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Abstract: To study the effect of porcine acellular dermal matrix (ADM) on the burn wound healing. Seventy healthy 
Wistar rats were inflicted with 2 cm second degree burn and divided into 2 groups; one group was treated with por-
cine ADM and the other with Povidone Iodine Cream. Biopsies were taken on day 1, 3, 5, 7, 10, 14, 21 for histopath-
ological and biochemical analysis to test PCNA, K19, Integrin-β1, PDGF, EGF and FGF. The results revealed relatively 
better and faster regeneration after treatment of porcine ADM, along with greatly increased synthesis in collagen in 
the experimental group. PCNA, K19, Integrin-β1 had an increase and then tapered down, and were stronger in the 
experimental group than in the contrast group during 21 days after burns. PDGF, EGF and FGF levels increased on 
day 3, peaked on day 5 and then started to decrease, while significantly enhanced expression of relevant growth 
factors were observed in the experimental group. Porcine ADM stimulate collagen synthesis, stem cells proliferation 
and differentiation, and the expression of relevant growth factors and ultimately improve the burn wound healing.
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Introduction

As we all know, intact skin performs a wide 
range of protective, perceptive, and regulatory 
functions. Therefore, severe skin loss due to 
deep partial thickness burn wounds will initiate 
a cascade of events like infection, edema, 
excessive inflammatory response and so on, 
which further accelerate the tissue injury and 
necrosis [1]. These adverse factors not only fur-
ther worsen skin tissue, but also delay wound 
repair. Naturally, some factors can provide a 
possibility for wound healing [2-4]. These active 
factors include collagen organization, keratino-
cyte stem cells and some bioactive molecules 
which participate in the whole wound-healing 
process with three stages: inflammation, prolif-
eration and remodeling period [5, 6]. Thus, for 
serious skin defect due to the deep partial 
thickness burn wounds, we hope to find an 
ideal coverage which not only prevent the first 
barrier from infection, but also increase the 
total amount of active factors [7].

Porcine ADM, as a wound regimen has offered 
confidence in the treatment of deep dermal 
burns in the past decades. Actually, porcine 
ADM, as a porcine-derived tissue engineered 
skin, is a dermal biomaterial in which all of the 
cellular elements have been removed. The bio-
logic properties of porcine ADM, because of its 
abilities to support tissue regeneration, repopu-
lation with fibroblasts, revascularization, new 
collagen deposition and eventual absorption 
and replacement with native tissue, it has been 
widely used in tissue reconstruction. In 2001, 
Anil Srivastava et al [8] have documented that 
porcine ADM is useful as a dermal substitute in 
full-thickness skin defects. In 2005, Ma ZF et al 
[9] have also found that porcine ADM has the 
ability of curing full-thickness skin defects in 
animal experiments and enhance the quality of 
wound repair. On the other hand, some schol-
ars have documented that porcine ADM bears a 
strong similarity to human ADM, and might be a 
substitute for human ADM [10]. During the past 
10 years, We found porcine ADM can produces 
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beneficial effects on the burn wound healing 
and summarized some correlative characters 

and clinical experience [11, 12], which were in 
agreement with those demonstrated previous-

Figure 1. Serial representative changes in appearances of the wounds treated with porcine ADM and Povidone 
Iodine Cream on postburn day 5, 10 and 21.

Figure 2. Masson staining of skin sections from two groups: Masson trichrome stain highlights collagen content 
(blue staining). The pictures show collagen fiber pattern is thicker in the experimental groups than in the contrast 
groups. All images were acquired under the same condition and displayed at the same scale. (Original magnifica-
tion ×100).
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ly. Although these suggested 
that porcine ADM acceler-
ates wound repair and regen-
eration, the precise patho-
logical mechanisms of por-
cine ADM in molecular and 
cellular levels still remain lar- 
gely unknown. There is only 
limited information about 
the inherent relationship bet- 
ween porcine ADM and these 
active factors for healing, for 
instance, collagen, keratino-
cyte stem cells, growth fac-
tors and so on.

In this article, the wound-
healing process was ana-
lyzed according to three dif-
ferent aspects: wound-appe- 
arance changes, wound tis-
sue pathological changes 
(extracellular matrix such as 
collagen content) and the 
expression of healing-prom- 
oting factors (PCNA, K19, 
Integrin-β1, PDGF, EGF, FGF). 
We hypothesized porcine 
ADM produce active effect 
on the three ones to promote 
wound closure. The purpose 
of this study is to explore the 
pertinent effect of porcine 
acellular dermal matrix (AD- 
M) in the burn wound hea- 
ling.

Materials and methods

Model building

Seventy healthy Wistar rats 
were utilized in this study. 
These rats weighing between 
220 and 270 g were obtained 
from the Animal Center of 
the Sun Yat-Sen University, 
Guangzhou. Rats were fed a 
standard rat chow and tap 
water ad libitum. In the win-
dowless animal quarter aut- 
omatic temperature (22 ± 
2°C) and lighting controls 
was performed. Humidity ra- 
nged from 50 to 55%. All ani-

Figure 3. Immunohistochemistry analysis of PCNA in skin sections from two 
groups. Representative immunohistochemical staining images on postburn 
day 1 and 5. The expression of PCNA was detected in hair follicle cell nucle-
us and skin basal cell nucleus (brown staining, arrow). PCNA positivity was 
stronger in the wound tissue treated by porcine ADM than by Povidone Iodine 
Cream. (Original magnification ×100).

Figure 4. Western blot analysis for PCNA. A: Representative chemilumines-
cence images of blotted membranes containing protein extracts of two groups. 
B: Quantitative analysis of PCNA levels. Graphs depict mean PCNA density dif-
ferences ± SEM of the experimental group compared to the contrast group. 
Star color indicates statistical significance of difference between two groups 
(*P < 0.05, **P < 0.01).
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mals received human care according to the cri-
teria outlined in the ‘‘Guide for the Care and 
Use of Laboratory Animals’’ prepared by the 
National Academy of Sciences and published 
by the National Institutes of Health. We fol-
lowed previously reported model of thermal 
injury [13, 14]. After anesthesia the dorsum 
was shaved. A second degree burn wound of a 
surface 2 cm in diameter was created by using 
an aluminum branding iron. Aluminum branding 

irons were heated in a water bath to 100°C for 
30 min. It was then placed without pressure for 
30 s on the back of the rats. All the burned ani-
mals were then resuscitated with physiological 
saline solution (10 ml/kg, subcutaneously). The 
seventy healthy Wistar albino rats were ran-
domly divided into 2 groups; one group was 
treated with porcine ADM and the other with 
Povidone Iodine Cream. All animals were anes-
thetized by intraperitoneally administration of 

Figure 5. Immunohistochemical staining of integrin-β1 and K19 in skin sections from two groups. A: Representative 
images of integrin-β1 on postburn day 1 and 5. B: Representative images of integrin-β1 on the 7th day in burn. C: 
Representative images of K19 on postburn day 1, 5 and 21. The expression of integrin-β1 and K19 was detected in 
hair follicle cells, gland cells and skin basal cells (brown staining, arrow). Integrin-β1 and K19 positivity in the epi-
thelial cells was stronger in porcine ADM-treated wounds than in Povidone Iodine Cream-treated wounds. (Original 
magnification ×100 except (B), which is ×400).
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90 mg/kg ketamine and 10 mg/kg xylazine. 
Biopsies were taken on day 1, 3, 5, 7, 10, 14, 

21 for histopathological and 
biochemical analysis for PC- 
NA, K19, Integrin-β1, PDGF, 
EGF, FGF.

Histopathologic staining

The skin specimens were 
embedded in the paraffin 
blocks after they had been 
fixed in Bouin’s solution. Sec- 
tions of 5 μm were obtained, 
deparaffinized and stained 
with Masson. Masson stain 
was used as a qualitative 
measure of the extent of col-
lagen deposition. The skin ti- 
ssue was examined and eva- 
luated in random order un- 
der blindfold conditions with 
standard light microscopy.

Immunohistochemistry 
analysis

The harvested skin tissues 
were fixed in Bouin’s, embed-
ded in paraffin and sectioned 
at 5 μm thickness. Immuno- 
histochemistry was carried 
out by using the DAB kit 
(DAKO ChemMate, DK) acc- 
ording to the manufacturer’s 
recommendations. The pro-
cedure involved the following 
steps: The following primary 
antibodies for immunohisto-
chemical staining were used: 
rabbit monoclonal antibodies 
against PCNA, Integrin-β1, 
K19, FGF, PDGF, EGF (BEI- 
JING BOISYNTHESIS BIOTEC- 
HNOLOGY CO., LTD, CHN). 
The sections were then incu-
bated with each primary anti-
body as above in a moist 
chamber for 1 hour at room 
temperature, and washed 
three times in Phosphate 
Buffered Saline (PBS). The 
Goat anti-rabbit IgG biotinyl-
ated secondary antibodies 
(BOSTER, CHN) were applied. 

Figure 6. Western blot analysis for integrin-β1 and K19. A, B: Representa-
tive chemiluminescence images of blotted membranes containing protein ex-
tracts of two groups. C, D: Quantitative analysis of integrin-β1 and K19 levels. 
Graphs depict mean K19 and integrin-β1 density differences ± SEM of the ex-
perimental group compared to the contrast group. Star color indicates statis-
tical significance of difference between two groups (*P < 0.05, **P < 0.01).

As negative controls, slides were incubated 
with PBS instead of primary antibodies.
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The intensity of immunostaining for PCNA, 
Integrin-β1, K19, FGF, PDGF, EGF on images 
from two groups was quantitatively analyzed. 
The images obtained were analyzed for positive 
staining at a magnification of ×40, ×100 and 
×400 using the quantitative immunohisto-
chemical analysis software Image Pro Plus 
(Media Cybernetics, Baltimore, MD). Micro- 
scope was purchased from Olympus (Olympus, 
JPN). The total area of each analyzed tissue 
was approximately the same. We evaluated the 
average optical density (AOD) [15]. The numeri-
cal values obtained from the seven different 
regions in each tissue were then averaged to 
represent the specified marker in a given 
tissue.

Western blotting analysis of PCNA, Integrin-β1 
and K19

The harvested skin tissues homogenates were 
separated in polyacrylamide-SDS gel and elec-
troblotted onto a nitrocellulose membrane 
(BIO-RAD). After blocking with TBS/10% nonfat 
dry milk, the membrane was incubated with the 
following antigens: anti-PCNA (1:1000, rabbit, 
polyclonal) (BEIJING BOISYNTHESIS BIOTECHN- 
OLOGY CO, LTD, CHN), anti-Integrin-β1 (1:1500, 
rabbit, polyclonal) (BEIJING BOISYNTHESIS BIO- 
TECHNOLOGY CO., LTD, CHN), anti-K19 (1:1000, 
rabbit, polyclonal) (BEIJING BOISYNTHESIS BI- 
OTECHNOLOGY CO., LTD, CHN), followed by 
incubation with a horseradish peroxidase 

(HRP)–conjugated secondary antibody. The sig-
nal from immunoblotting bands was captured 
(G:BoxiChemi camera; MSHOT, CHN) and quan-
tified using the software GIS1000. Quantitative 
western blot measurements of target protein 
were normalized by corresponding measures of 
GAPDH derived from the same samples in each 
blot.

Statistical analysis

All statistical analyses were carried out using 
SPSS statistical software. All data were pre-
sented in mean (±) standard error (SEM). Dual 
comparisons between groups exhibiting signifi-
cant values were evaluated with a t test. These 
differences were considered significant when 
probability was less than 0.05.

Results

The vivo observation of wound healing

The pictures showed the representative ani-
mals treated respectively by porcine ADM and 
Povidone Iodine Cream. There appeared a sig-
nificantly improved healing and decreased 
wound areas on the wounds treated by porcine 
ADM compared with another group (Figure 1).

Histopathological changes

The result shows representative photomicro-
graph of skin sections stained with masson 

Figure 7. Immunohistochemical staining of PDGF in skin sections from two groups. Representative images of PDGF 
on 1, 5 and 21 days after burn. The expression of PDGF was stronger in wounds treated by porcine ADM treated 
wounds than by Povidone Iodine Cream treated. (Brown staining, arrow) (Original magnification ×100).
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from two groups. The collagen deposition was 
obviously observed on the 7th day. The wound 
repair process in experimental groups was bet-
ter than the control group (Figure 2).

Effect of porcine ADM on the localization and 
expression of PCNA

The expression of PCNA was first detected in 
both groups on the first postburn day. The 
expression of PCNA increased on the 3th day in 
burn. And it was the highest on the 5th day, and 
down-regulated in the following days. The 
expression of PCNA was detected in hair follicle 
cell nucleus and skin basal cell nucleus (Figure 
3). PCNA positivity was stronger in the experi-
mental group than in the control group on 1, 3, 
5, 7, 10, 14, 21 days after burn (Figure 4). 
Results were confirmed in two independent 
experiments with immunohistochemistry analy-
sis and western blot analysis. 

Effect of porcine ADM on the localization and 
expression of Integrin-β1 and k19

For observing keratinocyte stem cells, K19 and 
integrin-β1 were chosen to test by immunohis-
tochemistry and western blot. The expression 
of integrin-β1 and K19 were detected on the 
first day (Figure 5A, 5C). The expression 
achieved a peak on the 5th day (Figure 5A, 5C), 
then declined in the following days. The expres-

sion of integrin-β1 was detected in hair follicle 
cells, gland cells and skin basal cells (Figure 
5A, 5B). The expression of K19 was detected in 
hair follicle cells, gland cells and skin basal 
cells (Figure 5C). Meanwhile they were incr- 
eased in the experimental group than in the 
control group during 21 days after burns (Figure 
6). 

Effect of porcine ADM on the expression of 
PDGF, EGF and FGF

For observing the relationship between porcine 
ADM and growth factors during wound repair, 
three key growth factors, PDGF, EGF and FGF 
were studied. We detected the expression of 
them by immunohistochemistry and semi-qua- 
ntitative analysis by measuring the average 
optical density (AOD). The representative pic-
tures were offered (Figures 7-9). The result indi-
cated the target factors were secreted within 
21 days post-burn, the peak occurred on the 
fifth day. In addition, significantly enhanced 
expression of relative target proteins were 
observed in the experimental group compared 
with in the control group for 21 days (Figure 
10).

Discussion

Wound healing is a complicated biological pro-
cess. The deep partial thickness burn wound 

Figure 8. Immunohistochemical staining of EGF in skin sections from two groups. Representative images of EGF on 
1, 5 and 21 days after burn. The expression of EGF was stronger in the experimental group than in the control one. 
(Brown staining, arrow) (Original magnification ×100).
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repair involves steps that include inflammation 
around the site of injury, angiogenesis and the 
development of granulation tissue, repair of the 
connective tissue and epithelium, and ultimate-
ly remodeling that leads to a healed wound. 
Among these steps, connective tissue plays a 
pivotal role. Collagen, produced by fibroblasts, 
is a principal component of connective tissues, 
which provides a structural framework, strength 
and milieu for the regenerating tissue of the 
wound [16]. We detected that a greatly incre- 
ased collagen deposit in the experimental 
group compared with the control one. It indi-
cated that the treatment of the burn wound 
with porcine ADM results in a significantly 
increased collagen synthesis, which provides a 
possibility for shortening the duration of wound 
healing and enhancing the quality of wound 
regeneration.

Re-epithelialization is necessary in the repair of 
deep partial thickness burn wounds, which is a 
process of restoring the epidermis. During the 
process, keratinocytes proliferate and migrate 
from the wound edge to resurface epidermal 
defects. Thus, proliferating keratinocytes are a 
source that ensures an adequate supply of 
cells to migrate and cover the wound [17]. For 
evaluating the healing quality by the prolifera-
tive aspect, we determined the expression lev-
els of proliferating cell nuclear antigen (PCNA) 

by immunohistochemistry 
and western blot [18, 19]. 
Immunohistochemistry anal-
ysis revealed the localization 
of PCNA was observed with-
in the hair follicle structures 
indicating the origin of epi-
thelial cells and skin basal 
cell nucleus, and a faster 
rate of re-epidermis growth, 
a greater thickness of the 
cuticular layer in porcine 
ADM treated wounds at 5 
days after burns. Meanwhile, 
western blot results showed 
that the expression levels of 
PCNA in the group treated 
with porcine ADM were much 
higher than that in the con-
trol group. These results 
indicated re-epithelialization 
was significantly increased 
in the experimental group in 

Figure 9. Immunohistochemical staining of FGF in skin sections from two 
groups. Representative images of FGF on postburn day 1 and 5. The expres-
sion of FGF was stronger in porcine ADM-treated wounds than in Povidone 
Iodine Cream-treated wounds. (Original magnification ×100).

comparison with the contrast group, which sug-
gested that porcine ADM could be effective in 
the improvement of the wound-healing quality 
by promoting re-epithelialization. 

Keratinocyte stem cells (KSC) residing in skin 
appendages are regard as proliferation units, 
can self-renew and are responsible for generat-
ing the various lineages present in the mature 
tissue [20-26]. Ito et al have found keratinocyte 
stem cells constitute almost solely to final re-
epithelialization in deep dermal wounds [27]. 
From the embryologic viewpoint, several litera-
tures have also documented KSCs assist in 
development, regeneration and repair of skin 
and skin appendages [28, 29]. Current studies 
have identified three populations of KSCs in 
epidermis. These include the interfollicular (IF) 
epidermal stem cells in the epidermal basal 
layer, the hair follicle (HF) stem cells of the 
bulge and the sebaceous gland (SG) stem cells 
located immediately above the hair bulge as 
well. For observing KSCs and the relationship of 
porcine ADM and these stem cells during the 
burn wound healing, integrin-β1 and keratin 
(K)19 were employed to identify KSCs by immu-
nohistochemical staining and western blotting. 
K19 and Integrin-β1 are informative in defining 
the stem cell phenotype and have been used 
as potential markers [30-32]. The result indi-
cated the expression of integrin-β1 and K19 
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were detected in hair follicle cells, gland cells 
and skin basal cells. Western blotting analysis 

designated that Integrin-β1 
and K19 immunoreactivities 
were first detected within 24 
h, peaked on day 5 and then 
started to decrease until co- 
mplete healing. Meanwhile, 
they are stronger in the 
experimental group than in 
the contrast group during 21 
days after burn. The above 
results indicated thermal tr- 
auma access to closure de- 
pending on KSCs, which are 
in agreement with those de- 
monstrated previously [27- 
29], and KSCs abundantly 
proliferate around porcine 
ADM-treated wound compa- 
red with the control. Thus, 
we concluded porcine ADM 
was effective in promoting 
KSCs to participate in burn 
wound repair.

Some bioactive molecules, 
such as growth factors, carry 
a big weight in the wound 
remodeling process [33]. 
Among them, PDGF, EGF, 
FGF are well known as a sig-
nificant and active factor for 
wound healing process. Rol- 
lman et al [34] have docu-
mented that PDGF exerts 
autocrine, mitogenic effect 
on keratinocytes. This indi-
cates that overexpression of 
PDGF in keratinocytes could 
support epidermal prolifera-
tion and stabilization of the 
dermoepidermal junction du- 
ring wound closure. In addi-
tion, it stimulates vessel ma- 
turation by recruitment and 
differentiation of pericytes 
to the immature endothelial 
channels [35]. Besides the 
above, the epidermal growth 
factor (EGF) is also known as 
a key promoter associated 
with keratinocyte prolifera-
tion and differentiation at 
wound site to accelerate 

Figure 10. Semi-quantitative analysis of PDGF, EGF and FGF levels by measur-
ing the average optical density (AOD). Graphs depict mean PDGF, EGF and 
FGF density differences ± SEM of the experimental group compared to the 
control group. Star color indicates statistical significance of difference be-
tween two groups (*P < 0.05, **P < 0.01).

wound healing, even involved in skin append-
ages regeneration [36-40]. Meanwhile, several 
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studies have also indicated that EGF might 
carry a big weight in inducing the development 
and regeneration of sweat glands, which is still 
an unsolved issue after deep burns [41, 42]. 
Although the ideal condition, the deep burns 
heal well with satisfactory functional restora-
tion, continues to be a major one in the treat-
ment of burns, the mentioned above suggests 
that the overexpression of EGF can be effective 
in settlement. On the other hand, FGF has been 
documented to be clinical benefit due to burn 
wounds markedly rapid closure [43, 44]. Act- 
ually, the basic fibroblast growth factor (FGF) is 
a member of the fibroblast growth factors fam-
ily, which consists of at least 23 homologous 
peptides and is present in the basal membrane 
and the subendothelial extracellular matrix of 
blood vessels. Several literatures present it 
stimulates the proliferation of fibroblast and 
capillary endothelial cells and keratinocyte divi-
sion in vitro and collagen synthesis and granu-
lation tissue formation and epidermal regener-
ation in vivo, and further hypothesis on the 
therapeutic potential of FGF in healing wounds, 
curing bone damage, grafting vasculature and 
regenerating lens [43, 45, 46]. Moreover, a clin-
ical trial that encompassed 600 patients from 
32 hospitals across China investigated the effi-
cacy of topical FGF application in enhancing the 
healing of partial-thickness second-degree 
burns [47]. In our study, we employed immuno-
histochemical staining to explore the relation-
ship between porcine ADM with the three key 
growth factors. The result displayed that secre-
tion of target factors were observed within 21 
postburn-days, the peak occurred on the day 5, 
which are agreement with the result of PCNA, 
K19 and Integrin-β1 by immunohistochemistry 
and western blot. In addition, significantly 
enhanced expression of relative target proteins 
were observed in the experimental group com-
pared with in the contrast group for 21 days. 
According to it, we have the reason to believe 
that porcine ADM not only provides a protective 
barrier but also clinically irritate the overexpres-
sion of growth factors, especially PDGF, EGF, 
FGF, to assist in burn wound repair.

In summary, our results put forward new docu-
ments about superiority of the treatment of 
deep partial thickness burn wounds with por-
cine ADM. Porcine ADM involve in and acceler-
ate the process of burn wound repair by stimu-
lating collagen synthesis, stem cells prolifera-

tion and differentiation, and the expression of 
relevant growth factors.
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