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ARTICLE INFO ABSTRACT
Article history: Pressure therapy has been widely used in clinical practice for the prevention or treatment of
Accepted 5 September 2018 hypertrophic scars resulted from aberrations in wound healing. However, the precise molecular

mechanisms of this process are only partially understood. In the present study, we established a
Bama minipig model to observe the effect of pressure intervention on wound healing and scar
formation. Transcriptome sequencing was performed to analyze the gene expression profiles in

Keywords: the injured and pressure-treated tissues. Furthermore, expression of the critical factors
Scars associated with IGF-1/IGF-1R pathways including PI3K/AKT and MEK/ERK and collagens were
Pressure further analyzed by quantitative polymerase chain reaction (q-PCR) and Western blot. We
IGF-1/IGF-1R observed that the mRNA expression of IGF-1 and IGF-1R were down-regulated in the pressure
Signaling pathway treated groups. Following pressure intervention, the trend in expression of PI3K/AKT decreased,

whereas that of MEK/ERK expression increased, when quantified by q-PCR. Moreover, the level of
PI3K protein expression decreased significantly after pressure treatment for one month but there
was no significant difference in AKT protein expression. Interestingly, the trend in MEK/ERK
protein expression was opposite to that indicated by q-PCR analysis. Furthermore, collagen Iand
III mRNA clearly declined after one month pressure treatment. Taken together, these results
indicated that pressure intervention alleviated scar formation may via inhibiting the IGF-1/IGF-
1R signaling pathway and collagen expression in the Bama minipig model.

© 2018 Elsevier Ltd and ISBI. All rights reserved.

1. Introduction after injury to the deep dermis resulting from burns, severe
trauma or surgical procedures [1,2]. Excessive scarring is
Hypertrophic scars (HSs) are pathological tissue structures usually characterized by over-proliferation of fibroblasts,

resulting from aberrations in physiological wound healing abnormal synthesis and degradation of extracellular matrix
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(ECM), disorders in regulatory cytokines and abnormal neo-
vascularization [3-6]. Hypertrophic scars are generally raised,
red, hard whilst in the form of a contracture, cause itching and
painful. Patients with hypertrophic scars often experience
serious cosmetic and functional problems and may experience
both psychological and physiological effects [7,8]. It is
therefore desirable to clarify the mechanism of formation of
HSs and to seek effective and safe therapies to prevent their
formation.

A variety of methods are used in the treatment of
hypertrophic scars including surgical scar revision, cortico-
steroid injection, cryotherapy, radiotherapy and laser therapy.
However, as some of the side effects of these modalities can be
severe, their capacity to permanently eliminate HSs is limited
[5-11]. Since the 1970s, hospitals around the world have used
the pressure therapy to prevent and treat HSs [12-14|. Many
studies have confirmed that pressure therapy could reduce
excessive scarring among burn patients [15-17]. In a recent
evidence-based practice review by Sharp et al., pressure
therapy was recommended as a successful scar treatment
due to the resulting improvement in esthetic outcomes
reflecting in the decreased erythema and height of scars
[18]. According to the clinical studies, pressure therapy is
deemed to induce hypoxia, ischemia and deficiency of
nutrition and reduce collagen deposition within a developing
or active scar [19-21]. Additionally, pressure garments often
mitigate the pain oritchrelated to hypertrophic scars and tend
to prevent the progression of severe contractures [22,23].
However, the outcome of pressure therapy has only ever been
evaluated through clinical experience, a detailed analysis of
the molecular mechanisms involved was rarely scientifically
described [24]. An exploration of the therapeutic and preven-
tive techniques using pressure has thus become an important
research direction in the area of hypertrophic scarring.

Although many experiments in laboratory and clinical
studies have been performed, the mechanisms of scar
formation are still unclear, mainly because the phenomenon
is observed solely in humans and the consecutive acquirement
of tissue samples from humans is difficult. Animal models
could help toilluminate the mechanisms of scar formation and
promote the investigation and development of new therapies.

Hypertrophic scarring in an ideal animal model should
match humans in their appearance, histological aspects,
clinical behavior, biochemistry, molecular biology. Morris
etal. reported that they established a hypertrophic scar model
through creating excisional wounds over the surface of rabbit
ear. In their animal model, the wounds were small and full-
thickness, unlike the burn wounds which were large and
partial-thickness. And the deep dermis was uninjured after
burninjury [25]. The skin of the Bama minipigis very similar to
that of human skin, comprising collagen, elastic and mesh
fibers, with no significant difference in thickness of the cuticle
layer, epidermis or dermis in the pig compared to an adult
human [26,27]. In addition, the reaction of the pig to trauma is
similar to humans where wounds repair principally by
epithelialization, whereas in rodents, the wound first shrinks
in order to begin the repair of traumatic injuries [28]. The
similarities with porcine physiology suggest that the pig,
particularly the miniature pig, could be used as a model for
wound repair. The Bama minipig (Sus scrofa), a breed of

naturally-occurring minipig in China, is a hopeful basis for
creating an animal model.

The insulin-like growth factor (IGF)-1/IGF-1 receptor (IGF-
1R) axis is proved to play a crucial role in the scar formation, by
inducing collagen synthesis and secretion of extracellular
matrix by fibroblasts and inhibiting apoptosis, thus influenc-
ing tissue reconstruction following wound healing [29,30].
Previous studies suggested that IGF-1 and its receptor are the
principal regulators of anti-apoptotic signals [31]. In a model of
apoptosis induced in culture in vitro, physiological concen-
trations of IGF-1 can effectively prevent c-myc fibroblast
apoptosis, and maintain their survival [32]. Researchers have
detected abundant expression of IGF-1 receptors in fibroblasts
within hypertrophic scars and keloids, which may inhibit
apoptosis or change the balance of cell proliferation and
apoptosis, causinglarge quantities of extracellular matrix tobe
expressed and deposited [33]. The MEK/ERK and PI3K/AKT
pathways were reported as downstreams of IGF-1/IGF-1R,
which were implicated in scar formation [34,35].

In the current study, we investigated the effect of pressure
on the process of wound healing and scar formation in a Bama
minipig model, and also explored the possible molecular
mechanisms. Our results indicated that pressure exerted an
important role in wound healing and its application alleviated
scar formation. The finding demonstrated that pressure
intervention can ameliorate the excessive deposition of scar
tissue and improve the appearance of the healed wounds.

2. Materials and methods
2.1. Animals

Adolescent female Bama miniature pigs (n=4) aged 2-3 months
and weighing 21-23kg were used for this study. They were
purchased from the Beijing Shichuang Century Minipig
Breeding Base and raised in the Center for Drug Safety
Evaluation, China Institute For Radiation Protection and cared
for by an experienced technician. The animals were raised in
single cages indoors and given lab porcine grower diet and
water three times per day. They were acclimatized for 2 weeks
before initiation of the experiment. The animal experiments
and surgery were carried out according to the Animal Care and
Use Committee of the Shanxi Science and Technology
Department.

2.2.  Skin wounding

Each animal was fasted for 12h before surgery. The hair on its
back was shaved and the betadine solution and 75% alcohol
were used to disinfect dorsal skin thoroughly. The animals
were pre-medicated with Zoletil (15mg/kg) by intramuscular
injection 10min before skin wounding commenced. When
complete anesthesia had been achieved, the pigs were placed
in ventral recumbency on the operating table. Four deep
dermal wounds, 8 x 8cm were created on the back of each pigin
two rows of two columns. The deep dermal wounds, which
were demonstrated to produce HSs [36], were produced with
an electric dermatome for 1.8mm in depth (Tyler Research
Corp., Edmonton, AB). Nevertheless, the actual wound depth is
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variable due to the diversiform, uncontrollable reasons when
obtaining the wounds with a dermatome. The wounds were
denoted left front, left rear, right front or right rear, depending
on their position. Bandages were applied after wound
hemostasis was achieved, and then removed after 24h and
the wounds allowed to heal in the open without application of
topical agents or dressings.

2.3. Pressure treatment

Sixty days after surgery, the healing progress and scar
condition of all the minipigs samples were the same.
Therefore, a homemade elastic knitted device designed to
exert a pressure of approximately 3.4kPa (25.5mmHg) on the
underlying tissue was applied to the two front wounds and the
two rear wounds were as control group. This professional and
commercial elastic fabric contains 41% spandex fiber and is
plain-knitted structure. It can provide 20-40mmHg medical
standard pressure and its elastic recovery ratio is more than
80%. The material is provided by the department of burns and
plastic surgery, Taigang General Hospital, where it is used to
make pressure suits for scar patients. A sensor (LKH-127) made
of alloy steel and purchased from Nanjing Lanke Automation
Equipment Co., Ltd (China) was used to measure the pressure
once a week to ensure the size was adjusted appropriately. Itis
designed to exert 0-5kPa pressure by the company according to
our measurement requirements in the experiment. The
pressure measurement and adjustment results in detail was
shown in Table 1.

2.4.  Tissue sampling

A digital camera was used to evaluate macroscopic changes
within the wound bed, making comparisons with normal skin
removed at the beginning of the surgery. At day 0 (normal skin),
14, 30, 60, 90 and 120 post-injury, the animals were anesthe-
tized, and tissue samples were collected from each dorsal
wound down to the subcutaneous fascia using a surgical blade,
for histological and molecular analysis. Each sample was
divided into three pieces for either histology or molecular
analysis, in which case they were placed in liquid nitrogen to be
frozen immediately then stored at —80°C until processed.
Because the pressure applying was initialed at 60day post
injury, therefore, the samples treated with pressure for 30days
(1 month) at 90day post injury was defined as ‘90d+P’ and the
controlled group was defined as ‘90d’; the samples treated with
pressure for 60days (2 month) at 120day post injury was defined
as ‘120d+P’ and the controlled group was defined as ‘120d’.

2.5.  Histological examination

Samples from normal skin and scar tissue with and without
pressure treatment were placed into 4% paraformaldehyde

immediately after harvesting from the pigs, then embedded in
paraffin blocks. 5 um-thick sections were prepared for subse-
quent tissue processing. Masson’s trichrome and hematoxylin
and eosin (H&E) staining were performed to analyze collagen
fibers, then photographed using optical microscopy. All
samples were evaluated in a blinded manner.

2.6. mMRNA sequencing

Gene expression was investigated at the transcriptional level
using high-throughput lllumina sequencing technology and
bioinformatics tools. Total RNA was extracted from HS
samples using a mirVana™ miRNA isolation kit (Cat#AM1561,
Ambion) according to the manufacturer’s instructions. The
RNA quantity was measured using a NanoDrop Spectrometer
(ND-1000 Spectrophotometer, Peqglab). The RNA integrity
number (RIN) was tested using an Agilent Bioanalyzer 2100
(Agilent Technologies, Santa Clara, CA, USA). And qualified
total RNA was further purified using an RNAClean XP Kit (Cat
A63987, Beckman Coulter, Brea, CA, USA) and RNase-free
DNase set (Cat#79254, Qiagen GmbH, Germany). The RNA of
each tissue sample that passed quality control testing was
used for constructing the library. Poly-T oligo-attached
magnetic beads were used for purifying the Poly-A containing
mRNA molecules. After purification, the mRNA was frag-
mented into small pieces using divalent cations at 94°C for
8min. The cleaved RNA fragments were copied into first-
strand cDNA wusing SuperScript II Reverse Transcriptase
(Invitrogen, 18064014, Carlsbad, CA, USA) and random pri-
mers, followed by second-strand cDNA synthesis using
Second Strand Master Mix and isolation using AMPure XP
beads (A63881, Beckman). The cDNA fragments then under-
went an end repair procedure, a single ‘A’ base was added and
they were then ligated to adapters. The products were purified
and then enriched using PCR to create the final cDNA library.
Purified libraries were quantified using a Qubit" 2.0 Fluorome-
ter (Life Technologies, USA) and validated using an Agilent
2100 bioanalyzer (Agilent Technologies, USA) to confirm insert
size and calculate its molar concentration. Clusters were
generated using a cBot with the library diluted to 10pM and
sequenced on an lllumina HiSeq 2500 ([llumina, USA). Library
construction and sequencing were performed by Shanghai
Biotechnology Corporation (Shanghai, China).

2.7.  Data analysis for gene expression

The sequenced raw reads were preprocessed via filtering out
those from rRNA, short-fragment reads, low-quality reads and
other sequence adapters, yielding a dataset consisting of clean
tags. The cleaned reads were mapped to a pig (Sus scrofa)
reference genome with two mismatches using Tophat v2.1.0.
The number of fragments per kilobase of exon per million
mapped reads (FPKM) was used to calculate gene expression.

Table 1 - Weekly pressure measurement and adjustment results using pressure sensors.

Week 0 Week1l Week2 Week3 Week4  Week5 Week6  Week7  Week38
Pressure measured (kPa) 3.4 33 3.2 3.2 3.2 33 3.2 3.2 3.2
Pressure adjusted (kPa) - 3.4 3.4 3.4 3.4 3.4 3.4 3.4 3.4
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Cuffdiff software was used to identify differentially expressed
genes (DEG). In multiple tests, the significance threshold of the
p-value is determined by the false discovery rate (FDR).

2.8. Validation with gRT-PCR

The genes associated with the IGF-1/IGF-1R signaling
pathway were selected to validate the veracity of RNA-seq
by quantitative real time PCR (qRT-PCR) using the same RNA
samples as in the RNA-seq. Total RNA was extracted and
purity calculated from the optical density (OD) ratio (260nm/
280nm). The ReverTra Ace qPCR RT Kit (Toyobo, Japan) was
used to performe cDNA synthesis abiding by the manufac-
turer’s instructions. All samples were reverse transcribed
simultaneously to avoid experimental variation. The qPCR
experiments were performed using Power SYBR" Green PCR
Master Mix (ABI, USA), templates and primers in a total
reaction volume of 10uL. A 7900 HT Sequence Detection
System (ABI, USA) was used with the following cycling
parameters: denaturation at 95°C for 10min, followed by
40 cycles of 15s at 95°C then 1min at 60°C. The relative
expression of the target genes were normalized against the
expression level of succinate dehydrogenase (SDHA) using
the 2 PA%t method. All mRNA primers were designed and
synthesized by Sangon Biotech (Shanghai, Co., Ltd.). The
primer sequences (Sus scrofa) used for gene amplification
were shown in Table 2.

2.9.  Western blotting

After treatment with pressure, specimens were harvested
and homogenized in 200uL lysis buffer (C510003-0050,

Sangon Biotech, Shanghai, China). The lysates were
centrifuged at 4°C, 13,000rpm, for 10min, and then the
supernatants were harvested. The concentration of protein
in each tissue sample was measured using a bicinchoninic
acid (BCA) protein assay kit (C503021-0500, Sangon Biotech,
Shanghai, China) following the manufacturer’s protocol. A
proper volume of loading buffer was added to each sample
followed by thermal denaturation, 100°C for 5min. 20 g
total protein were separated using SDS-PAGE and then
transferred onto a polyvinylidenedifluoride (PVDF) mem-
brane at low temperature. After blocking with 5% skimmed
milk and washing, the membranes were probed/incubated
with primary antibodies to PI3K (1:1000), AKT2 (1:500),
MEK1/2 (1:500), and ERK1/2 (1:1000) at 4°C overnight. The
membranes were subsequently incubated with a secondary
antibody, which was connected with a fluorescence dye. In
order to ensure equal loading, beta-actin (Abcam, Cam-
bridge, MA, USA) was used as an internal standard.
Enhanced chemiluminescence detection (ECL) reagents
and a gel imaging system (Tanon Science & Technology
Co., Ltd., China) were used to visualize protein bands. A
densitometer (imaging system) was used to determine the
protein expression. Experiments were performed in tripli-
cate. The relative levels of protein expression were
compared with that of the normal skin (defined as 1.00).

2.10. Statistical analysis

Data were processed using SPSS 16.0 software, presented as
meanz+tstandard deviation. Differences were compared
among the groups with one-way ANOVA. Significant differ-
ence with respect to control groups, P value <0.05.

Table 2 - Forward and reverse primer sequences of genes associated with the IGF-1/IGF-1R signaling pathway and collagen.

Gene name Gene description Genebank No. Primer sequence (5’ to 3')
IGF-1 Insulin-like growth factor 1 397491 F TCCTGAAGAGTGAAGAATGACA

R GGAATGCCCATCTTTTGAA
IGF-1R Insulin-like growth factor 1 receptor 397350 F TCATCAGCAGCATCAAGGAC

R CGGCTTGTTCTCCTCACTGT
PI3K Phosphatidylinositol-3-kinase 100514626 F TGGGATTCAAGCATTGTGGC

R TGGGGCTTCATTCCTTTTTGA
AKT2 AKT serine/threonine kinase 2 100127478 F GAGGTCATGGAGCACAGGTT

R CGTCAAAGTACCGAGTGTCG
MEK1 Mitogen-activated protein (MAP)/extracellular signal-regulated kinase 100233191 F GCTTGGGGCTATTTTTGTGT

(ERK) kinase 1

R ACGGTGTGGGAGAGCAGT

MEK2 Mitogen-activated protein (MAP)/extracellular signal-regulated kinase 100525505 F GAGAGCCTCACAGCATCTCG
(ERK) kinase 2

R TAGGAGGTGGCTCGTTCACA
ERK1 Extracellular signal-regulated kinase 1 445013 F TCCTTACCTGGAGCAGTACTACGA

R AGCTCCATGTCGAAGGTGAAA
ERK2 Extracellular signal-regulated kinase 2 100153927 F CACAACACCTCAGCAATGACC

R AGCAGGTTGGAAGGCTTGAG
COL1A2 Collagen type I alpha 2 chain 100626716 F AACCATGAACATTTGCACCA

R GGTATGGATCACACTCACAGGA
COL3A1 Collagen type III alpha 1 chain 100152001 F TTGGCATTCCTTCGACTTCT

R TGTTCCATGTACGCAATGCT
SDHA Succinate dehydrogenase complex flavoprotein subunit A 780433 F CACACGTTGTACGGAAGGTCT

R ATCAGGAGATCCAAGGCAAA
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3. Results

3.1.  The effect of pressure intervention on macroscopic
appearance

Gross changes in the general appearance and size of the
wounds were observed at different time points. Representa-
tive examples of pressure-treated and untreated wounds and
scars at different time points are shown in Fig. 1. On the 14th
day after injury, granulation tissues were observed to fill with
in all wounds, and partial re-epithelialization appeared at the
edge of the wound. From day 30 until the end of the
experiment, all wounds were observed to present a dense,
fibrotic and raised appearance compared to the surrounding
uninjured skin, but the raised scars were not as much as
human hypertrophic scars and the skin scars of previously
reported female red Duroc pigs [37]. The scar at 60days was
within the original margin range, clearly tougher than the
surrounding normal skin, appearing deep red in the center.
Furthermore, in comparison to the untreated group, the
pressure-treated group exhibited a pigmented area that was
smaller, with less contraction and some softening of the scar
surface, and the size of wounds was smaller. This might due to
the decrease of blood vessel in the scar tissue, leading to a low
supplication of oxygen and nutrient for cellular activity.

3.2.  The effect of pressure intervention on histological level

HE and Masson staining were performed to detect the effect of
pressure intervention on histological wound morphology
(Fig. 2). There were few fibroblasts in normal skin, and the
vascular cavity was smooth and evenly distributed. Collagen
fibers were parallel to the surface and had a loose and orderly
arrangement. A large number of hair follicles and other skin
attachments can be seen. However, the dermis in the wounds

and scars was clearly thickened. By day 30, the wounds
contained an organized dermis, epidermis also being partly
present. Numerous fibroblasts were present with a disordered
arrangement of collagen bundles, visible changes in coiling
and nodular distribution were observed. After 60 days, the
boundary was not clear between the dermal papilla and
reticular layers. Granulation tissue was present in all samples.
The resulting scars were histopathologically identical to
human hypertrophic scars [38]. However, the connective
tissues were thinner after one month pressure intervention.
Besides, the collagen bundles were regular and parallel to the
surface as observing in normal skin after two months pressure
intervention.

3.3.  The effect of pressure intervention on the
transcriptome level

RNA sequencing was performed to further understand the
potential mechanisms of pressure intervention. We selected
11 genes associated with wound healing and scar formation to
analyze mRNA expression (Tables 3 and 4). Then the RNA-seq
results of the above genes were verified by qRT-PCR. As shown
in Fig. 3, applying pressure for one month significantly
decreased IGF-1 mRNA levels compared with untreated group
(p<0.01). By contrast, applying one-month pressure to the
scars did not present dramatic effects on the IGF-1R, whereas
the expression decreased to a level similar to that of normal
skin after two months pressure treatment. Interestingly,
similar results were observed in the expression profile of
PI3K and AKT2 after two months pressure treatment.
Moreover, MEK1/2 and ERK1/2 mRNA expression were in-
creased after pressure intervention, whereas collagen I and II
mRNA expression were strongly suppressed after one month
pressure treatment. The qRT-PCRresults showed an accordant
trend to RNA-seq, indicating that the transcriptome sequenc-
ing results were reliable and accurate.

Fig. 1-Representative macroscopic overview of wounds and scars on the back of Bama minipig at various time points. Pressure
of 3.4kPa was applied at 60days post-injury for one month (90d +P) and two months (120d +P), the untreated wounds (90d) and
(120d) were as controlled. Pressure intervention improved wound healing and alleviated scar formation.
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Fig. 2 - Representative histological images of wounds and scars at various time points. (A) HE staining images of wounds and
scars treated with or without pressure at various time points. (B) Masson’s trichrome-stained images of wounds and scars
treated with or without pressure at various time points. (Original magnification x 100; bar=100 jum).

Table 3 - Change in gene expression in wounds and scars: ratio of values for wounds and scars/normal skin.

Gene name Ratio of gene expression of wounds and scars/normal skin

14d 30d 60d 90d+P 90d 120d+P 120d
IGF-1 1.02 7.11 9.03 2.18 3.87 8.37 2.01
IGF-1R 0.70 0.68 0.72 0.62 0.73 0.91 1.10
PI3K 0.44 1.20 1.36 0.94 1.00 1.55 1.30
AKT2 1.17 0.90 0.76 1.02 0.82 0.78 0.85
MEK1 1.38 2.76 1.74 1.39 1.86 1.13 0.52
MEK2 1.32 0.68 0.74 0.99 0.65 0.81 0.70
ERK1 1.52 1.30 1.35 1.18 1.08 1.55 1.10
ERK2 1.08 1.01 0.80 1.39 1.11 0.93 0.67
COL1A2 10.06 122.23 62.95 4.12 109.02 7.32 1.37
COL3A1 10.30 142.24 82.26 5.36 121.66 7.50 1.34

3.4.  The effect of pressure intervention on the protein

. L. . expression
Table 4 - Change in gene expression in scars: ratio of

values for pressure/no pressure.

The protein levels of relevant genes in wounds and scars
Gene name Ratio of expression for pressure/no pressure treated with or without pressure were quantified using

20 d 120 d Western blot. An obvious downstream candidate of IGF-1/
IGF-1R signaling is the PI3K/AKT pathway, which is thought to

IGF-1 0.56 . be induced mechanically. In our model, the PI3K protein level
L?;;R g:gi (ﬁg decreased in mechanically-stressed wounds compared with
AKT? 194 0.92 control wounds at 90days butincreased at 120days post injury
MEK1 0.75 217 (P<0.05) (Fig. 4). Wound homogenates showed no significant
MEK2 1.52 1.16 changes in the expression of activated AKT2/AKT3 protein in
ERK1 1.09 141 the mechanically-loaded wounds compared with controls at
ERK2 1.26 1.39 90 and 120days post injury. Since the MEK/ERK pathway also
COL1A2 0.04 >34 fulfills a crucial role in scar formation and development, we
COL3A1 0.04 5.60

nextinvestigated whether application of pressure affected the
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Fig. 3 - Genes related to the IGF-1/IGF-1R signaling pathway and collagen mRNAs were determined by qRT-PCR. The white bars
represent wounds and scars without pressure treatment, the black bars represent scars with pressure treatment. The results
are mean+SD of three independent experiments. (*P<0.05 compared with the untreated samples at 90 days;

#P <0.05 compared with the untreated samples at 120 days).

level of MEK/ERK protein expression. The results demonstrat-
ed that pressure treatment significantly inhibited the expres-
sion of MEK/ERK after one and two months pressure
application.

4, Discussion

In this study, a Bama minipig model was established to observe
the effect of pressure intervention on wound healing and scar
formation. We evaluated the gross and clinical appearance,
histological and molecular changes to validate the reliability of
the model. The results showed sufficient similarities to those
observed in the red Duroc pig model and human scars.
Currently, pressure therapy is widely used in the prophylaxis
and treatment of hypertrophic scars because of its effective-
ness and convenience, but there is no clear understanding of
its specific mechanism [39,40]. Furthermore, the 15mmHg
pressure was proved to be effective but not greater than
40mmHg [41]. Besides, it is believed that the clearest effect of
pressure treatment is when burn scars are still in their
hyperactive phase less than 6 months. This animal model, in
which 3.4kPa pressure was applied for two months after
trauma, met the conditions of early intervention and treat-
ment for scars in clinic. Meanwhile, it also provided the
possibility of continuous extraction of specimens, which is not
practicable or ethical in clinical research of scars in humans.

Previous studies have provided evidence that the abnormal
activity of growth factors and receptors play a vital role in the
development of pathological scars [3,42,43]. Furthermore, the

IGF-1/IGF-1R pathway has been demonstrated to be involved
in plenty of fibrotic diseases, including scars and keloids [44]. It
is well established that IGF-1 is a mitotic and differentiated
factor that promotes wound healing by stimulating fibroblast
proliferation, inhibiting apoptosis and improving collagen
synthesis [45-47]. Thus, we investigated the roles of the IGF-1/
IGF-1R pathway in response to pressure in this study. Our
results showed that increased mRNA expression of IGF-1 in
scar tissues collected from 30 and 60days post injury was
consistent with a previous study conducted by Gallant-Behm
[48]. Not only IGF-1, but IGF-1R was also down-regulated in the
pressure-treated group compared with untreated group, in
spite of higher than that of normal skin. The reduced secretion
of IGF-1/IGF-1R may slow the proliferation of scar fibroblasts
and therefore inhibit the production of collagen fibers,
explaining why pressure alleviated scar formation presented
here.

According to the classical model, MAPK and PI3K pathways
are the two major downstream signaling pathways which play
crucial roles in inducing cell proliferation and inhibiting cell
apoptosis by IGF-1R. Activation of PI3K pathway induced
phosphorylation of Ser473 and Thr308 residues on AKT, thus
activating this kinase [25]. Furthermore, it is reported that AKT
acts as a pro-survival marker promoting cell survival. Our
results showed that when scars were treated with pressure for
two months, the expression of PI3K and AKT were down-
regulated compared with no-pressure conditions. This sug-
gests that mechanical pressure may inactivate the PI3K/AKT
pathways, leading to a decreased accumulation of cells in
scars. We have also shown here that in the process of scar
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Fig. 4- Western blot analysis of proteins related to the IGF-1/IGF-1R signaling pathway in the Bama minipig model. Histograms relate
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("P<0.05 compared with the untreated samples at 90 days; #P <0.05 compared with the untreated samples at 120 days).

formation, the expression of MEK changed from a low level at
14days to a high level at 60 days. In addition, the ERK signaling
pathway was activated in response to pressure. It has
previously been demonstrated that scarring in the rabbit ear
model is related to ERK and JNK-mediated collagen I expres-
sion [49]. As the MEK/ERK signaling pathways play crucial roles
in regulating the different biological activities of scar fibro-
blasts including cell migration and apoptosis, the role of the
MEK/ERK signaling pathway observed here requires further
investigation. In brief, our results suggest that a better
understanding of the MAPK and PI3K signaling pathway in
pressure therapy may provide novel targets to treat scars. The
common view is that scar formation is the result of excessive
deposition and reduced degradation of ECM [4]. After skin
injury, growth factors stimulate a mass of fibroblast prolifera-
tion and excessive synthesis of ECM, particularly collagenIand
collagen II [50,51]. In our study, pressure intervention sup-
pressed the expression of collagen, causing the level decrease
to that in normal skin.

Clinically, the pressure garment for burn patients to treat
scars can be made of different materials such as nylon. The
properties and pressure size of the garment are often affected
by the type of fiber and the method of fabric construction
[52,53]. In the current study, a homemade elastic knitted

device contained 41% spandex fiber was applied to perform
pressure therapy. However, in the study conducted by Varan
[54], pressure garments consist of nylon were treated with
chitosan and the wireless pressure sensors were used to
analyze the exerted pressure. The results showed that the
exerted pressures of pressure garments were significantly
increased after chitosan treatments. In the future study, we
will investigate the materials of the pressure garments and the
types of sensors in order to obtain better pressure therapeutic
schedule.

In summary, we have established an effective animal
model to examine the effect of pressure intervention on
wound healing and scar formation. Our data strongly suggest
that pressure improves the appearance and histology of scars.
However, the results do not fully explain the precise mecha-
nism: for example, we are yet to characterize the exact signal
pathways involved in the process. Nevertheless, pressure
intervention is an effective and noninvasive treatment
method for scars. Hence, further cellular and molecular
studies should be performed to delineate the mechanisms
of this process and guide the development of a targeted
molecular treatment for scars. In future, we intend to explore
the molecular mechanisms of pressure in the fibroblasts
extracted from normal human skin and hypertrophic scars.
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