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of osteoporosis in senile mice by promoting
osteoblast autophagy
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Abstract
Background: Senile osteoporosis (SOP) is one of the most prevalent diseases that afflict the elderly population,
which characterized by decreased osteogenic ability. Glucosamine (GlcN) is an over-the-counter dietary supplement. Our previous study reported that GlcN promotes osteoblast proliferation by activating autophagy in vitro. The
purpose of this study is to determine the effects and mechanisms of GlcN on senile osteoporosis and osteogenic
differentiation in vivo.
Methods: Aging was induced by subcutaneous injection of d-Galactose (d-Gal), and treated with GlcN or vehicle.
The anti-senile-osteoporosis effect of GlcN was explored by examining changes in micro-CT, serum indicators, body
weight, protein and gene expression of aging and apoptosis. Additionally, the effects of GlcN on protein and gene
expression of osteogenesis and autophagy were observed by inhibiting autophagy with 3-methyladenine (3-MA).
Results: GlcN significantly improved bone mineral density (BMD) and bone micro-architecture, decreased skeletal
senescence and apoptosis and increased osteogenesis in d-Gal induced osteoporotic mice. While all effect was
reversed with 3-MA.
Conclusion: GlcN effectively delayed the progression of osteoporosis in senile osteoporotic mice by promoting
osteoblast autophagy. This study suggested that GlcN may be a prospective candidate drug for the treatment of SOP.
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Introduction
Osteoporosis is a common orthopedic disease in elderly
population [1]. According to the available epidemiological data, there are about one-third of the world’s elderly
persons are suffering from osteoporosis, which makes
them vulnerable to brittle fractures and reduces quality
of life [2]. Senile osteoporosis (SOP) is characterized by
loss of bone mass and destruction of bone microstructure, which is caused by an imbalance between bone
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formation and bone resorption and mainly due to the
reduction of osteogenic ability [3, 4]. But the mechanisms
is not clear, may be associated with malnutrition [5], low
sex hormones [6], high endogenous glucocorticoids [7]
and accumulation of harmful substances [8].
Glucosamine (GlcN) is an amino monosaccharide,
which is an important component of the cartilage matrix
[9], used by consumers as an over-the-counter dietary
supplement to anti-osteoarthritis and improve the
joint function [10]. Moreover, there are a few reports
about GlcN promoting osteogenesis. Jiang et al. found
that GlcN protects osteoblasts from oxidative damage
in vitro [11]. Ali et al. found that ovariectomized rats
helps to preserve bone mass and biomechanical properties by feeding GlcN [12]. Kalbe et al. reported that GlcN
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accelerates the early repair of tibial fractures in rats by
increasing the activity of osteoblasts and promoting new
bone formation [13]. Therefore, it is interesting to explore
whether GlcN has a therapeutic effect on senile osteoporosis which caused by reduced osteogenesis.
Our previous study reported that GlcN promotes
the proliferation of osteoblasts in vitro by up-regulating autophagy [14]. However, the effect of GlcN on
senile osteoporosis is not clear, nor is it known whether
autophagy is involved. Autophagy, as an internal equilibrium mechanism to maintain eukaryotic homeostasis,
plays an important role in many diseases and physiological processes [15]. Lenoir et al. revealed the protective
role of autophagy in models of senescence and acute
kidney injury [16]. Habieb et al. suggested that inhibition of autophagy accelerates mouse hepatic cells senescence induced by d-Galactose or γ-Irradiation [17].
Therefore, autophagy helps cells adapt to various external
stimuli and maintain cell homeostasis. The reduction of
autophagy accelerates cell senescence, while the promotion of autophagy plays an anti-senescence effect [18, 19].
At present, the role of autophagy in the occurrence and
development of metabolic diseases has attracted more
and more attention [20]. In addition, autophagy plays
an important role in age-related bone loss, which helps
prevent fragility fracture [21]. Recently in vivo research
showed that knocking out the Atg7 gene, one of the most
important genes associated with autophagy, inhibits
autophagy in 6-month-old mice, leading to a decline in
osteoblast counts and age-inconsistent osteoporosis [22].
Another study reported that mouse osteoblast autophagy
is involved in the process of bone mineralization, and
inhibition of osteoblast autophagy simulates senescence
in mice [23].
Based on these findings, we hypothesize that GlcN
reduces bone loss in elderly mice and delays the progression of senile osteoporosis by promoting osteoblast
autophagy. We believe that this study will provide a solid
foundation for the clinical application of GlcN in the
treatment of senile osteoporosis.

Methods and material
Main reagents

d-Gal and GlcN were procured from Sigma-Aldrich
(Darmstadt, Germany). 3-Methyladenine (3-MA) was
purchased from Selleckchem (Houston, TX, USA). ELISA
kits for cytokines IL-1β and IL-6 were procured from
Boster (Wuhan, Hubei, China). Malonaldehyde (MDA)
and superoxide dismutase (SOD) assay kit was purchased from Jiancheng Bioengineering (Nanjing, Jiangsu,
China).The cDNA was synthesized by reverse transcription using a cDNA synthesis kit (Takara, Japan), and was
analyzed with SYBR Green Real-time PCR kit (Novizan
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Biotechnology, Nanjing, Jiangsu, China).The antibodies included LC3, Beclin-1, P62, RUNX2, OCN, BMP2,
Bcl-2, BAX and Cleaved Caspase-3 were purchased from
Cell Signaling Technology (Danvers, MA, USA), and the
antibodies to Ki-67 and p16 were all obtained from Beyotime (Shanghai, China). The antibody to β-actin and the
second antibody conjugated HRP (goat-anti-mouse and
goat-anti-rabbit) were purchased from Proteintech (Chicago, IL, USA). The Alkaline phosphatase (ALP) staining
kit, Goldner trichrome staining kit and Tartrate-resistant
acid phosphatase (TRAP) staining kit were purchased
from Solarbio (Beijing, China).
Experiment animals and groups

Specific pathogen-free (SPF) grade male C57BL/6 mice
(6–8 weeks of age) were used for in vivo experiment. All
animal experiments were approved by the Animal Experimental Ethics Committee of Wenzhou Medical University, and complied with Chinese laws and regulations
(wydw2019-0537). These mice were bred and maintained
at the laboratory animal center of Wenzhou Medical University. Mice were co-housed in a controlled environment
with free access to food and water. After 1 week of adaptive feeding, the mice were randomly and equally divided
into different groups (n = 8). The experimental senile
osteoporosis model was induced by the subcutaneously
administered of d-Gal (150 mg/kg/day) fresh dissolved in
PBS for 12 weeks. 12 weeks after the modeling, the mice
were treated according to their respective grouping. dGal group were continued to treat with d-Gal (150 mg/
kg/day). GlcN group were additionally treated with GlcN
(9 mg/Kg/day). 3-MA group were additionally treated
with 3-MA (4 mg/kg/day). GlcN + 3-MA group were
additionally treated with GlcN (9 mg/Kg/day) and 3-MA
(4 mg/kg/day). All drugs were dissolved in PBS. Equal
volume solvent blank (PBS) was used as control. After
the experiment, all mice were euthanized to collect specimens in each group.
Serum biochemical test

Whole blood was gathered in each group (n = 8) by cardiac puncture into syringes. Serum samples were separated after centrifugation at 3000 rpm for 15 min under
4 °C. Serum IL-1β and IL-6 were selected as indicators
of senescence in mice, and the levels of serum IL-1β and
IL-6 were measured using a commercial ELISA kit to
reflect the senescence of mice. Serum MDA and SOD
were selected as indicators of oxidative stress in mice,
and the levels of serum MDA and SOD were determined
using a MDA and SOD test kit to determine the degree of
oxidative stress in vivo. All of the procedures were performed, according to the manufacturer’s protocols.
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Micro‑CT analysis

The bone trabecula microstructures of the distal right
femur of mice in each group (n = 8) were determined by
micro-CT (skyscan1176, Bruker, Germany). The scanning conditions were consistent (resolution: 18 μm;
source voltage: 65 kV; source current: 385 μA). The bone
trabeculae of each scanning sample (mouse femur) was
selected starting form 1.5 mm below the growth plate
and 2 mm long, as well as the bone cortex starting from
5 mm below the growth plate and 2 mm long. A series of
2D image data were gathered and appropriate gray values
were selected for 3D reconstruction of bone trabecula
and bone cortex. Each micro-CT section delineated the
trabecular area of bone. The parameters of bone trabecula included bone mineral density (BMD), bone volume/
total volume (BV/TV), number of trabecular (Tb.N),
trabecular thickness (Tb.Th), trabecular spacing (Tb.Sp)
and structural model index (SMI) were recorded with the
built-in software.
Three‑point bending test

The right femur strengths of mice (n = 8 each group)
were detected by three-point bending test using an MTS
858 Mini Bionix System (Wenzhou institute of Biomaterials and Engineering, Wenzhou, Zhejiang, China). The
femur was placed in a holder to ensure that the applied
force was perpendicular to the midpoint of the femur
diaphysis. The load distance was 8 mm and the load rate
was 3 mm/min until femoral fracture, then drawing the
stress–strain curves. The parameters of femur, including
bone stiffness, maximum load, elastic load and fracture
load, were calculated according to the corresponding
formulas.
Western blot analysis (WB)

The lower left limbs of the mice (n = 8 each group) were
isolated, and the excess soft tissue were stripped. The
bone tissues with a pre-cooling at − 80 °C overnight were
ground in a precooled mortar under liquid nitrogen flow,
and homogenized in RIPA buffer supplemented with
protease inhibitor. Equal amounts of protein from each
group were separated by SDS-PAGEs and transferred to
PVDF membranes. The membranes were blocked with
5% milk in TBS-T for 2 h at room temperature, briefly
washed with TBS-T, incubated with primary indicated
antibodies overnight at 4℃. After washed three times
with TBS-T, the membranes were incubated with secondary antibodies for 2 h at room temperature. The signal
was finally visualized using the enhanced chemiluminescence (ECL) detection system. The antibody β-actin was
used as an internal control.
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Real‑time quantitative polymerase chain reaction
(qRT‑PCR)

Tibia specimens were used for qRT-PCR. Treated tissues (n = 8 each group) were milled in liquid nitrogen
and then used for RNA extraction. Total RNA was isolated using Trizol reagent (Invitrogen, Carlsbad, CA,
USA). SYBR Green Real-time PCR was performed
using an ABI 7500 Real-time PCR systems (Thermo,
Foster City, CA, USA). β-actin was used as an internal standard. The specific forward and reverse primers
sequences were shown in Table 1.
Immunohistochemistry analysis (IHC)

The samples were decalcified in decalcifying liquid,
embedded in paraffin and cut into 3 μm sections. The
sections were dewaxed in xylene and rehydrated in
different concentrations of ethanol. The antigen was
repaired by 0.1% trypsin for 30 min at 37 °C. Endogenous peroxidase was blocked with 3% H
 2O2. Then
sections were blocked with 5% goat serum in PBS for
1 h and then incubated with primary antibody (Ki-67)
overnight at 4 °C. After washed three times with PBS,
the sections were incubated with secondary antibody
for 30 min at 37 °C. Chromogen detection was carried out with a DAB Substrate kit (ZSGB Bio, Beijing,
China). The sections were observed and photographed
with an inverted microscope (Nikon, Japan).

Table 1 Primer sequence
Gene

Sequence

Beclin-1

F. 5′AGCACGCCATGTATAGCAAAGA3′
R. 5′GGAAGAGGGAAAGGACAGCAT3′

p62

F. 5′CGTT TGACGGAAGGTAAAT3′
R. 5′TCATCAGCGGGCTGTATC3′

Bcl-2

F. 5′TGTTGTTCAAAGGGA TTCA3′
R. 5′GGCTGGGCACATT TAC TGT T3′

Bax

F. 5′GGGGACGAAC TGGACAGTAA3′

Cleaved caspase-3

F. 5′CAAACTT TTTCAGAGGGGATCG3′

R. 5′CAGT TGAAGT TGCCGTCAGA3′
R. 5′GCATACTGTT TCAGCATGGCAC3′
BUNX2

F. 5′CCTGAAC TCTGCACCAAGTCCT3′
R. 5′GTGACAT TGTCCATCATTGGGTA3′

OCN

F. 5′TGAGAGCCCTCACACTCCTC3′
R. 5′ACCT TTGCTGGAC TCTGCAC3′

BMP-2

F. 5′ACTACCAGAAACGTGGGAA3′
R. 5′GCATCTGTTC TCGGAAAACCT3′

β-Actin

F. 5′CACCCGCGAGTACAACCTTC3′
R. 5′CCCATACCCACCATCACACC3′
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Immunofluorescence analysis (IF)

After antigen repaired, the sections were blocked with 5%
bovine serum albumin (BSA) in TBS-T for 1 h at room
temperature, and then incubated with primary antibodies (LC3, COL1A1) overnight at 4 °C. After washed three
times with TBS-T, the sections were incubated with secondary antibody for 1 h at room temperature. The nucleus
was counterstained with DAPI stain (Beyotime, Shanghai,
China) for 5 min at room temperature. After sealed by antifluorescence quencher, the sections were observed and
photographed with an inverted microscope (Nikon, Japan).
Tissue staining

After routine dewaxing and rehydration, the sections were
stained with hematoxylin for 5 min, rinsed with tap water,
stained with eosin for 2 min and washed again for hematoxylin–eosin (HE) staining to observe the morphological
of tissues. Other stainings were progressed based on the
instruction manual (Solarbio, Beijing, China). ALP staining was used to detect the number of osteoblast. Goldner
trichrome staining was used to examine osteoblastic differentiation. After dehydration of gradient ethanol, and
transparention of xylene, the sections were mounted with
neutral gum and observed and photographed with an
inverted microscope (Nikon, Japan).
Statistical analysis

All experiments were replicated at least 3 times and
achieved similar results. Data were expressed as
mean ± SD. All statistical analyses were performed using
Social Sciences (SPSS) 22.0 (IBM, Armonk, NY, USA). The
independent sample t-test was used only for comparison
between the two groups, and the measurement of multiple
groups was tested by one-way ANOVA. P < 0.05 was considered significantly different.

Results
GlcN delays bone microstructure destruction
and biomechanical properties loss of senile osteoporotic
mice

In order to explore the effect of GlcN on d-Gal-induced
osteoporosis in vivo, we firstly established the senile
osteoporosis model in mice by chronic administration
of d-Gal (125 mg/kg/day) for 12 weeks, and then additionally treated with GlcN (9 mg/kg/day) for 12 weeks
(Fig. 1A). As shown in Fig. 1B, there were no significantly
differences between control group and d-Gal group on
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mice weight after 12 weeks of feeding (P > 0.05). However, mice in d-Gal group showed decreased food intake,
decreased activity, darkened hair color and hair loss over
time. The results of three-dimensional μCT images of
femur metaphysis in mice showed that the trabeculae
were sparse, irregularly arranged, and widened trabecular spaces in d-Gal group, compared to control group. In
addition, the results of µCT data analysis showed that
the bone density (BMD, 0.40 ± 0.03 mg/cc), bone volume
(BV/TV, 20.94 ± 2.98%) and trabecular number (Tb.N,
1.62 ± 0.09 mm) were significantly decreased, whereas
the structural model index (SMI, 1.70 ± 0.26) and trabecular space (Tb.Sp, 0.54 ± 0.10 mm) were significantly
increased in d-Gal group, compared to control group
(BMD, 0.56 ± 0.03 mg/cc; BV/TV, 45.48 ± 1.53%; TB.N,
3.27 ± 0.13 mm; SMI, 0.85 ± 0.13; Tb.Sp, 0.21 ± 0.01 mm)
(***P < 0.001). Meanwhile, the results of µCT data analysis showed that the BMD (0.47 ± 0.03 mg/cc), BV/TV
(29.45 ± 3.52%) and Tb.N (2.11 ± 0.24 mm) were significantly increased, whereas the SMI (1.30 ± 0.15) and Tb.Sp
(0.40 ± 0.06 mm) were significantly decreased in GlcN
group, compared to d-Gal group (#P < 0.05, ##P < 0.01,
###
P < 0.001). Interestingly, there were no significantly differences among the three groups on trabecular thickness
(Tb.Th, Control, 0.14 ± 0.01 mm; d-Gal, 0.13 ± 0.02 mm;
GlcN, 0.14 ± 0.01 mm) (P > 0.05) (Fig. 1C). Moreover, the
results of three-point bending test showed that the break
load (23.25 ± 2.74 N), maximum load (23.93 ± 2.29 N)
and stiffness (146.48 ± 19.78 N mm−1) were significantly
decreased in d-Gal group, compared to control group
(break load, 35.32 ± 3.11 N; maximum load, 34.58 ± 3.21 N;
stiffness, 232.74 ± 34.61 N mm−1) (***P < 0.001). While the
maximum load (27.92 ± 1.78 N), break load (28.7 ± 0.89 N)
and stiffness (191.33 ± 13.87 N mm−1) were significantly
increased in GlcN group, compared to d-Gal group
(#P < 0.05, ##P < 0.01). Interestingly, there were no significantly differences among the three groups on elastic load
(control, 22.30 + 3.92 N; d-Gal, 18.22 ± 2.37 N; GlcN,
21.83 ± 2.57 N) (P > 0.05) (Fig. 1D). Therefore, we successfully established the senile osteoporosis model in mice by
chronic administration of d-Gal. Meanwhile, we also found
that GlcN significantly inhibits d-Gal-induced osteoporosis
in mice, as shown by GlcN not only significantly improved
the microstructure of the distal femur trabecular bone, but
also significantly improved the biomechanical properties of
the bone.

(See figure on next page.)
Fig. 1 GlcN delays bone microstructure destruction and biomechanical properties loss of senile osteoporotic mice. A Schematic representation
of the animal grouping. B Bodyweight change of mice in each group. C The micro-CT images showing representative trabecular bone
microarchitecture of the distal femurs and were analyzed to calculate bone micro-architecture parameters, including BMD, BV/TV, SMI, Tb.Th, Tb.N,
Tb.Sp for each group. D Three-point bending test was used to exhibit the Bone biomechanical properties, including break load, maximum load,
stiffness and elastic for each group
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Fig. 1 (See legend on previous page.)
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GlcN delays senescence of senile osteoporotic mice

In order to further explore the role of GlcN in delaying
the progression of d-Gal-induced osteoporosis, we conducted some follow-up studies. The results of HE staining showed that the bone trabeculae in d-Gal group were
thin and sparse, and filled with a large number of adipocytes, and presented the phenotype of osteoporosis. We
further measured the area of adipocytes per square millimeter of femoral bone trabecular to evaluate the degree
of adipogenesis. The results showed that the percentage
of adipocytes volume in the femoral bone marrow cavity (65.50 ± 3.27%) was significantly increased in the dGal group, compared to control group (7.17 ± 1.84%)
(***P < 0.001). Meanwhile, we found that although the
percentage of adipocytes volume in the femoral bone
marrow cavity (49.67 ± 3.39%) was also increased in
GlcN group, but the increased volume was significantly
smaller than that in d-Gal group (###P < 0.001) (Fig. 2A).
Next, we detected the senescence-associated indicators
in serum. The results showed that the levels of IL-1β
(34.58 ± 3.26 pg/ml), IL-6 (7.68 ± 0.73 pg/ml) and MDA
(3.01 ± 0.68 μmol/L) (pro-senescence) were significantly
increased in d-Gal group, compared to control group
(IL-1β, 18.68 ± 1.39 pg/ml; IL-6, 4.15 ± 0.31 pg/ml; MDA,
1.67 ± 0.28 μmol/L) (***P < 0.001). Meanwhile, the levels of IL-1β (24.08 ± 2.49 pg/ml), IL-6 (4.83 ± 0.40 pg/
ml) and MDA (2.02 ± 0.13 μmol/L) (pro-senescence)
were significantly decreased in GlcN group, compared
to d-Gal group (##P < 0.01, ###P < 0.001). Interestingly,
there were no significantly differences among the three
groups on the level of SOD (anti-senescence) (control,
50.48 ± 2.38 U/ml; d-Gal, 0.42.58 ± 4.37 U/ml; GlcN,
0.45.65 ± 1.86 U/ml) (P > 0.05) (Fig. 2B). In addition, we
detected the expression of senescence-associated proteins
in mice bone tissue by WB and IHC. The results of WB
showed that the expression of Ki-67 (pro-proliferation/
anti-senescence) was significantly decreased, whereas
the expression of p16 (pro-senescence) was significantly
increased in d-Gal group, compared to control group
(*P < 0.05, ***P < 0.001). Meanwhile, the expression of
Ki-67 was significantly increased, whereas the expression
of p16 was significantly decreased in GlcN group, compared to d-Gal group (#P < 0.05, ###P < 0.001) (Fig. 2C).
Similar results were found in IHC. The results showed
that the expression of Ki-67 was significantly decreased
in d-Gal group, compared to control group (**P < 0.01).
Although the expression of Ki-67 was also decreased in
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GlcN group, but the decreased expression of Ki-67 was
significantly smaller than that in d-Gal group (#P < 0.05)
(Fig. 2D). Studies showed that apoptosis is closely related
to the occurrence and development of senescence-associated diseases, including osteoporosis [24]. Therefore, we
detected the expression of apoptosis-associated mRNAs
and proteins in mice bone tissue by qRT-PCR and WB,
respectively. The results of qRT-PCR showed that the
mRNAs of Bax and Cleaved Caspase-3 (pro-apoptosis)
were significantly upregulated, whereas the mRNA of
Bcl-2 (anti-apoptosis) was significantly downregulated
in d-Gal group, compared to control group (***P < 0.001).
Meanwhile, the mRNAs of Bax and Cleaved Caspase-3
were significantly downregulated, whereas the mRNA of
Bcl-2 was significantly upregulated in GlcN group, compared to d-Gal group (#P < 0.05, ##P < 0.01) (Fig. 2E). Similar results were found in WB. The results of WB showed
that the proteins of Bax and Cleaved Caspase-3 were significantly upregulated, whereas the protein of Bcl-2 was
significantly downregulated in d-Gal group, compared
to control group (***P < 0.001). Meanwhile, the proteins
of Bax and Cleaved Caspase-3 were significantly downregulated, whereas the protein of Bcl-2 was significantly
upregulated in GlcN group, compared to d-Gal group
(###P < 0.001) (Fig. 2F). Taken together, our results demonstrated that GlcN down-regulate the level of aging and
apoptosis level in bone tissue of d-Gal-induced osteoporotic mice.
GlcN delays the progress of osteoporosis in senile
osteoporotic mice by promoting autophagy

Our previous study demonstrated that GlcN promoted
proliferation and inhibited apoptosis of human osteoblasts through upregulating autophagy in vitro [14].
Therefore, our subsequent studies would further explore
whether autophagy was involved in anti-osteoporosis
of GlcN in vivo. We measured IF, qRT-PCR and WB to
evaluate the expression of autophagy-related genes and
proteins in bone tissue. Studies reported that LC3 is
mainly located on the surface of pre-autophagosomes
and autophagosomes and is a general biomarker of
autophagy [25]. Therefore, we detected the expression of
LC3 in proximal tibia by IF. The results of IF showed that
the punctate aggregations (autolysosomes) of LC3 was
significantly decreased in d-Gal group, compared to control group (**P < 0.001). Meanwhile, the punctate aggregations of LC3 was significantly increased in GlcN group,

(See figure on next page.)
Fig. 2 GlcN delays senescence of senile osteoporotic mice. A Comparison of adipocytes volume in the femoral bone marrow cavity of each group
by HE staining (× 40). B Comparison of senescence serum maker expression (IL-1β, IL-6, MDA and SOD) for each group by serum biochemical test.
C Western blot analysis was used to detect the expression of proliferation marker (Ki-67) and senescence maker (p16). D Immunohistochemistry
analysis was used to detect the expression of Ki-67 in the distal femur (× 200). E Relative mRNAs expression of apoptotic markers (Bax, Bcl-2 and
Cleaved Caspase-3) in bone tissue by qRT-PCR. F Relative proteins expression of Bax, Bcl-2 and Cleaved Caspase-3 in bone tissue by western blot
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Fig. 2 (See legend on previous page.)
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compared to d-Gal group (##P < 0.001). Interestingly, we
found the punctate aggregations of the LC3 were located
on the surface of the bone trabecula (Fig. 3A). As shown
in Fig. 3B, the results of qRT-PCR showed that the
mRNA expression of Beclin-1 was significantly downregulated, whereas the mRNA expression of p62 was significantly upregulated in d-Gal group, compared to control
group (**P < 0.001, ***P < 0.001). Meanwhile, the mRNA
expression of Beclin-1 was significantly upregulated,
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whereas the mRNA expression of p62 was significantly
downregulated in GlcN group, compared to d-Gal group
(###P < 0.001). Similar results were found in WB. As
shown in Fig. 3C, the results of WB showed that the proteins expression of LC3 II and Beclin-1 were significantly
downregulated, whereas the protein expression of p62
was significantly upregulated in d-Gal group, compared
to control group (**P < 0.001, ***P < 0.001). Meanwhile,
the proteins expression of LC3 II and Beclin-1 were

Fig. 3 Autophagy participates the anti-osteoporosis effect of GlcN. A Representative LC3 immunofluorescence staining (LC3 punctated
aggregation and stained with green, DAPI stained with blue) in distal femurs (× 100). B Relative mRNAs expression of autophagy-related genes
(Beclin-1, p62) in the bone tissue by qRT-PCR. C Relative proteins expression of Beclin-1, LC3 and p62 in the bone tissue by western blot
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significantly upregulated, whereas the protein expression
p62 was significantly downregulated in GlcN group, compared to d-Gal group (###P < 0.001). Autophagy is a selfprotection strategy and plays an important role in the
body growth and development by maintaining the body
homeostasis, however the level of autophagy is associated with aging. From the above studies, we found that
autophagy levels significantly reduced in d-Gal treatment
group, however we also found that GlcN up-regulated
the level of autophagy to delay the progress of osteoporosis in d-Gal-induced osteoporosis mice.
Inhibition of autophagy reverses the anti‑osteoporosis
effect of GlcN

To further clarify the role of autophagy in anti-osteoporosis of GlcN in vivo, the osteoporotic mice were additionally treated with 3-MA (4 mg/kg/day) for 12 weeks
(Fig. 4A). There were no significantly differences among
the four groups on mice weight after 12 weeks of feeding (P > 0.05) (Fig. 4B). Moreover, we evaluated the level
of adipogenic differentiation by HE staining. The results
showed that the percentage of adipocytes volume in the
femoral bone marrow cavity (69.17 ± 3.67%)was significantly increased in the GlcN + 3-MA group, compared
to GlcN group (48.67 ± 3.20%) (###P < 0.001). Meanwhile,
there were no significantly differences of the percentage
of adipocytes volume in the femoral bone marrow cavity between PBS group (63.92 ± 2.78%) and 3-MA group
(64.00 ± 1.55%) (P > 0.05) (Fig. 4C). Next, we detected the
senescence-associated indicators in serum. The results
showed that the levels of IL-1β (43.20 ± 6.84 pg/ml),
IL-6 (9.60 ± 1.52 pg/ml) and MDA (3.16 ± 0.22 μmol/L)
were significantly increased, whereas the levels of
SOD (39.98 ± 1.87 U/ml) was significantly decreased
in GlcN + 3-MA group, compared to GlcN group (IL1β, 23.63 ± 1.55 pg/ml; IL-6, 5.25 ± 0.35 pg/ml; MDA,
2.22 ± 0.16 μmol/L; SOD, 45.65 ± 1.86 U/ml) (#P < 0.05,
##
P < 0.01, ###P < 0.001). Meanwhile, there were no significantly differences between PBS group and 3-MA group
on the levels of IL-1β (PBS, 19.21 ± 0.23 pg/ml; 3-MA,
37.43 ± 2.27 pg/ml), IL-6 (PBS, 4.35 ± 0.45 pg/ml; 3-MA,
8.32 ± 0.50 pg/ml), MDA (PBS, 2.98 ± 0.75 μmol/L;
3-MA, 3.03 ± 0.38 μmol/L) and SOD (PBS, 42.73 ± 3.97
U/ml; 3-MA, 41.08 ± 5.19 U/ml) (P > 0.05) (Fig. 4D). In
addition, we detected the expression of senescence-associated proteins in mice bone tissue by WB and IHC. The
results of WB showed that the expression of Ki-67 was
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significantly decreased, whereas the expression of p16
was significantly increased in GlcN + 3-MA group, compared to GlcN group (##P < 0.01, ###P < 0.001). Meanwhile,
there were no significantly differences of the expression
of Ki-67 and p16 between PBS group and 3-MA group
(P > 0.05) (Fig. 4E). Similar results were found in IHC.
The results showed that the expression of Ki-67 was significantly decreased in GlcN + 3-MA group, compared
to GlcN group (###P < 0.001). Meanwhile, there were no
significantly differences between PBS group and 3-MA
group on Ki-67 expression (P > 0.05) (Fig. 4E). Last, we
detected the expression of apoptosis-associated proteins
in mice bone tissue by WB. The results showed that the
expression of Bax and Cleaved Caspase-3 were significantly increased, whereas the expression of Bcl-2 was
significantly decreased in GlcN + 3-MA group, compared
to GlcN group (##P < 0.01, ###P < 0.001). Meanwhile, there
were no significantly differences between PBS group
and 3-MA group on apoptosis related proteins (P > 0.05)
(Fig. 4F). In conclusion, our results demonstrated that
inhibition of autophagy reverses the anti-osteoporosis
effect of GlcN in d-Gal-induced osteoporotic mice.
GlcN delays osteoporosis by promoting osteoblast
autophagy

Along with aging, bone marrow mesenchymal stem
cells in bone marrow cavity decreased osteogenic differentiation whereas increased adipogenic differentiation. Our previous study found that GlcN reduced
adipogenic differentiation of bone marrow mesenchymal stem cells in senile osteoporotic mice. Meanwhile,
we also found that autophagosomes gathered around
trabecular bone after GlcN activated autophagy. While
osteoblasts were attached around bone trabeculae [26,
27]. In addition, our previous in vitro studies reported
that GlcN increased the level of osteoblast autophagy.
Therefore, we conducted the follow-up studies to
explore whether GlcN exerts an anti-osteoporosis
effect by activating osteoblast autophagy. Firstly, we
confirmed the inhibition of autophagy did reverse the
anti-osteoporosis effect of GlcN by IF, qRT-PCR and
WB. IF results showed that the autophagy activation
of GlcN was significantly reversed by 3-MA (GlcN
group VS. GlcN + 3-MA group, ##P < 0.01) (Fig. 5A).
Furthermore, the results of qRT-PCR showed that
the mRNA expression of Beclin-1 was significantly
downregulated, whereas the mRNA expression of p62

(See figure on next page.)
Fig. 4 Inhibition of autophagy reverses the anti-osteoporosis effect of GlcN. A Schematic representation of the animal grouping. B Bodyweight
change of mice in each group. C Comparison of adipocytes volume in the femoral bone marrow cavity of each group by HE staining (× 40). D
Comparison of IL-1β, IL-6, MDA and SOD for each group by serum biochemical test. E Western blot analysis was used to detect the expression
of Ki-67 and p16. F Immunohistochemistry analysis was used to detect the expression of Ki-67 in the distal femur (× 200). G Relative proteins
expression of Bax, Bcl-2 and Cleaved Caspase-3 in bone tissue by western blot
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Fig. 5. 3-MA inhibits the autophagic activation of GlcN. A Representative LC3 immunofluorescence staining in distal femurs (× 100). B Relative
mRNAs expression of Beclin-1 and p62 in the bone tissue by qRT-PCR. C Relative proteins expression of Beclin-1, LC3 and p62 in the bone tissue by
western blot

was significantly upregulated in GlcN + 3-MA group,
compared to GlcN group (#P < 0.05) (Fig. 5B). Similar
results were found in WB. As shown in Fig. 5C, the
results of WB showed that the proteins expression of
LC3 II and Beclin-1 were significantly downregulated,
whereas the protein expression of p62 was significantly upregulated in GlcN + 3-MA group, compared
to GlcN group (##P < 0.01, ###P < 0.001). In addition,
the results showed that the protein expression of LC3
II was significantly downregulated in 3-MA group,

compared to PBS group (*P < 0.05). Next, we measured
IF, qRT-PCR, WB, ALP staining and Goldner staining
to evaluate whether GlcN maintains osteogenic activity and promotes differentiation, proliferation and
mineralization of osteoblast by activating autophagy,
thus exerting anti-osteoporosis effect. The results of
IF showed that the expression of COL1A1 (indicator of osteoblast, pro-osteogenesis) was significantly
increased in GlcN group, compared to PBS group
(***P < 0.001). While the expression of COL1A1 was
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significantly decreased in GlcN + 3-MA group, compared to GlcN group (##P < 0.01). Meanwhile, there
were no significantly differences between PBS group
and 3-MA group on the expression of COL1A1
(P > 0.05) (Fig. 6A). The results of qRT-PCR showed
that the mRNAs expression of RUNX2, BMP-2 and
OCN (indicators of osteogenesis differentiation) were
significantly increased in GlcN group, compared to
PBS group (*P < 0.05, ***P < 0.001). While the mRNAs
expression of RUNX2, BMP-2 and OCN were significantly decreased in GlcN + 3-MA group, compared
to GlcN group (##P < 0.01, ###P < 0.001). Meanwhile,
there were no significantly differences between PBS
group and 3-MA group on the mRNAs expression of
RUNX2, BMP-2 and OCN (P > 0.05) (Fig. 6B). Similar
results were found in WB. The results of WB showed
that the proteins expression of RUNX2, BMP-2 and
OCN were significantly increased in GlcN group, compared to PBS group (**P < 0.01, ***P < 0.001). while the
proteins expression of RUNX2, BMP-2 and OCN were
significantly decreased in GlcN + 3-MA group, compared to GlcN group (##P < 0.01, ###P < 0.001). Meanwhile, there were no significantly differences between
PBS group and 3-MA group on the proteins expression
of RUNX2, BMP-2 and OCN (P > 0.05) (Fig. 6C). As
shown in ALP staining (Fig. 6D), the number of osteoblast was significantly increased in GlcN group, compared to PBS group (***P < 0.001). While the number of
osteoblast was significantly decreased in GlcN + 3-MA
group, compared to GlcN group (##P < 0.01). Meanwhile, there were no significantly differences between
PBS group and 3-MA group on the number of osteoblast (P > 0.05). Furthermore, osteoblast mineralization was assessed by Goldner staining. As is shown
in Fig. 6E, the osteoblast mineralization was significantly increased in GlcN group, compared to PBS
group (**P < 0.01). While the osteoblast mineralization
was significantly decreased in GlcN + 3-MA group,
compared to GlcN group (##P < 0.01). Meanwhile,
there were no significantly differences between PBS
group and 3-MA group on osteoblast mineralization
(P > 0.05). In summary, the above results demonstrated
that GlcN maintains osteogenic activity and promotes
osteoblast proliferation and mineralization by activating autophagy, so as to delay the progression of osteoporosis in d-Gal-induced osteoporotic mice.
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Discussion
Although senile osteoporosis is as important as postmenopausal osteoporosis, it is rarely mentioned [28]. Meanwhile, the current research on the pathogenesis of senile
osteoporosis mainly focuses on the bone loss caused by
the enhancement of osteoclast capacity [29]. However,
the occurrence of senile osteoporosis is not only caused
by the increase of osteoclast capacity. Decreased osteogenic capacity is also one of the important reasons leading
to senile osteoporosis [30]. At present, although there are
some drugs that promote osteogenesis in clinics that can
be used to treat osteoporosis, the side effects of these drugs
severely limit the use time of these drugs [31, 32]. Therefore, it is particularly important to study a drug with clear
effects, small side effects, and low price for patients with
senile osteoporosis.
Glucosamine (GlcN), a natural monosaccharide, is an
important component of the cartilage matrix and has
an important role in the prevention of osteoarthritis
[33]. GlcN as a dietary supplement has been reported to
improve acute kidney injury [34], retinal ischemia–reperfusion injury [35], and osteoarthritis [36] by reducing oxidative damage and inflammatory factor levels. Meanwhile,
previous studies showed that GlcN not only effectively
protects osteoblasts from oxidative damage caused by
hydrogen peroxide, but also prevents bone loss in ovaries
removal rat model [11]. However, its mechanism remains
unclear. Another study showed that GlcN stimulates the
proliferation, activity and differentiation and inhibits osteoblast apoptosis of MC3T3-E1 osteoblast in mice [37]. The
results of our previous in vitro study found that GlcN has
dual effects on the activity of osteoblasts and is related to
autophagy. Low concentration of GlcN not only promoted
autophagy and proliferation and reduced apoptosis of osteoblasts, but also maintained osteoblast activity. Moreover,
we also found that mTOR signaling pathway was involved
[14]. Therefore, we predict that GlcN has a broad application prospect in the treatment of senile osteoporosis, especially in the promotion of osteogenesis. The purpose of this
study was to evaluate the therapeutic effect of GlcN on
senile osteoporosis in an in vivo animal model.
In this study, d-Galactose (d-Gal) was subcutaneously
injected into the back of mice to construct the model
of senescent osteoporosis, which was approved by the
Animal Ethics Committee of Wenzhou Medical University. After long-term high dose administration, excessive
d-Gal converted into galactotol, which caused cellular

(See figure on next page.)
Fig. 6 GlcN delays osteoporosis by promoting osteoblast autophagy. A Representative COL1A1 immunofluorescence staining (COL1A1 stained
with green, DAPI stained with blue) in proximal tibia (× 100). B Relative mRNAs expression of osteogenesis-related genes (OCN, RUNX2 and BMP-2)
in the bone tissue by qRT-PCR. C Relative proteins expression of OCN, RUNX2 and BMP-2 in the bone tissue by western blot. D Alkaline phosphatase
staining in proximal tibia to exhibit the number of osteoblasts (the cytoplasm of osteoblasts was black granular) (× 100). E Goldner trichrome stain
in proximal tibia to distinguish osteoid (stained with red) and mineralized bone (stained with green) (× 100)
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dysfunction, and cumulative damage leaded to organismal
dysfunction and aging [38]. After treatment with d-Gal
for 12 weeks, HE staining revealed increased adipose tissue in femoral bone marrow lumen. The results of microCT and bone biomechanics showed that bone mass, bone
microstructure and biomechanical properties were significantly reduced in the modeling group. This was consistent
with previously reported results [39, 40]. To further verify
whether d-Gal could accelerate aging, we detected the
changes of serum SOD, MDA, IL-1β, IL-6 and other senescence related indexes [41]. The results showed that d-Gal
increased the levels of MDA, IL-1β and IL-6. These results
suggested that d-Gal accelerated senescence in mice. This
was also consistent with previously published research on
senescence [39]. Therefore, we successfully established the
model of senile osteoporosis by subcutaneous injection of
d-Gal in mice.
To investigate the effect and mechanism of GlcN on
senile osteoporosis, osteoporosis mice (d-Gal treatment)
were respectively given intraperitoneal injection of GlcN
(GlcN group) and PBS (d-Gal group). HE staining results
showed that GlcN reduced the volume of adipocytes in
the bone marrow cavity of distal femur, which suggested
GlcN could inhibit the enhancement of adipogenic differentiation of BMSCs induced by senescence. Meanwhile, micro-CT results showed that GlcN inhibited
senescence induced bone loss and bone microstructure
destruction in the distal femur. In addition, serological detection, western blot and immunohistochemistry
results showed significant differences of senescence and
apoptosis related indexes between GlcN group and d-Gal
group. GlcN could significantly reduce d-Gal-induced
senescence and apoptosis. In conclusion, GlcN delayed
the progression of senile osteoporosis by delaying bone
loss and the destruction of bone microstructure.
Autophagy is an intracellular homeostasis process that
degrades and recovers intracellular proteins and damaged
organelles through the action of lysosomes to maintain
normal cellular functions [42]. A large number of studies have shown that autophagy plays an important role in
maintaining bone homeostasis, including regulating cell
growth, differentiation and stress response [43]. With
age, normal cells suffer from many aging-related diseases
due to decreased autophagy [44]. Autophagy increases
cell survival by degrading protein, removing damaged
intracellular organelle, participating homeostasis and
protecting osteoblasts from the accumulation of harmful substances [45]. There are overlapping signal pathways between autophagy and senescence, and the level
of autophagy is associated with senescence [46]. Previous
studies showed that activation of autophagy decreased
adipogenic differentiation and increased osteogenic differentiation of BMSCs, and reversed osteoporotic bone
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loss [47]. Autophagy levels gradually decrease during
senescence. Up-regulation of autophagy slows the senescence process [46] and reduces cell apoptosis[48]. Meanwhile, autophagy plays an important role in osteogenesis
[49]. Osteoblasts used autophagosomes as vehicles to
secrete apatite crystals and promote bone formation [50].
Ca2+ deposition was achieved by activating autophagy
to remove misfolded proteins to meet the high energy
requirements of the mineralization process [51]. An
in vitro study found that the mineralization of osteoblasts could be reduced by knocking out the autophagyrelated gene Beclin-1 or by inhibiting the autophagy with
autophagy inhibitors [52]. Similar in vivo study also found
that Atg7 deficiency impeded osteoblast mineralization
and promoted apoptosis in osteoblast-specific Atg7 condition knockout (cKO) mice, while reconstitution of Atg7
could improve ER stress and restore skeletal balance [53].
Therefore, the role of autophagy in promoting osteogenesis can be summarized as follows: (1) promoting BMSCs
to the osteogenic differentiation, increasing the number
of osteoblasts and maintaining osteogenic activity [54];
(2) reducing the apoptosis of osteoblasts and prolonging the survival time of osteoblasts [55]; (3) participating
mineralization process and maintaining bone homeostasis [23]. In summary, autophagy improves osteoporosis
symptoms and delays osteoporosis progression of by promoting osteogenesis, which is a feasible way to prevent
senile osteoporosis.
To further explore the role of autophagy in GlcN in
delaying the progression of senile osteoporosis in mice,
autophagy inhibitor 3-MA was used to inhibit autophagy,
which blocked the formation of autophagy small bodies and inhibited autophagy activation. From the above
results, we found that GlcN increased bone autophagy
levels, while 3-MA inhibited autophagy. In addition,
3-MA reversed GlcN’s anti-osteoporosis and anti-apoptosis by inhibiting autophagy. Next, we explored the possibility of GlcN up-regulating osteogenesis by activating
autophagy. Current studies have found an increase in
COL1A1 expression during osteogenic differentiation
[56, 57]. Therefore, COL1A1 can be used as an important indicator of osteogenic ability. Immunofluorescence
results showed a decrease in COL1A1 expression in the
bones of elderly mice in 3-MA group, compared to GlcN
group. In addition, some osteomarkers participated in
different stages of osteogenic differentiation. RUNX2 is
an early osteogenic differentiation marker, while OPN
and BMP2 are late osteogenic differentiation markers [58, 59]. QRT-PCR and Western blot results showed
that the mRNAs and proteins expression of RUNX2,
OPN and BMP2 were both decreased in 3-MA group,
compared to GlcN group. ALP is one of the phenotypic
markers of osteoblasts, which directly reflects the activity
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or function of osteoblasts, and is also the best indicator
for evaluating bone mineralization disorders in the body
[60]. ALP staining showed that the number of osteoblasts
was decreased in 3-MA group, compared to GlcN group.
Goldner trichromatic staining also showed the same
results. In summary, our results suggested that GlcN may
delay the progression of senile osteoporosis by promoting
osteogenic autophagy.
The results of the present study suggested that GlcN
reduces the bone loss and apoptosis of senile osteoporosis model which caused by d-Gal. Moreover, GlcN
promotes osteoblast proliferation and mineralization
through enhancing autophagy. Thus, GlcN may be a prospective candidate drug for the treatment of senile osteoporosis, which contributing to the future development of
anti-osteoporosis.
Abbreviations
GlcN: Glucosamine; d-Gal: d-Galactose; 3-MA: 3-Methyladenine; BMD: Bone
mineral density; IL-6: Interleukin-6; IL-1β: Interleukin-1β; MDA: Malonaldehyde;
SOD: Superoxide dismutase; CST: Cell signal technology; HE: Hematoxylin and
eosin; ELISA: Enzyme-linked immunosorbent assay; SPF: Specific pathogenfree; Micro-CT: Micro-computed tomography; 3-D: Three-dimensional; 2-D:
Three-dimensional; BV/TV: Bone volume/total volume; Tb.N: Number of trabecular; Tb.Th: Trabecular thickness; Tb.Sp: Trabecular spacing; SMI: Structural
model index; PCR: Polymerase chain reaction; DAB: Diaminobenzidine; ALP:
Alkaline phosphatase; BMSCs: Bone marrow stromal cells; DAPI: 4′,6-Diamidino-2-phenylindole; TRAP: Tartrate-resistant acid phosphatase; ROS: Reactive
oxygen species.
Acknowledgements
Not applicable.
Author contributions
SW and LC contributed to conception, design, data acquisition, analysis, and
interpretation, drafted the manuscript; YSW and LC contributed to conception
and design, and critically revised the manuscript; HLT and ZXH contributed
to data acquisition and analysis. All authors read and approved the final
manuscript.
Funding
This study was supported by the National Natural Science Foundation of
China (82102534), the Natural Science Foundation of Zhejiang Province
(LQ20H060003), the Medical and Health Science and Technology Project of
Zhejiang Province (2020KY633) and the Technology Bureau Projects of Wenzhou City (Y20190393 and Y2020397).
Availability of data and materials
Datasets analyzed during the current study will be made available from the
corresponding author upon reasonable request.

Declarations
Ethics approval and consent to participate
All animal experiments were approved by the Animal Experimental Ethics
Committee of Wenzhou Medical University, and ensure compliance with
Chinese laws and regulations (wydw2019-0537).
Contest for publication
Not applicable.
Competing interests
The authors declare that they have no possible conflicts of interest.

Page 15 of 16

Received: 23 December 2021 Accepted: 29 July 2022

References
1. Wang Y, Tao Y, Hyman ME, Li J, Chen Y. Osteoporosis in china. Osteoporos
Int. 2009;20:1651–62.
2. Neugebauer J, Heilig J, Hosseinibarkooie S, Ross BC, Mendoza-Ferreira
N, Nolte F, Peters M, Holker I, Hupperich K, Tschanz T, Grysko V, Zaucke F,
Niehoff A, Wirth B. Plastin 3 influences bone homeostasis through regulation of osteoclast activity. Hum Mol Genet. 2018;27:4249–62.
3. Lane NE. Epidemiology, etiology, and diagnosis of osteoporosis. Am J
Obstet Gynecol. 2006;194:S3-11.
4. Qadir A, Liang S, Wu Z, Chen Z, Hu L, Qian A. Senile osteoporosis: the
involvement of differentiation and senescence of bone marrow stromal
cells. Int J Mol Sci. 2020;21:349.
5. Montalcini T, Romeo S, Ferro Y, Migliaccio V, Gazzaruso C, Pujia A.
Osteoporosis in chronic inflammatory disease: the role of malnutrition.
Endocrine. 2013;43:59–64.
6. Fischer V, Haffner-Luntzer M. Interaction between bone and immune
cells: implications for postmenopausal osteoporosis. Semin Cell Dev Biol.
2021;123:14–21.
7. Hardy RS, Zhou H, Seibel MJ, Cooper MS. Glucocorticoids and bone:
consequences of endogenous and exogenous excess and replacement
therapy. Endocr Rev. 2018;39:519–48.
8. Zhao F, Guo L, Wang X, Zhang Y. Correlation of oxidative stress-related
biomarkers with postmenopausal osteoporosis: a systematic review and
meta-analysis. Arch Osteoporos. 2021;16:4.
9. Stoppoloni D, Politi L, Leopizzi M, Gaetani S, Guazzo R, Basciani S,
Moreschini O, De Santi M, Scandurra R, Scotto d’Abusco A. Effect of glucosamine and its peptidyl-derivative on the production of extracellular
matrix components by human primary chondrocytes. Osteoarthr Cartil.
2015;23:103–13.
10. Reginster JY, Neuprez A, Lecart MP, Sarlet N, Bruyere O. Role of glucosamine in the treatment for osteoarthritis. Rheumatol Int. 2012;32:2959–67.
11. Jiang Z, Li Z, Zhang W, Yang Y, Han B, Liu W, Peng Y. Dietary natural
N-acetyl-d-glucosamine prevents bone loss in ovariectomized rat model
of postmenopausal osteoporosis. Molecules. 2018;23:2302.
12. Ali T, Badshah H, Kim TH, Kim MO. Melatonin attenuates d-galactoseinduced memory impairment, neuroinflammation and neurodegeneration via RAGE/NF-K B/JNK signaling pathway in aging mouse model. J
Pineal Res. 2015;58:71–85.
13. Hsu WH, Shiao YJ, Chao YM, Huang YJ, Lin YL. T1–11, an adenosine derivative, ameliorates aging-related behavioral physiology and senescence
markers in aging mice. Aging (Albany NY). 2020;12:10556–77.
14. Lv C, Wang L, Zhu X, Lin W, Chen X, Huang Z, Huang L, Yang S. Glucosamine promotes osteoblast proliferation by modulating autophagy via the
mammalian target of rapamycin pathway. Biomed Pharmacother Biomed
Pharmacother. 2018;99:271–7.
15. Doherty J, Baehrecke EH. Life, death and autophagy. Nat Cell Biol.
2018;20:1110–7.
16. Lenoir O, Jasiek M, Henique C, Guyonnet L, Hartleben B, Bork T, Chipont A,
Flosseau K, Bensaada I, Schmitt A, Masse JM, Souyri M, Huber TB, Tharaux
PL. Endothelial cell and podocyte autophagy synergistically protect from
diabetes-induced glomerulosclerosis. Autophagy. 2015;11:1130–45.
17. Habieb ME, Mohamed MA, El Gamal DM, Hawas AM, Mohamed TM.
Anti-aging effect of DL-beta-hydroxybutyrate against hepatic cellular
senescence induced by d-galactose or gamma-irradiation via autophagic
flux stimulation in male rats. Arch Gerontol Geriatr. 2021;92:104288.
18. Lee J, Giordano S, Zhang J. Autophagy, mitochondria and oxidative stress:
cross-talk and redox signalling. Biochem J. 2012;441:523–40.
19. Li X, Xu J, Dai B, Wang X, Guo Q, Qin L. Targeting autophagy in osteoporosis: from pathophysiology to potential therapy. Ageing Res Rev.
2020;62:101098.
20. McCormick JJ, Dokladny K, Moseley PL, Kenny GP. Autophagy and heat: a
potential role for heat therapy to improve autophagic function in health
and disease. J Appl Physiol. 2021;130:1–9.

Su et al. Nutrition & Metabolism

(2022) 19:75

21. Luo D, Ren H, Li T, Lian K, Lin D. Rapamycin reduces severity of senile
osteoporosis by activating osteocyte autophagy. Osteoporos Int.
2016;27:1093–101.
22. Onal M, Piemontese M, Xiong J, Wang Y, Han L, Ye S, Komatsu M, Selig
M, Weinstein RS, Zhao H, Jilka RL, Almeida M, Manolagas SC, O’Brien CA.
Suppression of autophagy in osteocytes mimics skeletal aging. J Biol
Chem. 2013;288:17432–40.
23. Nollet M, Santucci-Darmanin S, Breuil V, Al-Sahlanee R, Cros C, Topi M,
Momier D, Samson M, Pagnotta S, Cailleteau L, Battaglia S, Farlay D, Dacquin R, Barois N, Jurdic P, Boivin G, Heymann D, Lafont F, Lu SS, Dempster
DW, Carle GF, Pierrefite-Carle V. Autophagy in osteoblasts is involved in
mineralization and bone homeostasis. Autophagy. 2014;10:1965–77.
24. Farr JN, Xu M, Weivoda MM, Monroe DG, Fraser DG, Onken JL, Negley BA,
Sfeir JG, Ogrodnik MB, Hachfeld CM, LeBrasseur NK, Drake MT, Pignolo
RJ, Pirtskhalava T, Tchkonia T, Oursler MJ, Kirkland JL, Khosla S. Targeting
cellular senescence prevents age-related bone loss in mice. Nat Med.
2017;23:1072–9.
25. Mizushima N, Yoshimori T, Levine B. Methods in mammalian autophagy
research. Cell. 2010;140:313–26.
26. Sun X, Li F, Ma X, Ma J, Zhao B, Zhang Y, Li Y, Lv J, Meng X. The effects of
combined treatment with naringin and treadmill exercise on osteoporosis in ovariectomized rats. Sci Rep. 2015;5:13009.
27. Chen Y, Guo Y, Li J, Chen YY, Liu Q, Tan L, Gao ZR, Zhang SH, Zhou YH,
Feng YZ. Endoplasmic reticulum stress remodels alveolar bone formation
after tooth extraction. J Cell Mol Med. 2020;24:12411–20.
28. The Lancet Diabetes Endocrinology. Osteoporosis: overlooked in men for
too long. Lancet Diabetes Endocrinol. 2021;9:1.
29. Chawalitpong S, Chokchaisiri R, Suksamrarn A, Katayama S, Mitani T,
Nakamura S, Athamneh AA, Ritprajak P, Leelahavanichkul A, Aeimlapa R,
Charoenphandhu N, Palaga T. Cyperenoic acid suppresses osteoclast differentiation and delays bone loss in a senile osteoporosis mouse model
by inhibiting non-canonical NF-kappaB pathway. Sci Rep. 2018;8:5625.
30. Duque G, Troen BR. Understanding the mechanisms of senile osteoporosis: new facts for a major geriatric syndrome. J Am Geriatr Soc.
2008;56:935–41.
31. Subbiah V, Madsen VS, Raymond AK, Benjamin RS, Ludwig JA. Of
mice and men: divergent risks of teriparatide-induced osteosarcoma.
Osteoporos Int J Establ Result Coop Between Eur Found Osteoporos Natl
Osteoporos Found USA. 2010;21:1041–5.
32. Boquete-Castro A, Gomez-Moreno G, Calvo-Guirado JL, Aguilar-Salvatierra A, Delgado-Ruiz RA. Denosumab and osteonecrosis of the jaw. A
systematic analysis of events reported in clinical trials. Clin Oral Implants
Res. 2016;27:367–75.
33. Reginster JY, Deroisy R, Rovati LC, Lee RL, Lejeune E, Bruyere O, Giacovelli
G, Henrotin Y, Dacre JE, Gossett C. Long-term effects of glucosamine
sulphate on osteoarthritis progression: a randomised, placebo-controlled
clinical trial. Lancet. 2001;357:251–6.
34. Hu J, Chen R, Jia P, Fang Y, Liu T, Song N, Xu X, Ji J, Ding X. Augmented
O-GlcNAc signaling via glucosamine attenuates oxidative stress and
apoptosis following contrast-induced acute kidney injury in rats. Free
Radic Biol Med. 2017;103:121–32.
35. Chen YJ, Huang YS, Chen JT, Chen YH, Tai MC, Chen CL, Liang CM. Protective effects of glucosamine on oxidative-stress and ischemia/reperfusioninduced retinal injury. Investig Ophthalmol Vis Sci. 2015;56:1506–16.
36. Valvason C, Musacchio E, Pozzuoli A, Ramonda R, Aldegheri R, Punzi L.
Influence of glucosamine sulphate on oxidative stress in human osteoarthritic chondrocytes: effects on HO-1, p22(Phox) and iNOS expression.
Rheumatology. 2008;47:31–5.
37. Igarashi M, Sakamoto K, Nagaoka I. Effect of glucosamine, a therapeutic
agent for osteoarthritis, on osteoblastic cell differentiation. Int J Mol Med.
2011;28:373–9.
38. Kumar A, Prakash A, Dogra S. Centella asiatica attenuates d-galactoseinduced cognitive impairment, oxidative and mitochondrial dysfunction
in mice. Int J Alzheimers Dis. 2011;2011:347569.
39. El-Baz FK, Saleh DO, Abdel Jaleel GA, Hussein RA, Hassan A. Heamatococcus pluvialis ameliorates bone loss in experimentally-induced osteoporosis in rats via the regulation of OPG/RANKL pathway. Biomed Pharmacother Biomed Pharmacother. 2019;116:109017.
40. Yu Y, Wu J, Li J, Liu Y, Zheng X, Du M, Zhou L, Yang Y, Luo S, Hu W, Li L,
Yao W, Liu Y. Cycloastragenol prevents age-related bone loss: Evidence

Page 16 of 16

41.

42.
43.
44.
45.
46.
47.

48.

49.
50.

51.
52.
53.
54.

55.
56.
57.
58.
59.
60.

in d-galactose-treated and aged rats. Biomed Pharmacother Biomed
Pharmacother. 2020;128:110304.
Zhang H, Wang Z, Li Y, Han J, Cui C, Lu C, Zhou J, Cheong L, Li Y, Sun T,
Zhang D, Su X. Sex-based differences in gut microbiota composition in
response to tuna oil and algae oil supplementation in a d-galactoseinduced aging mouse model. Front Aging Neurosci. 2018;10:187.
Parzych KR, Klionsky DJ. An overview of autophagy: morphology, mechanism, and regulation. Antioxid Redox Signal. 2014;20:460–73.
Mizushima N, Komatsu M. Autophagy: renovation of cells and tissues.
Cell. 2011;147:728–41.
Wong SQ, Kumar AV, Mills J, Lapierre LR. Autophagy in aging and longevity. Hum Genet. 2020;139:277–90.
Wang W, Zhang LM, Guo C, Han JF. Resveratrol promotes osteoblastic differentiation in a rat model of postmenopausal osteoporosis by regulating
autophagy. Nutr Metab (Lond). 2020;17:29.
Sai X, Qin C, Wu Y, Zhao Y, Bian T. Downregulation of PTEN mediates
bleomycin-induced premature senescence in lung cancer cells by suppressing autophagy. J Int Med Res. 2020;48:300060520923522.
J. Wu, T. Lin, Y. Gao, X. Li, C. Yang, K. Zhang, C. Wang, X. Zhou, Long
noncoding RNA ZFAS1 suppresses osteogenic differentiation of bone
marrow-derived mesenchymal stem cells by upregulating miR-499EPHA5 axis, Mol Cell Endocrinol, (2021) 111490.
Florencio-Silva R, Sasso GRS, Sasso-Cerri E, Simoes MJ, Cerri PS. Effects
of estrogen status in osteocyte autophagy and its relation to osteocyte
viability in alveolar process of ovariectomized rats. Biomed Pharmacother.
2018;98:406–15.
Xiao L, Xiao Y. The autophagy in osteoimmonology: self-eating, maintenance, and beyond. Front Endocrinol (Lausanne). 2019;10:490.
Vrahnas C, Blank M, Dite TA, Tatarczuch L, Ansari N, Crimeen-Irwin B,
Nguyen H, Forwood MR, Hu Y, Ikegame M, Bambery KR, Petibois C,
Mackie EJ, Tobin MJ, Smyth GK, Oakhill JS, Martin TJ, Sims NA. Increased
autophagy in EphrinB2-deficient osteocytes is associated with elevated
secondary mineralization and brittle bone. Nat Commun. 2019;10:3436.
Lu J, Li Z, Wu X, Chen Y, Yan M, Ge X, Yu J. iRoot BP Plus promotes osteo/
odontogenic differentiation of bone marrow mesenchymal stem cells via
MAPK pathways and autophagy. Stem Cell Res Ther. 2019;10:222.
Yang Y, Lin Z, Cheng J, Ding S, Mao WW, Shi S, Liang B, Jiang L. The roles
of autophagy in osteogenic differentiation in rat ligamentum fibroblasts:
evidence and possible implications. FASEB J. 2020;34:8876–86.
Li H, Li D, Ma Z, Qian Z, Kang X, Jin X, Li F, Wang X, Chen Q, Sun H, Wu
S. Defective autophagy in osteoblasts induces endoplasmic reticulum
stress and causes remarkable bone loss. Autophagy. 2018;14:1726–41.
Liu F, Yuan Y, Bai L, Yuan L, Li L, Liu J, Chen Y, Lu Y, Cheng J, Zhang J.
LRRc17 controls BMSC senescence via mitophagy and inhibits the therapeutic effect of BMSCs on ovariectomy-induced bone loss. Redox Biol.
2021;43:101963.
Tang N, Zhao H, Zhang H, Dong Y. Effect of autophagy gene DRAM on
proliferation, cell cycle, apoptosis, and autophagy of osteoblast in osteoporosis rats. J Cell Physiol. 2019;234:5023–32.
de Melo Pereira D, Eischen-Loges M, Birgani ZT, Habibovic P. Proliferation
and osteogenic differentiation of hMSCs on biomineralized collagen.
Front Bioeng Biotechnol. 2020;8:554565.
Xiaoling G, Shuaibin L, Kailu L. MicroRNA-19b-3p promotes cell proliferation and osteogenic differentiation of BMSCs by interacting with lncRNA
H19. BMC Med Genet. 2020;21:11.
Shanbhag S, Suliman S, Bolstad AI, Stavropoulos A, Mustafa K. Xeno-free
spheroids of human gingiva-derived progenitor cells for bone tissue
engineering. Front Bioeng Biotechnol. 2020;8:968.
Wu XH, Dou B, Sun NY, Gao J, Liu XL. Astragalus saponin IV promotes
osteogenic differentiation of bone marrow mesenchymal stem cells via
miR-21/NGF/BMP2/Runx2 pathway. Acta Histochem. 2020;122:151549.
Berent TE, Dorschner JM, Craig TA, Drake MT, Westendorf JJ, Kumar R.
Lung tumor cells inhibit bone mineralization and osteoblast activity.
Biochem Biophys Res Commun. 2019;519:566–71.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

