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Hypertrophic scars formed after burns remain a challenge in clinical practice.
Development of effective scar therapies relies on validated animal models that mimic
human hypertrophic scars. A consistent porcine full-thickness burn hypertrophic scar
model has yet to be developed. We have previously reported that Shikonin induces
apoptosis and reduces collagen production in hypertrophic scar fibroblasts in vitro and
may therefore hold potential as a novel scar remediation therapy. In this study, we
aimed to validate the potential of Shikonin on scar remediation in vivo. A novel porcine
hypertrophic scar model was created after full-thickness burn wounds, and the effect
of Shikonin on scar remediation was investigated. Clinical scar assessments, histology,
and immunohistochemistry were used to evaluate scar appearance, morphology, and
protein expression. Eight weeks after scar formation, clinical scar assessment indicated
that the score of hypertrophic scars treated with Shikonin was significantly lower than
that of the control group. Hypertrophic scars treated with Shikonin appeared flat, pink,
and pliable. In addition, histological analysis indicated that hypertrophic scars treated
with Shikonin exhibited reduced thickness of the epidermis and dermis, thin and even
epithelial layers, reduced numbers of keratinocytes, uniform distribution of fibroblasts,
and a parallel and loose arrangement of collagen fibers in the dermis. Moreover,
immunohistochemical analysis indicated that Shikonin inhibited the expression of p63,
cytokeratin 10, alpha-smooth muscle actin, transforming growth factor-beta 1, and
collagen |, which play important roles in hypertrophic scar formation. Based on these
results, we conclude that Shikonin has potential as a novel scar therapy.

Keywords: Shikonin, hypertrophic scars, full-thickness burn wounds, porcine hypertrophic scar models, scar
remediation

Abbreviations: ANOVA, analysis of variance; DMSO, dimethyl sulfoxide; H&E, Hematoxylin and Eosin; IOD, integrated
optical density; MAPS, Matching Assessment of Photographs and Scars; PBS, phosphate-buffered saline.
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INTRODUCTION

Currently available therapies for hypertrophic scars are not
satisfactory due to their undesirable side-effects, complex
delivery routes, requirements for long-term use, and
expense (Xie et al, 2015). An anti-scar therapy which is
simple to use, with minimal side-effects and low cost is
urgently needed. Development of effective scar therapies
relies on validated animal models (Seo et al, 2013)
that mimic human hypertrophic scars (Domergue et al,
2015).

Pigs have emerged as promising models to study wound
healing of various wound types (Seaton et al., 2015), because
they are anatomically and physiologically similar to humans
(Davidson, 1998). Pigs have relatively thick epidermis, dermal
papillae, and dense elastic fibers in the dermis (Lindblad,
2008). The biochemical structure of porcine collagen is similar
to that of human collagen (Heinrich et al., 1971). Sullivan
et al. (2001) have reported that results from a porcine study
were 78% concordant with human studies, while results from
small mammals and in vitro studies were only 53% and
57% concordant, respectively, with human studies. Numerous
studies have used porcine models to evaluate the effects of
myriad treatments and devices, including surgical and enzymatic
debridement agents, negative pressure devices, silver dressings,
collagen gel dressings, sprayed cell suspensions, and dermal
substitutes (Seaton et al., 2015).

Radix arnebiae, a traditional Chinese medicine, has been
clinically used to treat burns in China for thousands of
years (Feng et al., 2008). Shikonin, a key ingredient of the
herb Radix arnebiae, possesses various biological activities,
such as anti-tumourigenic, anti-oxidant, anti-bacterial, and
anti-inflammatory properties (Hsu et al, 2004). We have
previously reported that Shikonin induces apoptosis and
reduces collagen production in hypertrophic scar fibroblasts
in vitro (Fan et al, 2015ab; Xie et al, 2015). and may
therefore hold potential as a novel scar remediation therapy.
In the current study, we aimed to validate the potential
of Shikonin for scar remediation in vivo. A novel porcine
hypertrophic scar model was created after full-thickness burn
wounds, and the effect of Shikonin on scar remediation was
investigated.

MATERIALS AND METHODS

Shikonin Solution Preparation

Shikonin powder was produced by the National Institute
for the Control of Pharmaceutical and Biological Products,
Beijing, China. Shikonin powder was dissolved in DMSO
(Sigma-Aldrich, United States) at 10 mg/mL to create a
stock solution which was stored at —20°C. The Silicone gel
(Unitrump Bio, Jiangsu, China) and 0.9% sodium chloride
solution (Sichuan Kelun Pharmaceutical Co., Chengdu,
China) were provided by the Burn and Plastic Surgery
Department of the General Hospital of Ningxia Medical
University.

Animal Studies

Animals

Animal studies were approved by the institutional animal ethics
committee of the General Hospital of Ningxia Medical University
(2015-140). Female Guangxi Bama mini-pigs, 18-20 kg and 12
weeks of age (Bainong Laboratory Animal Breeding Technology
Co., Ltd., Tianjin, China, http://www.bnlab.cn/cnIndex.asp) were
housed in the animal facility for two weeks to acclimatize.
Animals were given a standard pellet diet and free access to
water. The animals were euthanized by intravenous injection
of sodium pentobarbitone (100 mg/kg, Sihuan Pharmaceutical
Factory, Beijing, China) once the experiment was completed.

Creation of a Porcine Hypertrophic Scar Model
Animals were fasted overnight and anesthetized with xylazine
hydrochloride (0.1 mL/kg, Shengda Animal Drugs Co., Ltd.,
Dunhua, China) (Clover et al.,, 2015), Midazolam (0.1 mg/kg,
Jiangsu Nhwa Pharmaceutical Co., Ltd., Xuzhou, China), and
propofol (1.5 mg/kg, Jiangsu Nhwa Pharmaceutical Co., Ltd.,
Xuzhou, China). The flank and back hair was clipped with hair
clippers, and the skin was scrubbed with a povidone iodine
solution (Lekang Xiaodu Zhipin Co., Ltd., Dezhou, China)
(Singer et al., 2016). The burn wound models of Singer et al.
(2011) and Branski et al. (2008) were adapted for use with
Guangxi Bama mini-pigs for this study. The homemade burn-
infliction device consisted of a circular aluminum block (5 cm
in diameter and 265 g in weight), a circular chunk of iron (1 kg
weight), and an insulating layer of polycarbonate sheet (0.8 cm
thick) around the aluminum block (Figure 1A).

Wound areas were marked using a surgical marker pen,
irrigated with sterile saline to ensure optimum heat coupling and
burned using the heated metal device. The pig was immobilized
in a lateral position on the operating table. Wounds were created
on each pigs back and flank (4 cm apart and 2 cm from the
spine) using a 265-gram aluminum bar preheated in hot water
at 95 + 0.2°C for 10 min (Figure 1B). The heated bar was
applied perpendicular to the skin surface with 1 kg of pressure
(0.064 kg/cm?; Figure 1C). This burn device resulted in a
circular full thickness burn wound of 5 cm in diameter. Wounds
were then dressed and covered with nylon elasticated jackets to
prevent animal-initiated damage (Figure 1D). Biopsy samples
were taken at 1, 24, and 48 h after injury for histological analysis
(Figure 2A,B). The total wound area in each pig was 3.5% of the
surface area, calculated using the Meeh-Rubner formula (Swindle
etal, 2012).

At 21 days after injury, debridement surgeries were conducted
to promote the formation of hypertrophic scars (Figure 3A).
The center of necrotic eschar was cleared and a 5-mm-wide
necrotic band was retained (Figure 3B). Wound necrotic tissue
gradually dissolved, fresh granulation tissue developed and the
wound began to epithelialize (Figures 3C-E). By 7 weeks, the
full-thickness burn wound had closed and a hypertrophic scar
was formed (Figure 3F). Topical sterile dressings underneath
the nylon jacket were used to protect the wounds. Velcro and
elastic bands were used to fix the jackets around the mini-pigs.
Cefoperazone (50 mg/kg, Zhongnuo Pharmaceutical Co., Ltd.,
Shijiazhuang, China) was injected intramuscularly to prevent
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FIGURE 1 | Established full-thickness burns in mini-pigs. (A) The homemade burn-infliction device consists of a circular aluminum block surrounded by an insulating
layer of polycarbonate sheet, and a circular chunk of iron on the top. (B) A heating tank. The homemade burn-infliction device was pre-heated in a heating tank filled
with water at 95 4 0.2°C for 10 min. (C) The full-thickness dermal burn injury was created by contacting the mini-pig skin with our home-made device, with a

constant pressure of 0.064 kg/cm?. (D) A homemade elasticated jacket.

infection during surgery. Analeptics (0.1 mL/kg, Shengda animal
drugs Co., Ltd., Dunhua city, China) were then intravenously
injected. Finally, animals were transferred to individual cages
and monitored closely for adverse outcomes during their post-
procedure recovery. Post-surgical pain was managed with oral
analgesia.

Effects of Shikonin on Hypertrophic Scar

Remediation

A total of 27 hypertrophic scars were created and analyzed for this
study. There were three treatment groups: the positive control
group was treated with Silicone gel, the negative control group
was treated with saline and the Shikonin group was treated
with Shikonin. In the Silicone gel and saline groups, 0.3 mL of
Silicone gel (Unitrump Bio) or 1 mL of 0.9% sodium chloride
solution (Kelun Pharmaceutical Co., Ltd.) were applied to the
surface of the scars every 2 days. In the Shikonin group, 1 mL
of 1.0 pg/mL Shikonin (National Institute for the Control of
Pharmaceutical and Biological Products) was sprayed onto the
surface of hypertrophic scars every 2 days. Hypertrophic scars
were then covered with sterile gauze, bandaged with medical
cotton pads, and covered with elasticated jackets. Hypertrophic
scar area, clinical scar assessment, the thickness of epidermis
and dermis, dermal thickness reduction, and protein expression
were measured to compare the therapeutic effects of the different
treatments.

Clinical Scar Assessments

Clinical scar assessments including color, height, texture, and
final outcome were judged based on the MAPS (Matching
Assessment of Photographs and Scars), Vancouver Scar Scales
and Hamilton scar scales with modifications (Crowe et al., 1998;
Wang et al., 2008; Tyack et al., 2012). The wound color was rated
from 0 to 5, with 0 = normal skin color, 1 = partial normal color,
2 = pink, 3 =red, 4 = purple, and 5 = dark purple. The scar height
was rated from —1 to 5, with —1 = depressed, 0 = not raised,
1 = 1 mm raised, 2 = 2 mm raised, 3 = 3 mm raised, 4 = 4 mm
raised, and 5 > 5 mm raised. Scar texture was rated from 0 to
5, with 0 = normal, 1 = very soft, 2 = soft, 3 = slightly hard,
4 = moderately hard, and 5 = very hard. The final outcome was
rated from 0 to 5 and was based on the general impression of
the scar (color, hair, contraction, surface, border, height), with

FIGURE 2 | Full-thickness burns in mini-pigs. (A) Skin was heated for 40 s
and biopsy samples were taken at 1, 24, and 48 h for histological analysis
(x20 magnification). (B) Skin was heated for 35 s and biopsy samples were
taken at 1, 24, and 48 h for histological analysis (x20 magnification).

(C) Histological analysis of normal porcine skin. (D) Histological analysis of
skin samples at 3 weeks after burn injury.

0 = normal skin, 1 = minor scar, 2 = minor-moderate scar,
3 = moderate scar, 4 = moderate—severe scar, and 5 = severe scar.

Hypertrophic scar areas were photographed and quantified
from images taken using Image Pro Plus v6.0 software (Media
Cybernetics, Rockville, MD, USA).

Histology
Specimens were obtained using a 6-mm biopsy punch from
wounds at 1, 24, and 48 h, and 21 days post-burn, and from

Frontiers in Pharmacology | www.frontiersin.org

June 2018 | Volume 9 | Article 590


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

Deng et al.

Full-Thickness Burn Hypertrophic Scar Model

FIGURE 3 | Hypertrophic scars formed after full-thickness burns in mini-pigs. (A) Eschar formation at 3 weeks after burn injury. (B) Clearance of necrotic eschar at 3
weeks after burn injury. (C) Necrotic tissue autolysis at 4 weeks after burn injury. (D) Granulation tissue formation at 5 weeks after burn injury. (E) Wound contraction
and re-epithelialization at 6 weeks after burn injury. (F) Hypertrophic scar formation after full-thickness burn wounds closed at 7 weeks after burn injury.

hypertrophic scars at weeks 0, 1, 4, and 8. Samples were fixed
in 10% neutral buffered formalin for 24 h and embedded
in paraffin. Paraffin sections of 4 pm thickness were stained
with H&E (Sigma-Aldrich, Steinheim, Germany). Quantitative
measurements of the epidermal thickness and dermal thickness
were calculated across the entire section of H&E-stained images
(Clover etal., 2015) from five measurements per image (Olympus
CX31, Tokyo, Japan). The epidermal thickness reduction rate
was calculated using the formula: (original epidermal thickness
— epidermal thickness after treatment)/original epidermal
thickness x 100%). The dermal thickness reduction rate was
calculated using the formula: (original dermal thickness — dermal
thickness after treatment)/original dermal thickness x 100%).

Immunohistochemistry

Immunohistochemical analysis was conducted on porcine
hypertrophic scar tissues (Shin et al., 2016). Paraffin sections
of 3 pm thickness were stained for cytokeratin 10 (CK10)
(Abcam, Cambridge, United Kingdom), p63 (Biocare Medical,
Concord, CA, United States), transforming growth factor-beta
1 (TGF-B1) (Abcam, Cambridge, United Kingdom), alpha-
smooth muscle actin (a-SMA) (Biocare Medical, Concord, CA,
United States) and collagen I (Epitomics, Burlingame, Concord,
CA, United States). Slides were dewaxed, hydrated and washed.
Sections were treated with citrate buffer (0.001 M, pH 6.0) at
105°C for 2 min. All slides underwent an endogenous peroxide
removal step (3%H;0,, 10 min) followed by blocking with

5% bovine serum albumin for 20 min at 25°C. The primary
antibodies p63 (1:200), collagen I (1:100), and a-SMA (1:150)
were incubated for 2 h at 25°C. Antibodies against CK10
(ab111447, 1:200) and TGF-B1 (ab92486, 1:150) were incubated
overnight at 4°C. After washing with PBS (Gibco; Thermo-
Fisher Scientific, Suzhou, China), polymer helper was added and
incubated for 20 min at 25°C, followed by adding polyperoxidase
anti-mouse/rabbit-IgG (OriGene Technologies, Inc., Beijing,
China) for 30 min at 25°C. Finally, 0.05% 3,3-diamino-benzidine
(Sigma, St Louis, MO, United States) was added and incubated
followed by counterstaining with hematoxylin.

Image-Pro plus 6.0 software (Media Cybernetics) was
employed to quantify the immunohistochemical staining of
protein expression, as previously described (Chen et al., 2013).
Briefly, all images (200x) were captured with an upright light
microscope and camera (Olympus CX31). Five random images
from each sample were delineated to measure the IOD of positive
staining.

The reduction rate of protein (p63, CK10, a-SMA, TGF-81
and collagen I) expression was calculated using the formula:
(original IOD - IOD after treatment)/original IOD x 100%.

Statistical Analysis

All data were analyzed using SPSS 18.0 software (IBM Co.,
Chicago, IL, United States). All experiments were performed in
triplicate, with each treatment tested individually three times
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on three separate female mini-pigs; and data were expressed as
mean = standard error. One-way ANOVA and Tukey’s post hoc
test were used to identify statistically significant differences
between the treatment groups, with significance indicated by
P < 0.05.

RESULTS

Hypertrophic Scars Formed After
Full-Thickness Burns in Mini-Pigs

A full-thickness dermal burn injury was created by contacting
the mini-pig skin with our home-made device (Figures 1A-C).
Wound dressings for pigs were designed by us and made by a
tailor (Figure 1D). Biopsies were taken from burn wounds at 1,
24 and 48 h, and were examined histologically to assess the depth
of the thermal injury (Figures 2A,B). For the skin heated for
40 s, a full-thickness burn wound was observed after 24 h and
the damage extended over the bottom layer of dermis at 48 h
(Figure 2A), while for the skin heated for 35 s, a full-thickness
burn wound was observed after 48 h and the depth of the wound
was 4012.15 &£ 102.5 wm (Figure 2B). Normal porcine skin was
used as control (Figure 2C). Based on these results, 35 s was
chosen to create the full-thickness dermal burn injury. Three
weeks after injury, full-thickness necrotic eschar had formed
(Figures 2D, 3A) and debridement surgeries were conducted
to promote the formation of hypertrophic scars. The center of
necrotic eschar was cleared and a 5-mm-wide necrotic band was
retained (Figure 3B). Four weeks after injury, necrotic tissue
autolysis was observed (Figure 3C). At 5 weeks, granulation
tissue has formed (Figure 3D). At 6 weeks, wound contraction
and re-epithelialization were observed (Figure 3E). By 7 weeks,
the full-thickness burn wound had closed and hypertrophic scars
were formed (Figure 3F).

Hypertrophic scars appear dark purple, raised, firm, and
congested with no hair (Figure 4A). The area and the thickness
of hypertrophic scars were quantified. The initial scar area was
6.93 £ 0.34 cm?. The average thickness of the initial epidermis
and dermis were 214 + 8.94 pm and 5207.27 £+ 64.71 pum,
respectively, while the epidermal thickness and dermal thickness
of normal skin are 42.15 4+ 2.5 pum and 2831.52 + 40.41 um,
respectively.

Effects of Shikonin on Hypertrophic Scar

Remediation

Clinical Scar Assessment of Porcine Hypertrophic
Scar Remediation

Porcine hypertrophic scars were treated with Shikonin, Silicone
gel or saline. Holism and gross appearance of hypertrophic
scars were evaluated and photographed (Figure 4A). The initial
hypertrophic scars exhibited height, congestion and purple
coloration, and hard texture at week 0. Four weeks later,
hypertrophic scars treated with Shikonin or Silicone showed a
smaller scar area, lower height, contraction, red color, and hard
texture, compared with the scars treated with saline. By 8 weeks,
hypertrophic scars treated with Shikonin or Silicone gel appeared

flattened and less contracted, pink in color, pigmented, and hard
in texture, compared with the scars treated with saline. Clinical
scar assessment, which is based on scar tissue color, raised height,
hardness and final outcome, indicated that the hypertrophic scars
treated with Shikonin or Silicone gel were significantly lower than
the negative control saline group at 4 and 8 weeks (P < 0.01,
Figure 4B).

Reduced Area of the Hypertrophic Scars Treated
With Shikonin

The areas of the hypertrophic scars treated with Shikonin,
Silicone gel and saline were quantified (Figure 4A). The initial
area of the hypertrophic scars treated with Shikonin was
6.86 + 0.39 cm? at week 0. The area increased to 7.50 & 0.43
cm? at week 1, then gradually decreased to 6.32 & 0.32 cm? at
week 2, 4.63 £ 0.20 cm? at week 4 and 3.43 £ 0.12 cm? at week 8.
The initial area of the hypertrophic scars treated with Silicone gel
was 6.89 = 0.39 cm? at week 0. The area increased to 6.86 % 0.32
cm? at week 1, then gradually decreased to 5.66 4 0.24 cm? at
week 2, 4.25 £ 0.10 cm? at week 4 and 3.07 £ 0.09 cm? at week 8.
The initial area of the hypertrophic scars treated with saline was
7.05 = 0.24 cm? at week 0. The area increased to 8.67 & 0.42 cm?
at week 1, then gradually decreased to 7.43 4 0.26 cm? at week 2,
6.40 % 0.13 cm? at week 4, and 4.88 & 0.17 cm? at week 8. The
area of the hypertrophic scars treated with Shikonin or Silicone
gel at weeks 2, 4, and 8 was significantly less than that of the scars
treated with saline (P < 0.05, Figure 4C). There was no significant
difference between the area of the scars treated with Shikonin and
those treated with Silicone gel at any of the time-points evaluated.

Histological Characteristics of Hypertrophic Scars
Treated With Shikonin

Epithelial morphology of hypertrophic scars was analyzed
using histology (Figure 4D). One week after scar formation,
hypertrophic scars treated with Shikonin, Silicone gel or saline
all showed increased epithelial thickness, uneven thickness, and
dense epithelial cells, compared with the initial hypertrophic
scars at week 0. At weeks 4 and 8, decreased epithelial thickness
and epithelial cell density were observed in all three groups. At
week 8, hypertrophic scars treated with Shikonin or Silicone gel
showed thin and uniform thickness of the epidermis and reduced
numbers of epithelial cells, compared with the scars treated with
saline (Figure 4D).

The epithelial thickness of hypertrophic scars treated with
Shikonin, Silicone gel or saline was quantified (Figure 4D).
The initial epidermal thickness of the hypertrophic scars
treated with Shikonin was 213.71 + 9.30 wm at week 0. The
thickness increased to 229.91 + 14.31 wm at week 1, then
gradually decreased to 125.66 + 8.14 pm at week 4, and to
111.02 £ 7.14 pm at week 8. The initial epidermal thickness of the
hypertrophic scars treated with Silicone gel was 210.45 £ 8.79 um
at week 0. The thickness increased to 210.736 & 13.99 wm at week
1, then gradually decreased to 112.28 4= 5.66 pm at week 4, and
t0 98.71 £ 4.86 m at week 8. The initial epidermal thickness of
the hypertrophic scars treated with saline was 217.85 £ 8.73 um
at week 0. The thickness increased to 318.04 £ 14.99 pm at week
1, then gradually decreased to 184.65 £ 15.79 pum at week 4, and
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FIGURE 4 | Effects of Shikonin on hypertrophic scar remediation. (A) Holism and gross appearance of hypertrophic scars. Porcine hypertrophic scars were treated
with Silicone gel (SG), Shikonin (SHI) or saline (NC) for 1, 4, and 8 weeks. (B) Clinical scar assessments. Clinical scar assessments were judged based on the MAPS
and Hamilton scar scales with modifications. (C) Quantification of hypertrophic scar area. (D) Histological analysis of hypertrophic scars (x20 magnification).

(E) Quantification of epidermal thickness. (F) Quantification of epidermal thickness reduction. (G) Quantification of dermal thicknes. (H) Quantification of dermal
thickness reduction. Significance of the differences between SHI and NC were set at *P < 0.05 and **P < 0.01. Significance of the differences between SG and NC
were set at #P < 0.05 and ##P < 0.01. Significance of the differences between SHI and SG were set at TP < 0.05.
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to 164.61 &+ 12.97 um at week 8. The epidermal thickness of the
hypertrophic scars treated with Shikonin or Silicone gel at weeks
1, 4, and 8 was significantly less than that of the scars treated
with saline (P < 0.01, Figures 4E,F). There was no significant
difference between the epidermal thickness of the hypertrophic
scars treated with Shikonin and those treated with Silicone gel at
week 1, 4, and 8.

The dermal thickness of hypertrophic scars treated with
Shikonin, Silicone gel or saline was quantified (Figure 4D).
The initial dermal thickness of hypertrophic scars treated with
Shikonin was 5170.8 £ 56.40 wm at week 0. The thickness
gradually decreased to 4940.63 =+ 53.75 pm at week 1,
4028.36 + 99.31 pm at week 4, and 3361.99 + 127.20 pm at
week 8. The initial dermal thickness of the hypertrophic scars
treated with Silicone gel was 5203.38 4 70.88 jum at week 0. The
thickness gradually decreased to 4848.66 + 62.61 pm at week
1, 3636.73 £ 92.84 um at week 4, and 2954.87 £ 83.90 um
at week 8. The initial dermal thickness of the hypertrophic
scars treated with saline was 5247.65 + 66.85 wm at week
0. The thickness increased to 5433.48 + 110.70 wm at week
1, and gradually decreased to 4666.42 £ 77.38 pm at week
4, and to 3700.67 + 100.09 pwm at week 8. The dermal
thickness of hypertrophic scars treated with Shikonin or Silicone
gel at weeks 1, 4 and 8 was significantly less than that of
those treated with saline (P < 0.01, Figures 4G,H). There
was no significant difference in the epidermal thickness of
hypertrophic scars treated with Shikonin or Silicone gel at weeks
1 and 8.

The collagen morphology of hypertrophic scars was analyzed
by Masson’s trichrome staining. The initial hypertrophic scar
showed dense, disordered collagen fibers and large numbers of
fibroblasts. At week 8, hypertrophic scars treated with Shikonin
or Silicone gel showed loose, parallel bundles of collagen fibers
and decreased numbers of fibroblasts in the dermis, compared
with the scars treated with saline (Figures 5A-D). Taken
together, these data indicated that Shikonin reduced the scar area,
decreased the epidermal and dermal thickness and improved the
final outcome of the hypertrophic scars.

Effects of Shikonin on Protein Expression in a
Porcine Hypertrophic Scar Model
Immunohistochemistry was performed to detect the expression
of specific markers in hypertrophic scar tissues, including
cytokeratin 10 (CK10), p63, transforming growth factor-beta 1
(TGF-B1), alpha-smooth muscle actin (a-SMA) and collagen 1.
CK10, a differentiation marker, is mainly expressed in the
cytoplasm of differentiated keratinocytes (Ota et al., 2014). At
week 0, strong positive staining of CK10 was detected in the
epidermis of hypertrophic scars. At week 1, positive staining
of CK10 in hypertrophic scars treated with Shikonin, Silicone
gel, or saline was enhanced compared with week 0. At weeks 4
and 8, positive staining of CK10 in all three groups was weaker
compared with week 0 (Figures 5C,D). Positive staining of CK10
in hypertrophic scars treated with saline at weeks 1, 4, and 8 was
significantly stronger than that of the hypertrophic scar treated
with Shikonin or Silicone gel (P < 0.01, Figures 5E,F). There was
no significant difference in the positive staining of CK10 between

hypertrophic scars treated with Shikonin and those treated with
Silicone gel at weeks 1, 4 and 8 (P > 0.05). Shikonin gradually
decreased CK10 expression in hypertrophic scars.

The proliferation marker p63 is mainly expressed in the
nucleus of proliferative keratinocytes (Yang et al., 1999). At week
0, strong positive staining of p63 was detected in the epidermis
of hypertrophic scars. At week 1, positive staining of p63 in
hypertrophic scars treated with saline was enhanced, compared
with week 0. At weeks 4 and 8, positive staining of p63 was
observed in hypertrophic scars treated with Shikonin or Silicone
gel, while staining of p63 was strongly positive in the saline
group (Figures 5C,D). The p63 staining of the hypertrophic scars
treated with saline at weeks 4 and 8 was significantly stronger
than that of the hypertrophic scars treated with Shikonin or
Silicone gel (P < 0.05, Figures 5G,H). There was no significant
difference in p63 staining between hypertrophic scars treated
with Shikonin and those treated with Silicone gel, at weeks 1, 4,
and 8 (P > 0.05). Shikonin gradually decreased p63 expression in
hypertrophic scars.

TGF-B1, a multifunctional cytokine which is present in the
cytoplasm and intercellular stroma, and is mainly distributed
in the epithelial layer of cells, especially basal cells and dermal
papilla fibroblasts, is believed to have the closest relationship with
scar formation (Cuttle et al., 2006). At week 0, strong positive
staining of TGF-P1 was detected in the dermis of hypertrophic
scars. At weeks 1, 4, and 8, positive staining of TGF-B1 gradually
weakened in all three treatment groups (Figures 5B-D). The
positive staining of TGF-B1 in hypertrophic scars treated with
Shikonin or Silicone gel at weeks 1, 4, and 8 was significantly
lower than that of the hypertrophic scars treated with saline
(P < 0.01, Figures 5L]). There was no significant difference in
positive staining of TGF-B1 between hypertrophic scars treated
with Shikonin and those treated with Silicone gel at weeks 1 and
8 (P > 0.05). Shikonin gradually decreased TGF-f1 expression in
hypertrophic scars.

a-SMA, a marker of myofibroblasts, was detected in fibroblasts
and vascular endothelial cells (Carthy et al., 2015). At week
0, strongly-positive staining of a-SMA was detected in the
dermis of hypertrophic scars. At weeks 1, 4, and 8, positive
staining of a-SMA gradually weakened in all three treatment
groups, compared with week 0 (Figures 5B-D). The positive
staining of a-SMA in hypertrophic scars treated with Shikonin
and Silicone gel at weeks 4 and 8 was significantly lower than
in the saline group (P < 0.01, Figures 5K,L). There was no
significant difference in the positive staining of a-SMA between
hypertrophic scars treated with Shikonin and those treated with
Silicone gel at weeks 1, 4, and 8 (P > 0.05). Shikonin gradually
decreased a-SMA expression in hypertrophic scars.

Collagen type I secreted by fibroblasts is the most abundant
collagen of the human body, and is present in scar tissue
(Xue and Jackson, 2015). At week 0, strong positive staining
of collagen I was detected in the dermis of hypertrophic scar
tissues. At weeks 1, 4, and 8, positive staining of collagen I
gradually weakened in all three treatment groups, compared
with week 0 (Figures 5B-D). Positive staining of collagen I in
hypertrophic scars treated with saline at weeks 1, 4, and 8 was
significantly higher than that of the hypertrophic scars treated
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Significance of the differences between SHI and SG were set at TP < 0.05 and *+P < 0.01.

g

FIGURE 5 | Effects of Shikonin on protein expression in porcine hypertrophic scar models. Immunohistochemistry was performed to detect the expression of
specific markers in hypertrophic scar tissues, including CK10, p63, TGF-g1, a-SMA, and collagen I. (A) Immunohistochemical analysis of CK10, p63, TGF-81,
a-SMA, and collagen | in hypertrophic scars at week 0 (x200 magnification). (B) Immunohistochemical analysis of hypertrophic scars at week 1.

(C) Immunohistochemical analysis of hypertrophic scars at week 4. (D) Immunohistochemical analysis of hypertrophic scars at week 8. (E) Quantification of CK10
staining. (F) Quantification of the reduction rate of CK10 staining. (G) Quantification of p63 staining. (H) Quantification of the reduction rate of p63 staining.

(1) Quantification of TGF-B1 staining. (J) Quantification of the reduction rate of TGF-g1 staining. (K) Quantification of a-SMA staining. (L) Quantification of the
reduction rate of a-SMA staining. (M) Quantification of collagen | staining. (N) Quantification of the reduction rate of collagen | staining. Significance of the differences
between SHI and NC were set at *P < 0.05 and **P < 0.01. Significance of the differences between SG and NC were set at *P < 0.05 and P < 0.01.

with Shikonin or Silicone gel (P < 0.01, Figures 5M,N). There treated with Silicone gel at weeks 1 and 8 (P > 0.05). Shikonin
was no significant difference in the positive staining of collagen caused a gradual decrease in collagen I expression in hypertrophic

I between hypertrophic scars treated with Shikonin and those scars.
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Taken together, these results of immunohistochemical analysis
demonstrated that Shikonin gradually decreased the expression
of p63, CK10, a-SMA, TGF-B1, and collagen I in hypertrophic
scars.

DISCUSSION

Hypertrophic scars formed after burns remain a challenge
in clinical practice (Kravez et al, 2017). The classic scar
treatment, surgery, has been used to release contracture
after a scar is mature (Hayashida and Akita, 2017); however,
early scar intervention is important for scar remediation.
Non-surgical therapies for hypertrophic scars include
pressure garments, laser treatment, cryotherapy, radiation,
intralesional corticosteroid administration, and Silicone gel
sheets (Friedstat and Hultman, 2014). However current
scar treatments are not satisfactory because they are time-
consuming or expensive (Finnerty et al., 2016); therefore,
the development of novel hypertrophic scar treatments is
necessary.

Pre-clinical animal models are of great importance for
studying the development of hypertrophic scars and evaluating
the therapeutic effects of anti-scar treatment. Several models of
hypertrophic scarring have been reported. Full-thickness burns
were incurred by pressing the end of a pre-heated (>95°C)
brass block against the rats dorsum for 10 s (Kravez et al,
2017). The most frequently used hypertrophic scar model is
the rabbit ear excisional wound model, which does not reflect
burn injuries (Domergue et al, 2015). Another scar model
was created by implanting human hypertrophic scar tissue
into immunodeficient mice (Kischer et al., 1989). Cuttle et al.
(2006) reported a porcine deep dermal partial thickness burn
model with hypertrophic scarring created by applying a glass
bottle containing water at 92°C to the skin of a juvenile large
white pig for 14 s. Singer et al. (2009, 2012) developed a
porcine partial thickness burn model with hypertrophic scarring
created by applying an aluminum bar preheated to 80°C to
domestic pig skin for 20 s . Due to their low cost, domestic
pigs have been widely used to create hypertrophic scar models
as mentioned above (Cuttle et al., 2006; Singer et al., 2009,
2012); however, rapid growth of their body shape during the
experiment affects the experimental results (Zhu et al.,, 2007).
In our study, Bama miniature pigs (4 months old, weighing
18-20 kg) were used. The Bama miniature pig, a unique
small-scale pig, which is characterized by its small size, slow
growth, and white skin, is more convenient for surgery, shows
good genetic stability and small individual differences, and is
consequently a better experimental animal for pharmacological
studies (Chandraratna, 1996; Ramos et al., 2008; Yu et al.,
2014). Studies have shown that skin stratification, thickness, and
structure of the Bama miniature pig are similar to those of human
skin (Chen et al, 2006). We have observed that the average
length of the piglet chest wall increased by 2.76 4= 0.33 cm in 5
months.

Full-thickness burn wounds and delayed re-epithelialization
are the most important factors affecting the formation of

hypertrophic scars (Domergue et al, 2015). In the current
study, we established a reproducible burn hypertrophic scar
model using the Bama miniature pig by applying a homemade
heating device for 35 s followed by debridement surgery.
A burn device with a fixed pressure and insulation layer were
designed and heated at 95°C for 35 s to create a uniform
burn wound. By 48 h after creation of the burn, the damage
had progressed and extended to the full layer of the dermis as
shown by H&E staining (Figure 2B). This progression of burn
injury after initial heat damage is also seen in burn patients
(Nanney et al., 1996). At week 3 after burn creation, delayed
surgical debridement was conducted to promote formation of
hypertrophic scars (Figure 3B). Seven weeks after burn injury,
the full-thickness burn wound had closed and a hypertrophic
scar formed (Figure 3F). In our experiment, the total area of
scald in each piglet accounted for 3.5% of the total surface
area. Our hypertrophic scars were characterized by increased
thickness of the epidermis and dermis, dense proliferating
fibroblasts, excessive collagen deposition, and strong positive
staining of CK10, p63, a-SMA, TGF-f1 and collagen I, which
is similar to previous reports of porcine hypertrophic scars
(Cuttle et al., 2006; Gurtner et al.,, 2011; Singer et al., 2016).
Macroscopic, histologic, and biologic criteria were similar to
human hypertrophic scars (Domergue et al., 2015; Zhang et al.,
2017).

The area of our porcine hypertrophic scars formed after
creation of full-thickness burn wounds, which was 6.93 + 0.34
cm?, is larger than others reported in previous studies (Singer
et al, 2009, 2012). A large area of scar provides a better
view for observing the effects of anti-scar therapies. Our
hypertrophic scar model has provided a useful tool to test various
promising therapies for hypertrophic scars and to observe the
processes of hypertrophic scar remediation. This also allows
us to further study and understand the mechanism of healing
and scarring remediation of full-thickness burn wounds in
humans.

Radix Arnebiae, a perennial herb, has been clinically used to
treat burns and manage scars for thousands of years (Tang, 2010).
Shikonin (C16H1605), a natural naphthoquinone extracted from
Radix Arnebiae, has been widely demonstrated to possess various
biological activities, such as anti-inflammatory, anti-bacterial,
anti-angiogenic, and anti-tumorigenic properties (Hashimoto
et al,, 1999; Chen et al., 2002; Gao et al., 2002; Hsu et al., 2004;
Chang et al., 2010). We have previously reported that Shikonin
inhibits cell proliferation, induces apoptosis and reduces collagen
production in vitro; and may therefore hold potential as a novel
scar remediation therapy (Fan et al., 2015a,b; Xie et al.,, 2015).
In the current study, we aimed to validate the potential of
Shikonin for scar remediation in vivo. In this study, a porcine
hypertrophic scar model was created and treated with Shikonin,
positive control Silicone gel or negative control saline for 8
weeks. Silicone gels have been widely used in the treatment
of hypertrophic scars (van der Wal et al, 2010). Clinical
scar assessment indicated that the scores of hypertrophic scars
treated with Shikonin or Silicone gel were significantly lower
than those of the saline group (Figure 4B). Hypertrophic
scars treated with Shikonin or Silicone gel appeared flat,
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pink, and pliable. The area of hypertrophic scars treated with
Shikonin or Silicone gel was significantly less than that of the
saline group at week 8 (Figure 4C).

Histological analysis indicated that hypertrophic scars treated
with Shikonin exhibited reduced thickness of the epidermis
and dermis, a thin and even epithelial layer, reduced numbers
of keratinocytes, uniform distribution of fibroblasts, and loose,
parallel bundles of collagen fibers at week 8, compared with the
initial hypertrophic scar at week 0. The epithelial and dermal
layer thickness of hypertrophic scars treated with Shikonin or
Silicone gel was significantly less than that of the saline group
(Figures 4E,G).

The epidermis partitions into two layers: the proliferative
layer stained with p63 and the differentiated layer stained with
CK10. The CK10 and p63 staining of hypertrophic scars treated
with Shikonin or Silicone gel were weaker than in the saline
group at week 8 (Figures 5E,G). In addition, staining of TGEF-
B1, a-SMA and collagen I in hypertrophic scars treated with
Shikonin or Silicone gel were only weakly positive compared with
the saline group (Figure 5D). TGF-P1 is the main profibrotic
cytokine in most fibrotic pathways (Kwan and Tredget, 2017;
Zhao et al., 2017). The TGF-p1 staining of the hypertrophic
scars treated with Shikonin or Silicone gel was significantly lower
than that of the hypertrophic scars treated with saline at week
8 (Figures 5I,)). Our data indicate that Shikonin may inhibit
fibrosis by targeting the TGF-B1 signaling pathway (Zhang et al.,
2016; Zhao et al.,, 2017) and therefore remediate hypertrophic
scars. Myofibroblasts are characterized by the presence of a-SMA
(Franz et al., 2009). Fibroblasts can be activated to differentiate
into myofibroblasts by TGF-p1 (Zhao et al.,, 2017). The a-SMA
staining of the hypertrophic scars treated with Shikonin or
Silicone gel at week 8 was significantly lower than that of
hypertrophic scars treated with saline (Figures 5K,L). Our
data indicate that Shikonin reduces o-SMA expression and
therefore inhibits contracture deformity in hypertrophic scars.
Collagen is one of the key components of the extracellular
matrix. Collagen I and collagen III are the two major collagen
types in human skin (Sullivan et al., 2001). The collagen
I staining of the hypertrophic scars treated with saline at
week 8 was significantly higher than that of the hypertrophic
scars treated with Shikonin or Silicone gel (Figures 5M,N).
We previously found that Shikonin reduced the expression of
collagen I genes to attenuate collagen synthesis (Xie et al,
2015). Our pig study confirmed that Shikonin reduces collagen I

REFERENCES

Branski, L. K., Mittermayr, R., Herndon, D. N., Norbury, W. B., Masters, O. E.,
Hofmann, M., et al. (2008). A porcine model of full-thickness burn, excision
and skin autografting. Burns 34, 1119-1127. doi: 10.1016/j.burns.2008.03.013

Carthy, J. M., Sundgyvist, A., Heldin, A., Van Dam, H., Kletsas, D., Heldin, C. H.,
et al. (2015). Tamoxifen inhibits TGF-B-mediated activation of myofibroblasts
by blocking non-smad signaling through ERK1/2. J. Cell. Physiol. 230,
3084-3092. doi: 10.1002/jcp.25049

Chandraratna, R. (1996). Tazarotene—first of a new generation of receptor-
selective retinoids. Br. J. Dermatol. 135, 18-25. doi: 10.1111/j.1365-2133.1996.
tb15662.x

expression, and therefore improves hypertrophic scar texture and
pliability.

While our preclinical research (in vitro and in vivo) answered
basic questions about Shikonin in scarring, it is unknown how it
will interact with the human body. Proof-of-concept/validation
trials in humans will be conducted to further validate the effects
of Shikonin on human scar amelioration. As a Phase I clinical trial
launches, we will answer more research questions concerning
how Shikonin acts on human skin, the side effects associated with
increased dosage, and the best method of administration way to
restrict risks and maximize benefits.

In summary, we have demonstrated that Shikonin remediated
hypertrophic scarring by reducing the thickness of the epidermis
and dermis, reducing the amount of collagen produced and
inhibiting the expression of p63, CK10, a-SMA, TGF-B1 and
collagen I, using a porcine model of hypertrophic scarring.
Therefore, we conclude that Shikonin has potential as a novel scar
therapy.

AUTHOR CONTRIBUTIONS

YX and YW: study conception and design. XD, QC, LQ, DZ, and
JM: acquisition of data. MC, NX, YW, MY, and NZ: analysis and
interpretation of data. XD and YX: drafting of manuscript. YX:
critical revision.

FUNDING

This work was supported by the National Nature Science Fund
(81360294), Construction of First-class Discipline in Clinical
Medicine of Ningxia Institution of Higher Education Grant
Program (NXYLXK2017A05), Scientific and Technological

Innovation Leader Grant Program (KJT2015-022) and
Entrepreneurial Start-up Program (2015-193).
ACKNOWLEDGMENTS

We thank International Science Editing (http://www.

internationalscienceediting.com) for editing this manuscript. In
addition, we thank Xiaoliang Pan, Fang Zhao, and Qing Zhang
for assisting with pig studies.

Chang, I.-C., Huang, Y.-J., Chiang, T.-I, Yeh, C.-W., and Hsu, L.-S. (2010).
Shikonin induces apoptosis through reactive oxygen species/extracellular
signal-regulated kinase pathway in osteosarcoma cells. Biol. Pharm. Bull. 33,
816-824. doi: 10.1248/bpb.33.816

Chen, B.-L., Peng, J., Li, Q-F, Yang, M., Wang, Y., and Chen, W.
(2013). Exogenous bone morphogenetic protein-7 reduces hepatic fibrosis
in Schistosoma japonicum-infected mice via transforming growth factor-
B/Smad signaling. World J. Gastroenterol. 19, 1405-1415. doi: 10.3748/wjg.v19.
i9.1405

Chen, J.-Y.,, Hu, J.-X,, and Wei, H. (2006). Comparative Study on Skin
between BAMA Miniature Pig and Human. Chin. J. Comp. Med. 5,
288-290.

Frontiers in Pharmacology | www.frontiersin.org

June 2018 | Volume 9 | Article 590


http://www.internationalscienceediting.com
http://www.internationalscienceediting.com
https://doi.org/10.1016/j.burns.2008.03.013
https://doi.org/10.1002/jcp.25049
https://doi.org/10.1111/j.1365-2133.1996.tb15662.x
https://doi.org/10.1111/j.1365-2133.1996.tb15662.x
https://doi.org/10.1248/bpb.33.816
https://doi.org/10.3748/wjg.v19.i9.1405
https://doi.org/10.3748/wjg.v19.i9.1405
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

Deng et al.

Full-Thickness Burn Hypertrophic Scar Model

Chen, X., Yang, L., Oppenheim, J. J., and Howard, M. Z. (2002). Cellular
pharmacology studies of shikonin derivatives. Phytother. Res. 16, 199-209.
doi: 10.1002/ptr.1100

Clover, A. J., Kumar, A. H., Isakson, M., Whelan, D., Stocca, A., Gleeson, B. M.,
et al. (2015). Allogeneic mesenchymal stem cells, but not culture modified
monocytes, improve burn wound healing. Burns 41, 548-557. doi: 10.1016/j.
burns.2014.08.009

Crowe, J. M., Simpson, K., Johnson, W., and Allen, J. (1998). Reliability of
photographic analysis in determining change in scar appearance. J. Burn Care
Rehabil. 19, 183-186. doi: 10.1097/00004630-199803000-00019

Cuttle, L., Kempf, M., Phillips, G. E., Mill, ., Hayes, M. T., Fraser, J. F., et al. (2006).
A porcine deep dermal partial thickness burn model with hypertrophic scarring.
Burns 32, 806-820. doi: 10.1016/j.burns.2006.02.023

Davidson, J. M. (1998). Animal models for wound repair. Arch. Dermatol. Res.
290(Suppl.), S1-S11. doi: 10.1007/pl00007448

Domergue, S., Jorgensen, C., and Noél, D. (2015). Advances in research in animal
models of burn-related hypertrophic scarring. . Burn Care Res. 36, €259-266.
doi: 10.1097/bcr.0000000000000167

Fan, C,, Dong, Y., Xie, Y., Su, Y., Zhang, X., Leavesley, D., et al. (2015a). Shikonin
reduces TGF-B1-induced collagen production and contraction in hypertrophic
scar-derived human skin fibroblasts. Int. J. Mol. Med. 36, 985-991. doi: 10.3892/
ijmm.2015.2299

Fan, C,, Xie, Y., Dong, Y., Su, Y., and Upton, Z. (2015b). Investigating the potential
of Shikonin as a novel hypertrophic scar treatment. J. Biomed. Sci. 22, 70-83.
doi: 10.1186/512929-015-0172-9

Feng, Y., Feng, L., and Wang, W. (2008). The research of Shikonin oil promoting
wound healing and anti-inflammation. Chin. Med. Tech. 15, 55-58.

Finnerty, C. C., Jeschke, M. G., Branski, L. K., Barret, J. P., Dziewulski, P., and
Herndon, D. N. (2016). Hypertrophic scarring: the greatest unmet challenge
after burn injury. Lancet 388, 1427-1436. doi: 10.1016/S0140-6736(16)31406-4

Franz, M., Spiegel, K., Umbreit, C., Richter, P., Codina-Canet, C., Berndt, A,
et al. (2009). Expression of Snail is associated with myofibroblast phenotype
development in oral squamous cell carcinoma. Histochem. Cell Biol. 131,
651-660. doi: 10.1007/s00418-009-0559-3

Friedstat, J. S., and Hultman, C. S. (2014). Hypertrophic burn scar management:
what does the evidence show? A systematic review of randomized controlled
trials. Ann. Plast. Surg. 72, $198-5201. doi: 10.1097/sap.0000000000000103

Gao, D., Hiromura, M., Yasui, H., and Sakurai, H. (2002). Direct reaction between
Shikonin and thiols induces apoptosis in HL60 cells. Biol. Pharm. Bull. 25,
827-832. doi: 10.1248/bpb.25.827

Gurtner, G. C., Dauskardt, R. H., Wong, V. W,, Bhatt, K. A, Wu, K,, Vial, L. N,,
etal. (2011). Improving cutaneous scar formation by controlling the mechanical
environment: large animal and phase I studies. Ann. Surg. 254, 217-225.
doi: 10.1097/sla.0b013e318220b159

Hashimoto, S., Xu, M., Masuda, Y., Aiuchi, T., Nakajo, S., Cao, J., et al. (1999).
p-Hydroxyisovalerylshikonin inhibits the cell growth of various cancer cell
lines and induces apoptosis in leukemia HL-60 cells through a mechanism
different from those of Fas and etoposide. J. Biochem. 125, 17-23. doi: 10.1093/
oxfordjournals.jbchem.a022255

Hayashida, K., and Akita, S. (2017). Surgical treatment algorithms for post-burn
contractures. Burns Trauma 5:9. doi: 10.1186/s41038-017-0074-z

Heinrich, W., Lange, P. M., Stirtz, T., Iancu, C., and Heidemann, E. (1971).
Isolation and characterization of the large cyanogen bromide peptides from
the alphal- and alpha2-chains of pig skin collagen. FEBS Lett. 16, 63-67.
doi: 10.1016/0014-5793(71)80687-7

Hsu, P.-C., Huang, Y.-T., Tsai, M.-L., Wang, Y.-J,, Lin, J.-K,, and Pan, M.-H.
(2004). Induction of apoptosis by shikonin through coordinative modulation
of the Bcl-2 family, p27, and p53, release of cytochrome ¢, and sequential
activation of caspases in human colorectal carcinoma cells. J. Agric. Food Chem.
52, 6330-6337. doi: 10.1021/jf0495993

Kischer, C., Pindur, J., Shetlar, M., and Shetlar, C. (1989). Implants of hypertrophic
scars and keloids into the nude (athymic) mouse: viability and morphology.
J. Trauma Acute Care Surg. 29, 672-677. doi: 10.1097/00005373-198905000-
00023

Kravez, E., Villiger, M., Bouma, B., Yarmush, M., Yakhini, Z., and Golberg, A.
(2017). Prediction of scar size in rats six months after burns based on early post-
injury polarization-sensitive optical frequency domain imaging. Front. Physiol.
8:967. doi: 10.3389/fphys.2017.00967

Kwan, P. O., and Tredget, E. E. (2017). Biological principles of scar and contracture.
Hand Clin. 33, 277-292. doi: 10.1016/j.hcl.2016.12.004

Lindblad, W. J. (2008). Considerations for selecting the correct animal model
for dermal wound-healing studies. J. Biomater. Sci. Polym. Ed. 19, 1087-1096.
doi: 10.1163/156856208784909390

Nanney, L. B, Wenczak, B. A., and Lynch, J. B. (1996). Progressive burn injury
documented with vimentin immunostaining. J. Burn Care Rehabil. 17,191-198.
doi: 10.1097/00004630-199605000- 00003

Ota, T., Takekoshi, S., Takagi, T., Kitatani, K., Toriumi, K., Kojima, T, et al.
(2014). Notch signaling may be involved in the abnormal differentiation of
epidermal keratinocytes in psoriasis. Acta Histochem. Cytochem. 47, 175-183.
doi: 10.1267/ahc.14027

Ramos, M. L., Gragnani, A., and Ferreira, L. M. (2008). Is there an ideal
animal model to study hypertrophic scarring? J. Burn Care Res. 29, 363-368.
doi: 10.1097/BCR.0b013e3181667557

Seaton, M., Hocking, A., and Gibran, N. S. (2015). Porcine models of cutaneous
wound healing. ILAR J. 56, 127-138. doi: 10.1093/ilar/ilv016

Seo, B. F., Lee, J. Y., and Jung, S.-N. (2013). Models of abnormal scarring. Biomed
Res. Int. 2013:423147. doi: 10.1155/2013/423147

Shin, J. U,, Kim, S. H., Kim, H., Noh, J. Y., Jin, S., Park, C. O., et al. (2016). TSLP
is a potential initiator of collagen synthesis and an activator of CXCR4/SDEF-1
axis in keloid pathogenesis. J. Invest. Dermatol. 136, 507-515. doi: 10.1016/j.jid.
2015.11.008

Singer, A. J., Hirth, D., Mcclain, S. A., and Clark, R. A. (2012). Lack of agreement
between gross visual and histological assessment of burn reepithelialization
in a porcine burn model. J. Burn Care Res. 33, 286-290. doi: 10.1097/bcr.
0b013e3182331de2

Singer, A. J., Hirth, D., Mcclain, S. A., Crawford, L., Lin, F., and Clark, R. A. (2011).
Validation of a vertical progression porcine burn model. J. Burn Care Res. 32,
638-646. doi: 10.1097/BCR.0b013e31822dc439

Singer, A. J., Mcclain, S. A., Taira, B. R, Romanov, A., Rooney, J., and
Zimmerman, T. (2009). Validation of a porcine comb burn model. Am. J. Emerg.
Med. 27, 285-288. doi: 10.1016/j.ajem.2008.02.019

Singer, A. J., Toussaint, J., Chung, W. T., Mcclain, S. A., Raut, V., and Rosenberg, L.
(2016). Early versus delayed excision and grafting of full-thickness burns in
a porcine model: a randomized study. Plast. Reconstr. Surg. 137, 972e-979%.
doi: 10.1097/PRS.0000000000002161

Sullivan, T. P., Eaglstein, W. H., Davis, S. C., and Mertz, P. (2001). The pig as a
model for human wound healing. Wound Repair Regen. 9, 66-76. doi: 10.1046/
j.1524-475x.2001.00066.x

Swindle, M. M., Makin, A., Herron, A. J., Clubb, F. J. Jr., and Frazier, K. S. (2012).
Swine as models in biomedical research and toxicology testing. Vet. Pathol. 49,
344-356. doi: 10.1177/0300985811402846

Tang, D. (2010). Observation in effect of Zicao oil on burn wound healing. Sichuan
Med. J. 31, 12-15.

Tyack, Z., Simons, M., Spinks, A., and Wasiak, J. (2012). A systematic review of the
quality of burn scar rating scales for clinical and research use. Burns 38, 6-18.
doi: 10.1016/j.burns.2011.09.021

van der Wal, M. B,, Van Zuijlen, P. P., Van De Ven, P., and Middelkoop, E.
(2010). Topical Silicone gel versus placebo in promoting the maturation of
burn scars: a randomized controlled trial. Plast. Reconstr. Surg. 126, 524-531.
doi: 10.1097/PRS.0b013e3181e09559

Wang, X., Kempf, M,, Liu, P, Cuttle, L., Chang, H.-E., Kravchuk, O., et al. (2008).
Conservative surgical debridement as a burn treatment: supporting evidence
from a porcine burn model. Wound Repair Regen. 16, 774-783. doi: 10.1111/j.
1524-475X.2008.00428.x

Xie, Y., Fan, C., Dong, Y., Lynam, E., Leavesley, D. L, Li, K., et al. (2015). Functional
and mechanistic investigation of Shikonin in scarring. Chem. Biol. Interact. 228,
18-27. doi: 10.1016/j.cbi.2014.12.037

Xue, M., and Jackson, C. J. (2015). Extracellular matrix reorganization during
wound healing and its impact on abnormal scarring. Adv. Wound Care 4,
119-136. doi: 10.1089/wound.2013.0485

Yang, A., Schweitzer, R., Sun, D., Kaghad, M., Walker, N., Bronson, R. T.,
et al. (1999). p63 is essential for regenerative proliferation in limb,
craniofacial and epithelial development. Nature 398, 714-718. doi: 10.1038/
19539

Yu, B, Ma, P, Yuan, L, Chen, D, and Yang, J. (2014). Evaluation
of change in the skin concentration of tazarotene and betamethasone

Frontiers in Pharmacology | www.frontiersin.org

June 2018 | Volume 9 | Article 590


https://doi.org/10.1002/ptr.1100
https://doi.org/10.1016/j.burns.2014.08.009
https://doi.org/10.1016/j.burns.2014.08.009
https://doi.org/10.1097/00004630-199803000-00019
https://doi.org/10.1016/j.burns.2006.02.023
https://doi.org/10.1007/pl00007448
https://doi.org/10.1097/bcr.0000000000000167
https://doi.org/10.3892/ijmm.2015.2299
https://doi.org/10.3892/ijmm.2015.2299
https://doi.org/10.1186/s12929-015-0172-9
https://doi.org/10.1016/S0140-6736(16)31406-4
https://doi.org/10.1007/s00418-009-0559-3
https://doi.org/10.1097/sap.0000000000000103
https://doi.org/10.1248/bpb.25.827
https://doi.org/10.1097/sla.0b013e318220b159
https://doi.org/10.1093/oxfordjournals.jbchem.a022255
https://doi.org/10.1093/oxfordjournals.jbchem.a022255
https://doi.org/10.1186/s41038-017-0074-z
https://doi.org/10.1016/0014-5793(71)80687-7
https://doi.org/10.1021/jf0495993
https://doi.org/10.1097/00005373-198905000-00023
https://doi.org/10.1097/00005373-198905000-00023
https://doi.org/10.3389/fphys.2017.00967
https://doi.org/10.1016/j.hcl.2016.12.004
https://doi.org/10.1163/156856208784909390
https://doi.org/10.1097/00004630-199605000-00003
https://doi.org/10.1267/ahc.14027
https://doi.org/10.1097/BCR.0b013e3181667557
https://doi.org/10.1093/ilar/ilv016
https://doi.org/10.1155/2013/423147
https://doi.org/10.1016/j.jid.2015.11.008
https://doi.org/10.1016/j.jid.2015.11.008
https://doi.org/10.1097/bcr.0b013e3182331de2
https://doi.org/10.1097/bcr.0b013e3182331de2
https://doi.org/10.1097/BCR.0b013e31822dc439
https://doi.org/10.1016/j.ajem.2008.02.019
https://doi.org/10.1097/PRS.0000000000002161
https://doi.org/10.1046/j.1524-475x.2001.00066.x
https://doi.org/10.1046/j.1524-475x.2001.00066.x
https://doi.org/10.1177/0300985811402846
https://doi.org/10.1016/j.burns.2011.09.021
https://doi.org/10.1097/PRS.0b013e3181e09559
https://doi.org/10.1111/j.1524-475X.2008.00428.x
https://doi.org/10.1111/j.1524-475X.2008.00428.x
https://doi.org/10.1016/j.cbi.2014.12.037
https://doi.org/10.1089/wound.2013.0485
https://doi.org/10.1038/19539
https://doi.org/10.1038/19539
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

Deng et al.

Full-Thickness Burn Hypertrophic Scar Model

dipropionate based on drug-drug interaction for transdermal drug delivery
in miniature pig. Xenobiotica 45, 380-384. doi: 10.3109/00498254.2014.
985762

Zhang, J., Li, Y., Bai, X, Li, Y., Shi, J., and Hu, D. (2017). Recent advances in
hypertrophic scar. Histol. Histopathol. 33, 27-39. doi: 10.14670/HH-11-908

Zhang, Y. F., Zhou, S. Z., Cheng, X. Y., Yi, B., Shan, S. Z., Wang, J., et al.
(2016). Baicalein attenuates hypertrophic scar formation via inhibition of the
transforming growth factor-p/Smad2/3 signalling pathway. Br. J. Dermatol. 174,
120-130. doi: 10.1111/bjd.14108

Zhao, D., Wang, Y., Du, C,, Shan, S., Zhang, Y., Du, Z,, et al. (2017). Honokiol
alleviates hypertrophic scar by targeting transforming growth factor-g/Smad2/3
signaling pathway. Front. Pharmacol. 8:206. doi: 10.3389/fphar.2017.00206

Zhu, K. Q., Carrougher, G. J., Gibran, N. S,, Isik, F. F., and Engrav, L. H. (2007).
Review of the female Duroc/Yorkshire pig model of human fibroproliferative

scarring. Wound Repair Regen. 15, $32-S39. doi: 10.1111/j.1524-475X.2007.
00223.x

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

Copyright © 2018 Deng, Chen, Qiang, Chi, Xie, Wu, Yao, Zhao, Ma, Zhang and Xie.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Pharmacology | www.frontiersin.org

12

June 2018 | Volume 9 | Article 590


https://doi.org/10.3109/00498254.2014.985762
https://doi.org/10.3109/00498254.2014.985762
https://doi.org/10.14670/HH-11-908
https://doi.org/10.1111/bjd.14108
https://doi.org/10.3389/fphar.2017.00206
https://doi.org/10.1111/j.1524-475X.2007.00223.x
https://doi.org/10.1111/j.1524-475X.2007.00223.x
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

	Development of a Porcine Full-Thickness Burn Hypertrophic Scar Model and Investigation of the Effects of Shikonin on Hypertrophic Scar Remediation
	Introduction
	Materials and Methods
	Shikonin Solution Preparation
	Animal Studies
	Animals
	Creation of a Porcine Hypertrophic Scar Model

	Effects of Shikonin on Hypertrophic Scar Remediation
	Clinical Scar Assessments
	Histology
	Immunohistochemistry

	Statistical Analysis

	Results
	Hypertrophic Scars Formed After Full-Thickness Burns in Mini-Pigs
	Effects of Shikonin on Hypertrophic Scar Remediation
	Clinical Scar Assessment of Porcine Hypertrophic Scar Remediation
	Reduced Area of the Hypertrophic Scars Treated With Shikonin
	Histological Characteristics of Hypertrophic Scars Treated With Shikonin
	Effects of Shikonin on Protein Expression in a Porcine Hypertrophic Scar Model


	Discussion
	Author Contributions
	Funding
	Acknowledgments
	References


