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Abstract Osteoporosis (OP) is a debilitating skeletal abnormality involving bone remodeling
and bone cell homeostasis characterized by decreased bone strength and high fracture risk. A
novel therapeutic intervention for OP by manipulating cellular autophagyeapoptosis processes
to promote skeletal homeostasis is presented. Protective effects of the naturally occurring
plant extract Liquiritigenin (LG) were demonstrated in an ovariectomy (OVX)-OP mouse model
and preosteoblast MC3T3-E1 cells. Micro-CT and histological staining assessments of skeletal
phenotype were applied alongside detection of autophagy activity in osteocytes and MC3T3-
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Osteoporosis

E1 cells by transmission electron microscopy (TEM). The effects of LG on chloroquine (CQ)- and
the apoptosis-inducing TS-treated osteogenic differentiations and status of lysosomes within
MC3T3-E1 cells were analyzed by Neutral red, Alizarin red S and alkaline phosphatase (ALP)
staining and Western blot assays. Treatment with LG prevented bone loss, increased osteo-
genic differentiation in vivo and in vitro, and inhibited osteoclast formation to some extent.
TEM analyses revealed that LG can improve auto-lysosomal degradation within osteocytes from
OVX mice and MC3T3-E1 cells. The abnormal status of lysosomes associated with CQ and TS
treatments was notably alleviated by LG which also reduced levels of apoptosis-induced inhi-
bition of osteogenic differentiation and averted abnormal osteogenic differentiation as a
consequence of a blockage in autolysosome degradation. Overall, LG stimulates bone growth
in OVX mice through increased osteogenic differentiation and regulation of autophagy-
apoptosis mechanisms, presenting an auspicious natural therapy for OP.
ª 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co.,
Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).
Introduction

Osteoporosis (OP) is an enervating systemic bone disorder
manifested by low bone mass. As a repercussion of faulty
intracellular degradation processes that deplete bone ul-
trastructure, the disorder culminates in an increased risk of
skeletal fragility and fracture.1,2 This degenerative condi-
tion afflicts millions of people worldwide, being prevalent
amongst adult females with one in three sufferers, most
notably post-menopausal women, alongside one in five
men. In essence, OP gives rise to an enormous economic
and emotional familial burden.3,4 Amongst the numerous
primary strategies presently available for the alleviation of
OP, estrogen replacement therapy, bisphosphonates and
selective estrogen receptor modulators are frequently
applied. However, many of these also impose unwarranted
and detrimental side effects, including mammary cancers
and atypical femoral fractures, which delimit their clinical
application.5 Consequently, alternative therapeutic regi-
mens in the treatment of OP are essential.

OP is chronic metabolic osteopathy that arises through
impaired intracellular lysosomal functioning to disrupt the
equilibrium between the various endogenous bone cells
(osteoblasts, osteocytes and osteoclasts).6e8 Any imbal-
ance of energy, amino acid and mineral bio-recycling,
which are otherwise prerequisites for cellular viability
and organism longevity, will inevitably progress OP.9,10 Of
note, within the lysosomal degradation pathway are
branch reactions that involve autophagy. While these can
augment bone formation, OP is meliorated through acti-
vation of the initial stage of autophagy in the presence of
Rapamycin.11,12 In contrast, osteoblast differentiation and
mineralisation are obstructed when autophagy is inhibi-
ted.13 Significant contributions to this can be achieved by,
for example, deletion of the Atg5 gene in osteoblasts
manifested by a reduction of bone mass in vivo, although
knockdown of Atg7 and Beclin-1 genes are evinced through
impaired osteogenic functionality within certain osteo-
blastic cell lines.14 Thus, autophagy is unequivocal for
bone homeostasis.15

Despite the oversight mentioned above, present con-
tentions for the onset and development of OP notably
include asynchronous autophagy inhibition and committed
apoptosis at any stage during osteoblast existence.15e19

Ubiquitous cellular regulators may mediate coeval
apoptosis-autophagy workings within osteoblasts, including
Bcl-2 and Beclin-1 proteins preeminent in the aetiology of
several diseases17,20,21 with correct modulation of an
autophagy-apoptosis equilibrium state throughout ex-
pected osteoblast lifespan being innate for bone mass
homeostasis.22

Historical studies have utilised various naturally occurring
plant products as therapeutic agents for and alleviation of
bone diseases.23,24 One such compound, namely Liquir-
itigenin (LG), a low molecular weight dihydroflavonoid
extract from the Glycyrrhiza glabra root, was more recently
demonstrated to impart anti-tumour, -oxidative and -in-
flammatory biological properties.25 These characteristics
would seemingly support the notion that LG could circum-
vent ROS stress and damage within osteoblasts through, for
example, activation of PI3K signalling cascades, alongside
up-regulation of mitochondrial activities deemed of impor-
tance during oncogenic, oxidative and foment re-
sponses.26,27 Besides, LG treatment may, by shunting
osteoclast differentiation into suppression via the TGF-b
Smad1/5-dependent pathway and thus devolving bone-
resorption through inhibition of NF-kB ligand (RANKL)-
induced signalling, promote osteoblastic differentiation.28

Whilst an anti-OP activity directly attributable to LG
treatment for averting bone loss in vivo remains uncer-
tain, insights into the molecular mechanism of LG as a
deregulator of apoptosis to de-concatenate several dis-
eases,29e32 is the central theme of this present work. The
evidence presented in this current work indicates that the
equilibrium between autophagy and apoptosis within os-
teoblasts can be manipulated to promote bone formation
in an OP-mice model. These data significantly enlighten
biophysical events during bone formation as applied to the
treatment of OP.
Material and methods

Chemicals and reagents

LG (chemical formula: C15H12O4, molecular weight: 256.2,
purity � 98%) was obtained from Must Bio-Technology Co.
Ltd (Chengdu, China). LG was prepared as a colloid sus-
pension in 0.5% sodium carboxymethylcellulose (CMC; San-
gon Biotech, Shanghai, China) for oral treatment of mice.
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For cell assays, LG was initially dissolved in DMSO and
diluted with 90% a-Minimum Essential Medium (a-MEM,
Thermo Fisher Scientific, USA) and 10% Fetal bovine serum
(FBS, Biological Industries, USA) to achieve application
concentrations. MTT Kit, TrypsineEDTA Solution, penicillin
and streptomycin, BCIP/NBT Alkaline Phosphatase (ALP)
Colour Development Kit, Alkaline Phosphatase Assay Kit,
Apoptosis Inducer Kit (TNF-aþSM-164, TS) and Neutral red
Stain were obtained from Beyotime Biotechnology Co. Ltd
(Shanghai, China). Alizarin red S staining solution, 4%
paraformaldehyde, hematoxylin and eosin (HE) were pur-
chased from Solarbio Science & Technology Co. Ltd (Bei-
jing, China). Chloroquine (CQ; Sigma) was dissolved in PBS
(pH 7.4) to make a 50 mM stock solution.

Animals

Seven-week-old female C57 mice (specific-pathogen-free
grade) purchased from the Laboratory Animal Center of
Chongqing Medical University were maintained under
standard conditions (relative humidity Z 50%e60%;
ambient temperature Z 20 � 2 �C; 12 h light/dark cycle)
with free access to water and food. All animal experi-
ments were approved by the Animal Protection and Ethics
Committee of Chongqing Medical University and per-
formed in accordance with the guidelines of laboratory
animal care and use.

Experiment design

After a one-week acclimation period, twenty-four 8-week-
old female mice were randomly sub-divided into three
groups (n Z 8 per cohort) and anesthetised by isoflurane
inhalation prior to surgery. The surgical procedure
involved either a sham ovariectomy of bilateral incision
and closing sutures without removal of the ovaries (Sham;
n Z 8), or ovariectomy of bilateral incision, removal of
both ovaries and closing sutures for 16 mice. Of the 16
ovariectomised mice 8 mice received no further treatment
(OVX group). One week following the operation, the
remaining 8 ovariectomised mice were supplied with
30 mg�1kg�1day�1 LG solvent by intragastric administra-
tion for a total of 90 days as per our previous study33 (OVX
þ LG group). The other two groups were supplied the same
volume of a placebo 0.5% CMC daily by oral gavage for the
duration of the treatments. At the end of the treatments,
mice in each group were weighed and euthanized. The
uteri and bilateral femurs were collected for subsequent
histological analysis.

Micro-CT bone analysis

The left femurs of the mice (n Z 6) were fixed in 4%
paraformaldehyde and the bone microarchitecture of their
distal end was evaluated by micro-CT (Viva CT40, SCANCO
Medical, Brüttisellen, Switzerland) at a resolution of
10.5 mm, energy of 70 kV and 114 mA. The region of in-
terest started end of the growth plate and extended for 100
cross-sections. Parameters, including bone volume/tissue
volume (BV/TV), trabecular number (Tb.N), trabecular
thickness (Tb.Th), and trabecular spacing (Tb.Sp) were
analysed by SCANCO analysis software.
HE staining and immunohistochemistry (IHC)

The right femurs (n Z 6) were collected and fixed in 4%
paraformaldehyde for 24 h. The tissue samples were then
decalcified, embedded into paraffin and sectioned to 5-mm
thickness.

HE Staining assays were performed according to the
manufacturer’s instructions. The arrangement and quanti-
ties of trabeculae were detected under an optical micro-
scope (DMi8, LEICA, Germany).

Immunohistochemical studies were performed on de-
waxed and rehydrated tissue samples incubated in 3% H2O2

for 20 min at room temperature (RTP) prior to an overnight
incubation at 4�C with the primary antibodies against BMP2
(1:100; ab214821; Abcam), osteopontin (OPN; 1:100; bs-
0026R; Bioss), and osteocalcin (OC; 1:100; bs-4917R;
Bioss)., anti-Osteocalcin Ab (OC; 1:100; bs-4917R; Bioss).
Thereafter, the sections were bathed for 5 min in PBS ( � 3)
and then incubated with goat anti-mouse HRP secondary Ab
(CST, USA) for 1 h at RTP. Freshly prepared Dia-
minobenzidine (DAB) solution was added and sections were
counterstained with hematoxylin. Markers were visualized
using a BX51 microscope (Olympus, Shinjuko, Japan).
Quantitative analyses were performed using Image J (NIH
Image J system, Bethesda, MD, USA).
Tartrate-resistant acid phosphatase (TRAP) staining

For TRAP staining, slides were stained using a TRAP staining
kit (SigmaeAldrich, Cat no. 387A-1 KT) according to the
manufacturer’s protocol. After dehydration and mounting,
the stained slides were observed under a DMi8 microscope
(LEICA, Germany) and were analyzed by available software
(NIH Image J system, Bethesda, MD, USA) referring to the
previous guidelines.34
Cell culture

MC3T3-E1 cells were kindly donated by Dr. W. Zhou (Affili-
ated Rehabilitation Hospital of Chongqing Medical Univer-
sity). Cells were cultured in an incubator maintained at 5%
CO2 and 37�C in a-MEM complete culture medium supple-
mented with 10% FBS, 100 mg/mL streptomycin and 100 U/
mL penicillin.

To initiate osteogenic differentiation, MC3T3-E1 cells at
80% confluency were treated with osteogenic-inducing
supplements (herein, termed OIS) containing 50 mg/mL
ascorbic acid (Sigma, USA), 5 mM b-glycerophosphate
(Sigma, USA) and 10 mM dexamethasone (Sigma, USA). Cells
were seeded into 6- and 24-well plates at initial numbers of
2 � 105 and 2.1 � 104 per well, respectively. The 6-well
cultures were incubated in the presence of OIS for 7 days
prior to Western blot analyses. 24-well plates were induced
for 3 and 21 days prior to ALP activity assay and staining and
Alizarin red S staining, respectively.
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Cell viability assay

The effects of LG on MC3T3-E1 cell viability were measured
by MTT assay. Briefly, MC3T3-E1 cells were digested with
0.05% TrypsineEDTA and collected by centrifugation. The
cells were then incubated in 96-well flat-bottom plates
(1.0 � 104 cells/well) for 24 h. LG was then added to final
concentrations of between 0 and 500 mM for 48 h prior to
estimation of cell viability in A570nm microplate (Thermo
Scientific, USA) assays.

Alkaline phosphatase activity assay and staining

The density of MC3T3-E1 cells seeded into 24-well plates
was 2.1 � 104 cells/well. The MC3T3-E1 cells termed
‘blank’ group were treated with 90% a-MEM and 10% FBS
whilst cells within the experimental groups were treated
with LG at 0, 0.5, 1, 5 and 10 mM in concentration in the
absence or presence of CQ (1:1000) and TS (1:1000) auto-
phagy inhibitors in OIS for 48 h, respectively. Cells were
fixed with 4% paraformaldehyde for 30 min and washed with
0.01 M PBS (3 min � 3). ALP staining was achieved at RTP
using a BCIP/NBT alkaline phosphatase colour development
kit in the dark for 30 min as per the manufacturer’s in-
struction. The absorbance of each group was detected at
the 405 nm using a microplate reader.

Neutral Red staining

Drug treatments and density of the cells were quantified by
using Neutral Red Staining to highlight lysosomes within
MC3T3-E1 cells. Cells were routinely washed twice in 0.01 M
PBS after removal of culture medium. Cells were then fully
immersed in Neutral red solution 10 min at RTP. Subse-
quently, cells were washed twice in PBS two times to
remove residual Neutral red solution. Stained lysosomes in
living cells were observed by light microscopy.

Alizarin Red S staining

Alizarin Red S staining was performed to determine the
level of mineralisation 21 days post-osteogenic induction.
Drug treatment regimens and MC3T3-E1 cell densities were
described as above. MC3T3-E1 cells were washed three
times with 0.01 M PBS to remove residual culture medium
and fixed in 4% paraformaldehyde. After 30 min, the sta-
tionary liquid was decanted and cells were washed thrice
with 0.01 M PBS. Cells were then stained with Alizarin Red S
for 30 min at RTP after which excess dye was removed by
washing with ddH2O. Extracellular matrix (ECM) mineral-
bound stain was observed and photographed with positive
mineralised nodule area quantified using Image J (NIH
Image J system, Bethesda, MD, USA).

Flow cytometric analysis

MC3T3-E1 cells were incubated in 6-well plates at a density
of 10 � 105 cells well�1 for 24 h. Different concentrations of
LG were added as prescribed in figure legends. Cells were
rinsed twice in PBS and harvested. Flow Cytometry studies
were performed using a CytoFLEX Flow Cytometer (Beck-
man Coulter, USA) within the Life Sciences Institute,
Chongqing Medical University, and evaluated by Kaluza
Analysis (Beckman Coulter, USA).

Transmission electron microscopy (TEM) analysis

The right femur bone cleaned of muscle and other con-
nective tissue was excised from each mouse (n Z 3). Bone
samples were fixed in 2.5% glutaraldehyde for 48 h and
decalcified in a microwave prior to TEM analysis. The
MC3T3-E1 cells were collected and fixed in 2.5% glutaral-
dehyde for 4 h. Both cells and bone tissues were dehy-
drated, embedded, sectioned and stained using routine
protocols. The ultrastructure and status of autophagosomes
(APs), auto-lysosomes (ALs) and lysosomes within cells and
bone samples were determined using a transmission elec-
tron microscope (Philips, Amsterdam, Netherlands) and
analyzed referring to the guidelines about monitoring
autophagy.35

Western blot

Cells were routinely lysed with RIPA buffer (Beyotime)
supplemented with PMSF (Beyotime). Protein content was
determined using the BCA protein assay (Beyotime) to
ensure equal loading of total proteins which were frac-
tionated by 12% SDS-PAGE (CWBIO, Beijing, China) prior to
electrophoretic transfer to PVDF membranes (Millipore,
USA). Membranes were blocked with 5% non-fat milk prior
to overnight incubation at 4�C with primary antibodies
against BMP2 (ab214821, Abcam, USA), Beclin-1 (ab62557,
Abcam, USA), Lamp1 (ab24170, Abcam, USA), SQSTM1/p62
(#5114, CST, USA), Bcl-2 (#2870, CST, USA), Caspase-3
(66,470-2-1G, Proteintech, Wuhan, China), Bax (ab53154,
Abcam, USA), GAPDH (AF7021, Affinity, USA). PDVFs were
washed with TBST ( � 3), and then incubated for 1 h at RTP
with HRP-conjugated secondary antibodies (Proteintech,
Wuhan, China). Specific proteins were visualized via
enhanced chemiluminescence and a molecular imager (Bio-
Rad, CA, USA). Image J software (NIH Image J system,
Bethesda, MD, USA) was used to quantify the reactive
protein bands. All blot experiments were repeated at least
three times. GAPDH served as the internal control for
normalization.

Statistical analysis

The data represent the mean � SD (standard deviation) of
three experiments each. All analyses were performed using
GraphPad Prism 5 software (GraphPad Software, Inc., La
Jolla, CA, USA). The differences between two groups were
assayed by Student’s t-test and ANOVA followed by
NewmaneKeuls test for three or more groups). Differences
were considered statistically significant at *P < 0.05, ))
P < 0.01, )))P < 0.001.



Figure 1 Effect of LG on bone trabecula of mouse femurs in tibia side. Chemical structure of liquiritigenin (LG) and experimental
protocol scheme (A). HE Staining for mouse femurs in tibia side (B) and 3D reconstruction for mouse distal femurs in micro-CT (C).
Analysis of BV/TV (%), Tb.N (1/mm), Tb.Th (mm) and Tb.Sp (mm) in bone trabecula of mouse femurs in tibia side (n Z 6) (D). Scale
bars (B): 500 mm and Scale bars (C): 500 mm. Data are reported as the mean � standard deviation (SD). *P < 0.05, **P < 0.01, and
***P < 0.001 (one-way analysis of variance/NewmaneKeuls test).
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Figure 2 Effect of LG on osteoblasts, osteoclasts, and osteocytes in bone trabecula. The expression of BMP2 OPN, and OC
detected by IHC for mouse femurs in tibia side (A) and mean optical density of BMP2 OPN, and OC positive cells (B). Histological
analysis of osteoclasts in different groups via TRAP staining (C) and quantitative analysis of the number (N.Oc/B.Pm) and size
(Oc.S/BS) of TRAP-positive osteoclasts (D). Magnification images of the ultrastructure of osteocytes detected by TEM (E). Epiph-
yseal growth plate outlined by a red dotted line in Aaef. Cell nucleus (marked as N in Ea1ec1), AL (outlined by a dotted line in
Ea2), mitochondria (marked as * in Ea2ec2), APs (marked as : in Eb2ec2), lysosomes (marked as L in Eb2), and developed rough
endoplasmic reticula (marked as # in Ec2) in osteocytes in groups. Scale bars (Agei): 100 mm; scale bars (Aaef and Caec): 200 mm;
scale bars (E): 2 mm. Data are reported as the mean � standard deviation (SD) (n Z 3). *P < 0.05, ***P < 0.001 (one-way analysis of
variance/NewmaneKeuls test). N.Oc/B.Pm: osteoclast number/bone perimeter; Oc.S/BS: osteoclast surface/bone surface.
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Results

LG militated against bone loss in OVX mice

To analyse regular femur trabeculae architecture in mice
models, HE staining was applied and the stained area in
OVX mice was significantly larger than that in the Sham
mice (Fig. 1A). Interestingly, the converse effects were
noted in the presence of LG (Fig. 1B). Micro-CT analyses
confirmed that LG lessened bone loss in trabecular
compared with that in the OVX group shown by BV/TV,
Tb.N, Tb.Th and Tb.Sp (Fig. 1C, D). In all, these data
highlight a significant reversal of tissue deterioration within
OVX þ LG mice.

LG ameliorated bone loss and cellular
ultrastructure of bone trabecula within OVX mice

To investigate the biophysical mechanism of LG geared to
diminish the destruction of bone tissue in OVX mice, IHC
and TRAP histological staining procedures were performed
(Fig. 2AeD). Expressions of BMP2, OPN and OC are allevi-
ated in the presence of LG but otherwise obviated as a
consequence of ovariectomy (Fig. 2A, B). Second, osteo-
clast abundance and bone resorption activity in femur tis-
sues were both significantly elevated in OVX mice (Fig. 2Ca-
b, D). Interestingly, a decrease in N.Oc/B.Pm was observed
in OVX þ LG group compared to OVX group, but the Oc.S/BS
was comparable across OVX and OVX þ LG groups (Fig. 2C,
D).

The cellular ultrastructure was also compared between
samples from three groups in TEM assays (Fig. 2E). ALs were
detected in osteocytes within the Sham group (Fig. 2Ea1-2);
however, a large population of dark grey stained bi-
membranous late-APs was seen to accumulate post-
operatively within the cytoplasm of femur tissue cells of
OVX-mice (Fig. 2Eb1-2). Furthermore, in osteocytes, mono-
membranous lysosomes were observed proximal to dark-
grey staining Aps, which were unfused (Fig. 2Eb1-2). In
osteocytes from the OVX þ LG group, light grey-staining APs
were observed to amass within the cytoplasm accompanied
by several developed endoplasmic reticula (ER) (Fig. 2Ec1-
2). These in vivo examinations demonstrate that LG induces
osteogenic differentiation and auto-lysosomal degradation
in OVX mice, and to a lesser extent, inhibits osteoclast
formation in OVX mice.

LG promoted osteoblastic differentiation of MC3T3-E1
cells via enhancing auto-lysosomal degradation activity
Given that femur cellular autophagic processes are signifi-
cantly influenced in OVX mice and by LG treatment in vivo,
it was presumed that this might pertain to osteogenic dif-
ferentiation and increased autophagy activity. In MTT as-
says, treatment with LG did not significantly alter cell
viability at concentrations below 10 mM over a 48-hour time
course (Fig. 3A). Thus, LG was maintained between 0.5 mM
and 10 mM in all subsequent assays. In such assays, LG is
deemed to promote ALP activity in a dose-dependent
fashion (Fig. 3B). In comparative Western blot assays,
both the 44 kDa, 30 kDa, and 15 kDa isoforms of the BMP2
osteogenic biomarker were upregulated and the levels of
Beclin-1 and Lamp1 were significantly more abundant than
p62 at the doses of LG applied (Fig. 3C, D).

To further explore the potential influence of LG on
cellular autophagy, TEM analyses were performed (Fig. 4A).
While ER, APs and mitochondria were observed in untreated
control cells (Fig. 4Aa), APs, mitochondria, lysosomes, ER
and well-developed Golgi bodies appeared to be more
abundant within cells of the LG-treated group (Fig. 4Ab). In
addition, large ALs appear to accumulate in proximity to
nuclei within CQ-MC3T3-E1 cells, which might indicate an
impairment in auto-lysosomal degradation function
(Fig. 4Ac, B). In CQ-LG samples, ALs were visibly reduced in
volume and became progressively smaller whilst Golgi bodies
became seemingly more apparent (Fig. 4Ad, B). These re-
sults suggest LG exerts an influence upon intracellular auto-
lysosomal degradation within MC3T3-E1 cells.
LG exerted anti-apoptosis properties within
MC3T3-E1 cells

A trade-off between apoptosis and autophagy is of central
importance to bone homeostasis36 and previously reported
instances of apoptosis-related proteins, notably the Bcl-2
family members,9 prompted further investigation into the
influence of LG upon autophagy-apoptosis regulation. We
noted from flow cytometry assay data that there was no
apparent increased apoptosis at the concentrations of LG
applied (Fig. 5AeF). Furthermore, levels of Bcl-2 were
significantly reduced in Western blot analyses after treat-
ment with OIS, but more abundant in the presence of LG in
a dose-dependent manner (Fig. 5GeJ). In stark contrast,
levels of Bax and cleaved Caspase-3 (Fig. 5HeJ), were
down-regulated in the presence of LG, separately. Thus, LG
may prevent apoptosis of MC3T3-E1 cells.
LG partially corrected lysosomal dysfunction
through promoting autophagy and inhibiting
apoptosis

The correct functioning of lysosomes is critical to accurate
autophagy,37 as any dysfunction of this would inevitably
promote apoptosis.38 Here, Neutral red supravital staining
was applied as a signal for lysosome activity in further
quests to ascertain the influence LG on autophagy and
apoptosis in osteocytes (Fig. 6). With basal numbers of
hyperchromatic rufous lysosomes stained red in the vicinity
of nuclei within blank- and Con-treated MC3T3-E1 cells,
these significantly increased to a maximum after applica-
tion of LG at the concentrations between 1.0 and 5.0 mM
(Fig. 6aef). In contrast, nuclei within CQ-treated and TS-
treated MC3T3-E1 cells were encircled by transparent
vacuoles and both lysosomes and ALs were stained abnor-
mally, indicative of intracellular pH being alkaline (Fig. 6g,
l). In the initial stages of staining CQ/TS-LG-treated MC3T3-
E1 cells, transparent vacuoles were observed. With the
increasing concentrations of LG, these gradually diminished
in both number and volume, eventually being superceded
by dark red-brown staining lysosomes, consistent with an
acidic intracellular environment (Fig. 6hek, mep). These
data reveal that morphologically abnormal lysosomes are



Figure 3 Effect of LG on the alkaline phosphatase (ALP) activity in MC3T3-E1 cells. Cell growth was measured by MTT assay.
There was no significant difference in cell viability at LG concentrations of 0, 0.5, 1.0, 5.0, 10.0 mM (A). LG increased the ALP
activity in a dose-dependent manner in MC3T3-E1 cells (B). The expression of BMP2 and autophagy-associated proteins in MC3T3-E1
cells in groups (CeD). Data are reported as the mean� standard deviation (SD) (nZ 3). *P < 0.05, **P < 0.01, ***P < 0.001 (one-way
analysis of variance/NewmaneKeuls test).
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replaced to a limited extent within MC3T3-E1þCQ and þTS
in the presence of LG.
LG partially alleviated TS-induced impairment of
osteoblastic differentiation in the early stage

The effect of LG on the osteogenesis of MC3T3-E1 cells in
the early stage of bone formation was investigated by ALP
staining (Fig. 7A, B). These results demonstrate that LG
contributes significantly to the up-regulation of ALP
expression in a concentration-dependent manner
(Fig. 7Aa1ef1, a2ef2, B). In the CQ-treated group, MC3T3-
E1 cells developed an atypical morphology and ALP
expression was significantly reduced (Fig. 7Ag1e2, B).
However, no apparent difference was observed in either
cellular morphology or ALP expression when cells from the
CQ group and CQ-LG groups were compared (Fig. 7Ag1ek1,
g2ek2, B). In the TS group, the expression of ALP was,
however, appreciably lower when compared to cells within
the Con group (Fig. 7Al1e2, B), and interestingly, ALP
expression was increased in TS-LG cells in a dose-
dependent manner (Fig. 7Al1ep1, l2ep2). Western blot
analyses revealed that levels of Bax (Fig. 7C, Da), cleaved
caspase-3 (Fig. 7C, Db), p62 (Fig. 7C, Dc) and Lamp1
(Fig. 7C, Dd) were significantly up-regulated in TS-treated
cells and conversely, down-regulated in the TS-LG group,
in an LG dose-dependent manner.
LG partially ameliorated the osteogenic
differentiation impairment in the late stage caused
by CQ treatment

Alizarin Red S staining was employed to ascertain whether
LG could promote osteogenic differentiation of MC3T3-E1
cells in the late stage of bone formation (Fig. 8A, B). The
matrix’s mineralisation was more prevalent within MC3T3-
E1 cells, which remained morphologically similar in the
presence of LG (Fig. 8Aa1ef1, a2ef2, B). In contrast, cells
from the CQ group appeared to be of a smooth dark red-
staining morphology (Fig. 8Ag1e2, B) compared to Con
group counterparts (Fig. 8Ab1e2, B). Furthermore, in the
CQ-LG groups, augmentation of mineralised nodules was



Figure 4 Effect of LG on the auto-lysosomal degradation activity in MC3T3-E1 cells. Magnification images of the ultrastructure of
MC3T3-E1 cells in groups detected by TEM assay (A) and quantitative analysis of APs and ALs (B). Cell nucleus (marked as N in
Aaed), ALs (marked as & in Aaed), mitochondria (marked as * in Aaed), APs (marked as: in Aaed), developed rough endoplasmic
reticula (marked as # in Aaed) and Golgi apparatus (marked as ※※ in Aaed) in MC3T3-E1 cells in groups. APs: Most autophagosomes
have a double membrane. Its bilayers were separated by a relatively narrower or wider electron-translucent cleft with the TEM
observation. ALs: Generally, ALs had only one membrane. They contained electron-dense cytoplasmic materials and/or organelles
at various stages of degradation. They were stained dark mostly in TEM samples. Mitochondria: They had a double membrane
mostly. The number and distribution patterns of mitochondrial ridges are varied. Usually perpendicular to the long axis of the
mitochondria, but ridges parallel to the long axis of the mitochondria can also be seen. ER: ER incuded tubulus and flat sacs and
reticulates in the cytoplasm. Golgi apparatus: It could be identified as flat sacs and vesicles surrounded by a monolayer film. Most
were located around the nucleus. Their sacs were not interconnected. Scale bars (E): 2 mm. Data are reported as the
mean � standard deviation (SD) (n Z 3). *P < 0.05, **P < 0.01 (one-way analysis of variance/NewmaneKeuls test).
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apparent in an LG dose-dependent manner (Fig. 8Ah1ek1,
h2ek2, B). Interestingly, bone nodules within cells from the
TS group were stained light red. However, treatment with
LG did not derive an increase in positive staining surface
area from the TS-LG group (Fig. 8Al1ep1, l2ep2, B).
Furthermore, Western blot assays revealed that the
expression of p62 and Lamp1 in CQ-treated cells was
significantly increased, although compared to the Con



Figure 5 Effect of LG on the apoptosis in MC3T3-E1 cells. 0.5, 1.0, 5.0, 10.0 mM LG had little apoptosis-inducing effect on MC3T3-
E1 cells in flow cytometry assay (AeF). The expression of apoptosis-associated proteins in MC3T3-E1 cells in groups (GeJ). Data are
reported as the mean � standard deviation (SD) (n Z 3), *P < 0.05, **P < 0.01, ***P < 0.001 (one-way analysis of variance/
NewmaneKeuls test).
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Figure 6 Effect of LG on the status of cells’ lysosomes. The lysosomes of MC3T3-E1 cells in groups were stained by Neutral Red
Staining (n Z 3). Cell nucleus (marked as N in aep), lysosomes with a pH value below 7 (black arrows in aep) and lysosomes with a
pH value of (or above) 7 (green arrows in aep) in MC3T3-E1 cells in groups. Scale bars (B): 10 mm.
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group these proteins were significantly down-regulated
within cells from the CQ-LG group (Fig. 8C, Daeb). More-
over, Bcl-2 protein expression is up-regulated in a dose-
dependent fashion within cells from the CQ-LG group
(Fig. 8C, Dc). Overall, these results indicate that LG can
over-ride the TS-induced inhibition of osteogenesis in the
early stage and circumvents CQ-induced abnormal osteo-
genesis in the late stage in vitro.

Discussion

During the initial stages of the present work, an OVX mouse
model was successfully established (Fig. SA, B). We
demonstrated that LG improved the microstructure of
trabecular bone in the distal femur from OVX mice. Addi-
tionally, LG treatment has been shown to increase the
expression of osteoblastic markers, notably ALP, OPN and
OC. One pertinent proviso of this phenomenon is facilitated
osteoblastic differentiation. These data strongly connote
that LG-promoted osteogenic differentiation over-rides a
dysfunctional auto-lysosomal degradation process and ob-
viates excessive apoptosis.

Bone accumulation derives from an equilibrium between
bone deposition and degradation that favors osteoblasts.39

It is feasible that LG could exert a dual influence in vitro by
simultaneously promoting osteoblast differentiation and
inhibiting osteoclast differentiation.28 In the present
studies, observations from IHC and TRAP staining suggests
that LG treatment may bias bone microstructure formation
in promoting osteoblast differentiation. Whether LG can
inhibit osteoclast differentiation in vivo will have to await
further experimentation.

Generally, osteoblasts mature into osteocytes, which
have an opposing bone re-modelling function in a trade-off
between bone synthesis and resorption.40 Thus, the intra-
cellular status of osteocytes in cancellous bone tissue
in vivo was detected in TEM analyses. Impaired auto-
lysosomal degradation was founded in the OVX group, and
LG treatment significantly alleviated this. In addition, a
cohort of studies within available recent literature in-
dicates that moderate levels of autophagic activity are
essential for the maintenance of first, osteoblast viability
and second, homeostasis of osteoblast and osteocyte pop-
ulations.14,41 During the maturation of osteoblasts into os-
teocytes, effective recycling of cellular organelles
occurs.42 Under normal conditions within osteoblasts,
autophagy mechanisms are inextricably linked to the
resorptive activity of osteoclasts mediated by TGF-b1, IGFs
and BMPs within the osteal ECM, which overarches
osteoblast-related osteogenesis.43e45 Ovariectomy or
treatment with glucocorticoids can impel bone diminution
through enhanced osteoclast numbers and bone resorption
activities during autophagy occlusion.46 Many studies may
be shrouded in their primary focus being upon dissection of
the initial stages of autophagy in osteoblasts and bone
resorption within osteoclasts, which effectively overlooks
the association between auto-lysosomal degradation in os-
teocytes and OP.

In this study, the consequences of OVX in OP progression
have been exhaustively pursued and these unquestionably



Figure 7 Effect of LG on the early stage of osteoblastic differentiation. LG increased the ALP activity in LG groups and TS-LG
groups in a dose-dependent manner in MC3T3-E1 cells (A, B). The expression of apoptosis-associated proteins and auto-lysosomal
degradation-associated proteins in MC3T3-E1 cells in groups (C, D). Data are reported as the mean � standard deviation (SD)
(n Z 3), *P < 0.05, **P < 0.01, ***P < 0.001 (one-way analysis of variance/NewmaneKeuls test).
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Figure 8 Effect of LG on the late stage of osteoblastic differentiation. LG increased the deposition of extracellular matrix
minerals in LG groups and CQ-LG groups in a dose-dependent manner in MC3T3-E1 cells (A, B). The expression of auto-lysosomal
degradation-associated proteins and apoptosis-associated protein Bcl-2 in MC3T3-E1 cells in groups (C, D). Data are reported as the
mean � standard deviation (SD) (n Z 3), *P < 0.05, **P < 0.01, ***P < 0.001 (one-way analysis of variance/NewmaneKeuls test).
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impede intracellular AL degradation and disrupt the bio-
energetic equilibrium of osteoblastic metabolism. The pre-
sent study inextricably derives the LG therapeutic effect as
the alleviation of auto-lysosomal degradation processes.

Western blotting analyses for autophagy-associated
proteins were performed to further prospect the potential
of LG in autophagy process enhancement in vitro. These
experiments define the involvement of Beclin-1-mediated
regulation of apoptosis and autophagy, specifically
autophagosome-lysosome fusion and lysosomal degradation
during the autophagosome-autophagic flux.35,47 Alongside
this, Lamp1, an essential lysosomal membrane compo-
nent48,49 and another membrane-associated protein, p62
(SQSTM1), should be degraded alongside damaged/
dysfunctional organelles and misfolded proteins in osteo-
blasts.50,51 Although levels of p62 were significantly
reduced, proportions of both Lamp1 and Beclin-1 proteins
increased in the presence of LG. These findings suggested
that LG promotes both autophagy and lysosome production
throughout osteogenesis. However, these findings contra-
dict existing OP pathogenesis as being limited to the initial
stages of autophagy as described elsewhere.36
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Further investigations of in vivo auto-lysosomal degra-
dation processes in bone cells were deemed essential and in
order to visualize this intracellular phenomenon, TEM as-
says were performed. In contrast to the Con group, levels of
APs, lysosomes, ER and well-developed Golgi bodies are
elevated within an otherwise regular cytosolic topology
within MC3T3-E1 cells from the LG-treated group. The
endoplasmic reticula (ER) and Golgi bodies are important
substrates for autophagosome formation in cells and for
inhibition of ER-Golgi trafficking, autophagy may be sup-
pressed.52 Such notions suggest that LG may promote
autophagy in MC3T3-E1 cells. Furthermore, CQ treatment
may also influence auto-lysosomal degradation. This may
be typified by the presence of excessive numbers of ALs,
here and elsewhere.53 In cells of the CQ-LG group, how-
ever, a resurgence of ER and Golgi bodies was accompanied
by appreciably reduced levels of ALs. Comparable findings
were also obtained for MC3T3-E1 cells in a novel application
of Neutral red staining to assess cell viability during auto-
phagy in vitro.54 These histological observations indicate
that CQ may prevent damaged organelles from being
removed from cells alongside the accumulation of allo-
trophins within APs, a process that culminates in enlarged
ALs.52 Comparable findings were obtained in Western blot
analyses in which levels of p62 and Lamp1 were found to be
higher in samples from the CQ group compared to CQ-LG
groups. Consequently, it is plausible that LG could over-
come the disruption of autophagic degradation in the
presence of CQ.

Interestingly, in studies of LG dose-responses, expression
of the anti-apoptosis protein, Bcl-255 was significantly up-
regulated whilst apoptosis-promoting Bax and cleaved
Caspase-3 proteins were somewhat reduced in a dose-
dependent fashion. Thus, LG may prevent the formation of
interactions between mitochondrial pore proteins and Bax.
This would increase mitochondrial membrane permeability,
which mediates inactivation of the caspase-3 pathway and
precludes apoptosis.56,57 The fact that Beclin-1 is also up-
regulated in the presence of LG further demonstrates its
therapeutic countermand of apoptosis in bone formation.

During the induction of apoptosis there is a requirement
for the presence of so-termed ‘induction’ proteins. In the
present study, particulars of the autophagy-apoptosis
mechanism within osteoblasts were investigated further
to include the TS complex, which is comprised of two
inductive components, the pro-inflammatory cytokine,
TNF-a and the bivalent apoptosis-inducer/tumour regressor
SM-164.58 It was found that TS partially induces the pro-
duction of abnormal APs and lysosomes in a manner akin to
that observed in the presence of CQ. Comparable findings
were also obtained for MC3T3-E1 cells stained with Neutral
red. These findings consistent with the notion that LG im-
pacts on osteogenesis may relate to impaired autophagic
degradation in the presence of TS and CQ (see above).
What’s more, these results further demonstrate a wider
influence of LG upon degradation of ALs whilst also
reducing apoptosis in vitro.

In order to determine which stage of osteoblast dif-
ferentiation is most influenced by LG, assays for ALP, a
major enzyme biomarker specific to the onset of osteo-
blastic differentiation/maturation,59 were performed
alongside Alizarin Red S staining in vitro. It was found that
LG promotes the onset osteogenic differentiation and
findings from Western blot assays for Bax and cleaved
caspase-3 suggest that LG can over-ride TS-induced sup-
pression of ALP transcription. Along with down-regulation
of Lamp1 and p62 protein expression in the TS/LG-
treated sample, these findings relate to the effect of LG
on ALs and lysosomes observed through Neutral red his-
tological staining. These data clearly indicated that LG
influences osteogenic differentiation within MC3T3-E1
cells during the early stage of osteoblast differentiation
and offset dysfunctional AL degradation and excessive
apoptosis.

The impact of LG on osteogenic differentiation during
the late stage was assessed by Alizarin Red S staining
indicative of bone mineralisation. Under normal condi-
tions, the ECM secreted after the osteogenic induction
allows cells to connect and subsequently aggregate. In the
presence of LG, mineralisation of the matrix appeared first
in high levels of cellular aggregates (Fig. 8Ad1ef1). Addi-
tionally, ECM secretions became more apparent as a
gradient of increased stain intensity proportional to cal-
cium deposition in an LG dose-dependent manner. In
contrast, the ECM was stained dark red with an even and
regular cell surface consistency, but cellular processes
gradually disappeared within samples from the CQ group.
These data indicated that MC3T3 cells pass through
cellular degradation processes that culminate in cell
death. This presumably involves the inhibition of intra-
cellular auto-lysosomal degradation mechanisms coupled
with increased plasma membrane permeability due to
long-term CQ treatment. Furthermore, cells in the CQ-LG
groups which were initially stained dark-red, appeared
more intense in an LG concentration-dependent manner.
It is pertinent that concentrations of between 0.5 mM and
10.0 mM LG were deemed harmless to cells as determined
from survival studies in MTT and flow cytometry assays.
These findings derive the notion that LG promotes calcium
deposition in a dose-dependent fashion in the CQ-LG
treated group prior to CQ-induced cell death of the
MC3T3 cell line. Furthermore, in Western blot assays, it
was found that LG could partially alleviate inhibition of
auto-lysosomal degradation by countermanding CQ-
mediated apoptosis.

In summation, the present in vivo and in vitro in-
vestigations clearly demonstrate LG as potential thera-
peutic agent for OP. These results corroborate the
observations that treatment with LG can enhance osteo-
genic differentiation by partially over-riding dysfunction of
auto-lysosomal degradation mechanisms and thereby,
reduce apoptosis. These studies also provide clear defini-
tion of abnormal osteoblastic differentiation within the
early stage that is caused by TS and within the late stage, as
a consequence of treatment with CQ (Fig. 9). These novel
approaches and timely discoveries provide new soundings
for therapeutic strategies and candidate drugs for the
treatment OP and other skeletal diseases.



Figure 9 The underlying mechanism by which LG improves osteoporosis in the early and late stages of the osteogenesis. In
physiological conditions, normal autophagic degradation maintains the process of osteogenic differentiation (presteo-
blasts/osteoblasts/osteocytes) and the statue of healthy bone. TS and CQ treatments damaged the early and late osteogenic
differentiation, respectively, during which APs cannot be degraded in lysosomes and accumulate in ALs which resembles the
impaired autophagic degradation in osteoporosis in vivo. To reverse this process, LG exerted protective effects in two aspects: (1)
promoted the differentiation of preosteoblasts (can be induced by OIS) to osteoblasts; (2) partially corrected the dysfunctional
auto-lysosomal degradation process and excessive apoptosis caused by TS and CQ treatments.
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