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Abstract. The aim of the present study was to compare and
observe the expression levels of vascular endothelial growth
factor (VEGF) and miRNA-17-5p during the treatment of
seawater-immersed blast-injury wounds (SIBIW) under
different conditions of vacuum sealing drainage (VSD), and
to identify the optimized range of VSD treatment and partially
explain its mechanisms. The bilateral hips and scapulae
of experimental pigs (weight, 25-30 kg) were subjected to
blast-injury wounds, followed by the seawater immersion.
The animals then underwent conventional dressing treatment
under 120, 180 and 240 mmHg VSD. Visual observation, in
addition to histological, immunohistochemical and molecular
biological techniques were applied to compare and observe
the extent of wound healing and expression levels of VEGF
and miRNA-17-5p. The wound healing of the VSD treatment
group was improved compared with the control group, with
120 mmHg negative pressure producing the most marked
effect. miR-17-5p expression was detected in the SIBIW
granulation tissues. There was significant difference between
each VSD treatment group and control group at each time
point (P<0.05). Thus, the present results show that miR-17-5p
can be expressed in SIBIW granulation tissues, and this effect
is most evident under 120 mmHg negative pressure, which
may inform the optimized negative range for the treatment of
SIBIW.

Introduction

The development of modern marine industry and naval warfare
has made human activities on the sea increasingly frequent.
Thus, there has been an increase in the occurrence of various
blast injuries being immersed by seawater, which may increase
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tissue damage and thus affect wound healing. The prompt and
effective treatment of seawater-immersed blast-injury wounds
(SIBIW) has become a key topic in the field of trauma.

SIBIW is a class of damage caused under special circum-
stances, thus exhibiting various pathophysiological differences
compared with ordinary trauma. Firstly, the explosion respon-
sible for the wounding would rapidly generate a large quantity
of high-pressure gas, heat and shock waves, resulting in lacera-
tions, blast injuries and burns (1,2). This trauma may result
in skin and soft tissue loss, as well as causing damage to the
surrounding tissues and body functions (1,2). Secondly, the
characteristics of seawater, including high salt, high alkali,
easily permeating tissue and low temperature, may aggravate
the infection of a wound, in addition to causing systemic
microcirculation disorders, making the wounds difficult to
heal or delay the healing, increasing the risk of mortality
and morbidity (3). Vacuum sealing drainage (VSD) was first
applied clinically by Dr Fleischmann (Ulm University, Ulm,
Germany) in 1993 (4), and subsequent clinical practice has
indicated that VSD may enhance the treatment of acute and
chronic wounds and promote successful skin grafting (5-7).
However, to date there are no reports investigating the applica-
tion of VSD to SIBIWs.

The present study aimed to determine the effects of VSD
treatments on SIBIWs under various negative pressure values
by observing the general appearance, histology and vascular
endothelial growth factor (VEGF)-immunohistochemistry of
wounds, as well as the expression of angiogenesis-promoting
regulation gene miRNA-17-5p and the wound microenviron-
ment changes. In addition, the optimized pressure range of
VSD in treating SIBIW was investigated, thus providing the
basis for the clinical treatment of such trauma.

Materials and methods

Establishment of animal model and grouping. A total of eight
No. I white Chinese miniature pigs were obtained (3 months
of age; weight, 25-30 kg; male and female; provided by Liulihe
Kexing Experimental Animal Breeding Center, Beijing,
China) and received and intramuscular injection of sumianxin
0.2 ml/kg and 0.5 ml midazolam (both Sigma-Aldrich; Merck
Millipore, Darmstadt, Germany) as anesthesia. Then, the spine
of each pig was set as the midline, and a blast-injury wound was
formed on each limb and 10 cm from the midline, respectively,
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as previously described (8). After normal rapid debridement,
the wounds were immersed into 10°C seawater for 1 h, then
rewarmed to body temperature. The animals were randomly
divided into four groups: VSD treatment groups were admin-
istered 120, 180 and 240 mmHg VSD, respectively; the control
group wounds received conventional dressing and covered with
saline gauze. VSD was performed for nine days, and the pigs
were sacrificed after 58 days following anesthesia by intrave-
nous 3% sodium barbitone injection (I ml/kg; Sigma-Aldrich;
Merck Millipore). Samples with a diameter of 0.2-0.3 cm from
the wound edge and central basal tissues were consecutively
collected on days 1,3,5,7,9, 16, 23 and 58 postoperation for the
dynamic observation of wound healing situations. This study
was conducted in strict accordance with the recommendations
in the Guide for the Care and Use of Laboratory Animals of the
National Institutes of Health. The animal use protocol has been
reviewed and approved by the Institutional Animal Care and
Use Committee of the 309th Hospital of PLA (Beijing, China).

General morphological observation. Wound size, swelling
degree, wound edge, granulation tissue growth in the basilar
wound part, epithelial coverage and wound healing degree were
observed daily until day 58 following the operation.

Histological observation. The full-thickness skin tissues at the
wound edge were sampled on days 1,3, 5,7 and 9 postoperation
to assess wound formation using hematoxylin and eosin (HE)
staining. The conditions of edema, inflammatory cell infiltration,
angiogenesis, granulation tissue growth, epidermal proliferation
and migration of the wound edge tissues were observed using
light microscopy.

Immunohistochemical analysis. Paraffin sections (2 ym) of
samples were dewaxed and then washed with distilled water.
After soaking in phosphate-buffered saline (PBS) for 5 min,
they were incubated with 3% H,O, at room temperature for
15 min. After washing with PBS, the primary rabbit anti-VEGF
polyclonal antibody (1:4,000; bs-1313R; Beijing Zhong Shan
Jingiao Biotechnology Development Co., Ltd., Beijing, China)
was added and incubated at 37°C for 1-2 h, followed by washing
with PBS. Then, the biotinylated goat anti-rabbit IgG secondary
antibody (1:200; bs-2331R; Beijing Zhong Shan Jingiao
Biotechnology Development Co., Ltd.) added and incubated at
37°C for 30 min. After washing with PBS, 3,3'-diaminobenzi-
dine staining was performed, followed by flushing with water,
restaining, dehydration and mounting. The VEGF expression
was observed using a fluorescence microscope.

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR) for determination of miRNA-17-5p expression. Total
RNA was extracted from the granulation tissues collected on
days 1, 5,9, 16 and 23 postoperation using TRIzol (Invitrogen;
Thermo Fisher Scientific, Inc., Waltham, MA, USA) and digested
with RNase-free DNase (Promega Corporation, Madison, W1,
USA). The reverse transcription reaction with 300 ng total
RNA was performed using the PrimeScript First-strand cDNA
Synthesis kit (Takara Biotechnology Co., Ltd., Dalian, China),
according to the manufacturer's instructions. The primer
sequences used in RT-qPCR were as following: miRNA-17-5p
forward, 5'-GCTTCAACCCCTTCAAATGC-3' and reverse,
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5'-GACGCAGAAGCGGTGTTATTG-3"; and B-actin forward
5'-GGAGATTACTGCCCTGGCTCCTA-3' and reverse,
5-GACTCATCGTACTCCTGCTTGCTG-3" The PCR system
was as follows: SYBR Green 1 dye (Thermo Fisher Scientific
Inc.), 5 ul; Premix Ex Taq (2X; Sangon Biological Engineering
Co., Ltd., Shanghai, China), 7.5 pl; forward primer (10 gmol/l),
0.25 ul; reverse primer (10 ymol/l), 0.25 ul; cDNA (5 ng/ul),
3 pul; and dH,0, 4 pl. The PCR thermal cycling conditions were
as follows: 95°C for 20 sec; 40 cycles at 95°C for 15 sec; 93°C
for 30 sec; 55°C for 40 sec; and final extension at 72°C for 5 min.
The amplification and melting curve was recorded, and the
expression of miRNA-17-5p was analyzed.

Statistical analysis. Data are expressed as the mean + standard
deviation. The miRNA-17-5p detection data underwent statis-
tical analysis using SPSS software, version 20.0 (IBM SPSS,
Armonk, NY, USA). The comparison of miRNA-17-5p was
performed using one-way analysis of variance. P<0.05 was
considered to indicate a statistically significant difference.

Results

Visual general observation. The SIBIW surface was dirty with
residual necrotic tissue in all groups, with a poorly-defined
necrotic area, the substratum was pale, with less bleeding and
a pale wound edge.

At day 1 after treatment, the effects of the 120, 180 and
250 mmHg VSD treatment groups were improved compared
with the control group; with reduced swelling, dry wound
surface and rosy basal tissues. By contrast, the wound edge of
the control group had swelled, with increased necrotic tissues
and pale substratum.

Atday 3 after treatment, the wound surface of the 120 mmHg
treatment group was clean. By contrast, the other treatment
groups exhibited secondary necrosis, with gray necrotic tissues
in the wounds and evident exudate; the wound infection was
severe, and the control group had increased necrotic tissue.

At day 5 after treatment, the wound substratum of the
120 mmHg treatment group was rosy, the subcutaneous
tissues under the scab were red. The wounds of the 180 and
240 mmHg treatment groups were drier than previously, with
reduced exudate and swelling, while the red swelling and
exudation of the control group did not show any improvement.

At day 9 after treatment, all wound surfaces in the 120, 180
and 250 mmHg VSD treatment groups were clean and dry, the
substratum was pink, the granulation tissues were proliferated
and the epidermal edge of wound began to migrate forward.
Among which, the granulation tissues of the 120 and 180 mmHg
groups were plump and smooth, and the epidermis of these
groups migrated the fastest.

Morphological observation. At day 1 after treatment the
wound cells exhibited edema, partial cytoplasm transparency
and mild staining. Focal inflammatory cell infiltration was
visible, consisting predominantly of neutrophils and eosino-
phils. Compared with the control group, the VSD treatment
group exhibited fewer inflammatory cells.

At day 3 after treatment the 120 mmHg VSD treatment
group exhibited no significant changes of inflammatory cells,
while the edema of the other groups remained obvious, and
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Figure 1. Obvious spindle fibroblasts at day 9 after treatment in the 120 mmHg
vacuum sealing drainage treatment group. Magnification, x10.

Figure 2. Vascular endothelial growth factor (VEGF) expression in cells.
(A) Positive VEGF expression on day 9 at 2 h following traume in the
240 mmHg vacuum sealing drainage group (arrow indicates VEGF expres-
sion). (B) Treatment group with 240 mmHg on day 58. Trace positive VEGF
expression in normal skin tissue. (C) Moderate positive VEGF expression in
control group at day 58 after treatment. Magnification, x10.

the inflammatory cells were increased, exhibiting a diffused
distribution.
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At day 5 after treatment the VSD treatment group showed
the growth of small quantity granulation tissue, among which
the 120 mmHg group was relatively obvious. The control
group continued to exhibit a numerous inflammatory cells,
with no significant granulation tissue growth.

At day 9 after treatment the cells had no significant
swelling, with fewer inflammatory cells. All the treatment
groups exhibited growth of granulation tissues, and the
120 mmHg group exhibited the most growth (Fig. 1).

VEGF expression. At 2 h following trauma, the positive
VEGF expression increased in the epidermal cells, which
was indicated by yellow/brown granules in the cytoplasm
(Fig. 2A). There was only trace positive VEGF expression in
normal skin tissue (Fig. 2B).

At day 1 after treatment, VEGF expression was detected
in the treatment and control groups. Numerous yellow gran-
ules were visible within the epidermal cellular cytoplasm of
wound peripheral tissues. The expression of VEGF in the
120 mmHg group was higher in comparison with the other
treatment groups and the control group.

Between days 5 and 9 after treatment, the VEGF expres-
sion in the cytoplasm continued to increase, peaking on
day 9. The 120 mmHg group continued to exhibit the most
significant expression, with brown granules uniformly
distributed within the cytoplasm. At day 58 following treat-
ment, the wound healed and the expression of VEGF in the
cytoplasm was significantly decreased, less expressed in the
VSD group, and that in the 20 mmHg group was close to the
normal skin tissues; while there still was moderate expres-
sion in the control group (Fig. 2C).

miRNA-17-5p detection. The quality detection of RNA
showed that the RNA expression was stable and within the
normal limits, and the gel electrophoresis indicated that the
RNA was integral (Fig. 3). RT-qPCR identification revealed
that the amplification of ssc-17-5p primer was good, and the
qPCR primers could effectively and specifically amplify the
corresponding RNA fragments (Fig. 4).

miRNA-17-5p expression was detected in the SIBIW
granulation tissues, and the expression in the VSD treatment
group was higher compared with the control group. The
expression in the VSD treatment group peaked at day 1 after
treatment, and the expression detected in the 180 mmHg
group was higher compared with the other treatment groups,
Over time, the miRNA-17-5p expression gradually decreased,
while the expression levels in the 120 mmHg group remained
continuously higher than the other treatment groups, and the
expression of the control group exhibited the dynamic trend.
There was significant difference at each time point between
the 120, 180 and 250 mmHg VSD treatment groups and the
control group (P<0.05) (Fig. 5).

Discussion

Wound healing involves a series of complex pathophysiolog-
ical processes, which includes the inflammation, proliferation
and migration of repaired cells, in addition to the formation
and tissue remodeling of granulation tissues (9). Factors
that are able to disrupt these processes may impact wound
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Figure 3. Electrophoresis of RNA. The numbers represent the different samples. (A) 1, A5d-2-1, 2, A5d-2-2; 3, A5d-3-1; 4, A5d-3-2; 5, A5d-4-1; 6, A5d-4-2;
7, A9d-2-1; 8, A9d-2-2; 9, A9d-3-1; and 10, A9d-3-2. (B) 1, A5d-1-1, 2, A5d-1-2; 3, A9d-1-1; 4, A9d-1-2; 5, A16d-1-1; 6, A16d-1-2; 7, A23d-1-1; 8, A23d-1-2; 9,
A0d-0-1; 10, A0d-0-2; 11, Ald-1-1; and 12, A1d-1-2. (C) 1, A23d-3-1,2, A23d-3-2; 3, A23d-4-1; 4, A23d-4-2; 5, A1d-2-2; 6, A1d-3-1; and 7, Ald-4-1.
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Figure 4. Amplification and melting curves of ssc-miRNA-17-5p and B-actin. (A) Amplification curve of ssc-miRNA-17-5p; (B) Melting curve of
ssc-miRNA-17-5p; (C) Amplification curve of B-actin; (D) Melting curve of 3-actin.
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Figure 5. miRNA-17-5p expression levels in the vacuum sealing drainage and
control groups on days 1, 5,9, 16 and 23 following surgery. There was a sig-
nificant difference at each time point between each vacuum sealing drainage
treatment group and the control group (P<0.05).

healing. SIBIWs are obviously different to general injuries
due to their particular characteristics (10).

Seawater immersion may increase tissue damage; SIBIW
is a type of complex and comprehensive damage (11). The
tissues at the wounds have various injury factors, and
are typically accompanied by extensive damage ranges,
ill-defined necrotic tissues, heavily contaminated wounds, as
well as different ranges of skin and soft tissue defects (12).
Seawater has a complex composition, and may contain a
variety of bacteria, and pH and osmolality are higher than
the normal value in humans. Furthermore, in the majority
of regions, seawater temperature is <20°C, which is lower
than the human body temperature (13). These factors result
in seawater exhibiting high permeability, high alkalinity,
diverse flora and low temperature. The environment of high
permeability and alkalinity could aggravate the damage
in wounded tissues and cells, and enhance edema; various
bacteria could induce complex and diverse infections.
Inflammation would be difficult to control and long-term low
temperature could potentially result in severe cardiovascular
disorders, metabolic acidosis and blood circulation disorders,
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thus accelerating the wound tissue necrosis and increasing local
wound damage (14).

Since the introduction of VSD into clinics, and its appli-
cation to various types of wound treatment, it has achieved
potentially promising results (15-17). A previous study showed
that VSD could perform the adequate drainage, so that wounds
are thoroughly cleaned and fully prevented the formation of
subcutaneous space (18). Thus, the removal of necrotic tissue is
promoted and the growth of bacterial cultures is reduced; reduce
the secretion of inflammatory mediators and toxic substances
and reduce the wound edema and swelling (19). In addition,
VSD has been suggested to increase wound blood flow and
expand blood vessel diameter, thus improving blood circulation
and nutrient supply to wounded tissue (20,21). VSD may also
reduce the quantity of acidic substances in a wound, promote
nutrient absorption and oxygen usage, the growth of granulation
tissues, wound fibroblasts and capillary endothelial cells, thus
conducive to regeneration of dermis (22-24). Huljev (20) and
Atay et al (25) found that VSD could also effectively reduce the
production of wound matrix metalloproteinase, and inhibit its
activity, thereby promoting collagen synthesis, which would be
favor for wound healing.

During the wound healing process, the degree of inflam-
mation and vascular proliferation substantially impact
wound healing. Inflammation is the body's own defensive
process; however, excessive inflammation could exacerbate
tissue damages, leading to mitigated wound healing (26).
Furthermore, angiogenesis may provide more nutrients to the
wound, thus accelerating wound healing.

Through the naked-eye general sample observation, the
present study found that on day 1 following treatment, the
wound swelling of the VSD treatment group was mild, with
limited oozing and no significant necrotic tissues, while the
wound swelling of the control group was significant, with
gray necrotic tissues. On day 3 after treatment, the 180 and
240 mmHg VSD treatment groups and the control group
exhibited secondary necrosis, with increased wound swelling
and significant infection. On day 5 after treatment, the VSD
treatment group exhibited reduced wound exudate and necrotic
tissue, while the control group had increased necrotic tissue and
exudate. On day 9, all wound swelling regressed, the infections
disappeared and the granulation tissues grew. The wound of
the 120 mmHg group remained clean and dry, with no obvious
discharge or secondary necrosis. The granulation tissues grew
well, and epidermal forward-migration was faster.

Histological analysis of tissues collected on day 1 revealed
edema and focal inflammatory cells, which were predominantly
neutrophils and eosinophils. On day 3, with the exception of
the 120 mmHg group, there was extensive inflammatory cell
infiltration in the other groups. On day 5, only the 120 mmHg
group exhibited the growth of granulation tissue, the number
of inflammatory cells in the 180 and 240 mmHg groups were
decreased, while the control group continued to exhibit a large
number of inflammatory cells. On day 9, all wounds exhibited
the growth of granulation tissue. These results indicate that
VSD may be able to effectively reduce inflammation and
secondary necrosis in SIBIWs, promote the growth of granula-
tion tissue, and accelerate the wound healing, among which
the 120 mmHg group exhibited the most marked therapeutic
effects.
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Good blood circulation is key to the wound healing, and
the formation of granulation tissues may aid in providing
sufficient blood towards the wound. Granulation tissues could
provide the regenerated tissues with oxygen and nutrients,
while repairing tissue defects, promoting the absorption of
necrotic tissues and helping to control inflammation (24).
Granulation tissues are composed of nascent thin-walled
capillaries and proliferated fibroblasts, in which the regenera-
tion of capillaries and the formation of a vascular network are
crucial. VEGF has been shown to be a unique growth factor,
specific to the process of angiopoiesis.

The present results showed that VEGF was positive
expressed in the cytoplasm of VSD-treated tissues, while
normal skin tissues showed a relatively moderate amount of
expression. Comparisons among the various VSD treatment
groups and the control group revealed that the expression of
VEGEF in the VSD treatment group at day 1 was higher than
the control group, particularly in the 120 mmHg group, which
reached the highest level on day 9 after treatment. Subsequent
to day 9, the wound healing was decreased. Histological obser-
vation revealed that on day 5, the 120 mmHg group began to
exhibit the growth of granulation tissues, while on the day 9,
all the wounds exhibited the growth of granulation tissues.
Therefore, it was hypothesized that VSD could increase the
expression of VEGF, promote the growth of granulation
tissues and accelerate wound healing; particularly at a negative
pressure of 120 mmHg.

In previous years, molecular biology studies have discov-
ered that miRNAs may regulate the expression of multiple
genes inside the organism, thus affecting such physiological
activities as growth and development of the body (27,28).
With regard to wound healing, miRNAs may be able to regu-
late the angiogenesis, migration and regeneration functions of
epithelial cells, thus affecting the wound healing process (29).
Sudrez et al (30) found in a study of ischemia and reperfusion
that miR-17-5p could regulate the functions of endothelial
cells, thus promoting the angiogenesis. Otsuka et al (31)
studied the luteal functions of infertile mice, and further
demonstrated that miR-17-5p could affect the endothelial cell
functions via the inhibition of metalloproteinase 1 (TIMP-1),
thus promoting angiogenesis. Furthermore, previous studies
have indicated that miR-17-5p plays a role in the promotion of
angiogenesis (32,33). However, previous studies regarding the
angiogenic promotion effects of miR-17-5p have not investi-
gated its expression in wounds.

The present result showed increased miR-17-5p expression
in the granulation tissues of SIBIWs; with the expression in
the 120 mmHg VSD group significantly higher compared with
the control group. In the 180 mmHg VSD treatment group, the
expression on day 1 was the highest, and decreased gradually
over time. By contrast, the expression in the control group
appeared as a change in the lower level. The naked-eye general
and histological observations suggest that the granulation
tissues of the 240 mmHg VSD treatment group grew signifi-
cantly, and that wound healing was more rapid. Therefore, it
was hypothesized that miR-17-5p could regulate endothelial
cell functions in the early stage of wound healing, thus
promoting angiogenesis, increasing the growth of granulation
tissues and accelerating wound healing. In addition, at day 1
after treatment, the miR-17-5p expression in the 180 mmHg
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group was significantly increased, while in the subsequent
treatments, the expression in the 120 mmHg group was contin-
uously higher compared with the other groups. These results
indicated that the expression of miR-17-5p under 120 mmHg
treatment produced the most marked therapeutic effects.

In conclusion, we speculated that VSD could effectively

reduce the inflammation, infection and secondary necrosis
of SIBIWs, in addition to promoting the growth of granula-
tion tissues, accelerating epithelial migration and increasing
miR-17-5p expression. The therapeutic effects of 120 mmHg
were more marked compared with 180 and 240 mmHg; however,
it remains unclear whether this represents the optimal negative
pressure for SIBIW treatment, and further studies are required.
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