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ABSTRACT

Platelet-enriched plasma (PRP) is used in therapy as a source of growth factors in
bone fracture and wound healing; however, few data exist on its role in the dif-
ferent aspects of the healing process. The effect of PRP and of the two main
growth factors present in this preparation (platelet-derived growth factor
[PDGF] and transforming growth factor-b [TGF-b]) was evaluated in vitro us-
ing the human osteoblastic cell line SaOS-2, which was shown by reverse trans-
cription-polymerase chain reaction to express both PDGF-a and -b receptors.
Batroxobine-activated PRP was added in different concentrations to SaOS-2 cells
to assess cell migration (by a microchemotaxis assay) and cell proliferation (by
[3H]-thymidine incorporation into the DNA). Immunoneutralization with anti-
PDGF-b or anti-TGF-b antibodies allowed the assessment of the specific role of
these growth factors. The overall results obtained indicate that PRP dose-de-
pendently stimulates both chemotaxis and cell proliferation. PDGF and TGF-b
appear to exert distinct effects on the two parameters, the former involved in
stimulating cell migration and the latter in inhibiting cell proliferation. It is con-
cluded that the different growth factors present in activated PRP can specifically
contribute to the main processes of tissue regeneration.

Many growth factors, cytokines, and other bioactive com-
pounds are released by platelets upon activation when
wound healing is initiated in either soft or in bone tissue.
The most abundant growth factors present in platelets are
platelet-derived growth factor (PDGF) and transforming
growth factor-b (TGF-b), followed by insulin-like growth
factor (IGF)-1.1–3 The PDGF family consists of four mem-
bers, the well-characterized PDGF-A and PDGF-B, and
two new members, PDGF-C and PDGF-D.4,5 Biosynthe-
sis and processing of the PDGFs produce full-length di-
sulfide-linked homodimers PDGF-AA, -BB, -CC, and
-DD and the heterodimer PDGF-AB. Additional process-
ing is not required for the biological activity of PDGF-
AA, -BB, and -AB. Two distinct PDGF receptors, a and b,
mediate the effects of the PDGFs on target cells. The
PDGF-A and -C chains selectively bind the a receptor,
whereas PDGF-D preferentially binds the b receptor and
PDGF-B displays a similar affinity for both receptors. Re-
al-time polymerase chain reaction (PCR) performed on
platelet RNA revealed a high level of expression for
PDGF-A, PDGF-B, and PDGF-C but no expression was
observed for PDGF-D. Like PDGF-A and -B, PDGF-C
protein was shown by immuno-gold electron microscopy
to be stored in platelet granules.4

Platelet-enriched plasma (PRP) has been shown by
radioimmunoassay or enzyme immunoassay to contain
PDGF-AB as the main PDGF family member, followed
by PDGF-BB, present in much lower levels.6,7 The other
members of the family have not yet been assayed in PRP.

PDGF stimulates DNA and protein synthesis in bone and
acts as a potent mitogen for mesenchymal cells. It is also a
powerful chemotactic factor for smooth muscle cells, fib-
roblasts, macrophages, leukocytes, and mesenchymal pro-
genitor cells (MPCs).8–11

TGF-b is a two-chain polypeptide with a molecular
mass of about 25 kDa present as three different gene prod-
ucts in humans: TGF-b1, TGF-b2, and TGF-b3. These
peptides are 70–80% homologous and encoded by distinct
genes located on different chromosomes.12 TGF-b1 is
reported to be highly concentrated in platelets1 and to in-
crease bone formation modulating osteoblast differentia-
tion, increasing secretion of bone matrix protein, and
inhibiting osteoclast formation.1,13 TGF-b also represents

DMEM Dulbecco’s modified Eagle’s medium

FCS Fetal calf serum
IGF Insulin-like growth factor

MPCs Mesenchymal progenitor cells

MTT 3-(4,5-dimethylthiazole-2-yl)-2,5-diphenylterazolium bromide

PCR Polymerase chain reaction
PDGF Platelet-derived growth factor

PPP Platelet-poor plasma

PRP Platelet-rich plasma

RT Reverse transcription
TGF-b Transforming growth factor-b
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a potent chemotactic stimulus to several cell popula-
tions.14–16

Recent reports indicate that the preparation of an auto-
logous PRP by centrifugal concentration is potentially
useful as an adjunct to allograft and xenograft materials
in implant reconstructive surgery, and in fracture and
wound healing. PRP represents a cost-effective way to ob-
tain high concentrations of growth factors in a limited vol-
ume of plasma potentially useful in tissue healing and bone
regeneration. Although several studies have shown the ef-
ficacy of PRP both in preclinical17–21 and clinical22–27 set-
tings, few studies exist on the role of the different PRP
components on the complex series of events finally leading
to tissue regeneration.

The aim of our studies was to investigate the effect of
the supernatant obtained after PRP activation and centri-
fugation, on the migration of an osteoblast-like cell line,
and on cell proliferation, focusing on the role played by the
two major growth factors present in PRP: PDGF and
TGF-b.

MATERIALS AND METHODS

SaOS-2 is a mature osteoblastic cell line derived from a
human osteosarcoma. The cell line was originally obtained
from the American Type Culture Collection (Manassas,
VA) and routinely grown at 37 1C in a humidified atmo-
sphere (5% CO2 and 95% air) in Dulbecco’s modified Ea-
gle’s medium (DMEM) supplemented with 10% fetal calf
serum (FCS), glutamine (2 mM), penicillin (100 IU/mL),
streptomycin (100 mg/mL), and sodium pyruvate (1 mM).

PRP preparation and activation

Fifty-four milliliters of venous blood was withdrawn from
the arm of a normal healthy volunteer into a 60 mL citrate
syringe. Citrate phosphate dextrose was added to the syringe
at a ratio of 6 : 54 mL of whole blood, achieving anti-
coagulation through calcium binding. The whole blood,
collected in sterile test tubes of 15 mL each (n5 4), was
centrifuged at 180" g per 20 minutes. At the end of the
first centrifugation, the blood was separated into its two
basic components as a function of density. The PRP rep-
resented the top layer; the red blood cells with white blood
cells were contained in the lower layer. The top layer was
then transferred into clean tubes and added with the first
100–300 mL of the RBC layer, which contained the larger
and more recently synthesized platelets. The tubes were
centrifuged at 580" g for 15 minutes to create a precise
separation of the platelet pellets from the platelet poor
plasma (PPP). A small volume of PPP (about 6 mL) was
used to resuspend the platelet pellets, giving the final PRP
fraction. Repeated analysis of these preparations indicated
a platelet enrichment of about four to five times (1.0–1.2"
106 platelets/mL on average). Four milliliters of this frac-
tion was transferred into a sterile syringe with 1 mL of
calcium gluconate/batroxobine (Pentapharm, Basel, Swit-
zerland) mixed and gently shaken. Within 1–3 minutes,
this mixture solidified because batroxobine produced po-
lymerization of the fibrin into an insoluble gel; at the same
time, platelets degranulated releasing growth factors and
cytokines, which remained trapped in the gel. The platelet

gel was centrifuged at 1400" g for 10 minutes at room
temperature, to separate the liquid phase, enriched in
growth factors, from the solid phase. After collection, the
supernatant was divided into sterile microtubes and frozen
at –80 1C. Under these storage conditions, the preparation
was equally effective for many months. Aliquots from the
same preparation were used for all of the experiments de-
scribed here.

PRP antibody treatments and fractionation

The stock preparation of PRP was used at different dilu-
tions (1 : 10, 1 : 500, 1 : 1,000, 1 : 2,000, and 1 : 10,000) in se-
rum-free DMEM (1 glutamine, antibiotics, and sodium
pyruvate). PDGF and TGF-b contained in PRP were neu-
tralized by adding specific polyclonal antibodies raised
against human PDGF (cat. No. P6101: Sigma-Aldrich, St.
Louis, MO) and human TGF-b (cat. No. Sc-7892; Santa
Cruz Biotechnology, Santa Cruz, CA). The antibodies
were added to PRP 1 : 1,000 at a final concentration of 14,
28, and 56 mg/mL for TGF-b and of 14, 28, 56, 114, 228,
and 457 mg/mL for PDGF. Each preparation was heated
at 37 1C for 1 hour. Serum-free DMEM and DMEM1
1% FCS were added as negative and positive controls,
respectively.

Anti human-PDGF is a polyclonal antibody developed
in goats and purified by affinity chromatography. It rec-
ognizes all human homodimeric and heterodimeric forms
and shows no cross-reactivity with other cytokines tested.
According to the manufacturer, the concentration able to
neutralize half maximum biological activity of PDGF is
3–5 mg/mL. Anti human-TGF-b is a rabbit polyclonal anti-
body raised against amino acids 301–412 of TGF beta 1/2/
3. 1–2 mg immunoprecipitates 100–500 mg of total protein.

PRP was also fractionated by Microcons YM-30
(30,000 MW cutoff) centrifugal filter devices (Amicon Bio-
separation, Millipore, Bedford, MA). Five hundred mi-
croliters of undiluted PRP was centrifuged at 14,000" g
for 12 minutes at room temperature. The fluid collected at
the bottom of the vial was diluted 1 : 10 and utilized in the
microchemotaxis assay.

Microchemotaxis assay

The microchemotaxis assay was performed using a 48-well
Boyden chamber according to the manufacturer’s instruc-
tions (Neuroprobe, Cabin John,MD). Cells were plated 48
hours before use at a density of 20,000 cells/cm2 in order to
avoid confluence. For chemotaxis experiments, 28 mL of
control media (DMEM) or chemoattractants were placed
in the lower compartment of the chamber. Cells, collected
by trypsinization, were resuspended in DMEM1 0.1%
bovine serum albumin and placed (105 cells/well) in open-
bottom wells of the upper compartment. Each pair of wells
were separated by a polyvinylpyrrolidone-free polycar-
bonate porous membrane (8 mm pores) precoated with gel-
atin (0.2 mg/mL in phosphate buffered saline solution) for
5 days at 4 1C. The chamber was kept overnight at 37 1C, in
humidified air with 5% CO2. At the end of the incubation
period, the migrated cells were adherent to the underside
of the membrane; they were fixed by methanol and stained
according to a Diff-Quik kit (Biomap, Milano, Italy). For
quantitative analysis, cells were observed and counted
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using a 40"objective on an optical microscope. Three
random objective fields of stained cells were counted for
each well, and the mean number of migrating cells was
calculated.

Mitogenic assay

Proliferation of human SaOS-2 cells was measured by in-
corporation of [3H]-thymidine (Amersham Pharmacia
Biotech, Buckinghamshire, England) into replicating
DNA produced during mitosis. In brief, SaOS-2 cells were
seeded at a density of 5,000 cells/cm2 in 35 mm cell culture
dishes and grown for 24 hours in DMEM plus 10% FCS.
This medium was changed to a serum-free medium sup-
plemented with PRP with and without different concent-
rations of the above-specified antibodies (14, 28, 56, 114
mg/mL) for 24 hours. Cells were pulse labeled with [3H]-
thymidine (1 mCi/dish) for the last 3 hours of culture
(37 1C, 5% CO2). After this incubation period, cells were
washed extensively with phosphate buffered saline without
Ca21 and Mg21 , incubated with 5% trichloroacetic acid
for 30 minutes at 4 1C, washed with ethanol 70%, and then
collected with NaOH (0.2 M). The amount of [3H]-thymi-
dine incorporated into the SaOS-2 cells was measured with
a liquid scintillation counter (Perkin Elmer, Boston, MA).
Cells treated with DMEM1 10% FCS were added as pos-
itive controls.

Cell viability assay

To examine the effects of PRP on SaOS-2 viability, the
3-(4,5-dimethylthiazole-2-yl)-2,5-diphenylterazolium bro-
mide (MTT) assay was performed. Cells were plated in
35mm cell culture dishes (2,500 cells/cm2) inDMEM110%
FCS; 24 hours later, the medium was replaced with
DMEM1 5% FCS and cells were treated with PRP 1 : 40
and 1 : 400. After 6 days, cells were collected and the MTT
assay was performed. The absorbances were read on a
microplate reader at 550 nm.

Expression of PDGF receptor-a and -b gene transcripts

Total RNA was isolated from SaOS-2 cell lysate in 4 M
guanidinium isothiocyanate. After a phenol-chloroform
extraction, total RNA was purified and quantified. The
expression of PDGF receptor-a and -b was evaluated on
total RNA by reverse transcription (RT)-PCR using a
GeneAmp RNA PCR kit (Applera Italia, Italy) according
to the protocol described by the manufacturer. RT was
performed on 2 mg of total RNA, at 42 1C for 45 minutes,
followed by 5 minutes at 95 1C. PCR condition and prim-
ers for PDGF receptors have been published previously. 16

b-actin was used as control and was amplified with the fol-
lowing primers: 50-GAGAAGATGACCCAGATCATG-
TTTG-30 30-GATGTCCACGTCACACTTC-5 0 amplifi-
cation product: 523 bp.

The amplified products were separated by elect-
rophoresis on 2% agarose gels and identified by ethidium
bromide staining. Specificity was confirmed by the size of
the amplified products. RNA from human placenta,
known to express both PDGF receptors,28 was used as
positive control.

Statistical analysis

Statistical analysis of the data was performed by one-way
analysis of variance (ANOVA), followed by the Tukey’s
post hoc test for multiple comparisons using the Systat sta-
tistical software (version 5.2 for Macintosh, Evanston, IL).

RESULTS

The effect of the PRP supernatant on SaOS-2 cell migra-
tion is shown in Figure 1. There was a progressive increase
in the chemotactic potency of PRP with decreasing dilu-
tions of the preparation. The effect of PRP, starting from
1 : 2,000 dilution, was significantly higher than that of the
negative control (DMEM alone). An effect significantly
higher than that observed with 1% FCS, the positive con-
trol, was present at a dilution of 1 : 10. The 1 : 1,000 dilu-
tion, utilized in most of the experiments described here,
behaved similarly to FCS 1%.

Heating PRP (at 70 1C for 20 minutes) strongly de-
creased the chemotactic effect of PRP, which was com-
pletely abolished by filtering the preparation with a 30 kDa
molecular cutoff membrane (Figure 2).

Figure 3 shows a representative experiment in which the
expression of the a- and b-PDGF receptor genes was stud-
ied by RT-PCR amplification and separation by an
agarose gel electrophoresis. It appears from the bands
obtained that two single gene products of 423 and 417 bp
were amplified utilizing SaOS-2 RNA in the presence of
the specific primers. The size of these cDNA fragments
matched the expected size based on the primer selection.
The same fragments have been obtained on analyzing the
RNA extracted from the human placenta evaluated as
positive control. The expression of b-actin was utilized as a
control of the quality and concentration of RNA in each
sample. Even if the method adopted is only indicative of
the amount of receptor expressed, it appears from the data
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Figure 1. Effect of different PRP dilutions on SaOS-2 cell mi-
gration. Values are expressed as means#SD of the percent-
age of migrated cells compared with 1% FCS. The number of
samples analyzed is shown in the squares at the bottom of the
columns. 1p < 0.05 vs. DMEM; np < 0.05 vs. FCS 1%.
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that both receptors are expressed by SaOS-2 cells in an ap-
parently similar abundance.

Preincubation with antiserum directed against TGF-b
appeared ineffective on cell migration (Figure 4, upper
panel). On the other hand, the incubation of the PRP
supernatant with an antiserum directed against PDGF
produced a dose-dependent decrease in the chemotactic
effect of PRP up to the concentration of 114 mg/mL; at this
dose level, the chemoattractive effect was not significantly
different from that of the negative control—DMEM. Fur-
ther increases in the antibody concentration had no effect
on the migratory effect of SaOS-2 cells (Figure 4, lower
panel).

Figure 5 shows the effect of PRP on cell proliferation as
measured by [3H]-thymidine uptake. It appears that PRP
produced a dose-dependent stimulation of SaOS-2 cell
proliferation when compared with DMEM. All the three
dilutions utilized (1 : 1,000, 1 : 500, and 1 : 100) produced a
statistically significant effect versus controls (Figure 5, up-
per panel, left side). The effect of PRP was strengthened by
the addition of the antibody directed against TGF-b (Fig-

ure 5, upper panel, right side), indicating that TGF-b has
an inhibitory effect on the mitotic activity of this os-
teoblastic cell line. In contrast, immunoneutralization of
PDGF, even with concentrations of antibodies able to
suppress the chemotactic stimulus completely, does not
produce any significant effect on the thymidine incorpora-
tion by the cells. In these studies, cell proliferation has
been studied in cells maintained in short-term cultures (24
hours) without FCS.

The stimulatory effect of PRP on the cell proliferation
has also been assessed in a more chronic setting in which
cells were maintained in culture with low amounts of FCS
(5%) for 15 days in the absence (C) or presence of PRP
1 : 100. The results indicate that a significant stimulatory
effect of PRP might also be observed in these culture con-
ditions (Figure 6).

DISCUSSION

The data presented here indicate that SaOS-2 osteoblasts
possess both types of PDGF receptors and that PRP in
vitro has a strong, dose-dependent, chemoattractant activ-
ity. This preparation is also able to stimulate cell prolifer-
ation. PRP dilutions up to 1 : 2,000 have a significantly
higher chemoattractant activity than the control medium
in Boyden’s chamber microchemotaxis assay. This
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observation is in substantial agreement with similar results
obtained with primary human29,30 and rat bone marrow
cells.31,32 Preliminary observations obtained in our labo-
ratory indicate that autologous and heterologous PRP
produce a remarkable chemoattraction on primary human
osteoblast. The effect appears to be slightly weaker than
that observed with SaOS-2 cells and related to the degree
of cell differentiation.

The effect of PRP on SaOS-2 cell migration was almost
abolished by heating and by filtration on a 30 kDa cutoff
membrane, indicating the involvement of proteins with a
molecular weight around this value or above.

Among the factors released in PRP from platelet
a-granules upon activation, PDGF, possessing a MW of
approximately 30 kDa, was considered a good candidate
to explain the chemoattractant activity of the preparation.
TGF-b, which, together with PDGF, is the most abundant
growth factor present in PRP, possesses a lower MW
(around 13 kDa) in its active forms but it is secreted as a
high-MW latent complex bound by a specific binding pro-
tein (125–160 kDa in platelets), which are possibly retained
by the membrane.

To understand the role of these two growth factors in
PRP-induced chemotaxis, PRP was preincubated with

specific neutralizing antibodies directed toward human
PDGF and TGF-b. The concentration of the antibodies
was selected based on the reported concentrations of these
growth factors in PRP and on the neutralizing capacity of
the antisera. PDGF and TGF-b have been reported to
have a similar concentration of about 150–200 ng/mL in
preparations containing $109 platelets/mL.2,7,26 Specifica-
lly, PDGF-AB (117# 63 ng/mL), and TGF-b1 (169# 84
ng/mL) were found in larger amounts, while PDGF-BB
(10# 8 ng/mL) and TGF-b2 (0.4# 0.3 ng/mL) were found
in much smaller amounts.3

The maximal amount of antisera added to neutralize
PDGF activity (457 mg/mL) was considerably excess with
respect to the reported PDGF concentration present in
PRP. The antibody recognizes all of the classic PDGF iso-
forms, -AA, -AB, and -BB, but it has never been tested
against the recently discovered proteins -C and -D.

Also, the maximal concentration of anti-TGF-b (28 mg/
mL) was probably considerably in excess because this an-
tibody concentration is reported to immunoprecipitate at
least 2,800 mg/mL of protein (package inset).

The data presented show that the chemotactic activity
exerted by PRP on SaOS-2 cells is completely neutralized
by the anti-PDGF antibody at concentrations of 114 mg/
mL or above, indicating that this growth factor is largely
responsible for PRP-induced chemotaxis. These results are
in substantial agreement with those of Gruber et al.,29 who
have shown that PRP of adult volunteers, obtained from
thrombin-activated platelets, increases migration of bone
marrow-derived MPCs. In these studies, the addition of an
anti-PDGF antibody produced a 57% decrease in the
chemotacic activity of the PRP preparation. It is very like-
ly that the incomplete inhibition of the PDGF effect ob-
served by these authors was due to the insufficient amount
of neutralizing antibody used: 10 mg/mL utilizing a prep-
aration corresponding to a platelet number of 4" 107/mL.
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Under our conditions, concentrations of 114 mg/mL or
above, of an antibody with a reported neutralizing activity
analogous to that utilized by these authors, produced a
complete neutralization of PDGF contained in a prepara-
tion corresponding to 1" 106/mL platelets. The key role
of PDGF in the chemoattraction of osteoblast has been
substantiated by the studies performed by Fiedler et al.10,11

on human bone-derived cells at various stages of differen-
tiation.

In studies performed utilizing the Boyden chamber as-
say with humanMPCs,11 rhPDGF-BB produced a power-
ful chemotactic stimulus, which declined with osteogenic
differentiation. More recently,10 the same authors showed
that the chemotactic response of MPCs depended on the
PDGF isoform utilized. Although rhPDGF-AA and
rhPDGF-AB induced a rather weak chemotactic stimulus,
the -BB isoform was very effective. Blocking PDGF-a re-
ceptors with specific antibodies, the chemotactic response
decreased significantly in most cases, but not to a complete
inhibition of migration, whereas the preincubation with
specific antibodies against the PDGF-b receptor led to a
complete inhibition of migration with all PDGF isoforms.

The neutralization study indicates that TGF-b does not
produce a significant effect on SaOS-2 cell migration. In
the TGF-b experiments, the amount of antiserum added
was not increased beyond 28 mg/mL because of complete
lack of effect at concentrations already in great excess
compared with the expected TGF-b levels in PRP. In con-
trast, the same doses of antiserum were able to affect cell
proliferation.

Although TGF-b was shown to be chemotactic in sev-
eral cell types,14–16 our observations are in substantial
agreement with those of Fidler et al.,11 who observed that
TGF-b1 does not stimulate cell migration of human
MPCs. In contrast, the same authors showed that prima-
ry osteoblasts and progenitor cells, once induced to differ-
entiate, were able to respond to the chemotactic stimulus
driven by TGF-b1. SaOS-2 cells although showing a rela-
tively differentiated osteoblastic phenotype, represent an
active proliferating tumor cell line33 that might not show
the same responsiveness to the growth factors as normal
differentiated osteoblasts, even if these cells express
TGF-b receptors.

PRP has a definite dose-dependent effect on SaOS-2
proliferation, even if the mitogenic stimulus appears to be
less potent than that exerted on cell migration. The global
efficacy of the preparation is probably the result of a pos-
itive stimulus exerted by growth factors present in PRP
(possibly IGF-I) and of an opposite effect produced by
TGF-b. The proliferative stimulus has been shown in our
studies both in short-term (24 hours) and long-term
(6 days) periods of stimulation. This result is in agreement
with the recent paper of Kanno et al.,34 in which 10% PRP
preparation produced a 20–30% increase in SaOS-2 cell
viability measured by the MTT assay.

PRP was also shown to increase [3H]-thymidine incor-
poration into primary human bone cell cultures.17,35 Pro-
liferative effects of platelet derivates have also been shown
in bone-derived rat primary cells,31,32 in peridontally relat-
ed cells,2 and in stromal stem cells.36

The proliferative stimulus observed in our study by PRP
was not antagonized by the specific antibody directed
against PDGF when added to the cultures at concentra-

tions able to neutralize the chemotactic effect completely.
We can conclude from these experiments that PRP exerts a
chemotactic and proliferative stimulus on SaOS-2 osteo-
blasts but that only the increased cell migratory activity is
mediated by PDGF. Our observations are in partial disa-
greement with the results obtained in in vitro experiments
with humanMPCs.29,35 In those studies, the mitogenic po-
tential of PRP was partially suppressed by neutralizing an-
tibodies raised against PDGF. Moreover, there are studies
indicating that PDGF-BB is mitogenic for human osteo-
blasts and in various osteogenic cell lines.37,38 The prolif-
erative effects of this growth factor are apparently
mediated mainly by the activation of the b-receptor be-
cause its activation alone is sufficient for PDGF-BB-medi-
ated anchorage-independent cell growth 39 at least in 3T3
fibroblasts.

To the authors’ knowledge no report on the effect of
PDGF in SaOS-2 cells proliferation has been previously
published in the literature; therefore, it is possible that,
even if both types of PDGF receptors are expressed in
these cells (as shown by our result), the proliferative
stimulus is mediated by other components present in
PRP. It is now well recognized that PDGF-mediated cel-
lular responses vary among cell types,39 and that these var-
iations are most likely due to innate differences in
available signaling molecules even in cell types that ex-
press PDGF receptors.

Moreover, the expression of the PDGF-b receptor is
tightly regulated during the cell cycle in normal cells, while
an Rb null 3T3 cell line expresses a stable level of PDGF-b
receptor after serum stimulation and exhibits a shorter G1
phase and a faster cell cycle than control cells. It has also
been shown that p53 binding to the PDGF-b receptor pro-
moter appears necessary to control the expression of the
receptor at least in some situations.40 SaOS-2 cells are de-
fective of this gene, as well as of the Rb gene. Consequent-
ly, one could argue that SaOS-2 cells might not represent a
suitable model to investigate the proliferative effects of
PDGF.

The inhibitory effect produced by TGF-b is not surpris-
ing in view of the fact that TGF-b reversibly inhibits cell
proliferation in epithelial, endothelial, hematopoietic, and
neural cells12 and SaOS-2 cells possess type I (but no type
II) TGF-b receptors on the cell surface.41 However, be-
cause TGF-b growth inhibition appears to be mediated by
the inhibition of the phosphorylation of the retinoblasto-
ma gene product pRb,42 this result might be surprising be-
cause SaOS-2 cells, as mentioned previously, lack a
functional Rb gene. On the other hand, it has been shown
that inactivation of the Rb gene in other cell lines does not
lead to loss of TGF-b receptors or response to TGF-b.43
Few previous studies have evaluated the effect of TGF-b
on SaOS-2 cell proliferation,44,45 showing few effects on
cell mitotic activity when added to co-cultures. It is likely
that the proliferative effect observed in our studies neu-
tralizing TGF-b occurs uncovering the effect of other mol-
ecules present in PRP.

It is possible to propose that IGF-1, which is the third
growth factor contained in PRP in decreasing concentra-
tion,3 might account for the mitogenic effect observed in
SaOS-2 cells, because these cells express IGF-2-binding
sites and IGF-1-treated cell lines display enhanced proli-
feration.46,47
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In conclusion, PRP is an easily available blood deriva-
tive containing high concentrations of growth factors and
cytokines, which, when applied locally, increases tissue
and bone repair acting on osteoprogenitor cell recruit-
ment, proliferation, and differentiation. The role of its in-
dividual constituents in promoting tissue repair remains to
be fully elucidated. On the basis of the observations made
utilizing an osteoblastic human cell line, the amounts of
PDGF contained in the preparations appeared to be com-
pletely responsible for the chemotactic effect produced by
PRP, whereas the role of this growth factor in cell prolif-
eration appeared negligible. In contrast, TGF-b did not
promote chemotaxis of SaOS-2 cells, but it showed an an-
ti-proliferative effect. It is possible that this growth factor
is important in increasing the differentiation of the cells
after their migration in the lesions. The PRP component
responsible for the mitogenic stimulus exerted by PRP on
osteoblasts is yet to be identified. It is clear that the net ef-
fects of PRP represent the result of agonist and antagonist
actions of the different components, which, when more
clearly defined, might allow better use of this platelet de-
rivative in the future.

ACKNOWLEDGMENTS

This study was funded by grants from the Italian Ministry
of University and Research (MIUR) through the project
FIRB 2004. We thank Mrs. Ornella Mornati for the valu-
able technical assistance.

REFERENCES

1. Sanchez AR, Sheridan PJ, Kupp LI. Is platelet-rich plasma
the perfect enhancement factor? A current review. Int J Oral
Maxillofac Implants 2003; 18: 93–103.

2. Okuda K, Kawase T, Momose M, Murata M, Saito Y,
Suzuki H, Wolff LF, Yoshie H. Platelet-rich plasma contains
high levels of platelet-derived growth factor and transform-
ing growth factor-beta and modulates the proliferation of
periodontally related cells in vitro. J Periodontol 2003; 74:
849–57.

3. Weibrich G, Kleis WK, Hafner G, Hitzler WE. Growth fac-
tor levels in platelet-rich plasma and correlations with donor
age, sex, and platelet count. J Craniomaxillofac Surg 2002;
30: 97–102.

4. Fang L, Yan Y, Komuves LG, Yonkovich S, Sullivan CM,
Stringer B, Galbraith S, Lokker NA, Hwang SS, Nurden P,
Phillips DR, Giese NA. PDGF C is a selective alpha platelet-
derived growth factor receptor agonist that is highly ex-
pressed in platelet alpha granules and vascular smooth
muscle. Arterioscler Thromb Vasc Biol 2004; 24: 787–92.

5. Li X, Eriksson U. Novel PDGF family members: PDGF-C
and PDGF-D. Cytokine Growth Factor Rev 2003; 14: 91–8.

6. Zimmermann R, Arnold D, Strasser E, Ringwald J, Schlegel
A, Wiltfang J, Eckstein R. Sample preparation technique and
white cell content influence the detectable levels of growth
factors in platelet concentrates. Vox Sang 2003; 85: 283–9.

7. Eppley BL, Woodell JE, Higgins J. Platelet quantification
and growth factor analysis from platelet-rich plasma: impli-
cations for wound healing. Plast Reconstr Surg 2004; 114:
1502–8.

8. Betsholtz C. Insight into the physiological functions of
PDGF through genetic studies in mice.Cytokine Growth Fac-
tor Rev 2004; 15: 215–28.

9. Rosenkranz S, Kazlauskas A. Evidence for distinct signaling
properties and biological responses induced by the PDGF re-
ceptor alpha and beta subtypes. Growth Factors 1999; 16:
201–16.

10. Fiedler J, Etzel N, Brenner RE. To go or not to go: migration
of human mesenchymal progenitor cells stimulated by iso-
forms of PDGF. J Cell Biochem 2004; 93: 990–8.

11. Fiedler J, Roderer G, Gunther KP, Brenner RE. BMP-2,
BMP-4, and PDGF-bb stimulate chemotactic migration of
primary human mesenchymal progenitor cells. J Cell Bio-
chem 2002; 87: 305–12.

12. Prime SS, Pring M, Davies M, Paterson IC. TGF-beta signal
transduction in oro-facial health and non-malignant disease
(part I). Crit Rev Oral Biol Med 2004; 15: 324–36.

13. Zhang H, Ahmad M, Gronowicz G. Effects of transforming
growth factor-beta 1 (TGF-beta1) on in vitro mineralization
of human osteoblasts on implant materials. Biomaterials
2003; 24: 2013–20.

14. Lalive PH, Paglinawan R, Biollaz G, Kappos EA, Leone DP,
Malipiero U, Relvas JB, Moransard M, Suter T, Fontana A.
TGF-beta-treated microglia induce oligodendrocyte precur-
sor cell chemotaxis through the HGF-c-Met pathway. Eur J
Immunol 2005; 35: 727–37.

15. Michon IN, Penning LC, Molenaar TJ, van Berkel TJ, Bies-
sen EA, Kuiper J. The effect of TGF-beta receptor binding
peptides on smooth muscle cells. Biochem Biophys Res
Commun 2002; 293: 1279–86.

16. Krettek A, Ostergren-Lunden G, Fager G, Rosmond C,
Bondjers G, Lustig F. Expression of PDGF receptors and
ligand-induced migration of partially differentiated human
monocyte-derived macrophages. Influence of IFN-gamma
and TGF-beta. Atherosclerosis 2001; 156: 267–75.

17. Arpornmaeklong P, Kochel M, Depprich R, Kubler NR,
Wurzler KK. Influence of platelet-rich plasma (PRP) on
osteogenic differentiation of rat bone marrow stromal cells.
An in vitro study. Int J Oral Maxillofac Surg 2004; 33: 60–70.

18. Aghaloo TL, Moy PK, Freymiller EG. Evaluation of plate-
let-rich plasma in combination with an organic bovine bone
in the rabbit cranium: a pilot study. Int J Oral Maxillofac
Implants 2004; 19: 59–65.

19. Fontana S, Olmedo DG, Linares JA, Guglielmotti MB,
Crosa ME. Effect of platelet-rich plasma on the peri-implant
bone response: an experimental study. Implant Dent 2004; 13:
73–8.

20. Jensen TB, Rahbek O, Overgaard S, Soballe K. Platelet rich
plasma and fresh frozen bone allograft as enhancement of
implant fixation. An experimental study in dogs. J Orthop
Res 2004; 22: 653–8.

21. Roldan JC, Jepsen S, Miller J, Freitag S, Rueger DC, Acil Y,
Terheyden H. Bone formation in the presence of platelet-rich
plasma vs. bone morphogenetic protein-7. Bone 2004; 34:
80–90.

22. Floryan KM, Berghoff WJ. Intraoperative use of autologous
platelet-rich and platelet-poor plasma for orthopedic surgery
patients. AORN J 2004; 80: 668–74.

23. Oyama T, Nishimoto S, Tsugawa T, Shimizu F. Efficacy of
platelet-rich plasma in alveolar bone grafting. J Oral Maxi-
llofac Surg 2004; 62: 555–8.

24. Roldan JC, Jepsen S, Schmidt C, Knuppel H, Rueger DC,
Acil Y, Terheyden H. Sinus floor augmentation with simul-

Wound Rep Reg (2006) 14 195–202 c! 2006 by the Wound Healing Society 201

Effect of platelet-rich plasma on osteoblastsCelotti et al.



taneous placement of dental implants in the presence of
platelet-rich plasma or recombinant human bone morpho-
genetic protein-7. Clin Oral Implants Res 2004; 15: 716–23.

25. John V, Gossweiler M. Implant treatment and the role of
platelet rich plasma. J Indiana Dent Assoc 2003; 82: 8–13.

26. Marx RE. Platelet-rich plasma: evidence to support its use.
J Oral Maxillofac Surg 2004; 62: 489–96.

27. Marx RE, Carlson ER, Eichstaedt RM, Schimmele SR,
Strauss JE, Georgeff KR. Platelet-rich plasma: growth fac-
tor enhancement for bone grafts. Oral Surg Oral Med Oral
Pathol Oral Radiol Endod 1998; 85: 638–46.

28. Holmgren L, Claesson-Welsh L, Heldin CH, Ohlsson R. The
expression of PDGF alpha- and beta-receptors in sub-
populations of PDGF-producing cells implicates autocrine
stimulatory loops in the control of proliferation in
cytotrophoblasts that have invaded the maternal endo-
metrium. Growth Factors 1992; 6: 219–31.

29. Gruber R, Karreth F, Kandler B, Fuerst G, Rot A, Fischer
MB, Watzek G. Platelet-released supernatants increase mi-
gration and proliferation, and decrease osteogenic differenti-
ation of bone marrow-derived mesenchymal progenitor cells
under in vitro conditions. Platelets 2004; 15: 29–35.

30. Kilian O, Flesch I, Wenisch S, Taborski B, Jork A, Schnettler
R, Jonuleit T. Effects of platelet growth factors on human
mesenchymal stem cells and human endothelial cells in vitro.
Eur J Med Res 2004; 9: 337–44.

31. Soffer E, Ouhayoun JP, Dosquet C, Meunier A, Anagnostou
F. Effects of platelet lysates on select bone cell functions. Clin
Oral Implants Res 2004; 15: 581–8.

32. Oprea WE, Karp JM, Hosseini MM, Davies JE. Effect of
platelet releasate on bone cell migration and recruitment in
vitro. J Craniofac Surg 2003; 14: 292–300.

33. Yu Y, Harris RI, Yang JL, Anderson HC, Walsh WR. Dif-
ferential expression of osteogenic factors associated with
osteoinductivity of human osteosarcoma cell lines. J Biomed
Mater Res A 2004; 70: 122–8.

34. Kanno T, Takahashi T, Tsujisawa T, Ariyoshi W, Nishihara
T. Platelet-rich plasma enhances human osteoblast-like cell
proliferation and differentiation. J Oral Maxillofac Surg
2005; 63: 362–9.

35. Gruber R, Varga F, Fischer MB, Watzek G. Platelets stim-
ulate proliferation of bone cells: involvement of platelet-de-
rived growth factor, microparticles and membranes. Clin
Oral Implants Res 2002; 13: 529–35.

36. Lucarelli E, Beccheroni A, Donati D, Sangiorgi L, Cenacchi
A, Del Vento AM, Meotti C, Bertoja AZ, Giardino R,

Fornasari PM, Mercuri M, Picci P. Platelet-derived growth
factors enhance proliferation of human stromal stem cells.
Biomaterials 2003; 24: 3095–100.

37. Goodkin DA, Pierce GF. Role of platelet derived growth
factor in osteoblast function and bone synthesis: conflicting
evidence. Wound Rep Reg 1993; 1: 203–12.

38. Canalis E, Varghese S, McCarthy TL, Centrella M. Role of
platelet derived growth factor in bone cell function. Growth
Regul 1992; 2: 151–5.

39. Yu J, Deuel TF, Kim HR. Platelet-derived growth factor
(PDGF) receptor-alpha activates c-JunNH2-terminal kinase-
1 and antagonizes PDGF receptor-beta-induced phenotypic
transformation. J Biol Chem 2000; 275: 19076–82.

40. Uramoto H, Hackzell A, Wetterskog D, Ballagi A, Izumi H,
Funa K. pRb, Myc and p53 are critically involved in SV40
large T antigen repression of PDGF beta-receptor transcrip-
tion. J Cell Sci 2004; 117: 3855–65.

41. Takeuchi Y, Fukumoto S, Matsumoto T. Relationship be-
tween actions of transforming growth factor (TGF)-beta and
cell surface expression of its receptors in clonal osteoblastic
cells. J Cell Physiol 1995; 162: 315–21.

42. Laiho M, DeCaprio JA, Ludlow JW, Livingston DM, Mass-
ague J. Growth inhibition by TGF-beta linked to suppression
of retinoblastoma protein phosphorylation. Cell 1990; 62:
175–85.

43. Ong G, Sikora K, Gullick WJ. Inactivation of the retinobla-
stoma gene does not lead to loss of TGF-beta receptors or
response to TGF-beta in breast cancer cell lines. Oncogene
1991; 6: 761–3.

44. Schmid C, Ghirlanda-Keller C, Zapf J. Effects of IGF-I and
-II, IGF binding protein-3 (IGFBP-3), and transforming
growth factor-beta (TGF-beta) on growth and apoptosis of
human osteosarcoma Saos-2/B-10 cells: lack of IGF-inde-
pendent IGFBP-3 effects. Eur J Endocrinol 2001; 145: 213–
21.

45. Duivenvoorden WC, Hirte HW, Singh G. Transforming
growth factor beta1 acts as an inducer of matrix metal-
loproteinase expression and activity in human bone-metas-
tasizing cancer cells. Clin Exp Metastasis 1999; 17: 27–34.

46. MacEwen EG, Pastor J, Kutzke J, Tsan R, Kurzman ID,
Thamm DH, Wilson M, Radinsky R. IGF-1 receptor con-
tributes to the malignant phenotype in human and canine
osteosarcoma. J Cell Biochem 2004; 92: 77–91.

47. Raiche AT, Puleo DA. Cell responses to BMP-2 and IGF-I
released with different time-dependent profiles. J Biomed
Mater Res A 2004; 69: 342–50.

Wound Rep Reg (2006) 14 195–202 c! 2006 by the Wound Healing Society202

Effect of platelet-rich plasma on osteoblasts Celotti et al.


