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ABSTRACT
Adipose tissue-derived mesenchymal stem cells (Ad-MSC) and platelet derivatives have been used alone or in combination to achieve
regeneration of injured tissues. We have tested the effect of platelet-rich plasma (PRP) on Ad-MSC and adipocyte function. PRP increased AdMSC viability, proliferation rate and G1-S cell cycle progression, by at least 7-, 2-, and 2.2-fold, respectively, and reduced caspase 3 cleavage.
Higher PRP concentrations or PRPs derived from individuals with higher platelet counts were more effective in increasing Ad-MSC growth.
PRP also accelerated cell migration by at least 1.5-fold. However, PRP did not signiﬁcantly affect mature adipocyte viability, differentiation
and expression levels of PPAR-g and AP-2 mRNAs, while it increased leptin production by 3.5-fold. Interestingly, PRP treatment of mature
adipocytes also enhanced the release of Interleukin (IL)-6, IL-8, IL-10, Interferon-g, and Vascular Endothelial Growth Factor. Thus, data are
consistent with a stimulatory effect of platelet derivatives on Ad-MSC growth and motility. Moreover, PRP did not reduce mature adipocyte
survival and increased the release of pro-angiogenic factors, which may facilitate tissue regeneration processes. J. Cell. Biochem. 116: 2408–
2418, 2015. © 2015 The Authors. Journal of Cellular Biochemistry Published by Wiley Periodicals, Inc. This is an open access article under the terms of the Creative
Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original work is properly cited, the use is noncommercial and no modiﬁcations or adaptations are made.
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he use of platelet derivatives represents a novel approach in
tissue regeneration [Burnouf et al., 2013]. Although the
mechanisms involved are still poorly understood, the relative ease
and safety of application of platelet products in clinical practice and
the potential beneﬁcial outcomes, including regeneration of bone
and soft tissues, reduction of bleeding, and acceleration or
promotion of wound healing, hold promise for new therapeutic
approaches [Nikolidakis and Jansen, 2008; Lacci and Dardik, 2010;
Burnouf et al., 2013].

The rationale for the use of platelet products is mostly based on
the production and release of multiple growth factors upon platelet
activation. Primary factors associated with platelets include
Platelet Derived Growth Factor (PDGF) and Transforming Growth
Factor b (TGF-b), which have been mostly involved in cell
proliferation, chemotaxis, and extracellular matrix production/
angiogenesis [Lubkowska et al., 2012; Burnouf et al., 2013]. Other
growth factors discharged from the platelets are Fibroblast Growth
Factors (FGF) 1 and 2 and Vascular Endothelial Growth Factor
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(VEGF) which play critical roles in the hemostasis, proliferative,
and remodeling phases of wound healing [Intini, 2009; Lacci and
Dardik, 2010; Demidova-Rice et al., 2012; Lubkowska et al., 2012].
More than 95% of the pre-synthesized growth factors are secreted
within 1 h from the beginning of the clotting process. After the
initial burst, the platelets secrete additional growth factors for the
remaining 7 days of their life span [Marx, 2004]. Platelet
degranulation also leads to the release of cytokines and chemokines, further contributing to the healing process [Demidova-Rice
et al., 2012; Passaretti et al., 2014].
Several technical procedures have been developed to obtain
platelet concentrates [Dohan Ehrenfest et al., 2009]. Different
procedures lead to variable yield of platelets and may contain
different cellular components [Prakash and Thakur, 2011; CieslikBielecka et al., 2012]. Consistently, they also differ for the qualitative
and quantitative release of growth factors, cytokines and chemokines and may ﬁnd different indications [Galliera et al., 2012;
Lubkowska et al., 2012; Passaretti et al., 2014]. Attention has also
been given to the clinical utilization of individual growth factors.
However, the overall experience has not been satisfactory, most
likely since wound healing and tissue repair are outcomes of an
intricate network of circulating and tissue elements. Combination of
multiple growth factors, timing of their release, and cell-speciﬁc
response to individual growth factors are indeed essential requirements for a successful wound healing [Giacco et al., 2006].
Auto-transplantation of adipose tissue is commonly used for the
treatment of tissue defects in plastic and reconstructive surgery. The
reduced survival of the transplanted adipose tissue remains an
unsolved issue. This is due, at least in part, to accelerated apoptosis of
the implanted pre-adipocytes. Several reports have indicated that
application of Platelet-Rich Plasma (PRP) may improve the outcome
of adipose tissue transplantation [Cervelli et al., 2009;
Fukaya et al., 2012]. The molecular mechanisms may possibly
involve interactions of PRP factors with either adipocytes and
mesenchymal stem cells, which are embedded within adipose tissue
(Ad-MSC) [Liu et al., 2008]. MSCs are multipotent, non hematopoietic stem cells that are typically obtained from bone marrow but
can also be isolated from several other tissues such as umbilical cord
and adipose tissue [de Girolamo et al., 2013]. Human Ad-MSCs are
attractive candidates for clinical use because of their ease of
isolation, extensive proliferation and differentiation capacity, and
hypoimmunogenic nature. Ad-MSCs display the ability to differentiate into multiple mesoderm-derived cells, such as adipocytes,
osteocytes, and chondrocytes, but they may also give rise to cells of
nonmesodermal origin, such as hepatocyte-like and neuronal-like
cells. The multilineage capacity of Ad-MSC offers the potential to
repair, maintain or enhance regeneration of various tissues
[Kocaoemer et al., 2007; Phinney and Prockop, 2007; Sch€afﬂer
and B€
uchler, 2007; Tran and Kahn, 2010]. However, the poor
viability of Ad-MSCs at the transplanted site often decreases their
therapeutic potential [Nakamura et al., 2013]. Thus, it is important to
improve Ad-MSC survival and enhance their biological functions.
The combined use of PRP and Ad-MSC offers the advantage that
they both could be autologous products, prepared from the patient0 s
own tissues, thereby eliminating concerns about immunogenic
reactions and disease transmission. Nevertheless, in some cases,
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preparations from donors could be needed [Everts et al., 2007;
Liu et al., 2008].
Despite the large utilization of platelet derivatives as therapeutic
tools in conditions requiring tissue repair, little has been reported
about the molecular mechanisms elicited by PRP on adipose tissue
function. In this paper, we have described that PRP affects Ad-MSC
growth and migration without interfering with their ability to
differentiate into mature adipocytes. Moreover, the exposure to PRP
sustains adipocyte viability and increases the production of speciﬁc
factors, thereby contributing to the induction of tissue repair
processes.

MATERIALS AND METHODS
MATERIALS
Media, sera, and antibiotics for cell culture were from Lonza (Lonza
Group Ltd, Basel, Switzerland). Antibodies against phosphoSer473PKB/Akt1, ERK, and actin were purchased from Santa Cruz
Biotechnology (Santa Cruz Biotechnology, Santa Cruz, CA).
Phospho-Thr202/Tyr204ERK, antibodies were obtained from Cell
Signaling Technology (Danvers, MA). Anti-active þ pro Caspase 3
antibody was purchased from Abcam (Cambridge, UK), PKB/Akt
antibody was from Millipore (Millipore, Billerica, MA). Sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS–PAGE)
reagents from Bio-Rad (Bio-Rad, Hercules, CA). All the other
chemicals were from Sigma–Aldrich (Sigma–Aldrich, St. Louis, MO).
SUBJECT RECRUITMENT AND PLATELET-RICH PLASMA (PRP)
PREPARATION
Ten subjects undergoing biliary surgery (M/F: 4/6; age 24–40) were
enrolled in the study. All were non-smokers, non-obese (BMI range:
20.4–28.3) and with a platelet count >180.000/mm3. None of them
were under any medication for the last 21 days. Informed consent
was obtained from every subject before the surgical procedure. This
procedure was approved by the ethical committee of the University
of Naples.
Blood was drawn from each subject and was collected in a
Vacutainer tube (Vacutainer; Becton Dickinson, East Rutherford,
NJ) containing 10% trisodium citrate anticoagulant solution for the
preparation of Platelet-Rich plasma (PRP). Tubes were centrifuged
at 350 g for 15 min. The upper fraction containing platelet-poor
plasma (PPP) was set apart and the preparation procedure for
PRP were performed as previously described [Passaretti et al.,
2014].
For platelet gel preparations, autologous thrombin (0.1 NIH unit/ml
ﬁnal concentration) and calcium gluconate (10 mg/ml ﬁnal concentration) were added to PRP for 5 min at room temperature to allow clot
formation [Giacco et al., 2006].
HUMAN ADIPOSE TISSUE-DERIVED MESENCHYMAL STEM CELL
CULTURE, GROWTH, AND VIABILITY
Human adipose tissue biopsies were digested with collagenase and
Mesenchymal Stem Cells (Ad-MSC) were isolated and differentiated
as previously reported [D0 Esposito et al., 2012]. For growth
evaluation, Ad-MSCs (5  104 cells) were seeded in 6-well culture
plates in a complete medium. The following day, the cells were
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starved in serum-free DMEM (Dulbecco0 s modiﬁed Eagle0 s Medium)
-F12 (1:1) 0.25% BSA for 16 h and incubated with PRP gel, obtained
as described above, for different times. Cell count was performed
either by B€
urker chamber and with the TC10TM Automated Cell
Counter (Bio-Rad, Hercules, CA) according to the manufacturer0 s
protocol. Sulforhodamine assay was used for cell viability
determination [Chiba et al., 1998]; cells were ﬁxed with 10%
trichloroacetic acid for at least 2 h at 4 C and then washed ﬁve times
with distilled and de-ionized water. After air drying, sulforhodamine
was added to the cells and incubated for 30 min. Cells were then
washed with 1% acetic acid ﬁve times. After air drying, 10 mmol/l
Tris solution (pH 7.5) was added to dissolve the bound dye. Cell
viability was assessed by optical density (OD) determination at
510 nm using a microplate reader. Three replicate wells were used for
each data point.
CELL CYCLE ANALYSIS
Ad-MSCs were seeded in 10 cm2 culture plates in a complete
medium. The following day, the cells were starved in serum-free
DMEM F12 (1:1) 0.25% BSA for 16 h and incubated with PRP gel
obtained as described above. Bromodeoxyuridine (BrdU)/Propidium
Iodide (PI) analysis was performed as previously reported [Ma et al.,
2013]. Brieﬂy, cells were labeled with 10 mM BrdU for 30 min and
ﬁxed over-night in ice-cold 70% ethanol at 20 C. Cells were then
washed once with PBS and incubated for 15 min at room temperature
with 2N HCl. Next, cells were washed with PBT (0.5% BSA, 0.1%
Tween20 in PBS) and resuspended in PBT containing anti-BrdU
antibody (1:40, Dako, Carpinteria CA). After 30 min, cells were
washed twice with PBT and then resuspended in PBT containing
Alexa488 anti-mouse (1:100, Life Technologies, Carlsbad, CA) in the
dark for 30 min. Cells were washed twice with PBS, resuspended in
Propidium Iodide (PI) 0.015 M (Sigma–Aldrich) in PBS for 20 min
and analyzed for the emission in FL1 and FL3 channels. The samples
were acquired by a BD LSRFortessa (BD Biosciences, San Jose, CA)
and analyzed using BD FACSDiva Software.
CELL MIGRATION
Cell migration was performed using 8 mm pore polycarbonate
membranes (Costar, Cambridge, MA). Ad-MSCs were loaded at
50,000 cells per insert (upper chamber) and PRP gel was added to the
lower chamber in DMEM F12 (1:1) 0.25% BSA. The cells were
allowed to migrate into the lower chamber at 37 C in a 5% CO2
atmosphere saturated with H2O for 24 h in presence of mitomycin C
(10 mg/ml; Sigma–Aldrich). At the end of incubation, cells that had
migrated to the lower side of the ﬁlter were ﬁxed with 11%
glutaraldehyde for 15 min at room temperature, washed three times
with PBS, and stained with 0.1% crystal violet-20% methanol for
20 min at room temperature. After three PBS washes and complete
drying at room temperature, the crystal violet was solubilized by
immersing the ﬁlters in 10% acetic acid. The concentration of the
solubilized crystal violet was evaluated as absorbance at 540 nm.
ADIPOCYTE DIFFERENTIATION MARKERS AND REAL-TIME RT-PCR
ANALYSIS
Adipocyte differentiation was assessed by the analysis of real-time
RT-PCR of adipocyte-speciﬁc (aP2 or PPARg) mRNAs (see below)
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and by lipid accumulation using Oil Red O staining, as described by
Ramirez-Zacarıas et al. [1992]. Total RNA was isolated from either
undifferentiated Ad-MSC and differentiated adipocytes, after
removal of PRP gels, by using the RNeasy Kit (Qiagen, Valencia,
CA) according to the manufacturer0 s instruction. For real-time
RT-PCR analysis, 1 mg cell RNA was reverse transcribed using
SuperScript III Reverse Transcriptase (Life Technologies, Carlsbad,
CA). PCR were analyzed using SYBR Green mix (Bio-Rad, Hercules,
CA). Reactions were performed using Platinum SYBR Green
Quantitative PCR Super-UDG using an iCycler IQ multicolor RealTime PCR Detection System (Bio-Rad, Hercules, CA). All reactions
were performed in triplicate and b-actin was used as an internal
standard. Primer sequences are described in Table I.
IMMUNOBLOT PROCEDURE
Total cell lysates were obtained and separated by SDS–PAGE as
previously described [Alberobello et al., 2010]. Brieﬂy, cells were
solubilized for 20 min at 4 C with lysis buffer containing 50 mM
HEPES, 150 mM NaCl, 10 mM EDTA, 10 mM Na4P2O7, 2 mM
sodium orthovanadate, 50 mM NaF, 1 mM phenylmethylsulfonyl
ﬂuoride,10 mg/ml aprotinin, 10 mg/ml leupeptin, pH 7.4, and 1%
(v/v) Triton X-100. Lysates were clariﬁed by centrifugation at
12,000 g for 20 min at 4 C. Proteins were separated by
SDS-polyacrylamide gel electrophoresis and blotted on Immobilon-P membranes (Millipore, Billerica, MA). Membranes were
blocked for 1 h in TBS (10 mM Tris-HCl, pH 7.4, and 140 mM NaCl)
containing 3% (w/v) bovine serum albumin and then incubated
with the indicated antibodies. Detection of blotted proteins was
performed by ECL according to the manufacturer0 s instruction.
Densitometric analysis was performed using Image Lab software
(Bio-Rad, Hercules, CA).
CONDITIONED MEDIA COLLECTION
Adipocytes were incubated with PRP gels, obtained as described
above, for 24 h. Next, PRP gels were removed and the cells were
starved in serum-free DMEM F12 (1:1) 0.25% BSA. As control, PRP
gels, without cells, were maintained in serum-free DMEM F12 (1:1)
0.25% BSA. After 24 h media were collected and centrifuged at
14,000 g to remove cellular debris and analyzed for cytokines and
growth factor content, as described below.
DETERMINATION OF CYTOKINE AND GROWTH FACTOR RELEASE
PRP and adipocyte conditioned media were screened for the
concentration of IL-2, IL-4, IL-6, IL-8, IL-10, GM-CSF, IFN-g,
MIP-1a, MIP-1b, RANTES, TNF-a, bFGF, PDGF, VEGF using the
Bioplex multiplex Human Cytokine and Growth factor assay kit
(Bio-Rad, Hercules, CA) according to the manufacturer0 s
protocol.
TABLE I. Primer Sequences Used in Real-Time RT-PCR Analysis
PPARg
AP2
Leptin
b-actin

Forward 50 -GACCACTCCCACTCCTTTGA -30
Reverse 50 -GATGCAGGCTCCACTTTGAT - 30
Forward 50 -TCACAGCACCCTCCTGAAAACTGC- 30
Reverse 50 -TTGGCCATGCCAGCCACTTTCC- 30
Forward 50 -CACACACGCAGTCAGTCTC- 30
Reverse 50 -GAGGTTCTCCAGGTCGTTG- 30
Forward 50 -GCGTGACATCAAAGAGAAG- 30
Reverse 50 -ACTGTGTTGGCATAGAGG- 30
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STATISTICAL ANALYSIS
Data were analyzed with Statview software (Abacus Concepts
Piscataway, NJ). A one-factor analysis of variance (ANOVA) was
used to analyze PRP effect. Any signiﬁcant ANOVA were further
analyzed by Student- Neuman- Keuls post hoc test to determine the
speciﬁcity of the effect. P values of less than 0.05 were considered
statistically signiﬁcant.

RESULTS
PRP PROMOTES AD-MSC SURVIVAL, GROWTH, AND MIGRATION
We have ﬁrst analyzed the impact of PRP-released factors on human
Mesenchymal Stem Cells isolated from stromal-vascular fraction of
subcutaneous adipose tissue biopsies (Ad-MSC). PRP (platelet count
300,000–400,000/ml) and PPP (<200,000 plts/ml) were activated
with thrombin and applied onto cultured human Ad-MSCs as PRP or
PPP gel, respectively (5% or 20% vol/vol in cell colture medium). As
assessed by sulforhodamine assay, Ad-MSC viability was strongly
increased in presence of 5% or 20% PRP gel, compared to that
measured in serum deprivation and was about 3- and 4-fold higher,
respectively, compared to cells cultured in 10% FBS (Fig. 1a). As
expected, 5% PPP induced an increase of Ad-MSC growth which was
comparable to that measured in 10% FBS, while 20% PPP increased
it by 2.4-fold. However, the effect of PPP on cell viability was
signiﬁcantly lower than that achieved with similar concentration of
PRP (Fig. 1a).
To further investigate whether PRP growth promoting action
was dependent on blood platelet count, Ad-MSCs derived from
one subject were incubated with PRP gels obtained from grouped
subjects according to concentration of blood platelets; those with
“low” (200,000–300,000/ml) platelet count (n ¼ 5) and those with
“high” (400,000–500,000/ml) platelet count (n ¼ 5). Ad-MSC
growth was signiﬁcantly higher upon incubation with the PRP
obtained from individuals with a higher concentration of
platelets (Fig. 1b) and reached the conﬂuency after 48 h from
seeding. In addition, PRP gels elicited cell growth when applied
onto cells isolated either from the same blood donor (autologous
PRP) or from other individuals (homologous PRP) (data
not shown).
Moreover, BrdU/PI staining revealed that both 5% and 20% PRP
gel addition increased the amount of Ad-MSCs in S-phase, compared
to cells cultured in serum-free medium without PRP (Fig. 1c). PRP gel
reduced the number of cells in G1 phase without affecting G2-M and
sub G1 phases (Supplementary Online Table).
To investigate whether PRP could also ameliorate Ad-MSC
migration, cells were placed in the upper chamber of a transwell
system, while the lower chamber was ﬁlled up with PRP-gel in
serum-free medium. Cells that migrated across the ﬁlter were
detected and quantiﬁed. 5% and 20% PRP increased Ad-MSC
migration by 1.5- and up to 2-fold compared to serum-free medium
(Fig.2a–b).
We next tested whether PRP could activate intracellular
signaling pathways involved in cell growth and apoptosis. To this
aim, Ad-MSC were incubated with PRP gel for 12 h. Western blot
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analysis with phospho-speciﬁc antibodies revealed that 5% and
20% PRP increased PKB/AKT, ERK and reduced Caspase
3 cleavage compared to the control untreated cells (Fig. 2c and d).

PRP DOES NOT INTERFERE WITH AD-MSC ADIPOGENIC
DIFFERENTIATION, SURVIVAL, AND FUNCTION
Ad-MSCs readily differentiate into cells of the adipocyte lineage and
retain differentiation potential through multiple passages [Sch€afﬂer
and B€
uchler, 2007]. In order to evaluate whether PRP treatment may
interfere with adipocyte differentiation, Ad-MSC were incubated
with PRP along with the induction of the differentiation procedure as
described in Materials and Methods. Adipogenesis was assessed by
analysis of lipid accumulation using oil red O staining (Fig. 3a) and
by the expression of adipocyte-speciﬁc genes (aP2 and Peroxisome
Proliferator-Activated Receptor g –PPARg) (Fig. 3b). Ad-MSC
differentiation in presence of 20%PRP was comparable to that
observed for cells differentiated with the standard procedures (Fig.
3a and b), with a slight, not signiﬁcant, increase of cell size.
In addition, we have tested the effect of PRP on mature adipocytes.
Sulforhodamine assay revealed that 20% PRP gels lightly increased
adipocyte viability, although this effect was not signiﬁcant (Fig. 3c).
Interestingly, leptin expression was 3-fold higher in differentiated
adipocytes exposed to PRP (Fig. 3d).

RELEASE OF CYTOKINES/CHEMOKINES AND GROWTH FACTORS BY
HUMAN ADIPOCYTES UPON PRP STIMULATION
As previously reported, PRP released a variety of cytokines/
chemokines and growth factors [Passaretti et al., 2014]. Here, we
have shown that PRP secreted IL-4, IL-8, CCL5/RANTES, and
PDGF in a concentration dependent fashion (Table II). IL-6 and
INF-g were found only in conditioned media from 20% PRP. No
statistically signiﬁcant differences were observed for the amount
of VEGF between 5% and 20% PRP medium (Table II). We have
therefore investigated whether PRP may affect the ability of
human adipocytes to release cytokines/chemokines and growth
factors. As expected, several inﬂammatory cytokines and growth
factors were detected in the medium of untreated adipocytes.
Interestingly, the amount of IL-6, IL-8, IL-10, IFN-g, and VEGF
was signiﬁcantly increased in PRP-treated adipocytes. However,
while the increase of IFN-g and VEGF levels was consistent with
an additive release by PRP and adipocytes separately, the
increase of IL-6, IL-8, and IL-10 was likely due to the PRP
stimulation of release by adipocytes. Moreover, the concentrations of IL-4, PDGF, and CCL5/RANTES were signiﬁcantly
reduced in PRP-treated adipocyte medium, compared to PRP
alone, suggesting a consumption of those platelet-released
factors by the adipocytes (Fig. 4).

DISCUSSION
Platelet derivatives are widely used in regenerative medicine
[Nikolidakis and Jansen, 2008; Lacci and Dardik, 2010; Burnouf
et al., 2013]. For instance, the simultaneous application of fat
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Fig. 1. Effect of PRP on Ad-MSC survival, growth and cell cycle. a) Ad-MSCs isolated from adipose tissue biopsies (n ¼ 5) have been seeded in 96-well culture plates
(3,000 cells/well). The following day the cells have been serum-starved for 18 h and then incubated with PRP or PPP gel (5% or 20% vol/vol in DMEM F12 1:1) for 48 h without
serum supplementation (MEDIUM BSA). Cell viability has been assessed by sulforhodamine assay as described in Materials and Methods and the results reported as percentage of
viable cells compared to cells in DMEM F12 10% FBS, considered as 100% viable cells. * denotes statistically signiﬁcant values over basal, considered as cells kept in 10% FBS
medium (** P < 0.01; *** P < 0.001). # denotes statistically signiﬁcant difference of 20% vs. 5% PRP (# P < 0.05). § denotes statistically signiﬁcant difference of 20% vs. 5% PPP
(§ P < 0.05). $ denotes statistically signiﬁcant difference of PRP vs PPP ($ P < 0.05) b) PRP gel (20% vol/vol in DMEM F12 1:1) obtained from donors with different hematic
platelet counts (Low Platelet – LP:2-3  105 platelets/ml; High Platelet – HP:4-5  105 platelets/ml) were directly applied onto the culture plate containing serum-starved AdMSCs for 6, 12, 24, and 48h. As control, Ad-MSCs have been incubated with DMEM F12 (1:1) without serum supplementation (MEDIUM BSA) or with 10% FBS (MEDIUM 10%
FBS). Then, cells have been counted as described in Materials and Methods and the results have been reported as cell number relative to cell count in MEDIUM BSA. * denotes
statistically signiﬁcant values over basal (* P < 0.05; ** P < 0.01). # denotes statistically signiﬁcant differences of HP-PRP vs. LP- PRP (# p <0.05). c) PRP gel (5% or 20% vol/vol
in DMEM F12 1:1) has been added to serum-starved Ad-MSCs for 48 h. Cells have been pulse-labeled with BrdU for 30 min. FACS analysis of samples stained for BrdU and for
propidium iodide, to quantify the amount of DNA, was performed. Numbers represent the percentage of BrdU positive cells  SD. * denotes statistically signiﬁcant values over
DMEM-BSA (* P < 0.05). # denotes statistically signiﬁcant differences of 20% vs. 5% PRP (# P < 0.05).
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Fig. 2. Effect of PRP on Ad-MSC migration and intracellular pathway activation. Ad-MSCs have been serum-starved for 18 h and then seeded on the polycarbonate membrane
in the upper compartment of the transwell in presence of 10 mg/ml mitomycin C , whereas PRP gel (5% and 20% vol/vol in DMEM F12 1:1) has been added to the lower
compartment in presence of DMEM F12 (1:1) without serum supplementation. As control, DMEM F12 (1:1) without serum supplementation (MEDIUM BSA) or with 10% fetal
bovine serum (MEDIUM 10% FBS) has been added to the lower compartment. Upon 24 h, migratory cells on the bottom of the polycarbonate membrane were stained (a) and
quantiﬁed at OD 540 nm after extraction (b). Asterisks denote statistically signiﬁcant values over basal (** P < 0.01; *** P < 0.001). c-d) Ad-MSCs were exposed to PRP (5% and
20% vol/vol in DMEM F12 1:1) for 24 h and then solubilized as described in Materials and Methods. Cell lysates (50 mg protein/sample) were blotted with phospho- Ser473PKB/
Akt, phospho-Thr202/Tyr204ERK and active þ pro Caspase 3 antibodies and then reblotted with anti-PKB/Akt and anti-ERK antibodies. To ensure the equal protein transfer,
membranes were blotted with actin (c) or tubulin (d) antibodies. The ﬁlters were revealed by ECL and autoradiography. The autoradiographs shown are representative of four
independent experiments.
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Fig. 3. Effect of PRP on adipocyte differentiation, viability and function. Ad-MSCs have been differentiated in adipocytes as described in Materials and Methods, in presence or
absence of PRP gel (20% vol/vol in DMEM F12 1:1). a) Lipid accumulation has been observed by Oil Red O staining microscopically. mRNA levels of PPARg, AP2 (b), and Leptin (d)
were determined by real-time RT-PCR analysis on RNA preparations obtained from adipocytes after complete removal of PRP gels. Data have been normalized on b-actin as
internal standard. Bars show the mRNA levels in these cells relative to those in Ad-MSCs differentiated without 20% PRP gel addition. c) Adipocyte viability has been assessed by
sulforhodamine assay and the results reported as percentage of viable cells compared to cells differentiated without 20% PRP gel addition, considered as 100% viable cells.

explants and PRP has hold a great deal of promise to ameliorate
“lipoﬁlling” procedures and the outcome of fat engraftment
[Nakamura et al., 2010; Kùlle et al., 2013]. Indeed, one of the
main limitations of adipose tissue transfer is the rapid loss of fat
at the site of engraftment [Nakamura et al., 2010]. This is possibly
due to several factors: i) very low capability of adipose tissue to
engraft and to repopulate at the site of implantation; ii) reduced
life span of terminally differentiated mature adipocytes; iii)
reduced blood supply mainly due to insufﬁcient tissue-driven
angiogenesis.
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Here, we have tested the effect of PRP-released factors on
Ad-MSCs and on mature adipocytes in cultured models. PRPreleased factors had an incremental effect on Ad-MSCs, since they
improved cell viability, induced S-phase and increased cell number.
This is consistent with previous reports indicating a positive effect of
PRP on growth of mesenchymal stem cells, either from adipose tissue
[Kocaoemer et al., 2007; Cervelli et al., 2012] and from bone marrow
[Murphy et al., 2012], as well as of other cultured cell types [Lucarelli
et al., 2003; Giacco et al., 2006; Kakudo et al., 2008; Gassling et al.,
2009; Passaretti et al., 2014]. The molecular mechanisms responsible
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TABLE II. Cytokines and Growth Factors Released by PRP.PRP Gel
(5% or 20% vol/vol in DMEM F12 1:1) Were Incubated With SerumFree DMEM-F12 (1:1). After 24 h, the Media Were Collected and
Tested by Using the Bioplex MultiplexHuman Cytokine and Growth
Factor Assay Kit

Bio-Plex Panel
IL-2
IL-4
IL-6
IL-8
IL-10
MIP-1a
MIP-1b
INF-g
RANTES/CCL5
TNFa
GM-CSF
PDGF
VEGF
bFGF

5%PRP CM (pg/ml)
ND
0.30  0.08
ND
149.65  60.8
ND
ND
ND
ND
1207.21  65.6
ND
ND
2092.35  64.07
90.55  2.51
ND

20%PRP CM (pg/ml)
ND
1.18  0.1*
7.57  0.9
450.67  25.73*
ND
ND
ND
152.02  75.62
2819.84  147.6**
ND
ND
8254.66  361.72***
120.23  17.32
ND

Asterisks denote statistically signiﬁcant values (* P < 0.05; ** P < 0.01; *** P < 0.001).

for increased cell growth likely involve PKB/Akt and ERK (Fig. 2)
activation by platelet released growth factors and the potential
regulation of apoptosis-related genes, which may lead to caspase 3
cleavage, as also recently described [Cervelli et al., 2012; Fukaya
et al., 2012].
Growth effect on Ad-MSC is not limited to the exposure to PRP
obtained from blood of the same adipose tissue donor (autologous
PRP), but is also elicited by PRPs obtained from different donors
(homologous PRP) and the difference observed on cell growth
induced by autologous and homologous PRP is not statistically
signiﬁcant (data not shown). Moreover, Ad-MSC growth is elicited
at higher levels by PRP compared to PPP preparations [Giacco
et al., 2006; Kakudo et al., 2008; Fukaya et al., 2012] and by PRP
obtained from donors with higher platelet count. Thus, as also
previously suggested [Lucarelli et al., 2003], the concentration of
platelet factors may be crucial in inducing cell proliferation.
Indeed, Murphy et al. [2012] have recently described that PRP
obtained by umbilical cord (uc-PRP) is more potent than that
obtained by peripheral blood in inducing BM-MSC growth. This is
possibly due to the release of higher concentrations of speciﬁc
growth factors by uc-PRP. Nevertheless, growth effect is most
likely cell-speciﬁc, since different types of platelet preparations
release different amount of growth factors and cytokines/chemokines [Passaretti et al., 2014]. In the case of Ad-MSC, and similar as
in human skin ﬁbroblasts [Giacco et al., 2006], we found that
PDGF signaling was sufﬁcient to induce cell proliferation (data not
shown).
We have now provided further evidence that PRP can exert a
chemo-attractant action on Ad-MSCs. Increased motility could
also be driven by PKB/Akt activation [Bulj et al., 2013]. Other
mechanisms however could not be excluded. One might argue
that PRP increases cellularity at the site of implant, both by
inducing proliferation and recruiting more Ad-MSC. The higher
amount of precursor cells may then lead to increased tissue
formation, thereby contributing to improve the outcome of fat
transplantation.
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Thus, PRP treatment of adipose tissue may facilitate the
recruitment of Ad-MSCs and induce their proliferation, without
reducing the survival of mature adipocytes. The combination of
these effects supports the hypothesis of a beneﬁcial action of PRP
products in adipose tissue regeneration and ﬁlling procedures.
Based on morphological data and on expression of speciﬁc
markers, PRP-treated Ad-MSCs retain their ability to differentiate
into adipocytes, as well as into osteogenic lineage [data not shown;
Cervelli et al., 2012; Tavakolinejad et al., 2014], at least in cultured
models. Nevertheless, as for cell proliferation, also for adipocyte
differentiation, the choice of the platelet preparation is of crucial
importance. For instance, Koellensperger and coworkers have
recently described that human serum from PRP reduced the
adipogenic differentiation of Ad-MSCs. Instead, data obtained
from our group and others [Kocaoemer et al., 2007; Cervelli et al.,
2012] suggested that the adipose tissue obtained in the presence of
PRP preserved its architecture and its functional features. In
addition, Cervelli and coworkers have demonstrated that PRP
ampliﬁed insulin-dependent adipogenic differentiation of Ad-MSCs.
Interestingly, however, we also detected an increase of leptin in PRPtreated differentiated adipocytes and increased levels of VEGF, IL-6,
IL-8, IL-10, and IFN-g. In particular, the increase of IL-6, IL-8, and
IL-10 levels are more than additive and likely results from PRP
stimulation of adipocyte release. On the other end, PDGF, IL-4, and
CCL5/RANTES, which are robustly produced by platelets, were
reduced in the medium of PRP-treated adipocytes. Thus, it could be
hypothesized that PRP-released factors (i.e., PDGF) are taken and
consumed by adipocytes, which in turn release more pro-angiogenic
factors (i.e., VEGF and IL-6), thereby facilitating new vessel
formation and further contributing to the stabilization of the
transplanted fat. Alternatively, a bi-directional cross talk could be
envisioned, by which adipocytes enhance degradation or inhibit
production of platelet factors, although the latter appears as a less
likely possibility.
Platelet secretome analysis has released a very large amount of
proteins, which may independently ad coordinately act on processes
involved in wound healing and tissue repair [Intini, 2009; Lacci and
Dardik, 2010; Demidova-Rice et al., 2012; Lubkowska et al., 2012].
Different procedures of platelet preparations may vary in the
abundance of growth factors and cytokines [Horn et al., 2010;
Passaretti et al., 2014], and this may be taken into account for the
variability of the outcomes of platelet-based therapies [Prakash and
Thakur, 2011]. The use of individual factors, such as PDGF for
example, has proven largely unsuccessful [Park et al., 2014]. More
recently, peptides derived from human PRP have been isolated and
tested for promoting cutaneous wound healing in animal models
[Demidova-Rice et al., 2012].
We have now provided evidence that PRP may elicit chemoattractant and proliferative effects on Ad-MSC, without interfering with adipocyte differentiation. PRP-treated adipocytes may
then become more potent in secreting pro-angiogenic factors,
including leptin and VEGF, and ameliorate the outcome of
autologous fat implants. More studies are needed to elucidate
individual factors and speciﬁc pathways involved in the intricate
cross-talk among cell types responsible for wound healing and
tissue regeneration.
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Fig. 4. Effect of PRP on adipocyte-released cytokines and growth factors. Human adipocytes have been incubated with PRP gel (20% vol/vol in DMEM F12 1:1) for 24 h. Media
have been collected (CM) and tested by using the Bioplex multiplex Human Cytokine and Growth factor assay kit. Values  SD are reported in the bar graph. Asterisks denote
statistically signiﬁcant values (* P < 0.05; ** P < 0.01; *** P < 0.001).

ACKNOWLEDGMENTS
The authors are grateful to Dr. C. Passaro for technical help with
cytoﬂuorimetric assays and to Dr. D. Liguoro for technical help and

2416

PLATELET FACTORS AND MESECHYMAL STEM CELLS

advice on cell cultures. The authors also wish to thank Prof. G. Molea
for the valuable help with adipose tissue specimens. This study was
supported in part by: Associazione Italiana per la Ricerca sul
Cancro - AIRC (IG 12136), European Foundation for the Study of

JOURNAL OF CELLULAR BIOCHEMISTRY

Diabetes (EFSD Diabetes and Cancer Programme 2011), MIUR–PRIN
(prot.2010MCLBCZ), MIUR–FIRB MERIT (RBNE08NKH7), P.O.R.
Campania FSE 2007–2013, Project CREMe.

Giacco F, Perruolo G, D0 Agostino E, Fratellanza G, Perna E, Misso S,
Saldalamacchia G, Oriente F, Fiory F, Miele C, Formisano S, Beguinot F,
Formisano P. 2006. Thrombin-activated platelets induce proliferation of
human skin ﬁbroblasts by stimulating autocrine production of insulin-like
growth factor-1. FASEB J 20:2402–2404.

REFERENCES

Horn P, Bokermann G, Cholewa D, Bork S, Walenda T, Koch C, Drescher W,
Hutschenreuther G, Zenke M, Ho AD, Wagner W. 2010. Impact of individual
platelet lysates on isolation and growth of human mesenchymal stromal cells.
Cytotherapy 12:888–898.

Alberobello AT, D0 Esposito V, Marasco D, Doti N, Ruvo M, Bianco R, Tortora
G, Esposito I, Fiory F, Miele C, Beguinot F, Formisano P. 2010. Selective
disruption of insulin-like growth factor-1 (IGF-1) signaling via phosphoinositide-dependent kinase-1 prevents the protective effect of IGF-1 on
human cancer cell death. J Biol Chem 285:6563–6572.

Intini G. 2009. The use of platelet-rich plasma in bone reconstruction therapy.
Biomaterials 30:4956–4966.

Bulj Z, Duchi S, Bevilacqua A, Gherardi A, Dozza B, Piccinini F, Adalgisa
Mariani G, Lucarelli E, Giannini S, Donati D, Marmiroli S. 2013. Protein
kinase B/AKT isoform 2 drives migration of human mesenchymal stem cells.
Int J Oncol 42:118–126.

Kakudo N, Minakata T, Mitsui T, Kushida S, Notodihardjo FZ, Kusumoto K.
2008. Proliferation-promoting effect of platelet-rich plasma on human
adipose-derived stem cells and human dermal ﬁbroblasts. Plast Reconstr Surg
122:1352–1360.

Burnouf T, Goubran HA, Chen TM, Ou KL, El-Ekiaby M, Radosevic M. 2013.
Blood-derived biomaterials and platelet growth factors in regenerative
medicine. Blood Rev 27:77–89.

Kocaoemer A, Kern S, Kl€
uter H, Bieback K. 2007. Human AB serum and
thrombin-activated platelet-rich plasma are suitable alternatives to fetal calf
serum for the expansion of mesenchymal stem cells from adipose tissue. Stem
Cells 25:1270–1278.

Cervelli V, Gentile P, Scioli MG, Grimaldi M, Casciani CU, Spagnoli LG,
Orlandi A. 2009. Application of platelet-rich plasma in plastic surgery:
Clinical and in vitro evaluation. Tissue Eng Part C Methods 15:625–634.
Cervelli V, Scioli MG, Gentile P, Doldo E, Bonanno E, Spagnoli LG, Orlandi A.
2012. Platelet-rich plasma greatly potentiates insulin-induced adipogenic
differentiation of human adipose-derived stem cells through a serine/
threonine kinase Akt-dependent mechanism and promotes clinical fat graft
maintenance. Stem Cells Transl Med 2012 Mar 1(3):206–220.
Chiba K, Kawakami K, Tohyama K. 1998. Simultaneous evaluation of cell
viability by neutral red, MTT and crystal violet staining assays of the same
cells. Toxicol Vitro 12:251–258.
Cieslik-Bielecka A, Choukroun J, Odin G, DohanEhrenfest DM. 2012. L-PRP/
L-PRF in esthetic plastic surgery, regenerative medicine of the skin and
chronic wounds. Curr Pharm Biotechnol 13:1266–1277.
D0 Esposito V, Passaretti F, Hammarstedt A, Liguoro D, Terracciano D, Molea
G, Canta L, Miele C, Smith U, Beguinot F, Formisano P. 2012. Adipocytereleased insulin-like growth factor-1 is regulated by glucose and fatty acids
and controls breast cancer cell growth in vitro. Diabetologia 55:2811–2822.
de Girolamo L, Lucarelli E, Alessandri G, Avanzini MA, Bernardo ME, Biagi E,
Brini AT, D0 Amico G, Fagioli F, Ferrero I, Locatelli F, Maccario R, Marazzi M,
Parolini O, Pessina A, Torre ML. 2013. Mesenchymal stem/stromal cells: A
new ”cells as drugs” paradigm. Efﬁcacy and critical aspects in cell therapy.
Curr Pharm Des 19:2459–2473.
Demidova-Rice TN, Wolf L, Deckenback J, Hamblin MR, Herman IM. 2012.
Human platelet-rich plasma- and extracellular matrix-derived peptides
promote impaired cutaneous wound healing in vivo. PLoS One 7:e32146.
Dohan Ehrenfest DM, Rasmusson L, Albrektsson T. 2009. Classiﬁcation of
platelet concentrates: From pure platelet-rich plasma (P-PRP) to leucocyteand platelet-rich ﬁbrin (L-PRF). Trends Biotechnol 27:158–167.
Everts PA, Overdevest EP, Jakimowicz JJ, Oosterbos CJ, Sch€
onberger JP,
Knape JT, van Zundert A. 2007. The use of autologous platelet-leukocyte gels
to enhance the healing process in surgery, a review. Surg Endosc 21:2063–
2068.
Fukaya Y, Kuroda M, Aoyagi Y, Asada S, Kubota Y, Okamoto Y, Nakayama T,
Saito Y, Satoh K, Bujo H. 2012. Platelet-rich plasma inhibits the apoptosis of
highly adipogenic homogeneous preadipocytes in an in vitro culture system.
Exp Mol Med 44:330–339.
Galliera E, Corsi MM, Banﬁ G. 2012. Platelet rich plasma therapy:
Inﬂammatory molecules involved in tissue healing. J Biol Regul Homeost
Agents 26:35S–42S.
Gassling VL, ASc il Y, Springer IN, Hubert N, Wiltfang J. 2009. Platelet-rich
plasma and platelet-rich ﬁbrin in human cell culture. Oral Surg Oral Med Oral
Pathol Oral Radiol Endod 108:48–55.

JOURNAL OF CELLULAR BIOCHEMISTRY

Koellensperger E, Bollinger N, Dexheimer V, Gramley F, Germann G. Leimer U
2014. Choosing the right type of serum for different applications of human
adipose tissue-derived stem cells: Inﬂuence on proliferation and differentiation abilities. Cytotherapy 16:789–799.
Kùlle SF, Fischer-Nielsen A, Mathiasen AB, Elberg JJ, Oliveri RS, Glovinski
PV, Kastrup J, Kirchhoff M, Rasmussen BS, Talman ML, Thomsen C,
Dickmeiss E, Drzewiecki KT. 2013. Enrichment of autologous fat grafts with
ex-vivo expanded adipose tissue-derived stem cells for graft survival: A
randomised placebo-controlled trial. Lancet 382:1113–1120.
Lacci KM, Dardik A. 2010. Platelet-rich plasma: Support for its use in wound
healing. Yale J Biol Med 83:1–9.
Liu Y, Zhou Y, Feng H, Ma GE, Ni Y. 2008. Injectable tissue-engineered bone
composed of human adipose-derived stromal cells and platelet-rich plasma.
Biomaterials 29:3338–3345.
Lubkowska A, Dolegowska B, Banﬁ G. 2012. Growth factor content in PRP
and their applicability in medicine. J Biol Regul Homeost Agents 26:3S–22S.
Lucarelli E, Beccheroni A, Donati D, Sangiorgi L, Cenacchi A, Del Vento AM,
Meotti C, Bertoja AZ, Giardino R, Fornasari PM, Mercuri M, Picci P. 2003.
Platelet-derived growth factors enhance proliferation of human stromal stem
cells. Biomaterials 24:3095–3100.
Ma Y, Li A, Faller WJ, Libertini S, Fiorito F, Gillespie DA, Sansom OJ,
Yamashiro S, MacheskyLM.. 2013. Fascin 1 is transiently expressed in mouse
melanoblasts during development and promotes migration and proliferation.
Development 140:2203–2211.
Marx RE. 2004. Platelet-rich plasma: Evidence to support its use. J Oral
Maxillofac Surg 62:489–496.
Murphy MB, Blashki D, Buchanan RM, Yazdi IK, Ferrari M, Simmons PJ,
Tasciotti E. 2012. Adult and umbilical cord blood-derived platelet-rich
plasma for mesenchymal stem cell proliferation, chemotaxis, and cryopreservation. Biomaterials 33:5308–5316.
Nakamura S, Ishihara M, Takikawa M, Murakami K, Kishimoto S, Nakamura
S, Yanagibayashi S, Kubo S, Yamamoto N, Kiyosawa T. 2010. Platelet-rich
plasma (PRP) promotes survival of fat-grafts in rats. Ann Plast Surg 65:101–
106.
Nakamura Y, Ishikawa H, Kawai K, Tabata Y, Suzuki S. 2013. Enhanced
wound healing bytopical administration of mesenchymal stem cells transfected with stromal cell-derived factor-1. Biomaterials 34:9393–9400.
Nikolidakis D, Jansen JA. 2008. The biology of platelet-rich plasma and its
application in oral surgery: Literature review. Tissue Eng Part B Rev 14:
249–258.
Park SA, Raghunathan VK, Shah NM, Teixeira L, Motta MJ, Covert J,
Dubielzig R, Schurr M, Isseroff RR, Abbott NL, McAnulty J, Murphy CJ. 2014.

PLATELET FACTORS AND MESECHYMAL STEM CELLS

2417

PDGF-BB does not accelerate healing in diabetic mice with splinted skin
wounds. PLoS One. Aug 14;9(8):e104447.DOI: 10.1371/journal.
pone.0104447 eCollection 2014.

Sch€afﬂer A, B€
uchler C. 2007. Concise review: Adipose tissue-derived stromal
cells-basic and clinical implications for novel cell-based therapies. Stem Cells
25:818–827.

Passaretti F, Tia M, D0 Esposito V, De Pascale M, Del Corso M, Sepulveres R,
Liguoro D, Valentino R, Beguinot F, Formisano P, Sammartino G. 2014.
Growth-promoting action and growth factor release by different platelet
derivatives. Platelets 25:252–256.

Tavakolinejad S, Khosravi M, Mashkani B, EbrahimzadehBideskan A,
SanjarMossavi N, Parizadeh MR, HamidiAlamdari D. 2014. The effect of
human platelet-rich plasma on adipose-derived stem cell proliferation and
osteogenic differentiation. Iran Biomed J 18:151–157.

Phinney DG, Prockop DJ. 2007. Concise review: Mesenchymal stem/
multipotent stromal cells: the state of transdifferentiation and modes of
tissue repair-current views. Stem Cells 25:2896–2902.

Tran TT, Kahn CR. 2010. Transplantation of adipose tissue and stem cells:
Role in metabolism and disease. Nat Rev Endocrinol 6:195–213.

Prakash S, Thakur A. 2011. Platelet concentrates: Past, present and future.
J Maxillofac Oral Surg 10:45–49.

SUPPORTING INFORMATION

Ramırez-Zacarıas JL, Castro-Mu~
nozledo F, Kuri-Harcuch W. 1992. Quantitation of adipose conversion and triglycerides by staining intracytoplasmic
lipids with Oil red O. Histochemistry 97:493–497.

Additional supporting information may be found in the online
version of this article at the publisher0 s web-site.

2418

PLATELET FACTORS AND MESECHYMAL STEM CELLS

JOURNAL OF CELLULAR BIOCHEMISTRY

