:' frontiers ‘ Frontiers in Endocrinology

ORIGINAL RESEARCH
published: 18 May 2022
doi: 10.3389/fendo.2022.885507

OPEN ACCESS

Edited by:
Ting Zheng,
Qilu University of Technology, China

Reviewed by:

Pengcheng Zhou,

The Rockefeller University,
United States

Ren Xu,

Xiamen University, China

Pei Ying Ng,

University of Western Australia,
Australia

*Correspondence:
Baoqing Yu
doctorybq@163.com
Chengqing Yi
ycq3000@126.com
Zhi Qian
zqgian16@fudan.edu.cn

"These authors have contributed
equally to this work and share
first authorship

Specialty section:

This article was submitted to
Bone Research,

a section of the journal
Frontiers in Endocrinology

Received: 05 March 2022
Accepted: 07 April 2022
Published: 18 May 2022

Citation:

Zhang C, Zhong Z, Sang W,
Ghorbani F, Ghalandari B,
Mohamadali M, Irani' S, Qian Z,

Yi C and Yu B (2022) The Dibenzy!
Isoquinoline Alkaloid Berbamine
Ameliorates Osteoporosis by
Inhibiting Bone Resorption.

Front. Endocrinol. 13:885507.
doi: 10.3389/fendo.2022.885507

Check for
updates

The Dibenzyl Isoquinoline Alkaloid
Berbamine Ameliorates Osteoporosis
by Inhibiting Bone Resorption

Chongjing Zhang ", Zeyuan Zhong "?", Weicong Sang?, Farnaz Ghorbani’,
Behafarid Ghalandari®, Marjan Mohamadali®, Shiva Irani®, Zhi Qian®", Chengging Yi'"
and Baoging Yu®*

" Department of Orthopedics, Shanghai Pudong Hospital, Fudan University Pudong Medical Center, Shanghai, China,

2 Shanghai Mediical College, Fudan University, Shanghai, China, 3 State Key Laboratory of Oncogenes and Related Genes,
Institute for Personalized Medlicine, School of Biomedical Engineering, Shanghai Jiao Tong University, Shanghai, China,

4 Department of Biology, Science and Research Branch, Islamic Azad University, Tehran, Iran, ® Institution of Orthopaedic
Diseases, Zhangye People’s Hospital Affiliated to Hexi University, Zhangye, China, 6 Department of Orthopedics, Shanghai
Pudong New Area People’s Hospital, Shanghai, China

Postmenopausal osteoporosis (PMOP) is a kind of primary osteoporosis that is
characterized by decreased bone density and strength. Berbamine is a nonbasic
quaternary benzylisoquinoline plant alkaloid that has been widely used in the clinic to
treat leukopenia in China. We found that berbamine inhibited RANKL-induced
osteoclastogenesis of bone marrow-derived macrophages (BMMs) in vitro, which
mainly occurred in the middle phase and late phase. The gene and protein expression
levels of osteoclast-related molecules, including CTSK, MMP-9, NFATc1, CD44 and DC-
STAMP, were also downregulated by berbamine. In vivo, we treated PMOP mice with
berbamine for 8 weeks and found that the extent of osteoporosis was alleviated
significantly according to micro-CT scanning, hematoxylin-eosin staining, DC-STAMP
immunohistochemical staining and TRAP immunohistochemical staining in the distal
femurs of the mice. Our findings demonstrate that berbamine has an inhibitory effect on
the osteoclastogenesis of BMMs and can prevent bone loss after ovariectomy in vivo. This
study provides evidence that berbamine is a potential drug for the prevention and
treatment of PMOP.

Keywords: postmenopausal osteoporosis, berbamine, bone marrow-derived macrophage, osteoclast, osteoclastogenesis,
DC-STAMP, cell fusion, traditional Chinese medicine

INTRODUCTION

Population aging is a global problem that results from combinations of declining rates of fertility
and increasing life expectancies. Thus, the proportion of elderly individuals in the total population
will increase significantly within the next few decades (1). Primary osteoporosis is a classical age-
related disease that increases the risk of fragility fracture (2, 3), and postmenopausal osteoporosis
(PMOP) is a common kind of primary osteoporosis (4). PMOP, a chronic and high-bone-
remodeling disease that occurs in menopausal women, results in bone microstructure destruction
and decreased bone mineral density (BMD) (5).
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Osteoclasts are specialized cells that perform bone resorption
functions in the human body and they are derived from the
monocyte/macrophage hematopoietic lineage. Receptor
activator of nuclear factor-kappa B ligand (RANKL) and
macrophage colony stimulating factor (M-CSF) are both
necessary and sufficient for bone marrow-derived macrophages
(BMMs) to undergo the process of osteoclastogenesis and
differentiate into osteoclasts (6). M-CSF can facilitate the
proliferation, survival and differentiation of osteoclast
precursors (7). RANKL leads to the development of mature
osteoclasts and it upregulates the expression levels of osteoclast-
related genes, such as matrix metalloproteinase 9 (MMP-9),
cathepsin K (CTSK) and tartrate-resistant acid phosphatase
(TRAP) type 5. RANKL can bind to receptor activator of
nuclear factor-kappa B (RANK), which is located on the cell
membranes of osteoclast precursors (6, 8).

Traditional Chinese medicine (TCM) has been used in China
for thousands of years. Several studies have reported that various
TCM formulas and other Chinese herbal medicines can be used
in the prevention and treatment of osteoporosis (9, 10). Our
previous studies have reported the potential application value of
several TCM monomers in the prevention and treatment of
PMOP (11-14). Berbamine is a nonbasic quaternary
benzylisoquinoline plant alkaloid that has been proven to have
application value in the TCM system (Figure 1A) (15).
Berbamine has antimicrobial, antineoplastic and anti-
inflammatory properties and can allay oxidative stress in
HepG2 cells via multiple signaling pathways associated with
the process of osteoclastogenesis of BMMs (16-18). Thus, we
hypothesized that berbamine can attenuate PMOP by inhibiting
the osteoclastogenesis of BMMs and the bone resorption
function of osteoclasts. We performed this study to investigate
the ameliorative effect of berbamine on PMOP and its underlying
molecular mechanism.

MATERIALS AND METHODS

Ethics Statement
All animal experiments in this study were approved by the
Animal Ethics Committee of Fudan University Pudong

Medical Center (No0.20211201-1) and were conducted in
accordance with the National Institutes of Health (NIH) Guide
for the Care and Use of Laboratory Animals.

Reagents and Antibodies

Berbamine (purity>99%) was purchased from MedChemExpress
(New Jersey, USA). We dissolved berbamine in dimethyl
sulfoxide (DMSO) to prepare a stock solution (4 mM) and
stored the stock solution at -80°C. The stock solution was
further diluted with complete culture medium for in vitro
experiments. For animal experiments, the stock solution was
further diluted with DMSO and plant oil. A Cell Counting Kit-8
(CCK-8) was purchased from Dojindo (Tokyo, Japan). A TRAP
staining kit was purchased from Sigma-Aldrich (MO, USA).
Recombinant m-RANKL and recombinant M-CSF were
purchased from R&D Systems (Minneapolis, MN, USA).
Alpha-modified minimal essential medium (a-MEM),
penicillin-streptomycin (P/S) and fetal bovine serum (FBS)
were purchased from Thermo Fisher Scientific (Scoresby, Vic.,
Australia). Rhodamine-conjugated phalloidin and DAPI were
obtained from Solarbio Co., Ltd. (Beijing, China). Universal
RNA extraction kits and Evo M-MLV RT kits were purchased
from Accurate Biotechnology Co., Ltd. (Hunan, China). Primary
antibodies against CTSK, TRAP, MMP-9, NFATcl (nuclear
factor of activated T cells 1), CD44, DC-STAMP (dendritic cell
specific transmembrane protein) and GAPDH were purchased
from Proteintech (Wuhan, Hubei, China).

BMMs Isolation and Differentiation

BMMs were isolated and differentiated as described in a previous
article (13). We isolated BMMs from the femoral and tibial bone
marrow of 6-week-old C57BL/6 mice. We euthanized the mice
according to procedures approved by the Animal Ethics
Committee of Fudan University Pudong Medical Centre.
Sterile complete culture medium (containing 10% FBS and 100
U/ml P/S in o-MEM) was used to flush the femoral medullary
cavity, and the BMMs were collected in a sterile dish. Then, the
BMMs were cultured in complete culture medium with 20 ng/
mL M-CSF for approximately 72 hours. The adherent cells were
collected and detected by flow cytometry (BD FACSCaliburTM,
USA), and the proportion of BMMs was more than 90% (Figure
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FIGURE 1 | (A) The chemical structure of berbamine (https://www.medchemexpress.cn/Berbamine.html). (B) Berbamine at concentrations ranging from 0 to 6.25
uM had no significant cytotoxicity toward BMMs at several time points. (C) The IC50 of berbamine for BMMs was 10.48 uM. The data are presented as the mean +

SD, *P < 0.05; ** < 0.001; ns, no significance.
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S1). For osteoclast differentiation, BMMs were cultured in
complete culture medium containing 50 ng/ml RANKL and 20
ng/ml M-CSF.

Cell Viability Assay and Determination of
the Half-Maximal Inhibitory Concentration
of Berbamine

Cell viability was detected by CCK-8 assay according to the kit
manufacturer’s protocol. BMMs were cultured in 96-well plates
(8x10%/well) and incubated with different concentrations of
berbamine (12.5, 6.25, 3.125, 1.5625 and 0 uM, 3 duplicate
wells for each concentration) for 24, 48, 72 and 120 hours. At
each time point, we washed the 96-well plates three times with 1x
PBS solution, added 100 UL of CCK-8 working solution to each
well, and incubated the plates at 37°C for 1 hour. Then, the
absorbance was detected at 450 nm with a microplate reader
(Thermo Fisher, Waltham, MA, USA). The half-maximal
inhibitory concentration (IC50) of berbamine was detected via
CCK-8 assay according to the kit manufacturer’s protocol.
BMMs were cultured in 96-well plates (8x10°/well) and
incubated with different concentrations of berbamine (200,
100, 50, 25, 12.5, 6.25, 3.125, 1.5625, 0.78125, 0.390625 and 0
uM, with 3 duplicate wells for each concentration) for 48 hours.
We washed the 96-well plates 3 times with 1x PBS solution,
added 100 pL of CCK-8 working solution to each well and
incubated the plate at 37°C for 1 hour. Then, the absorbance was
detected at 450 nm with a microplate reader (Thermo Fisher,
Waltham, MA, USA). GraphPad Prism (version 7, GraphPad
Software, San Diego, CA, USA) was used to calculate the IC50 of
berbamine on BMM:s.

In Vitro Osteoclastogenesis Assay

To evaluate the effects of different concentrations of berbamine
on the osteoclastogenesis of BMMs, BMMs (8x10°/well) were
cultured in 96-well plates and divided into a control group
(cultured in complete culture medium containing 20 ng/ml M-
CSF), a RANKL group (cultured in complete culture medium
containing 20 ng/ml M-CSF and 50 ng/ml RANKL) and 2 drug
intervention groups (cultured in complete culture medium
containing 3.125 or 6.25 UM berbamine, 20 ng/ml M-CSF and
50 ng/ml RANKL).

To evaluate the effects of berbamine (6.25 utM) on BMMs at
the different phases of osteoclastogenesis, BMMs (8x10°/well)
were cultured in 96-well plates and divided into a control group
(cultured in complete culture medium containing 20 ng/ml M-
CSF), a RANKL group (cultured in complete culture medium
containing 20 ng/ml M-CSF and 50 ng/ml RANKL), an early-
phase group (cultured in complete culture medium containing
20 ng/ml M-CSF and 50 ng/ml RANKL; berbamine was added to
the medium only on days 1-2 of culture), a middle-phase group
(cultured in complete culture medium containing 20 ng/ml M-
CSF and 50 ng/ml RANKL; berbamine was added to the medium
only on days 3-4 of culture) and a late-phase group (cultured in
complete culture medium containing 50 ng/ml RANKL and 20
ng/ml M-CSF; and berbamine was added to the medium only on
days 5-6 of culture). After 6 days of culture in an incubator with
5% CO?2 at 37°C, the BMMs were stained with a TRAP staining

kit according to the manufacturer’s protocol. The staining was
photographed under a microscope (Nikon Corporation, Tokyo,
Japan), and BMMs were regarded as osteoclasts when they
contained more than 3 nuclei (11). All experiments were
repeated at least 3 times.

Podosome Belt Formation Assay

To evaluate the effects of different concentrations of berbamine
on the osteoclastogenesis of BMMs, BMMs (8x10°/well) were
cultured in 96-well plates and treated with 3.125 or 6.25
UM berbamine.

To evaluate the effects of berbamine (6.25 uM) on BMMs at
the different phases of osteoclastogenesis, BMMs (8x10%/well)
were cultured in 96-well plates and treated with 6.25 uM
berbamine at different phases of osteoclastogenesis. The cells
were divided into 5 groups (a control group, a RANKL group, an
early-phase group, a middle-phase group and a late-phase group;
the details are described above). After 6 days of culture in an
incubator with 5% CO2 at 37°C, the cells were fixed with
paraformaldehyde (4%) for 20 minutes at 37°C and washed
with 1x PBS solution 3 times, and then 0.1% Triton-X 100 was
used to increase cell permeability. The cells were incubated in the
dark with rhodamine-conjugated phalloidin for 20 minutes and
DAPI for 10 minutes. Then, a fluorescence microscope (Nikon
Corporation, Tokyo, Japan) was used to detect the podosome
belts and nuclei of the cells. BMMs were regarded as osteoclasts
when they had more than 3 nuclei (13).

Pit Resorption Assay

A pit resorption assay was used to evaluate the inhibitory effect of
berbamine on the bone resorption function of osteoclasts. BMM:s
(8x10°/well) were plated on the surfaces of bone slices placed in
96-well plates. The cells were divided into 4 groups: a control
group (cultured in complete culture medium containing 20 ng/
ml M-CSF), a RANKL group (cultured in complete culture
medium containing 20 ng/ml M-CSF and 50 ng/ml RANKL)
and 2 drug intervention groups (cultured in complete medium
containing 3.125 or 6.25 UM berbamine, 20 ng/ml M-CSF and 50
ng/ml RANKL). After 6 days of culture in an incubator with 5%
CO2 at 37°C, the bone slices were removed from the 96-well
plates and sonicated to remove the cell debris. A scanning
electron microscope (GeminiSEM 500, Gemini, Germany) was
used to detect the surface topography of the bone slices in the
different groups. ImageJ software (NIH, Bethesda, MD, USA)
was used to detect the proportion of the pit resorption area on
the surfaces of the bone slices in each group.

Quantitative Real-Time Polymerase

Chain Reaction

The expression levels of RANKL-induced osteoclast-related
genes, including CTSK, NFATc1, CD44, MMP-9, DC-STAMP
and TRAP, were detected via quantitative real-time polymerase
chain reaction (QRT-PCR). To evaluate the effects of different
concentrations of berbamine on the expression levels of RANKL-
induced osteoclast-related genes, BMM:s (4x10%/well) were
cultured in 6-well plates and divided into 4 groups (a control
group, a RANKL group and 2 drug intervention groups). In the

Frontiers in Endocrinology | www.frontiersin.org

May 2022 | Volume 13 | Article 885507


https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Zhang et al.

Berbamine Inhibits Osteoclasts in Osteoporosis

RANKL group, the BMMs were treated with M-CSF (20 ng/ml)
and RANKL (50 ng/ml). In the first drug intervention group, the
BMMs were treated with M-CSF (20 ng/ml), RANKL (50 ng/ml)
and 3.125 UM berbamine. In the second drug intervention group,
the BMMs were treated with M-CSF (20 ng/ml), RANKL (50 ng/
ml) and 6.25 UM berbamine.

To evaluate the effects of berbamine (6.25 utM) on BMMs at
the different phases of osteoclastogenesis, BMMs (4x10*/well)
were cultured in 6-well plates and treated with 6.25 uM
berbamine at different phases of osteoclastogenesis. The cells
were divided into 5 groups (a control group, a RANKL group, an
early-phase group, a middle-phase group and a late-phase group;
the details are described above). After 6 days of culture in an
incubator with 5% CO2 at 37°C, the total RNA of the cells was
extracted with a Universal RNA Extraction Kit according to the
manufacturer’s protocol. Then, the total RNA was reverse-
transcribed into cDNA with Evo M-MLV RT kits. The qRT-
PCR procedures have been described in detail in our previously
published articles. The data was analyzed by the 2y AACT
method. The sequences of the primers are listed in detail
in Table 1.

Western Blotting

Western blotting was performed to evaluate the effects of
different concentrations of berbamine on the expression levels
of RANKL-induced osteoclast-related proteins, including CTSK,
NFATcl1, CD44, DC-STAMP, MMP-9 and TRAP, in BMMs.
BMMs (4x10*/well) were cultured in 6-well plates and divided
into 3 groups (a RANKL group and 2 drug intervention groups).
In the RANKL group, BMMs were treated with M-CSF (20 ng/
ml) and RANKL (50 ng/ml). In the first drug intervention group,
BMMs were treated with M-CSF (20 ng/ml), RANKL (50 ng/ml)
and 3.125 UM berbamine. In the second drug intervention group,
BMMs were treated with M-CSF (20 ng/ml), RANKL (50 ng/ml)
and 6.25 UM berbamine.

To evaluate the effects of 6.25 LM berbamine on BMMs at the
different phases of osteoclastogenesis via Western blotting,
BMM s (4x10%/well) were cultured in 6-well plates and divided
into 5 groups (a control group, a RANKL group, an early-phase
group, a middle-phase group and a late-phase group; the details
are described above).

To detect whether berbamine can suppress RANKL-induced
activation of several common signaling pathways, such as the
MAPK, NF-«B and PI3K-AKT-NFATc1 signaling pathways, in
the early stage of osteoclastogenesis, we treated BMMs with

RANKL (50 ng/ml) and berbamine (6.25 uM) and examined
AKT, p65, ERK, IxBo. and JNK phosphorylation at four time
points (0, 15, 30, and 60 minutes).

The treated BMMs were lysed on ice in radioimmunoprecipitation
assay lysis buffer (Teye, Bioteke Corp., Beijing, China). Sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS-PAGE) was used to
separate equal amounts of osteoclast-related proteins, and the
separated proteins were transferred to polyvinylidene fluoride
(PVDF) membranes (GE Healthcare, Silverwater, Australia). The
membranes were blocked with 5% fat-free milk solution for 60
minutes at room temperature and then incubated at 4°C overnight
with primary antibodies against CTSK, NFATc1, CD44, MMP-9, DC-
STAMP, TRAP and GAPDH. Subsequently, the membranes were
incubated with corresponding secondary antibodies for 60 minutes at
room temperature. The protein bands were visualized with enhanced
chemiluminescence (ECL) liquid (Teye, Bioteke Cor. Beijing, China)
and an image development device (Amersham Pharmacia Biotech,
Sydney, NSW, Australia).

Molecular Docking of Berbamine With
DC-STAMP

We simulated the molecular docking of berbamine with DC-
STAMP via AutoDock 4 software (version 4.2.6, Scripps
Research Institute, La Jolla, CA, USA). The PDB-format file of
the three-dimensional (3D) structure of DC-STAMP was
downloaded from UniProt (https://www.uniprot.org/; UniProt
ID of DC-STAMP: Q7TNJO0). The 2D structure of berbamine was
sketched in ChemDraw (version 20.0, CambridgeSoft, USA),
converted to a 3D structure via the Chem3D Ultra program
(version 10.0, CambridgeSoft, USA) and saved as a PDB-format
file. The charges were calculated, and hydrogen atoms were
added to the 3D structures of both DC-STAMP and berbamine
with AutoDockTools (version 1.5.7, Scripps Research Institute,
La Jolla, CA, USA) to minimize the system’s energy. After
completing the above steps, the binding pocket of DC-STAMP
and berbamine was predicted via sitemap, and then molecular
docking of DC-STAMP and berbamine was performed using
AutoDock 4 software (version 4.2.6, Scripps Research Institute,
La Jolla, CA, USA).

Animal Experiments

The animal experiments were conducted in a specific pathogen-
free (SPF) animal laboratory. Female six-week-old C57BL/6 mice
were purchased from Shanghai Laboratory Animal Research
Centre (Shanghai, China). All mice were housed in an SPF

TABLE 1 | Sequences of the primers used in this study.

Gene Forward primer Reverse primer

CTSK TAGCACCCTTAGTCTTCCGC CTTGAACACCCACATCCTGC
MMP-9 CGACTTTTGTGGTCTTCCCC TAGCGGTACAAGTATGCCTCTG
TRAP TGGGTGACCTGGGATGGATT AGCCACAAATCTCAGGGTGG
DCSTAMP GCTGTATCGGCTCATCTCCT AAGGCAGAATCATGGACGAC
CD44 CCTTGGCCACCACTCCTAAT TCCGTTCTGAAACCACGTCT
NFATc CCAGCTTTCCAGTCCCTTCC ACTGTAGTGTTCTTCCTCGGC
GAPDH AGGAGAGTGTTTCCTCGTCC TGAGGTCAATGAAGGGGTCG
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animal laboratory with clean water and fodder. All mice were
randomly divided into 3 groups [a sham group, an ovariectomy
(OVX) group and a berbamine group, n=5]. The mice were
intraperitoneally injected with 2% (w/v) pentobarbital (40 mg/
kg) for anesthesia. The mice in both the OVX group and the
berbamine group underwent bilateral OVX via a dorsal
approach, while the mice in the sham group only underwent
removal of a small volume of fatty tissue from around their
ovaries via the same approach. After the incisions were properly
sutured and the animals recovered from anesthesia, the mice
were returned to their own cages and allowed to recover for 3
days before intraperitoneal injection. The mice in the berbamine
group received berbamine (20 mg/kg) dissolved in DMSO
(CDMS0<0.2%) and plant oil every two days for eight weeks.
The mice in both the sham group and the OVX group received
the same solvent only through intraperitoneal administration
every two days for eight weeks. Calcein (10 ug/g) was injected
into the mice 10 days and 3 days before the animals were
sacrificed via intraperitoneal injection. After eight weeks, all
mice were euthanized, and the bilateral femurs and serum of
the mice were collected for the follow-up experiments.

Micro-Computed Tomography Analysis of
Distal Femur of Mice

The right femurs of the mice were scanned by microcomputed
tomography (Skyscan1172, Bruker, Kontich, Belgium). The tube
voltage was set to 50 kV with an electric current of 500 pA, and
the voxel size of the reconstructed image was 9x9x9 um?’. We
analyzed the images for the following histological parameters: the
BMD, trabecular number (Tb.N), trabecular pattern factor
(Tb.Pf), bone surface (BS)/bone volume (BV) ratio, BS density
(BS/total volume [TV]), and percent BV (BV/TV). We
reconstructed two-dimensional (2D) and 3D images of the
distal femurs of the mice with Mimics 18.0 software
(Materialise, Leuven, Belgium).

Bone Histological Analysis of Distal

Femur of Mice

We fixed the right femurs of the mice in 4% paraformaldehyde at
room temperature. A Leica SM2500 microtome (Germany) was
used to prepare unstained 3-pum-thick sections, and a
fluorescence microscope was used to detect the calcein labels
in the distal femurs at 515 nm.

We fixed the left femurs of the mice and decalcified them in
10% tetrasodium-EDTA for 14 days. Then, the left femurs were
paraffin-embedded, and 4-pm-thick sections were prepared with
a microtome (Jung, Heidelberg, Germany). We used
hematoxylin and eosin to stain trabecular bone. TRAP
immunohistochemical staining was performed to detect TRAP-
positive osteoclasts in the distal femurs of the mice in each group.
DC-STAMP immunohistochemical staining was performed to
detect DC-STAMP-positive osteoclasts in the distal femurs of the
mice in each group. The mineral apposition rate (MAR) was used
to measure osteoblastic activity by measuring the average
distance between two labels. All data were calculated with
Image] software (NIH, Bethesda, MD, USA).

Statistical Analysis

All experiments were repeated 3 times, and the results are presented
as they + SD for data that were normally distributed. In this study,
GraphPad Prism (version 7, GraphPad Software, San Diego, USA)
was used for statistical analysis. Comparisons between two groups
were performed by Student’s t test for normally distributed variables
or Mann-Whitney U test for nonnormally distributed variables.
One-way ANOVA with Tukey’s post-hoc test was used to determine
whether the differences among several groups were statistically
significant. Values of P<0.05 were considered to indicate statistically
significant differences.

RESULTS
Effect of Berbamine on BMM Viability

BMMs were treated with different concentrations of berbamine
(0, 1.5625, 3.125, 6.25 and 12.5 uM), and the absorbance at 450
nm was tested after 24, 48, 72 and 120 hours of treatment to
determine the cytotoxicity of berbamine. The data revealed that
berbamine had no significant cytotoxicity toward BMMs at
concentrations less than or equal to 6.25 uM (Figure 1B).
BMMs were also cultured in 96-well plates (8x10%/well) and
incubated with different concentrations of berbamine (200, 100,
50, 25, 12, 5, 6.25, 3.125, 1.5625, 0.78125, 0.390625 and 0 uM) for
48 hours. The IC50 of berbamine for BMMs was calculated to be
10.48 uM (Figure 1C).

Berbamine Mainly Inhibits RANKL-Induced
Osteoclastogenesis of BMMs In Vitro in
the Middle and Late Phases
To determine the effect of berbamine on the osteoclastogenesis of
BMMs, we plated BMMs into 96-well plates and divided them into
four groups. We observed that the cells in the two drug intervention
groups were dyed by the TRAP staining kit. However, the results
revealed that berbamine (both 3.125 uM and 6.25 uM) inhibited
RANKL-induced osteoclastogenesis of BMMs in vitro compared
with that in the RANKL group. We found that the numbers of
mature, polynuclear osteoclasts were reduced significantly in a dose-
dependent manner after treatment with berbamine (Figures 2A, B).
The progression of osteoclastogenesis consists of multiple
phases. Thus, it was important for us to determine the phase in
which berbamine could inhibit RANKL-induced osteoclastogenesis
of BMMs. BMMs were plated into 96-well plates and treated with
berbamine (6.25 uM) at different phases of osteoclastogenesis. The
results revealed that the inhibitory effect of berbamine on
osteoclastogenesis of BMMs mainly occurred in the middle and
late phases. However, the inhibitory effect was relatively weak in the
early phase (Figures 2C, D).

Berbamine Can Inhibit RANKL-Induced
Podosome Belt Formation /In Vitro in the
Middle and Late Phases of
Osteoclastogenesis

We plated BMMs into 96-well plates and treated them with
berbamine to determine the inhibitory effect of berbamine on
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FIGURE 2 | Berbamine can mainly inhibit RANKL-induced osteoclastogenesis of BMMs in vitro in the middle and late phases. (A) The results of TRAP staining
revealed that berbamine (3.125 and 6.25 uM) could inhibit RANKL-induced osteoclastogenesis of BMMs in vitro. (B) The numbers of mature, polynuclear
osteoclasts were reduced significantly in a dose-dependent manner after treatment with berbamine. (C) The results of TRAP staining revealed that berbamine
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reduced significantly when berbamine treatment was conducted in the middle phase or late phase of osteoclastogenesis. (E) Berbamine (3.125 and 6.25 pM)
inhibited RANKL-induced podosome belt formation of BMMs in vitro. (F) The numbers of mature, polynuclear osteoclasts were reduced in a dose-dependent
manner when BMMs were treated with berbamine. (G) Berbamine inhibited RANKL-induced podosome belt formation of BMMs mainly in the middle and late
phases of osteoclastogenesis, not in the early phase. (H) The numbers of mature, polynuclear osteoclasts were reduced in a dose-dependent manner when
BMMs were treated with berbamine. (I) Masses of bone resorption pits were observed on the surfaces of the bone slices in the RANKL group. (J) The percent

presented as the mean + SD, **P < 0.01; ***P < 0.001

RANKL-induced podosome belt formation during the
progression of osteoclastogenesis. Berbamine (both 3.125 uM
and 6.25 uM) inhibited RANKL-induced podosome belt
formation of BMMs in vitro, and the numbers of osteoclasts
were reduced in a dose-dependent manner after treatment with
berbamine (Figures 2E, F).

Similar to previous results, the results revealed that
berbamine inhibited RANKL-induced podosome belt
formation in BMMs mainly in the middle and late phases of
osteoclastogenesis. However, the inhibitory effect of berbamine
was relatively weak in the early phase of osteoclastogenesis
(Figures 2G, H).

Berbamine Can Inhibit RANKL-Induced
Formation of Osteoclasts With Bone
Resorption Function In Vitro

We placed bone slices into 96-well plates, plated BMMs on the
surfaces of the bone slices and divided them into 4 groups (a
control group, a RANKL group and 2 drug intervention groups)

area of pit resorption on the surfaces of bone slices was significantly higher in the RANKL group than in the berbamine treatment groups. The data are

to determine the inhibitory effect of berbamine on RANKL-
induced formation of osteoclasts with bone resorption function
in vitro. After 6 days, the bone slices were fixed with
paraformaldehyde (4%) and sonicated to remove the cell debris
from the surfaces. Then, the surface morphology of the bone
slices was investigated by scanning electron microscopy
(Figure 2I), and the data showed that the percent area of pit
resorption on the surfaces of bone slices was significantly higher
in the RANKL group than in the berbamine treatment groups
(Figure 2J), which revealed that berbamine (both 3.125 uM and
6.25 uM) could inhibit RANKL-induced formation of osteoclasts
with bone resorption function in vitro.

Berbamine Can Downregulate the
Expression Levels of RANKL-Induced
Osteoclast-Related Genes In Vitro in the
Middle and Late Phases

We used qQRT-PCR analysis to determine the inhibitory effects of
berbamine on the expression of RANKL-induced osteoclast-
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related genes, such as CTSK, DC-STAMP, MMP-9, NFATcl,
CD44 and TRAP. BMMs were plated in 6-well plates and treated
with berbamine (0, 3.125, and 6.25 uM). Berbamine (both 3.125
UM and 6.25 uM) significantly downregulated the expression
levels of the osteoclast-related genes CTSK, DC-STAMP, MMP-
9, NFATcl and CD44; however, it did not inhibit the gene
expression of TRAP (Figure 3A). BMMs were also plated into 6-
well plates and treated with berbamine (6.25 uM) at different
phases of osteoclastogenesis. The results revealed that berbamine
significantly downregulated the expression levels of the
osteoclastogenic genes CTSK, DC-STAMP, MMP-9, NFATcl
and CD44 mainly in the middle and late phases of
osteoclastogenesis. However, treatment of BMMs with
berbamine did not significantly downregulate the expression
level of the TRAP gene (Figure 3B).

Berbamine Can Inhibit RANKL-Induced
Osteoclast-Related Protein Expression
Similar to the previous qRT-PCR results, the protein expression
levels of CTSK, NFATc1, CD44, MMP-9 and DC-STAMP were
downregulated by berbamine (both 3.125 uM and 6.25 uM) in a
dose-dependent manner. However, TRAP protein expression was

not significantly downregulated by berbamine (Figures 3C, D).
Berbamine significantly downregulated CTSK, NFATc1, CD44,
MMP-9 and DC-STAMP protein expression mainly in the middle
and late phases of osteoclastogenesis. However, it did not
significantly downregulate the protein expression level of TRAP
(Figures 3E, F).

Berbamine Cannot Inhibit RANKL-Induced
Activation of Multiple Common Signaling
Pathways in the Early Phase of
Osteoclastogenesis

RANKL induced the activation of multiple common signaling
pathways, such as the MAPK signaling pathway, the NF-kB
signaling pathway and the PI3K-AKT-NFATcl signaling
pathway, which play important roles in the process of
osteoclastogenesis. We used Western blot analysis to examine
the levels of phosphorylated AKT, p65, ERK, IxBo and JNK in
order to detect whether berbamine could inhibit RANKL-
induced activation of the corresponding common signaling
pathways in the early phase of osteoclastogenesis and found
that it could not (Figures 4A, B).
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FIGURE 3 | (A) gRT-PCR was performed to determine the inhibitory effects of berbamine (both 3.125 uM and 6.25 uM) on the expression of RANKL-induced
osteoclast-related genes (CTSK, DC-STAMP, MMP-9, NFATc1, CD44 and TRAP). The expression levels of these genes were normalized to those of GAPDH.

(B) gRT-PCR was performed to determine the inhibitory effects of berbamine (6.25 uM) on the expression of RANKL-induced osteoclast-related genes (CTSK, DC-
STAMP, MMP-9, NFATc1, CD44 and TRAP) at different phases of osteoclastogenesis. The expression levels of these genes were normalized to those of GAPDH.
(C) Western-blotting was performed to determine the inhibitory effect of Berbamine (both 3.125uM and 6.25uM) on the protein expression level of CTSK, NFATcT,
CD44, MMP-9, DC-STAMP and TRAP. (D) Quantification of CTSK, NFATc1, CD44, MMP-9, DC-STAMP and TRAP expression levels. (E) Western blotting was
performed to determine the effects of berbamine (6.25 uM) on the protein expression levels of CTSK, NFATc1, CD44, MMP-9, DC-STAMP and TRAP at different
phases of osteoclastogenesis. (F) Quantification of CTSK, NFATc1, CD44, MMP-9, DC-STAMP and TRAP expression levels at different phases of
osteoclastogenesis. The data are presented as the mean + SD, **P < 0.01; **P < 0.001; ns, no significance.
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Molecular Docking of Berbamine With
DC-STAMP

We used AutoDock 4 to simulate the molecular docking of
berbamine with DC-STAMP. The results predicted that
berbamine can bind with DC-STAMP by forming a stable
hydrophobic interaction with a binding pocket consisting of
MET-66, CYS-69, LEU-61, LYS-445, GLN-431, ARG-428 and
THR-103. In addition, berbamine can form hydrogen bonds with
SER-63 of DC-STAMP. The free energy of the binding of
berbamine with DC-STAMP was calculated to be -5.808 kcal/
mol; thus, berbamine can bind tightly to DC-STAMP (Figure 4C).

Berbamine Can Prevent Bone Loss by
Inhibiting the Bone Resorption Function

of Osteoclasts In Vivo

According to the above results, we speculated that berbamine can
alleviate the extent of PMOP by inhibiting osteoclast differentiation
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FIGURE 4 | (A) Berbamine cannot inhibit RANKL-induced activation of multiple common signaling pathways in the early phase of osteoclastogenesis, western blot
images showing the phosphorylated and total protein levels of AKT, p65, ERK, IkBo and JNK induced by RANKL with or without berbamine. (B) Quantification of
phosphorylated and total AKT, p65, ERK, IkBa, and JNK protein expression levels. The data are presented as the mean + SD; ns, no significance. (C) Molecular
docking of berbamine with DC-STAMP. The pink ribbons represent DC-STAMP, and the 3D structure that consists of yellow sticks represents berbamine. The
yellow dashed lines represent H-bonds. The calculated free energy of the binding of berbamine with DC-STAMP is -5.808 kcal/mol.

and osteoclast bone resorption function in vivo. Thus, we established a
PMOP animal model via OVX. Berbamine (20 mg/kg) was
administered by intraperitoneal injection. We used microcomputed
tomography to scan the distal femurs of the mice, and we
reconstructed 2D and 3D images of the distal femurs. Related
parameters were analyzed, including the BMD, BV/TV, BS/TV,
Tb.N and Tb.Pf. The extent of bone loss was significantly greater in
the OVX group than in the sham group and the berbamine group, and
there were significant differences in the parameters between the mice
in the OVX group and those in the berbamine group (Figures 5A, B).

The results of hematoxylin-eosin staining of the distal femurs of
the mice showed that the bone trabeculae were significantly more
abundant in the berbamine group than in the OVX group
(Figures 5C, D). In addition, there were significantly fewer
TRAP-positive multinuclear cells in the distal femurs of the mice
in the berbamine group than in the OVX group (Figures 5E, F). The
results of DC-STAMP immunohistochemical staining showed that
there were significantly fewer DC-STAMP-positive multinuclear
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FIGURE 5 | Berbamine can prevent bone loss by inhibiting osteoclast differentiation and osteoclast bone resorption function in vivo. (A) 3D reconstruction images of the
distal femurs of mice in the sham, OVX and berbamine groups are presented. (B) The BMD, Tb.N, Th.Pf, BS/BV, BS/TV, and BV/TV values of the distal femurs of the mice in
the sham, OVX and berbamine groups are presented. (C) The hematoxylin-eosin staining of bone trabeculae in the metaphyses of the distal femurs of the mice in each group
was quantified via Imaged. (D) Quantification of the area of bone trabecula in distal femurs of mice in three groups, respectively. (E) TRAP immunohistochemical staining of
distal femurs of mice in three groups, respectively, the red arrows point to TRAP-positive cells in the metaphysis of the distal femur. (F) Quantification of TRAP-positive cells in
the metaphyses of the distal femurs of the mice in the three groups. (G) DC-STAMP immunohistochemical staining of distal femurs of mice in three groups, respectively, the
red arrows point to DC-STAMP-positive cells in the metaphysis of the distal femur. (H) Quantification of DC-STAMP-positive cells in the metaphyses of the distal femurs of
the mice in the three groups. (I) Calcein double labeling for measurement of femoral bone formation in mice in the sham, OVX, and berbamine groups. (J) Quantification of

the MARs in the femurs of the mice in the sham, OVX and berbamine groups. The data are presented as the mean + SD, *P < 0.05; **P < 0.01; **P < 0.001.

cells in the distal femurs of mice in the berbamine group than in the
OVX group (Figures 5G, H). The results of calcein double labeling
for measurement of femoral bone formation showed that the MAR
was significantly higher in the OVX group than in both the sham
group and the berbamine group (Figures 51, J).

DISCUSSION

Estrogen withdrawal often occurs in menopausal women and elderly
women and can increase the formation and activation of osteoclasts
(19, 20). Thus, inhibiting osteoclast formation and activation is an
effective way to treat PMOP. For example, bisphosphonate has been
widely used to treat PMOP because it inhibits osteoclast activation
and osteoclast bone resorption function (19). However,
bisphosphonate has side effects that cannot be ignored, such as

atrial fibrillation and jaw osteonecrosis (21, 22). Thus, it is important
to identify new drugs that can inhibit osteoclast activation and
function effectively without significant side effects.

Berbamine is a natural bis-benzylisoquinoline that can be
extracted from Berberis amurensis (23, 24), and has been widely
used clinically in China for the treatment of leukopenia with various
causes, especially chemotherapy (25). Several related studies have
reported that berbamine has several pharmacological functions,
such as anti-coronavirus (26), anti-inflammation (27), promoting
tumor apoptosis (28) and immunomodulatory (29) functions. For
example, previous research has reported that berbamine can
suppress triple-negative breast cancer via the PI3K/Akt/MDM2/
p53 and PI3K/Akt/mTOR signaling pathways (30). Berbamine can
also inhibit the secretion of inflammatory mediators from
macrophages and neutrophils via inhibition of the NF-xB and
MAPK signaling pathways (18). It has been reported that the PI3K/
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Akt/mTOR, NF-xB and MAPK signaling pathways are closely
related to osteoclastogenesis (31, 32). However, the inhibitory
effect of berbamine on osteoclastogenesis and its mechanism have
not been studied. Thus, we carried out this study to explore whether
berbamine can ameliorate PMOP.

In this study, we revealed that berbamine can attenuate PMOP
by inhibiting osteoclastogenesis of BMMs in vitro and in vivo. In
vitro, the results showed that berbamine significantly inhibited
RANKL-induced osteoclastogenesis of BMMs. Berbamine
significantly suppressed the expression of osteoclast-related genes,
including NFATc1, CD44, CTSK, MMP-9 and DC-STAMP, and
downregulated the expression of the corresponding proteins.
Notably, fusion of osteoclast precursors is one of the final steps of
osteoclast formation, along with activation of bone resorption (33).
Thus, failure of osteoclast fusion can seriously affect the bone
resorption function of osteoclasts (34). We found that the
inhibitory effect of berbamine on osteoclastogenesis of BMMs
mainly occurred in the middle and late phases in vitro, which
influenced the fusion of osteoclast precursors by inhibiting the
mRNA and protein expression of DC-STAMP and CD44. DC-
STAMP and CD44 are very important for osteoclast precursor
fusion. Previous related research has revealed that DC-STAMP-
deficient cells cannot fuse to form mature osteoclasts (35), which
can lead to bone resorption function inhibition. CD44 is a
transmembrane glycoprotein that is expressed abundantly in
osteoclast precursors (36). The related studies have demonstrated
that RANKL stimulation can cause the internalization of surface
DC-STAMP, only 45% of the original level of DC-STAMP of
BMMs could be observed after 3 days of RANKL culture (37, 38),
and this phenomenon mainly occurs in osteoclast precursors in the
middle and late phases of osteoclastogenesis (38). Ya-Hui Chiu
found an immunoreceptor tyrosine-based inhibitory motif (ITIM)
in the intracellular tail of DC-STAMP (39). In addition, Ya-Hui
Chiu discovered that ITIM-deleted DC-STAMP can inhibit the
nuclear translocation of NFATc1 and that the gene and protein
expression levels of NFATcl can be downregulated significantly
when the DC-STAMP gene is knocked out (40). NFATc1 is an
important transcription factor in the process of osteoclastogenesis
and has been proven to upregulate the expression levels of CTSK,
CD44 and MMP-9 (41-43). Ryotaro Iwasaki observed TRAP-
positive mononuclear osteoclasts in mice with DC-STAMP
deficiency (44). Thus, we predict that berbamine can bind with
DC-STAMP on the surfaces of osteoclast precursors in the middle
and late phases of osteoclastogenesis, which can consequently
inhibit the internalization of DC-STAMP. Then, the gene and
protein expression of NFATcl and the nuclear translocation of
NFATcl are also inhibited, which affects the gene and protein
expression levels of MMP-9, CD44 and CTSK but not TRAP. We
did not find that berbamine could inhibit RANKL-induced
activation of the MAPK signaling pathway, NF-«B signaling
pathway or PI3K-AKT-NFATcl signaling pathway in the early
phase of osteoclastogenesis, which was in accordance with the
results of TRAP staining and podosome belt staining in vitro.

For our in vivo experiments, we treated PMOP mice with
berbamine for 8 weeks. Micro-CT scanning, hematoxylin-eosin
staining, DC-STAMP immunohistochemical staining and TRAP

immunohistochemical staining of the distal femurs of the mice
revealed that PMOP was significantly alleviated in the treated mice.
Estrogen withdrawal results in increased bone resorption accompanied
by an increase in global bone formation, and menopause can induce
increases (37-52%) in bone formation markers (45). A related study has
shown that MAR is significantly higher in OVX monkeys than in
sham-operated monkeys (46). In the present study, we also found that
the MARs of the OVX group was significantly higher than the MARs of
both the sham group and the berbamine group. The bone loss of mice
in berbamine group was significantly lower than that of mice in the
OVX group, although the MAR of the OVX group was significantly
higher than that of the berbamine group. These findings suggest that
berbamine has an ameliorative effect on PMOP by inhibiting bone
resorption of osteoclasts.

Osteoblasts play an important role in the progression of bone
mineralization. Thus, we treated bone marrow mesenchymal stem cells
(BMSC:s) collected from six-week-old C57BL/6 mice with berbamine
(625 uM). According to the results of alkaline phosphatase (ALP)
activity staining of the BMSCs, we infer that berbamine does not
significantly inhibit the differentiation and mineralization of
osteoblasts in the concentration range of 0-6.25 UM (Figure S2).

There are several limitations of the present study that cannot
be ignored. First, we explored the ameliorative effect of
berbamine only on a PMOP animal model in vivo and in vitro.
The effects of berbamine on other kinds of bone metabolic
diseases, such as secondary osteoporosis and aseptic loosening,
were not explored. Second, we did not detect the concentrations
of osteogenesis-related biomarkers such as osteocalcin (OCN),
osteoprotegrin (OPG) and runt-related transcription factor 2
(Runx2) in the serum of the mice. Finally, many drugs have
chemical structures similar to that of berbamine, and their
therapeutic effects need to be clarified in future work.

In summary, our study reveals that berbamine could be a potential
therapeutic alternative for PMOP prevention and treatment.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The animal study was reviewed and approved by The Animal
Ethics Committee of Fudan University Pudong Medical Center.

AUTHOR CONTRIBUTIONS

CZ, ZZ, 7Q, and BY: conceptualization. CZ, ZZ, ZQ, and WS:
methodology, data collection and data curation. CZ, ZZ, ZQ,
Marjan Mohamadali, and Farnaz Ghorbani: data analysis and
data interpretation. CZ and ZZ: drafting manuscript. ZQ,
Behafarid Ghalandari and Shiva Irani: revising manuscript
content. BY, CY, and ZQ: supervision, project administration and
funding acquisition. All authors contributed to the article and
approved the submitted version.

Frontiers in Endocrinology | www.frontiersin.org

May 2022 | Volume 13 | Article 885507


https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Zhang et al.

Berbamine Inhibits Osteoclasts in Osteoporosis

FUNDING

This work was supported by the National Natural Science
Foundation of China (82170897) and Outstanding Clinical
Discipline Project of Shanghai Pudong (No. PWYgy2021-08).

REFERENCES

1. Lutz W, Sanderson W, Scherbov S. The Coming Acceleration of Global
Population Ageing. Nature (2008) 451:716-9. doi: 10.1038/nature06516
2. Pietschmann P, Rauner M, Sipos W, Kerschan-Schindl K. Osteoporosis: An
Age-Related and Gender-Specific Disease—a Mini-Review. Gerontology (2009)
55:3-12. doi: 10.1159/000166209
3. Melton L], Thamer M, Ray NF, Chan JK, Chesnut CH, Einhorn TA, et al.
Fractures Attributable to Osteoporosis: Report From the National
Osteoporosis Foundation. J Bone Miner Res (1997) 12:16-23. doi: 10.1359/
jbmr.1997.12.1.16
4. Black DM, Rosen C]J. Clinical Practice. Postmenopausal Osteoporosis. N Engl
J Med (2016) 374:254-62. doi: 10.1056/NEJMcp1513724
5. Lewiecki EM. New Targets for Intervention in the Treatment of
Postmenopausal Osteoporosis. Nat Rev Rheumatol (2011) 7:631-8.
doi: 10.1038/nrrheum.2011.130
6. Takayanagi H. [Osteoclast Differentiation and Activation]. Clin Calcium
(2007) 17:484-92.
7. Hodge JM, Kirkland MA, Nicholson GC. Multiple Roles of M-CSF in Human
Osteoclastogenesis. ] Cell Biochem (2007) 102:759-68. doi: 10.1002/jcb.21331
8. Wada T, Nakashima T, Hiroshi N, Penninger JM. RANKL-RANK Signaling
in Osteoclastogenesis and Bone Disease. Trends Mol Med (2006) 12:17-25.
doi: 10.1016/j.molmed.2005.11.007
9. Zhang N-D, Han T, Huang B-K, Rahman K, Jiang Y-P, Xu H-T, et al.
Traditional Chinese Medicine Formulas for the Treatment of Osteoporosis:
Implication for Antiosteoporotic Drug Discovery. ] Ethnopharmacol (2016)
189:61-80. doi: 10.1016/j.jep.2016.05.025
10. Jin YX, Wu P, Mao YF, Wang B, Zhang JF, Chen WL, et al. Chinese
Herbal Medicine for Osteoporosis: A Meta-Analysis of Randomized
Controlled Trials. J Clin Densitom (2017) 20:516-25. doi: 10.1016/
j.jocd.2017.07.003
11. ZhongZ, Qian Z, Zhang X, Chen F,Ni§, Kang Z, et al. Tetrandrine Prevents Bone
Loss in Ovariectomized Mice by Inhibiting RANKL-Induced Osteoclastogenesis.
Front Pharmacol (2019) 10:1530. doi: 10.3389/fphar.2019.01530
12. Ni S, Qian Z, Yuan Y, Li D, Zhong Z, Ghorbani F, et al. Schisandrin A
Restrains Osteoclastogenesis by Inhibiting Reactive Oxygen Species and
Activating Nrf2 Signalling. Cell Prolif (2020) 53:e12882. doi: 10.1111/
cpr.12882
13. QianZ,ZhongZ,Ni§, Li D, ZhangF, Zhou Y, et al. Cytisine Attenuates Bone Loss
of Ovariectomy Mouse by Preventing RANKL-Induced Osteoclastogenesis. ] Cell
Mol Med (2020) 24:10112-27. doi: 10.1111/jcmm.15622
14. Zhang F, Huang X, Qi Y, Qian Z, Ni S, Zhong Z, et al. Juglanin Inhibits
Osteoclastogenesis in Ovariectomized Mice via the Suppression of NF-xb
Signaling Pathways. Front Pharmacol (2020) 11:596230. doi: 10.3389/
fphar.2020.596230
15. Kumar A, Ekavali, Chopra K, Mukherjee M, Pottabathini R, Dhull DK.
Current Knowledge and Pharmacological Profile of Berberine: An Update.
Eur ] Pharmacol (2015) 761:288-97. doi: 10.1016/j.ejphar.2015.05.068
16. Zhang H, Jiao Y, Shi C, Song X, Chang Y, Ren Y, et al. Berbamine Suppresses
Cell Proliferation and Promotes Apoptosis in Ovarian Cancer Partially via the
Inhibition of Wnt/B-Catenin Signaling. Acta Biochim Biophys Sin (Shanghai)
(2018) 50:532-9. doi: 10.1093/abbs/gmy036
17. Sharma A, Anand SK, Singh N, Dwivedi UN, Kakkar P. Berbamine
Induced AMPK Activation Regulates mTOR/SREBP-1c Axis and Nrf2/
ARE Pathway to Allay Lipid Accumulation and Oxidative Stress in
Steatotic HepG2 Cells. Eur ] Pharmacol (2020) 882:173244. doi: 10.1016/
j.ejphar.2020.173244
18. Jia X-J, Li X, Wang F, Liu H-Q, Zhang D-J, Chen Y. Berbamine Exerts Anti-
Inflammatory Effects via Inhibition of NF-kb and MAPK Signaling Pathways.
Cell Physiol Biochem (2017) 41:2307-18. doi: 10.1159/000475650

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fendo.2022.885507/
full#supplementary-material

19. Vidninen HK, Hirkonen PL. Estrogen and Bone Metabolism. Maturitas
(1996) 23 Suppl:S65-9. doi: 10.1016/0378-5122(96)01015-8

20. Tella SH, Gallagher JC. Prevention and Treatment of Postmenopausal
Osteoporosis. ] Steroid Biochem Mol Biol (2014) 142:155-70. doi: 10.1016/
j.jsbmb.2013.09.008

21. Fazmin IT, Huang CLH, Jeevaratnam K. Bisphosphonates and Atrial
Fibrillation: Revisiting the Controversy. Ann N Y Acad Sci (2020) 1474:15-
26. doi: 10.1111/nyas.14332

22. Ryan P, Saleh I, Stassen LFA. Osteonecrosis of the Jaw: A Rare and
Devastating Side Effect of Bisphosphonates. Postgrad Med ] (2009) 85:674-
7. doi: 10.1136/pgmij.2008.076349

23. Wang GY, Lv QH, Dong Q, Xu RZ, Dong QH. Berbamine Induces Fas-
Mediated Apoptosis in Human Hepatocellular Carcinoma Hepg2 Cells and
Inhibits its Tumor Growth in Nude Mice. ] Asian Nat Prod Res (2009) 11:219-
28. doi: 10.1080/10286020802675076

24. Sun Y, Yao T, Li H, Peng Y, Zheng J. In Vitro and In Vivo Metabolic
Activation of Berbamine to Quinone Methide Intermediate. J Biochem Mol
Toxicol (2017) 31:1-8. doi: 10.1002/jbt.21876

25. Zhao Y, Tan Y, Wu G, Liu L, Wang Y, Luo Y, et al. Berbamine Overcomes
Imatinib-Induced Neutropenia and Permits Cytogenetic Responses in
Chinese Patients With Chronic-Phase Chronic Myeloid Leukemia. Int ]
Hematol (2011) 94:156-62. doi: 10.1007/s12185-011-0887-7

26. Khalifa SAM, Yosri N, El-Mallah MF, Ghonaim R, Guo Z, Musharraf SG, et al.
Screening for Natural and Derived Bio-Active Compounds in Preclinical and
Clinical Studies: One of the Frontlines of Fighting the Coronaviruses Pandemic.
Phytomedicine (2021) 85:153311. doi: 10.1016/j.phymed.2020.153311

27. Liu X-Y, Chen G-N, DU G-M, Pan Y, Song W-Q, Jiang T-W, et al. Berbamine
Ameliorates Ethanol-Induced Liver Injury by Inhibition of Hepatic
Inflammation in Mice. Chin J Nat Med (2020) 18:186-95. doi: 10.1016/
$1875-5364(20)30020-0

28. Meng Z, Li T, Ma X, Wang X, Van Ness C, Gan Y, et al. Berbamine Inhibits
the Growth of Liver Cancer Cells and Cancer-Initiating Cells by Targeting Ca®
*/calmodulin-Dependent Protein Kinase 1I. Mol Cancer Ther (2013) 12:2067—
77. doi: 10.1158/1535-7163.MCT-13-0314

29. Ren Y, Lu L, Guo TB, Qiu J, Yang Y, Liu A, et al. Novel Immunomodulatory
Properties of Berbamine Through Selective Down-Regulation of STAT4 and
Action of IFN-y in Experimental Autoimmune Encephalomyelitis. J Immunol
(2008) 181:1491-8. doi: 10.4049/jimmunol.181.2.1491

30. Liu L, Yan ], Cao Y, Yan Y, Shen X, Yu B, et al. Proliferation, Migration and
Invasion of Triple Negative Breast Cancer Cells are Suppressed by Berbamine
via the PI3K/Akt/MDM2/p53 and PI3K/Akt/mTOR Signaling Pathways.
Oncol Lett (2021) 21:70. doi: 10.3892/01.2020.12331

31. Gyori DS, Mocsai A. Osteoclast Signal Transduction During Bone Metastasis
Formation. Front Cell Dev Biol (2020) 8:507. doi: 10.3389/fcell.2020.00507

32. Koga Y, Tsurumaki H, Aoki-Saito H, Sato M, Yatomi M, Takehara K, et al.
Roles of Cyclic AMP Response Element Binding Activation in the ERK1/2 and
P38 MAPK Signalling Pathway in Central Nervous System, Cardiovascular
System, Osteoclast Differentiation and Mucin and Cytokine Production. Int J
Mol Sci (2019) 20:1-23. doi: 10.3390/ijms20061346

33. Sophocleous A, Huesa C. Bone Research Protocols. In: MH Helfrich, SH
Ralston, editors. Bone Research Protocols. Totowa, NJ: Humana Press (2012).
doi: 10.1007/978-1-61779-415-5

34. Islam R, Bae H-S, Yoon W-J, Woo K-M, Baek J-H, Kim H-H, et al. Pinl
Regulates Osteoclast Fusion Through Suppression of the Master Regulator of
Cell Fusion DC-STAMP. ] Cell Physiol (2014) 229:2166-74. doi: 10.1002/
jcp.24679

35. Yagi M, Miyamoto T, Sawatani Y, Iwamoto K, Hosogane N, Fujita N, et al.
DC-STAMP is Essential for Cell-Cell Fusion in Osteoclasts and Foreign
Body Giant Cells. ] Exp Med (2005) 202:345-51. doi: 10.1084/
jem.20050645

Frontiers in Endocrinology | www.frontiersin.org 11

May 2022 | Volume 13 | Article 885507


https://www.frontiersin.org/articles/10.3389/fendo.2022.885507/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2022.885507/full#supplementary-material
https://doi.org/10.1038/nature06516
https://doi.org/10.1159/000166209
https://doi.org/10.1359/jbmr.1997.12.1.16
https://doi.org/10.1359/jbmr.1997.12.1.16
https://doi.org/10.1056/NEJMcp1513724
https://doi.org/10.1038/nrrheum.2011.130
https://doi.org/10.1002/jcb.21331
https://doi.org/10.1016/j.molmed.2005.11.007
https://doi.org/10.1016/j.jep.2016.05.025
https://doi.org/10.1016/j.jocd.2017.07.003
https://doi.org/10.1016/j.jocd.2017.07.003
https://doi.org/10.3389/fphar.2019.01530
https://doi.org/10.1111/cpr.12882
https://doi.org/10.1111/cpr.12882
https://doi.org/10.1111/jcmm.15622
https://doi.org/10.3389/fphar.2020.596230
https://doi.org/10.3389/fphar.2020.596230
https://doi.org/10.1016/j.ejphar.2015.05.068
https://doi.org/10.1093/abbs/gmy036
https://doi.org/10.1016/j.ejphar.2020.173244
https://doi.org/10.1016/j.ejphar.2020.173244
https://doi.org/10.1159/000475650
https://doi.org/10.1016/0378-5122(96)01015-8
https://doi.org/10.1016/j.jsbmb.2013.09.008
https://doi.org/10.1016/j.jsbmb.2013.09.008
https://doi.org/10.1111/nyas.14332
https://doi.org/10.1136/pgmj.2008.076349
https://doi.org/10.1080/10286020802675076
https://doi.org/10.1002/jbt.21876
https://doi.org/10.1007/s12185-011-0887-7
https://doi.org/10.1016/j.phymed.2020.153311
https://doi.org/10.1016/S1875-5364(20)30020-0
https://doi.org/10.1016/S1875-5364(20)30020-0
https://doi.org/10.1158/1535-7163.MCT-13-0314
https://doi.org/10.4049/jimmunol.181.2.1491
https://doi.org/10.3892/ol.2020.12331
https://doi.org/10.3389/fcell.2020.00507
https://doi.org/10.3390/ijms20061346
https://doi.org/10.1007/978-1-61779-415-5
https://doi.org/10.1002/jcp.24679
https://doi.org/10.1002/jcp.24679
https://doi.org/10.1084/jem.20050645
https://doi.org/10.1084/jem.20050645
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Zhang et al.

Berbamine Inhibits Osteoclasts in Osteoporosis

36.

37.

38.

39.

40.

41.

42.

43.

44.

Nakamura H, Ozawa H. Immunolocalization of CD44 and the ERM Family in
Bone Cells of Mouse Tibiae. ] Bone Miner Res (1996) 11:1715-22.
doi: 10.1002/jbmr.5650111115

Kodama J, Kaito T. Osteoclast Multinucleation: Review of Current Literature.
Int ] Mol Sci (2020) 21:1-35. doi: 10.3390/ijms21165685

Mensah KA, Ritchlin CT, Schwarz EM. RANKL Induces Heterogeneous DC-
STAMP(lo) and DC-STAMP(hi) Osteoclast Precursors of Which the DC-
STAMP(lo) Precursors are the Master Fusogens. J Cell Physiol (2010) 223:76—
83. doi: 10.1002/jcp.22012

Chiu Y-H, Mensah KA, Schwarz EM, Ju Y, Takahata M, Feng C, et al
Regulation of Human Osteoclast Development by Dendritic Cell-Specific
Transmembrane Protein (DC-STAMP). | Bone Miner Res (2012) 27:79-92.
doi: 10.1002/jbmr.531

Chiu YH, Schwarz E, Li D, Xu Y, Sheu TR, Li J, et al. Dendritic Cell-Specific
Transmembrane Protein (DC-STAMP) Regulates Osteoclast Differentiation via
the Ca2+/NFATcl Axis. ] Cell Physiol (2017) 232:2538-49. doi: 10.1002/jcp.25638
Zou W, Rohatgi N, Chen TH-P, Schilling J, Abu-Amer Y, Teitelbaum SL. PPAR-y
Regulates Pharmacological But Not Physiological or Pathological Osteoclast
Formation. Nat Med (2016) 22:1203-5. doi: 10.1038/nm.4208

Kim K-J, Yeon J-T, Choi S-W, Moon S-H, Ryu BJ, Yu R, et al. Decursin
Inhibits Osteoclastogenesis by Downregulating NFATc1 and Blocking Fusion
of Pre-Osteoclasts. Bone (2015) 81:208-16. doi: 10.1016/j.bone.2015.07.023
Li Y, Zhong G, Sun W, Zhao C, Zhang P, Song J, et al. CD44 Deficiency
Inhibits Unloading-Induced Cortical Bone Loss Through Downregulation of
Osteoclast Activity. Sci Rep (2015) 5:1-11. doi: 10.1038/srep16124

Iwasaki R, Ninomiya K, Miyamoto K, Suzuki T, Sato Y, Kawana H, et al. Cell
Fusion in Osteoclasts Plays a Critical Role in Controlling Bone Mass and

Osteoblastic Activity. Biochem Biophys Res Commun (2008) 377:899-904.
doi: 10.1016/j.bbrc.2008.10.076

Garnero P, Sornay-Rendu E, Chapuy MC, Delmas PD. Increased Bone
Turnover in Late Postmenopausal Women Is a Major Determinant of
Osteoporosis. ] Bone Miner Res (1996) 11:337-49. doi: 10.1002/
jbmr.5650110307

Paschalis EP, Gamsjaeger S, Condon K, Klaushofer K, Burr D. Estrogen Depletion
Alters Mineralization Regulation Mechanisms in an Ovariectomized Monkey
Animal Model. Bone (2019) 120:279-84. doi: 10.1016/j.bone.2018.11.004

45.

46.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Zhang, Zhong, Sang, Ghorbani, Ghalandari, Mohamadali, Irani,
Qian, Yi and Yu. This is an open-access article distributed under the terms of the
Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Endocrinology | www.frontiersin.org

May 2022 | Volume 13 | Article 885507


https://doi.org/10.1002/jbmr.5650111115
https://doi.org/10.3390/ijms21165685
https://doi.org/10.1002/jcp.22012
https://doi.org/10.1002/jbmr.531
https://doi.org/10.1002/jcp.25638
https://doi.org/10.1038/nm.4208
https://doi.org/10.1016/j.bone.2015.07.023
https://doi.org/10.1038/srep16124
https://doi.org/10.1016/j.bbrc.2008.10.076
https://doi.org/10.1002/jbmr.5650110307
https://doi.org/10.1002/jbmr.5650110307
https://doi.org/10.1016/j.bone.2018.11.004
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

	The Dibenzyl Isoquinoline Alkaloid Berbamine Ameliorates Osteoporosis by Inhibiting Bone Resorption
	Introduction
	Materials and Methods
	Ethics Statement
	Reagents and Antibodies
	BMMs Isolation and Differentiation
	Cell Viability Assay and Determination of the Half-Maximal Inhibitory Concentration of Berbamine
	In Vitro Osteoclastogenesis Assay
	Podosome Belt Formation Assay
	Pit Resorption Assay
	Quantitative Real-Time Polymerase Chain Reaction
	Western Blotting
	Molecular Docking of Berbamine With DC-STAMP
	Animal Experiments
	Micro-Computed Tomography Analysis of Distal Femur of Mice
	Bone Histological Analysis of Distal Femur of Mice
	Statistical Analysis

	Results
	Effect of Berbamine on BMM Viability
	Berbamine Mainly Inhibits RANKL-Induced Osteoclastogenesis of BMMs In Vitro in the Middle and Late Phases
	Berbamine Can Inhibit RANKL-Induced Podosome Belt Formation In Vitro in the Middle and Late Phases of Osteoclastogenesis
	Berbamine Can Inhibit RANKL-Induced Formation of Osteoclasts With Bone Resorption Function In Vitro
	Berbamine Can Downregulate the Expression Levels of RANKL-Induced Osteoclast-Related Genes In Vitro in the Middle and Late Phases
	Berbamine Can Inhibit RANKL-Induced Osteoclast-Related Protein Expression
	Berbamine Cannot Inhibit RANKL-Induced Activation of Multiple Common Signaling Pathways in the Early Phase of Osteoclastogenesis
	Molecular Docking of Berbamine With DC-STAMP
	Berbamine Can Prevent Bone Loss by Inhibiting the Bone Resorption Function of Osteoclasts In Vivo

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


