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Solanum nigrum Line inhibits osteoclast differentiation
and suppresses bone mineral density reduction
in the ovariectomy-induced osteoporosis model
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Abstract. Bone homeostasis is maintained by osteoclasts that
absorb bone and osteoblasts that form bone tissue. Menopausal
osteoporosis is a disease associated with aging and hormonal
changes due to menopause causing abnormal activation of
osteoclasts, resulting in a decrease in bone density. Existing
treatments for osteoporosis have been reported to have serious
side effects, such as jawbone necrosis and breast and uterine
cancer; therefore, their use by patients is decreasing, whilst
studies focusing on alternative treatments are increasingly
popular. Solanum nigrum Line (SL) has been used as a medic-
inal plant that possesses several pharmacological effects, such
as anti-inflammatory and hepatotoxic protective effects. To
the best of our knowledge, however, its effects on osteoporosis
and osteoclasts have not been demonstrated previously. In the
present study, the anti-osteoporotic effect of SL was investi-
gated using a postmenopausal model of osteoporosis in which
Sprague-Dawley rat ovaries were extracted. In addition, the
inhibitory effects on osteoclast differentiation and function
of SL was confirmed using an osteoclast model treated with
receptor activator of NF-kB ligand (RANKL) on murine
RAW 264.7 macrophages. In vivo experiments showed that SL
reduced the decrease in bone mineral density and improved
changes in the morphological index of bone microstructure,
such as trabecular number and separation. In addition, the
number of tartrate resistant acid phosphatase-positive cells in
the femur and the expression levels of nuclear factor of activated
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T-cells cytoplasmic 1 (NFATcl) and cathepsin K protein were
inhibited. In vitro, SL suppressed RANKL-induced osteoclast
differentiation and bone resorption ability; this was mediated
by NFATcl/c-Fos, a key transcription factor involved in osteo-
clast differentiation, ultimately inhibiting expression of various
osteoclast-associated genes. These experimental results show
that SL may be an alternative treatment for osteoporosis caused
by abnormal activation of osteoclasts in the future.

Introduction

Osteoporosis is a systemic skeletal disease characterized by a
decrease in bone density (1). Bone homeostasis is maintained
by osteoclasts, which absorb bone, and osteoblasts, which
form bone (2). This homeostasis can be unbalanced by various
causes, such as menopause, aging and steroidal side effects (3).
Among these, hormonal changes due to menopause are the
cause of abnormal osteoclast activity. Various drugs, such
as bisphosphonates, parathyroid hormone, denosumab and
selective estrogen receptor modulator, have been used to treat
osteoporosis (4), but these drugs are not suitable for long-term
treatment due to serious side effects, including mandibular
necrosis and cardiovascular disease (5). Therefore, research
and development of a natural-based treatment for osteoporosis
with fewer and less severe side effects is required.

Solanum nigrum Line (SL) has been used as a medicinal
plant in East Asian countries, such as Korea, Japan and
China. SL is the above-ground part of Solanum nigrum Linné
(Solanaceae) and has traditionally been used to treat condi-
tions associated with inflammatory disease, such as boils,
cancer and chronic bronchitis (6). A previous study reported
that SL methanol extract inhibits osteoclast differentiation (7).
To the best of our knowledge, however, the effects of ethanol
extract, mechanism of osteoclast inhibition and effects of SL
in osteoporosis have not been identified. In addition, inflam-
matory conditions and aging are known to increase the risk of
developing osteoporosis (8,9). Various natural herbs showing
anti-inflammatory effects have been shown to be effective in
treating osteoporosis (10,11). In previous studies, SL has been
shown to have anti-inflammatory effects (12,13). Therefore, SL
may serve as a potential treatment for postmenopausal osteo-
porosis by suppressing abnormal osteoclast activity.
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Osteoclasts are multinucleated giant cells derived
from hematopoietic progenitors (14). Receptor activator of
NF-kB ligand (RANKL) is a member of the tumor necrosis
factor (TNF) superfamily and is a cytokine that serves
an important role in osteoclast differentiation and mature
osteoclast activity (15). When RANKL binds to RANK,
TNF receptor-associated factor 6 expression is upregulated,
leading to activation of downstream signaling molecules, such
as MAPK and NF-«xB. Thereafter, c-Fos and nuclear factor
of activated T-cells, cytoplasmic 1 (NFATcl), which are key
transcription factors involved in osteoclast differentiation,
are sequentially expressed (2). Finally, these factors induce
expression of factors associated with osteoclast differentiation
and bone resorption, such as tartrate-resistant acid phospha-
tase (TRAP), cathepsin K (CTsK), matrix metallopeptidase-9
(MMP-9) and carbonic anhydrase 2 (CA2) (16).

In the present study, the anti-osteoporotic effects of SL
were investigated using an ovariectomy (OVX)-induced
osteoporosis model, which is the most commonly used model
of postmenopausal osteoporosis (11,17-19). In addition, to
confirm the effects of SL on osteoclast differentiation, its
ability to inhibit osteoclast differentiation and the underlying
mechanism were assessed using a RANKL-induced osteoclast
model.

Materials and methods

Reagents. SL was purchased from Omniherb (Dongwoodang
Pharmacy Co., Ltd.); 17p-estradiol (E,), TRAP staining
kit, chlorogenic and caffeic acid, quercetin and protease
and phosphatase inhibitor cocktail were purchased from
Sigma-Aldrich (Merck KGaA). Minimum Essential Medium
Eagle, a-Modification (a-MEM), FBS, penicillin/strepto-
mycin (P/S) and Dulbecco's PBS (DPBS) were obtained
from Gibco (Thermo Fisher Scientific, Inc.). DMEM was
purchased from Welgene, Inc. RANKL was obtained
from PeproTech, Inc. Anti-NFATcl (cat. no. 556602) was
purchased from BD Pharmingen (BD Biosciences; used for
western blotting) and anti-c-Fos (cat. no. sc-447), anti-CTsK
(cat. no. sc-48353), anti-NFATc1 (cat. no. sc-7294; used for
immunohistochemistry), anti-f-actin (cat. no. sc-8432) and
ECL solution were obtained from Santa Cruz Biotechnology,
Inc. The SuperScript® IV reverse transcriptase (RT) kit and
SYBR Green were purchased from Invitrogen (Thermo Fisher
Scientific, Inc.) and Taq polymerase was purchased from
MGmed. PCR primers were obtained from GenoTech Corp.
All reagents used in cell experiments were analytical grade.

Preparation of SL. SL was verified by Professor Yungmin Bu
at the Herbology Laboratory, College of Korean Medicine,
Kyunghee University (Seoul, South Korea). The plant speci-
mens were stored in the plant storage cabinet of the Anatomy
Laboratory, College of Korean Medicine, Kyunghee University.
SL was extracted by immersion in 80% ethanol (Et-OH) for
2 weeks at 4°C. Bottles containing SL and Et-OH was shaken
at the same time every day. Et-OH in the solution was removed
using a concentrator, and the extracts were lyophilized at -20°C
for 48 h to obtain a powder (yield, 13.88%). The extracts were
stored in a cryogenic refrigerator at -80°C until required and
diluted in DMSO (100 mg/ml) for use in experiments.

Animals and OVX-induced osteoporosis in Sprague Dawley
(SD) rats. The in vivo experiments were approved by the
Kyunghee University Institutional Animal Care and Use
Committee [approval no. KHUASP(SE)-17-052]. A total
of 40 12-week-old female SD rats (weight, 230-250 g) were
purchased from Koatech. The animals were housed at 22+2°C
with 55+10% humidity and a 12-h light/dark cycle. Rats were
provided ad libitum access to food and water and allowed to
acclimatize for 1 week. Body weight was measured weekly.
Humane end points were as follows: i) weight loss =20%
compared with other rats of the same age; ii) difficultly
ingesting food or water due to uncomfortable walking;
iii) difficulty maintaining a normal posture due to low energy;
iv) unconsciousness or lack of reaction to external stimuli; and
v) severe infection, laceration and bleeding at the surgical site.

In order to induce osteoporosis, 32 SD rats were deeply anes-
thetized using O, diluted with 5% isoflurane. After removing
the hair from the surgical site, the epidermis and muscles were
incised and both ovaries were removed. Additionally, eight SD
rats underwent the same procedure but the ovaries were not
removed (sham operation). During surgery, the concentration of
isoflurane was maintained at 2-3%. No rats died during surgery.
In order to prevent infection following surgery, gentamycin
(4 mg/kg) was given intraperitoneally for 3 days. After 1 week
stabilization, administration of distilled water (DW), SL and E,
(positive control) was initiated. Experimental groups were as
follows: 1) Sham, mock surgery then daily oral administration
of DW; ii) OVX, OVX surgery then daily oral administration
of DW; iii) E,, OVX surgery then daily oral administration
of 100 ug/kg E,; iv) SL-low, OVX surgery then daily oral
administration of 50 mg/kg SL; and v) SL-high, OVX surgery
then daily oral administration of 100 mg/kg SL. The dosage of
SL was calculated based on the following criteria: In Korean
medicine, an adult human dose of 60 kg is a daily dose of SL
of 8 g. Given that the SL used in the present experiment was
lyophilized powder, and the yield was 13.88%, 18.5 mg/kg was
equivalent to the recommended adult dose. In addition, rats
generally metabolize drugs faster than humans (20). SL-low
group were administered ~2 times the calculated amount and
the SL-high group was administered ~5 times the calculated
amount. After the 8-week dosing period, SD rats were sacri-
ficed via cervical dislocation after collecting 10 ml blood via
cardiac puncture under deep anesthesia with O, diluted with
5% isoflurane. In order to determine the success of OVX
surgery, the ovaries were collected and weighed and the right
femur was extracted for micro-computed tomography (CT)
analysis and histological examination.

Micro-CT analysis. In order to confirm the anti-osteoporotic
effects of SL, changes in bone microstructure of the femoral
head of the right femur were scanned using a high-resolution
cone beam micro-CT system (SkyScanll76; Bruker
Corporation) with an aluminum filter of 0.5 mm, source set
at 50 kV/200 uA and 8.9 ym isotropic resolution. Starting
with the growth plate of the femoral head, 200 slides were
taken and visualized using Data Viewer software (Skyscan
version 1.6.10.1; Bruker Corporation). Bone microstructure
indexes, such as bone mineral density (BMD), bone volume
fraction (BV/TV), trabecular number (Tb.N) and trabecular
separation (Tb.Sp) were measured using Skyscan.



Bzl SPANDIDOS
7] ,§, PUBLICATIONS

Serum analysis. Blood extracted at the time of sacrifice was
stored at room temperature for 30 min. Then, the serum was
separated by centrifugation at 14,310 x g for 20 min at 4°C.
In order to measure TRAP activity in the serum, 50 yl serum
and 50 ul TRAP solution (4.93 mg para-nitrophenyl phos-
phate + 850 u1 0.5 M acetate solution + 150 pl tartrate solution)
were reacted at 37°C for 1 h. The reaction was terminated with
50 u1 0.5 M NaOH and TRAP activity was measured at an
absorbance of 405 nm using an ELISA reader (Versamax;
Molecular Devices, LLC).

Histological examination. The femur was fixed for 2 days
using 10% (v/v) neutral buffered formalin at room temperature.
The tissue was demineralized for 8 weeks using a solution of
EDTA-2Na at room temperature. The demineralized tissue
was dehydrated using Et-OH (at gradient concentration of 70,
80, 90 and 100% for 5 min per concentration), cleared with
xylene and embedded in paraffin. The embedded tissue was
sectioned to a thickness of 5 ym using a rotary microtome.
Histomorphological changes were assessed by 7% hema-
toxylin and 1% eosin (H&E) staining at room temperature.
Moreover, to measure the number of osteoclasts in the femur,
a TRAP staining kit was used according to the manufacturer's
protocol. For immunohistochemical (IHC) staining, tissue
antigens were retrieved with proteinase K (Thermo Fisher
Scientific, Inc.) at 37°C for 1 h. Endogenous peroxidase
was blocked using 3% H,O, diluted in methanol at room
temperature for 30 min. Normal serum (Gibco; Thermo Fisher
Scientific, Inc.) was added at room temperature for 1 h to block
the binding of non-specific proteins. Antibodies were diluted
in tris-buffered saline containing 0.5% bovine serum albumin
and reacted at 4°C overnight with anti-NFATcl (1:100;
cat. no. sc-7294) and anti-CTsK (1:100; cat. no. sc-48353).
Subsequently, the secondary antibody (1:100; rabbit; cat.
no. BA-1000) was added at room temperature for 1 h, and then
VECTASTAIN Elite ABC kit (cat. no. PK-6100; both Vector
Laboratories, Inc.; Maravai LifeSciences) was used according
to the manufacturer's instructions. The tissue was reacted with
3,3'-diaminobenzidine (Vector Laboratories, Inc.; Maravai
LifeSciences) at room temperature for 5 min and counter-
stained with 7% hematoxylin for 30 sec at room temperature.
Dyed tissues were observed using a light microscope (magni-
fication, x100) and imaged using a DP73 camera (Olympus
Corporation). The trabecular area and positive cells for each
indicator were assessed using ImagelJ software (version 1.51;8;
National Institutes of Health).

Cell culture and viability assay. RAW 264.7 cells were
purchased from the Korean Cell Line Bank (cat no. 40071;
lot no. 41484). RAW 264.7 cells were cultured in DMEM
containing 10% FBS and 1% P/S and sub-cultured every
2 days. MC3T3-El Subclone 4 cells were purchased from
the American Type Culture Collection (cat no. CRL-2593).
MC3T3-El cells were cultured in a-MEM without ascorbic
acid containing 10% FBS and 1% P/S, and sub-cultured
every 3 days. Both cell lines were maintained in a humidi-
fied incubator at 37°C, 95% humidity and 5% CO,. In order to
measure the cytotoxicity of SL, RAW 264.7 cells were seeded
in 96-well plates at a density of 5x10° cells/well and stabilized
for 1 day. In addition, in order to investigate the toxicity of
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SL to osteoclasts, RAW 264.7 cells were stimulated for 5 days
using 100 ng/ml RANKL and 5, 10, 20 or 40 pg/ml SL in a
humidified incubator at 37°C. To determine the effect of SL
on cell viability, cells were treated with SL for 24 h and 20 ul
Cell Counting Kit-8 (Dojindo Molecular Technologies, Inc.)
solution was subsequently added for 2 h. The absorbance in
each well was measured at a wavelength of 450 nm using a
microplate reader. SL was considered to be toxic when cell
survival rate was <90% compared with untreated cells. In order
to measure the effect of SL on cell necrosis, RAW 264.7 cells
were seeded in 96-well plates at a density of 5x10° cells/well
and stabilized for 1 day. Thereafter, cells were treated with 5,
10, 20 or 40 pug/ml SL for 24 h in a humidified incubator at
37°C, and cell necrosis rate was measured using a lactate dehy-
drogenase (LDH) assay kit (Dojindo Molecular Technologies,
Inc.) (21), according to the manufacturer's protocol. LDH is
released from cells upon cell death, thus LDH levels in the
culture medium were used as an indicator of cell death (21).

TRAP staining and pit formation assays. TRAP is an
osteoclast-specific marker and is used to determine whether
osteoclasts are differentiated (22). In order to induce osteoclast
differentiation, RAW 264.7 cells were cultured in a-MEM
containing 10% FBS and 1% P/S (5x10° cells/well) in a humidi-
fied incubator at 37°C with 5% CO, and stabilized for 1 day.
Subsequently, the cells were exposed to 100 ng/ml RANKL and
5,10, 20 or 40 ug/ml SL for 5 days. The medium was replaced
with fresh medium every 2 days. After osteoclast differen-
tiation was completed, cells were fixed with 10% formalin
solution at room temperature for 10 min and stained using
the TRAP staining kit as aforementioned. In order to test the
effects of SL on osteoclast ability to absorb bone, RAW 264.7
cells were cultured in hydroxyapatite-coated plates (Corning,
Inc.) with 5, 10, 20 or 40 pg/ml SL in a humidified incubator at
37°C for 5 days. The medium was replaced with fresh medium
every 2 days. Thereafter, the cells were lysed with 4% NaClO,
washed three times with DPBS and dried completely. Plates
were imaged using a light microscope at x100 magnification
in five random fields of view per well. The absorbed area is
expressed as a percentage of the total area.

Actin ring formation assay. In order to measure filamentous
(F-)actin ring formation, RAW 264.7 cells were cultured in
0-MEM containing 10% FBS and 1% P/S (5x10° cells/well)
and stabilized for 1 day. Subsequently, the cells were exposed
to 100 ng/ml RANKL and medium containing 5, 10, 20 or
40 pg/ml SL for 5 days. The differentiated cells were fixed
with 4% paraformaldehyde at room temperature for 20 min and
permeabilized with PBS containing 0.1% Triton X-100 at room
temperature for 5 min. Subsequently, the cells were stained
with 200 ul 100 nM Acti-Stain™ Fluorescent Phalloidins for
30 min at room temperature (cat. no. PHDGI; Cytoskeleton,
Inc.) and the nuclei were counterstained with 200 gl 100 nM
DAPI in PBS for 30 sec at room temperature (Sigma-Aldrich;
Merck KGaA). The F-actin formation was imaged using an
immunofluorescence microscope at x100 magnification
(Celena; Logos Biosystems).

Western blotting. In order to determine protein expression
following SL treatment, RAW 264.7 cells were seeded in a
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Table I. Primers used for reverse transcription-quantitative PCR.
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Gene Sequence, 5'-3' Accession number Tm, °C Base pair
NFATc1 Forward: TGC TCC TCC TCC TGC TGC TC NM_198429.2 58 480
(Nfatcl) Reverse: CGT CTT CCA CCT CCA CGT CG

c-Fos Forward: ATG GGC TCT CCT GTC AAC AC NM_010234.3 55 480
(Fos) Reverse: GGC TGC CAA AAT AAACTC CA

TRAP Forward: ACT TCC CCAGCC CTTACTACCG NM_007388.3 58 381
(AcpS) Reverse: TCA GCA CAT AGC CCACACCG

RANK Forward: AAA CCT TGG ACC AAC TGC AC NM_009399.3 53 377
(Tnfrsflla) Reverse: ACC ATC TTC TCC TCC CHA GT

CTsK Forward: AGG CGG CTA TAT GAC CAC TG NM_007802.4 58 403
(Ctsk) Reverse: CCG AGC CAA GAG AGC ATATC

CA2 Forward: CTC TCA GGA CAA TGC AGT GCT GA NM_001357334.1 58 411
(Ca2) Reverse: ATC CAG GTC ACA CAT TCCAGCA

MMP-9 Forward: CGA CTT TTG TGG TCT TCC CC NM_013599 4 58 258
(Mmp9) Reverse: TGA AGG TTT GGA ATC GAC CC

ATP6v0d2 Forward: ATG GGG CCT TGC AAA AGA AAT CTG NM_175406.3 58 504
(Atp6v0d2) Reverse: CGA CAG CGT CAAACAAAG GCTTGTA

OSCAR Forward: CTG CTG GTA ACG GAT CAG CTC CCC AGA NM_001290377.1 53 310
(Oscar) Reverse: CCAAGG AGC CAGAACCTTCGAAACT

Actin Forward: TTC TAC AAT GAG CTG CGT GT NM_007393 58 456
(Actb) Reverse: CTC ATA GCT CTT CTC CAG GG

NFATc1, nuclear factor of activated T cells c1; TRAP, tartrate-resistant acid phosphatase; RANK, receptor activator of NF-kB; CTsK, cathepsin K;
CAZ2, carbonic anhydrase II; OSCAR, osteoclast-associated immunoglobulin-like receptor; ATP6v0d2, ATPase H* transporting VO subunit d2.

60-mm dish at a density of 5x10° cells/well and stabilized
for 1 day. The cells were treated with 100 ng/ml RANKL
and 5, 10, 20 or 40 ug/ml SL in a humidified incubator at
37°C for 1 day. In order to extract total and nuclear protein,
the cells were washed three times using DPBS, and lysed
using RIPA buffer and NE-PER™ nuclear and cytoplasmic
extraction reagents (Thermo Fisher Scientific, Inc.). The
lysates were maintained on ice for 30 min and centrifuged at
58,440 x g for 20 min at 4°C. Protein concentration was quan-
tified using a bicinchoninic acid assay kit (Sigma-Aldrich;
Merck KGaA). Equal quantities (30 pug) of protein were loaded
on a 10% SDS-gel, and resolved using SDS-PAGE at 100 V
for 1.5 h. The resolved proteins were transferred to nitrocel-
lulose membranes (Whatman plc; Cytiva) at 100 V for 1 h.
Non-specific proteins in the membrane were blocked using
TBST (0.5% Tween-20) and 5% skimmed milk for 1 h at
room temperature. The membrane was reacted with primary
antibodies against NFATcl (1:1,000; cat. no. 556602), c-Fos
(1:200; cat. no. sc-447) and p-actin (1:500; cat. no. sc-8432)
at 4°C overnight. Subsequently, the membranes were incu-
bated with a horseradish peroxidase-conjugated secondary
antibody for 1 h at room temperature (1:10,000; mouse; cat.
no. 115-035-062; Jackson ImmunoResearch Laboratories,
Inc.), and the expression of each indicator was visualized using
ECL solution. The expression of each indicator was measured
using ImageJ version 1.51j8 (National Institutes of Health) and
normalized to [3-actin.

RT-semi-quantitative PCR.In order to measure mRNA expres-
sion following SL treatment, RAW 264.7 cells were seeded in
6-well-plates at a density 2x10* cells/well and stabilized for
1 day. The cells were exposed to 100 ng/ml RANKL and 5,
10, 20 or 40 pug/ml SL in a humidified incubator at 37°C for
4 days. Thereafter, the cells were washed 3 times using DPBS
and were lysed using TRIzol® reagent (Takara Bio, Inc.). The
extracted mRNA was quantified using NanoDrop (Thermo
Fisher Scientific, Inc.), and 2 ug RNA was reverse transcribed
into cDNA using the SuperScript® IV RT kit according to
the manufacturer's protocol. cDNA was amplified using Taq
polymerase and target primers in a C1000 Touch™ Thermal
Cycler (Bio-Rad Laboratories, Inc.). The following thermocy-
cling conditions were used for JPCR: 22-40 cycles of 30 sec at
94°C (denaturation); 30 sec at 53-58°C (annealing); and 30 sec
at 72°C (extension). The target primer sequence and annealing
temperature are listed in Table I. The PCR reactants were elec-
trophoresed on SYBR-Green-dyed 2% agarose gels diluted in
1% Tris acetate-EDTA buffer. The expression of each mRNA
was measured using ImagelJ software (version 1.51j8; National
Institutes of Health) with -actin as the loading control.

Alizarin red S staining. In order to induce osteoblast differentia-
tion, MC3T3-El1 cells were cultured in ao-MEM without ascorbic
acid containing 10% FBS and 1% P/S (1.5x10* cells/24-well
plate) in a humidified incubator at 37°C and stabilized for 1 day.
Subsequently, the cells were exposed to 25 ug/ml ascorbic acid,
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Figure 1. Effect of SL on bone density in an OV X-induced osteoporosis model. Osteoporosis was induced in Sprague Dawley rats (12-weeks-old) via OVX. Rats
were then treated with SL or E, for 8 weeks. (A) Changes in the bone microstructure in the femoral tissue induced by OVX were imaged using micro-CT (scale bar,
2 mm). (B) BMD, (C) BV/TV, (D) Tb.N and (E) Tb.Sp was analyzed using micro-CT. (F) Body weight was measured weekly. (G) Uterine weight was measured
after sacrifice. (H) TRAP activity in serum was measured using ELISA. The results are expressed as the mean + SEM (n=8). “P<0.05 and *P<0.01 vs. sham; ‘P<0.05
and “P<0.01 vs. OVX. OVX, ovariectomy; SL, Solanum nigrum Line; E,, 17B-estradiol; CT, computed tomography; BMD, bone mineral density; BV/TV, bone
volume/total volume; Tb.N, trabecular number; Tb.Sp, trabecular separation; TRAP, tartrate-resistant acid phosphatase; OD, optical density; BW, body weight.

10 mM f-glycerophosphate and medium containing SL (5, 10,
20 pg/ml) in a humidified incubator at 37°C for 14 days. The
medium was replaced with fresh culture medium every 3 days.
After osteoblast differentiation was completed, calcified nodules
in the plate were fixed with 80% Et-OH at 4°C for 1 h and stained
using 0.1% alizarin red S solution (Duksan Pharmaceutical Co.,
Ltd.) at room temperature for 5 min. The nodules were imaged
using a camera and light microscope (magnification, x100).
The stained dye was extracted using 10 mM sodium phosphate
(pH 7.0) diluted in 10% cetylpyridinium chloride and measured
at absorbance at 405 nm.

High-performance liquid chromatography (HPLC) analysis.
Chlorogenic acid, caffeic acid and quercetin are active ingre-
dients of SL (23,24). In order to analyze the SL extracts, HPLC
was performed. Absorbance was measured using a UV detector
(2996 Waters 2695). Xbridge C18 (250.0x4.6 mm, 5 ym) was
used as the column and proceeded at 30°C for 50 min at a flow
rate of 1 ml/min. Samples were injected in a volume of 10 ul.

As the mobile phase, (A) acetonitrile and (B) H,O diluted with
1% acetic acid were used (ratio, 9:1). Ingredients were detected
at an absorbance of 280 nm.

Statistical analysis. Data are presented as the mean + SEM
(n=3) and were analyzed using GraphPad prism software
(version 5.01; GraphPad Software Inc.). Comparisons between
groups were performed using one-way ANOVA with post hoc
Tukey's test. P<0.05 was considered to indicate a statistically
significant difference.

Results

SL decreases loss of bone density and changes in bone micro-
structure caused by OVX. In order to investigate the effects
of SL on menopausal osteoporosis, SL was administered
following removal of both ovaries. Changes in bone density
of the femoral head were measured using micro-CT (Fig. 1A).
The density of trabecular bone in the femoral head was lower
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Figure 2. Effect of SL on histological changes in femoral tissue. (A) Decrease in the density of trabecular bone in the femoral tissue induced by OVX was
analyzed by H&E staining. (B) Number of osteoclasts in the femoral head was detected using a TRAP staining kit. TRAP-positive cells are marked with black
arrows. (C) NFATcl (green) and (D) CTsK (red) protein expression in the tissue was detected via IHC. All images were captured using a phase-contrast micro-
scope. Magnification, x100; scale bar, 200 ym. (E) Trabecular area was measured using ImageJ. Number of (F) TRAP-, (G) NFATcl- and (H) CTsK-positive
cells were counted. The results are expressed as the mean = SEM (n=8). #P<0.01 vs. sham; "P<0.05, “P<0.01 vs. OVX. OVX, ovariectomy; SL, Solanum nigrum
Line; E,, 17p-estradiol; H&E, hematoxylin and eosin; TRAP, tartrate-resistant acid phosphatase; IHC, immunohistochemistry; NFATcl, nuclear factor-acti-

vated T cells c1; CTsK, cathepsin K.

in the OVX group than in the sham group. The positive control
group E, exhibited a reduced decrease in bone density; the
SL-low and -high groups also exhibited a suppressed decrease
in bone density. As a result of analyzing the microstructure of
the femurimages using CT analyzer software, BMD and BV/TV
were decreased due to OVX, and E,, SL-low and SL-high
groups suppressed this reduction. The difference between
the E, and SL-high group was significant (Fig. 1B and C). In
addition, Tb.N and Tb.Sp of the femur were decreased and
increased by OVX, respectively. For Tb.N, E,, SL-low and
SL-high groups were significantly different from the sham
group; for Tb.Sp, E, and SL-high were significantly different.
These results indicated that the effect of SL on bone density
recovery was comparable with that of the positive control
group (E, treatment). Analyzing the TRAP activity in serum
revealed that OVX did not significantly affect the expression
of TRAP, but the SL-low and SL-high groups showed a notable
ability to inhibit TRAP activity (Fig. 1F). The OVX group

exhibited increased body weight and decreased uterine weight
compared with the sham group. In addition, administration of
E, significantly suppressed this change and the SL-low and
SL-high groups exhibited no effect on changes in weekly body
and uterine weight (Fig. 1G and H).

SL inhibits trabecular bone loss, osteoclast formation and
expression of NFATcl and CTsK in femoral tissue. H&E,
TRAP and ITHC staining were performed to observe histo-
logical and histochemical changes in the femoral head. The
trabecular area of the femoral head was decreased following
OVX; this was suppressed by administration of E, and
SL-high (Fig. 2A and E). Measuring the area revealed a
significant difference between the E, and SL-high and OVX
group. Consistent with the H&E staining results, the number
of osteoclasts in the femoral head was increased following
OVX and decreased following treatment with E,, SL-low
and SL-high (Fig. 2B and F). IHC staining was performed
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Figure 3. Effect of SL on osteoclast differentiation and bone absorption capacity. (A) Osteoclasts differentiated by RANKL stimulation were stained using
TRAP. Osteoclast calcium absorption ability was measured using a pit formation plate. Images were captured using an optical microscope. Magnification, x100;
scale bar, 200 ym. (B) TRAP-positive cells were counted. (C) Activity of TRAP in the medium was measured using the para-nitrophenyl phosphate
method. (D) Absorbed area was measured using ImagelJ. Cytotoxicity of SL on (E) RAW 264.7 cells and (F) osteclasts was verified via Cell Counting Kit-8.
(G) Effect of SL on necrosis of RAW 264.7 cell was measured via LDH assay. The results are expressed as the mean + SEM (n=3). #P<0.01 vs. untreated;
“P<0.01 vs. RANKL-alone. SL, Solanum nigrum Line; RANKL, receptor activator of nuclear factor-xB ligand; TRAP, tartrate-resistant acid phosphatase;
LDH, lactate dehydrogenase.
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to measure the protein expression of NFATcl and CTsK
in the femoral head. Expression of NFATcl in the femoral
head was increased in the OVX group compared with the
sham group (Fig. 2C and G). Treatment with E, inhibited this
expression. In particular, the SL-high group notably inhib-
ited expression of NFATcl compared with the OVX group.
Consistent with the NFATcl staining results, the expression
of CTsK in the femoral head was induced following OVX and
decreased by E, and SL (Fig. 2D and H).

SL inhibits osteoclast differentiation and bone absorp-
tion capacity. After confirming the positive effects of SL
in the osteoporotic in vivo model, the effects of SL in the
osteoclast model were confirmed using a RANKL-induced
in vitro model. RAW 264.7 cells were cultured for 5 days
in a medium containing RANKL (Fig. 3A). Differentiated
osteoclasts were stained using the TRAP staining kit and
multinucleated red giant cells were observed. SL decreased
the area and number of TR AP-positive cells in a dose-depen-
dent manner. In the pit formation assay, the absorbed area of
the plate was used to measure the activity of osteoclasts. The
absorbed area induced by RANKL treatment was decreased
in cells treated with SL. Consistent with this, measuring the
number of osteoclasts and TRAP activity in the medium
demonstrated that SL inhibited osteoclast differentiation and
activity (Fig. 3B and C). In addition, measuring the pit area
formed by osteoclasts showed that SL also suppressed the
absorbed area in a concentration-dependent manner (Fig. 3D).
At 40 pug/ml, SL decreased viability of RAW 264.7 cells and
osteoclasts (Fig. 3E and F). Therefore, 40 pg/ml was consid-
ered toxic and subsequent cell experiments were performed
using 0-20 ug/ml SL. In addition, LDH was slightly increased
following 40 pg/ml SL treatment but was not detected at
0-20 ug/ml SL, indicating that 0-20 yg/ml SL did not induce
necrosis (Fig. 3G).

SL suppresses formation of actin rings. The formation of an
actin ring is an important target to measure bone absorption
capacity via pit formation assay (25). The actin ring forma-
tion of osteoclasts treated with RANKL was observed via
immunofluorescence analysis (Fig. 4). F-actin was observed in
RANKL-treated RAW 264.7 cells, and the number of nuclei
stained through DAPI decreased as cells fused during differ-
entiation. SL treatment significantly decreased formation of
F-actin in a concentration-dependent manner, which was consis-
tent with the results of TRAP staining and pit formation assay.

SL inhibits expression of NFATcl and c-Fos. Western blotting
and RT-qPCR were used confirm protein and gene expres-
sion of NFATcl and c-Fos, which are important transcription
factors for osteoclast differentiation (2). Following incuba-
tion for 24 h with RANKL and SL, proteins were extracted
to confirm the effect of SL on expression of NFATcl and
c-Fos (Fig. 5A). These indicators were significantly inhibited
when treated with 20 xg/ml SL (Fig. 5B). mRNA expression
was observed 4 days after RANKL and SL treatment (Fig. 5C).
RANKL treatment upregulated expression of both indicators.
SL showed inhibitory effects on NFATcl expression levels at
concentrations of 10 and 20 yg/ml. In addition, Fos expression
was inhibited at all concentrations of SL (Fig. 5D). Given the
differences in sampling times between western blotting and
RT-qPCR experiments, it was hypothesized that the inhibitor
effect of SL on osteoclasts was exerted in the late, rather than
the early, stage of differentiation.

SL suppresses expression of osteoclast-associated genes. The
effects of SL on osteoclast-associated genes was demonstrated
using RT-qPCR. Osteoclast-associated genes, such as AcpS
(TRAP), Tnfrsflla (RANK), Ctsk, Mmp9, osteoclast-associated
immunoglobulin-like receptor (OSCAR, Oscar), ATPase H*
transporting VO subunit d2 (ATP6v0d2, Arp6v0d2) and Ca2



Bz SPANDIDOS

S PUBLICATIONS MOLECULAR MEDICINE REPORTS 24: 607, 2021 9
A RANKL (100 ng/ml)
sL 0 0 10 20 (ug/ml)

B o8
1.0 8
0.6+ %
8 < ay
2 & 4
i§ 0.4+ T
& gosq P
= ]
02- = 7
7
7
0.0 0.0 PB4
SL (ug/mi) SL{ug/ml) 0 0 5 10 20
RANKL
0.8 0.8
20'6- %
L&)
= =
< g
0.24 <
0.04
SL(ugm) 0 0 5 1020 SL{ug/m) 0 0 5 10 20

RANKL

RANKL

Acps

Tnfrsfiia

1.0 1.0
#H
08 0.8
20ed K £ 06
S 0. oA 6+
]
o4l P £o4d P7
- = 7 -
0.2 i 024 K/
] 7
%7 )
SLug/m) 0 0 5 1020 SL(ug/ml) 0 0 5 10 20
RANKL RANKL
0.8 -
064 ph
8 i
2. b
§ 044 P
h b
© %
]
0.2+ gégg
]
5
0.04 f‘.ﬁ
SL(ug/m) 0 0 5 10 20
RANKL
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were increased by RANKL treatment; SL treatment decreased
the expression of these genes (Fig. 6A). Normalized to Actb, Acp5,
Ctsk and Atp6v0d?2 were significantly suppressed following treat-
ment with 20 yg/ml SL compared with the RANKL-alone group.
In addition, Tnfrsflla, Ca2, Mmp9 and Oscar were significantly
decreased when treated with 10 and 20 yg/ml SL (Fig. 6B).

SL does not significantly affect osteoblast differentiation.
After demonstrating the inhibitory effects of SL in an osteo-
clastogenesis in vitro model, the effects of SL in an osteoblast
model were confirmed using a MC3T3-El cell model. SL did
not significantly affect osteoblast differentiation and formation

of calcified nodules. These results indicate that SL specifically
acted on osteoclasts rather than osteoblasts (Fig. 7A and B). The
concentration of SL did not affect the viability of MC3T3-El
cells (Fig. 7C and D).

Quantitative analysis of SL. Chlorogenic acid, caffeic acid
and quercetin are well-known active ingredients of SL (23,24).
The chromatography peak of ingredient standard is shown
in Fig. 8A. In the SL Et-OH extract, peaks were observed
from O to 50 min and each peak was detected at the same
retention time (chlorogenic acid, 9.420; caffeic acid, 10.836;
quercetin, 23.722 min) as the ingredient standard (Fig. 8B).
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Discussion

In vivo, SL inhibited expression of NFATcl and CTsK in the
femoral head and significantly decreased bone density and
osteoclast differentiation. In vitro, SL inhibited the expression
of NFATcl/c-Fos during early and late osteoclast differen-
tiation and suppressed expression of genes associated with
differentiation and bone resorption. As a result, SL inhibited
osteoclast differentiation, bone resorption activity and forma-
tion of actin rings.

Osteoporosis is characterized by a decrease in bone density
and fragility. However, previous studies have shown that
measuring bone volume and BMD is insufficient to determine
improvement in osteoporosis, and that structural changes of
trabecular bone must also be assessed (26,27). In the present
study, the administration of SL in the OVX osteoporosis
model not only increased BMD and bone volume, but also
improved the trabecular bone microstructure. These results
indicated that SL suppressed a decrease in bone density,
which is a phenotype of osteoporosis, and improved bone
quality via improved bone microstructure. The OV X-induced
osteoporosis model shows the phenotype of postmenopausal
osteoporosis and is used to research osteoporosis treat-
ments (28,29). Following OVX, an increase in body weight
and a decrease in uterine weight due to hormonal changes are
considered to indicate successful surgery (17). In the present
study, the E, group exhibited suppressed changes in body and
uterine weight, whereas the SL group exhibited no effect.
These results indicated that OVX surgery was successful and
SL did not exert a hormone-associated effect similar to that
of E, (30).

RAW 264.7 cells are monocyte/macrophages extracted
from male BALB/c mice and are used as a cell model for
various pathological diseases, such as inflammation, antioxi-
dant and osteoclast differentiation (31-34). When RAW 264.7
cells are treated with RANKL, which is a member of the TNF
superfamily and a type of cytokine, the monocytes induce
differentiation, fusion, function and maturation of osteo-
clasts (35). Osteoclasts express various phenotypic markers,
the most representative of which is TRAP, as its concentra-
tion in serum is used as a biochemical indicator of osteoclast
activity and bone resorption (36). In the present study, SL
decreased serum levels and activity of TRAP and the number
of TR AP-positive cells in the femur of OV X-induced osteopo-
rotic rats and inhibited the differentiation of RANKL-induced
TRAP-positive cells. These results suggested that the
anti-osteoporotic effect of SL is mediated by suppression of
osteoclast differentiation.

Osteoclast differentiation involves essential transcription
factors such as NFATcl (37). The importance of NFATcl in
osteoclast differentiation has been demonstrated in transgenic
mice and cell models. Aliprantis er al (38) found that cells of
NFATcl-deficient mice do not differentiate into osteoclasts,
leading to osteopetrosis. The embryonic stem cells from
which NFATc] was removed from did not differentiate into
osteoclasts, even following stimulation with RANKL, whereas
embryonic stem cells overexpressing NFATcl differentiate into
osteoclasts without the need for stimulation with RANKL (39).
In the present study, SL significantly inhibited the expression
of NFATcl in femoral tissue and RANKL-induced RAW 264.7
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cells. These results indicated that the inhibitory effect of SL on
osteoclast differentiation is mediated by NFATcl. In addition,
NFATcl regulates expression of various osteoclast differen-
tiation and bone resorption factors, such as CTsK, MMP-9,
OSCAR and ATP6v0d2 (40). CTsK and MMP-9 are expressed
in mature osteoclasts attached to the bone surface and degrade
the bone. According to Saftig et al (41), osteoclasts extracted
from CTsK-knockout mice impair bone resorption. In the
present study, SL suppressed expression of CTsK in femoral
tissue and cell models of osteoclast differentiation. These
results indicated that SL served an important role not only in
inhibiting osteoclast differentiation, but also in suppressing
its ability to absorb bone. OSCAR is expressed in preosteo-
clasts and mature osteoclasts and is an etiological factor in
osteoporosis and rheumatoid arthritis (42). ATP6v0d2 serves
an important role in cell-cell fusion and actin ring forma-
tion (10,43). The actin ring is associated with the ‘sealing
zone’ that is formed when osteoclasts attach to bone, which is
a structural factor essential for osteoclast bone absorption (44).
In the present study, SL inhibited the formation of actin rings
and expression of ATP6v0d2, suggesting that SL controlled
cell fusion during the early stages of osteoclast differentiation,
as well as formation of the skeletal structure of the mature
osteoclast.

c-Fos is a representative osteoclast transcription factor
that controls expression of NFATcl (40). c-Fos recruits
the NFATcl promoter in the early stages of osteoclast
differentiation (45,46). In addition, c-Fos-deficient cells
cause disorders in NFATcl expression and osteoclast
differentiation via induction of RANKL, which is improved
by overexpression of NFATcl (46). c-Fos also controls
expression of CA2, which serves an important role in
osteoclast bone absorption function (47). CA2 acidifies the
bone surface prior to osteoclast-mediated bone absorption,
creating an environment in which various enzymes can
function (48,49). In the present study, SL inhibited both
c-Fos and CA2 expression. These results showed that the
inhibitory effect of SL on NFATcl expression was medi-
ated by regulation of c-Fos. In conclusion, it was confirmed
that SL inhibited osteoclast differentiation and function
by suppressing the expression of NFATcl/c-Fos, and thus,
significantly suppressing OVX-induced decreases in bone
density. These results highlight the possibility of SL as a
therapeutic agent for management of osteoporosis.

The present study had certain limitations. The activity
of osteoclasts was investigated via stimulation of RANKL.
Various factors, such as inflammation, steroids and aging,
cause osteoporosis (50-52). However, the effect of SL on these
factors was not investigated in the present study. Research on
treatment of osteoporosis research has focused on patients
with postmenopausal osteoporosis (53). However, with an
increase in the elderly population, male and senile osteopo-
rosis is becoming increasingly important (54). Additionally,
treatment with steroids results in potential social implica-
tions for patients due to adverse side effects (50). Therefore,
studying the effect of SL on other osteoporosis-causing factors
such as inflammation, steroids and aging may highlight more
generalizable targets and mechanisms. Previous studies have
shown that the fruit of SL contains solanine, which is known to
be toxic (55-57). However, a previous study demonstrated that
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it displays hepatoprotective effects (58). Additional studies on
the administration method and toxic concentration of SL are
required. Expression of NFATcl is controlled by MAPK,NF-«B
and c-Fos (2). However, only c-Fos expression was investigated
in the present study. In order to confirm the anti-osteoporotic
and inhibitory effects of SL on osteoclast differentiation, the
effects of SL on phosphorylation of MAPK, ERK, JNK and
p38 and expression of NF-«xB induced by RANKL should
be studied. The present study demonstrated the effect of SL
on osteoclast differentiation but did not investigate the active
ingredients in SL. In previous studies, SL has been shown
to contain several active ingredients (24,55), some of which
have an effect on osteoclasts and osteoporosis. For example,
diosgenin and ferulic acid inhibit differentiation of osteoclasts
via NF-xB (59,60). According to Wu et al (61), protocatechuic
acid inhibits osteoclast differentiation via apoptosis of osteo-
clasts. In addition, Rutin inhibits osteoclast differentiation via
its antioxidant effect (62). However, most of the components of
SL have not been studied yet. Therefore, analysis of the struc-
ture and anti-osteoclastogenic effect of each component will
be helpful in understanding the anti-osteoporosis mechanism
of SL. It is necessary to verify the inhibitory effect of active
ingredients in SL on osteoclasts in future.
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