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Background: Following severe trauma, treatment of cutaneous injuries is often delayed by inadequate blood supply. The aim
of the present study was to determine whether granulocyte-colony stimulating factor (G-CSF) protects endo-
thelial cells (ECs) and enhances angiogenesis in a rat model of hemorrhagic shock (HS) combined with cutane-
ous injury after resuscitation.

Material/Methods: The HS rats with full-thickness defects were resuscitated and randomly divided into a G-CSF group (200 pg/kg
body weight), a normal saline group, and a blank control group. Histological staining was to used estimate the
recovery and apoptosis of skin. Apoptosis- and angiogenesis-related factors were analyzed by reverse tran-
scription-polymerase chain reaction (RT-PCR) and Western blot (WB). Scratch assay, tube formation, and WB
experiments were performed to verify the functional effects of G-CSF on HUVECs in vitro.

Results: H&E staining and Masson trichrome staining showed earlier inflammation resolution and collagen synthesis
in the G-CSF-treated group. Angiogenesis-related factors were elevated at mRNA and protein levels. TUNEL
staining suggested fewer apoptotic cells in the G-CSF group. The apoptotic-related factors were down-regulat-
ed and anti-apoptotic factors were up-regulated in the G-CSF-treated group. Scratch assay and tube formation
experiments revealed that G-CSF facilitated migration ability and angiogenic potential of HUVECs. The angio-
genic and anti-apoptotic effects were also enhanced in vitro.

Conclusions: Our results suggest that G-CSF after resuscitation attenuates local apoptosis and accelerates angiogenesis.
These findings hold great promise for improving therapy for cutaneous injury in severe trauma and ischemia
diseases.
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Background

ANIMAL STUDY

Material and Methods

Traumatic hemorrhagic shock (THS) is a life-threatening con-
dition. Without proper control, it can lead to multiple organ
damage syndrome (MODS) and even death. In our previous
study, we demonstrated that resuscitation and G-CSF treat-
ment accelerate wound repair in hemorrhagic shock. The pres-
ent study was focused on the protective mechanisms of G-CSF
after resuscitation treatment in a rat model of cutaneous in-
jury combined with hemorrhagic shock.

Wound healing consists of well-orchestrated processes, includ-
ing inflammation, proliferation and maturation, and succes-
sive remolding phases [1,2]. However, skin injuries are affect-
ed by other severe trauma in traffic accidents or war injuries,
which easily develop into non-healing wounds [3,4]. Although
combined injuries like hemorrhagic shock combined with cu-
taneous injury often occur in traffic accidents and war, lit-
tle is known about wounds affected by blood loss and the
wound repair process. The restriction of blood supply to skin
after blood loss leads to tissue hypoxia and even tissue necro-
sis [5-7]. Severe blood supply inefficiency and tissue apopto-
sis hinder wound repair because of endothelial cell (ECs) dys-
function in injured tissues [8].

G-CSF, a hematopoietic cytokine and potent stem cell mobi-
lization agent, has been applied in preclinical as well as clin-
ical therapies [9-11]. G-CSF showed its angiogenesis proper-
ty in endothelial cells (ECs) in vivo and in vitro [12-14], and
ECs were reported to actively proliferate and form vascular-
like structures in response to G-CSF[15]. Consequently, G-CSF
treatment had been considered as an alternative approach for
angiogenesis therapy [16,17]. Recently, increasing evidence
suggested that G-CSF has tissue-protective roles through en-
hancing anti-apoptotic and anti-inflammatory capabilities of
the host cells [18-22]. However, the effects on ECs in hemor-
rhagic shock combined with cutaneous injury have not been
elucidated. In this study, we aimed to determine if G-CSF would
benefit wound repair by accelerating angiogenesis and anti-
apoptotic abilities of ECs in hemorrhagic shock.

G-CSF has been proved to promote tissue repair and regener-
ation in many injuries. In the present study, we applied a rat
model of hemorrhagic shock combined with cutaneous inju-
ry. We found that G-CSF injection after resuscitation acceler-
ated wound repair progression by stimulating angiogenesis
and promoting early anti-apoptotic capacities. In vitro exper-
iments showed that G-CSF increased the migration and tube
formation and enhanced the anti-apoptotic abilities of HUVECs.

Experimental animals

A total of 54 male SD rats (250-300 g) were obtained from the
Experimental Animal Department of the Chinese PLA General
Hospital. All animal procedures in this study were conducted
in accordance with the guidelines of the Institutional Animal
Care Committee of the Chinese PLA General Hospital and were
carried out in accordance with the guidelines of the China
Council on Animal Care and Use (Approval ID: 2013022089).
All surgeries and measurements were performed under sodi-
um pentobarbital anesthesia and we tried to minimize suf-
fering. The animals were kept under standard pathogen-free
conditions, with 25+1°C room temperature, humidity 50+5%)
12-h light/dark cycles, in individual cages, and fed pellet diet
and water ad libitum.

Animal model

The hemorrhagic shock combined with cutaneous injury mod-
el was established as previously described [23]. Briefly, the SD
rats were anesthetized with sodium pentobarbital (40 mg/kg),
and a supplement was given during the experiment. First, a full-
thickness, 3-cm, circular excision wound was made after shaving
the targeted dorsal fur and disinfection with iodophor. Wounds
were dressed with sterile gauze held in place by elastic bandag-
es. The dressings were wetted by normal saline and removed 3
days after injury. Controlled hemorrhagic shock was induced by
withdrawing 40% of the total blood volume from the carotid ar-
tery during 1 h. All the rats received hypertonic saline solution
resuscitation (4 mL/kg body weight, 7.2% NaCl/6% hydroxyeth-
yl starch, Fresenius Company, Germany), followed by reinfusing
half of the withdrawn blood. Then, all the rats were randomly
divided into 3 groups: in the G-CSF group (n=18), G-CSF was
subcutaneously administrated (200 pg/kg, Kyowa Hakko Kirin,
Japan) for 3 consecutive days; and the control groups received
an equal dose of normal saline (normal saline group, n=18) for
3 days or not (blank group, n=18), separately. All surgical pro-
cedures were performed under sterile conditions.

H&E staining and Masson Trichrome staining

At indicated timepoints after injury, the rats were killed by
overdose sodium pentobarbital injection and the wound-
ed skins were harvested for further analysis. The wound tis-
sues were fixed with formaldehyde solution for at least 48 h
and then embedded in paraffin. The sections (6-um) were de-
waxed in a graded xylene series, followed by standard H&E
and Masson trichrome staining to reveal the morphology and
collagen deposition during the wound recovery process. The
specimens were photographed using a light microscope (Leica
TCS SP2, Germany).
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Table 1. Primers used in gRT-PCR.
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Primers Temperature Sequences Length
Forward TGATGTACCTCCGTGCTTGA
IL4 5 5 I 197 bp
Reverse AGGACATGGAAGTGCAGGAC
Forward ATGGCCCAGAAATCAAGGAGC
CD31 D50 169 bp
Reverse ACCTCCAAGCAAAGCAAAGA
Forward GACGGCTGGAGGAGAGTTC
Col | 55°C oo 123 bp
Reverse CTGGTGAACGTGGTGCAG
Forward AGGGAGTGATGGTTGGAATG
a-SMA o (O 107 bp
Reverse GATGATGCCGTGTTCTATCG
Forward CATTGGTAAAGGAGGCAGCTATAAA
HGF B5°C 253 bp
Reverse GGATTTCGACAGTAGTTTTCCTGTAGG
Forward TTCGGGATGGAGTAAACTGG
Bcl 2 BOOC 150 bp
Forward AAGGCTCTAGGTGGTCATTCAG
Forward GAGAGGGAAATCGTGCGTGAC
B-actin BOOC 580 bp

Reverse CATCTGCTGGAAGGTGGACA

Col I - collagen I; HGF — hepatocyte growth factor.
TUNEL assay

The tissue apoptosis was evaluated by use of an in situ TUNEL
kit (Promega, USA) according to the manufacturer’s instruc-
tions. The paraffin-embedded skin tissue sections were depa-
raffinized and rehydrated and treated by proteinase K. Then,
the sections were incubated with a nucleotide mixture contain-
ing fluorescein 12-UTP and TDT. The sections were visualized
using 3’-diaminobenzidine tetrahydrochloride (DAB) solution
(TIANGEN, China). The positively stained cells were counted
under an inverted phase-contrast microscope (Leica, Germany).

Real-time PCR (RT-PCR)

The cDNA of each sample was synthesized by a RevertAid™ First
Strand cDNA Synthesis Kit (Thermo Fisher Scientific, USA) from 3
pg of total RNA. The relative mRNA expression was quantified by
RT-PCR using SYBR green qPCR Mix (TOYOBO, Japan). RT-PCR was
performed on an ABI PRISM 7500 device (Applied Biosystems,
USA). The primers used are listed in Table 1. Each experiment
was performed in triplicate. The relative gene expression was
normalized by B-actin and calculated using ABI PRISM 7500 v.
2.0.6 software (Applied Biosystems, USA) with the 2724 method.

Cell migration and tube formation assay.
To examine the effect of G-CSF on HUVECs migration, the mi-

gration and tube formation abilities of the endothelial cells
were assessed. The HUVECs were seeded on a 24-well plate.

The original wounds were inflicted by dragging a sterile pipette
tip across the monolayer, creating 350-mm cell-free paths.
The medium was then added separately to different concen-
trations of G-CSF at 0.5, 5, 50, 500, and 1000 ng/mL for 12 h.
The vascular tube formation assay was performed by seeding
the HUVECs in a 24-well plate precoated with Matrigel™ (BD,
Germany), adding different concentrations of G-CSF and in-
cubating the plates for 12 h at 37°C. The number of capillary-
like structures was quantified and visualized under an invert-
ed phase-contrast microscope (Leica, Germany).

Western blotting

For tissue protein extraction, skin tissues were frozen and then
ground in tissue lysis buffer. For cell protein extraction, the
HUVECs were cultured on a 6-well plate and pretreated with
G-CSFin different concentrations for 24 h and followed by H,0,
(50 umol/L) treatment for 6 h, then the cells were lysed and
total protein was harvested. The proteins were separated by
12% SDS-PAGE and then electroblotted by PVDF membranes.
The blots were blocked for 1 h in 5% nonfat dry milk, and the
first antibodies were added at the following proper dilutions
and kept overnight at 4°C: pAKT antibody (1: 1500, CST tech-
nology, USA), AKT antibody (1: 1500, CST technology), VEGF (1:
1000, Abcam, USA), o-SMA (1: 500, BOSTER, China), collagen
I (1: 500, BOSTER), Bcl 2 (1: 1000, CST technology), caspase 3
(1: 1500, CST technology), and mouse monoclonal B-actin anti-
body (1: 4000, Santa Cruz, USA). The blots were incubated with
HRP-conjugated secondary antibody at 1: 3000 (Santa Cruz) for
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50 min at room temperature using an orbital shaker. Finally, the
bands were visualized using a SuperSignal West Pico chemi-
luminescent substrate (Thermo Fisher Scientific) and exposed
on X-ray images. B-actin was loaded as an internal control and
protein expressions were quantified by use of Image J software.

Statistical analysis

The results are depicted as mean +SD. The statistical compari-
sons used the paired Wilcoxon’s test using SPSS 11.0 software

ANIMAL STUDY

(SPSS, Inc., USA). P-value <0.05 was considered to be statis-
tically significant.

Results

G-CSF improved wound repair under hemorrhagic shock

The hemorrhagic shock combined with cutaneous injury rat
model was established as shown in Figure 1A. The wounded

A

Anesthesia Cutaneous unjury

HS and resuscitation Administration
Blank/NS/G-CFS injection

Normal saline

G-CSF
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Figure 1. G-CSF improved wound healing in hemorrhagic shock. (A) The protocol of hemorrhagic shock combined with cutaneous
injury model and resuscitation treatment. The rats underwent 3-cm-diameter full-thickness skin incision and 40% total
blood loss for 60 min. The rats were resuscitated with a bolus of 4 mL/kg HHES infusion. After resuscitation, all the rats
randomly received G-CSF, normal saline, or no treatment. H&E (B) and Masson trichrome (C) staining during wound repair.
Scale bar=100 pum. (D) G-CSF attenuated tissue apoptosis in wound areas by TUNEL assay. Scale bar=100 pm. (E) The number

of apoptosis cells in the wound skin. Ten pictures of each group were taken and calculated. Data are shown as mean +SD.
* P<0.05 versus blank group.
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Figure 2. Wound healing-related mRNA modulation by G-CSF. Each result was repeated at least for 3 times. Data are shown as mean
+SD. * P<0.05 versus Blank group, # P<0.05 versus Normal saline group.

skin tissues were sectioned and stained with H&E and Masson
trichrome (Figures 1B, 1C). The H&E staining results showed
less inflammatory cells infiltration and earlier initiation of re-
epithelialization in the G-CSF group on day 5. The G-CSF group
exhibited more rapid epithelialization on day 9 and few cutane-
ous appendages such as follicular sebaceous units developed
by day 17. Strong collagen staining with Masson trichrome
suggested that the G-CSF-treated group initiated more rapid
collagen synthesis and deposition after day 5, more homoge-
neous distribution by day 9, and continuously stable expres-
sion with complete healing by day 17. In addition, we analyzed
the tissue apoptosis in the wounded skin by TUNEL staining
(Figure 1D, 1E). The number of TUNEL-stained cells was sig-
nificantly lower in the G-CSF group than in the normal saline
group and blank group on day 9 (p<0.05). Thus, the anti-apop-
totic effect on wounded skin was elevated in G-CSF compared
to control groups. Collectively, these data suggest that G-CSF
accelerated wound healing and ameliorated tissue apoptosis
after fluid resuscitation in HS rats.

G-CSF attenuated inflammation reaction, apoptotic events,
and promoted angiogenesis in wound areas

Next, we examined the anti-inflammatory factors IL4, anti-apop-
totic factor Bcl 2, collagen deposition-related factors collagen |
and HGF, and angiogenesis-related factors CD31 and o-SMA ex-
pression by RT-PCR (Figure 2). The quantification results implied
that the anti-inflammatory factor IL 4 was significantly up-regu-
lated since day 3. The angiogenesis-related factors, CD31 and o
SMA, were up-regulated as early as day 5 and peaked at day 9.
Collagen synthesis-related genes were modulated early to initiate
the repair as well as collagen deposition in the remodeling stage,
and we found an enhanced expression of collagen | genes from
day 7 to day 13 in the G-CSF group. HGF expression was peaked
at day 7. The expression of the anti-apoptotic Bcl 2 gene was up-
regulated from day 5 to day 9 compared to control groups. The
up-regulation of Bcl 2 in the G-CSF group was in agreement with
lower TUNEL-positive cell numbers on day 9. Nevertheless, de-
creased anti-apoptotic gene and anti-inflammatory gene expres-
sions would lead to chronic non-healing ulcer in control groups.
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Figure 3. Protective effects of G-CSF on wound healing-related protein expression. (A) a-SMA, Collagen |, Bcl 2, Caspase 3, pAKT, AKT,
B-actin expressions were evaluated by WB. (B) Each protein was normalized by B-actin and showed as fold change of Blank
group. Each result was repeated at least for 3 times. Data were shown as mean +SD. * P<0.05 versus Blank group, # P<0.05
versus Normal saline group.
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Figure 4. G-CSF promoted the angiogenic potential of HUVECs in vitro. (A) Representative images depicting the effect of the G-CSF
treatment at 12 h on HUVEC migration at the indicated concentrations. (B) Statistically calculated relative migration rates;
Scale bar=500 pum. (C) Typical images of the tube-like structures in the presence of G-CSF cultured on Matrigel for 12 h.
(D) The amounts of capillary-like structures; Scale bar=200 pm. (E) Western blot of VEGF, Bcl 2, Caspase 3, phosphorylated
AKT (pAKT) as well as the total AKT and B-actin expressions at different concentrations of G-CSF; the HUVECs were pre-
incubated with G-CSF for 24 h then followed by H,0, stimulation (50 umol/L) to determine the protein activities by Western
blot. Each experiment was repeated 3 times and typical pictures are shown. Data are shown as mean +SD. * P<0.05 versus
HUVECs without G-CSF stimulation.
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We further investigated the protein expression of a-SMA, col-
lagen |, Bcl 2, caspase 3, AKT and pAKT post HS combined with
cutaneous injury on 9 d (Figure 3A, 3B). The results indicat-
ed that G-CSF also enhanced angiogenesis, improved collagen
synthesis and anti-apoptotic factors’ expression at protein lev-
el and activated AKT signaling pathway.

G-CSF exerted angiogenesis potential on HUVECs in vitro

To determine the effect of G-CSF treatment on the angiogen-
esis potential of ECs in vitro, we examined the migration and
tube formation abilities of HUVECs at different concentration of
G-CSF stimulation (0.5, 5, 50, 500, 1000 ng/mL) (Figure 4A, 4B).
The scratch experiment showed that the migration ability of
the HUVECs was enhanced significantly by G-CSF at 12 hiin a
concentration-dependent manner. The assay showed that tube
formation ability of the HUVECs was promoted by G-CSF at 12
h and peaked at 50 ng/mL G-CSF (Figure 4C, 4D). In addition,
H,0, was added into HUVECs for 6 h to mimic the apoptot-
ic environment in vivo. VEGF, Bcl 2, caspase 3, AKT, and pAKT
were evaluated by WB (Figure 4E). VEGF was increased in the
G-CSF group and peaked at 50 ng/mL. Caspase 3 was decreased
while Bcl 2 was more highly expressed with the higher con-
centration of G-CSF. The results are in accordance with mRNA
modulation in vivo, in which G-CSF stimulated proliferation,
maturation, and anti-apoptotic capacities of ECs.

Discussion

Wound healing is one of the most complicated biological pro-
cesses [1]. In the present study, we demonstrated that G-CSF
administration after resuscitation is beneficial for wound heal-
ing under conditions of hemorrhagic shock by modulating in-
flammation, improving collagen deposition, and enhancing
function of ECs.

The potential impacts of G-CSF on angiogenesis have attract-
ed great scientific interest. A growing number of studies indi-
cate that G-CSF has therapeutic effects on tissue repair and
regeneration, including full-thickness skin injuries, burn inju-
ries, limb ischemia, myocardial infarction, and pulmonary hy-
pertension, by specifically enhancing the pro-angiogenic abil-
ities of ECs [24-27]. Angiogenesis is also of importance to the
adequate healing of vessels and microvessels by providing
sufficient oxygen and necessary nutrients for cell growth and
development [8]. This dynamic process is regulated by inter-
action of diverse cytokines, growth factors, and molecular sig-
nal pathways between different cell types [1,7]. Our results of
mRNA expression in the G-CSF treated group in vivo showed
up-regulated expression of IL 4, CD31, a-SMA, and HGF in
skin wound areas. The essential factors such as CD31 and a-
SMA were augmented to played critical roles in angiogenesis
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at the inflammation and proliferative stage. In vitro experi-
mentation in G-CSF-stimulated HUVECs show that the prolif-
erative ECs and the enhanced vasculature contributed to an-
giogenesis and benefited wound healing. Additionally, it was
previously demonstrated that EPCs are mobilized by G-CSF to
damaged tissues and significantly promote angiogenesis by
increasing the secretion of angiogenic cytokines in full-thick-
ness incision, burned, and focal cerebral ischemia rats and
myocardial infarcted rabbits [28-30]. Thus, G-CSF administra-
tion would be expected to play important roles in wound re-
pair, partly by ameliorating inflammation and enhancing an-
giogenesis [31,32].

G-CSF was reported to protect tissue by strengthening anti-
apoptotic effects of host cells under adverse conditions. In cen-
tral nervous system (CNS) disease, G-CSF was suggested to in-
hibit neurocyte apoptosis and attenuated glutamate-induced
cell death [24]. G-CSF displayed strong anti-apoptotic activi-
ty in mature nerve cells by activating multiple survival signal-
ing mechanisms [33,34]. Several studies reported that G-CSF
increased anti-inflammatory activities and facilitated neuron
protective and angiogenesis effects [33,35,36]. Bcl-2 plays a
vital role in the apoptosis signaling pathway. Our in vivo and
in vitro experiments showed up-regulated Bcl 2 expression in
the presence of G-CSF, which suggests the anti-apoptosis ca-
pacity was enhanced under injury circumstances. Initiation of
apoptosis is one of the natural processes during wound heal-
ing. Among the effective approaches for cutaneous therapeu-
tics, enhancing the survival of host cells promotes wound
healing quality. In addition, it will be interesting to determine
the interconnection between anti-apoptotic treatments and
wound healing quality or prognosis, which may provide com-
plementary information about wound repair combined with
severe trauma. Future studies will attempt to better resolve
the mechanisms by which G-CSF provokes the anti-apoptotic
effect in tissue repair and regeneration.

Conclusions

To summarize, we provided evidence for a cytoprotective and
beneficial effect of G-CSF administration after resuscitation in
a hemorrhagic shock combined with cutaneous injury rat mod-
el. Tissue damage was ameliorated and angiogenesis was sig-
nificantly elevated to support tissue repair and regeneration
by G-CSF administration. These findings uphold the suggestion
that G-CSF administration would be beneficial for patients in
cutaneous therapy, even in hemorrhagic shock.
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