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Abstract

Background: Autologous platelet-rich plasma (PRP) has been suggested to be effective for wound
healing. However, evidence for its use in patients with acute and chronic wounds remains
insufficient. The aims of this study were to comprehensively examine the effectiveness, synergy
and possible mechanism of PRP-mediated improvement of acute skin wound repair.

Methods: Full-thickness wounds were made on the back of C57/BL6 mice. PRP or saline solution
as a control was administered to the wound area. Wound healing rate, local inflammation,
angiogenesis, re-epithelialization and collagen deposition were measured at days 3, 5, 7 and 14
after skin injury. The biological character of epidermal stem cells (ESCs), which reflect the potential
for re-epithelialization, was further evaluated in vitro and in vivo.

Results: PRP strongly improved skin wound healing, which was associated with regulation of local
inflammation, enhancement of angiogenesis and re-epithelialization. PRP treatment significantly
reduced the production of inflammatory cytokines interleukin-17A and interleukin-18. An increase
in the local vessel intensity and enhancement of re-epithelialization were also observed in animals
with PRP administration and were associated with enhanced secretion of growth factors such
as vascular endothelial growth factor and insulin-like growth factor-1. Moreover, PRP treatment
ameliorated the survival and activated the migration and proliferation of primary cultured ESCs,
and these effects were accompanied by the differentiation of ESCs into adult cells following the
changes of CD49f and keratin 10 and keratin 14.

Conclusion: PRP improved skin wound healing by modulating inflammation and increasing
angiogenesis and re-epithelialization. However, the underlying regulatory mechanism needs to be
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investigated in the future. Our data provide a preliminary theoretical foundation for the clinical
administration of PRP in wound healing and skin regeneration.
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Background

Platelet-rich plasma (PRP) is an autologous blood-derived
product that contains a high concentration of platelets in
plasma. It is derived from whole blood by centrifugation.
Activated platelets in PRP can release multiple growth fac-
tors and cytokines, including platelet-derived growth fac-
tor (PDGF), basic fibroblast growth factor (bFGF), vascular
endothelial growth factor (VEGF), insulin-like growth factor-
1 (IGF-1) and transforming growth factor-8 (TGF-B), and
others that are involved in promoting tissue repair and regen-
eration [1]. Because of its simple preparation, high growth
factor content and low immunogenicity, PRP has been widely
used in various surgical operations and clinical treatments
and has shown promising experimental and clinical effects
in wound healing, especially in chronic wounds [2-4].

The essential role of PRP in tissue regeneration and
wound healing has been confirmed by many studies. Some
researchers’ findings suggest that PRP has a strong effect on
vascularization. PRP can release a higher content of VEGF to
promote the vascularization of deep partial-thickness burns,
which is beneficial to the prognosis of burn wounds [5].

PRP can provide an appropriate microenvironment for
bone marrow stromal cells (BMSCs) and cooperate with
BMSCs to promote diabetic wound healing by promoting
angiogenesis and cell proliferation, and by inducing TGF-1
expression [6]. Additionally, PRP can promote the formation
of new capillaries in a transplanted skin flap and accelerate
the local revascularization of the wound [7, 8].

In addition, it has been reported that PRP can release a
series of antibacterial substances, reduce local inflammation
and prevent wound infection [9]. However, compared with
the study of vascularization, the theoretical evidence for these
effects is relatively weak.

In addition, PRP is used in the clinical treatment of acute
and chronic wounds in an unconventional manner with good
results. PRP can increase the healing rate of diabetic wounds,
reduce the injury area of pressure ulcers and improve joint
function in osteoarthritis (OA) [10-12].

Nevertheless, although the clinical effects of PRP are
remarkable and the corresponding basic research has partially
revealed the role of PRP from some perspectives, it is still not
comprehensive and there is a lack of systematic exposition
to evaluate the effects of PRP at different stages of wound
healing.

In this study, we made a full-thickness wound model in
mice and locally injected mouse-derived PRP to systematically
observe the regulatory effects of PRP at different stages of
wound healing and the biological functions of epidermal cells.
The aim was to provide a certain basis and reference value for

identifying the mechanisms of wound healing promotion and
to apply these results rationally in the clinic.

Methods

Experimental animals and model for wound healing

Forty clean-grade male C57/BL6 mice, aged from 6 to
8 weeks, weighing ~25-30 g, were provided by the
Experimental Animal Center of the Third Military Medical
University (Army Medical University), raised by the Animal
Center of Southwest Hospital of Chongqing. The mice
were kept under controlled conditions, including a constant
temperature of ~18-25°C and a constant humidity of ~50%,
allowing them free access to ordinary food and filtered water,
and alternating light and darkness for 12 h a day. Five mice
were kept per cage before the wound model was prepared,
and after making the model the mice were kept one to a cage.

The entire experimental process complies with the ethical
standards of experimental animals, and the laboratory
personnel have the qualifications of Chongging animal
experiment practitioners. Forty mice were randomly divided
into two groups, including a saline control group and
a PRP group, and both were evaluated at days 3, 5, 7
and 14.

Mice were anesthetized with 1% pentobarbital sodium
solution (0.006 mL/g), their skin was shaved, and the surg-
eries were performed under standard sterile conditions. Two
circular, full-thickness 6 mm diameter cutaneous wounds
were created on the back of each mouse. Immediately after
the skin injuries, each wound was injected with 100 pL of
PRP activated by the repeated freeze—thaw method. Control
wounds were injected with saline solution.

PRP preparation

The mice were anesthetized with 1% pentobarbital sodium
solution (0.006 mL/g). PRP was obtained through centrifu-
gation of inferior vena cava blood collected from healthy
mice into 0.3% heparin sodium anticoagulant tubes. The
plasma was first collected by centrifugation (300 x g, 10 min).
Platelets in the plasma were then concentrated through a
second centrifugation (300 x g, 20 min). Approximately
10 mL of whole blood can produce an average of 2-3 mL
of PRP, which was activated by the repeated freeze—thaw
method.

Primary culture and identification of epidermal stem
cells

The skin of newborn mice was obtained by blunt separa-
tion and then disinfected by soaking in 75% alcohol and
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washed twice with cold phosphate buffer saline (PBS). The
subcutaneous tissue was cut off and then the tissue block
was soaked overnight in 0.5% neutral protease at 4°C. The
separated epidermis was finely chopped and digested with
0.25% trypsin-EDTA (Gibco, USA) at 37°C for 10 min and
the digestion was terminated by trypsin inhibitor (Gibco,
USA). After centrifugation (1200 rpm/5 min), the supernatant
was filtered with a 200-mesh sieve. At a cell density of
2 x 10° cells/25 cm?, the cells were inoculated into six-well
plates and cultured in a CO; incubator at 37°C. The primary
cells were identified by biomarker systems CD49{/CD71 and
Keratin 10 (K10), Keratin 14 (K14) and Keratin 15 (K15).
CD49f or K15 represents epidermal stem cells, K14 represents
transit amplifying cells (TAC) and K10 represents postmitotic
differentiating cells (PMD).

Wound closure analysis and morphological
observation
Photographs were taken on days 0, 3, 5 and 7 after surgery.
The image analysis software (Image]) was used to measure
the closed wound area and W was defined as the initial
wound area. We used Image] software to carefully draw
the reserved wound area (W¢) along the edge of the wound
at each observation time point, and then we calculated the
drawing area.

The wound healing rate (% of closed wound area) was
determined by the following equations:

W% (Percent of closed wound area) = (Wy — W¢)/W
x 100%

W = the initial wound area

W = the residual wound area.

Samples were taken on days 3, 5, 7 and 14. The excised
patches, which contained the wound and normal tissue within
5 mm from the wound edge, were fixed in 4% paraformalde-
hyde, embedded in paraffin, sectioned at 5 pm, and stained
with hematoxylin and eosin (H&E) and Masson staining
for microscopic observation. The wound contraction distance
and the length and thickness of the neo-epidermis were
measured by Image] software. The actual distance between
the neo-epidermis was used to judge the re-epithelialization
ability and the length of the epithelial tongue. The vertical
distance between the margins of the wound was used to judge
the wound contraction.

Immunohistochemistry staining

The paraffin sections were dewaxed and rehydrated by
xylene and gradient alcohol, and then were subjected to
heat-mediated antigen retrieval. Endogenous peroxidase was
inactivated by treatment with 3% H;O; for 10 min at
room temperature, blocked with 10% normal goat serum
(ZSGB-Bio, China) for 30 min at room temperature, and then
incubated with primary antibodies overnight at 4°C. Then,
the sections were incubated with biotinylated secondary anti-
bodies (ZSGB-Bio, China) at room temperature for 30 min.

All sections were colored by diaminobenzidine solution
(ZSGB-Bio, China) and the nuclei were counterstained with
hematoxylin (Beyotime, CN, USA). Then, the sections were
photographed using a microscope (Olympus, Japan). Positive
results were quantified by Image-Pro Plus (IPP) software in a
blinded fashion. Three sections were randomly selected from
the PRP group and the control group for staining, and then
each section was randomly collected with five high-power
fields, which are the top, bottom, left, right and middle of the
image. The average value of positive cells or optical density
was calculated by means of IPP.

involved are as follows.
Inflammation-associated antibodies: interleukin-18 (IL-
18) (1: 50, Abcam, UK), interleukin-23 (IL-23) (1:400,
Abcam, UK), tumor necrosis factor-a (TNF-a) (1:300,
Abcam, UK) and interleukin-17 (IL-17) (1:500, Abcam,
UK). Angiogenesis-related antibodies: platelet endothelial
cell adhesion molecule-1 (CD31) (1:100, Abcam, UK), VEGF
(1:100, Abcam, UK), a-smooth muscle actin («-SMA) (1:150,
Abcam, UK), proliferating cell nuclear antigen (PCNA)
(1:200, Abcam, UK), TUNEL (Abcam, UK) and IGF-1 (1:200,
Abcam, UK).

The primary antibodies

Observation of the biological function of epidermal
stem cells

Cell migration Epidermal stem cells (ESCs) were seeded in
a 6-well plate at 6 x 10* cells/well and grown to 80% con-
fluence. Cells were starved ~8-12 h before scratching. Mit-
omycin C (Sigma Aldrich, USA), 10 pg/mL, was added 2 h
before scratching to inhibit proliferation. The cells were
scratched with a yellow pipette tip (200 pL) and washed
twice with PBS. Thereafter, the cells were stimulated with
2.5% PRP in ESC Special Medium without growth factors.
Migration images were captured every 24 h for 72 h at 37°C
and 5% CO> on a microscope with a 4 x objective (Olympus,
Japan). The scratch distance was measured manually with
Image] software, and the distance at =0 h represented the
initial distance. The migration rate was calculated based on
the remaining distance at each time point.

Cell proliferation Cells were incubated with EAU (5 pM/well,
Invitrogen, USA) for more than 24 h according to the man-
ual’s recommendations. Then, the experimental group was
treated with 2.5% PRP in ESC Special Medium without
growth factors, while the control group received no special
treatment. After the cells had been cultured for 24 h, they
were treated according to the manufacturer’s instructions and
analyzed with a flow cytometer (Attune, Applied Biosystems
AB, USA).

Cell differentiation ESCs were seeded in a 6-well plate at
6 x 10? cells/well and grown to ~50% confluence. The cells
in the experimental group were treated with 2.5% PRP in
ESC Special Medium without growth factors, and the control
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group received no special treatment. After culturing for 48 h,
the cells were resuspended in cold PBS and centrifuged at
1700 rpm for 5 min. Then, each group was mixed with
200 pL PBS and 1 pL of the specified antibodies, including
CD71/CD49f (1:100, Becton, Dickinson and Company, USA)
and K10/K14 (1:100, Santa Cruz, USA). After incubation at
room temperature away from light for 1 h, each group was
washed and resuspended in 600 pL of PBS and detected by
flow cytometry within 1 h. The expression of biomarkers
before and after PRP treatment was observed and recorded.

Cell apoptosis The cells were stimulated with 2.5% PRP in
ESC Special Medium without growth factors for 6 h, then
collected by centrifugation (1700 rpm/5 min). The cells were
washed with PBS by pipetting them up and down. The cells
were resuspended in 200 pL of binding buffer (1x) to a
density of 5 x 10°/mL. Then, we added 5 pL of Annexin V-
FITC to 195 pL of the cell suspension. It was mixed and
incubated for 10 min at room temperature. The cells were
washed in 200 pL binding buffer (1x) and resuspended in
190 pL of binding buffer (1x). Then, we added 10 pL of pro-
pidium iodide (20 pg/mL) to the binding buffer. The results
of apoptosis were detected by flow cytometry within 1 h.

Statistical analysis

All results are presented as the mean & SD. Statistical analysis
was performed using GraphPad Prism 5.0. An independent
sample t-test was used for comparison between two groups
at the same time point, and two-way ANOVA was used for
comparison between two groups at multiple time points. A
value of p <0.05 was considered statistically significant. In
all figures, we used * to denote p-values, in which *p <0.05,
*p <0.01, **p < 0.001, **p < 0.0001 and no significance p
> 0.05.

Results

PRP promoted skin wound healing

To investigate the effect of PRP on skin wound healing, a
full-thickness skin defect model was used and wound healing
progress was analyzed at different time points after skin
injury. The results showed that compared with the control
group, the wound closure of the PRP group was significantly
accelerated, and the wound was clean with much less exuda-
tion (Figure 1a, b). These results were further confirmed by
H&E staining (Figure 1c).

PRP was involved in decreasing the wound
inflammatory response

An inflammatory response is the initial step in the process
of wound healing, and a moderate inflammatory reaction is
helpful to normal wound healing [13]. To evaluate the effect
of PRP on wound inflammation, we analyzed the inflamma-
tory cell infiltration and cytokine expression in wound tissues
of animals with or without PRP treatment. By means of H&E

staining, we observed that inflammatory cell infiltration was
decreased slightly in the PRP group (Figure 2a), but there was
no significant difference between the two groups (Figure 2b).

Due to the critical roles of IL-18, IL-23, IL-17 and TNF-
«a in inflammation [14], we further examined the expression
of these inflammatory factors in wound tissues by means
of immunohistochemistry. The positive expression of IL-18,
IL-23, IL-17 and TNF-a were mainly present in the area
of granulation tissue and panniculus carnosus below the
wound (Figure 2¢). Among these inflammatory cytokines, the
production of IL-17 and IL-18, but not IL-23 and TNF-a,
were significantly decreased in wound tissues from the PRP
group compared with the control group (Figure 2d).

PRP significantly promoted angiogenesis of wound
tissue

Granulation tissue is essential for effective wound healing.
The formation of granulation tissue in the early stage provides
a nutritional environment for wound repair, and effective
absorption in the later stage can prevent the formation of scar
tissue [15]. Therefore, we evaluated the granulation tissue
at the wound site in both groups. We found that granula-
tion tissue was obvious in the PRP group on day 5, and
inflammatory cells and vascular infiltration were increased
relative to the control group. The granulation tissue was
almost totally absorbed on day 7, and the PRP promoted
the absorption of granulation without causing loss of its
organization (Figure 3a, b).

Angiogenesis plays critical roles in effective wound healing
[16]. To evaluate the effect of PRP on angiogenesis, we exam-
ined neovascularization in wound tissue on days 5 and 7 after
skin injury by means of H&E staining. The results showed
that the amount of neovascularization, which was mainly
distributed below the wound margin and in the granulation
tissue, was significantly increased in the wound tissues of the
PRP group compared with the control group (Figure 3c, d).

To further confirm the positive impact of PRP on angio-
genesis, we detected the expression of CD31 [17], a marker
for evaluating vascularization and angiogenesis, and VEGE, a
crucial growth factor for vascular endothelial cell division and
angiogenesis in wound tissue [18]. The results showed that,
compared to the control group, the number of CD31 positive
cells was significantly increased in wound tissues of the PRP
group, especially on day 5 after injury (Figure 3e, f). Consis-
tent with the results of CD31 expression, PRP treatment also
enhanced VEGF production in the wound tissues, suggesting
that PRP had a positive impact on angiogenesis by enhancing
the production of VEGF in wound tissue (Figure 3g, h).

PRP promoted wound contraction and stabilized the
collagen arrangement

Wound contraction can effectively reduce the wound area
and shorten healing time. To detect the effect of PRP on
wound contraction, we measured the linear distance between
the panniculus carnosus of the wound on the third, fifth
and seventh day after injury. By means of IPP measurement,
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Figure 1. Gross view and morphological observations in the control and PRP treated groups. (a) Sequential photographs of skin wounds in mice treated with
saline and PRP at different time points (days 3, 5 and 7 after injection). Compared with the control group, PRP significantly promoted closure with a clean wound
with less exudate. (b) Calculation and comparison of the closure rate of each group at different time points on days 3, 5 and 7 after injection. Non-healed area
of the PRP group was ~18%, and the difference was statistically significant compared with the control, p <0.05. Data are presented as the mean+SD (n=5).
Statistical analysis: **p < 0.01, *p < 0.05. ns p > 0.05. (c) Representative histologic analysis of the wound region. Tissue samples were collected on days 3, 5 and
7 after injection. Hematoxylin and eosin (H&E) staining showed wound healing and re-epithelialization in the PRP group was better than in the control group.
Scale bar = 500 um. Local magnification of the areas surrounded by dashed black boxes shows that the neo-epidermis thickness was increased and the tissue
structure was clear after treatment with PRP. Scale bar = 200 um. PRP platelet-rich plasma, ns no significance
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Figure 2. Observation of inflammatory infiltration of wounds in the control and PRP treated groups. (a) Hematoxylin and eosin (H&E) staining of inflammatory
cells in mice treated with saline and PRP on day 3 after injection. Red arrows indicate inflammatory cell infiltrates. Scale bar = 200 um. (b) Statistical analysis of
inflammatory infiltrating cells. There was no significant difference between the two groups with p > 0.05. Data are presented as the mean &+ SD (n=5). Statistical
analysis: ns p > 0.05. (c) The expression of interleukin-23 (IL-23), tumor necrosis factor-a (TNF-a), interleukin-18 (IL-18) and interleukin-17 (IL-17) in PRP and control
groups on day 3 by immunohistochemical methods. Red arrows indicate positive cell infiltrates. Scale bars = 100 pm. (d) Calculation and comparison of the
positive cells of each group on day 3. IL-18 and IL-17 were significantly decreased in the PRP group compared with the control group, while the expression of
IL-23 and TNF-o was not significantly different between the two groups. Data are presented as the mean & SD (n=5). Statistical analysis: **p < 0.01, *p < 0.05. ns
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visible vascular network arrangement. Compared with the control, the granulation tissue was gradually replaced by tissue remodeling in the PRP group, as
shown in the yellow area. Scale bar = 500 um. (b) Quantitative analysis of granulation tissue in the two groups with Image-Pro Plus (IPP) software. There were
significant differences between the two groups on days 5 and 7. Data are presented as the mean + SD (n=5). Statistical analysis: *p < 0.05. ns p > 0.05. (c) H&E
staining analysis of angiogenesis in the PRP and control group on days 5 and 7. Yellow arrows indicated neovascularization in the two groups. Neovascularization
was scattered around the wound with different sizes. Scale bar = 100 pm. (d) The statistical results of neovascularization showed that the amount in the PRP
group was larger than that of the control group, and the difference was statistically significant on days 5 and 7. Data are presented as the mean+SD (n=5).
Statistical analysis: *p < 0.05. (e, g) The expression of platelet endothelial cell adhesion molecule-1 (CD31) and vascular endothelial growth factor (VEGF) in the
PRP and control group on days 5 and 7 with immunohistochemical methods. Red arrows indicate the positive cells in the two groups. The scale bar = 100 pm.
(f, h) Statistical analysis of positive cells of each group on days 5 and 7. The expression of CD31 and VEGF in the PRP group were significantly higher than that
in the control group. Data are presented as the mean + SD (n=5). Statistical analysis: ***p < 0.001, *p < 0.05. PRP platelet-rich plasma, ns no significance
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Figure 6. The effect of platelet-rich plasma (PRP) on the biological function of epidermal stem cells (ESCs). (a) Microscopic images of scratch of ESCs at 0, 24,
48 and 72 h, respectively, with or without treatment with 2.5% PRP. Untreated cells were taken as the control. PRP significantly promoted the migration ability of
epidermal stem cells, with the scratch at 72 h having basically healed but not in the control group. Scale bar = 500 pm. (b) Calculated scratch migration rate of
ESCs. PRP promoted ESCs migration, and the difference was statistically significant relative to the control. Data are presented as the mean 4 SD (n =3). Statistical
analysis: **p <0.01, *p < 0.05, ns p> 0.05. (c) Analysis of the proliferation ability of ESCs by EdU flow detection. R4 represents the mother generation and R3
represents the offspring generation. The number of R4 in the PRP group was lower, while the number of R3 was increased relative to the control group after
treatment with PRP for 24 h. (d) Calculation and comparison of proliferating cells at 24 h, the difference was statistically significant between PRP and the control
group. Data are presented as the mean & SD (n=3). Statistical analysis: **p <0.01, *p <0.05. (e) Microscopic images of ESCs after treatment with 2.5% PRP
for 48 h. The cells in the PRP group showed a differentiation phenotype with a dendritic shape. The nuclear/cytoplasmic ratio decreased. Scale bars = 200 and
100 um. (f) The expression of CD71—/CD49f+, and keratin 14/keratin 10 (K14/K10) by flow cytometry after treatment with 2.5% PRP for 48 h. The untreated group
(0 h) represents the initial state of the PRP and control groups. The expression of CD49f decreased significantly, while the expression of K10 and K14 were
increased relative to the control and untreated group. (g) Data analysis showed that the difference was statistically significant between the control and untreated
group. Statistical analysis: ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05. ns no significance
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we observed that PRP could markedly shorten the distance
between the panniculus carnosus, suggesting that PRP facili-
tated wound contraction. (Figure 4a, b).

Myofibroblasts are the key cells to induce wound contrac-
tion, so we further evaluated the effect of PRP on myofibrob-
last formation by detecting the expression of the myofibrob-
last marker a-smooth muscle actin (a-SMA) in wound tissues.
The results showed that PRP could enhance the production
of «-SMA in wound tissues and increase the number of «-
SMA positive cells, suggesting that PRP could promote the
formation of wound myofibroblasts (Figure 4c, d).

The expression and arrangement of collagen fibers in the
wound determine the quality of tissue remodeling [16]. For
this reason, we evaluated the effect of PRP on collagen for-
mation in wound tissues by the Masson trichromatic method.
The results showed collagen deposition under the wound
was significantly increased (Figure 4e, f), accompanied by an
ordered arrangement and uniform density (Figure 4g), in the
PRP group compared with the control group. This suggested
that PRP could provide a favorable environment for further
tissue remodeling.

PRP promoted re-epithelialization

Re-epithelialization is one of the key steps in the process
of skin wound repair [16]. PRP significantly increased the
thickness and length of the neo-epithelial tongue on days 3, 5
and 7 after skin injury (Figure 5a—d). Since epidermal cells are
the cellular basis of re-epithelialization, we further evaluated
the effect of PRP on the proliferation and apoptosis of neo-
epidermal tissue by PCNA staining and TUNEL assays. The
results showed that PRP treatment markedly increased the
proliferation (Figure Se, f), but had no significant impact on
apoptosis of the neo-epidermal tissue (Figure 5g, h). These
results indicated that PRP might promote re-epithelialization
by increasing the proliferation, but not reducing the apopto-
sis, of epidermal cells. Furthermore, we detected the expres-
sion of IGF-1, an important growth factor for epidermal
cell proliferation, in wound tissue. The results showed that,
compared to the control group, the number of IGF-1 positive
cells was significantly increased on day 3 in wound tissues
of the PRP group (Figure 51, j), suggesting that PRP promotes
the production of IGF-1 in wound tissues in early stages of
skin injury.

PRP regulated the biological function of ESCs
The proliferation, differentiation and migration of ESCs is the
cellular basis of the re-epithelialization process [19]. To clarify
the underlying mechanism of PRP-mediated promotion of
re-epithelization, we investigated the effect of PRP on the
proliferation, differentiation and migration of ESCs iz vitro.
We successfully isolated primary ESCs and examined the
effect of PRP on their survival (see online supplementary
material). First, we checked the effects of PRP on the prolif-
eration of ESCs by means of EdU assays. The results showed
that, compared with the control group, the proliferation and

division of ESCs was significantly increased in the PRP group,
accompanied by dendrites type changes (Figure 6¢, d).

Then, we detected the effect of PRP on the differentiation
of ESCs by means of flow cytometry. The results showed that
ESCs treated with PRP expressed lower levels of CD49f and
higher levels of K14 and K10 (Figure 6e-g).

Finally, we examined the impact of PRP on the migration
of ESCs by means of scratch assays. The results showed
that, compared with the control group, the migration
of ESCs was significantly enhanced in the PRP group
(Figure 6a, b). These results demonstrated that PRP could
promote re-epithelialization by enhancing the proliferation,
differentiation and migration of ESCs.

Discussion

PRP has been reported to be able to promote skin wound heal-
ing and it is widely used in the clinical treatment of patients
suffering from chronic wounds. Wound inflammation, angio-
genesis, wound contraction and re-epithelialization are the
four critical factors in skin wound repair [20]. However, a sys-
tematic evaluation of the impact of PRP on these factors has
been lacking. Here, we demonstrated that the positive effects
of PRP on re-epithelialization, wound inflammation, angio-
genesis and wound contraction coordinately contributed to
promote skin wound repair.

Re-epithelialization is required for efficient skin wound
closure. Researchers previously found that PRP treatment
accelerated the re-epithelialization and epidermal differen-
tiation of acute wounds in dogs [21, 22]. Similar results
were observed in our study. The re-epithelialization of
wounds could be significantly enhanced by PRP, which
could markedly increase the thickness and length of the neo-
epidermal tissue.

Re-epithelialization results from the proliferation and dif-
ferentiation of epidermal cells, in which multiple growth
factors, including VEGF [23], epidermal growth factor (EGF)
[24, 25], FGF [25, 26], TGE-8 [27, 28], PDGF [29] and IGF-
1 [30] play critical roles. It has been reported that PRP can
induce tissue cells to produce these factors through autocrine
or paracrine mechanisms, especially EGF and TGF-8. Among
these factors, IGF-1 has been demonstrated to be important
for the growth, maintenance and repair of skin tissues. Some
studies have found that PRP could increase the expression of
IGF-1 in in situ injuries, such as OA and nerve injury [31-33].
Similarly, our results showed that PRP enhanced the produc-
tion of IGF-1 in wound tissues, suggesting that IGF-1 con-
tributed to PRP-mediated promotion of re-epithelialization.

ESCs play crucial roles in the proliferation and differen-
tiation of epidermal cells and are required for efficient re-
epithelialization [34]. When a wound occurs, ESCs quickly
form clones at the wound base and then expand to the wound
center, gradually differentiating into daughter cells to fill the
skin tissue defect [19, 35]. It has been reported that platelet-
rich gel could promote the differentiation and proliferation
of ESCs in a model of New Zealand white rabbit burn
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wounds [36]. In that study, 81 integrin and p63 were used
as biomarkers for the differentiation of ESCs. To confirm the
effects of PRP on the differentiation of ESCs, we used two
biomarker systems, CD71/CD49f and K14/K10, to define
ESCs, TAC and PMD. In line with previous studies, our data
demonstrated that PRP could effectively promote the prolif-
eration of ESCs, and promote the differentiation of ESCs into
TAC and PMD. Furthermore, we revealed that PRP could
also significantly promote the migration of ESCs. Combined
with our in vivo results, it is reasonable to assume that PRP
enhances the proliferation, differentiation and migration of
ESCs to promote re-epithelialization, in which the IGF-1/IGF-
1R pathway might be involved.

The inflammatory response is the first wound defense
mechanism and is essential to the whole healing process
[37]. There is a balance between anti-inflammatory and
pro-inflammatory signals in inflammatory responses, and
moderate inflammation is beneficial, but excessive inflam-
mation is harmful, to tissue repair [38]. PRP was reported to
regulate inflammation by reducing the levels of IL-17/IL-18
in patients with OA to a certain extent and improve their
pain symptoms and joint function [39]. Consistent with the
results of previous studies, we observed that PRP decreased
the extent of wound inflammation. Our data showed that,
although there was only a slight impact on infiltration of
inflammatory cells into wound tissues, PRP treatment could
significantly reduce the production of IL-17A and IL-18 in
wound tissues. This suggested that PRP has a capacity for
regulating wound inflammation, which contributes to the
improvement of skin wound repair.

The formation of blood vessels from the surrounding
edges provides the necessary nutrients and oxygen for wound
healing [40]. The quality and quantity of neovasculariza-
tion determine the quality of wound healing. As a spe-
cific heparin-binding growth factor for vascular endothe-
lial cells, VEGF promotes endothelial cell proliferation and
angiogenesis by binding to the corresponding receptors on
the vascular endothelium, reflecting the ability of wound
angiogenesis [41,42]. It has been reported that PRP could
promote angiogenesis after burns and trauma by promoting
the proliferation of endothelial cells and the expression of
VEGEF. We also found that PRP could promote the effective
secretion of VEGF in wound tissue and increase the amount
of neovascularization around the wound, further confirming
the positive impact of PRP on angiogenesis.

Damage to or the absence of skin appendages not only
delays wound healing but also leads to incomplete skin
function and scar outcomes [43]. There have been clinical
cases of PRP used in the treatment of alopecia [44, 45], and
further in-depth research found that it could affect the hair
growth cycle and is beneficial to hair follicle reconstruction
[46, 47]. Interestingly, the hair follicles and sebaceous glands
were distributed in the newborn skin in the PRP group on day
14, which is consistent with previous research. PRP promotes
the regeneration of skin appendages, which may provide
more possibilities for the clinical treatment of severe burn

trauma. Its application in skin hair follicle regeneration has
great prospects and value.

Another important stage of wound healing is wound
contraction and collagen deposition. Effective wound
contraction is beneficial to shorten the healing time, while
the deposition and orderly arrangement of collagen fibers
in the wound reduces the possibility of scar repair, which
is beneficial to improve the quality of tissue remodeling
[48, 49]. Many studies of PRP promoting wound healing
have shown that the use of PRP alone or combined with
biomaterial scaffolds can promote collagen deposition and
effectively shorten healing time [21, 50]. We also reached the
same conclusion in our study. Myofibroblasts are thought
to play an important role in wound contraction. In the
middle and late stages, the differentiation of fibroblasts into
myofibroblasts gradually increased with the formation of
granulation tissue, which will drive the effective contraction
of the wound margin [51, 52]. Previous studies found that
PRP treatment for wound healing resulted in a greater
proportion of myofibroblasts present at the wound site by
quantifying a-SMA, specifically expressed by myofibroblasts
[53].In our study, PRP could increase the secretion of a-SMA,
the same as in the previous study. This is a key point for PRP
to promote contraction and wound healing.

Conclusions

In summary, we performed the first comprehensive analysis
of the effect of PRP on wound healing in a basic exper-
iment, which further identified a key role of PRP in the
three important stages of wound healing. This facilitation is
multifaceted. It strongly enhances re-epithelialization, induces
angiogenesis and is also involved in wound contraction and
collagen deposition. Although there are still some molecular
mechanisms to be explored in depth, our study supports the
use of PRP as an adjuvant to boost wound healing.
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