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Abstract. Using a rat comb thermal damage model, we investi-
gated the effects of topically administered recombinant human
granulocyte-macrophage colony-stimulating factor (rthGM-
CSF) on peroxisome proliferator-activated receptor PPARp
expression. We created bilateral comb scald models on the
backs of fifty Sprague-Dawley rats. The left sides of the backs
served as the experimental group and the right sides served as
the control group. The experimental group received topically
applied hGM-CSF hydrogel and the control group did not. The
survival situations of the stasis zones were compared between
the experimental and control groups on the 1st, 3rd, 7th, 14th
and 21st post-burn days. Tissues from the surviving stasis
zones of both groups were collected at different time-points.
Reverse transcriptase-polymerase chain reaction (RT-PCR)
and western blotting were used to detect the PPARS mRNA and
protein expression levels. Immunohistochemical methods were
applied to detect the localization of PPAR protein expression.
The results showed that, first, the tissue viability numbers for
the stasis zones of the experimental group were significantly
increased compared with those of the control group. Second,
RT-PCR revealed that the PPARBP mRNA expression first
increased and then gradually declined in both groups. At all
time-points, the expression level in the experimental group
was increased compared with that in the control group and the
highest expression levels were observed in both groups on the
3rd post-burn day. Third, western blot analysis revealed that
the PPARP protein expression in both groups increased after
thermal damage and then gradually decreased. PPARf protein
expression in the experimental group was greater than that in
the control group, and the highest expression quantities in both
groups were observed on the 3rd post-burn day. In conclusion,
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rhGM-CSF hydrogel effectively promotes the expression of
PPARp, and the hydrogel had a specific protective effect for
the stasis zone.

Introduction

Thermal injuries can involve microcirculation dysfunctions,
inflammatory responses and edema in the heated skin, which
can lead to ischemia-induced injury, cellular metabolic
dysfunctions and even, ultimately, cell death (1-3). Jackson (4)
described burn wounds in terms of three concentric zones
based on clinical observations and histologic investigations.
The central zone is the zone of coagulation that is irreversibly
damaged by the heat; this zone is surrounded by a stasis zone,
which is surrounded by a zone of hyperemia (2). The outermost
hyperemia zone will fully recover. Within the first 48 and 72 h
(or longer) following thermal injury, the stasis zone exhibits
progressive necrosis, which accounts for the varying depth and
extent of skin burns (5,6). Therefore, the optimal intervention
at this stage involves the salvage of the stasis zone. Hence, the
stasis zone has become a focus of burn research and treatment.

Peroxisome proliferator activated receptors (PPARs),
including PPARa, PPARP/S and PPARY, are transcription
factors and members of the steroid nuclear hormone receptor
superfamily. PPARs primarily exist in rodents, amphibians
and humans (7). PPARP/S is one of three subtypes and plays
a paramount roles in placentation, hepatic stellate cell prolif-
eration, colon cancer occurrence, cholesterol transfer and lipid
metabolism (8). The activation of PPARf inhibits apoptosis,
promotes cell proliferation and has clearly defined roles in
burn wound healing (9).

Granulocyte-macrophage colony-stimulating factor
(GM-CSF) is a cytokine that is capable of stimulating prolif-
eration and differentiation into hematopoietic stem cells
and the subsequent formation of granulocytes, macrophages
and granulocyte-macrophage colonies. Previous studies
have demonstrated that recombinant human granulocyte-
macrophage colony-stimulating factor (rhGM-CSF) has a
variety of functions, including the stimulation of bone marrow
hematopoiesis and the induction of the differentiation of
myofibroblasts (10).

Recent evidence suggests that topically applied thGM-CSF
gel facilitates wound contraction, mediates cell proliferation
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and differentiation, induces vascularization and promotes burn
wound healing (11,12). The entire process of wound healing
involves a complex interplay of different cell populations,
growth factors, the extracellular matrix and cytokines.

PPARp is also an important factor for promoting wound
healing, and the present study was conducted to investigate
the influence of the topical application of rhGM-CSF gel to
thermally damaged skin on PPARP gene expression in an
animal scald model.

Materials and methods

Experimental protocol and reagents. Fifty adult male
Sprague-Dawley rats weighing between 250 and 300 g were
provided by the Experimental Animal Centre of Zhengzhou
University for this study. All animals were fed rat chow and
provided water ad libitum. The present study was approved by
the Local Animal Care Committee.

The following reagents and equipment (with the suppliers
indicated in the parentheses) were employed: 100 pug/10 g
rhGM-CSF hydrogel and hydrogel without rhGM-CSF
(both provided by GeneScience Pharmaceuticals Co.,
Ltd., Changchun, China); BCA protein quantitative kits
(23225; Thermo Fisher Scientific, Waltham, MA, USA),
sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) gel preparation kits (PO012A; Blue Skies Institute
of Biotechnology), polyvinylidene fluoride (PVDF) membrane
(aperture: 0.45 pM; GS0914; Millipore, Billerica, MA, USA),
enhanced HRP-DAB chromogenic substrate kits (PA110;
Tiangen Biotech Co., Ltd., Beijing, China), PPARf antibodies
(1:500; sc-74517; Santa Cruz Biotechnology, Santa Cruz,
CA, USA), two resistance (7076; Cell Signaling Technology,
Danvers, MA, USA), Bio-Rad protein3 electrophoresis
apparatus, Bio-Rad transblotDianZhuan instrument, Bio-Rad
ChemiDoc chemiluminescence imaging, TRIzol (15596-018;
Invitrogen, Carlsbad, CA, USA), reverse transcription kit
(K1622; Fermentas, Waltham, MA, USA), a quantitative
qRT-PCR (SYBR-Green I) kit (FP302-02; Tiangen Biotech);
a rabbit anti-goat ready-to-use two-gait detection kit and
double-amino benzidine chromogenic reagent kit (Beijing
Zhongshan Golden Bridge Biotechnology Co., Ltd., Beijing,
China); optical microscope (Olympus, Tokyo, Japan); and
a photographic microscope system (Leica Microsystems,
Wetzlar, Germany).

Thermal injury and treatment. Adult male Sprague Dawley
rats weighing 250-300 g (n=50) were used for the experimental
protocol. Fifty rats were randomly divided into five groups
(n=10 per group). The day before the trial, the back hair of all
rats was removed with a sodium sulfide solution (80 g/I), and
symmetric scald models were created in all five groups of rats
on both sides of the dorsal spines. The scalded skin on the left
sides of the five groups served as the experimental groups, and
the right sides served as the control group. Before the experi-
ment began, rats were anesthetized via an intraperitoneal
injection of 35 mg/kg of chloral hydrate (10%).

The burn model was established using a brass comb with
four prongs (1 x 2 cm) separated by three 5-mm notches,
as described by Regas and Ehrlich (13). Thus, four patches
of burned skin and three intervening spaces (0.5 x 2 cm) of
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unburned skin were created and served as the coagulation
zones and the stasis zones, respectively.

These interspaces in the experimental and control groups
were treated with 100 ug/10 g rhGM-CSF hydrogel and
hydrogel without thGM-CSF, respectively, once at 30 min
after the burn and once daily thereafter. The gels were applied
at a thickness of 1 mm and subsequently covered with a layer
of vaseline and sterile gauze that was properly fixed with
adhesive tape. The scald models on either side of the dorsal
spines were symmetrically dressed including the stasis zones
of 5 x 20 mm. The left side stasis zones served as the experi-
mental group, and the right side stasis zones served as the
control group.

Macroscopic analysis. In total, there were 300 stasis zones
in both groups or 150 in each of the experimental and control
groups. We observed the macroscopic changes in the organi-
zations of the stasis zones at the experimental time-point of
post-burn days 1, 3,7, 14 and 21. The macroscopic assessments
involved the assessment of the survival:necrosis ratios of the
stasis zones (interspaces) of the experimental and control
groups.

Tissue specimen collection and detection. Ten rats from both
groups were taken on the 1st, 3rd, 7th,14th and 21st post-burn
days. The stasis zones (interspaces) were exactly excised from
the experimental and control groups following the application
of chloral hydrate (10%) anesthesia. These specimens were
stored at -80°C and then subjected to reverse transcription-
polymerase chain reaction (RT-PCR) and western blot
detection. The other stasis zones of the experimental group
were exactly excised on the 3rd day, fixed in 4% paraformal-
dehyde for 24 h, embedded in paraffin blocks, and sliced into
4-micron sections for immunohistochemical detection. After
the specimens were excised, all rats were sacrificed under
general anesthesia.

PPARf/O mRNA expression test. RT-PCR analyses were used
to examine PPARPB/0 mRNA expression in both groups
according to the following procedure. Specimens were placed
in a mortar and liquid nitrogen was added for grinding. Total
RNA was extracted from the stasis zone tissues with TRIzol
agent. Primer 3 software (Premier Biosoft, Palo Alto, CA,
USA) was used to design the primers, which were as follows:
PPRAf/S upstream primer, 5'-CCTTCTCCAAGCACATCT
ACAA-3'; downstream primer, 5“TGATGAAGGGTGCGTT
ATGG-3". Using a primer amplification procedure involving a
total RNA template and PCR amplification for RT-PCR ampli-
fication, glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was measured relative to an internal control. An
ABI Prism 7300 instrument with SDS software (Thermo
Fisher Scientific, Waltham, MA, USA) was used for data
analysis. The AAct method was used to calculate the expres-
sion of genes and the efficiency of silencing.

PPARp/S protein expression detection. The specifications of
the BCA working liquid and the applied liquid protein of the
cracking crack cells were collected to determine the protein
levels with the BCA method. Protein samples were readily
placed at -20°C. Twenty grams of protein per lane were set
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Figure 1. Dynamic macroscopic observations of the stasis zones. (A) Burn comb model and tool. (B) Macroscopic view of the stasis zones of the experimental
and control groups on the 1st day. (C) Macroscopic view of the stasis zones in both groups on the 3rd day; the control interspace areas have begun to become
necrotic. (D-F) Macroscopic view of the stasis zones; some interspaces had formed dry scabs by the 7th and 14th days in the control group.
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Figure 2. Comparison of the PPAR} mRNA in the experimental and control
groups. "P<0.05.

aside and 60-V runs were performed with enrichment glue
following polypropylene acyl amine gel electrophoresis. The
transfer of the protein from a gel to a PVDF membrane was
performed. PPAR[ was closed over a long body of resistance
after the PVDF membrane was treated with skimmed milk
powder incubated at 4°C overnight. Horseradish peroxidase
(HRP)-labeled sheep anti-rabbit IgG antibodies (1:2,000;
sc-2004; Santa Cruz Biotechnology, Inc., Santa Cruz, CA,
USA) were then added and the membrane was incubated for
40 min. A Bio-Rad chemiluminescence imager was used for
development. Analysis of the grey values was conducted with
Image]J software (National Institutes of Health, Bethesda, MD,
USA) and the grayscale coefficient ratio was then calculated.

Statistical analysis. The data are expressed as the means and
standard deviations. The data from the control and the experi-
mental groups were analyzed using independent sample t-tests
with the SPSS 17.0 statistical software (SPSS Inc., Chicago,
IL, USA). P<0.05 were regarded as statistically significant.

Results

Macroscopic assessment. On the 21st post-burn day, 87% of
the stasis zone was viable in the rhGM-CSF treatment group,
and 14% of the stasis zone was viable in the control group as
shown in Fig. 1.

PPARfS mRNA expression. PPAR[ expression increased on the
1st postburn day in the stasis zones of both groups, peaked
3 days after thermal injury, and subsequently decreased but
remained elevated. In the experimental group, PPAR[ expres-
sion at every phase was increased compared with the control
group. Dry scabs had formed in some stasis zones of the
control group one week after the injury, as shown in Fig. 2.

PPARp protein expression and localization. PPARp protein
expression increased in both groups and then decreased
following thermal injury. In the experimental group, the protein
expression increased beyond that of the control group on the
1st post-burn day. The expression level peaked on the 3rd post-
burn day and then gradually decreased, but the experimental
group still exhibited a high level of expression on the Ist
post-burn day (Figs. 3 and 4). PPAR[} protein expression was
mainly localized to the nuclei of the fibroblasts, keratinocytes
and endothelial cells in the stasis zones of both groups (Fig. 5).

Discussion

After cutaneous thermal injury, the stasis zone may become
necrotic and exhibit hypoperfusion, capillary vasoconstric-
tion, edema and ischemia, which contribute to the progression
of the overall burn extent or depth (1,14). During this patho-
logical process, some cytokines and growth factors, including
GM-CSF, other colony-stimulating factors and interleukins,
are synthesized and released by monocytes, macrophages,
keratinocytes, fibroblasts and neutrophils. These factors can
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Figure 3. Comparison of the PPARf protein expressions in the experimental
and control groups.
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Figure 4. Comparison of the PPARf protein expressions in experimental and
control groups. "P<0.05.

cause further inflammatory injuries but can also regulate and
promote keratinocyte, fibroblast and endothelial cell prolif-
eration and differentiation in thermally damage tissue, which
provide favorable conditions for preventing the formation of
progressive damage in the interspaces (11,12,14). Because of
these protective factors, the stasis zone has the characteristic
of reversibility. To be precise, there are damage and protection
factors that exist in burn wounds that limit pathophysiological
changes. In experimental studies and clinical treatment, we
attempt to adopt appropriate measures to maximize the protec-
tive factors and minimize the damaging factors to prevent
progressive necrosis in the stasis zone.

As atype of specific glycoprotein, rhGM-CSF has a variety
of functions, such as boosting vaccine immunogenicity and

x100
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counteracting the bone marrow suppression caused by radio-
therapy, chemotherapy, stem cell transplantation and severe
infections (15). In recent years, research has demonstrated
that GM-CSF is synthesized and secreted by activated neutro-
phils, monocytes/macrophages, keratinocytes, endothelial
cells, and fibroblasts and enhances keratinocyte, endothelial
cell and fibroblast migration and proliferation for wound
healing (16,17). Infection and excessive local inflammation
responses are often present in burn wounds (11). thGM-CSF
effectively improves wound bacterial clearance rates, increases
neutrophil surface adhesion molecule expression, enhances
neutrophil chemotaxis, reduces burn wound infection rates and
prevents necrobiosis in burn wounds to a certain extent (18-20).
Additionally, rhGM-CSF attracts inflammatory cells, modu-
lates inflammatory responses, and prevents cascade reactions
in burn wounds (11,15,20). In the process of wound healing,
neovascularization may provide oxygen and nutrients for the
inflammatory response and induce keratinocytes, endothelial
cells, and macrophages to secrete endogenous growth factors
that are involved in wound healing (21). Studies have demon-
strated that rhGM-CSF induces microvascular endothelial cell
proliferation, differentiation, and increased expression of the
growth factors vascular endothelial growth factor (VEGF)
and transforming growth factor (TGF)-1p. rhGM-CSF also
promotes the vascularization of the wound (12). CD31 is
activated in vascular endothelial cells that express the char-
acteristic symbol. Liu ef al (20) proposed that rhGM-CSF
induces CD31 expression in new blood vessel endothelial cell
surfaces, which further demonstrates that rhGM-CSF has a
positive effect on the promotion of angiogenesis. However, the
exact mechanism by which rhGM-CSF influences keratino-
cytes, fibroblasts and endothelial cells in burn wound repair
are uncharacterized.

PPARs are important repair genes following thermal
damage and are activated by lipid ligands that bind with
PPAR response elements (PPREs) at loci that are members of
the retinoid X receptor (RXR) family of the steroid hormone
receptor superfamily and act as regulators of transcription.
The application of GW0742 (a PPARp activator) to heat
injury-induced fibroblasts significantly increases PPARf
expression, which subsequently induces a protective effect by

x200

Figure 5. (A and B) The expression of PPARP protein was mainly observed in the nuclei of the fibroblasts, keratinocytes and vascular endothelial cells.
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minimizing structural damage and increasing the cell prolif-
eration response (22). In burn wounds, the activation of PPAR
inhibits apoptosis, stimulates the proliferation of keratinocytes,
and induces angiogenesis and these processes are involved in
the wound response and healing (23-25). On the one hand,
post-traumatic skin inflammation activates PPAR[} expres-
sion. On the other hand, this inflammatory factor also triggers
the production of endogenous PPARf ligands, ultimately
inhibits cell apoptosis and induces keratinocyte proliferation
and angiogenesis. These processes are involved in the wound
response and the healing of the skin (24-26). This mechanism
may increase PPARf activity in these cells and subsequently
upregulate the expression of integrin-linked kinase and
3-phosphoinositide-dependent kinase-1, which phosphorylates
protein kinase B-a (Aktl) (26,27). Aktl is a major downstream
effector of phosphoinositide 3-kinase signaling. The resulting
increased Aktl activity suppresses apoptosis and increases the
likelihood of a sufficient number of viable keratinocytes being
present in the wound margin for re-epithelialization and also
increases matrix metalloproteinase-9 production by potenti-
ating nuclear factor-kB activity, which regulates keratinocyte
migration. Additionally, the activation of PPARf also reduces
the oxidative stress caused by cell apoptosis. The mechanism
of this process involves the induction of alpha 14-3-3 protein,
which has anti-apoptotic and anti-inflammatory effects that
promote apoptotic protein degradation and that limit the
promotion of apoptosis due to the caspase cascade (24,28).
Furthermore, activated PPARP promotes the proliferation
of human and murine vascular endothelial cells in vitro by
increasing VEGFRI1 (Flt-1) expression and VEGF produc-
tion (25,29).

The ‘comb burn’ model has been previously validated and
is widely used in investigations of the stasis zone. Previous
studies have examined the applications of antithrombotic,
anticoagulant, antioxidant and anti-inflammatory agents in
experimental models individually, and these agents exhibit
beneficial effects in terms of salvaging the stasis zone (3,5,6).
Although tissues and cells secrete small amounts of cytokines
and growth factors after thermal damage, the thermal effects
of and pathological changes in these factors still cause anoxic
tissue ischemia conditions. Endogenous growth factors are
often not sufficient to continually stimulate and effectively
initiate the thermal damage repair procedure (30). After
consulting relevant literature, we chose the dressing scald
model and applied external thGM-CSF to the thermally
damaged skin. The survival rate in the experimental group
was significantly increased compared with the control group,
and PPAR[} was expressed at a higher level in the experimental
group compared with the control group. Moreover, PPARp
expression was mainly localized to the fibroblasts/endothelial
cells and the cuticular cell nuclei. thGM-CSF may activate or
regulate PPAR[ expression through a specific pathway early
after thermal damage and prevent the stasis zone from exhib-
iting further irreversible necrosis. We hypothesize that PPAR
may play an important role in this process.

Necrobiosis of the stasis zone was associated with multiple
factors. Thermal injury, ischemic reperfusion, inflammatory
reactions and oxidative free radical damage were among the
factors that were closely related to and promoted each other. In
the present study, we used an animal comb thermal model and
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found that thGM-CSF could preliminarily upregulate PPARf3
gene and protein expression via various pathways. In addition,
rhGM-CSF had a certain protective effect on the stasis zone.
However, single intervention factors obviously have certain
limitations. We also observed that not the entire stasis zone
could be kept alive. Therefore, in the process of deep burn treat-
ment, the mechanisms by which comprehensive interventions
focused on the above factors improve the local environment,
prevent secondary injury and promote benign outcomes in the
stasis zone represent difficulties that are still faced by medical
workers dealing with burns.
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