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ABSTRACT
Pamapimod (PAM) is a novel selective p38 mitogen-activated protein (MAP) kinase inhibitor proved to be effective in rheumatoid
arthritis in phase 2 clinical trial. However, its effect on osteoclast-associated osteoporosis and the underlying mechanisms remain
unclear. In this study, we showed that PAM suppressed receptor activator of nuclear factor-kB ligand (RANKL)-induced osteoclast
formation via inhibition of p38 phosphorylation and subsequent c-Fos and nuclear factor of activated T cells c1 (NFATc1) expression.
In addition, the downregulated NFATc1 leads to reduced expression of its targeting gene disintegrin andmetalloproteinase domain-
containing protein 12 (ADAM12), which was further proven to be critical for osteoclastic bone resorption. Therefore, we treated
ovariectomized (OVX) mice with PAM and revealed a protective effect of PAM on osteoporosis in vivo. In conclusion, our results
demonstrated PAM can prevent OVX-induced bone loss through suppression of p38/NFATc1-induced osteoclast formation and
NFATc1/ADAM12-associated bone resorption. © 2018 American Society for Bone and Mineral Research.
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Introduction

Osteoporosis is a worldwide metabolic disease affecting
more than 200 million patients.(1) It is characterized by low

bone mass and high susceptibility to fracture.(2) Osteoporosis
increases the risk of fracture, especially fractures of the hip and
spine, which not only increase the economic burden but also
mortality.(3) Although many treatments targeting osteoclast
have been made, further alternative treatments are required as
different side effects of now available treatments exist.
Osteoclast is the only cell with the ability of bone resorption.

Under the stimulation of receptor activator of nuclear factor-kB
ligand (RANKL) and macrophage colony-stimulating factor (M-
CSF), bone marrow macrophages can differentiate into
osteoclasts.(4,5) In detail, the proliferation and survival of
osteoclast precursors are guaranteed by the binding of M-CSF
to its receptor, c-Fms.(6) RANKL promotes osteoclastogenesis by

activating several cellular signaling pathways, including mito-
gen-activated protein (MAP) kinases, activator protein-1 (AP-1),
and NF-kB, through its receptor RANK.(7) Then key downstream
regulators like c-Fos(8,9) and NFATc1(10,11) are upregulated and
activated, which further regulate the expression of osteoclast-
specific genes, resulting in the formation of mature osteoclasts.
Mature osteoclasts attach to the bone matrix and exert
resorption activity within the sealing zone, which critically
depends on the existence of F-actin.(12) Active osteoclasts
secrete protons and many proteases like cathepsin K into the
sealing zone to resorb bone matrix.(13)

P38 is one vital component of MAPK family and has long been
reported to be involved in cell differentiation, proliferation,
transcription regulation, and inflammatory responses. It has also
been demonstrated that p38 regulates the expression of c-Fos
and NFATc1 during osteoclast differentiation.(14,15) However, it is
still interesting whether p38 inhibitors, particularly selective
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inhibitors, can be used for the treatment of osteolytic diseases
such as osteoporosis. Indeed, a selective p38 inhibitor,
pamapimod (PAM),(16) was previously used for the treatment
of rheumatoid arthritis.(17) It was proven to be effective for the
prevention of joint destruction with the underlying mechanisms
needing further clarification.(18) Thus, this study aims to answer
whether this compound could prevent osteoclast-associated
osteoporosis in vivo.
ADAM12, also named meltrin-a, has been reported to be

involved in fertilization,(19) muscle development,(20) and cardiac
hypertrophy.(21) Recent studies demonstrate ADAM12 is in-
volved in invasion and metastasis of tumor.(22,23) Kumasawa and
colleagues reported that p38 could regulate the expression of
ADAM12 in human airway smooth muscle cells.(24) ADAM12 is
upregulated during the formation of osteoclast,(25–27) but the
function of ADAM12 in osteoclast and the exact mechanism are
still unknown. Therefore, the second aim of this study is to
investigate whether this p38 inhibitor is involved in modulating
osteoclast bone resorption by affecting ADAM12.

Materials and Methods

Reagents

The alpha modification of Eagle’s medium (a-MEM), penicillin/
streptomycin, and fetal bovine serum (FBS) were purchased
from Gibco-BRL (Gaithersburg, MD, USA). The cell counting kit
(CCK-8) was obtained from Dojindo Molecular Technology
(Kumamoto, Japan). Recombinant mouse M-CSF and mouse
RANKL were obtained from R&D (Minneapolis, MN, USA), and
PAM was purchased from Selleck Chemicals (Shanghai, China).
Specific antibodies against ERK, JNK, p38, phospho-ERK (Tr202/
Tyr204), phospho-JNK (Tr183/Tyr185), phospho-p38 (Tr180/
Tyr182), c-Fos, NFATc1, and a-tubulin were obtained from Cell
Signaling Technology (Danvers, MA, USA). Antibody against
ADAM12 was purchased from Abcam (Cambridge, MA, USA).
The TRAP staining kit, and all other reagents, were purchased
from Sigma-Aldrich (St. Louis, MO, USA) unless otherwise stated.

Mouse bone marrow–derived macrophage (BMM)
preparation and osteoclast differentiation

Primary BMMs were isolated from the whole bone marrow of
female 6-week-old C57BL/6 mice. Briefly, cells were isolated
from the femoral and tibial bonemarrow and cultured in a-MEM
supplemented with 10% FBS, 1% penicillin/streptomycin, and
30 ng/mL� 1 M-CSF in a 37°C, 5% CO2 incubator until 90%
confluence reached. The BMMs were then seeded into a 96-well
plate at a density of 8� 103 cells per well, in triplicate, in the
presence of 30 ng/mL� 1 M-CSF, 50 ng/mL� 1 RANKL, and
different concentrations of PAM (0, 16, 32, and 64 nM). The
culture medium was replaced every 2 days until mature
osteoclasts were formed. Then the cells were washed with
phosphate-buffered saline (PBS) 2 times, fixed with 4%
paraformaldehyde for 20 minutes, and stained for TRAP.

Cytotoxicity assay

The cytotoxic effects of PAM on BMMs were determined using
CCK-8 assay. BMMs were plated in 96-well plates at a density of
2� 104 cells/well� 1 in triplicate in the presence of 30 ng/mL� 1

M-CSF for 24 hours. Cells were then treated with different
concentrations of PAM (0, 0.02, 0.04, 0.08, 0.16, 0.31, 0.63, 1.25,
2.5 and 5 mM) plus 30 ng/mL� 1 M-CSF for 48 or 96 hours. Then,

10 mL of CCK-8 buffer was added to each well, and plates were
incubated for an additional 2 hours. The optical density (OD) was
thenmeasured at a wavelength of 450 nm (650 nm reference) on
an ELX800 absorbance microplate reader (Bio-Tek Instruments,
Winooski, VT, USA).

Resorption pit assay

BMMs were seeded at a density of 8� 103 cells/well onto bovine
bone slices in a 96-well plate with three replicates in the
presence of 30 ng/mL� 1M-CSF. After 24 hours, cells were treated
with 50 ng/mL� 1 RANKL, 30 ng/mL� 1 M-CSF, and 0, 16, 32, or 64
nM PAM until mature osteoclasts formed. Cells were then fixed
with 2.5% glutaraldehyde. Resorption pits were visualized under
a scanning electron microscope (FEI Instruments, Hillsboro, OR,
USA), and the bone resorption area was quantified using Image J
software (National Institutes of Health, Bethesda, MD, USA). The
depth of resorption pits were measured by confocal microscopy
(LSM 710, Carl Zeiss, Jena, Germany) after FITC staining.

Differentiation of osteoblastic stromal cells

Mouse mesenchymal stem cells MC3T3-E1 were cultured in a-
MEM containing PAM as indicated, 50 mg/mL� 1 ascorbic acid
(Sigma-Aldrich) and 10mMb-glycerophosphate (Sigma-Aldrich)
for 7 days or 21 days. Themediumwas changed every other day.
Then cells were stainedwith BCIP/NBT kit (CWBIO, Beijing, China)
to detect ALP and 2% Alizarin red S solution (pH 4.1) (Sigma-
Aldrich) to visualize calcium deposition in the extracellular
matrix. Mineralization was quantitatively assessed bymeasuring
the absorbance of the extracted stain at 562 nm using a
microplate reader after destained with ethylpyridinium chloride
(Wako Pure Chemical Industries Ltd, Osaka, Japan).

RNA extraction and quantitative real time-PCR assay

BMMs were seeded in 6-well plates at a density of 10� 104 cells/
well� 1 and cultured in a-MEM supplemented with 30 ng/mL� 1

M-CSF, 50 ng/mL� 1 RANKL, and 64 nM PAM for 0, 2, 4, or 6 days.
Total RNA was extracted using the RNeasy Mini Kit (Qiagen,
Valencia, CA, USA). Complementary DNA (cDNA) was synthe-
sized using 1 mg of RNA from each sample, 2 mL of 5�
PrimeScript RT Master Mix (Takara Bio, Otsu, Japan), and 4 mL of
RNase free distilled water in a total volume of 10 mL. RT-PCR was
performed using an ABI Prism 7500 system (Applied Biosystems,
Foster City, CA, USA) with SYBR Green QPCR Master Mix (Takara
Bio). The total volume (10mL) of each PCR reaction consisted of 5
mL SYBR Green QPCR Master Mix, 3 mL ddH2O, 1 mL cDNA, and
10 mM each of forward and reverse primers. The real-time PCR
reaction was performed at 95°C for 10 minutes (activation),
followed by 40 cycles of 95°C for 10 seconds, 60°C for 20
seconds, and 72°C for 20 seconds (amplification), and a final
extension at 72°C for 1 minute. The quantity of each target was
normalized to GAPDH.

Western blotting

BMMs were seeded in 6-well plates at a density of 5� 105

cells �well� 1. The cells were pretreated with or without 64 nM
PAM for 2 hours. Cells were then stimulated with 50 ng/mL� 1

RANKL for 0, 30, or 60 minutes. To determine the effect of PAM
on NFATc1, BMMs were treated with 50 ng/mL� 1 RANKL plus
30 ng/mL� 1 M-CSF, with or without 64 nM PAM, for 0, 1, 3, or
5 days. Total protein was extracted from cultured cells using
radioimmunoprecipitation assay (RIPA) lysis buffer (Sigma-
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Aldrich). Lysates were centrifuged at 12,000g for 15minutes, and
the supernatants were collected. Proteins were resolved on 10%
SDS-PAGE gels and transferred to PVDF membranes (Bio-Rad,
Hercules, CA, USA). The membranes were blocked in 5% nonfat
dry milk in TBST (50mM Tris (pH 7.6), 150mM NaCl, 0.1% Tween
20) at room temperature for 1 hour and then incubated with
primary antibodies overnight at 4°C. Protein bands were
visualized using the LAS-4000 Science Imaging System (Fujiflm,
Tokyo, Japan).

Small-interfering RNA (siRNA) transfection

Control siRNA and ADAM12 siRNA were purchased from
GenePharma (Shanghai, China). SiRNA were transfected into
BMMs using lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA)
and then BMMs were induced to the formation of osteoclast.

ChIP assay

ChIP was performed by using the SimpleChIP Enzymatic
Chromation IP Kit (Agarose Beads) (CST, Cambridge, MA, USA)
according to the manufacturer’s instructions. Precipitated DNAs
from treated RAW264.7 cells were identified by PCR using
specific primers that detect the binding of NFATc1 to mouse
Adam12 gene.

OVX-induced bone loss model

All animal experiments were performed in accordance with the
principles and procedures of the National Institutes of Health
(NIH) Guide for the Care and Use of Laboratory Animals and the
guidelines for the animal treatment of Sir Run Run ShawHospital
(Zhejiang University affiliated, Hangzhou, Zhejiang). Briefly,
twenty 12-week-old C57BL/6 female mice were generally
anesthetized and subjected to either a sham operation or
bilateral ovariectomy (OVX). We randomly divided the mice into
four groups: sham (sham operation and injection with PBS),
vehicle (OVX and injection with PBS), low-dose PAM (OVX and
injection with 1mg/kg� 1 PAM), and high-dose PAM (OVX and
injection with 2mg/kg� 1 PAM). The mice were injected
intraperitoneally with PAM every other day for 6 weeks. All
mice were euthanized at the end of 6 weeks. Uteri were isolated
and weighed to confirm the effects of OVX. Left tibia from each
mouse was fixed in 4% paraformaldehyde for micro-CT and
histological studies. Right tibia and femur from each mouse was
frozen in liquid nitrogen after dissection for the subsequent RNA
extraction and quantitative PCR. To investigate PAM’s therapeu-
tic effect on osteoporosis, 20 twelve-week-old C57BL/6 female
mice were generally anesthetized and subjected to either a
sham operation or bilateral ovariectomy (OVX). We randomly
divided the mice into four groups: sham (sham operation and
injection with PBS), vehicle (OVX and injection with PBS), low-
dose PAM (OVX and injection with 1mg/kg� 1 PAM), and high-
dose PAM (OVX and injection with 2mg/kg� 1 PAM). Eight weeks
after OVX, the mice were injected intraperitoneally with PAM
every other day for 6 weeks. All mice were injected with calcein
(12.5mg/kg; Sigma) 10 days and 3 days before death. Tibias
were fixed in 4% paraformaldehyde for micro-CT and histologi-
cal studies. Tibias of another side were fixed for undecalcificated
bone slicing.

Micro-CT scanning

The fixed tibias were analyzed using a high-resolution micro-CT
scanner (SkyScan 1072; Bruker microCT, Kontich, Belgium). The

scanning protocol was set at an isometric resolution at 9mmand
X-ray energy settings of 80 kV and 80mA. Bone volume per tissue
volume (BV/TV), bone surface to bone volume (BS/BV),
trabecular thickness (Tb.Th), number (Tb.N), and separation
(Tb.Sp), and porosity were measured using the resident
reconstruction program (SkyScan). The fixed tibias were decal-
cified in 10% EDTA for 3 weeks and then embedded in paraffin.

Histological analysis

The specimens were examined and photographed under a high-
quality microscope. The number of osteoblast and TRAP-
positive multinucleated osteoclasts per field (Oc.S/BS) and
eroded surface (ES/BS) were examined in each sample.

Statistical analysis

The data were expressed as means� SEM (standard error of the
mean). The results were analyzed using Prism 7 (GraphPad
Software Inc, San Diego, CA, USA) for Windows. The Student’s t
test was used to make comparisons between two groups. p <
0.05 indicated a significant difference between groups.

Results

Pamapimod suppressed RANKL-induced
osteoclastogenesis in vitro

We first examined the cytotoxicity effect of PAM on primary
BMMs for 48 and 96 hours. As shown in Fig. 1B, no cytotoxicity
was found at the dose of 5 mM. To explore whether PAM can
affect RANKL-induced osteoclastogenesis in vitro, we treated
BMMswith M-CSF, RANKL, and PAM at the dose of 16 nM, 32 nM,
and 64 nM. Apparent suppression of PAM on the formation of
mature osteoclasts could be found at the dose of 32 nM and only
several mature osteoclasts could be found when treated at 128
nM (Fig. 1C). The number of mature osteoclasts and area of
osteoclasts decreased in a concentration-dependent manner.
The size of mature osteoclast and the number of mature
osteoclast nuclei reduced dramatically in the 64 nM group
compared with the control group (Fig. 1D). To make a better
understanding of the suppressive role of PAM during the
differentiation of osteoclast, 64 nMPAMwas added to osteoclast
inductive medium at different time points during osteoclast
formation. As shown in Fig. 1E, osteoclastic formation was
dramatically repressed as PAM was added at an early stage of
osteoclast differentiation (day 1–3). When PAMwas added at the
middle stage of osteoclast differentiation (day 3–5), fewer areas
of osteoclasts and number of osteoclasts with 10 or more nuclei
could be found compared with control. However, there was no
difference in the number of mature osteoclasts between the day
3–5 group and the control group. Smaller mature osteoclasts
could be found when PAM was added at a late stage of
osteoclast differentiation (day 5–7) with a reduced number of
osteoclast with 5 to 10 nuclei compared with control (Fig. 1E, F).
Therefore, PAMmainly exhibits its suppressive role on osteoclast
formation at the early stage of osteoclast differentiation.

Expression of osteoclast-related genes were suppressed
by pamapimod in vitro

To make a better understanding of the inhibitory effect of PAM
onosteoclasts, wemeasured themRNAexpression of osteoclast-
related genes such as DC-STAMP, CTSK, c-Fos, NFATc1,
ATP6v0d2, and TRAP. Osteoclast-related gene expression was
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Fig. 1. Pamapimod inhibited RANKL-induced osteoclastogenesis without cytotoxic effects in vitro. (A) The structure of pamapimod. (B) Cytoactive of
PAM-treated BMMs tested by CCK-8 assays at 48 and 96 hours. (C) BMMs were treated with various concentrations of PAM, M-CSF (30 ng/mL� 1), and
RANKL (50 ng/mL� 1) for 5 days. Then the cells were fixed with 4% paraformaldehyde and stained for TRAP. (D, F) The number and areas of TRAPþ

multinuclear cells were determined as described in Materials andMethods (�p< 0.05; ��p< 0.01; ���p< 0.001). (E) TRAPþ BMMs after the treatment with
0.64 nM PAM for the indicated days during osteoclastogenesis. Data are expressed as means� SEM, n¼ 5–7.
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suppressed conspicuously after PAM was added compared with
the upregulation of them in the control (Fig. 2). PAM showed no
suppression on the formation of osteoblast as the expression of
alkaline phosphatase (ALP), Osteocalcin (OCN), and Runt-related
transcription factor 2 (RUNX2) did not show obvious change
after the treatment of PAM under the concentration of 800 nM
(Supplemental Fig. S1A, B, D, F). The differentiation and
mineralization of osteoblast was not affected as well (Supple-
mental Fig. S1C, E).

Pamapimod attenuated bone resorption capacity of
mature osteoclasts partially by downregulation of
ADAM12

To further evaluate the role of PAM on the osteoclastic bone
resorption capacity, we added PAM to the medium after BMMs
were plated on the bovine bone slices in 96-well plates. Bone
resorption area was decreased obviously as PAM was added,
especially at the concentration of 64 nM (Fig. 3A). Immunofluo-
rescence assay was performed because actin ring had been
regarded as an essential part during osteoclastic bone
resorption. The formation of actin belt also decreased
significantly in the presence of 64 nM PAM compared with
the control group (Fig. 3B, C).
Asmentioned in the introduction, ADAM12was reported to be

regulated by p38 and had been implicated in a variety of
biological processes involving cell-cell and cell-matrix interac-
tions, including fertilization, muscle development, and osteoclast

formation, so we examined the expression of ADAM12 during
osteoclast formation. Distinctly downregulated expression could
be observed during osteoclast formation with the treatment of
PAM and RANKL compared with the control (Fig. 3D). To further
elucidate themechanismof ADAM12onosteoclast formation, we
examined the number of multinuclear TRAPþ osteoclasts after
knockdown of ADAM12 using siRNA against mouse ADAM12
(Fig. 3E). However, we found no obvious difference of TRAPþ

osteoclast number andarea afterADAM12knockdown (Fig. 3F,G).
Intriguingly, ADAM12accumulated in closeproximity to actinbelt
in mature osteoclast (Fig. 3H). It was reasonable to predict that
ADAM12 was associated with the bone resorption function of
osteoclast because extensive reports argued that F-actin was
involved in osteoclast function. To examine whether it can affect
bone resorption capacity of osteoclasts, we silenced ADAM12
after BMMs were plated on bovine bone slices. The bone
resorption depth was much shallower after knockdown of
ADAM12 compared with normal control, even though no
conspicuous bone resorption area difference was found (Fig. 3I,
J). Taken together, PAM suppressedADAM12expression and thus
attenuated bone resorption in vitro.

Pamapimod inhibited p38/NFATc1 pathway to suppress
osteoclast formation and blocked NFATc1/ADAM12
cascades to attenuate bone resorption

To clarify the underlying mechanisms of PAM on osteoclast
formation and bone resorption, we examined MAPK signaling

Fig. 2. Pamapimod inhibited RANKL-induced osteoclast-specific gene expression in vitro. Expression of the osteoclast-specific genes TRAP, CTSK,
NFATc1, c-Fos, DC-STAMP, and ATP6v0d2 in BMMs treated with 64 nM PAM, M-CSF (30 ng/mL� 1), and RANKL (50 ng/mL� 1) for 0, 2, 4, or 6 days. Gene
expression was analyzed by real-time PCR. mRNA expression levels were normalized relative to the expression of GAPDH (�p < 0.05; ��p < 0.01; ���p <
0.001). Data are expressed as means� SEM, n¼ 5.
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pathways, which mainly include c-Jun N-terminal kinase (JNK),
p38, and extracellular signal-regulated kinase (ERK). BMMs
were treated with RANKL, with or without PAM for 0, 30, and
60 minutes. Along with the stimulation of RANKL for 30
minutes without PAM, JNK, p38, and ERK were activated.
However, the phosphorylation of p38 was sharply attenuated
after PAM was added for 30 minutes compared with control.

The phosphorylation of JNK and ERK were not affected
(Fig. 4A, B). Then we tested the expression of two vital
transcription proteins, NFATc1, which is significant for
osteoclast differentiation, and c-Fos, which is directly up-
stream of NFATc1. Increasing expression of c-Fos and NFATc1
could be observed after stimulation of RANKL for 0 day, 1 day,
3 days, and 5 days. However, the expression of c-Fos and

Fig. 3. Pamapimod inhibited osteoclastic bone resorption in vitro partially by downregulation of ADAM12. (A) BMMs were seeded onto bone slices and
treated as described in Fig. 1C for 7 days. Scanning electron microscope (SEM) images of bone resorption pits are shown and resorption pit areas were
measured using Image J. (B) Representative images for actin belt formation. (C) The perimeter of the actin belt was measured using Image J. (D) Gene
expression of ADAM12 in BMMs treatedwith 64 nMPAM,M-CSF (30 ng/mL� 1), and RANKL (50 ng/mL� 1) for 0, 2, 4, or 6 days. (E) mRNA and protein level of
ADAM12 in BMMs after transfection of siRNA of ADAM12. (F, G) Images and statistics of the formation of TRAPþ osteoclasts after knockdown of ADAM12.
(H) Immunofluorescence images of ADAM12 (green), DAPI (blue), and actin belt (red). (I) Images and statistics of osteoclastic bone resorption pits after
knockdown of ADAM12 (�p < 0.05; ��p < 0.01; ���p < 0.001). Data are expressed as means� SEM, n¼ 6–7.
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NFATc1 were downregulated correspondingly as PAM was
added (Fig. 4C, D).
In addition to suppression of NFATc1 by treatment with PAM,

we also found the nuclear translocation of NFATc1 was inhibited
by PAM (Fig. 4E). Interestingly, the nuclear translocation of
NFATc1 is important for ADAM12 expression. Our ChIP assay
revealed that ADAM12 could be directly regulated by NFATc1
(Fig. 4F). Theexpressionof CTSK, TRAP,ATP6v0d2,DC-STAMP, and
NFATc1were not affectedby silencing of ADAM12 (Supplemental

Fig. S2). These results suggest that PAM suppresses osteoclasto-
genesis by suppressing p38 MAPK-NFATc1 signaling pathway
and inhibits bone resorption partially by decreasing NFATc1-
mediated ADAM12 expression.

Pamapimod prevented OVX-induced bone loss in vivo

OVX-induced mouse osteoporosis model was utilized to
investigate the effects of PAM treatment on osteoporosis. This

Fig. 4. Pamapimod inhibited osteoclastogenesis by impairing p38MAPK and bone resorption partially by p38-NFATc1-ADAM12 in vitro. (A) BMMs were
treated with or without 64 nM PAM for 2 hours and then treated with 50 ng/mL� 1 RANKL for the indicated periods. Cell lysates were analyzed using
Western blotting. The expression of phosphorylated ERK, p38, and JNK and total ERK, p38, and JNK were assessed. (B) The gray levels of phosphorylated
ERK, p38, and JNK were quantified and normalized to total ERK, p38, and JNK using Image J. (C) BMMs were treated with RANKL, with or without 64 nM
PAM, for the indicated periods. Cell lysates were analyzed usingWestern blotting. The expression of NFATc1, c-Fos, and a-tubulin was evaluated. (D) The
gray levels of NFATc1 and c-Fos were quantified and normalized to a-tubulin using Image J. (E) RAW264.7 cells were pretreated with 64 nM PAM for 2
hours, and then RANKL was added for 3 hours. Nuclei translocation of NFATc1 was analyzed using immunofluorescence. (F) Nuclear extracts from RANKL
and PAM-treated RAW264.7 cells were used to assess whether NFATc1 could bind to the promoter region of ADAM12 using anti-NFATc1 antibody and
rabbit IgG. Scale bars¼ 100 mm. (�p < 0.05; ��p < 0.01; ���p < 0.001.) Data are expressed as means� SEM, n¼ 5.

Journal of Bone and Mineral Research PAMAPIMOD INHIBITS OSTEOCLASTOGENESIS 7



Fig. 5. Pamapimod effectively prevented OVX-induced bone loss in vivo. (A) The tibias of all mice were scanned with a high-resolution micro-CT. Scale
bars¼ 100 mm. (B) Calculation of the microstructural indices was performed for the micro-CT data. Microstructural indices include bone volume/tissue
volume (BV/TV), bone surface/bone volume (BS/BV), trabecular separation (Tb.Sp), trabecular thickness (Tb.T), and trabecular number (Tb.N). (C) Sections
of tibias were stained with H&E and TRAP. Scale bars¼ 50 mm. (D) The number of osteoclasts per field of tissue (N.Oc/BS), the number of osteoblasts per
field (N.Ob/BS), and eroded surface (ES/BS) in sections stained by TRAP (�p < 0.05; ��p < 0.01; ���p < 0.001). Data are expressed as means� SEM, n¼ 5.
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Fig. 6. Pamapimod showed therapeutic effect on osteoporosis in vivo. (A) The tibias of all mice were scanned with a high-resolution micro-CT. Scale
bars¼ 100 mm. (B) Calculation of the microstructural indices was performed for the micro-CT data. Microstructural indices include bone volume/tissue
volume (BV/TV), bone surface/bone volume (BS/BV), trabecular separation (Tb.Sp), trabecular thickness (Tb.T), and trabecular number (Tb.N). (C) Sections
of tibias were stained with TRAP. Scale bars¼ 50 mm. (D) The number of osteoclasts per field of tissue (N.Oc/BS), the number of osteoblasts per field (N.
Ob/BS), and eroded surface (ES/BS) in sections stained by TRAP. (E) Photomicrographs of fluorochrome label in each group. (F) Statistic of mineral
apposition rate (MAR) in E. Scale bars¼ 10 mm. (�p < 0.05; ��p < 0.01; ���p < 0.001.) Data are expressed as means� SEM, n¼ 5.
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model was established successfully as the decreased weight of
uterus and increased mouse body weight shown in Supplemen-
tal Fig. S3. Mice were treated with PAM by intraperitoneal
injection for 6 weeks after OVX operation, thenmicro-computed
tomography (CT) was used to analyze the bone loss in the
proximal tibia (Fig. 5A). Microstructural parameters such as BV/
TV, Tb.Th, and Tb.N had a serious decrease and an increase of BS/
BV and Tb.Sp in the vehicle-treated group compared with the
sham group. Compared with the vehicle-treated group, there
was an increase in the values of BV/TV, Tb.Th, and Tb.N but a
decrease of BS/BV and Tb.Sp in the PAM-treated group in a dose-
dependent manner (Fig. 5A, B). Hematoxylin and eosin (H&E)
staining further verified the beneficial effect of PAM to the bone
mass of OVX mice (Fig. 5C). Number of multinucleated
osteoclasts was increased remarkably and the percentage of
osteoclast surface per bone surface (Oc.S/BS%) and eroded
surface (ES/BS) also had a sharp rise in the vehicle-treated group
compared with the sham group as shown by the TRAP staining
images. The protective effects of PAM could be further
confirmed as both the number of multinucleated osteoclasts
and Oc.S/BS% declined in the PAM-treated group compared
with the vehicle-treated group (Fig. 5C, D). However, PAM had
no inhibitory effect on osteogenesis as shown in Fig. 5E. The
mRNA levels of osteoclast-related genes, ADAM12 included,
were also downregulated in the PAM-treated group in a dose-
dependent manner compared with the vehicle-treated group
(Supplemental Fig. S4). To investigate PAM’s therapeutic effect
on osteoporosis, osteoporotic mice (8 weeks after OVX) were
injected with PAM for 6 weeks accordingly. PAM increased the
bone mass compared with the vehicle group (Fig. 6A, B) and
decreased TRAPþ cell number (Fig. 6C, D). Consistent with the
previous results, PAM also had no inhibitory effect on
osteogenesis as shown in Fig. 6E, F.

Discussion

Although many treatments targeting osteoclasts have been
made, further alternative treatments are required because
different side effects of now available treatments exist. Long-
term hormone-replacement therapy could increase the risk of
vaginal bleeding, deep vein thrombosis, pulmonary embo-
lism,(28) breast tenderness, and even breast cancer.(29,30) A side
effect of bisphosphonates, a rare but serious osteonecrosis of
the jaw, has also been reported.(31,32) Multinucleated osteo-
clasts, formed by the fusion of monocyte/macrophage family,
are the only cells capable of bone resorption. Excessive
osteoclast activity results in bone-related disease, including
postmenopausal osteoporosis, rheumatoid arthritis (RA), and
Paget’s disease.(33,34) Here, we showed PAM, a novel selective
p38 MAPK inhibitor,(16) inhibits the formation and resorption of
multinucleated osteoclasts.
p38 MAPK have four isoforms, including MAPK14, MAPK11,

MAPK12, and MAPK13.(35,36) Among the four isoforms, MAPK14
and MAPK 11 play a significant role in osteoclast differentia-
tion.(37,38) There are a large number of reports that demonstrate
that p38 regulates the expression of c-Fos, an upstream of
NFATc1, or NFATc1 through a different way, such as MITF,(39)

ATF3,(40) CREB,(41) and MSK1.(42) So selective inhibitors targeting
MAPK14 and MAPK11 are potential new treatments for
osteoclast-associated osteoporosis. PAM, a selective p38
MAPK inhibitor targeting MAPK14 and MAPK11,(16) has been
previously showed to inhibit the progression of RA.(16,18)

However, the role of PAM on osteoporosis has not been
reported.
In this study, we demonstrated PAM could inhibit the

formation of osteoclast in vitro through blocking of the p38
MAPK signaling pathway. The underlying mechanism is in
agreement with previous studies. The inhibition of p38
phosphorylation suppressed the expression of its downstream
protein c-Fos. Moreover, it subsequently decreased the expres-
sion of key transcriptional factor NFATc1. Although PAM showed
dramatic inhibition of osteoclastogenesis in a dose-dependent
manner, the inhibitory effect was only shown obviously when
PAM was added at an early stage (day 1–3). This result is
consistent with the previous reports that p38 MAPK phosphory-
lated in BMMs at the stimulation of RANKL but not in mature
osteoclasts. Thus, our study for the first time showed that PAM is
an effective compound for the treatment of osteoporosis by
inhibiting osteoclast formation. More importantly, we also
demonstrate that ADAM12 is involved in bone resorption
capacity without affection of osteoclast fusion. ADAM12 is
regulated by NFATc1. Therefore, suppression of NFATc1 by PAM
not only inhibits osteoclast formation but also attenuates bone
resorption capacity partially by downregulation of ADAM12.
Here, we first found that ADAM12 is regulated by NFATc1
because chromatin immunoprecipitation (ChIP) results showed
that NFATc1 binds to the promoter region of ADAM12 and
increases the transcription of ADAM12 after stimulation of
RANKL. Reports show that ADAM12 is upregulated upon
osteoclast formation and could be involved in osteoclast
formation.(25–27) However, the exact function and mechanism
of ADAM12 in osteoclasts have not been elaborated yet. Indeed,
our results demonstrated that during osteoclast differentiation,
BMMs treated with ADAM12 siRNA showed normal osteoclasto-
genesis, which is different from Abe and colleagues’ result.(25)

This may due to different methods being used, as Abe and
colleagues used antisense oligonucleotide transfection of
ADAM12 gene in alveolar macrophages of 8-week-old male
Swiss Webster mice. Further immunofluorescence results led us
to the idea that ADAM12 is involved in osteoclastic bone
resorption capacity as ADAM12 accumulated in close proximity
to actin belt in mature osteoclasts. Bone resorption pit assay
indicated that the knockdown of ADAM12 affects osteoclastic
bone resorption capacity. Meanwhile, PAM showed no repres-
sion on the formation of osteoblast and osteoblastic bone
formation in vitro and in vivo. Because of its dual roles on
osteoclast formation and osteoclast resorption, we proved that
PAM exerted a protective role in OVX-induced bone loss in vivo.
Taken together, our study suggests that PAM can be used
potentially as a novel drug for the treatment of osteoporosis.
However, there are certain weaknesses existing in our study.

For instance, the underlying mechanism of ADAM12 on bone
resorption may lead to better understanding of its role in
osteoclasts.
In conclusion, our results showed that PAM inhibits osteoclast

differentiation and function both in vitro and in vivo. Our study
also demonstrated that ADAM12, regulated by p38/NFATc1 axis,
is involved in bone resorption. Thus, our results manifest that
PAM could be a potential treatment for osteoporosis and
ADAM12 may be a new target for osteoporosis treatment.
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