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Osteoclasts with elevated bone resorption are commonly present in postmenopausal
osteoporosis, and other osteolytic pathologies. Therefore, suppressing osteoclast
generation and function has been the main focus of osteoporosis treatment. Betulinic
acid (BA) represents a triterpenoid mainly purified from the bark of Betulaceae. BA shows
multiple biological activities, including antitumor and anti-HIV properties, but its effect on
osteolytic conditions is unknown. Here, BA suppressed receptor activator of nuclear
factor‐kB ligand (RANKL)‐associated osteoclastogenesis and bone resorptive function,
as assessed by tartrate‐resistant acid phosphatase (TRAP) staining, fibrous actin ring
generation, and hydroxyapatite resorption assays. Mechanistically, BA downregulated the
expression of osteoclastic-specific genes. Western blot analysis revealed that BA
significantly interrupted ERK, JNK and p38 MAPK activation as well as intracellular
reactive oxygen species (ROS) production, thus altering c-Fos and NFATc1 activation.
Corroborating the above findings in cell-based assays, BA prevented ovariectomy-
associated bone loss in an animal model. In conclusion, these findings suggest that BA
can inhibit osteoclast generation and function as well as the RANKL signaling pathway,
and might be used for treating osteoclast-related osteoporosis.
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INTRODUCTION

Osteoporosis features decreased bone mass and strength, and
characteristic bone microstructure degradation with increasing
bone brittleness and fractures (Xie et al., 2019). It is commonly
found among middle-aged and elderly individuals, with
postmenopausal women accounting for the vast majority of
cases; this disease represents a serious threat to human life and
health (Lewiecki, 2011). Ovarian endocrine dysfunction in
postmenopausal women, with estrogen level decline, leads to
elevated bone resorption as well as reduced bone mass (Somjen
et al., 2011; Feng et al., 2014). Increased differentiation of
osteoclasts with elevated bone resorption is one of the causes
of osteoporosis.

Osteoclasts are produced by myeloid progenitor cell
differentiation of bone marrow mononuclear macrophages, with
the formation of multinucleated giant cells (Adamopoulos &
Mellins, 2015). Many signaling molecules contributing to
osteoclast induction and proliferation play positive or negative
regulatory roles; the most critical two factors include macrophage
colony stimulating factor (M-CSF) and receptor activatorofnuclear
factor-kB ligand (RANKL), which contribute to osteoclast
differentiation (Boyle et al., 2003; Boyce, 2013). M-CSF represents
themost importantkeyparameterpromotingpreosteoclast survival
and enhancing the activity of the RANK and RANKL complex
(Koehler et al., 2019). RANKL interacts with RANK on pre-
osteoclasts, leading to TNF receptor-associated factor 6 (TRAF6)
recruitment (Yang et al., 2019). Next, TRAF6 induces a series of
downstream molecular networks such as the nuclear factor-kB
(NF-kB) andmitogen-activated protein kinase (MAPK) pathways,
involving extracellular signal-regulated kinase (ERK), c-Jun N-
terminal kinases (JNK) and p38 mitogen-activated protein kinase
(p38) (Yuan et al., 2015). These networks upregulate and activate
transcription factors, including c-Fos and NFATc1, in a synergistic
manner; meanwhile, NFATc1 constitutes the key molecule
controlling the differentiation of osteoclasts (Takayanagi et al.,
2002). Activating these downstream targets upregulates genes
modulating OC differentiation and function such as those that
encode tartrate-resistant acid phosphatase (TRAP), cathepsin K
(CTSK) and matrix metalloproteinase 9 (MMP9), ultimately
resulting in osteoclast maturation (Boyle et al., 2003). Additionally,
reactive oxygen species (ROS) have been recognized as new
messenger molecules for intracellular and extracellular regulation
of osteoclast activity (Yip et al., 2005; Chen et al., 2019). RANKL
induced signaling pathway is a therapeutic target for abnormal
bone resorption.

Natural products and derived molecules are indispensable in
developing novel treatments for osteoporosis (Raut et al., 2019).
Betulinic acid (BA) represents a natural pentacyclic triterpenoid
(chemical formula shown in Figure 1), which widely exists in Betula
pubescens and a variety of plants. BA has multiple biological effects,
including anticancer, antidepressant, antimalarial, liver protective,
anti-inflammatory, anti-HIV, anthelmintic, antibacterial and
antifungal, and antioxidant activities (Saneja et al., 2018).
Therefore, BA belongs to a class of potential drug lead compounds
with important value for the development of new therapeutics.
However, the role of BA in osteoporosis has been rarely studied.
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Wehypothesized thatBAcouldsuppressosteoclasts and thusprevent
osteoclast-associated osteoporosis.

Here, we tested BA’s effects on osteoclast generation and
activation in vitro and explored the potential underlying
mechanism. In addition, its therapeutic potential was assessed in
a mouse model with osteolysis. Interestingly, BA could inhibit
osteoclast generation and activity, decrease ROS production,
downregulate c-Fos and NFATc1, and suppress the MAPK
signaling pathway. Moreover, BA prevented ovariectomy (OVX)-
induced osteoporosis in vivo. Taken together, the above findings
provided novel insights into BA application for treating bone loss.
MATERIALS AND METHODS

Materials
BA used in this experiment (≥98% purity) was provided by
Chengdu Must Bio-Technology (Chengdu, China). a-Minimum
essential medium (a‐MEM) and fetal bovine serum (FBS) were
manufactured by Thermo Fisher Scientific (Thermo Fisher
Scientific, Waltham, MA, USA). RANKL and M-CSF were
provided by PeproTech (Princeton, NJ, USA). Cell Counting Kit-
8 (CCK-8) assay and tartrate resistant acid phosphatase (TRAP)
stainingkitswere provided bySigma‐Aldrich (St. Louis,MO,USA).
ROS detection kit was provided by Solarbio (Beijing, China). All
primary and secondary antibodies were obtained from Cell
Signaling (Danvers, MA, USA). DAPI and TRITC Phalloidin
were obtained from Solarbio (Beijing, China).

Cell Culture and Osteoclast
Differentiation In Vitro
Stock solutions of BA (100 mM) in DMSO were kept at −20°C in
darkness, and diluted with phosphate buffered solution (PBS)
to prepare the corresponding concentration when it was used. To
obtain mouse bone marrow macrophages (BMMs), bone
marrow cavities of the femur and tibia of 6-week old female
C57BL/6 mice were flushed. A total of eight mice were sacrificed
in the in vitro cell experiment. The mice were purchased from the
animal experiment center of Guangxi Medical University. All
experimental procedures involving animals had approval from
the Animal Care Committee of Guangxi Medical University.
Upon filtration and centrifugation, the cell suspension was added
into a T75 culture flask with a‐MEM supplemented by 10% FBS,
100 U/ml penicillin, 100 mg/ml streptomycin, and 50 ng/ml M-
CSF (complete medium). About 3–4 days later, in order to
induce osteoclast differentiation, BMMs underwent seeding
into 96-well plates at 8 × 103/well. After 24 h, the cells adhered
to the plates, RANKL was added to the medium, in combination
with various amounts of BA (1.25, 2.5, 5 and 10 µM) until mature
osteoclasts were formed. Next, cells underwent fixation with 5%
paraformaldehyde and staining using TRAP staining kit. Cells
with >3 nuclei expressing TRAP were considered mature
osteoclasts. BA’s effects on osteoclast differentiation at various
stages were also determined. To this end, cells grown in 96-well
plates in medium containing M-CSF (50 ng/ml) and RANKL
(100 ng/ml), were administered BA on Days 1, 3, and 5,
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respectively, or continually on Days 1–7. Finally, osteoclasts in
various wells were counted with ImageJ (NIH, Bethesda,
MD, USA).

Cell Proliferation and Cytotoxicity Assays
CCK-8 was performed for detecting the cytotoxic effects of BA.
First, BMMs seeded in 96-well plates at 8 × 103/well underwent
incubation with M-CSF (50 ng/ml) for 14–16 h. This was followed
by BA (1.25 to 40 µM) addition for stimulating the cells for 48 h.
CCK-8 solution (10 µl/well) was added for incubation at 37°C in a
Frontiers in Pharmacology | www.frontiersin.org 3
humid environment with 5% CO 2 for 2 h. Finally, absorbance was
obtained at 450 nm on a microplate reader (Multiskan Spectrum;
Thermo Lab Systems, USA).

Intracellular ROS Generation Assay
ROS Assay Kit (Solarbio) was used to assess ROS levels. BMMs
seeded in complete medium supplemented containing RANKL
at 12 × 104/well in 6-well plates, and incubated without or with BA
(5 or 10 mM) for 3 days. Afterwards, the medium was replaced by
dichloro-dihydro-fluorescein diacetate (DCFH-DA) in 1 ml FBS-
A B

D

E

F

G H

C

FIGURE 1 | BA inhibits RANKL-associated osteoclastogenesis in vitro. (A) Structure of BA. (B) BMM viability as assessed by CCK-8. (C) Representative
micrographs of TRAP stained samples. BMMs were cultured with M-CSF (50 ng/ml) and RANKL (100 ng/ml), and administered different BA amounts for 5 days.
(D, E) Quantification of TRAP-positive osteoclasts (n = 3/group). Cells showing ≥3 nuclei were considered osteoclasts. BA dose‐dependently decreased RANKL-
associated OC formation. (F) Osteoclastogenesis was promoted by RANKL (50 ng/ml), and cells were administered 10 mM BA for different times. (G) Treatment
times of BA. (H) TRAP‐positive cells showing ≥3 nuclei were quantitated after BA administration. Data are mean ± SD. *p <0.05, **p <0.01, ***p <0.001 vs. RANKL-
induced control group (no BA administration). Scale bar = 1000mM. BA, Betulinic acid; BMM, bone marrow macrophage; CCK-8, cell counting kit-8; RANKL,
receptor activator of nuclear factor‐kB ligand; TRAP, tartrate-resistant acid phosphatase.
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freea-MEM(1/1,000). Incubationwas carriedout for 30min (37°C,
5% CO2) as directed by the manufacturer. DCFH-DA oxidation to
DCF (intense fluorescence) by ROS was assessed under a
fluorescence microscope. Data analysis was performed with
ImageJ software (NIH).

Hydroxyapatite Resorption Assay
To evaluate BA’s effects on osteoclast resorption, BMMs cultured
in complete a-MEMwere administered 50 ng/ml RANKL for 3 to
4 days till small osteoclasts were observed. Then, cells were digested
and seeded into hydroxyapatite-coated Osteo Assay plate, followed
by incubationwithM-CSF andRANKL in combination ornot with
BA (5 and 10mM) till observation ofmature osteoclasts. Somewells
per group underwent washing with 10% bleach for removing cells,
and hydroxyapatite resorption areas were imaged under a Nikon
microscope (Nikon, Japan). Other wells underwent fixation and
staining for TRAP activity as described above for osteoclast
numbering. The resorbed area/well and the percent of resorbed
area/osteoclast were employed for quantitating osteoclast activity.
Quantitation of resorption pit areas employed ImageJ (NIH, USA).

Fibrous Actin (F‐Actin) Belt
Formation Assay
BMMs were seeded onto a 96‐well plate at 8 × 103/well and
incubated in presence of M-CSF (50 ng/ml) for 14–16 h. To
induce mature osteoclasts, M-CSF (as above) and RANKL (100
ng/ml) were added, in combination or not of different
concentrations of BA (5 and 10 µM). Following 5 days of culture,
osteoclasts underwent fixation (4% PFA; ambient conditions,
20 min) and permeabilization (0.25% Triton X-100, 5 min). Next,
blocking was carried out by incubation with 3% bovine serum
albumin (BSA) for 2 h. This was followed by incubation with
Rhodamine-conjugated phalloidin (Thermo Fisher Scientific) for
actin staining; DAPI was employed for counterstaining.
Fluorescence images were acquired on an automated microscope
named BioTek Inc. Instruments (Lionheart LX, USA).

Quantitative Reverse‐Transcription
Polymerase Chain Reaction (qRT-PCR)
The mRNA amounts of marker genes in osteoclasts were assessed
by qRT-PCR. BMMs underwent seeding at 1 × 105 in 6-well plates
containing complete a-medium supplemented with M-CSF
(50 ng/ml) and RANKL (100 ng/ml). Meanwhile, different BA
levels (2.5, 5 and 10 mM) were added for 5 days. When osteoclast
formation occurred in the positive group, total RNA extraction
was carried out with TRIzol reagent (Life Technologies, Carlsbad,
CA, USA). Revert Aid First Strand cDNA Synthesis Kit was
employed for reverse transcription. qRT-PCR was carried out
with SYBR Green PCR Master Mix, and GAPDH was employed
for normalization. The comparative Ct (DCt) method was used for
analysis. The primers tested are listed in Table 1.

Western Blot Analyses
BMM seeding was performed into 6-well plates at 5 × 105/well,
followed by a 14 to 16-h incubation. Then, the cells in FBS-free
medium underwent a 3-hour culture, with or without BA
Frontiers in Pharmacology | www.frontiersin.org 4
pretreatment for 1 h. Radio-immunoprecipitation assay (RIPA)
buffer was employed to extract total protein upon stimulation with
RANKL (100ng/ml) for 0, 5, 10, 20, 30, and60min respectively. For
long-acting analyses of RANKL, BMMs (1 × 105/well) underwent
culture in complete medium with M-CSF (50 ng/ml) and RANKL
(100 ng/ml), in combination or not with BA (10 µM) for 0, 1, 3, and
5 days, respectively. After cell lysis with chilled RIPA buffer
(30 min), equal amounts of total protein in lysates were resolved
by SDS-PAGE and electro-transferred onto nitrocellulose (NC)
membranes. Blocking was carried out with 5% BSA, before
incubation with specific primary antibodies for >12 h) at 4°C.
Then, the membranes underwent incubation with corresponding
secondary antibodies for 1h at ambient.An ImageQuantLAS-4000
Science Imaging System (GE Healthcare, USA) was employed to
image immunoreactive bands, which were quantitated by the
ImageJ software.

Ovariectomy (OVX) Murine Model
Establishment
We examined BA’s effects on bone loss in mice by constructing an
osteoporosis model (OVX mice). All experimental procedures
involving animals had approval from the Animal Care
Committee of Guangxi Medical University. Female C57/BL6 mice
(10 weeks old) were randomized into four groups (n = eight per
group): sham,OVX+PBS,OVX+ 5mg/kg BA, andOVX+ 10mg/
kg BA groups. Extraction of bilateral ovaries and partial fallopian
tube resection were performed in all mice except the sham group;
intraperitoneal injection of penicillin (once daily) was given 3 days
after theoperation forpreventingwound infection.After1week, the
OVX + 5 mg/kg BA and OVX + 10 mg/kg BA groups were
intraperitoneally injected BA (5 and 10 mg/kg, respectively) for
treatment every other day for six weeks. The mice were weighed
before each treatment, the corresponding drug dose of mice were
calculated according to the high and low concentration groups,
dilutedwithPBS tomakeavolumeof0.5ml liquidmedicine injected
into each mouse. The remaining two groups were given the same
amount of PBS as vehicle controls. Upon treatment, euthanasiawas
performed by excessive anesthesia. The tibias were removed and
submitted tofixationwith 4% formalin, andprepared formicro-CT
and histological analyses.
TABLE 1 | Primers for qRT-PCR.

Gene Primer sequence

GAPDH Forward:
Reverse:

5ʹ-AACTTTGGCATTGTGGAAGG-3ʹ;
5ʹ-ACACATTGGGGGTAGGAACA-3ʹ

c-Fos Forward:
Reverse:

5ʹ-GTGAAGACCGTGTCAGGAGG-3ʹ;
5ʹ-TCTGCGCAAAAGTCCTGTGT-3ʹ

MMP9 Forward:
Reverse:

5ʹ-GAAGGCAAACCCTGTGTGTT -3ʹ;
5ʹ-AGAGTACTGCTTGCCCAGGA -3ʹ

TRAcP Forward:
Reverse:

5ʹ-ACGGCTACTTGCGGTTTCA-3ʹ
5ʹ-TCCTTGGGAGGCTGGTCTT-3ʹ

CTSK Forward:
Reverse:

5ʹ-AGGCGGCTATATGACCACTG-3ʹ
5ʹ-TCTTCAGGGCTTTCTCGTTC-3ʹ

NFATc1 Forward:
Reverse:

5ʹ- GGTGCTGTCTGGCCATAACT-3ʹ
5ʹ- GAAACGCTGGTACTGGCTTC-3ʹ

DC-STAMP Forward:
Reverse:

5- TCTGCTGTATCGGCTCATCTC -3ʹ
5ʹ-ACTCCTTGGGTTCC TTGCTT-3ʹ
July 2020 | Volume 11 | Article 1025
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Micro-CT and Histological Examinations
All collected mouse tibial specimens were scanned and analyzed
by high‐resolution micro-CT (Sky scan; Bruker, USA).
Quantitative morphometric assessments of bone features were
carried out in a region of interest (ROI) delineated 0.5 mm below
the growth plate. The bone indexes evaluated were: bone surface
area/total volume (BS/TV), bone volumeper tissue volume (BV/TV),
trabecular thickness (Tb.Th), trabecular number (Tb.N) and
trabecular separation (Tb.Sp). For histopathological analysis, tibia
specimens after fixation underwent decalcification with 12%
ethylenediaminetetraacetic acid (EDTA; pH 7.4) for 14 days,
followed by paraffin embedding to assess TRAP activity or perform
hematoxylin, eosin (H&E) staining and immunohistochemical
staining. Sample imaging was carried out under a light microscope,
and cells positive for TRAP were counted with ImageJ.

Immunohistochemistry
The blank section of tibia tissues were dewaxed with xylene, then
3% H2O2 was used to block and inactivate endogenous
peroxidase at 37°C for 15 min. After rinse with PBS, tissues
sections were cooked in citric acid buffer for 10 min. The sections
were incubated with primary antibody anti-RUNX2 (1:250;
Abcam), anti-RANKL (1:200; Abcam) and anti-TNF-a (1:100;
Abcam) at 4°C overnight, and then transferred to room temperature
for 30 min. After washing with PBS, secondary antibody was added
and incubated for 30 min at 37°C. 3’-Diaminobenzidine (DAB)
reactionwas performed, andhematoxylinwas used as a counterstain.
Afterphotographing, Image-ProPluswasused tomeasure theoptical
density of immunohistochemical positive expression in samples
(Media Cybernetics, Inc., Rockville, MD).

Statistical Analysis
Data with mean ± SD were assessed by Student’s t test (group
pair comparisons) or one-way analysis of variance (ANOVA;
multiple group comparisons). P <0.05 indicated statistical
significance. SPSS (SPSS, USA) was also used for data analysis.
RESULTS

BA Attenuates RANKL-Induced
Osteoclast Formation
We first examined BA’s effects on cytotoxicity and cell survival
by CCK-8. The results indicated that at 10 mM or less, BA had no
BMM cytotoxicity after 48 h of treatment (Figure 1B). However,
cytotoxicity was observed at concentrations of 20 mM and above.
According to these results, the maximum concentration of 10 mM
was selected for subsequent experiments. At non-cytotoxic doses,
various BA amounts were supplemented to BMM cultures
alongside RANKL induction to assess the effects on
osteoclastogenesis. The results showed that BA dose-dependently
decreasedosteoclast quantities and size, and this effectwasmaximal
at 10 µM, as shown in Figure 1C. Analyzing TRAP-positive
osteoclasts with ≥3 nuclei, four BA concentrations (1.25, 2.5, 5,
and 10 mM) showed significant differences in cell amounts and area
ratio (Figures 1D, E).
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Next, BMMs were administered with BA (10 mM) for various
times during stimulation by RANKL and M-CSF. Figures 1F, G
depict the various times of BA administration and representative
TRAP-staining images of osteoclasts. At Days 1 to 3, BA
administration inhibited osteoclast differentiation to a greater
extent in comparison with positive control-treated cells (Figure
1F). Mature osteoclasts (TRAP-positive and ≥3 nuclei) were
quantitated (Figure 1H). In comparison with the early stage
(Days 1 to 3), BA suppression of osteoclast differentiation was
less pronounced compared with mid and late stages (Days 3 to 5
and 5 to 7, respectively). Jointly, the above findings demonstrated
that BA dose-dependently reduced RANKL-associated
osteoclast differentiation.

BA Reduces Osteoclastic Hydroxyapatite
Resorption and F-Actin Belt Generation
Associated With RANKL
Next, we assessed whether BA also impairs osteoclastic resorption.
Mature osteoclasts were grown in hydroxyapatite-coated 96-well
plates and administered BA (5 or 10 mM). In comparison with
positive control-treated cells, hydroxyapatite resorption areas were
reduced upon BA administration (Figure 2D). Based on TRAP
staining, osteoclast amounts were observed in various wells (Figure
2G). Meanwhile, bone resorption areas were assessed with ImageJ.
The results demonstrated that absorption areas after BA treatment
weremarkedlydecreased (Figure2F).Thesefindings suggested that
BA decreased hydroxyapatite resorption areas by suppressing
resorption function in osteoclasts instead of decreasing osteoclast
amounts. Furthermore, BA’s effect was evaluated on F-actin belt
generation, which is critically important in osteoclastic bone
resorption. In this study, well-defined F-actin belts were found
uponRANKL induction,while average cell nucleus numbers andF-
actin belt areas were markedly decreased in BA treated groups (5
and 10 mM; Figures 2A–C). Notably, the areas of F-actin belts
decreased by BA, indicating precursor cell fusion was suppressed.

BA Attenuates ROS Production in BMMs
TodetectROSamounts in cellsDCFH-DAwas employed, andBA’s
effect on RANKL-associated ROS production was determined. The
results revealed that BA also decreased cell ROS levels in RANKL-
associatedosteoclast formation(Figures2E,F). Incomparisonwith
the RANKL-treatment only group, cells also administered BA
showed remarkably reduced ROS-dependent conversion of
DCFH-DA into DCF (Figures 2E, F). Thus, these data indicated
that BA effectively inhibited osteoclast differentiation and cellular
ROS production after RANKL induction.

BA Suppresses Osteoclastogenesis via
RANKL-Activated MAPK Signaling
To further investigate the molecular mechanism of BA
on RAKNL-induced osteoclast generation, osteoclast-associated
pathways induced by RANKL were explored. Immunoblot
demonstrated that the ratio of phosphorylated ERK to total
ERK was markedly decreased after treatment with BA at 10, 20
and 30 min, respectively (Figures 3A, B). In addition, the ratio of
phosphorylated p38 to total p38 in osteoclasts was altered just at
July 2020 | Volume 11 | Article 1025
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10 min (Figures 3A, D). Meanwhile, phosphorylated JNK to total
JNK ratio was overtly reduced at 5, 10, 20 and 30min, (Figures 3A,
C). BA’s effect on ERK p38 phosphorylation was unclear (Figures
4A, B, D). Concerning the NF-kB pathway, a non-significant
upregulation of IkBa and anti-phosphorylation of p65 were
found (Figures 3E–G). The above findings suggested BA
suppressed MAPK signaling, specifically inhibiting ERK, JNK and
p38 activities, but not altering NF-kB signaling.

BA Abrogates RANKL‐Associated NFATc1
and c‐Fos Activation, and Downregulates
NFATc1’s Target Genes
BA’s effectswere assessedon the activationofNFATc1and c-Fos, as
downstream effectors ofMAPK signaling. After BAadministration,
NFATc1andc-Fosproteinamountsweremarkedlydecreasedupon
RANKL stimulation for 3 days (Figures 3H–J). These findings
suggested that BA could downregulate multiple osteoclast marker
genes. As shown by qRT-PCR, NFATc1’s target genes, such as
c-Fos, NFATc1, MMP9, CTSK, DC-STAMP and TRAcP, were
dose-dependently downregulated by BA at the mRNA level
Frontiers in Pharmacology | www.frontiersin.org 6
(Figures 4A–F). The above findings indicated that BA could
reduce NFATc1 and c-Fos protein amounts, downregulating
important osteoclast-specific genes controlled by NFATc1.

BA Administration Protects Against Bone
Loss in Ovariectomy (OVX) Mouse Models
Based on the above effects of BA in cultured cells, we then assessed
BA’s impact onbone loss inmice.OVX-induced bone loss represents
a common model of estrogen deficiency-associated osteoporosis,
which is broadly employed for mimicking human postmenopausal
osteoporosis. In this study, comparedwith sham animals, OVXmice
showed tibial boneswith overt bone loss, substantial decrease of bone
volume (BV/TV) and deteriorated trabecular bone architecture i.e.,
reduced Tb.Th and Tb.N (Figures 5A–E). Administration of BA,
particularly at high levels (10 mg/kg) remarkably protected the
animals from OVX-associated bone loss and trabecular
deterioration. This beneficial effect of BA in OVX-associated bone
loss was verified histopathologically. TRAP sections showed elevated
bone volume and improved trabecular bone architecture as a result of
reduced osteoclast activity on the bone surface (Oc.S/BS) following
A B

D E

F G H

C

FIGURE 2 | BA restrains F-actin belt formation and osteoclastic hydroxyapatite resorption triggered by RANKL while decreasing ROS levels in BMMs. (A)
Representative images of formed F-actin belts as assessed by immunofluorescent staining with DAPI counterstaining. (B) Mean F-actin belt areas (n = 3). (C)
Numbers of nuclei per osteoclast. (D) Representative micrographs of TRAP stained osteoclasts on hydroxyapatite coated plates. (E) Representative images for ROS
production in presence or absence of BA in RANKL-treated BMMs. (F, G) Numbers of osteoclasts and areas of bone resorption assessed by the ImageJ software.
(H) DCF intensities per cell indicating ROS levels. Data are mean ± SD. **p <0.01, ***p <0.001 vs. RANKL-induced control group (no BA administration). Scale bar =
1,000 mM, BA, Betulinic acid; DAPI, 4′,6‐diamidino‐2‐phenylindole; F-actin, fibrous actin.
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BA treatment (Figures 5F, G). H&E staining revealed that bone
volume and surface in OVXmice were both well-preserved after BA
treatment in comparison with the non-BA group (Figures 5F, G).
The results of immunohistochemical assay showed that BA had
no significant effect on the expression of RUNX2 in tibial tissues
(Figure 6). The expression of RANKL andTNF-a in tibial tissuewas
also assessed by immunohistochemistry, and BA was found to
attenuate the expression RANKL and TNF-a (Supplementary
Figure 1), consistently with its inhibitory effect on
osteoclastogenesis. Collectively, these findings revealed BA as a
potent molecule for treating OVX-induced bone loss, via reduction
of both osteoclast amounts and bone resorption.

DISCUSSION

Osteoporosis is a systemic osteopathy featuring reduced bonemass
accompanied by elevated risk of fracture (Fuggle et al., 2019). Most
Frontiers in Pharmacology | www.frontiersin.org 7
commonly found in the elderly and postmenopausal women,
postmenopausal osteoporosis (PMOP) accounts for the majority
of cases. In postmenopausal women, there is a sudden drop in
estrogen levels, causing osteoclast bone resorption to surpass
osteoblast bone formation (Feng et al., 2014; Xin et al., 2018).
Current FDA-approved treatment interventions mainly include
two categories: (1) inhibitors of bone absorption, e.g. calcitonin
bisphosphonates, and estrogen selective estrogen receptor
modulators and (2) inducers of bone formation, including
parathyroid hormone, growth hormones and statins. However,
their side effects and long-term efficacy are concerning (Khosla &
Hofbauer, 2017). Therefore, there is an urgent need for new and
safer drugs for preventing or treating bone loss associated diseases.
The current understanding of natural products indicates that they
constitute a possible source of potential bone protective agents.
Multiple biological and pharmacological in vitro and experimental
studies have revealed that a variety of natural products could
A B
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FIGURE 3 | BA suppresses osteoclastogenesis through RANKL-induced signaling pathways. (A) Representative immunoblot images for BA’s effects on ERK, JNK
and p38 phosphorylation after RANKL induction. BMMs were administered with RANKL for various times in combination or not with 10 mM BA. (B–D) Ratios of
phosphorylated ERK, JNK and p38 to total ERK, JNK and p38, respectively (n = 3). (E) Immunoblot images for BA’s effects on p65 degradation and IkB-a
phosphorylation associated with RANKL at various time points. (F, G) Ratios of phosphorylated p65 and IkB-a to total p65 and b-actin, respectively. (n = 3 per
group). (H) Immunoblot images for BA’s effects on NFATc1 and c-Fos protein levels. (I, J) Ratios of NFATc1 and c-Fos to b-actin (n = 3/group). Data are mean ±
SD. *p <0.05, **p <0.01 vs. RANKL-induced control group (no BA administration). BA, Betulinic acid.
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maintain or promote bone health with potentially beneficial effects
and reduced side effects (Chaugule et al., 2019). BA from birch (B.
pubescens) anda variety of plants, as a natural pentacyclic triterpene
compound, has anti-human immunodeficiency virus (HIV),
antibacterial, anti-inflammatory, antimalarial and anti-herpes
simplex virus 1 (HSV-1) properties (Amiri et al., 2019). However,
whether and how BA affects osteoclasts is unknown.

Osteoporosis represents a systemic skeletal pathology featuring
reduced bonemass andbone tissue alteration at themicrostructural
level, with increased bone brittleness (Compston et al., 2019). This
involves reduced bonemass with excessive activation of osteoclasts
(e.g., Paget’s disease) commonly seen in osteoporosis and bone
metastases (e.g., multiple myeloma) (Tsukasaki and Takayanagi,
2019). In caseswith postmenopausal osteoporosis, bonemass loss is
mainly caused by reduced estrogen accompanied by increased
osteoclasts and elevated bone resorptive activity (Kou et al., 2019).
In this study, we demonstrated that BA in mice with osteoporosis
induced by OVX prevented bone loss. In addition, multiple assays
were performed to determine BA’s effects on osteoclast
differentiation in vitro and bone resorption associated with
RANKL induction. We found that BA did not significantly
reduced the number of osteoclasts cultured in hydroxyapatite
coated plates. These results indicated that BA by inhibiting
hydroxyapatite absorption reduces osteoclast function. In
addition, BA markedly reduced the formation of F-actin belts that
are required for osteoclast bone resorption. At the molecular level,
BA downregulated CTSK andMMP-9 that contribute to osteoclast
F-actin belt generation as well as bone resorption (Dodds et al.,
2001; Wilson et al., 2009; Tanaka et al., 2013). Furthermore, qRT-
PCR found downregulation of genes involved in osteoclast
differentiation, including c-Fos, NFATc1, MMP-9, CTSK, DC-
STAMP and TRAP.

The transcription factor NF-kB is critical for multiple cellular
pathways; therefore, its suppression is considered an efficient
Frontiers in Pharmacology | www.frontiersin.org 8
approach for inhibiting osteoclast formation and bone resorption
(Xu et al., 2009). As a result, multiple researchers have targeted
NF-kB for osteopathy. Differentiation of osteoclasts from
hematopoietic progenitors requires M-CSF and RANKL, which
induce the proliferation progenitors/precursors and differentiation
effects on more mature cells (Anesi et al., 2019). After RANKL
stimulation of osteoclast progenitor cells and osteoclast surface
RANK, intracellular segments of RANK recruit TRAF6 (Park et al.,
2017), an essential upstream effector of the RANKL signal
transduction pathway, which further mediates intracellular signal
cascade after activation, including promoting the phosphorylation
and subsequent degradation of NF-kB by inducing IKK
phosphorylation, releasing NF-kB, initiating the transcription of
corresponding genes, and ultimately regulating osteoclast
differentiation and bone absorption (Boyce et al., 2015). IkBa
degradation and nuclear translocation of p65 represent critical
steps of NF-kB signaling induction in the generation of osteoclasts
(Xu et al., 2009). Here, we observed nomarked suppressive effects of
BAon IkBadegradationorp65phosphorylation, indicating the anti-
osteoclastic effects of BA are not caused by NF-kB inactivation.
Therefore, we hypothesized that another pathway, MAPK signaling,
which encompasses JNK, p38, and ERK, is also induced by
phosphorylation and in combination with NF-kB modulates the
transcription of genes that initiate osteoclast formation (Choi et al.,
2017). In pre-osteoclasts, ERK (ERK 1 and 2) and JNK (JNK1, 2 and
3) isoforms mostly control cell proliferation and apoptosis,
respectively (Boyle et al., 2003; Ikeda et al., 2008; Lee et al., 2016).
Of all p38 isoforms (a,b, g, and d), p38a shows high amounts in pre-
osteoclasts as well as mature osteoclasts, with critical functions in
osteoclast differentiation and bone resorption (Bohm et al., 2009).
ERK signaling essentially comprises three protein kinases. Raf
activation through interaction with Raf induces the MAPKKs
MEK1 and MEK2, which control ERK1 and ERK2 activation
(Kinoshita et al., 1997; Raman et al., 2007), resulting in the
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FIGURE 4 | BA downregulates the expression of osteoclast-specific genes. (A–F) The qRT‐PCR assay detected mRNA amounts of osteoclastogenesis-associated
marker genes, including c-Fos, NFATc1, MMP9, CTSK, DC-STAMP and TRAP. (n = 3/group). Data are mean ± SD. *p <0.05, **p <0.01 vs. RANKL-induced control
group (no BA administration). BA, Betulinic acid; PCR, polymerase chain reaction.
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FIGURE 6 | BA does not affect ovariectomized (OVX)-induced expression of RUNX2 ex vivo. The expression of RUNX2 protein in tibial tissues in each group was
detected by immunohistochemistry, and the expression of RUNX2 in the images were brown or russet and indicated by the red arrow. RUNX2, runt-related
transcription factor 2.
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FIGURE 5 | BA prevents bone loss in mice with ovariectomized (OVX)-induced osteoporosis. (A) Representative 3D reconstruction micro-CT images of tibial micro-
architecture. (B–E) Quantitative micro-CT assessment of trabecular bone volume fraction (BV/TV), bone surface area/total volume (BS/TV), specific bone surface
(BS/BV) and trabecular number (Tb.N). (F) Representative photographs of tibia samples after TRAP and H&E staining. (G) Quantitation of TRAP‐positive cells (n = 3).
Data are mean ± SD. *p <0.05, **p <0.01, ***p <0.001 vs. OVX group. BA, Betulinic acid; OVX, ovariectomized.
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phosphorylation of multiple downstream effectors, e.g., c-Fos and
NFATc1. Meanwhile, c-Fos and NFATc1, as essential transcription
factors inosteoclastogenesis, are regulatedbyGM-CSF-inducedERK
signaling (Lee et al., 2009). The osteoclastogenic protein RANKL
induces the JNK pathway via TRAF6, promoting differentiation in
osteoclasts (Ikeda et al., 2008; Otero et al., 2008). RANKL-induced
activated JNK regulates the phosphorylation of the transcription
factor c-Jun,whichbinds toc-Fos to formacomplex that constitutes a
critical transcription factor in the generation of osteoclasts
(Grigoriadis et al., 1994; Ikeda et al., 2008). In addition, JNK
signaling upregulates calcium/calmodulin-dependent protein
kinase (CaMK), c-Fos, and NFATc1, which contribute to osteoclast
lineage commitment (Chang et al., 2008; Park et al., 2015). The p38
pathway is important in the modulation of osteoclast formation and
maturation, and consequently controls bone resorption and
remodeling (Boyle et al., 2003; Cong et al., 2017). RANKL binding
to RANK results in p38 phosphorylation in pre-osteoclasts via
TRAF6, promoting osteoclast differentiation (Matsumoto et al.,
2000; Boyle et al., 2003). Meanwhile, p38 activated via the RANKL-
TAK1-MKK6 pathway phosphorylates NF-kB p65 on Serine 536,
upregulating NF-kB and NFATc1 (Huang et al., 2006). As shown
above, BA overtly reduced ERK phosphorylation and also inhibited
p38 and JNK. Thus, MAPK signaling is important in BA-related
inhibition of osteoclast differentiation. The above finding indicates
that BA may suppress or modulate the activity of an upstream
inducer of the ERK, p38, and JNK pathway.

NFATc1 and c-Fos, two critical downstream effectors of
MAPK signaling, upregulate genes related to osteoclast
differentiation, including TRAP (Acp5), MMP-9, DC-STAMP,
CTSK, and so on (Lee et al., 2018). As shown above, both
NFATc1 and c-Fos were downregulated by BA as shown by
Western blot, confirming that BA downregulates proteins
contributing to osteoclast differentiation. The elevation of
intracellular ROS content affects osteoclast differentiation and
the activation of MAPKs, including ERK, p38 and JNK, in
multiple cell lines (Wang et al., 2016; Ohyama et al., 2018; Chen
et al., 2019). Our biochemical assays indeed demonstrated that BA
inhibited cellular ROS production during RANKL-associated
osteoclastogenesis. Thus, the observed decrease of NFATc1
amounts after BA treatment may result from a combination of
inhibited ERK, JNK and p38 MAPK signaling suppression and
decreased intracellular ROS levels. Whether BA directly affects
MAPK signaling or inhibits ROS production, indirectly affecting
MAPK signaling, deserves further investigation. In addition, the
mechanisms by which BA inhibits ROS production should be
determined in future studies.

As the key functional cells of bone formation, osteoblasts are
responsible for the synthesis, secretion and mineralization of
bone matrix, it is very important for the maintenance of normal
bone mass. Runx2 is an important regulatory factor in the
differentiation of osteoblasts. Numerous in vitro and in vivo
studies have found that overexpression of Runx2 can induce
differentiation of mesenchymal stem cells into osteoblasts
(Franceschi et al., 2007). Therefore, the expression of RUNX2
Frontiers in Pharmacology | www.frontiersin.org 10
protein in tibial tissue was detected by immunohistochemical
staining, and the results showed that BA had no effect on the
expression of RUNX2, which indirectly indicated that BA had no
effect on osteoblasts. We also detected the expression of RANKL
and TNF-a in tibial tissue by immunohistochemistry, and found
that BA attenuated their expression, in line with its suppressing
effect on osteoclast formation and bone resorption.

In conclusion, BA exerts overt suppressive effects on
osteoclast differentiation in vitro mainly through MAPK and
NFATc1 signaling pathways, preventing bone loss in the mouse
OVX model. Developing BA derivatives could provide novel and
better candidate drugs for treating osteoporosis and other
bone diseases.
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