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Abstract: Apoptosis of osteoblasts caused by glucocorticoids has been identified as an important contributor to the 
development of osteoporosis. Tanshinone IIA (Tan), an active ingredient extracted from the rhizome of the Salvia 
miltiorrhiza Bunge (Danshen), has been reported to cast positive effects on osteoporosis. However, the precise 
mechanisms accounting this action remain elusive. In this study, by using osteoblastic MC3T3-E1 cells as a model, 
we confirmed the protective effects of Tan against dexamethasone (Dex)-induced cell apoptosis and further clarified 
its molecular mechanism of action. Our results showed that treatment with Dex caused cell injury, increased cytosol 
cytochrome c level and Nox expression, induced apoptosis in caspase-9-dependent manner, and enhanced reactive 
oxygen species (ROS) production. Tan attenuated these deleterious consequence triggered by Dex. Moreover, Dex-
induced ROS production and cell injury were inhibited by antioxidant, NADPH oxidases inhibitors, Nox4 inhibitor, and 
Nox4 small interfering RNA (siRNA). Overexpression of Nox4 almost abolished the inhibitory effect of Tan on Dex-
induced cell injury and apoptosis. The results also demonstrated significant involvement of Nox4 in the Dex-induced 
apoptosis. Nox4-derived ROS led to apoptosis through activation of intrinsic mitochondrial pathway. Additionally, we 
evidenced that Tan reversed Dex-induced apoptosis via inactivation of Nox4. The present findings suggest that inhi-
bition of Nox4 may be a novel therapeutic approach of Tan to prevent against glucocorticoids-induced osteoblasts 
apoptosis and osteoporosis.
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Introduction

Under normal condition, bone can be reformed 
often to maintain bone volume and calcium 
homeostasis after bone injury [1]. Osteoporosis 
is a calcium and metabolic disorder associated 
with decreased bone mineral density, disor-
dered bone architecture and enhanced bone 
fragility, leading to an increased risk of fracture 
[2-4]. Osteoblasts and osteoclasts are two 
kinds of cells, which play important roles in the 
regulation of bone formation and resorption. 
Osteoblasts, originated in the bone marrow, 
can build up the matrix of bone and contribute 
to bone formation [1]. Indeed, osteoporosis is 
caused by a failure of bone homeostasis, which 
is due to the loss of osteoblastic activity and/or 
increase in osteoclastic activity [5]. Although 
increasing numbers of investigators have un- 

raveled the many cytokines, signaling pathways 
and transcription factors may be responsible 
for the differentiation of osteoblasts [6, 7], the 
underlying mechanisms contributing to osteo-
porosis are not well understood.

Glucocorticoids (e.g. prednisone, dexametha-
sone (Dex)) are widely used clinically for their 
unsurpassed anti-inflammatory and immuno-
modulatory effects in a variety of disorders 
including inflammatory, pulmonary, gastrointes-
tinal and autoimmune diseases [1, 8]. However, 
the therapeutic applications of glucocorticoids 
are greatly limited by substantial adverse side 
effects, especially osteoporosis, which due to 
high-dose and long-term exposure of glucocor-
ticoids [9, 10]. It is now clear that high-dose and 
long-term intake of glucocorticoids acts as a 
major contributor for osteoblasts and osteocyte 
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apoptosis [11, 12]. Although the positive corre-
lation between glucocorticoids and osteopo-
rotic status has been well characterized in 
many studies, the molecular mechanisms re- 
main elusive.

Oxidase stress is caused by an imbalance 
between the scavenging activities of intracellu-
lar antioxidant and the production of highly 
reactive oxygen species (ROS) [13]. Physio- 
logical levels of ROS are helpful to maintain nor-
mal cellular function [14], while excessive accu-
mulation of ROS results in cell injury and death 
[15]. Oxidative stress has been known to exhib-
it serious deleterious effects on osteoblasts 
and subsequently contributes to osteoporosis, 
in which the ROS production is obviously 
increased [16]. Moreover, clinical studies sh- 
owed that the decreased bone mineral density 
was associated with the increased oxidase 
stress [17]. Maggio et al. also observed a sig-
nificant reduction of antioxidant level in plasma 
isolated from the elderly patients with osteopo-
rosis [16]. Mechanically, increasing evidence 
suggests that oxidative stress may lead to in- 
crease osteoclasts activity and promote apop-
tosis of osteoblasts [18, 19]. Therefore, it is 
widely accepted that oxidase stress is a crucial 
participant in the pathogenesis of osteoporo-
sis. Over the past decades, some researches 
have been focused on a variety of natural com-
ponents isolated from oriental medicinal herbs, 
such as Salvia miltiorrhiza Bunge (Danshen), 
for their antioxidant and functional properties. 
Tanshinone IIA (Tan) is a major effective com-
pound of Danshen, and has been widely used 
clinically for the prevention and treatment of 
cardiovascular disorder. Tan has diverse bio-
logical effects, including improvement of micro-
circulation and vasodilation, anti-inflammatory 
and free radical scavenging [20]. Previously, it 
was reported that Tan exerted the inhibitory 
influence on oxidative stress and attenuated 
the deleterious effects via Wnt/FoxO3a signal-
ing in osteoblasts [21]. Although it is known 
that the beneficial actions of Tan are in part due 
to its antioxidant activities, the functional tar-
gets and molecular mechanisms of its biologi-
cal effects in osteoblasts remain elusive. 

Therefore, the purpose of this study was to test 
the hypothesis that Tan antagonizes glucocorti-
coids-induced apoptosis through the inhibition 
of ROS production in MC3T3-E1 cells and that 

the underlying mechanism accounting for this 
effect. Our study may provide a novel strategy 
for prevention against glucocorticoids-induced 
osteoporosis.

Materials and methods

Reagents

Alpha Minimum Essential Medium (α-MEM), 
dexamethasone (Dex), 2,5-diphenylterazolium 
bromide (MTT), 4’,6’-diamidino-2-phenylindole 
(DAPI), N-acetyl-L-cysteine (NAC), mitochondrial 
electron transport complex inhibitor rotenone, 
xanthine oxidase inhibitor allopurinol, specific 
Nox4 inhibitor plumbagin, and 2’,7’-dichloroflu-
orenscin diacetate (DCFH-DA) were obtained 
from Sigma-Aldrich (St Louis, MO, USA). Fetal 
Bovine Serum (FBS), penicillin-streptomycin, 

Lipofectamine2000 reagent and all siRNA du- 
plexes were obtained from Invitrogen (Carlsbad, 
CA, USA). NADPH oxidases inhibitor diphenyle-
neiodonium (DPI), apocynin, specific caspase-9 
inhibitor Z-LEHD-FMK, specific caspase-8 inhib-
itor Z-IETD-FMK and specific caspase-3 inhibi-
tor Z-VAD-FMK were purchased from Calbio- 
chem (Darmstadt, Germany). Tanshinone IIA 
(Tan, 99.0% purity assayed by high perfor-
mance liquid chromatography) was obtained 
from Yunnan Plant Pharmaceutical Factory 
(Yunnan, China) and was dissolved in dimethyl 
sulfoxide (DMSO).

Cell culture and treatment

Murine pre-osteoblasts MC3T3-E1 (CCL-240™) 
was purchased from American Type Culture 
Collection (ATCC, Manassas, VA, USA), and 
maintained in α-MEM supplemented with 10% 
heatinactivated FBS, 100 U/ml penicillin and 
100 U/ml streptomycin at 37°C in 5% CO2 
atmosphere. In selected experiments, MC3T3- 
E1 cells were incubated with various concen-
trations of Tan with or without Dex treatment 
for 24 h. In the experiments with caspase inhib-
itors, cells were pretreated with Z-LEHD-FMK 
(10 μM), Z-IETD-FMK (20 μM) or Z-VAD-FMK (25 
μM) for 30 min before Dex stimulation. To inves-
tigate the involvement of ROS source, MC3T3- 
E1 cells were pretreated with NAC (10 mM), DPI 
(10 μM), apocynin (100 μM), rotenone (10 μM), 
allopurinol (100 μM) or plumbagin (10 μM) for 
30 min before exposure to Dex.
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Nox4 specific small interfering RNA (siRNA) 
transfection

MC3T3-E1 cells were transiently transfected 
using Lipofectamine2000 with either Nox4 sp- 
ecific siRNA (sense 5’-GTAGGAGACTGGACAGA- 
AC-3’, antisense 5’-GTTCTGTCCAGTCTCCTAC-3’) 
or control siRNA (Negative, sense 5’-TTCTCC- 
GAACGTGTCACGT-3’, antisense 5’-ACGTGACAG- 

TTCGGAGAA-3’) according to the manufactur-
er’s instructions. After transfection for 24 h, the 
transfected cells were then treated with Dex for 
another 24 h.

Adenovirus infection

Nox4 plasmid was constructed by inserting the 
full-length cDNA of Nox4 into the pCMV-Tag2 

Figure 1. Cell viability response to various concentrations of dexamethasone (Dex) treatment and the effects of 
Tan omDex-induced cell injury. A and B. MC3T3-E1 cells were treated with various contractions of Dex (0.125-4 
μM) (A) or Tanshinone IIA (Tan, 0.001-1000 μM) (B) for 24 h. Cell viability was determined by MTT assay. C. The Dex 
induced decrease in MC3T3-E1 cells viability was improved by Tan at various concentrations. D. The concentraction-
response cruve of anti-apoptotic effect of Tan in MC3T3-E1 cells (IC50=9.646 μM). E. TdT-mediated dUTP nick-end 
labeling (TUNEL) (red) and DAPI staining (blue) of MC3T3-E1 cells following co-incubation of Dex and Tan for 24 h. F. 
The percentage of TUNEL positive cells was calculated. All data are presented as mean ± SEM. *P<0.05, **P<0.01 
vs. control; #P<0.05, ##P<0.01 vs. Dex treatment alone, n=6.
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expression vector between BamHI and XhoI 
restriction sites. The plasmid was confirmed by 
DNA sequencing. Nox4 adenovirus (Ad-Nox4) 
was generated using AdMax adenovirus pack-
aging system (Microbix Biosystems Inc., On- 
tario, Canada) according to the manufacturer’s 
instructions. Titers of the purified virus were 
assayed using by p24 ELISA kit (Cell Biolabs, 
San Diego, CA, USA). A negative control (Lacz) 
was obtained from Clotech (Mountain View, CA, 
USA). To study the role of Nox4 in Tan action, 
cells were infected with Ad-Nox4 or Laz at 50 
multiplicity of infection (MOI) for 24 h before 
Tan and Dex treatment.

MTT assay

Cell viability was measured by MTT assay as 
previously described [21]. MC3T3-E1 at a den-
sity of 5×103 cells/well were seeded in 96-well 
plates for overnight and then processed with 
different treatment as mentioned above. The 
fresh medium containing 0.5 mg/mL MTT 
reagent was added, and then incubated at 
37°C. After 4 h, the medium and MTT were 
removed, dimethyl sulfoxide (DMSO) was added 
to dissolve the formazan crystals, and the 

absorbance of each well was measured at 570 
nm by a plate reader.

TUNEL assay

Cells were fixed with 3:1 methanol: acetic acid 
solution and then permeabilized using 70% 
ethanol for 30 min. Cells was washed with 
phosphate buffer saline (PBS), followed by incu-
bation with (TdT-UDP nick end labeling) TUNEL 
reaction reagent (DeadEnd fluorometrictunel 
system, Promega, Madison, WI, USA) according 
to the manufacturer’s instructions. Cells were 
then treated with DAPI for nucleus staining and 
viewed using the Zeiss Axiplan2 fluorescence 
microscope (München, Germany). The number 
of TUNEL positive cells (red) and number of 
DAPI positive cells were counted using ImageJ 
software (NIH, Bethesda, Maryland, USA). The 
percentage of positively cells was expressed as 
(TUNEL positive cells/Total number of cells) 
×100.

Western blot analysis

MC3T3-E1 cells were collected by scraping and 
lysed in lysis buffer (Cell Signaling Technology, 

Figure 2. Tan attenuated Dex-induced apoptosis through the inhibition of the intrinsic pathway in MC3T3-E1 cells. 
A. The cells were co-incubated with Dex and Tan for 24 h. The Bcl-2 and Bax expression, cytosol cytochrome c level, 
the active forms of caspase-9/8/3, and the cleavage product of PARP were determined by western blot analysis. 
Representative results of four independent experiments are shown. B. Densitometric analysis of apoptosis-related 
protein expression was performed. C. MC3T3-E1 cells were pretreated with caspase-9 inhibitor Z-LEHD-FMK (10 
μM), caspase-3 inhibitor Z-IETD-FMK (20 μM) or caspase-8 inhibitor Z-VAD-FMK (25 μM) for 30 min before Dex 
stimulation. Cell viability was assessed by MMT assay. Data were presented asmean ± SEM. **P<0.01 vs. control; 
##P<0.01 vs. Dex treatment alone, n=4.
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Inc., Beverly, MA, USA). The protein content was 
determined by Bradford assay (Bio-Rad La- 
boratories, Hercules, CA, USA) according to the 
manufacturer’s instructions. Equal proteins 
were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) 
and electro-transferred to a PVDF membrane (Mi- 
llipore, Billerica, MA, USA). The membranes 
were then probed with primary antibodies to 
Bcl-2, Bax, PARP (Santa Cruz Biotechnology, 
Santa Cruz, CA, USA), cytochrome, caspase-9, 
caspase-8, caspase-3, β-actin (Cell Signaling 
Technology) and Nox4 (Abcam, Cambridge, UK) 
overnight, followed by incubation of corre-
sponding secondary antibodies (Beyotime, 
Jiangsu, China). Bounded antibodies were 
detected by ECL Western Blotting Substrate 
(Thermo Fisher Scientific, Waltham, MA, USA) 
and analyzed by ImageJ software. Data of the 
each group was expressed as fold change vs. 
that of control group (labeled as“1.00”).

ROS detection

To measure the amounts of intracellular ROS in 
MC3T3-E1 cells, DCFH-DA probe was used as 
recommended by the manufacturer. Cells were 

incubated with DCFH-DA (5 μM) at 37°C for 30 
min in dark. All samples were analyzed with at 
least three biological replicates, and images 
from each replicate were taken with a Zeiss 
Axiplan2 fluorescence microscope. The fluo- 
rescence intensity was calculated by ImageJ 
software.

Apoptosis analysis by flow cytometry

MC3T3-E1 cell apoptosis was detected by the 
FITC-Annexin V Apoptosis Detection Kit (Beyo- 
time) by flow cytometry according to the manu-
facturer’s protocol. Briefly, the cells were wa- 
shed and trypsinized. After centrifugation, cells 
were harvested and suspended in a binging 
buffer for Annexin V-FITC and propidium iodide 
(PI) staining at room temperature in dark for 15 
min. The apoptotic cells were counted by flow 
cytometry (BD Bioscience, Franklin Lakes, NJ, 
USA) and apoptosis percentage was reflected 
by Annexin V/PI ratio.

Statistical analysis

In this study, each experiment was conducted 
at least three times. Data were expressed as 

Figure 3. Nox4 was involved in Dex-induced ROS production. (A) MC3T3-E1 cells were treated with Dex for 24 h with 
or without a 30-min pre-treatment with the following inhibitors: NAC (10 mM), DPI (10 μM), apocynin (100 μM), ro-
tenone (10 μM), allopurinol (100 μM) or plumbagin (10 μM). Representative images for cells loaded with DCFH-DA 
(5 μmol/L) was captured with a fluorescence microscopy. (B) Quantitative analysis of DCF fluorescence intensity in 
(A). (C) The cells were transfected with Nox4 siRNA for different concentrations (5, 10, 20, 80 nM) or negative siRNA 
(Negative) for 24 h. The efficiencies of siRNA were detected by western blot. (D) MC3T3-E1 cells were transiently 
transfected with Nox4 siRNA (20 nM) for 24 h, and then treated with Dex for another 24 h. Intracellular ROS was 
detected by DCFH-DA fluorescent dye. (E) Quantitative analysis of DCF fluorescence intensity in (D). Data were pre-
sented asmean ± SEM. **P<0.01 vs. control; ##P<0.01 vs. Dex treatment alone, n=4.
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mean ± SEM from n independent experiments. 
Statistical analyses were performed using one-
way ANOVA analysis or an unpaired two-tailed 
Student t test by SPSS16.0 software. (SPSS, 
Inc., Chicago, IL, USA). Value of P<0.05 were 
considered significant statistically. 

Results

Tan reversed Dex-induced cytotoxicity and 
apoptosis in osteoblasts

In this study, MC3T3-E1 osteoblastic cell line 
was used as a cell model to simulate glucocor-
ticoids-induced osteoporosis and examine the 
protective effects of Tan. Firstly, the effect of 
Dex on cell viability was evaluated by MMT 
assay. As shown in Figure 1A, the growth of 
MC3T3-E1 was significantly inhibited by Dex 
(0.125-4 μM) in a dose-dependent manner. 
The maximal inhibition was observed in cells 
treated with 1 μM Dex. To examine the safety 
for clinical use of Tan on MC3T3-E1 cells, the 
cells were exposed to Tan from 0.001 to 1000 
μM for 24 h. The results showed that Tan alone 
had no cytotoxicity toward MC3T3-E1 cells at 
concentration less than 10 μM, while higher 
doses (≥100 μM) exhibited slight inhibition on 
cell growth (Figure 1B). Thus, the concentra-
tions less than 100 μM were used to investi-
gate the protective effects of Tan against Dex-
inhibited cell viability. Treatment with Tan dose-
dependently blocked the cytotoxic effect of Dex 
with the IC50 around 1 μM (Figure 1C and 1D). 
Therefore, in subsequent experiments, Dex at 1 

μM concentration and Tan at 1 mΜ concentra-
tion were used, respectively. In agreement with 
the cell viability assay, the TUNEL assay showed 
that Tan attenuated Dex-induced apoptotic cell 
death (Figure 1E). The proportion of apoptotic 
cells was increased from 9.2±0.4% to 44.6±8.1 
after treatment with Dex, while this elevation 
was significantly inhibited to 14.5±2.0% after 
exposure to 1 μM Tan (Figure 1F). Collectively, 
these data demonstrate the protective role of 
Tan against Dex-induced cytotoxicity and apop-
tosis in MC3T3-E1 cells.

Tan inhibited Dex-induced MC3T3-E1 cells 
apoptosis through mitochondria-dependent 
pathway

The apoptotic pathway is mainly regulated by 
the anti-apoptotic protein Bcl-2 and the pro-
apoptotic protein Bax. The balance between 
anti- and pro-apoptotic proteins appears to 
determine survival or death of cells. In Figure 
2A and 2B, incubation with Dex for 24 h signifi-
cantly decreased Bcl-2 expression, whereas 
enhanced Bax expression. However, these 
alternations induced by Dex were almost 
reversed after Tan treatment. Moreover, Dex 
significantly increased cytosol cytochrome c 
levels, indicating that Dex induces the release 
of cytochrome c from mitochondria to cytosol in 
MC3T3-E1 cells. However, this elevation was 
alleviated after Tan treatment. We next exam-
ined the cleavage of caspase-9/-8/-3 and PARP 
following co-incubation of Dex and Tan. Western 
blot analysis revealed that Dex resulted in acti-

Figure 4. Nox4-derived ROS was involved in Dex-induced cell injury in MC3T3-E1 cells. A. The cells were pre-treated 
with NAC (10 mM), DPI (10 μM), apocynin (100 μM), rotenone (10 μM), allopurinol (100 μM) or plumbagin (10 μM) 
for 30 min and then treated with Dex for another 24 h. Cell viability was examined by MTT assay. B. MC3T3-E1 cells 
were transfected with Nox4 siRNA for 24 h before exposure to Dex for another 24 h. MTT assay was performed to 
determine the effect of Nox4 siRNA on Dex-induced cell injury. All data are presented as mean ± SEM. **P<0.01 vs. 
control; ##P<0.01 vs. Dex treatment alone, n=4.
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Figure 5. Tan attenuated Dex-induced cell apoptosis through inhibiting Nox4 expression. A. MC3T3-E1 cells were co-incubated with Dex and Tan for 24 h. The expres-
sion of Nox4 was determined by western blot. B. The cells were infected with Ad-Nox4 for different MOI (25, 50, 100 MOI) or Laczfor 24 h. The expression of Nox4 
was detected by western blot. C. Nox4 adenovirus (Ad-Nox4, 50 MOI) was transfected for 24 h in prior to the co-incubation of MC3T3-E1 cells with Dex and Tan. Cell 
viability was tested by MTT assay. D. Cell apoptosis was determined by Annexin V/PI staining. E. Quantitative analysis of the percentage of apoptotic cells. Data were 
presented asmean ± SEM. **P<0.01 vs. control; ##P<0.01 vs. Dex; &&P<0.01 vs. Tan+Dex, n=4.
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vation of caspase-9/-3 and subsequent cleav-
age of PARP, which was effectively blocked by 
incubation of Tan. Of note, Dex produced no 
significant effect on the cleavage of caspase-8, 
indicating capase-8 may not be the important 
initiator caspase in Dex-induced apoptosis in 
MC3T3-E1 cells. To further confirm these phe-
nomena in MC3T3-E1 cells, we used specific 
caspase inhibitors and measured their effects 
on cell viability by MTT assay. Inhibitor experi-
ments showed that caspase-9 inhibitor Z-LEHD-
FMK and caspase-3 inhibitor Z-VAD-FMK re- 
markably inhibited the decrease of cell viability 
induced by Dex, but caspase-8 inhibitor Z-IETD-
FMK produced no effects (Figure 2C). Together, 
these results suggest that intrinsic mitochon-
drial pathway may be the major mechanism 
responsible for the apoptotic effects of Dex in 
MC3T3-E1 cells.

Dex-induced ROS production is Nox4 depen-
dent

We next used the ROS-sensitive fluorescent 
probe, DCFH-DA, to examine the effects of Dex 
on ROS production in MC3T3-E1 cells. As com-
pared with the control group, treatment of 
MC3T3-E1 cells with Dex resulted in an obvious 
increase in the production of ROS. This eleva-
tion was significantly inhibited after pretreat-
ment with the antioxidant N-acetyl-L-cysteine 
(NAC, 10 μmol/L). NADPH oxidase, mitochon-
drial electron transport chain and xanthine oxi-
dase are the main sources for the production of 
intracellular ROS [22]. Hence, various inhibitors 
against these sources were used to investiga- 
te their role in Dex-induced ROS production. 
Pretreatment with specific inhibitors against 
NADPH significantly suppressed Dex-induced 
the increases of ROS production, but the inhibi-
tors against mitochondria and xanthine oxidase 
had no effects on the increased production of 
ROS, suggesting the source of ROS production 
by Dex may be ascribed to a NADPH origin. 
Interestingly, NADPH oxidase 4 (Nox4) inhibitor 
plumbagin remarkably ablated the stimulatory 
effects of Dex on ROS production (Figure 3A 
and 3B). To further validate the key role of Nox4 
in Dex-induced ROS production, we used siRNA 
to knockdown Nox4 expression. The expression 
of Nox4 in MC3T3-E1 treated with Nox4 specif-
ic inhibitor or siRNA was, as expected, signifi-
cantly decreased (Figure 3C). As showed in 
Figure 3D and 3E, down-regulation of Nox4 pre-
vented Dex-induced increase in ROS produc-
tion. These data indicate that Nox4-derived 

ROS production may be correlated withDex-
induced apoptosis in MC3T3-E1 cells.

Inhibition of Nox4 attenuates Dex-induced de-
crease of cell viability

To investigate whether the Dex-induced in- 
crease in ROS production causally contributes 
to MC3T3-E1 cells apoptosis, cells were pre-
treated with different antioxidants following 
Dex treatment, and MTT assay was performed. 
In agreement with the above results, MTT assay 
showed that NAPDH oxidase inhibitors, DPI or 
apocynin, could reverse the inhibition of Dex on 
the growth of MC3T3-E1 cells, while the inhibi-
tors against mitochondria and xanthine oxidase 
produced no effects (Figure 4A). To further 
explore the role of Nox4 in Dex-induced cell 
apoptosis, we treated MC3T3-E1 cells with 
Nox4 specific inhibitor or siRNA. As showed in 
Figure 4A and 4B, Dex-induced decrease in cell 
viability was obviously suppressed after Nox4 
inhibition, suggesting that the reduction in 
Nox4-derived ROS production can translate 
into an inhibition in Dex-induced MC3T3-E1 
cells apoptosis.

Tan suppresses Dex-induced cell apoptosis 
through inhibiting Nox4 expression

Based on the critical role of Nox4 in Dex-
induced apoptosis in MC3T3-E1 cells, we spec-
ulated that Tan inhibited cell apoptosis through 
the regulation of Nox4 expression. To verify this 
assumption, cells were treated with Dex for 24 
h in the presence or absence of Tan, and then 
the expression of Nox4 was measured. Western 
blot showed that Dex treatment caused a sig-
nificant increase in Nox4 protein expression. 
However, this induction was almost abolished 
after Tan treatment (Figure 5A). To further 
explore whether the inhibition of Tan on Dex-
induced apoptosis results from its capacity to 
decrease Nox4 expression, we used Nox4 ade-
novirus (Ad-Nox4) to overexpress Nox4 expres-
sion in MC3T3-E1 cells. Western blot analysis 
of overexpression efficiency showed that Ad- 
NOx4 effectively increased the expression of 
Nox4. As compared with control group, at 25, 
50, and 100 MOI, the Nox4 expression was 
elevated by 1.56±0.21-fold, 2.32±0.33-fold, 
and 2.24±0.27-fold, respectively (Figure 5B). 
The Nox4 expression reached the maximal 
expression level at 50 MOI, and 50 MOI of 
Ad-Nox4 was then used in the following experi-
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ments. Following overexpression of Nox4, the 
inhibitory effect of Tan on Dex-decreased cell 
viability was abrogated (Figure 5C). Moreover, 
MC3T3-E1 cells apoptosis was analyzed by 
Annexin V-FITC/PI flow cytometry quantitatively 
(Figure 5D). Dex significantly increased the 
early and late apoptotic rate to 7.3 and 14.2%, 
respectively, which could be remarkably decre- 
ased by Tan. In line with results of MTT assay, 
the effect of Tan on apoptosis was dramatically 
reversed after Nox4 overexpression (Figure 
5E), demonstrating that the suppression of 
Nox4 expression may underlies, at least in part, 
the protective role of Tan against Dex-induced 
cell apoptosis.

Discussion

Osteoporotic fracture, one of the most aggres-
sive bone diseases, is the leading cause of 
morbidity and mortality, particularly in elderly 
women and men [23]. Accumulating evidence 
has indicated that glucocorticoids-induced os- 
teoblasts apoptosis is proposed as an impor-
tant cause for osteoporosis. For example, clini-
cal observation showed that over 30% patients 
who chronically exposed to high-dose glucocor-
ticoids could develop osteoporosis, and this 
was mainly resulted from the increased osteo-
blasts apoptosis [11, 12]. MC3T3-E1 cells, an 
osteoblastic precursor cell line, are the most-
used cell type in the study of osteoblast apop-
tosis and differentiation [13]. Therefore, in the 
present study, we used MC3T3-E1 cells to 
investigate the effect of Dex on osteoblasts 
apoptosis and the related underlying mecha-
nisms. Indeed, our findings showed that Dex 
could inhibit cell viability dose-dependently and 
induce apoptosis in MC3T3-E1 cells. 1 μM Dex 
caused the maximal inhibition on the growth of 
MC3T3-E1 cells. The final concentration of Dex 
at 1 μM is consistently reported to significantly 
decrease cell viability in MC3T3-E1 cells in 
many previous studies [1, 24, 25]. 

It has been known that apoptotic process is 
usual associated with the abnormal expression 
of Bcl-2 family, which consists of the anti-apop-
totic protein Bcl-2 and the pro-apoptotic protein 
Bax [26]. An increase in Bax expression results 
in a lower concentration of Bcl-2, driving the 
cells towards apoptosis [27]. On other hand, 
this imbalance between Bax and Bcl-2 increas-
es the mitochondrial membrane permeability, 
leading to the release of cytochrome c from 
mitochondria to cytosol and the activation of 

caspase pathway [28]. There are two major 
apoptotic pathways: the extrinsic death recep-
tor-mediate pathway and the intrinsic pathway. 
Each apoptotic pathway activates its own initia-
tor caspase (caspase-9 or caspase-8), which in 
turn promotes the cleavages of caspase-3 and 
PARP [29]. In the present study, we demon-
strated that Dex resulted in a decrease in Bcl-2, 
with an increase in Bax, concomitantly with the 
release of cytochrome c, and then activated 
caspase-9/3 and PARP. It is worthy to note that 
Dex produced no effects on caspase-8 activa-
tion, indicating Dex activates the intrinsic mito-
chondrial pathway rather than the extrinsic 
pathway. Furthermore, caspase-9 and cas-
pase-3 inhibitors but not caspase-8 inhibitor, 
remarkably reversed the inhibition of cell viabil-
ity induced by Dex, demonstrating that Dex 
induces MC3T3-E1 cells apoptosis mainly 
through intrinsic apoptotic pathway. 

Nowadays, increasing numbers of investigators 
have unraveled the action mechanisms of glu-
cocorticoids-induced apoptosis in osteoblasts. 
For instance, activation of Bim, GSK 3β and 
p38 might account for apoptosis-inducing ef- 
fects of glucocorticoids in osteoblasts [7, 30]. It 
also reported that glucocorticoids induced 
apoptosis in osteoblasts through the regulation 
of 11b-hydroxysteroid dehydrogenase type 2, 
leading to reduce the bone formation [31]. On 
the other hand, Rauch A et al showed that sup-
pression of cytokines such as interleukin 11 via 
interaction with monomeric GR and AP-1 con-
tributed to the pro-apoptotic effects of Dex  
on osteoblasts [6]. Additionally, studies have 
found that, high reactive oxygen species (ROS) 
play a critical role in the development and pro-
gression of osteoporosis [21, 25]. Consistently, 
in the present study, we evidenced that Dex sig-
nificantly induced ROS production in osteo-
blasts. Furthermore, in the experiment with 
antioxidant NAC, Dex-induced ROS production 
and cell injury were obviously suppressed, fur-
ther demonstrating that oxidase stress exerts 
an important functional role in Dex-induced 
apoptosis. However, the intracellular sources of 
ROS involved in this process are still unknown. 
It has been well documented that NADPH oxi-
dase, mitochondrial electron transport chain 
and xanthine oxidase are the main sources of 
intracellular ROS [22, 29]. In the experiments 
with various inhibitors against these sources, 
we found that the inhibition of NADPH oxidase 
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with DPI or apocynin almost completely sup-
pressed intracellular ROS production and apop-
totic cell death in Dex-treated MC3T3-E1 cells. 
Notably, inhibition of mitochondrial electron 
transport chain and xanthine oxidase with spe-
cific inhibitors had no effects on ROS produc-
tion and apoptosis, suggesting that NADPH  
oxidase is responsible for the increased ROS  
production and apoptosis following Dex stimu- 
lation. 

NAPDH oxidases (Noxs) the major source of 
ROS, have been suggested to be activated in 
osteoblasts by various stimuli such as indoxyl 
sulfate, high-cholesterol, oxidation protein pro- 
ducts, diet and ethanol [32-35]. To date, five 
Nox isoforms (Nox1, Nox2, Nox3, Nox4 and 
Nox5) have been identified. Notably, previous 
study reported that Nox1, Nox2, and Nox4, but 
not Nox3, Nox5, were found expressed abun-
dantly in osteoblasts [36]. Here, we evidenced 
that Nox4 expression was also up-regulated by 
Dex stimulation. Furthermore, either inhibition 
of Nox4 with Plumbagin or knockdown of Nox4 
with siRNA markedly suppressed the ROS pro-
duction and cell injury induced by Dex, indicat-
ing the important involvement of Nox4 in the 
Dex-induced apoptosis in osteoblasts. Cautions 
should be noted that we examined the protein 
expression of Nox4 only, but did not determine 
the changes of other Noxs expressions. This is 
the limitation of the current study, and more 
experiments should be performed to further 
determine whether Nox4 was a specific target 
of Dex. 

Antioxidants, such as medicinal agents, natural 
phytochemicals and healthy food, have been 
shown to play a beneficial role in oxidative 
stress-related diseases. Tan is one of the main 
active components in Danshen and widely used 
for the treatment of various cardiovascular and 
cerebrovascular diseases [21]. In addition to its 
functions in cardiovascular systems, recent 
studies have been carried out to elucidate the 
molecular mechanisms which account for the 
protective action of Tan in glucocorticoids-
inducedosteoporosis, such as stimulation of 
osteogenesis, depression of adipogenesis [37], 
elevation of Runx2 and β-catenin mRNA expres-
sion [38] and regulation of Wnt/FoxO3a signal-
ing pathway [21]. In our study, we found that 
Tan attenuated Dex-induced cell injury in a 
dose-dependent manner. The IC50 of Tan in 

MC3T3-E1 cells was compared with those 
reported in a previous study [21]. Next, we also 
evidenced that the intrinsic mitochondrial path-
way was involved in the protective action of 
Tan. Importantly, overexpression of Nox4 al- 
most completely abolished the inhibitory ef- 
fects of Tan on Dex-induced apoptosis in 
MC3T3-E1 cells. These findings were first to our 
knowledge to demonstrate that Tan attenuated 
Dex-induced cell injury and apoptosis via inacti-
vation of Nox4.

In summary, our data of the present study 
reveal for the first time that Nox4 plays an 
important role in the Dex-induced ROS. The 
elevation in Nox4-derived ROS production sub-
sequently activates intrinsic mitochondrial pa- 
thway, leading to cell apoptosis. Moreover, Tan 
effectively inhibits Dex-induced cell apoptosis 
through inactivation of Nox4. This study sug-
gests that Nox4 may be a potential target to 
ameliorate glucocorticoids-induced apoptosis, 
and provides a novel mechanism by which Tan 
prevents against osteoporosis.
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