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SUMMARY

Platelet-rich plasma (PRP) has been used to promote periodontal regeneration following the premise that constituent
transforming growth factor—B1 (TGF-B1) and platelet-derived growth factor—AB will stimulate cell proliferation at the site
of application. In previous studies, we demonstrated that PRP mimics TGF-B1 to modulate proliferation in a cell type—
specific manner, that fibrin clot formation by PRP upregulates type I collagen, and that an unidentified factor(s) in PRP
increases alkaline phosphatase (ALP) activity in human periodontal ligament (PDL) cell cultures. We have now examined
the effects of PRP on in vitro mineralization. Platelet-rich plasma and PDL cells were prepared from human adult
volunteers or rats. After 20 d of continuous treatment with PRP in dexamethazone (Dex)-containing osteogenic medium,
PRP time dependently promoted mineralization by rat PDL cells but failed to fully induce the osteoblastic phenotype.
Furthermore, when human PDL cells were induced to increase ALP activity in osteogenic medium that lacked Dex, a
condition that should delay (or suppress) osteoblastic differentiation, transmission electron microscopy revealed that
mineralized spicules were initially deposited onto PRP-derived platelet aggregates. Taken together with our previous data,
these findings suggest that PRP provides platelet aggregates as nuclei to initiate mineralization while stimulating PDL
cell proliferation, differentiation, and collagen production. The combination of these effects may effectively mediate PRP’s
ability to promote regeneration of periodontal tissue, including skeletal tissue, at the site of injury.

Key words: platelet-rich plasma; platelet; osteoblastic phenotype; mineralization; periodontal ligament cells; atelocollagen.

INTRODUCTION 2003). Taken together, these findings clearly suggest that PRP is

. . capable of promoting regeneration of connective tissue by stimulat-
Platelet-rich plasma (PRP) provides a concentrated natural com- . . . . .
0 . . ing both proliferation of fibroblastic cells and production of extra-
bination of platelet-derived growth factors and materials that should cellular matrix

On the other hand, the anabolic action of PRP on skeletal tissue
is still controversial, although our recent clinical study (Okuda et

exert bioactivity at the site of application. On the basis of the as-
sumption that these biological properties can be readily applied in

a clinical setting, homologous PRP has been frequently used after . L.
. 8 g . 4 ¥ al., 2005) showed that regeneration of alveolar bone is significantly
periodontal surgery to promote tissue regeneration. However, the . PR
- ) . . ; promoted in PRP-treated groups. As generally accepted, it is im-
scientific basis for this therapeutic protocol has not been widely . .
. . . . portant to promote synchronized bone regeneration in the process
discussed and the exact mechanism(s) behind PRP action is poorly . . . .
of successful periodontal tissue regeneration. Therefore, to obtain

understood. scientific evidence sufficient to explain this clinical observation, we
In a previous in vitro study (Okuda et al., 2003), we demonstrated P

that high levels of both platelet-derived growth factor (PDGF) and
transforming growth factor—B (TGF-B) are contained in human PRP

have very recently examined the effects of PRP on alkaline phos-
phatase (ALP), a representative marker of bone-forming activity, in
human PDL cells and found that in contrast to TGF-B or PDGF,
PRP time dependently increases ALP activity (Kawase et al., 2005).
To further explore the possible involvement of PRP in bone regen-

preparations and that PRP modulates proliferation of cultured hu-
man periodontal ligament (PDL) or oral epithelial cells in a cell

type-specific manner. We also found significant growthvfactor—m- eration, we have now examined the direct effects of PRP on in vitro
dependent effects of PRP on PDL cell cultures. Expression of type . o
mineralization in human and rat PDL cell cultures.

I collagen in these cells is stimulated by insoluble fibrin, which is
converted from PRP-derived fibrinogen by cellular thrombin, with-

out the intercession of any known growth factor (Kawase et al., MATERIALS AND METHODS

Preparation of PRP. As described previously (Okuda et al., 2003), PRP
''To whom correspondence should be addressed at E-mail: kawase@dent. was prepared from the plasma obtained from three healthy adult volunteers
niigata-u.ac.jp (aged 25-47 yr) or male Lewis rats (5 wk old). In brief, whole blood in sterile
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Fi6. 1. Time-course effects of PRP on the
osteoblatic marker mRNAs in rat PDL cell 1.25-
cultures. Cells were continuously treated for
1, 7, or 20 d with 0.5% PRP in 2% FBS- 1.004
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containing «MEM in the presence of Dex,
ascorbate, and B-GP in PC-coated wells, and 0.75-
mRNAs were then extracted for reverse tran-
scription—polymerase chain reaction, as de- 0.50-
scribed in Materials and Methods. Control
cells were cultured in noncoated wells. Each 0.254
column and vertical bar represents the mean
and SD, respectively, from three independent 0.00
1
control

Dexamethazone; FBS, fetal bovine serum;
PDL, periodontal ligament; PRP, platelet-rich
plasma; mRNA, messenger ribonucleic acid;

oaMEM, a-minimum essential medium; B-GP,
B-glycerophosphate; ND, not determined.

bsp expression

tubes coated with an anticoagulant (acid—citrate dextrose) was centrifuged at
3600 rpm for 15 min (first step) to separate PRP and platelet-poor plasma
(PPP) fractions from the red blood cell fraction. The PRP and PPP fractions
were further centrifuged at 2400 rpm for 10 min (second step) to obtain PRP
fraction. Because we have preliminarily confirmed that frozen PRP stimulates
PDL cell proliferation as effectively as freshly prepared PRP (T. Kawase et
al., unpubl. obs.), PRP was stored at —80° C until use (usually within 1 mo).
The concentration of platelets in our PRP preparations ranged from 4.5 X
10° to 12.0 X 10° platelets/pl (mean = 2.7 X 10° platelets/pl).

The study design and consent were approved by the ethical committee for
human subject use at Niigata University Medical and Dental Hospital in
accordance with the Helsinki Declaration of 1975 and as revised in 1983.
The volunteers were informed of the purpose of the study and gave informed
consent.

Cell isolation and cell cultures. As described previously (Kawase et al.,
2003), PDL cells were harvested from extracted teeth that were removed for
orthodontic reasons in four young, healthy volunteers (aged 12—16 yr) or male
Lewis rats (5 wk old). The PDL tissues were minced, placed in 35-mm culture
dishes, and incubated in Dulbecco modified minimum essential medium
(DMEM) (GIBCO, Grand Island, NY) supplemented with 10% fetal bovine
serum (FBS) (JRH Biosciences, Lenexa, KS) and kanamycin (50 mg/L) (Meiji
Seika, Tokyo, Japan) at 37° C in humidified 5% CO, and 95% air. Cells
outgrowing from the tissue pieces were further cultured in DMEM containing
10% FBS and passaged five times before use. Unless otherwise specified,
cells were seeded at a density of 3 X 10* to 5 X 10* cells/well (24-well
plate), and the medium was replenished every 3 d.

The remaining cells were stocked under liquid nitrogen until use. Cells
from different volunteers were specifically coded, and only passages 6
through 10 were used in the experiments reported in this study. Importantly,
no significant differences were observed in any data obtained from different
batches of PDL cells.

Coating with atelocollagen. According to the manufacture’s protocol, mul-
tiwell plates (Falcon, Franklin Lakes, NJ) were coated with a solution of type
T atelocollagen (PC) (KOKENCELLGEN, I-PC; Koken Co. Ltd., Tokyo, Japan)
extracted from bovine dermis for 30 min, rinsed three times with distilled
water, dried in a clean bench, and stabilized under an ultraviolet ramp for
30 min. This preparation was performed 1-2 d before use, and coated plates
were stored at 4° C until use, as described previously (Kawase et al., 2005).

In vitro mineralization assay. To induce relatively rapid mineralization, rat
PDL cells were treated with PRP in the presence of coated PC for 20 d in
“osteogenic medium” (a-minimum essential medium [aMEM] [GIBCO] with
10 mM B-glycerophosphate [B-GP] [Calbiochem, San Diego, CA], 50 pg/ml

0'5- control PC + PRP a
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§
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ascorbic acid [Wako Pure Chemicals, Osaka, Japan], and 2% FBS), with or
without the addition of 1 uM dexamethazone (Dex) (Calbiochem). At the end
of treatment, cells were rinsed with phosphate-buffered saline (PBS), fixed
with 2% ice-cold formaldehyde, and stained with 40 mM alizarin red—S (AR-
S) (Sigma Chemical Co., St. Louis, MO). After nonspecific staining was re-
duced by washing with PBS (5X, 15 min), mineral deposits were photo-
graphed. For spectrophotometric determination, AR-S was solublized with
10% (w/v) cetylpyridinium chloride in 10 mM sodium phosphate buffer (pH
7.0) for 1 h at 22° C. The absorbance was measured at 562 nm.

Human PDL cells were treated with PRP in «MEM supplemented with
10 mM B-GP (Calbiochem), 50 wg/ml ascorbic acid (Wako Pure Chemicals),
and 2% FBS. The medium lacking Dex significantly delayed mineralization
(data not shown). At the end of treatments, the cultures were fixed and stained
with AR-S, and the parallel cultures were subjected to the observation using
an electron microscopy (see below).

Assessment of osteoblastic phenotype by reverse transcription—polymerase
chain reaction. Total ribonucleic acid from cells in each group was extracted
according to the acid guanidinium isothiocyanate-phenol-chloroform method.
Then, the first-strand complementary deoxyribonucleic (¢cDNA) was synthe-
sized using random primers (nine-mers) (Takara, Osaka, Japan) and Super-
script II (GIBCO) as a reverse transcriptase. For polymerase chain reaction
(PCR), aliquots of synthesized ¢cDNA were added to PCR mixtures containing
3" and 5" primers (0.2 pM each), diethylnitrophyenyl thiophosphate mixture
(0.2 mM each) (GIBCO), and Tag polymerase (0.05 U/wl) (GIBCO). Cycling
conditions were 94° C for 30 s, 58° C for 45 s, 72° C for 40 s for 24 cycles
for bone sialoprotein (BSP); 94° C for 30 s, 62° C for 45 s, 72° C for 30 s
for 33 cycles for Runx2/Chfal; 94° C for 30 s, 54° C for 30 s, and 72° C for
60 s for 21 cycles for ALP; 94° C for 30 s, 62° C for 45 s, 72° C for 40 s
for 21 cycles for osteocalcin (OCN); and 94° C for 30 s, 55° C for 45 s, 72°
C for 30 s for 12 cycles for glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), respectively.

Primers for PCR were as follows: 5'-CTGCTTTAATCTTGCTCTG-3" and
5'-CCATCTCCATTTTCTTCC-3" for BSP; 5'-CAACCACAGAACCACAAGT
GCGGTGCAAAC-3" and 5'-CCGGGCTCACGTCGCTCATCTTGCCGGGCT-
3’ for RUNX2/Cbfal; 5'-TGGAATATGAACTGGATGAGA-3" and 5'-GTTG
TTGTGAGCATAATCCAC-3’ for ALP; 5'-TCTGAGTCTGACAAAGCCTT-3’
and 5 -CTAAACGGTGGTGCCATAGAT-3" for OCN, and 5'-CAACTCCCTC
AAGATTGTCAGC-3" and 5-GGGACTTGCTGTTGAAGTCACA-3' for
GAPDH. To verify the identity of the PCR products, we sequenced PCR
products and confirmed that sequences of PCR products matched the pre-
dicted sequences.

The PCR products were fractionated on a 1% agarose gel (Sigma), trans-
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ferred to positively charged nylon membranes (Schleicher & Schnell; Ein-
beck, Germany), and cross-linked by ultraviolet light. Membranes were hy-
bridized with digoxigenin (DIG) (Roche Diagnostics, Basel, Switzerland)-la-
beled deoxyribonucleic acid probes and detected with CDP-Star substrate
(NEW ENGLAND BioLabs Inc., Beverly, MA) according to the manufac-
turer’s standard protocols.

FElectron microscopy procedure. For electron microscopy, human PDL cells
were treated with 0.5% PRP on PC-coated Thermanox® plastic coverslips
(Nunc, Rochester, NY) in 24-well plates for 12, 18, or 25 d in «aMEM sup-
plemented with 10 mM B-GP, 50 wg/ml ascorbic acid, and 2% FBS. Control
cells were cultured on noncoated coverslips. At the end of treatments, cells
were immersed in a mixture of 4% paraformaldehyde and 0.0125% glutar-
aldehyde in 0.067 M phosphate buffer, postfixed with 1% osmium tetraoxide
reduced with 1.5% potassium ferrocyanide in a 0.1 M cacodylate buffer for
3 h at 4° C, and subsequently dehydrated in ascending acetones before em-
bedding in epoxy resin (Epon 812, Taab, Berkshire, UK). Undecalcified,
ultrathin sections obtained using ethylene glycol were examined with a trans-
mission electron microscope (TEM) (H-7000, Hitachi Co. Ltd., Tokyo, Japan).

Fic. 2. Effects of PRP on in vitro miner-
alization in rat PDL cell cultures. Cells were
treated with 0.5% PRP in noncoated or PC-
coated wells for 20 d, fixed with neutralized
formalin, and stained with AR-S, as described
in Materials and Methods. Control cells were
also cultured in noncoated or PC-coated wells.
The AR-S-positive deposits were photo-
graphed (A) or extracted for spectrophotomet-
rical assay (B). (A) All experiments were re-
peated three times with similar results, and
the results shown here are representative for
all these data. Bar represents 200 pm. (B)
Each column and wvertical bar represents the
mean and SD, respectively, from three inde-
pendent experiments. *P < 0.05, "P < 0.01
versus the control cultures. <P < 0.01 versus
the cultures with coated-PC alone. AR-S, aliz-
arin red—S; PRP, platelet-rich plasma.

PC+PRP

Statistical analysis. Data are expressed as the mean = SD. Statistical sig-
nificance of differences between groups was analyzed by Student’s i-test (Fig.
1) or one-way analysis of variance (Fig. 2). Comparisons between individual
groups were made using Tukey’s multiple comparison test. P < 0.05 was
considered significant.

REsuLTs

In our last study (Kawase et al., 2005), we found that 0.5% PRP
produced almost maximal effects on ALP activity (in the absence
of Dex) and that PRP at concentrations higher than 1% substantially
perturbed the subsequent extraction procedure by forming a more
solid fibrin clot. In a preliminary study, we also observed that PC-
coated plates were somewhat more optimal for cell proliferation and
mineralization than naive plates (for mineralization, Fig. 2). There-
fore, we have focused on studying the effects of PRP at 0.5% in
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Fic. 3. TEM images of undecalcified ex-
perimental cultures on day-25. Human PDL
cells were treated for 25 d with 0.5% PRP in
PC-coated coverslips in medium lacking Dex.
Panels C and D are higher magnified images
of panels A and B, respectively. Some debris
of platelets (an arrow) close to the human PDL
cells included electron granules (A), and the
other platelets were broadly mineralized (B,
arrowhead). When observing at a higher mag-
nification of panel A, mineralized nodules (ar-
rows) were scattered throughout the platelet
(C). The platelets seen in the panel B consist-
ed of numerous mineralized spicules (D).
Original magnification: A, X2700; B, X2500;
C, x50 000; D, X69 600.

combination with PC-coated plates in most of the following exper-
iments.

When rat PDL cells were cultured on native plastic culture wares
in the presence of Dex, the initiation of in vitro mineralization could
be usually observed by light microscopy after 15-18 d. Therefore,
we have now examined PRP’s time-course effects on the induction
of the osteoblastic phenotype in PDL cells over 20 d (Fig. 1). In
our previous study (Kawase et al., 2005), long-term treatment with
PRP (0.5%) in osteogenic medium lacking Dex significantly in-
creased the ALP activity of human PDL cells. However, in this
study using Dex-supplemented osteogenic medium, mRNA expres-
sion of ALP in rat PDL cells decreased with time of treatment and

PRP

RneErAZedEmatrix

was not significantly upregulated by PRP (0.5%) (Fig. 14). A similar
profile was observed in Chfal mRNA expression; it was upregulated
by almost twofold over control after 20 d of PRP treatment, but no
statistical significance was observed (Fig. 1B). In contrast, both BSP
and OCN mRNA expression increased with time and was time de-
pendently upregulated by PRP (0.5%) (Fig. 1C and D).

Figure 2 shows the effects of PRP on in vitro mineralization in
rat PDL cell cultures on day 20. Even in control cultures, AR-S-
positive calcium deposits could be observed, and PC coating by
itself did not appreciably stimulate this parameter. Interestingly,
addition of PRP (0.5%) to noncoated or PC-coated cultures sub-
stantially increased the number and cross-sectional area of calcium
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deposits (versus each corresponding control) (Fig. 2, middle panels).
These data were then quantitated, and plots are presented in the
lower panel of Fig. 2. As before, PC coating itself did not produce
significant effects, although the amount of deposited calcium in

PRP-treated cultures was significantly higher than that found in
parallel untreated cultures. In addition, slight synergistic effects of
PRP in combination with coated PC were observed, but these effects
did not prove to be statistically significant.

To extend these findings to human cells and to verify the fine
structure of the mineral depositions, we examined the initial phase
of mineralization in human PDL cell cultures under TEM. As shown
above, culture medium containing Dex is well known to promote
induction of several markers of the osteoblastic phenotype and stim-
ulate mineralization and therefore is most suitable for a differenti-
ation study. However, we have preliminary evidence that the pres-
ence of Dex is not suitable for the purpose of demonstrating mineral

Fic. 4. TEM images of undecalcified con-
trol cultures on day-25. Control human PDL
cells were cultured for 25 d on noncoated cov-
erslips in medium lacking Dex. Cells were
surrounded by fibrous materials. No electron
dense deposit indicative of matrix minerali-
zation was discernible. Panels B and C are
higher magnified images of extracellular fi-
brous (B, asterisk) and amorphous (C, double
asterisk) matrices adjacent to the human PDL
cells. Note no mineralized nodules with elec-
tron dense profile in both fibrous and amor-
phous extracellular materials. Original mag-

nification: A, X2400; B, X17 700; C, X8900.

nucleation in PRP-treated cultures by TEM analysis. Therefore, hu-
man PDL cells were studied in osteogenic medium that lacked Dex
to determine the effects of PRP.

Under these conditions, cells generally needed more days to form
AR-S—stainable calcium deposits than they did in the presence of
Dex (as shown in Fig. 2), and as expected, addition of PRP stim-
ulated cells to form calcium deposits appreciably faster. In PRP-
treated cultures on day 25, we have found that platelet aggregates
formed close to PDL cells (Fig. 34) and contained many patchy
deposits resembling the “mineralized nodules” frequently described
in the literature. These mineralized nodules formed on the platelet
membranes rather than within extracellular spaces that would be
filled with matured collagen fibrils and matrix vesicles by adjacent
osteoblasts. These areas of aggregated platelets were characterized
by a gathering of mineralized spicules (Fig. 3C), and several PDL
cells were found immediately adjacent to well-mineralized platelets
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(Fig. 3B and D). When both cases were closely examined, matrix
vesicle—like structures were not discernible between the PDL cell
and platelet aggregate, suggesting that nucleation of mineralization
is provided by the aggregated platelets but not mediated by matrix
vesicles. In contrast, parallel control cultures on this day featured
PDL cells that were surrounded by fibrous structures and amor-
phous organic components that did not mineralize (Fig. 4).

DiscussioN

In a series of studies (Okuda et al., 2003; Kawase et al., 2003,
2005), we have continuously provided positive evidence to support
the therapeutic application of PRP for periodontal regeneration: (1)
platelet-rich plasma contains high levels of TGF-B1 and PDGF-AB,
(2) TGF-B1, rather than PDGF-AB, contained within PRP is a major
factor involved in the mitogenic action of PRP, (3) fibrinogen con-
tained in PRP forms fibrin clots in cooperation with cellular throm-
bin and thereby promotes initial cellular adhesion, (4) in addition
to these short-term effects, long-term treatment with PRP increases
ALP activity and stimulates some parts of osteoblastic differentia-
tion in PDL cells.

To further prove that PRP is capable of directly stimulating bone
formation in PDL cell cultures, we have now examined the effects
of PRP on mineral deposit nucleation and formation. As expected,
our present data clearly demonstrate that PRP promotes the initi-
ation of mineral nucleation. This PRP-initiated mineralization re-
quired increased cellular ALP activity, as observed in the physio-
logical process of mineralization that is normally observed in the
mineralization front of skeletal tissue. However, in contrast to the
process of mineralization in vivo, where mineral spicules are closely
associated with collagen fibrils (Arceo et al., 1991), the PRP-ini-
tiated mineralization is characterized by the gathering of mineral-
ized spicules onto platelet-derived plasma membrane. Because
Marsh et al. (1995) described the possibility that cellular debris act
as nucleating sites for mineralization, we suggest that PRP might
initiate mineralization and thereby promote bone regeneration under
particular conditions at the site of in vivo application.

Type I collagen fibril is found as a major matrix protein within
the extracellular space of skeletal tissue. In addition to forming
much of the protein scaffold, it is generally accepted that type |
collagen is also important in maintaining tissue-specific functions
in vitro (Rocha et al., 1985; Reznikoff et al., 1987). Particularly in
osteoblastic cell cultures, type I collagen has been shown to be
important in supporting expression of mature bone cell phenotypes
(Andrianarivo et al., 1992; Lynch et al., 1995) and formation of
mineral deposits (Marsh et al., 1995). In addition, a recent study
has suggested the mechanism of action by demonstrating that the
amino acid sequence, Arg-Gly-Asp (RGD), a motif enriched within
the sequence of type I collagen, functions as a specific extracellular
attachment site for osteogenic cells (Sano et al., 2003). Therefore,
we thought that collagen-coated plates should be a better in vitro
model to simulate periodontal injury sites. Compared with native
plastic wares optimized for cell culture, PC coating was found to
suppress cell proliferation and increase collagen production in early
cultures of PRP-treated PDL cells (Kawase et al., 2005); unfortu-
nately, no convincing synergistic effects of PRP and PC were found
on the expression of osteoblastic markers or in vitro mineralization
in this study. Despite the lack of support given by the present ex-
periments, the possible combinational effects on osteoblastic dif-

ferentiation or mineralization cannot be completely ruled out at
present because PRP clearly influenced early, sparse cultures of
PDL cells when grown on coated PC. Further study using a three-
dimensional culture system is needed to develop a better under-
standing.

In conclusion, the overall process of PRP-initiated mineralization
seems different from the typical progression of osteogenic conver-
sion of an extracellular collagen-rich matrix, and in particular, min-
eral nucleation begins on the membranes of fibrin-entrapped plate-
lets instead of on collagen fibrils. However, PRP was found to in-
crease ALP activity and important osteogenic markers (such as BSP
and OCN, both associated with control of biomineralization) over
time, consistent with osteogenic developments within PDL cells.
Although PDL cells do not fully differentiate into osteoblasts, PRP-
initiated mineralization should be considered a consequence of a
similar biological process. As a result of osteogenic induction of
adjacent PDL cells coupled with providing abundant nucleation
sites for biomineralization, PRP should promote general skeletal
regeneration at the site of in vivo application.
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