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Platelet Lysate (PL) contains a cocktail of growth factors and cytokines, which actively participates in
tissue repair and its clinical application has been broadly described. The aim of this study was to assess
the regenerative potential of PL for bone repair. We demonstrated that PL stimulation induces a transient
increase of the inflammatory response in quiescent human osteoblasts, via NF-kB activation, COX-2 in-
duction, PGE2 production and secretion of pro-inflammatory cytokines. Furthermore, we showed that
long-term PL stimulation enhances proliferation of actively replicating osteoblasts, without affecting
their differentiation potential, along with changes of cell morphology, resulting in increased cell density
at confluence. In confluent resting osteoblasts, PL treatment induced resumption of proliferation, change
in cell morphology and increase of cell density at confluence. A burst of PL treatment (24-h) was suffi-
cient to trigger such processes in both conditions. These results correlated with up-regulation of the
proliferative and survival pathways ERKs and Akt and with cell cycle re-activation via induction of
CyclinD1 and phosphorylation of Rb, following PL stimulation. Our findings demonstrate that PL treat-
ment results in activation and expansion of resting osteoblasts, without affecting their differentiation
potential. Therefore PL represents a good therapeutic candidate in regenerative medicine for bone repair.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Large bone defects (critical-size defects) caused by disease,
trauma or tumour resection are not healed by the intrinsic regen-
erative capacity of our body and remain one of the more difficult
repair therapies to successfully achieve.

In the last years, to mimic and lead bone tissue regeneration,
several methods involving novel biomaterials and different bone
progenitor cell culture systems have been implemented that rep-
resented a step forward on the bone reparation road [1e9]. How-
ever, the other side of the coin is that cell-biomaterial implants
present a list of disadvantages, such as the requirement of the cell
culture in a strictly controlled environment, the high costs the need
of optimized fully-resorbable scaffolds and the vascularization
supply of large implants.
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In light of these considerations, although tissue engineering for
bone repair is certainly a feasible procedure, it might represent a
suitable approach in case of extreme pathological conditions,
whereas for most patients a non-surgical repair induction could be
a much better and clinically feasible solution.

The healing process represents the physiological adaptation of
an injured tissue, aiming at fully restoring its structural and func-
tional integrity. When a tissue undergo a lesion, the recovery pro-
cess begins with clot formation and platelet degranulation at the
site of the injury, promoting the release of chemical signals
involved in all aspect of the wound healing process and possibly
triggering and regulating this process in a process which is similar
for all tissue types [10,11].

Inflammation, the first phase of the healing process, leads the
repair of the damage in the end, although it can also represent the
main cause of tissue degeneration if it lasts for too long or becomes
a systemic inflammation [12]. Thus, the modulation of the inflam-
matory response is a key factor to orchestrate the tissue repair.

During the inflammatory phase, the formed clot releases several
platelet-derived chemokines and cytokines. In the last years,
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platelet derivatives known as Platelet-Rich Plasma (PRP) and
Platelet Lysate (PL) have attracted the attention of several in-
vestigators. PRP and PL contain a cocktail of growth factors, cyto-
kines and molecules that actively participates in the tissue
repairing process. In light of their properties, these platelet by-
products in the form of PRP and PL have been extensively used
for clinical applications such as musculoskeletal injuries [10],
wounds and soft tissue injuries [13], sports medicine [14e16], or-
thopaedics [17e22], dentistry [23e25], dermatology [26,27],
ophthalmology [28e31], plastic [32] andmaxillofacial surgery [33e
36], soft tissues damage repair [37,38] and even as fetal calf serum
substitutes for in vitro cell culture [39].

In this study we considered and attempted to investigate in
culture some of the physiological events occurring during the initial
phases of the wound healing process (i.e. blood extravasation,
coagulation, platelet content release, stimulation of resident cells)
eventually resulting in new tissue and repair.

Since our specific interest was directed to the bone fracture, we
focused our work on the in vitro analysis of primary osteoblast
cultures.

Osteoblasts play a pivotal role during bone formation and
remodelling; mesenchymal stem cells can get activated and
differentiate into osteoblasts precursors, which in turn, under the
appropriate local stimulation, give rise to more functionally mature
osteoblasts releasing extracellular matrix proteins and factors and
regulating bone deposition and mineralization [40e43]. During the
inflammatory phase of the healing process, bone morphogenetic
proteins, produced by osteoprogenitor cells, together with inflam-
mation cytokines, recruit mesenchymal cells and push their dif-
ferentiation into more committed cells [44e46].

Our study started on the observation that a large amount of
actively proliferating cells migrated out of bone chips treated with
PL in vitro, compared to control cultures maintained in un-
supplemented conditions. Our intent was to understand the puta-
tive regenerative effect of platelet-released molecules when a bone
insult occurs and to elucidate part of the cellular and biochemical
cascades of events involving the osteoblast population, trying to
separate and to identify the single steps and the activated molec-
ular pathways.

Considering that the healing process begins with blood extrav-
asation, clotting and onset of inflammation, we first performed a
biochemical analysis of the effect of the platelet content on the
osteoblasts, both in physiological and inflammatory conditions, in
terms of their proteins expression, release of active biological fac-
tors and pathways activation. Subsequently, we investigated the
possible mitotic effect of PL on osteoblast proliferation, in presence
and absence of inflammation, together with themaintenance of the
differentiation potential of the treated cells. As well, we performed
a set of experiments aiming at clarifying the effectiveness of PL in
inducing proliferation, after a treatment limited in time, in linewith
what physiologically happens during the fracture inflammatory
phase. Finally we investigated the possible actions of PL on the
activation of proliferation pathways and the expression of specific
proteins controlling the cell cycle.

2. Materials and methods

2.1. Materials

Iscove medium (Iscove MEM), L-glutamine, trypsin/EDTA, and penicillin/strep-
tomycin were all obtained from Euroclone Life Sciences Division (Milan, Italy). Fetal
calf serum (FCS), collagenase I, and collagenase II were purchased from Gibco
(Invitrogen s.r.l, Carlsbad, CA). Ascorbic acid, dexamethasone, b-glycerophosphate,
BAY 11-7082, UO126, LY294002, tyazolyl blue (MTT), Alkaline Phosphatase staining
kit, Alizarin Red S, TRIreagent� and absolute ethanol were purchased from Sigmae
Aldrich (St. Louis, MO.). Dispase II was purchased from Roche Applied Science (MB,
Italy). Antibodies anti IL-6, anti IL-8, anti Actin and anti CyclinD1 were from Santa
Cruz Biotechnology Inc. (Dallas, TX). Antibodies anti COX-2, anti microsomal Pros-
taglandin E Synthase-1 (mPGES) anti haematopoietic Prostaglandin D Synthase
(hPGDS) were from Cayman Chemical (Ann Arbor, MI). Antibody anti phospho-Rb
was from Cell Signalling Technology (Danvers, MA).

2.2. Preparation of purified Platelet Lysate

Platelet Lysate was prepared according to Doucet et al. and Zaky et al. [39,47]
with little modifications. In brief, platelet rich plasma (PRP) was obtained from
healthy human blood donors from the San Martino Hospital Blood Transfusion
Centre (Genoa, Italy) in consensus with the guidelines of the institutional ethics
committee. After a low speed centrifugation, platelets were re-suspended in phys-
iologic saline (0.9% NaCl, Fresenius Kabi, Italy) to eliminate possible contaminants
from plasma; the platelet concentration was adjusted to 1 � 107 platelets/ml in PBS
and the resulting suspension subjected to 3 consecutive freezeethaw cycles to
obtain platelet activation and lysis. In order to precipitate broken platelet mem-
branes, a high-speed centrifugation was performed and the supernatant, containing
the cocktail of factors released by the platelets re-suspended in PBS (Platelet Lysate,
PL), was collected and stored in aliquots at �80 �C until use. To minimize variations
between donors, PL preparations used for this study were derived from pooled PRP
preparations deriving from at least 10 donors.

2.3. Chips culture and osteoblast isolation

Samples of human bone tissue were obtained from trabecular bone removed
from the femoral shaft of adult patients that underwent hip joint replacement
surgery at the San Martino Hospital Orthopaedic Clinic (Genoa, Italy). The informed
consensus of the patients and the approval of the institutional ethics committee
were preliminary obtained.

For chips culture, trabecular bone fragments were cultured in complete medium
(Iscove medium containing 10% FCS) either additionally supplemented or not with
5% PL. After twelve days when outgrowth of adherent cells from the tissue explant
was observed, bone chips were removed, washed with PBS and further cultured in
complete medium without PL for additional six days. Primary osteoblasts were
isolated from 48 femoral heads derived from patients experiencing fracture of the
femur or with a severe osteoarthritis. The patient age range was 64e85 years. Only
two patients were 41 and 54 years old respectively.

Bone samples were cleaned of adherent soft tissues and cut into small pieces
(2 mm � 2 mm). After cutting, samples were washed in PBS and digested firstly in
1 mg/ml trypsin/Ringer solution (147 mM NaCl, 4 mM KCl, 1.13 mM CaCl2 inwater) for
10 min at 37 �C, then in 2 mg/ml dispase/Ringer solution for 20 min at 37 �C and
finally in 3 mg/ml collagenase I/Ringer solution twice for 30 min at 37 �C. Cells
released by the collagenase digestion were washed twice in PBS and grown to
confluence in Iscove medium supplemented with 2 mM glutamine and 50 mg/ml
penicillin/streptomycin and 10% FCS (complete medium). Cells were maintained in a
controlled environment at 37 �C in a humidify atmosphere of 5% CO2 and 95% air.
Themediumwas initially changed 24 h after the procedure and then every 2e3 days.
All experiments were performed using cells cultured for no longer than 2 passages.

2.4. Cells stimulation by Platelet Lysate and IL-1a

The in vitro experiments were performed to mimic the in vivo effect of the
mixture of platelet-derived factors, physiologically released at the wound site, on
resident osteoblasts.

For long-term stimulation experiments, the osteoblast complete medium
(Iscove medium with 10% FCS) was supplemented with one of the following com-
pounds: 1) no supplements added (control condition); 2) 5% PL; 3) 100 U/ml IL-1a;
4) PL þ IL-1a. Culture medium was changed every 3 days.

For experiments in which the stimulation was performed only in a time-limited
approach, cells were stimulated with the medium enriched with PL and/or IL-1a
only for the initial 24 h. After this “burst” of treatment cells were maintained in
control complete medium (no supplements other than 10% FCS).

2.5. Osteogenic differentiation

To induce osteogenic differentiation, confluent osteoblasts were cultured in
differentiation medium (DM): Iscove medium supplemented with 10% FCS, 2 mM L-
glutamine, 50 mg/ml penicillin/streptomycin, 50 mg/ml ascorbic acid, 1.5 mg/ml b-
glycerophosphate, and 10�7

M dexamethasone [5]. PL, IL-1a or a combination of the
twowas added on the basis of the required treatment. The osteogenic differentiation
treatment lasted for 21 days. Alizarin red and alkaline phosphatase staining were
performed at different time points following the manufacturer’s instructions.

2.6. Proliferation assay

To evaluate cell viability and proliferation, the tyazolyl blue (MTT) method was
used. The culturemediumwas removed and replaced with 1ml of serum-free Iscove
medium supplemented with 50 ml of MTT stock solution (5 mg/ml). After 3-h in-
cubation, themediumwas discarded and the converted dyewas solubilized from the
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Table 1
Primers sequences for the analysed genes.

Gene Forward (50-30) Reverse (50-30)

GAPDH GAAGGTGAAGGTCGGAGTC GAAGATGGTGATGGGATTTC
IL-6 TGACGACCTAAGCTGCACTTTTC GGGCTGATTGGAAACCTTATTAAGA
IL-8 CGTGGCTCTCTTGGCAGC TTAGCACTCCTTGGCAAAACTG
COX-2 GAATCATTCACCAGGCAAATTG TCTGTACTGCGGGTGGAACA
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cell layers with 1 ml of absolute ethanol. Dye absorbance was measured at 570/
670 nm. Each experiment was performed in triplicate. Proliferation rate was also
determined by cell counting at established times. For each experimental condition,
the result is expressed as the average of at least three independent experiments
performed on different primary osteoblast cultures �SD values.

2.7. Western blot analysis

Confluent osteoblasts were incubated for 24 h in serum-free (SF) Iscovemedium
supplemented with one of the following compounds: 1) no supplements added
(control condition); 2) 5% PL; 3) 100 U/ml IL-1a; 4) PLþ IL-1a. Cells were extensively
washed with phosphate buffered saline (PBS) to remove residual factors and incu-
bated in serum-free medium for additional 24 h after which media and cell layers
were collected for western blot analysis.

Electrophoresis was performed in reducing conditions using 25 mg of protein
loaded on a 4e12% NuPAGE Bis-Tris gel (Invitrogen, Milano, Italy) as described [48].
For Western blot performed on cell layers, 50 mg of proteins were loaded. Images
were then scanned using the Epson perfection 1260 scanner (Epson, Italy) and band
densities were quantified using the ImageJ software (http://rsbweb.nih.gov/ij/
download.html). Western blots were performed on three different independent
primary cultures.

2.8. RNA extraction and quantitative real time RT-PCR

Total RNA from cells was extracted using the TRI� reagent according to the
manufacturer’s protocol. For the RT reactions and cDNA synthesis, 2 mg of total RNA
were used in the Omniscript� RT Kit (Qiagen) reaction following the manufacturer’s
instructions. Gene expression analysis was performed by quantitative real time RT-
PCR using a PE ABI PRISM 7700 sequence detection system (Perkin Elmer, MA) and
SYBR� Green (Applied Biosystems, CA). The housekeeping gene GAPDH was used as
the endogenous control for normalization. Specific primers and probes for each gene
Fig. 1. Release of cells from PL-treated bone chips. A) Bone chips were maintained in comple
PL) for 12 days. After treatment bone chips were removed and adherent cells were observe
from PL supplemented medium (PL).
were designed by using the Primers Express software (Applied Biosystems). Forward
and reverse primer sequences for GAPDH, IL-6, IL-8 and COX-2 genes are listed in
Table 1.

2.9. Statistical analysis

All data are presented as means and standard deviations. Statistical analysis was
performed according to un-paired Student’s t-test using the Graphpad software
(www.graphpad.com).

3. Results

3.1. Platelet Lysate effect on bone chips

Having in mind that at a bone fracture site clot formation and
platelet activation trigger the healing process, eventually resulting
in the activation of locally resident resting cells to undergo the
complex process of bone repair, we performed human bone chip
cultures in complete medium either supplemented or not with 5%
PL. After 12 days, we observed the outgrowth of a large amount of
cells from the bone chips in the 5% PL-containing cultures, but not
in the control cultures (complete mediumwithout PL) (Fig. 1A). The
cells were still actively proliferating up to 6 days after removal of
the chips (Fig. 1B). Following this initial observation, we investi-
gated the possible effect of PL on activation, proliferation and dif-
ferentiation of cultured human osteoblasts.

3.2. Platelet Lysate effect on the cell response to inflammation

Given that the healing process begins with blood extravasation,
clotting and onset of inflammation, we evaluated the effect of the
Platelet Lysate content on the osteoblasts cultured in both physio-
logical and inflammatory conditions. Confluent primary osteoblasts
were treated in SF medium supplemented with one of the
following: 1) no supplements added (control condition); 2) 5% PL;
3) 100 U/ml IL-1a; 4) PL þ IL-1a. After 24 h, culture media were
te medium un-supplemented (left panel, CT) or supplemented with 5% PL (right panel,
d after 6 days. B) Left panel: cells from control medium (CT). Right panel: cells derived
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replaced in all dishes with SF medium and, after additional 24-
h incubation, media were collected and the concentration of
secreted IL-8 and IL-6 determined by western blot (Fig. 2A) and
quantitation of the band intensity (Fig. 2B). Data in Fig. 2B represent
the average of four determinations carried out on different primary
cultures. The secreted amount of IL-6 and IL-8 cytokines was not
increased in the PL-treated cells when compared to the control
cultures. On the contrary, when the medium was supplemented
with IL-1a, the amount of both proteins resulted to be significantly
elevated (p � 0.001). Interestingly, a synergistic effect of PL and IL-
1a was clearly evident, since incubation of the cells with PL and IL-
1a led to an increase of IL-8 (p ¼ 0.002) and IL-6 secretion, with
respect to IL-1a-only treated cells (Fig. 2A,B). This combined effect
of PLþ IL-1a versus IL-1a alonewas also confirmed byWestern blot
analysis of proteins from cell layers of cultures stimulated for 24 h,
as demonstrated by the levels of COX-2 (p ¼ 0.044) and mPGE
Fig. 2. PL increases the inflammatory response. Confluent osteoblasts were treated for 24 h w
IL-1a, PL þ IL-1a. Then culture mediumwas removed, cells were washed with PBS and cultur
and IL-8 antibodies. B) Band intensity graphs related to western blot data for IL-6 (left panel)
for IL-8 p ¼ 0.002. The average value �SD of four determinations carried out on different prim
Synthase and PGD2 Synthase antibodies. Actinwas blotted as an internal control. D) Band int
COX-2 p ¼ 0.044 and for mPGES p ¼ 0.011. The average value � SD of three determinations
value � SD of six determinations obtained from two experiments on different primary cult
versus SF p ¼ 0.0248; PL þ IL-1a versus SF p < 0.0001; PL þ IL-1a versus IL-1a p < 0.0001
synthase (mPGES) (p ¼ 0.011) produced (Fig. 2C,D in which data
represent the average of three determinations on different primary
cultures). In agreement with the above findings, also the produc-
tion of PGE2 was significantly induced by IL-1a alone and strongly
over-induced by addition of PL in cells co-stimulated with IL-1a (IL-
1a versus SF p ¼ 0.0002; PL versus SF p ¼ 0.0248; PL þ IL-1a versus
SF p < 0.0001; PL þ IL-1a versus IL-1a p < 0.0001) (Fig. 2E). The
data reported here refer to the average of six determinations from
two independent experiments performed on different primary
cultures.

3.3. NF-kB involvement in the cell response to PL in inflammation

In order to detect the possible involvement of NF-kB in the
synthesis and secretion of inflammatory factors, we treated the
cells with PL, IL-1a, PL þ IL-1a and no supplement in absence or in
ith serum free medium (SF) or serum free medium supplemented with 5% PL, 100 U/ml
ed 24 h in serum free medium. A) Western blot analysis of conditioned media with IL-6
and IL-8 (right panel). IL-1 versus CT p � 0.001 for both proteins. PL þ IL-1a versus IL-1a
ary cultures is shown. C) Western blot analysis of osteoblasts lysates with COX-2, PGE2

ensity graphs for COX-2 (left panel) and mPGES (right panel). PL þ IL-1a versus IL-1a for
performed on different primary cultures is shown. E) PGE2 quantitation. The average
ures is shown. Concentrations are expressed in pg/ml. IL-1a versus SF p ¼ 0.0002; PL
.



Fig. 3. Involvement of NF-kB in the increased inflammatory response induced by PL. Osteoblasts were pre-treated with 5 mM BAY 11-7082 in serum free medium (SF) for 2 h before
the addition of 5% PL, 100 U/ml IL-1a or PL þ IL-1a for 24 h. A) Western blot analysis of conditioned media probed with IL-6 and IL-8 antibodies and of osteoblasts lysates probed for
COX-2. Actin was blotted as an internal control. B) Quantitation of the inhibition by BAY 11-7082 of the IL-6 (left panel) and IL-8 (right panel) synthesis. The average value � SD of
densitometric analysis of three western blots performed using different primary cultures for each protein are reported. Band intensity value referred to the value in IL-1 or PL þ IL-1
induced cells (100%) is calculated. For IL-6: IL-1a versus BAY þ IL-1a p < 0.0001; PL þ IL-1a versus BAY þ PL þ IL-1a p ¼ 0.0001 and for IL-8: IL-1a versus BAY þ IL-1a p ¼ 0.0004;
PL þ IL-1a versus BAY þ PL þ IL-1a p ¼ 0.0001.
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presence of BAY 11-7082, an inhibitor of NF-kB activation. The
inhibitor was added 2 h before treatment. After 24 h, culture
medium was replaced with SF medium and, after additional
24-h incubation, the cell culture media and the cell layers were
collected and processed for western blot analysis. The induction of
Fig. 4. Platelet Lysate increases cell proliferation regardless of inflammation. Cells were grow
IL-1a or PL þ IL-1a. A) MTT assay. The average value � SD of two determinations performed i
count. The average value � SD of three experiments performed using different primary cu
mented with 5% PL for 7 days. Scale bar ¼ 25 mm. D) Cell density after 8 days (T8). PL vers
IL-6, IL-8 and COX-2 by IL-1a and PL þ IL-1a treatments was
repressed by the addition of BAY 11-7082 in the culture medium
(Fig. 3A,B). This inhibition was statistically significant for both IL-6
(IL-1a versus BAY þ IL-1a p < 0.0001; PL þ IL-1a versus
BAY þ PL þ IL-1a p ¼ 0.0001) and IL-8 (IL-1a versus BAY þ IL-1a
n in complete medium un-supplemented (CT) or supplemented with 5% PL, 100 U/ml
n triplicate on different primary cultures is reported. B) Proliferation determined by cell
ltures is shown. C) Morphology of cells cultured in complete medium (CT) or supple-
us CT was 2.86 fold higher (p ¼ 0.0003).



Fig. 5. PL supplemented osteoblasts retain their differentiation potential. Osteoblasts grown at confluence were maintained in culture in osteogenic differentiation medium (DM)
un-supplemented or supplemented with 5% PL, 100 U/ml IL-1a or PL þ IL-1a for 21 days. A) Alizarin red and alkaline phosphatase (ALP) staining performed at day 0, day 11 and day
21. B) Morphology of CT or PL-treated cells stained for alkaline phosphatase after 3 days and 7 days of culture. Scale bar ¼ 25 mm.
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p ¼ 0.0004; PL þ IL-1a versus BAY þ PL þ IL-1a p ¼ 0.0001)
(Fig. 3B). Data in Fig. 3B represent the average of three de-
terminations performed on different independent primary
cultures.

3.4. Osteoblast proliferation in the presence of PL

Viable cell concentration was determined at different times
in osteoblast cultures maintained in media supplemented with
Fig. 6. PL-supplemented confluent osteoblasts resume proliferation and change morphology
supplemented (CT) or supplemented with 5% PL. A) MTT assay: the average value �SD o
Proliferation determined by cell count. The average value �SD of three determinations carrie
(T7) by cell count. PL versus CT p ¼ 0.0098. C) Cell morphology of CT and PL-treated cells.
PL, IL-1a, PL þ IL-1a or no supplements (control). Proliferation
rates were determined with the MTT assay and by cell counting
(Fig. 4A,B). Cell proliferation was enhanced in the presence of
PL, independently of the presence of the inflammatory cytokine
IL-1a. Data represent the average of two determinations per-
formed in triplicate on different independent primary cultures
for the MTT assays and of three determinations carried out on
different independent primary cultures for cell counting
experiments.
. Osteoblasts grown at confluence were maintained in culture in complete medium un-
f two determination performed in triplicate on two primary cultures is reported. B)
d out on three primary cultures is reported. D) Determination of cell density after 7 days
Scale bar ¼ 25 mm.
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We also observed that cells treated with PL showed a different
morphology with higher density at confluence (cell number was
2.86 fold higher compared to control condition; p ¼ 0.0003,
Fig. 4C,D). Indeed, osteoblasts grown in complete medium
appeared larger than cells grown in presence of 5% PL, which
showed a more elongated morphology and a reduced tendency to
spread on the plastic substrate, than cells grown in control
condition.

3.5. Differentiation capability of PL-treated osteoblasts

Confluent osteoblasts cultures were maintained in osteogenic
differentiation medium (DM) supplemented with PL, IL-1a, PLþ IL-
1a or no supplements (control) for 21 days. The alizarin staining
revealed that mineral deposition occurred earlier in PL and IL-1a
treated cells and was more prominent at 21 days in respect to
control cells. As early as 3 days from treatment, significant differ-
ences could be already observed in the morphology of PL-treated
cells with respect to cells maintained in differentiation medium
without supplement or with IL-1a supplement only, all stained for
alkaline phosphatase. In fact, PL-treated cells appeared smaller and
more elongated (Fig. 5B). The experiment was performed on three
different independent primary cultures showing the same trend.
One representative experiment is shown.

3.6. Morphology and proliferation of growth arrested PL-treated
osteoblast

Following the previous observations on the morphological
change of confluent PL-treated cells, we also measured cell prolif-
eration rate after PL stimulation in cultures of confluent resting
osteoblasts, with respect to confluent control cells.

Osteoblasts were seeded in multi-well plates in complete cul-
ture medium and grown up to reach confluence. Cell proliferation
was evaluated by MTT assay and, when the cell growth arrest was
confirmed, medium supplemented with PL was added in half of the
cell culture. Incubation was continued for another week and cell
proliferation in both PL-supplemented and control (no supple-
ment) condition monitored by MTT (Fig. 6A) and cell counting
(Fig. 6B,D). Resting confluent osteoblasts treated with PL resumed
proliferation, reaching confluence again at a cell density, which was
1.7 times higher (p ¼ 0.0098) than the control cells (Fig. 6D). In this
experimental setting a relevant morphology change was also
observed in PL-treated cells (Fig. 6C). For MTT assays the average of
six determinations performed on two independent primary cul-
tures is here reported, whereas for cell counting the average of
three determinations on different independent primary cultures is
reported.

3.7. Transient increase of the inflammatory response induced by PL

Considering that in vivo early response to injury and exposure to
platelet-derived factors occur in a limited time frame, confluent
osteoblasts received in vitro treatment only for a limited time of
24 h via administration of SF medium supplemented with PL, IL-1a,
PL þ IL-1a or no supplements. At the end of the 24-h treatment,
culture media were replaced with SF medium (no supplements).
After additional 24-h incubation, media were collected and
replaced with fresh SF medium. The procedure was repeated daily.
Conditioned media and corresponding cell layers were collected. In
a parallel set of experiments, cultured cell were also collected after
8 h and 24 h treatment. A transient effect in the cell stimulation via
IL-1a treatment and a synergic effect in the combination of IL-1a
and PL treatment was observed in the level of the IL-6, IL-8 and
COX-2mRNAs here analysed. Indeed, mRNA levels weremaximal at
8 h, decreased after 24 h of treatment and reached null values at
later times, after removing the stimuli (Fig. 7A). In agreement with
the mRNA data, IL-6, IL-8 and COX-2 proteins were measured as
significant amounts 24 h post-treatment, but became undetectable
at 48 and 72 h (Fig. 7B, showing a representative experiment of
three western blot on different primary cultures).

3.8. Effect of a temporary PL treatment on proliferating and
quiescent confluent osteoblasts

With the aim to perform a time-limited and more physiological
treatment, we also treated cells with IL-1a, PL and both factors for
24 h and we investigated the proliferation capability of the primed
cells after their transfer in complete culture media without any
supplement. Cells were grown at about 50% confluence. Fig. 8A
reports the average growth rate determined by cell count of four
determinations measured on different primary cultures. Here we
showed that PL-primed dividing cells, regardless the simultaneous
presence of IL-1a, had a higher proliferation rate and reached
confluence at a cell density higher (about 2.6 times) than control
cells. Proliferation was increased to a rate similar to the cells
constantly grown in PL supplemented medium (Fig. 4) suggesting
that a 24-h burst of PL treatment was sufficient and efficient
enough to induce and sustain cell proliferation.

A similar effect was also observed in confluent cell cultures. In
this case cells were allowed to reach confluence before the 24-
h treatment with PL. Medium was removed and cells washed
with PBS, prior to their transfer back to complete medium. Prolif-
eration was measured by cell count at different time points
(Fig. 8B). PL-treated cells resumed proliferation and, after 7 days,
showed a cell density about 1.6 times higher than control cells.
Furthermore, in the PL-primed cells, the peculiar morphology shift
was confirmed (Fig. 8C). For both experiments three de-
terminations on different primary cultures were performed.

3.9. Effect of a temporary PL treatment on bone chips

Bone chips were cultured in complete medium un-
supplemented or supplemented with PL. As already reported in
Fig. 1, after 12 days, many outgrown proliferating cells were
observed in culture dishes with chips in PL supplemented medium,
but not with chips maintained in un-supplemented medium. Chips
from both types of dishes were collected, washed in PBS and
transferred to new dishes in complete medium without supple-
ment. After 6 days chips previously exposed to PL kept releasing
proliferating cells, while only very few cells were released by chips
that were never exposed to the PL supplement (Fig. 9).

3.10. PL effects on Akt and ERK pathways and on cell cycle in
osteoblasts

Sub-confluent osteoblasts were treated with PL in SF medium
for multiple time intervals, starting at 5 min. Cell layers were
collected and phosphorylated Akt and ERKs detected by western
blot. A strong activation of Akt and ERKs was observed as early as
5 min following treatment. Phosphorylation of these kinases was
maintained up to 4 h post-stimulation and then decreased
(Fig. 10A). In order to rule out their putative involvement in oste-
oblast proliferation, cells were treated with the ERKs inhibitor
UO126 (10 mM), with the Akt inhibitor LY294002 (50 mM) or the
combination of the two, in the absence and in the presence of 5% PL.
Inhibitors were added 2 h before PL treatment. Cell proliferation
was measured by cell counting at 72 h following treatment
(Fig. 10B). Our results suggest that the proliferation effect that was
significantly induced by PL (PL versus control (CT) p ¼ 0.021) was



Fig. 7. The PL-induced increase of the inflammatory response in resting osteoblasts is transient. Cells were maintained for 24 h in serum free (SF) medium supplemented with 5% PL,
100 U/ml IL-1a or PL þ IL-1a. After 24 h, culture media was replaced in all dishes with serum free medium and media collected every 24 h. A) Real time PCR was performed on
samples collected after 8 and 24 h during the treatment and 24, 48, 72 h after the treatment. IL-6, IL-8 and COX-2 gene expression was analysed. B) Western blot analysis of
conditioned media and cell lysates collected every 24 h after the treatment and probed with IL-6, IL-8 and COX-2 antibodies. Actin was blotted as an internal control.
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significantly reduced by pre-treating the cells with LY294002 (PL
versus LY þ PL p ¼ 0.031), while the decrease of proliferation
observed with the ERKs inhibitor UO126 was not significant. No
synergistic effect by the addition of the two inhibitors was
observed. The average value � SD of four determinations per-
formed on different primary cultures is shown.

Given that priming the cells with PL resulted in changes in cell
morphology and proliferation, in the same experiment we also
evaluated the expression of CyclinD1, which is involved in the cell
cycle regulation. PL was added to the culture medium both in
absence (Fig. 11A) and in presence (Fig. 11B) of bovine serum. In
both conditions, cells, which did not show an expression of
CyclinD1 at the time of PL stimulation, demonstrated an increase in
the protein expression starting at 4 h and that reached maximal
levels at 8 h, to then decrease at 24 h and returned to null value at
48 h. Retinoblastoma (Rb), a factor activated during cell cycle



Fig. 8. Transient PL treatment is sufficient to increase osteoblast proliferation and to induce proliferation in quiescent confluent osteoblasts. A) Proliferating cells were treated with
complete medium un-supplemented (CT) or supplemented with 5% PL, 100 U/ml IL-1a or a combination of the two for 24 h. Cells were washed and grown in complete medium
without supplements. Left panel: proliferation determined by cell count. Right panel: cell count after 7 days (T7) PL versus CT p ¼ 0.0045. The average value �SD of four de-
terminations performed on different primary cultures is shown. B) Cells at confluence were treated for 24 h with 5% PL, washed and grown in complete medium. Left panel:
proliferation determined by cell count. Right panel: cell count after 7 days (T7) PL versus CT p ¼ 0.0061. The average value �SD of three determinations performed using different
primary cultures is shown. C) Morphological changes of confluent cells at T7. Left panel: confluent cells cultured in complete medium (CT). Right panel: confluent cells treated with
PL for 24 h and maintained in un-supplemented medium (PL). Scale bar ¼ 25 mm.
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regulation, was also present in its phosphorylated form 24 h after
PL treatment, following CyclinD1 expression. These significant
findings suggest that, PL can induce cells to enter again the cell
cycle, even in the absence of serum.

4. Discussion

When a fracture occurs, the healing process should restore the
original structure and continuity of the damaged bone. As it hap-
pens in most tissues, bone fracture commonly involves blood vessel
injury as well, resulting in blood extravasation and a subsequent
haemostasis, representing the first phase of this process and
anticipating the onset of inflammation. Thus, haematoma and
inflammation prepare the injury site to the following stages, lead-
ing to the healing and remodelling of the damaged tissue, i.e.
activation, proliferation, and maturation of local and circulating
endothelial and mesenchymal pluripotent cells. During these early
stages, the aggregation of platelets enhances the formation of a clot
and their degranulation provoke the release of a wide variety of
cytokines which, in turn, attract cells of the immune response



Fig. 9. Chips previously exposed to PL release proliferating cells in un-supplemented
medium. Bone chips previously cultured in complete medium or in medium supple-
mented with 5% PL for 12 days were washed and transferred to complete medium
without supplement. Pictures were captured after 6 days. A) Bone chips cultured in
un-supplemented complete medium. B) Chips previously exposed to PL. Scale
bar ¼ 100 mm.
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concurring to recruit cells participating to the later phases of the
healing. The environmental site during bone-healing is theatre of a
large number of events, including recruitment of osteoblast pre-
cursors that, once prompted by the platelet-derived active mole-
cules and the inflammatory chemokines, start to proliferate, mature
and eventually deposit new mineralized matrix.

Several studies investigated the fundamental role of the plate-
lets in releasing factors able to support and accelerate the healing
process, but the underlying biochemical mechanisms have not yet
been fully understood. From a clinical point of view, considering the
on-going increasing interest in developing platelet-derived prod-
ucts as therapeutic agents, we thought to treat trabecular bone-
derived cells with PL in vitro, using culture medium containing
fetal bovine serum, since serum proteins are physiologically pre-
sent at the injury site following blood extravasation.

As platelet release of active molecules occurs together with
activation of the inflammatory phase during the healing process,
aiming to obtain a more realistic bone fracture healing environ-
ment, we performed our biochemical studies both in physiological
conditions as well as mimicking an inflammatorymilieu by treating
the cells with the pro-inflammatory cytokine IL-1a, a molecule
present in the sterile inflammation occurring at the bone fracture
site and released by damaged cells at the injury site [49]. We
investigated the putative effect of PL on modulating inflammation
by performing a detailed analysis on the specific activated path-
way(s), the proteins as well as of the bioactive molecules secreted
and expressed by the cells in our system. On top of this, we eval-
uated the effect of PL on cell proliferation, differentiation and cell
cycle regulation.

Our findings are summarized as following:

1) In cultured osteoblasts we observed an increased inflammatory
response as consequence of the PL treatment and, in particular,
a strong stimulatory effect of PL in combination with IL-1a,
leading to the induction of the secreted IL-6 and IL-8, both
cytokines playing a key role in bone fracture healing [50e54]. A
strong synergistic effect exerted by IL-1a and PL was also
observed with regard to the increased expression of COX-2, the
rate limiting enzyme in the synthesis of prostaglandins, and its
downstream enzyme mPGES. The increase in the mPGES
expression correlated with the increased production and
secretion of PGE2. We also observed that NF-kB was involved in
the increase of the inflammatory response induced by the PL.
These observations led us to hypothesize that PL increases the
immediate physiological pro-inflammatory response to the
damage. This is in agreement with the recent report that a
strong inflammatory response was induced by PL in cultured
keratinocytes, correlating with an accelerated healing process
in a wound scratch model in vitro [55] and with a study in
cartilage, also showing a strong inflammatory response to PL
exposure [21].

2) In physiological condition in the wound site the exposure to
platelet-derived factors is limited in time and since a prolonged
inflammatory response could be detrimental for the tissue
repair process [12,56,57], we also investigated the possible
long-term effect of the PL on the cells after its removal from the
culture medium. The observed decrease of IL-6, IL-8 and COX-2
expression, suggested that the strong inflammatory effect of PL
was transient and that the PL stimulation should be regarded as
a positive contribution to the early inflammatory phase of tis-
sue repair.

3) Several studies suggested a positive effect of PL on cell prolif-
eration [58,59]. Our results indicate that the cocktail of bioac-
tive molecules contained in PL can boost cell proliferation.
Indeed, cells treated with PL showed a clear and significant
growth rate increase, regardless of the simultaneous presence
of inflammatory cytokines. The observation that a pro-
inflammatory treatment with IL-1a did not influence the cell
proliferation rate, suggests that the observed strong mitotic
effect was essentially due to the bioactive factors within PL. The
finding that cells reached confluence at a cell density consis-
tently higher when were grown in PL supplemented medium,
compared to controls, suggests a change in the differentiation
program of the initial cell population. As a matter of fact, cells
grown in the presence of PL presented a different morphology,
appearing small and elongated, whereas they looked much
larger and spread when cultured in complete medium. A
change in cell morphology and an increased proliferation
induced by PL priming was also reported for cartilage cells [21]
and for human mesenchymal stem cells [58].

4) Proliferation and differentiation are generally considered two
alternative cell conditions. The strong effect of PL on cell pro-
liferation raised a question about the maintenance of a differ-
entiation capability within the proliferating cells. We observed
that osteogenically stimulated confluent cells did not lose their
differentiation capability in the presence of PL. As well, a pro-
inflammatory treatment did not interfere with the PL effect,



Fig. 10. PL activates Akt and ERKs pathways. Sub-confluent cells were maintained in serum free medium and treated with 5% PL for multiple time intervals starting at 5 min. A)
Western blot analysis of cell lysates probed for Akt and ERKs and their phosphorylated forms. Actin was blotted as an internal control. B) Cells were treated with the ERKs inhibitor
UO126 (10 mM), the Akt inhibitor LY294002 (50mM or a combination of the two in presence or absence of 5% PL. Inhibitors were added 2 h before PL treatment. Proliferation was
detected by cell counting after 72 h.
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reinforcing the hypothesis that the PL cocktail used in our set
up is a highly concentrated mixture of factors boosting prolif-
eration without affecting the differentiation potential of cells.
Interestingly, in these conditions a striking change of cell
morphology was also observed in PL-treated cells, showing
remarkable higher density at confluence.

5) PL-treated confluent resting osteoblasts underwent the char-
acteristic morphological change and resumed proliferation.
These in vitro observations led to the hypothesis that in vivo, at
the actual wound site, PL could “reprogram” and activate
resting resident cells, inducing their proliferation. This finding
Fig. 11. PL recruits quiescent osteoblasts in the cell cycle. A) Cells were maintained in seru
Western blot analysis of cell lysate probed for CyclinD1 and phospho-Rb. Actin was blotted
treated with 5% PL (left panel) for multiple time intervals up to 6 days. Western blot analys
control.
is relevant because it adds a new perspective to the reported
capability of PL to activate progenitor cells [58,60].

6) The PL exposure that cells experience at the wound site is
limited in time. Our results, indicating that the PL-induced
inflammatory response is transient, suggested us to test the
capability of a short-term cell treatment to influence prolifer-
ation of both still dividing and growth arrested confluent os-
teoblasts. A 24-h PL treatment was sufficient to be translated
into a strong enhancement in proliferation of already dividing
osteoblasts and to induce quiescent cells to re-enter the cell
cycle. ERK/Akt pathways, respectively playing critical roles in
m free medium and treated with 5% PL for multiple time intervals starting at 10 min.
as an internal control. B) Cells were maintained in complete medium (right panel) and
is of cell lysate probed for CyclinD1 and phosphor-Rb. Actin was blotted as an internal
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the regulation of cell growth and in controlling cell survival
[61,62], and CyclinD1 and phospho-Rb, which are proteins
involved in cell cycle activation and regulation expression,
were activated following PL stimulation. Given that Rb controls
progression through the restriction point within the G1 phase
of the cell cycle, our data confirm that PL-stimulated cells
resume a proliferative program re-entering the cell cycle.

A lack in haematoma and blood clot permanence at the site of
injury can impair bone fracture healing [12,63]. Our data shed light
on the essential role of platelet-released factors in the wound
healing process. Here we showed that bone cells, exposed for a
limited time to factors released by platelets’ degranulation at the
injury site, activated a strong, although transient, enhancement of
the inflammatory response, leading to the secretion of pro-
inflammatory cytokines and synthesis of COX-2, proteins all
involved in the wound healing process [50e54,64e66]. The
increased COX-2 and mPGES synthesis resulted in an increased
production and secretion of the prostaglandin PGE2. It is to note
that PGE2 is involved in the resolution of inflammation by trig-
gering the switch of pro-inflammatory M1 macrophages to an M2
pro-resolving phenotype [67]. This suggests that the strong in-
crease of inflammation induced by PL is physiologically driving to a
resolution phase.

Quiescent osteoblasts stimulated by PL-released factors re-
entered the cell cycle, by restoring specific proliferation and sur-
vival pathways and expressing or activating specific cell cycle
regulators.

While the inflammatory response was transient, possibly lead-
ing to a resolution phase, the proliferation of PL-stimulated cells
was retained even after a limited exposure to PL and proliferating
osteoblasts maintained their differentiation potential. Therefore,
we can hypothesize that, at the lesion site, resident cells with an
osteogenic potential, following their stimulation by the platelet-
released factors, undergo expansion through an initial active pro-
liferation phase but, in a permissive microenvironment, are able to
differentiate and to contribute to tissue repair at the time of the
switch to a pro-resolving environment.

5. Conclusions

We propose that PL, released in wound or exogenously added,
triggers a transient increase of the inflammatory response in
resting osteoblasts, leading to the activation of NF-kB, the induction
of COX-2, the release of its product PGE2 and the secretion of in-
flammatory cytokines.

Simultaneously, PL activates in the same cells pathways leading
to cell proliferation, which are retained even after a limited expo-
sure to it. A remarkable change of cell morphology is observed and
differentiation capability is retained. We believe that the knowl-
edge of the pathways which are physiologically activated by PL and
involved during tissue repair processes, can inform us on its
regenerative potential in order to translate these findings into
specific pharmacological approaches, as well as a more controlled
clinical administration of PL for therapeutic treatments.
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