm deep) were compared and pathologic findings of the full layer
were evaluated. Molecular analysis revealed that the number of dermal fibroblasts was significantly
higher in C+ group as compared with C− group. The dermal fibroblasts from C+ group showed
more than two-fold increase in the migration ability as compared with the fibroblasts from C−
group. The expression of matrix metallopeptidase 9 was increased by more than two-fold and a
significant increase in transforming growth factor beta 1 expression and Smad2/3 phosphorylation
level was observed in C+ group. C+ group showed more extensive lymphoplasmacytic infiltration
with thicker fibrosis and occasional “proliferating core collagen” as compared with C− group. Thus,
−79 ◦C spray-type cryotherapy is ineffective as a monotherapy and should be used in combination
with intralesional corticosteroids or botulinum toxin A for favourable outcomes in the treatment of
thick keloids.

Keywords: keloid; cryotherapy; fibrosis; matrix metallopeptidase 9; transforming growth factor β 1

1. Introduction

Patients with keloids typically present with pruritus, pain, ulceration, secondary infection,
restricted motion, and psychological symptoms due to cosmetic disfigurement [1]. Given their
intractable nature and high recurrence rate, keloids are a great burden to the patients, physicians,
scientists, and society and are associated with physical, aesthetic, and social complaints [2,3].
Numerous treatment methods, including cryotherapy, intralesional injection, laser treatment, pressure
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therapy, radiation, and topical treatment have been proposed for keloids [4]. Cryotherapy has been
widely used for years and is regarded as an effective modality for the treatment of keloids; several
techniques and devices related to cryotherapy have been developed in the clinical practice [5,6].

In 1982, Shepherd and Dawber first described cryotherapy as an optimal treatment options for
keloid scars [7]. External cryotherapy, contact cryotherapy with spray technique, is an efficient and
effective method for clinical use and has been performed over the past few years; however, numerous
side effects such as edema, swelling, blister formation, or oozing are inevitably encountered during
the wound-healing process [8].

Intralesional cryotherapy was designed in 1993 by Weshahy [9] and involves intralesional
application of liquid nitrogen with a needle to destroy the core of the keloid scars. It is an
effective method, wherein the scar tissue is frozen from the inside and responds well to a single
use. The recurrence rate is reduced with intralesional cryotherapy and a favourable reduction in the
scar volume was observed as opposed to the external cryotherapy. However, it usually requires local
anaesthesia and patients often complain about severe pain and bleeding, due to its relatively invasive
nature. In addition, it requires general anaesthesia in cases of large keloids, leading to increased
morbidity, hospital visits, and medical cost. Furthermore, the application of intralesional cryotherapy
is difficult for wide superficial keloids. Considering the recent trends of minimally invasive techniques,
many physicians use technologically advanced spray-type cryotherapy such as −79 ◦C hand-held
spray to treat warts and other skin lesions. In recent years, this spray has been used for keloid
treatment, as it eliminates the need for local anaesthesia. As a consequence, it offers less pain and
discomfort and reduced psychological burden as compared with the conventional cryotherapy device
using −196 ◦C or intralesional spray. However, the underlying mechanisms and therapeutic effects of
this technique are questionable. Therefore, we employed −79 ◦C spray-type CryoPen™ in this study.

Matrix metallopeptidase 9 (MMP9) has been implicated in the keloid pathophysiology, due to
its gelatinase activity. The enzyme activity of MMP9 induces extracellular remodelling through the
degradation of gelatins (collagens) and matrix-associated substrates such as aggrecan and elastin [10,11].
In addition, MMP9 converts various cytokines and chemokines into their more active forms [12–14].
Though the role of MMP9 in keloid development is incompletely studied, several reports reveal its
active role in the development of keloid lesions. MMP9 is significantly overexpressed in keloid-derived
fibroblasts, especially at the margins of the keloid wound [15]. Transforming growth factor beta
1 (TGF-β1)-mediated up-regulation of microRNA-21 increases the expression of MMP9 in keloid
fibroblasts, wherein it promotes fibroblast proliferation and transdifferentiation [16].

In this study, we evaluated the clinical efficacy of −79 ◦C spray-type CryoPen™ with molecular
and pathologic evidence for the treatment of keloids.

2. Results

2.1. The Schematic Illustration of Tissue Sampling for Pathologic and Molecular Study

A total of six patients with ten keloids were treated with −79 ◦C spray-type CryoPen™. Of these,
two patients displayed multiple lesions (four and two), which were treated with cryotherapy. The mean
age of the patients was 29 years (range: 17–56) and the duration of scar ranged from 0.5 to 30 years.
Four keloids were of Fitzpatrick skin type III–IV, while six keloids were of skin type I–II. The locations
of scars were chest wall, upper arm, pubis, axilla, shoulder, trochanter, ear lobule, and helix (Table 1).
We selected two cases for the molecular and pathologic study (Case #1 and #5). The dermal keloid
(3 mm thick and at least 5 mm deep) from the epidermis was used for primary cell culture and
the adjacent full layer from the epidermis to reticular dermis was used for pathologic examination
(Figure 1).
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Figure 1. Schematic illustration of our tissue sampling for pathologic and molecular study.
(A) The dermal keloid (3 mm thick and at least 5 mm deep) from the epidermis was used for primary
cell culture, (B) while the adjacent full layer from the epidermis to reticular dermis was used for
pathologic examination.

2.2. Keloids Treated with −79 ◦C Spray-Type CryoPen™ Rapidly Reoccurred in Clinical Trials

As shown in Figure 2A,B, the keloid lesion located at the chest wall responded well to the protocol
in terms of redness and hypertrophy and the symptom improved for 2 weeks after cryotherapy.
However, the lesion reverted to its original status after 2 weeks unless it was treated with cryotherapy
(Figure 2C). However, the cryotherapy was ineffective for severe cases of keloid located at the upper
arm and caused skin erosion at the site of cryotherapy; no volume reduction or shrinkage was reported
(Figure 2D–F).

 

Figure 2. Cont.
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Figure 2. Clinical cases of keloids treated with −79 ◦C spray type CryoPen™. (A) A 56-year-old
female patient with anterior chest keloid was presented with recurrent central ulceration, pruritus,
and intermittent pain; (B) Split therapy was performed such that the right half was treated with
cryotherapy, while the remaining left half was left untreated. The therapeutic effect was noticed
1 week following four sessions of cryotherapy in terms of improvement in the texture, softness,
and redness accompanied with a slight shrinkage of the right treated half; (C) Three weeks after
the four sessions of cryotherapy, the lesion reverted to its original status unless it was subjected
to repeated cryotherapy; some skin erosion was observed in the treated half (small white arrow).
Keloid excision and full thickness skin grafting from inguinal area were planned; (D) A 21-year-old
female patient was presented with spontaneous keloids of the upper arm and axilla; (E) Split therapy
was performed such that the lower half was treated with cryotherapy, while the upper half was left
untreated. The therapeutic effect was evaluated after four sessions of cryotherapy in terms of reduction
in the volume or shrinkage of keloid. Cryotherapy was ineffective and caused skin erosion at the site of
cryotherapy; no volume reduction or shrinkage (small white arrow) was observed; (F) Post-treatment
appearance of keloid at 3 weeks after final cryotherapy. The erosion was improved with conservative
wound management. Keloid excision and primary closure were planned.

2.3. Keloid-Derived Fibroblasts Show Enhanced Proliferation and Migration Activity Following Treatment with
−79 ◦C Spray-Type CryoPen™

We first compared the proliferation of dermal fibroblasts isolated from deep tissues of
cryotherapy-treated or untreated keloids. As shown in Figure 3a, the number of dermal fibroblasts
treated with cryotherapy was significantly higher than the untreated fibroblasts at 48 h after cell
seeding, indicating that cryotherapy promotes proliferation of dermal fibroblasts. We compared the
migration ability of dermal fibroblasts using the transwell assay. To exclude the effect of proliferation
on the migration, the assay was performed with cells pretreated with mitomycin C, which causes cell
cycle arrest. In comparison with the untreated fibroblasts, those treated with cryotherapy showed more
than two-fold increase in their migration abilities (Figure 3b). Furthermore, fibroblasts subjected to
cryotherapy showed significantly enhanced migration ability in the wound-healing assay (Figure 3c).
Taken together, these findings indicate that the treatment of keloids with −79 ◦C spray-type CryoPen™
results in an increase in the proliferation and migration activity of fibroblasts.
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Figure 3. Cryotherapy increases the migration and proliferative activity of keloid dermal fibroblasts.
(a) The comparison of the proliferative activity of the dermal fibroblasts from keloids before and after
cryotherapy. Cell proliferation was promoted in the fibroblast treated with cryotherapy. The cell
number was estimated at 48 h after cell seeding; (b,c) The migration activity of dermal fibroblasts was
increased following cryotherapy. The migration of the cells was analysed by the transwell assay (b)
and wound-healing assay (c); (d) qRT-PCR experiments were performed to evaluate the mRNA levels
of fibronectin, MMP2 (Matrix metalloproteinase 2), MMP9, PAI-1 (Plasminogen activator inhibitor-1),
TGF-β1, and Col2a1 (Collagen Type II Alpha 1) in fibroblasts derived from the dermis under the
cryotherapy-treated (+) or untreated (−) keloids. MMP9 and TGF-β1 were significantly increased
in the fibroblast treated with cryotherapy as compared with controls; (e) Immunoblot analysis of
phosphorylated Smad2/3. Total Smad2/3 and GAPDH were used as the loading controls. Error bars
represent the standard error from three repeated experiments. * p < 0.05, ** p < 0.01, and *** p < 0.005
(Student’s t-test).

2.4. Expression of MMP9 and TGF-β1 was Increased in Keloids after Treatment with −79 ◦C
Spray-Type CryoPen™

The expression of MMP9, which promotes cell migration ability by converting various cytokines
and chemokines into their more active forms, 12–14 was increased by more than two-fold following
cryotherapy (Figure 3d). In addition, the expression of TGF-β1 and level of Smad2/3 phosphorylation
were significantly increased by cryotherapy (Figure 3d,e).

2.5. Cryotherapy-Treated Keloids Showed More Fibrosis and Extensive Lymphoplasmacytic Infiltration

The result of the molecular analysis was further confirmed by the pathologic examination.
We found that keloids treated with cryotherapy showed extensive lymphoplasmacytic infiltration
characterised with thicker fibrosis and occasional “proliferating core collagen” in the deeper part.
On the other hand, untreated keloids showed relatively less lymphoplasmacytic infiltration and
thinner, surface-parallel fibrosis without “proliferating core collagen” (Figure 4). Thus, the treatment of
keloids with −79 ◦C spray-type CryoPen™ induces fibrotic incidence as compared with the untreated
keloid tissues.
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Figure 4. Histologic findings of keloids pretreated and untreated with cryotherapy.
(a) Cryotherapy-treated keloid showed extensive lymphoplasmacytic infiltration characterised by
thicker fibrosis and occasional “proliferating core collagen” (black arrow) in the deeper part
(H&E stain, ×12.5); (b) The untreated keloid showed less inflammation and less surface-parallel
fibrosis without core collagen (H&E stain, ×12.5).

3. Discussion

Keloids are a result of an overgrowth of a dense fibrous tissue that develops after trauma of skin,
and cryotherapy is known as an efficient and effective method for the treatment of keloids. However,
our clinical experience of treating keloid patients with −79 ◦C spray-type cryotherapy protocol as a
monotherapy has made us doubt the efficacy of this therapy in keloid treatment.

More than 2 weeks after cryotherapy, the lesion reverted to its primary status and required
additional cryotherapy (Figure 2C). In the severe case of keloids located at the upper arm, cryotherapy
was ineffective and caused skin erosion at the site of cryotherapy; no volume reduction or shrinkage
was observed (Figure 2D–F). These results imply that −79 ◦C spray-type cryotherapy may be effective
only for the treatment of mild keloid and to destroy superficially located fibroblasts; the rapid
recurrence of the symptom may be possibly due to the compensatory stimulation of the deep keloid
tissues located under the cryotherapy-treated superficial keloid tissues.

We performed in vitro analysis of the cellular activity of the keloid-derived fibroblasts to
understand the therapeutic effect of −79 ◦C spray-type cryotherapy. Dalkowski et al., used an
experimental model for controlled cell freezing in vitro to simulate the effect of cryotherapy on keloid
fibroblasts [17]. In our opinion, freezing cell may lead to mechanical destruction rather than actual
physiologic effect in tissues. We also believed that superficial tissues, including epidermis and upper
dermis of keloid, may be affected by the cryotherapy-mediated mechanical destruction. Hence,
we harvested deep keloid tissues (at least 5 mm deep) from the epidermis for molecular analysis.
Our results indicate that fibroblasts derived from the cryotherapy-treated keloids showed significantly
enhanced proliferation and migration ability (Figure 3a–c). In addition, the mRNA expression of MMP9
and TGF-β1 was increased (Figure 3d) and the level of Smad2/3 phosphorylation was significantly
up-regulated following cryotherapy (Figure 3d,e). Contrary to the general expectation that cryotherapy
reduces the migration or proliferation ability of keloid fibroblasts through the inhibition of collagen
synthesis [17], molecular analysis revealed that the proliferation and migration abilities of keloid
fibroblasts from the deep tissue were significantly enhanced after cryotherapy, possibly due to the
overexpression of MMP9 and activation of TGF-β signalling pathway.

Our current findings contradict the results demonstrating a significant reduction in TGF-β1
expression in the keloid tissue after cryotherapy by Awad et al., suggesting that a few sessions
of cryotherapy normalised the abnormal collagen structure and reduced fibroblast proliferation
by suppressing TGF-β1 expression [18]. The major discrepancy between these observations and
those reported in our study arises from the quality of device used. While Awad et al., used the
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hand-held device (Brymill cryogenic system, CRY–AC, Ellington, CT, USA) with −196 ◦C liquid
nitrogen, we performed our study using −79 ◦C liquid nitrogen. Furthermore, we used the simple
spray-type cryotherapy as compared with the needle type cryotherapy used in their study.

However, Har-Shai et al. [19,20] reported successful outcome with intralesional cryosurgery
treatment. Their technique resulted in major changes in collagen structure and organization including
reduced the number of proliferating cells, of myofibroblasts and of mast cells. This means that
intralesional cryosurgery effectively irradicates “proliferating core collagen” in keloids [21].

Taken together, we suggest that the monotherapy with −79 ◦C spray-type cryotherapy is
ineffective for the treatment of thick keloids and should be used in the combination with intralesional
injection of corticosteroids or botulinum toxin A to prevent any compensatory stimulation of deep
keloid tissues. At present, we use this combination therapy as the first choice of treatment in keloid
patients that are unwilling or unsuitable for any surgical treatment. However, further studies should
be performed to optimise the cryotherapy protocol to provide patients and physicians with the best
possible management of keloids.

4. Materials and Methods

4.1. Inclusion and Exclusion Criteria and Study Design

The current study was approved by the institutional review board of the CHA University
(2017-03-051; 10 April 2017). Patients with keloids who presented to the outpatient clinic were
included in the study based on the following criteria: (1) the scar was elevated and extended beyond
the dimensions of the initial injury site or lesion; (2) patients were older than 18 years; (3) surgical
excision was scheduled; (4) patients received no additional treatment or medication during the study
and prior to surgical excision; and (5) patients signed up for the data use agreement as a basis to
the clinical study. Patients were excluded from the study if they were unavailable for follow-up or
wanted to stop cryotherapy treatment for any reason. Patients who had received any additional
adjuvant therapy during the treatment were also excluded from the study. A total of ten keloids on six
patients (all females) were included in this study and all keloids showed deep thickness. The detailed
information of the cases is listed in Table 1.

4.2. Cryotherapy Protocol

All procedures were performed with −79 ◦C hand-held spray-type CryoPen™ (L&C BIO,
Gyeonggi-do, Korea) without anaesthesia. Each keloid lesion was evenly divided into untreated area
(C−) and treated area (C+). The C+ area was subjected to only two freeze-thaw cycles of spray-type
cryotherapy. This treatment was repeated after an interval of 2 weeks. Eventually, the C+ lesion was
treated with four sessions of cryotherapy over a period of 8 weeks prior to surgical excision. We then
excised lesions completely, including a full layer of dermis until we noticed bleeding of the underneath
subcutaneous tissue. The bleeding was controlled with bipolar electrocoagulator. The 3-mm thick
and at least 5-mm-deep dermal keloid from the epidermis was used for primary cell culture, while
the adjacent full layer from the epidermis to reticular dermis was used for pathologic examination
(Figure 1). We closed wounds with an appropriate approximation using 5–0 nylon interrupted sutures.
When primary closure was not possible, we covered the wound with full thickness skin graft from the
inguinal area, fixed it with 5–0 black silk sutures, and a tie-over dressing was done.

4.3. Primary Cell Isolation, in Vitro Culture, and Cell Proliferation Assay

The fibroblasts were isolated from the dermis under the surgically excised and cryotherapy-treated
or untreated keloids. The dermis was cut into approximately 5 mm3 pieces. The epidermis and lipid
layer were removed with 2% dispase II (Sigma, St. Louis, MO, USA) and the connective tissue was
digested in 0.5 mg/mL collagenase A (Sigma) at 37 ◦C for 3 h using a water bath. The digested solution
was filtered through 70 μm strainer (BD biosciences, San Diego, CA, USA). The cell pellets were
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resuspended in, and washed with, 1× Dulbecco's phosphate-buffered saline (Gibco, Gaithersburg,
MD, USA). The cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) medium (Gibco)
supplemented with 10% fetal bovine serum (FBS, Gibco) and 1% penicillin/streptomycin (Gibco) at
37 ◦C and 5% CO2. The medium was replaced every 2–3 days and the cells were subcultured at 70–80%
confluency. All experiments were performed with cells at passage 3. For proliferation assay, cells
were cultured at a density of 7.0 × 104 cells in a 60 mm2 dish. After 48 h, cells were detached with
0.05% trypsin/ethylenediaminetetraacetic acid (EDTA; Gibco) and the cell number was estimated with
a haemocytometer.

4.4. Wound-Healing and Transwell Assay

We performed the wound-healing and transwell assay to compare the cell migration activity.
For the wound-healing assay, 7.0 × 104 cells were cultured in each well of 12-well plates. After
24 h, each well was treated with mitomycin C (1 mg/mL) for 2 h and scratched using yellow tips.
The wounds were observed 24 h after scratching. For the transwell assay, 2.0 × 104 cells were added
to the upper well of a transwell plate (Corning Inc., Corning, NY, USA). The lower portion of the
well contained DMEM supplemented with 10% FBS as a chemoattractant. After incubation for 24 h,
the medium and cells present in the bottom chamber were removed; the cells that migrated to the
bottom chamber were fixed in 4% paraformaldehyde (Santa Cruz Biotechnology Inc., Santa Cruz, CA,
USA) and stained with crystal violet for 15 min. The migrated cells were counted in random fields
using ImageJ (Bethesda, MD, USA: U. S. National Institutes of Health).

4.5. Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

Total RNA was extracted using TRIzol (Invitrogen, Carlsbad, CA, USA) and 1 μg of
complementary DNA (cDNA) was synthesised using the LeGene Express 1st Strand cDNA Synthesis
System (LeGene Biosciences Inc., San Diego, CA, USA) according to manufacturer’s instructions.
qRT-PCR analysis was performed using the synthetic cDNAs and TOPrealTM qPCR 2× PreMIX
(Enzynomics, Daejeon, Korea). The expression of the target genes was normalised against that of
glyceraldehydes 3-phosphate dehydrogenase (GAPDH). The PCR primers are listed in Table 2.

Table 2. Quantitative real-time PCR primers.

No. Gene Direction Sequences (5’ to 3’)

1 GAPDH
Forward ACCACAGTCCATGCCATCAC
Reverse TCCACCACCCTGTTGCTGTA

2 fibronectin Forward CAGTGGGAGACCTCGAGAAG
Reverse TCCCTCGGAACATCAGAAAC

3 TGFβ1 Forward GGACACCAACTATTGCTTCAG
Reverse TCCAGGCTCCAAATGTAGG

4 MMP2
Forward ATGACAGCTGCACCACTGAG
Reverse ATTTGTTGCCCAGGAAAGTG

5 MMP9
Forward ATTCAGGGAGACGCCCATTT
Reverse CTGCGT TTCCAAACCGAGTT

6 col 2a1
Forward GGGAGTAATGCAAGGACCAA
Reverse ATCATCACCAGGCTTTCCAG

4.6. Western Blotting

Cells were harvested with phosphate-buffered saline (PBS) and lysed in the tissue lysis buffer
(20 mM Tris-base [pH 7.4], 137 mM sodium chloride [NaCl], 2 mM EDTA, 1% Triton X-100, 25 mM
β-glycerophosphate, 2 mM sodium pyrophosphate, 10% glycerol, 1 mM sodium orthovanadate,
1 mM benzamidine, and 1 mM phenylmethylsulfonyl fluoride). Total cell extracts were separated by
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sodium dodecyl sulfate polyacrylamide gel electrophoresis, transferred onto polyvinylidene fluoride
membranes (BIORAD), and blotted with antibodies against Smad2/3 (Cell Signaling Technology,
Beverly, MA, USA) and phospho-Smad2/3 (Cell Signaling Technology). Immunoreactivity was
detected with enhanced chemiluminescence (Amersham).

4.7. Pathologic Study

Microscopic examination was performed for the cryotherapy-treated and untreated keloids using
routine formalin-fixed, paraffin-embedded tissue process and hematoxylin-eosin staining. The excised
keloids were fixed in 10% buffered formalin, and totally embedded in paraffin blocks after routine
preparation process. Then, 7 μm-thin sections were subsequently stained by hematoxylin and eosin
(H&E) for usual microscopic examination. The slides were assessed by pathologist (Yosep Chong).

5. Conclusions

Cryotherapy with the spray-type device is a relatively quick and minimally invasive technique,
which may not necessitate local anaesthesia. However, we show that −79 ◦C hand-held spray-type
cryotherapy is ineffective as a monotherapy and highlight the need for its use as a combination therapy
with intralesional corticosteroids or botulinum toxin A to achieve favourable results for the treatment
of keloids.
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Abstract: Cultured epithelial autografts (CEA) with highly expanded mesh skin grafts were used for
extensive adult burns covering more than 30% of the total body surface area. A prospective study on
eight patients assessed subjective and objective findings up to a 12-month follow-up. The results of
wound healing for over 1:6 mesh plus CEA, gap 1:6 mesh plus CEA, and 1:3 mesh were compared
at 3, 6, and 12 months using extensibility, viscoelasticity, color, and transepidermal water loss by a
generalized estimating equation (GEE) or generalized linear mixed model (GLMM). No significant
differences were observed among the paired treatments at any time point. At 6 and 12 months,
over 1:6 mesh plus CEA achieved significantly better expert evaluation scores by the Vancouver and
Manchester Scar Scales (p < 0.01). Extended skin grafting plus CEA minimizes donor resources and
the quality of scars is equal or similar to that with conventional low extended mesh slit-thickness skin
grafting such as 1:3 mesh. A longitudinal analysis of scars may further clarify the molecular changes
of scar formation and pathogenesis.

Keywords: split-thickness skin grafting; cultured epithelial autografts (CEA); assessment of scar
quality; generalized estimating equation (GEE); generalized linear mixed model (GLMM)

Int. J. Mol. Sci. 2018, 19, 57; doi:10.3390/ijms19010057 www.mdpi.com/journal/ijms137



Int. J. Mol. Sci. 2018, 19, 57

1. Introduction

Scars and scar formation have been extensively investigated on a molecular basis; however,
clinical scars are of many different characteristics and there are lots of variations. Additionally, it is
very difficult for experimental models to mimic clinical features, because many animals do not exhibit
hypertrophic scars or keloid in natural healing patterns. Thus, careful understanding of human scars
and development of novel therapeutic modalities in humans are essential. Multiple and various
treatments are required for extensive burns including burn resuscitation, cardiovascular, respiratory,
and renal support, nutritional support, infection control, pain control, and surgical resurfacing and
reconstruction. These procedures and interdisciplinary approaches improve survival rates [1,2].
Treatments using cultured epithelial autografts (CEA) were used clinically for the first time in the
1970s and early 1980s [3]. CEA are now more widely used in the treatment of extensive burn wounds
in burn care specialist centers [4,5].

Commercially processed CEA developed in Japan (J-TEC Autologous Cultured Epidermis, JACE®,
Japan Tissue Engineering CO., Ltd. (J-TEC), Gamagori, Aichi, Japan) were accepted by the health insurance
reimbursement policy for the treatment of severe burns covering more than 30% of the total body surface
area (TBSA) [6]. After 20 years of CEA development, JACE® was produced and is a Green-type autologous
cultured epidermis similar to EPICEL in the United States [7]. However, the manufacturing process for
JACE® differs from that for EPICEL. In a previous study, JACE® was implanted with an artificial dermis
in order to reconstruct the dermis and grafted with JACE® on meshed 6:1 split thickness autografts [8].
Although the outcomes achieved were very good and acceptable, further detailed analysis of autograft
site was not described.

A few quantitative studies have been conducted on clinical changes in burn scars and longitudinal
burn scar quantification according to prospective quantified clinical characteristics of patient-matching,
after burn hypertrophic scar (HSc), donor site scar (D) and normal skin (N) using these instruments and
each investigator measured three sites (HSc, D, N) in 46 burn survivors 3, 6, and 12 months after burns [9].

Expanded skin grafting has recently been combined with CEA for extensive burns and is beneficial
for wound coverage in multicenter surveillance; however, the quality of wounds and the rationale for
using CEA with split-thickness skin grafting currently remain unknown [6].

Therefore, we assessed longitudinal burn scar qualification of expanded split-thickness skin
grafting using clinical and objective methods up to a 12-month follow-up.

2. Results

There was no problem in donor site of CEA wound healing in all cases.

2.1. Vancouver and Manchester Scar Scales at 6 and 12 Months

2.1.1. Vancouver Scar Scale (VSS)

At 6 and 12 months, the total value of the modified Vancouver Scar Scale (VSS) was significantly
lower in over 1:6 mesh plus CEA (JACE®) than that in gap 1:6 mesh plus CEA (JACE®) or 1:3 mesh
(6.6 ± 1.79, and 4.1 ± 1.35; 5.8 ± 1.41 and 5.6 ± 1.00 at 6 months; and 2.6 ± 1.04 and 5.1 ± 0.60 at
12 months, respectively, p < 0.01) (Table 1).

The parameters of pigmentation, pliability, and vascularity in gap 1:6 mesh plus CEA, over 1:6 mesh
plus CEA, and 1:3 mesh were 2.2 ± 0.70, 1.3 ± 0.50, 2.1 ± 0.50; 2.6 ± 0.70, 2.0 ± 0.60, 2.4 ± 0.60; 1.8 ± 0.50,
0.8 ± 0.40, 1.3 ± 0.43, at 6 months and 2.3 ± 0.30, 0.7 ± 0.40, 2.2 ± 0.40; 2.0 ± 0.70, 1.3 ± 0.40, 2.1 ± 0.50;
1.3 ± 0.40, 0.5 ± 0.30, 0.8 ± 0.30 at 12 months, respectively.

2.1.2. Manchester Scar Scale (MSS)

At 6 and 12 months, the total value for the modified Manchester Scar Scale (MSS) was significantly
lower in over 1:6 mesh plus CEA (JACE®) than in gap 1:6 mesh plus CEA (JACE®) or 1:3 mesh
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(12.7 ± 2.20 and 8.7 ± 1.20; 10.9 ± 1.80 and 10.7 ± 1.90 at 6 months; and 7.3 ± 1.20 and 10.2 ± 1.10
at 12 months respectively, p < 0.01) (Table 1).

Table 1. The Vancouver Scar Scale (VSS) and the Manchester Scar Scale (MSS), at 6 and 12 months
among gap 1:6 mesh plus CEA, over 1:6 mesh plus cultured epithelial autografts (CEA), and 1:3 mesh.

Graft Type
6 Months 12 Months

VSS (Mean ± SE) MSS (Mean ± SE) VSS (Mean ± SE) MSS (Mean ± SE)

1:6 gap + CEA 6.6 (0.60) 12.7 (0.81) 5.6 (041) 10.7 (0.70)
1:6 over + CEA 4.1 (0.50) ** 8.7 (0.40) ** 2.6 (0.40) ** 7.3 (0.41) **
1:3 skin grafting 5.8 (0.50) 10.9 (0.61) 5.1 (0.20) 10.2 (0.40)

** p < 0.01.

The parameter of color, matte/shiny, contour, distortion or VAS (visual analogue scale) was 2.7 ± 0.30,
1.8 ± 0.30, 2.3 ± 0.38; 1.5 ± 0.30, 1.3 ± 0.10, 1.3 ± 0.20; 1.7 ± 0.40, 1.1 ± 0.20, 1.5 ± 0.30; 2.1 ± 0.40,
1.6 ± 0.30, 2.0 ± 0.36; 4.8 ± 1.00, 3.0 ± 0.60, 3.7 ± 0.78, gap 1:6 mesh plus CEA, over 1:6 mesh plus
CEA, and 1:3 mesh, at 6 months, and 2.4 ± 0.30, 1.5 ± 0.30, 2.2 ± 0.20; 1.1 ± 0.10, 1.2 ± 0.10, 1.3 ± 0.20;
1.3 ± 0.30, 1.0 ± 0.00, 1.2 ± 0.20; 1.9 ± 0.30, 1.3 ± 0.20, 1.9 ± 0.20; 4.0 ± 1.10, 2.3 ± 0.60, 3.6 ± 0.60, gap
1:6 mesh plus CEA, over 1:6 mesh plus CEA, and 1:3 mesh, at 12 months, respectively.

2.2. Longitudinal Data from a Cutometer, Mexameter, Moisture Meter, and Color Meter (Tables 2–4)

2.2.1. Cutometer

Maximal extensibility (R0) was analyzed by Model 4 and viscoelasticity (R7) by Model 2.
No significant differences were observed in R0 or R7 among the over 1:6 mesh plus CEA, gap 1:6
mesh plus CEA, and 1:3 mesh. R0 increased with time, whereas R7 decreased from 3 to 12 months in
all treatments.

2.2.2. Mexameter

The melanin index was analyzed by Model 4 and the hemoglobin index by Model 2. No significant
differences were observed in either index among the over 1:6 mesh plus CEA, gap 1:6 mesh plus CEA,
and 1:3 mesh. The melanin index increased with time in all treatments. The hemoglobin index in the over
1:6 mesh plus CEA increased, while gap 1:6 mesh plus CEA and 1:3 mesh decreased from 3 to 12 months
in all treatments.

2.2.3. Moisture Meter

Transepidermal Water Loss (TEWL) was analyzed by Model 2. No significant differences were
observed in TEWL among the over 1:6 mesh plus CEA, gap 1:6 mesh plus CEA, and 1:3 mesh.
TEWL decreased from 3 to 12 months in all treatments.

2.2.4. Color Meter

Clarity, yellow, and red were analyzed by Models 4, 2, and 2, respectively. Clarity and yellow
increased from 3 to 12 months in all treatments. Red in the gap 1:6 mesh plus CEA increased, while red in
the over 1:6 mesh plus CEA and 1:3 mesh decreased in a time-dependent manner.
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Table 2. Models for generalized estimating equation (GEE) and generalized linear mixed model
(GLMM) analyses.

Linearity Intercept Slope Selected Statistics

Model 1 non-linear fixed fixed GEE
Model 2 linear fixed fixed GEE
Model 3 linear random random GLMM
Model 4 linear random fixed GLMM

Table 3. Value of each parameter (3, 6 and 12 months).

Parameter
Over 1:6 Mesh Plus CEA

(Mean ± SE)
Gap 1:6 Mesh Plus CEA

(Mean ± SE)
1:3 Mesh (Mean ± SE)

3 Months

Maximal extensibility (R0) 67.0 (±13.52) 62.6 (±8.48) 69.7 (±5.58)
Viscoelasticity (R7) 126.6 (±18.67) 93.7 (±13.06) 108.2 (±14.87)

Melanin Index 97.9 (±12.24) 118.1 (±15.80) 123.4 (±35.54)
Hemoglobin Index 133.2 (±11.89) 155.2 (±13.68) 144.7 (±14.16)

Transepidermal Water Loss (TEWL) 177.7 (±49.34) 160.3 (±32.44) 191.9 (±50.31)
Clarity 84.9 (±4.01) 79.9 (±3.21) 85.9 (±3.23)

Red 172.2 (±21.65) 181.7 (±19.87) 179.7 (±25.21)
Yellow 72.7 (±4.30) 66.9 (±3.99) 75.9 (±5.60)

6 Months

Maximal extensibility (R0) 70.1 (±11.06) 67.5 (±9.48) 75.3 (±6.00)
Viscoelasticity (R7) 118.0 (±16.20) 87.3 (±11.23) 95.1 (±12.53)

Melanin Index 107.1 (±16.25) 121.2 (±17.18) 124.8 (±30.55)
Hemoglobin Index 135.2 (±12.38) 150.2 (±13.73) 141.0 (±13.83)

Transepidermal Water Loss (TEWL) 158.4 (±37.52) 155.1 (±20.30) 170.5 (±40.77)
Clarity 86.8 (±3.74) 82.7 (±3.15) 87.8 (±2.82)

Red 161.6 (±20.63) 182.8 (±17.61) 166.6 (±24.01)
Yellow 77.2 (±4.98) 70.6 (±3.73) 80.4 (±5.22)

12 Months

Maximal extensibility (R0) 76.2 (±10.66) 77.5 (±15.15) 86.4 (±8.11)
Viscoelasticity (R7) 100.7 (±15.78) 74.4 (±9.54) 68.7 (±9.08)

Melanin Index 125.6 (±26.41) 127.4 (±21.68) 127.7 (±24.02)
Hemoglobin Index 139.1 (±15.74) 140.1 (±20.33) 133.6 (±15.99)

Transepidermal Water Loss (TEWL) 120.0 (±18.52) 144.7 (±33.15) 127.7 (±25.01)
Clarity 90.6 (±3.58) 88.2 (±3.35) 91.8 (±2.38)

Red 140.3 (±20.85) 185.1 (±22.83) 140.3 (±23.32)
Yellow 86.3 (±6.61) 77.9 (±4.16) 89.2 (±5.90)

Table 4. Model selection and statistical analysis.

Selected Model Comparision Statistics among Groups

Maximal extensibility
(R0) by a cutometer Model 4

Over 1:6 vs. Gap 1:6 n.s. p = 0.7446
Over 1:6 vs. 1:3 n.s. p = 0.9919
Gap 1:6 vs. 1:3 n.s. p = 0.5604

Viscoelasticity (R7) by
a cutometer

Model 2
Over 1:6 vs. Gap 1:6 n.s. p = 0.2059

Over 1:6 vs. 1:3 n.s. p = 0.6296
Gap 1:6 vs. 1:3 n.s. p = 0.3683

Melanin index by
a mexameter

Model 4
Over 1:6 vs. Gap 1:6 n.s. p = 0.1653

Over 1:6 vs. 1:3 n.s. p = 0.4409
Gap 1:6 vs. 1:3 n.s. p = 0.8756

Hemoglobin index by
a mexameter

Model 2
Over 1:6 vs. Gap 1:6 n.s. p = 0.1670

Over 1:6 vs. 1:3 n.s. p = 0.3930
Gap 1:6 vs. 1:3 n.s. p = 0.6004
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Table 4. Cont.

Selected Model Comparision Statistics among Groups

Transepidermal Water
Loss (TEWL) by a

moisture meter
Model 2

Over 1:6 vs. Gap 1:6 n.s. p = 0.6926
Over 1:6 vs. 1:3 n.s. p = 0.8510
Gap 1:6 vs. 1:3 n.s. p = 0.5432

Clarity by a color meter Model 4
Over 1:6 vs. Gap 1:6 n.s. p = 0.3013

Over 1:6 vs. 1:3 n.s. p = 0.8910
Gap 1:6 vs. 1:3 n.s. p = 0.1992

Red by a color meter Model 2
Over 1:6 vs. Gap 1:6 n.s. p = 0.9463

Over 1:6 vs. 1:3 n.s. p = 0.7801
Gap 1:6 vs. 1:3 n.s. p = 0.7376

Yellow by color meter Model 2
Over 1:6 vs. Gap 1:6 n.s. p = 0.4162

Over 1:6 vs. 1:3 n.s. p = 0.6559
Gap 1:6 vs. 1:3 n.s. p = 0.3040

Over 1:6, over 1:6 mesh plus CEA; gap 1:6, gap 1:6 mesh plus CEA, 1:3, 1:3 mesh; n.s.: not significant.

3. Discussion

CEA for the wound coverage of extensive burns are useful for life-saving [2–4], and recent
advances in bioengineered matrices have not only contributed to wound bed preparation, but also
facilitated the expansion of coverage [5]. In Japan, the commercially available and reimbursed CEA was
reported and followed Green-type CEA [7], and their indications and usefulness were discussed [6].
When a burn wound bed is prepared with an artificial dermis or with dermis remained wound
beds, highly expanded (1:6 ratio) skin grafting with CEA may achieve similar healing to that with
usual ratio skin grafting, such as a 1:3 mesh [8]. Too expanded mesh skin grafting such 1:6 may
result in the irregularity or discoloration due to lack of skin component and thus scar formation,
especially in the gap. However, the quality of wound healing, scars, and quality of life of patients,
including the range of motion, texture, color, or function of reconstruction sites, have not yet been
investigated. In the present study, the criteria, particularly of total burn surface areas, strictly followed
the reimbursement category of TBSA of 30% or more, resulting in fewer cases being enrolled and
precise each patient’s body surface is calculated and the surface area used with CEA was also achieved.
In Japan, due to significant decreases in heavy industry production or maybe effective safety systems
in industry or the environment, the number of patients with extensive burns has decreased. More than
90% of burn victims have total burn surface areas of less than 30% (the registry system of the Japanese
Society for Burn Injuries), and, thus, this multi-center study only examined eight patients over a
three-year period. Although one patient died due to hepatic cancer after eight months, the remaining
seven patients were analyzed for scar and wound healing qualities using objective analyses with a
cutometer, mexameter, moisture meter, and color meter in addition to expert evaluations with VSS
and MSS at 3, 6, and 12 months. Except severe scars, the cutometer, mexameter and color reliability
were acceptable. Concurrent validity correlations with the modified VSS (mVSS) were significant
except for the comparison of the mVSS pliability subscale and the cutometer maximum deformation
measure comparison in severe scar [10]. Longitudinal wound evaluation by a mixed model regression
analysis demonstrated redder at 3 and 6 months but normalized by 12 months [9]. We adopted GEE
and GLMM in objective data analyses. When data for each subject was considered to be correlated,
and correlated structure is incorporated into GEE analysis, variation for each subject can be analyzed
by a linear mixed model, and this is generalized as GLMM [11–13].

All data showed no significant differences when pairing among the over 1:6 mesh plus CEA,
gap 1:6 mesh plus CEA or 1:3 mesh at all time points. This may explain why an increased ratio of 1:6
mesh plus CEA can bring about equal or similar results to conventional 1:3 meshes. With extensive
burns, the donor site is limited and, thus, a smaller donor surface with greater expansion may
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reduce morbidity and be more economically resourceful [14]. Expert evaluations at 6 and 12 months
demonstrated significantly lower VSS and MSS, suggesting some interactions between expanded skin
grafts and CEA that improved burn scar qualities.

A prospective randomized multicenter intra-patient comparative study showed significantly increased
epithelization, patient and observer scores, and some objective analysis by Wilcoxon’s non-parametric
analysis at 3 and 12 months [15].

The usefulness of combining highly expanded mesh split skin grafting with CEA may be supported
by studies involving larger subject numbers and appropriate statistical analyses. Furthermore, inter-racial
and cultural backgrounds may strongly influence the outcomes achieved. These detailed clinical findings
may clarify the longitudinal molecular pathogenesis and healing mechanisms.

4. Materials and Methods

Between 10 September 2012 and 31 March 2015, a prospective multicenter clinical study on
longitudinal extensive burn scar assessments was approved by the Internal Review Board (#12090390,
10 September 2012) in full accordance with the Declaration of Helsinki. After a verbal explanation
to each patient and their family, written informed consent was obtained at enrollment to this study.
Patients with severe extensive burns greater than 30% of the total burn surface area of second degree
or third degree burns, age older than 20 years, and survival at least 6 months post-operatively were
included. Ten patients were initially recruited; however, due to limitations and decreases in the number
of severe burn patients, 8 were ultimately enrolled and analyzed.

Patients were aged between 46 and 70 years, with a mean of 52.4 years, and comprised 7 males
and one female. The total burn surface area was between 40% and 50%, with a mean of 44.9 ± 4.49%,
the prognostic burn index was between 56 and 114, with a mean of 88.1 ± 17.02. Two patients did not
receive dermal template temporal coverage until CEA, JACE® was developed, 5 were treated with
Integra® (Century Medical, Tokyo, Japan), and one was treated with Terudermis (Olympus Terumo
Biomaterials, Tokyo, Japan) (Tables 5 and 6). The CEA sized 80 cm2 and each patient body surface
was calculated by the Japanese body surface equation [16]. The CEA was applied 4.8 to 12.1% of
patient’s body surface (Table 6).

Table 5. Criteria for patients to participate in the present study. TBSA: total body surface area.

Inclusion Criteria

20 years of age or older
Acute full-thickness burn wounds that require widely meshed skin grafting

Minimal TBSA of 30% with full thickness wounds
Minimal study wound area of 100 cm2

Maximal study wound area of 300 cm2

Informed consent
Exclusion criteria

Immunocompromised patients or immunosuppressed physical conditions
Non-compliance by the patient, judged by medical experts

Active infected wounds
Known drug allergy
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One patient died 8 months post-operatively due to hepatic cancer, while the remaining 7 patients
were followed up until 12 months.

Intermediate split-thickness skin autografts, 15/1000-inch, were harvested with an electric
dermatome and mesher (Zimmer Biomet, Dover, OH, USA) and expanded to a ratio of 1:3 or 1:6.
The 1:3 mesh is frequently used clinically and heals in approximately 4 days, whereas the 1:6 mesh
takes more than 17 days to heal [13], which is covered by CEA (JACE®) to simulate wound healing by
factors from CEA or through an interaction between CEA and mesh skin grafting (Figure 1). It takes
3 to 4 weeks before CEA is ready for clinical application and harvesting of the “donor” is 3–4 cm in
length and 1–2 cm in width in full thickness skin distant from the burns.

Figure 1. Schematic cross-section of 1:3 mesh without CEA (JACE®), (A) and 1:6 mesh plus CEA
(JACE®) coverage, (B).

Patients underwent assessments 6 and 12 months after healing using VSS, which evaluates
height, pliability, vascularity, and pigmentation on a scale of 0 to 13 [17], and MSS [18] and VSS
were evaluated in a blind manner among 12 Nagasaki University plastic surgeons, who are all board
certified, and independently by photographs. In VSS, “height” and “texture” in MSS were deleted
because they cannot be assessed in a 2-dimensional analysis.

The following parameters were repeatedly and longitudinally evaluated in patients 3, 6, and 12 months
after healing.

4.1. Moisture Meter

A compact and portable moisture meter was used (ASA-M2; Asahi Biomed, Yokohama, Japan).
It only weighed 250 g (200 g for the power supply and 50 g for the hand piece) and had the ability
to detect TEWL using an effective contact coefficient [19], water quantity, and the thickness of the
stratum corneum skin layer by formulating the value of the effective contact coefficient, evaluated
by electrolytes in the stratum corneum layer. The principle of this machine is to record and analyze
conduction susceptibility using a low-frequency (160 Hz) alternate currency and to detect conduction
admittance using a high frequency (143 kHz) alternate current.

The proposed formula is as follows:

Skin conductance (μc) = Effective contact coefficient (%) × Quantity of water (μS).

Low and high frequency electric voltages were added to effectively enable these formula factors.
The round probe of the hand piece was 5 mm in diameter and detection was set to 5 s after probe
contact with the participant in order to stabilize the electrodes and skin condition. The measurement of
each contact point was always perpendicular to the participant, thereby avoiding unnecessary pressure
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or loading; it was repeated 5 times. The mean value of 3 adjacent points at least 10 mm apart and
20 mm from the edge of intact skin was assessed following the manufacturer’s instructions.

Measurements were performed by 2 of the authors who are very familiar with this system. All data
were immediately transferred to a personal computer for further analyses.

In written informed consent, there was a description of data collection for all patients, and no
complications occurred as a result of moisture meter measurements.

4.2. Color Meter

A color meter was used to assess scar clarity (L): “a” is red in color when the value is positive
and green when it is negative, and “b” is yellow in color when the value is positive and blue when it
is negative. The hand-held color meter weighed 420 g, including batteries, for the main body of the
system and 110 g for the hand-piece probe and color analyzer (NF-333; Nippon Denshoku, Osaka,
Japan). The light source was a multicolored LED. All data were easily transferred to Microsoft Excel
2013 files on a laptop computer via a data connector, and the differentials of each polarized color
criterion parameter (L, a, and b) were standardized with the surrounding intact skin. The delta ratio of
each parameter was then compared and statistically analyzed. The measurement of each point was
always perpendicular to the scar and was repeated 5 times immediately after touching the scar surface.
The mean value of 3 adjacent points at least 8 mm apart and 12 mm from the edge of intact skin was
assessed in a single room. The accuracy of this system is traceable to the standard of the National
Institute of Standards and Technology, Gaithersburg, MD. The accuracy of this function is based on
the choice of optical filters, which are assessed by an optimization criterion using a combination of
methodologies from differential geometry with a statistical error analysis. The magnitude of errors
associated with the optimal filters was previously reported to be typically half that for typical RGB
filters in a 3-parameter model of human skin coloration [20]. A relatively simple and easy-to-use skin
chromatometer was employed to assess temporal changes after skin grafting, with multiple relevant
factors such as age, the type of skin grafting, anatomical differences at the donor site or recipient site,
and the Fitzpatrick skin type [21].

4.3. Cutometer

The cutometer MPA 580 (Courage + Khazaka Electronic GmbH, Cologne, Germany) was used to
evaluate skin elasticity parameters 1 year after complete wound healing. The cutometer has the ability
to measure the vertical deformation of skin by suctioning into a round probe that is 6 mm in diameter.
A vacuum load of 500 mbar was used over the skin (or scar) surface for 1 s, followed by normal pressure
for 1 s. Each measurement was repeated 3 times, and the mean value of 4 adjacent points at least 6 mm
apart and 12 mm from intact skin was assessed. As discussed and reported previously, 2 parameters
of the cutometer were used in the present study. Uf (depicted as R0) represents the maximal skin
(or scar) extension of the deformation at the end of the vacuum period. Ur/Uf (R7) represents the ratio
of retraction (Ur) to maximal extension (Uf) and reflects the elasticity of the measured skin [22,23].
These measurements were performed by 3 authors at 25 ◦C and 50% humidity with air conditioning to
standardize patient conditions at the completion of wound healing and after 3 and 6 months.

4.4. Mexameter

The mexameter (MX18, Courage & Khazaka Electronic GmbH, Köln, Germany) quantifies scar
erythema and melanin based on the tissue’s narrow wavelength light absorption. The probe has
16 light-emitting diodes that send 3 defined wavelengths of light (568, 660, and 880 nm). A receiver then
measures the light reflected by the skin. Since the quantity of emitted light is known, the absorption
rate of defined wavelengths may be ascertained, which are selectively absorbed by melanin (660 nm)
pigments or hemoglobin (568 nm). The measurement area is 5 mm in diameter, although the total
surface contacted by the probe is 2 cm in diameter. Similar to the cutometer, the central portion of
the mexameter is spring-mounted to maintain constant pressure on the skin. In each measurement,
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the probe was held perpendicular to the skin. It lightly touched the skin surface, without the outer
ring making contact, activating the light emitter. The reflected light was measured by the receiver and
the erythema and melanin index (range 1–1000) was immediately displayed on the console; therefore,
the probe only remains in contact with the skin for several seconds [10].

Evaluator indices of VSS and MSS as well as objective measurements from the moisture meter,
color meter, cutometer, and mexameter were obtained in the gap 1:6 mesh plus CEA (JACE®), over 1:6
mesh plus CEA (JACE®), and 1:3 mesh (Figure 2).

Figure 2. Measurement points of the gap 1:6 gap mesh plus CEA or over 1:6 mesh plus CEA (A) and
1:3 mesh (B).

4.5. Statistical Analysis

Regarding VSS and MSS, results are expressed as the mean ± Standard errors (SE). Data among
groups were evaluated using an independent t-test. All tests were 2-tailed, and the significance of
differences was defined as p < 0.05. All analyses were performed using IBM SPSS, Statistics, and version
21 (Japan IBM, Tokyo, Japan).

Since repetitive and longitudinal data were obtained, GEE or GLMM was used in statistical
analyses for the moisture meter, color meter, cutometer, and mexameter. When data for each subject
was considered to be correlated, and correlated structure is incorporated into GEE analysis, variation
for each subject can be analyzed by a linear mixed model, and this is generalized as GLMM.

There were 4 models (Table 2) and data from each time point were expressed as the mean ± SE
(Table 3). Data analyses were performed with SAS version 9.2 (SAS Institute Inc., Cary, NC, USA)
(Table 4).

5. Conclusions

When a burn wound bed is prepared with an artificial dermis or with dermis remained wound
beds, highly expanded (1:6 ratio) skin grafting with CEA may achieve similar healing to that with
usual ratio skin grafting, such as a 1:3 mesh. At 6 and 12 months, over 1:6 mesh plus CEA achieved
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significantly better expert evaluation scores by the Vancouver and Manchester Scar Scales (p < 0.01).
Extended skin grafting plus CEA minimizes donor resources and the quality of scars is equal or similar
to that with conventional low extended mesh slit-thickness skin grafting such as 1:3 mesh.
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Abstract: Emerging studies have revealed the involvement of high-mobility group box 1 (HMGB1) in
systemic fibrotic diseases, yet its role in the cutaneous scarring process has not yet been investigated.
We hypothesized that HMGB1 may promote fibroblast activity to cause abnormal cutaneous
scarring. In vitro wound healing assay with normal and keloid fibroblasts demonstrated that
HMGB1 administration promoted the migration of both fibroblasts with increased speed and a
greater traveling distance. Treatment of the HMGB1 inhibitor glycyrrhizic acid (GA) showed an
opposing effect on both activities. To analyze the downstream mechanism, the protein levels
of extracellular signal-regulated kinase (ERK) 1/2, protein kinase B (AKT), and nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-κB) were measured by western blot analysis.
HMGB1 increased the expression levels of ERK1/2, AKT, and NF-κB compared to the control,
which was suppressed by GA. HMGB1 promoted both normal and keloid fibroblasts migration to a
degree equivalent to that achieved with TGF-β. We concluded that HMGB1 activates fibroblasts via
the receptor for advanced glycation end product (RAGE)—mitogen-activated protein kinases (MAPK)
and NF-κB interaction signaling pathways. Further knowledge of the relationship of HMGB1 with
skin fibrosis may lead to a promising clinical approach to manage abnormal scarring.

Keywords: keloid; hypertrophic scar; fibroblast; HMGB1

1. Introduction

Keloids, or hypertrophic scars, are formed by the excessive accumulation of extracellular matrix
(ECM) substrates caused by abnormal wound healing processes. Recently, numerous hypotheses
regarding the cause of keloids have been proposed, including aberrant cellular responses to mechanical
strains, upregulation of growth factors and inflammatory cytokines, the epithelial-mesenchymal
transition (EMT), and regulation of cellular apoptosis [1–4]. Abnormal fibroblast activity is a
histopathological hallmark for keloid pathogenesis, as it results in excessive synthesis of ECM
components, especially collagen. Among the various signaling molecules involved in keloid
pathogenesis, transforming growth factor-beta (TGF-β) is a crucial mediator. In keloid tissues and
fibroblasts, proteins involved in TGF-β signal transduction are overexpressed. TGF-β promotes
signaling via the Smad and Wnt-dependent pathways to enhance cell proliferation, resulting in
excessive ECM production and deposition [5,6].
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High-mobility group box 1 (HMGB1) is a member of the HMGB protein family, which was
originally identified as a nuclear non-histone DNA-binding protein that acts as a critical co-factor
of somatic cell transcriptional regulation [7]. It plays roles in a wide variety of processes,
including inflammation, immune responses, apoptosis, and responses to injury [8,9]. As an
intracellular transcription factor, HMGB1 modulates cellular transcription, recombination, replication,
and repair [10]. Extracellular HMGB1 is released and stimulated by necrotic, damaged, or inflammatory
cells after tissue injury and acts as a potent inflammatory cytokine. Extracellular HMGB1 also functions
as a chemo-attractant; these functions are mediated by interactions with cell-surface receptors such as
Toll-like receptors (TLRs) and the receptor for advanced glycation end product (RAGE). Exogenous
HMGB1 also pairs with the chemokine C-X-C motif chemokine 12 (CXCL12), which binds to the
CXCR4 chemokine receptor [11]. These receptors activate multiple intracellular signaling pathways,
including mitogen-activated protein kinases (MAPKs), extracellular signal-regulated kinase (ERK)
1/2, and phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K)/protein kinase B (AKT), which are
known to be related to wound healing processes. In keloid pathogenesis, activation of the PI3K/AKT
signaling pathway is known to be responsible for stimulating collagen synthesis.

The release of HMGB1 after tissue injury and the subsequent onset of fibrosis has been
reported in multiple organs. Emerging studies have revealed that HMGB1 is strongly associated
with fibrotic diseases in the liver, renal, lung, and myocardial tissue, while the inhibition
of HMGB1-related signaling pathways was shown to prevent fibrosis in experimental animal
models [12–15]. During wound healing, HMGB1 is thought to influence the healing process as a
pro-fibrotic element. Recent studies have demonstrated that HMGB1 binds to cell-surface receptors
such as RAGE and TLR2/4 in keratinocytes and fibroblasts [16]. When administered to early
embryonic murine skin, which normally heals without scarring, HMGB1 induced scarring and
fibrosis [17]. However, the roles of HMGB1 in wound healing and associated cutaneous scarring
are currently unclear.

Although the role of HMGB1 in wound healing has been investigated, no studies to date have
evaluated its role in cutaneous scarring and keloid development. We hypothesized that HMGB1
may promote fibroblast activity, ultimately causing abnormal cutaneous scarring. Therefore, in this
study, we investigated the motility and migration activity of fibroblasts in response to HMGB1 and its
inhibitor glycyrrhizic acid (GA). Additionally, to study the underlying molecular mechanism upon
HMGB1 activity, we analyzed the expression of RAGE and MAPK signaling pathway molecules.

2. Results

2.1. HMGB1 Administration Promoted Fibroblast Migration

Enhanced migration and invasion of normal fibroblasts are critical factors for the development
of keloid diseases. Therefore, we investigated whether HMGB1 would affect the behavior of normal
fibroblasts in vitro using a wound healing assay model. TGF-β was administered to compare its effect
with HMGB1. The initial wound width of untreated normal fibroblasts was approximately 500 μm;
after 36 h, migrating cells almost completely covered the denuded area. However, the wound area on
the 50 ng/mL and 100 ng/mL HMGB1-treated and 10 ng/mL TGF-β-treated groups showed rapid
closure compared to the untreated control group. Furthermore, more than half of the wound area in
the untreated control group remained uncovered after 24-h incubation (Figure 1).
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Figure 1. In vitro wound healing assay and cell-tracking system for cell migration. Scale bar: 50 μm.
Recovery of the denuded space was completed after 36 h in normal fibroblasts. However, the wound
area on the 50 ng/mL and 100 ng/mL High-mobility group box 1 (HMGB1)-treated and 10 ng/mL
TGF-β-treated groups showed more rapid closure than the untreated control group.

2.2. HMGB1 Administration Increased the Migration Speed and Distance Traveled in Normal Fibroblasts

Cells from the control, HMGB1-treated (50 and 100 ng/mL), and TGF-β-treated (10 ng/mL)
groups were selected from both sides of the wound, and the cell migration speed, distance,
and directionality were analyzed (Figure 2A).

The average migration velocities of the 50 ng/mL and 100 ng/mL HMGB1-treated normal
fibroblast were 26.31 ± 4.00 μm/h and 29.06 ± 4.33 μm/h, respectively. This was significantly
higher than the speed of the untreated normal fibroblasts (19 ± 4.25 μm/h; p < 0.05; Figure 2B).
The average migration speed of the TGF-β-treated group was higher than that of the control group
(30.51 ± 2.78 μm/h). However, there was no significant difference between the HMGB1-treated group
and the TGF-β-treated group (Figure 2B).

The total distances traveled by the 50 ng/mL and 100 ng/mL HMGB1-treated normal fibroblasts
were 307.60 ± 47.45 μm and 338.70 ± 50.90 μm, respectively, which was significantly higher than
that of the untreated group (220.60 ± 49.26 μm; p < 0.05; Figure 2C). Furthermore, the distance
traveled by the 10 ng/mL TGF-β-treated group was greater than that of the untreated normal
fibroblasts (355.70 ± 33.35 μm; p < 0.05), but there was no significant difference compared to the
HMGB1-treated groups. The total distance traveled by the 50 ng/mL (297.80 ± 61.12 μm) and
100 ng/mL (285.30 ± 28.45 μm) HMGB1-treated groups was greater than that of the untreated group
(219.20 ± 30.06 μm; p < 0.05; Figure 2C). In addition, the distance traveled by the 10 ng/mL
TGF-β-treated group (323.20 ± 42.71 μm) was greater than that of the untreated group (Figure 2C).
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Next, we investigated the directionality values of normal fibroblast cells in response to HMGB1
treatment. The directionality value indicates the potential of the cell to migrate closer to the midline
when initiating vertically from the wound edge. The results for the control, 50 ng/mL, 100 ng/mL
HMGB1-treated, and 10 ng/mL TGF-β-treated normal fibroblasts were 0.65 ± 0.08, 0.52 ± 0.06,
0.76 ± 0.09, and 0.69 ± 0.05, respectively. As shown in Figure 2D, only the 100 ng/mL HMGB1-treated
group showed a significant increase in directionality compared to the control (p < 0.05). These results
indicate that fibroblasts showed greater directionality toward the wound center, displayed higher
migration velocities, and traveled longer distances after HMGB1 treatment. Similar results were noted
in TGF-β-treated cells.

Figure 2. The cell tracking system for fibroblast migration was analyzed using cells selected from
both sides of the wound, cells were tracked toward the site of wound insert after cultivation for 24 h;
black, cells toward the midline from the left edge; red, cells toward the midline from the right edge (A);
The average migration speed (B) and average accumulated distance (C) traveled after treatment with
HMGB1 or TGF-β; (D) Directionality values in response to HMGB1 or TGF-β treatment. All results are
shown as mean ± SD (* p < 0.05).

2.3. Treatment with Glycyrrhizic Acid (GA), an HMGB1 Inhibitor, Decreased the Migration Speed and
Distance Traveled in Normal Fibroblasts

The above results demonstrated that HMGB1 induces an increase in the cell migration speed and
distance of normal fibroblasts, as in TGF-β-treated cells. We added GA, a known inhibitor of HMGB1,
to evaluate its effect on HMGB1-induced fibroblast migration. In all three groups treated with 200 μM
GA, fibroblast migration was considerably reduced. Most of the area remained uncovered after 36-h
incubation, although cells at the margin showed forward movement (Figure 3A).

The average migration speed of the 100 ng/mL HMGB1- and 10 ng/mL TGF-β-treated normal
fibroblasts was 26.11 ± 3.27 μm/h and 29.99 ± 5.18 μm/h, respectively. The TGF-β-treated group
showed significant increase compared to that of untreated normal fibroblasts (23.76 ± 2.92 μm/h;
p < 0.033). Treatment with 100 μM GA did not significantly affect the fibroblast migration speed or
distance. However, treatment with 200 μM GA induced a significant decrease in migration speed in
both the HMGB1- and TGF-β-treated groups (12.84 ± 3.37 μm/h and 12.18 ± 2.23 μm/h, respectively;
p < 0.001, Figure 3B).

The total distances traveled by the 100 ng/mL HMGB1- and 10 ng/mL TGF-β-treated normal
fibroblasts were 312.41 ± 39.01 μm and 357.52 ± 61.78 μm, respectively, greater than that of the
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untreated group (283.23 ± 34.86 μm; p < 0.05). After treatment with 200 μM GA, the distance
was significantly reduced in both the HMGB1- and TGF-β-treated groups (153.06 ± 40.21 μm and
145.19 ± 26.56 μm, respectively; p < 0.001, Figure 3C).

Figure 3. Fibroblast migration was delayed by glycyrrhizic acid (GA) treatment. Scale bar: 50 μm (A)
GA induced a decrease in the average migration speed (B) and the average distance (C) traveled of
normal fibroblasts. All results are shown as mean ± SD (* p < 0.033, ** p < 0.001).

2.4. GA Treatment Decreased the Migration Speed and Distance Traveled in Keloid Fibroblasts

In vitro migration assays were performed with keloid fibroblasts. Cell migration was initiated
after 12 h, and the denuded area was almost completely covered by migrating cells after 36 h. When GA
was administered, wound recovery was inhibited in a dose-dependent manner. After treatment with
200 μM GA, more than half of the area remained uncovered, even after 24-h incubation (Figure 4A,B).

The average migration speed of 200 μM GA-treated keloid fibroblasts was 9.11 ± 2.78 μm/h,
which was significantly lower than that of untreated keloid fibroblasts (18.91 ± 5.56 μm/h; p < 0.01,
Figure 4C). The average total distance traveled by untreated keloid fibroblasts was 225.37 ± 66.28 μm.
After treatment with significantly decreased following treatment with 200 μM GA (p < 0.001, Figure 4D).
The directionality values for the untreated and 200 μM GA-treated groups were 0.68 ± 0.21 and
0.68 ± 0.11, respectively, indicating no significant change.
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Figure 4. Glycyrrhizic acid (GA) inhibited keloid fibroblast activity. Scale bar: 50 μm. (A) The in vitro
wound healing assay showed decreased keloid fibroblast migration after GA treatment; (B) The cell
tracking system for fibroblast migration was analyzed using cells selected from both sides of the
wound, keloid fibroblasts were tracked toward the site of wound insert after cultivation for 24 h;
black, cells toward the midline from the left edge; red, cells toward the midline from the right edge.
GA-induced decreases in the average migration speed (C) and the average distance (D) traveled of
keloid fibroblasts. All results are shown as mean ± SD (* p < 0.05).

2.5. HMGB1-Induced ERK1/2, AKT, and NF-κB Protein Expression was Suppressed by GA Treatment in
Human Normal Fibroblasts

When HMGB1 is released by damaged or necrotic cells, NF-κB activation is required to promote
cell migration. When HMGB1 binds to TLR2/4, the activated TLR triggers activation of the PI3K/AKT
signaling cascade. Therefore, we assessed whether HMGB1-induced cell migration may involve the
intracellular signaling pathways of ERK1/2, AKT and NF-κB, and whether GA treatment would
inhibit these pathways.
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The protein levels of ERK1/2, AKT, and NF-κB were measured by western blot analysis. HMGB1
(100 ng/mL) treatment significantly increased the expression levels of ERK1/2, AKT, and NF-κB
compared to those of the control group (p < 0.001; p < 0.01; p < 0.05; Figure 5A). In addition,
the HMGB1-induced expression of all three proteins was significantly decreased by treatment with
200 μM GA (Figure 5B). Furthermore, challenging HMGB1 on HDF also increased ERK1/2 and AKT
phosphorylation and its inhibition attenuated the activation of ERK1/2, AKT signaling molecules
(Figure 6).

Figure 5. HMGB1 (100 ng/mL) increased the expression levels of ERK1/2, AKT, and NF-κB.
(A) HMGB1-induced expression of internal signaling cascade molecules such as ERK1/2 (B); NF-κB (C);
and AKT (D) was significantly decreased by treatment with 200 μM GA (*** p < 0.001; ** p < 0.01;
* p < 0.05).

Figure 6. HMGB1 (100 ng/mL) increased the expression levels of phosphorylated form of ERK1/2
(p-ERK) and AKT (p-AKT). Assessment of both phosphorylated and total ERK1/2 (A) and AKT (B)
was done to detect the activation of signaling cascade. The graph shows the ratio between the optical
density of the bands of the phosphorylated form and the bands of the corresponding total protein.
HMGB1-induced increase of p-ERK1/2 and p-AKT was decreased by treatment with 200 μM GA and
the change was statistically significant in p-ERK1/2 (* p < 0.05).

3. Discussion

HMGB1 is normally found in the nucleus, and functions as an intranuclear architectural
DNA-binding protein that is associated with transcription factors. When cell damage occurs, HMGB1 is
translocated to the cytoplasm and released by the cell to act as a multifunctional cytokine with
roles in infection, organ dysfunction, inflammation, and immune responses [17,18]. Recent studies
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of wound healing have demonstrated that HMGB1 binds to cell-surface receptors and acts as a
promoter of wound closure through its chemotactic effect on skin fibroblasts and keratinocytes [16,17].
HMGB1 levels were found to be decreased in diabetic human and mouse skin, which may account for
the altered wound healing in diabetic patients [16].

Fibroblast dysfunction and associated ECM deposition is a histopathological hallmark in keloid
pathogenesis. Unlike normal fibroblasts, keloid fibroblasts possess tumor-like properties, showing
excessive proliferation and invasion of surrounding tissues [19,20]. Enhanced migration and invasion
of normal fibroblasts are critical factors for the development of keloids [21].

The present study was designed to evaluate the role of HMGB1 in the development of keloids
by conducting an in vitro assay to uncover its mechanism of action in normal and keloid fibroblasts.
The results of this study demonstrated that HMGB1 alters the behavior of both normal and keloid
fibroblasts. Treatment with HMGB1 promoted an increase in the migration of both normal and keloid
fibroblasts to a degree equivalent to that achieved by treatment with TGF-β. Subsequent in vitro
wound healing assays demonstrated an increase in the migration speed and distance traveled in both
cell lines. Furthermore, HMGB1-induced increases in the motility of normal and keloid fibroblasts
were significantly inhibited by treatment with GA.

There are several mechanisms by which HMGB1 promotes the fibroblast proliferation
associated with keloid development. In keloid tissues, fibroblast proliferation is influenced by
epithelial-mesenchymal interactions between the surrounding keratinocytes and fibroblasts [22]. In a
previous study, we demonstrated that the EMT-like transition via Wnt3a activation substantially
contributes to collagen accumulation during the development of keloids [23]. Emerging experimental
evidence indicates that HMGB1 also plays an important role in EMT. HMGB1-induced EMT
has been identified in colorectal and gastric cancers, and is activated by the RAGE/NF-κB
pathways [24,25]. In estrogen-mediated wound healing, HMGB1 has been shown to greatly accelerate
keratinocyte migration, and its knockdown blocked estrogen-induced keratinocyte migration [26].
Cardiac fibroblasts actively secrete HMGB1 in response to mechanical stress or inflammation,
which leads to cardiac collagen deposition via the PKCβ/ERK1/2 signaling pathway [27,28]. In human
airway epithelial wound closure, HMGB1 has been shown to induce TLR4- and RAGE-mediated
wound closure, ECM protein and receptor expression, and intracellular signaling. In particular,
the similarities between HMGB1 and TGF-β in wound closure in human bronchial models suggest that
changes associated with EMT may occur as part of the repair process upon exposure to HMGB1 [13,29].

To evaluate the presence of HMGB1-mediated EMT in normal fibroblasts, we investigated the
expression of downstream molecules involved in HMGB1 signaling. Among its multiple cellular
receptors, HMGB1 has been shown to interact with TLR2/4 and RAGE in injury and inflammation
models to trigger subsequent inflammatory signaling [30–34]. Specifically, HMGB1 induces an increase
in the expression levels of ERK1/2, AKT, and NF-κB. Moreover, these increases were significantly
decreased in the presence of an HMGB1 inhibitor. Considering that ERK1/2 is a downstream molecule
of RAGE, and that AKT is secreted via TLR2/4 activation and the PI3K cascade, our results support the
current hypothesis that extracellular HMGB1 acts on normal fibroblasts by binding to both RAGE and
TLR2/4. Activation of the ERK and PI3K/AKT pathways is associated with the proliferation of keloid
fibroblasts, along with keratinocytes, and eventually leads to excessive collagen accumulation [35].
In keloid tissue, simultaneous activation of the ERK and PI3K/AKT pathways is important for the
production of collagen and other ECM components [36].

TGF-β/Smad signaling has long been considered a pivotal fibrogenic factor in abnormal wound
healing. Subsequently, anti-fibrotic strategies based on the blockade or elimination of TGF-β signaling
emerged as an important pharmacological target for treating keloids [37–39]. Although there are
currently no effective therapeutic interventions for keloids, small-molecule inhibitors targeting HMGB1
or its receptors based on silencing HMGB1, RAGE, or TLRs have proven successful in reducing the
severity of symptoms in various experimental models of fibrotic diseases [13,14,25,40,41].
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Glycyrrhizin and its metabolites have been reported to suppress tissue fibrosis by targeting TGF-β
and other fibrosis-related pathological signaling molecules [42,43]. In the present study, administration
of the HMGB1 inhibitor GA resulted in decreased migration and motility in HMGB1- and TGF-β
treated normal fibroblasts. In addition, treatment with GA caused decreased migratory property of
normal fibroblasts. It is well demonstrated that inflammation during the wound healing period induces
transition of normal fibroblast to keloid fibroblasts [44]. GA is known to inhibit HMGB1 activity by
inhibiting its pro-inflammatory activity [45]. When applied to keloid fibroblasts, cellular activity
represented by migration speed and distance was significantly impeded. This effect of GA can be
attributed to its inhibitory effects on both the RAGE and TLR2/4-activated signaling of HMGB1. In a
previous study, we demonstrated that HMGB1 induces the expression of EMT-associated proteins in
normal fibroblasts; thus, we hypothesized that inhibiting HMGB1 activity or its related signals could
be beneficial for treating or even preventing keloids. Theoretically, inhibition of HMGB1 can suppress
EMT and the activation of associated pro-fibrotic cytokines. However, because HMGB1 interacts with
multiple signaling systems and undergoes dynamic post-translation modifications, it is important to
optimize strategies for blocking its abnormal activation.

Currently available studies have already demonstrated that HMGB1 promotes wound healing.
Our study further demonstrates that HMGB1 may induce the fibroproliferative properties associated
with excessive collagen accumulation, as observed in keloid tissue. Unlike previous studies,
which showed increased or decreased expression levels of HMGB1 under certain conditions, our study
focused on the molecular signaling pathways associated with keloid development. We suggest that
after skin injury, extracellular HMGB1 induces RAGE- and TLR2/4-mediated fibroblast activation.
This may provoke the activation of a TGF-β-like profibrotic effect via the ERK1/2 and PI3K/AKT
pathways, which would eventually lead to EMT-like changes, causing abnormal ECM accumulation in
keloid tissues.

4. Materials and Methods

4.1. Keloid Tissues, Keloid-Derived Fibroblasts, and Human Dermal Fibroblast Cell Culture

Keloid tissues were collected from patients with active-stage keloid (n = 5) after obtaining
informed consent according to the protocol approved by the Yonsei University College of Medicine
Institutional Review Board (IRB No. 4-2015-0228, 29 JUL 2015) All experiments involving humans
were performed in accordance with the Declaration of Helsinki. Human normal dermal fibroblasts
were obtained from the American Type Culture Collection (Manassas, VA, USA). Separated cells were
cultured in Dulbecco’s modified Eagle’s medium (Gibco, Grand Island, NY, USA) supplemented
with 10% heat-inactivated fetal bovine serum, penicillin (30 U/mL), streptomycin (300 μg/mL),
and actinomycin. The culture medium was replaced every 2–3 days.

4.2. In Vitro Wound Healing Assay and Cell Tracking System for Cell Migration

An in vitro wound healing model was established using silicon culture inserts (Ibidi, Munich,
Germany) with two individual wells for cell seeding. Each insert was placed in a culture dish;
1 × 104 normal or keloid fibroblasts were plated in each well and grown to form a confluent and
homogeneous layer. Twenty-four hours after cell seeding, the culture insert was removed to form an
approximately 500-μm-wide cell-free “wound” area for observation. Cells were treated with 50 or
100 ng/mL HMGB1 and 10 ng/mL TGF-β in media. Wound healing by cell migration over time was
measured under a light microscope (IX-70, Olympus, Tokyo, Japan).

To track the cells, they were treated with HMGB1 and TGF-β in media, cultured in a mini-incubator
(Live Cell Instrument, Seoul, Korea), visualized by light microscopy, and cell images were recorded
every 5 min for 36 h by a charge-coupled device camera (Electric Biomedical Co., Ltd., Osaka, Japan)
attached to an inverted microscope (Olympus). Captured images were analyzed using Image J
software, version 1.48J. Image analysis was carried out by manual tracking, as well as the chemotaxis
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and migration tool plug-in V1.01 (Ibidi, Planegg, Germany). Cells were selected from both sides of the
wound. We obtained the datasets of XY coordinates by using manual tracking, then these datasets
were imported into chemotaxis plug-in. These datasets were then imported into the chemotaxis and
migration tool plug-in, which computed the cell migration speed and directionality and plotted the
cell migration pathway.

The migration speed was calculated as an accumulated distance of the cell divided by time.
The migration distance of the cell was defined as the straight-line distance along the y axis between
the start position and the end position of cell divided by accumulated distance. For each experiment,
cells were randomly selected along each edge of the wound. Cells undergoing division, death or
migration outside the field of the view were excluded from the analysis.

We added GA, a known inhibitor of HMGB1, to evaluate its effect on HMGB1-induced fibroblast
migration. GA (200 μM) was administered to the 100 ng/mL HMGB1- and 10 ng/mL TGF-β-treated
normal fibroblasts to analyze its effects. Additionally, 100 μM and 200 μM GA was treated to
keloid fibroblasts.

4.3. Western Blotting Analysis

Normal and keloid fibroblasts were grown to 70% confluence in 100 × 20-mm cell culture dishes.
Cultured keloid fibroblasts were exposed to HMGB1 (100 ng/mL) for 48 h. The protein (20 μg) was
subjected to 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and electrophoretically
transferred onto a polyvinylidene fluoride membrane (Millipore, Billerica, MA, USA). The membranes
were blocked with blocking buffer for 1 h and incubated with primary antibodies against AKT
(1:1000, rabbit polyclonal; Cell Signaling Technology, Danvers, MA, USA), p-AKT (Cell Signaling
Technology), ERK 1/2 (Cell Signaling Technology), p-ERK 1/2 (Cell Signaling Technology) and actin
(1:5000, mouse monoclonal; Sigma-Aldrich, St. Louis, MO, USA) before incubating overnight at 4 ◦C.
Secondary antibodies against horseradish peroxidase-conjugated rabbit antibody (1:2000, Santa Cruz
Biotechnology, Santa Cruz, CA, USA) and mouse antibody (1:2000, Santa Cruz Biotechnology) were
then added and the membrane was incubated for another 2 h at room temperature. After incubation
with secondary antibodies, the membrane blot was developed using an electrochemiluminescence
blotting system (Amersham Pharmacia Biotech, Piscataway, NJ, USA) according to the manufacturer’s
instructions; the densities of the bands on the developed film were analyzed using Image J software.
Protein expression levels were normalized to those of actin. Relative quantitation is expressed as
fold-induction compared to control conditions (normal fibroblast group).

4.4. Statistical Analysis

All data are presented as mean ± standard error of the mean (SEM) and were analyzed using
a paired t-test or one-way analysis of variance; p < 0.05 was considered statistically significant.
SPSS version 19.0 (SPSS Inc., Chicago, IL, USA) was used for all statistical analyses.

5. Conclusions

Our study demonstrated that HMGB1 induces the activation of fibroblasts via activating the
RAGE-MAPK and NF-κB interaction signaling pathways. Further study is needed to elucidate
the mechanisms of ECM accumulation with exogenous HMGB1 administration and its action on
EMT-mediated canonical signaling in wound repair. We expect that further knowledge of the
relationship of skin fibrosis to HMGB1 may help to develop a new clinical approach to treat and
prevent keloids and hypertrophic scars.
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CXCL12 C-X-C motif chemokine 12
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HMGB1 High-mobility group box 1
MAPK Mitogen-activated protein kinase
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activated B cells
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TGF-β Transforming growth factor-β
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Abstract: Extracorporeal shock wave therapy (ESWT) considerably improves the appearance and
symptoms of post-burn hypertrophic scars (HTS). However, the mechanism underlying the observed
beneficial effects is not well understood. The objective of this study was to elucidate the mechanism
underlying changes in cellular and molecular biology that is induced by ESWT of fibroblasts derived
from scar tissue (HTSFs). We cultured primary dermal fibroblasts derived from human HTS and
exposed these cells to 1000 impulses of 0.03, 0.1, and 0.3 mJ/mm2. At 24 h and 72 h after treatment,
real-time PCR and western blotting were used to detect mRNA and protein expression, respectively,
and cell viability and mobility were assessed. While HTSF viability was not affected, migration was
decreased by ESWT. Transforming growth factor beta 1 (TGF-β1) expression was reduced and alpha
smooth muscle actin (α-SMA), collagen-I, fibronectin, and twist-1 were reduced significantly after
ESWT. Expression of E-cadherin was increased, while that of N-cadherin was reduced. Expression of
inhibitor of DNA binding 1 and 2 was increased. In conclusion, suppressed epithelial-mesenchymal
transition might be responsible for the anti-scarring effect of ESWT, and has potential as a therapeutic
target in the management of post-burn scars.

Keywords: extracorporeal shock wave therapy; burn hypertrophic scar; hypertrophic scar-derived
fibroblast; epithelial-mesenchymal transition; inhibitor of DNA binding protein

1. Introduction

Post-burn hypertrophic scars (HTSs) are a most common complication of burn injury and result
from excessive scar tissue formation in prolonged aberrant wound healing, and are characterized by
hyalinized collagen bundles. They can functionally (arthrentasis), symptomatically (pruritis, pain), and
aesthetically impact the patient’s quality of life. Depending on the depth of the wound, hypertrophic
scar (HTS) occurs in up to 91% of burn injuries [1]. The pathophysiology of HTS formation involves
an overactive proliferative phase in wound healing [2]. A variety of cells (macrophages, fibroblasts,
keratinocytes), cytokines, and growth factors participate this process. Activated T cells, macrophages,
and Langerhans cells disrupt normal wound healing and tissue remodeling, and contribute to abnormal
extracellular matrix (ECM) accumulation with an increased cellular activity [3,4].
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In particular, transforming growth factor beta 1 (TGF-β1) has potent stimulatory effects on ECM
protein synthesis, and fibroblast proliferation and differentiation [3]. A previous clinical study revealed
that the serum levels of TGF-β in patients with burn injuries are approximately twice of those in
control patients [5]. Furthermore, TGF-β1 and 2 receptors are overexpressed in fibroblasts of HTS
tissues [6].

There is clear evidence of elevated fibrotic markers, such as collagen type I, alpha smooth muscle
actin (α-SMA), vimentin, fibroblast specific protein 1 (FSP-1), and N-cadherin, and a loss of E-cadherin
in human HTS, but not in fibroblasts derived from scar tissue (HTSFs) [7]. The mRNA and protein
expression of TGF-β1 is significantly increased in HTSF as compared to normal cells [8]; and the
numbers of total fibroblasts and αSMA-positive myofibroblasts are significantly higher in HTS than
in normotrophic scar or normal skin [9]. Myofibroblasts are fibroblasts that are activated by TGF-β
and other growth factors, and are an important source of cells for the synthesis and secretion of ECM
components, which are critical for pathological HTS formation [2].

At least three subpopulations have been identified in the dermis: superficial fibroblasts, reticular
fibroblasts, and fibroblasts associated with hair follicles; of these, reticular cells originating from the
deep dermis contribute to HTS formation [10,11]. At the same time, reticular cells show specific
characteristics, including larger cell size, slower proliferation in culture, higher TGF-β1 and collagen
production, and higher α-SMA expression when compared with fibroblasts from other dermal
layers [10]. However, studies on the pathological characteristics of HTSFs are lacking.

Extracorporeal shockwave therapy (ESWT) is a non-invasive physiotherapy that was first used
in the lithotripsy of kidney stones [12]. With its development, it has been gradually applied in the
treatment of musculoskeletal diseases, such as plantar fasciitis and chronic lateral epicondylitis (tennis
elbow), for which it is approved by the US Food and Drug Administration [13]. Several experimental
studies demonstrated that ESWT induces nitric oxide (NO) production and inhibition of nuclear
factor kappa B (NF-κB) activation in an in vitro model [14], and significantly induces the expression
of 84 angiogenic genes in normal mice or mice with non-healing diabetic ulcers [15]. Further, ESWT
induces angiogenic and proliferative growth factors, such as nitric oxide synthase (eNOS), vascular
endothelial growth factor (VEGF), and proliferating cell nuclear antigen (PCNA), at joints to stimulate
the formation of new capillaries and muscularized vessels, thus improving blood supply and tendon
regeneration in animal models [16,17]. Furthermore, clinical trials have shown encouraging, significant
correlations of ESWT, with an improved healing rate and complete epithelialization, depending on
wound size [18]. One clinical study in patients with post-burn HTSs showed that ESWT softened scars
and improved their appearance [19]. Very recently, we reported that ESWT significantly reduced scar
pain and pruritus in burn patients during rehabilitation [20,21].

Here, we examined molecular changes induced in HTSFs by ESWT, to reveal the mechanism
underlying the beneficial effect of ESWT.

2. Results

2.1. Characterization of HTSFs

To determine the character of HTSFs, we conducted western blot analysis. epithelial-mesenchymal
transition (EMT) markers were significantly more strongly expressed by HTSFs than by human normal
fibroblasts (HNFs) of the same passage. Protein expression of TGF-β1, α-SMA, collagen-I, collagen-III,
fibronectin, vimentin, FSP-1, E-cadherin, and twist1 was significantly higher in HTSFs than in HNFs
(Figure 1). In contrast, N-cadherin expression was significantly lower in HTSFs than in HNFs (Figure 1).
These results indicated that EMT is closely involved in the pathology of HTS formation.
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Figure 1. The characteristics of fibroblasts derived from scar tissue (HTSFs). Matched human normal
fibroblasts (HNF) and HTSF were cultured from four patients with post burn hypertrophic scar tissue.
Protein expression of transforming growth factor beta 1 (TGF-β1), alpha smooth muscle actin (α-SMA),
COL-I (collagen type I), COL-III (collagen type III), FN (fibronectin), Vimentin, fibroblast specific
protein 1 (FSP-1), Twist-1 and N-cad (N-cadherin) was significantly higher in HTSFs compared with
HNF from skin dermis. The protein expression of E-cad (E-cadherin), inhibitor of DNA binding
protein 1 (ID-1) and inhibitor of DNA binding protein 2 (ID-2) were lower in HTSFs when compared
with HNF from skin dermis. That expression of those proteins was measured by western blotting
against specific antibody. The intensity of band was normalized with that of loading control, β-actin or
lamin B1, respectively; HNF, Human normal skin derived fibroblast; HTSF, human hypertrophic scar
derived fibroblast. * p < 0.05 vs. the corresponding HNF.

2.2. Effects of ESWT on HTSF Viability

We investigated the viability of HTSFs after ESWT with 1000 impulses/cm2 at 0.03, 0.1, and
0.3 mJ/mm2 of energy flux densities at 24 h after plating using a viability assay (Figure 2A). ESWT
had no effect on the viability of HTSFs when compared to non-treated cells. ESWT-HTSFs showed
a normal growth pattern, with no effect of ESWT on growth rate (Figure 2B). The mRNA levels
of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and β-actin were not affected by ESWT.
Furthermore, mRNA expression of bcl-2-associated X protein (bax) and B-cell lymphoma 2 (bcl-2),
apoptotic-related factors, was not affected at 24 h and 72 h after ESWT in HTSF (Figures S1 and S2).
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Figure 2. Experimental schematic diagrams and viability of HTSFs. The dermis was separated from
human hypertrophic scar tissue by dispase, and then digested with collagenase type IV. HTSF was
released, collected, suspended in medium, and continue cultured. After detachment, HTSFs were
suspended in to a 17 mL conical tube. ESWT is performed with 1000 impulse/cm2 at 0.03, 0.1,
and 0.3 mJ/mm2 of energy flux densities. Then, HTSFs were seeded on 96 well cell culture plates
for viability assays, μ-dish for migration assays, and T75 culture plates for RT-PCR and western blot
(0 h). After 24 h, the viability of HTSF was measured. Once removes insert of μ-dish, the HTSF
begins to move, and then analyzed after migration 24 and 48 h (48 and 72 h after ESWT). Real time
polymerase chain reaction (RT-PCR) and western blot were performed 24 h and 72 h after plating,
respectively (A). ESWT no influence on viability of HTSFs (B). Cell viability was determined using
an Cell Titer-Glo® Luminescent cell viability assay kit 24 h after ESWT. Each group was assayed in
sextuplicate, and the experiments were performed at three times independently. HTSF viability was
expressed as a percentage value of untreated cells. Un: untreated cells.

2.3. Effects of ESWT on TGF-β1, α-SMA and Vimentin Expression in HTSFs

As TGF-β1 plays a critical role as a potent EMT inducer in the pathogenesis of HTS formation,
we first investigated whether the anti-scarring effect of ESWT was partially mediated via suppression
of TGF-β1 expression. The TGF-β1 mRNA level was significantly reduced 24 h after ESWT with
1000 impulses/cm2 at 0.03, 0.1, and 0.3 mJ/mm2, when compared with non-treated cells (p < 0.05)
(Figure 3A), while no further changes were observed at 72 h after ESWT. TGF-β1 protein expression
was also significantly decreased 24 h and 72 h after ESWT with 1000 impulses/cm2 at all tested energy
flux densities, as compared to non-treated cells (p < 0.05) (Figure 3C). Next, we investigated the
expression of α-SMA, an EMT marker directly regulated by TGF-β1. α-SMA mRNA expression was
reduced at 24 h and 72 h after ESWT with 1000 impulses/cm2 at 0.03, 0.1, and 0.3 mJ/mm2, compared
with non-treated cells (p < 0.05 or 0.01) (Figure 3B). Similar to TGF-β1 protein expression, α-SMA
protein expression was significantly decreased at 24 h and 72 h after all ESWT regimens, as compared
with non-treated cells (p < 0.05) (Figure 3D). Finally, we measured the expression of vimentin, another
EMT marker. Vimentin expression was also significantly decreased at 24 h and 72 h after ESWT, when
compared with non-treated cells (p < 0.05) (Figure S3). On the other hand, non-treated cells were larger
and expressed higher levels of vimentin in the cell body. After ESWT, depending on the energy flux
density, the HTSFs exhibited spindle- or stellate-shaped fibroblast-like appearance (Figure S3A,B).
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Figure 3. Extracorporeal shockwave therapy (ESWT) decreases the expression of TGF-β1 and alpha
smooth muscle actin (α–SMA) in HTSFs. HTSF was cultured from four patients with post burn
hypertrophic scar tissue. The mRNA expression of TGF-β1 (A) and α–SMA (C) were measured 24 h and
72 h after ESWT using a Light Cycler real-time PCR system. Each sample was assayed in duplicate, and
experiments were performed least three times independently. The mRNA expression was normalized
as ratio = 2−ΔΔCt, and data are the mean ± S.E. * p < 0.05 and † p < 0.01 vs. the corresponding untreated
control group. Protein expression of TGF-β1 (B) and α–SMA (D) were measured with western blot
analysis 24 and 72 h after ESWT, respectively. The protein expression was normalized with β-actin,
respectively; and data are the mean ± S.E. * p < 0.05 vs. the corresponding untreated control group.
Un: Untreated cells.

2.4. Effects of ESWT on Expression of ECM-Related Proteins in HTSFs

We investigated the expression of Collagen1a1 and fibronectin, both markers of EMT, at 24 h
and 72 h after ESWT. Collagen1a1 mRNA expression was significantly decreased at 24 h after ESWT
with 1000 impulses/cm2, at 0.03 and 0.1 mJ/mm2 and at 72 h after all the ESWT regimens, compared
with non-treated cells (p < 0.05 or 0.01) (Figure 4A). Accordingly, collagen-I protein expression was
significantly reduced at 24 h and 72 h after ESWT (p < 0.05) (Figure 4C). Fibronectin mRNA expression
was significantly decreased at 24 h after ESWT with 1000 impulses/cm2, at 0.03, 0.1 and 0.3 mJ/mm2,
and at 72 h after ESWT with 1000 impulses/cm2, at 0.03, and 0.1 mJ/mm2, when compared with
non-treated cells (p < 0.05 or 0.01) (Figure 4B). Surprisingly, fibronectin protein was significantly
increased 24 h after ESWT with 1000 impulses/cm2 at 0.03, 0.1, and 0.3 mJ/mm2 (p < 0.05) (Figure 4D),
but significantly reduced at 72 h after ESWT under the same conditions (p < 0.05) (Figure 4D).
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Figure 4. ESWT decreases the expression of extracellular matrix protein in HTSFs. HTSF was cultured
from four patients with post burn hypertrophic scar tissue. The mRNA expression of collagen-I (A) and
fibronectin (B) were measured 24 and 72 h after ESWT using a Light Cycler real-time PCR system. Each
sample was assayed in duplicate, and experiments were performed least three times independently.
The mRNA expression was normalized as ratio = 2−ΔΔCt, and data are the mean ± S.E. * p < 0.05
and † p < 0.01 vs. the corresponding untreated control group. Protein expression of collagen-I (C)
and fibronectin (D) were measured with western blot analysis 24 and 72 h after ESWT, respectively.
The protein expression was normalized with β-actin, respectively; and data are the mean ± SE. * p < 0.05
vs. the corresponding untreated control group. Un: Untreated cells.

2.5. Effects of ESWT on Expression of N- and E-Cadherin in HTSFs

We measured the expression of N-cadherin and E-cadherin, which are cell-surface markers of
EMT. mRNA expression of N-cadherin was significantly decreased at 24 h and 72 h after ESWT in all
the regimens (p < 0.05 or 0.01) (Figure 5A), while that of E-cadherin was significantly increased 24 h
and 72 h after ESWT with 1000 impulse/cm2 at 0.1 and 0.3 mJ/mm2 energy flux densities, respectively
(p < 0.01) (Figure 5B). Similar to mRNA expression, at 24 and 72 h after ESWT in all the regimens,
N-cadherin was significantly decreased (p < 0.05) (Figure 5C), while E-cadherin was significantly
increased 24 h and 72 h after treated with 1000 impulse/cm2 at 0.1 and 0.3 mJ/mm2, respectively
(p < 0.05) (Figure 5D).
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Figure 5. Effects of ESWT on the expression of N-cadherin and E-cadherin in HTSFs. HTSFs were
cultured from four patients with post burn hypertrophic scar tissue. The ESWT decreased the mRNA
expression of N-cadherin (A), and increased the mRNA expression of E-cadherin (B). The mRNA
expression was measured 24 h and 72 h after ESWT using a Light Cycler real-time PCR system. Each
sample was assayed in duplicate, and experiments were performed least three times independently.
The mRNA expression was normalized as ratio = 2−ΔΔCt, and data are the mean ± S.E. * p < 0.05 and
† p < 0.01 vs. the corresponding untreated control group. ESWT decreased the protein expression of
N-cadherin (C), and increased protein expression of E-cadherin (D). Protein expression of N-cadherin
and E-cadherin were measured with western blot analysis 24 h and 72 h after ESWT, respectively.
The protein expression was normalized with β-actin, respectively, and data are the mean ± S.E. * p < 0.05
vs. the corresponding untreated control group. Un: Untreated cells.

2.6. Effects of ESWT on Transcription Factor Expression in HTSFs

We investigated whether ESWT regulates the expression of the transcription factors inhibitor of
DNA binding 1 (ID-1) and inhibitor of DNA binding 2 (ID-2), both of which are known to be involved
in anti-fibrotic effects [22,23]. ID-1 protein expression was significantly induced at 24 h after ESWT with
1000 impulses/cm2 at 0.03 mJ/mm2 and at 72 h after 1000 impulses/cm2 at 0.03, 0.1, and 0.3 mJ/mm2

(p < 0.05) (Figure 6A). In contrast, ID-2 protein expression was significantly induced at 24 h after
ESWT with 1000 impulses/cm2 at 0.03, 0.1 and 0.3 mJ/mm2, and at 72 h after 1000 impulses/cm2 at
0.03 mJ/mm2 (p < 0.05) (Figure 6B). Furthermore, twist-1 protein expression was significantly reduced
at 24 and 72 h after ESWT, respectively (p < 0.05) (Figure 6C). These results suggested that expression
of transcription factors ID-1, ID-2, and twit-1 might be implicated in the anti-scarring effect of ESWT.
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Figure 6. ESWT regulates the expression of ID-1, ID-2, and twist-1 in HTSFs. HTSF was cultured from
four patients with post burn hypertrophic scar tissue. The Protein expression of ID-1 (A), ID-2 (B) and
(C) were measured with western blot analysis 24 h and 72 h after ESWT, respectively. The protein
expression was normalized with lamin B1, and data are the mean ± S.E. * p < 0.05 vs. the corresponding
untreated control group. Un: Untreated cells.

2.7. Effects of ESWT on HTSF Migration

For migration assays, HTSFs were seeded in an insert culture system after ESWT, because when
ESWT was applied to cells cultured on a dish, the cells detached from the dish. HTSF migration was
significantly reduced 24 h (48 h after ESWT) and 48 h (72 h after ESWT) after transfer to the insert
upon ESWT with 1000 impulses/cm2 at 0.03 and 0.1 mJ/mm2, when compared with non-treated cells
(p < 0.05) (Figure 7). Even more strongly reduced migration was observed when the energy flux density
was 0.3 mJ/mm2 (p < 0.01) (Figure 6).
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Figure 7. ESWT decreases migration of HTSFs. HTSFs were cultured from four patients with post burn
hypertrophic scar tissue. (A) The HTSF cells seeded in a culture insert in a 35 mm μ-dish after ESWT,
and then after 24 h, the culture insert was removed, made a cell-free gap, allow cells to migrate for 24 h
and 48 h. The images were photographed under a light microscopy (scale bar, 500 μm). (B) Quantitative
analysis of the migration assay was expressed as a percentage relative to untreated cells. The untreated
cells were used as control, set to 100%. Data are the mean ± S.E. * p < 0.05 and † p < 0.01 vs. the
corresponding untreated control group. Un: Untreated cells.

3. Discussion

Previous studies have well documented the clinical effectiveness of ESWT in burn scars [19–21].
However, the molecular mechanism remained poorly understood. In the present study, we investigated
changes in cell biological behaviors to elucidate the therapeutic mechanism of ESWT underlying its
anti-scarring effects. The experimental results suggested that unchanged viability, reduced migration,
and the suppressed expression of typical EMT makers in HTFS might be involved in the ESWT
anti-scar effect.

Recent evidence suggests that EMT, the reverse of MET, is a process that is essential to wound
healing that plays a role in fibrogenesis during HTS formation [6,24,25]. EMT is a process by which
epithelial cells lose their epithelial cell characteristics and develop properties typical of mesenchymal
cells [26]. During EMT, epithelial cells lose cell–cell connections and downregulate epithelial markers,
such as E-cadherin, while they upregulate mesenchymal markers, such as α-SMA, N-cadherin, and
fibronectin, and display increased migratory activity [25].

We used HTSFs, which are considered “abnormal” cells, as a research model because fibroblasts
have extremely heterogeneous multifunctional potency, and as deep dermal fibroblasts have been
suggested to play an important role in HTS formation in deep dermis burn injury [11]. Furthermore,
HTSFs have an EMT-like phenotype as compared with matched normal fibroblasts. For example,
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HTSFs reportedly have a myofibroblast-like character [27]; high levels of TGF-β1 and its receptors;
elevated expression of growth factors and inflammatory cytokines, such as CTGF, IL-6, and IL-8; and,
increased ECM components as fibronectin and collagen [28]. We observed similar characters in our
study, suggesting that HTSFs are a suitable model for studying HTS pathology in vitro. However,
interestingly, in our results, the HTSF expressed various mesenchymal properties, such as increased
expression of EMT markers, including TGF-β1, α-SMA, collagen-I, collagen-III, fibronectin, vimentin,
FSP-1, E-cadherin, and twist1, and decreased expression of N-cadherin. This suggests that the
characteristics of HTSF should be further studied.

In the current literature on the use of ESWT, not only were different parameters used in each study,
but there is also no agreement on how to obtain maximum potential. In in vitro studies, ESWT has been
used with 500–1500 pulses at 0.03 mJ/mm2 in human umbilical vein endothelial cells [14], 1000 impulses
at 0.14 mJ/ mm2 in human tenocytes [29], and 0.06–0.50 mJ/mm2 in human osteoblasts [30]. In in vivo
studies, ESWT has been used with 1000 impulses at 0.18 mJ/ mm2 on tendon bone in dogs [16],
500 impulses at 0.12 mJ/ mm2 on tendon bone in rabbits [17], and 200 impulses at 0.1 mJ/ mm2 on
wound in rabbit [15]. In clinical applications, there are reports of 100 impulses at 0.05–0.15 mJ/mm2

in burn pruritus and pain [20,21], 500 impulses at 0.13 mJ/ mm2 in burned hands [31], 500 impulses
at 0.15 mJ/mm2 in full-thickness burns [32], and 100 impulses at 0.037 mJ/ mm2 on burn scars [19].
In our study, we applied 1000 impulses/cm2 at 0.03, 0.1, and 0.3 mJ/mm2 to HTSFs to determine the
molecular therapeutic mechanism, and convincing results were obtained under these experimental
conditions. Thus, these experimental conditions can serve as a reference for animal or clinical studies.

Previous studies indicated that HTSFs exhibit resistance to apoptosis, which is one of the causes
of scar formation [11,33]. Our results showed an unchanged viability of HTSFs at 24 h after ESWT with
1000 impulses/cm2 at 0.03, 0.1, and 0.3 mJ/mm2 energy flux densities. In addition to GAPDH and
β-actin, the mRNA expression of bax and bcl-2, apoptosis-related factors, was not affected in HTSF
by ESWT (Supplementary Figures S1 and S2), suggesting that the anti-scarring effect of ESWT is not
related to cell death.

In the wound-healing process, fibroblasts that migrate from the wound edge into the wound
core participate in re-epithelialization and granulation tissue formation through proliferation. In the
remodeling phase, fibroblasts differentiate into myofibroblasts, as characterized by high α-SMA
expression. These myofibroblasts synthesize and deposit ECM components, which are responsible for
granulation tissue contraction and the development of mature scar tissue. At the same time, matrix
metalloproteinases (MMPs) and collagenase are involved in functional degradation and remodeling
of the ECM [34]. It has been suggested that MMPs induced by interleukin 13 (IL-13) convert inactive
TGF-β1 into its active form [35]. In an unbalanced inflammatory reaction or under severe inflammation,
over production TGF-β1 induces over activation and over proliferation of fibroblasts, which in turn,
leads to excess ECM deposition, eventually resulting in HTS formation [34]. This study showed that
the inhibits expression of TGF-β1, α-SMA, and vimentin, both of which are cytoskeletal markers of
EMT directly regulated by TGF-β1, are likely involved in the anti-scarring therapeutic effect. TGF-β1
is a potent EMT inducer that plays a critical role in wound healing and pathological development
of HTS. In addition, our results show that ESWT distinctly decreased ECM components, including
collagen-I and fibronectin. These results indicate that the induction of MET and suppression of EMT
might be involved in the anti-scarring effect of ESWT.

Cell migration starts at embryonic development and occurs throughout the life cycle. Generally,
for cells to migrate, they must adhere to ECM through interacting with or binding to cell adhesion
molecules, such as selectins, integrins, and cadherins. It has become increasingly evident that cadherin
is important in cell migration. In particular, expression levels of N- and E-cadherin are closely involved
in EMT [36], where the loss of E-cadherin is correlated with an upregulation of N-cadherin [37].
Increased myofibroblast invasion or migration depends on N-cadherin in cancer or wound healing [38].
Moreover, E-cadherin has been shown to be essential for cell migration in epithelial wound healing [39].
Given the correlation between cadherin expression and cell migration, we evaluated whether the
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changes in the cadherin expression are accompanied by changes in the migration of HTSFs. qRT-PCR
and western blotting results showed that at 24 h and 72 h after ESWT, E- and N-cadherin expression
increased and decreased, respectively, under all the treatment conditions, except when 0.03 mJ/mm2

energy flux density was used. Moreover, we observed that HTSF migration decreased at 24 and
72 h after ESWT. The increased E-cadherin expression and decreased migration, both MET-related
processes, also suggests a relevant association between MET and the anti-fibrosis effect of ESWT.

The ID protein family has four family members (ID1-4), which can bind to basic helix–loop–helix
(bHLH) transcription factors to form a heterodimer that inhibits transcription factor–DNA binding [40,41].
Thus, the proteins control cell differentiation and proliferation, and can act as oncogene or tumor
suppressor [41]. ID proteins can interact with Myo D protein, which is a myogenic bHLH transcription
factor, to negatively regulate myogenic differentiation [40]. Previous studies have demonstrated
that TGF-β1-induced differentiation of fibroblasts into myofibroblasts is partially dependent on
Myo D. Moreover, shRNA-mediated knockdown of Myo D expression in myofibroblasts resulted
in the reversion of TGF-β1-induced responses [42]. Particularly, an in vitro study indicated that
overexpression of ID-1 suppresses TGF-β1-induced Smad 2/3 signaling, thus decreasing collagen
expression in human dermal fibroblasts [22]. ID-2 protein also has broader anti-fibrotic effects;
ID2 transgenic mice show resistance to bleomycin-induced pulmonary fibrosis partially through
down-regulation twist. Although, mice with alveolar epithelial cell deletion of Twist developed fibrosis
after bleomycin [23]. Furthermore, a report indicated soluble ECM peptide downregulates the mRNA
expression of ID1 and ID2 on epithelial cells, MCF-10A, while it induced TGF-β signaling [43]. In our
study, ESWT significantly upregulated the protein expression of ID-1 and ID-2, while downregulating
the protein expression of twist-1. Our results, supported by the above findings, indicate that the
anti-scarring effect or induction MET action of ESWT is probably via the regulation of ID and twist-1
protein expression, although we did not detect the expression of the other ID subtype proteins, ID3 and
ID4, which is a limitation of the present study. Moreover, additional models, such as three-dimensional
(3D) culture models, should provide more physiologically relevant information. While we showed
that the transcription factor twist-1 was increased in HTSF, the involvement of other transcription
factors in the response of HTSF to ESWT remains unclear. In addition, more importantly, further study
is required in keratinocytes from normal skin or HTS, and animal models.

4. Materials and Methods

4.1. Primary Cell Culture

HNFs used in this study were derived from skin biopsy, while HTSFs were isolated from
burn-injured HTS tissues derived from surgical procedures, and the HNFs and HTSFs were matched
from four patients. The scars ranged in age from one to two years. The study was approved by the
Hallym University Hangang Sacred Heart Hospital Institutional Review Board (2 July 2014, registration
number 2014-062). Briefly, skin and scar tissues were cut into small pieces, soaked in dispase II (Gibco,
Waltham, MA, USA) solution, and maintained at 4 ◦C overnight. The next day, the epidermis was
separated from the dermis, and the dermis was digested with collagenase type IV solution (500 U/mL)
at 37 ◦C for 30 min (Gibco, Waltham, MA, USA). The samples were inactivated with complete medium
(DMEM) containing 10% fetal bovine serum (FBS) and 1% antibiotic-antimycotic containing penicillin,
streptomycin, and amphotericin B (Gibco, Waltham, MA, USA), filtered, and centrifuged at 300× g
for 5 min. The pellet was resuspended in complete medium, followed by culture at 37 ◦C in 5% CO2.
HTSFs at passage 2 were used for all of the experiments [44].

4.2. ESWT

HTSFs were serum-starved for 24 h with 0.1% FBS and were then removed from the cell culture
flask using cell detachment solution, Accutase® (Thermo Fisher Scientific, Waltham, MA, USA).
The cells were suspended 17 mL of starvation medium in 4.5-cm-long conical tubes (Thermo Fisher
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Scientific, Waltham, MA, USA) at 1.0 × 105/mL. ESWT was conducted using a Duolith SD-1® device
(StorzMedical, Tägerwilen, Switzerland) with an electromagnetic cylindrical coil source of focused
shock wave (Figure 1). Cells were treated with 1000 impulses/cm2 at 0.03, 0.1, and 0.3 mJ/mm2 of
energy flux density, with a frequency of 4 Hz. After ESWT, the HTSFs were maintained for 24 h or 72 h
in starvation medium (0.1% FBS, 1% antibiotic-antimycotic) in 96-well cell culture plates, μ-dishes, and
T75 culture plates to continue cultivation for further experiments.

4.3. Cell Viability Assay

HTSF viability was assessed using the CellTiter-Glo® Luminescent cell viability assay kit (Promega,
Madison, WI, USA). After ESWT, cells were seeded at 1.0 × 104/well on cell culture plates (Corning,
New York, NY, USA). After 24 h or 72 h of cultivation, 100 μL of Cell Titer-Glo® reagent was added
to the medium, mixed well, and incubated for 10 min at room temperature. Luminescence was
recorded using a microplate reader (Brea, CA, USA). Viability was calculated as follows: viability (%)
= (sample luminescence − background luminescence)/(control sample luminescence − background
luminescence) × 100.

4.4. HTSF Migration Assay

Cell migration was analyzed, as described previously [44], using a culture insert in a 35-mm μ-dish
(Ibidi, GmbH, Planegg, Germany), according to the manufacturer’s instructions. After ESWT, cells
were seeded at 2.0 × 104/insert. After 24 h, the culture insert was removed, thus generating a cell-free
gap of 500 ± 50 μm. To eliminate the impact of cell proliferation during migration, mitomycin C
(5 μg/mL) (Sigma, St. Louis, MO, USA) was added to the cultures. Cells were imaged at 24 and
48 h under a light microscope (IX 70, Olympus, Tokyo, Japan), and the number of cells that had
migrated into the gap was analyzed with Image J software (NIH, Bethesda, MD, USA). ESWT cells
were compared with untreated HTSFs, as a control, for which migration was set to 100%. Each analysis
was performed in triplicate.

4.5. qRT-PCR

HTSFs were collected 24 or 72 h after re-cultivation. Total RNA was isolated using a ReliaPrepTM

RNA Miniprep Systems (Promega), according to the manufacturer’s instructions. RNA concentration
was measured using a nano-drop spectrophotometer (BioTek, Winooski, VT, USA), and 2 μg of RNA
was used to generate cDNA with a high-capacity cDNA reverse transcription kit (Thermo Fisher
Scientific, Waltham, MA, USA). qPCR was performed on a LightCycler 480 system (Roche, Basel,
Switzerland) using 50 ng of cDNA, 0.5 μM primers (Table S1), and a PCR premix (Takara, Siga, Japan).
The reaction conditions were as follows: initial denaturation at 95 ◦C for 10 min, amplification by
40 cycles of 95 ◦C for 10 s, 60 ◦C for 30 s, and extension at 72 ◦C for 20 s. Target gene mRNA levels of
were normalized to the level of GAPDH using the 2−��Ct method [45]. Each qPCR was performed in
duplicate with cDNA from at least three different HTSF cultures.

4.6. Western Blotting

HTSFs were harvested 24 or 72 h after re-cultivation. The cells were washed with ice-cold
phosphate-buffered saline (PBS), resuspended in ice-cold RIPA buffer (Biosesang, Seongnam, Korea)
containing a complete phosphatase inhibitor (Roche, Basel, Switzerland) and protease inhibitor cocktail
(Sigma, St. Louis, MO, USA), and agitated for 30 min at 4 ◦C. The samples were centrifuged for 20 min
(15,000× g, 4 ◦C), and the protein concentrations of the supernatants were determined with a BCA
kit (Thermo Fisher Scientific, Waltham, MA, USA). The samples were mixed with 5× sample buffer
and were heated at 70 ◦C for 10 min. Then, they were (30 μg protein/well) electrophoresed in
7.5% or 15% sodium dodecyl sulfate polyacrylamide gel (SDS-PAGE) gel and electro-transferred
onto polyvinylidene difluoride (PVDF) membranes, pore size 40 or 20 μm, respectively (Merck
Millipore, Billerica, MA, USA). The membranes were blocked with 5% bovine serum albumin (BSA)
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for 1 h at room temperature and then incubated for 16 h with polyclonal rabbit anti-TGFβ1 antibody
(1:500, Santa Cruz Biotechnology, CA, USA), polyclonal mouse anti-αSMA antibody (1:500, Abcam,
Cambridge, UK), monoclonal rabbit anti-fibronectin (1:2000, Abcam, Cambridge, UK), polyclonal
rabbit anti-collagen-I; antibody (1:100, Abcam, Cambridge, UK), monoclonal rabbit anti-collagen-III
(1:2000, Abcam, Cambridge, UK), monoclonal rabbit anti-vimentin (1:1000, Abcam, Cambridge, UK),
polyclonal rabbit anti-FSP-1 antibody (1:1000, Merck Millipore, Billerica, MA, USA), monoclonal
anti E-cadherin (1:1000, Cell Signaling, Danvers, MA, USA), monoclonal mouse anti N-cadherin
(1:1000, Thermo Fisher Scientific, Waltham, MA, USA), monoclonal mouse anti-ID1 antibody (1:200,
Santa Cruz Biotechnology, Santa Cruz, CA, USA), monoclonal mouse anti-ID2 antibody (1:200, Santa
Cruz Biotechnology, Santa Cruz, CA, USA), and anti-β-actin (1:5000, Cell Signaling, Danvers, MA,
USA). The membranes were washed three times (10 min/wash) with tris-buffered saline-tween 20
(TBST) buffer, and then incubated with peroxidase-conjugated anti-rabbit IgG (1:5000, Merck Millipore,
Billerica, MA, USA) for 2 h at room temperature. They were then washed three times (10 min/wash)
and were developed with an ECL detection kit (Thermo Fisher Scientific, Waltham, MA, USA). Images
were obtained using a chemiluminescence imaging system (WSE-6100; Atto, Tokyo, Japan). Band
densities were determined with CS Analyzer4 software (Atto, Tokyo, Japan), and normalized to
β-actin density.

4.7. Statistical Analysis

All results are presented as the mean ± SEM. The Mann-Whitney U test was used for comparisons
between two groups. Statistical analyses were conducted with PASW statistics 18 (SPSS Inc., Chicago,
IL, USA), and p < 0.05 was considered significant.

5. Conclusions

In present study, we demonstrated that ESWT suppresses EMT in HTSFs by inhibiting the
expression of TGF-β1, a potent EMT inducer, as well as that of α-SMA, collagen-I, fibronectin, and
N-cadherin, and by upregulating E-cadherin. Moreover, ESWT inhibits the migratory ability of HTSF.
These molecular changes contribute to the anti-fibrotic effects of ESWT on HTSFs. The findings explain
well the beneficial effects of ESWT observed in the clinic.

Supplementary Materials: The following are available online at www.mdpi.com/1422-0067/19/1/124/s1,
Figure S1: mRNA expression of β-actin and GAPDH in HTSFs after ESWT, Figure S2: mRNA expression
of apoptotic related factors in HTSFs after ESWT, Figure S3: Immunocytochemical analysis of vimentin expression
in HTSFs after ESWT, Table S1: Real-time PCR primer sequences.
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Abstract: Keloids occur after failure of the wound healing process; inflammation persists, and various
treatments are ineffective. Keloid pathogenesis is still unclear. We have previously analysed the gene
expression profiles in keloid tissue and found that HtrA1 was markedly up-regulated in the keloid
lesions. HtrA1 is a serine protease suggested to play a role in the pathogenesis of various diseases,
including age-related macular degeneration and osteoarthritis, by modulating extracellular matrix or
cell surface proteins. We analysed HtrA1 localization and its role in keloid pathogenesis. Thirty keloid
patients and twelve unrelated patients were enrolled for in situ hybridization, immunohistochemical,
western blot, and cell proliferation analyses. Fibroblast-like cells expressed more HtrA1 in active
keloid lesions than in surrounding lesions. The proportion of HtrA1-positive cells in keloids was
significantly higher than that in normal skin, and HtrA1 protein was up-regulated relative to normal
skin. Silencing HtrA1 gene expression significantly suppressed cell proliferation. HtrA1 was highly
expressed in keloid tissues, and the suppression of the HtrA1 gene inhibited the proliferation of
keloid-derived fibroblasts. HtrA1 may promote keloid development by accelerating cell proliferation
and remodelling keloid-specific extracellular matrix or cell surface molecules. HtrA1 is suggested to
have an important role in keloid pathogenesis.

Keywords: keloids; fibroproliferative disorder; HtrA1; inflammation

1. Introduction

Keloids are a dermal fibrotic disease characterized by abnormal accumulation of extracellular
matrix (ECM) and fibroproliferation in the dermis [1,2]. They appear as raised, red, and inflexible
scar tissue that develops during the wound-healing process, even from tiny wounds including
vaccination and insect bites. Keloid lesions expand over the boundaries of the initial injury site,
and the lesions continue to develop and become larger [3,4]. The many treatments for keloids include
steroid injections, steroid tape, and surgery with postoperative irradiation. The cure rate following
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surgery and postoperative radiation varies widely from 28~89% [3,5–8] and depends on the individual.
Clarifying keloid pathogenesis could improve the treatment outcome.

Previously, we studied the molecular mechanism of keloid pathogenesis using cDNA microarray
and Northern blot analysis to compare gene expression patterns in keloid lesions and normal skin [9].
HtrA1, a member of the HtrA family of serine protease and a mammalian homolog of Escherichia coli
HtrA (DegP), was markedly upregulated in the keloid lesions. As human HtrA1 has multiple domains,
including protease, IGFBP, and PDZ domains, HtrA1 has been expected to be a multifunctional protein.
Several cellular and molecular studies suggested that HtrA1 plays a key role in regulating various
cellular processes via the cleavage and/or binding of pivotal factors that participate in cell proliferation,
migration, and cell fate [10–13] HtrA1 has been suggested to be closely associated with the pathology
of various diseases, including osteoarthritis, age-related macular degeneration (AMD), familial cerebral
small vessel disease (CARASIL), and malignant tumours. HtrA1 was also suggested to stimulate
progression of arthritis through degrading cartilage matrix in osteoarthritis [14]. Recently, the increased
expression of human HtrA1 in the mouse retinal pigment epithelium (RPE) was shown to induce
vasculogenesis and degeneration of the elastic lamina and tunica media of the vessels, similar to that
observed in AMD patients [15,16]. These observations imply that HtrA1 plays a role in the pathogenesis
of various diseases by modulating proteins in the ECM or cell surface. Although controversial,
HtrA1 has been proposed as a key molecule in osteogenesis and chondrogenesis [14,17,18]. HtrA1
expression is induced during hypertrophic change in chondrocytes, with the up-regulation of the type
X collagen marker in keloid lesions [9,18]. HtrA1 is closely concerned with normal osteogenesis
and in pathogenesis of arthritis [14]. In arthritis, synovial fibroblasts identified as a major source of
HtrA1 degrading cartilage matrix, such as fibronectin and aggrecan, which are abundant in keloid
lesions [9,14,18].

Based on the foregoing data, in this study, we focused on HtrA1. We examined the expression and
localization of HtrA1 in keloid tissues, using in situ hybridization and immunohistochemical studies.
HtrA1 was strongly up-regulated at both the mRNA and protein levels in the hypercellular and
active keloid lesions. Silencing HtrA1 gene expression in keloid fibroblasts significantly inhibited cell
proliferation, and additional recombinant HtrA1 stimulated keloid fibroblast proliferation. We propose
that HtrA1 may be a pivotal molecule in keloid pathogenesis, and our discussion centres on the possible
roles of HtrA1 in the molecular mechanism of keloid development.

2. Results

2.1. In Situ Hybridization of HtrA1 mRNA in Keloid Lesions and Normal Skin

To confirm the up-regulation of the mRNA level for HtrA1, we previously observed using
microarray and Northern blot analyses, and to determine the localization of HtrA1 mRNA in keloid
lesions, in situ hybridization was performed using skin samples from six keloid patients. In one
specimen (No. 27 in Table 1), in situ hybridization was performed on several parts of lesions which
differed in keloid activity. The expression of the HtrA1 gene was clearly detected in the fibroblasts in
the hypercellular and actively growing area of keloid lesions (Figure 1a, Supplementary Figure S1a,c,e),
but not in unaffected skin (Figure 1b). In the sections hybridized with sense probe, no signal was
observed (Supplementary Figure S1b,d,f), demonstrating specific staining by the antisense probe.
All keloid sections were hard and elevated in the keloid lesions. In these regions, the antisense probe
provided strong signals (Figure 1a, Supplementary Figure S1a,c,e). Clinical findings and the results
of in situ hybridization of sample 27, which was an abdominal keloid after laparoscopic surgery for
removal of uterine myoma, as depicted in Figure 2. Keloid activity was in the order of a, b and c.
Higher activity in the affected portion of the lesion was associated with greater cell proliferation and
greater up-regulation of HtrA1 (Figure 2). HtrA1 mRNA was strongly up-regulated, and expression of
HtrA1 was more pronounced in keloid lesions.
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Table 1. Samples used in this study.

Tissue Source No. Age Sex Region HtrA1-Positve Cells (%) 1 Assays 2

Keloid

1 75 M shoulder 18.83 A
2 51 F chest 12.40 A
3 49 M neck 38.74 A, B
4 67 F abdomen 43.52 A
5 32 M chest 24.77 A
6 34 M abdomen 40.64 A
7 67 M abdomen 32.80 A
8 16 F chest 41.90 A, C
9 64 M shoulder 25.82 A
10 28 M chest 24.85 A
11 24 F chest 28.36 A, C
12 20 F shoulder 35.43 A
13 62 F chest 12.68 A
14 30 M shoulder 35.34 A
15 20 F chest 48.37 A
16 65 M back 35.55 A
17 38 F chest 39.68 A
18 39 F abdomen B
19 75 M chest B
20 21 M back B
21 20 M back B
22 31 M shoulder D
23 20 F shoulder D
24 20 F chest C, D
25 58 F shoulder D
26 24 M chest C
27 41 F abdomen B
28 27 M chest C
29 17 F chest C
30 24 F chest C

Normal skin

1 51 F back 3.76 A, D
2 45 F abdomen 2.83 A
3 47 F shoulder 2.60 A
4 51 F thigh 2.13 A
5 88 M back D
6 49 F abdomen D
7 51 F abdomen D
8 52 F chest C
9 53 F chest C
10 40 F abdomen C
11 31 F abdomen C
12 52 F chest C

1 The percentage of HtrA1-positive cells was determined using immunohistochemical staining. 2 A,
immunohistochemical staining; B, in situ hybridization; C, cell proliferation assay with silencing HtrA1 gene
expression or with additional rHtrA1; D, western blotting.
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Figure 1. In situ hybridisation for HtrA1 mRNA in keloid and normal skin. Sections from active keloid
lesions (a) or unaffected region (b) (patient No. 18 in Table 1) were hybridised with a probe specific to
HtrA1 mRNA. Positive signals are visualised in blue. Scale bar = 50 μm.

Figure 2. An abdominal keloid after laparoscopic surgery. The activity of keloid was in order a, b and
c. Higher activity in regions of the lesion were associated with increased cell proliferation and greater
up-regulation of HtrA1. Scale bar = 500 μm.

2.2. Immunohistochemical Staining and Western Blot Analysis of HtrA1

To examine whether the up-regulation of HtrA1 at the mRNA level leads to increases at the protein
level, we performed immunohistochemical analysis to detect HtrA1 (Figure 3a,b, Supplementary Figure
S2a–f). HtrA1 was clearly detected by immunostaining in keloids (Figure 3a, Supplementary Figure
S2a, c, e, while no signals were observed in normal skin (Figure 3b). These data were consistent
with the in situ hybridization findings. No positive signal was found in controls not treated with
the primary antibody (Supplementary Figure S2b, d, f). Therefore, HtrA1 was strongly up-regulated at
the protein level in active areas of the keloid lesions. To confirm the up-regulation of HtrA1 protein,
western blot analysis was performed. In all keloid tissue samples from four patients, HtrA1 protein
was up-regulated, relative to four normal skin samples (Figure 4). Enumeration of HtrA1-positive
cells after immunohistochemical staining indicated that the proportion of cells expressing detectable
levels of HtrA1 in keloid tissue ranged from 12.4% to 48.4%, with an average of 31.9 ± 10.5% (Figure 5).
In contrast, the proportion of HtrA1-positive cells in normal skin ranged from 2.1% to 3.8%, with
an average of 2.8 ± 0.6%. The proportion of HtrA1-positive cells was significantly higher in keloids
than in normal skin (p < 0.001). The total number of fibroblasts was much less in normal skin relative
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to keloid tissue (Figure 3), as previously reported [9]. These results indicate that keloid tissue exhibits
an increase in the number of fibroblasts producing HtrA1, as well as an increase in the total number
of fibroblasts.

Figure 3. Immunohistochemical staining of HtrA1 protein in keloid (a) and normal skin tissue (b).
Sections from active keloid lesions (a) or normal skin (b). (a) displays the results from patient No.
keloid-3 in Table 1, and (b) displays the results from patient No. normal skin-1 in Table 1. Positive
signals are visualised in brown. Scale bar = 50 μm.

Figure 4. Western blot analysis of HtrA1 in keloid lesions and normal skin tissues. Soluble protein
extract (8 μg/lane) was analysed using specific antibodies against HtrA1 or glyceraldehyde-3-phosphate
dehydrogenase (GAPDH). Keloid and normal skin samples from four different patients were analysed.

Figure 5. Proportion of fibroblasts expressing HtrA1 protein in keloid lesions and normal skin.
The number of fibroblasts with positive signals was counted after immunohistochemical staining
of HtrA1 using samples from 17 keloidand 4 unrelated patients. Ten high-power (×400) fields were
selected at random from a section and numbers of total and stained fibroblasts were counted. Patient
information is described with proportion of HtrA1-positive cells in Table 1.
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2.3. HtrA1 Knockdown Inhibits Keloid Cell Proliferation

To investigate role of HtrA1 in keloid pathogenesis, we examined whether HtrA1 affects cell
proliferation by silencing HtrA1 gene expression using specific small interfering RNA (siRNA). Keloid
fibroblasts treated with HtrA1 siRNA exhibited a proliferation rate significantly slower relative to those
treated with control siRNA (Figure 6, Supplementary Figure S3). This effect with silencing HtrA1 was
also observed in normal fibroblasts, but the inhibition effect was not as pronounced.

Figure 6. Proliferation rates of keloid fibroblasts and normal fibroblasts transfected with HtrA1 siRNA
or control siRNA. Proliferation curves of keloid fibroblasts obtained from keloid sample No. 26 as
shown in Table 1 (a), (n = 3) and normal fibroblasts from sample No. 8 (d) transfected with HtrA1 siRNA
(knockdown) or control siRNA (control). The efficiency of HtrA1 knockdown in keloid fibroblasts
was determined using western blot analysis (b) and quantitative PCR (c), (n = 3). The efficiency of
HtrA1 knockdown in normal fibroblasts was similarly determined using quantitative PCR (e), n = 3.
Cell proliferation was analysed using a colorimetric assay with a water-soluble tetrazolium salt as
the substrate. Error bars represent standard deviations (n = 3). * p < 0.001.
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2.4. Additional HtrA1 in Culture Medium Stimulates Keloid Cell Proliferation

To confirm the effect of HtrA1 on cell proliferation, we performed a proliferation assay on
keloid fibroblasts with the addition of recombinant human HtrA1 in culture medium (Figure 7,
Supplementary Figure S4). The addition of HtrA1 stimulated the proliferation of keloid fibroblasts,
but not normal fibroblasts. These results suggest that HtrA1 plays an important role in keloid
cell proliferation.

Figure 7. Proliferation rates of keloid fibroblasts and normal fibroblasts incubated with or without
recombinant HtrA1. Proliferation curves of keloid fibroblasts obtained from sample No. 29 and normal
fibroblasts from sample No. 8 as shown in Table 1, incubated with (rHtrA1) or without (control)
recombinant HtrA1. n = 3, * p < 0.01.

3. Discussion

In the present study, the expression of HtrA1 was strongly up-regulated in active keloid legions
as analysed by in situ hybridization and immunohistochemical staining. Previous studies suggested
that HtrA1 stimulates arthritis by digesting the ECM [14]. In arthritis, synovial fibroblasts produce
abundant HtrA1, and HtrA1 digests cartilage ECM, including fibronectin, collagens, and proteoglycans.
ECM fragments produced by HtrA1 digestion reportedly activate synovial fibroblasts and induce
the remodelling of cartilage ECM. We propose that HtrA1 functions as a matrix protease that
stimulates keloid development because the keloid matrix consists mainly of collagens, fibronectin,
and proteoglycans, which are substrates for HtrA1. HtrA1 may degrade keloid matrix and accelerate
ECM remodelling in keloid lesions. Matrix protein fragments produced by HtrA1 may activate
keloid cells, leading to further progression of the disease. Consistent with this notion, we found
HtrA1-knockdown inhibited the proliferation of keloid fibroblasts, and that recombinant HtrA1 added
to the culture medium stimulated the proliferation of keloid fibroblasts. Interestingly, the inhibition or
stimulation of proliferation with silencing or additional HtrA1 was clearly demonstrated in keloid
fibroblasts, but not in normal fibroblasts. These results suggest that HtrA1 is a key molecule of keloid
pathogenesis. The more keloid fibroblasts proliferate, the more matrix produced by keloid fibroblasts
accumulates in keloid lesions.

Recently, Beaufort et al. reported that HtrA1 facilitates the transforming growth
factor-beta (TGF-β) signalling through the processing of latent TGF-β binding protein (LTBP) [13].
Reduced TGF-β activity was observed in embryonic fibroblasts from HtrA1 knockout mice and skin
fibroblasts from CARASIL patients caused by HtrA1 mutations. These observations suggest a role of
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HtrA1 in facilitating TGF-β signalling. LTBP functions as a part of the large latency complex (LLC)
that anchors TGF-β to the ECM [13,19–22]. Proteolysis of LTBP-1 results in its detachment from ECM,
leading to TGF-β release and activation [20,23–25]. HtrA1 cleaves LTBP-1 in the fibronectin binding
domain, and this processing occurs in a site-specific manner, distinct from other proteases previously
reported [20,23–25]. TGF-β1 is overexpressed and activated in keloid lesions and plays a key role in
keloid pathogenesis [26,27]. TGF-β1 stimulates production of abundant ECM including fibronectin
and collagens. HtrA1 may facilitate keloid pathogenesis through the activation of TGF-β1 mediated
by LTBP-1 cleavage.

HtrA1 has been reported to be a crucial molecule in AMD, a leading cause of irreversible blindness
in the elderly [15,16]. AMD is accompanied with choroidal neovascularization and polypoidal
choroidal vasculopathy. Analysis of HtrA1 transgenic mice indicated that increased HtrA1 is sufficient
to cause hyper-vascularisation and degeneration of elastic laminae in choroidal vessels [15]. Zhang et al.
demonstrated that HtrA1 promotes angiogenesis by regulating GDF6, a TGF-β family-protein, using
HtrA1 knock-out mice [12]. As in AMD, abundant microvessels are observed in keloid lesions [9].
Thus, HtrA1 may play a role in keloid hypervascularity by modulating TGF-β family signalling.

Taken together, these observations suggest that HtrA1 contributes to the development of keloid
lesions as matrix protease by remodelling keloid-specific ECM or cell surface molecules. HtrA1 may
be useful as a target of keloid treatment, although further study is required.

4. Materials and Methods

4.1. Tissue Specimens

Between September 2007 and September 2013, 30 keloid patients (aged 16–75 years) and
12 unrelated patients (aged 31–88 years) undergoing surgical treatments were enrolled in this study.
With approval from the Institutional Reviewing Board in the Kyoto University Faculty of Medicine
(G61, the 14 December 2006), which adheres to the ethical standards as formulated in the Helsinki
Declaration, written informed consent was obtained from all the patients. Keloid diagnosis was based
on the clinical findings and definitive diagnosis was based on histopathologic data from the operative
specimens [3,4]. The skin tissue samples were obtained as the surplus skin at the plastic surgery.
Sample information is shown in Table 1.

4.2. Antibodies

Monoclonal anti-human HtrA1 antibody (MAB2916, R&D Systems, Minneapolis, MN, USA)
was used for western blotting. The antibody used in immunohistochemical staining was developed
in rabbits using a synthetic peptide corresponding to the C-terminal region of human HtrA1 as
the immunogen.

4.3. In Situ Hybridization

For in situ hybridization, keloid and surrounding unaffected skin tissue specimens were
obtained from the keloid patients at the time of surgical treatment. The specimens were fixed in
4% paraformaldehyde at 4 ◦C, embedded in paraffin, and Sections 6 μm in thickness were prepared.
Deparaffinised sections were fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS) for
15 min and washed with PBS. Sections were treated with 3 μg/mL proteinase K in PBS for 30 min
at 37 ◦C, washed with PBS, refixed with 4% paraformaldehyde in PBS, washed again with PBS,
and placed in 0.2 N HCl for 10 min. After washing with PBS, sections were acetylated by incubation
in 0.1 M tri-ethanolamine-HCl (pH 8.0)/0.25% acetic anhydride for 10 min. After washing with PBS,
sections were dehydrated through a series of ethanol solutions. Hybridization was performed with
1558-2066 of human HtrA1 gene (Accession # NM_002775) at concentrations of 300 ng/mL in Probe
Diluent-1 (Genostaff, Tokyo, Japan) at 60 ◦C for 16 h. After hybridization, sections were washed in
5× HybriWash (Genostaff) at 60 ◦C for 20 min, and in 50% formamide with 2× HybriWash at 60 ◦C
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for 20 min, followed by RNase treatment with 50 μg/mL RNase A in 10 mM Tris-HCl (pH 8.0)/1 M
NaCl/1 mM EDTA for 30 min at 37 ◦C. Sections were then washed twice with 2× HybriWash at 60 ◦C
for 20 min and twice with 0.2× HybriWash at 60 ◦C for 20 min. After treatment with 0.5% blocking
reagent (Roche Diagnostics, Tokyo, Japan) in TBST (0.05 M Tris-HCl/0.15 M NaCl/0.05% Tween 20)
for 30 min, sections were incubated for 2 h at room temperature with anti-DIG alkaline phosphatase
conjugate (Roche Diagnostics) diluted 1:1000 with TBST. Sections were washed twice with TBST and
then incubated in 100 mM NaCl/50 mM MgCl2/0.1% Tween20/100 mM Tris-HCl (pH 9.5). Colouring
reactions were performed with NBT/BCIP solution (Sigma-Aldrich, Saint Louis, MO, USA) overnight,
followed by washing with PBS. Sections were counterstained with Kernechtrot stain solution (Muto
Pure Chemicals, Tokyo, Japan), dehydrated, and mounted with Malinol (Muto Pure Chemicals).

4.4. Immunohistochemical Analysis

All keloid and normal skin tissue specimens were obtained from the surgical treatment and
fixed in 4% paraformaldehyde at 4 ◦C, and paraffin sections (3 μm) were prepared. Deparaffinised
sections were incubated at 90 ◦C for 10 min in target retrieval solution (pH 9, 1:10, Dako, Glostrup,
Denmark). After blocking endogenous peroxidase and non-specific protein binding activities,
the sections were incubated with antibody against human HtrA1 (1:400) using LSABTM2kit/HRP
(Dako). After incubation with a peroxidase-conjugated anti-rabbit IgG antibody, sections were stained
using a LSAB/HRP kit (Dako) and counterstained with haematoxylin. Microscopic images of sections
were obtained by a Biorevo BZ-9000 microscope (Keyence, Osaka, Japan) and counting of total and
stained fibroblasts was performed using ten microscopic fields at high-power (×400). The number
of cells in the ten fields was determined. Stained fibroblasts per total fibroblasts were assumed as
the proportion of HtrA1-positive cells.

4.5. Statistical Analysis

Significance of difference was analysed by the Student’s t-test. A p-value < 0.05 was taken as
an indication of statistical significance.

4.6. Western Blot Analysis

Tissue samples were homogenized in RIPA buffer (Takara Bio, Otsu, Japan) containing protease
inhibitors at 4 ◦C using a Polytron homogenizer (Kinematica, Luzern, Switzerland). Following
centrifugation (12,000 rpm, 4 ◦C, 20 min), soluble proteins in the supernatant were separated by
SDS-PAGE (gradient gels) and then blotted onto PVDF membranes. The membranes were blocked
with 5% Block Ace (DS Pharma Biomedical, Osaka, Japan) in PBS containing 0.05% Tween 20 prior to
incubation with anti HtrA1 antibody (1:500, R&D Systems). Specific antibody binding was detected by
LAS-3000 (Fuji Photo Film, Tokyo, Japan).

4.7. Knockdown of HtrA1 Gene Expression and Cell Proliferation Assay

Keloid fibroblasts and normal fibroblasts were extracted by the explant method from surgical
specimens. Briefly, tissues were cut into 1~2 mm3 pieces, placed into plastic tissue culture dishes,
and cultured in Dulbecco’s modified Eagle’s medium (DMEM; Sigma-Aldrich, St. Louis, MO, USA)
supplemented with 10% fetal calf serum, 10,000 U/mL penicillin G, and 10 mg/mL streptomycin
sulphate. Cells were propagated at 37 ◦C, and semiconfluent cultures of fibroblasts were passaged
by trypsinization up to twice prior to analysis. One day before transfection, keloid and normal
fibroblasts were plated at 40% confluence at the 3rd passage in DMEM without antibiotics on
10-cm dishes, followed by transfection with HtrA1 siRNA using Lipofectamine RNAiMAX Reagent,
(Life Technologies, Carlsbad, CA, USA). After 48 h, the cell proliferation assay was performed using
WST assay reagent (Nacalai Tesque, Kyoto, Japan). The expression levels of target gene and protein
were analysed by real-time polymerase chain reaction (PCR) and western blot analysis, respectively.
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A proliferation assay of keloid and normal fibroblasts was also performed with or without the addition
of recombinant human HtrA1 (R&D Systems, Minneapolis, MN, USA) to the culture medium.

4.8. Real-Time PCR Analysis

Total RNA was extracted from cells after the transfection using RNeasy Mini Kit (Qiagen,
Venlo, The Netherlands). First-strand cDNA was synthesised using Prime Script RT Reagent Kit
with gDNA Eraser (Takara Bio). RT-PCR was performed with cDNA using TaqMan Probe Assay
(Applied Biosystems, Foster City, CA, USA). Glyceraldehyde-3-phosphate dehydrogenase was used as
a housekeeping control gene. Relative expression was calculated by calibration curve method.

5. Conclusions

In summary, the expression of HtrA1 was revealed, especially in keloid active lesions,
and the silencing of HtrA1 suppressed the proliferation of keloid fibroblasts. This effect of silencing
HtrA1 was also observed in normal fibroblasts, but the inhibition effect was not so as pronounced.
Moreover, the addition of recombinant HtrA1 in culture medium stimulated the proliferation of keloid
fibroblasts but not normal fibroblasts. These results suggest that HtrA1 plays an important role in
keloid cell proliferation and is a key molecule in keloid pathogenesis.
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