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Abstract. Platelet-rich plasma (PRP) is derived from fresh 
whole blood, which contains a high concentration of platelets. 
Recently, PRP has been used for skin wound healing and 
rejuvenation. However, the molecular mechanisms under-
lying PRP-inducing wound healing processes are still largely 
unknown. The aim of this study is to evaluate the effect of 
PRP on the expression of G1 cell cycle regulatory proteins, 
type  I collagen, matrix metalloproteinase-1 (MMP-1), and 
MMP-2 in human skin fibroblasts (HSF). We performed a cell 
proliferation and a migration assay, immunoblotting, and a 
chloramphenicol acetyltransferase (CAT) assay in PRP-treated 
human skin fibroblasts. PRP treatment induced increased 
rates of cell proliferation and cell migration. Expression of 
cyclin A protein was increased by a low concentration (0.5%) 
of PRP-treated HSF. In addition, expression of Rb, cyclin E, 
and cyclin-dependent kinase 4 proteins was increased by a high 
concentration (5%) of PRP-treated HSF. High concentration 
of PRP induced an up-regulation of type I collagen, MMP-1, 
and MMP-2 expression in HSF. Taken together, PRP treatment 
induced an increase in expression of G1 cell cycle regulators, 
type I collagen and MMP-1, thereby accelerating the wound 
healing process.

Introduction

Platelet-rich plasma (PRP) is a blood-derived fraction 
containing at least 100 thousand platelets (1). In clinical appli-
cations PRP has been used to facilitate bone proliferation in 
nonunion fractures of joint replacement of orthopedic surgery, 
regeneration of periodontal ligaments, and to accelerate the 
wound healing process in diabetic ulcers (2-4). However, the 

precise molecular mechanisms of the PRP-induced wound 
healing process remain to be elucidated.

Wound healing processes are composed of coagulation, 
inflammation, migration/proliferation, and remodeling phases 
(5). The migration/proliferation phase and remodeling phase 
are the key steps in proper wound healing (6,7). Epithelial 
resurfacing, fibroplasias, angiogenesis, and extracellular 
matrix (ECM) deposition occur synchronously during migra-
tion/proliferation and remodeling phases. Deposition of ECM 
proteins is regulated by synthesis and degradation of type I 
collagen. Degradation of type I collagen is mainly mediated 
by matrix metalloproteinase-1 (MMP-1) and MMP-2 (8,9). In 
contrast, chronic wounds, such as those of diabetic foot ulcer 
and venous leg ulcer, show impairment of the wound healing 
process. Impairment of keratinocyte and fibroblast migra-
tion, lack of angiogenesis, and excessive deposition of ECM 
proteins are observed in chronic wound areas (10). Thus, PRP 
application on a chronic wound will promote wound healing 
processes by growth factors.

A defect in fibroblast cell-cycling activity in chronic pressure 
ulcers has been described (10,11). Fibroblasts within the chronic 
wounds show features of arrested cell cycle. For achievement 
of wound healing processes, it is important to induce activation 
of the arrested cell cycles of fibroblasts within chronic wounds. 
Proliferation of fibroblasts is precisely regulated by cell cycle 
regulatory proteins (12,13). Cell cycle regulatory proteins are 
composed of two protein classes, the cyclins and their kinase 
partners, Cdks. Two families of cyclins are successively acti-
vated during the G1 phase, and, thus, also named G1 cyclins. 
G1 cyclins are composed of D-type and E-type cyclins. D-type 
cyclins assemble with their catalytic partners, Cdk4 and Cdk6, 
followed by cyclin E interaction with its catalytic partner, 
Cdk2. The subsequent cyclin-Cdk complexes drive cell cycles 
from the G1 phase into the S phase by phosphorylation of Rb, 
resulting in cell proliferation. Indeed, cyclin D1-Cdk4/6 and 
cyclin E-Cdk2 are the key regulatory proteins in the progres-
sion of G1/S transition phases. Actually, arrest of the cell cycle 
and inactivation of fibroblasts showing decreasing expression 
of cyclin D1 are commonly observed within chronic wound 
areas, and result in wound chronicity. Therefore, for accelera-
tion of wound healing, evaluation of the effect of PRP on the 
expression of G1 cell cycle regulatory proteins in human skin 
fibroblasts (HSF) is important.
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In this study, we investigated the effect of PRP on cell 
migration, proliferation, expression of G1 cell cycle regula-
tory proteins, and expression of type I collagen, MMP-1, and 
MMP-2 in fibroblasts.

Material and methods

Materials. Antibodies against type I collagen and MMP-1 
were purchased from Abcam (Cambridge, UK), MMP-2 from 
Chemicon (Temecula, CA), and β-actin and cell cycle regu-
latory proteins (Cdk2, Cdk4, cyclin A, cyclin D1, cyclin E) 
were obtained from Santa Cruz Biotechnology (Santa Cruz, 
CA). Anti-Rb antibody was purchased from Pharmingen (BD 
Biosciences, CA). Antibodies against phospho-ERK (p-ERK), 
ERK, phospho-p38 (p-p38), p38, phospho-JNK (p-JNK), 
and JNK were purchased from Cell Signaling (Beverly, 
MA). SB203580 and PD98059 were purchased from Biomol 
(Plymouth Meeting, PA) and Calbiochem (La Jolla, CA), 
respectively.

Cell cultures. Human skin fibroblasts were maintained at 37˚C 
in a humidified atmosphere of 95% air and 5% CO2 in Eagle's 
minimum essential medium supplemented with 10% heat-
inactivated fetal bovine serum, 2 mM glutamine, 100 U/ml 
penicillin and 100 µg/ml streptomycin. For experiments, cells 
(5x104 cells/ml) were seeded in culture dishes, and maintained 
in the tissue culture incubator.

Preparation of activated PRP. PRP was prepared using a 
PRP kit (MyCells® autologous preparation kit; Israel). Briefly, 
blood was collected into tubes containing acid-citrate-dextrose 
solution formula A (1:4, vol:vol) anticoagulant, from healthy 
adult volunteers (n=2) after receiving informed consent. The 
citrated blood was centrifuged in a standard laboratory centri-
fuge for 10 min at 3,000 rpm. The plasma supernatant was used 
as platelet-poor plasma, and the thrombocyte pellet in 7.0 ml 
of plasma was used as platelet-rich plasma. Before treatment, 
a 10:1 (vol/vol) mixture of platelet-rich plasma and CaCl2 was 
incubated at room temperature for 5 min. All tools of blood 
sampling and centrifugation were sterilized by autoclaving.

Cell proliferation assay. Human skin fibroblasts were seeded 
at a density of 15x104 cells/well in 6-well culture plates. The 
cells were cultured using serum-free DMEM supplemented 
with 0 (control), 0.05, 0.5, 1 or 2% activated PRP for 3 days. 
The cultured cells were assayed for proliferation using the 
trypan blue exclusion method. Briefly, cells were washed with 
phosphate-buffered saline and stained with trypan blue dye. 
Viable cells were observed as light reflected cells, but dead 
cells were observed as dark cells. The viable cell numbers 
were measured under an inverted phase contrast microscope.

Migration assay. For the measurement of cell migration, 
confluent fibroblasts, which were kept in serum-free medium 
for 24 h, were wounded with a plastic micropipette tip having 
a large orifice. After washing, the medium was replaced by 
serum-free medium or serum-free media supplemented with 
0.05, 0.5, 1 or 2% activated PRP for 24 h. Photographs of 
the wounded areas were taken every 24 h by phase-contrast 
microscopy under crystal violet staining.

Western blot analysis. Whole cell extracts were prepared in lysis 
buffer [10 mM Tris (pH 7.4), 5 mM EDTA, 130 mM NaCl, 1% 
Triton X-100, phenylmethylsulphonyl fluoride (PMSF, 10 µg/ml), 
aprotinin (10 µg/ml), leupeptin (10 µg/ml), 5 mM phenanthro-
line and 28 mM benzamidine-HCl]. The protein concentration 
of extracts was estimated with the Bradford reagent (Bio-Rad, 
Hercules, CA, USA) using bovine serum albumin as the stan-
dard. Equal amounts of protein (40 µg/lane) were resolved by 
6.5-12% sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis, and transferred onto a nitrocellulose membrane. The 
membrane was then washed with Tris-buffered saline (10 mM 
Tris, 150 mM NaCl) containing 0.05% Tween-20 (TBST) 
and blocked in TBST containing 5% non-fat dried milk. The 
membrane was further incubated with respective specific 
antibodies. The membrane was continuously incubated with 
appropriate secondary antibodies coupled to horseradish 
peroxidase, and developed using the ECL Western detection 
reagents kit (Amersham Pharmacia Biotech, Piscataway, NJ, 
USA).

Transfection and chloramphenicol acetyltransferase (CAT) 
assay. The construct containing the 3.5-kb COL1A2 promoter 
fused to the CAT gene (pMS-3.5/CAT) was derived from a 
3.5-kb EcoRI/SphI genomic subclone that spans the region 
from position -3500 to +58 of the COL1A2 promoter. After 
conversion of the EcoRI site to BamHI, the eukaryotic insert 
was excised with BamHI and HindIII, and was subcloned 
into a similarly digested polylinker of the expression vector 
p8-CAT-a derivative of the pEMBL plasmid. Thereafter, dele-
tion mutants were generated in the parental pUC18 subclones 
and subsequently transferred to the expression vector. The 
transfections were carried out using the calcium phosphate/
DNA co-precipitation method followed by a 1 min (15%) glyc-
erol shock. Four hours after transfection, cells were treated 
with PRP. After 24 h of incubation, cells were harvested, 
as previously described. CAT activity was determined by 
incubating cell extracts with [14C] chloramphenicol, followed 
by separation of the acetylated and non-acetylated forms by 
thin-layer chromatography. CAT activity in the cell extracts 
was calculated as the radioactivity in the acetylated forms 
expressed as a percentage of total radioactivity in each sample.

Results

Effect of PRP on cell proliferation rates of human skin fibro-
blasts. Increased proliferation of skin fibroblasts is an important 
factor for wound healing. It is unclear whether PRP treatment 
induces high rates of proliferation of skin fibroblasts, compared 
with non-treated fibroblasts. We analyzed the effect of PRP on 
the proliferation rates of HSF. PRP treatment resulted in a dose-
dependent increase of the proliferation rates of skin fibroblasts 
(Fig. 1). In addition, migration of fibroblasts plays important 
roles in promotion of wound healing. In order to examine 
whether PRP treatment exhibits more effectiveness on migra-
tion of fibroblasts compared with non-treated PRP, confluent 
fibroblasts cells were scratched using a plastic micropipette 
and were then cultured for 1 day under various concentrations 
of PRP. PRP treatment resulted in markedly increased rates of 
migration of fibroblasts, in a concentration-dependent manner 
(Fig. 2).
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Expression of cell cycle regulatory proteins in HSF by PRP 
treatment. Cell cycle regulatory proteins play important roles 
in proliferation and migration in HSF. We assessed whether 
PRP treatment promotes proliferation and migration activi-
ties of fibroblasts through up-regulation of G1/S transition 
regulatory proteins. For determination of basal expression 
levels of cell cycle regulatory proteins in fibroblasts, cells were 
cultured without fetal bovine serum (FBS) for 3 days. After 
serum starvation for 3 days, cells were cultured under 5% FBS, 
0.05% PRP or 0.5% PRP with DMEM (Fig. 3). Expression 
levels of G1/S transition regulatory proteins, such as cyclin D1, 
cyclin E, Cdk2, and Cdk4, were decreased in serum-starved 
skin fibroblasts. Low concentrations (0.05‑0.5%) of PRP 
induced increased expression of cyclin A in fibroblasts, but not 
cyclin D1, cyclin E, Cdk2, and Cdk4. Of particular interest, a 

high concentration (5%) of PRP induced an increased expres-
sion of Rb, cyclin E, and Cdk2, as well as cyclin A, in skin 
fibroblasts (Fig. 4).

Increased expression of type I collagen, MMP-1 and MMP-2 
in skin fibroblasts by PRP treatment. To determine the effect of 
PRP on the expression of type I collagen, MMP-1 and MMP-2 
in skin fibroblasts, fibroblasts were cultured by DMEM 
supplemented with 5% PRP. First, we performed the CAT 
assay for evaluation of the promoter activity of type I collagen 
in PRP-treated fibroblasts. Promoter activity of type I collagen 
was markedly increased at 6 and 24 hafter PRP treatment in 
fibroblasts (Fig. 5). Expression of type I collagen protein was 

Figure 1. Increased cell proliferation rates of PRP-treated fibroblasts. Cells 
were plated at a density of 40x104/cm2 in 6-well plates. Cells were cultured 
with DMEM without serum for 2 days. Medium with various concentrations 
of PRP were added and cells were cultured for 3 days. Viable cells were 
counted using trypan blue exclusion assay.

Figure 3. Expression of cell cycle regulatory proteins in PRP (low 
concentrations)-treated fibroblasts. Cells were cultured without serum for 
3 days, followed by addition of 5% FBS, 0.05% PRP or 0.5% PRP to culture 
media. Proteins were extracted from cells after 24 h; protein extracts were 
then subjected to Western blotting using specific primary antibodies. Similar 
results were obtained in two different experiments.

Figure 2. Increased cell migration activities of PRP-treated fibroblasts. 
Confluent fibroblasts were scratched with a plastic micropipette and cells 
were cultured with DMEM medium or DMEM medium with various concen-
trations PRP for 1 day and migration of cells was observed using an inverted 
microscope.

Figure 4. Expression of cell cycle regulatory proteins in PRP (high 
concentrations)-treated fibroblasts. Cells were cultured without serum for 
3 days, followed by addition of 5% FBS or 5% PRP to culture media. Proteins 
were extracted from cells after 24 h; protein extracts were then subjected 
to Western blotting using specific primary antibodies. Similar results were 
obtained in two different experiments.



CHO et al:  PRP-INDUCED G1 CELL CYCLE REGULATORS, TYPE I COLLAGEN AND MMPs IN FIBROBLASTS 35

increased at 24 and 48 h after PRP treatment (Fig. 6A). In addi-
tion, PRP induced an increase in the expression of MMP-1 and 
MMP-2. Consistent with this data, increased MMP-2 protein 
activity was confirmed by zymography (Fig. 6B).

ERK-dependent MMP-1 expression in PRP-treated skin 
fibroblasts. We examined the effect of PRP on activation of 
p38 MAPK, JNK, and ERK in fibroblasts. Treatment with 
PRP resulted in phosphorylation (activation) of p38 and ERK 
(Fig. 7). Activation of p38 and ERK became apparent at 10 
and 5 min following PRP treatment, respectively. Stripping 
and reprobing of the same membrane with antibodies against 
p38 MAPK and ERK revealed no change in total protein 
levels of each kinase, indicating that PRP-induced activa-
tion of pre-existing p38 MAPK and JNK. To confirm p38 
MAPK-dependent or ERK-dependent MMP-1 up-regulation, 
fibroblasts were pre-treated with SB203580 (25  µM) or 
PD98059 (50 µM), and the cells were then treated with PRP. 
The p38 inhibitor, SB203580, and the ERK inhibitor, PD98059, 
specifically inhibited activation of p38 and JNK, respectively 
(data not shown). PRP-induced MMP-1 expression was attenu-
ated by pre-treatment with PD98059, but not with the p38 
inhibitor, SB203580 (Fig. 8).

Discussion

Fibroblasts are the most common cell type in the dermis and 
the most influential cells in production of collagen and other 
ECM components; therefore, their role in the wound repair 
process has become fundamental to the understanding and 
evaluation of growth factor therapies in chronic wounds. Of 
particular interest, cultured fibroblasts from chronic skin 
ulcers showed characteristics of replicative senescence cells, 
implying a state of quiescence (11,14). In addition, premature 
fibroblast senescence may contribute to delay of the wound 
healing process in venous leg ulcers and has been associated 
with poor prognosis (15,16). Thus, in order to achieve comple-
tion of the wound healing process, some growth factors must 
be released from platelets or injected into wound areas at 
certain threshold concentrations.

Alpha granules within platelets contain more than 30 
bioactive proteins, many of which have a fundamental role in 
hemostasis and wound healing (17,18). These proteins include 
PDGF, TGF-β, VEGF, EGF and bFGF. Thus, autologous PRP 
therapy might be a promising agent for acceleration of the 

Figure 5. Increased activity of α1 (I) procollagen promoter in PRP-treated 
fibroblasts. Confluent fibroblasts were transfected with CAT constructs con-
taining the proximal region of the human α1 (I) procollagen promoter. CAT 
activity was determined by autoradiography in the acetylated and unacety-
lated forms of [14C] chloramphenicol. Similar results were observed in two 
different experiments. AC, acetylated chrolamphenicol; C, chloramphenicol.

Figure 6. Increased type I collagen, MMP-1, and MMP-2 expression in PRP-
treated fibroblasts. Cells were treated with PRP (5%) for a period of 24 h. 
Expression of type I collagen, MMP-1 and MMP-2 proteins was determined by 
Western blotting. Similar results were observed in two different experiments.

Figure 7. Increased activity of p38 and ERK proteins in PRP-treated fibro-
blasts. After PRP treatment, cells were harvested at the indicated times. At 
each time, whole cell lysates were prepared and used for p-p38, p38, p-JNK, 
JNK, p-ERK and ERK Western blotting with respective antibodies.

Figure 8. PRP-induced MMP-1 expression through the ERK pathway in 
fibroblasts. Cells were pre-treated with the p38 inhibitor, SB203580 (25 µM) 
or the ERK inhibitor, PD98059 (50 µM) for a period of 30 min, followed 
by treatment with 5% PRP. Whole cell lysates were prepared and used for 
MMP-1 or MMP-2 Western blotting with respective antibodies.
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wound healing process through high concentrations of growth 
factors.

Fibroblasts are strongly reactive to bFGF, PDGF and EGF. 
In this study, we have attempted to investigate the effect of PRP 
on fibroblast activation, such as, migration, proliferation, and 
expression of G1 cell cycle regulatory proteins. Our data clearly 
demonstrate that PRP induced increases in cell migration, and 
proliferation rates, as well as an increase in the expression 
of G1 cell cycle regulatory proteins, such as cyclin A, Cdk2, 
and cyclin E in HSF. Accumulating data indicate that growth 
factors and cytokines control cell proliferation through regu-
lation of cell cycle progression (19). Growth factors promote 
entry into and progression through the cell cycle by regulating 
expression levels and activation of cyclin-Cdks. IGF-I induces 
an increase in mRNA levels of cyclin D1, E, A and B1, thereby 
promoting quiescent cells to enter G1 of the cell cycle (20). 
These data indicate that the PRP-induced increases in the 
expression of cyclin A, Cdk2, and cyclin E may play important 
roles in acceleration of the wound healing process through 
activation of fibroblasts.

MMPs promote remodeling of extracellular matrix, thus 
facilitating cell migration, and are implicated in the wound 
healing process. In this study, treatment of HSF with PRP 
resulted in increased expression of type I collagen, MMP-1, 
and MMP-2. PRP-induced MMP-1 up-regulation was medi-
ated by an ERK-dependent signaling pathway. MMP-1 is able 
to cleave components of cell-cell junctions and cell-matrix 
contacts within the epithelium to promote re-epithelialization. 
MMP-1 is present in human cutaneous wounds during 
re-epithelialization, but switches off once wound closure 
is completed. In chronic wounds in which ECM has shown 
signs of development, it is possible that remaining growth 
factors become bound to the ECM and are unavailable for 
repair. Insulin-like growth factor can be bound by a binding 
protein to ECM (21). Likewise, granulocyte-macrophage 
colony-stimulating factor may be bound to the ECM and 
unavailable for participation in the wound repair process (22). 
Thus, the PRP-induced alterations in the expression of MMPs 
may trigger the wound healing process through release of 
ECM-bound growth factors.

In conclusion, our data suggest that PRP treatment plays an 
important role in promotion of wound healing in skin through 
promotion of proliferation and migration of fibroblasts, 
up-regulation of type I collagen, MMP-1 and MMP-2 expres-
sion in fibroblasts.
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