Yang et al. Journal of Translational Medicine (2023) 21:839 J ourna | Of
https://doi.org/10.1186/512967-023-04706-2 X .
Translational Medicine

. ®
Myrislignan targets extracellular e

signal-regulated kinase (ERK) and modulates
mitochondrial function to dampen
osteoclastogenesis and ovariectomy-induced
osteoporosis

Tao Yang'?!, Weiwei Chen'?', Kai Gan', Chaofeng Wang'?, Xiaoxiao Xie'?, Yuangang Su'?, Haoyu Lian'?,
Jiake Xu®, Jinmin Zhao'!" and Qian Liu"*

Abstract

Background Activated osteoclasts cause excessive bone resorption, and disrupt bone homeostasis, leading to osteo-
porosis. The extracellular signal-regulated kinase (ERK) signaling is the classical pathway related to osteoclast differen-

tiation, and mitochondrial reactive oxygen species are closely associated with the differentiation of osteoclasts. Myris-

lignan (MRL), a natural product derived from nutmeg, has multiple pharmacological activities; however, its therapeutic
effect on osteoporosis is unclear. Here, we investigated whether MRL could inhibit osteoclastogenesis and bone mass

loss in an ovariectomy mouse model by suppressing mitochondrial function and ERK signaling.

Methods Tartrate-resistant and phosphatase (TRAP) and bone resorption assays were performed to observe

the effect of MRL on osteoclastogenesis of bone marrow macrophages. MitoSOX RED and tetramethyl rhodamine
methyl ester (TMRM) staining was performed to evaluate the inhibitory effect of MRL on mitochondria. Quantitative
reverse transcription-polymerase chain reaction (qRT-PCR) assay was performed to detect whether MRL suppressed
the expression of osteoclast-specific genes. The impact of MRL on the protein involved in the mitogen-activated pro-
tein kinase (MAPK) and nuclear factor-kB pathways was evaluated using western blotting. In addition, a specific ERK
agonist LM22B-10, was used to revalidate the inhibitory effect of MRL on ERK. Finally, we established an ovariectomy
mouse model to assess the therapeutic effect of MRL on osteoporosis in vivo.

Results MRL inhibited osteoclast differentiation and the associated bone resorption, by significantly decreasing oste-
oclastic gene expression. Mechanistically, MRL inhibited the phosphorylation of ERK by suppressing the mitochondrial
function, thereby downregulating the nuclear factor of activated T cells 1 (NFATc1) signaling. LM22B-10 treatment
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further verified the targeted inhibition effect of MRL on ERK. Microscopic computed tomographic and histologic
analyses of the tibial tissue sections indicated that ovariectomized mice had lower bone mass and higher expres-
sion of ERK compared with normal controls. However, MRL treatment significantly reversed these effects, indicating

the anti-osteoporosis effect of MRL.

Conclusion We report for the first time that MRL inhibits ERK signaling by suppressing mitochondrial function,
thereby ameliorating ovariectomy-induced osteoporosis. Our findings can provide a basis for the development

of a novel therapeutic strategy for osteoporosis.

Keywords ERK, Mitochondria, Myrislignan, LM22B-10, Osteoclast, Osteoporosis

Background

The incidence of osteoporosis-the most common bone
disease-is rapidly increasing worldwide due to increased
life span and an aging population World Health Organi-
zation has recognized osteoporosis as a universal health
problem. The disease mainly affects postmenopausal
women, and its prevalence ranges from 3.2% in the 40—-49
age group t019.2% in>50 age group [1]. Osteoporosis is
characterized by decreased bone density, damaged bone
microstructure [2], increased bone fragility, and vulner-
ability to fracture [3]. Fractures caused by osteoporosis
often occur in the centrum, hip, forearm distal, and prox-
imal humerus, leading to disability and death in affected
patients [4].

Bone health is regulated by tightly controlled homeo-
static mechanisms. Osteoporosis mainly occurs due to
the disruption of bone homeostasis, which depends on
the balance of bone resorption by osteoclasts and bone
formation by osteoblasts [2, 5]. Osteoclasts are the spe-
cialized multinucleated cells derived from the mono-
nuclear macrophage lineage of hematopoietic cells in
the bone marrow [6]. They can be activated by various
pathological factors [7], such as chronic drug use, immo-
bilization, malnutrition, and chronic inflammation [8, 9].
The abnormal activation of osteoclasts accelerates bone
resorption and leads to osteoporosis and related dis-
eases, such as Alzheimer’s disease, diabetes, and cancer
[10, 11]. Therefore, inhibiting the formation and activ-
ity of osteoclasts can be a potential strategy for treating
osteoporosis.

Oxidative stress is one of the critical factors induc-
ing osteoporosis, and an increasing number of oxida-
tive stress biomarkers are being detected in patients
with osteoporosis [12, 13]. The accumulation of reactive
oxygen species (ROS) promotes osteoclast differentia-
tion and leads to hyper resorption of the bone [14-16].
Moreover, antioxidant treatment alleviates the symp-
toms of osteoporosis [17]. Therefore, ROS are involved in
osteoclast differentiation, and attenuating ROS produc-
tion could be a feasible strategy for preventing or treating
osteoporosis. Mitochondria is the primary source of ROS
in the cell [13]. Excessive mitochondrial ROS (mtROS)

production results from the anomalous electron escapes
from the electron transport chain, which disrupt nor-
mal signaling pathways and lead to abnormal osteoclast
formation and differentiation [18, 19]. Excess intracel-
lular ROS concentrations stimulate receptor activator of
nuclear factor-«kB ligand (RANKL) and enhance osteo-
clastogenesis [20]. Therefore, inhibiting mitochondrial
ROS production may be an effective approach to sup-
press osteoclast activation and ameliorate osteoporosis.

Bone marrow-derived mononuclear pre-osteoclasts,
fuse to form multinuclear osteoclasts [10]. Two impor-
tant receptors expressed on the cell surface of pre-oste-
oclasts are colony stimulating factor-1 receptor (c-Fms)
and RANK [6, 10]. Macrophage colony-stimulating fac-
tor (M-CSF) binds to c-Fms to promote survival, prolif-
eration, and commitment of osteoclast precursor cells [6,
8]. The binding of RANK to RANKL is crucial for induc-
ing osteoclast differentiation [7, 10]. Subsequently, TNF
receptor-associated factor 6 (TRAF6) is recruited to the
intracellular domain of RANK [9]. The activated TRAF6
initiates several downstream pathways, such as mitogen-
activated protein kinase (MAPK) and nuclear factor-kB
(NF-xB) pathways [11, 21]. These pathways are critical
for osteoclast formation, differentiation, and activation
[10]. Nuclear factor of activated T cells (NFATc1), mas-
ter transcription factor in osteoclastogenesis, is induced
because of the activated of these pathways [10]. Eventu-
ally, NFATc1 induces the expression of genes encoding
osteoclast-relevant proteins, including tartrate-resistant
acid phosphatase (TRAP), cathepsin K (CTSK), ATPase
H™ transporting v0 subunit d2 (Atp6v0d2) [6, 22], matrix
metalloproteinase (Mmp9) [6] and dendritic cell-specific
transmembrane protein (Dcstamp) [10], which promote
osteoclast formation and lead to bone resorption.

In addition, the MAPK signaling pathway is critical in
osteoclast differentiation [23, 24]. This signaling pathway
is linked to bone metabolism and is involved in osteo-
clast proliferation and differentiation [25, 26]. Moreover,
the metabolism and function of mitochondria are tightly
regulated by the MAPK signaling pathway. Its activation
subsequently leads to the formation of mitochondria per-
meability transition pores and the ensuing dysfunction
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of mitochondria [27]. Moreover, MAPK activity regu-
lates mitochondria-mediated pathways associated
with survival and death [24]. However, the influence of
MAPK-related mitochondrial function on osteoclast dif-
ferentiation and osteoporosis remains unclear.

Several therapeutic strategies are available for osteopo-
rosis. The most commonly used medications include cal-
cium and vitamin D supplements (improve bone health),
bisphosphonates and zoledronic acid (inhibit osteoclast
activity) [8], and calcitonin (suppress bone resorption)
[28]. However, these drugs have multiple side effects,
such as epigastric discomfort, constipation, gastric and
duodenal ulcers, reflux esophagitis, and breast cancer
[29, 30]. Therefore, it is urgent to develop effective anti-
osteoporosis drugs with minimal side effects.

Natural compounds derived from animals, plants, and
microorganisms have unique pharmacological or biologi-
cal activities [31]. These compounds and their metabo-
lites are the potential sources of novel drugs for treating
several diseases including osteoporosis [9]. Myrislignan
(MRL) is a natural compound derived from Myristica fra-
grans (nutmeg) with extensive pharmacological activities
[32, 33]. MRL induced surface shrinkage and mitochon-
drial damage in Toxoplasma gondii, a parasitic proto-
zoan, eventually leading to its death [32]. In addition,
MRL has anti-inflammatory and anti-cancer properties
[32, 33]. However, the effect of MRL on osteoclasts activ-
ity remains unexplored. In this study, MRL showed anti-
osteoclast activity and inhibited mitochondrial function
in vitro. The anti-osteoclast effect of MRL was further
verified in an ovariectomy (OVX) mouse model. In addi-
tion, the mechanisms by which MRL inhibits osteoclasts
were explored, including the role of the MAPK/ERK
signaling pathway and mitochondrial function.

Methods

Ethics

The Animal Center of Guangxi Medical University (Nan-
ning, Guangxi, China) provided the C57BL/6 ] mice. All
animal experiments were performed with the approval
of the Guangxi Medical University Ethics Committee
(approval number: 202204009).

Reagents and supplies

MRL was purchased from Chengdu Must Bio-Tech-
nology Co., Ltd (Chengdu, Sichuan, China). The com-
pound had a purity of 99.24% and a molecular weight
of 374.43 kDa. MRL was dissolved in dimethyl sulfoxide
(DMSO) to prepare a 100 mM stock solution. The stock
solution was diluted with minimum essential medium
alpha modification (a-MEM) to prepare a 1 mM working
solution. Lm22B-10 (LM; 99.72% pure; MW: 485.01 kDa)
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was bought from MedChemExpress (Shanghai, China).
LM was dissolved in DMSO to prepare a 50 mM stock
solution and then diluted with a-MEM to prepare a
500 uM working solution. a-MEM and fetal bovine
serum (FBS) were procured from Gibco-Technology
(Thermo Fisher Institute of Biotechnology, MD, United
States). Recombinant mouse M-CSF and RANKL were
supplied by the R&D Biotechnology Company (Minne-
apolis, MN, United States), and penicillin/streptomycin
was procured from Thermo Fisher Scientific (Victoria,
Australia). MedChemExpress provided cell counting
kit-8 (CCK-8) and estrogen. Rever Aid RT Kit, MtROS
red, and tetramethyl rhodamine methyl ester (TMRM)
were provided by Thermo Fisher Scientific. Rhodamine-
marked phalloidin and 4’6-diamidino-2-phenylindole
(DAPI) were procured from Sigma-Aldrich (St. Louis,
MO, United States). The prestained protein markers for
western blotting was obtained from Thermo Fisher Sci-
entific (Shanghai, China). Primary antibodies against
NFATcl (#sc-7294) and CTSK (#sc-48353) were pro-
vided by Santa Cruz Biotechnology (Dallas, CA, United
States). Antibodies against Atp6v0d2 (#ab236375) and
¢-FOS (#ab134122) were procured from Abcam (Cam-
bridge, England). Cell Signaling Technology (Danvers,
MA, United States) supplied antibodies against phospho-
NF-kB p65 (#3033), NF-kB p65 (#8242), IxBa (#4814),
B-actin (#4970), p-ERK (#4370), ERK (#4695), p-JNK
(#4668), INK (#9252), p-P38 (#4511), P38 (#8690) and
anti-mouse and anti-rabbit secondary antibodies.

Extraction and culture of primary bone marrow
macrophages (BMMs)

The femur and tibia of 4—6-weeks-old C57BL/6 ] mice
were separated. Bone marrow cells were harvested and
resuspended into a complete medium containing 10%
FBS, 1% penicillin-streptomycin, and 25 ng/ml M-CSE.
The cells were cultured in a T-75 cell culture bottle at
37 °C under 95% O, and 5% CO, for 48 h.

Cytotoxicity assay

BMMs were cultured in a CO, incubator at 37 ‘C under
95% O, and 5% CO, for 36 h at a density of 7 x 10 cells/
well to ensure cell attachment. The supernatant was then
replaced with different concentrations of drugs (MRL/
LM) every 48 h. Next, 10 pL CCK-8 solution was added
to the supernatant in each well, and the plate was incu-
bated to culture for 2 h in a CO, incubator. Optical den-
sity (OD) was measured using a Multimodule microplate
meter (Berthold Technologies Gmbh & Co. KG, Baden-
Waurttemberg, Germany). Finally, cell counts were deter-
mined from OD values to evaluate drug toxicity.
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BMM differentiation and TRAP staining

Approximately 7 x 10° cells/well were seeded into 96-well
plates and incubated for 36 h in a CO, incubator to allow
cell attachment. Next, the supernatants were replaced
with different drug doses (MRL/LM) and RANKL (50 ng/
ml). The procedure was repeated every 48 h for 1 week
until mature multinuclear osteoclasts were formed in
the control group. Next, the cells were fixed with 100 puL
4% of paraformaldehyde (PFA) for 2 h and then gen-
tly cleaned with phosphate-buffered saline (PBS) twice.
Afterward, 70 pL TRAP dye liquor was added into each
well for 15 min at 37 ‘Cto stain mature osteoclasts.
Finally, plates were dried, and high-resolution images
were obtained using Cytation 5 (Bio Tek Instruments
Inc., Winooski, VT, USA). Osteoclasts with three or more
nuclei were counted, and the Image] v1.53 software was
used for quantitative calculations.

Podosome belt formation and immunofluorescence
experiment

We examined whether MRL impairs podosome belt for-
mation and F-actin-mediated cytoskeletal structure. For
this purpose, we seeded 7 x 103 BMM s into 96-well plates
and cultured them with different concentrations of MRL
and 50 ng/ml RANKL for 7 days until mature osteoclasts
attained a specific shape. The cells were then fixed with
4% PFA for 2 h and gently cleaned with PBS twice. Later,
cells were treated with 0.1% Triton X-PBS at room tem-
perature for 10 min and then PBS containing 3% bovine
serum albumin (BSA) for 60 min. After being washed
with PBS containing 0.2% BSA twice gently, cells were
incubated with 1:200 rhodamine-phalloidin for 2 h in the
dark. Cells were again successively washed with PBS and
0.2% BSA twice and stained with 1:100 DAPI for approxi-
mately 10 min in the dark. Finally, cells were gently rinsed
with PBS twice, plates were dried, and full-hole fluores-
cent images were obtained using Cytation 5.

Bone resorption assay

Osteoclasts are the only cells with bone resorption func-
tion in vivo; therefore, we used bovine bone slices to
examine the resorptive function of osteoclasts in vitro.
Bovine bone slices were dried using UV irradiation for
about 40 min and serial numbers were marked on the
back of dried slices. The pieces were then sequentially
processed with absolute ethyl alcohol, PBS, and a-MEM
for 48 h. Then, the slices were placed in 96-well plates
with the numbered side facing down. Next, approxi-
mately 7x 10> BMMs were seeded on the bone slice in
each well and incubated for 48 h to ensure attachment.
Adherent cells were treated with RANKL for 4 days,
to obtaining small osteoclasts. The supernatants were
replaced with different concentrations of MRL containing
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RANKL for 2 days until control BMMs differentiated into
mature multinuclear osteoclasts. Similar protocols were
followed in only bovine bone slice or only TRAP stain
controls.

Afterward, bovine bone slices in all groups were gen-
tly rinsed with PBS twice and fixed with 4% PFA for 1 h.
Then, images were recorded using a scanning electron
microscope (Manufacturer, City, Country, SU 8100,
3.0 kV). The area of the bone pit was recorded to deter-
mine the bone resorption capacity of osteoclasts. In
the TRAP staining control group, cells were fixed using
4% PFA for 1 h and then gently rinsed with PBS twice.
TRAP dye was added, and all images were recorded
using Cytation 5. Mature osteoclasts were stained red,
and the cells having three or more nuclei were counted
for quantitative analysis.

Quantitative reverse transcription-polymerase chain
reaction (QRT-PCR)

Quantitative RT-PCR was performed to examine the
mRNA expression of osteoclast marker genes. Approxi-
mately 1.5x 10° BMMs were seeded into 6-well plates
and incubated for 36 h for cell attachment. The super-
natant was then replaced with a fresh medium contain-
ing different concentrations of drugs (MRL/LM) and
RANKL once in 2 days. When mature multinuclear
osteoclasts were formed, TRIzol (Thermo Fisher Sci-
entific) was added for 1 h to lyse them. Further, chlo-
roform, isopropyl alcohol, and 75% ethyl alcohol were
sequentially added to the lysis buffer for RNA extrac-
tion. The extracted RNA was reverse transcribed into
complementary DNA (cDNA) using reverse transcrip-
tion kits (Manufacturer, City, Country). The concen-
tration of cDNA was measured and qRT-PCR was
conducted using SYBR Green (Thermo Fisher Scien-
tific) and RNA-specific primers. The reverse transcrip-
tional conditions were 42 °C for 60 min, then 95 ‘C for
5 min, and finally 4 “C for 15 min, followed by ampli-
fication on a gradient PCR amplification instrument at

Table 1 The primers used in this research

Gene Forward primer (5'-3") Reverse primer (5'-3")
Nfatcl GGTGCTGTCTGGCCATAACT GAAACGCTGGTACTGGCTTC
Ctsk AGGCGGCTATATGACCACTG TCTTCAGGGCTTTCTCGTTC
Atp6v0d?2 GTGAGACCTTGGAAGACCTGAA GAGAAATGTGCTCAGGGGCT
Mmp9 GAAGGCAAACCCTGTGTGTT AGAGTACTGCTTGCCCAGGA
Dcstamp  GGAACCTAAGCGGAACTT GCTAGGGCTTCGTGGAAACA
AGACA

Acp5 ACGGCTACTTGCGGTTTCA TCCTTGGGAGGCTGGTCTT
Fos TACTACCATTCCCCAGCCGA GCTGTCACCGTGGGGATAAA
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94 °C for 15 s, 58 C for 25 s, and 72 C for 25 s. All tar-
get gene expressions were quantified using the 2744 ¢t
method. All primer sequences are listed in Table 1.

Mitochondria functional assays

BMMs were stimulated with 50 ng/ml RANKL and
30 uM MRL in 96-well plates for 3 days. Then, the spent
medium was replaced and cells were washed with PBS.
MitoSOX RED (5 uM) was added to each well, and plates
were incubated for 10 min at 37 “C in a CO, incubator
protected from light. Finally, full-bore photographs were
obtained using Cytation 5 (Bio Tek Instruments Inc.) in
the dark. In addition, BMMs were similarly incubated for
7 days and then used to measure the membrane poten-
tial. The cells were gently washed using PBS and 100 nM
TMRM was added into each well followed by incubation
for 30 min at 37 ‘C. Finally, the plates were kept in the
dark, and images were recorded using Cytation 5. The
average fluorescence value was determined using the
Image] v1.53 software.

Western blotting

Approximately 5x10° BMMs were seeded to extract
osteoclast-related  short-term-acting proteins, and
1.5x10° BMMs were seeded to obtain osteoclast-rele-
vant long-term-acting proteins. BMMs were cultured
with different concentrations of drugs (MRL/LM) and
RANKL for 7 days to form mature osteoclasts and extract
long-term-acting proteins. In contrast, BMMs were sep-
arately incubated with drugs (MRL/LM) and RANKL
for 1 h each to isolate short-term-acting proteins. Next,
BMMs were treated with RIPA lysis buffer including 1%
phosphatase inhibitors, 1% protease inhibitor, and 1%
phenylmethanesulfonyl fluoride for protein extraction.
Finally, the extracted proteins were stored at — 80 C till
further use.

Further, the protein sample was mixed with a loading
buffer and separated using sodium dodecyl sulfate—poly-
acrylamide gel electrophoresis. And the separated pro-
teins were transferred onto the nitrocellulose membrane.
The blotted membrane was blocked using skimmed milk
at room temperature for 1 h to block unoccupied sites.
The blocked membrane was rinsed with tris buffered

(See figure on next page.)
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saline containing tween (TBST) thrice and incubated
overnight with the primary antibody at 4 “C. The mem-
brane was again washed thrice with TBST and incubated
with a secondary antibody for 1 h at room temperature.
Finally, protein bands were analyzed using ImageQuant
LAS-4000 (GE Healthcare, Chicago, Illinois, USA).

Establishment of OVX-induced osteoporosis mouse model

All animal experiments were carried out with the
approval of the Guangxi Medical University Ethics Com-
mittee, including constructing an OVX-induced osteopo-
rosis mouse model. Thirty 11-weeks-old female C57BL6/]
mice were randomly divided into five groups: sham oper-
ation + vehicle group (Sham group), OVX + vehicle group
(OVX group), OVX+100 ng/kg E, group (E, group),
OVX +15 mg/kg MRL group (low-concentration group),
and OVX+30 mg/kg MRL group (high-concentration
group). The mice were anesthetized using tribromoe-
thanol (200 puL/10 g body weight), and mice from four
groups (except for the Sham group) were ovariectomized
to induce osteoporosis. Berberine was administered for
1 week, and mice were treated with group-specific rea-
gents for 6 weeks. The mice from the Sham and OVX
groups were intraperitoneally injected with normal
saline containing 4% DMSO. Mice from the E, group
were intraperitoneally injected with 100 ng/kg E,. Low-
and high-concentration groups of mice were adminis-
tered 15 mg/kg and 30 mg/kg MRL respectively. Finally,
all mice were sacrificed, and the tibias were removed
for histological and microscopic-computed tomography
(micro-CT) analysis.

Statistical analysis

All the experiments were performed at least in triplicate.
The data are presented as mean t standard deviation or
images. Student’s t-test or ANOVA was used for quanti-
tative analysis, and *p<0.05 was considered statistically
significant unless otherwise stated.

Results

MRL inhibits RANKL-induced osteoclastogenesis in vitro
Figure la show the chemical structure and molecular
formula of MRL. The results of CCK-8 assays revealed

Fig. 1 MRL inhibits RANKL-induced osteoclastogenesis in vitro. a The chemical structure and molecular formula of MRL. b BMMs cell proliferation
was detected by CCK-8 assay after treatment with different concentrations of MRL for 48 and 96 h (n=3 for each group). ¢ Flow cytometric analysis
of Pl positive cell after BMMs were treated with MRL for 48 h. d Quantification of relative Pl positive cell ratio of flow cytometric (n=3 for each
group). e Representative images of TRAP staining showed that MRL inhibited osteoclast formation in a dose-dependent manner after stimulation
with 50 ng/ml RANKL for 7 days. Scale bar=2000 um. f Quantitative data of TRAP-positive osteoclasts per well was shown (n=3 for each group).

g Representative images of podosome belts in osteoclasts treated with different concentrations of MRL. Scale bar=2,000 um. h Quantitative data
of mean F-actin ring area per well (n=3 for each group). All the data were expressed as mean +SD. *p < 0.05, **p <0.01 and ***p <0.001
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that the activity of BMMs was not impaired even after
the treatment with 80 pM MRL for 48 and 96 h (Fig. 1b).
Next, t we conducted flow cytometric analysis and found
that MRL did not affect the apoptosis ratio of BMMs
(Fig. 1c, d). Then, we determined the effect of MRL on
the differentiation of BMMs to osteoclasts. BMMs were
seeded into 96-well plates and incubated with 50 ng/ml
RANKL and different concentrations of MRL for 7 days.
Then, BMMs were fixed with PFA and stained with the
TRAP dye after the formation of mature multinucle-
ated osteoclasts. Osteoclast differentiation was inhibited
with the increasing concentration of MRL (Fig. 1le, f).
After being stimulated with RANKL for 7 days, mature
osteoclasts were stained with rhodamine-conjugated
phalloidin. Intact podosome belts associated with actin
cytoskeleton formation and morphology were red, and
cell nuclei were blue. Treatment with both high and
low concentrations of MRL markedly prevented F-actin
ring formation even with 50 ng/ml RANKL stimulation
(Fig. 1g, h). Overall, these results demonstrate that MRL
had an inhibitory effect on osteoclast differentiation.

MRL impairs the bone resorption function and inhibits
the expression of osteoclast-related genes in mature
osteoclasts in vitro
We treated BMMs with 30 pM of MRL for varying dura-
tions and RANKL. MRL inhibited osteoclastogenesis
during in the middle stage (day 3—4) of osteoclast differ-
entiation because a minimum number of TRAP-positive
osteoclasts were counted at this stage (Fig. 2a, b). Fur-
ther, treatment with a that high concentration of MRL
decreased the area of the bone pit formed by osteoclasts
in bovine bone slices compared with only RANKL treat-
ment. Notably, the number and morphology of TRAP-
positive osteoclasts were similar in both cases (Fig. 2c—e).
BMMs were treated with different concentrations of
MRL and RANKL to induce their differentiation into
mature multinuclear osteoclasts. High concentrations
of MRL inhibited the relative expression of osteoclast
marker genes compared with the RANKL. These genes

(See figure on next page.)
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included Nfatcl, Ctsk, Atp6v0d2, Mmp9, Dcstamp, and
acid phosphatase (Acp5) (Fig. 2f). We also extracted
mRNA at different time points of osteoclast differen-
tiation. MRL mainly suppressed osteoclast-relevant gene
expression in the middle stage of osteoclast differentia-
tion, including the expression of proto-oncogene c-Fos
(Fos), Nfatcl, Ctsk, Atp6v0d2, Mmp9, and Dcstamp
(Fig. 2g).

Long-term-acting proteins were extracted after the for-
mation of mature multinuclear osteoclasts, when BMMs
treated with 50 ng/ml RANKL for 7 days and 30 pM
MRL for 0, 1, 3, and 5 days. The expressions of osteoclast-
related proteins, including c-FOS, NFATc1, CTSK, and
Atp6v0d2, were inhibited by MRL (Additional file 1: Fig.
S1).

MRL inhibits the function of mitochondria
and mitochondrial-induced osteoclast differentiation
Mature osteoclasts have high mitochondrial activity to
provide more energy for promoting bone resorption.
Furthermore, mitochondrial activation of the MAPK
pathway plays an active role in osteoclast formation
and differentiation. We performed MitoSOX RED and
TMRM staining of BMMs to detect mitochondrial activ-
ity. The staining intensity of MitoSOX RED and TMRM
increased in the RANKL group, whereas the staining
intensity declined in the MRL group, indicating a sig-
nificant decrease in mitochondrial activity after MRL
treatment (Fig. 3a—c). Next, we added H,O, to BMMs
for increasing of ROS concentrations in vitro. Although
the number of osteoclasts increased in the H,O,-treated
group increased, osteoclast differentiation was signifi-
cantly inhibited after MRL administration (Fig. 3d, e).
Taken together, H,0,-mediated mitochondrial activity
promoted osteoclast differentiation, and MRL treatment
inhibited both mitochondrial activity and osteoclast
differentiation.

Next, we performed molecular docking to examine the
interaction between MRL and osteoclast-related pro-
teins (Fig. 3f). We observed one hydrogen bond between

Fig. 2 MRL damages the bone resorption function and inhibits the expression of osteoclast-related genes in vitro. a Representative images

of TRAP staining showed that MRL of 30 uM inhibited osteoclast formation in a time-dependent manner after stimulation with 50 ng/ml RANKL.
Scale bar=2000 um. b Quantitative data of TRAP-positive osteoclasts per well treated with MRL of 30 uM at different periods (n=3 for each group).
c Representative images of TRAP staining, which was as control. Scale bar=2000 um. And representative images of bovine bone slices seeded

into the same number of mature osteoclasts stimulated by 50 ng/ml RANKL and MRL. The area of the bone pit showed the capacity for bone
resorption. Scale bar=1,000 um. d Quantitative data of TRAP-positive osteoclasts per well was shown (n=3 for each group). e Quantitative data

of relative bone resorption area per well (n=3 for each group). f gRT-PCR showed the levels of relative mRNA expression of osteoclast-related genes,
including Nfatcl, Ctsk, Atp6v0d2, Mmp9, Dcstamp, and Acp5, which were detected in the presence of different concentrations of MRL and 50 ng/
ml RANKL (n=3 for each group). g gRT-PCR showed the levels of relative mRNA expression of osteoclast-specific genes, covering Fos, Nfatcl,

Ctsk, Atp6v0d2, Mmp9, and Dcstamp, which were detected in the presence of 30 pM MRL and 50 ng/ml RANKL at different stages of osteoclast
differentiation (n=3 for each group). All the data were expressed as mean +SD. *p <0.05, **p <0.01 and ***p <0.001



Yang et al. Journal of Translational Medicine (2023) 21:839 Page 8 of 19

a RANKL
MRL (30 uM)
(Day) 1-6 34 5.6

1-2

(=3

TRAP (+) Osteoclast

Number/well (Nuclei = 3)
PR DS

o O O O © O
b4
6
o li:\*
[t *| %
N *
6

©

Q

=

c RANKL + MRL MRL (30 uM)
15uM 30 pM RANKL
d 5 e
o .S H] =
= S 5 200 0 =807 5
- g 23 5 o
» 2 3150 8 % 60
S =100 S 540
- K s 8
S n_% 50 s 20
c é 2 MRL — & MRL
@9 g O g 0 M
58 =3 0 1530 (M) 0 1530 (uM)
22 RANKL RANKL
@
f s [ Control [ RANKL + MRL (15 pM)
'g 0 RANKL [ RANKL + MRL (30 uM)
0 1.54 - *okk Hx
u%- kK k *iT I *_{*_l "ﬁ *—*T l *iT
< 1.0
Z
2
» I] L Il
2
®
T.) 00' T T T T T
© Nfatc1 Ctsk  Atp6v0d2 Mmp9 Dcstamp  Acp5
g c O Day1-6 [ Day1-2 [@ Day3-4 [ Day5-6
g RANKL RANKL + MRL (30 uM)
n *kk Hokk *kk
5157 7, o wm o TR L| ]
I3 *%k %k k *%k I
< 1.0+
=z
t
[ 0.5' H
= JUALL LR 1 e
©
E 0.0 1 | 1 1 I‘Ill T

Fos Nfatc1 Ctsk  Atp6v0d2 Mmp9 Dcstamp
Fig. 2 (Seelegend on previous page.)



Yang et al. Journal of Translational Medicine (2023) 21:839 Page 9 of 19

a  MitoSOXRED bo- € =
5 E s S *okk
: x 8 = - R R T
é 8 < sk =< —
o 9 1.0 — - o
- O o ©
2 S5 25 S0
= o 9 0.51 ® Q
o > (7] -_
z £ 2 Qo
& E 5 g0 MRL @ 5 | MRL
+ | & & i 0 01530 (MM) T 0 01530 (MM)
; - RANKL RANKL
=
4H f
o o .,! "(’Q&X" ‘
7 A e
- ,ﬂ%.‘ ;70:’
d RANKL e _ A
—~3 *okok
H,0, (200 uM) L"—%BO- flar
o
MRL (30 uM B ool
) E 260
o ' o B 40-
£ gs
£ & 9 201 : >
I} O < MRL o it ™2
[7/] 14 [ 0_ 1
< | sulele : © " 0030 (M) S
= e Y ety H,0, (200 M) K7
NP S RANKL MRL e
% %k %k
g RANKL hoi g = i
© \& >
H,0, (200 pM) z
14
(60 mins) MRL (30 uM) ¥ 0.5- y
14 P 4 Y
0.0-
0 030 (HM)
ERK H202 (200 |.|M) <
RANKL

Fig. 3 MRL inhibits the function of mitochondria and mitochondrial-induced osteoclast differentiation. a Representative images of MitoSOX
RED staining and TMRM staining. After BMMs were treated with 50 ng/ml RANKL and 30 uM MRL for 48 h, BMMs were stained with MitoSOX RED
indicator for 10 min at 37°C temperatures. Scale bar=300 um. BMMs were treated the same way for 7 days and then stained with TMRM reagent
for 30 min to analyze osteoclast mitochondrial function. Scale bar= 100 um. b Quantitative data of relative MitoSOX RED fluorescence area

was displayed (n=3 for each group). ¢ Quantitative data of relative TMRM fluorescence area was shown (n=3 for each group). d Representative
images of TRAP staining of BMMs treated with MRL of 30 pM and H,O, of 200 pM in 50 ng/ml RANKL. Scale bar=2,000 pm. e Quantitative

data of relative TRAP-positive osteoclast area per well (n=3 for each group). f There was one hydrogen bond (yellow) between MRL (green)

and the amino acid residues MET-125 (red) of ERK 1. While two hydrogen bonds (yellow) were formed between MRL (green) and the amino acid
residues LYS-52 and ASN-152 (red) of ERK 2. g After BMMs were treated with 200 uM H,0, and 30 uM MRL for 60 min in the presence of 50 ng/
ml RANKL, the expression of ERK was detected by Western Blotting. h Quantitative data of band intensity ratios of phosphorylated protein p-ERK
relative to total protein ERK (n=3 for each group). All the data were expressed as mean =+ SD. *p<0.05, **»<0.01 and ***p <0.001
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MRL and MET -125 residue of extracellular signal-
regulated kinase (ERK)1 and two bonds between MRL
and LYS-52 and ASN-152 residues of ERK2. Therefore,
a strong binding was observed between MRL and ERK.
Moreover, phosphorylation of the ERK protein was acti-
vated by H,0O, but inhibited by MRL (Fig. 3g, h). Over-
all, mitochondria promoted osteoclast differentiation
by increasing ERK phosphorylation, and MRL inhibited
mitochondrial function and ERK phosphorylation to
suppress osteoclast differentiation.

MRL inhibits ERK in vitro

Short-term-acting proteins were extracted after osteo-
clasts were treated with 50 ng/ml RANKL for 60 min and
MRL (0 or 30 uM) for O, 5, 10, 20, 30, and 60 min. The
MAPK pathway is a classical osteoclast differentiation
pathway downstream of the RANK pathway. This path-
way involves ERK, P38, and c-Jun N-terminal kinase
(JNK), which are the early-stage osteoclast-related pro-
teins. Therefore, we investigated the effect of MRL on the
MAPK pathway. MRL inhibited the phosphorylation of
ERK but not of JNK or P38 (Fig. 4a—d). Molecular dock-
ing and western blotting results implied that MRL specif-
ically binds to ERK. However, MRL did not influence the
short-term-acting proteins of osteoclast differentiation,
including P65 and IkBa, which participate in the NF-xB
pathway (Fig. 4e, f).

MRL inhibits osteoclastogenesis by reducing
phosphorylation of the ERK protein of the MAPK pathway
in vitro

We added LM (a specific ERK agonist) to further exam-
ine the inhibition of ERK by MRL. The application of
LM alone or in combination with MRL did not affect
the proliferation of BMMs (Additional file 1: Fig. S2a, b).
BMMs were treated with MRL, LM, or MRL+LM, and
then stimulated with RANKL for 7 days until mature
multinuclear osteoclasts were formed. TRAP staining
results revealed an increase in the number of osteoclasts
after LM treatment compared with the RANKL treat-
ment for 7 days (Additional file 1: Fig. S2c, d). However,
BMMs treated with MRL could not differentiate into
mature multinucleated osteoclasts, and BMMs treated
with a combination of MRL and LM were only partially
differentiated.

The osteoclast-relevant genes, including Fos, Ctsk,
and Atp6v0d2, were detected at the transcriptional
level (Fig. 5a—c). The results of qRT-PCR also revealed
that LM promoted the expression of osteoclast-related
mRNAs, whereas MRL inhibited their expression. Long-
term-acting proteins were extracted after BMMs were
treated with MRL, LM, MRL+LM and stimulated with
RANKL for 7 days until mature multinuclear osteoclasts
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were formed. Similarly, short-term-acting proteins were
extracted after subjecting BMMs to similarly treatment
for 60 min. LM promoted the expression of ERK, whereas
MRL suppressed its expression. The phosphorylation
level of ERK in the BMMs treated with combined LM and
MRL treatment was the average of the levels obtained
with LM and MRL treatment (Fig. 5d, e). A similar trend
was observed in the expression of the downstream pro-
teins, including c-FOS, NFATcl, CTSK, and Atp6v0d2
(Fig. 5f-j). Overall, these findings confirmed that MRL
inhibited osteoclast function by modulating the ERK pro-
tein expression in vitro.

MRL reduces bone loss in OVX mice in vivo

We established an OVX-induced osteoporosis mouse
model to further confirm the therapeutic effect of MRL.
The ovariectomized mice were divided into five groups:
SHAM, OVX, 100 ng/kg E,, 15 uM MRL, and 30 pM
MRL groups.

The body weight increased in all five groups of mice,
and no abnormal events occurred (Additional file 1:
Fig. S3). The micro-CT results indicated a significant
decrease in bone mass in the OVX group. In contrast,
the bone mass significantly increased in the E, and 30 uM
MRL groups (Fig. 6a—e). HE and TRAP staining images
also indicated similar observations, suggesting the thera-
peutic effect of MRL on osteoporosis (Fig. 6f-h).

MRL and ERK bound to each other in vitro; therefore,
we extracted upper limb proteins from the five groups of
mice to validate this finding in vivo. Phosphorylation of
the ERK protein was significantly increased in the OVX
group but decreased in the E, and 30 pM MRL groups
(Fig. 6i, j). Overall, these findings suggested that MRL
inhibited ERK phosphorylation to suppress osteoclast
differentiation and protect bone mass. Figure 7 presents
the schematic mechanism of the inhibitory effect of MRL
on osteoclastogenesis.

Discussion

Osteoporosis is characterized by a disturbance in bone
homeostasis, decline in bone mass, and degeneration of
bone microstructure [34, 35]. The disease is closely regu-
lated by osteoclasts and osteoblasts. Osteoblasts play a
significant role in bone formation, whereas osteoclasts
resorb bone and release the mineral matrix [36]. Osteo-
porosis occurs when the delicate balance of bone remod-
eling is disturbed [37]. The disease is mainly induced by
the excessive activation of osteoclast differentiation [38,
39], resulting from altered RANK/RANKL signaling [40,
41] and other downstream pathways. In addition, ROS
can induce osteoclast differentiation [42, 43]. The ROS-
related mitochondrial activity is closely associated with
osteoclast differentiation [44]. Therefore, the inhibition
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(See figure on next page.)
Fig. 5 MRL inhibits osteoclastogenesis via reducing phosphorylation of ERK protein of MAPK pathway in vitro. a—c gRT-PCR showed the levels

of relative mRNA expression of osteoclast-related genes, including fos, Ctsk, and Atp6v0d2, which were detected when 30 uM MRL and 30 uM

LM were applied separately or jointly (n=3 for each group). d BMMs were stimulated with 50 ng/ml RANKL for 60 min, 30 uM MRL and 30 pM

LM dividually or unitedly for 60 min to detect osteoclast-related protein ERK expression. Western Blotting showed that LM promoted corelative
protein ERK expression while MRL restrained related ERK expression. e Quantitative data of band intensity ratios of phosphorylated protein p-ERK
relative to total protein ERK (n=3 for each group). f After BMMs were stimulated with 50 ng/ml RANKL for 5 days, 30 uM MRL and 30 uM LM were
individually or unitedly used to stimulate osteoclast-related downstream protein c-FOS, NFATc1, CTSK, and Atpév0d2 expression. Western Blotting
showed the result. g—j Quantitative data of band intensity ratios of c-FOS, NFATc1, CTSK, and Atp6v0d?2 relative to B-actin (n=3 for each group). Al

the data were expressed as mean+SD. *p < 0.05, **p<0.01 and ***» <0.001
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of osteoclast activity and mitochondrial function may
lead to the amelioration of osteoporosis.

Several adverse effects are associated with the long-
term use of drugs that inhibit osteoclast function and
generation [8, 38]. For instance, anti-resorptive bispho-
sphonate drugs can effectively block the bone resorp-
tion function of osteoclasts but destroy the normal
bone remodeling process causing mandibular oste-
onecrosis and atypical femur fractures [41, 45, 46].
Therefore, developing novel osteoporosis treatments
with minimal side effects is urgently required. Natural
products have the advantages of availability, low man-
ufacturing cost, and lack of adverse effects [22, 38]. In
this study, we found that MRL, a bioactive neolignane,
inhibited the differentiation of osteoclasts by suppress-
ing mitochondrial function, inhibiting phosphorylation
of ERK, and activation of NFATc1. In addition, the anti-
osteoclastic effects of MRL were verified in an OVX
mouse model.

Osteoclasts are responsible for removing damaged
bone tissue and initiating bone remodeling because of
their bone-resorbing property [6, 41, 47]. The forma-
tion and differentiation of osteoclasts are strictly con-
trolled under physiological conditions. However, various
pathological factors could stimulate the formation of
osteoclasts and lead to osteolytic bone disease [7, 41,
48]. In this study, MRL did not affect BMM prolifera-
tion and apoptosis but inhibited RANKL-induced osteo-
clast formation in a dose- and time-dependent manner.
Specifically, MRL inhibited the middle stage of osteoclas-
togenesis. Furthermore, MRL reduced the actin-ring for-
mation and resorption function of mature osteoclasts in
a dose-dependent manner, impairing osteoclast skeleton
formation.

Mitochondria are essential to fulfill high energy
requirements of mature osteoclasts [13, 35, 49]. Mature
multinuclear osteoclasts appear to increase mitochondria
activity and ROS levels [50], and mitochondrial induced
H,0O, production promotes osteoclastogenesis and bone
resorption [51, 52]. Therefore, the relationship between
mitochondria and osteoclastic differentiation is worth
exploring. Here, MRL treatment decreased the intensity
of MitoSOX RED and TMRM staining compared with

(See figure on next page.)
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the RANKL treatment, suggesting the inhibitory effect
of MRL on mitochondrial function. In addition, the rela-
tive area of osteoclasts became more prominent with the
addition of H,O,. In contrast, osteoclasts decreased in
size after MRL treatment. Overall, MRL inhibited mito-
chondrial function and osteoclast differentiation.

RANKL and M-CSF are crucial cytokines that regu-
late osteoclast formation and differentiation [3, 38, 53].
The survival and proliferation of osteoclast precursors
are closely associated with the binding of M-CSF and
c-Fms [21, 54]. The RANKL/RANK interaction is indis-
pensable for osteoclastogenesis [35, 38, 40]. This binding
activates the downstream MAPK and NF-kB pathways to
stimulate osteoclast formation [55]. The classical NF-kB
signaling pathway involves the IkB kinase complex [56],
which can degrade IxBa and result in transcription ini-
tiation [34, 47]. The MAPK pathway, involving ERK,
JNK, and P38, promotes osteoclast formation and differ-
entiation [53]. The ERK signaling pathway is crucial for
the survival and differentiation of osteoclasts, whereas
the P38 signaling pathway is indispensable for osteoclas-
togenesis but not for the fusion of bone marrow-derived
pre-osteoclasts [54]. In the present study, MRL inhibited
RANKL-induced osteoclast formation by suppressing
ERK phosphorylation without affecting P65, IkBa, JNK,
and P38. Molecular docking results and the application
of LM (an ERK activator) to BMMs further confirmed
the inhibitory effect of MRL on ERK.

The inactivation of ERK could reduce the membrane
potential of mitochondria, suppressing mitochondrial
function [57]. ERK signaling maintains mitochondrial
homeostasis and avoids inflammatory stimulation to
maintain mitochondrial function, thereby providing
energy for osteoclastogenesis [44]. Moreover, mitochon-
dria-mediated pro-survival and pro-death pathways
are closely related to ERK signaling [4]. Therefore, ERK
signaling is strongly linked with mitochondrial function.
Here, we found that mitochondria-induced H,O, pro-
moted osteoclast differentiation with higher phosphoryl-
ation of ERK, and MRL treatment inhibited these effects.

The activation of the NF-kB or MAPK signaling path-
way leads to the phosphorylation of [34, 58], which is a
critical transcription factor for osteoclast differentiation

Fig. 6 MRL reduces bone loss in ovariectomy mice in vivo. a Representative images of Micro CT that were reconstructed in three dimensions. The
area scanned was the proximal tibia in indicated groups. b—e The relevant bone parameters analyzed included the following four: BV/TV, To.N, Tb.Sp,
and Tb.Th (n=6 for each group). f Representative images of histological analysis of tibia stained with HE. Scale bar=300 pm. And representative
images of histological analysis of the tibia stained with TRAP. Scale bar=300 um. g Quantitative data analysis of BS/TS (n=6 for each group). h
Quantitative data analysis of TRAP-positive cell area per trabecular surface (N.Oc/BS) (n=6 for each group). i Representative images of Western
Blotting showed the expression of p-ERK. j Quantitative data of band intensity ratio of p-ERK relative to ERK (n=3 for each group). All the data were

expressed as mean+SD. *p <0.05, **p<0.01 and ***p<0.001
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[39]. Transcription factor c-Fos is vital for early induction
of NFATc1 [41] a master regulator of osteoclast differen-
tiation [41]. Embryonic stem cells lacking NFATc1 can-
not respond to RANK stimulation and lose the ability to
produce osteoclasts [39, 59]. Mice deficient in NFATc1
cannot degrade primary spongiosa due to increased bone
mass, leading to calcified cartilage build-up and severe
osteosclerosis [37, 60]. The promoter region of NFATc1
is activated by c-Fos, leading to enhanced transcription
of NFATc1 during osteoclastogenesis [38] and its sub-
sequent nuclear translocation. Afterward, multiple syn-
ergistic genes are upregulated by NFATcl activation,
including Mmp9, Atp6v0d2, Acp5, Dcstamp, and CTSK,
which promote the formation of mature osteoclasts
and bone resorption [34, 35, 56]. MMP-9 is indispensa-
ble for the migration and resorption function of mature
osteoclasts [9, 34, 46]. Atp6v0d2 regulates H* secretion
and dissolves the crystalline hydroxyapatite and organic
matrix [34, 61, 62]. CTSK is mainly responsible for
degrading collagen and other matrix proteins [34]. CTSK-
deficient mice show hyper-enhanced mineralization of
bone tissue and abnormal bone remodeling [29, 30, 34].
In our study, MRL decreased the activity of NFATc1 by
inhibiting the phosphorylation of c-Fos. Moreover, MRL
inhibited the expression of MMP-9, Atp6v0d2, CTSK,
and other osteoclast-relevant proteins, thereby inhibiting
the bone resorption function of osteoclasts.

An OVX mouse model was constructed to validate
whether MRL could inhibit the function of osteoclasts
and osteoporosis in vivo. The bone loss feature in the
mouse model was similar to that in postmenopausal
women [22]. Micro-CT and histological findings indi-
cated that MRL treatment reduced bone loss in mice.
The MRL treated group had more bone trabeculae and
fewer osteoclasts, showing a favorable therapeutic effect.
In addition, western blotting results demonstrated the
inhibitory effect of MRL on the ERK protein, consistent
with the in vitro findings.

However, this study has some limitations that need
to be addressed further. MRL can inhibit the activity of
osteoclasts at different concentrations. However, bone
remodeling results from the combined activity of osteo-
blasts and osteoclasts. Therefore, the mechanisms by
which MRL modulates the activity of osteoblasts need to
be further studied.

Conclusion

MRL shows an anti-osteoclast activity both in BMMs
and a mouse model. It inhibits mitochondrial function,
ERK phosphorylation, and NFATc1 activation. The anti-
osteoclastic activity of MRL can be exploited to develop
a novel osteoporosis treatment with minimal side effects.
Recently, some authors have reported that MRL induces
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redox imbalance and activates autophagy [32]. The
MAPK/ERK pathway is also involved in redox imbal-
ance and autophagy [63]. Therefore, inhibiting osteo-
clast activity and preventing osteoporosis may only be
one of the effects of MRL on the MAPK/ERK pathway,
and other outcomes of this inhibitory effect need to be
explored further.
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Additional file 1: Figure S1. MRL inhibits RANKL-induced NFATc1 expres-
sion in vitro. (a) After being stimulated with 50 ng/ml RANKL for five days
and 30 pM MRL for 0, 1, 3, and 5 days, the expression of osteoclast-related
downstream signaling proteins was detected by Western Blotting. (b-e)
Quantitative data of band intensity ratios of c-FOS, NFATc1, CTSK, and
Atp6v0d?2 relative to B-actin. Figure S2. LM has a negative toxic effect

on BMMs. (a) BMMs cell proliferation was detected by CCK-8 assay after
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treatment with different concentrations of LM for 48 hours. (b) Cell
proliferation of BMMs was detected by CCK-8 assay after being unitedly
treated with 30 uM MRL and different concentrations of LM. (c) Repre-
sentative images of TRAP staining showed that after stimulation with 50
ng/ml RANKL for seven days, osteoclast differentiation was activated by
30 uM LM but was suppressed by 30 uM MRL. (d) Quantitative data of
TRAP-positive osteoclasts per well was shown. Figure S3. The weight of
OVX-induced mice. (a) Verifying the successful construction of the OVX-
induced model was done by measuring the body weight of the mice.
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