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ABSTRACT
The aim of the present study was to demonstrate the mitogenic and differentiating properties of platelet-rich plasma releasates (PRPr) on

human chondrocytes in mono- and three-dimensional cultures. In order to assess if PRPr supplementation could maintain the chondrocyte

phenotype or at least inhibit the cell de-differentiation even after several days in culture, we performed a proteomic study on several cell

cultures independently grown, for different periods of time, in culture mediumwith FCS, human serum (HS), and releasates obtained from PRP

and platelet-poor plasma (PPP). We found that PRP treatment actually induced in chondrocytes the expression of proteins (some of which

novel) involved in differentiation. J. Cell. Biochem. 108: 1153–1165, 2009. � 2009 Wiley-Liss, Inc.
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I n recent years, a large number of clinical studies have suggested

that platelet (PLT) derivatives, such as PLT gel, PLT-rich plasma

(PRP) and similar products, have the potential for a substantial

therapeutic role in tissue regeneration [Sanchez et al., 2003a;

Marx, 2004; Borzini and Mazzucco, 2005]. In particular, the local

administration of PLT derivatives appears to be effective in the

healing of tissue lesions in a preponderant number of experiments

carried on animal models and human subjects. PLT treatments

aimed to significant enhancements of tissue healing have been so

far described for bone and soft tissue regeneration in oral and

maxillofacial reconstructive surgery [Anitua, 1999; Kassolis et al.,

2000; Tozum and Demiralp, 2003] and post-surgery healing and

remodelling of ligament grafts and ruptured tendons [Virchenko and

Aspenberg, 2006]. However, the general efficacy of PLT treatment in

surgery is far to be standardised and universally accepted. In vivo

studies are often based on anecdotal cases and their results are

sometimes conflicting, highlighting the need for an in-depth

analysis of the complex molecular mechanisms playing a role in

the regenerative cellular processes. In this direction, an extensive

in vitro experimentation has been developed, focused on the

biological effects that high concentrated PLT derivatives can exert

on cultured cells of mesenchimal origin like fibroblasts, tenocytes,

osteoblasts and chondrocytes [Kaps et al., 2002; Gaissmaier et al.,

2005; Kanno et al., 2005; de Mos et al., 2008].

Platelets are known to actively participate in healing processes by

delivering a broad spectrum of growth factors (GFs) and other active

molecules (chemokines, arachidonic acid metabolites, extracellular

matrix proteins, nucleotides, ascorbic acid and others) to the injured

site by exocytosis following adhesion or their stimulation by

thrombin or other strong stimuli-like calcium addition. GFs secreted

by platelets include platelet-derived growth factor (PDGF), endo-

thelial growth factor (EGF), insulin-like growth factor (IGF-I),
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transforming growth factor b-I (TGF b-I), vascular endothelial

growth factor (VEGF), hepatocyte growth factor (HGF) and basic

fibroblast growth factor (bFGF) [Fréchette et al., 2005]. These

substances act in synergy on local cells inducing specific responses:

TGF b-I, PDGF, and IGF-I, promote proliferation, cell migration

and synthesis of extracellular matrix proteins including collagen,

while VEGF, HGF and bFGF are chemiotactic and mitogenic for

endothelial cells promoting angiogenesis and vascularisation.

Articular cartilage is an avascular tissue that has a limited

capacity for self-repair. Recently proposed cell-based cartilage

repair procedures require that autologous articular chondrocytes are

isolated from a small biopsy, expanded in vitro, and then either

directly injected into the defect [Brittberg et al., 2001; Giannini et al.,

2005], or used to engineer implantable grafts [Sittinger et al., 1999;

Hunter and Levenston, 2004]. Generally, several technical problems

have limited the wide clinical application of these techniques, in

particular: (i) the low yield of chondrocytes that can be obtained

from a biopsy; (ii) the chondrocyte trend to lose their chondrogenic

potential during the expansion phase in conventional culture systems

based on foetal calf serum (FCS) addition to the culture medium;

(iii) the low capacity of chondrocytes to re-differentiate towards

cartilage-forming cells after the expansion phase. In the last years,

many of these aspects have been ameliorated thanks to the

development of cultural conditions based on the introduction of

mixtures of recombinant GFs and the employment of a variety of

biocompatible matrices supporting an appropriate tissue formation

in vitro and in vivo [Arévalo-Silva et al., 2001; Schmidt et al., 2006].

Although it is demonstrated that many GFs are able to induce

chondrocyte proliferation and differentiation, their biological

effects strongly vary in function of their synergy and combination

[Harrison et al., 1992; Chopra and Anastassiades, 1998; Jakob et al.,

2001]. Moreover, the stimulating properties of distinct GFs may

depend on the physiological status of the cultured chondrocytes,

including the differentiation potential and the age of donor [Barbero

et al., 2004]. These cultural aspects suggested the use of concen-

trated autologous or homologous PLT preparations as rich, safe

and economic sources of GFs to be additioned to cultural medium

[Kaps et al., 2002]. In some applications, platelets have been used

directly as PRP, while in other cases, platelet gels and releasates were

prepared starting from PRP.

The aim of the present study was to demonstrate the mitogenic

and differentiating properties of PRP releasates (PRPr, obtained

by means an optimised and standardised protocol) on human

chondrocytes in mono- and three-dimensional cultures. We

monitored the gene expression of some differentiation markers

and we found that PRPr treatment actually induced in chondrocytes

the expression of proteins involved in differentiation. We also found

that PRPr supplementation was able to maintain the chondrocyte

phenotype and inhibit cell de-differentiation even after several days

of culture. Moreover, we performed a proteomic study on several

chondrocytic cultures independently grown for different periods of

time in culture medium with FCS, human serum (HS), PRPr and

PPPr. The analysis of protein repertoires confirmed significant

differences of gene expression and assessed the involvement of

additional proteins in chondrocytic differentiation and anabolic

activity. Our in vitro results strongly support the efficacy of PRPr

supplementation to ameliorate the differentiation status of human

articular chondrocytes.

MATERIALS AND METHODS

PREPARATION OF PLATELET RELEASATES

Platelet concentrates were prepared employing a conventional bag

system following the protocol, with minor modifications, proposed

by Dugrillon et al. [2002]. A pool of venous blood from three healthy

volunteers of the same blood group (250ml) was collected into a

500ml bag containing a citrate phosphate dextrose adenine (CPDA)

solution as anticoagulant (1ml CPDA/7ml blood). Blood was

centrifuged once at 205g for 20min to remove red blood cells. The

buffy coat was transferred into a 150ml bag placed at room

temperature for 3–4 h under mild agitation and then centrifuged at

800g for 15min. The obtained supernatant, constituted by platelet-

poor plasma (PPP), was removed and collected, while the pelleted

platelets were resuspended with 10ml of remaining autologous

plasma in order to yield a platelet-rich plasma (PRP) suspension. The

PRP product was then aliquoted into sterile vials. During the process,

the platelet content has been determined for the whole blood,

PPP and PRP fractions.

Platelet releasates (PPPr, PRPr) were then obtained by two cycles

of freezing (�20 and �808C, respectively) and thawing (378C)
followed by a final centrifugation step (1,500g for 15min at 48C) to
remove debris. This method causes the rupture of the platelet

membranes, leading to a massive release in the supernatant of the

GFs contained within the platelet alpha granules. To avoid the

formation of a fibrin clot in the cell cultures grown with PRPr and

PPPr, probably induced by the activity of cellular endogenous

thrombin, the platelet releasates were separately clotted by adding

calcium gluconate alone. The clotted preparations were then

centrifuged (1,500g for 5min) and the isolated supernatants were

added to the cultures. The protein concentrations of the PRP and PPP

releasate preparations were equal and in the same range of the

related serum. However, the preparations were adjusted, with a

minimal addition of physiological solution, to the concentration of

40mg/ml.

In our experiments, the cell cultures were supplemented with 10%

FCS or with HS, PRPr and PPPr at an equivalent protein

concentration (about 2mg/ml). This cultural condition was achieved

when our preparations of HS, PRPr and PPPr were conveniently

diluted in physiological solution and added at 5% to the culture

medium.

TGF-b1 QUANTIFICATION

TGF-b1 levels were assayed in serum and in the PPPr and PRPr

preparations obtained from the same blood, by means of a

quantitative sandwich enzyme immunoassay (TGF-b1 detection

kit, ELISA, Biosource International, Camarillo, CA) following the

instructions of the manufacturer.

ISOLATION AND CULTURE OF HUMAN ARTICULAR

CHONDROCYTES IN VITRO

Human articular cartilage fragments were obtained after informed

consent from the femoral heads of patients with OA, defined by the
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clinical and radiological criteria of the American College of

Rheumatology (ACR), undergone surgery for total hip replacement.

Immediately after surgery, macroscopically healthy cartilage was

cut aseptically and minced in small pieces. The fragments were

washed in Dulbecco’s modified Eagle’s medium (Sigma, St. Louis,

MO) containing 2% penicillin/streptomycin solution (Life Technol-

ogies, GIBCO BRL, Grand Island, NY) and 0.2% Amphoterycin B

(Sigma). Chondrocytes were isolated from articular cartilage by

sequential enzymatic digestion: 30min with 0.1% hyaluronidase

(Sigma), 1 h with 0.5% pronase (Sigma) and 1 h with 0.2%

collagenase (Sigma) at 378C in wash solution (DMEMþ penicillin/

streptomycin solutionþAmphoterycin B). The cells suspension was

then filtered twice using 70mm nylon meshes, washed and centri-

fuged for 10min at 700g. The cell pellets were then re-suspended in

DMEM containing 10% FCS and expanded in monolayer culture.

Cells from individual donors were cultured separately at 378C in

95% relative humidity and 5% CO2 atmosphere. Chondrocytes were

then seeded in six-well plates at a starting density of 4� 104 cells/

well. Different cell cultures were then separately grown in DMEM

supplemented with 5% PPPr, 5% PRPr, 5% HS or 10% FCS. The

medium was changed 2 days a week.

CELL PROLIFERATION

The proliferative response of chondrocytes to PRPr, PPPr, FCS and

HS, was evaluated in monolayer cultures, in two sets of experiments,

using a colorimetric assay system based on tetrazolium salts

reduction exerted by cellular mitochondrial dehydrogenases (MTT

assay, Boehringer, Mannheim, Germany). The experiments were

carried out on pre-confluent cell cultures to avoid that contact

inhibition would influence the results. Briefly, each culture was

incubated with 0.5mg/ml of 3-(4,5-dimethylthiazole-2-yl)-2,5-

diphenyl-tetrazolium bromide labelling reagent for 4 h in a

humidified atmosphere. The resultant purple formazan salt crystals

were solubilised with DMSO. After 15min of incubation, the

solubilised formazan product was spectrophotometrically quanti-

fied. An increase in the number of living cells resulted in the

increased total metabolic activity in the sample. This increase was

directly correlated to the amount of purple formazan crystals

formed, as monitored by the absorbance. In a first series of

experiments we investigated the mitogenic effect of different PRPr

concentrations in comparison with equal amounts of PPPr. Twenty-

four hours after plating, the cultural medium was changed and the

cells were grown for 48 h in culture medium supplemented with 1%,

5% and 10% PRPr or PPPr. Successively, time course experiments

were performed to establish a growth curve of cells cultured in PRPr,

PPPr, FCS and HS, at equivalent protein concentrations (about 2mg/

ml). The cultural medium supplemented with the different biological

compounds was replaced every 3 days. The cellular proliferation was

assayed at days 2, 9 and 20 after the beginning of the treatment. The

MTT measurements were repeated for four chondrocyte cultures

derived from different human specimens.

GENE EXPRESSION ANALYSIS

To investigate the transcriptional expression of chondrocyte-

specific genes, we used a real-time quantitative reverse transcrip-

tase-polymerase chain reaction (RT-PCR) protocol [Bustin, 2000],

according to the instructions of the manufacturer (LightCycler1

PCR, Roche Diagnostics, Mannheim, Germany). RNA was isolated

from chondrocytes using a Totally RNA Kit (Ambion, Inc., Austin,

TX) and cDNA was generated from 1mg RNA using a Transcriptor

First Strand cDNA Synthesis Kit (Roche Diagnostics) and oligo(dT)18
primers (Table I). The Real Time PCR analyses were performed with a

LightCyclerTM Version 3.5 using a FastStart DNA MasterPLUS SYBR

Green I Kit (Roche Diagnostics). Human collagen-type I, human

collagen-type II, Sox9, aggrecan and alkaline phosphatase gene

sequences were amplified by using target-specific primer pairs

obtained from MWG Biotech AG (Ebersberg, Germany). Glycer-

aldehyde-3-phosphate dehydrogenase (GAPDH) was used as a

housekeeping gene for internal control and gene expressions in

each reaction was normalised by GAPDH expression. The primer

sequences and the corresponding annealing temperatures are shown

in Table I. The yield of the PCR products was enumerated for

individual cDNAs by monitoring the SYBR-Green fluorescence

intensities. The analysis of the data was performed using a

LightCycler Relative Quantification Software, Version 1.0 (Roche

Diagnostics). For each sample the quality of the PCR product was

tested by melting curve analysis. The size of the product was

confirmed by gel electrophoresis.

PROTEOGLYCANS (PGs) ASSAY

PGs release was assayed by an immunoenzymatic method (PG-

EASIA kit, BioSource Europe, Belgium). The assay sensitivity was

0.9 ng/ml. The results obtained for the different cultural super-

natants were normalised to the related DNA content of each assayed

culture. The DNA was extracted with a high pure PCR template

preparation kit (Roche Diagnostics) and measured with the high

sensitive QubitTM quantitation system (Invitrogen, USA).

GEL ASSEMBLY FOR THREE-DIMENSIONAL CULTURE

The maintenance of the chondrogenic potential in monolayer

de-differentiated chondrocytes treated with PRPr was assessed

by means of an in vitro assay for cartilage formation in three-

dimensional cultures based on fibrin gel [Hunter et al., 2004].

TABLE I. Primer Sequences and PCR Conditions

RT-PCR primers Sense primer (50–30) Antisense primer (50–30) Annealing temp. (8C), Product size (bp)

GAPDH AGCCACATCGCTCAGACA GCCCAATACGACCAAATCC 60 66
COL1 CAGCCGCTTCACCTACAGC TTTTGTATTCAATCACTGTCTTGCC 60 83
COL2 GTGCTAACGGCGAGAAGG CCAGTCTCTCCACGTTCACC 60 122
SOX9 AACGCCTTCATGGTGTGG TCGCTCTCGTTCAGAAGTCTC 60 91
ALPL GGGTCAGCTCCACCACAA GGCATTGGTGTTGTACGTCTT 60 94
AGC1 TCGAGGACAGCGAGGCC TCGAGGGTGTAGCGTGTAGAGA 60 85
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For each cell culture, a suspension of 5� 105 cells in 100ml of

DMEM was added to 500ml of PRP previously placed in a well of a

polycarbonate mould (11mm diameter by 5mm depth). Immedi-

ately after the seeding of the cells, about 30ml of a commercial 10%

calcium gluconate solution were added. The fibrin gel was allowed

to polymerise in a 5% CO2 incubator for 30min at 378C. The gel

cultures were then released from the mould and transferred into

wells of culture plates (24 wells) each filled with 2ml of DMEM

supplemented with 10% FCS, 5% PPPr or 5% PRPr. Gels were

cultured in free-swelling conditions in a 378C, 5% CO2 incubator,

changing the medium every 3 days.

HISTOLOGICAL AND IMMUNOFLUORESCENCE ANALYSES

The deposition of cartilage matrix components in the fibrin gel

masses was evaluated by means of histological examination for PG

accumulation via toluidine blue staining. Moreover, collagen type II

deposition was determined by immunofluorescence.

Gel masses containing chondrocytes entrapped in the fibrin

scaffold and cultured with culture medium containing FCS or PPPr

or PRPr, were shock-frozen in liquid nitrogen and embedded in

‘TissueTec’ (Jung/Leica Instruments GmbH, Nussloch, Germany).

Sections of 7–15mm thickness were cut with a cryotome. The

cryosections were then fixed with 4% formaldehyde for 20min,

washed and stained with toluidine blue to visualise cell morphology

and PG distribution by light microscopy.

In order to detect collagen type II deposition, fixed sections were

rinsed, incubated with 1% BSA/PBS, and then incubated again with

a mouse anti-collagen type II monoclonal antibody (Sigma) for

60min at room temperature in a humidified atmosphere. After

binding of the primary antibodies, the samples were washed in 1%

BSA/PBS and then incubated for 45min at room temperature with

secondary fluorescence-labelled goat anti-mouse antibodies (Invi-

trogen). Finally, the cryosections were embedded in mounting

medium and observed with a Leica DM/LB Fluorescent Microscopy

System.

PROTEIN EXTRACTS PREPARATION

Cellular suspensions (undisturbed monolayers lysed directly on

the culture plates and immediately additionated with a cocktail

of proteases inhibitors) were centrifuged at 700g for 5min in a

Beckman model J2-21 centrifuge equipped with a JA10 rotor. The

supernatant of each culture was discarded and the pellet was washed

three times with PBS. The cell pellets were immediately resuspended

and denatured in the buffer for 2-DE analysis consisting of a

solution containing 8M urea, 4% (w/v) CHAPS, 40mM Tris, 65mM

dithioerythritol and a trace of bromophenol blue. Total protein

content was determined in cell cultures lysates using the BioRad

protein assay. The total protein values were normalised to the

relative number of viable cells.

TWO-DIMENSIONAL ELECTROPHORESIS

2-DE was carried out according to procedures detailed elsewhere

[Bernardini et al., 2004]. Forty-five micrograms of protein sample

was applied to an Immobiline strip (IPG, Immobilized pH Gradient,

Amersham Bioscience) consisting of a nonlinear gradient, pH range

3.5–10, previously rehydrated. Isoelectric focusing was carried out

on Multiphor II (Amersham Bioscience). The voltage was linearly

increased from 300 to 3,500V during the first 3 h and then stabilised

at 5,000V for 22 h (total 110 kV� h). The IPG strip was then

equilibrated in 6M urea, 30% (w/v) glycerol, 2% (w/v) SDS, 0.05M

Tris–HCl pH 6.8, 2% (w/v) dithioerythritol and then with 2.5% (w/v)

iodoacetamide.

Electrophoresis in the second dimension was carried out on a 9–

16% polyacrylamide nonlinear gradient gel (18� 20 cm2� 1.5mm),

at a constant current of 40mA. Gels were stained with silver nitrate

as previously described [Bernardini et al., 2004]. Analysis was

performed in triplicate. The digitalised images were obtained by

scanning of the gels (Image Scanner, Amersham Bioscience) and

then analysed qualitatively and quantitatively by the Melanie II

2D-PAGE and PDQuest softwares (Bio-Rad, Hercules, CA).

Spot volumes were obtained in pixel units and normalised to the

total absorbance of the gel. The increasing/decreasing index (fold

change) was calculated as the ratio of spot volume (relative volumes)

between the different gel maps.

Protein spot identification was obtained by gel matching with

reference gels [Ruiz-Romero et al., 2005, 2006; Spreafico et al.,

2006].

STATISTICS

Data are expressed as the mean� standard deviation. Student’s

t-test and multiple-measurement ANOVA analysis followed by the

Bonferroni-type multiple comparison were used. Differences with

P-value <0.05 were considered significant.

RESULTS

PLATELET RELEASATES

Platelet count was performed on whole pooled blood and its PPP and

PRP fractions (Table IIa). The concentration of platelets of whole

blood was 234k/ml. Our platelet concentration protocol allowed

obtaining a 6.23-fold increase in the platelet count of the PRP

fraction (1,460k/ml) in comparison with the whole blood.

As reported in Table IIb, the concentration of TGF-b in the PRP

releasate after activation was about 126 ng/ml. The level of TGF-b

was considerably higher in the PRP releasate compared to the serum

and/or PPP releasate obtained from the same blood.

TABLE II. PRP Platelet (a) and TGF-b (b) Enrichment

No. of platelets
(103/ml)

Platelet enrichment
vs. blood

(a)
Pooled blood 234� 46.8 1
PRP fraction 1460� 292.0 6.23
PPP fraction 28� 5.6 0.12

TGF-b content
(ng/ml)

TGF-b enrichment
vs. serum

(b)
Serum 35.7� 7.1 1
PRP releasate 126.2� 25.2 3.5
PPP releasate 10.6� 2.1 0.29

Mean values (�SD) from three donors.
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TWO-DIMENSIONAL MONOLAYER CULTURES

Cell proliferation. As observed in similar experiments proposed by

other authors [Kaps et al., 2002] the PRP releasates enhanced

chondrocyte proliferation in a dose- and time-dependent manner.

MTT assays performed on four different chondrocyte cultures

revealed that, after 48 h of treatment, the proliferation of cells

grownwith 5% PRPr increased of þ96% in comparison with cells

grown with 5% PPPr. The treatment with higher PRPr and PPPr

concentrations (10%) did not induce a significant enhancement of

cell proliferation (Fig. 1A).

Monolayer cultures were also treated for 2, 9 and 20 days [Girotto

et al., 2003] with PRPr, PPPr, FCS and HS at the same protein

concentration. As revealed by MTT assays (Fig. 1B), treatment with

PRPr resulted in a significant increase in cell proliferation when

compared to the PPPr, FCS and HS groups (PRPr: þ91%, P< 0.001

vs. PPPr; þ41%, P< 0.001 vs. FCS; þ35%, P< 0.005 vs. HS).

VALIDATION OF CHONDROCYTIC PHENOTYPE: EXTRACELLULAR

MATRIX SYNTHESIS AND CELL APPEARANCE

Gene expression of chondrogenic markers. During the expansion

phase, the levels of different transcripts for Sox9 and aggrecan were

assessed in the first 24 h of treatment by means of Real Time PCR.

In PRPr treated cultures, after 4 h, the mRNA expression for Sox9

was increased at least sixfold in comparison with the other types

of treatment (Fig. 2a). An increase in aggrecan expression (about

2.5-fold in comparison with the induction by HS and FCS) was also

observed after 4 h in PRPr treated cultures (Fig. 2b). In order to

evaluate the degree of de-differentiation of our culture systems, we

performed real-time PCR assays for the gene expression of collagen

type I and collagen type II after 2 and 20 days of treatment. Collagen

type I, a well-known marker of de-differentiation, showed quite a

constant expression level amongst the cultures grown with the same

cultural supplementation (Fig. 2c). On the contrary, a substantial

down-regulation of collagen type II expression was noted in all the

tested cultures (Fig. 2d). Anyway, the addition of PRPr seemed

effective in sustaining collagen II type transcription at a higher level

than that obtained by the other types of treatment.

We assessed the levels of alkaline phosphatase (Fig. 2e). Our

results showed that after 21 days of treatment with PRP, alkaline

phosphatase levels were equal or lower than those obtained with

other cell culture supplementations. This could be a good feature for

cartilage repair systems where prevention of the hypertrophy of

chondrogenic cells is desirable.

Collagen type X was undetectable under our conditions. This

is in agreement with the common observation that its synthesis is

generally very low during the formation of articular hyaline

cartilage.

Proteoglycan assay. As shown in Figure 3, chondrocytes

cultured in the presence of PRPr significantly released more PGs

(per mg of DNA) than chondrocytes cultured in FCS (þ87% after

2 and 9 days, þ335% after 20 days; P< 0.001). PRPr-treated

chondrocytes showed an increase of PG secretion in the first 2 days

of culture in comparison with PPPr or HS (þ25% vs. PPPr,þ32% vs.

HS; P< 0.001), while no significant treatment-related differences

were observed after 9 days. However, after 20 days of treatment the

PG release in PPPr and HS treated cultures dropped to basal values,

while PRP-treated chondrocytes seemed to be eventually quite high

(þ625% vs. PPP, þ304% vs. HS; both P< 0.001).

COMPARATIVE PROTEOMIC ANALYSIS

2-DE was applied to analyse the proteomes of human chondrocytes

cultured in 10% FCS or in 5% PRPr for 21 days or in 5% PRPr for

21 days followed by culture in 10% FCS for further 11 days (Fig. 1S).

Whole cell protein extracts were separated on a 2-DE gel covering

the pH 3-10 (IPG nonlinear gradient) and Mr 200-8 kDa (linear

gradient) ranges. Gels loaded with 50mg protein followed by silver

staining were also produced. Performing culture experiments three

times assessed reproducibility and sets of 12 gels were produced

for each culture; all the gels associated to the same collection

were completely superimposable. Proteins were annotated only if

detectable in all identical gels. Determination of the pI and Mr scales

on the gels was performed by gel matching with the calibrated

homemade master gel previously produced [Spreafico et al., 2006].

The total number of protein spots revealed in 2-DE gels was of 1,863

for 10% FCS-, 1,602 for 5% PRPr- and 1,877 for 5% PRPrþ 10%

FCS-cultured chondrocytes. The computer-assisted comparison

between the proteomes of cells grown in different media revealed

an increasing/decreasing intensity of many spots. A quantitative

evaluation was carried out by laser densitometry and the relative

abundance of individual polypeptides was calculated. In Table III,

the protein species whose intensities showed differences between the

maps by a factor greater than 1.5 were reported.

Fig. 1. A: Effects of different concentrations of PPPr and PRPr on human

chondrocytes’ proliferation. MTT assay was performed after 48 h of treatments.

Reported results are the average of experiments performed in triplicate on four

different cell cultures. For all the PRPr concentrations P-value was <0.05.

B: Comparison of the effects of PRPr, PPPr, FCS and HS at the same protein

concentration. MTT assay was performed in three independent experiments

(see Results Section for statistical analysis).
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We analysed and compared the proteomes of chondrocyte

cultures, derived from the same patient, and independently grown in

monolayer for 21 days with 10% FCS or with 5% PRPr. In order to

evaluate if the PRPr treatment could induce reversible effects on

cellular proteome, we carried on further analyses on cultures

initially treated for 21 days with 5% PRPr and grown for further

11 days with 10% FCS. In comparison with the proteome of

FCS-treated cells, the number of protein spots of the PRPr-treated

cells seemed to be reduced of about �14%. This proteomic change

seemed to be almost completely reverted when the 5% PRPr

supplementation in the culture medium is suspended and replaced

with 10% FCS.

After 21 days in culture, PRPr supplementation induced the

increase of some protein molecular species while other proteins were

remarkably under-expressed in chondrocytes. These proteins may

be important to understand biochemical mechanisms associated

with chondrocyte differentiation.

DIFFERENTIALLY EXPRESSED PROTEINS

Energy. We observed a slight increase of some of the main high-

abundant glycolytic enzymes, typical of the energetic demand of

differentiating chondrocytes [Hadhàzy et al., 1973], living in an

original hypoxic milieu. Interestingly, we didn’t find an increase of

glyceraldheyde-3-phosphate dehydrogenase that is in fact con-

sidered a negative marker of chondrocytes differentiation [Haudens-

child et al., 2001].

Protein synthesis, folding, assembly and cytoskeleton. Proteins

involved in protein synthesis were found quite over-expressed in

PRPr-treated cells as wells as proteins playing a role in the sub-

sequent protein folding and assembly, confirming the very anabolic

status of the cells.

Elongation factor 2 is over-expressed during chondrocyte

differentiation [Jefferies et al., 1998]. An enhanced expression of

the T-complex protein 1 beta and zeta subunits of the machinery

deputed to proper folding of actin and tubulin was observed [Llorca

et al., 2001].

Fig. 2. Time-course gene expression of Sox9 (a) and Aggrecan (b) in human chondrocytes cultured for 4, 12 and 24 h in the presence of 5% PPPr, 5% PRPr, 10% FCS and 5%

HS. Levels of mRNA expression of collagen type I (c), collagen type II (d) and alkaline phosphatase (e) after 2 and 20 days of treatment with 5% PPPr, 5% PRPr, 10% FCS and 5%

HS. Reported results are the average of three independent experiments using cells from three individuals. �P< 0.05, ��P< 0.001 versus 5% PRPr.

Fig. 3. Proteoglycan secretion of human chondrocytes cultured in the

presence of 5% PPPr, 5% PRPr, 10% FCS and 5% HS. Reported results are

the average of three independent experiments. �P< 0.001 versus 5% PRPr.
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Septins often co-localise with actin bundles and may be

important components of cytoskeleton. Particularly, Septin-2 that

we found increased, is down-regulated in tumours compared to

normal tissues [Khalil, 2007].

Annexin A2 is associated to protein glycosilation processes for

epithelial regeneration and it is a marker for terminally differ-

entiated chondrocytes [Patchell et al., 2007].

Serpins are cartilage-relevant differentiation markers [Boeuf

et al., 2008] and particularly Serpin H1 binds specifically to collagen

and could be involved as a chaperone in the biosynthetic pathway of

collagen.

Differentiation. Lamin-A/C is associated to the differentiation of

human stem cells [Constantinescu et al., 2006] and its high

expression is related to a good osteoarticular functioning [Duque

and Rivas, 2006].

Vinculin combines with integrins and other proteins to form the

focal adhesions that mediate cell adhesion. Formation of these

structures activates signalling pathways that ultimately regulate

gene expression [Knudson and Loeser, 2002] and could influence

whether these cells will maintain their phenotype. Changes in

vinculin expression in response to GF stimulation may reflect either

a necessary step in the progression through the cell cycle or a

response related to complex cellular processes such as cartilage

repair.

Redox regulation. Reactive oxygen species (ROS) are the main

biochemical factors of cartilage degradation. However, the

endogenous production of ROS is also required for stimulation of

human articular chondrocyte to produce matrix [Del Carlo et al.,

2007]. So the ROS play a double role mediating on one side the loss

of cartilage and on the other one the production of new matrix. To

prevent ROS toxicity, chondrocytes possess a well-coordinated

enzymatic antioxidant system formed principally by superoxide

dismutases, catalase and glutathione peroxidase.

Protein DJ1 has cell-growth promoting activity and transforming

activity but mainly it is a member of the dj1-hsp70 chaperone pair

effective in preventing NO-mediated apoptosis [Gotoh et al., 2004].

Peroxideroxins are peroxidases involved in antioxidant defence

and intracellular signalling with important roles in cell differentia-

tion, proliferation and apoptosis. In particular peroxideroxin 6 has

been found upregulated during bovine cell maturation [Leyens et al.,

2004].

Catalase, when over-expressed and even secreted in the medium,

plays a critical role for thiols levels in modulating events linked to

chondrocyte maturation and cartilage synthesis and mineralisation

[Teixeira et al., 1996].

Protein degradation. Due to the anabolic status of the cell,

catabolism, characterised by decreased protein synthesis and

accelerated proteolysis, is obviously repressed, as witnessed by

the decreased expression of proteasome subunit alpha type-5,

proteasome activator complex subunit 1 and the ubiquitin-

conjugating enzyme E2-25 kDa. Moreover, it is known that GFs

(i.e. IGF-1) oppose catabolism acting on the Ub/proteasome system

decreasing the transcription rate and/or stability of mRNAs [Chrysis

and Underwood, 1999].

Translationally controlled tumour protein (TCTP) had the most

striking differential expression. It is a highly conserved GDP/GTPS
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exchange factor involved in a wide range of cellular processes,

mainly related to cell growth and proliferation: anti-apoptotic,

tubulin binding, Ca2þ binding. Moreover, being also secreted, it has

extracellular functions as histamine-releasing factor and cytokine.

TCTP is expressed at a low rate in post-mitotic tissues while at high

levels in cells undergoing active division like tumour cells [Schmidt

et al., 2007], because it specifically antagonizes the elongation

reaction of protein synthesis, functioning as an eEF1Bb-specific

guanine nucleotide dissociation inhibitory factor (GDI) during

translation.

TCTP decrease is congruent with the diminished expression of

Rho GDP-dissociation inhibitor 1, or Rho GDI 1, (GIDR) whose over-

expression leads to disruption of the actin cytoskeleton and negative

regulation of cell adhesion. This protein is involved in the

myofibroblast differentiation [Lakhe-Reddy et al., 2006].

Annexin V, an early marker of apoptosis, has been observed to

decrease in re-differentiating chondrocyte cultures [Haudenschild

et al., 2001].

THREE-DIMENSIONAL CULTURE ON FIBRIN SCAFFOLD OF

HUMAN CHONDROCYTES

PRPr effects on matrix accumulation of chondrocyte-seeded fibrin

gels. The fibrin gel is known to be a tenacious polymer that,

resembling the cartilage matrix environment, supports chondrocyte

phenotypic expression and matrix elaboration [Perka et al., 2001;

Hunter et al., 2004; Lee et al., 2005]. Figure 4 shows the effects of

different cultural supplementations on fibrin gels obtained from

PRP fractions and seeded with de-differentiated chondrocytes

previously expanded with conventional methods. Chondrocytes

were three-dimensionally reassembled in fibrin gel and cultured in

the presence of 10% FCS or equal protein amounts of PPPr and PRPr

preparations. In our experiments, the cellular distribution in all

dimensions of the gels appeared to be uniform, independently from

the applied experimental conditions. The cells encapsulated in fibrin

gel were spherical resembling the typical morphology of the

differentiated chondrocytes. After the toluidine blue staining, the

rough comparison of several optical fields sampled from differen-

tially treated cultures with a similar cell density, suggests that PRPr

supplementation induced a major deposition of PGs in the

extracellular compartment.

Moreover, since the different fibrin cultures had been prepared

from the same PRP batch, the observed anabolic effects seemed to be

prevalently due to GFs contained in the PRPr supplementation and

not from those potentially released by the fibrin clot.

IMMUNOFLUORESCENCE ANALYSIS FOR COLLAGEN TYPE II

SYNTHESIS AND DEPOSITION

Figure 5 shows different fibrin-gel chondrocyte cultures supple-

mented with PPPr (A, B), FCS (C, D) or PRPr (E, F) for different

periods of time (14 and 21 days). A prominent immunofluorescence

staining for collagen type II, especially in the pericellular

compartment, was observed for chondrocytes grown in presence

of PRPr, in comparison with other fibrin gel cultures treated for the

same period of time. The staining intensity appeared to be weaker

and not so largely diffused in chondrocyte cultures grown with FCS,

Fig. 4. Histological staining. Toluidine blue staining of fibrin gels seeded

with human chondrocytes and cultured for 14 (left panel) and 21 (right panel)

days. Different sections were obtained from cultures grown with 5% PPPr (A,

B), 10% FCS (C, D) and 5% PRPr (E, F) as cultural supplements.

Fig. 5. Immunofluorescence microscopy. Immunolocalisation of collagen

type II (green fluorescence) in fibrin gels seeded with human chondrocytes

and cultured for 14 (left panel) and 21 (right panel) days with 5% PPPr (A, B),

10% FCS (C, D) and 5% PRPr (E, F) as different cultural supplements.
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while only a very low fluorescence was observed for cultures

supplemented with PPPr.

DISCUSSION

In the last years, several studies evaluated the possible employment

of platelet-derived extracts in clinical applications and tissue

engineering. In particular, it has been suggested that platelet

extracts could be a valuable source for autologous growth and

differentiation factors needed for tissue-engineering approaches in

cartilage regeneration [Sanchez et al., 2003b; Wu et al., 2007]. At

the moment, the modern autologous chondrocyte transplantation

techniques are seriously limited in their clinical use by the elevated

cost of purified genetically engineered GFs that are essential for the

cellular expansion and differentiation. Moreover, the supplemented

medium currently used for cell growth would be qualified to be free

of adventitious agents and adverse genetic material [Doucet et al.,

2005].

Although the biological effects of PRP-derived preparations on

chondrocyte proliferation have been well demonstrated, an effective

action on chondrocyte differentiation is still lacking of molecular

evidences. Akeda et al. [2006] have suggested that, in a cellular

model based on porcine articular chondrocytes grown on alginate

beads, PRP releasates can be used as tissue culture supplements for

their positive effects on matrix synthesis and accumulation. The aim

of our work was to provide further biochemical evidences that the

PRPr supplementation to human chondrocytes could support their

chondrogenic properties.

Platelet extracts were obtained by means of an optimised method

that, on the basis of previous studies [Choi et al., 1980; Akeda et al.,

2006], has allowed recovering high concentrations of GFs as

revealed by the high amount of TGF-b1 contained in our

preparations. In our experimental procedure, we observed that

the release of GFs from platelet preparations was generally higher if

the cells were submitted to sudden changes in temperature rather

than by a physiological degranulation induced by thrombin and

calcium addition. This difference in GF yield could be relevant when

technical and logistic problems hamper the preparation of platelet

releasates immediately after the platelet enrichment procedure.

The introduction of a clot formation step after the freeze/thawing

platelet treatment was necessary in order to reduce the formation of

a fibrin gel in the cultures grown with 5% PRP or 5% PPP. In our

procedure, differently from other similar studies, the clot formation

was achieved without the use of exogenous thrombin, which has

been shown to induce biological effects on cell proliferation and

differentiation by itself [Pagel et al., 2003; Nowak et al., 2007].

An alternative method based on the cultural addition of heparine,

a fibrinolytic agent, was considered not suitable since the activity

of the enzyme could interfere with several cellular physiological

processes.

In agreement with previous studies [Kaps et al., 2002; Gaissmaier

et al., 2005; Akeda et al., 2006], we observed a strong effect of

PRPr preparations on chondrocyte proliferation. Gene expression

analyses also supported a stimulating action of PRPr on Sox9 and

aggrecan expression at least in the first days of treatment. An

increased transcription of Sox9 has been shown to be associated

with the chondrocytic re-differentiation process [Stokes et al.,

2001]. On the contrary, collagen type II mRNA expression, strongly

reduced when chondrocytes are grown in FCS in monolayer cultures

for a long time, decreased at a lower extent when cells had been

supplemented with PRPr. We also observed that PRPr-treated

chondrocytes acquired, on the basis of morphological analysis and

PG release, a phenotype suggesting a high anabolic activity, at least

in the first days of treatment, even if the proliferation rate is still

quite high, as reported also by other authors [Grigolo et al., 2002;

Akeda et al., 2006].

A particular interest in regenerative medicine and tissue

engineering is focused in the development of well-defined and

efficient protocols for directing and sustaining the cultured

chondrocyte into an active chondrogenic state. In the ACT

procedures, it is highly desirable to define a balanced combination

of cytokines and GFs that promotes the synthesis of hyaline cartilage

matrix proteins concomitantly delaying the cellular progression

to terminal hypertrophy. Hypertrophic chondrocytes are in fact

characterised by a strong expression of type X collagen and

osteogenic marker genes, and by a substantial down-regulation of

many genes for ECM proteins [Col2a1, Col11a2 and aggrecan;

Lefebvre and Smits, 2005].

The transcription factor Sox9 plays a critical role in cartilage

development by initiating chondrogenesis and preventing the

subsequent maturation process leading to chondrocyte hypertrophy.

This suppression mechanism by Sox9 on late-stage chondrogenesis

partially results from the direct [Zhou et al., 2006] and indirect

[Yamashita et al., 2009] inhibition of the Runx2 transcription factor,

the main activator of hypertrophic chondrocyte differentiation.

In our experiments, we have observed a major transient increase

in Sox9 and aggrecan expression just few hours after the addition of

fresh culture medium supplemented with PRPr. Since the expression

of other markers for chondrocyte terminal differentiation seems to

be inhibited or at least delayed by PRPr treatment, we speculate that

the increase in Sox9 levels induced by PRPr could at the same time

stimulate the chondrogenic activity and prevent hypertrophy during

the autologous chondrocyte transplantation (ACT) culture.

In the present work we have mainly focused our research on a

limited experimental model based on two-dimensional chondrocyte

cultures. Such experimental condition has allowed better standar-

dising our experiments, drastically reducing many methodological

variables due to the different nature of the cultural scaffolds and

allowing obtaining large amounts of cellular lysates minimising

further complex procedures for protein extraction. Although

chondrocytes grown under our experimental conditions would

inevitably go towards a progressive state of de-differentiation, we

obtained, both at the cellular and molecular level, many evidences

supporting the differentiating effects PRPr on chondrocytes.

In order to better define the efficacy of the PRPr as preparations

rich of GFs to be used in ACT techniques, we have also performed

preliminary experiments on human chondrocytes cultured in fibrin

gels, an important three-dimensional validation system where the

chondrogenic differentiation was ascertained.

The cultures of allograft and autograft chondrocytes transplanted

in fibrin have been shown to stimulate hyaline cartilage repair in
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various experimental models [Hunter et al., 2004; Lee et al., 2005].

The use of fibrin-based vehicles is appealing because of the ready

source of autogenous fibrinogen from plasma, its application as a

self-polymerising liquid, and the inherent ‘glue’-like properties

of thrombin-activated fibrinogen. Moreover, fibrin gel seems to

provide a good cell seeding efficiency and allows themaintenance of

the chondrocytic phenotype [Malicev et al., 2007].

In our experiments the source of the fibrin gel consisted of a

limited volume of PRP. According to the method described by

Anitua et al. [2004], once the platelet concentrate is activated by

way of thrombin generation with calcium, a three-dimensional and

biocompatible fibrin scaffold is formed, and a lot of GFs and proteins

are released, progressively, to the local environment.

Our preliminary experiments further support the in vitro efficacy

of the PRPr supplementation in the enhancement of the chondrocyte

synthesis and deposition of cartilage matrix components. Further

experiments will be performed in order to demonstrate a significant

efficacy and convenience of PRPr use in comparison with

autologous or homologous serum.

The different extents with which PRPr and HS may act on

chondrocyte differentiation were only briefly analysed in the

present work and needs to be investigated by means of further

proteomic analyses. However, in comparison with HS, the whole of

the differentiating PRPr activity in addition to its stronger effect on

cell proliferation, should allow to consider this preparation very

useful to the safe and economic engineering of cartilage constructs.

Proteomic analysis of protein repertoires of chondrocytes

differentially cultured clearly indicated the PRPr supplementation

positively regulated anabolic pathways towards a differentiation

status. The positive and specific effect of PRPr was confirmed

when the proteome of 5% PRPrþ 10% FCS-treated chondrocytes

(‘reverted’ phenotype) was analysed as well, showing the reversi-

bility of the treatment through the restoration of a protein expres-

sion profile of cells typically grown in FCS. Finally, a validation of

PRPr effects at the proteome level was obtained when that human

articular chondrocytes cultured in PGA three-dimensional scaffolds

(where cells are universally considered at a higher differentiation

level) in 5% PRPr supplemented medium: in this case over- and

under-express proteins that we found analogously expressed as in

PRPr-treated mono-dimensional cultures (data not shown).
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