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Objective: Osteoclastogenesis, the process of osteoclast differentiation, plays a critical role in bone homeostasis. Overexpression of
osteoclastogenesis can lead to pathological conditions, such as osteoporosis and osteolysis. This study aims to investigate the role of
Engelitin in the process of RAW264.7 cell differentiation into osteoclasts induced by RANKL, as well as in a mouse model of bone
loss following ovariectomy.

Methods: We used RANKL-stimulated RAW264.7 cells as an in vitro osteoclast differentiation model. The effects of Eng on
morphological changes during osteoclast differentiation were evaluated using TRAP and F-actin staining. The effects of Eng on the
molecular level of osteoclast differentiation were evaluated using Western blot and q-PCR. The level of reactive oxygen species was
evaluated using the DCFH-DA staining method. We then used ovariectomized mice as a bone loss animal model. The effects of Eng
on changes in bone loss in vivo were evaluated using micro-CT and histological analysis staining.

Results: In the in vitro experiments, Eng exhibited dose-dependent inhibition of osteoclast formation and F-actin formation. At the
molecular level, Eng dose-dependently suppressed the expression of specific RNAs (NFATcl, c-Fos, TRAP, Cathepsin K, MMP-9)
involved in osteoclast differentiation, and inhibited the phosphorylation of proteins such as IkBa, P65, ERK, JNK, and P38. Additionally,
Eng dose-dependently suppressed ROS levels and promoted the expression of antioxidant enzymes such as Nrf2, HO-1, and NQO1. In
the in vivo experiments, Eng improved bone loss in ovariectomized mice.

Conclusion: Our study found that Eng inhibited RANKL-induced osteoclast differentiation through multiple signaling pathways,
including MAPKs, NF-«kB, and ROS aggregation. Furthermore, Eng improved bone loss in ovariectomized mice.
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Introduction

Osteoporosis is a common and potentially debilitating systemic bone disease that is characterized by reduced bone mass
and the degeneration of bone tissue. This disease can be caused by various factors such as age, hormonal imbalances,
lack of physical activity, and certain medical conditions or medications. Ultimately, osteoporosis leads to increased bone
fragility and susceptibility to fractures, which can result in significant morbidity and even mortality, particularly in older
adults." Bone mineral density (BMD) and T score measured by dual energy X-ray absorptiometry (DXA) were used to
define osteoporosis by World Health Organization (WHO). T score refers to the SD score of bone mineral density (BMD)
related to the peak bone mass of healthy young women. The lower the T score, the higher the risk of fracture. The T score
of normal population was between —1 and 1. A T score between —1 and —2.5 indicates loss of bone mass; A T-score of

less than —2.5 indicated the presence of osteoporosis.” Research has indicated that individuals typically reach their peak
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bone density at around age 25, when they are in good nutritional health. After this point, bone mass gradually decreases.
Postmenopausal women and men over the age of 60 experience a significant acceleration in bone loss, putting them at
high risk for osteoporosis. These groups have a significantly increased risk of spinal and hip fractures, with the risk being
twice as high for spinal fractures and two and a half times as high for hip fractures compared to individuals of the same
age with normal bone mass. Both spinal and hip fractures are associated with high treatment costs and significant rates of
disability and mortality. Recovery from these types of fractures can be lengthy and challenging, and in some cases,
patients may require long-term care and support. These factors can place a significant burden on individuals and families,
as well as on healthcare systems and society as a whole.” It is therefore essential to identify and manage osteoporosis risk
factors and to encourage preventative measures to reduce the risk of fractures.”

Osteoporosis patients also need to take medication for the prevention and treatment of osteoporosis. These medications
can be roughly divided into three categories: 1. Anti-resorptive drugs: bisphosphonates, calcitonin, estrogen, selective
estrogen receptor modulators, cathepsin K inhibitors, specific RANKL inhibitor; 2. Bone-forming drugs: parathyroid
hormone, active vitamin D; 3. Dual-action drugs: strontium salt drugs. Studies have demonstrated that patients receiving
treatment with these medications for osteoporosis exhibit a decreased risk of vertebral, total hip, and non-vertebral fractures
and an increase in bone mineral density (BMD) values over time.> However, the long-term and widespread use of these
drugs for the treatment of osteoporosis is limited due to some side effects or expensive prices. For example, bispho-
sphonates, as first-line drugs for the treatment of osteoporosis, have side effects such as atypical femur fractures and jaw
necrosis, as well as uncertain efficacy after 5 years of use. Long-term high-dose use of teriparatide, a drug in the class of
parathyroid hormone, carries a risk of developing osteosarcoma. Long-term use of strontium ranelate, which has a dual
effect of inhibiting bone resorption and promoting bone formation, carries a certain risk of gastrointestinal side effects and
venous thromboembolism. Additionally, the use of strontium ranelate also carries a risk of cardiovascular events and can
even lead to drug-induced delayed onset multi-organ hypersensitivity syndrome.® Therefore, it is imperative to invest in
research for new drugs to treat osteoporosis, with the aim of improving the current treatment regimen.

Under normal conditions, bones are dynamically renewing tissues that maintain normal bone mass and density by
balancing the processes of bone resorption and bone formation.”* When this balance is upset, it can lead to bone
disorders such as osteosclerosis and osteoporosis.'®’ Bone formation is accomplished by osteoblasts, while bone
resorption is accomplished by osteoclasts. Osteoblasts differentiate from mesenchymal stem cells,'’ while osteoclasts
are large multinucleated cells derived from hematopoietic monocyte/macrophage progenitor cells.'? Over-activation of
osteoclasts and abnormal bone resorption function are the cellular basis of osteoporosis formation. Therefore, osteoclasts
are the therapeutic target for the prevention and treatment of osteoporosis. Receptor activator of nuclear factor kappa
B ligand (RANKL) and macrophage colony-stimulating factor (M-CSF) are two major regulators of osteoclast
differentiation.” M-CSF is a cytokine that is produced by fibroblasts, endothelial cells, macrophages, or dendritic cells.
It can act on hematopoietic stem cells, promote their differentiation into osteoclast precursor cells, and enhance their
proliferation. Additionally, M-CSF can upregulate the expression of receptor activator of NF-kB (RANK) in osteoclast
precursor cells. RANK belongs to the tumor necrosis factor receptor superfamily and acts as a receptor for RANKL.
RANKL, also known as tumor necrosis factor ligand superfamily member 11, is the ligand for RANK."*"'> When soluble
or membrane-bound RANKL binds to RANK, it results in receptor oligomerization. This process leads to the recruitment
of several conjugator molecules, such as TNF receptor-associated factor 6 (TRAF6), to a specific site in the proximal
portion of the RANK membrane.'® TRAF6 plays an important role in mediating various signaling pathways involved in
osteoclast differentiation and function, including NF-kB, MAPK, AP-1, Akt/PBK signaling pathways, and cytoskeleton
rearrangement. Furthermore, studies have demonstrated that increasing the level of reactive oxygen species (ROS) in
osteoclasts can enhance osteoclast formation and activation.'”'® Therefore, the RANK/RANKL axis has become a
crucial molecular target for our research on the prevention and treatment of osteoporosis.'’

Smilax glabra Roxb also known as Tufuling in Chinese, refers to the rhizome of a plant in the Liliaceae family. More
than 200 compounds, such as flavonoids, phenolic acids, stilbenes, organic acids, and phenylpropanoids have been
identified from Smilax glabra Roxb. Among them, flavonoids, phenolic acids, and phenylpropanoids are the most
extensively studied and recognized as the main active constituents. Pharmacological studies have demonstrated that
the active compounds in Smilax glabra Roxb possess various pharmacological effects, such as anti-infective,”® anti-
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cancer,”' anti-inflammatory, antioxidant, and cardiovascular protective activities.’*?’ Engeletin (Eng) is a
dihydroflavonoid extracted from Smilax glabra Roxb. and it possesses a wide range of pharmacological effects.
Studies have shown that Eng can alleviate osteoarthritis by inhibiting the MAPKs and NF-kB signaling pathways and
eliminating intracellular reactive oxygen species (ROS).>* However, it remains unclear whether Eng possesses anti-
osteoclast differentiation effects. The present study aimed to investigate the effects of Eng on osteoclastogenesis using a
RANKUL-induced osteoclast differentiation model in vitro and an ovariectomy-induced osteoporosis female C57BL/6J

mice bone loss model in vivo.

Materials and Methods

Regent and Antibodies

Eng was purchased from Target Mol (Boston, Massachusetts, USA) and diluted in dimethyl sulfoxide (DMSO, Sigma-
Aldrich, St. Louis, MO, USA). Recombinant RANKL was obtained from PeproTech EC, Ltd. (London, U.K.).
Dulbecco’s modified Eagle’s medium (DMEM) and fetal bovine serum (FBS) were purchased from Gibco (Rockville,
MD, USA). The Cell Counting Kit-8 (CCK-8) was obtained from Dojindo (Japan). The TRAP staining kit was provided
by Sigma Aldrich (Sydney, Australia). Primary antibodies for c-Fos (sc-271,243) and NFATc! (sc-7294) were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Antibodies against phospho-p38 (4511T), p38 (8690T),
phospho-ERK (4370T), ERK (4695T), phospho-JNK (4668T), JINK (67096S), phospho-NF-xB p65 (3033T), NF-«B
p65 (8242T), phospho-Ikba (9246S), Ikba (4812S), HO-1 (26416T) and NQO-1 (62262S) purchased from Cell Signaling
Technology (Beverly, MA, USA). Antibody of Nrf2 (PA5-27,882) was obtained from Thermo Fisher Scientific
(Waltham, MA, USA). B-actin antibody (A2228) was purchased from Sigma-Aldrich, Inc. (St. Louis, MO, USA).

Cell Culture

The RAW 264.7 cell line was obtained from the American Type Culture Collection (ATCC, Manassas, VA) and cultured
in DMEM supplemented with 10% FBS, in an atmosphere of 5% CO2 and 95% humidity at 37°C. The cells were
passaged up to the 10th to 15th passages, and the density was adjusted to 60%-70%, which is optimal for stimulating
osteoclast differentiation. RAW264.7 cells were seeded in a 96-well plate at a density of 6.25x10° cells per well and
cultured in DMEM with 10% FBS. After 12 h of incubation, the cells attached to the bottom of the plate and were used
for further experiments. The original DMEM medium in the 96-well plate was removed and replaced with a-MEM
culture medium supplemented with 10% FBS, 1% penicillin-streptomycin, and 50ng/mL RANKL, with or without
varying concentrations of Eng (5, 10, 20, 40 and 60 uM). The cells were then incubated for 5 days until osteoclasts were
formed. The experiment was repeated more than three times, with two teams conducting the experiment each time.

Ethical Use of Animals

All experimental procedures for mice studies were carried out in line with the regulations for experimental animal care of
the Xi’an Jiaotong University Laboratory Animal Administration Committee, performed according to the Xi’an Jiaotong
University Guidelines for Animal Experimentation and conformed to the Guide for the Care and Use of Laboratory
Animals published by the US National Institutes of Health. The use of experimental animals was approved by the Xi’an
Jiaotong University Laboratory Animal Administration Committee (2020-028).

Cytotoxicity Assay

RAW264.7 cells were seeded in 96-well plates at a density of 6.25x10° cells per well and allowed to incubate overnight.
The next day, the cells were treated with different concentrations of engelitin (0, 5, 10, 20, 40 and 60uM) or DMSO.
After 2 and 3 days, CCK-8 reagent was added and incubated in the incubator for 2 h. The absorbance of the solution was
measured at 450 nm using a TriStar2 LB 942 Multimode Microplate Reader (Berthold Technologies Gmbh & Co. KG,
Baden-Wiirttemberg, Germany).
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TRAP Staining

As described in 2.2, RAW264.7 cells were stimulated with RANKL (50ng/mL) and different concentrations of Eng for 5
days. Remove the medium from the 96-well plate and wash the cells three times with PBS. Fix the cells with 4%
paraformaldehyde for 15 min and wash them again with PBS three times. Then, follow the staining instructions provided
with the Trap kit. Osteoclasts were identified by counting the number of nuclei in cells observed under a Nikon ECLIPSE
TE2000-S microscope. (Nikon, Japan). Cells were considered osteoclasts if they had three or more nuclei.

F-Actin Staining

The function of mature osteoclasts in bone resorption is dependent on the formation of F-actin podosome belts.
Therefore, it is necessary to assess the impact of Eng on the formation of F-actin podosome belts. Cell cultures were
carried out as described earlier, and then specific staining of F-actin was performed. First, the original culture medium
was discarded, and the cells were carefully rinsed with 10% PBS for 3 times. Then, the cells were fixed with 4% PFA for
10 min and rinsed again with 10% PBS for 3 times. Next, the cells were permeabilized with 0.3% Triton X-100 at room
temperature for 5 min, followed by the addition of an immunofluorescence dye. The cells were incubated in the dark at
room temperature for 1 h, rinsed with 10% PBS, and then stained with DAPI for 5 min. After washing again with 10%
PBS, the images were observed and collected under a fluorescence microscope (Nikon, Japan).

ROS Production Assay

Intracellular ROS levels are involved in the regulation of osteoclast differentiation, and excessive ROS production can
promote osteoclastogenesis. To investigate the effect of Eng on RANKL-induced intracellular ROS levels during
osteoclast differentiation, RAW264.7 cells were seeded at a density of 3x10° cells per well in 96-well plates and pre-
treated with different concentrations of Eng for 24 h in the presence of 50 ng/mL. RANKL. After removal of the cell
culture medium from the well plate, the cells were incubated with diluted DCFH-DA(1:1000) in a cell incubator for 20
min. Subsequently, the cells were rinsed three times with serum-free medium in a careful manner. Finally, the
fluorescence of DCF was measured using a fluorescence microscope (Nikon, Japan).

Western Blot

RAW264.7 cells were seeded at a density of 2x10 cells per well in a 6-well plate and incubated for 24 h. After that, cells
were treated with or without different concentrations of Eng for 24 h before being stimulated with 50 ng/mL RANKL for
a specific period of time. Total proteins were extracted from cells using RIPA lysis buffer (Invitrogen, USA) containing a
mixture of protease and phosphatase inhibitors. The protein sample was centrifuged at 12,000 g for 10 min at 4°C, and
the supernatant was collected. The concentration of the protein sample was determined with the BCA protein analysis kit
(Thermo Scientific Pierce, USA). Afterwards, the proteins were separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred onto polyvinylidene difluoride (PVDF) membranes (Millipore, USA). The
membranes were then incubated with 5% skim milk for an h to block any nonspecific immune responses. Next, the
membrane was incubated with the corresponding primary antibody solution and gently shaken at 4°C for 12 h. After 12 h
of adequate specific immune response, the membrane was washed three times with TBST solution. The membrane was
then subjected to a specific immune reaction with the corresponding secondary antibody for 1 h. After the enhanced
chemiluminescent reagent was added to the membranes, the immunoreactive protein bands were detected using the
Western-Light chemiluminescent detection system (Applied Biosystems, USA). The band densities were analyzed using
ImageJ software (version 1.8.0, National Institutes of Health, USA).

Real-Time Quantitative PCR (qPCR)

To evaluate the effect of Eng on osteoclast differentiation at the gene expression level, RAW264.7 cells were seeded in 6-
well plates at a density of 2x10° cells per well and stimulated with RANKL in the presence or absence of Eng. Total
RNA was extracted using TRIlzol reagent (Thermo Fisher Science, USA) and used to synthesize complementary genes by
quantitative reverse transcription polymerase chain reaction (QRT-PCR). The ¢cDNA was amplified by SYBR Kit
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Table | Primer Sequences for gPCR

Target Gene Primer Sequence (5'-3’) Forward | Primer Sequence (5'-3’) Reverse
NFATcl TCAGAGTGAGACCGAGAGGC TGACATGCGGGGTGTGTG
c-Fos TGTTCCTGGCAATAGCGTGT TCAGACCACCTCGACAATGC
TRAP TGTCCGCTTGAGGGTACATT GCAGGACAGCCCTTAGCATC
Cathepsin K CTGCGGCATTACCAACATGG ACTGGAAGCACCAACGAGAG
MMP-9 GTTAGCCAGAAGCTGCGGT GGGGAAGACCACAAAAGTCG

(TaKaRa, Japan) and ABI 7500 sequencing system (Applied Biosystems, USA). Osteoclast-specific genes and the
internal control gene GAPDH were quantified using FastStart Universal SYBR Green Master (Rox, CO, USA).
Primer sequences for osteoclast-related genes can be found in Table 1.

Ovariectomized Mouse Model

8-week-old female C57BL/6J mice were purchased from the Experimental Animal Center of Shaanxi Province (Xi’an,
PR China), randomly divided into three groups (Sham group, OVX group and OVX + Eng group, n=5). After mice were
anesthetized with tribromoethanol, the bilateral ovaries were removed from mice of all groups except the sham group. A
week later, the mice in OVX + Eng group were intraperitoneally injected with 5 mg/kg Eng every other day, while the
mice in SHAM and OVX groups were intraperitoneally administrated with DMSO (1% in normal saline) every other day.
All mice were then sacrificed through cervical dislocation after 8 weeks. The femurs of mice were extracted for micro-
computed tomography (micro-CT) scanning and immunohistochemistry.

Micro-CT Data Analysis

After sacrificing the experimental mice, the right femurs were fixed with 4% PFA for 24 hours, placed in 1.5 mL
microcentrifuge tubes, and scanned using micro-CT (SKYSCAN 1172, Belgium). A region of interest (ROI) 0.5 mm
above the distal femur growth plate, with a height of 2 mm, was selected for analysis of the trabecular bone. The scanning
parameters were as follows: 60 kV of source voltage; 120pA of source current; 0.5 mm of Al filter; 12pm of pixel size; 180
degrees rotation step. After scanning, the device reconstruction software NRECON (V1.6.9.4) Obtain a cross-sectional
view of the specimen. Bone mineral density (BMD), trabecular number (Tb. N), trabecular thickness (Tb.Th), trabecular
space (Tb.Sp), and connectivity density (Conn.D) were analyzed using CTAn (V1.14.4) Software.

Histological Analysis

The femur was decalcified with 14% EDTA for 4 weeks and sliced the tissue of 4 pm which was embedded in paraffin.
The region of interest was near the distal femoral bone marrow cavity. Next, haematoxylin and eosin (H&E) staining and
TRAP staining were carried out to evaluate the histological changes of each group. The paraffin-embedded bone sections
were deparaffinized, then soaked and fixed with TRAP fixative for 30 seconds. After slight drying, they were stained with
TRAP staining solution for 1 hour and counterstained with either hematoxylin staining solution or methyl green staining
solution for 5 min. The Nikon microscope (Nikon Corporation, Japan) was used to capture images. The number of
osteoclasts was automatically scanned and calculated using ImageJ software. H&E staining was scanned by the Aperio
Scanscope. Bone histological parameters were calculated by Imagel software.

Statistical Analysis
Each experiment and data were repeated three times or more, and all data were given mean + standard deviation (SD).
Comparison between groups was performed by one-way ANOVA and t-test. Graph Pad Prism software was used for

statistical analysis, and significant statistical difference was considered when the value P<0.05.
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Result

Eng Suppresses the Differentiation of RANKL-Induced OCs Without Inducing
Cytotoxicity

The chemical structure of Eng is shown in Figure 1A. To investigate the effects of Eng (as shown in Figure 1C-E on
RANKUL-induced OC differentiation, RAW264.7 cells were treated with varying concentrations of Eng in the presence of
RANKL (50 ng/mL). The results showed that the group induced by RANKL had numerous TRAP-positive multinucleated
osteoclasts, whereas increasing concentrations of Eng inhibited TRAP-positive multinucleated osteoclast formation in a
dose-dependent manner. To assess the impact of Eng treatment on cell viability during RANKL stimulation, cell viability
was evaluated at 48 h. We found that RAW264.7 cells treated with different concentrations of Eng (0, 2.5, 5, 10, 20, 40, and
60 uM) or DMSO had no effect on cell viability for 48h (Figure 1B). Eng demonstrated a dose-dependent inhibition of
RANKL-induced osteoclast formation, and concentrations below 40 uM did not induce any cytotoxic effects.

Eng Inhibits F-Actin Podosome Belts

The formation of F-actin podosome belts is a crucial indicator of osteoclast bone resorption activity and is a distinct
feature of mature osteoclasts. Upon RANKL stimulation, RAW264.7 cells differentiated into osteoclasts and formed the
F-actin podosome belts structure, as verified by rhodamine-phalloidin staining. The results of our study indicate that
treatment with Eng led to a dose-dependent decrease in both the number and morphology of F-actin podosome belts in
osteoclasts (as shown in Figure 2A). Specifically, significant inhibition of F-actin podosome belts formation was
observed at a concentration of 40 uM compared to other concentrations (Figure 2B).

Eng Reduces RANKL-Induced mRNA Expression of Osteoclast-Specific Genes

Additionally, the expression of osteoclast-specific genes, including NFATc1, c-Fos, TRAP, Cathepsin K and Mmp9 has been
shown to be required for the maturation of osteoclasts. Real-time PCR was performed to investigate the effect of Eng on the
expression of these osteoclast-specific genes. For this experiment, RAW264.7 cells were treated with 50 ng/mL RANKL in the
absence or presence of different doses of Eng. As shown in Figure 3A, the mRNA expression levels of NFATc1, c-Fos, TRAP,
Cathepsin K and Mmp9 were reduced in the presence of 10 20 and 40 uM Eng during RANKL-induced osteoclastogenesis.
Therefore, these results suggest that Eng can dose-dependently attenuate the expression of osteoclast-specific genes in vitro.

Eng Represses RANKL-Induced Activation of NF-kB and MAPKs Pathways

During osteoclast differentiation, NFATc1 and c-Fos play essential roles as transcription factors downstream of the NF-
kB and MAPKSs signaling pathways. Upon stimulation with RANKL, the expression levels of NFATcl and c-Fos in
RAW264.7 cells were significantly increased. However, Eng was found to inhibit the high expression of both NFATc1
and c-Fos (Figure 3B and C). This is consistent with our Real-Time Quantitative PCR results (Figure 3A), which showed
a dose-dependent inhibition of NFATcl and c-Fos expression by Eng, with the most significant effect observed at
a concentration of 40uM. Activation of NF-kB and MAPKSs is crucial for the initial induction of NFATc1. As Eng was
found to inhibit RANKL-induced NFATcl expression, we conducted an investigation to determine if Eng reduced
NFATcl expression by decreasing the activation of NF-kB or MAPKs in RAW264.7 cells during osteoclast differentia-
tion. We evaluated the protein levels of relevant molecules (including IkBa, P65, P38, INK and ERK) in the NF-kB and
MAPK signaling pathways. During osteoclast differentiation, the phosphorylation of P65 and IkBa increases. Our results
(shown in Figure 4A and B) demonstrate that the levels of P-IkBa and P-P65 expressed in RAW264.7 cells increased
after RANKL stimulation. What’s interesting is that Eng demonstrated a dose-dependent inhibition of RANKL-induced
phosphorylation of IkBa and P65. Here, we observed that RANKL treatment resulted in increased levels of phosphor-
ylation of ERK, JNK, and P38, but this increase was significantly inhibited by Eng treatment in a time and concentration-
dependent manner (Figure 4C—F). Thus, these data confirm that Eng can repress the NF-kB and MAPKs pathways in
RANKL-induced osteoclasts in vitro.

2260 e Journal of Inflammation Research 2023:16

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove

Feng et al

>
w

1.5
OH - ns
E T S T i S =t
HO O 2 1.0- ”
H O g
ol [
@) 'OH .g 0.5+
OH O 2
HO OH <
0.0- T T T T T T T
Engeletin: C,,H,,0,, ,éo\&o NI NI
& 9 Eng(uM)
RANKL (50ng/ml)
10pM

) TRAP stair_l

Light microscopy

o
g 1.5 > 150~
b @
N ~ —]
(- &
Q >1.07 o =100+ "
g g — % & o
35 3 d
B 0.5 o = 504
w *k °
o © = 3
“ m 0 *kk
B e Kk -g
> I I
< 0.0- T T T g 0- T T T
0 10 20 40 0 10 20 40
Eng(uM) Eng(uM)

Figure | Eng inhibited RANKL-induced osteoclastogenesis in vitro in dose-dependent manner without cytotoxicity. (A) The chemical structure of Eng. (B) Effect of Eng on
the viability of RAW?264.7 cells. CCK-8 assay was used to detect the cytotoxicity of Eng. RAW264.7 cells were cultured for 48 and treated with different concentrations of
Eng. Optical density values were measured at 450 nm. (C) Representative images of TRAP staining showing the osteoclast differentiation of RAW 264.7 induced by 50 ng/mL
RANKL with or without Eng (0, 10, 20, 40uM), Scale bar=300 um. (D and E) Area and number of TRAP-positive multinuclear cells (nuclei 23) were counted (n=3 per

group). These data are expressed as mean * SD. n = 3, *P < 0.05, **P < 0.0] and **P<0.001 vs RANKL-induced group.

Journal of Inflammation Research 2023:16 https:

2261

Dove:


https://www.dovepress.com
https://www.dovepress.com

Feng et al Dove

RANKL (50ng/ml)
10uM 20pM

ber

in ring num

F-act

Merge

Figure 2 Eng inhibited the formation of F-actin. (A) RAW264.7 cells were treated with RANKL (50 ng/mL) and various concentrations of Eng (0, 10, 20, 40 uM) for 5 days.
After fixing and permeabilizing the cells, F-actin was stained with phalloidin, and the nucleus was stained with DAPI. Representative images of osteoclasts with actin ring (in
red) and cell nuclei (in blue) were obtained using a fluorescence microscope. Scale bar = 300 um. (B) Quantification of F-actin ring number per osteoclast. These data are
expressed as mean * SD. n = 3, *P < 0.05, *P < 0.0] and ***P<0.001 vs RANKL-induced group.

A

NFATc1 C-Fos TRAP Cathepsin K Mmp-9
1.5+

-
d
]

1.5+

-
w0
]
-
Cd
]

-
o
1

1.0+

-
o
1
-
o
1

0.5 ki

o
@
1
e
@0
1
bt
o
1

Relative mRNA expression
Relative mRNA expression

Relative mRNA expression
Relative mRNA expression
Relative mRNA expression

0.0-
0 20 40 0 20 40 0 20 40 0 20 40 0 20 40

Eng(uM) Eng(pM) Eng(pM) Eng(uM) Eng(uM)

C

100kD -
NFATCT [ Ss B S S 80kD ! . 2.5

o
o
1
e
o
I
e
=)
1

v y)

N
o
1

2.0

-
Ll
1

1.5

ns

1.0 **

C-Fos T WD wew s s | 70kD

e
o
1

0.5

NFATc1/B-Actin ratio
P
1
C-Fos/B-Actin ratio

B-actin | " . S s W 43D

e
o
1

0.0-

A
IR &L &
RANKL - + + + + O Qy‘\@) ,{I«QQ xh@} o Qy\s} I

& & & & ©
i SRR SIS
Engeletin - —  10uM  20uM 40pM & & & & &

Figure 3 Eng inhibited the expression of c-Fos and NFATc| and affected the expression of osteoclast-related mRNA. (A) Eng down-regulated of osteoclast-specific genes
(NFATcl, c-Fos, TRAP, Cathepsin K, MMP-9). (B) RAW264.7 was treated with 50 ng/mL RANKL and different concentrations of Eng. Western blot was used to detect the
expression levels of c-Fos and NFATc|I. (C) The ratios of the intensity of NFATc| or c-Fos relative to B-actin were determined using Image]. All bar charts are presented as
mean % SD; n=3. *P<0.05, **P<0.01, ns: not statistically significant, vs control group.
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Figure 4 Eng inhibited the RANKL-induced NF-kB and MAPK signaling pathway. (A) RAW264.7 was treated with 50 ng/mL RANKL and different concentrations of Eng.
Representative Western blotting images of the effects of Eng on IkBa and P65 phosphorylation. (B) The ratios of band intensity of IkBa and P65 phosphorylation relative to
total IkBa and P65 were quantitatively determined (C) RAW264.7 was treated with 50 ng/mL RANKL and different concentrations of Eng. Representative Western blotting
images of the effects of Eng on ERK, JNK, P38 phosphorylation. (D) The ratios of band intensity of ERK, JNK and P38 phosphorylation relative to total ERK, JNK and P38
were quantitatively. (E) RAW264.7 were pretreated with Eng (40 M) for 60 min and stimulated by RANKL (50 ng/mL) for the indicated time points. (F) The ratios of
phosphorylated ERK, JNK, and P38 bands to total ERK, JNK, and P38 bands at different time points were quantified. All bar charts are presented as mean * SD; n=3.
*P<0.05, **P<0.01, ***P<0.001, ns: not statistically significant.

Eng Negatively Regulated ROS Levels in vitro

ROS plays an important role in the normal metabolism of cells. It is worth noting that excessive ROS accumulation can
stimulate osteoclast differentiation. Therefore, to investigate the effect of Eng on RANKL-induced ROS production,
intracellular ROS levels were detected by DHE fluorescence staining as previously described. It is worth noting that
while the fluorescence intensity increased in the RANKL group, the addition of Eng led to a dose-dependent decrease in
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Figure 5 Eng inhibited RANKL-induced ROS activation and increased the expression of ROS scavenging enzymes. (A) RAW264.7 cells were induced with RANKL (50 ng/
mL) and different concentrations of Eng (10, 20,40 uM) for 48 h, and then incubated with 5 uM DCFH-DA in the dark for 30 min. The fluorescence of DCF was observed
under a laser confocal microscope. Scale bar = 300um. (B) Quantification of DCF fluorescence intensity in an average per cell. (C) RAW264.7 were stimulated with RANKL
(50 ng/mL) and different concentrations of Eng for 48 h. Representative Western blotting images of the effects of Eng on Nrf2, HO-I and NQO-| expression. (D)
Quantification of the ratios of band intensity of Nrf2, HO-1, and NQO-1 relative to B-actin. All bar charts are presented as mean * SD; n=3. *P<0.05, **P<0.01, ***P<0.001,
ns: not statistically significant, vs RANKL group.

ROS fluorescence intensity (Figure SA and B). Antioxidants are known to negatively regulate ROS levels, so we
investigated whether Eng regulates ROS levels by modulating the production of antioxidants at the molecular level. The
expression of nuclear factor erythroid 2-related factor 2 (Nrf2) and its regulated antioxidant enzymes, heme oxygenase-1
(HO-1) and NADPH: quinone reductase (NQO1), were detected by Western Blot. The Western Blot results demonstrated
that Eng effectively increased the expression of antioxidant enzymes, such as Nrf2, NQO1, and HO-1 (Figure 5C and D).
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Eng Attenuates Bone Loss in OVX Mice

To determine whether Eng could prevent in vivo bone loss caused by oestrogen deficiency, we used the OVX mice model,
which mice postmenopausal osteoporosis. Micro-CT scanning of the right distal femur of the three groups of mice 8 weeks
post-treatment revealed that the OVX groups experienced significant decreased trabecular bone volume compared with that of
the sham control group, while bone loss in the Eng-treated group were significantly less compared to that of the OVX group
(Figure 6A and B). This indicated that Eng positively affected the skeletal structure of OVX mice. Quantitative bone
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Figure 6 Eng prevents OVX-induced bone mass loss in vivo. All mice were randomly divided into three groups: Sham group (n=5), OVX group (n=5), and OVX+Eng (5 mg/kg) group
(n=5). Bilateral ovariectomy was performed to induce osteoporosis under tribromoethanol anesthesia in OVX and OVX+Eng groups. For the mice of sham group, the ovaries were
only exteriorized but not resected. All mice had 7 days recovery after the operations, then an intraperitoneal injection of Eng (5 mg/kg every other days for 8 weeks) was performed for
the mice in the OVX+Eng group. The sham and OVX group mice were intraperitoneally injected with DMSO (1% in normal saline) as a vehicle control. (A) Images of micro-CTanalysis
and representative images of H&E, TRAP staining of decalcified bone sections. (B) Graphic representation of Bone mineral density (BMD), trabecular number (Tb. N), trabecular
thickness (Tb. Th), trabecular space (Tb. Sp) and connectivity density (Conn.D), (n=5 per group). (C) Quantitative analyses of bone volume per tissue volume (BV/TV) and osteoclast
number/bone surface (N. Oc/BS) in tissue sections (n=6 per group). All bar charts are presented as mean * SD. *P<0.05, **P<0.01, ns: not statistically significant, vs OVX group.
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parameters further reflected that the Eng-treated group significantly increased BMD, Tb.N, Tb. Th and Conn.D, with
decreased Tb. Sp (Figure 6B). Histological analysis further confirmed that OVX-induced bone mass loss was significantly
reduced by the Eng treatment when compared with the OVX group. Quantification of H&E staining indicated that the bone
surface and bone volume were well maintained in the Eng treatment group (Figure 6A and C). TRAP staining showed the
osteoclast number per bone surface and osteoclast surface area per bone surface were decreased after Eng treatment when
compared with the OVX group (Figure 6A and C).

Discussion

Excessive activation of osteoclasts is a key factor in the pathogenesis of many adult skeletal disorders, such as
osteoporosis.”®?’ Therefore, targeting the downregulation of osteoclast differentiation or function is a promising
approach for treating osteoporosis.’®>' In this study, we present novel findings that demonstrate the inhibitory effects
of Eng on osteoclast formation in vitro by regulating ROS activity and MAPKs, NF-kB signaling pathways. Additionally,
we also show that Eng has a protective effect on OVX-induced bone loss in a mouse model of osteoporosis in vivo.

RAW264.7 cells are commonly used as osteoclast precursors and they can differentiate into osteoclasts in response to
RANKL.*? In the absence of stimulation, RAW264.7 cells only proliferate. After successful RANKL stimulation,
RAW264.7 cells preferentially differentiate into osteoclasts. In our current study, we conducted a CCK-8 assay to
determine the cytotoxicity of Eng at different concentrations ranging from 0 to 60uM. The results showed that Eng was
not cytotoxic at these concentrations of 40 pM and below. We then investigated the effect of Eng on osteoclast
differentiation and found that it had a dose-dependent inhibitory effect. To further confirm this, we stained and visualized
F-actin belts, which are a signature structure of mature osteoclasts, and observed that Eng interfered with the formation
of podosome belts, which further confirmed its inhibitory effect on osteoclast formation.

It has been extensively documented that the RANKL/RANK signaling pathway is crucial for the formation,
maturation, and proper functioning of osteoclasts.*> RANKL, a member of the tumor necrosis factor (TNF) superfamily,
plays a critical role in signaling to induce osteoclast differentiation and facilitate the activation of precursor cells by
interacting with its receptor RANK.** When RANKL binds to RANK, it recruits the adapter molecule TNF receptor-
associated factor 6 (TRAF6), resulting in the activation of nuclear factor kB (NF-kB) and mitogen-activated protein
kinases (MAPKSs) signaling pathways. These pathways then activate transcription factors such as c-Fos and nuclear factor

35 ¢-Fos is

of activated T cells cytoplasmic 1 (NFATcl), which are crucial for osteoclast differentiation and function.
a critical regulator of RANKL-induced osteoclast formation, and is an important component of the AP-1 complex.*
Studies have shown that c-Fos deficient mice develop osteosclerosis due to impaired osteoclast formation, which can be
normalized by ectopic expression of c-Fos.>” NFATcl, on the other hand, is a master regulator of the osteoclast
transcriptome and is also regulated by c-Fos. NFATcl plays a vital part in the formation and activity of osteoclasts
and is known for its self-amplification to maintain robust expression.’® The AP-1 complex containing c-Fos binds to the

NFATcl promoter and induces the expression of NFATcl.*

Activated NFATcl induces the expression of several
osteoclast-specific genes, such as TRAP, Cathepsin K, and MMP-9, which are important for osteoclast formation and
function.*® Our Western blotting results demonstrated that Eng inhibited the RANKL-induced expression of c-Fos and
NFATc1 in a dose-dependent manner. Similarly, the mRNA levels of c-Fos and NFATc1 were also inhibited by Eng in
a dose-dependent manner. Notably, the expression of several osteoclast-specific genes induced by NFATcl was also
inhibited by Eng, which was expected based on the observed inhibition of NFATcl expression.

The NF-«xB signaling pathway, including IxBa and p65, is an important regulatory pathway during osteoclast
formation. Typically, nuclear translocation of inactive NF-kB cannot take place until its inhibitor IxBa is degraded.
IkBa phosphorylates and degrades gradually when upstream signals are stimulated. Without IxkBa inhibition, NF-xB
undergoes nuclear translocation to transmit the signal into the nucleus.*' Previous knockout studies have shown that mice
lacking both NF-kB dimers were unable to form osteoclasts normally, leading to severe osteopetrosis.** In the present
study, we found that the addition of RANKL activated the IkBa and P65 signaling pathways. However, when RANKL
and Eng were added together, Eng inhibited the phosphorylation of IkBa and P65. The binding of RANKL to RANK
activates downstream signaling pathways, including the MAPK family members ERK, JNK, and P38.>** The phosphor-
ylation of these proteins promote the activation and translocation of c-Fos and AP-1, which are important regulators of
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osteoclast formation and function. Previous studies have shown that inhibitors of P38, JNK, or ERK can inhibit
osteoclast formation.**** In this study, we observed that Eng inhibited the phosphorylation of ERK, JNK, and P38 in
a dose and time-dependent manner upon RANKL stimulation. This suggests that Eng may suppress RANKL-induced
osteoclast differentiation by blocking the ERK, JNK, and P38 signaling pathways.

Increasing evidence indicates that ROS production underlies various pathological conditions, such as inflammation
and osteoporosis.*® The Nrf2-Keapl complex serves as a sensor for oxidative stress and regulates the expression of
a wide array of antioxidant and cytoprotective genes.*’ In response to oxidative stress, Nuclear factor erythroid
2-related factor 2 (Nrf2) is released from Keapl and translocates to the nucleus, where it forms heterodimers with
small Maf proteins and binds to antioxidant response elements (AREs) in the promoter regions of target genes. This
leads to the transcriptional activation of antioxidant enzymes and other cytoprotective genes, including Haem
Oxygenase-1 (HO-1), NAD(P)H Quinone dehydrogenase 1 (NQO1), which play a critical role in protecting cells
against oxidative stress.*® In this study, we found that Eng dose-dependently inhibited the production of intracellular
ROS induced by RANKL. Further investigation revealed that Eng increased the expression of Nrf2 protein and
antioxidant enzymes HO-1 and NQO1. This suggests that Eng’s inhibitory effect on osteoclast differentiation may be
attributed to decrease ROS production and increase ROS clearance thereby suppressing RANKL-induced osteoclast
formation.

Considering the inhibitory effects of Eng on RANKL-mediated osteoclast differentiation and function in vitro, we
established an OVX mice model to further investigate whether Eng has potential therapeutic effect in vivo. The analysis
of Micro-CT scanning, H&E staining and TRAP staining on the femoral samples indicated less bone loss, less osteoclast
numbers and more trabecular bones after Eng treatment. The results suggest that Eng plays a protective role in preventing
osteoclast formation and bone loss in OVX mice.

Our study demonstrates that Eng attenuates RANKL-induced osteoclast differentiation via multiple signaling path-
ways, including MAPKSs, NF-kB, ROS aggregation, and the expression of related antioxidant enzymes and osteoclast
differentiation-related genes in vitro. (Signal pathway is shown in Figure 7). In addition, the study showed that Eng
restored BMD from OVX-induced bone destruction in vivo. However, our study has some limitations. In the in vitro
experiments, we did not evaluate the effect of Eng on osteoclast bone resorption function using bone resorption assays. In
the in vivo experiments, we did not evaluate the effect of Eng on osteoblasts. In summary, these findings shed light on the
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Figure 7 A proposed working model for the inhibition of Eng on osteoclastogenesis.
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molecular mechanism underlying the anti-osteoclast effect of Eng and offer promising therapeutic ideas for the treatment
of osteoclast-related bone diseases.
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