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rivatives antagonize
glucocorticoid-induced osteoblasts cells apoptosis
by blocking ROS-mediated signaling, a new anti-
osteoporosis strategy

Yanxin Du,a Hong Li,b Bolai Chen,a Haoqiang Lai,b Xiaoling Li*c

and Tianfeng Chen *b

Long-term use of glucocorticoids (GC), especially dexamethasone (Dex), could result in osteoporosis

through induction of oxidative stress-mediated apoptosis of osteoblasts and increased differentiation of

osteoclasts, finally leading to bone loss. Therefore, searching for new agents that could block Dex-

induced cytotoxicity would be a good way to treat osteoporosis. In this study, we show that, synthetic

benzo[1,2,5]selenadiazole derivatives (SeDs) could be used as effective inhibitors of Dex-induced

osteoblasts apoptosis. This protective effect was correlated with their lipophilicity, cellular uptake and

antioxidant activities. Furthermore, mechanistic studies reveal that, treatment of osteoblast cells with Dex

resulted in overproduction of intracellular reactive oxygen species (ROS), DNA fragmentation, activation

of caspase-3/-9, mitochondria fragmentation, phosphorylation of p53, and activation of MAPKs and AKT

pathways. However, pre-treatment of the cells with the synthetic SeDs effectively blocked these

intracellular events, which suggest that SeDs could protect osteoblast cells against Dex-induced cell

apoptosis via attenuating oxidative stress and downstream signalling pathways. Therefore, this study

demonstrates a new therapeutic application of SeDs to antagonize GC-induced osteoporosis.
Introduction

Glucocorticoid (GC) therapy is widely used in the treatment of
chronic inammatory and autoimmune diseases such as
rheumatic, asthma disease, cancer and transplantation.1

Nowadays, hundreds of thousands of people receive GC treat-
ment. However, long-term using of GCs could bring severe side
effects, such as reduction in bone density.2 Bone, a dynamic
remodeling tissue, formation is a coupled process including
bone resorption by osteoclasts and bone formation by osteo-
blasts.3 Osteocyte, the most abundant bone cell, is the termi-
nally differentiated osteoblasts.4 Increasing osteocyte cell death
is also considered to be highly associated with accumulation of
bone micro damage which is caused by loss of ability to sense
micro damage and repair by other bone cells.5

GC-induced osteoblasts cells apoptosis is the most common
reason of drug-related osteoporosis, and ranks third of osteo-
porosis following the postmenopausal and senile varieties.6

Early studies have showed that GC mainly led to bone loss
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through the inuence on osteocyte, osteoblasts and osteo-
clasts.7 Excess GCs have prosurvival effect on osteoclasts
differentiation, inhibit the activity of osteoblasts, and induce
apoptosis of osteoblasts and osteocytes, leading to reduced
bone formation and increased bone resorption.8 Nowadays,
a variety of pharmacological treatments, including bisphosph-
onates, hormone replacement therapy, and calcium supple-
mentation have been developed for osteoporosis therapy.
Fluoride, testosterone, parathyroid hormone, calcitonin and
anabolic steroids have been proposed to prevent GC-induced
bone lose.9,10 However, looking for efficient and low toxicity
protectants still kindled great interest of scientists.

Studies have conrmed that many diseases were closely
correlated with the generation of reactive oxygen species
(ROS).11 Multiple cellular molecules could be oxidized by ROS
such as unsaturated fatty acid, and the oxidative substances are
harmful to human health. Moreover, oxidative stress has been
reported to induce osteoblasts apoptosis in MC3T3 osteoblast
cells.12 Therefore, drugs that possess antioxidants are potential
pharmacologic and therapeutic agents. Selenium (Se) is an
important trace element, and antioxidant activity is an impor-
tant biological function. Studies have showed that, inside the
biological systems, selenocompounds could effectively remove
ROS.13 Animal experiments conrmed that, organic seleno-
compounds showed signicant protective effects at the range of
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Antagonization of Dex-induced apoptosis by selenadiazole
derivatives.
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safe dose against cell damage.14 Se could signicantly activate
SOD, GSH-PX activity, increase the GSH content, and thus
enhance the intracellular anti-oxidative capacity.15 Allophyco-
cyanin isolated from Se-rich algae could protect the blood cell
from AAPH-induced oxidative stress damage by inhibiting ROS
generation.10 Sodium selenite could reverse the glutamate-
induced cytotoxicity associated with ROS production and
enhanced oxygen consumption.16 In addition, supplementation
of Se could bring the gospel to many neurodegenerative
diseases by restoring the activity of antioxidant enzymes.17

Comparing with inorganic Se, organic selenocompounds show
advantages of higher absorptivity and lower toxicity.18 There-
fore, more and more attentions have been focused on the
rational design and discovery of organoselenium in cancer and
chemotherapy.

During the past decade, a large number of potent organo-
selenium compounds, including selenocyanate, selenobetaine
and seleno-amino acids, have been designed to achieve greater
chemopreventive efficacy. In our previous studies, synthetic
selenadiazole derivatives have been found be able to induce
cancer cell death through caspase- and p53-dependent
apoptosis.19 Selenadiazole derivatives could also antagonize
hyperglycemia-induced drug resistance in cancer cells through
the AMPK-mTORC1 and p53 signaling pathways.20,21 Another
series of selenadiazole derivatives were also identied as thio-
redoxin reductase inhibitors that induced cancer cell
apoptosis.22,23 Recently, a novel selenium-containing ruthenium
complex was found to enhance radiation-induced DNA damage,
which led to G2/M arrest and apoptosis in cancer cells by acti-
vating ROS-mediated pathways.24 All of our previous works has
suggested that Se-containing compounds exhibited potency in
cancer therapy. However, little information on their ability to
antagonize GC-induced osteoporosis is available. Interestingly,
herein a series of benzo[1,2,5]selenadiazole derivatives have
been screened and identied as effective inhibitors of Dex-
induced osteoblasts apoptosis. This protective effect was
correlated with their lipophilicity, cellular uptake and antioxi-
dant activities. Furthermore, we demonstrated that, treatment
of MC3T3 osteoblast cells with Dex resulted in overproduction
of intracellular reactive oxygen species (ROS), DNA fragmenta-
tion, activation of caspase-3/-9, mitochondria fragmentation,
phosphorylation of p53, and activation of MAPKs and AKT
pathways. However, pre-treatment of the cells with the synthetic
SeDs effectively blocked these intracellular events induced by
Dex, which suggest that SeDs could protect osteoblast cells
against Dex-induced cell apoptosis via attenuating oxidative
stress and downstream signalling pathways. Therefore, this
study demonstrates a new therapeutic application of SeDs to
antagonize GC-induced osteoporosis.

Results and discussion
Relationship among the lipophilicity, cellular uptake and
antioxidant activities of SeDs

Our previous work has showed that organoselenium
compounds with selenadiazole moiety had good anticancer and
antioxidantactivities.14,20–23,25–32 Therefore we tried to make some
This journal is © The Royal Society of Chemistry 2017
decoration on the benzo[1,2,5]selenadiazole by introduction of
various alcohol to enhance the solubility and antioxidant
activities. A series of 5-alkylbenzenecarboxyl[c][1,2,5]selenadia-
zoles with different alkyls, such as methyl, ethyl, propyl, iso-
propyl, butyl groups, were synthesized according to previous
described.21,33 These SeDs were expected to antagonize Dex-
induced apoptosis and anti-osteoporosis activities in MC3T3
osteoblast cells (Fig. 1). Glucocorticoid receptor (GR) trans-
activation induced by Glucocorticoid (GC) has been conrmed
to highly correlate with GC-induced osteoblasts cells apoptosis.
In order to investigate whether selenadiazole derivatives (SeDs)
have anti-glucocorticoid receptor (GR) effect, we rstly carried
out experiments to examine the inhibition activities of SeDs on
GR transactivation. As shown in Fig. 2A, the SeDs alone could
effectively inhibit the expression of GR. Especially, IBSe
demonstrated the highest inhibitory effects. Furthermore, we
tried to test the effects of Dex and the inhibitory effect of IBSe.
As shown in Fig. 2B, Dex alone signicantly increased the
expression level of GR. In contrast, the combined treatment
with IBSe effectively reversed this effect. Taken together, these
results suggest that, GR may be involved in the antagonizing
activity of SeDs against Dex-induced osteoblasts cells apoptosis.
Evidence have revealed the correlationship between oxidative
stress and osteoblasts apoptosis,12 therefore, these SeDs were
then screened for their antioxidant and anti-osteoporosis
activities. As we all known, the lipophilicity of a compound is
well known to have signicant inuence on its biological
activity.34 Therefore, we have detected the relationship between
lipo-hydro partition coefficient (log P) and cellular uptake of the
synthetic compounds. As shown in Fig. 3A, the increase in the
length and molecular weight of alkyl groups didn't linearly
increased the lipophilicity of the synthetic selenadiazole deriv-
atives, with higher log P values detected in EBSe and PBSe.
Consistently, EBSe and PBSe demonstrated signicant higher
cellular uptake in MC3T3 cells and the ve compounds were
well lipophilic. These results demonstrate the positive rela-
tionship between the lipophilicity and cellular uptake of the
synthetic compounds. We then examined the antioxidant
activities of SeDs by using ABTS assay. As showed in Fig. 3B–F,
all of the compounds could effectively scavenge the free radicals
in a time-dependent manner, which demonstrating the potent
RSC Adv., 2017, 7, 29656–29664 | 29657

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra01306j


Fig. 2 GR expression inhibition of selenadiazole derivatives. (A) SeDs
inhibited GR transactivation. (B) IBSe reversed GR transactivation
induced by DeX.

Fig. 3 Lipophilicity, cellular uptake and antioxidant activities of sele-
nadiazole derivatives. (A) The lipophilicity and cellular uptake of SeDs.
The intracellular Se concentration in cells exposed to 0.2 mM SeDs was
determined by ICP-AES analysis. Antioxidant activities of MBSe (B),
EBSe (C), PBSe (D), IBSe (E) and BBSe (F) by ABTS assay.

Fig. 4 Selenadiazole derivatives reverse Dex-inhibited intracellular
TrxR activity in MC3T3 cells.
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antioxidant activity of these compounds. It is well known that
TrxR is homodimeric selenoenzyme and plays crucial role in
antioxidant defense through regulating the activation and
reduction of Trx as well as other oxidized cellular components
by counteracting excess reactive oxygen species (ROS). There-
fore, in order to further investigate whether SeDs antioxidant
activity was due to the upregulation of selenoproteins. We next
examined the effects of IBSe and Dex on the activity of sele-
noenzyme, TrxR. As shown in Fig. 4, Dex alone signicantly
inhibited the activity, IBSe effectively elevated TrxR activity. In
contrast, the combined treatment with IBSe effectively reversed
this effect. Taken together, these results suggest that, IBSe may
antagonize Dex-induced osteoblasts cells apoptosis by
29658 | RSC Adv., 2017, 7, 29656–29664
increasing selenoenzyme activity which supports the applica-
tion potential of the compounds against oxidative stress-related
diseases.
SeDs reduce Dex-induced cytotoxicity through blocking cell
apoptosis

Studies were also carried out to evaluate the protective effects of
the synthetic compounds on Dex-induced cytotoxicity in MC3T3
osteoblast cells. As shown in Fig. 5A, treatment of the cells with
Dex at 0.1 to 10 mM for 48 h reduced the cell viability in a dose-
dependent manner. However, pre-treatments of the cells with
all the SeDs signicantly increased the cell viability (Fig. 5B–F),
while the compounds alone showed slightly inhibition effects in
the cell growth. Among them, IBSe exhibited better protective
effect on Dex-induced cytotoxicity, which may be due to its
strong antioxidant activity. Studies were also conducted to
examine the action mechanisms of Dex and the synthetic SeDs.
Apoptosis is a highly programmed cell death, which has been
identied as the major mode of cell death induced by Dex in
MC3T3 osteoblast cells.35 Therefore, in this study, rstly, we
have analyzed the effects of Dex and selenadiazole derivatives
on the cell cycle distribution by ow cytometric analysis. As
shown in Fig. 5G, Dex (10 mM) caused 15.7% of the cell
apoptosis and 22.61% G0/G1 cycle arrest. However pre-treated
the cells with MBSe, EBSe, PBSe, IBSe and BBSe (0.2 mM) for
2 h, obviously reduced the apoptosis from 15.7% to 6%, 8.8%,
7.4%, 2.4%, 6.3% and G0/G1 cycle arrest from 22.6% to 15.06%,
12.7%, 11.68%, 15.05%, 15.16%. Among them, preventive effect
of IBSe was the most obvious. Alkaline phosphatase (ALP) is the
earliest marker of osteoblasts MC3T3 osteoblast cells differen-
tiation.36,37 Then we detected the activity of ALP to assess the
protective effect of the ve SeDs on osteoblasts differentiation.
As shown in Fig. 6A, incubation of cells with Dex (0.1, 1, 10 mM)
for 72 h visibly reduced the activity of ALP. However, pretreat-
ment of IBSe for 2 h signicantly abolished these effects
induced by Dex. Additionally, we found that MBSe, EBSe, PBSe
and BBSe displayed neglectable effects towards ALP activity
(Fig. 6B–E) Taken together, these results suggest that IBSe is
capable of reversing the apoptosis effects induced by Dex.
This journal is © The Royal Society of Chemistry 2017
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Fig. 5 SeDs reverse the apoptosis-inducing effects of Dex. Cytotox-
icity of Dex and SeD toward MC3T3 cells (A–F). (G) SeDs attenuate
Dex-induced apoptosis in MC3T3 cells. Quantitative analysis of
apoptotic cell death induced by SeDs and Dex were analyzed by flow
cytometric analysis. All data here are expressed as means � SD of
triplicates. Bars with different characters (a–c) are statistically different
at P < 0.05 level. *P < 0.05 vs. untreated control. **P < 0.01 vs.
untreated control.

Fig. 6 Effects of DEX and SeDs on the ALP activity of osteoblast.
Osteoblast was used to be treated with Dex or SeDs with different
concentration, (A) IBSe, (B)MBSe, (C) EBSe, (D) PBSe, (E) BBSe. Bars with
different characters (a–c) are statistically different at P < 0.05 level.
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IBSe alleviates Dex-induced apoptosis through inhibition of
caspase activation and mitochondrial dysfunction

Caspase, a family of cysteine acid proteases, is known as
important mediators of cell apoptosis and contributed to the
apoptotic morphology through cleavage of various cellular
substrates.38 Generally upon stimulation, apoptosis occurs
through mitochondria-mediated (intrinsic) pathway and death
receptor-mediated (extrinsic) pathway.39,40 These two pathways
exert their roles by activating various caspases. Therefore, cas-
pases activation is an important indicator of apoptosis.
This journal is © The Royal Society of Chemistry 2017
Consequently, we conducted uorometric assay to detect
whether the activation of caspase-3/-8/-9 was involved in this
process. As depicted in Fig. 7B, IBSe induced slightly upregu-
lation of actived caspase-3/-8/-9, while Dex triggered signicant
activation of caspase-3/-9 in MC3T3 cells. In contrast, pretreat-
ment of the cells with 0.2 mM IBSe remarkably restrained the
caspases activation induced by Dex, which indicated the
protective effects of IBSe against the caspases activation
inducing capacity of Dex towards MC3T3 osteoblast cells. Both
the extrinsic and intrinsic apoptotic signals have been shown to
integrated in mitochondria. And deleption of mitochondria
membrane potential (Djm) is considered to be a highly relevant
event upon apoptosis stimulation.41 Therefore, we conducted
the following study, cells were pretreated with IBSe for 2 h, then
co-cultured with Dex for 48 h, aer that, cells were stained with
the mitochondria-selective JC-1 dye and analyzed by ow
cytometry. The red uorescence represented normal mito-
chondrial membranes potential, while intensity of green uo-
rescence represented the cells that lost mitochondrial
membrane potential as a result of the JC-1 monomers. As shown
in Fig. 7A, Dex treatment dose-dependently induced deleption
of Djm from 5.42% to 22.3%, 36.8% and 76.2%. However,
pretreatment of 0.2 mM IBSe effectively blocked the mitochon-
dria depolarization induced by Dex, as demonstrated by the
decreased green uorescence intensity.
RSC Adv., 2017, 7, 29656–29664 | 29659
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Fig. 7 IBS reduces caspase mediated mitochondrial membrane
potential induced by Dex. (A) Cells were pre-treated with IBSe for 2 h,
then co-cultured with Dex for another 48 h and analyzed by JC-1 flow
cytometry. (B) Caspase activities were measured by specific fluores-
cent substrates for caspase-3/8/9. (C) The expression of Bcl-2 protein
family. Significant difference between treatment and control groups in
indicated at P < 0.05(*) and P < 0.01(**) levels.

Fig. 8 IBSe reduces mitochondria fragmentation induced by Dex.
Cells were pre-treated with or without IBSe (0.2 mM) for 2 h, then
cultured with Dex (10 mM) for 48 h, after that cells were Stained by
Green Mito-Tracker for 2 h and stained by DAPI for 30 min.
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The Bcl-2 family members have been known as the key
regulators of mitochondrial permeability. Here we measured
the expression level of Bcl-2 family members by immunoblot-
ting assay. Dex incubation up-regulated the expression of pro-
apoptosis protein, such as Bax and Bad, but the down-
regulated the expression level of pro-survival proteins, such as
Bcl-2 and Bcl-xL. However, noticeable reversed effects were
observed in Bcl-2 family proteins expression triggered by Dex
aer the pretreatment with IBSe for 2 h (Fig. 7C). Together,
these results conrm that IBSe protects MC3T3 cells against
Dex-induced apoptosis through inhibition of caspases activa-
tion and mitochondria dysfunction.
IBSe prevents Dex-induced mitochondria fragmentation

Since IBSe obtains protective effects against Dex destruction on
mitochondria, we next conducted morphological studies of
mitochondria by usingMito Tracker Green CMXRos as a marker
through employing uorescence microscopy.42 As illustrated in
Fig. 8, 0.2 mM IBSe incubation induced neglectable disruption
in mitochondria structure, while treatment of the MC3T3 cells
with 10 mM Dex resulted in remarkable fragmentation of
mitochondria compared with the control groups. Signicant
reduction in these changes was observed in groups that pre-
treated with IBSe for 2 h and then cotreated with Dex for 48 h.
The morphological improvements demonstrated that IBSe
could restrain the Dex-induced damage to mitochondria in
MC3T3 cells.
IBSe decreases Dex-induced p53 phosphorylation through
eliminating ROS accumulation in MC3T3 cells

ROS, including superoxide, hydrogen peroxide, and hydroxyl
radical, accumulation has been conrmed to be the results of
29660 | RSC Adv., 2017, 7, 29656–29664
mitochondria dysfunction. And ROS generation is shown to be
the important mechanisms of osteoblasts apoptosis induced by
high dose GCs. Thus, we examined whether attenuation of ROS
was implicated in IBSe protective effects towards Dex-induced
apoptosis by using a specic probe DHE.43 As shown in
Fig. 9A, signicant increase of ROS was observed in cells that
treated with Dex (10 mM), which induced the apoptosis of
MC3T3 osteoblast cells. However, pretreatment of the cells with
MBSe, EBSe, PBSe, IBSe and BBSe signicantly reduced the Dex-
induced ROS generation a time-dependent manner, Moreover,
IBSe was found to potently inhibited Dex triggered ROS gener-
ation in osteoblast cells (Fig. 9B). Evidences have demonstrated
that overproduction of ROS may result in DNA damage and thus
activated p53, which takes part in apoptosis modulation
through regulating various downstream proteins expression,
such as p21, Bax, Bcl-2 and Bcl-XL. Therefore, p53 and p21
proteins expression level was evaluated by western blotting
assay to conrm the protective effects. The results revealed that
IBSe strongly blocked Dex-induced p53 activation and p21
expression (Fig. 9C). Together, these results demonstrate that
IBSe effectively inhibits Dex-induced p53 phosphorylation
through decreasing ROS accumulation in MC3T3 cells.
IBSe attenuates Dex-induced apoptosis through regulating
AKT and MAPKs pathways

ERK and Akt signaling pathways have been conrmed to play
important role in cell apoptosis and cell proliferation.44 Akt
enhances the survival of cells by inhibiting the expression of
pro-apoptotic proteins, such as caspase-9 and p53.45 Similar to
This journal is © The Royal Society of Chemistry 2017
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Fig. 9 IBSe prevents Dex induced ROS generation in MC3T3 cells. (A)
Cells pretreatment with SeDs for 2 h and then co-incubated with Dex.
After treatment cells were stained with DHE-DA for 30 min, and then
imaged under the fluorescence microscope (magnification, 10�). (B)
Dex and SeDs induced ROS accumulation in MC3T3 cells. Cells were
treated with indicated concentrations of drugs for various periods of
time. The levels of intracellular ROS were determined by DHE-DA
assay. (C) Protein expression of p53 and p21.

Fig. 10 IBSe and Dex impact on Akt and MAPK signaling pathway.
Cells were pre-treated with IBSe (0.2 mM) for 2 h, then cultured with
Dex (10 mM) for 48 h. The phosphorylation status and expression levels
of Akt andMAPK after treatment of IBSe and Dex. Equal protein loading
was confirmed by Western analysis of b-actin in the protein extracts.

Fig. 11 The proposed protective signaling pathway of IBSe againsts
Dex-induced apoptosis in MC3T3 cells.
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Akt, ERK are involved in many kinds of cellular processes,
including apoptosis, cell proliferation and differentiation.46 It
could also prevent cell apoptosis by blocking the activation of
caspase.47 Contrary to Akt and ERK, MAPK has been reported to
induce cell apoptosis in response to external stimuli.48Oxidative
stress has been identied as a key modulator of MAPK signaling
cascades.49 In this study, ROS overproduction induced by Dex
up-regulated the phosphorylation of JNK, and down-regulated
the phosphorylation of ERK and AKT (Fig. 10). In contrast,
pretreatment of the cells with IBSe effectively reversed these
effects induced by Dex. These results indicate that, SeDs
This journal is © The Royal Society of Chemistry 2017
prevented Dex-induced osteoblast cells apoptosis by suppres-
sion of pro-apoptotic JNK kinase and activation of pro-survival
ERK and AKT kinases. Based on the above results, we
proposed a signaling network for the antagonism action of
selenadiazole derivative on Dex-induced apoptosis (Fig. 11).
Conclusions

In this study, a series of benzo[1,2,5]selenadiazole derivatives
has been screened and identied as effective inhibitors of Dex-
induced osteoblasts apoptosis. The protective effects were
correlated with their lipophilicity, cellular uptake and antioxi-
dant activities against Dex-induced oxidative damage. Further
mechanic studies suggest that the synthetic selenadiazole
derivatives displayed noticeable protective effects against Dex-
induced cell apoptosis through attenuating oxidative damage
mediated p53 phosphorylation and regulating AKT and MAPKs
signaling pathways. Taken together, this study demonstrates
a new therapeutic application of SeDs to antagonize GC-
induced osteoporosis.
Experimental section
Materials

Dexamethasones (Dex), Propidium Iodide (PI), thiazolyl blue
tetrazolium bromide (MTT), solid JC-1, dihydroethidium (DHE),
bicinchoninic acid (BCA) kit were purchased from Sigma
(sigma-Aldrich, St. Louis, MO). All antibodies were purchased
from Cell Signaling Technology (Beverly, MA). Caspase-8,
caspase-9 and caspase-3 substrates were purchased from
Calbiochem.
Synthesis and characterization of selenadiazole derivatives

The synthesis of SeDs was conducted according to our previous
methods.20,21
RSC Adv., 2017, 7, 29656–29664 | 29661
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Cell culture, drugs treatment and measurement of cell
viability

MC3T3 cell line was obtained from American Type Culture
Collection (ATCC, Manassas, Virginia). The cells were cultured
with a-MEM medium, which supplemented with fetal bovine
serum (10%), penicillin (100 units per mL) and streptomycin (50
units per mL) at 37 �C in a humidied (5% CO2) atmosphere.
The cells were seeded in culture plates for 24 h, and then pre-
treated with ve benzo[1,2,5]selenadiazole derivatives for 2 h
and co-incubated with Dex for another 48 h to examine the
synergistic effects on MC3T3 osteoblast cells. Cell viability was
determined by using MTT assay as previously described.50
Flow cytometric analysis

The cell cycle distribution was analyzed by ow cytometry as
previously described.50 Apoptotic cells were measured by
quantifying the sub-G1 peak. For each experiment, 10 000
events per sample were recorded.
Determination of lipophilicity and cellular uptake

The lipophilicity of MBSe, EBSe, PBSe, IBSe and BBSe was
determined by using the “shake-ask” method previously re-
ported.51 The content of Se in each phase was determined by
ICP-MS analysis. log P was calculated as the logarithmic ratio of
the concentrations of the drug in the n-octanol phases and
aqueous phases. The intracellular Se concentration was deter-
mined by ICP-MS method, as previously described.52 MC3T3
osteoblast cells were harvested aer incubation with 0.2 mM ve
compounds for 2 h, and then washed with PBS buffer for three
times. Cells were digested for 3 h in mixture of perchloric acid
and nitric acid at the ratio of 3 : 1. Then digestive was volume to
5 mL with pure water.
Caspase activity assay

The specic caspase substrates (Ac-DEVD-AMC for caspase-3,
Ac-IETD-AMC for caspase-8 and Ac-LEHD-AMC for caspase-9)
were placed in 96-well plates and then total cell lysates (50 mg
per well) were added.50 Plates were incubated for 2 h at 37 �C in
darkness and the caspase activity was determined by uores-
cence intensity with the excitation and emission wavelengths
set at 380 and 460 nm respectively.
Evaluation of mitochondrial membrane potential Dcm

Aer treatment, cells were in incubated with 0.5 mL of PBS
buffer containing 10 mg per mL of JC-1 for 20 min. Stained cells
were immediately centrifuged to remove the supernatant, and
added 0.5 mL PBS, at last analyzed by ow cytometry.53 The
percentage of green uorescence was used to represent the cells
that lost Djm.
Mitochondria fragmentation

The cells were pretreated with IBSe for 2 h, and then co-cultured
with Dex for another 48 h; cell mitochondria were stained with
100 nM MitoTracker Green CMXRos for 90 min and nucleuses
29662 | RSC Adv., 2017, 7, 29656–29664
stained with 1 mg per mL DAPI for another 20 min. Aer that,
the cells were washed with PBS twice, and cultured in fresh
medium on a thermo-cell culture FCS2 chamber of Carl Zeiss
Cell Observer (Jena, Germany). Cell images were captured with
a monochromatic CoolSNAPFX camera (Roper Scientic, USA)
and analyzed by using Axio Vision 4.2 soware (Carl Zeiss).

Measurement of intracellular reactive oxygen species (ROS)
generation

The intracellular ROS generation was detected by DHE probe
uorescence assay.54 The DHE uorescence intensity of treated
cells was expressed as percentage of control (as 100%)

ABTS free radical scavenging assay

ABTS free radical scavenging activity of MBSe, EBSe, PBSe, IBSe
and BBSe were measured as previously described.38 To deter-
mine the antioxidant activity, 1 mL ABTS reagent and 50 mL of
sample or positive controls was mixed. Absorbance was detec-
ted at 734 nm for 2 h.

Alkaline phosphatase (ALP) activity assay

The induction of ALP is an unequivocal marker for bone cell
differentiation. To measure the ALP activity, cells were seeded
in 48-well plate at 1.5 � 104 per well. Aer 24 h cells were pre-
treated with/withoutMBSe, EBSe, PBSe, IBSe and BBSe (0.2 mM),
and then cultured with Dex (0.1, 1, 10 mM). Aer culture for 3
days, the medium was collected. 20 mL medium were taken on
the 96-wells, then 100 mL reaction liquid (0.5 M Tris, 10 mM p-
nitro phenyl phosphate, 2 mM MgCl2, 1 mM ZnCl2, pH ¼ 9.0)
were added. Aer incubation for 30 min at 37 �C in the incu-
bator, the reaction was terminated by 1 M NaOH (80 mL). The
absorbance at 409 nm was measured using a spectrophoto-
metric plate reader.

Determination of TrxR inhibition

The inhibition of TrxR in MC3T3 cells induced by SeDs at
different concentrations within 1 h was determined by the thi-
oredoxin reductase assay kit (Cayman) as previously
described.25

Western blot analysis

The effects of SeDs and Dex on the proteins expression level of
glucocorticoid receptor (GR) and other different signaling
pathways were detected by Western blot analysis.55 b-actin was
used to conrm the equal loading and transfer of proteins.

Statistical analysis

Experiments were carried out at least in triplicate and repeated
three times. All data were expressed as mean � S.D. Statistical
analysis was performed using SPSS statistical package (SPSS
13.0 for Windows; SPSS, Inc. Chicago, IL). The difference
between two groups was analyzed by two-tailed Student's t-test.
The difference between three or more groups was analyzed by
one-way analysis of variance multiple comparisons. Differences
with P < 0.05 or P < 0.01 was considered statistically signicant.
This journal is © The Royal Society of Chemistry 2017
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