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ARTICLE INFO ABSTRACT

Keywords: Objective: Tyloxapol is a non-ionic surfactant with diverse pharmacological effects including anti-inflammatory,
Tyloxapol ‘ anti-malignant tumor and antioxidant activities. However, the effect of tyloxapol on osteoclastogenesis has not
Osteoporosis been elucidated. In this study, we intended to clarify the effect of tyloxapol on RANKL-stimulated osteoclasto-
Osteoclast . . . -

Osteoblast genesis and the molecular mechanism both ex vivo and in vivo.

Methods: In vitro osteoclastogenesis assay was performed in BMMs and Raw 264.7 cells. The mature osteoclasts
were visualized by TRAP staining. The osteoblsats were visualized by alkaline phosphatase (ALP) staining and
Von Kossa staining. To assess whether tyloxapol inhibited the function of mature osteoclasts, F-actin belts and pit
formation assays were carried out in BMMs. To evaluate the effect of tyloxapol on post-menopausal osteoporosis,
the OVX mouse model were utilized. The bone tissue TRAP staining was used to evaluate the osteoclast activity in
vivo. The von kossa staining and micro computed tomography were used to evaluate the histomorphometric
parameters. The Goldner's staining was used to evaluate the osteoblast activity. The expression of
osteoclastogenesis-associated markers were evaluated by Real-time PCR. The NF-kB and NFATc1 transcriptional
activities were illustrated utilizing the assay of luciferase reporter. The effect of tyloxapol pretreatment on IkBa
degradation and p65 phosphorylation was evaluated using Western bloting assay. The effect of tyloxapol pre-
treatment on p65 nuclear translocation was evaluated utilizing immunofluorescence. The effect of tyloxapol
pretreatment on the phosphorylatio of ERK, p38 and JNK was examined utilizing Western bloting assay.
Results: In our research, we found that tyloxapol suppresses RANKL-stimulated osteoclastogenesis in a dose
dependent manner and in the initial stage of osteoclastogenesis. Through F-actin belts and pit formation assays,
we found that tyloxapol had the ability to inhibit the function of mature osteoclasts in vitro. The results of animal
experiments demonstrated that tyloxapol inhibits OVX-induced bone mass loss by inhibiting the activity of os-
teoclasts but had a limited effect on osteoblastic differentiation and mineralization. Molecularly, we found that
tyloxapol suppresses RANKL-stimulated NF-kB activation through suppressing degradation of IkBx, phosphory-
lation and nuclear translocation of p65. At last, MAPK signaling pathway was also suppressed by tyloxapol in dose
and time-dependent manners.
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Conclusion: Our research illustrated that tyloxapol was able to suppress osteoclastogenesis in vitro and
ovariectomized-induced bone loss in vivo by restraining NF-xB and MAPK activation. This is pioneer research
could pave the way for the development of tyloxapol as a potential therapeutic treatment for osteoporosis.

The translational potential of this article: This study explores that tyloxapol, also known as Triton WR-1339, may be
a drug candidate for osteoclastogenic sicknesses like osteoporosis. Our study may also extend the clinical ther-
apeutic spectrum of tyloxapol.

1. Introduction

Osteoporosis is a prevalent osteometabolic disease characterized by
bony pain, microarchitectural abnormality and increased vulnerability
mainly due to decreased bone mass [1-3]. Although estrogen,
bisphosphonate and denosumab are reported to be effective for osteo-
porosis, associated adverse effects such as thromboembolism [4],
esophageal irritation [5] and jaw necrosis [6,7], limit their extensive
clinical applications. It is therefore necessary to develop safer and more
effective drugs for it. Knowing that imbalance of bone remodeling,
especially excessive enhancement of osteoclast activity, is the primary
cause for osteoporosis, suppressing the abnormal bone resorption ability
of osteoclasts should be an important treatment strategy.

Osteoclasts, which possess the ability of bone resorption, are formed
from precursor cells belonging to the mononuclear macrophage lineage
[8-10]. Osteoclasts play many critical physiological functions during
bony growth and development. Many cytokines are known to be involved
in the process of osteoclast maturation [9,11,12]. Macrophage colony
stimulating factor (M-CSF) is one of the key regulators in mediating
osteoclast proliferation and promoting the constitutive expression of
RANK on the cell surface [11]. Nuclear factor kappa-B (NF-xB) ligand
(RANKL) is a member of the tumor necrosis factor (TNF) family, which
induces osteoclast precursors to undergo osteoclastic differentiation
[13]. Under physiological conditions, the extracellular RANKL binds to
its ligand RANK on the cell membrane, leading to a cascade reaction,
which eventually activates NF-kB and mitogen-activated protein kinase
(MAPK). During this process, osteoclastogenesis-associated marker genes
such as MMP-9, NFATc1, TRAP and cathepsin K are activated, which
drives osteoclastogenesis and bone resorption [14]. NF-xB activation
causes degradation of IkBa, leading to p65 phosphorylation, a subunit of
NF-xB, which enables NF-kB to acquire the ability of nuclear trans-
location to transmit information [14]. ERK, JNK and p38 belong to the
MAPK family [15]. ERK enhances the expression of c-Jun and NFATc-1
induces osteoclast differentiation, which is believed to be the principal
factor that brings about the occurrence of osteoclasts [15,16]. Therefore,
targeting MAPK and NF-kB signaling pathway regulation is considered an
approach for the treatment of osteoclast-related diseases.

Tyloxapol, also known as Triton WR-1339, is a non-ionic surfactant of
alkyl aryl polyether alcohol polymer group which is widely used in
biomedical applications [17,18]. On account of its brilliant surfactant
properties, tyloxapol is widely utilized in numerous commercial phar-
maceuticals [17-19]. Tyloxapol is reported to possess diverse pharma-
cological activities including the anti-inflammatory, anti-cancer and
antioxidant properties [17-19]. Some studies [18] reported that tylox-
apol exerted its representative pharmacological antioxidant effect by
inhibiting NF-kB, which is known as a fundamental pathway for
RANKL-induced formation and the function of osteoclasts. Inspired by
this finding, we hypothesized that tyloxapol might have a suppressive
effect on osteoclastogenesis. The aim of the present study was to explore
the effect of tyloxapol on RANKL-stimulated osteoclastogenesis ex vivo,
ovariectomized (OVX)-induced bone loss in vivo, and its underlying ac-
tion mechanism at the molecular level.
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2. Materials and methods
2.1. Reagents

Tyloxapol (purity 98.0%, CAS 25301-02-4, Targetmol, USA) (Fig. 1A)
was dissolved in DMSO (dimethyl sulfoxide) and stored at —20 °C away
from direct light. The DMSO, Tris, SDS, NaCl and TRAP staining kits were
obtained from Sigma (St. Louis, MO, USA). Recombinant mouse M-CSF
was obtained from Abcam (Cambridge, MA, USA). Alpha-MEM, peni-
cillin, streptomycin and fetal bovine serum (FBS) were purchased from
Invitrogen (Waltham, MA). Mouse RANKL was purchased from R&D
System (Minneapolis, MN). The TRAP ELISA Kit was obtained from the
Cloud-Clone Corp (TX, USA). Antibodies utilized in our research were
obtained from Cell Signaling Technology (MA, USA).

2.2. Animals and ethics

All animals were raised, utilized and handled in our research in
compliance with the rules and regulations recognized by the Ethics
Committee of Soochow University (Suzhou, China). We did our utmost
efforts to diminish the number of animals that were examined and their
suffering. Female C57/BL6 mice aged 8 weeks (Shanghai Academy of
Sciences, Shanghai, China) were utilized to extract bone marrow
mononuclear cells (BMMs) and set up the OVX mouse model.

2.3. Cell culture and differentiation

In vitro osteoclastogenesis assay was performed in BMMs gathered
from the whole bone marrow of the 8-week-old female C57/BL6 mice.
Briefly, BMMs were grown in alpha-MEM medium containing 10 ng/mL
M-CSF for 16 h, suspended, and cultured in another dish for 3 days.
Finally, adherent cells on the dish were regarded as osteoclast precursor
cells and utilized for osteoclastogenesis assays and grown in osteoclast
differentiation medium (alpha-MEM+50 ng/ml RANKL+10 ng/ml M-
CSF) for 7 days to differentiate into mature osteoclasts.

Raw 264.7 cells were grown in osteoclast differentiation medium
(alpha-MEM+50 ng/ml RANKL) to generate osteoclast-like cells. After
differentiation, multinucleated cells were visualized using the TRAP
staining kit (Sigma, USA) according to the recommended procedures.
TRAP-positive multinucleated cells (MNCs) with nuclei > 3 were regar-
ded as mature osteoclasts.

In vitro osteoblastogenesis assay was performed as follows. Bone
marrow stromal cells (BMSCs) were harvested from the whole marrow
cavity of 8-week-old female C57/BL6 mice, and seeded to 24-well plates
at a density of 1x10° cells per well. Three repeated holes were designed
for each group. Osteoblast differentiation media (containing 50 mg/mL
vitamin C, 10~® M hexadecadrol and 10 mM p-glycerophosphate) with
different concentrations of tyloxapol were used for BMSC culture. After
7-day differentiation, alkaline phosphatase (ALP) staining was performed
as per provided instructions [20]. After 14-day differentiation, 2.5%
silver nitrate staining solution was used to implement the Von Kossa
staining.
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2.4. Cytotoxicity assay

Raw 264.7, BMMs and BMSCs cells were pretreated separately with
the indicated concentrations of tyloxapol for 48 h. Then, the cellular
viability was evaluated utilizing the commercial MTS kit (Promega,
Australia) on the basis of the manufacturer’s operating instructions.

2.5. Actin belts and pit formation assay

BMMs were treated in the osteoclast differentiation medium (alpha-
MEM-+50 ng/ml RANKL+10 ng/ml M-CSF) and indicated concentrations
of tyloxapol for 7 days, fixed in 4% PFA for 10 min, permeabilized in
0.1% Triton X-100 for 1 min, and cultured in rhodamine phalloidin
(Invitrogen, USA) for 3 h to visualize the cytoskeleton of osteoclasts.
Finally, they were incubated in DAPI for 10 min to visualize the nucleus.

The effect of tyloxapol on the bone erosion activity of mature osteo-
clasts was evaluated in vitro by pit formation assay as described previ-
ously [21,22]. Specifically, osteoclast precursor cells were laid into
96-well plates containing dentin slices (5x10° cells per well) and
treated with osteoclast differentiation medium for 6 days. After multi-
nucleated cells were observed, the culture was continued for another 2
days. Thereafter, the dentin slices were fixed with 4% PFA for more than
10 min. After that, 1 N NH40OH was utilized for 5 min to burst the os-
teoclasts. Finally, 0.5% toluidine blue was utilized for 5 min to colorize
the resorption pits on the dentin slices. The resorption pits were visual-
ized by light microscopy and confocal microscopy.

A
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2.6. Immunofluorescence of p65

The effect of tyloxapol on p65 nuclear translocation was observed by
immunofluoresistation. After 30-min stimulation using osteoclast dif-
ferentiation medium with or without tyloxapol, raw 264.7 cells were
immersed in the solution containing anti-p65 antibody for 3 h, and
incubated with Alexa Fluor® conjugated secondary antibody (abcam) for
15 min. Finally, DAPI was used to incubate the cells for 10 min to visu-
alize the nucleus. Immunofluorescence images were obtained under a
confocal microscope.

2.7. Luciferase reporter assays

To observe the inhibitory effect of tyloxapol on the NF-xB and
NFATcl activities, luciferase reporter assays were carried out. Specif-
ically, RAW264.7 cells were co-transfected with 0.45 pg of the reporter
plasmids pGL4.32[luc2P/NF-kB-RE/Hygro] or pGL4.30[luc2P-NFAT-RE-
Hygro], and 0.05 pg of null Renilla vector (Promega Madison, WI, USA),
as an internal control, using the FuGene HD method (Roche Applied
Sciences, Penzberg, Germany) in accordance with the manufacturer’s
instructions. 48 h later, RAW264.7 cells were exposed to the indicated
concentrations of tyloxapol for 2 h, followed by 50 ng/ml RANKL for 12
h. The luciferase activities were quantified utilizing the promega dual-
Luciferase® reporter assay kit following the recommended protocol.
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Figure 1. Tyloxapol suppressed osteoclastogenesis in BMMs and RAW264.7 cells. (A) Molecular structure of tyloxapol. (B, C) The cell viability of BMMs and Raw
264.7cells after pretreatment with indicated concentrations of tyloxapol for 48 hours examined by MTS. (D, E) Tyloxapol suppressed osteoclastogenesis in BMMs and
Raw 264.7 in a dose-dependent manner. Mouse BMMs (8x10° cells) or RAW264.7 cells (3x10° cells) were cultured in alpha-MEM containing 50 ng / mL RANKL with
or without 10 ng / mL M-CSF. The indicated doses of tyloxapol were utilized to pretreated these cells for 7 days or 5 days. The cells were stained using TRAP staining
kit. TRAP-positive MNCs with more than 5 nucleis were counted. (F, G) Tyloxapol suppressed osteoclastogenesis in BMMs and Raw 264.7 at the early stage of
osteoclastogenesis. The indicated doses of tyloxapol were utilized at the indicated days during the progress of osteoclastogenesis in BMMs. The cells were stained using
TRAP staining kit. TRAP-positive MNCs with more than 5 nucleis were counted. Columns in the charts were presented in a manner of mean + SD, n=3. Scale bars=100
um. *P < 0.05, **P < 0.01, ***P < 0.001, unpaired two-tailed Student’s t test. MNCs=multinucleated cells.
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2.8. Real-time PCR (RT-PCR)

BMMs were pretreated with gradient concentrations of tyloxapol for 5
days followed by 50 ng/ml RANKL with or without tyloxapol for 12 h.
Total RNA was extracted utilizing TRIzol Reagent (Invitrogen, Carlsbad
CA, USA) in accordance with the manufacturer’s protocol. cDNA was
synthesized from 1 pg of extracted RNA utilizing reverse transcriptase
(TaKaRa Biotechnology, Otsu, Japan). RT-PCR was carried out utilizing
the SYBR Premix Ex Taq Kit (Takara Biotechnology) and amplified by the
ABI Prism 7500 System (Thermo Fisher Scientific) in conformity with the
equipment operation manual. All samples were assessed in triplicate,
using B-actin for normalization. The following primers were used in our
experiments:

p-actin: Forward primer: CTCCCACTCTTCCACCTTCG, Reverse
primer: TTGCTGTAGCCGTATTCATT;

TRAP: Forward primer: GCTGGAAACCATGATCACCT, Reverse
primer: GAGTTGCCACACAGCATCAG;

CathepsinK: Forward primer: CTTCCAATACGTGCAGCAGA, Reverse
primer: TCGGTTTCTTCTCCTCTGGA;

MMP9: Forward primer: ACCCTTGTGCTCTTCCCTG, Reverse primer:
GGCAAGTCTTCCGAGTAGTTT;

NFATcl: Forward primer: TGGAGAAGCAGAGCACAGAC, Reverse
primer: GCGGAAAGGTGGTATCTCAA;

Bsp: Forward primer: TTTGGGAATGGCCTGTGCTTTCTC; Reverse
primer: AGTGTGGAAAGTGTGGAGTTCTCTGC;

Ocn: Forward primer: AGTCACCAACCACAGCATCC, Reverse primer:
TTTGTCCCTTCCCTTCTGCC.

2.9. Western blotting analysis

Pre-treated cells were gathered on ice and lysed with RIPA lysis
buffer. Proteins of different molecular weights were then separated using
10% SDS-PAGE at the voltage of 80 or 120 V. The isolated protein was
then transferred to the NC membrane using electroporation. Non-specific
proteins on the NC membrane were blocked with PBST solution con-
taining 5% bovine serum protein or skimmed milk powder for 60 min.
The NC membranes were then immersed sequentially with primary an-
tibodies and the secondary antibodies at 4 °C or 37 °C for 14 h or 1 h. The
expression of specific proteins were visualized employing the Odyssey
Infrared Imaging System (LI-COR Bioscience, Lincoln, NE, United States).

2.10. OVX induced osteoporosis model

Following the methodology used in classical research [22], we set up
an OVX mouse model to assess the effect of tyloxapol on bone loss in vivo.
One week after ovariectomy, 8-week-old female C57BL/6 mice were
equally randomized into three groups: sham operation (SHAM) group,
vehicle (OVX) group, and tyloxapol-treated (OVX + Tyloxapol) group.
Tyloxapol (200 mg/kg) or DMSO (1% in normal saline) was injected
intraperitoneally (i.p.) into mice every other day. Twelve weeks after
drug injection, the experimental mice were anesthetized by an overdose
of avertin. The distal femur bone tissue was de-calcified, paraffin
embedded, sliced into sections and TRAP stained to determine whether
the osteoclast activity was affected. The third lumbar vertebra was
washed, embedded in polymethylmethacrylate, sliced into sections, and
von kossa stained to determine whether the bone mass was affected, and
Goldner’s stained [23] to determine whether the osteoblast activity was
affected. The histomorphometric parameters of the distal femoral meta-
physic were evaluated by micro computed tomography (LCT). TRAP level
in mouse serum was detected using the mouse TRAP ELISA kit (Cloud--
Clone Corp, Houston, USA).

At 3 weeks after ovariectomy, three groups (SHAM, OVX, Tyloxapol)
of mice received intraperitoneal injection of 30 mg/kg calcein on day
0 and day 7. Mice were sacrificed on day 10, and the isolated third
lumbar vertebra were dehydrated and embedded in poly-
methylmethacrylate. The vertebras were cut into 4 pm sections to capture
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the fluorescence-labelled images. The mineral apposition rate (MAR) and
bone formation rate per bone surface (BFR/BS) were measured to
determine whether the bone formation activity was affected by
tyloxapol.

2.11. Statistical analysis

GraphPad Prism 8.0.1 (GraphPad Software, LLC.) was utilized for the
statistical analysis. The mean + standard deviation was recorded for all
the experiments. Statistical significance between two groups was
assessed with Student’ s t-test, and multiple comparisons were performed
using one-way analysis of variance (ANOVA). Triplicate experimental
repeats were conducted. P values < 0.05 were regard to be statistically
significant.

3. Results

3.1. Tyloxapol suppresses RANKL-stimulated osteoclastogenesis in the
early phase

To illustrate the effect of tyloxapol on osteoclastogenesis, two stan-
dardized osteoclast differentiation models (BMMs and Raw 264.7) were
utilized [24]. As shown in Fig. 1D and E, the higher the concentration of
tyloxapol, the fewer TRAP-positive MNCs were observed, indicating that
tyloxapol inhibited the osteoclastogenesis in a dose dependent manner.
The process of osteoclastogenesis usually undergoes four processes:
proliferation, differentiation, cell fusion, and multinucleation. To clarify
the specific phase in which tyloxapol started to impede osteoclast dif-
ferentiation, tyloxapol was added to the osteoclast differentiation me-
dium at the indicated time points. The results illustrated that addition of
tyloxapol in the initial stage of differentiation could maximally suppress
osteoclast formation, while the inhibitory effect of tyloxapol addition in a
later stage was feeble (Fig. 1F and G). All these results showed that
tyloxapol suppressed RANKL-stimulated osteoclastic differentiation in
the early phase of osteoclastogenesis. To rule out the hypothesis that
cytotoxicity of tyloxapol could suppress osteoclastogenesis, we further
examined its cytotoxicity to BMMs and RAW264.7 through MTS exper-
iments. As shown by the MTS results (Fig. 1B and C), the
anti-osteoclastogenic activity of tyloxapol was not related to its toxicity
and the one-half maximal inhibitory concentration (IC50) was >50 pM in
BMMs and RAW264.7 cells.

3.2. Tyloxapol suppresses the function of mature osteoclasts in vitro

To further assess whether tyloxapol inhibited the function of mature
osteoclasts, F-actin belts and pit formation assays were carried out uti-
lizing the BMMs osteoclast differentiation model. The actin belts assay
was carried out first, showing that BMMs differentiated into mature os-
teoclasts under the action of differentiation medium (Fig. 2A and B).
After tyloxapol intervention, a significant decrease in the area and
number of the actin belts was observed. Second, pit formation assay
showed that many large and deep absorption pits were generated in
SHAM group under the stimulation of RANKL (Fig. 2D and E). However,
the depth and area of bone pits on bone slices were decreased signifi-
cantly upon 10 mM tyloxapol intervention. The above two experiments
showed that tyloxapol had the ability to inhibit the function of mature
osteoclasts in vitro.

3.3. Tyloxapol inhibits OVX-induced bone mass loss by inhibiting the
activity of osteoclasts in mice

Over-activation of osteoclasts is one of the principal pathogeneses of
osteoporosis. Estrogen insufficiency can boost osteoclast manufacture
and activity, and is a significant factor in bringing about menopausal
osteoporosis [25]. To evaluate the effect of tyloxapol on post-menopausal
osteoporosis, we utilized the OVX mouse model to simulate this
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Figure 2. Tyloxapol suppressed the function of mature osteoclasts in vitro. (A, B) Representative F-actin belts images of mouse BMMs pretreated with or without
tyloxapol. Mouse BMMs (5x10° cells) were cultured in alpha-MEM containing 10 ng/mL M-CSF and 50 ng /mL RANKL pretreated with or without tyloxapol for 7 days,
and then the F-actin belts staining was performed as mentioned in the materials and methods (Fig. 2A). The number and area of F-actin belts per well was counted
(Fig. 2B). Columns in the charts were presented in a manner of mean + SD, n=3. Scale bars=100 um. (C, D, E) Representative dentine slices images of mouse BMMs
pretreated with or without tyloxapol were taken using light microscopy and confocal microscopy. Mouse BMMs (5x10° cells) were cultured in alpha-MEM containing
10 ng/mL M-CSF and 50 ng /mL RANKL pretreated with or without tyloxapol for 8 days, and then the dentine slices staining was performed as mentioned in the
materials and methods. The depth, area, perimeter, No. of resorption pits scanned, No. of osteoclasts and area per osteoclast scanned by confocal microscopy (xy
section and z section) were calculated. Columns in the charts were presented in a manner of mean + SD. n=3. Scale bars: 200 um for the toluidine blue staining, 100

um for the xy-axis and 50 pm for the Z-section.

pathophysiological phenomenon. Bone parameter analysis from the re-
sults of von kossa and the micro CT showed that the bone volume per
tissue volume (BV/TV), trabecular separation (Tb.Sp), and trabecular
number (Tb.N), osteoclast surface/bone surface area (OcS/BS) and
eroded surface/bone surface (ES/BS) of OVX group were decreased as
compared with SHAM group, and the levels of these indicators reversed
to some extent after treated by tyloxapol for 12 weeks (Fig. 3A and B).
The effect of tyloxapol on the osteoclast activity in OVX mice were also
assessed by immunohistochemical TRAP staining of the femur (Fig. 3C
and D) and ELISA assay for the serum (Fig. 3B). The results of animal
experiments demonstrated that administration of 200 mg/kg tyloxapol in
OVX group impaired osteoclast activity to some extent.

3.4. Tyloxapol does not effectively enhance osteoblast differentiation

The effect of tyloxapol on osteoblast differentiation was also exam-
ined in this study. To rule out the toxic effect of tyloxapol on osteoblasts,
we carried out an MTS cell proliferation assay. As shown in Fig. 4H, the
effect of tyloxapol on osteoblasts at a concentration that could effectively
inhibit osteoclast differentiation did not show significant toxicity. The
results of ALP staining and von Kossa staining (Fig. 4A and B) showed
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that tyloxapol had a limited effect on osteoblastic differentiation and
mineralization. The effect of tyloxapol on the osteoblast activity in OVX
mice was evaluated by Goldner’s trichrome staining in the lumbar
vertebrae (Fig. 4C and D). Unsurprisingly, the results are consistent with
those in vitro. The results of Calcein double labelling assay (Fig. 4E)
showed that tyloxapol had a limited effect on the bone formation activity.
In addition, after tyloxapol treatment, the expression of the osteoblastic
differentiation-associated marker genes Bsp and Ocn) was comparable to
that in SHAM group (Fig. 4F). In summary, tyloxapol did not show any
significant effect to osteoblast differentiation ex vivo and in vivo.

3.5. Tyloxapol suppresses RANKL-stimulated NF-xB activation through
suppressing degradation of IkBa

Knowing that NF-xB is a critical pathway during osteoclastogenesis,
we firstly checked whether tyloxapol had any impact on this pathway.
Three kinds of assay were performed to address this question. Firstly, the
NF-kB transcriptional activity was illustrated utilizing the assay of
luciferase reporter. As shown in Fig. 5B, the NF-xB transcriptional ac-
tivity was increased significantly after RANKL stimulation. However,
tyloxapol inhibited this tendency in a dose-dependent manner (Fig. 5B).
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Figure 3. Tyloxapol inhibited OVX-induced bone mass loss by
suppressing osteoclast activity and function in mice. (A) Repre-
sentative images of von kossa-staining of L3 vertebrae and pCT of
the femur from mice groups of sham, OVX, and OVX+tyloxapol.
Scale bars=500um. (B) Bone parameter analysis from the results of
von kossa and the micro CT containing the bone volume per tissue
volume (BV/TV), trabecular separation (Tb.Sp), and trabecular
number (Tb.N), osteoclast surface/bone surface area (OcS/BS) and
eroded surface/bone surface (ES/BS). Serum TRAP activity was
measured by ELISA assay. Column, means of three experiments
performed in triplicate; bar, SD. (C) Representative images of TRAP-
staining of femur. Scale bars=500um. (D) Bone parameter analysis
from the results of TRAP-staining of femur containing the number
of osteoclasts/ bone perimeter (N.Oc/B),the eroded surface/bone
surface (ES/BS) and the osteoclast surface/bone surface (Oc.S/BS).
Columns in the charts were presented in a manner of mean + SD.
n=6. *P < 0.05, **P < 0.01, ***P < 0.001, unpaired two-tailed
Student’s t test.
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Figure 4. Tyloxapol could not effectively enhance osteoblast differentiation in
vitro and vivo. (A, B) Representative images of the ALP and von kossa staining of
BMSCs pretreated with or without tyloxapol. BMSCs with a density of 1x10°
cells/well were added to 24-well plates and cultured as mentioned in the mate-
rials and methods. The ALP activity and von kossa staining levels were counted.
Columns in the charts were presented in a manner of mean + SD. n=3. Scale bars,
5mm. (C) Representative Goldner’s trichrome-staining of L3 vertebrae of sham,
OVX, and OVX-+tyloxapol mice. Scale bars, 500um. (D) Histomorphometric
analysis from the results of Goldner’s trichrome-staining containing eroded sur-
face/bone surface (ES/BS), osteoblast surface per bone surface (OB.S/B) and
osteoblast number per bone perimeter (N.OB/B). Columns in the charts were
presented in a manner of mean + SD. n=6. (E) Representative Calcein double
labelling of L3 vertebrae of sham, OVX, and OVX+tyloxapol mice. Scale bars,
100um. Histomorphometric analysis from the results of Calcein double labelling
containing mineral apposition rate (MAR) and bone formation rate per bone
surface (BFR/BS). Columns in the charts were presented in a manner of mean +
SD. n=6. (F) Tyloxapol had little effect on osteoblast marker genes expression
including OCN and BSP analyzed by real-time PCR. Columns in the charts were
presented in a manner of mean + SD. n=3. (G) Trends of body weight of mice in
each experimental groups within 12 weeks. No statistically significant difference
was found between these trends of body weight. n=6, mean + SD. (H) The cell
viability of BMSCs after pretreatment with indicated concentrations of tyloxapol
for 48 hours examined by MTS. mean + SD. n=3. NS=not significant, unpaired
two-tailed Student’s t test. DM=osteoblast differentiation medium. BMSCs=Bone
marrow stromal cells.
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Figure 5. Tyloxapol suppressed RANKL-stimulated NF-kB activa-
tion and osteoclastogenesis-related gene expression.(A)Represen-
tative immunofluorescence images of the translocation of p65.
Tyloxapol suppressed RANKL-stimulated p65 translocation. Scale
bars, 25um. (B) The luciferase activity of p65 and NFATcl were
measured utilizing the luciferase reporter assay. Tyloxapol sup-
pressed RANKL-stimulated transcriptional activity increase of the
p65 and NFATcl in a dose-dependent manner. (C) The mRNA
levels of cathepsin K, MMP-9, NFATcl and TRAP of Raw 264.7
cells pretreated with or without tyloxapol. Tyloxapol suppressed
RANKL-stimulated mRNA expression levels increase of these genes
in a dose-dependent manner. Columns in the charts were presented
in a manner of mean + SD. n=3. *P < 0.05, **P < 0.01, ***P <
0.001, unpaired two-tailed Student’s t test.
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Figure 6. Tyloxapol suppressed RANKL-
stimulated NF-xB and MAPKs activation. (A)
The protein expression levels of p-p65, p65,
IxBa, p-ERK, ERK, p-JNK, JNK, p-p38 and p38
were examined utilizing the western blot as-
says for Raw 264.7 cells pretreated with
tyloxapol at indicated concentrations. Tylox-
apol dose-dependently inhibited RANKL-
stimulated degradation of IkBa and phos-
phorylation of p65, ERK, JNK and p38. All
bar charts are presented as mean + SD; n=3.
*P < 0.05, **P < 0.01 vs group only treated
with RANKL. (B) The protein expression
levels of p-ERK, ERK, p-JNK, JNK, p-p38 and
p38 were examined utilizing the western blot
assays for Raw 264.7 cells pretreated with
tyloxapol at indicated times. Tyloxapol time-
dependently suppressed RANKL-stimulated
phosphorylation of ERK, JNK and p38. All
bar charts are presented as mean + SD; n=3.
*P < 0.05, **P < 0.01, ***P < 0.001, un-
paired two-tailed Student’s t test.
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Secondly, the effect of tyloxapol treatment on IkBa degradation and p65
phosphorylation was evaluated using Western bloting assay. The results
showed that tyloxapol pretreatment inhibited RANKL-induced IkBa
degradation in a dose-dependent manner (Fig. 6A). Thirdly, the effect of
tyloxapol treatment on p65 nuclear translocation was evaluated utilizing
immunofluorescence. As shown in Fig. 5A, the p65 nuclear translocation
was increased significantly after RANKL pretreatment. However, the in-
crease of p65 nuclear translocation decreased significantly when RANKL
pretreatment was conducted in the presence of tyloxapol (Fig. 5A).

3.6. Tyloxapol suppresses RANKL-stimulated NFATc1 activation

NFATcl is also a critical transcription factor during osteoclasto-
genesis, so we evaluated the effect of tyloxapol on NFATc] activation
using luciferase reporter assay and RT-PCR in RAW 264.7 cells. As seen
from the Fig. 5B and C, RANKL stimulation increased the NFATc1 tran-
scriptional activity and the mRNA expression level significantly. How-
ever, tyloxapol inhibited this effect in a dose-dependent manner (Fig. 5B
and C).

3.7. Tyloxapol suppresses RANKL-stimulated MAPK activation

MAPK is another critical signaling pathway contributing to osteo-
clastogenesis. The effect of tyloxapol pretreatment on the phosphorylatio
of ERK, p38 and JNK was examined utilizing Western bloting assay. As
shown in Fig. 6A and B, the ERK, p38 and JNK phosphorylation level was
increased significantly after RANKL pretreatment, but this effect could be
reversed by tyloxapol in dose and time-dependent manners.

3.8. Tyloxapol suppresses the expression of osteoclastogenesis-associated
markers

The expressions of many maker genes, such as MMP-9, cathepsin K
and TRAP, are strengthened during osteoclastogenesis [26]. Fig. 5C
shows that the mRNA expression levels of these maker genes were
increased by several fold when stimulated with an appropriate amount of
RANKL. However, the growth rate decreased after tyloxapol
pretreatment.

4. Discussion

Generally, bone remodeling is a dynamic procedure controlled by the
coordinated activity of osteoblasts (which produce bone) and osteoclasts
(which resorb bone). Once this balance is disturbed, especially due to
excessive enhancement of the osteoclast activity, a series of diseases,
including osteoporosis, osteolytic bone tumors and rheumatoid arthritis
may develop [2]. Therefore, the main treatment strategy for bone
metabolic diseases is to suppress the over activity of osteoclasts. Further
reports suggest that tyloxapol can alleviate inflammation via inhibiting
NF-kB pathway [18]. However, the role of tyloxapol during osteoclas-
togenesis remains unknown, and the molecular mechanism remains un-
certain. The aim of the present study was to examine the effect of
tyloxapol on osteoclast formation and explore the underlying action
mechanism ex vivo and in vivo at a molecular level. It was discovered
that tyloxapol suppressed RANKL-stimulated osteoclastogenesis, F-actin
belts constitution, and the osteoclast erosion ability ex vivo. Tyloxapol
also restrained bone mass loss through suppressing the osteoclast activity
in the mouse osteoporosis model. Eventually, we illustrated that tylox-
apol inhibited the expression of osteoclastogenesis-associated maker
genes NFATc1, TRAP, cathepsin K and MMP9 by attenuating the NF-kB
and MAPK pathways.

In the process of osteoclastogenesis, the primary function of M-CSF is
to maintain BMM proliferation and guide its differentiation to osteoclast
precursors, while the main role of RANKL is to stimulate osteoclast pre-
cursors to differentiate into mature osteoclasts [26]. It was found in this
study that tyloxapol had a minimal effect on the M-CSF-driven

Journal of Orthopaedic Translation 28 (2021) 148-158

proliferation of BMMs and Raw 264.7 in a certain concentration range.
However, it could inhibit RANKL-stimulated differentiation of osteoclast
precursors to osteoclasts to a certain extent. These findings suggest that
tyloxapol was able to exert an inhibitory effect on RANKL-stimulated
osteoclastic differentiation and maturation, which indirectly proves
that it inhibits RANKL signaling.

The key driver of the pathological bone destruction is the ability of
osteoclasts to cause bone erosion, mainly depending on their adhesion to
the mineralized bone surface [10]. Differentiated osteoclasts polarize and
develop a sealing region around the bone resorption domain with F-actin
belts [10]. This study showed that tyloxapol suppressed RANKL-induced
F-actin loop establishment and the osteoclast erosion capability, indi-
cating that tyloxapol can significantly inhibit RANKL-induced osteoclast
erosion in vitro.

NF-«B signaling is an important essential signaling pathway for im-
mune and inflammatory responses and is the main downstream signaling
pathway for RANKL-induced osteoclast differentiation [14,27]. Typi-
cally, nuclear translocation of inactive NF-kB cannot take place until its
inhibitor IxBa is degraded. Due to IKK activation, IkBa phosphorylates at
ser32 and ser36 and degrades gradually when upstream signals are
stimulated. Without IkBa inhibition, NF-kB undergoes nuclear trans-
location to transmit the signal into the nucleus [14]. We illustrated that
tyloxapol restrained activation of the RANKL-stimulated NF-kB pathway,
as evidenced by inhibition of IkBa degradation, blockage of phosphory-
lation and nuclear translocation of p65. Our experiment demonstrated
that the mechanism of tyloxapol in inhibiting osteoclast differentiation
may also be attributed to attenuation of the NF-kB pathway.

Other than NF-«B, MAPKs including ERK, JNK and p38 were also
found to be activated in RANKL-stimulated osteoclastogenesis [15,24,
28]. ERK plays an enhancement role in osteoclast survival. It was re-
ported that p38 signaling was indispensable in early phases of osteoclast
formation, for it can alleviate the expression of cathepsin K [15]. At the
end of osteoclast formation, JNK was also found to participate in the
fusion process of osteoclast precursors [15]. This study demonstrated
that tyloxapol suppressed RANKL-stimulated phosphorylation of ERK,
p38 and JNK effectively, indicating that tyloxapol can prevent the
cascade of MAPK signaling pathway.

It was illustrated that the estrogen level was reduced in OVX mice,
which induced osteoblasts and T cells to secrete more cytokines such as
RANKL and TNFa, resulting in osteoclastogenesis and bone mass loss
[29]. Bone parameter analysis from the results of von kossa, micro CT
and TRAP staining illustrated that tyloxapol prevented bone loss by
attenuating the osteoclast activity and osteoclast formation. Bone
remodeling hinges on the dynamic balance of osteoclast bone erosion and
osteoblast bone generation. Therefore, ALP and Von Kossa staining for
osteoblasts in vitro and Goldner’s trichrome staining in vivo were done to
examine the effect of tyloxapol on osteoblast differentiation and activity.
Moreover, we performed calcein double labeling analysis on the third
lumbar vertebra for dynamic histomorphometry. These experiments
illustrated that tyloxapol had a minimal effect on osteoblast differentia-
tion but was able to restrain bone mass loss induced by ovariectomy
through suppressing osteoclastogenesis without increasing bone estab-
lishment. Some of our experimental results are inconsistent with the
classical experimental results. For example, in Fig. 4D, there is no change
on osteoblast surface or osteoblast number induced by either OVX or
tyloxapol in our results. But in previous reports, OVX induced higher
turnover which includes higher bone resorption and higher bone for-
mation [30-32]. There may be some reasons for this phenomenon.
Firstly, although the osteoporosis model of ¢57 mice has been widely
used, the instability of this model still exists. Iwaniec et al. [33] illus-
trated that little difference of BV/TV was observed between OVX and
SHAM groups in the distal femur three months after the ovariectomy.
Klinck and Boyd [34] demonstrated that lots of morphology parameters
were not statistically significant in the C57BL/6J at 5 weeks after the
ovariectomy. Therefore, the use of more models to verify the in vivo
effect of tyloxapol is needed in future experiments.
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There are some limitations in this study. First, we only conducted a
preliminary study on the mechanism of how tyloxapol inhibited osteo-
clast differentiation, and future studies need to focus on more in-depth
mechanisms, such as combining targets and more accurate intracellular
signal transduction. In addition, the treatment status of the mice was not
blinded in our study, which may lead to bias in the interpretation of the
results.

5. Conclusions

This is pioneer research illustrated that tyloxapol was able to suppress
osteoclastogenesis in vitro and in vivo by suppressing NF-kB and MAPK
signaling, suggesting that tyloxapol may prove to be a drug candidate for
osteoclastogenic sicknesses like osteoporosis. Our research may also
extend the clinical therapeutic spectrum of tyloxapol.
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