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Abstract
Bone cells are known to express multiple P2 receptor subtypes, and the functional effects of receptor activation have been 
described for many of these. One exception is the P2X4 receptor, which despite strong expression in osteoblasts and osteo-
clasts, has no defined functional activity. This study used the selective P2X4 receptor antagonists, 5-BDBD and PSB-12062, 
to investigate the role of this receptor in bone. Both antagonists (≥ 0.1 μM) dose-dependently decreased bone formation by 
60–100%. This was accompanied by a ≤ 70% decrease in alkaline phosphatase activity, a ≤ 40% reduction in cell number, 
and a ≤ 80% increase in the number of adipocytes present in the culture. The analysis of gene expression showed that levels 
of osteoblast marker genes (e.g. Alpl, Bglap) were decreased in 5-BDBD treated cells. Conversely, expression of the adi-
pogenic transcription factor PPARG  was increased 10-fold. In osteoclasts, high doses of both antagonists were associated 
with a reduction in osteoclast formation and resorptive activity by ≤ 95% and ≤ 90%, respectively. Taken together, these data 
suggest that the P2X4 receptor plays a role in modulating bone cell function. In particular, it appears to influence osteoblast 
differentiation favouring the osteogenic lineage over the adipogenic lineage.
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Introduction

The role of purinergic signalling and extracellular nucleo-
tides in the regulation of bone cell function has been studied 

extensively over the last 20 years [1–3]. Osteoblasts, osteo-
clasts, and osteocytes express multiple P2 receptor subtypes 
and functional studies have shown that extracellular nucleo-
tides including ATP, UTP, and ADP can influence bone cell 
differentiation, gene expression, survival and function [1–3]. 
Furthermore, several P2 receptor knockout mouse models 
display skeletal changes [4–7].

The P2 receptors are split into the ionotropic P2X recep-
tors and the metabotropic P2Y receptors. P2X receptors 
are ligand-gated ion channels, which are activated by ATP 
(P2X1-7), whilst the P2Y receptors are G-protein linked 
and are activated by a range of extracellular nucleotides 
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including ATP, ADP, and UTP [8]. Bone cells express the 
majority of P2X and P2Y receptor subtypes, but only some 
of these receptors have been associated with specific func-
tional effects in bone. For example, the  P2Y2 receptor has 
been associated with regulating ATP release and bone min-
eralisation [6, 9, 10]. Whereas the  P2Y1,  P2Y6, and  P2Y12 
receptors are thought to regulate osteoclast formation and 
activity [7, 11, 12]. In terms of the P2X receptors, the P2X7 
receptor remains the most investigated; however, studies 
report conflicting effects on bone cell function [13–18].

The P2X4 receptor displays widespread tissue expression 
and can mediate a range of functional effects including neuro-
pathic pain, inflammation, and responses to alcohol [19]. To 
date, there is little information regarding the effects of P2X4 
receptor stimulation on bone cell function. Previous work 
has shown that both osteoblasts and osteoclasts express the 
P2X4 receptor [12, 15, 20–23]. In osteoblasts, the compara-
tive analysis showed that this receptor was the most strongly 
expressed P2 receptor at both mRNA and protein levels. Fur-
thermore, expression of the P2X4 receptor was influenced 
by cellular differentiation with the highest levels seen in 
mature osteoblasts [15]. Early work in osteoclasts attributed 
an ATP-induced cation influx and depolarisation to the P2X4 
receptor [22]. However, a subsequent study suggested that 
the nucleotide-induced increase in intracellular calcium arose 
primarily from P2Y receptor activation [24]. In osteoblast-like 
cells, the P2X4 receptor has been suggested to be involved in 
ATP-induced proliferation [25]. Interestingly, a study by Wes-
selius et al. [26] demonstrated an association between poly-
morphisms in the P2X4 receptor and the risk of osteoporosis, 
with the Tyr315Cys polymorphism showing an increased risk 
of osteoporosis. The P2X4 receptor has also been associated 
with the regulation of chondrogenesis [27]. The P2X4 recep-
tor knockout mouse model was first developed in 2006 and 
has been used in a wide range of studies [28]. A recent report 
found that P2X4 receptor knockout mice displayed increased 
cortical and trabecular bone mineral density [29].

The P2X4 receptor is activated by the universal P2 recep-
tor agonist, ATP, and also the nonselective analogue α,β-
meATP. In recent years, several selective antagonists for the 
P2X4 receptor have been developed including 5-BDBD and 
PSB-12062. The aim of this investigation was to use these 
antagonists to probe the role of the P2X4 receptor in osteo-
blast and osteoclast function.

Methods

Reagents

All tissue culture reagents were purchased from Thermo 
Fisher Scientific UK; unless mentioned, all chemicals were 
obtained from Sigma-Aldrich (Poole, UK).

Osteoblast bone formation assay

Primary osteoblasts were isolated from 2- to 3-day-old 
Sprague–Dawley rats by trypsin collagenase digestion as pre-
viously described [30, 31]. The basal medium for cell culture 
was Dulbecco’s Modified Essential Medium supplemented 
with 10% foetal calf serum (FCS), 2 mM L-glutamine, 100 
U/ml penicillin, 100 μg/ml streptomycin, and 0.25 μg/ml 
amphotericin (complete mixture abbreviated to DMEM). 
Cells were cultured for up to 14 days in DMEM supple-
mented with 2 mM β-glycerophosphate, 50 μg/ml ascorbate 
and 10 nM dexamethasone, with half medium changes every 
3 days. Time points in osteoblast cultures were defined as 
proliferating (day 4), differentiating (d7), and mature, bone-
forming (day 14). All experiments were performed on cells 
that were isolated, expanded, and plated: the cells were 
not passaged at any stage. Osteoblasts were cultured with 
0.1–10 μM 5-BDBD, 0.1–5 μM PSB-12062 or 1–100 μM 
nucleotides (ATP, UTP, ADP, α,β-meATP) for the duration of 
the culture. Since the antagonists were dissolved in DMSO, 
all control wells contained a DMSO vehicle control.

To assess bone formation, experiments were terminated 
by fixing the cells in 2.5% glutaraldehyde for 5 min. Cell 
culture plates were imaged at 800 dpi using a flatbed scanner 
(Epson Perfection Photo) and the total area of bone nod-
ules formed was quantified by image analysis, as previously 
described [30, 31].

Osteoclast formation assay

Osteoclast precursor cells were isolated from the long bones of 
6- to 8-week-old C57Bl/6 mice as described previously [32]. 
Basal cell culture medium was a Minimum Essential medium 
supplemented with 10% FCS, 2 mM L-glutamine, 100 U/ml 
penicillin, 100 μg/ml streptomycin, and 0.25 μg/ml ampho-
tericin (complete mixture abbreviated to MEM). In a 96-well 
tray, cells were plated onto 5-mm dentine discs in MEM sup-
plemented with 100 nM  PGE2, 200 ng/ml M-CSF, and 3 ng/ml 
RANKL (R&D Systems Ltd, Abingdon, UK). After 24 h, discs 
containing adherent osteoclast precursors were transferred to 
6-well trays (4 discs/well in 4 ml medium) for a further 6 days. 
The culture medium was acidified to pH 7.0 by the addition of 
10 meq/l  H+ (as HCL) on day 7 to activate osteoclasts to resorb 
[32, 33]. 5-BDBD (0.1–10 μM) or PSB-12062 (0.1–5 μM) was 
added for the duration of the culture.

Dentine discs were fixed in 2.5% glutaraldehyde and 
stained to demonstrate tartrate-resistant acid phosphatase 
(TRAP). Osteoclasts were defined as TRAP-positive cells 
with 2 or more nuclei and/or clear evidence of resorp-
tion. Osteoclast number and resorption pit formation were 
assessed “blind” using transmitted and reflective light 
microscopy, respectively, as previously described [32].
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Total RNA extraction and DNase treatment

Osteoblasts were cultured for 7 or 14 days and osteoclasts 
for 5, 7, or 9 days before total RNA was extracted using Qia-
zol® reagent (Qiagen Ltd, Manchester, UK) according to the 
manufacturer’s instruction. Osteoblasts were also cultured 
for 7 or 14 days in the presence of 10 μM 5-BDBD before 
RNA collection. Extracted RNA was treated with RNase-free 
DNase I (35 U/ml) for 30 min at 37 °C. The reaction was 
terminated by heat inactivation at 65 °C for 10 min. Total 
RNA was quantified spectrophotometrically by measuring 
absorbance at 260 nm (Nanodrop 1, Thermo Fisher UK). 
RNA was stored at − 80 °C until amplification by qRT-PCR.

Quantitative real‑time polymerase chain reaction 
(qRT‑PCR)

Osteoblast and osteoclast RNA (50 ng) was transcribed and 
amplified using the qPCRBIO SyGreen one-step qRT-PCR 
kit (PCR Biosystems, London, UK), which allows cDNA 
synthesis and PCR amplification to be carried out sequen-
tially. qRT-PCR was performed according to the manufac-
turer’s instructions with initial cDNA synthesis (45 °C for 
10 min) and reverse transcriptase inactivation (95 °C for 
2 min) followed by 40 cycles of denaturation (95 °C for 5 s) 
and detection (60 °C for 30 s). All reactions were carried out 
in triplicate using RNA derived from 4 to 5 different cultures. 
Data were normalised to β-actin and analysed using the ΔΔCt 
method [34]. Expression of the P2X and P2Y receptors as 
well as osteoblast (tissue nonspecific alkaline phosphatase 
(Alpl), type 1 collagen (Col1α1), osteocalcin (Ocn, Bglap), 
ecto-nucleotide pyrophosphatase/phosphodiesterase 1 (NPP1, 
Enpp1)), and adipocyte (PPARγ (PPARG )) marker genes was 
investigated. Primer sequences are shown in Table 1.

Immunofluorescence

Osteoclasts and osteoblasts were cultured on sterile 1 cm 
discs, cut from Melinex (Du Pont, Dumfries, UK), for 7 
or 4–14 days, respectively. Cells were fixed with 4% para-
formaldehyde in 0.1 M phosphate buffer for 20 min at room 
temperature, washed 3 × 5 min in PBS and stored at 4 °C in 
PBS until staining. Each disc was incubated with a 2% BSA 
in PBS blocking solution for 1 h. Discs were then incubated 
overnight at 4 °C in the primary antibody solution (P2X4, 
1:200 in 2% BSA in PBS). Cells were washed 3 × 5 min in 
PBS before incubation for 1 h with a Cy3-labelled secondary 
antibody solution (1:400 in PBS with 1% BSA). After three 
further 5-min PBS washes, discs were mounted onto micro-
scope slides using Prolong™ Diamond Antifade Mountant 
with DAPI (Thermo Fisher Scientific, UK) and viewed by 
fluorescence microscopy (Cy3 absorbance and emission at 
550 nm and 570 nm, respectively).

Alkaline phosphatase (TNAP) activity 

Osteoblasts were cultured for up to 7 or 14 days in a medium 
supplemented with 0.1–1 μM 5-BDBD/PSB-12062. TNAP 
activity was measured in cell lysates using a colorimetric 
assay (Anaspec, CA, USA), as previously described [30]. 
TNAP activity was normalised to cell protein using the 
Bradford assay.   

Table 1  List of primer sequences

Gene Primer sequence (5′-3′)

βactin S gcc ttc ctt cct ggg tat gg
AS gag gtc ttt acg gat gtc aac g

P2XR1 S cgg act gta tgg gga gaa ga
AS tcc caa ac acct tga aga gg

P2XR2 S att cag tct cat tcc cac ca
AS atc cag tca cac agg aag ga

P2XR3 S tct tga ggg tag ggg atg tg
AS cac acc cag ccg atc tta at

P2XR4 S atc cct tct gcc cca tat tc
AS ttg cag tcc cac ttg atc tg

P2XR5 S ttg aat ggg act gtg acc tt
AS ttg tac cca gag gag atg ga

P2XR6 S cgg ttt cta ctg gag gac ca
AS agc agg gtt agc agg tga ga

P2XR7 S cag ggg gaa gta gtc aac ct
AS cag ttc gtc tcc tgc agt tt

P2YR1 S tgc cat tta tgt cag tgt gc
AS tcc cag tgc cag agt aga ag

P2YR2 S cct gga ata agt acc atc aat gg
AS agc agc aca tac ttg aag tc

P2YR4 S gtc ttt gct gtc tgc ttc gt
AS atg aca gtc agc ttg caa ca

P2YR6 S tcc tca cct gca tta gct tc
AS gac tcc aca tac cac cca ag

P2YR13 S aag aag ttc acc cgg aag gt
AS ctg act gct gtg gtg ctc at

PPARG S tgc cta tga gca ctt cac ac
AS atc cat cac aga gag gtc ca

Bglap S agc tca acc cca aat gtg ac
AS act ctc cag gac tcg acc ct

Alpl S aaa cct aga cac aag cac tc
AS tcc gat tca act cat act gc

Col1α1 S ggg aca cag agg ttt cag tgg
AS agc tcc att ttc acc agg act g

Enpp1 S aga cca cac ttt tac act ctg
AS gat gac ctc act gct tac tg

βactin (mouse) S gat ctg cga cca cac ctt ct
AS ggg gtg ttg aag gtc tca aa

P2XR4(mouse) S gca ccc tcc acc atc tct aa
AS aa acct ctt gcc aga agc aa
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Cell number and viability assay

Osteoblasts were cultured for 4, 7, or 14 days in a medium 
supplemented with 0.1–1 μM 5-BDBD/PSB-12062. Cell 
number and viability was determined using the CytoTox 
96® colourimetric cytotoxicity assay (Promega UK, South-
ampton UK), as described previously [35]. Cell supernatants 
were collected to determine medium LDH levels (cell viabil-
ity). To establish total cellular LDH levels (cell number), 
cells were lysed with 1% Triton X-100 in water (lysis buffer, 
15 μl/ml of medium) for 1 h. The LDH content of the super-
natants and cell lysates were measured colourimetrically 
(495 nm) as per the manufacturer’s instructions. A standard 
curve for determining cell number was constructed using 
cells seeded at  102 to  106/well. Cell viability (given as a per-
centage of dead cells) was calculated by expressing medium 
LDH as a percentage of the total cellular LDH.

Oil red O staining for adipocytes

This assay was based on the method originally described 
by Ramirez-Zacarias [36]. Osteoblasts were cultured with 
1–100 μM ATP/ADP/UTP or 0.1–10 μM 5-BDBD/PSB-
12061 for 14 days. Cells were fixed with 2.5% glutaraldehyde 
for 5 min, washed with 60% isopropanol, and allowed to air 
dry. The oil red O stock solution (0.35% w/v in isopropanol) 
was diluted to a working solution (6 parts stock: 4 parts 
 dH2O) and added to the fixed cells for 10 min. Following 
four washes with distilled water, cell layers were left to dry 
before imaging. The amount of oil red O staining was quanti-
fied by eluting the stain with 100% isopropanol (500 μl/well 
for 10 min) and reading the optical density at 500 nm.

Statistics

Data were analysed using GraphPad Prism 8 software (San 
Diego, CA). In vitro results represent data from 4 to 6 indi-
vidual experiments; each experiment was performed using 
cells isolated from different animals. Within each experi-
ment, each group contained 3–6 technical replicates. To 
account for the inherent variation of using primary cells iso-
lated from different animals, all in vitro data were analysed 
using a randomised block ANOVA, followed by Fisher’s 
LSD post hoc test as described by Festing [37].

Results

Bone cells express the P2X4 receptor

The qPCR analysis showed the expression of P2X4 recep-
tor mRNA at all stages of osteoblast differentiation; levels 

were ≤ 4-fold and ≤ 5-fold in differentiating and mature, min-
eralising osteoblast, respectively, compared to proliferating 
osteoblasts (Fig. 1A). P2X4 mRNA expression was also 
present at all stages of osteoclast differentiation with the 
highest levels observed in mature cells (Fig. 1B). Immuno-
fluorescent staining showed that P2X4 receptor protein was 
expressed in osteoblasts at all stages of the culture and in 
mature osteoclasts (Fig. 1C).

The P2X4 receptor antagonists, 5‑BDBD 
and PSB‑12062, inhibit bone formation and reduce 
TNAP activity

Osteoblasts cultured with 5-BDBD showed a dose-depend-
ent (≥ 1 μM) decrease in the level of mineralised bone nod-
ule formation (Fig. 2A and I). At the highest dose (10 μ 
M), bone formation was decreased by 60%. A second P2X4 
receptor antagonist, PSB-12062 (0.1–1 μM), inhibited bone 
formation by up to 75%, with abolition at 5 μM (Fig. 2B). 
TNAP activity was reduced up to 70% and 50% in differen-
tiating and mature, mineralising osteoblasts, respectively, 
by 10 μM 5-BDBD (Fig. 2C). PSB-12062 (5 μM) decreased 
TNAP activity by ~ 70% (Fig. 2D). Representative whole 
well scans showing the reduced bone formation in osteo-
blasts treated with 5-BDBD and PSB-12062 (unstained) are 
shown in Fig. 2I.

Prolonged exposure to higher doses of P2X4 
antagonists decreases osteoblast number

Culture with low concentrations of 5-BDBD (≤ 1 μM) had 
no effect on osteoblast number and viability at any stage. 
In mature, mineralising cells, the highest concentration 
of 5-BDBD (10 μM) decreased the osteoblast number by 
40% and increased the proportion of dead cells by 30%. 
(Fig. 2E and G). PSB-12062 (5 μM) caused small decreases 
in osteoblast number (≤ 22%) but had no effect on cell via-
bility (Fig. 2F and H).

Increased oil red O staining in cells treated 
with 5‑BDBD and PSB‑12062

The universal P2 receptor agonist, ATP, decreased the level 
of oil red O staining in mature osteoblast cultures by up 
to 25% (Fig. 3A). The P2Y receptor agonists, UTP and 
ADP, had no effect on the amount of oil red O staining 
(Fig. 3B and C). Long-term culture with 5-BDBD (10 μM) 
or PSB-12062 (≥ 1 μM) increased the oil red O staining lev-
els in mature osteoblasts by ≤ 80% (Fig. 3D and E). Repre-
sentative phase contrast microscopy images show the higher 
level of oil red O staining in cells cultured with 5-BDBD and 
PSB-12062 (Fig. 3F).
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5‑BDBD decreases the mRNA expression 
of osteoblast marker genes

The analysis of mRNA levels in mature osteoblasts 
showed that culture with 5-BDBD (10 μM) decreased the 
expression of the marker genes Alpl (TNAP), Col1α1, 
Bglap (Ocn), and Enpp1 (NPP1). Conversely, levels 
of the adipogenic transcription factor PPARG  were 

increased 10-fold in 5-BDBD-treated cells (Fig. 4A). 
The qRT-PCR analysis also showed that 5-BDBD influ-
enced P2X receptor mRNA expression, decreasing 
P2RX1, P2RX2, P2RX4, and P2RX7 levels but increas-
ing P2XR5 expression (threefold) (Fig. 4B). P2Y recep-
tor expression was generally unaffected by 5-BDBD, 
the only exception being P2RY13, levels of which were 
decreased (Fig. 4C).

Fig. 1  Expression of the P2X4 
receptor by bone cells. Analysis 
of gene expression shows (A) 
increased expression of the 
P2X4 receptor in differentiating 
(day 7) and mature, mineralis-
ing (day 14) osteoblasts, relative 
to proliferating cells (day 4; 
dotted line). (B) Osteoclast 
expression of the P2X4 receptor 
is increased in mature cells, 
relative to precursor cells (day 
3; dotted line). Data shown as 
mean ± SEM (n = 4 RNA sets), 
* = p < 0.05, ** = p < 0.01. (C) 
Immunofluorescence images 
showing widespread protein 
expression of the P2X4 receptor 
in osteoblasts and osteoclasts. 
Scale bar = 50 μm
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Fig. 2  The effect of P2X4 receptor antagonists on bone formation, TNAP 
activity and cell number. Culture with (A) 5-BDBD (≤ 10  μM) and (B) 
PSB-12062 (≤ 5  μM) dose-dependently inhibited bone formation by up 
to 60% and 100%, respectively. (C, D) TNAP activity was reduced by up 
to 70% in osteoblasts treated with P2X4 receptor antagonists. Prolonged 
exposure to the highest dose of (E) 5-BDBD and (F) PSB-12062 decreased 

osteoblast numbers by 40% and 22%, respectively. (G, H) 5-BDBD but not 
PSB-12062 caused a small increase in the proportion of dead cells. Data 
shown as mean ± SEM (n = 3–6 independent experiments), * = p < 0.05, 
** = p < 0.01, *** = p < 0.001. (I)  Representative whole well scans 
(unstained cell layers) showing the reduced bone formation in osteoblasts 
cultured with 5-BDBD and PSB-12062. Scale bar = 0.5 cm
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5‑BDBD does not prevent the inhibitory effects 
of ATP and α,β‑meATP on bone mineralisation

Previous work has shown that ATP and α,β-meATP acting 
via multiple P2 receptor subtypes inhibit bone mineralisa-
tion [15, 38]. Since these compounds are both agonists at the 
P2X4 receptor, this study investigated whether lower dose 
5-BDBD could attenuate the actions of these nucleotides 

on bone mineralisation. Consistent with Fig.  2A, 1μM 
5-BDBD caused a 35% decrease in bone formation com-
pared to untreated cells. However, at this level or one that 
has no effect on osteoblast function (0.1 μM), 5-BDBD did 
not prevent the inhibitory actions of ATP and α,β-meATP 
(Fig. 5A and B). However, in 5-BDBD treated cells, the 
potency of ATP and α,β-meATP appeared reduced. For 
example, in control cells 100 μM ATP decreased bone 

Fig. 3  The effect of extracel-
lular nucleotides, 5-BDBD 
and PSB-12062 on adipocyte 
formation. Culture with (A) 
ATP (≥ 1 μM) decreased 
adipocyte formation by up to 
25%. (B) ADP and (C) UTP 
had no effect on the level of 
adipocytes. (D) 5-BDBD (10 
μSEM (n = 4–5 independent 
experiments), * = p < 0.05, 
** = p < 0.01. (E) Representa-
tive phase contrast microscopy 
images showing the increased 
level of oil red o staining in 
cells treated with 5-BDBD and 
PSB-12062. Scale bar = 50 μm
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mineralisation by 89% but only by 72% in the presence of 
5-BDBD. Conversely, 0.1 μM α,β-meATP reduced bone 
mineralisation by 82% in untreated cells but in osteoblasts 
treated with 0.1 μM or 1 μM 5-BDBD the inhibitory effect 
was 62% and 35%, respectively.

High doses of P2X4 receptor antagonists inhibit 
osteoclast formation and resorptive activity

Low concentrations of 5-BDBD (≤ 1 μM) had no effect on 
osteoclasts, whereas 10 μM 5-BDBD decreased osteoclast 
formation and resorptive activity by 95% and 90%, respec-
tively. (Fig. 6A and B). PSB-12062 (5 μM) was also inhibi-
tory reducing osteoclast number and bone resorption by 70% 
and 85%, respectively; no effects were seen at lower concen-
trations (≤ 1 μM) (Fig. 6C and D). Reflective light micros-
copy images illustrating the inhibitory actions of 5-BDBD 
and PSB-12062 on osteoclasts are shown in Fig. 6E.

Discussion

Until recently, the lack of selective agonists and antagonists 
for the P2X4 receptor has hindered the study of the func-
tional effects of this receptor in bone. This investigation used 
the inhibitors, 5-BDBD and PSB-12062, to establish the role 
of the P2X4 receptor on osteoblasts and osteoclasts. Treat-
ment with both antagonists decreased mineralised bone nod-
ule formation and TNAP expression and activity. 5-BDBD 
also reduced osteogenic gene expression whilst increasing 
the number of adipocytes present in the culture. High levels 

of both P2X4 receptor antagonists inhibited osteoclast for-
mation and activity. Together, these data suggest for the first 
time that the P2X4 receptor could play a role in modulating 
bone cell function, particularly osteoblast differentiation.

Consistent with previous reports, this study demonstrated 
abundant expression of P2X4 receptor mRNA and protein 
by osteoblasts and osteoclasts [12, 15, 20–23]. The culture 
of osteoblasts with 5-BDBD (10 μM) and the more potent 
PSB-12062 (≥ 0.1 μM) decreased mineralised nodule forma-
tion in a concentration-dependent manner. Higher levels of 
these antagonists also reduced TNAP expression and activ-
ity. mRNA expression of several osteoblast-associated genes 
(Alpl, Col1α1, Bglap, Enpp1) was suppressed in cells treated 
with 5-BDBD. Concurrently, this P2X4 receptor antagonist 
increased the number of adipocytes (as shown by higher oil 
red O staining) and the expression of the adipogenic tran-
scription factor, PPARγ. Furthermore, ATP (but not ADP 
or UTP) reduced the level of oil red O staining in osteo-
blast cultures. Together, these data suggest that the observed 
reduction in bone formation caused by P2X4 receptor inhibi-
tion is likely a consequence of reduced osteoblast differentia-
tion. This suggests that the P2X4 receptor primarily exerts a 
pro-osteogenic effect on osteoblasts. In agreement, genetic 
analysis has shown that a loss of function polymorphism 
in the P2X4 receptor is associated with reduced BMD and 
increased risk of osteoporosis [26]. However, prolonged 
exposure to the highest doses of both 5-BDBD and PSB-
12062 also decreased osteoblast number. Thus, cytotoxic 
or antiproliferative effects of these compounds could also 
contribute to the observed effects. It is also worth noting that 
the concentration range at which 5-BDBD and PSB-12062 

Fig. 4  The effect of 5-BDBD on osteoblast gene expression. (A)  In 
osteoblasts cultured with 5-BDBD (10  μM) expression of Alpl, 
Colα1, Bglap, and Enpp1 was decreased, whilst levels of PPARG  
were increased tenfold. (B)  Expression of P2RX1, P2RX2, P2RX4, 
and P2RX7 was decreased in 5-BDBD treated cells, whereas P2XR5 

levels were threefold higher. (C) P2Y receptor expression was gener-
ally unaffected by 5-BDBD. Data shown as mean relative to untreated 
cells (represented by the dashed line) ± SEM (n = 4–5 RNA sets), 
* = p < 0.05, *** = p < 0.001
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exert their functional effects on osteoblasts is similar to that 
of selective antagonists acting at other P2 receptors [39, 40].

The ability of extracellular nucleotides and P2 receptors 
to modulate the differentiation of mesenchymal stromal cells 
(MSCs) into osteoblasts or adipocytes has been an area of 
significant study in recent years [39, 41–45]. To date, three 
P2X receptors (P2X5, P2X6, P2X7) and seven P2Y recep-
tors  (P2Y1,  P2Y2,  P2Y4,  P2Y6,  P2Y11,  P2Y13,  P2Y14) have 
been associated with this process [39, 41–45]. A range of 
experimental models utilising cells from different species 
(e.g. human, rodent), tissues (e.g. adipose, bone marrow, cal-
varia), and differentiation states (e.g. MSC, osteoprogenitor) 
are used to study the transition from MSC-to-osteoblast/adi-
pocyte [39, 41–45]. This makes a direct comparison between 
studies challenging and could potentially explain the high 
number of P2 receptors associated with this process. It also 

illustrates that the role of purinergic signalling in MSC dif-
ferentiation is complex and likely to be age, species, and 
context dependent. This work used cells derived from neona-
tal rodent calvaria, an approach, which isolates a heterogene-
ous cell population comprising mainly of osteoprogenitors 
already committed to the osteogenic lineage [31]. Treatment 
with P2X4 receptor antagonists slowed osteoblast differen-
tiation, and this was reflected by the reduced bone formation 
and osteogenic gene expression. They also caused a modest 
increase in adipocyte formation. Thus, it is possible that the 
effect of P2X4 inhibition could be more pronounced when 
applied to cells that are at an earlier stage of lineage com-
mitment. Therefore, additional work using MSCs would be 
beneficial to fully understand the role of the P2X4 receptor 
in modulating osteogenic differentiation.

Previous work has shown that the P2X4 receptor main 
agonists, ATP and α,β-meATP, potently inhibit bone min-
eralisation [10, 15, 38]. Whilst ATP can activate most P2 
receptors to some extent, α,β-meATP is only an agonist at 
P2X receptors. Pharmacological analysis suggested that 
α,β-meATP is most likely acting via the P2X1 and/or P2X7 
receptors [15]. In this study, low-dose 5-BDBD did not pre-
vent the inhibitory effects of ATP and α,β-meATP. However, 
the potency of both compounds was reduced in the pres-
ence of 5-BDBD. Thus, the inhibitory effects of ATP and 
α,β-meATP are, in keeping with earlier studies, most likely 
mediated by the P2X1 and/or P2X7 receptors [15]; however 
a very minor role of the P2X4 receptor cannot be excluded.

Prolonged culture with 5-BDBD (10 μM) and PSB-12062 
(5 μM) had a profound inhibitory effect on both osteoclast 
number and resorptive activity. This suggests that this recep-
tor, like other P2 receptors [7, 11, 39], may act to modulate 
osteoclast formation and function under normal conditions. 
Interestingly, the P2X4 receptor is thought to be predominantly 
localised on lysosomes, where it may modulate their function 
[46]. Lysosomes play an important role in bone resorption, 
therefore the decreased resorption observed here could, in part, 
be a consequence of reduced lysosomal function. Nonetheless, 
these data should be interpreted with caution as neither antago-
nist acted in a dose-dependent manner and the reduction in 
osteoclast formation was associated with a decrease in precur-
sor cells. Consequently, it is possible that the inhibitory effects 
observed reflect general cytotoxic effects of these compounds 
rather than a P2X4 receptor-specific effect.

A recent study provided the first overview of the skel-
etal phenotype of the P2X4 receptor knockout mouse [29]. 
Ellegaard et al. reported that mice lacking the P2X4 recep-
tor displayed increased trabecular and cortical bone mineral 
density (BMD) in an age-dependent manner. The in vitro 
data presented here suggest receptor removal would lead 
to less bone formation and resorption. The increased bone 
mass in the P2X4 knockouts indicates that the defect in 
bone resorption is greater than in bone formation shifting 

Fig. 5  5-BDBD does not prevent the effects of ATP and α,β-meATP 
on bone mineralisation. The inhibitory effects of (A) ATP and (B) 
α,β-meATP on bone mineralisation are not prevented by 5-BDBD 
(≤ 1  μM). Data shown as mean ± SEM (n = 4 independent experi-
ments), * = p < 0.05, ** = p < 0.01, *** = p < 0.001, # = p < 0.05
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the remodelling balance in favour of net bone gain. However, 
the skeletal phenotype results are potentially confounded 
by the observation that the wildtype but not the knockout 
animals possess a P451L passenger mutation in the P2X7 
receptor gene. Whether this mutation has any impact on the 
observed skeletal phenotype of the P2X4 knockout mice 
is unclear. However, it has been shown that the ability of 
ATP to induce pore formation differs depending on whether 
the mutant (451L) or wildtype (451P) allele is present [47]. 
Thus, additional studies are required to fully understand the 
role of the P2X4, and its interactions with the P2X7 receptor, 
on bone mass in vivo.

The findings presented in this study provide the first indica-
tion of how the P2X4 receptor modulates bone cell function. 
However, several factors potentially confound our under-
standing of how this receptor regulates bone remodelling. 
For example, the P2X4 receptor can exist in a homomeric 
or heteromeric form (e.g. P2X4/6). These homo- and heter-
omultimers are likely to have different pharmacology and, 
potentially, downstream functional effects. Furthermore, the 
gene encoding the P2X4 receptor is located in close proximity 
to the gene encoding the P2X7 receptor on chromosome 12, 
and they are thought to share the same ancestral gene [19]. 
Taken together, it is clear that this receptor has a potentially 
important, but as yet not fully defined, role in bone.

Funding Versus Arthritis (formerly Arthritis Research UK), grant 
number 19205.

Data availability Data is available on request from the authors.

Declarations 

Ethics approval All animal procedures complied with the UK Animals 
(Scientific Procedures) Act 1986 and were reviewed and approved by 
the Royal Veterinary College Research Ethics Committee.

Consent to participate No human samples were used in this study.

Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

Fig. 6  The effect of P2X4 
receptor antagonists on osteo-
clast formation and activity. 
Prolonged exposure to 5-BDBD 
(10 μM) decreased (A) osteo-
clast formation by 95% and 
(B) resorptive activity by 90%. 
PSB-12062 (5 μM) reduced (C) 
osteoclast number and (D) bone 
resorption by 70% and 85%, 
respectively. Data shown as 
mean ± SEM (n = 4–6 independ-
ent experiments), ** = p < 0.01, 
*** = p < 0.001. (E) Reflec-
tive light microscopy images 
showing osteoclasts treated 
with 5-BDBD and PSB-12062; 
resorption pits are the tan areas 
highlighted by the arrow. Scale 
bar = 50 μm

http://creativecommons.org/licenses/by/4.0/


Purinergic Signalling 

1 3

References

 1. Burnstock G, Arnett TR, Orriss IR (2013) Purinergic signalling 
in the musculoskeletal system. Purinergic Signal 9:541–572

 2. Orriss IR (2015) The role of purinergic signalling in the muscu-
loskeletal system. Autonom Neurosci 124–134

 3. Carluccio M, Ziberi S, Zuccarini M, Giuliani P, Caciagli F, Di 
Iorio P, Ciccarelli R (2020) Adult mesenchymal stem cells: is 
there a role for purine receptors in their osteogenic differentiation? 
Purinergic Signal 16:263–287

 4. Orriss I, Syberg S, Wang N, Robaye B, Gartland A, Jorgensen N, 
Arnett T, Boeynaems JM (2011) Bone phenotypes of P2 receptor 
knockout mice. Front Biosci (Schol Ed) 3:1038–1046

 5. Syberg S, Petersen S, Beck Jensen JE, Gartland A, Teilmann 
J, Chessell I, Steinberg TH, Schwarz P, Jorgensen NR (2012) 
Genetic background strongly influences the bone phenotype of 
P2X7 receptor knockout mice. J Osteoporos 2012:391097

 6. Orriss IR, Gueneri D, Hajjawi MO, Shaw K, Patel JJ, Arnett TR 
(2017) Activation of the  P2Y2 receptor regulates bone cell func-
tion by enhancing ATP release. J Endocrinol 233:341–356

 7. Su X, Floyd DH, Hughes A, Xiang J, Schneider JG, Uluckan O, 
Heller E, Deng H, Zou W, Craft CS, Wu K, Hirbe AC, Grabowska 
D, Eagleton MC, Townsley S, Collins L, Piwnica-Worms D, 
Steinberg TH, Novack DV, Conley PB, Hurchla MA, Rogers M, 
Weilbaecher KN (2012) The ADP receptor  P2RY12 regulates 
osteoclast function and pathologic bone remodeling. J Clin Invest 
122:3579–3592

 8. Burnstock G (2007) Purine and pyrimidine receptors. Cell Mol 
Life Sci 64:1471–1483

 9. Kringelbach TM, Aslan D, Novak I, Schwarz P, Jorgensen NR 
(2014) UTP-induced ATP release is a fine-tuned signalling path-
way in osteocytes. Purinergic Signal 10:337–347

 10. Hoebertz A, Mahendran S, Burnstock G, Arnett TR (2002) ATP 
and UTP at low concentrations strongly inhibit bone formation 
by osteoblasts: a novel role for the P2Y2 receptor in bone remod-
eling. J Cell Biochem 86:413–419

 11. Hoebertz A, Meghji S, Burnstock G, Arnett TR (2001) Extra-
cellular ADP is a powerful osteolytic agent: evidence for sign-
aling through the P2Y(1) receptor on bone cells. FASEB J 
15:1139–1148

 12. Orriss IR, Wang N, Burnstock G, Arnett TR, Gartland A, Robaye 
B, Boeynaems JM (2011) The P2Y6 Receptor Stimulates Bone 
Resorption by Osteoclasts. Endocrinology 152:3706–3716

 13. Pellegatti P, Falzoni S, Donvito G, Lemaire I, Di Virgilio F (2011) 
P2X7 receptor drives osteoclast fusion by increasing the extracel-
lular adenosine concentration. FASEB J 25:1264–1274

 14. Agrawal A, Buckley KA, Bowers K, Furber M, Gallagher JA, 
Gartland A (2010) The effects of P2X7 receptor antagonists on the 
formation and function of human osteoclasts in vitro. Purinergic 
Signal 6:307–315

 15. Orriss IR, Key ML, Brandao-Burch A, Patel JJ, Burnstock G, 
Arnett TR (2012) The regulation of osteoblast function and bone 
mineralisation by extracellular nucleotides: the role of P2X recep-
tors. Bone 51:389–400

 16. Panupinthu N, Rogers JT, Zhao L, Solano-Flores LP, Possmayer F, 
Sims SM, Dixon SJ (2008) P2X7 receptors on osteoblasts couple 
to production of lysophosphatidic acid: a signaling axis promoting 
osteogenesis. J Cell Biol 181:859–871

 17. Li J, Liu D, Ke HZ, Duncan RL, Turner CH (2005) The P2X7 
nucleotide receptor mediates skeletal mechanotransduction. J Biol 
Chem 280:42952–42959

 18. Brandao-Burch A, Key ML, Patel JJ, Arnett TR, Orriss IR (2012) 
The P2X7 receptor is an important regulator of extracellular ATP 
levels. Front Endocrinol (Lausanne) 3:41

 19. Suurvali J, Boudinot P, Kanellopoulos J, RuutelBoudinot S 
(2017) P2X4: a fast and sensitive purinergic receptor. Biomed J 
40:245–256

 20. Alqallaf SM, Evans BA, Kidd EJ (2009) Atypical P2X receptor 
pharmacology in two human osteoblast-like cell lines. Br J Phar-
macol 156:1124–1135

 21. Nakamura E, Uezono Y, Narusawa K, Shibuya I, Oishi Y, Tanaka 
M, Yanagihara N, Nakamura T, Izumi F (2000) ATP activates 
DNA synthesis by acting on P2X receptors in human osteoblast-
like MG-63 cells. Am J Physiol Cell Physiol 279:C510–C519

 22. Naemsch LN, Weidema AF, Sims SM, Underhill TM, Dixon 
SJ (1999) P2X(4) purinoceptors mediate an ATP-activated, 
non-selective cation current in rabbit osteoclasts. J Cell Sci 
112:4425–4435

 23. Hoebertz A, Townsend-Nicholson A, Glass R, Burnstock G, 
Arnett TR (2000) Expression of P2 receptors in bone and cultured 
bone cells. Bone 27:503–510

 24. Weidema AF, Dixon SJ, Sims SM (2001) Activation of P2Y 
but not P2X(4) nucleotide receptors causes elevation of 
[Ca2+]i in mammalian osteoclasts. Am J Physiol Cell Physiol 
280:C1531–C1539

 25. Liu PS, Chen CY (2010) Butyl benzyl phthalate suppresses the 
ATP-induced cell proliferation in human osteosarcoma HOS cells. 
Toxicol Appl Pharmacol 244:308–314

 26. Wesselius A, Bours MJ, Jorgensen NR, Wiley J, Gu B, van Helden 
S, van Rhijn L, Dagnelie PC (2013) Non-synonymous polymor-
phisms in the P2RX (4) are related to bone mineral density and 
osteoporosis risk in a cohort of Dutch fracture patients. Purinergic 
Signal 9:123–130

 27. Fodor J, Matta C, Juhasz T, Olah T, Gonczi M, Szijgyarto Z, 
Gergely P, Csernoch L, Zakany R (2009) Ionotropic purinergic 
receptor P2X4 is involved in the regulation of chondrogenesis in 
chicken micromass cell cultures. Cell Calcium 45:421–430

 28. Sim JA, Chaumont S, Jo J, Ulmann L, Young MT, Cho K, Buell 
G, North RA, Rassendren F (2006) Altered hippocampal synaptic 
potentiation in P2X4 knock-out mice. J Neurosci 26:9006–9009

 29. Ellegaard M, Hegner T, Ding M, Ulmann L, Jorgensen NR (2021) 
Bone phenotype of P2X4 receptor knockout mice: implication of 
a P2X7 receptor mutation? Purinergic Signal 17:241–246

 30. Perpetuo IP, Bourne LE, Orriss IR (2019) Isolation and generation 
of osteoblasts. Methods Mol Biol 1914:21–38

 31. Taylor SE, Shah M, Orriss IR (2014) Generation of rodent and 
human osteoblasts. BoneKEy Rep 3:585

 32. Orriss IR, Arnett TR (2012) Rodent osteoclast cultures. Methods 
Mol Biol 816:103–117

 33. Arnett TR, Dempster DW (1986) Effect of pH on bone resorption 
by rat osteoclasts in vitro. Endocrinology 119:119–124

 34. Livak KJ, Schmittgen TD (2001) Analysis of relative gene expres-
sion data using real-time quantitative PCR and the 2(-Delta Delta 
C(T)) Method. Methods 25:402–408

 35. Patel JJ, Zhu D, Opdebeeck B, D’Haese P, Millan JL, Bourne LE, 
Wheeler-Jones CPD, Arnett TR, MacRae VE, Orriss IR (2018) 
Inhibition of arterial medial calcification and bone mineralization 
by extracellular nucleotides: the same functional effect mediated 
by different cellular mechanisms. J Cell Physiol 233:3230–3243

 36. Ramirez-Zacarias JL, Castro-Munozledo F, Kuri-Harcuch W 
(1992) Quantitation of adipose conversion and triglycerides by 
staining intracytoplasmic lipids with Oil red O. Histochemistry 
97:493–497

 37. Festing MF (2001) Guidelines for the design and statistical analy-
sis of experiments in papers submitted to ATLA. Altern Lab Anim 
29:427–446

 38. Orriss IR, Utting JC, Brandao-Burch A, Colston K, Grubb 
BR, Burnstock G, Arnett TR (2007) Extracellular nucleotides 
block bone mineralization in vitro: evidence for dual inhibitory 



 Purinergic Signalling

1 3

mechanisms involving both P2Y2 receptors and pyrophosphate. 
Endocrinology 148:4208–4216

 39. Syberg S, Brandao-Burch A, Patel JJ, Hajjawi M, Arnett 
TR, Schwarz P, Jorgensen NR, Orriss IR (2012) Clopidogrel 
(Plavix(R)), a P2Y(12) receptor antagonist, inhibits bone cell 
function in vitro and decreases trabecular bone in vivo. J Bone 
Miner Res 27:2373–2386

 40. Orriss IR, Key ML, Hajjawi MO, Arnett TR (2013) Extracellular 
ATP released by osteoblasts is a key local inhibitor of bone min-
eralisation. PLoS One 8:e69057

 41. Zippel N, Limbach CA, Ratajski N, Urban C, Luparello C, Pansky 
A, Kassack MU, Tobiasch E (2012) Purinergic receptors influence 
the differentiation of human mesenchymal stem cells. Stem Cells 
Dev 21:884–900

 42. Biver G, Wang N, Gartland A, Orriss I, Arnett TR, Boeynaems 
JM, Robaye B (2013) Role of the P2Y13 receptor in the differen-
tiation of bone marrow stromal cells into osteoblasts and adipo-
cytes. Stem Cells 31:2747–2758

 43. Li W, Wei S, Liu C, Song M, Wu H, Yang Y (2016) Regulation 
of the osteogenic and adipogenic differentiation of bone marrow-
derived stromal cells by extracellular uridine triphosphate: the role 
of  P2Y2 receptor and ERK1/2 signaling. Int J Mol Med 37:63–73

 44. Noronha-Matos JB, Coimbra J, Sa-e-Sousa A, Rocha R, Marinhas 
J, Freitas R, Guerra-Gomes S, Ferreirinha F, Costa MA, Correia-
de-Sa P (2014) P2X7-induced zeiosis promotes osteogenic dif-
ferentiation and mineralization of postmenopausal bone marrow-
derived mesenchymal stem cells. FASEB J 28:5208–5222

 45. Noronha-Matos JB, Costa MA, Magalhaes-Cardoso MT, Ferreir-
inha F, Pelletier J, Freitas R, Neves JM, Sevigny J, Correia-de-Sa 
P (2012) Role of ecto-NTPDases on UDP-sensitive P2Y(6) recep-
tor activation during osteogenic differentiation of primary bone 
marrow stromal cells from postmenopausal women. J Cell Physiol 
227:2694–2709

 46. Murrell-Lagnado RD, Frick M (2019) P2X4 and lysosome fusion. 
Curr Opin Pharmacol 47:126–132

 47. Syberg S, Schwarz P, Petersen S, Steinberg TH, Jensen JE, 
Teilmann J, Jorgensen NR (2012) Association between P2X7 
receptor polymorphisms and bone status in mice. J Osteoporos 
2012:637986

Publisher's note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Modulation of osteoblast differentiation and function by the P2X4 receptor
	Abstract
	Introduction
	Methods
	Reagents
	Osteoblast bone formation assay
	Osteoclast formation assay
	Total RNA extraction and DNase treatment
	Quantitative real-time polymerase chain reaction (qRT-PCR)
	Immunofluorescence
	Alkaline phosphatase (TNAP) activity 
	Cell number and viability assay
	Oil red O staining for adipocytes
	Statistics

	Results
	Bone cells express the P2X4 receptor
	The P2X4 receptor antagonists, 5-BDBD and PSB-12062, inhibit bone formation and reduce TNAP activity
	Prolonged exposure to higher doses of P2X4 antagonists decreases osteoblast number
	Increased oil red O staining in cells treated with 5-BDBD and PSB-12062
	5-BDBD decreases the mRNA expression of osteoblast marker genes
	5-BDBD does not prevent the inhibitory effects of ATP and α,β-meATP on bone mineralisation
	High doses of P2X4 receptor antagonists inhibit osteoclast formation and resorptive activity

	Discussion
	References


