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Abstract: The aim of the present in vitro study has
been to investigate the effects of a enriched platelet
derived growth factors on proliferation and migration
of human endothelial and mesenchymal stem cells and
on osteogenic differentiation of stem cells. Platelet
rich plasma has been produced, yielding a four time
higher number of thrombocytes than normal plasma.
Degranulation of platelets has been performed by
means of calcium and thrombin. Plasma has served as
a control, whereas plasma in combination with calci-
um and thrombin was used to distinguish the differ-
ence between calcium and/or thrombin mediated ef-
fects and growth factor induced effects on the cells.
The observed enhanced proliferation and migration of
endothelial cells towards the platelet derived growth
factors was driven by the plasma component of these
preparations. However PDGF solely stimulated the
migration and proliferation of mesenchymal stem cells.
The increased osteogenic differentiation of growth
factor treated mesenchymal stem cells was mostly dri-
ven by the high level of calcium used for the platelets
degranulation. In summery, the different components
of platelet derived growth factors work together to in-
fluence human endothelial and mesenchymal stem
cells. This is of special clinically interest regarding the
stimulation of bone healing in orthopaedic and trau-
matic surgery.
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INTRODUCTION

The reconstruction of bone defects continues to be an
evolving discipline in orthopaedic, trauma and maxil-
lo-facial surgery. Growth factors by single application
such as recombinant bone morphogenetic proteins,
accelerate and enhance newly bone formation. The
major source of autologous growth factors, including
platelet derived growth factor (PDGF), transforming
growth factor-beta (TGF-beta), insulin-like growth
factor (IGF) and epidermal growth factor (EGF) are
localized in platelets. Growth factors are released upon
activation of thrombin and calcium and degranulate at
fracture site in response to injury and inflammation.
Platelet-rich plasma, PRP, is obtained by sequestration
and concentration of platelets by gradient density cen-

trifugation, which produces a concentration of about
400% of normal platelet counts in blood [37] . PRP
has been proven to be an effective valuable accessory
in wound healing and new bone formation in maxillo-
facial surgery [2, 8, 11, 12, 18, 23, 37, 44]. Applying
thrombin and Ca2+ ions to platelet rich plasma induces
a significant release of growth factors resulting in a
concentration of platelet factor (PLF). Growth factors
are involved in cellular proliferation, differentiation
and morphogenesis of tissues and organs during em-
bryogenesis and postnatal growth. PDGF in human
serum is known to be the major mitogen for mes-
enchymal cells and endothelial cells [41, 43]. The ma-
jor target of transforming growth factor-beta are fi-
broblasts, marrow stem cells and preosteoblast, in
which TGF-beta act as chemoattractant and mitogen.
TGF-beta has been observed to both inhibit and stim-
ulate osteoblastic cell proliferation in vivo, depending
on its concentration, cell density, species and the stage
of osteoblast differentiation [7]. IGF stimulates os-
teoblastic cell proliferation and differentiation [33],
and recent studies have shown that IGF infusion in-
creased bone formation and bone volume in normal
rats [45]. EGF is a strong mitogen for mesodermal
and endothelial cells, and acts as a differentiation fac-
tor for different cell lines. The mitogenic activity of
EGF for endothelial cells can be potentiated by
thrombin [20]. EGF is also a chemoattractant for fi-
broblasts and endothelial cells and, either alone or in
combination with other cytokines is a mediator for
wound healing processes. Furthermore, it is able to
down-regulate the expression of TGF-beta receptor,
so that it can be assumed that some activities are indi-
rect [36]. Concentrated platelet factors preparation
comprises not only the effect of one growth factor,
but affects every special growth factor in the presence
of other growth factors, resulting in a cascade of 
signals, leading to induction or enhancement of prolif-
eration, differentiation and migration. The purpose of
this study was to investigate the effects of the cyto-
kines in PLF on two cell population, endothelial cells
and mesenchymal stem cells, which play a major part
in the process of bone healing. Therefore, prolifera-
tion and migration of human mesenchymal and 
endothelial cells and the effect of PLF on differentia-
tion of mesenchymal cells into osteoblasts were ana-
lyzed. 
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MATERIAL AND METHODS

PREPARATION OF PLASMA AND PLATELETS FACTORS
(PLF) 

500 ml of peripheral blood were centrifuged at 100 x
g for 10 min at room temperature. Platelet rich plasma
was withdrawn and again centrifuged at 300 x g for 10
min. Plasma was then withdrawn and centrifuged at
1000 x g for 30 min. The plasma fraction was with-
drawn and filtered through a filter with the pore size
of 0.45 µm (Millipore, Eschborn, Germany) to re-
move resident platelets. The platelet-rich plasma su-
pernatant was carefully squeezed into a pre-connected
bag for further preparation of the growth factors.
1000 IE thrombin (Gentrac Inc., Middleton, USA)
and 10 ml 8.4 % calcium-gluconate (Braun, Melsun-
gen, Germany) were added for aggregation and de-
granulation of the platelets. After degranulation the
liquid supernatant was filled into tubes and stored at
–20 °C. Plasma was heat-inactivated at 65 °C for 30
min and again centrifuged at 1000 x g for 30 min. The
liquid supernatant was then filled into tubes and
stored at – 20 ° C.

MEASUREMENT OF CYTOKINE CONCENTRATION

Commercially available ELISA kits for PDGF, TGF-
beta, VEGF, bFGF, IGF and EGF were used (Quan-
tikineTM, R & D Systems, Minneapolis, MN, USA) for
the measurement of cytokine concentration. The beta-
thromboglobulin concentration was measured by as-
serachrom beta-TG-ELISA (Diagnostica Stago, As-
nières-sur-Seine, France).

MIGRATION ASSAY

Tissue culture inserts (NUNC) in 24-well size with 8
µm-sized pores were used for assessment of cell mi-
gration. Polycarbonate membranes were coated with
bovine collagen type 1 (0.1mg/ml; Biochrom) in 0.2
N acetic acid according to the following procedure.
Inserts were soaked overnight in 0.5 M acetic acid.
The membranes were rinsed with PBS. Collagen type
I was diluted in 0.2 N acetic acid to a final concentra-
tion of 0.1 mg/ml. The inserts were soaked in colla-
gen solution for 30 min and air dried. Low passage
number HUVEC (passage 3-5) were cultured in
EBM-2 (Biowhitaker) until migration assay. Mes-
enchymal stem cells were cultured in an Alpha medi-
um (PAA) including 20% FBS (Invitrogen) until mi-
gration assay. Cells were suspended in migration assay
medium, M199 (Sigma) plus 1% FBS, to a cell density
of 4 x 105 cells/ml and added on top of the mem-
branes. Migration assay medium plus indicated vol-
umes of platelet factors were filled in the bottom
chamber. Assembled plates were incubated for 4 hours
at 37 °C in 5% CO2 without any further disturbance.
Afterwards, the filters were removed and stained with
hematoxylin solution (Sigma). Non-migrated cells on
the top of the membranes were removed by wiping
with tissue. Density of stained filters were quantified
using the Quantity One® Quantitation Software from
BIO-RAD. 

CALCIUM ASSAY

Cell layers were washed twice with Tyrodes salt solu-
tion (Sigma) and fixed with aceton-3% glutaraldehyd
(Sigma) for 30 min at room temperature. Afterwards,
cell layers were washed twice with deionized water and
air dried. The calcium was extracted from cell layers by
shaking overnight at room temperature with 1 ml of
0.69 N HCl solution. The resulting supernatant was
used for quantitative calcium determination according
to the manufacturer (Sigma). Absorbance of samples
was read at 575 nm. Total calcium was calculated from
standard solutions prepared in parallel, and expressed
as µg per dish. 

VON KOSSA STAINING

For the measurement of the mineralization potential
wells were washed twice with Tyrodes salt solution 
and then fixed with aceton-3% glutaraldehyd for 15
min at room temperature. Subsequently, wells were
washed three times with deionized water and 1ml 
of 2% silver nitrate solution was added. Cell layers
were incubated for 10 min in the dark. Plates 
were rinsed three times with deionized water and ex-
posed to UV light under continuous application of
deionized water to avoid drying for 15 min. After that
wells were washed for three times with deionized wa-
ter and 1 ml of 100% ethanol was added. Plates were
kept at 4 °C. 

PROLIFERATION ASSAY

6.2 x 103 mesenchymal stem cells were plated in 24
well culture dishes and incubated for 7 days with indi-
cated concentrations of platelet factors. Subsequently,
culture medium was removed and cells were incubated
for 3 h with a 1:20 dilution of Alamar blue‘
(Biosource) in MSCBM-medium (Biowhitaker). Fluo-
rescence was measured at 585 nm after excitation with
485 nm. 

1.0 x 104 endothelial cells were plated in 24 well
culture dishes with EBM-2MV medium and incubated
overnight at 37 °C, 5% CO2. The next day, the medium
was exchanged to M199/1% FCS with determined
concentrations of platelet factors, plasma or a mixture
of plasma, calcium and thrombin and cultured for an-
other 3 days. Cells were then incubated for 3 h with
100 µl Alamar blueTM (Biosource) and added to the
cultures. Fluorescence was measured at 585 nm after
excitation with 485 nm. 

OSTEOGENIC DIFFERENTIATION

6.2 x 103 mesenchymal stem cells were plated in 24
well culture dishes in normal growth medium. 24 h lat-
er, culture medium was removed and cells were cul-
tured in 600 µl osteogenic growth medium for a peri-
od of four to five weeks at 5% CO2 and 37 °C. The os-
teogenic growth medium consisted of DMEM low
glucose plus 10 % FBS, 0.1µM dexamethasone, 0.05
mM ascorbic acid-2-phosphate and 10mM β-glyc-
erophosphate (all chemicals from Sigma). Medium was
exchanged every three to four days. 
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PREPARATION OF MESENCHYMAL STEM CELLS

Mesenchymal stem cells were either prepared from
frozen bone marrow mononuclear cells (Biowhitaker)
or purchased from Biowhitaker. Bone marrow
mononuclear cells were thawed and plated in T75
flasks in MSCGM-media (Biowhitaker). Medium was
exchanged the next day. When the cultures reached
90% of confluence, cells were recovered by the addi-
tion of a solution containing 0.25% trypsin-EDTA
(Biowhitaker). All cultures were positive for CD44,
CD73, CD105, CD166 and CD29 and could differen-
tiate into adipocytes, chondrocytes and osteocytes. 

STATISTICAL ANALYSIS

Statistical analysis was performed with the indepen-
dent t-test. Confidence levels of <95% (p>0.05) were
considered not insignificant.

RESULTS

PLATELET COUNT AND GROWTH FACTORS

The concentration of platelets after enrichment was
four times higher than in blood (Table 1). Degranula-
tion with calcium and thrombin led to the release of
TGF-beta 1, PDGF AA, PDGF BB, PDGF AB, EGF,
IGF I and II. Predominant growth factors in the PLF-
preparations are TGF-beta (69087 pg/ml) and PDGF
AB (162164 pg/ml). Neither bFGF and VEGF could
be detected in the preparations.

INFLUENCE OF PLATELET FACTORS ON PROLIFERATION
AND MIGRATION OF ENDOTHELIAL CELLS

Addition of platelet factors enhanced the proliferation
of endothelial cells in a dose dependent manner.
Platelet factors are prepared by the induced degranula-
tion of plasma suspended platelets through addition of
thrombin and calcium. In order to determine the ef-
fect solely driven by the action of the released platelet
factors, we tested the influence of plasma and the
combination of plasma, thrombin and calcium on the

proliferation of endothelial cells. Both additives stimu-
lated the proliferation of the endothelial cells as well as
the platelet factors in a similar manner (Fig. 1). En-
hanced migration of human endothelial cells towards
control medium was also observed with platelet fac-
tors, plasma and also with plasma/calcium/thrombin
(Fig. 2A+B). Observed migration here was stronger
than migration induced by the addition of 10 ng/ml
VEGF (data not shown). There was no significant dif-
ference between platelet factors, plasma or the combi-
nation of plasma, calcium and thrombin.

INFLUENCE OF PLATELET FACTORS ON PROLIFERATION
AND MIGRATION OF MESENCHYMAL STEM CELLS

Since differentiation of mesenchymal stem cells to 
osteocytes occurs during bone healing we kept these
stem cells during a period of seven days under condi-
tions that induce osteocyte differentiation. The addi-
tion of plasma did not alter stem cell proliferation in
comparison to control cultures (Fig. 3). Addition of
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Table 1. Platelet count (gpt/ml), growth factor concentration
(pg/ml)and beta-thromboglobulin (IU/ml) in platelet rich
plasma (platelet count in blood: 267300 +/- 33100 gpt/ml),
n.d. no detectable

platelet rich plasma plasma [lit.]

platelet count 1021900 ±  345956

TGF beta1 69087 ±  20418 410 -4930 [24, 29]

PDGF AA 639 ±  423

PDGF BB 578 ±  486

PDGF AB 162164 ±  68466 165.9 ±  119.1 [15]

VEGF n.d. 0.39 ± 0.26 [42]

EGF 311.8 ±  221.6 0.75 ±  0.10 [1]

bFGF n.d. 1.89 ±  1.30 [31]

IGF-I 57.42 ±  19.6

IGF-II 284

thromboglobulin 28814 ±  8406

Fig. 1. Proliferation of endothe-
lial cells in the presence of
platelet factors. Endothelial
cells were cultured for 4 days in
the presence of indicated con-
centrations of platelet factors,
plasma with or without calcium
and thrombin in medium 199
with 1% FBS. The figure shows
the mean ± S.D. of three inde-
pendent experiments expressed
as percent of the unstimulated
control.



the combination of plasma, thrombin and calcium
slightly enhanced proliferation (133.0 ± 21.17% of
control). However remarkable enhancement of prolif-
eration was seen in cultures with platelet factors (175
± 19.7 % of control). 

During the process of bone healing the migration
of osteocyte precursor cells to the places where bone
healing should occur is required. Therefore, we ana-
lyzed the chemotactic effect of platelet factors on mes-
enchymal stem cells in a migration assay. Indeed the
presence of platelet factors significantly attracted mes-
enchymal stem cells (134.2 ± 1.8% of control), where-
as neither plasma nor the combination of plasma, cal-
cium and thrombin enhanced their migration in com-
parison to control (Fig. 4 A+B).

INFLUENCE OF PLATELET FACTORS ON
DIFFERENTIATION OF MESENCHYMAL STEM CELLS

Differentiation capacity of mesenchymal stem cells
into osteocytes is tested by cultivation of these cells in
osteocyte induction media which provide optimal
growth conditions for differentiation of these cells. We
confirmed the hypothesis that platelet factors could
further improve the osteocyte differentiation of mes-
enchymal stem cells. Therefore, osteocyte differentia-
tion of mesenchymal stem cells was performed in the
presence of platelet factors, plasma or the combina-
tion of plasma, calcium and thrombin. Starting of min-
eralization could be already detected after 10 days in
cultures with platelet factors and with the mixture of
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Fig. 2. Migration of endothelial
cells in the presence of platelet
factors. A: Hemotoxylin stained
membranes after migration of
endothelial cells towards 10 µl of
plasma, 10 µl of the mixture of
plasma, calcium and thrombin
and 10 µl platelet factors. B:
Density of stained membranes
expressed as percent of control
(migration assay medium with-
out any additives). The figure
shows the mean ± S.D. of three
independent experiments.

Fig. 3. Proliferation of mes-
enchymal stem cells in the pres-
ence of platelet factors. Mes-
enchymal stem cells were cul-
tured for 7 days in the presence
of 20 µl of platelet factors, plas-
ma with or without calcium and
thrombin in 600 µl osteocyte in-
duction medium. The figure
shows the mean ± S.D. of four
independent experiments ex-
pressed as percent of the unstim-
ulated control.

A

B



calcium, plasma and thrombin, whereas no signs of
mineralization could be detected at this time in control
cultures and in plasma incubated cultures (Fig. 5A).
Cultures were continued for 3-4 weeks and analyzed
for calcium content and stained with von Kossa stain-
ing. Extracted calcium levels were highest in cultures
that were treated with the combination of plasma, cal-
cium and thrombin followed by the cultures treated
with platelet factors. Whereas in the presence of plas-
ma there was no detectable increase in the calcium
content in compare to control cultures. Von Kossa
staining of these cultures confirmed the obtained re-
sults (Fig. 5B). 

DISCUSSION

In the present in-vitro study the effects of platelet fac-
tors concentrate (PLF) on proliferation and migration
capacity of human mesenchymal stem cells and human
endothelial cells has been investigated. Moreover, the
influence of platelet factor concentrate on the differ-
entiation from mesenchymal stem cells into os-
teoblasts was examined.

Immediately after preparation, the number of
thrombocytes was four times higher in platelet-rich
plasma than in blood, as shown in Table 1. Degranula-
tion of platelets by thrombin and calcium significantly
increases the concentration of the growth factors
PDGF, and remarkably the isoform PGDF-AB, TGF-
beta1 and EGF compared with the levels of these cy-
tokines found in normal plasma [9, 37, 47]. However,
neither VEGF nor bFGF could be detected in mea-
surable concentration in the PLF. This might be due to

the fact, that VEGF and bFGF are synthesized, espe-
cially in hypoxia in case of injury or during develop-
ment, but not in normal homeostasis [4].

The proliferation assay of endothelial cells (Fig. 1)
revealed no significant differences after incubation of
the cells with PLF, the combination of plasma/calci-
um/thrombin or plasma. Possibly the mitogenic activi-
ty of different PLF factors on endothelial cells are
more or less neutralized by the inhibiting effect of the
high amount of TGF-beta1 (69 ng/ml) in the PLF.
TGF-beta inhibits proliferation of endothelial cells
when applied in high doses [27, 28, 39]. In contrast,
TGF-beta1 concentration of 0.5ng/ml stimulates EC-
proliferation in cell culture environment. The plasma
concentrations of TGF-beta are up to approximately 4
ng/ml which might explain the stimulatory capacity of
plasma in our experiments. Moreover, interactions of
PDGF-AB, which is highly concentrated in PLF, with
the PDGF receptor _ might explain the lacking addi-
tional effect of PLF on the proliferation of endothelial
cells. The PDGF receptors alpha and beta induce mito-
genic signal to a different extent. PDGF receptor beta,
which is known to be the major transducer for prolifer-
ation [5, 21, 30], binds the PDGF isoform BB and par-
tially PDGF isoform AB, which presents the largest
isoform in platelet factor concentrate, whereas PDGF
receptor alpha, whose effects on proliferation are
much lower, mainly binds PDGF-AA [16, 38]. Addi-
tionally, De Marchis [17] reported an inhibitory effect
of PDGF-BB induced by interaction with the PDGF
receptor alpha on bovine aorta endothelial cells.

Migration of endothelial cells was significantly en-
hanced by the addition of platelets factors, the combi-
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Fig. 4. Mesenchymal stem cells
migrate towards platelet factors.
A: Hemotoxylin stained mem-
branes after migration of mes-
enchymal stem cells towards 25
µl of plasma, 25 µl of the mix-
ture of plasma, calcium and
thrombin and 25 µl platelet fac-
tors. B: Density of stained mem-
branes expressed as percent of
control (migration assay medium
without any additives). The fig-
ure shows the mean ± S.D. of
three independent experiments.

A

B



nation of plasma/calcium/thrombin and plasma in
comparison to control, but the presence of PLF did
not alter the migratory activity in comparison to 
plasma or the mixture of thrombin, calcium and plas-
ma (Fig. 2). There are several reasons which might ex-
plain this lacking effect of PLF. 1) The concentration
of the most potent chemotactic factor for endothelial
cells in PLF which is VEGF is not higher as in nor-
mal plasma. 2) The concentration of bFGF in PLF
which was also described to have chemotactic activity
for endothelial cells [17] is also not higher in the PLF
preparations than in plasma. 3) The most predomi-
nant factor in PLF is PDGF-AB, however probably
due to its binding to the PDGF receptor alpha it 
inhibits the migratory activity of the endothelial 
cells.

Proliferation activity of mesenchymal stem cells in-
creased significantly after incubation of the cells with
platelet factors and plasma/calcium/thrombin (Fig. 3).
However the highest stimulation of mesenchymal cell
proliferation was obtained by application of PLF.
These data are in agreement with the publication of
Gruber et al [26] and Lucarelli et al [35]. 

The existence of the growth factors TGF-beta and
PDGF in the PLF preparations may explain this po-
tent stimulation of proliferation. Accordingly, Cassiede
et al. [13] found in vitro proliferative effects of TGF-
beta1 and of PDGF-BB on mesenchymal stem cells at
concentrations of 5 ng/ml. In the current study, ap-
proximately 0.5 ng/ml PDGF-BB and approximately
16 ng/ml PDGF-AB were added to the cultures via
the application of PLF. Investigations by Lennon et al.
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Fig. 5. Mineralization of mes-
enchymal stem cell cultures in
the presence of platelet factors.
A: Morphology of mesenchymal
stem cell cultures after 10 days
in I) osteocyte induction medi-
um, II) osteocyte induction
medium + 20 µl of plasma, III)
osteocyte induction medium +
20 µl of platelet factors, IV) os-
teocyte induction medium + 20
µl of plasma, calcium and
thrombin. The arrows indicate
the beginning of mineralization.
B: Von Kossa staining of mes-
enchymal stem cell cultures after
30 days in I) osteocyte induction
medium, II) osteocyte induction
medium + 20 µl of plasma, III)
osteocyte induction medium +
20 µl of platelet factors, IV) os-
teocyte induction medium + 20
µl of plasma, calcium and
thrombin. Magnification 200x.

A

B



[32] also showed a stimulating effect of PDGF-BB on
the proliferation of mesenchymal stem cells. The im-
pact of PDGF-AB on the proliferation of mesenchy-
mal stem cells is unknown. A synergic effect to
PDGF-BB through coupling to PDGF receptor-beta
seems to be most likely [19]. 

Thrombin [46] and calcium might be responsible
for the increase of proliferation rates after addition of
plasma/thrombin/calcium compared to plasma. 

Migration of mesenchymal stem cells was significant-
ly stimulated after treatment on the cells with platelet
factors (Fig. 4). The high amounts of PDGF-AB found
within the PLF might be responsible for the chemotac-
tic activity of the PLF on mesenchymal stem cells. TGF-
beta and bFGF had no influence. PDGF-BB is a crucial
factor for in vitro migration of mesenchymal stem cells.
Fiedler et al. [22] reported an effect of PDGF-BB on
chemotaxis in concentrations of 0.001 -1.0 ng/ml. This
effect is approximately eight fold stronger than chemo-
tactic effects of bone morphogenetic protein 2 and 4.
However the main factor in PLF is PDGF-AB. Cou-
pling is done via PDGF receptor-beta to which PDGF-
AB also binds partially [16, 38].

Pluripotent mesenchymal stem cells exist in bone
marrow and differentiate osteogenic in culture medium
by application of beta-glycerolphosphate, ascorbic acid
and cortison [40]. Differentiation of human mesenchy-
mal stem cell to osteoblast takes place in stages of os-
teogenic progenitor cell and preosteoblast [10, 25].

Regarding the temporal pattern of mineralization,
the first signs became evident within the osteocyte dif-
ferentiation medium (control) after 4 weeks. Interest-
ingly, due to the treatment with platelet factors and
with plasma/thrombin/calcium fraction, mineraliza-
tion could already be detected after 10 days, as shown
by the typical morphology of osteocytes and clusters of
mineralization. After 30 to 35 days, a significant in-
crease of calcium deposits was seen in response to
platelet factor. However, as significant enhancement of
mineralization which was higher than induced by the
treatment with platelet factors was seen after the incu-
bation of the cells with the plasma/calcium/thrombin
preparation. These observations indicate that the os-
teogenic differentiation is partially inhibited by the
presence of PLF. This is in accordance to Gruber et al.
[26], who described a decrease of osteogenic differenti-
ation of human mesenchymal stem cells by application
of a PLF. prepared with thrombin used for cytokine re-
lease. In addition, Arpornmaeklong et al. [3] reported a
dose-dependent inhibition of osteogenic differentia-
tion by the addition of PLF in comparison to a combi-
nation of plasma, calcium and thrombin. However ob-
served mineralization in the presence of PLF was high-
er than in control cultures. We assume that calcium
plays a predominant role in the process of differentia-
tion from mesenchymal stem cells into osteoblasts.

Accordingly, Chang et al. [14] has demonstrated
that calcium and phosphate supplementation induce
mineralization in rat osteoblastic-like cell cultures,
when calcium ions interact with calpain receptors of
preosteoblasts. 

The reduction of calcium deposition in the PLF
preparations in compare to the combination of plas-
ma, calcium and thrombin might be explained by the

action of TGF-beta1 which is highly enriched in our
PLF preparation. Lu et al. [34] reported that TGF-
beta1 concentration of 5-10 ng/ml inhibits ALP-activ-
ity of bone marrow derived mesenchymal stem cells
whereas low concentrations of TGF-beta, 1ng/ml,
which can be found in plasma increases this activity 

All in all, our results have demonstrated that differ-
ent factors within the platelet factors (PLF) in platelet
preparations work together to promote migration and
proliferation of human endothelial cells and mesenchy-
mal stem cells and on osteogenic differentiation of
mesenchymal stem cells. The addition of calcium to
concentrated platelets in plasma seems to be critical for
the osteogenic differentiation of mesenchymal stem
cells to overcome inhibitory effects of high level TGF-
beta1 within these preparations. PDGF must be re-
garded as the main mediator of migration, whereas
mesenchymal stem cell proliferation is predominantly
induced by PDGF and TGF-beta1. These results indi-
cate that the use of calcium for the release of PLF is
favourable to solely thrombin released preparations for
the potentation of angio- and osteogenesis during frac-
ture repair processes. Actually we investigate the effect
of PLF in the bone defect healing on a minipig model .

REFERENCES

1. Adekunle AO, Flase EA, Ausmanus M et al. (2000) Com-
parative analysis of blood plasma epidermal growth factor
concentrations, hormonal profiles and parameters of fer-
tile and infertile males. Afr J Med Sci 29:123-126

2. Anitua E (1999) Plasma rich in growth factors: prelimi-
nary results of use in the preparation of future sites for
implants. Int J Oral Maxillofac Implants 14:529-535

3. Arpornmaeklong P, Kochel M, Depprich R, Kuebler NR,
Wuerzler KK (2004) Influence of platelet-rich plasma
(PRP) on osteogenic differentiation of bone marrow stro-
mal cells. An in vitro study. Int J Oral Maxillofac Surg
33:60-70

4. Banks RE, Forbes MA, Kinsey SE, et al. (1998) Release
of the angiogenic cytokine vascular endothelial growth
factor (VEGF) from platelets: significance for VEGF
measurements and cancer biology. Br J Cancer 77:956-964

5. Beitz JG, Kim IS, Calabresi P, Frackelton AR (1991) Hu-
man microvascular endothelial cells express receptors for
platelet-derived growth factor. Proc Natl Acad Sci 88:
2021-2025 

6. Bernstein LR, Antoniades H, Zetter BR (1982) Migration
of cultured vascular cells in response to plasma and
platelet-derived factors. J Cell Sci 56:71-82

7. Bolander ME. (1992) Regulation of fracture repair by
growth factors. Proc Soc Exp Biol Med 200:165-170

8. Camargo PM, Lekovic V, Weinlaender M, et al. (2002)
Platelet-rich plasma and bovine porous bone mineral
combined with guided tissue regeneration in the treat-
ment of intrabony defects in human. J Periodont Res
37:300-306

9. Cao R, Brakenhielm E, Li X, et al(2002) Angiogenesis
stimulated by PDGF-CC, a novel member in the PDGF
family, involves activation of PDGFR-alpha and -beta re-
ceptors. FASEB J 16:1575-1583

10. Caplan AI (1991) Mesenchymal stem cells. J Orthop Res
9:641-650

11. Carlson NE, Roach JR RB (2002) Platelet-rich plasma.
Clinical applications in dentistry. JADA 133:1383-1386

12. Carlson ER (2000) Bone grafting the jaws in the 21st cen-
tury : The use of platelet-rich plasma and bone morpho-
genetic protein. Alpha Oemgan 93:26-30

EUROPEAN JOURNAL OF MEDICAL RESEARCHJuly 30, 2004 343



13. Cassiede P, Dennis JE, Ma F, Caplan AI (1996) Osteo-
chondrogenic potential of marrow mesenchymal progeni-
tor cells exposed to TGF-beta 1 or PDGF-BB as assayed
in vivo and in vitro. J Bone Miner Res 11:1264-1273

14. Chang YL, Stanford CM, Keller JC (2000) Calcium and
phosphate supplementation promotes bone cell mineral-
ization: implications for hydroxyapatite (HA)-enhanced
bone formation. J Biomed Mater Res 52:270-278

15. Cimmininiello C, arpaia G, Aloisio M, Uberti T et al.
(1994) Platelt-derived growth factor PDGF in patients
with different degrees of chronical arterial obstructive
disease. Angiology 45:289-293

16. Claesson-Welsh L (1996) Mechanism of action of
platelet-derived growth factor. Int J Biochem Cell Bio
28:373-385

17. De Marchis F, Ribatti D, Giampietri C, et al. (2002)
Platelet-derived growth factor inhibits basic fibroblast
growth factor angiogenic properties in vitro and in vivo
through its alpha receptor. Blood 99:2045-2053. 

18. Dugrillon A, Eichler H, Kern S, Kluter H (2002) Autolo-
gous concentrated platelet-rich plasma (cPRP) for local
application in bone regeneration. Int J Oral Maxillofac
Surg 31:15-19

19. Eriksson A, Siegbahn A, Westermark B, et al. (1992)
PDGF alpha- and beta-receptors activate unique and com-
mon signal transduction pathways. EMBO J 11:543-550

20. Fan Y, Wu DZ, Gong YQ, XU R, et al. (2002) Metabolic
responses induced by thrombin in human umbilical vein
endothelial cell. Biochem Biophys Res Commun 293:979-
985

21. Ferns GAA, Sprugel KH, Seifert RA, et al.(1990) Relative
platelet-derived growth factor receptor subunit expres-
sion determines cell migration to different dimeric forms
of PDGF. Growth Factors 3:315-324

22. Fiedler J, Roderer G, Gunther KP, Brenner RE (2002)
BMP-2, BMP-4, and PDGF-bb stimulate chemotactic mi-
gration of primary human mesenchymal progenitor cells.
J Cell Biochem 87:305-312

23. Froum SJ, Wallace SS, Tarnow DP, Cho SC (2002) Effect
of platelet-rich plasma on bone growth and osseointegra-
tion in human maxillary sinus grafts: three bilateral case
reports. Int J Periodeontics Restorative Dent 1:45-53

24. Grainger DJ, Mosedale DE, Metcalfe JC, et al. (1995) Ac-
tive and acid-activable TGF-beta in human serum,
platelets and plasma. Clin Chim Acta 235:11-31

25. Gruber R, Varga F, Fischer MB, Watzek G (2002)
Platelets stimulate proliferation of bone cells: involve-
ment of platelet-derived growth-factor, microparticles
and membranes. Clin Oral Implants Res 13:529-535

26. Gruber R, Karreth F, Kandler B, et al.(2004) Platelet-re-
leasedsupernatants increase migration and proliferation,
and decrease osteogenic differentiation of bone marrow-
derived mesenchymal progenitor cells under in vitro con-
ditions. Platelets 15:29-35

27. Harris DL, Joyce NC (1999) Transforming growth factor-
beta suppresses proliferation of rabbit corneal endothelial
cells in vitro. J Interferon Cytokine Res 19:327-334

28. Iruela-Arispe ML, Sage EH (1993) Endothelial cells ex-
hibiting angiogenesis in vitro proliferate in response to
TGF-beta 1. J Cell Biochem 52:414-430

29. Ivanovic V, Todorovic-Rakovic N, Demajo M, et al.
(2003) Elevated plasma levels of transforming growth fac-
tor beta1 in patients with advanced breast cancer: associa-
tion with disease progression. Eur J Cancer 39:454-461

30. Kundra V, Escobedo JA, Kazlauskas A, et al.(1994) Reg-
ulation of chemotaxis by platelet-derived growth factor
receptor-β. Nature 367:474-476

31. Larsson A, Skoldenberg E, Ericson H (2002) serum and
plasma levels of FGF-2 and VEGF in healthy blood
donors. Angiogenesis 5:107-110

32. Lennon DP, Haynesworth SE, Young RG, et al. (1995) A
chemically defined medium supports in vitro proliferation
and maintains the osteochondral potential of rat marrow-
derived mesenchymal stem cells. Exp Cell Res 219:211-
222

33. Linkhart T, Subburaman M, Baylink DJ (1996) Growth
factors for bone growth and repair: IGF, TGF-β and
BMP. Bone 19:1S-12S

34. Lu L, Yaszemski MJ, Mikos AG (2001) TGF-beta1 re-
lease from biodegradable polymer microparticles: ist ef-
fects on marrow stromal osteoblast function. J Bone Joint
Surg (Am.) 83:S82-91

35. Lucarelli E, Beccheroni A, Donati D, et al.(2003) Platelet-
derived growth factors enhance proliferation of human
stromal stem cells. Biomaterials 24:3095-3100

36. Manhanthappa NK, Schwarting GA (1993) Peptide
growth factor control of olfactory neurogenesis and neu-
ro survivalin vitro: roles of EGF and TGF-ß. Neuron
10:293-305

37. Marx RE, Carlson ER, Eichstaedt RM, et al. (1998)
Platelet-rich plasma. Oral Surg Oral Med Oral Pathol
85:638-646

38. Matsui T, Pierce JH, Fleming TP, et al. (1989) Indepen-
dent expression of human alpha or beta platelet-derived
growth factor receptor cDNAs in a naive hematopoietic
cell leads to functional coupling with mitogenic and
chemotactic signaling pathways. Proc Natl Acad Sci
86:8314-8318

39. Myoken Y, Kan M, Sato GH, et al.(1990) Bifunctional ef-
fects of transforming growth factor-beta (TGF-beta) on
endothelial cell growth correlate with phenotypes of
TGF-beta binding sites. Exp Cell Res 191:299-304

40. Pittinger MF, Mackay AM, Beck SC, et al. (1999) Multilin-
eage potential of adult human mesenchymal stem cells.
Science 284:143-147

41. Risau W, Drexler H, Mironov V, et al. (1992) Platelet de-
rived growth factor is angiogenic in vivo. Growth Factors
7:261-266

42. Salgado R, Benoy I, Bogers J et al. (2001) Platelts and vas-
cular endothelial growth factor during platelet aggrega-
tion. Am j Physiol Heart Circ Physiol 275:1054-1061

43. Sato N, Beitz JG, Kato J, et al. (1993) Platelet-derived
growth factor indirectly stimulates angiogenesis in vitro.
Am J Pathol 142:1119-1130 

44. Schliephake H. (2002) Bone growth factors in maxillofa-
cial skeletal reconstruction. Int J Oral Maxillofac Surg 31:
469-484

45. Spencer EM, Liu C, Si ECC, Howard G (1991) In vivo
actions of insulin-like growth factor-1 (IGF-1) on bone
formation and resorption in bone. Bone 12:21-26

46. Tatakis DN, Dolce C, Dziak R, Fenton JW (1991)
Thrombin effect on osteoblastic cells. Structure-function
relationships. Biochem Biophys Res Com 174:181-188

47. Vogt PM, Lehnhardt M, Wagner D, et.al. (1998) Determi-
nation of endogenous growth factors in human wound
fluid: temporal presence and profiles of secretion. Plast
Reconstr Surg 102:117-123

Received: March 29, 2004 / Accepted: July 12, 2004

Address for correspondence:
Kilian O. MD
Department of Trauma Surgery
University Giessen
Rudolf-Buchheim-Str. 7
D-35392 Giessen
Germany
Phone: +49 641 9944601 
Fax. + 49 641 9944609
e-mail: olaf.kilian@chiru.med.uni-giessen.de

EUROPEAN JOURNAL OF MEDICAL RESEARCH344 July 30, 2004


