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Abstract. Glucocorticoid-induced osteoporosis (GIOP) is 
a widespread clinical complication following glucocorti-
coid therapy. This irreversible damage to bone-forming 
and -resorbing cells is essential in the pathogenesis of osteo-
porosis. Autophagy is a physiological process involved in 
the regulation of cells and their responses to diverse stimuli, 
however, the role of autophagy in glucocorticoid-induced 
damage to bone marrow mesenchymal stem cells (BMSCs) 
remains unclear. The current study confirmed that glucocor-
ticoid administration impaired the proliferation of BMSCs. 
Transmission electron microscopy, immunohistochemistry 
and western blot analysis detected autophagy in vitro and in 
GIOP model rats (in vivo). With the addition of the autophagy 
inhibitor 3-methyladenine, the proliferative ability of BMSCs 
was further reduced, while the number of apoptotic BMSCs 
was significantly increased. The data suggests that in response 
to glucocorticoid administration, induced autophagy aids to 
maintain proliferation and prevent apoptosis of BMSCs. Thus, 
it is hypothesized that autophagy may be a novel target in the 
treatment or prevention of osteoporosis.

Introduction

Glucocorticoids have been widely used in the treatment of 
non-infectious inflammation and autoimmune disorders, 
however, long-term glucocorticoid therapy has been demon-
strated to lead to irreversible bone injury (1). Weinstein (2) 

reported that the incidence of bone fracture was 30-50% 
among patients receiving long-term glucocorticoid therapy; 
and glucocorticoid-induced osteoporosis (GIOP) is the most 
common type of secondary osteoporosis (3). Previous studies 
have suggested that oral glucocorticoids may reduce the 
proliferation and increase the apoptosis of osteoblasts and 
osteocytes (4), in addition to prolonging the survival of osteo-
clasts (5). The balance between bone formation and resorption 
is interrupted and the risk of bone fracture is increased 
following glucocorticoid therapy (6).

Bone marrow mesenchymal stem cells (BMSCs) are essen-
tial in the maintenance of the dynamic homeostasis of bone 
tissue, with studies demonstrating that when BMSC prolifera-
tion and osteoblastic differentiation are defective, bone mass 
is reduced (7,8). In addition, Zhou et al (9) indicated that stem 
cell injury and dysfunction are involved in the pathogenesis 
of osteoporosis. However, whether human (h)BMSCs from 
patients with GIOP are damaged and whether glucocorticoid 
is responsible for these defective hBMSCs remains unclear.

Autophagy is a conserved cellular process that involves 
the degradation and recycling of dysfunctional and unneces-
sary cellular components, protein aggregates and intracellular 
pathogens (10). During the process of autophagy, cytoplasmic 
targets are enwrapped within autophagosomes and fused 
with lysosomes, forming autolysosomes. These cytoplasmic 
constituents are then degraded or recycled (11). This physi-
ological process is essential for the regulation of cells and 
their responses to diverse stimuli. Several studies have now 
demonstrated that autophagy is able to regulate the func-
tion of osteoclasts (12), osteoblasts (13) and osteocytes (14), 
suggesting this process to be essential in bone homeostasis.

One study demonstrated that glucocorticoids had a positive 
effect on osteocyte survival via the induction of autophagy (15). 
Another study observed that autophagy was able to regulate 
cell reprogramming. This reduces the level of intercellular 
reactive oxygen species, thus maintaining the ability of the cell 
to self-renew during stem cell differentiation (16). However, 
whether autophagy is involved in glucocorticoid-induced 
damage to BMSCs remains to be elucidated.

The current study hypothesized that glucocorticoid therapy 
impairs proliferation and induces autophagy in the BMSCs. In 
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addition, glucocorticoid-induced autophagy was hypothesized 
to be involved in maintaining proliferation and preventing 
apoptosis in BMSCs.

Materials and methods

Animals and experimental procedures. A total of 20 
female Sprague-Dawley rats (4 months old; average weight, 
235±19.4 g) obtained from the Laboratory Animal Centre 
of Fourth Military Medical University (Xi'an, China) were 
randomly divided into two groups with five rats in each group. 
Randomization was performed using a random number table. 
The groups were divided as follows: i) Placebo, 10 ml/kg 
distilled water; and ii) GIOP (prednis), 5 mg/kg prednisolone 
(Sigma-Aldrich, St. Louis, MO, USA). All treatments were 
administered daily via oral gavage, for 8 weeks prior to sacri-
fice by cervical vertebra luxation. All experimental procedures 
were approved by the Institutional Ethics Review Board of 
Xijing Hospital (permission code 20110405-5).

Cell culture. Bone marrow was obtained from the tibia and 
femur of Sprague-Dawley rats and seeded into 75 cm2 culture 
flasks with α‑modified minimum essential media (α-MEM; 
Thermo Fisher Scientific, Waltham, MA, USA), containing 
10% fetal bovine serum and 1% penicillin-streptomycin (all 
from Gibco Life Technologies, Carlsbad, CA, USA) under 
conditions of 5% CO2 and 37˚C. When 80% confluence was 
reached, the cells were detached using 0.25% trypsin-EDTA 
(Gibco Life Technologies) and passaged at the ratio of 1:2. The 
number of nonadherent hematopoietic cells reduced during 
consecutive passages. All cells used in the experiment were 
used at passage 3.

Cell treatment. The BMSCs were treated with various concen-
trations (0 M, 10-8 M, 10-7 M, 10-6 M) of the glucocorticoid 
dexamethasone (Dex; Sigma-Aldrich) for 48 h. The autophagy 
inhibitor, 3-methyladenine (3-MA; Sigma-Aldrich) was added 
to the culture media with a final concentraion of 5 mM in 
order to investigate the role and mechanism of autophagy in 
the proliferation and apoptosis of BMSCs.

Cell proliferation assay. Following Dex treatment, the Cell 
Counting Kit-8 (CCK-8; Dojindo Molecular Technologies, 
Inc., Kumamoto, Japan) was used to measure cell growth, in 
accordance with the manufacturer's instructions, and cells 
were measured at wavelengths of 450 and 630 nm using a 
Thermo Labsystems Multiscan MK-3 enzyme-linked micro-
plate reader (Thermo Fisher Scientific).

Detection of autophagosomes by transmission electron 
microscopy (TEM). Cells were detached from the plates 
using 0.25% trypsin trypsin-EDTA (Gibco Life Technologies) 
and fixed with 2% paraformaldehyde/2% glutaralde-
hyde (Sigma-Aldrich) in 0.2 M sodium cacodylate buffer 
(pH 7.4; Sigma-Aldrich). Cell pellets were post-fixed with 
1% (v/v) osmic acid (Sigma-Aldrich) in sodium cacodylate 
buffer and were stained with 1% uranyl acetate (Amresco, 
Solon, OH, USA). Following dehydration, the pellets were 
embedded in Durcupan (Sigma-Aldrich). Ultrathin sections 
(50 nm) were prepared using an Ultrotome Ultracut S (Leica 

Microsystems, Wetzlar, Germany) and images were captured 
with a JEM-1230 transmission electron microscope (JEOL, 
Ltd., Tokyo, Japan).

Immunofluorescence. Cells were cultured in 4-well chamber 
slides (Thermo Fisher Scientific) and treated in accordance 
with the manufacturer's instructions for immunostaining. 
Cells were fixed in 4% paraformaldehyde for 15 min, 
permeabilized with 100% methanol (Sigma-Aldrich) for 
10 min and were then incubated with the primary anti-
body (1:200; monoclonal rabbit anti-rat LC3B antibody; Cell 
Signaling Technology, Inc., Danvers, MA, USA) overnight, 
followed by the secondary antibody (1:200; monoclonal goat 
anti-rabbit DyLight 594; Abcam, Cambridge, MA, USA) 
for 1 h. Subsequent to incubation with DAPI (0.5 µg/ml; 
KeyGEN, Nanjing, China) for 5 min, the cells were analyzed 
using a FluoView FV1000 confocal laser scanning microscope 
(Olympus Corporation, Tokyo, Japan). The percentage of posi-
tively stained cells was calculated in three random fields.

Western blot analysis. Subsequent to collection of the cells, 
the proteins were extracted using lysis buffer (Beyotime, 
Shanghai, China), the cell lysates were resolved using 
SDS-PAGE (Bio-Rad Laboratories, Inc., Hercules, CA, USA) 
and were electrophoretically transferred to nitrocellulose 
membranes (Bio-Rad Laboratories, Inc.). Subsequent to 
blocking with 5% non-fat milk for 1 h at room temperature, the 
membranes were incubated with primary antibodies, including 
Monoclonal mouse anti-rat immunoglobulin G (IgG) β-actin 
(1:10,000; Sigma-Aldrich) and anti-LC3B (1:1,000) followed 
by the horseradish peroxidase-conjugated secondary anti-
bodies (mouse anti-mouse or mouse anti-rabbit IgG; 1:2000; 
Beyotime, Shanghai, China). Proteins were visualized using a 
SuperSignal West Dura Chemiluminescent Substrate (Pierce 
Biotechnology, Inc., Rockford, IL, USA).

Apoptosis assay. The culture medium was changed to 
serum-free α-MEM for 12 h in order to induce apoptosis. 
Apoptotic cells were identified by terminal deoxynucleotidyl 
transferase dUTP nick end labeling (TUNEL) staining using 
an In Situ Cell Death Detection Kit, Fluorescein (Roche 
Diagnostics, Indianapolis, IN, USA) according to the manu-
facturer's instructions. The cells were incubated with DAPI 
(0.5 µg/ml) for 5 min and analyzed under a confocal micro-
scope (FluoView FV1000; Olympus Corp.). Green indicated 
TUNEL-positive cells, and the percentage of positive cells was 
calculated in three random fields

Statistical analysis. Analysis was performed using SPSS soft-
ware Version 15.0 (SPSS Inc., Chicago, IL, USA). Quantitative 
data are presented as the mean ± standard deviation and 
compared using Student's t-test to determine the significance 
between two groups or one-way analysis of variance followed 
by a post hoc test among three or more groups. P<0.05 was 
considered to indicate a statistically significant difference.

Results

Autophagy was induced in BMSCs from GIOP rats. Prior to 
testing for autophagy, the proliferative ability of BMSCs in 
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GIOP rats was compared with that of control rats. CCK-8 was 
used to determine cell number. The number of BMSCs in the 
GIOP group was lower than in the placebo group, suggesting 

a reduced proliferative ability (Fig. 1A). The relative growth 
rates on days four and five were significantly lower than those 
in the placebo group (P<0.05). Using a transmission electron 

Figure 1. BMSCs of GIOP rats exhibited a reduced proliferative ability and increased autophagy. (A) The relative growth rate curve of BMSCs treated with 
placebo or prednis for 8 weeks. *P<0.05 vs. placebo. All data are presented as the mean ± standard deviation and represents the results of three separate 
experiments. (B) Fixed cells processed for thin-section electron microscopy, arrows indicate the autophagic vacuoles digesting organelles or cytosolic contents 
(magnification, x2,500). BMSC, bone marrow mesenchymal stem cell; GIOP, glucocorticoid‑induced osteoporosis; prednis, prednisolone.

Figure 2. Induction of autophagy in BMSCs in vitro by Dex. (A) Representative micrographs demonstrating an increased number of autophagosomes in all 
Dex‑treated groups compared with the control group. The arrows indicate the autophagosomes (magnification, x6,000). (B) Confocal microscopic analysis of 
BMSCs following immunofluorescent staining using an anti‑LC3 antibody and labeled with the nuclear marker DAPI (magnification, x400). LC3, green; nuclei, 
blue. (C) Number of LC3-positive cells as a percentage of the positively stained BMSCs. *P<0.05 vs. control, all data are presented as the mean ± standard deviation 
and represents the results of three separate experiments.. (D) BMSCs were subject to immunoblotting analysis using anti-LC3 or anti-β-actin antibodies, and the 
autophagic marker LC3-II was induced by various concentrations of Dex. BMSC, bone marrow mesenchymal stem cell; Dex, dexamethasone; LC3, light chain 3.



WANG et al:  GLUCOCORTICOIDS INDUCE AUTOPHAGY IN BMSCs2714

microscope, autophagy was observed in the BMSCs of the 
GIOP group, but not in those of the placebo group (Fig. 1B).

Dex induced autophagy in BMSCs in vitro. To further 
elucidate whether glucocorticoids induce autophagy in 
BMSCs, the BMSCs were treated with three concentrations 
of Dex (10-8 M, 10-7 M and 10-6 M). Following 48-h culture 
with Dex, autophagy was detected by TEM. Autophagy was 
morphologically characterized by the formation of autophagic 
vacuoles, also termed autophagosomes. Thin-section elec-
tron microscopic analysis identified the accumulation of 
autophagosomes in all Dex-treated groups, whereas they 
were scarcely observed in the control group (Fig. 2A). When 
autophagy occurs, microtubule-associated protein light 
chain 3 (LC3) is recruited and aggregates in the cytoplasm, 
thus the expression of LC3 and the increased level of LC3-II 
are important markers of autophagy. Immunofluorescence 
analysis demonstrated that treatment with Dex increased the 
number of LC3-positive cells (Fig. 2B and C). Compared with 
the control group (3.7±1.2%), the percentage of LC3-positive 
cells was significantly increased in all Dex‑treated cell groups 
(9.3±2.3%, 8.7±2.6% and 10.8±3.6% in the 10-8, 10-7 and 
10-6 M groups, respectively; P<0.05). The results from the 
western blot analysis were consistent with the immunofluores-
cence analysis, demonstrating a greater LC3-II:LC3-I ratio in 
Dex-treated groups compared with the control (Fig. 2D).

Autophagy maintained the proliferation ability of BMSCs. To 
determine the effect of glucocorticoid administration on the 
proliferation of BMSCs, the BMSCs were treated with three 
concentrations of Dex (10-8 M, 10-7 M or 10-6 M) for 48 h and 
then proliferation was evaluated by CCK-8 assay. The 10-6 M 
concentration of Dex was observed to significantly inhibit the 
proliferation and number of BMSCs (P<0.05), while 10-8 and 
10-7 M Dex did not produce significant alterations in prolifera-
tion, compared with the control group (Fig. 3). The autophagy 
inhibitor 3-MA was used to investigate the involvement of 
autophagy in the damage resulting from Dex treatment of 
BMSCs. The addition of 3-MA was observed to further reduce 

proliferation compared with the control group (P<0.05), indi-
cating that autophagy partially maintained the proliferation of 
BMSCs. In addition, the relative growth rate was significantly 
reduced when BMSCs were co-treated with 10-6 M Dex and 
3-MA, suggesting that autophagy protected BMSCs from the 
negative effects on proliferation resulting from Dex treatment.

Autophagy protects against apoptosis in BMSCs. To inves-
tigate the effect of autophagy induced by Dex on apoptosis 
in BMSCs, the culture medium was changed to serum-free 
α-MEM for 12 h to induce apoptosis subsequent to culture 
with 10-6 M Dex in the absence or presence of 3-MA (Fig. 4). 
TUNEL assay was used to detect the apoptotic cells. The 
results demonstrated that, compared with the starvation group 
(22.8±3.6%), 10-6 M Dex significantly reduced the size of the 
population of apoptotic BMSCs (9.3±2.9%; P<0.01). The use of 

Figure 3. Proliferative ability of BMSCs treated with Dex in the 
absence or presence of 3-MA. Relative growth rate compared with that prior 
to treatment with Dex. *P<0.05 vs. control, #P<0.01 vs. 10-6 M Dex. All data 
are presented as the mean ± standard deviation and represents the results of 
three separate experiments.. BMSC, bone marrow mesenchymal stem cell; 
Dex, dexamethasone; 3-MA, 3-methyladenine.

Figure 4. Protective effects of Dex BMSCs from serum deprivation-induced 
apoptosis. (A) Confocal microscopic analysis of BMSCs following TUNEL 
staining and labeling with the nuclear marker DAPI (magnification, x400). 
(B) Number of TUNEL-positive cells as a percentage of the positively 
stained BMSCs.*P<0.01 vs. starvation group, #P<0.05 vs. Dex + starvation 
group. All data are presented as the mean ± standard deviation and represents 
the results of three separate experiments.. Dex, dexamethasone; BMSC, bone 
marrow mesenchymal stem cell; TUNEL, terminal deoxynucleotidyl trans-
ferase dUTP nick end labeling; 3-MA, 3-methyladenine.
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3-MA abrogated the anti-apoptotic effects of Dex, as identified 
by the increase in apoptotic cells (22.6±5.2%; P<0.05). These 
results suggest that Dex protected BMSCs from the serum 
deprivation-induced apoptosis, and that autophagy induced by 
Dex may be a possible mechanism for this.

Discussion

Glucocorticoids have been widely used in the treatment of 
non-infectious inflammation and autoimmune disorders. 
However, the side effects of glucocorticoid therapy contribute 
to low bone mass and the occurrence of bone fracture, via 
disruption to the metabolism and homeostasis of bone tissue. 
The current study demonstrated that the proliferative ability 
of BMSCs derived from GIOP rats and Dex-treated BMSCs 
was impaired. In addition, autophagy was observed in the two 
types of BMSCs, and the inhibition of autophagy resulted in 
a further reduction in proliferation. Furthermore, Dex treat-
ment alleviated the levels of apoptosis in starvation-induced 
BMSCs. These results suggest that autophagy, induced by 
glucocorticoid therapy, was self-protective in the maintenance 
of BMSCs.

A previous study using similar methods established 
that the bone density, the trabecular bone mass and the 
capacity to form new bone were reduced in GIOP model 
rats compared with controls (17). In the current study, the 
proliferative ability of GIOP-BMSCs was observed to be 
impaired, suggesting that long-term oral glucocorticoid 
therapy impairs the functional activity of BMSCs. This 
was hypothesized to be the cause of the reduction in bone 
formation in the GIOP model. Also, the appearance of 
autophagy in GIOP-BMSCs indicated that the application 
of glucocorticoids put BMSCs under stressful conditions.

Dex is a potent glucocorticoid that has been demonstrated 
to induce autophagy in BMSCs in several experiments (18), the 
present study examined LC3 in BMSCs using immunostaining 
and western blot analysis. LC3 was observed to accumulate in 
the cytoplasm, and the ratio of LC3-II:LC3-I increased with 
the addition of Dex. LC3-II and LC3-I are important indica-
tors of autophagy.

The results of the current study demonstrated that all three 
concentrations of Dex (10-8 M, 10-7 M and 10-6 M) were able to 
significantly increase the occurrence of autophagy, but not in a 
dose-dependent manner. This observation was in line with the 
results of a study by Xia et al (15), which identified that Dex 
was able to induce autophagy in osteocytes.

Dex was used to stimulate the differentiation of BMSCs. 
However, the regulatory effects of Dex on BMSC proliferation 
have been reported to be diverse, depending on the different 
dosage and species used (19,20). The results of the current study 
demonstrated that 10-8 and 10-7 M doses of Dex did not affect 
the proliferation of BMSCs, however, 10-6 M Dex resulted in 
a significant reduction. This observation indicates that a high 
dosage of Dex inhibited the proliferation of BMSCs, which is 
consistent with the observations in the GIOP-BMSCs.

A study by Oliver et al (21) demonstrated that hBMSCs 
exhibited a high level of constitutive autophagy and that the 
knockdown of B-cell lymphoma-XL suppressed autophagy, 
influencing the survival and differentiation of the hBMSCs. 
To confirm the role of autophagy in the maintenance of BMSC 

proliferation, 3-MA (an inhibitor of autophagy) was used. The 
application of 3-MA was observed to result in a reduction in 
BMSC survival, suggesting a protective effect of autophagy. In 
the current study, autophagy alleviated the negative effect of 
Dex on BMSC proliferation.

Dex has been previously demonstrated to exhibit an effect 
on the apoptosis of cells (22,23), and it has also been identi-
fied to inhibit confluence‑induced apoptosis of hBMSCs and 
negatively regulate the expression of apoptosis-associated 
genes (24,25). The crosstalk between autophagy and apoptosis 
is complex and crucial in the determination of cell fate (26). 
A study by Zhang et al (27) reported that autophagy was able 
to protect MSCs from apoptosis induced by low oxygen, in 
addition to serum deprivation. The results of the current 
study demonstrated that Dex treatment protected against 
starvation-induced apoptosis to a certain degree. However, 
Wang et al (28) observed an exacerbation of starvation-induced 
apoptosis with the administration of 10-6 M Dex. This discrep-
ancy may be due to the different time-courses of Dex treatment 
and cell types used in the different studies.

Autophagy, as mentioned, has been reported to maintain 
cell activity through removing damaged cellular components. 
However, a study reported that Dex-induced autophagy 
leads to cell death due to the destruction of certain compo-
nents necessary for cell survival (29). The end result of 
autophagy may depend on the type of cells involved and 
the severity or time-course of stimuli (30). The results of 
the current study suggested that upon stimulation with 
10-6 M Dex, autophagy protected BMSCs from apoptosis. 
However, whether autophagy remained protective or became 
detrimental when the glucocorticoid dose was increased, or 
the time-course was prolonged, remains unclear. Whether or 
not autophagy-induced cell death is involved in the pathogen-
esis of osteoporosis requires further investigation.

In summary, for the first time, to the best of our knowl-
edge, glucocorticoid therapy was demonstrated to induce 
autophagy in BMSCs and maintain the proliferative ability 
of BMSCs. Autophagy induced by Dex may protect BMSCs 
from starvation-induced apoptosis, suggesting this as a 
survival mechanism against cell-death. Thus, the regulation 
of autophagy should be considered as a novel strategy to 
enhance the activity of BMSCs and increase bone mass in 
GIOP.
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