
INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE  37:  284-292,  2016284

Abstract. The vacuolar-type H+ adenosine triphospha-
tase (V-ATPase) plays an important role in cellular acidification 
and bone resorption by osteoclasts. However, the direct effect 
of bovine parathyroid hormone (bPTH) on V-ATPase has not 
yet been elucidated. The aim of the present study was to assess 
the effects of bPTH on V-ATPase and osteoclasts. Osteoclasts 
from bone marrow (BM)-derived monocytes of C57BL/6 mice 
were cultured with or without bPTH. The mRNA and protein 
expression levels of the V-ATPase a3-subunit and d2-subunit (by 
RT-qPCR and western blot analysis), V-ATPase activity (using 
the V type ATPase Activity Assay kit) and the bone resorption 
function of osteoclasts (by bone resorption assay) were exam-
ined following treatment with various concentrations of bPTH 
(0.1, 1.0, 10 and 100 ng/ml) alone or with bPTH and its inhibitor, 
bafilomycin A1. Furthermore, the expression of parathyroid 
hormone (PTH) receptors in osteoclasts was also detected. 
The results revealed that the mRNA and protein expression 
levels of V-ATPase a3-subunit and d2-subunit increased in a 
dose‑dependent manner, paralleling the level of bPTH present. 
In addition, an increase in the concentration of bPTH was 
accompanied by the increased resorption capability of osteo-
clasts, whereas bone resorption was inhibited in the presence 
of bafilomycin A1. In addition, we confirmed the existence of 
parathyroid hormone 1 receptor (PTH1R) in osteoclasts using 
three different methods (RT-qPCR, western blot analysis and 
immunofluorescence staining). We found that bPTH enhanced 
the bone resorption capability of osteoclasts by modulating the 
expression of V-ATPase subunits, intracellular acidification 

and V-ATPase activity. Thus, we propose that PTH has a direct 
effect on osteoblasts and osteoclasts, and that this effect is medi-
ated through PTH1R, thus contributing to bone remodeling.

Introduction

The parathyroid hormone (PTH) family, including PTH-related 
peptide  (PTHrP), regulates calcium and bone homeostasis 
and a multitude of developmental processes through its 
receptors (the PTHRs). Two PTHRs have been identified as 
PTH family ligands in mammals, designated as parathyroid 
hormone  1 receptor  (PTH1R) and parathyroid hormone  2 
receptor (PTH2R), and three in teleostei fish or other non-
mammalian vertebrates, including zebrafish, seabream and 
chicken  (1,2). PTH1R mediates the actions of PTH and 
PTHrP in mammals. Human PTH2R, which is found in the 
brain, pancreas, heart and kidneys, is activated by PTH and 
tuberoinfundibular peptide of 39 residues (1,3,4). PTH1R is 
a G protein-coupled member of the secretin receptor family 
that interacts with the NH2-terminal 34 amino acids of the 
ligand  (5). PTH1R signaling, which is mediated through 
the α-subunit of the stimulatory G-protein promotes cyclic 
adenosine monophosphate production and subsequently acti-
vates protein kinase A or protein kinase C (6,7).

Thus far, the opinion of the majority of researchers is that 
osteoclasts do not express PTHR; it is widely accepted that PTH 
has an indirect effect on osteoclastogenesis by activating PTH1R 
in osteoblasts or osteocytes (8-10). Only a few researchers have 
considered the possibility that PTH1R has a direct effect on 
osteoclasts (11,12). PTH increases osteoclast formation and 
bone resorption through the regulation of receptor activator 
of nuclear factor-kappa B ligand (RANKL)/osteoprotegerin 
expressed by osteoblasts (13).

Vacuolar-type H+ adenosine triphosphatase (V-ATPase), a 
type of proton pump, is widely present in eukaryotic cells, and 
participates in various physiological processes, particularly 
in the control of intracellular pH (14). V-ATPase is highly 
expressed in osteoclasts and plays an important role in bone 
resorption  (15). The core structure of V-ATPase has been 
defined: it consists of V1 and V0 domains and an auxiliary 
subunit AC45, M8-9  (16).   The V1  domain is an approxi-
mately 640-kDa peripheral complex on the cytoplasmic side 
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of the membrane (17). This domain is organized into several 
subunits  (A, B1, B2, C1, C2, D, E1, E2, F, G1, G2, G3 and H) 
and is responsible for ATP hydrolysis (16). The V0 domain 
is approximately 260 kDa and is membrane‑embedded. V0 
consists of 10 subunits (a1, a2, a3, a4, c, c', c'', d1, d2 and e) and 
mediates proton transport across the membrane. In mammals, 
the V0 domain contains one of four isoforms (a1, a2, a3 and a4) of 
the a-subunit, which is a large integral protein and contributes 
to the proton pore (18). The a1 isoform is most highly expressed 
in brain and myocardial cells; a2 is most highly expressed in 
the acrosomal membrane in sperm; the a3 isoform is highly 
expressed by osteoclasts, microglia and pancreatic β cells, 
whereas the a4 isoform is highly expressed by renal intercalated 
cells (19). Disruption of the mouse a3 encoding gene has been 
noted to result in severe osteopetrosis and mutations of the a3 
isoform in humans and also leads to a condition known as auto-
somal recessive osteopetrosis including infantile malignant 
osteopetrosis. This compelling genetic evidence suggests that 
the a3 isoform is essential for, and specific to, osteoclastic bone 
resorption (15,17,20). In addition, the d1 isoform is ubiquitously 
expressed, whereas the d2 isoform is expressed predominantly 
in the kidneys and osteoclasts. The d2 isoform is an essential 
component of the osteoclast-specific proton pump that medi-
ates the extracellular acidification in bone resorption (21). In 
d2 gene knockout mice, failure of pre-osteoclast fusion into 
mature multinucleated cells was noted, as was the osteopetrosis 
phenotype (22). Mutations in the d2-subunit of V-ATPase result 
in reduced tartrate-resistant acid phosphatase (TRAP) expres-
sion and decreased fusion of osteoclast precursors (23). These 
data suggest that the d2-subunit has dual functions in relation to 
the regulation of osteoclast maturation and osteoclast extracel-
lular acidification. Thus, our study focuses on the expression of 
the a3-subunit and d2-subunit, where they serve as a component 
of V-ATPase in mature osteoclasts. Furthermore, we wished to 
determine whether PTH has a direct effect on osteoclasts and 
whether this effect is linked to V-ATPase.

Materials and methods

Reagents. C57BL/6 mice were provided by the Laboratory 
Animal Center of Sun Yat-Sen University (Guangzhou, China). 
Six 6-10-week-old and three 7-day-old female mice were used 
(type C57BL/6), typically weighting 25 g and 6.0 g, respectively. 
All animal experiments were approved by the Institutional 
Animal Care and Use Committee at the School of Life Sciences 
at Sun Yat-Sen University. All experimental procedures were 
performed in accordance with the Guide for the Care and Use 
of Laboratory Animals and the Institutional Ethical Guidelines 
for Animal Experiments. C57BL/6 mice were employed for 
cell cultures. Calvarial osteoblasts from postnatal and bone 
marrow (BM) cells from adult C57BL/6 mice were collected.

All primers were designed and synthesized by Invitrogen 
Life Technologies (Carlsbad, CA, USA). The reverse tran-
scription reagent kit and the real-time polymerase chain 
reaction (PCR) reagents were purchased from Takara Bio 
(Dalian, China). A BCA Protein Assay kit and BCECF-AM 
solution were acquired from Beyotime Institute of 
Biotechnology (Nanjing, China). The TRAP staining kit was 
purchased from Sigma-Aldrich (St. Louis, MO, USA). The AKP 
staining kit was purchased from Jiancheng Bioengineering 

Institute (Jiancheng, Nanjing, China). Bovine PTH [bPTH-
(1-34)] was purchased from Bachem Bioscience  Inc.  (King 
of Prussia, PA, USA). Soluble murine RANKL and macro-
phage colony-stimulating factor  (M-CSF) were purchased 
from R&D Systems  (Minneapolis, MN, USA). Antibodies 
to the V-ATPase a3-subunit (Cat. no. H00010312-K) and d2-s
ubunit  (Cat.  no.  H00245972-M01) were purchased from 
Abnova,  Inc.  (Taipei, Taiwan). Anti‑rabbit IgG-FITC anti-
body (Cat. no. sc-2012), and PTH1R (Cat. no. sc-20749) and 
PTH2R (Cat. no. sc-30005) antibodies were purchased from 
Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA).

Administration of bPTH. The amino acid sequences of murine 
and bovine PTH are highly conserved, as has been previously 
observed (24). bPTH is frequently used in research to intervene 
in cell multiplication and differentiation processes (25-27). 
In the present study, bPTH-(1-34) powder was dissolved in 
0.1% bovine serum albumin (BSA) and stored at -20˚C. The 
control cultures were treated with the same concentration of 
BSA. In our experiments, the treated groups were incubated 
with bPTH from day 5 to 6. The final concentration of bPTH in 
the culture medium was 0.1, 1.0, 10 and 100 ng/ml.

Culture of primary mouse monocytes and differentiation 
of osteoclasts. BM cells were isolated from the femurs of 
6-10-week-old C57BL/6 mice by flushing the shaft with phos-
phate-buffered saline (PBS) using needles, and the cells were 
further dispersed several times by gentle, repeated pipetting 
with a sterile pipette. The isolated cells were cultured for 24 h 
in α-MEM containing 100 U/ml penicillin, 100 µg/ml strep-
tomycin and 10% FCS. Non-adherent BM-derived monocytes 
were collected and cultured for 48 h in α-MEM (Invitrogen, 
Shanghai, China) containing 100  U/ml penicillin (Gibco, 
Shanghai, China), 100 µg/m streptomycin (Gibco), 10% FCS 
(Biological Industries, Kibbutz Beit-Haemek, Israel) and 25 ng/
ml recombinant M-CSF as previously described (28). After 
the BM-derived monocytes were induced to differentiate into 
mononuclear macrophages, the stromal cells and lymphocytes 
which cannot adhere to the suspension culture dish were 
removed and the adherent cells were collected, pelleted and 
counted before being seeded at 104 cells/cm2 in the presence 
of recombinant RANKL. Fresh medium containing 35 ng/ml 
RANKL was added every 2 days until multinucleated osteo-
clasts formed (approximately 5 days). After the mononuclear 
macrophages were cultured for 5 days, the cells were fixed 
and stained using the TRAP kit based on the manufacturer's 
instructions (Sigma-Aldrich). TRAP‑positive multinucleated 
cells containing 3 or more nuclei were identified as osteoclasts.

RNA isolation and RT-qPCR. The osteoclasts were induced in 
6-well plates as mentioned above and cultured with bPTH 
from day 5 to 6. Fresh medium containing a different concen
tration of bPTH was replaced every 2 days. Following culture 
for 6 days, total RNA was isolated from the osteoclasts using 
TRIzol reagent. For RT-qPCR, cDNA was synthesized from 
1 µg total RNA using reverse transcriptase and oligo(dT) primers 
in a volume of 10 µl, and the reaction mixture was finally 
adjusted to 50  µl with TE  buffer for PCR. The cDNA 
amplification reaction mixture was initially incubated at 95˚C 
for 30 sec to denature DNA. Amplification was performed for 
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40 cycles of 95˚C for 5 sec and 60˚C for 34 sec, respectively. 
qPCR was performed under the following conditions: 95˚C for 
2 min, then 40 cycles of 95˚C, 30 sec; 60˚C, 1 min; 72˚C, 2 min. 
The specificity of the PCR products was verified by melting 
curve analysis. Data were normalized using the GAPDH 
housekeeping gene as an endogenous control. All primers 
were derived against murine sequences. The following primer 
sets were used: GAPDH forward, CCATGTTTGTGATGGG 
TGTGAACC and reverse, TGTGAGGGAGATGCTCAGTG 
TTGG; V-ATPase a3-subunit (Atp6v0a3) forward, GAGA 
CCTCAACGAATCCGTGA and reverse, CGATCCGTTT 
CCTCCTGGA; V-ATPase d2-subunit (Atp6v0d2) forward, 
CTGGTTCGAGGATGCAAAGC and reverse, GTTGCCAT 
AGTCCGTGGTCTG; PTH1R forward, GCACACAGCAG 
CCAACATAA and reverse, CGCAGCATAAACGACAG 
GAA; and PTH2R forward, GGCTGATTCTCAGTAGCT 
GTCT and reverse, GGGCCAACAAATGATCCCATC.

Western blot analysis. The osteoclasts were induced in 12-cm 
petri dishes. Following 48 h of co-culture with bPTH (0.1, 1.0, 
10 and 100 ng/ml), protein lysates of osteoclasts were prepared 
in RIPA buffer (Beyotime Institute of Biotechnology). Cell 
lysates (30 µg) were electrophoresed on 12% polyacrylamide-
SDS gels. Proteins were then transferred onto a nitrocellulose 
membrane and incubated with the following rabbit anti-mouse 
antibodies (0.2  µg/ml): anti‑V‑ATPase a3-subunit, anti-V-
ATPase d2-subunit, anti‑PTH1R, anti‑PTH2R and anti-GAPDH 
as an internal control, followed by 1 µg/ml anti-rabbit immu-
noglobulin G-horseradish peroxide conjugate. The bands were 
scanned, and the intensity was measured using a digital gel 
electrophoresis image processing and analysis system (Tanon, 
Shanghai, China).

Determination of intracellular pH. The osteoclasts were 
induced in 24-well plates and treated with 0.1, 1, 10 and 100 ng/
ml bPTH from day 5 to 6. Following culture for 6 days, the 
cells were harvested and treated with 20 mM ammonium chlo-
ride for 15 min and washed twice with α-MEM free of phenol 
red and then placed into a 24-well plate with cover slips. The 
cells were then stained with the dyeing agent, BCECF-AM, a 
fluorescent probe that binds specifically to hydrogen ions, and 
incubated at 37˚C for 30 min. A total of 10 osteoclasts from 
each well were selected randomly to determine the fluorescence 
intensity (excitation at 488 nm, emission detected at 535 nm) 
under a laser scanning confocal microscope (Leica SP5-FCS; 
Leica Microsystems GmbH, Wetzlar, Germany), with the help 
of the image analyzing software Image-Pro Plus 6.0 (Media 
Cybernetics, Inc., Houston, TX, USA).

V-ATPase activity assay. To investigate V-ATPase activity, 
protein samples were extracted from 5 groups with the method 
described in the study by Koizumi et al  (29). The protein 
concentration was determined using the BCA Protein Assay 
kit. V-ATPase activity assay was performed using the c 
(Genmed Scientifics, Inc., Arlington, MA, USA). In the pres-
ence or absence of bafilomycin A1 (APExBIO Technology, 
Houston, TX, USA), which is a sensitive inhibitor of V-ATPase, 
V-ATPase hydrolyzed the substrate ATP in a pyruvate kinase 
and lactate dehydrogenase  (LDH) system. In this reaction, 
NADH was converted to NAD, and the activity of V-ATPase 

was calculated according to the change of absorbance at 
340 nm. The unit of measurement is µmol ATP/min/mg. These 
assay protocols were executed according to the manufacturer's 
instructions.

Bone resorption assay. The osteoclasts were induced using 
the foregoing method and grown in each well of Osteo Assay 
Surface multiple-well plates (Corning, NY, USA) for 6 days. 
Various concentrations of bPTH were added to the culture 
from day 5 to 6; 10 nM bafilomycin A1 was used to block 
V-ATPase. Following culture for 6  days, the plates were 
washed with saline and a solution of 5% sodium hypochlo-
rite was added for 5 min in order to detach the cells. The 
cells were then stained with 1% toluidine blue. The resorp-
tion area was examined under a microscope and each group 
was compared using ImageJ software (National Institutes of 
Health, Bethesda, MD, USA).

Detection of PTHRs in osteoclasts by immunofluorescence 
staining. The primary antibodies used were polyclonal 
rabbit anti‑mouse PTH1R  (Cat.  no.  sc-20749) and PTH2R 
(200  µg/ml; Cat.  no.  sc-30005) (both from Santa Cruz 
Biotechnology, Inc.) diluted at 1/50. The secondary antibodies 
were FITC-conjugated goat anti‑rabbit (Cat. no. sc-2012; Santa 
Cruz Biotechnology, Inc.). DAPI (1 mg/ml) was used to identify 
the nuclei. The cells were fixed in 4% PFA prior to antibody 
staining. After being washed with PBS (0.01 M, pH 7.4) solu-
tion 3 times, glass cover slips were saturated with washing 
solution (5% BSA) for 30 min. The cells were incubated with 
the primary antibody diluted in washing solution for 30 min 
and then rinsed in the same solution for 15 min prior to incuba-
tion with the secondary conjugated antibodies (1:100 dilution) 
for 30 min at room temperature. The cells were then washed 
for 15 min and incubated with DAPI (1:1,000 dilution) for 
5 min. Finally, the cells were washed for 15 min. Primary 
mouse calvarial osteoblasts were isolated from 7-day-old 
C57BL/6 mice using the method described by Wang et al (30). 
In brief, osteoblasts were isolated from the calvaria of 7-day-
old C57BL/6 mice by 4 sequential 15-min enzyme digestions 
at 37˚C in solution containing 0.05%  trypsin-EDTA and 
0.1% collagenase P (Gibco). The cells released from the second 
to fourth digestions were pooled, centrifuged, resuspended 
and plated at 1.5x104/cm2 in 25cm2 culture plates in DMEM 
(Invitrogen, Shanghai, China) containing 10%  (v/v) FCS 
(Biological Industries), 100 U/m penicillin (Gibco), 100 µg/
mL streptomycin (Gibco) and non-essential amino acids (100 
µM). The plated cells became confluent around days 5-7. Then 
the culture medium was changed to differentiation medium. 
The osteoblasts were then cultured in plastic dishes or plates 
containing α-MEM supplemented with 10% (v/v) FCS, 100 U/
ml penicillin (Gibco), 100 µg/ml streptomycin (Gibco) and 
2  mM glutamine  (Amresco, Solon, OH, USA). Following 
48 h of culture, the cells were stained as positive controls. 
Immunofluorescence and confocal microscopy were performed 
immediately. No specific staining was observed if the primary 
antibodies were omitted.

Statistical analysis. The results are represented as the 
means ± the standard deviation (SD). Data were statistically 
analyzed by one-way analysis of variance (ANOVA) using 
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Figure 2. Effect of bPTH on the intracellular pH of osteoclasts. (A) Osteoclasts were stained with BCECF-AM, and the fluorescence intensity was examined 
under a laser scanning confocal microscope. The green fluorescence intensity declined, with a decrease of intracellular pH value. The bottom right panel depicts 
tartrate‑resistant acid phosphatase (TRAP) staining of osteoclasts. Mature osteoclasts were identifiable as large, multinucleated giant cells that express TRAP. 
(B) Relative fluorescence intensity per cell. Data are expressed as the means from triplicate determinations (means ± SEM), represented by vertical bars (*P<0.05). 
(C) The time course for the effect of bPTH on intracellular pH value. Fluorescence intensity was examined as mentioned above. 

Figure 1. Impact of bovine parathyroid hormone (bPTH) on osteoclast differentiation. (Α) The number of mature osteoclasts was calculated in each group. Results 
were from 3 individual experiments performed in triplicate. There was no significant difference between these groups. A P-value <0.05 denoted a statistically 
significant difference. (B) Effect of bPTH on vacuolar-type H+ adenosine triphosphatase (V-ATPase). Osteoclasts were treated with 0.1, 1, 10 and 100 ng/ml bPTH 
in medium for 48 h. RT-qPCR was performed, and the expression of V-ATPase a3-subunit and d2-subunit was normalized to GAPDH. Results are from 3 inde-
pendent experiments performed in triplicate, and are displayed as relative expression calibrated to the control samples. Data are represented as the means ± SEM, 
as shown by the vertical bars. *P<0.05 vs. control. (C) Western blot analysis was used to detect the protein expression of V-ATPase a3-subunit and d2-subunit. 
(D) Densitometric scan analysis of western blot analysis. Data are expressed as the means from triplicate determinations (means ± SEM) shown by the vertical 
bars (*P<0.05). 
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SPSS 13.0 software (SPSS Inc., Chicago, IL, USA). All statis-
tical tests were two-sided; a P-value <0.05 was considered to 
indicate a statistically significant difference.

Results

Impact of bPTH on osteoclast differentiation. After the osteo-
clasts were induced in 96-well plates and cultured with various 
concentrations of bPTH for 5 days, the number of mature 
osteoclasts was determined (Fig. 1A). The number of mature 
osteoclasts in the control group and bPTH-treated groups (0.1, 
1, 10 and 100 ng/ml) was 14.5±2.6, 14.0±2.7, 14.8±3.0, 15.8±1.7 
and 14.7±2.2, respectively. There were no significant differ-
ences observed between the different groups. These results 
suggest that bPTH does not have a great impact on osteoclast 
differentiation.

Effect of bPTH on V-ATPase expression. RT-qPCR was used 
to measure the mRNA expression levels of the V-ATPase 
a3-subunit and d2-subunit. Compared to the control group, 
the mRNA expression of V-ATPase was found to be 1.5-3-
fold higher for the a3-subunit and 1.5-8-fold higher for the 
d2-subunit (Fig. 1B). The protein expression levels increased 
by 1.4-3.6-fold and 1.7-15‑fold for the V-ATPase a3-subunit and 
d2-subunit, respectively, in the bPTH-treated groups compared 

to the control (Fig. 1C and D). The mRNA and protein expression 
levels of V-ATPase differed significantly between the bPTH-
treated groups and the control (P<0.05). These results indicated 
that the mRNA and protein expression of the V-ATPase 
a3-subunit and the d2-subunit were elevated in a dose-dependent 
manner (with increasing concentrations of bPTH).

Effect of bPTH on intracellular pH in osteoclasts. BCECF-AM 
is capable of sensing intracellular pH in living cells, with the 
fluorescence intensity decreasing as the pH value decreases 
from 9.5 to 6.2. The effect of bPTH on the intracellular pH 
value in osteoclasts was assessed by laser scanning confocal 
microscopy. Treatment with increasing concentrations of 
bPTH, from 0.1 to 100 ng/ml, decreased the fluorescence inten-
sity (Fig. 2). The fluorescence intensity decreased with time in 
the first 24 h and reached a platform thereafter.

Effect of bPTH on V-ATPase activity. In this study, a significant 
increase in V-ATPase activity was observed in the bPTH-
treated groups compared with the control group. The increase 
in V-ATPase activity indicated a positive association with the 
concentrations of bPTH  (Fig. 3C). V-ATPase activity was 
42.59±9.97, 20.58±5.17, 6.20±2.46, 2.41±0.91 and 0.42±0.12 
(µmol ATP /min/mg) in the treated groups (100, 10, 
1.0 and 0.1 ng/ml) and the control, respectively.

Figure 3. Effect of bovine parathyroid hormone (bPTH) on bone resorption. Osteoclasts were cultured in Osteo Assay Surface multiple-well plates and treated 
with various concentrations of bPTH for 2 days. (A) The absorbed areas on the plates were captured at 100x magnification with a digital camera attached to the 
microscope. Resorption planes from 10 random fields for each well were analyzed using ImageJ software. Upper panels, bPTH group; lower panels, bPTH plus 
bafilomycin A1 (baf. A1; 10 nM) group. (B) The concentrations of bPTH were 0.1, 1.0, 10 and 100 ng/ml. The bone resorption area of osteoclasts. Each value of 
bone resorption indicates the means ± SEM. *P<0.05 vs. value for the controls. (C) Vacuolar-type H+ adenosine triphosphatase (V-ATPase) activity in response to 
bPTH. Osteoclasts were bPTH-treated or vehicle‑treated. Data are expressed as the means from triplicate determinations (means ± SEM) shown by the horizontal 
bars (*P<0.05).
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Effect of bPTH on bone resorption. As a culture dish with its 
bottom coated with calcium-phosphate thin film that would 
become a substrate for osteoclasts, the Osteo Assay Surface 
multiple-well plate (Corning, NY, USA) is designed to measure 
the bone resorption activity of osteoclasts. The bone resorp-
tion activity of the osteoclasts can be measured by direct 
observation under a phase contrast microscope without using 
a scanning electron microscope (SEM). The osteoclasts were 
induced and cultured on plates covered with hydroxyapatite 
crystals. Following culture for 6 days, the bone resorption area 
of osteoclasts in the bPTH-treated groups increased by 2-6-fold, 
in parallel with the increasing concentration of bPTH in the 
culture medium (Fig. 3). The bone resorption area of the control 
group and bPTH-treated groups was 0.050±0.007, 0.103±0.026, 
0.155±0.011, 0.213±0.027 and 0.290±0.035 mm2, respectively. 
In the osteoclast groups treated with bPTH plus bafilomycin A1, 

bone resorption was completely inhibited (Fig. 3A). This implies 
that exposure to bPTH enhances the bone resorption capability 
of osteoclasts.

Expression of PTHRs in osteoclasts. The expression of PTH1R 
and PTH2R was analyzed using RT-qPCR, western blot 
analysis and immunofluorescence staining (Fig. 4). The results 
revealed that the osteoclasts expressed PTH1R mRNA both in 
the control group and the bPTH-treated group (1 ng/ml), but 
PTH2R mRNA was not detectable. It seemed that the mRNA 
expression of PTH1R was not markedly affected by the low 
dose of bPTH, and neither was PTH1R protein expression, as 
was also detected by western blot analysis. Moreover, positive 
staining for PTH1R protein was observed in both osteoblasts 
and osteoclasts by laser scanning confocal microscopy. These 
results suggest that PTH exerts its effects on both osteoblasts and 

Figure 4. Detection of PTHRs. (A) Relative mRNA expression of parathyroid hormone 1 receptor (PTH1R) and parathyroid hormone 2 receptor (PTH2R) in 
osteoclasts. RT-qPCR was used to analyze the mRNA expression of PTH1R and PTH2R in osteoclasts (normalized to GAPDH). Data are expressed as the 
means from triplicate determinations (means ± SEM) shown by the vertical bars (*P<0.05). (B) Western blot analysis of PTH1R and PTH2R protein expression in 
osteoclasts normalized to GAPDH. Representative blots from three independent experiments are shown. (C) Densitometric scan analysis for western blot analysis. 
Data are expressed as the means from triplicate determinations (means ± SEM) shown by the vertical bars (*P<0.05). (D) Relative mRNA expression of PTH1R and 
PTH2R in osteoblasts. (E) Western blot analysis of PTH1R and PTH2R protein expression in osteoblasts normalized to GAPDH. (F) Densitometric scan analysis 
for western blot analysis. (G) Immunofluorescence detection of PTH1R. Cells were cultured in plastic plates with a cover slip placed inside wells before seeding. 
Nuclei were stained in blue and PTH1R was stained in red. Positive staining for PTH1R in osteoclasts (OC) was observed with a laser scanning confocal 
microscope at 40x magnification. Osteoblasts (OB) that express PTH1R were stained as positive controls. As shown in the upper-right corner of the image, mature 
osteoclasts were identifiable as large multinucleated giant cells that express tartrate‑resistant acid phosphatase (TRAP). After 10 days of culture, osteoblasts were 
also dyed using AKP histochemical staining to confirm the origin of the cells. Red-brown granules appeared in mature osteoblast cytoplasm and nuclei were 
stained in purple. 
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osteoclasts by binding to PTH1R and that downstream signaling 
pathways are initiated to maintain the balance of osteogenesis 
and osteolysis. However, this balance would be broken by a high 
serum level of PTH, which exists in pathalogical states, such as 
hyperparathyroidism.

Discussion

Osteoclasts are multinucleated cells fused from BM-derived 
monocytes-macrophages, which are specialized for and 
involved in bone resorption (31). In patients with end-stage 
renal disease, the excessive secretion of PTH has been shown 
to increase osteoclast activity, stimulate bone resorption, mobi-
lize bone calcium and disrupt the balance between osteoclasts 
and osteoblasts (32). Generalized bone loss from increased 
osteoclast activity also contributes to renal osteodystrophy and 
a significant reduction in the quality of life (33). Generally, the 
unique ability of osteoclasts to degrade skeletal tissue depends 
on the formation of a resorptive microenvironment between 
osteoclasts and the bone surface (34). V-ATPase plays a crucial 
role in this skeleton remodeling process; nevertheless, the under-
lying mechanisms remain poorly understood. The findings of the 
present study revealed that the exposure of osteoclasts to bPTH 
induced the high expression of the V-ATPase a3-subunit and 
d2-subunit, promoted V-ATPase activity, accelerated intracel-
lular acidification and increased the bone‑resorption capability 
of osteoclasts. We also found that PTH1R exists in BM-derived 
osteoclasts. Based on these results, we hypothesized that bPTH 
binds to PTH1R and increases the bone resorption capability 
of osteoclasts by increasing the expression of the V-ATPase 
a3-subunit and d2-subunit. PTH not only promotes the forma-
tion of osteoblasts, but also accelerates bone resorption by 
osteoclasts by combining with PTH1R (Fig. 5). Therefore, 

V-ATPase and PTH1R may be novel treatment targets in bone 
disease (35).

The formation of hydrogen ions and bicarbonate by 
osteoclasts is catalyzed by carbonic anhydrase II from carbon 
dioxide (36). The chloride-bicarbonate (Cl-/HCO3

-) exchange 
also plays a role in the intracellular acidification of osteo-
clasts (37). Previous studies have confirmed that PTH directly 
stimulates the acidification of osteoclasts (38,39). It has also 
been verified that PTH promotes the expression of carbonic 
anhydrase II in murine marrow cells (40). In this study, bPTH 
induced a reduction in osteoclast intracellular pH, which corre-
lated with a decrease in fluorescence intensity. We hypothesized 
that the decrease in intracellular pH in osteoclasts was related 
to the carbonic anhydrase II or Cl-/HCO3

- exchange, but not 
V-ATPase. Intracellular acidification may provide adequate 
hydrogen ions for V-ATPase to transfer to the extracellular 
microenvironment. We suggest that this change contributes to 
the bone resorption capability of osteoclasts once osteoclasts 
are activated by attaching to the bone surface.

The effect of PTH on osteoclasts has seldom been studied 
before, as the opinion that osteoclasts do not express PTHRs is 
widely accepted. In fact, PTHR expression in osteoclasts has 
yet to be confirmed (41-43). Langub et al (42) detected PTH1R 
mRNA by in situ hybridization in osteoclasts in sections of 
iliac crest biopsies. mRNA levels of PTH1R in patients with 
secondary hyperparathyroidism were higher than those in 
normal individuals (42). Immunostaining also revealed PTH1R 
protein in osteoclasts from diseased tissue (42). This suggests 
that PTH1R expression may be weak in normal situations and 
increased in pathological states. Conversely, due to its short 
half-life of approximately 4 min, PTH can be rapidly cleared 
in the blood (44). Indeed, as also previously demonstrated, 
cell-surface bound PTH was rapidly cleared in approximately 
20  min when fluorescent‑tagged PTH was introduced to 
cultures of osteoclasts  (45). Rapid clearance contributes to 
the difficulty of localizing the receptor using conventional 
detection methods. In a previous study, multinucleated osteo-
clasts were obtained from longitudinally split animal long 
bones. However, despite using milder procedures, the isolated 
osteoclasts were damaged, as evidenced by their failure to 
exude trypan blue (46). With fragile cells, significant cellular 
disintegration prevents us from detecting membrane receptors. 
However, osteoclasts induced from BM-derived monocytes are 
generated from a different source and cultured under relatively 
stable conditions and can be stained in a very short time. This 
may improve the positive rate of the detection of PTHRs.

It should be noted that the results of this study were based on 
BM-derived osteoclasts, not primary osteoclasts derived from 
long bones of mice. Notwithstanding this limitation, this study 
suggests a dual regulatory mechanism, whereby PTH acts both 
directly on osteoblasts and also via osteoclasts. The identifica-
tion of a new mode of cell-cell communication mediated by 
PTH and PTH1R has added another level of information to our 
knowledge of the regulatory balance between bone formation 
and resorption.
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Figure 5. A model of parathyroid hormone (PTH)-mediated cellular interac-
tions in bone remodeling. PTH stimulates osteoblasts (OB) to secrete receptor 
activator of nuclear factor-kappa B ligand (RANKL) and enhance the activity 
of osteoclasts (OC). RANKL interacts with its receptor (RANK), which is 
expressed on the surface of osteoclast precursors, to induce terminal differ-
entiation of these cells to mature bony resorbing osteoclasts. Osteoprotegerin 
(OPG), a decoy receptor, inhibits  the RANKL-RANK interaction by 
binding RANKL. In the presence of RANKL, osteoclasts also release sema-
phorin 4D (Sema4D) to inhibit osteogenesis. PTH may simultaneously have a 
direct effect on osteoblasts and osteoclasts through its receptor (PTH1R). The 
interactions between the cellular cytokines contribute to maintain the balance 
between bone formation and resorption.
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