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Abstract

Background Osteoclasts are responsible for the bone loss in rheumatoid arthritis (RA). Hypoxia has been suggested to play
key roles in pathological bone loss. However, the current understanding of the effects of hypoxia on osteoclastogenesis is
controversial. Effects of hypoxia on both the formation and function of osteoclasts requires examination. In the current study,
we aimed to explore the effect of hypoxia on osteoclast differentiation and the underlying mechanisms.

Methods RAW264.7 cells and murine bone-marrow-derived monocytes were used to induce osteoclastogenesis in the pres-
ence of macrophage colony-stimulating factor (M-CSF) and receptor activator of nuclear factor kappa B ligand (RANKL).
Hypoxic conditions were maintained in a hypoxic chamber at 5% CO, and 1% O,, balanced with N,. Osteoclasts were detected
by tartrate-resistant acid phosphatase (TRAP) staining. A bone resorption assay was carried out in vitro using bone slices.
RT-PCR was conducted to detect osteoclast markers and transcription factors. The phosphorylation of nuclear factor-kBa
(IxkBa), c-Jun N-terminal kinase (JNK), extracellular regulated protein kinase (ERK), and p38 was detected by western blot-
ting. Mann—Whitney U test or Student’s 7 test was used to compare differences between the two groups.

Results TRAP staining and the bone resorption assay revealed that hypoxia-restrained osteoclast differentiation and bone
resorption. Expression of osteoclast markers including cathepsin K, RANK, and TRAP decreased during osteoclast dif-
ferentiation under hypoxic conditions (all P <0.05). Hypoxia at 1% O, did not affect cell viability, whereas it dramatically
abated RANKL-dependent phosphorylation of the JNK-mitogen-activated protein kinases (MAPK) and IkBa pathways.
Moreover, the expression of nuclear factor of activated T-cell cytoplasmic 1 (NFATc) was inhibited under hypoxic condi-
tions (all P <0.05).

Conclusions These results suggest that constant hypoxia at 1% O, significantly restrains osteoclast formation and resorbing
function without affecting cell viability. Constant hypoxia might inhibit RANKL-induced osteoclastogenesis by regulating
NFATc]1 expression via interfering the phosphorylation of JNK and IxBa:.

Keywords Hypoxia - Osteoclast - Osteoclastogenesis - JINK-mitogen-activated protein kinases - NFATC transcription
factors
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Rheumatoid arthritis (RA) is a systemic chronic autoim-
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osteoclasts, pathological bone loss or bone remodeling can
occur. Osteoclasts, derived from the monocyte lineage, are
primary cells that mediate bone resorption in RA [5-7].
Imbalanced activation of osteoclasts results in pathologi-
cal bone loss.

Osteoclasts are large, multinucleated bone-resorb-
ing cells differentiated from the hematopoietic mono-
cyte—macrophage linage [7, 8]. Osteoclast differentiation
is mediated by two essential factors: receptor activator of
NF-xB ligand (RANKL) and macrophage colony-stimu-
lating factor (M-CSF) [9, 10]. Released RANKL binds to
its receptor RANK on the surface of osteoclast precursors,
thereby initiating downstream signaling cascades. First,
RANKL binding to RANK induces the recruitment and
activation of a major adaptor protein, tumor necrosis factor
receptor-associated factor 6 (TRAF6) [11]. Next, TRAF6
activates the nuclear factor-kB (NF-xB) and mitogen-acti-
vated protein kinases (MAPK) signaling pathways, such as
p38, INK, and ERK [12-15], eventually leading to induc-
tion of c-Fos [16]. Finally, in the late stage of signaling,
transcription factor nuclear factor of activated T-cell cyto-
plasmic 1 (NFATcl), a master transcription factor in bone
resorption, is activated. Activated NFATc] translocates to
the nucleus, where it upregulates NFATc! target genes to
regulate osteoclast differentiation, cell fusion, and func-
tion [17-22].

Hypoxia is a characteristic microenvironment feature
in the joints of RA [23-25]. It has been reported that
hypoxia exerts various effects on osteoclast differentiation
and bone resorption activity [26]. However, there are also
contradictory data regarding how hypoxia affects osteo-
clast formation. Arnett et al. first reported that hypoxia
strongly stimulated osteoclast formation and bone resorp-
tion derived from murine bone-marrow cells or human
peripheral blood mononuclear cells at either 2% O, or 1%
0O, [27, 28]. Another study showed similar results in which
hypoxia-induced giant osteoclast formation and exten-
sive bone resorption in cats [29]. In contrast, other stud-
ies found that hypoxia did not induce osteoclastogenesis
[30-32]. The use of hypoxia mimics cobaltous chloride
(CoCl,), dimethyloxallyl glycine (DMOG), and defer-
oxamine (DFO) exerted inhibitory effects on osteoclast
differentiation [30]. Moreover, hypoxia-inducible factor
(HIF)-1a activation by the von Hippel-Lindau tumor sup-
pressor protein (VHL) knockdown or prolyl hydroxylas
(PHD) enzyme inhibitors strongly reduced osteoclastogen-
esis and osteoclastic bone resorption [31, 32].

Because the joints of patients with RA are in a chronic
hypoxia condition [24, 25], it is important to understand how
constant hypoxia affects the differentiation and activity of
osteoclasts. We, therefore, examined the effects of constant
hypoxia on osteoclast differentiation and bone resorption
and further explore the underlying mechanisms.
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Methods
Ethical approval

All procedures involving mice were performed in accord-
ance with the Peking University Animal Protection and
Ethics Committee (No. LA201425). In this study, the
national law on the care and use of laboratory animals
was followed.

Regents

Culture medium and fetal bovine serum (FBS) were pur-
chased from Gibco (Grand Island, NY, USA). Murine
sRANKL and murine recombinant M-CSF were purchased
from PeproTech (Rocky Hill, NJ, USA). Trizol was from
Invitrogen (Carlsbad, CA, USA). The RNA reverse tran-
scription kit and Talent qPCR PreMix (SYBR Green) were
from Tiangen Biotech (Beijing, China). The tartrate-resist-
ant acid phosphatase (TRAP) Kit (387-A) was purchased
from Sigma-Aldrich (St. Louis, MO, USA). The FITC
Annexin V Apoptosis Detection Kit I was from BD Bio-
sciences (Franklin Lakes, NJ, USA). The antibody infor-
mation used in this study was shown in the supplementary
material, Table 1.

Cell culture

RAW264.7 cells (mouse macrophages) were kindly pro-
vided by the Medical Research Center of Peking Univer-
sity Third Hospital. RAW264.7 cells were maintained
in DMEM containing 10% heat-inactivated fetal bovine
serum(FBS).Murine bone-marrow-derived monocytes
(BMMs) flushed from the long bones of C57BL/6 mice
aged 6-8 weeks were maintained in a-minimal essential
medium (MEM) containing 10% heat-inactivated FBS,
penicillin(50 U/ml), and streptomycin sulfate (50 pg/ml).
BMMs were cultured as follows: first, marrow cells flushed
from the long bones of mice were cultured in a-MEM
containing 10% FBS in the presence of M-CSF (10 ng/
ml) at 37 °C in 5% CO, for 3 days. Non-adherent cells
were removed by washing the culture dishes with phos-
phate-buffered saline followed by incubation under differ-
ent conditions in the presence of M-CSF (10 ng/ml) and
sRANKL (50 ng/ml) for 7 days for osteoclast detection.
Cells were incubated in a hypoxic chamber (HERACELL
1501, Thermo Fisher Scientific, Waltham, MA, USA) at
5% CO, and 1% O,, balanced with N, as indicated or in a
normal incubator containing 5% CO, and approximately
20% O, (Forma Series II, Thermo Fisher Scientific).
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TRAP staining

TRAP staining was carried out using the TRAP kit (387A-
1KT, Sigma) according to the manufacturer’s instructions.
Briefly, prior to staining, RAW?264.7 cells were incubated
for 5 days, while BMMs were incubated for 7 days in the
presence of M-CSF (10 ng/ml) and sSRANKL (50 ng/ml).
The cells were fixed in 4% paraformaldehyde for 30 min
at room temperature, followed by incubation with a mix
prepared according to the manufacturer’s instruction
for 30 min at 37 °C. Finally, the cells were stained with
hematoxylin for 2 min, and then washed two times with
water. Images were captured using a Nikon ECLIPSE
Ti—S microscope (Nikon, Tokyo, Japan). Multinucleated
cells containing three or more nuclei were considered
osteoclasts.

In vitro bone resorption assay

BMMs were seeded on bone slices (DT-1BON1000-96,
Biorj, London, UK) in a 96-well plate at a density of 2x 10*
cells/well. After 2 day pre-incubation with M-CSF (10 ng/
ml) to induce osteoclasts precursors, the cells were stimu-
lated with M-CSF (10 ng/ml) and sSRANKL (50 ng/ml) for
6 days until mature osteoclasts formation, and then incu-
bated in a normoxic or hypoxic chamber, respectively. Fresh
medium with M-CSF (10 ng/ml) and sSRANKL (50 ng/ml)
was replaced every 3 days. After 15 day induction, the bone-
resorption assay was carried out. Resorption of bone slices
was visualized by staining with 1% toluidine blue after
removing adherent cells by sonication. Bone slices were
photographed using a microcirculation microtester (Ton-
gRen Medical, Jiangsu, China).

Cell-viability assay

RAW?264.7 cells were seeded into 96-well plates at a con-
centration of 3000 cells/well. Cells were incubated under
normoxic or hypoxic conditions as described above. After
1-3 days, cell viability was measured using the CellTiter
96 ® AQueousOne Solution Cell Proliferation Assay (MTS
assay; Promega, Madison, WI, USA) according to the manu-
facturer’s protocol.

Flow-cytometry analysis for apoptosis

Cell apoptosis experiments were conducted by flow-cytom-
etry analysis. After incubation for 3 days in the presence of
M-CSF (10 ng/ml) and RANKL(50 ng/ml) under normoxic
or hypoxic conditions, RAW264.7 cells were harvested and
suspended, followed by incubation with FITC Annexin V
and propidium iodide (BD Biosciences). The positive con-
trol group was induced by incubating the cells in a 55 °C

water bath for 5 min. Flow cytometric analysis was per-
formed using a FACSCalibur (BD Biosciences).

Real-time quantitative PCR

Total RNA was extracted using TRIzol reagent (Invitrogen),
and 1 pg of total RNA was reverse-transcribed into cDNA
using a FastQuant RT Kit (with gDNase) (Tiangen Biotech).
RT-PCR was carried out using the QuantStudio™ 5 Real-
Time PCR System (Thermo Fisher Scientific) with Talent
gPCR PreMix (SYBR Green) (Tiangen Biotech). Data were
normalized to the expression of GAPDH. Primers were syn-
thesized by Sangon Biotech (Shanghai, China). The primer
nucleotide sequences for PCR were obtained from GenBank
database and synthesized by Sangon Biotech (China). The
primer sequence information used in the study was shown
in the supplementary material, Table 2.

Western blotting analysis

Total protein was extracted using RIPA lysis buffer (Apply-
gen, Beijing, China). To detect the protein levels of NFATc1
and c-Fos, nucleoprotein was extracted using a Nuc-Cyto-
Mem Preparation Kit (Applygen, Beijing, China). A total of
40 pg of proteins was loaded into a 10% sodium dodecyl sul-
fate—polyacrylamide gel and electrophoretically transferred
to polyvinylidene fluoride membranes (Merck Millipore,
Billerica, MA, USA). After blocking with 5% milk for 2 h,
the membranes were incubated with specific antibodies at
the indicated dilutions for 12—16 h at 4 °C. The membranes
were scanned using an Odyssey Sa Imaging System (LI-
COR Biosciences, Lincoln, NE, USA).

Statistical analysis

Statistical analysis was performed using SPSS V.17.0
(SPSS, Inc., Chicago, IL, USA). Data were presented as the
mean =+ standard deviation (SD). Mann—Whitney U test or
Student’s ¢ test was used to compare differences between two
groups. P value <0.05 was considered to indicate a statisti-
cally significant difference.

Results
Hypoxia-suppressed osteoclasts differentiation

The effects of hypoxia on the differentiation and function of
osteoclasts are controversial and thus additional studies are
necessary. The hypoxia model used in this study has been
validated in our previous work [33]. The results revealed
much larger multinucleated cells in the normoxia—M-
CSF-sRANKL group than those in groups under hypoxic
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Fig. 1 Hypoxia-suppressed osteoclast differentiation. RAW264.7
cells (a) and BMMs (b) were used to induce osteoclast formation.
Large multinucleated cells stained by TRAP staining were observed
in the normoxia—-M-CSF +sRANKL group, but not in other groups.

conditions (Fig. 1a). The expression of osteoclast markers
RANK, cathepsin K, and TRAP was significantly decreased
in the hypoxic group after 5 days of stimulation with M-CSF
(10 ng/ml) and sSRANKL (50 ng/ml) (all P <0.05, Fig. 2a).
The protein levels of RANK, cathepsin K and TRAP were
consistent with mRNA expression (Fig. 2c). These results
suggested that hypoxia inhibited osteoclast formation.

Consistent with the results obtained in RAW264.7 cells,
the inhibitory effect of hypoxia on osteoclast formation was
validated in murine bone-marrow-derived monocytes. Com-
paring with hypoxic groups, much larger multinucleated
cells in the normoxia—M-CSF—sRANKL group were found
(Fig. 1b). The expression of osteoclast markers RANK,
cathepsin K, and TRAP was significantly decreased in the
hypoxic-M-CSF-sRANKL group after 3 or 5 days stimulat-
ing with M-CSF and sRANKL (all P <0.05, Fig. 2b).

Hypoxia-suppressed osteoclastic bone resorption

Mature osteoclasts were incubated with bone slices in nor-
moxic or hypoxic incubator for 15 days in the presence of
M-CSF (10 ng/ml) and sSRANKL (50 ng/ml). Toluidine blue
staining showed a much larger number of lacunae in the
normoxic group compared to in the hypoxic group (Fig. 3).
The results demonstrated that hypoxia significantly inhibited
osteoclastic bone resorption, which was consistent with the
results of the osteoclastogenesis assay.
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M-CSF+sRANKL: with the addition of M-CSF (10 ng/ml) and
sRANKL (50 ng/ml). Data represented three independent experi-
ments, for BMMs n =4 per group. Scale bar 100 pm

Hypoxia had no long-term effect on cell viability

Our results confirmed that hypoxia inhibited RANKL-
induced osteoclast differentiation and bone resorption.
However, the exact mechanism is unclear. Therefore, we
investigated the effect of hypoxia on cell viability. The
MTS assay showed that hypoxia had no cytotoxic effect
on cell viability (Fig. 4a). To investigate if the inhibition
of osteoclastogenesis under hypoxia was due to apopto-
sis, flow cytometry was conducted to detect cell apop-
tosis. Cells were cultured at the indicated conditions for
3 days before the detection of apoptosis. No significant
differences in the ratio of early or late apoptotic cells were
observed among the different groups (Fig. 4b).

Hypoxia attenuated RANKL-mediated activation
of the JNK MAPK and IxBa pathways

To explore the molecular mechanisms by which hypoxia
inhibits osteoclastogenesis, the effects of hypoxia on the
activation of several signaling pathways were investi-
gated, including the NF-kB-signaling pathway and ERK
MAPK, INK MAPK, and p38 MAPK signaling pathways.
RAW264.7 cells were pre-incubated under hypoxic con-
ditions for 24 h to ensure that the cells were in a stable
hypoxic state. After stimulation with SRANKL (50 ng/ml),
western blotting at different timepoints was conducted to
detect the phosphorylation of IxkBa, ERK1/2, p38, and
JNK. The addition of RANKL under hypoxia conditions
dramatically ablated phosphorylation of JNK and IxkBa
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Fig.2 Hypoxia decreased the expression of osteoclast markers.
Hypoxia decreased the mRNA expression of cathepsin K, TRAP, and
RANK in osteoclast induction process at 3 or 5 days in RAW264.7
cell (a) and BMMs (b). The protein levels of cathepsin K, TRAP, and
RANK were detected after 3 days of stimulation with M-CSF and
sRANKL. Hypoxia decreased the protein expression of cathepsin K,
TRAP, and RANK in RAW264.7 cell (¢). Nor-CTL normoxia con-

(Fig. 5a, b). However, hypoxia conditions did not affect the
phosphorylation of ERK1/2 and p38 (Fig. 5c, d).

Hypoxia-decreased NFATc1 expression

Activation of transcription factors such as NFATcI and
c-Fos plays a crucial role in the process of RANKL-
induced osteoclast differentiation. To further explore the
molecular mechanisms involved in inhibition of osteo-
clast differentiation under hypoxia conditions, the expres-
sion of NFATcl and c-Fos was investigated. The results
showed that hypoxia significantly inhibited the expression

trol group, Nor-M-CSF + sRANKL normoxia group with the addition
of M-CSF (10 ng/ml) and sSRANKL (50 ng/ml), Hyp-CTL hypoxia
control group, Hyp-M-CSF + sRANKL Hypoxia group with the addi-
tion of M-CSF (10 ng/ml) and sSRANKL (50 ng/ml). Data represented
three independent experiments (mean+SD), for BMMs n=3 per
group. *P<0.05, ¥*P <0.01, ***P <(0.001; NS not significant

of NFATcl after 3 or 5 days of stimulation with M-CSF
(10 ng/ml) and sSRANKL (50 ng/ml) (P <0.05), but had no
effect on c-Fos (P> 0.05) (Fig. 6a). The same results were
obtained in murine BMMs after 5 day stimulation with
M-CSF (10 ng/ml) and sRANKL (50 ng/ml) (P <0.05),
while there was no statistical difference in the 3 days of
stimulation (Fig. 6b). In addition, the nucleoprotein anal-
ysis further confirmed the downregulation of NFATc1
(Fig. 6¢). These results suggested that hypoxia inhibits
RANKL-induced osteoclast differentiation by down-reg-
ulating NFATcl expression.
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Fig.3 Hypoxia-suppressed
osteoclast bone resorption.
BMMs were used to evaluate
the effect of hypoxia on bone
resorption. Resorption of bone
slices was visualized by staining
with 1% toluidine blue. Numer-
ous lacunae were found in the
normoxia—-M-CSF+sRANKL
group, while in other groups,
less or no lacunae was observed.
Data represented three inde-
pendent experiments and n=3
per group. Scale bar 100 pm
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Fig.4 Hypoxia had no long-term effect on cell viability. a Prolif-
eration of RAW264.7 cells was detected using MTS assay. Results
showed that hypoxia had no cytotoxic effect on cell viability. b
Effect of hypoxia on cell apoptosis was determined by flow cytom-
etry. RAW264.7 cells were incubated under the indicated conditions
with or without M-CSF (10 ng/ml) and sRANKL (50 ng/ml) for 72 h.

Discussion

Given the complexity and dynamics of the microenvi-
ronment in the body, the specific role of hypoxia in the
process of osteoclast differentiation remains unclear. Our
study revealed an inhibitory effect of hypoxia on osteo-
clast formation derived from RAW264.7 cells and murine
BMMs, which contrasts the results of some previous
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Positive control group was induced by incubating the cells in a 55 °C
water bath for 5 min. No significant differences in the ratio of apop-
totic cells between different groups were observed. Data represented
three independent experiments (mean=+SD). **P <0.01; NS not sig-
nificant

studies [27-29, 34]. Arnett et al. examined the effects
of hypoxia on osteoclast formation and function using
bone-marrow cells from mouse as a source of mono-
cytic precursors [27]. They used ‘plug seal’ tissue culture
flasks to maintain hypoxic conditions by flushing with
gas mixtures containing 5% CO, and indicated O, (bal-
anced by N,) every day. Their results showed that cultur-
ing the cells in 2% O, strikingly increased the formation
and bone resorption of osteoclasts. When the cells were
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Fig.5 Hypoxia-suppressed RANKL-mediated activation of the JNK
MAPK and IkBa pathways. Hypoxia inhibited the RANKL-mediated
activation of the JNK pathway at 10, 20, and 30 min (a). Hypoxia-

exposed to severe hypoxia as low as 0.2% O,, a 2.3-fold
increase in osteoclast formation and 4.7-fold increase in
resorption were observed [27]. They then confirmed that
hypoxia strongly stimulated osteoclast formation and bone
resorption from human peripheral blood mononuclear at
either 2% O, or 1% O, [28]. Another study drew a similar
conclusion that hypoxia-induced giant osteoclast forma-
tion and extensive bone resorption in cats [29]. However,
the hypoxia protocol in these studies was a hypoxia/re-
oxygenation schedule, rather than constant hypoxia. We
used a constant hypoxia model in this study for it is more
in line with the local intra-articular environment of RA
patients. In the present study, the culture medium was
equilibrated in a hypoxic chamber for 24 h before use.
When we replaced the culture medium, the cell dishes
were brought to normoxic conditions. However, this pro-
cess was completed within 1 min and had little effect on
the oxygen concentration in the hypoxic group. Thus, the
hypoxia protocol used in our study is relatively a constant
hypoxia model. Considering that the hypoxic condition is
difficult to maintain and evaluate, different oxygen condi-
tions used among investigators may explain the heteroge-
neous results. Another study confirmed that the procedure
of hypoxia/re-oxygenation during osteoclast differentiation
enhanced osteoclastogenesis. Constant exposure to 2% O,
dramatically inhibited osteoclast formation and resorption
due to extensive cell death, suggesting that a delicate bal-
ance between hypoxia-induced osteoclast activation and
hypoxia-induced osteoclast apoptosis mediates pathologi-
cal bone resorption [34]. However, in our study, we also
evaluated the effect of hypoxia on cell viability using the
MTS assay and apoptosis assay, and did not find detect a
relationship between hypoxia and cell viability.
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downregulated RANKL-mediated phosphorylation of IkBa at 10, 20,
30, and 45 min (b), but had no effect on phosphorylation of ERK(c)
and p38 (d). Data represented three independent experiments

Consistent with our present results, some other studies
revealed that hypoxia does not induce osteoclastogenesis.
Using the hypoxia mimics CoCl,, DMOG, and DFO to
simulate hypoxic conditions, osteoclast differentiation was
significantly inhibited [30]. Hulley et al. confirmed that
induction of HIF using PHD enzyme inhibitors reduced
osteoclastogenesis. HIF-1a siRNA only moderately affected
osteoclast differentiation, indicating that HIF-1a had little
effect on osteoclast differentiation [32]. Moreover, HIF-1a
activation by VHL knockdown strongly reduced osteoclas-
togenesis and osteoclastic bone resorption, with the interleu-
kin-33-miR-34a-5p-Notch1 pathway playing a central role in
the inhibitory effect of HIF-1a on osteoclastogenesis [31].
The above data indicate that hypoxia exerts complex effects
on osteoclast formation and bone resorption, which requires
further investigation in vivo.

After confirming that hypoxia inhibited osteoclast for-
mation and bone resorption in RAW264.7 cells and murine
BMMs, we examined how hypoxia inhibited osteoclastogene-
sis. Effective osteoclastogenesis requires high energy and ATP.
As reported previously, hypoxia strongly diminished mito-
chondrial respiration and OX-PHOS and suppressed mTORC1
activity [35, 36]. This may explain the inhibitory effect of
hypoxia on osteoclastogenesis. Additionally, hypoxia promoted
interleukin-33 and osteoprotegerin expression [31, 37], which
was found to inhibit osteoclastogenesis [37—40]. It is unclear
whether other mediators are involved in hypoxia-restrained
osteoclast formation. The effects of hypoxia on RANKL-
induced activation in the signaling pathway were examined to
explore the molecular mechanisms of the inhibitory effect of
hypoxia on osteoclastogenesis. The addition of RANKL under
hypoxic conditions dramatically ablated phosphorylation of
JNK and IxBa, but did not affect phosphorylation of ERK 1/2
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protein levels of NFATcl and c-Fos, nucleoprotein was extracted.

@ Springer

‘O
O
&

Protein levels of NFATC1/LaminB1

— ¢

4
0’\ é,g' 0&\' &
N AQ' >
AR SR
NFATC1
0.4_ ; *k %k o *% .
T
0.3 «
-
0.2+
0.1+
0.0' T T
\% L& \% B
A A
° ¥ 83 &

c-FOS

LaminB1

&

o

N

(5,
1

—
- e W —

3

Protein levels of c-Fos /LaminB1

0.00-

& 2 &

S

S N

éoc Q‘*Q N

c-Fos

<
\;o

Hypoxia decreased the protein expression of NFATcl in RAW264.7
cell (¢). *P<0.05, **P<0.01, ***P <0.001. Data represented three
independent experiments (mean + SD), for BMMs n=3 per group



Constant hypoxia inhibits osteoclast differentiation and bone resorption by regulating... 165

and p38. NFATcl and c-Fos are critical transcription factors in
the regulation of osteoclast differentiation [16]. In the current
study, we observed that NFATc! was decreased significantly
in hypoxic group with M-CSF and RANKL. NFATc] is an
important regulatory factor in the process of osteoclast differ-
entiation mediated by RANKL-activated MAPK and NF-kB-
signaling pathways [41]. Therefore, based on our results, we
speculated that hypoxia-restrained osteoclast differentiation
and bone resorption by regulating NFATc1 expression via
interfering the phosphorylation of JNK and IxkBa.

Our results indicate a different role for hypoxia in osteo-
clastogenesis that hypoxia inhibits osteoclast formation and
bone resorption. However, these are in vitro studies at the cell
and animal levels, and could not completely reflect the patho-
logical condition in RA patients. Considering the complex
pH regulation in the body and interaction of cytokines and
other cells in vivo, the in vitro conditions do not completely
mimic the complex oxygen environment within the joints of
RA patients. Hypoxia conditions are not an independent vari-
able in RA joints and may participate in RA bone destruction
by interacting with other cells, such as by promoting the inva-
sion of fibroblast-like synoviocytes, secreting inflammatory
mediators, and promoting angiogenesis [42]. Therefore, it is
necessary to further study the disease model in vivo.

In conclusion, the current study demonstrated that hypoxia
at 1% O, inhibited osteoclast differentiation and bone resorp-
tion in vitro. In addition, the phosphorylation of JNK and IxkBa
might be responsible for the inhibitory effects of hypoxia in
osteoclast formation, while still needs further studies. This
study expands our understanding of the role of hypoxia on
osteoclast formation and activity.

Acknowledgements We gratefully thank the Medical Research
Center of Peking University Third Hospital for kindly providing the
RAW264.7 cells. We thank the Medical Research Center of Peking
University Third Hospital for providing experimental equipment and
technical support.

Funding This work was supported by the National Natural Science
Foundation of China (No. 81471599) and the National Young Schol-
ars Foundation of China (No. 81501387), the Prairie Fire Program
(LYJH-92).

Compliance with ethical standards

Conflict of interest There are no conflicts of interest.

References

1. Smolen JS, Aletaha D, Barton A, Burmester GR, Emery P,
Firestein GS, et al. Rheumatoid arthritis. Nat Rev Dis Primers.
2018;4:18001. https://doi.org/10.1038/nrdp.2018.1.

2. Li ZG. Facing the challenge of low recognition and high dis-
ability in rheumatoid arthritis in Chinese. Natl Med J Chin.
2009;89:1873-5.

10.

11.

12.

14.

15.

16.

17.

19.

JiJ, Zhang L, Zhang Q, Yin R, Fu T, Li L, et al. Functional
disability associated with disease and quality-of-life parame-
ters in Chinese patients with rheumatoid arthritis. Health Qual
Life Outcomes. 2017;15:89. https://doi.org/10.1186/s1295
5-017-0659-z.

Tanaka Y, Ohira T. Mechanisms and therapeutic targets for
bone damage in rheumatoid arthritis, in particular the RANK-
RANKL system. Curr Opin Pharmacol. 2018;40:110-9. https://
doi.org/10.1016/j.coph.2018.03.006.

Maurizi A, Rucci N. The osteoclast in bone metastasis: player and
target. Cancers Basel. 2018. https://doi.org/10.3390/cancers100
70218.

Ugay L, Kochetkova E, Nevzorova V, Maistrovskaia Y. Role of
osteoprotegerin and receptor activator of nuclear factor-kappaB
ligand in bone loss related to advanced chronic obstructive pul-
monary disease. Chin Med J Engl. 2016;129:1696-703. https://
doi.org/10.4103/0366-6999.185857.

Wang RY, Yang SH, Xu WH. Role of epithelium sodium channel
in bone formation. Chin Med J. 2016;129:594-600. https://doi.
0rg/10.4103/0366-6999.176994.

Amarasekara DS, Yun H, Kim S, Lee N, Kim H, Rho J. Regula-
tion of osteoclast differentiation by cytokine networks. Immun
Netw. 2018;18:e8. https://doi.org/10.4110/in.2018.18.¢e8.

Nanke Y, Kobashigawa T, Yago T, Kawamoto M, Yamanaka
H, Kotake S. RANK expression and osteoclastogenesis in
human monocytes in peripheral blood from rheumatoid arthri-
tis patients. Biomed Res Int. 2016;2016:4874195. https://doi.
org/10.1155/2016/4874195.

AnJ, Hao D, Zhang Q, Chen B, Zhang R, Wang Y, et al. Natural
products for treatment of bone erosive diseases: the effects and
mechanisms on inhibiting osteoclastogenesis and bone resorption.
Int Immunopharmacol. 2016;36:118-31. https://doi.org/10.1016/j.
intimp.2016.04.024.

Ye H, Arron JR, Lamothe B, Cirilli M, Kobayashi T, Shevde NK,
et al. Distinct molecular mechanism for initiating TRAF6 signal-
ling. Nature. 2002;418:443-7. https://doi.org/10.1038/nature0088
8.

Li L, Sapkota M, Gao M, Choi H, Soh Y. Macrolactin F inhibits
RANKL-mediated osteoclastogenesis by suppressing Akt, MAPK
and NFATc1 pathways and promotes osteoblastogenesis through
a BMP-2/smad /Akt/Runx2 signaling pathway. Eur J Pharmacol.
2017;815:202-9. https://doi.org/10.1016/j.ejphar.2017.09.015.

. OhJH, Lee NK. Up-regulation of RANK expression via ERK1/2

by insulin contributes to the enhancement of osteoclast differentia-
tion. Mol Cells. 2017;40:371-7. https://doi.org/10.14348/molce
11s.2017.0025.

Cong Q, JiaH, Li P, Qiu S, Yeh J, Wang Y, et al. p38alpha MAPK
regulates proliferation and differentiation of osteoclast progenitors
and bone remodeling in an aging-dependent manner. Sci Rep.
2017;7:45964. https://doi.org/10.1038/srep45964.

Walsh MC, Choi Y. Biology of the RANKL-RANK-OPG system
in immunity, bone, and beyond. Front Immunol 2014;5:511. https
://doi.org/10.3389/fimmu.2014.00511.

Park JH, Lee NK, Lee SY. Current understanding of RANK
signaling in osteoclast differentiation and maturation. Mol Cells.
2017;40:706—-13. https://doi.org/10.14348/molcells.2017.0225.
Kim H, Choi HK, Shin JH, Kim KH, Huh JY, Lee SA, et al. Selec-
tive inhibition of RANK blocks osteoclast maturation and function
and prevents bone loss in mice. J Clin Invest. 2009;119:813-25.
https://doi.org/10.1172/JCI36809.

. Shinohara M, Takayanagi H. Analysis of NFATc1-centered

transcription factor regulatory networks in osteoclast for-
mation. Methods Mol Biol. 2014;1164:171-6. https://doi.
org/10.1007/978-1-4939-0805-9_14.

Oikawa T, Oyama M, Kozuka-Hata H, Uehara S, Udagawa N,
Saya H, et al. Tks5-dependent formation of circumferential

@ Springer


https://doi.org/10.1038/nrdp.2018.1
https://doi.org/10.1186/s12955-017-0659-z
https://doi.org/10.1186/s12955-017-0659-z
https://doi.org/10.1016/j.coph.2018.03.006
https://doi.org/10.1016/j.coph.2018.03.006
https://doi.org/10.3390/cancers10070218
https://doi.org/10.3390/cancers10070218
https://doi.org/10.4103/0366-6999.185857
https://doi.org/10.4103/0366-6999.185857
https://doi.org/10.4103/0366-6999.176994
https://doi.org/10.4103/0366-6999.176994
https://doi.org/10.4110/in.2018.18.e8
https://doi.org/10.1155/2016/4874195
https://doi.org/10.1155/2016/4874195
https://doi.org/10.1016/j.intimp.2016.04.024
https://doi.org/10.1016/j.intimp.2016.04.024
https://doi.org/10.1038/nature00888
https://doi.org/10.1038/nature00888
https://doi.org/10.1016/j.ejphar.2017.09.015
https://doi.org/10.14348/molcells.2017.0025
https://doi.org/10.14348/molcells.2017.0025
https://doi.org/10.1038/srep45964
https://doi.org/10.3389/fimmu.2014.00511
https://doi.org/10.3389/fimmu.2014.00511
https://doi.org/10.14348/molcells.2017.0225
https://doi.org/10.1172/JCI36809
https://doi.org/10.1007/978-1-4939-0805-9_14
https://doi.org/10.1007/978-1-4939-0805-9_14

166

Z.Maetal.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

podosomes/invadopodia mediates cell-cell fusion. J Cell Biol.
2012;197:553-68. https://doi.org/10.1083/jcb.201111116.

Ono T, Nakashima T. Recent advances in osteoclast biology.
Histochem Cell Biol. 2018;149:325-41. https://doi.org/10.1007/
s00418-018-1636-2.

Matsumoto M, Kogawa M, Wada S, Takayanagi H, Tsujimoto
M, Katayama S, et al. Essential role of p38 mitogen-activated
protein kinase in cathepsin K gene expression during osteoclas-
togenesis through association of NFATc1 and PU.1. J Biol Chem.
2004;279:45969-79. https://doi.org/10.1074/jbc.M408795200.
Zhou F, Shen Y, Liu B, Chen X, Wan L, Peng D. Gastrodin inhib-
its osteoclastogenesis via down-regulating the NFATc1 signaling
pathway and stimulates osseointegration in vitro. Biochem Bio-
phys Res Commun. 2017;484:820-6. https://doi.org/10.1016/j.
bbrc.2017.01.179.

Sivakumar B, Akhavani MA, Winlove CP, Taylor PC, Paleolog
EM, Kang N. Synovial hypoxia as a cause of tendon rupture in
rheumatoid arthritis. ] Hand Surg Am. 2008;33:49-58. https://doi.
org/10.1016/j.jhsa.2007.09.002.

Lund-Olesen K. Oxygen tension in synovial fluids. Arthritis
Rheum. 1970;13:769-76. https://doi.org/10.1002/art.1780130606.
Treuhaft PS, DJ MC. Synovial fluid pH, lactate, oxygen and car-
bon dioxide partial pressure in various joint diseases. Arthritis
Rheum. 1971;14:475-84. https://doi.org/10.1002/art.1780140407.
Knowles HJ. Hypoxic regulation of osteoclast differentiation and
bone resorption activity. Hypoxia Auckl. 2015;3:73-82. https://
doi.org/10.2147/HP.S95960.

Arnett TR, Gibbons DC, Utting JC, Orriss IR, Hoebertz A,
Rosendaal M, et al. Hypoxia is a major stimulator of osteoclast
formation and bone resorption. J Cell Physiol. 2003;196:2-8. https
://doi.org/10.1002/jcp.10321.

Utting JC, Flanagan AM, Brandao-Burch A, Orriss IR, Arnett
TR. Hypoxia stimulates osteoclast formation from human periph-
eral blood. Cell Biochem Funct. 2010;28:374-80. https://doi.
org/10.1002/cbf.1660.

Muzylak M, Price JS, Horton MA. Hypoxia induces giant oste-
oclast formation and extensive bone resorption in the cat. Cal-
cif Tissue Int. 2006;79:301-9. https://doi.org/10.1007/50022
3-006-0082-7.

Leger AJ, Altobelli A, Mosquea LM, Belanger AJ, Song A, Cheng
SH, et al. Inhibition of osteoclastogenesis by prolyl hydroxy-
lase inhibitor dimethyloxallyl glycine. ] Bone Miner Metab.
2010;28:510-9. https://doi.org/10.1007/s00774-010-0171-6.
Kang H, Yang K, Xiao L, Guo L, Guo C, Yan Y, et al. Osteo-
blast hypoxia-inducible factor-1alpha pathway activation restrains
osteoclastogenesis via the interleukin-33-MicroRNA-34a-Notch1
pathway. Front Immunol. 2017;8:1312. https://doi.org/10.3389/
fimmu.2017.01312.

@ Springer

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Hulley PA, Bishop T, Vernet A, Schneider JE, Edwards JR, Atha-
nasou NA, et al. Hypoxia-inducible factor 1-alpha does not regu-
late osteoclastogenesis but enhances bone resorption activity via
prolyl-4-hydroxylase 2. J Pathol. 2017;242:322-33. https://doi.
org/10.1002/path.4906.

Yu R, Li C, Sun L, Jian L, Ma Z, Zhao J, et al. Hypoxia induces
production of citrullinated proteins in human fibroblast-like
synoviocytes through regulating HIFlalpha. Scand J Immunol.
2018;87:e12654. https://doi.org/10.1111/sji.12654.

Knowles HJ, Athanasou NA. Acute hypoxia and osteoclast activ-
ity: a balance between enhanced resorption and increased apopto-
sis. J Pathol. 2009;218:256—64. https://doi.org/10.1002/path.2534.
Wilson WR, Hay MP. Targeting hypoxia in cancer therapy. Nat
Rev Cancer. 2011;11:393-410. https://doi.org/10.1038/nrc3064.
Wouters BG, Koritzinsky M. Hypoxia signalling through mTOR
and the unfolded protein response in cancer. Nat Rev Cancer.
2008;8:851-64. https://doi.org/10.1038/nrc2501.

Shao J, Zhang Y, Yang T, Qi J, Zhang L, Deng L. HIF-1alpha
disturbs osteoblasts and osteoclasts coupling in bone remodeling
by up-regulating OPG expression. In Vitro Cell Dev Biol Anim.
2015;51:808-14. https://doi.org/10.1007/s11626-015-9895-x.
Saleh H, Eeles D, Hodge JM, Nicholson GC, Gu R, Pompolo S,
et al. Interleukin-33, a target of parathyroid hormone and oncosta-
tin m, increases osteoblastic matrix mineral deposition and inhib-
its osteoclast formation in vitro. Endocrinology. 2011;152:1911—
22. https://doi.org/10.1210/en.2010-1268.

Schulze J, Bickert T, Beil FT, Zaiss MM, Albers J, Wintges K,
et al. Interleukin-33 is expressed in differentiated osteoblasts and
blocks osteoclast formation from bone marrow precursor cells.
J Bone Miner Res. 2011;26:704-17. https://doi.org/10.1002/
jbmr.269.

Wu C, Rankin EB, Castellini L, Alcudia JF, LaGory EL, Andersen
R, et al. Oxygen-sensing PHDs regulate bone homeostasis through
the modulation of osteoprotegerin. Genes Dev. 2015;29:817-31.
https://doi.org/10.1101/gad.255.000.114.

Song F, Zhou L, Zhao J, Liu Q, Yang M, Tan R, et al. Eriodictyol
inhibits RANKL-induced osteoclast formation and function via
inhibition of NFATC1 activity. J Cell Physiol. 2016;231(9):1983—
93. https://doi.org/10.1002/jcp.25304.

Quinonez-Flores CM, Gonzailez-Chavez SA, Pacheco-Tena C.
Hypoxia and its implications in rheumatoid arthritis. J] Biomed
Sci. 2016;23(1):62. https://doi.org/10.1186/s12929-016-0281-0.

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


https://doi.org/10.1083/jcb.201111116
https://doi.org/10.1007/s00418-018-1636-2
https://doi.org/10.1007/s00418-018-1636-2
https://doi.org/10.1074/jbc.M408795200
https://doi.org/10.1016/j.bbrc.2017.01.179
https://doi.org/10.1016/j.bbrc.2017.01.179
https://doi.org/10.1016/j.jhsa.2007.09.002
https://doi.org/10.1016/j.jhsa.2007.09.002
https://doi.org/10.1002/art.1780130606
https://doi.org/10.1002/art.1780140407
https://doi.org/10.2147/HP.S95960
https://doi.org/10.2147/HP.S95960
https://doi.org/10.1002/jcp.10321
https://doi.org/10.1002/jcp.10321
https://doi.org/10.1002/cbf.1660
https://doi.org/10.1002/cbf.1660
https://doi.org/10.1007/s00223-006-0082-7
https://doi.org/10.1007/s00223-006-0082-7
https://doi.org/10.1007/s00774-010-0171-6
https://doi.org/10.3389/fimmu.2017.01312
https://doi.org/10.3389/fimmu.2017.01312
https://doi.org/10.1002/path.4906
https://doi.org/10.1002/path.4906
https://doi.org/10.1111/sji.12654
https://doi.org/10.1002/path.2534
https://doi.org/10.1038/nrc3064
https://doi.org/10.1038/nrc2501
https://doi.org/10.1007/s11626-015-9895-x
https://doi.org/10.1210/en.2010-1268
https://doi.org/10.1002/jbmr.269
https://doi.org/10.1002/jbmr.269
https://doi.org/10.1101/gad.255.000.114
https://doi.org/10.1002/jcp.25304
https://doi.org/10.1186/s12929-016-0281-0

	Constant hypoxia inhibits osteoclast differentiation and bone resorption by regulating phosphorylation of JNK and IκBα
	Abstract
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Methods
	Ethical approval
	Regents
	Cell culture
	TRAP staining
	In vitro bone resorption assay
	Cell-viability assay
	Flow-cytometry analysis for apoptosis
	Real-time quantitative PCR
	Western blotting analysis
	Statistical analysis

	Results
	Hypoxia-suppressed osteoclasts differentiation
	Hypoxia-suppressed osteoclastic bone resorption
	Hypoxia had no long-term effect on cell viability
	Hypoxia attenuated RANKL-mediated activation of the JNK MAPK and IκBα pathways
	Hypoxia-decreased NFATc1 expression

	Discussion
	Acknowledgements 
	References


