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A B S T R A C T

Aims: The present study aims to investigate the protective effect and underlying mechanism of Z-Guggulsterone
(Z-GS), an active component from myrrh, on glucocorticoid-induced osteoporosis (GIO).
Main methods: GIO rats were used to simulate osteoporosis in vivo while MC3T3-E1 cells were induced to os-
teoblast differentiation and treated with dexamethasone to simulate osteoporosis in vitro. The rats and cells were
treated with Z-GS according to the protocol. The bone mineral density, biomechanical parameters and micro-
structure of GIO rats were measured with appropriate devices. Cell viability of MC3T3-E1 cells were analyzed via
CCK-8 assay. Bone turnover markers and oxidative stress markers were detected by ELISA, and the expressions of
Nrf2 and HO-1 were assessed by western blot. siRNA-Nrf2 and siRNA-HO-1 were transfected in MC3T3-E1 cells
to knockdown the expressions of Nrf2 and HO-1.
Key findings: Z-GS significantly increased the body weights and bone mineral density, ameliorated the femoral
biomechanical parameters and microstructure of GIO rats. Z-GS treatment also reversed DXM-induced changes
of bone turnover markers and oxidative stress in rats and MC3T3-E1 cells. The expressions of Nrf2 and HO-1
were inhibited in the model group and treatment with Z-GS could markedly increase their expressions. Nrf2 or
HO-1 knockdown observably abrogated the beneficial role of Z-GS on cells.
Significance: Our results demonstrated that Z-GS exerted bone protective and antioxidant stress properties
through activation of Nrf2/HO-1 signaling in GIO models in vivo and in vitro. Therefore, Z-GS could be con-
sidered as a promising candidate for the treatment of GIO.

1. Introduction

Glucocorticoid-induced osteoporosis (GIO) is one of the most
common forms of secondary and iatrogenic osteoporosis, which often
caused by high dosage and long-term intake of dexamethasone (DEX)
[1]. Since the skeletal system is the major target of glucocorticoid, one
of the main side effect of glucocorticoid is osteoporosis. It was reported
that about in 30–50% of patients with chronic glucocorticoid therapy
could occur the GIO [2].

Previous studies found that exogenous glucocorticoid might in-
crease oxidative stress, which was considered as the primary patho-
genesis of osteoporosis [3]. Oxidative stress arose when the balance
between generation of free radical and activity of intracellular anti-
oxidants was disturbed. DEX induces oxidative stress by promoting the
generation of reactive oxygen species (ROS) or inhibiting the activation

of antioxidant systems [4]. Clinical research also demonstrated that
there were higher oxidative stress level and lower activity of anti-
oxidant enzymes such as glutathione peroxidase in osteoporotic pa-
tients [5]. In addition, the expressions of oxidative stress-related genes
in human osteoblasts were observed to be upregulated upon exposure
to DEX [6]. Increasing evidence indicated that Nrf2 (nuclear factor
(erythroid-derived 2)-like 2), a key transcription factor for endogenous
antioxidative enzymes, plays a central role in the protective effect
against oxidative [7]. When the oxidative damage occurs, Nrf2 transfers
into nucleus and regulates the downstream antioxidative protein, such
as heme oxygenase 1 (HO-1), which antagonize ROS-induced oxidative
stress [8].

Z-Guggulsterone (Z-GS) [4,17(20)-pregnadiene-3,16-dione], a
steroid compound isolated from myrrh, has been used as an effective
herbal medicine in the treatment of various conditions, such as
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atherosclerosis, neuroinflammation, arthritis, and cancers [9]. Accu-
mulating evidence indicates that Z-GS possesses potential antioxidant
stress by reducing the formation of intracellular ROS and MDA [10,11].
Moreover, it was reported that Guggulsterone (GS) treatment enhanced
nuclear translocation of Nrf2 and expression of HO-1 in human mam-
mary epithelial cells [12]. However, it is unknown whether the pro-
tective potentiality of Z-GS is applicable in protecting against GIO.
Based on the evidences above, we aim at exploring the protective effect
and mechanism of Z-GS in GIO rats and MC3T3-E1 cells.

2. Results

2.1. Effect of Z-GS on the body and bone weights of GIO rats

The body weights of the rats were measured weekly throughout the
experimental period. As shown in Fig. 1A, there were no differences in
the initial weights of the four groups. The body weights in control group
were increased gradually while increased slowly in GIO group, and the
differences between the two groups were statistically significant from
the fourth week. As expected, the treatment of Z-GS (100mg/kg) sig-
nificantly increased body weights as compared with the GIO group. In
addition, the femoral weight and length were measured using an elec-
tronic scale and a vernier caliper. However, there's no significant dif-
ference among the groups (data not shown).

2.2. Effect of Z-GS on the femoral BMD and BMC of GIO rats

Bone mineral density (BMD) and bone mineral content (BMC) are
important indicators in osteoporosis. In this study, femoral BMD were
significantly decreased in the GIO rats. Treatment with Z-GS at the dose
of 50 and 100mg/kg partly recovered the loss of BMD. And high dosage
group has significant improvement compared to the GIO group
(Fig. 1B). The same effects were also observed in BMC (Fig. 1C).

2.3. Effect of Z-GS on the femoral biomechanical parameters of GIO rats

The biomechanical parameters of femurs were measured using the
three-point bending test. The results showed that the maximum stress,
maximum load and elasticity modulus were lower in the GIO group.
However, 100mg/kg of Z-GS treatment significantly increased these
parameters (Fig. 1D–F).

2.4. Effect of Z-GS on the femoral microstructure of GIO rats

The micro-CT was used to analyze the trabecular parameters, in-
cluding bone volume/tissue volume (BV/TV), trabecular thickness
(Tb.Th), trabecular separation (Tb.Sp), and trabecular number (Tb.N).
The results (Fig. 2) showed that DXM significantly decreased BV/TV,
Tb.Th and Tb.N while increased Tb.Sp of the rats' femoral region.
Treatment with Z-GS, however, reversed these changes in the GIO rats.

2.5. Effect of Z-GS on the ratio of RANKL/OPG expression in GIO rats

The RANKL/OPG ratio is a key value to monitor the balance of bone
resorption and formation. Western blot suggested that DXM induced a
significant overexpression of RANKL and low expression of OPG. The
elevated ratio of RANKL/OPG expression was alleviated by Z-GS
treatment (Fig. 2E).

2.6. Effect of Z-GS on the bone turnover markers of GIO rats

Bone turnover markers, including alkaline phosphatase (ALP), tar-
trate-resistant acid phosphatase (TRAP), osteocalcin (OCN) and car-
boxy-terminal telopeptide of type 1 collagen (CTX-I), were detected
from the serum of the rats. Results indicated that the level of ALP, TRAP
and CTX-I were significantly increased in the GIO rats while OCN level
was decreased. The treatment of Z-GS reversed the changes of these
markers. In addition, Z-GS markedly counteracted DEX-induced
downregulation of Runx2 and BMP2 expressions (Fig. 3).

Fig. 1. Effect of Z-GS on the body weight, femoral BMD/BMC and biomechanical parameters of GIO rats. A. The body weights of the rats. B. The femoral BMD of the
rats. C. The femoral BMC of the rats. D. The maximum stress of femurs. E. The maximum load of femurs. F. The elasticity modulus of femurs. Data were presented as
the mean ± SD, ⁎ p < 0.05 versus control group; # p < 0.05 versus GIO group.
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Fig. 2. Effect of Z-GS on the femoral microstructure and RANKL/OPG ratio of GIO rats. A. The bone volume/tissue volume (BV/TV) of femurs. B. The trabecular
thickness (Tb.Th) of femurs. C. The trabecular separation (Tb.Sp) of femurs. D. The trabecular number (Tb.N) of femurs. E. The protein expressions of RANKL and
OPG in femurs tissues. Data were presented as the mean ± SD, ⁎ p < 0.05 versus control group; # p < 0.05 versus GIO group.

Fig. 3. Effect of Z-GS on the bone turnover markers of GIO rats. A. The serum ALP activity. B. The serum TRAP activity. C. The serum OCN content. D. The serum
CTX-I content. E. The protein expression of Runx2 in femurs tissues. F. The protein expression of BMP2 in femurs tissues. Data were presented as the mean ± SD, ⁎

p < 0.05 versus control group; # p < 0.05 versus GIO group.
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2.7. Effect of Z-GS on the oxidative stress level of GIO rats

Oxidative stress level in rat's serum and femurs were investigated.
The results showed that the malondialdehyde (MDA) and ROS levels in
serum and femurs were increased in the GIO rats compared with the
control, and Z-GS treatment markedly decreased MDA and ROS con-
tents. The glutathione (GSH) level and superoxide dismutase (SOD)
activity were decreased in the GIO rats compared with the control
group, and treatment with Z-GS upregulated their levels (Fig. 4A, B).

2.8. Effect of Z-GS on the Nrf2/HO-1 pathway of GIO rats

The classical oxidative stress pathway was examined to reveal the
possible mechanism. As shown in Fig. 4C, the protein expressions of
Nrf2 and HO-1 were inhibited in the GIO group and treatment with Z-
GS could markedly increase their expressions in the femur of the rats.

2.9. Effect of Z-GS on the cell function and oxidative stress in MC3T3-E1
cells

As shown in Fig. 5A, DXM decreased osteoblast cell viability and
increased the LDH level, whereas treatment with Z-GS reversed the
DXM-induced changes in cell viability and LDH, indicating the pro-
tective effect of Z-GS on MC3T3-E1 cells.

To validate the antioxidant effect of Z-GS, the ROS accumulation
were detected. The results revealed that DXM increased ROS accumu-
lation both in intracellular and mitochondrial. In contrast, treatment
with Z-GS inhibited the increase of ROS levels (Fig. 5B). In addition, we
detected the antioxidant enzyme activity in MC3T3-E1 cells, the results
indicated that Z-GS could significantly promote the activities of SOD
and GSH in osteoblasts (Fig. 5C).

2.10. Effect of Z-GS on the bone turnover markers in MC3T3-E1 cells

Bone turnover markers in MC3T3-E1 cells were further detected to
test the repair function of Z-GS on osteoporosis. The ELISA results
showed that DXM increased the levels of ALP and TRAP in MC3T3-E1
cells, while Z-GS treatment inhibited these changes (Fig. 5D). Moreover,
the reduced expressions of Runx2 and BMP2 induced by DXM were also
observably reversed by Z-GS (Fig. 5E).

2.11. Nrf2/HO-1 knockdown abrogated the beneficial role of Z-GS in DXM-
treated MC3T3-E1 cells

To further determine the role of Nrf2/HO-1 signaling in the bene-
ficial effects of Z-GS, Nrf-2 and HO-1 were thus silenced in the cultured
MC3T3-E1 cells through transfecting with siRNA-Nrf2 or siRNA-HO-1.
The transfection efficiency was confirmed by western blotting (Figs. 6A,
7A). The results indicated that Nrf2 knockdown largely inhibited the
expression of HO-1 (Fig. 6B). Besides, the effects of Z-GS on the ex-
pressions of bone markers, Runx2 and BMP2, in DXM-treated MC3T3-
E1 cells were also greatly weakened by Nrf2 knockdown (Fig. 6C). The
similar results were found in siRNA-HO-1 transfected cells (Fig. 7).

3. Discussion

Osteoporosis is a disease with high risk of bone fragility and frac-
ture, which is the major reason for broken bone in the elderly popu-
lation [13]. Epidemiologic investigations have accumulatively identi-
fied that glucocorticoid contributes to the incidence of secondary
osteoporosis [14]. Ample evidence has demonstrated that oxidative
stress induced osteoblast injure is one of the vital pathological me-
chanisms of GIO, and the antioxidants could be used to treat or prevent
GIO [15]. Z-GS is the major component of myrrh and is believed to have
a considerable antioxidative potential. In our study, we aimed to get full
use of the natural bioactive component Z-GS and evaluate it as a novel

Fig. 4. Effect of Z-GS on the oxidative stress level of GIO rats. A. The oxidative stress levels in rat's serum, including MDA (μmol/ml), GSH (μmol/ml), SOD (U/ml)
and ROS (U/ml). B. The oxidative stress level in rat's femurs, including MDA (nmol/mg), GSH (nmol/mg), SOD (mU/mg) and ROS (mU/mg). C. The protein
expressions of Nrf2 and HO-1 in femurs tissues. Data were presented as the mean ± SD, ⁎ p < 0.05 versus control group; # p < 0.05 versus GIO group.
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pharmacological agent for GIO. Rats were injected with DXM for
8 weeks to establish the GIO model in vivo, meanwhile MC3T3-E1 cells
were incubated with DXM to mimic the GIO model in vitro.

BMD and BMC were gold standards of osteoporosis diagnosis, which
could be determined by DEXA assay [16]. We found that Z-GS treat-
ment significantly increased the levels of BMD and BMC in the GIO rats.
Moreover, we used three-point bending test to analyze bone bio-
mechanical parameters of femurs. The results indicated that DXM in-
duced the decrease of maximum stress, maximum load and elasticity
modulus, while treatment with Z-GS reversed these parameters. In ad-
dition, the micro-CT analysis showed that DXM caused severely damage
to the microarchitecture of femur and Z-GS successfully prevented the
destructive effect of DXM. These results suggested that Z-GS could en-
hance bone mass and strength of GIO rats.

RANKL and its decoy receptor OPG were essential factors that reg-
ulate the balance between bone formation and resorption in GIO [17].
RANKL can ligate to its receptor RANK and then initiate bone resorp-
tion by increasing osteoclastic activities. Conversely, the OPG could
prevent the interaction of RANKL-RANK and inhibit bone resorption

[18]. Therefore, the increased expression of the RANKL or RANKL/OPG
ratio could alter bone homeostasis and finally lead to osteoporosis
[19,20]. In our study, it was interestingly noted that DXM induced a
significant overexpression of RANKL rather than OPG in GIO rats. The
enhanced RANKL/OPG ratio were alleviated in Z-GS-treated rats, po-
tentially explaining the protective effect of Z-GS on GIO.

To further investigate the role of Z-GS in bone formation and bone
resorption, several bone turnover markers, including ALP, TRAP, OCN,
CTX-I, Runx2 and BMP2 were determined. ALP is a vital marker in the
early stage of osteogenic differentiation, the level of ALP is higher in the
osteoporosis patients and is negatively correlated with BMD [21]. TRAP
is a mediator of osteoclast differentiation, which is usually over-
expressed in osteoclasts [22]. OCN is a late differentiation marker and
CTX-I is a product of collagen I and commonly used as a bone resorption
marker [23]. In accordance with previous studies [4], our results re-
vealed that DXM resulted in the decrease OCN level as well as the in-
crease of ALP and TRAP activities and CTX-I level. However, Z-GS fi-
nally ameliorated the damages induced by DXM.

BMP2/Runx2 cascade is also the key mediator in the osteogenic

Fig. 5. Effect of Z-GS on the oxidative stress and bone markers in MC3T3-E1 cells. A. The cell viability and LDH level of MC3T3-E1 cells. B. The ROS levels in
intracellular and mitochondrial. C. The SOD and GSH content in MC3T3-E1 cells. D. The ALP and TRAP activity in MC3T3-E1 cells. E. The protein expressions of
Runx2 and BMP2 in MC3T3-E1 cells. Data were presented as the mean ± SD, ⁎ p < 0.05 versus control group; # p < 0.05 versus DXM group.
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differentiation. BMP2 is a growth factor that can promote osteogenic
differentiation via activating the downstream transcriptional factors,
including Runx2 [24]. Then Runx2 binds to the promoters of osteogenic
genes and thus regulates the expressions of bone turnover markers [25].
In the present study, treatment of Z-GS reversed the reduction of BMP2
and Runx2 expression in GIO rats.

To investigate the potential mechanism of Z-GS on GIO rats, we
detected the varying of oxidative stress level in vivo and in vitro. MDA
is one of the important products of peroxidation, it indicates the level of
oxidative stress in body. SOD and GSH are two critical antioxidant
enzymes in cells, they can resist and repair the damage caused by
oxygen free radicals [26]. Our results indicated that Z-GS could sig-
nificantly reduce the MDA level and enhance GSH and SOD activities in
GIO rats. Similar findings were observed in Z-GS treated MC3T3-E1
cells.

It is generally accepted that ROS contributes to the destruction of
cellular components in various pathological conditions, including os-
teoporosis [27]. Researches have revealed that glucocorticoid could
initiate the generation of ROS, and most of them were derived from
mitochondria [28]. Hence, we analyzed the cellular and mitochondrial
ROS production in MC3T3-E1 cells, and the results indicated that Z-GS
treatment inhibited the level of ROS. All these findings suggested that
antioxidative stress is the possible mechanism of Z-GS on GIO rats.

The Nrf2 pathway constitutes one of the major cellular defense
mechanisms against oxidative stress [29]. Nrf2 offer cytoprotection

through binding to antioxidant responsive element (ARE) and enhan-
cing the expression of antioxidants, such as HO-1 [30]. Emerging stu-
dies have suggested that Nrf2 signaling pathway played a critical role in
the regulation of bone metabolism [31]. Deletion of Nrf2 could inhibit
the activity of antioxidant enzymes and elevate the level of ROS in
osteoclasts [32,33]. Consistent with these previous evidences, the pro-
tein expressions of Nrf2 and HO-1 in the present study were suppressed
in DXM induced femurs and cells and Z-GS treatment promoted their
expressions.

To confirm the pivotal role of Nrf2/HO-1 pathway in the anti-
oxidative stress effect of Z-GS, Nrf2 and HO-1 siRNA were employed to
down regulate their expressions. The results showed that Nrf2 and HO-1
were significantly suppressed by using specific Nrf2 and HO-1 siRNA.
Moreover, the beneficial effects of Z-GS on HO-1 and Runx2 as well as
BMP2 were reversed by siRNA-Nrf2 or siRNA-HO-1. These results
suggested that the antioxidative stress effects of Z-GS is mediated by the
activation of Nrf2/HO-1 pathway.

Taken together, these findings demonstrated that Z-GS inhibited the
oxidative stress injury to ameliorate the bone destruction in GIO rats
through activating Nrf2/HO-1 pathway. Z-GS could be a promising
candidate agent for the treatment of GIO.

Fig. 6. Nrf2 knockdown abrogated the beneficial role of Z-GS in DXM-treated MC3T3-E1 cells. A. The transfection efficiency of siRNA-Nrf2 was confirmed by western
blotting. B. The protein expressions of Nrf2 and HO-1 in siRNA-Nrf2 transfected MC3T3-E1 cells. C. The protein expressions of Runx2 and BMP2 in siRNA-Nrf2
transfected MC3T3-E1 cells. ⁎ p < 0.05 between the two groups.
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4. Materials and methods

4.1. Reagents

Z-Guggulsterone (MF: C21H28O2, CAS: 39025-23-5, purity:> 98%)
was purchased from R&D Systems (Minnesota, USA), dexamethasone
(MF: C22H29FO5, CAS: 50-02-2, purity:> 98%) was purchased from
ACMEC (Shanghai, China).

4.2. GIO model and administration

The animal experiment was approved by Ethical Review Committee
of University, and was conducted following the ARRIVE guidelines and
the National Institutes of Health guide for the care and use of
Laboratory animals. Thirty-two 8-week old SPF female SD rats
(weighing 250 ± 10 g) were purchased from Beijing HFK Bioscience
Co., Ltd. All the rats were housed in air-conditioned animal quarters in
a constant 12-hour light/dark cycle at 25 ± 2 °C temperature and
50 ± 10% air humidity with free access to pellet food and water. After
7 days of acclimatization, the rats were randomly divided into four
groups (n=8): control group, GIO model group, Z-GS 50mg/kg group
and Z-GS 100mg/kg group. The GIO model was established by the
intramuscular injection of 2.5 mg/kg DXM, twice per week for two
months. The rats in the Z-GS treatment groups were intraperitoneally
injected with 50 or 100mg/kg Z-GS (dissolved in soybean oil solvent)

once a day for two months. The rats in control and GIO groups were
received equivalent soybean oil solvent. Body weight was measured
once a week for eight weeks. The rats were euthanized, and their serum
and femurs were collected after two months of administration.

4.3. Bone mineral density and biomechanics measurements

BMD and BMC were measured by dual-energy X-ray absorptiometry
(DEXA) with a PIXImus II densitometer (GE Medical Systems, Lunar
Division, Madison, United States) on the proximal area of left femurs.

Bone biomechanical testing was conducted by a computer-con-
trolled mechanical testing machine (SANS-10404043, Shenzhen,
China). The maximum bending stress, maximum load and elasticity
modulus were detected according to the three-point bend testing. The
texting conditions were: sample space= 23mm and plunger
speed=2.0mm/min at room temperature.

4.4. Bone microstructure measurements

Bone microstructure were scanned by a micro-computed tomo-
graphy (micro-CT; QuantumGX, PerkinElmer, United States), the
parameters were assessed within the same regions of interest in cross
section of the left femur. The structural parameters including BV/TV,
Tb.N, Tb.Th and Tb.Sp. The scan conditions: source voltage of 90 kV,
source current of 88mA, exposure time of 14 s, and resolution of 2mm.

Fig. 7. HO-1 knockdown abrogated the beneficial role of Z-GS in DXM-treated MC3T3-E1 cells. A. The transfection efficiency of siRNA-HO-1 was confirmed by
western blotting. B. The protein expressions of Nrf2 and HO-1 in siRNA-Nrf2 transfected MC3T3-E1 cells. C. The protein expressions of Runx2 and BMP2 in siRNA-
HO-1 transfected MC3T3-E1 cells. * p < 0.05 between the two groups.
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4.5. Mineral and biochemistry analysis in serum and cells

The levels of ALP, TRAP, OCN and CTX-I in serum and MC3T3-E1
cells were analyzed by commercially available assay kits (Nanjing
Jiancheng, Nanjing, China) according to the manufacturer's instruc-
tions.

4.6. Cell culture and treatment

MC3T3-E1 cells were obtained from the American Type Culture
Collection (Manassas, VA, USA). Cells were cultured in Dulbecco's
modified Eagle's medium (DMEM; Gibco, Grand Island, NY, USA) sup-
plemented with 10% fetal bovine serum (FBS, Gibco) at 37 °C in a 5%
CO2 humidified cell incubator. To induce osteogenic differentiation,
MC3T3-E1 cells were cultured in DMEM with 10mM β-glyceropho-
sphate and 50mg/L ascorbic acid. The induced MC3T3-E1 cells were
treated with 100 μM DXM in the presence or absence of Z-GS (10 and
20 μM) for 7 days.

4.7. Small interfering RNA transfection

To knock down the expression of Nrf2 or HO-1, 1×106 MC3T3-E1
cells were transfected with siRNA-Nrf2, siRNA-HO-1 or siRNA-Negative
control (siRNA-NC), which were purchased from GenePharma Co., Ltd.
(Shanghai, China). Transient siRNA transfection was performed with
Lipofectamine 3000 (Invitrogen) reagent according to the manufac-
turer's instructions. After 24 h of transfection, the cells were treated
with DXM and different concentrations of Z-GS. The transfection effi-
ciency was confirmed by western blotting.

4.8. Cell viability and toxicity assay

The CCK-8 assay was carried out for measuring cell viability.
Briefly, MC3T3-E1 cells were seeded at a density of 5×103 cells/well
in 96-well plates, after the DXM and Z-GS treatment, 10mL of CCK-8
reagent was added to each well and incubation was continued for 2 h.
Absorbance was read at 450 nm on a microplate reader to determine
cell viability. The cell toxicity was detected by a cellular lactate dehy-
drogenase (LDH) assay kit (Nanjing Jiancheng, Nanjing, China) ac-
cording to the manufacturer's instructions.

4.9. Oxidative stress detection

The oxidative stress activity in serum, femurs and MC3T3-E1 cells
were estimated by GSH, MDA and SOD assay kits (Nanjing Jiancheng,
Nanjing, China) according to the manufacturer's instructions. The ROS
levels in serum and femurs tissues were detected by a ROS ELISA kit
(Lianshuo Biological Technology, Shanghai, China) following the pro-
tocol. The intracellular and mitochondrial ROS in MC3T3-E1 cells were
evaluated by DCFH-DA probe (10mM) and MitoSOXTM Red florescent
probe (5mM), respectively. The fluorescence intensity was detected by
FACScan flow cytometry (Becton Dickinson, Franklin Lakes, NJ, United
States).

4.10. Western blotting

Femurs tissues or cells were homogenized in RIPA buffer (Beyotime,
Shanghai, China). The protein concentration was determined using a
Bicinchoninic acid (BCA) protein assay kit (Beyotime). Protein samples
were separated with 12% SDS-PAGE gels and then transferred onto
polyvinylidenedifluoride (PVDF) membranes (Bio-Rad, Hercules, CA,
USA). The membranes were blocked with 5% nonfat milk and in-
cubated with specific antibodies: anti-Nrf2 (1:500, Abcam), anti-HO-1
(1:1000, CST), anti-OPG (1:1000, CST), anti-RANKL (1:1000, Abcam),
anti-Runx2 (1:1000, Abcam), and anti-BMP2 (1:1000, Abcam) over-
night at 4 °C. Membranes were incubated with anti-rabbit IgG or anti-

mouse IgG secondary antibodies (1:2000; ZSGB-Bio, Beijing, China) at
37 °C for 2 h. β-actin was used as an internal control. Protein bands
were visualized by enhanced chemiluminescent (ECL) reagents
(Beyotime) and analyzed by Image J software.

4.11. Statistical analysis

Data were expressed as means ± SD. Difference among groups
were analyzed by one-way analysis of variance (ANOVA) followed by
Tukey test using GraphPad Prism version 6 (GraphPad Software, Inc.,
La Jolla, CA, USA). p < 0.05 was considered statistically significant.

Abbreviations

BMC Bone mineral content
BMD Bone mineral density
DEX Dexamethasone
GIO Glucocorticoid-induced osteoporosis
ROS Reactive oxygen species
Z-GS Z-Guggulsterone
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