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ABSTRACT

To explore the profibrotic characteristics of the autografted dermis, acellular
dermal matrix, and dermal fibroblasts from superficial/deep layers of pig skin, 93
wounds were established on the dorsa of 7 pigs. 72 wounds autografted with the
superficial/deep dermis and acellular dermal matrix served as the superficial/deep
dermis and acellular dermal matrix group, respectively, and were sampled at 2,
4, and 8 weeks post-wounding. 21 wounds autografted with/without superficial/
deep dermal fibroblasts served as the superficial/deep dermal fibroblast group and
the control group, respectively, and were sampled at 2 weeks post-wounding. The
hematoxylin and eosin staining showed that the wounded skin thicknesses in the deep
dermis group (superficial acellular dermal matrix group) were significantly greater
than those in the superficial dermis group (deep acellular dermal matrix group) at
each time point, the thickness of the cutting plane in the deep dermal fibroblast group
was significantly greater than that in the superficial dermal fibroblast group and the
control group. The western blots showed that the a-smooth muscle actin expression
in the deep dermis group (superficial acellular dermal matrix group) was significantly
greater than that in the superficial dermis group (deep acellular dermal matrix group)
at each time point. In summary, the deep dermis and dermal fibroblasts exhibited
more profibrotic characteristics than the superficial ones, on the contrary, the deep
acellular dermal matrix exhibited less profibrotic characteristics than the superficial
one.

INTRODUCTION

Hypertrophic scarring (HTS) in humans is a serious
problem following trauma, burns, or surgery, and often
result in uncomfortable and prolonged rehabilitation
periods [1]. Even after having been extensively studied at
the level of tissues, molecules, and genes, the mechanism
of HTS is still not well understood, rendering treatment
difficult [2, 3]. Clinically, injuries to the deep dermis
often lead to HTS, whereas superficial wounds are likely
to heal with little or no scar formation without surgical
intervention [4, 5]. It was also reported that HTS occurred
after deep dermal wounds in the female red Duroc pig
(FRDP). Moreover, the thickness of the healed wounds
in FRDP increased with the wound depth [6]. These
phenomena inspired us to consider this question: did

the dermis from different layers of skin exhibit different
profibrotic characteristics? To resolve this issue, we
separated the skin of three FRDPs into six layers and
autografted the second and fifth layers. It was observed
that the skin thickness of the wound models autografted
with the fifth layer was significantly greater than that
of the second layer at postoperative weeks 2 and 3 [7].
However, in sharp contrast with the long-term process of
cutaneous fibrosis, the research period of this study was
relatively short. For a better understanding of the fibrotic
properties of the dermis from different layers of skin,
we believed that longer studies would be needed, so we
sought to provide a solution in this study.

It is well known that the dermis mainly consists
of extracellular matrix (ECM) and cellular components,
the vast majority of which are dermal fibroblasts
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(DFs). Thus, what are the roles of ECM and DFs in the
process of scarring that derive from different layers of
the dermis? On the one hand, acellular dermal matrix
(ADM) is derived from dermis from which the cellular
population (keratinocytes, vascular endothelium, DFs,
etc.) has been removed, and it consists primarily of
ECM [8-10]. Compared with traditional ADM, FlexHD
Pliable (Musculoskeletal Transplant Foundation), a
new generation of human ADM, is derived from the
deep dermis [11]. Recently, a report by Liu et al [12].
suggested that the use of FlexHD was an independent
risk factor for implant loss in implant-based breast
reconstruction. Based on these observations, we
hypothesized that ADM derived from the deep dermis
(termed the deep ADM) exhibited fewer profibrotic
characteristics than that from the superficial dermis
(termed the superficial ADM). On the other hand, a
large number of in vitro studies have shown that cells
cultured from the deep dermis (termed the deep DF)
produced significantly more collagen and exhibited more
profibrotic characteristics than those from the superficial
dermis (termed the superficial DF) in humans and pigs,
yet in vivo studies have been rare [7, 13]. Based on
these observations, we hypothesized that autologous
implantation of the deep DF showed more profibrotic
characteristics than that of the superficial DF.

This study was designed to explore the long-
term fibrotic properties of the dermis from different
layers of skin and to test our hypotheses mentioned
above. Because @experiments using pigs are less
restricted by ethical restrictions than clinical trials, @
the similarities of pig and human skin have long been
reported [14-16], and the FRDP has been proposed to
be a good animal for in vivo studies of wound healing,
HTS, and DF heterogeneity [6, 7, 17, 18], ® skin of
rodents, the common laboratory species, is sufficiently
different from human skin in histology, anatomy, and
immunology, as well, compared with pig skin, rodent
skin is more difficult to be separated into several layers
using a dermatome [19-21], we designed the following
experiment on 7 FRDPs. To the best of our knowledge,
this was the first in vivo study to explore the profibrotic
characteristics of ADM and DF from different layers of
pig skin.

RESULTS

Macroscopic observations

All 7 of the FRDPs survived during the study
period. A total of 64 (68.82%, 64/93) wound models were
included, and 29 wounds were excluded from the analysis
(Figure la, 1b). A total of 24 samples from the deep/
superficial dermis group were harvested at 2 (n=4 and n=4,
respectively), 4 (n=5 and n=3, respectively), and 8 (n=4

and n=4, respectively) weeks post-wounding. Twenty-
three samples from the deep/superficial ADM group were
harvested at 2 (n=5 and n=4, respectively), 4 (n=4 and
n=3, respectively), and 8 (n=3 and n=4, respectively)
weeks post-wounding. In the deep/superficial DF group
and the control group, 17 (80.95%, 17/21) wound models
were included (n=7, n=5, and n=5, respectively).

The thickness of the normal skin, the wounded
skin, and the cutting plane

Because the normal skin thickness of the FRDPs
showed great discrepancy [6, 7], and the normal skin
thickness was crucial for the subsequent establishment of
the wound models, the thickness of the normal skin from
seven anatomical locations (site A to site G) was carefully
measured. It was observed that the normal skin thicknesses
of the FRDPs were 2.073+0.386 mm(site A), 2.495+0.167
mm(site B), 2.313+0.311 mm(site C), 1.820+0.079
mm(site D), 2.183+0.225 mm(site E), 1.910+0.161
mm(site F), 2.383+0.264 mm(site G), respectively. Taken
together, the mean normal skin thickness of the FRDPs
was 2.168+0.320 mm (Figure 2).

It was reported that the thickness of the healed
wounds was an important parameter of cutaneous
fibrosis [6, 7], so the wounded skin thickness in the
deep/superficial dermis group and the superficial/deep
ADM group was measured. It was observed that the
wounded skin thicknesses in the deep dermis group
were significantly greater than those in the superficial
dermis group at 2(2.510+0.138 mm, 2.173+0.219 mm,
P=0.040), 4(2.334+0.147 mm, 1.99740.184 mm, P=
0.028), and 8(2.640+0.156 mm, 2.390+0.080 mm, P=
0.029) weeks post-wounding (Figure 3). Conversely, the
wounded skin thicknesses in the deep ADM group were
significantly thinner than those in the superficial ADM
group at 2(2.126+0.137 mm, 2.528+0.279 mm, P=0.025),
4(2.818+0.147 mm, 3.353+0.049 mm, P= 0.002), and
8(2.280+0.265 mm, 2.735+0.128 mm, P= 0.028) weeks
post-wounding (Figure 4).

It was also reported that the extent of fibrogenesis
could be determined by the thickness of the cutting plane
[22], so the thickness of the cutting plane in the superficial/
deep DF group and the control group was measured. It was
observed that the thickness of the cutting plane in the deep
DF group (502.95+82.31 um) was significantly greater
than that in the superficial DF group (359.33+£53.64
pm, P=0.013) and the control group (261.59+43.54 pm,
P<0.001), and the thickness of the cutting plane in the
superficial DF group was significantly greater than that
in the control group (P=0.039) as well (Figure 5a, 5b, 5c,
5d). The cutting plane in each group was stained green
by masson trichrome staining, which strongly suggested
that the cutting plane was primarily composed of newly
formed collagen (Figure 5Se, 51, 5g).
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The location of a-SMA by immunohistochemical
staining

Under 25 magnification, a-SMA mostly localized
to cells in the hair follicles [23], the arrector pili muscle,
and the arterioles. Moreover, two cutting planes could be
observed in the deep/superficial dermis and ADM groups
at 2 weeks post-wounding (Figure 6a) but none at 8 weeks
post-wounding. The cutting plane could also occasionally
be observed at 4 weeks post-wounding.

Under 200 magnification, widely accumulated
a-SMA was observed in the dermis and the adjacent fat
tissue in the deep/superficial dermis and ADM groups at

cutting plane (if present) was obviously higher than that
of the adjacent dermis and fat tissue.

The a-SMA expression by western blotting

Because the error of the data mentioned above might
have been increased by subjective bias to some extent,
western blotting, a more objective method, was performed
in this study. It was observed that the a-SMA expression
in the deep dermis group was significantly higher than
that in the superficial dermis group at 2 (0.425+0.079,
0.175+0.011, P=0.03), 4(0.611+0.017, 0.273+0.500,
P<0.001), and 8(1.126+0.019, 0.179+0.016, P<0.001)

weeks post-wounding (Figure 7a). Conversely, the a-SMA
expression in the deep ADM group was significantly lower
than that in the superficial ADM group at 2(0.087+0.007,
0.219+0.034, P=0.003), 4(0.219+0.034, 1.329+0.146,
P=0.004), and 8(0.495+0.021, 0.734+0.071, P=0.005)
weeks post-wounding (Figure 7b).

all of the time points (Figure 6b, 6¢, 6d, 6e), whereas it
was absent from the normal skin samples stained with
primary antibody(Figure 6f, 6g, 6h, 61) and the wounded
skin samples stained with buffered saline solution(PBS)
(Figure 6j). In particular, the staining intensity of the

Figure 1: Macroscopic observations of the wound models at the time of 1 week post-wounding and measurement of
the primary parameters. The macroscopic observations of the wound models at 1 week post-wounding showed that some of the wound
models were excluded from the analysis (a, b., x). Following HE staining, the normal skin thickness between the epidermis and the dermal-
fat junction and the wounded skin thickness between the epidermis and the remaining fat tissue in the deep/superficial dermis group and in
the superficial/deep ADM group were measured under 25 magnification. Both the minimum (e, d. red | ) and maximum(c, d black | ) of the
two distances were determined at four randomly selected regions in a blinded fashion. The thickness of the cutting plane in the superficial/
deep DF group and the control group was measured in three randomly selected fields in a blinded fashion under 100 magnification (e., | ).
Under 200 magnification, the gap rate between the collagen bundles was measured in three randomly selected fields in a blinded fashion,
and was calculated according to the following formula: gap rate = the area of the gap / the area of the whole field x 100% (f., arrow). Using
TEM, the diameter of the collagen fibrils in either the deep/superficial dermis or the deep/superficial ADM was measured in four randomly
selected collagen fibrils under 33000 magnification (g., opposite arrow).
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The histological comparison of dermis and ADM
from different layers of pig skin by Hematoxylin
& Eosin(HE) staining and electron microscope

To investigate the effectiveness of the sodium
dodecyl sulfate(SDS) decellularization protocol on either
the deep or superficial dermis, to explore the histological
comparison of dermis and ADM from different layers
of pig skin, and to explain the results above at the
level of tissue, both the superficial/deep dermis and the
superficial/deep ADM were subjected to HE staining and
EM. The sections were carefully examined under 200
magnification, and the results exhibited the absence of
viable cells or appendage organs in either the superficial
or the deep ADM. In sharp contrast with the dermis, the
ADM was a loosened mesh work, consisting of porous

collagen fibres. The gap rate of the superficial/deep ADM
(16.380+0.879%, 29.287+2.033%) was significantly
greater than that in the superficial/deep dermis
(13.043+0.477%, 20.160+1.296%)(P=0.036, P=0.019).
The gap rate of the deep dermis/ADM was significantly
greater than that of the superficial layer (P=0.019,
P=0.011) (Figure 8).

The  scanning  electron  microscope(SEM)
examinations confirmed the results of the HE staining.
Under 1000 magnification, the porous fibres of the
superficial and deep dermis exhibited similar disposition,
whereas the porous fibres of the deep ADM were obviously
greater than those of the superficial ADM (Figure 9a, 9b,
9¢, 9d). The transmission electron microscope(TEM)
examination showed that the diameter of the collagen fibrils
of the superficial/deep ADM(150.44+5.38 nm, 233.54+20.73
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Figure 2: The thickness of the normal skin of FRDPs from different anatomical locations. Full-thickness skin samples (1-
cm length x 0.5-cm width) were excised from seven zones with distances of 4 cm (site A to site E), 19 cm (site F), and 8 cm (site G) from
the median line of the back a. The normal skin thicknesses of the FRDPs exhibited dynamic changes according to the anatomical locations,
and the mean normal skin thickness of the FRDPs was 2.168+0.320 mm b.

www.impactjournals.com/oncotarget

23616

Oncotarget



nm) was significantly greater than that of the superficial/
deep dermis (98.21£3.89 nm, 94.7+7.21 nm)(P=0.001,
P<0.001). Although the diameter of the collagen fibrils of
the superficial and deep dermis exhibited no significant
difference (P=0.928), the diameter of the collagen fibrils
of the deep ADM was significantly greater than that of the
superficial ADM (P=0.001) (Figure 9¢-9m).
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DISCUSSION

In this study, we managed to conduct an in vivo
study of the profibrotic characteristics of dermis, ADM,
and DF from different layers of pig skin. Our data showed
that the deep dermis and DFs exhibited more profibrotic
characteristics than the superficial ones, on the contrary,

Superficial dermis

Deep dermis

Figure 3: The thickness of the wounded skin samples in the deep/superficial dermis group. Representative sections of the
wound models in the superficial/deep dermis group at 2, 4, and 8 weeks post-wounding (a, b, c., superficial dermis; d, e, f., deep dermis;
HE, original magnification 25, scale bar: 1 mm, | : the wounded skin thickness). The wounded skin thicknesses in the deep dermis group
were significantly greater than those in the superficial dermis group at each time point (g., A, P<0.05, error bars: +/-1.0 SE).
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the deep ADM exhibited less profibrotic characteristics
than the superficial one. Besides, the histological
difference between the superficial and deep ADM/
dermis was obvious. It was inferred that the histological
difference between the superficial and deep ADM/dermis
might lead to different profibrotic characteristics of the
superficial and deep ADM/dermis.
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Zhu, et al. reported that deep wounds of the FRDPs
made thick healed wounds, which were thicker than the
normal skin and showed similarities to human HTS [6].
However, our data showed that the overall thickness of
the healed wound was normal much if any greater than
the normal skin. The reason of this inconsistency might
be summarized to this: firstly, the epidermis was reserved

-

Superficial ADM

Deep ADM

4
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Figure 4: The thickness of the wounded skin samples in the deep/superficial ADM group. Representative sections of the
wound models in the superficial/deep ADM group at 2, 4, and 8 weeks post-wounding (a, b, c., superficial ADM; d, e, f., deep ADM; HE,
original magnification 25, scale bar: 1 mm, | : the wounded skin thickness). The wounded skin thicknesses in the deep ADM group were
significantly less than those in the superficial ADM group at each time point (g., A, P<0.05, error bars: +/-1.0 SE).
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Figure 5: The cutting plane in the deep/superficial DF and the control groups stained by HE and Masson trichrome.
Representative sections of the wound models in the superficial/deep DF group and the control group (a., deep DF group; b., superficial DF
group; c¢., the control group; HE, original magnification 100, scale bar: 100 um, | : the thickness of the cutting plane). The thickness of the
cutting plane in the deep DF group was significantly greater than that in the superficial DF group and the control group, and the thickness of
the cutting plane in the superficial DF group was significantly greater than that in the control group as well (d., A, P<0.05, error bars: +/-1.0
SE). The cutting plane in each group was stained green by Masson trichrome staining, which strongly suggested that the cutting plane was
primarily composed of newly formed collagen (e., deep DF group; f., superficial DF group; g., the control group; Masson trichrome staining,
original magnification 100, scale bar: 100 pm).

Figure 6: Immunohistochemical staining of a-SMA in the deep dermis group at 2 weeks post-wounding and the normal
skin. Under 25 magnification, a-SMA mostly localized to cells in the arterioles (single —), the hair follicles (double —), and the arrector
pili muscle (triple —), and two cutting planes (dotted areas) could be observed (a., original magnification 25, scale bar: 500 um). Under 200
magnification, widely accumulated a-SMA (arrowheads) was observed in the dermis and adjacent fat tissue (b-e., original magnification
200, scale bar: 50 um), whereas it was absent from the normal skin samples(©) stained with primary antibody (f., original magnification 25,
scale bar: 500 pm; g, h, i., original magnification 200) and the wounded skin samples(©) stained with PBS (j., original magnification 200).
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Figure 7: The a-SMA expression in the deep/superficial dermis and ADM groups by western blotting. Tissue lysates
prepared from the skin samples of the deep/superficial dermis and ADM groups at 2, 4, and 8 weeks post-wounding were subjected to
SDS-PAGE and were immunoblotted. Thereafter, all of the lysates were probed with anti-a-SMA monoclonal antibody (dash represents 42
kDa) or anti-GAPDH antibody (dash represents 36 kDa) as a loading control. Quantification analysis showed that the a-SMA expression in
the deep dermis group was significantly higher than that in the superficial dermis group at each time point (a., A, P<0.05, error bars: +/-1.0
SE). Conversely, the a-SMA expression in the deep ADM group was significantly lower than that in the superficial ADM group at each time
point (b., A, P<0.05, error bars: +/-1.0 SE).
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Figure 8: Macroscopic and histological observations of the deep/superficial dermis and ADM. Macroscopic observations
showed that either the deep dermis or the ADM exhibited more fat domes (arrowheads), which were easy to distinguish from the superficial
ones (a., superficial dermis; b., deep dermis; c., superficial ADM; d., deep ADM). HE staining showed that the sebaceous gland (|) and
the fat dome (V) were obvious signs of superficial dermis and deep dermis, respectively. Neither the superficial ADM nor the deep
ADM exhibited viable cells or appendage organs, and neither was looser than the superficial/deep dermis (e., superficial dermis; f., deep
dermis; g., superficial ADM; h., deep ADM, original magnification 200, scale bar: 100 um). The gap rate in the superficial/deep ADM was
significantly greater than that in the superficial/deep dermis. The gap rate in the deep dermis/ADM was significantly greater than that of the
superficial layer (i., A, P<0.05, error bars: +/-1.0 SE).
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in our study but completely removed in the former;
secondly, the thickness of the discharged dermis in the
deep/superficial dermis group(0.75 mm) was less than
those in the former(1.1mm or more); thirdly, although the
thickness of the discharged dermis in the deep/superficial
ADM group(1.5 mm) was more than those in the former,
all the wounds were autografted with ADM, which
exhibited great potential of inhibiting HTS; last but not
the least, the research period of our study(2 month) was
shorter than the that of the former(5 month) [6].

The meaning of the study

The meanings of the study are manifold.

First, to explore the mechanism of HTS, Wang
et al. compared the DFs isolated and cultured from the
deeper layers of the normal skin with those from HTS,
and found that deep DFs of the human skin resembled

those of HTS, and they hence suggested that deep DFs
might contribute to HTS [13]. Although this study
proposed a new perspective for exploring the mechanism
of HTS at the level of the cell, it was merely an in vitro
study, which might weaken the credibility of this new
explanation. Our in vivo study showed that the deep DFs
exhibited greater fibrotic properties than the superficial
DFs, which might be a valuable addition to this new
explanation.

Second, this study, together with previous studies by
Wilson et al [11] and Liu et al [12]., showed the necessity
of producing superficial and deep ADM, respectively,
and of employing ADM according to clinical need. For
example, the superficial ADM might be employed in
implant-based treatment of breast reconstruction and
atrophic scars. Conversely, the deep ADM might be
employed in the treatment of deep wounds prone to
healing with HTS.
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Figure 9: The histological structures of the superficial/deep dermis and ADM of the FRDPs by TEM and SEM. The
SEM examinations showed that the porous fibres of the superficial and deep dermis exhibited similar disposition (a., superficial dermis; b.,
deep dermis; original magnification 1000, scale bar: 100 um), and the porous fibres of the deep ADM were obviously greater than those
of the superficial ADM (e., superficial ADM; d., deep ADM; original magnification 1000, scale bar: 100 um). TEM examination showed
that the diameter of the collagen fibrils of the superficial/deep ADM was significantly greater than that of the superficial/deep dermis, and
the diameter of the collagen fibrils of the deep ADM was significantly greater than that of the superficial ADM (e, i., superficial dermis; f,
j., deep dermis; g, k, superficial ADM; h, 1., deep ADM; original magnification 33000, scale bar: 500 nm, m, #, P>0.05, A, P<0.05, error

bars: +/-1.0 SE).
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Third, seeded cells, scaffold materials, and the
induction signal are the three basic elements of tissue
engineering. Skin tissue engineering is one of the most
widely used tissue engineering products, and DFs are
among the major seeded cells for skin tissue engineering
[24, 25]. Therefore, this study, together with our previous
study [7], might facilitate the selection of more suitable
scaffold materials and seeded cells for skin tissue
engineering.

Fourth, autologous DF-based cellular therapy
has been widely employed in the field of repair and
regeneration [26]. Thus, this study, together with our
previous study [7], might shed light on the selection of
more suitable cells according to the therapeutic indication.
For example, to treat facial wrinkles, injecting deep

W
©

@ ®6

D-Dermis

Deep dermis Superficial dermis Deep ADM Superficial ADM
group group group group

autologous DFs might exhibit better therapeutic effects
than injecting superficial DFs.

Last but not least, although human DF heterogeneity
has long been recognized [27, 28], most of the results
were derived from in vitro studies, which imposed
great restrictions on further studies in this field. In our
previous study, we attributed this limitation to the ethical
restrictions of clinical trials and the lack of animal models,
and we proposed the FRDP as an animal model for further
in vivo studies of DF heterogeneity [7]. This in vivo study
showed similar results to the existing in vitro studies,
which were valuable additions to the existing literature,
and we completed studies of DF heterogeneity with a
broader perspective available.

Deep DF

Deep DF Superficial DF Gontral

group group group

Figure 10: Establishment and grouping of wound models on the FRDPs. To explore fibrotic properties of the superficial/deep
dermis and ADM, each wound area was horizontally sectioned into three tongue-shaped flaps (2.0 cmx5.1 cm, termed the epidermis-dermis
(®), superficial dermis (®), and deep dermis (®), respectively), using a dermatome set at a width of 5.1 cm () and a thickness of 0.75 mm.
The wound areas on which the deep dermis did not form a dermis-fat interface were discharged (x). Wound areas with superficial/deep
dermis cut from the pedicle were termed the deep/superficial dermis group. Wound areas with both superficial and deep dermis cut from
the pedicle and autografted with deep/superficial ADM (A, O) were termed the deep/superficial ADM group a, b. For the in vivo study of
the profibrotic characteristics of deep/superficial DFs, each wound area (2.5 cmx6.0 cm) was horizontally sectioned into one skin flap (@)
at the level of the fat layer using a standard roller dermatome, and the flaps that did not form a dermis-fat interface were discharged (x).
Wound areas autografted with 5x107/1 ml of superficial/deep DF and 1 ml of PBS were termed the superficial/deep DF and control groups,

respectively ¢, d.
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Advantages and disadvantages

The advantages of this study are summarized as
follow. First, because allogenic implantation of ADM led
to either a short-lived acute inflammatory response or long-
term immune responses [29], autologous implantation of
dermis, ADM, and DFs was employed in this study, which
minimized the errors caused by immunologic factors.
Second, all of the data in this study were derived from an
in vivo study, and it has long been reported that pig skin is
sufficiently similar to human skin under both normal and
pathological conditions, so the clinical significance of this
study was strengthened.

The disadvantages of this study are as follows. First,
although the rate of the included wound models in this
study (68.82%) was higher than that in our previous study
(51.85%) [7], it was still not sufficiently high, mainly
because of the difficulties in effectively protecting the
wound areas of the pigs in an ethical manner. Second,
the study period of the superficial/deep DF group was
relatively short, and the final destination of the implanted
DFs could not be determined, which might have weakened
the credibility of this study. This effect was caused by the
difficulties in cultivating so many cells for autologous
implantation during this study period, and it will be paid
greater attention in our future study. Third, there was
potential gender bias. Fourth, the wounds were too close
to each other, so it was unclear whether a given wound
influenced the healing progress of adjacent wounds or not.
Last but not the least, the sample size of this study was
relatively small.

MATERIALS AND METHODS

This study was approved by the Scientific
Investigation Board of Shanghai Jiao Tong University
School of Medicine, Shanghai, China. 7 FRDPs(20
kg, aged 2 months) were purchased and raised in the
laboratory of animal sciences of Shanghai Jiao Tong
University School of Medicine on a twelve hours light/
dark cycle. The animals had access to a pig grower
diet and water freely. As previously described by
Zuo et al [7]. and Yuan et al [22]. general anesthesia
was initiated through the intramuscular injection of
pentobarbital sodium(20 mg/ml, 0.833 ml/kg, Westang
Biotechnology Inc., Shanghai, China) and maintained
using propofol(4 mg/kg/h, Fresenius Kabi Deutschland
GmbH. Germany). Before the surgery, pethidine(1.2
mg/kg, Qinghai Pharmaceutical Co., Ltd., China)
was administered via intramuscular injection. During
the surgery, the basic vital signs were monitored. To
measure the thickness of the normal skin of 3 FRDPs
from different anatomical locations, full-thickness skin
samples were excised at seven zones at distances of 4
cm (sites A-E), 19 cm (site F), and 8 cm (site G) from

the median line of the back(Figure 2) and then were
subjected to HE staining.

Establishment of wound models and sampling

To explore the long-term fibrotic properties of the
dermis from different layers of pig skin, 36 wound areas
(2.0 cmx5.1 cm) were marked on one side of the dorsa
of 4 FRDPs. Each wound area was horizontally sectioned
into three layers using a dermatome (ZIMMER Surgical.
Inc., U.S.A.) set at a width of 5.1 cm and a thickness
of 0.75 mm, resulting in three tongue-shaped flaps (2.0
cmx5.1 cm, termed the epidermis-dermis, superficial
dermis, and deep dermis, respectively), with pedicles of
5.1 cm in width in the same direction. Wound areas in
which the deep dermis did not form a dermis-fat interface
were discarded. Wound areas with the superficial/deep
dermis cut from the pedicle and discarded were then
sutured and termed the deep/superficial dermis group
(n=18, n=18, respectively) (Figure 10a, 10b). Full-
thickness skin samples were harvested from the centre of
the wound areas of both groups at times of 2 (n=6, n=6),
4 (n=6, n=0), and 8 (n=6, n=6) weeks post-wounding, and
they were subjected to HE staining, immunohistochemical
staining, and western blot. The discharged superficial and
deep dermis (Figure 8a, 8b) were subjected to electron
microscopy (EM) and HE staining and were used to
manufacture ADM.

To explore the fibrotic properties of ADM from
different layers of pig skin, both the superficial ADM
and deep ADM were made using SDS according to the
method previously described [30]. The ADM (Figure
8c, 8d) was subjected to HE staining and EM and was
used for the subsequent establishment of wound models.
On the other side of the 4 FRDPs, 36 wound areas were
created as described above. Thereafter, both the superficial
dermis and the deep dermis were simultaneously cut from
the pedicle and discharged. The wound areas were then
autografted with the superficial/deep ADM and sutured
and were termed the superficial/deep ADM group (n=18
and n=18, respectively) (Figure 10a, 10b). Full-thickness
skin samples were harvested from the centre of the wound
areas of both groups at 2 (n=6, n=6), 4 (n=6, n=6), and 8
(n=6, n=6) weeks post-wounding and were subjected to
HE staining, immunohistochemical staining, and western
blot.

For the in vivo study of the profibrotic
characteristics of DF from different layers of pig skin,
superficial and deep DFs were cultured from one side
of the dorsa of 3 FRDPs as previously described by
Zuo et al [7]. Cells from passages 5-8 were used in this
study. A total of 21 wound areas (2.5 cmx6.0 cm) were
marked on the other dorsa of the 3 FRDPs. Each wound
area was horizontally sectioned into one skin flap at the
level of the fat layer, using a standard roller dermatome
(Medical Instruments Corp. Ltd., Shanghai, China).
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The flaps that did not form a dermis-fat interface were
discharged. Thereafter, as described by Thangapazham
et al. [26], the surface of the fat layer was autografted
with 2x107/1 ml of superficial/deep DF and then was
covered by the skin flap. The wound areas were then
sutured and termed the superficial/deep DF group (n=7
and n=7, respectively). The wound areas treated with
1 ml of PBS served as the control group (n=7) (Figure
10c, 10d). Full-thickness skin samples were harvested
from the centre of the wound areas of the three groups
at 2 weeks post-wounding and were subjected to HE
staining and Masson trichrome staining.

Because the thickness of the skin samples was
a primary parameter in this study design, all of the
wound areas were dressed with sterile gauze without any
compression. After surgery, lincomycin (600 mg, Yishun
Pharmaceutical Co., Ltd., Hainan, China) and tramadol
(50 mg, Grunenthal GmbH, Germany) were used for 3
days through intramuscular injections. All of the FRDPs
were sacrificed immediately after the last sampling. To
minimize the error of the healed wound thicknesses,
the exclusion criteria included the following: wounds in
which the deep dermis did not form a dermis-fat interface
when established; wounds with swelling, secretion,
subcutaneous hydrops or pus at time of 1 week post-
wounding.

HE staining

All of the skin samples were fixed in 4% neutral
buffered formalin for at least 24 hours and then were
dehydrated and embedded in paraffin. Vertical sections of
4 um were subjected to standard HE staining. The images
were viewed under 25, 100, or 200 magnification using a
Zeiss microscope (Carl Zeiss, Inc., Germany) and were
captured with a digital still camera (Nikon Instruments
Inc., NY, U.S.A.). Two thicknesses, i.e., the normal
skin thickness of the dorsum of the FRDP between the
epidermis and the dermal-fat junction (Figure 1c) and the
wounded skin thickness between the epidermis and the
remaining fat tissue in the deep/superficial dermis group
and the superficial/deep ADM group, were measured
under 25 magnification (Figure 1d). As the dermis-fat
interface exhibited certain variations along a section, both
the minimum (Figure lc, 1d red | ) and maximum(Figure
Ic, 1d black |) of the two distances were determined at
four randomly selected regions in a blinded fashion. To
determine the content of the newly formed ECM, the
thickness of the cutting plane in the superficial/deep
DF group and the control group was measured in three
randomly selected fields in a blinded fashion under 100
magnification (Figure 1e). To reflect the tightness of the
collagen arrangement, under 200 magnification, the gap
rate between the collagen bundles was measured in three
randomly selected fields in a blinded fashion, and was
calculated according to the following formula: gap rate

= the area of the gap / the area of the whole field x 100%
(Figure 1f). All of the parameters were determined using
Imagel software (http://rsbweb.nih.gov/ij/download.html)
with three repetitions.

EM

The superficial/deep dermis and ADM were
subjected to SEM and TEM. As previously described by
Zuo et al. [7], following fixation in 1% (W/v) osmium
tetroxide in PBS for 2 hours, the samples were dehydrated
in increasing concentrations of ethanol for 10 min at each
concentration. For TEM, the observations were conducted
using a Philips CM-120 TEM (Philips, Eindhoven, the
Netherlands). For SEM, the observations were conducted
using a Philips QUANTA-200 SEM (Philips, Eindhoven,
the Netherlands). The diameter of the collagen fibrils was
measured from four randomly selected collagen fibrils
under 33000 magnification (Figure 1g) using Imagel
software with three repetitions.

Masson trichrome staining

Masson trichrome, a simple histological stain,
was primarily used to distinguish collagen fibres and to
detect collagen synthesis [31, 32]. To determine whether
the cutting plane in the superficial/deep DF and control
groups was newly formed collagen deposition, masson
trichrome staining was performed as previously described
with some modifications [31]. Under 100 magnification,
the cutting plane in each group was observed using a Zeiss
microscope (Carl Zeiss, Inc., Germany) and was captured
with a digital still camera (Nikon Instruments Inc., NY,
U.S.A)).

Immunohistochemical staining

For the location of alpha smooth muscle actin
(a-SMA), one of the key profibrotic markers that
stimulate the development of fibrotic conditions [33—
37], immunohistochemical staining was performed
as previously described with some modifications [23,
38]. Briefly, sections (4 um) were deparaffinized with
xylene and rehydrated and incubated with 3% H,O, for
20 min to eliminate endogenous peroxidase activity. The
sections were then incubated overnight at 4°C with a
1:1500 dilution of primary rabbit anti-a-SMA antibody
(ab5694; Abcam, Cambridge, MA, U.S.A.), which was
detected with a GTVision TM II Detection System/
Mo&Rb (GK500705, Gene Tech Co., Ltd., Shanghai,
China), as described by the manufacturer’s instructions.
The normal skin sample stained with primary antibody
and the wounded skin sample stained with PBS served
as controls. At 25, and 200 magnification, the location
of a-SMA in each group was carefully examined using
a Zeiss microscope (Carl Zeiss, Inc., Germany) and was
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captured with a digital still camera (Nikon Instruments
Inc., NY, U.S.A.).

Western blotting

For quantitative analysis of a-SMA, equal amounts
of solubilized protein from each sample were loaded
onto a 10% SDS-PAGE gel (PG 112, Yichen Biotech
Co., Ltd., Shanghai, China) and then were transferred
to a polyvinylidene difluoride membrane (ISEQ00010,
Merck Millipore Ltd., Darmstadt, Germany). The
membrane was then incubated with rabbit anti-a-SMA
(1:1000, ab5694; Abcam, Cambridge, MA, U.S.A.),
HRP-conjugated GAPDH rabbit mAb (1:1000,
3638S; Cell Signaling Technology, Inc., MA, U.S.A.),
and donkey anti-rabbit IgG H&L (HRP) antibody
(1:1000, ab6802; Abcam, Cambridge, MA, U.S.A.).
Thereafter, the bands were probed using ECL Western
Blotting Substrate (32109, Thermo Fisher Scientific,
MA, U.S.A.) and were visualized by exposing the
membranes to a Tanon 5500 Chemiluminescent
Imaging System (Tanon Science & Technology Co.,
Ltd., Shanghai, China). The blots were scanned,
and the band intensity was quantified using Imagel
software. The a-SMA expression in skin samples was
calculated according to the following formula: a-SMA
expression=the band intensity of a-SMA/the band
intensity of GAPDH.

Statistics

All data were presented as means + standard
deviations and processed wusing SPSS 13.0 for
Windows(SPSS, Chicago, IL, U.S.A). For the analyses of
the wounded skin thicknesses, and the a-SMA expression
in the deep/superficial dermis group, and the superficial/
deep ADM group, the independent sample t-test was
employed. For the analyses of the thickness of the cutting
plane in the superficial/deep DF group, and the control
group, and the analyses of the diameter of the collagen
fibril and the gap rate in the deep/superficial dermis,
and the superficial/deep ADM, the one-way analysis of
variance and Dunnett’s multiple comparison test was
employed. A two-tailed P-value <0.05 was considered
significant.

Abbreviations

ADM: acellular dermal matrix; a-SMA: a-smooth
muscle actin; DF: dermal fibroblasts; ECM: extracellular
matrix; EM: electron microscopy; FRDP: female,
red Duroc pig; H&E: Hematoxylin & Eosin; HTS:
Hypertrophic scarring; PBS: phosphate buffer saline
solution; SDS: sodium dodecyl sulfate; SEM: scanning
electron microscope; TEM: transmission electron
microscope.

Author contributions

Yanhai Zuo, study concept and design, data
acquisition, drafting article, data analysis, and final
approval.

Shuliang Lu, study concept and design, critical
draft design; critical revisions, as well as final approval
of submission.

CONFLICTS OF INTEREST

The authors declare no conflicts of interest.

GRANT SUPPORT

This study was supported by China National Nature
Scientific Grants (No. 81071566, 81000838), National
Key Project for Fundamental Research and Development
(973 Project) (No. 2012CB518105), National Science
& Technology Pillar Program (No. 2012BAI11B00),
Health industry scientific research special project (No.
201202002).

REFERENCES

1. Bombaro KM, Engrav LH, Carrougher GJ, Wiechman SA,
Faucher L, Costa BA, Heimbach DM, Rivara FP, Honari S.
What is the prevalence of hypertrophic scarring following
burns? Burns. 2003; 29:299-302.

Tredget EE, Yang L, Delehanty M, Shankowsky H, Scott
PG. Polarized Th2 cytokine production in patients with
hypertrophic scar following thermal injury. J Interferon
Cytokine Res. 2006; 26:179-89.

3. Wang J, Chen H, Shankowsky HA, Scott PG, Tredget EE.
Improved scar in postburn patients following interferon-
alpha2b treatment is associated with decreased angiogenesis
mediated by vascular endothelial cell growth factor. J
Interferon Cytokine Res. 2008; 28:423-34.

Monstrey S, Hoeksema H, Verbelen J, Pirayesh A, Blondeel
P. Assessment of burn depth and burn wound healing
potential. Burns. 2008; 34:761-9.

5. Dunkin CS, Pleat JM, Gillespie PH, Tyler MP, Roberts
AH, McGrouther DA. Scarring occurs at a critical depth
of skin injury: precise measurement in a graduated dermal
scratch in human volunteers. Plast Reconstr Surg. 2007;
119:1722-32.

Zhu KQ, Engrav LH, Gibran NS, Cole JK, Matsumura
H, Piepkorn M, Isik FF, Carrougher GJ, Muangman PM,
Yunusov MY, Yang TM. The female, red Duroc pig as an
animal model of hypertrophic scarring and the potential role
of the cones of skin. Burns. 2003; 29:649-64.

Zuo Y, Yu X, Lu S. Dermal Fibroblasts from Different
Layers of Pig Skin Exhibit Different Profibrotic and

www.impactjournals.com/oncotarget

23625

Oncotarget



11.

12.

14.

15.

17.

18.

20.

21.

22.

Morphological Characteristics. Anat Rec (Hoboken). 2016;
299:1585-1599.

Takami Y, Matsuda T, Yoshitake M, Hanumadass M, Walter
RJ. Dispase/detergent-treated dermal matrix as a dermal
substitute. Burns. 1996; 22:182-90.

Livesey SA, Herndon DN, Hollyoak MA, Atkinson YH,
Nag A. Transplanted acellular allograft dermal matrix.
Potential as a template for the reconstruction of viable
dermis. Transplantation. 1995; 60:1-9.

Walter RJ, Jennings LJ, Matsuda T, Reyes HM, Hanumadass
M. Dispase/Triton-treated acellular dermal matrix as a
dermal substitute in rats. Curr Surg. 1997; 54:371-374.

Wilson HB. New deep dermal ADM incorporates well
in case series of complex breast reconstruction patients.
Medicine (Baltimore). 2015; 94:e745.

Liu DZ, Mathes DW, Neligan PC, Said HK, Louie O.
Comparison of outcomes using AlloDerm versus FlexHD
for implant-based breast reconstruction. Ann Plast Surg.
2014;72:503-507.

Wang J, Dodd C, Shankowsky HA, Scott PG, Tredget EE;
Wound Healing Research Group. Deep dermal fibroblasts
contribute to hypertrophic scarring. Lab Invest. 2008;
88:1278-90.

Meyer W, Schwarz R, Neurand K. The skin of domestic
mammals as a model for the human skin, with special
reference to the domestic pig. Curr Probl Dermatol. 1978;
7:39-52.

Wollina U, Berger U, Mahrle G. Immunohistochemistry of
porcine skin. Acta Histochem.1991; 90:87-91.

Sullivan TP, Eaglstein WH, Davis SC, Mertz P. The pig as
a model for human wound healing. Wound Repair Regen.
2001; 9:66-76.

Silverstein P, Helmkamp GM Jr, Walker HL, McKeel DW
Jr, Pruitt BA Jr. Laboratory evaluation of enzymatic burn
wound debridement in vitro and in vivo. Surg Forum. 1972;
23:31-3.

Silverstein P, Goodwin MN, Raulston GL, Pruitt B. (1976)
Hypertrophic scar in the experimental animal. In: Longacre
1], editor. The ultrastructure of collagen. Springfield, IL:
Thomas.

Schneider MR. Coming home at last: dermal white adipose
tissue. Exp Dermatol. 2014; 23:634-5.

Driskell RR, Jahoda CA, Chuong CM, Watt FM, Horsley
V. Defining dermal adipose tissue. Exp Dermatol. 2014;
23:629-31.

Mestas J, Hughes CC. Of mice and not men: differences
between mouse and human immunology. J Immunol. 2004;
172:2731-8.

Yuan B, Wang X, Wang Z, Wei J, Qing C, Lu S. Comparison
of fibrogenesis caused by dermal and adipose tissue injury
in an experimental model. Wound Repair Regen.2010;
18:202-10.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Reynolds AJ, Chaponnier C, Jahoda CA, Gabbiani G. A
quantitative study of the differential expression of alpha-
smooth muscle actin in cell populations of follicular and
non-follicular origin. J Invest Dermatol. 1993;101:577-83.

Heris HK, Daoud J, Sheibani S, Vali H, Tabrizian M,
Mongeau L. Vocal Fold Tissue Regeneration: Investigation
of the Viability, Adhesion, and Migration of Human
Fibroblasts in a Hyaluronic Acid/Gelatin Microgel-
Reinforced Composite Hydrogel for Vocal Fold Tissue
Regeneration. Adv Healthc Mater. 2016; 5:255-65.

Bonvallet PP, Schultz MJ, Mitchell EH, Bain JL, Culpepper
BK, Thomas SJ, Bellis SL. Microporous dermal-mimetic
electrospun scaffolds pre-seeded with fibroblasts promote
tissue regeneration in full-thickness skin wounds. PLoS
One. 2015; 10:¢0122359.

Thangapazham RL, Darling TN, Meyerle J. Alteration of
skin properties with autologous dermal fibroblasts. Int J] Mol
Sci. 2014; 15:8407-27.

Schafer IA, Pandy M, Ferguson R, Davis BR. Comparative
observation of fibroblasts derived from the papillary and
reticular dermis of infants and adults: growth kinetics,
packing density at confluence and surface morphology.
Mech Ageing Dev. 1985; 31:275-93.

Azzarone B, Macieira-Coelho A. Heterogeneity of the
kinetics of proliferation within human skin fibroblastic cell
populations. J Cell Sci. 1982; 57:177-87.

DeSagun EZ, Botts JL, Srivastava A, Hanumadass M,
Walter RJ. Long-term outcome of xenogenic dermal matrix
implantation in immunocompetent rats. J Surg Res. 2001;
96:96-106.

Walter RJ, Matsuda T, Reyes HM, Walter JM, Hanumadass
M. Characterization of acellular dermal matrices (ADMs)
prepared by two different methods. Burns. 1998;
24:104-113.

Kinoshita H., Umezawa T., Omine Y., Kasahara M.,
Rodriguez-Vazquez J.F., Murakami G., Abe S. Distribution
of elastic fibres in the head and neck: a histological study
using late-stage human fetuses. Anat Cell Biol. 2013;
46:39-48.

Kwon SY, Chung JW, Park HJ, Jiang YY, Parl JK, Seo YK.
Silk and collagen scaffolds for tendon reconstruction. Proc
Inst Mech Eng H. 2014; 228:388-96.

Darby IA, Hewitson TD. Fibroblast differentiation in wound
healing and fibrosis. Int Rev Cytol. 2007; 257:143-79.

Rao KB, Malathi N, Narashiman S, Rajan ST. Evaluation of
myofibroblasts by expression of alpha smooth muscle actin:
a marker in fibrosis, dysplasia and carcinoma. J Clin Diagn
Res. 2014; 8:ZC14-7.

Yun IS, Jeon YR, Lee WJ, Lee JW, Rah DK, Tark KC, Lew
DH. Effect of human adipose derived stem cells on scar
formation and remodeling in a pig model: a pilot study.
Dermatol Surg. 2012; 38:1678-88.

WWw

.impactjournals.com/oncotarget

23626

Oncotarget



36. AnE, Park H, Lee ARC. Inhibition of fibrotic contraction 38. Wang J, Jiao H, Stewart TL, Lyons MV, Shankowsky

by C-phycocyanin through modulation of connective HA, Scott PG, Tredget EE. Accelerated wound healing in

tissue growth factor and o-smooth muscle actin leukocyte-specific, protein 1-deficient mouse is associated

expression. Tissue Eng Regen Med. 2016; 13:388-95. with increased infiltration of leukocytes and fibrocytes. J
37. Wang XQ, Kravchuk O, Winterford C, Kimble RM. Leukoc Biol. 2007; 82:1554-63.

The correlation of in vivo burn scar contraction with the
level of a-smooth muscle actin expression. Burns. 2011;
37:1367-77.

www.impactjournals.com/oncotarget 23627 Oncotarget



