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Abstract. The aim of the present study was to explore 
the role of ovarian cancer G protein‑coupled receptor 1 
(OGR1) in osteoclast differentiation and activity induced by 
extracellular acid. The impact of extracellular acidification 
on osteoclasts was investigated. Briefly, osteoclasts were 
generated from RAW 264.7 cells using 100 ng/ml receptor 
activator of nuclear factor‑κB ligand in cell culture media at 
pH 6.8 or 7.4. Tartrate‑resistant acid phosphatase (TRAP) 
staining and the bone resorption pit assay were used to detect 
the effects of extracellular acid on the number and absorp‑
tive capacity of osteoclasts. Intracellular Ca2+ levels were 
analyzed using laser scanning confocal microscopy. Reverse 
transcription‑quantitative PCR was used to detect the expres‑
sion levels of genes associated with osteoclast formation and 
bone erosion. The role of OGR1 in the acid‑stimulated forma‑
tion and bone resorption of osteoclasts was also investigated. 
The results showed that in the pH 6.8 medium group the 
number of osteoclasts was 511.2±54.72 and the area of bone 
absorption was 4,184.88±277.14 µm2; both were significantly 
higher than those in the pH 7.4 medium group (all P<0.01). 
Inhibition of OGR1 using copper ion (Cu2+) reduced the 
number of osteoclasts and the area of bone resorption in the 
pH 6.8 medium group (all P<0.05). Furthermore, extracel‑
lular acid (pH 6.8) was able to induce a transient increase of 
Ca2+ levels in osteoclasts; however, inhibition of OGR1 using 
Cu2+ effectively attenuated the acid‑induced increase of Ca2+ 
in osteoclasts. In addition, the elevation in Ca2+ levels was 
inhibited when BAPTA, a cytoplasmic Ca2+ chelator with 
cellular permeability, was added to the cells; however, the 
extracellular Ca2+‑chelating agent ethylene glycol tetraacetic 

acid did not inhibit the acid‑stimulated increase in Ca2+. 
Treatment with the phospholipase C inhibitor U73122 also 
inhibited the acid‑stimulated increase of Ca2+ in osteoclasts. 
Furthermore, the mRNA expression levels of TRAP, matrix 
metalloproteinase‑9, osteoclast‑related receptor, nuclear 
factor‑activated T cell 1 (NFATc1), cathepsin K and integrin 
β3 were elevated in the pH 6.8 medium group compared with 
those in the pH 7.4 medium group (all P<0.05). By contrast, 
the inhibition of OGR1 using Cu2+ partially reduced the 
effects of the acidic environment on osteoclast differentiation 
and activity‑related gene expression (all P<0.05). In addition, 
the mRNA and protein expression levels of calcineurin were 
increased in osteoclasts in the pH 6.8 group compared with 
those in the pH 7.4 group (P<0.05), whereas blocking OGR1 
suppressed the expression of acid‑induced calcineurin. The 
mRNA expression levels of NFATc1 in osteoclasts were also 
increased in the pH 6.8 medium group compared with those 
in the pH 7.4 medium group (P<0.05). By contrast, the specific 
calcineurin inhibitor cyclosporine A significantly inhibited 
the acid‑induced expression of NFATc1 in osteoclasts. In 
conclusion, the present study revealed that extracellular 
acidification may increase osteoclast differentiation and bone 
resorption activity. Furthermore, OGR1‑mediated Ca2+ eleva‑
tion could have a crucial role in osteoclasts by regulating the 
Ca2+‑calcineurin‑NFATc1 signaling pathway and downstream 
signaling.

Introduction

A suitable pH environment in the body is vital for cellular 
functions, because the protein conformation and activity 
of various cytokines are regulated by the hydrogen ion (H+) 
concentration in the local microenvironment; therefore, 
changes in the pH value of the local microenvironment can 
widely affect the function of proteases and cytokines in bone 
cells, and thus alter bone metabolism (1). Metabolic disorders 
can be associated with numerous diseases, such as chronic 
obstructive pulmonary disease or chronic kidney disease (2,3). 
Metabolic acidosis is the most frequent type of acid‑base 
imbalance reported in the clinic. Clinical data have shown 
that lung and kidney disease may lead to abnormal changes in 
bone metabolism and a marked increase in bone absorption, 
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resulting in decreased bone mineral density and a tendency 
toward osteoporosis (4). Osteoporosis is the most common 
type of bone disease, which is a systemic disease characterized 
by low bone mass, microstructural damage of bone tissue and 
easily fractured bones (5). Bone metabolism is regulated by 
the exact coactivity of osteoblasts and osteoclasts. Osteoclasts 
are an initiating factor in bone modeling and remodeling (6). 
The chronic metabolic acidosis observed in the clinic can lead 
to a decrease in bone mass, which may be caused by enhanced 
osteoclast activity (7).

Osteoclasts are terminally differentiated, multinucleated 
cells that mainly perform the function of bone resorption as 
components of the bone tissue. Receptor activator of nuclear 
factor (NF)‑κB ligand (RANKL) is crucial for osteoclast forma‑
tion, activity and survival (8). The osteoclast differentiation 
and formation pathway is activated by the binding of RANKL 
to RANK protein on the anterior cell membrane of osteoclasts; 
this results in the fusion of mononuclear cells into mature 
osteoclasts (9). Nuclear factor‑activated T cell 1 (NFATc1) is 
a key factor in osteoclast differentiation; it is induced by the 
upstream RANKL signaling pathway, Ca2+‑related co‑stim‑
ulatory signaling pathways and Ca2+‑independent signaling 
pathways (10). Activated calcineurin can bind to NFATc1 in 
the cytoplasm and dephosphorylate it, induced by elevation 
of Ca2+; the translocation of the activated NFATc1 into the 
nucleus then affects various downstream targets and finally 
leads to the fusion of monocytes into mature osteoclasts (11). 
Hence, the Ca2+‑calcineurin‑NFATc1 signaling pathway serves 
a critical role in osteoclast maturation.

At present, it is generally accepted that a number of elements 
can affect osteoclast biology, including mechanical stimula‑
tion, inflammation, estrogen deficiency and aging (12‑15). 
Research has shown that acidosis stimulates osteoclast 
activity. Notably, osteoclasts have been reported to possess 
almost no activity in pH 7.4 medium; however, when the pH 
reaches a plateau of 6.8, the number of pits increases (7). 
Goldhaber and Rabadjija (16) and Meghji et al (17) showed 
that acidosis can activate mature osteoclasts in the skull to 
stimulate bone resorption and release calcium. By contrast, 
the addition of protons in the form of hydrochloric acid to 
neonatal mouse live calvaria maintained in a chemically 
defined medium in tissue culture for 1 week increased calcium 
release. The same amounts of protons added to the media of 
devitalized calvaria caused no increase in calcium release into 
the medium. When calcitonin, a well‑recognized inhibitor of 
osteoclastic function, was added it was able to inhibit calcium 
release, suggesting that acid‑induced calcium release may 
be related to osteoclasts. In addition, extracellular acidosis 
has been shown to increase osteoclast absorption activity by 
prolonging the lifespan of osteoclasts, and enhancing attach‑
ment to bone and migration (18).

A variety of factors may cause changes in local pH value in 
the body affecting osteoclasts and leading to a low bone mass, 
such as local ischemia and hypoxia, elevated lactic acid levels, 
resulting in bone lesion (7). Therefore, studies on the effect of 
an acidic microenvironment on osteoclasts may provide novel 
theories regarding the mechanism of bone metabolic disease 
in osteoporosis. Although numerous studies have indicated 
that various H+‑sensing ion channels are expressed by osteo‑
clasts (19,20), the mechanism of extracellular pH sensing is 

poorly understood. Ovarian cancer G protein‑coupled receptor 
1 (OGR1) belongs to the proton sensing G protein‑coupled 
receptor family and exists in a variety of cells in the body, 
including bone cells. OGR1 can sense changes in H+ around a 
cell, and when the local pH value changes OGR1 can stimu‑
late downstream signaling pathways, resulting in a series of 
modifications (21). OGR1 is involved in the physiological and 
pathological changes of multiple systems in the body, including 
cancer, asthma, inflammation and islet function (22‑24). 
Previously, Ding et al (25) reported that the OGR1 receptor 
is expressed on endothelial progenitor cells (EPCs), and the 
proliferation, migration and angiogenesis of EPCs was shown 
to be delayed in acidic medium. By contrast, when OGR1 was 
suppressed, the opposite results were obtained. Yuan et al (26) 
revealed that OGR1 is expressed on chondrocytes in the 
intervertebral disc of rats, and the expression of OGR1 was 
increased when stimulated by acid. In addition, an acidic envi‑
ronment could promote the apoptosis of intervertebral disc 
chondrocytes through the OGR1‑mediated downstream Ca2+ 
signaling pathway. Similarly, OGR1 is expressed in osteo‑
blasts, osteoclasts and osteoclast precursor cells (21). It has 
been reported that OGR1 is inhibited by Cu2+ (27). Although 
it has been confirmed that extracellular acidification promotes 
the proliferation of osteoclasts, the specific mechanism under‑
lying the effect of extracellular acidification on osteoclasts 
remains unclear.

The aim of the present study was to investigate how 
extracellular acidification stimulates OGR1, which affects 
osteoclast formation and bone erosion, to understand the 
mechanism of bone remodeling and osteoporosis.

Materials and methods

Medium preparation. The pH value of the cell culture medium 
was set using HCl and NaHCO3 solutions. RAW 264.7 cells 
(murine spleen) were obtained from the Peking Union Medical 
College (Beijing, China). RAW 264.7 cells were cultured in 
DMEM (Gibco; Thermo Fisher Scientific, Inc.) of different pH 
values (pH 6.8 or 7.4) supplemented with 10% heat‑inactivated 
fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc.) and 
1% penicillin‑streptomycin at 37˚C, in a 95% humidity and 
5% CO2 atmosphere. The culture medium was replaced every 
24 h.

Tartrate‑resistant acid phosphatase (TRAP) staining. Cu2+ 
containing medium was prepared by adding a solution of 
CuCl2 (Sigma‑Aldrich; Merck KGaA). The RAW 264.7 
cells were cultured in different pH cell media supplemented 
with 100 ng/ml RANKL (PeproTech, Inc.) at a density of 
20,000 cells/cm2 for 3 days. (The OGR1 inhibitor group 
contained 4 µM Cu2+). Subsequently, the cells were fixed with 
4% paraformaldehyde for 15 min at 22˚C. The TRAP staining 
kit (Sigma‑Aldrich; Merck KGaA; cat. no. GMS11016) was 
used according to the manufacturer's protocol. The criteria 
for osteoclasts included: i) ≥3 nuclei; and ii) positive TRAP 
staining. The number of osteoclasts was calculated in 10 
random non‑overlapping fields under a CX‑21 microscope 
(Olympus Corporation; magnification, x100) and the average 
was calculated. This part of the experiment was repeated 
6 times (n=6 per group).
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Resorption pit assay. Bovine femur bones were purchased from 
the Tianjin Institute of Orthopedics (Tianjin, China). The cortex 
of the bovine femoral shaft was cut longitudinally into 100‑µm 
slices using tungsten carbide blades (SP1600; Leica Microsystems 
GmbH) and was then washed three times in distilled water 
(10 min/wash). After 24 h of UV irradiation, the sections were 
soaked in 75% ethanol for 24 h at 22˚C, washed three times with 
sterile distilled water and stored in DMEM at 4˚C. Subsequently, 
RAW 264.7 cells were cultured on bovine cortical bone slices at a 
density of 20,000 cells/cm2. The cells were induced by 100 ng/ml 
RANKL in different pH cell media for 3 days. The osteoclasts 
were then removed using sonication with 30 KHz for 10 min at 
22˚C, fixed with 2.5% glutaraldehyde for 30 min at 4˚C, dehy‑
drated in an ethanol gradient (30‑50‑70‑85‑95‑100% ethanol), 
each concentration of ethanol for 20 min, dried with vacuum 
extraction, sprayed with gold for sputter coating and detected by 
scanning electron microscopy (LEO; Zeiss AG). For each bone 
slice, 10 regions were randomly selected with no overlap, and 
Image Pro Plus (version 6.0; Media Cybernetics, Inc.) was used 
to calculate the bone pit area. This part of the experiment was 
repeated 6 times (n=6 per group).

Measurement of Ca2+ levels. Ca2+ changes were detected 
as previously described (26). The RAW 264.7 cells were 
cultured in pH 7.4 medium supplemented with 100 ng/ml 
RANKL (PeproTech, Inc.) at a density of 20,000 cells/cm2 
for 3 days. Prior to adding acid, cells were treated with 4 µM 
OGR1‑inhibitor Cu2+ (Sigma‑Aldrich; Merck KGaA) for 
3 days at 37˚C, the extracellular Ca2+ chelator 0.5 mM EGTA 
(MilliporeSigma) for 30 min at 37˚C, the cell‑permeable 
cytosolic Ca2+ chelator 50 µM BAPTA (MilliporeSigma) 
for 30 min at 37˚C and the phospholipase C inhibitor 10 µM 
U73122 (MilliporeSigma) for 30 min at 37˚C. Cells on cover 
glass were washed three times with PBS and incubated with 
4 mM Fluo‑3‑AM (Biotium, Inc.) and 0.02% Pluronic F‑127 
(Biotium, Inc.) for 45 min at 37˚C in the dark. The cells were 
detected using laser scanning confocal microscopy (Leica 
Microsystems, Inc.). The fluorescence of intracellular Fluo‑
3‑based measurement of Ca2+ levels was detected at excitation 
and emission wavelengths of 488 and 525 nm, respectively. 
Gray scale images were acquired at different points before and 
<10 min after fluorescence microscopy according to previous 
research (26), and then further analysis was carried out. After 
recording the baseline fluorescence intensity for ~100 sec, a 
pipette was immediately used to add an extracellular solution 
of pH 6.8 (0.1 ml) to osteoclasts. Subsequently, the fluorescence 
intensity was recorded for 500 sec without interruption using 
a laser scanning confocal microscopy (Leica Microsystems, 
Inc.). Fluorescence intensity was observed using LSM 5 Image 
software (version 5; Zeiss AG). This part of the experiment 
was repeated 6 times (n=6 per group).

Reverse transcription‑quantitative PCR (RT‑qPCR). The 
RAW 264.7 cells were cultured with 100 ng/ml RANKL in 
different pH cell media for 3 days and the cells were then 
collected. TRIzol® (Invitrogen; Thermo Fisher Scientific, Inc.) 
was used to extract total RNA from the cells according to the 
manufacturer's instructions. cDNA was synthesized from total 
RNA using the All‑in‑One™ First‑Strand cDNA Synthesis 
Kit according to manufacturer's protocol (GeneCopoeia, Inc.) 

and oligo (dT) primers. For the analysis of osteoclast‑related 
genes the following primers were used: Calcineurin forward, 
5'‑AGT GTT CTC AGT TCT CAG‑3' and reverse, 5'‑TTC ATC 
AGC CTC AAT AGC‑3'; integrin β3 forward, 5'‑TGA CTC GGA 
CTG GAC TGG CTA‑3' and reverse, 5'‑CAC TCA GGC TCT 
TCC ACC ACA‑3'; cathepsin K forward, 5'‑CCT CTC TTG GTG 
TCC ATA CA‑3' and reverse, 5'‑ATC TCT CTG TAC CCT CTG 
CA‑3'; matrix metalloproteinase (MMP)‑9 forward, 5'‑GCT 
GAC TAC GAT AAG GAC GGC A‑3' and reverse, 5'‑GCG GCC 
CTC AAA GAT GAA CGG‑3'; NFATc1 forward, 5'‑TCC AAA 
GTC ATT TTC GTG GA‑3' and reverse, 5'‑CTT TGC TTC CAT 
CTC CCA GA‑3'; TRAP forward, 5'‑AAA TCA CTC TTT AAG 
ACC AG‑3' and reverse, 5'‑TTA TTG AAT AGC AGT GAC 
AG‑3'; osteoclast‑related receptor (OSCAR) forward, 5'‑TGA 
TTG GCA CAG CAG GAG‑3' and reverse, 5'‑AAG GCA CAG 
GAA GGA AAT AGA G‑3'; and β‑actin forward, 5'‑GGG AAA 
TCG TGC GTG ACA TT‑3' and reverse, 5'‑GGA ACC GCT CAT 
TGC CAA T‑3'. The reaction conditions were set according 
to the Reverse transcription kit instructions (GeneCopoeia, 
Inc.). qPCR was performed according to the following steps: 
Pre‑denaturation at 95˚C for 1 min, followed by 40 cycles of 
denaturation at 95˚C for 10 sec, annealing at 60˚C for 20 sec 
and extension at 72˚C for 15 sec. β‑actin was used as the 
internal reference gene, and the relative expression levels of 
key genes were calculated using the 2‑ΔΔCq method (28). This 
part of the experiment was repeated 5 times (n=5 per group).

Western blotting. The protein levels of calcineurin in RAW 
264.7 cells cultured in different pH cell culture media containing 
100 ng/ml RANKL for 3 days were measured by western blot‑
ting. Cells were placed in lysis buffer (150 mM NaCl, 1.0% 
Nonidet P‑40, 0.5% deoxycholate, 0.1% SDS, 50 mM Tris, 
20 mM glucose, pH 7.4), containing a protease inhibitor mixture. 
Protein concentration was measured using the BCA‑200 Protein 
Assay kit (Pierce; Thermo Fisher Scientific, Inc.). The lysates 
(20 µg) were resolved via denaturing SDS‑PAGE on 12% gels 
and were transferred to Immobilon polyvinylidene difluoride 
membranes, 5% BSA Blocking Buffer for 30 min at room 
temperature. The following primary antibodies were used for 
immunoblot: calcineurin (cat. no: ab8553; Abcam; 1:100), and 
β‑actin (cat. no: ab8227; Abcam; 1:500). The membranes were 
incubated with primary antibodies against calcineurin for 12 h 
at 37˚C after which they were washed in Tris‑buffered saline 
with 0.05% Tween 20 and were incubated with HRP‑conjugated 
secondary antibody (1:500; cat. no. Sc‑3916; Santa Cruz 
Biotechnology, Inc.) for 1 h at room temperature. Protein 
semi‑quantification was carried out using ECL kit (Wuhan 
Boster Biological Technology, Ltd.) and protein band intensities 
were analyzed using Image J software (version 1.52; National 
Institutes of Health). This part of the experiment was repeated 
5 times (n=5 per group).

Statistical analysis. Data are presented as the mean ± stan‑
dard deviation. Statistical analysis was performed using SPSS 
(version 16.0; SPSS, Inc.). Prior to presenting the data, the 
normality of the distributions were tested. Statistical analysis 
was performed with one‑way analysis of variance (ANOVA) 
followed by Tukey's post hoc test and the unpaired Student's 
t‑test. P<0.05 was considered to indicate a statistically signifi‑
cant difference.
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Results

Effects of acid on the number of TRAP‑positive osteoclasts. 
The number of osteoclasts formed in different pH cell culture 
media is shown in Fig. 1. The number of osteoclasts in the 
pH 6.8 and 7.4 medium groups was 511.2±54.72 and 163±56.76, 
respectively, and there was a statistically significant difference 
between the pH 6.8 and 7.4 medium groups (P<0.01). However, 
the number of osteoclasts in the pH 6.8 and 7.4 medium groups 
was reduced to 311.8±72.84 and 110±59.44, respectively, when 
the OGR1 inhibitor Cu2+ was added to the medium. Notably, 
there was a significant difference between the pH 6.8 medium 
group and the pH 6.8 medium + OGR1 inhibitor group 
(P<0.05).

Effects of acid on bone resorption. The bone resorption area 
in the pH 6.8 and 7.4 medium groups was 4,184.88±277.14 and 
1.006±214.49 µm2, respectively, and there was a statistically 
significant difference between the pH 6.8 and 7.4 medium 
groups (P<0.01; Fig. 2). Furthermore, the bone resorption area 
in the pH 6.8 and 7.4 medium groups was 1.493.02±544.93 
and 356±121.26 µm2, respectively, when the OGR1 inhibitor 
was added to the medium. Notably, there was a significant 
difference between the pH 6.8 medium group and the pH 6.8 
medium + OGR1 inhibitor group (P<0.05).

Acid‑induced Ca2+ release. It is well known that upregulation 
of Ca2+ levels serves a key role in regulating osteoclasts (29). 
In the present study, extracellular acid (pH 6.8) was used to 
stimulate osteoclasts. The results of confocal microscopy are 
shown in Fig. 3A; the introduction of acid induced a transient 
increase in the fluorescence intensity of Ca2+ in the osteo‑
clasts, then the fluorescence intensity of Ca2+ was gradually 
decreased.

The acid‑induced temporary increase in osteoclast Ca2+ 
levels was not detected when the cell‑permeable cytosolic Ca2+ 
chelator BAPTA was added to the cells (Fig. 3C). However, the 
extracellular Ca2+‑chelating agent ethylene glycol tetraacetic 
acid did not inhibit acid‑induced Ca2+ increase (Fig. 3B). 
Furthermore, the transient elevation in Ca2+ levels was attenu‑
ated in response to the OGR1‑inhibitor Cu2+ (Fig. 3D) and 
treatment with the phospholipase C (PLC) inhibitor U73122 
(Fig. 3E). These results suggested that the acid‑stimulated 
increase in Ca2+ levels may be attributed Ca2+ release from 
intracellular stores via a PLC‑dependent pathway.

Effect of acid on gene expression. To investigate the influence 
of acidification on osteoclast differentiation and absorption, 
the mRNA expression levels of NFATc1, OSCAR, integrin β3, 
TRAP, MMP‑9 and cathepsin K were assessed by RT‑qPCR 
(Fig. 4). Following acidification, the expression levels of 
TRAP, MMP‑9, OSCAR, NFATc1, cathepsin K and integrin 
β3 were increased compared with those in the pH 7.4 medium 
group; the relative expression levels were 2.52, 5.498, 2.39, 

Figure 1. Number of osteoclasts cultured in different pH cell media for 
3 days (sample size, n=6). (A) More TRAP‑positive multinucleated osteo‑
clasts were formed in an acidic environment, at pH 6.8. (B) In the neutral 
medium, there were fewer TRAP‑positive multinucleated osteoclasts. 
(C) Inhibition of OGR1 with Cu2+ (CuCl2, 100 µM) reversed the acid‑induced 
increase in osteoclasts. (D) Inhibition of OGR1 with Cu2+ in neutral medium. 
(E) Histogram of the number of osteoclasts. **P<0.01 vs. pH 7.4; #P<0.05 vs. 
pH 6.8. Cu2+, copper ion; OGR1, ovarian cancer G protein‑coupled receptor 
1; TRAP, tartrate‑resistant acid phosphatase.

Figure 2. Resorption pit assay (n=6). (A) Osteoclasts form more bone pits 
in acidic medium at pH 6.8. (B) In the neutral medium, there were fewer 
resorption pits. (C) Treatment with Cu2+ inhibited acid‑stimulated osteoclast 
resorption. (D) Inhibition of OGR1 with Cu2+ in neutral medium. (E) Analysis 
of bone resorption area. **P<0.01 vs. pH 7.4; #P<0.05 vs. pH 6.8. Cu2+, copper 
ion; OGR1, ovarian cancer G protein‑coupled receptor 1.
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3.572, 6.158 and 2.19, respectively. By contrast, in response 
to treatment with the OGR1 inhibitor copper ion (Cu2+), 
the expression levels of TRAP, MMP‑9, OSCAR, NFATc1, 

cathepsin K and integrin β3 were significantly decreased; the 
relative expression levels were 1.91, 1.526, 1.28, 1.412, 4.966 
and 1.056, respectively. The present study showed that an 

Figure 3. OGR1 is involved in the acid‑induced increase of Ca2+ levels in osteoclasts (n=6). (A) Representative fluorescence change showing the elevation of 
Ca2+ levels in acidic medium at pH 6.8. (B) Chelation of extracellular calcium with EGTA (0.5 mM) did not inhibit acid‑induced Ca2+ increase. (C) Restrain 
acid‑induced elevation of Ca2+ levels with BAPTA‑AM (50 mM). (D) Acid‑induced elevation of Ca2+ levels in osteoclasts was reduced by the OGR1 inhibitor. 
(E) Inhibition of phospholipase C with U73122 (10 mM) suppressed the acid‑induced rise of Ca2+.

https://www.spandidos-publications.com/10.3892/etm.2024.12778
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upregulation of OGR1 may result in an increase in the expres‑
sion levels of TRAP, MMP‑9, OSCAR, NFATc1, cathepsin 
K and integrin β3, whereas the results were reversed when 
OCR1 was inhibited. These findings indicated that osteoclast 
differentiation and bone resorption may be affected by OGR1 
in extracellular acidification.

Effects of extracellular acid on the calcineurin‑NFATc1 
signaling pathway. The effects of OGR1 on the calci‑
neurin‑NFATc1 signaling pathway were investigated. The 
mRNA expression levels of calcineurin and NFATc1 were 
detected by RT‑qPCR (Fig. 5A and B). The expression levels 
of calcineurin and NFATc1 in the pH 6.8 medium group 

were 2.276 and 3.528, respectively, which was significantly 
increased compared with that in the pH 7.4 medium group. 
The expression of calcineurin in the pH 6.8 medium group was 
decreased to 1.624 upon treatment with the OGR1‑inhibitor 
Cu2+. Upon treatment with 1 mM cyclosporine A (Novartis 
International AG) for 30 min at 37˚C, a calcineurin inhibitor, 
the expression levels of NFATc1 were decreased. To further 
verify the aforementioned observations, the expression level 
of calcineurin was detected by western blotting (Fig. 5C). 
Compared with in the pH 7.4 medium group, the expression 
levels of calcineurin were increased in the pH 6.8 medium 
group but were decreased after addition of the OGR1 inhibitor. 
These findings suggested that OGR1 may mediate osteoclast 

Figure 4. Relative mRNA expression levels of genes in osteoclasts cultured in different pH cell culture media (n=5). mRNA expression levels of (A) NFATc1, 
(B) OSCAR, (C) integrin β3, (D) TRAP, (E) MMP‑9 and (F) cathepsin K in osteoclasts after 3 days of treatment with different pH cell culture media. *P<0.05, 
**P<0.01 vs. pH 7.4; #P<0.05, ##P<0.01 vs. pH 6.8. Cu2+, copper ion; MMP‑9, matrix metalloproteinase‑9; NFATc1, nuclear factor‑activated T cell 1; OSCAR, 
osteoclast‑related receptor; TRAP, tartrate‑resistant acid phosphatase.



EXPERIMENTAL AND THERAPEUTIC MEDICINE  29:  28,  2025 7

differentiation and absorption induced by extracellular acidi‑
fication through the calcineurin‑NFATc1 signaling pathway.

Discussion

In the present study, the results showed that acid promoted 
RAW 264.7 monocyte cell fusion into mature osteoclasts and 
enhanced bone resorption activity. The proton‑sensing receptor 
OGR1 was revealed to serve an important role in acid‑stimu‑
lated osteoclast differentiation and absorption through Ca2+ 
release from intracellular stores and downstream Ca2+‑sensitive 
signaling pathways. Ca2+‑sensitive signaling acts on the activa‑
tion of the calcineurin‑NFAT axis, which is indispensable for 
osteoclast differentiation and bone resorption. It is well known 
that the bone absorption efficiency of osteoclasts depends on 
their number and absorptive activity (30). Osteoclasts are sensi‑
tive to acid stimulation and acid can enhance osteoclast bone 
erosion. Notably, it has been reported that a decrease of <0.1 
units in pH value can result in a doubling of bone resorption 
activity (31). Apart from human osteoclasts, bird osteoclasts 
have also been shown to be activated in response to acid stimu‑
lation (32,33). A previous study also demonstrated that when 
osteoclasts were cultured for 4 h, the number of osteoclasts at 
pH 6.74 medium was greater than that at pH 7.4 (33). There are 
two main categories of membrane pH sensors: i) Acid‑sensitive 
ion channels and ii) proton‑sensitive G protein‑coupled recep‑
tors (25,34). Several studies have reported that the expression 
of OGR1 is upregulated during osteoclastogenesis, and that it 
is closely related to the osteoclast response to acid (19,35). The 
present findings indicated that more TRAP‑positive and bone 
pit‑resorptive mature osteoclasts were detected in an extracel‑
lular acidified environment; however the number of osteoclasts 
and resorption capacity decreased when an OGR1 blocker was 
used (Cu2+).

Ca2+ is a versatile second messenger that participates in the 
regulation of a large number of physiological activities from 

the beginning to the end of life (36). The essential roles of 
Ca2+ influx regulate the differentiation, proliferation, activa‑
tion and apoptosis of bone cells (37). Nevertheless, the way 
OGR1 modulates the proliferation and activation of osteoclasts 
through Ca2+ signaling remains unclear. Osteoclasts originate 
from the blood mononuclear macrophage system and are 
terminal differentiated cells, which can be fused from mono‑
nuclear progenitor cells to form giant multinucleated cells in 
various ways, such as the NF‑κB pathway and Wnt pathway. 
Notably, osteoclast differentiation is a complex process that 
requires multiple signaling factors. NF‑κB is activated by 
RANKL in the cytoplasm, activated NF‑κB moves into the 
nucleus (nuclear translocation) and acts together with NFATc2 
to induce initial NFAT1 gene expression in the process of 
osteoclast differentiation (38). N‑terminal domains bind to 
calcineurin phosphorylation.

NFATc1 serves an important role in regulating osteoclast 
maturation; its N‑terminal domain binds to calcineurin 
causing dephosphorylation to mediate the nuclear translo‑
cation of NFAT, and the C‑terminal domain specifically 
binds to the DNA sequence and acts together with activator 
protein 1 (38,39). The GenBank accession numbers for these 
sequences are U02079 (murine NFAT1a), U43341 (NFAT1b) 
and U43342 (NFAT1c). The sustained transcription of NFATc1 
is mainly maintained by Ca2+ and calcineurin pathways. When 
free Ca2+ in the cell increases, dephosphorylation of NFATc1 
by calcineurin leads to Ca2+ translocating to the nucleus to 
serve a transcriptional role; notably, it activates osteoclast 
differentiation gene transcription (40). NFATc1 deficiency 
in mice has been reported to be embryonically fatal (41). 
Notably, mice with NFATc1 knockout fail to develop mature 
osteoclasts and undergo osteolysis (42). However, the ectopic 
expression of NFATc1 effectively enables osteoclast precursor 
cells to differentiate into osteoclasts in the absence of RANKL 
stimulation (43). The current study indicated that OGR1 may 
induce Ca2+ release from intracellular stores in an acidic 

Figure 5. Effects of extracellular acidification on the calcineurin‑NFATc1 signaling pathway of osteoclast differentiation (n=5). (A) mRNA expression levels 
of calcineurin following treatment with an OGR1 inhibitor. (B) Effects of an OGR1 inhibitor on the protein expression levels of calcineurin in osteoclasts. 
(C) mRNA expression levels of NFATc1 in osteoclasts treated with the inhibitor of calcineurin cyclosporine A. *P<0.05 vs. pH 7.4; #P<0.05 vs. pH 6.8. NFATc1, 
nuclear factor‑activated T cell 1; OGR1, ovarian cancer G protein‑coupled receptor 1.
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environment. OGR1 inhibitors, such as Cu2+, and the Ca2+ 
chelator BAPTA‑AM, may markedly inhibit the acid‑induced 
elevation of Ca2+ in osteoclasts by preventing NFATc1 nuclear 
translocation. It was also shown that the increase in Ca2+ 
levels was suppressed in osteoclasts treated with the selec‑
tive PLC blocker U73122. These findings indicated that the 
phosphatidylinositol signaling pathway may participate in 
Ca2+ elevation. It may be hypothesized that the extracellular 
hydrogen ion (H+) binds to cell OGR1 to induce PLC, after 
which, induced phosphatidylinositol 4,5‑bisphosphate may 
produce diacylglycerol and inositol‑1,4,5‑triphosphate (IP3). 
IP3 can combine with the endoplasmic reticulum ligand gated 
channel to activate the Ca2+ channel, thereby increasing Ca2+. 
These results suggested that the Ca2+‑calcineurin‑NFATc1 
pathway may have an important role in acid‑induced osteoclast 
formation and activation.

Increasing evidence has revealed that the expression of 
multiple genes related to osteoclast differentiation and activity 
are closely controlled by NFATc1; these include TRAP, 
OSCAR, cathepsin K and integrin β3 (37,40,44). Osteoclast 
bone erosion is a complex process. The role of integrin promotes 
osteoclast migration and attachment to the bone and integrins 
αv and β3 are cell adhesion receptors mediate the interaction 
between the extracellular matrix (the organic and inorganic 
components of bone) and cells during bone resorption (45). In 
bone remodeling, type II carbonic anhydrase is one of the char‑
acteristic enzymes of mature osteoclasts, which can inversely 
catalyze the production of H+ and provide a source of acid for 
osteoclast demineralization (46). The high concentration of H+ 
in the environment cannot break down minerals, but creates 
an acidic microenvironment for hydrolases, such as MMP‑9, 
TRAP and cathepsin K, and is thus involved in bone resorp‑
tion (47,48). MMP‑9 and cathepsin K not only degrade organic 
components of bone, but also help osteoclast cells move (48). 
The current study showed that acid could promote the gene 
expression of MMP‑9, TRAP and cathepsin K, suggesting 
that extracellular acidification may enhance the bone resorp‑
tion capacity of osteoclasts. OSCAR serves an important role 
in osteoclast formation and bone metabolism, and NFATc1 
regulates the expression of OSCAR in osteoclasts. In addition, 
OSCAR can further activate NFATc1, forming a positive feed‑
back loop and promoting osteoclast differentiation (49). The 
present study showed that extracellular acidification increased 
OSCAR mRNA expression, suggesting that the acidic medium 
promoted RANKL to induce RAW 264.7 cells to differentiate 
into mature osteoclasts.

There were certain limitations in the present study. Firstly, 
the main purpose of the study was to explore and confirm 
the relationship between extracellular acidification and the 
Ca2+‑calcineurin‑NFATc1 signaling pathway. However, new 
targets of this signaling pathway were not further investigated. 
Our research team aims to identify new targets in this signaling 
pathway to correct bone metabolism disorders. For example, 
future studies could focus on ORG1 inhibitors in specific 
parts of the bone, such as the femoral head for topical treat‑
ment of femoral head necrosis. The Ca2+‑calcineurin‑NFATc1 
signaling pathway also can be used as a new therapeutic target 
to reduce osteoclast activity to treat osteoporosis. Moderate 
increases in skeletal extracellular fluid pH may also be a 
future research direction. Furthermore, the lack of in vivo 

experiments is another limitation of the present study. We 
aim to identify the mechanism underlying the relationship 
between bone and the local acidic microenvironment through 
animal modeling. Finally, an OGR1 inhibitor was used in the 
present study, which verified the experimental results and 
excluded potentially confounding factors, even though it is not 
considered a specific inhibitor for osteoclasts. Specific inhibi‑
tors need to be further developed. However, the present study 
identified some notable findings; the relationship between 
osteoclasts and an acidic microenvironment was revealed, and 
the Ca2+‑calcineurin‑NFATc1 signaling pathway was explored.

In conclusion, the present study revealed that osteoclast 
formation and absorption were markedly enhanced in 
response to extracellular acid. By contrast, blocking OGR1 
suppressed the differentiation and activation of osteoclasts 
in an acidic environment. Notably, OGR1 may increase Ca2+ 
levels via activation of the Ca2+‑calcineurin‑NFATc1 signaling 
pathway, and could thus promote osteoclast differentiation and 
activity. Numerous studies have been performed on the effects 
of intervention factors on osteoclasts. For examples, naringin 
promotes the apoptosis of osteoclasts by regulating the activity 
of the mitochondrial apoptosis pathway (50). However, the 
pH value of osteoclast culture medium was not considered 
in the experimental method; however, most researchers have 
not paid attention to the pH value of the osteoclast culture 
medium during experimentation, which can lead to deviations 
in the results because osteoclasts are sensitive to acidic envi‑
ronments. Notably, the Ca2+‑calcineurin‑NFATc1 signaling 
pathway can be used as a new therapeutic target for bone 
metabolic disease. For example, osteoporosis can be treated 
by blocking the Ca2+‑calcineurin‑NFATc1 signaling pathway 
to inhibit the bone resorption activity of osteoclasts. In addi‑
tion, methods can be developed to improve the local pH of 
the femoral head, thereby reducing the activity of osteoclasts, 
to treat femoral head necrosis. Notably, the relationship 
between bone and the local acidic microenvironment requires 
additional investigation in the future.
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