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Abstract
The ionotropic P2X7 receptor (P2X7R) is involved in bone homeostasis but its role in osteogenesis is controversial.
Thus, we investigated the expression of P2X7R and the effects exerted by its modulation in mesenchymal stromal
cells from human subcutaneous adipose tissue (S-ASCs), which have potential therapeutic application in bone regen-
erative medicine. We found that undifferentiated S-ASCs expressed P2X7R and its functional splice variants P2X7AR
and P2X7BR. Cell stimulation by P2X7R agonist BzATP (100 μM) neither modified proliferation nor caused mem-
brane pore opening while increasing intracellular Ca2+ levels and migration. The P2X7R antagonist A438079 reversed
these effects. However, 25-100 μM BzATP, administered to S-ASCs undergoing osteogenic differentiation, dose-
dependently decreased extracellular matrix mineralization and expression of osteogenic transcription factors Runx2,
alkaline phosphatase and osteopontin. These effects were not coupled to cell proliferation reduction or to cell death
increase, but were associated to decrease in P2X7AR and P2X7BR expression. In contrast, expression of P2X7R,
especially P2X7BR isoform, significantly increased during the osteogenic process. Noteworthy, the antagonist
A438079, administered alone, at first restrained cell differentiation, enhancing it later. Accordingly, A438079 reversed
BzATP effects only in the second phase of S-ASCs osteogenic differentiation. Apyrase, a diphosphohydrolase
converting ATP/ADP into AMP, showed a similar behavior. Altogether, findings related to A438079 or apyrase
effects suggest an earlier and prevailing pro-osteogenic activity by endogenous ATP and a later one by adenosine
derived from endogenous ATP metabolism. Conversely, P2X7R pharmacological stimulation by BzATP, mimicking
the effects of high ATP levels occurring during tissue injuries, depressed receptor expression/activity impairing MSC
osteogenic differentiation.
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Introduction

Mesenchymal stem cells (MSCs), isolated from embryonic
annexes (i.e. umbilical cord or blood, placenta, amniotic fluid)
or adult tissues (i.e. bone marrow, teeth) show high self-
renewal and multipotent differentiation capacity. These prop-
erties, pointed out in a wide number of reports, have created a
great expectation on the possible use of these cells in regener-
ative medicine, especially for bone reconstruction/repair [1].
However, there are several limits in the collection and in vitro
expansion of MSCs, since there is a low amount of these cells
with variable proliferation potential in embryonic annexes,
whereas, in adult tissues, MSC number decreases with pa-
tient’s age and sampling procedures result invasive and may
cause morbidity [2–4]. Human adipose-derived stem cells
(ASCs) demonstrate several advantages over MSCs from oth-
er sources, including a less invasive harvesting procedure, a
higher number of stem cells from an equivalent amount of
tissue harvested, increased proliferation and differentiation ca-
pacities as well as greater angiogenic and osteogenic proper-
ties in vivo. Additionally, donor age does not influence cellu-
lar senescence and yield of ASC isolation from subcutaneous
adipose tissue [5]. Therefore, ASCs represent a valuable ex-
perimental model to investigate the influence of different stim-
uli on their osteogenic differentiation ability to be exploited in
repairing/improving bone damages/reconstruction.

Purines may be included among the several growth factors
and signaling molecules which influence the growth and dif-
ferentiation of ASCs [6]. Purines are ancestral and ubiquitous
substances playing a key role in intracellular metabolism, as
components of nucleic acids (DNA, RNA), essential mole-
cules for energy storage and supply (ATP or GTP), cofactors
in biochemical reactions (i.e. NAD) and intracellular cell sig-
naling (cAMP or cGMP). Remarkably, purines, in particular
adenine-based compounds, also act as neurotransmitters/mod-
ulators. Indeed, ATP, except from leakage consequent to plas-
ma membrane damages occurring in pathological conditions,
is constitutively released from cells in physiological condi-
tions and its extracellular levels are considerably increased
by different types of stimulation [7]. Once released, ATP is
metabolized to ADP, AMP and adenosine up to xanthine and
uric acid by a series of ecto-enzymes similar to those present
inside the cells. This complex system is today recognized as
Bpurinome^ also in MSCs [8]. At extracellular level, either
ATP or adenosine activate specific receptors. The P1 sub-
group, recognizing adenosine as an endogenous agonist, in-
cludes four G protein-coupled receptors (A1, A2A, A2B, A3)
[9], while the P2 family for ATP is more complex, being
composed of seven ionotropic P2X and eight metabotropic
P2Y receptors [10]. So far, a number of papers have docu-
mented the influence exerted by the modulation of different
purine receptors on the behavior of MSCs [11–14], which are
likely exposed to adenine nucleotides and adenosine, when

these cells migrate in vivo or are transplanted into an injured
tissue. Adenosine mostly inhibits adipogenic differentiation,
while promoting osteogenesis [15–17], whereas ATP regu-
lates both adipogenic and osteogenic differentiation, mainly
via different P2Y receptor subtypes [18] the roles of which
have been extensively reviewed in bone formation and func-
tion [19, 20]. Conversely, the importance of P2X receptors for
physiology of MSCs and their differentiation into osteoblasts
is yet undetermined. In the last years, a certain interest has
been paid to P2X7 receptor (P2X7R), which is unique among
the P2X receptor family as it is activated by high concentra-
tions of ATP (> 100 μM) [21, 22] that open Ca2+ permeable
channels. In addition, prolonged exposure to this natural
agonist leads to formation of large cytolytic pores in the
cell membrane [23]. Recent literature reports the expres-
sion and involvement of the P2X7R at various differenti-
ation stages of bone cells [19] and a functional P2X7R
seems to be essential for differentiation and survival of
both osteoclasts and osteoblasts. However, its role in the
osteogenic differentiation of MSCs from rodents or
humans is still controversial [reviewed in 14, 19].

Attempting to clarify the role of these receptors in osteo-
genesis, we undertook this study adopting human ASCs as
experimental model. We evaluated either the presence and
the function of P2X7R in undifferentiated cells or the effect
resulting from its stimulation on the osteogenic differentiation
process. Additionally, we considered that among the nine
splice variants identified so far (P2X7A–J) [24, 25], in
humans the only two isoforms showing an ion channel activ-
ity, when assembled to form a trimeric receptor, are the vari-
ants A and B. The former is a 595 amino acid protein and is
also the monomer of the first cloned P2X7R, responsive to
high extracellular ATP levels that trigger a sustained pore
activity. The latter is a naturally occurring shorter variant,
characterized by 18 extra amino acid after the residue
346 in the TM2 domain and lacking the C terminal tail
(249 amino acids) due to the insertion of a stop codon.
Therefore, the trimeric P2X7B receptor (P2X7BR) lacks
the pore formation ability even when stimulated by high
ATP concentrations [26]. Assuming that these two splice
variants and the related receptors might differently affect
ASC osteogenic differentiation, we also investigated their
expression in ASCs prior to and along their differentiation
towards an osteogenic phenotype.

Materials and Methods

Materials

Disposables for tissue culture were from Falcon (Steroglass,
Perugia, Italy). Minimum Essential Medium (MEM) Alpha
Medium was purchased from EuroClone S.p.A. (Milan,
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Italy). L-Glutamine for culture medium, penicillin/streptomy-
cin, amphotericin B, ascorbic acid, dexamethasone, β-
glycerophosphate disodium salt, as well as apyrase (VII
grade) and all the other chemicals, unless differently indicated,
were from Sigma-Aldrich (Milan, Italy). 3-[[5-(2,3-
Dichlorophenyl)-1H-tetrazol-1-yl]methyl]pyridine hydro-
chloride (A438079), 2′(3′)-O-(4-benzoylbenzoyl)adenosine-
5’triphosphate tri(triethylammonium) salt (BzATP) and
8,8′-[carbonylbis(imino-4,1-phenylenecarbonylimino-4,1-
phenylenecarbonylimino)]bis-1,3,5-naphthalenetrisulfonic
acid hexa-sodium salt (NF279) were ordered from Tocris
Bioscienza (Abingdon, UK).

Cell Culture

Human subcutaneous adipose-derived stromal cells (S-ASCs)
were purchased from the Zen-Bio Company (Research
Triangle Park, NC, USA) and cultured using a growth medi-
um consisting of MEM Alpha Medium, 10% heat-inactivated
Fetal Bovine Serum (FBS, Gibco, Thermo Fisher Scientific,
MA, USA), 1% penicillin/streptomycin, 1% Amphotericin B.
The mean age of 6 human subjects (females) was 28 ± 3 years.
Cultures were incubated at 37 °C and 5% CO2, and the medi-
um was changed twice a week. Experiments were performed
only in the first six-eight cell passages.

The osteogenic differentiationwas induced by culturing the
human S-ASCs with MEM alpha medium supplemented with
5% heat-inactivated FBS, 0.05 mM ascorbic acid, 10 mM β-
glycerophosphate and 10 nM dexamethasone up to 28 days,
with changes of medium every 3 days. Cultures were stained
at different time points with Alizarin Red S (ARS, Sigma-
Aldrich) to identify calcium depots, that were quantified by
spectrophotometric measurement. Briefly, 800 μl 10% (v/v)
acetic acid were added to each well; cells were incubated for
30 min with shaking, then removed by scraping, transferred
into a 1.5-ml vial and vortexed for 30 s. The obtained suspen-
sion was overlaid with 500 μl mineral oil (Sigma–Aldrich),
heated to 85 °C for 10 min, then transferred to ice for 5 min,
carefully avoiding the opening of the tubes until fully cooled,
and centrifuged at 20,000 g for 15 min. The samples were
acidified (pH between 4.1 and 4.5) with 200 μl of 10% (v/v)
ammonium hydroxide. Aliquots (150 μl) were read in tripli-
cate at 405 nm by a spectrophotometer (Spectramax SM190,
Molecular Devices, Sunnyvale, CA, USA).

Cell Proliferation

To assess cell number and therefore the proliferation trend, the
trypan blue exclusion method was used. Briefly, cells were
harvested after different culture periods, incubated with trypan
blue, and counted with an hemocytometer (three different
fields for each sample evaluated in triplicate). Results are
expressed as number of live cells/ml.

Quantification of Apoptosis by Caspase 3/7 Activity

Quantification of apoptosis in S-ASCs, treated or not with
appropriate concentration of P2X7R agonist/antagonist, was
performed using Caspase-Glo Assay Tecnology by providing
a luminogenic caspase 3/7 substrate, which contains the
tetrapeptide sequence DEVD, in a reagent optimized for cas-
pase acitivty, the luciferase activity. Luciferase activity is pro-
portional to the amount of caspase activity present. The assay
was carried out according to the instructions of the supplier
company (Promega Italia, Milan, Italy).

Lactate Dehydrogenase Assay

Lactate dehydrogenase (LDH) levels are widely used to esti-
mate necrotic cell death since LDH is a cytoplasm enzyme
that can be released following cell membrane damage. Cells,
seeded (2 × 103 cells/well) in 96-well plates, were incubated
with drugs following the usual protocol. At different time
points (7, 14, 21 and 28 days) a part of these cells were incu-
bated at 37 °C and 5% CO2 for 45 min with specific lysis
buffer and then, the plate was centrifuged at 250 g for 4 min.
Subsequently, 50 μl of supernatant from each well, transferred
to a new 96-well plate, were added to 50 μl of substrate buffer
consisting of 0.7 mM p-iodonitrotetrazolium Violet,
50 mM L-lactic acid, 0.3 mM phenazine methoxysulfate,
0.4 mM NAD and 0.2 M Tris-HCl pH 8.0. The plate suitably
blanket was incubated in the dark at room temperature for
30 min, and finally the reaction was stopped by addition of
50 μl/well of stop solution. The absorbance was measured
spectrophotometrically at 490 nm and the results were
expressed as a percentage of total LDH released from the
positive control calculated as follows:

Percent cytotoxicity ¼ 100� Experimental LDH Release OD490ð Þ
Maximum LDH Release OD490ð Þ

All reagents were from Promega Italia (Milan, Italy).

Calcium Measurements on Single Cells

Intracellular Ca2+ levels were monitored in the cells using the
Fluo4-acetoxymethylesterdye (Fluo4/AM, Thermo Fisher
Scientific, Monza, Italy) and an upright microscope (Zeiss
Axio Examiner, Jena, Germany), equipped with a 20 ×
0.75NA water-immersion objectives. The microscope was
connected by an optical fiber to a 75 W Xenon lamp and a
monochromator (OptoScan; Cairn Instrument, Faversham,
UK). Cells, seeded on 35 mm plates at a density of 20 × 103

cells/cm2, were incubated in a normal external solution (NES:
140 mM NaCl, 2.8 mM KCl, 2 mM CaCl2, 2 mM MgCl2,
10 mM glucose and 10 mM HEPES, pH 7.3) supplemented
with 10 mg/ml bovine serum albumin and 5 μM of Fluo4-
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AM, for 40 min at 37 °C. After a washing, the fluo4-loaded
cells were bathed in NES and excited at 488 nm. The fluores-
cence images were acquired using a 505–530 nm band-pass
filter (to select the proper emission wavelength), at 2 frames/s
with a 16 bit digital EM-CCD camera (PhotoEvolve 512;
Photometrics; Tucson, AZ, USA). After 2 min-recordings,
the cells were stimulated with 100 μM ATP, after 6 min the
cells were washed with NES for 5 min followed by 100 μM
BzATP addition. The same recording protocol was performed
after a 30 min pre-incubation with and in the presence of
10 μM A438079, an inhibitor of P2X7R. The temporal anal-
ysis of intracellular Ca2+ measurements was calculated as the
mean fluorescence intensity signal in a selected cell and re-
ported as f/f 0, where f is the fluorescence intensity of a single
loaded cell that was acquired during the time lapse, and f0 is
the mean fluorescence intensity of the same cell calculated
from images acquired before the first stimulus addition. The
maximum peak (peakmax) amplitude was calculated as the
ratio between the maximum peak and the baseline [27].
Temporal analyses were shown as representative traces from
at least 160 tested cells from three independent experiments.

Pore Formation

In order to analyze the effect of BzATP on pore formation, 5 ×
105 cells were incubated with BzATP (100 μM) and ethidium
bromide (20 μM) for 5 min. The plasma membrane perme-
ability to ethidium bromide was analyzed by flow cytometry
using a flow cytometer (BD FACSCalibur, Becton Dickinson
Bioscience, San Jose, CA, USA.). Ethidium bromide emission
fluorescence was recorded using a blue laser (488 nm) and an
emission BP filter 574/26 nm (BL2 channel). The results were
analyzed using FlowJo v10.1r5 software (Ashland, OR,
USA). Cells not treated with BzATP were used as control.

Scratch Assay

The effects of BzATP on S-ASCs migration were evalu-
ated in a scratch assay. Briefly, S-ASCs were seeded in 6-
well plates at 3 × 105 cells/well and cultured normally.
When the cell confluence reached 80%, the S-ASCs were
pretreated with 5 μg/ml mitomycin-C (Sigma-Aldrich,
cat. M-0503) at 37 °C with 5% CO2 for 3 h to prevent
cell proliferation; then, the medium was replaced with
fresh FBS-free medium after two washes with PBS, the
confluent cell monolayer was scratched using a sterile
200-μl pipette tip, the cells were washed, and the edge
of the scratch was smoothed with PBS. Different concen-
trations of BzATP (50 and 100 μM) were added to the
wells whereas the pretreatment with the P2X7R antago-
nist A438079 (10 μM), when present, started 1 h prior to
BzATP addition. Images were recorded prior to (0 h) and
at 6 and 24 h after the monolayers were scratched. The

migration area was quantified by densitometric analysis
using ImageJ software (U.S. National Institutes of
Health, Bethesda, MD) and assessed as follows: percent-
age (%) of open wound = (A0 – An)/A0 × 100, where A0
represents the initial wound area (t = 0 h) and An repre-
sents the residual area of the wound at the time of mea-
surement (t = n h).

Quantitative Real Time Polymerase Chain Reaction
(qRT-PCR)

This technique was used for the evaluation of the mRNA
expression both for some osteogenic markers and P2X7R A
and B splice variants. Total RNAwas extracted from S-ASCs
with Trizol reagent (Invitrogen, Thermo Fisher Scientific).
RNA content was determined using a Nanodrop 2000 spec-
trophotometer (Thermo Scientific, Milano, Italia) and RNA
integrity was checked by electrophoresis on 1.5% agarose
gel in Tris Borate EDTA (TBE) (89 mM Tris, 89 mM boric
acid, 20 mM EDTA, pH 8.0). Gels were analyzed by a RED
analyzer (Cell Biosciences, Santa Clara, CA, USA). All sam-
ples were further treated with amplification grade with Turbo
DNA-free kit (Invitrogen). Reverse transcription was per-
formed starting from 1 μg of total RNA/sample, with high
Capacity cDNA Reverse Transcription kit (Applied
Biosystems) as described by the manufacturer. The reaction
mixture was loaded to the Gene Amp PCR system 9700
(Applied Biosystem, Foster City, CA, USA) undergoing the
cycle at 37 °C for 120 min.

Real-Time PCR was carried out with the ABI Prism
7900 Sequence Detection System (Applied Biosystems,
Foster Ci ty, CA, USA). Express ion of Alkal ine
Phosphatase (ALP), Runt-related transcription factor 2
(RUNX2) and osteopontin (OPN) was evaluated at 0, 3, 7
and 14 days in cells cultured in osteogenic medium where-
as that of P2X7R A and B splice variants was evaluated in
undifferentiated S-ASCs and in S-ASCs submitted to oste-
ogenic differentiation at different time points up to 28 days.
Commercially available TaqMan Gene Expression Assays
we r e u s e d f o r o s t e o g e n i c ma r k e r s (RUNX2 ,
Hs00231692_m1, ALP, Hs01029144_m1, OPN,
Hs00960942_m1) and for pan-P2X7R (Hs00175721_m1,
recognizing both the A and B isoforms of the P2X7R),
whereas TaqMan Gene Expression custom assays were
purchased to identify P2X7AR and P2X7BR, as previously
described [27]. Moreover, the TaqMan Universal PCR
Master Mix (Applied Biosystems) was used according to
standard protocols. Gene expression levels were normal-
ized (ΔCt) by using the house keeping β2-microglobulin
as endogenous control (B2M, Hs99999907_m1, Applied
Biosystems, Foster City, CA, USA). The results were ana-
lyzed for relative quantitation among groups using the
comparative 2 ΔΔCt method [28].
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Western Blot Analysis

Cells were harvested at 4 °C in a RIPA lysis Buffer with
Protease Inhibitor cocktail (Sigma-Aldrich) and centrifuged
(14, 000 rpm, 8 min, 4 °C). Protein concentration was deter-
mined by BioRad protein assay (Bio-Rad Laboratories, Milan,
Italy). Samples (60 μg), diluted in sodium dodecyl sulphate
(SDS)-bromophenol blue buffer, were boiled (5 min) and sep-
arated on 10% (as for P2X7R and P2X7AR) or 12.5% (as for
P2X7BR) SDS polyacrylamide gels. Proteins were transferred
on a polyvinylidene fluoride membrane, blocked with PBS/
0.1% Tween20/5% nonfat milk (Bio-Rad Laboratories) for
2 h at 4 °C, incubated overnight at 4 °C with specific primary
antibodies [polyclonal rabbit anti-P2X7R (extracellular), dilu-
tion 1:200 (#APR-008, Alomone Labs, Jerusalem, Israel)];
polyclonal rabbit anti-P2X7R (intracellular, C-terminus) dilu-
tion 1:300 (#P8232, Sigma-Aldrich); polyclonal rabbit anti-
P2X1 receptor (P2X1R), dilution 1:200 (# APR-001,

Alomone Labs); polyclonal rabbit anti-P2X3 receptor
(P2X3R), dilution 1:200 (#APR-016, Alomone Labs)] and then
exposed for 1 h at room temperature to goat anti-rabbit HPR-
conjugated secondary antibody at final dilution 1:5000 (Bethyl
Laboratories Inc., Montgomery, TX, USA). Subsequently, the
blots were stripped and reprobed with an antibody against the
protein ß-actin assumed as loading control (dilution 1:1000,
incubation overnight at 4 °C; Santa Cruz Biotechnologies,
Heidelberg, Germany). Immunocomplexes were visualized
using the enhancing chemiluminescence (ECL) detection sys-
tem (GE Healthcare Life Sciences, Milan, Italy) and quantified
by densitometric analysis using ImageJ software (U.S. National
Institutes of Health, Bethesda, MD).

Statistical Analysis

All results are represented as means ± standard error of mean
(SEM). Comparisons among experimental groups were
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Amplitude
(peakmax±SEM)

1.85±0.02 1.24±0.02
***
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0

Tested cells
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e

Fig. 1 Expression of P2X7R and effect of its stimulation in S-ASCs
grown in basal medium. a Gene expression of the total P2X7R
evaluated by qRT-PCR at different times of cultured cell growth under
non differentiating condition. mRNA levels were normalized (ΔCt) by
using the house keepingβ2-microglobulin as endogenous control and the
results were analyzed for relative quantitation among groups using the
comparative 2 ΔΔCt method. The obtained data were compared with
mRNA levels of S-ASCs at the beginning of the experiment (time 0).
The values are the mean ± SEM of 5 independent samples. b-d
Intracellular Ca2+ variation evoked by ATP and BzATP. In B the
scheme of the time course of the cellular fluorescence recordings,
during stimuli addition, is reported. In the panels C representative
temporal analyses of intracellular Ca2+ levels are shown expressed as
fluorescence ratios (f/f0), during stimuli addition (100 μM ATP

followed by 100 μM BzATP after washing) in the absence (left) or
presence (right) of 10 μM A438079. The traces are related to cells
responsive to ATP with an isolated single Ca2+ spike (black trace) and
with a spike followed by ionic waves (grey trace). In D there is the
quantification of intracellular Ca2+ response parameters including: the
percentage of cells responsive to each stimulus calculated on the total
tested cells and the amplitude of Ca2+ increase calculated as the ratio of
the f/f0 at the maximum peak to the basal f/f0. Values are the mean ± SEM
of at least three separate experiments. Statistical significance of values
was estimated by Student’s t test. In the panel A: *p < 0.05; **p < 0.01;
*** p < 0.001 calculated in undifferentiated cells at different times of
growth in culture versus those at the time 0. In the Table D: *** p <
0.001 vs ATP stimulus
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performed by Student t-test followed by Sidak’s multiple com-
parisons test or by one-way ANOVA followed by Dunnett’s
post hoc test, using GraphPad Prism 6.01 (San Diego, CA,
USA), as indicated. Difference was considered to be statisti-
cally significant at a value of P < 0.05.

Results

Presence and Influence of P2X7R Activation
on Different Functions in Undifferentiated S-ASCs

In undifferentiated S-ASCs, P2X7R expression increased
along the culture period of 28 days, as evaluated by qRT-
PCR (Fig. 1a). To assess receptor activity in the same cells,
the intracellular Ca2+ levels were measured using fluorescence
video-imaging technique and the fluorescent Fluo-4, a specific
Ca2+ indicator (see Fig. 1b illustrating the scheme of the time

course of the cellular fluorescence recordings). The activation
of purinergic P2 receptors by the nonselective agonist ATP
(100 μM) induced intracellular Ca2+ variations in 75.0 ±
7.0% of tested cells. These ATP-induced variations were rep-
resented by isolated single Ca2+ spike in 53.3 ± 2.7% cells
(Fig. 1b, black trace) and by a spike followed by ionic waves
in 47.8 ± 3.0% cells (Fig. 1b, grey trace). In contrast, the rather
selective P2X7R agonist BzATP (100 μM) triggered a single
intracellular Ca2+ increase in 31 ± 7.0% cells that were also
responsive to ATP (Fig. 1b, black and grey traces after
washing). The pre-incubation and the presence of the specific
P2X7R antagonist A438079 during the assay did not signifi-
cantly modify the number of ATP-responsive cells, but re-
duced the amplitude of ATP-evoked Ca2+ increase while
abolishing the BzATP effect (Fig. 1c, d). However, neither
BzATP nor A438079 modified cell viability evaluated by
the count of live cells in culture up to day 14 (Fig. 1e).
Finally, BzATP at 100 μM did not induce membrane pore

Fig. 2 P2X7R mediates wound healing in undifferentiated S-ASCs.
Nearly confluent S-ASCs (80%) human S-ASCs were incubated in the
presence or absence of BzATP and when present, the P2X7R antagonist
A438079 was added 1 h prior to the agonist. Cell were then scratch
wounded and observed at the indicated times after injury using a Nikon
Eclipse TS100 phase contrast microscope, acquiring images with the
Zoom Browser EX software. a Images of control and treated cells prior

to (0 h) and 6 and 24 h after injury are representative of four independent
experiments (scale bar = 100 μm for all panels). b Quantification of the
wound size in the presence or absence of pharmacological treatments was
performed using ImageJ and graphed as percentage of open wound. Data
are given as means±SEM and analyzed by one way ANOVA and
Dunnett’s post hoc test (B) *P < 0.05 vs control
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formation, as demonstrated by the lack of fluorescence due to
ethidium bromide entry inside the cells (data not shown). In
contrast, the exposure of undifferentiated S-ASCs to BzATP
up to 24 h enhanced cell migration, as shown by the scratch
assay (Fig. 2). Also in this case, the effect was counteracted by
the P2X7R antagonist A438079.

Influence of P2X7R Activation in S-ASCs Induced
to Osteogenic Differentiation

We previously demonstrated that S-ASCs are able to un-
dergo an efficient osteogenic differentiation when grown
in appropriate conditions along a 28 day period [29].
Here, we showed that BzATP, added at concentrations
ranging from 25 up to 100 μM to S-ASCs at each culture
medium change during cell commitment towards osteo-
genesis, caused a dose-dependent decrease of extracellular
matrix mineralization that was particularly evident at 21
and 28 days (Fig. 3a–d). This effect was coupled to a
decrease in the expression of early transcription factors
such as RUNX2, ALP and OPN associated to osteoblast

differentiation, as evaluated at 4, 7 and 14 days (Fig. 4a–
c). Cell exposure to the P2X7R antagonist A438079 alone
inhibited S-ASC osteogenic differentiation, whereas it sig-
nificantly enhanced the negative effect produced by
BzATP on cell differentiat ion at 7 and 14 days
(Table 1). In contrast, in the subsequent 21 and 28 days,
A438079 alone enhanced the differentiation process while
counteracting the BzATP inhibitory effect on extracellular
matrix mineralization. This effect was similar to that ex-
hibited by apyrase (2 U/ml), the enzyme converting ATP
and ADP into AMP (Table 1). Indeed, apyrase, when ad-
ministered alone, restrained the osteogenic differentiation
of S-ASCs at 7 and 14 days and enhanced this process in
the following 21 and 28 days. Moreover, when given in
combination with BzATP, apyrase did not modify the in-
hibitory effect of the P2X7R agonist on cell differentia-
tion in the first 14 days, whereas in the next 21 and
28 days the presence of apyrase, like that of the P2X7R
antagonist, reversed the inhibitory BzATP effect on S-
ASC osteogenesis, (Fig. 3a–d). Altogether, the findings
related to the activity of A438079 or apyrase would

Fig. 3 Effect of the stimulation
of P2X7R on S-ASC osteogenic
differentiation. The cell
treatment with different
concentrations of BzATP was
performed in S-ASCs for different
periods from cell induction till the
osteogenic differentiation. The
effect on the extracellular matrix
mineralization was evaluated by
ARS staining and its
spectrophotometrical analysis
(a-d). The values are the mean ±
SEM of six independent
experiments, in which different
cell samples were used.
§§§P < 0.001 significantly
different from undifferentiated
cells (UD); *P < 0.05, **P < 0.01,
and ***P < 0.001: significantly
different from differentiated
S-ASCs (one way ANOVA
followed by Dunnett’s post hoc
test)
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suggest that endogenous ATP exerts an activity of support
along the osteogenic differentiation of S-ASCs, especially
during the first 14 days, mainly interacting with P2X7R.

We also verified the possible activity of BzATP on
other P2 receptors, namely P2X1R and P2X3R, for which
it also showed affinity [30]. Since it was recently shown
that these receptors are not expressed in human ASCs
[31], we first checked if this occurred in our cells.
Western blot analysis demonstrated that both receptors
are expressed by undifferentiated cells even though their
levels, which were similar at the days 0 and 7, substan-
tially decreased in the following period. Conversely, in
cells committed towards osteogenesis, the protein levels
of both receptors were uniformly low, except an increase
of P2X1R at the day 28. However, P2X3R seemed to be
more expressed than P2X1R at 7, 14 and 21 days. Finally,
protein levels of P2X1R and P2X3R were substantially

unaffected by cell exposure to BzATP except for the day
28 (Fig. 1 Suppl.). Accordingly, the exposure of S-ASCs
to only NF279, an antagonist of P2X1R and P2X3R at the
dose used (10 μM), did not modify the trend of their
osteogenic differentiation, likely because endogenous
ATP interacts with much more expressed P2 receptors,
including P2X7R. In contrast, NF279, when given in
combination with BzATP (50 μM), partially reversed the
inhibitory effect of the latter at 7 and 14 days, but not at
longer times (Table 1). These data would indicate that the
BzATP interacted also with other receptors, likely the
P2X3R, during a limited period of S-ASC differentiation.

We wondered whether the inhibitory effect caused by
P2X7R stimulation was due to an influence on cell via-
bility. However, P2X7R stimulation did not influence the
number of cultured cells, as assayed by cell counting at
different times over a period of 28 days (data not shown).

a b

c

S-ASCs cultured in osteogenic medium for 

Fig. 4 Effect of the stimulation of P2X7R on the expression of some
early osteogenic markers during S-ASC osteogenic differentiation.
Cell exposure to the P2X7R agonist BzATP was carried out for
different periods in S-ASCs induced to differentiate towards an
osteogenic differentiation. The expression of osteogenic markers
(RUNX2, ALP and OPN) was evaluated by real-time PCR. mRNA
levels of the osteogenic markers were normalized by using the house

keeping β2-microglobulin as endogenous control. The values are the
mean ± SEM of six independent experiments, in which different cell
samples were used. §P < 0.05; §§§P < 0.001 significantly different from
undifferentiated cells (UD); *P < 0.05, **P < 0.01, and ***P < 0.001:
significantly different from differentiated S-ASCs (one way ANOVA
followed by Dunnett’s post hoc test)
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Also the extracellular levels of LDH, assumed as an index
of necrotic death and measured in the medium of S-ASCs
induced to osteogenic differentiation, were not modified
by cell treatment with BzATP as compared to the control,
showing even a reduction at the end of this process
(28 days) (Fig. 5a). Additionally, the caspase 3/7 activity
was decreased by the exposure of the same cells to
BzATP (Fig. 5b), confirming that the decrease in the os-
teogenic differentiation induced by P2X7R stimulation
was not due to cell death.

Expression of the Splice Variants P2X7AR and P2X7BR
in S-ASCs when Undifferentiated and along their
Commitment towards Osteogenesis

We investigated if the effect caused by BzATP could be
due to a modification in the expression of P2X7R. In com-
parison to undifferentiated S-ASCs, the expression of this
receptor in cells under differentiation was significantly in-
creased during the observation period of 28 days (Fig. 6a).
Since in literature it has been reported that the two func-
tional splice variants of P2X7R, namely P2X7AR and
P2X7BR, are expressed in human cells, differently
influencing cell growth and differentiation [26, 32], we
investigated this issue in our cells. In undifferentiated S-
ASCs the expression of the full length P2X7AR monomer
was increasing whereas that of the shorter form of
P2X7BR remained almost invariant during the period of
28 days, although it was decreased in comparison to the
day 0. In contrast, in S-ASCs induced to osteogenic differ-
entiation, the expression of both splice variants was

significantly increased and that of P2X7BR monomer
was greater than that of P2X7AR at the end of the differ-
entiation period (Fig. 6b, c). Western blot analysis was also
performed using two different antibodies, one directed
against an extracellular loop common to both P2X7R
splice variants A and B, and the another one, directed to-
wards the C-terminal tail, present only in the A variant. In
this way, we identified immune-bands with different mo-
lecular weights. In particular, both antibodies recognized
bands at about 70 KDa, which corresponds to the monomer
constituting the P2X7AR (Fig. 7b, c), whereas the anti-
body against the extracellular loop recognized also a pro-
tein at about 50 KDa, compatible with the shorter splice
variant present in P2X7BR (Fig. 7c). Western blot analysis
substantially confirmed an increased presence of the pro-
teins related to the two splice variants A and B along the
differentiation process, with a prevalence of the variant B
on the A one (Fig. 7b). When the cells were exposed to
BzATP, mRNA expression of both isoforms decreased, in
the period up to 21 days and mainly at the highest drug
concentration (100 μM) (Fig. 7a). Accordingly, western
blot analysis showed that BzATP, even at 50 μM, caused
a potent decrease in the protein content of both P2X7AR
and P2X7BR monomers along the S-ASC differentiation
period (28 days) (Fig. 7b, c).

Discussion

In this paper, we first demonstrated that S-ASCs either
when undifferentiated or committed towards osteogenic

Table 1 Effect of different P2XR
antagonists and apyrase on the S-
ASCs osteogenic differentiation
in the absence or presence of
BzATP

Treatment S-ASC osteogenic differentiation evaluated at the day

7 14 21 28

OM (Control) 0.10 ± 0.012 0.14 ± 0.015 0.39 ± 0.045 0.83 ± 0.09

A438079 10 μM 0.02 ± 0.002 *** 0.04 ± 0.003 *** 0.71 ± 0.073 ** 1.31 ± 0.13 **

NF279 10 μM 0.09 ± 0.008 0.13 ± 0.014 0.37 ± 0.041 0.75 ± 0.08

Apyrase 2 U/ml 0.065 ± 0.006 ** 0.09 ± 0.006 * 0.65 ± 0.006 * 1.21 ± 0.006 *

BzATP 50 μM 0.041 ± 0.006 ** 0.08 ± 0.009 ** 0.08 ± 0.009 *** 0.075 ± 0.006 ***

A43 + BzATP 0.027 ± 0.003 ### 0.07 ± 0.004 0.014 ± 0.009 ## 1.27 ± 0.14 ###

NF279 + BzATP 0.060 ± 0.005 # 0.11 ± 0.008 # 0.10 ± 0.015 0.06 ± 0.008

Apyrase + BzATP 0.043 ± 0.005 0.066 ± 0.007 0.22 ± 0.03 ### 0.45 ± 0.05 ###

Undifferentiated S-ASCs were induced towards an osteogenic differentiation by growing them in an appropriate
osteogenic medium (OM) for different time periods (7–14–21-28 days). Some of them were exposed to a single
pharmacological treatment with a P2X7R agonist (BzATP) or with antagonists for P2X7R (A438079) or P2X1R
and P2X3R (NF279) or with apyrase, an enzyme metabolizing purine nucleotide tri- and di-phosphates (ATP and
ADP). Another set of the same cells was exposed to BzATP in the presence of A438079 or NF279 or apyrase,
which were added to the cultures 1 h pior to BzATP. The effect on the extracellular matrix mineralization was
evaluated by ARS staining and its spectrophotometrical analysis at 405 nm. The values are the mean ± SEM of
four independent experiments, in which different cell samples were used. *P < 0.05**P < 0.01, ***P < 0.001:
statistical significance vs. untreated cells grown in OM (control); # p < 0.05; ## p < 0.01; ###p < 0.001: statistical
significance vs. cells treated with BzATP (one-way ANOVA plus Dunnett’s test)
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differentiation express the P2X7R evaluated in its total
form. While this receptor seems to be absent in rat

adipose-derived stromal cells [33], transcripts for purine
receptors, including the P2X7R subtype, have recently

LDH assay
a

b

Fig. 5 Evaluation of cell necrotic or apoptotic death induced by
modulation of P2X7R. S-ASCs induced towards an osteogenic
differentiation were treated with BzATP, in the absence or presence of
the P2X7R antagonist A438079, administered 1 h prior to the agonist.
After different times from the beginning of the pharmacological
treatments the activity of LDH or caspase 3/7 was assayed in the
medium of all cells. a LDH release from cells, assumed as an index of
necrotic death, was measured as reported in the Methods section. Values
are expressed as the percentage of the total amount of the enzyme released

in the medium from the cells after their lysis. b Apoptic death was
assessed by the evaluation of the release of caspase 3 and 7, the most
involved in this process, by luminescence using a commercial kit and
following the manufacturer’s instruction. The values in A and B are the
mean ± SEM of four independent experiments in which each sample was
tested in triplicate. *P < 0.05**P < 0.01, ***P < 0.001: statistical
significance vs. untreated cells; ##p < 0.01: statistical significance vs.
cells treated with BzATP (one-way ANOVA plus Dunnett’s test)
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been detected in human ASCs [31, 34]. Here, we showed
that P2X7R is functionally active in undifferentiated
ASCs as demonstrated by the increase in the intracellular
Ca2+ levels induced by ATP or BzATP that was reduced
or abolished, respectively, by cell pretreatment with the
P2X7R antagonist A438079. Two aspects should be
underlined: 1) a certain number of cells responding to
ATP showed Ca2+ peaks at different times. According to
literature, the first peak should correspond to activation of
different P2YR [31, 34], whereas the second ones, which
were delayed, should be caused also by P2X7R activation,
which normally shows a longer latency [35]; 2) only a
smaller amount of the total cell number was responsive
to the stimulation by BzATP as compared to ATP. This
finding is consistent with data previously reported on the
existence of P2X7R in a subset of cell population [36,
37]. As demonstrated for other cells types [38], this cell
subset should be the only one both sensitive to the pro-
osteogenic activity of ATP, released from cells in
Bphysiological^ culture condition, via P2X7R, and re-
sponsive to the inhibitory effects on P2X7R expression
and osteogenic differentiation caused by prolonged S-
ASC exposure to BzATP. However, as discussed below,
it is also to consider that the expression (and thereby the
function) of P2X7R was increased during S-ASC commit-
ment towards osteogenesis. Whether this finding is related
to an increase in receptors on the same cell or involves a
larger number of cells, it needs to be better investigated.

As expected, 100 μM BzATP was unable to open pores in
the plasmamembranes and to alter cell duplication. This likely
indicated that BzATP, at the maximal concentration used in all
our experiments, did not induce cell damage, as confirmed by

the absence of modifications in the number of S-ASCs com-
mitted towards osteogenic differentiation and exposed to
BzATP as well as in LDH release and caspase 3/7 activity
assayed in the osteogenic medium of the same cells. These
findings, especially those related to caspase 3, are consistent
with recent data from another laboratory [39]. Interestingly,
BzATP enhanced S-ASC motility, as demonstrated by the
reduced time in scratch closure. This last finding fits well with
the increase in the intracellular Ca2+ levels, since this signaling
is very important for MSC migration [14, 40] and for the
reported P2X7R activity in favouring scratch closure of den-
dritic cells [41]. In our opinion, the properties shown by
the activation of P2X7R could be of some importance for
stimulating the first phases of tissue repair. Indeed, high
levels of ATP are found in the extracellular space as a
consequence of tissue damage and they may contribute
to mobilize endogenous MSCs. On the other hand, the
P2X7R stimulation in undifferentiated MSCs, in our case
S-ASCs, could be exploited to accelerate cell homing to-
wards the site of tissue alteration, in case of employment
of these cells for regenerative medicine.

Looking at S-ASC osteogenic differentiation, P2X7R ex-
pression increased along this process, as reported also in os-
teoblasts [42, 43]. However, differently from other findings
[44, 45], a prolonged P2X7R stimulation in S-ASCs under
osteogenic conditions impairs the differentiation process, as
demonstrated by the reduction in the accumulation of calcium
depots in the extracellular matrix (Alizarin Red S staining) and
by the decrease in the expression of early osteogenic genes
(Runx-2, ALP and OPN).

Intriguingly, the P2X7R antagonist A438079, when
given alone, inhibited cell commitment towards

a b

Fig. 6 Expression of P2X7R and the two main human P2X7R splice
variants A and B in S-ASCs when undifferentiated and along the
process of their osteogenic differentiation. By qRT-PCR the
evaluation of the mRNA levels was performed both in relation to the
total P2X7R (panel a) and to its principal splice variants in humans that
are the full length form P2X7AR and the truncated form (lacking the
carboxy-terminal tail) P2X7BR (panel b). mRNA levels were
normalized by using the house keeping β2-microglobulin as endogenous

control. Values, calculated as fold of increase vs undifferentiated cells, are
the mean ± SEM of four independent experiments in which each sample
was tested in duplicate. *P < 0.05, **P < 0.01, ***P < 0.001: statistical
significance vs. undifferentiated cells, as for the data reported in the panel
A and in the graph on the right in the panel B, or vs. undifferentiated
S-ASCs at the beginning of the experiment (day 0) as for the data of the
graph on the left of the panel B; ###p < 0.01 statistical significance vs.
cells grown in OS (one-way ANOVA plus Dunnett’s test)
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osteogenesis during the first 14 days, while enhancing it
later on. Moreover, A438079 did not reverse the inhibito-
ry effects caused by BzATP up to 14 days, but only when
it was administered for prolonged periods (up to 28 days).
These findings would suggest that A438079 alone, by
blocking the P2X7R activity, could counteract a physio-
logical pro-osteogenic effect induced by endogenously re-
leased ATP via P2X7R. This also accounts for the lack of
reversion of the BzATP effect by the P2X7R antagonist
during the first 14 days. In contrast, a prolonged P2X7R
blockade, either in the presence or in the absence of
BzATP, could favor a delayed pro-osteogenic activity of
adenosine, formed by extracellular ATP metabolism, act-
ing in particular on A2B receptor, as previously reported
[15–18]. This last speculation seems to be supported by

the effect induced by S-ASC exposure to apyrase, which
causes the rapid disappearance of ATP (and also of ADP)
as well as an increase in the extracellular amount of aden-
osine. In this way, also apyrase counteracted the negative
BzATP effect on S-ASC differentiation.

Finally, our findings on P2X1R and P2X3R expression are
consistent with data reported by Kotova et al. [31], who found
no expression for these receptors in human undifferentiated
ASCs, likely because they evaluated this aspect in cells cul-
tured for a relatively long period. Anyway, P2X1R and P2X3R
do not seem to be involved in the osteogenic differentiation of
S-ASCs, as suggested by their low expression during this pro-
cess and by the lack of effect by the antagonist NF279, when
administered alone. However, as reported for bone mineraliza-
tion [42], these receptors, likely P2X3R more than P2X1R,

Fig. 7 Modulation of the expression of the P2X7R splice variants A
and B in S-ASCs exposed to BzATP along their osteogenic
differentiation. S-ASCs during their commitment towards osteoblast-
like cells (control) were in part exposed to BzATP. Undifferentiated cells
grown in basal medium (BM) were also assayed, besides cells grown in
osteogenic medium (OS). a At the indicated time periods cells were
collected to obtain their mRNA to analyze for the gene expression of
the two splice variants A and B of P2X7R. mRNA levels were
normalized by using the house keeping β2-microglobulin as endogenous
control. Values, calculated as fold of increase vs undifferentiated cells, are
the mean ± SEM. of three independent experiments in which each sample
was tested in duplicate. B-C) Protein levels of P2X7AR and P2X7BR

monomers were determined by Western blot analysis (60 μg of proteins
were loaded per lane). Immunoblots were obtained by exposing
membranes to two antibodies, recognizing proteins at about 70 KDa (b)
and 50 KDa (c), respectively. Subsequently, immunoblots were reprobed
with antibody against β actin, to verify equal sample loading and
quantified by densitometric analysis, the values of which, normalized to
β actin, are reported in the histograms. Densitometric values are themean
± SEM of three independent experiments with very similar results. *P <
0.05, **P < 0.01, ***P < 0.001: statistical significance vs. undifferentiated
S-ASCs, grown in basal medium (BM); #P < 0.05, ##P < 0.01, ###P <
0.001: statistical significance vs untreated cells grown in osteogenic
medium (OS) (one-way ANOVA plus Dunnett’s test)
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might play an inhibitory role in the first phase of S-ASC dif-
ferentiation, when pharmacologically stimulated by BzATP.
Indeed, even if they both receptors showed a low expression,
BzATP could interact also with them, given its good affinity for
these receptors, as previously reported [30], and as demonstrat-
ed by the effect of the P2X1/3R antagonist, which partially
reversed the inhibitory BzATP effect. It is conceivable that, in
the second period (14–28 days) of S-ASC osteogenic differen-
tiation, during which NF279 (but not A438079) was no longer
able to prevent the BzATP effect, BzATP mostly interacted
with P2X7R, favored by the persistent low expression mainly
of P2X3R (see the Scheme 1 herein enclosed).

Since our data showed that cell exposure to BzATP up to
100 μM neither diminished the number of active cells nor
induced cell death by necrosis or apoptosis, we investigated
whether there was a possible BzATP effect on the expres-
sion of P2X7R, including also that of the two functional
splice variants forming P2X7AR and P2X7BR. In undiffer-
entiated cells, both isoforms are expressed to a similar ex-
tent, whereas the S-ASC osteogenic differentiation could be

mostly due to an increase in the P2X7BR monomer expres-
sion. Importantly, a prolonged cell stimulation with BzATP
induced a remarkable reduction in the expression of both
P2X7R splice variants. As previously reported, such a re-
duction could be ascribed to P2X7R endocytosis by caveo-
lin-1, a lipid chaperone usually present in the plasma mem-
brane that exerts a regulatory activity against a prolonged
signaling [46]. Noteworthy, P2X7R protein loss could result
in an attenuation of the receptor-ligand interaction and
mostly accounts for the reduction in the osteogenic differ-
entiation induced by BzATP in S-ASCs.

In conclusion, our results would suggest that, using undif-
ferentiated cells, a brief pharmacological stimulation of
P2X7R may enhance their migration and likely their homing
to the site of interest. In contrast, if there is need to induce an
osteogenic differentiation, the Bphysiological^ stimulation of
P2X7R, that is at low extracellular ATP levels (low nanomolar
range), may contribute to cell differentiation, considering that
the number/expression of these receptors tends to increase
during osteogenesis, as if the cells needed a greater support

Scheme 1 Effect of the stimulation of purinergic receptors on
cultured S-ASCs during their osteogenic differentiation. In the upper
panel, S-ASCs are represented during their osteogenic differentiation in
the absence of BzATP stimulation. Cells are known to release ATP, which
is in turn transformed into adenosine (ADO) by ecto-enzymes present on
cell membranes. These endogenous molecules can favor, even though
with a different time trend, S-ASC differentiation towards osteoblasts
(OB) by stimulating some of their own receptors, including P2X7R, the
expression of which is increased along cell differentiation, and likely A2B
receptors responsive to ADO, as reported in literature [15–18]. Indeed,
the P2X7R blockade by A438079 counteracts the Bphysiological^ pro-
osteogenic effect of endogenous ATP during the first 14 days, while
probably favoring ADO effect, mainly in the second period of S-ASC
differentiation. Also apyrase, which causes a rapid ATP disappearance as
well as an increase in the extracellular ADO amount, shows effects sim-
ilar to P2X7R blockade. P2X1R and P2X3R, present at low levels in
differentiating cells, do not seem to be involved in this process, as dem-
onstrated by the lack of effect by the antagonist NF279 when adminis-
tered alone. Different findings were observed following S-ASC exposure
to a prolonged P2X7R stimulation by BzATP during cell commitment

towards osteogenesis (lower panel). This pharmacological treatment de-
creased P2X7R expression (as evaluated in relation to the two main
P2X7R splice variants) and/or possibly activated different P2X7R-
related molecular mechanisms leading to a decreased cell differentiation.
Cell pretreatment with NF279 (antagonist of P2X1R and P2X3R) prior to
cell exposure to the Bpartial^ agonist BzATP reduced the inhibitory effect
of this agent during the first differentiation period, whereas in the subse-
quent period NF279 was ineffective, possibly because the expression of
both receptors was persistently low, favoring a major interaction of
BzATP with P2X7R. In contrast, the P2X7R antagonist A438079 re-
versed the BzATP inhibitory effect in the second differentiation period,
while potentiating it in the first one. These findings are compatible with
an antagonism by A438079 not only against BzATP effect, but also
against the pro-osteogenic activity of endogenous ATP, allowing a late
positive effect by endogenous ADO on cell differentiation. Also apyrase,
reasonably favoring the activity of endogenous ADO, decreased the
BzATP inhibitory effect in the second period of cell differentiation, with-
out modifying the BzATP effect during the first 14 days, likely because
apyrase did not block P2X7R
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by their activity. In this regard, it is noteworthy that the en-
hanced co-expression of the variants P2X7AR and P2X7BR
increases the receptor affinity for ATP as well as the ability of
endogenous ATP to support cell energy and metabolism
through the interaction with P2X7R [47]. In contrast, to avoid
an overstimulation of this greater P2X7R number by a phar-
macological and/or prolonged stimulation, that could compro-
mise cell viability [48], cells defend themselves reducing re-
ceptor expression/number/function and this results in a de-
crease of their osteogenic commitment. If this process should
occur in vivo, it could retard bone repair. Clearly, bone remod-
eling associated to bone repair following a damage is not
limited to the involvement of MSCs/progenitor cells/osteo-
blasts, but includes other cells like osteoclasts, which are also
provided with P2X7R. Interestingly, activation of this receptor
in osteoclasts by high levels of extracellular ATP has a clear
inhibitory effect on osteoclastic bone resorption, whereas
the pharmacological blockade or the induced deficiency
of P2X7R increased the osteoclastic bone resorption with
a tendency toward increased survival of these cells [49].
Thus, in a wider scenario, our findings confirm the fun-
damental role played by the local extracellular concentra-
tion of purines in bone healing/remodeling that should be
carefully monitored to favor/increase the usefulness of
MSCs in bone regenerative medicine.
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