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Little is known about the function of acid-sensing ion channels (ASICs) in bone cells or osteoporotic vertebral fractures (OVF).
This study delineated ASICs expression in adult human bone marrow-mesenchymal stem cells- (BM-MSC-) derived osteoblasts
and in OVF bone cells. Adult BM-MSC-derived osteoblasts were isolated and cultured in different pH values. Osteogenic markers
as alkaline phosphatase (ALP), osteopontin (OPN), and osteocalcin (OC)mRNAwere assessed. Western blots method was applied
to analyze ASICs protein expression in different pH values. Amiloride was added into the osteogenic media to analyze the Na+/K+
ATPase change. We harvested the vertebral cancellous bone through a bone biopsy needle in 26 OVF patients when performing
percutaneous vertebroplasty. Six vertebral bone specimens obtained from 4 patients with high-energy vertebral fractures were
used as the control. The reverse transcription polymerase chain reaction was performed to analyze the quantitative mRNA
expression of ASICs. Osteogenic markers as ALP, OPN, and OCmRNA were higher expressed in increasing pH values throughout
osteoblastogenesis. ASIC proteins were higher expressed in lower pH media, especially ASIC3, and ASIC4. The highest protein
expression at days 7, 14, and 21 was ASIC2, ASIC4, and ASIC3, respectively. Expression of Na+/K+ ATPase was significantly
decreased in cultured osteoblasts by addition of amiloride into the pH 6.9 osteogenic media. ASIC2 mRNA was most highly
expressed with a 65.93-fold increase in the biopsied vertebral bone cells in OVF compared with the control. In conclusion, we
found osteoblastogenesis was reduced in an acidic environment, and ASIC2, ASIC3, and ASIC4 were most highly expressed in
turn during osteoblastogenesis within acidic media. ASIC2 was the most abundantly expressed gene in human bone cells in OVF
compared with the control. ASIC2 could be crucial in the pathogenesis of osteoporosis and could serve as a therapeutic target for
antiosteoporotic therapies.

1. Introduction

Osteoporosis is an age-related skeletal disease characterized
by decreased bone mass and deteriorated microarchitecture
of the bone tissue that contribute to an increased risk of fragile
fractures [1, 2]. The most common osteoporotic fractures are
vertebral, hip, and wrist fractures that result in morbidity and
mortality in the elderly [3]. Biomechanism of osteoporosis
is homeostatic imbalance in osteoclast-mediated resorption

and osteoblast-mediated formation of the bone.The secretion
of protons by osteoclasts during bone resorption leads to
acidification of the osteoclast-bone interface [4]. In addition,
the activities of bone cells can be regulated by changes
in pH. An increasing pH can induce mineralization and
osteoblastic activity [5]. Acidosis, by contrast, stimulates
osteoclastic bone resorption [6]. An acidic microenviron-
ment can induce bone loss by increasing osteoclastogenesis
[7, 8], inducing autophagy in osteoblasts [9], and inhibiting
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osteoblast-mediated biomineralization [10]. With increas-
ing age, a significant increase in the steady-state blood
hydrogen ion concentration and reduction in steady-state
plasma bicarbonate concentration were observed, indicating
a progressively worsening low-level metabolic acidosis [11].
Hence, extracellular acidosis may play an important role in
osteoporosis development.

Acid-sensing ion channels (ASICs) are a subfamily of
epithelial sodium channel/degenerin and are recognized
as tissue pH sensors [12, 13]. ASICs are transcripted and
translated from 5 genes that encode 7 subunits of ASIC
noted (ASIC1a, ASIC1b, ASIC2a, ASIC2b, ASIC3, ASIC4, and
ASIC5). Most of ASICs were activated by rapidly increasing
extracellular concentration of hydrogen ion (acidic pH)while
ASIC5 appears to be sensitive to bile acids rather than protons
[14]. In 1997,Waldmann et al. identified the ASIC as a proton-
gated cation channel involved in acid sensing and found
that the ASIC is expressed in the dorsal root ganglia and
is distributed widely throughout the brain [15]. Multiple
studies have focused on the relevance between ASICs and
the pathophysiology of nonneuronal tissue diseases, such as
pulmonary cystic fibrosis [16], inflammatory bowel disease
[17], liver fibrogenesis [18], immunobiology of dendritic cells
[19], arthritis [20, 21], and intervertebral disc degeneration
[22].However, little is known aboutwhether the expression of
ASICs is relevant to the pathophysiology of osteoporosis.This
study aimed at delineating the expression pattern of ASICs in
adult human bone marrow-mesenchymal stem cells- (BM-
MSC-) derived osteoblasts and the expression pattern of
ASICs in human bone cells in osteoporotic vertebral fractures
(OVF).

2. Materials and Methods

2.1. Human Bone Marrow MSC Isolation and Culture. To
isolate humanMSCs, bonemarrow aspirates were taken from
the iliac crest of normal adult donors after informed consent
and under a protocol approved by an Institutional Review
Board (IRB/CGMH reference no. 97-0230B).

The techniques for isolation and culture of the adult bone
marrow MSCs were previously described by our colleague,
LeeKD [23].MSCs are cultured andmaintained in expansion
medium consists of Iscove’s modified Dulbecco’s medium
(IMDM,Gibco BRL,Grand Island, NY)with 10% fetal bovine
serum (Hyclone, Logan, UT) supplemented with 10 ng/mL
epidermal growth factor (R&D Systems), 10 ng/mL beta
fibroblast growth factor (R&D Systems), and 1% penicillin-
streptomycin- glutamine (Gibco BRL). Cells are allowed to
adhere overnight, and nonadherent cells are washed out
with medium changes. Medium changes were performed
twice weekly thereafter. Cultures were incubated at 37∘C in a
humidified atmosphere of 5%CO

2
and 95% air until reaching

cell confluence.

2.2. OsteoblastDifferentiation. To induce osteogenic differen-
tiation, the MSCs cells were treated with osteogenic medium
in different pH levels (pH of 6.9, 7.4, and 8.0) for three weeks
with medium changes twice weekly. Osteogenic medium
consists of Dulbecco’s modified Eagle’s medium (DMEM,

Gibco BRL, Grand Island, NY) supplemented with 0.1 nM
dexamethasone (Sigma-Aldrich, St. Louis, MO), 10 mM 𝛽-
glycerophosphate (Sigma-Aldrich, St. Louis,MO), and 50 𝜇M
L-ascorbic acid 2-phosphate (Sigma-Aldrich, St. Louis, MO).
Osteoblastogenesis was evaluated by colorimetric semiquan-
titative assessment of alkaline phosphatase activity as well
as Alizarin Red S staining. In addition, amiloride (Sigma-
Aldrich, St. Louis, MO), an ASICs antagonist, the ASIC
channel can be blocked by amiloride. An 0.2mM amiloride
will be added into osteogenic culture median with different
pH (pH6.9, 7.4), inwhich theMSCs are incubated for 3, 6, and
12 hours to analyze the differences of Na+/K+ ATPase change.

2.3. Osteoporotic and Nonosteoporotic Bone Tissue Collection
and Processing. Osteoporosis was defined as bone marrow
density (BMD) at the hip or lumbar spine less than or equal
to 2.5 standard deviations (SDs) below the mean BMD of a
young adult reference population or a fragility fracture of a
vertebra or hip and BMD between 1.0 and 2.0 SDs below the
mean BMD of a young adult reference population [24]. Bone
density was measured through dual energy X-ray absorp-
tiometry. A bone biopsy needle (Stryker 11G Match Ground
Bevel Tip Introduction Needle 5, Stryker Corporation,
Michigan, USA) was inserted into the vertebral body through
the transpedicular route to obtain the vertebral cancellous
bone tissue. The biopsied cancellous bone specimens from
OVF were collected during spine surgery of 26 patients (22
females and 4 males, with a mean age of 78 years) with
low-energy trauma. Of the 26 patients with fragile vertebral
fractures, the T-score of −2.5 SDs or lower was noted in 23
patients and the T-score between −1 and −2.5 SDs was noted
in 3 patients. The six biopsied cancellous bone specimens at
nonfracture vertebral levels from 4 patients (2 females and 2
males, with a mean age of 45 years), who underwent surgery
for high-energy spine fractures, were used as the control. The
4 patients in the control group had a T-score of −1 SD or
above, which was considered as normal bone density. The
biopsied cancellous bone specimen was flushed with saline to
remove blood clots and thenwas immediately frozen in liquid
nitrogen following surgery and stored at −80∘C until further
use. Approval for this study was obtained from the ethics
committee and institutional review board of the institution
(CMRP IRB no. 101-0135C).

2.4. RNA Extraction and Reverse Transcription Polymerase
Chain Reaction (RT-PCR). Total cellular RNA was extracted
from the mesenchymal stem cells after differentiation at days
7, 14, and 21 or the biopsied cancellous bone cells using the
illustra RNAspin Mini RNA Isolation Kit (GE Healthcare)
according to the manufacturer’s instructions. The mRNA
expression was detected using RT-PCR and quantitative RT-
PCR (qRT-PCR).

RevertAid� First Strand cDNA Synthesis Kit (Fermentas,
Life Science) was used in reverse transcription (RT) reaction
according to the manufacturer’s instructions. Amplifica-
tion with specific primers was performed in a GeneAmp
PCR system 9600 (Perkin Elmer) for 35 cycles with a
15 seconds/94∘C denaturation, 30 seconds/Primer Tm-5∘C
annealing, 1 minute/72∘C extension profile in the case of
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Table 1: Primer sequences for relative quantification of ASIC transcripts.

Gene Forward primer Reverse primer Accession No.∗

ASIC1 CCCTGTTGTCTTGGTGAC ATGGTGAGGTAGGATGTT NM 020039
ASIC2 CGCCACTTCGAGGGAATCAG GTAAACACGGAGGAGAAGTTGTG NM 183377
ASIC3 GGTGTTCCGAGACAAGGTCC GGTGGGAGGTCAGATTGGTG NM 020322
ASIC4 GGTAGACATCCTCAACCGCA GCGAGTATAGACCACAGAGAAGT NM 182847
ALP ACCATTCCCACGTCTTCACATTTG AGACATTCTCTCGTTCACCGCC NM 001127501
OPN AGCCAGGACTCCATTGACTCGAAC GTTTCAGCACTCTGGTCATCCAGC NM 001040058
OC ATGAGAGCCCTCACACTCCTC GCCGTAGAAGCGCCGATAGGC NM 199173
Na+/K+ ATPase TGTCCAGAATTGCAGGTCTTTG ACAACTGGTACTTGTTGGTGGA NM 000701
GAPDH GTCGGAGTCAACGGATTT CAACAATATCCACTTTACCAGAG NM 002046
∗Gene bank accession number of cDNA available on line at http://www.ncbi.nlm.nih.gov/;
ASIC: acid-sensing ion channel; ALP: alkaline phosphatase; OPN: osteopontin; OC: osteocalcin; GAPDH: glyceraldehyde-3-phosphate dehydrogenase

glyceraldehyde-3-phosphate dehydrogenase (GAPDH), alka-
line phosphatase (ALP), osteopontin (OPN), osteocalcin
(OC), and Na+/K+ ATPase. The oligonucleotide primers for
PCRwere based on published sequences of mRNAs (Table 1).
Amplified products were electrophoresed on 2% agarose
gel stained with ethidium bromide. The band intensity of
the PCR products was quantified using the Image-Pro Plus,
normalized to the density of GAPDH band.

The qRT-PCR was performed using double-stranded
DNA-binding fluorescence dye SYBRGreen I and the iCycler
iQ Detection System (Bio-Rad Laboratories, Hercules, CA).
Primers for the qRT-PCR on a computer (Beacon Designer
2.1; Premier Biosoft Int., Palo, CA) were designed and
synthesized by Mission Biotech Co., Ltd. (Taipei, Taiwan)
(Table 1). The relative gene expression was determined by the
2−ΔΔCt method and human GAPDH was used as an internal
control gene.TheqRT-PCR revealed a value (Ct) denoting the
threshold cycle of specific target gene amplification at which
the PCR product was first detected through fluorescence
(Figure 1). All the experiments were performed in duplicate
or triplicate.

2.5. Antibodies. Primary antibodies against ASIC subunits
were purchased from Millipore (Chemicon, Millipore Cor-
poration, USA) and used in 1:500 (ASIC1, ASIC4), 1:200
(ASIC2), 1:800 (ASIC3), and 1:2000 (GAPDH) dilutions for
Western blotting.

2.6. Protein Extraction and Western Blotting. The harvested
cells (the mesenchymal stem cells after differentiation at
days 7, 14, and 21) were washed three times in ice-cold
PBS and centrifuged at 1200 rpm for 5 min at 4∘C. Cell
pellets were resuspended in mammalian protein extraction
reagent (M-PER, Thermo Scientific, IL, USA) with protease
inhibitors for 30 min on ice and then centrifuged at 14000
rpm for 15 min. The supernatant was collected and total
protein was determined using the BCA (bicinchoninic acid)
Protein Assay Kit (Pierce, IL, USA). Next, 50𝜇g total protein
extract was electrophoresed in 10% SDS-polyacrylamide
gel electrophoresis for ASICs and electrotransferred onto
polyvinylidene difluoride (PVDF) membranes. After blot-
ting, membranes were blocked with 1X TBS/Casein Blocker

(Bio-Rad, Hercules, CA) for 1 hour at room temperature and
incubated overnight at 4∘C with primary antibody. Primary
antibodies were allowed to equilibrate for 2 h then the blots
were washed 3 times, 10 min each, with TBS, pH 7.4 contain-
ing 0.05% Tween 20. Secondary antibodies were either goat
anti-mouse or goat anti-rabbit HRP conjugated monoclonal
antibodies (Chemicon, Millipore Corporation, USA) and
were used at a dilution of 1:50,000. Proteinswere visualized on
imaging film (Biomax, Eastman Kodak Company, Rochester,
NY) by chemiluminescence using ECL Western Blotting
Analysis System (Chemicon) and densitometry scanning
were performed using Image-Pro Plus 4.5 software (Media
Cybernetics, Silver Spring, USA).

2.7. Statistical Analysis. Statistical analyses were performed
using the Statistical Package for the Social Sciences for
Windows (SPSS, version 12.0). The Wilcoxon rank sum test
was adopted for every continuous variable. A repeated mea-
surement of analysis of variance was performed to examine
the difference in expression of ASIC mRNA between the two
groups. All tests were two sided, and the significance level was
set at P < 0.05 for each test.

3. Results

3.1. Bone Marrow-Derived MSCs Differentiate into Mature
Osteoblasts. Osteogenesis is assessed by Alkaline Phos-
phatase (ALP) and Alizarin red S (ARS) staining (Figure 2).
Under the induction of osteogenic medium for 21 days, BM-
derived MSCs could differentiate into osteoblasts showing
positive alkaline phosphatase (Figure 2(d)) and Alizarin Red
S staining (Figure 2(f)).

3.2. Osteoblastogenesis Is Reduced in an Acidic Environment.
A pH-dependent osteogenic markers as alkaline phosphatase
(ALP), osteopontin (OPN), and osteocalcin (OC) were
observed with a higher expression at increasing pH values
throughout osteoblast differentiation (Figure 3).

3.3. Expression of ASICs in Osteoblasts Is Induced in an Acidic
Environment. ASIC1, ASIC2, ASIC3, and ASIC4 were all
expressed in osteoblasts. Higher expression levels of these

http://www.ncbi.nlm.nih.gov/
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Figure 1: 
reshold cycle (Ct) of 4 subtypes of acid-sensing ion channels (ASICs, ASICs 1, 2, 3, and 4) and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) determined using the qRT-PCR from human cancellous bone cells in osteoporotic vertebral fractures (OVF) and
nonosteoporotic bone (the control). (a) The average Ct of ASICs 1, 2, 3, and 4. (b) The average Ct of GAPDH. (c) ΔCt values of the 4 subtypes
of ASICs differentially expressed in cancellous bone cells between OVF and the control. (d) The fold change in ASIC mRNA between OVF
and the control was expressed using the 2−ΔΔCt method. ∗p<0.05.

proteins were found in lower pH medium condition, espe-
cially in ASICs 3 and 4 by Western blotting method. The
highest protein expressions at days 7, 14, and 21 were ASIC2,
ASIC4, and ASIC3, respectively (Figure 4).

3.4. ASICs Activities Are Inhibited by Amiloride in an Acidic
Environment. In studies of neural nociceptors, it has been
noted that ASICs can be blocked by a diuretic agent,
amiloride, and amiloride can be served as an antagonist

of ASICs by blocking Na+/K+ channel [25–27]. Normally,
Na+/K+ ATPase RNA content was significantly increased
in the pH 6.9 cultured osteoblasts. While amiloride was
added into the osteogenic medium, it caused a significant
decrease inNa+/K+ ATPase in the pH 6.9 cultured osteoblasts
(Figure 5).

3.5. Expression of ASIC2 Is Predominant in Osteoporotic
Bone Cells. ASIC2 was the gene with the highest expression,
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Figure 2: Bone marrow-derived MSCs differentiate into mature osteoblasts. The adult human bone marrow-derived mesenchymal stem cells
(MSCs) were cultured in the osteogenic medium. Osteoblastogenesis is assessed by alkaline phosphatase (ALP) and Alizarin red S (ARS)
staining. (d) and (f) Under the induction of osteogenic medium for 21 days, bone marrow-derived MSCs could differentiate into osteoblasts
showing positive alkaline phosphatase and Alizarin red S staining.

with a 65.93-fold increase in the biopsied cancellous bone
cells in OVF compared with the control. ASICs 1, 3, and
4 were expressed with 0.35-, 7.90-, and 6.46-fold increases,
respectively (Figure 6).

4. Discussion

In the current study, pH-dependent osteogenic markers
as alkaline phosphatase (ALP), osteopontin (OPN), and
osteocalcin (OC) were observed with a higher expression at
increasing pH values throughout osteoblast differentiation.
There was no study in the literature to investigate pH-
dependent expression of ASICs in osteoblastogenesis. We
found higher expression of ASIC proteins during osteoblast
differentiation in lower pH (pH 6.9) medium condition,
especially more abundant levels in ASIC3 and ASIC4 expres-
sion. We also found that the most highly expressed proteins
at days 7, 14, and 21 were ASIC2, ASIC4, and ASIC3,

respectively. In 2005, Jahr and colleagues [5] were credited
for the first time to demonstrate ASICs in human skeletal
cells. Similar to our findings, the onset of mineralization
was earlier and reached higher level as the extracellular pH
level was increasing. By applying the qRT-PCR, Jahr et al.
used human osteoarthritic femoral head biopsy specimens
and found that expressions of ASIC2 and ASIC3 in bone
cells were the highest while in chondrocytes it was ASIC1.
Furthermore, in the current study, we found that Na+/K+
ATPase mRNA content was significantly increased in low
pH cultured osteoblasts. While amiloride was added into the
osteogenic media, it caused a significant decrease in Na+/K+
ATPase in the pH 6.9 cultured osteoblasts. Thus, bone
homeostasis is regulated through ASICs in the bone as bone
cells can sense changes in extracellular pH because of ASICs.
Osteoblastogenesis would be reduced in acidic environment
via the expression of ASIC2, ASIC3, or ASIC4 in osteo-
blasts.
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Figure 3: Inhibition of osteoblastogenesis in an acidic environment. Osteoblast differentiation of mesenchymal stem cells (MSC) was treated
with osteogenic media in different pH levels (pH of 6.9, 7.4, and 8.0). Detection of osteogenic markers, including alkaline phosphatase (ALP),
osteopontin (OPN), and osteocalcin (OC), in MSC-derived osteoblasts after differentiation (days 7, 14, and 21) were detected by reverse
transcription polymerase chain reaction. (a), (b), and (c)The pH-dependent osteoblast markers as ALP, OPN, and OC were observed with a
higher expression at increasing pH values throughout osteoblast differentiation. ∗p<0.05.

A paucity of data exists regarding whether the type of
ASICs in human osteoporotic bone marrow cells is different
from that in human nonosteoporotic bone marrow cells.
Kanaya and colleagues [28] found that the expression levels
of ASICs 1 and 2 were significantly increased in the bone
marrow stromal cells of ovariectomized mice compared with
sham mice. Our study was the first to analyze ASICs in
human bone cells in OVF, and ASIC2 was the gene with
the highest expression, with a 65.93-fold increase in the
bone cells in OVF compared with the control. Because bone
marrow cells consist of various cell types, ASIC expression in

bone marrow biopsies could not directly refer to a distinct
cell type. Jahr and colleagues [5] used human peripheral
blood mononuclear cells treated with macrophage colony-
stimulating factor and receptor activator of the NF-𝜅B ligand
as human osteoclasts and found that ASIC2 was the most
abundantly expressed gene in differentiated osteoclasts. By
contrast, ASIC2 expression was significantly lower during
osteoblast differentiation and mineralization. Therefore, the
clinical relevance of the findings from these in vivo studies
indicates thatASIC2may be crucial in osteoclast bone resorp-
tion in the pathophysiology of osteoporosis. Moreover, in this
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Figure 4: Promotion of expression of ASICs in osteoblasts in an acidic environment. Western blots were performed to analyze ASIC1, ASIC2,
ASIC3, and ASIC4 expression of osteoblasts in pH-dependent media. ASIC1, ASIC2, ASIC3, and ASIC4 were all expressed in osteoblasts.
Higher expression of ASIC proteins during osteoblast differentiation in lower pH (pH 6.9) medium condition, especially more abundant
levels in ASIC3 and ASIC4 expression. The most highly expressed protein at days 7, 14 and 21 was ASIC2, ASIC4, and ASIC3, respectively.
∗p<0.05.

study, in vitro human osteoblast culture showed that ASIC3
and ASIC4 were abundantly expressed in a low pH level and
osteoblastogenesis was reduced in an acidic medium, and in
vivo analysis of vertebral bone cells showed that expression of
ASIC3 and ASIC4 was also increased in OVF cells compared
to non-OVF bone cells. These results indicated that ASIC3
and ASIC4 still play a role in decreased osteoblastogenesis
in an acidic environment such as osteoporosis. Expression
of ASIC1 fluctuated during osteoblastogenesis in an acidic
environment and in the osteoporotic bone cells compared to
the control. The role of ASIC1 may remain unclear in bone.

To date, little is known about the function of ASICs
in bone cells or OVF. ASIC2, which consists of two splice

variants, ASIC2a and ASIC2b, is widely expressed in both
central and peripheral nervous systems, such as the amygdala,
hippocampus, brain stem, spinal cord, and dorsal root gan-
glion [11, 29, 30]. In addition, ASIC2 is implicated in periph-
eral mechanosensitive sensory neurons and mechanorecep-
tors, including aortic baroreceptor [31], pressure-induced
vasoconstriction in cerebral vessels [32], and Pacinian cor-
puscles [33]. Unlike the numerous reports on the role of
ASIC2 in neuron tissues, the presence and function of ASIC2
in the skeletal system were still unclear. ASIC2 was the most
frequently expressed in human intervertebral disc cells com-
pared with other ASICs and participated in disc degeneration
[34]. In addition to extracellular acidity, mechanical loading
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change. Normally, Na+/K+ ATPase RNA content was significantly increased in the pH 6.9 cultured osteoblasts. While amiloride was added
into the osteogenic medium, it caused a significant decrease in Na+/K+ ATPase in the pH 6.9 cultured osteoblasts. ∗p<0.05.

can influence bone homeostasis. Mechanical stress sensed by
osteocytes is converted into biochemical signals to regulate
osteoclast and osteoblast activities [35]. Pathological overload
occurs in an osteoporotic status whenmicrocracks propagate
in the cancellous bone during compression overloading [36].
ASIC2 serves as a mechanoprotein in certain cell types [31–
34], and we have observed in this study that ASIC2 was
significantly highly expressed in osteoporotic bone cells than
in nonosteoporotic bone cells. The molecular and genetic
regulation of mechanosensitivity is extremely complex, and
further studies are required to investigate the correlation
between ASIC2 and mechanotransduction in bone home-
ostasis.

There were some limitations in this study. First, the can-
cellous bone tissue from the vertebrae constitutes various cell
types, including osteoblasts, osteoclasts, and hematopoietic
cells, which may present a challenge in data interpretation.

To eliminate the interference factors, the cancellous bone
harvested from the vertebrae was flushed to remove blood
elements before freezing it. Second, obtaining bone biopsies
from a healthy human is difficult. To obtain healthy bone
tissues from patients with acute high-energy spine trauma,
a bone biopsy at the nonfracture vertebrae was performed
during pedicle screws placing surgeries and all with patients’
informed consent. Third, the age of OVF patients was higher
than that of non-OVF patients. There was difficulty in
matching age comparability. Osteoporotic vertebral fractures
usually happen in the elderly in a fall from a standing
height or less while nonosteoporotic high-energy vertebral
fractures occur in a relatively young patient in a high falling
accident or a traffic collision. Finally, further studies with
an animal model of osteoporosis need to be conducted to
analyze the change in ASIC2 expression in the administration
of antiresorptive drugs to treat osteoporosis.
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Figure 6: 
e fold increase of each subtype of ASICs (ASICs, ASICs
1, 2, 3, and 4) expression, using the 2−ΔΔ𝐶𝑡 method, from human
cancellous bone cells in osteoporotic vertebral fractures (OVF) and
nonosteoporotic bone (the control). The ASIC2 was the gene with
the highest expression, with a 65.93-fold increase in the biopsied
cancellous bone cells in OVF compared with the control. ASICs 1,
3, and 4 were expressed with 0.35-, 7.90-, and 6.46-fold increases,
respectively. ∗p<0.05.

5. Conclusions

Osteoblastogenesis was reduced in an acidic environment.
ASIC2, ASIC3, and ASIC4 were most highly expressed in
turn during osteoblastogenesis within acidic media. ASIC2
was themost abundantly expressed among the other ASICs in
human bone cells in OVF compared with the control. ASIC2
may be crucial in the pathogenesis of osteoporosis and could
serve as a therapeutic target for antiosteoporotic therapies.

Data Availability

The data used to support the findings of this study are
available from the corresponding author upon request

Conflicts of Interest

The authors have no conflicts of interest and no founding in
any product mentioned or concept discussed in this article.

Acknowledgments

The authors thank the grants from the Chang Gung Memo-
rial Hospital, Chia-Yi, Taiwan, for financially supporting
this research under the contract of CMRPG 670151-2 and
CMRPG670151, and the Ministry of Science and Technology,
Taiwan (107-2314-B-038-067-).They also thank Miss Yi-Fang
Tsai for her assistance regarding statistical analysis.

References

[1] NIH Consensus Development Panel on Osteoporosis Pre-
vention Diagnosis and Therapy, “Osteoporosis prevention,

diagnosis, and therapy,” 
e Journal of the American Medical
Association, vol. 285, no. 6, pp. 785–795, 2001.

[2] A. Qaseem, M. A. Forciea, R. M. McLean, and T. D. Denberg,
“Treatment of low bone density or osteoporosis to prevent frac-
tures in men and women: a clinical practice guideline update
from the American college of physicians,” Annals of Internal
Medicine, vol. 166, no. 11, pp. 818–839, 2017.

[3] L. J. Melton III, C. S. Crowson, and W. M. O’Fallon, “Fracture
incidence in Olmsted County,Minnesota: comparison of urban
with rural rates and changes in urban rates over time,” Osteo-
porosis International, vol. 9, no. 1, pp. 29–37, 1999.

[4] A. Rousselle and D. Heymann, “Osteoclastic acidification path-
ways during bone resorption,” Bone, vol. 30, no. 4, pp. 533–540,
2002.

[5] H. Jahr, M. van Driel, G. J. van Osch, H. Weinans, and J. P. van
Leeuwen, “Identification of acid-sensing ion channels in bone,”
Biochemical and Biophysical Research Communications, vol. 337,
no. 1, pp. 349–354, 2005.

[6] T. R. Arnett, “Extracellular pH Regulates Bone Cell Function,”
Journal of Nutrition, vol. 138, no. 2, pp. 415S–418S, 2008.

[7] H. Ahn, J. M. Kim, K. Lee, H. Kim, and D. Jeong, “Extracellular
acidosis accelerates bone resorption by enhancing osteoclast
survival, adhesion, andmigration,” Biochemical and Biophysical
Research Communications, vol. 418, no. 1, pp. 144–148, 2012.

[8] X. Li, R. Xu, D. Jiang et al., “Acid-sensing ion channel 1a is
involved in acid-induced osteoclastogenesis by regulating acti-
vation of the transcription factor NFATc1,” FEBS Letters, vol.
587, no. 19, pp. 3236–3242, 2013.

[9] Z. Zhang, Q. Lai, Y. Li et al., “Acidic pH environment induces
autophagy in osteoblasts,” Scientific Reports, vol. 7, no. 1, 2017.

[10] A. Brandao-Burch, J. C. Utting, I. R. Orriss, and T. R. Arnett,
“Acidosis Inhibits Bone Formation by Osteoblasts In Vitro by
Preventing Mineralization,” Calcified Tissue International, vol.
77, no. 3, pp. 167–174, 2005.

[11] L. Frassetto and A. Sebastian, “Age and Systemic Acid-Base
Equilibrium: Analysis of Published Data,” 
e Journals of
Gerontology. Series A, Biological Sciences and Medical Sciences,
vol. 51A, no. 1, pp. B91–B99, 1996.

[12] S. Kellenberger and L. Schild, “Epithelial sodium channel/
degenerin family of ion channels: a variety of functions for a
shared structure,” Physiological Reviews, vol. 82, no. 3, pp. 735–
767, 2002.

[13] N. Yoder, C. Yoshioka, and E. Gouaux, “Gating mechanisms of
acid-sensing ion channels,” Nature, vol. 555, no. 7696, pp. 397–
401, 2018.

[14] I. Hanukoglu, “ASIC and ENaC type sodium channels: confor-
mational states and the structures of the ion selectivity filters,”
FEBS Journal, vol. 284, no. 4, pp. 525–545, 2017.

[15] R. Waldmann, G. Champigny, F. Bassilana, C. Heurteaux, and
M. Lazdunski, “A proton-gated cation channel involved in acid-
sensing,” Nature, vol. 386, no. 6621, pp. 173–177, 1997.

[16] X. Su, Q. Li, K. Shrestha et al., “ Interregulation of Proton-
gated Na + Channel 3 and Cystic Fibrosis Transmembrane
Conductance Regulator ,” 
e Journal of Biological Chemistry,
vol. 281, no. 48, pp. 36960–36968, 2006.

[17] P. Holzer, “Acid-sensitive ion channels in gastrointestinal func-
tion,” Current Opinion in Pharmacology, vol. 3, no. 6, pp. 618–
625, 2003.

[18] F.-R. Wu, C.-X. Pan, C. Rong et al., “Inhibition of acid-sensing
ion channel 1a in hepatic stellate cells attenuatesPDGF-induced
activation of HSCs through MAPK pathway,” Molecular and
Cellular Biochemistry, vol. 395, no. 1-2, pp. 199–209, 2014.



10 BioMed Research International

[19] J. Tong, W. N. Wu, X. Kong et al., “Acid-sensing ion channels
contribute to the effect of acidosis on the function of dendritic
cells,”
e Journal of Immunology, vol. 186, no. 6, pp. 3686–3692,
2011.

[20] C. Rong, F. Chen, S. Jiang et al., “Inhibition of acid-sensing ion
channels by amiloride protects rat articular chondrocytes from
acid-induced apoptosis via amitochondrial-mediated pathway,”
Cell Biology International, vol. 36, no. 7, pp. 635–641, 2012.

[21] Y. Feng-Lai, C. Fei-Hu, L. Wei-Guo et al., “Inhibition of acid-
sensing ion channels in articular chondrocytes by amiloride
attenuates articular cartilage destruction in rats with adjuvant
arthritis,” Inflammation Research, vol. 59, no. 11, pp. 939–947,
2010.

[22] X. Li, F. R. Wu, R. S. Xu et al., “Acid-sensing ion channel 1a-
mediated calcium influx regulates apoptosis of endplate chon-
drocytes in intervertebral discs,” Expert Opinion on
erapeutic
Targets, vol. 18, no. 1, pp. 1–14, 2013.

[23] K.-D. Lee, T. K.-C. Kuo, J. Whang-Peng et al., “In vitro hepatic
differentiation of human mesenchymal stem cells,” Hepatology,
vol. 40, no. 6, pp. 1275–1284, 2004.

[24] J. A. Kanis, E. V. McCloskey, N. C. Harvey, H. Johansson, and
W. D. Leslie, “Intervention thresholds and the diagnosis of
osteoporosis,” Journal of Bone andMineral Research, vol. 30, no.
10, pp. 1747–1753, 2015.

[25] M. Francis, “ATPase pumps in osteoclasts and osteoblasts,”
e
International Journal of Biochemistry & Cell Biology, vol. 34, no.
5, pp. 459–476.

[26] N. G. Jones, “Acid-Induced Pain and Its Modulation in Hu-
mans,” 
e Journal of Neuroscience, vol. 24, no. 48, pp. 10974–
10979, 2004.

[27] S. Ugawa, T. Ueda, Y. Ishida, M. Nishigaki, Y. Shibata, and S.
Shimada, “Amiloride-blockable acid-sensing ion channels are
leading acid sensors expressed in human nociceptors,” 
e
Journal of Clinical Investigation, vol. 110, no. 8, pp. 1185–1190,
2002.

[28] K. Kanaya, K. Iba, Y. Abe et al., “Acid-sensing ion channel 3 or
P2X2/3 is involved in the pain-like behavior under a high bone
turnover state in ovariectomized mice,” Journal of Orthopaedic
Research, vol. 34, no. 4, pp. 566–573, 2016.

[29] Y. Cheng, B. Jiang, and C. Chen, “Acid-sensing ion chan-
nels: dual function proteins for chemo-sensing and mechano-
sensing,” Journal of Biomedical Science, vol. 25, no. 1, 2018.

[30] R. Waldmann, G. Champigny, N. Voilley, I. Lauritzen, and M.
Lazdunski, “The mammalian degenerin MDEG, an amiloride-
sensitive cation channel activated by mutations causing neu-
rodegeneration in Caenorhabditis elegans,” 
e Journal of
Biological Chemistry, vol. 271, no. 18, pp. 10433–10436, 1996.

[31] Y. Lu, X. Ma, R. Sabharwal et al., “The ion channel ASIC2 is
required for baroreceptor and autonomic control of the circula-
tion,” Neuron, vol. 64, no. 6, pp. 885–897, 2009.

[32] K. P. Gannon, L. G. VanLandingham, N. L. Jernigan, S. C. Gri-
foni, G. Hamilton, and H. A. Drummond, “Impaired pressure-
induced constriction in mouse middle cerebral arteries of
ASIC2 knockout mice,” American Journal of Physiology-Heart
and Circulatory Physiology, vol. 294, no. 4, pp. H1793–H1803,
2008.

[33] J. Montaño, M. Calavia, O. Garcı́a-Suárez et al., “The expres-
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