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Abstract: Glucocorticoids have been shown to induce apoptosis in different cell types. Recent studies have indicated
that apoptosis may not be the only form of death that is activated in osteoblasts in response to glucocorticoids. The
aim of this study was to investigate whether necrostatin-1 could protect osteoblasts from glucocorticoid-induced cell
death. Dexamethasone could induce both apoptotic and necrotic cell death in MC3T3-E1 cells, in a dose- and time-
dependent manner. Necrotic cell death was induced by dexamethasone in MC3T3-E1 cells and was characterized
by caspase independence, delayed externalization of phosphatidylserine, cellular swelling and plasma membrane
disruption. Blockages of necroptotic induction by a special inhibitor (Necrostatin-1) succeed to protect cells against
dexamethasone induced cell death. The levels of RIP-1 production and loss of mitochondrial membrane potential
were also determined to assess the effects of dexamethasone. This study showed, for the first time, that high-doses
of dexamethasone can induce necrotic-like cell death in osteoblastic MC3T3-E1 cells, and this induction could be

inhibited by necrostatin-1.
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Introduction

Glucocorticoids (GCs) have been used as che-
motherapeutic and anti-inflammatory agents
for many years. However, the long-term admin-
istration of GCs can induce skeletal complica-
tions such as osteoporosis and hip fracture [1].
GCs exert their injurious effects, to a great
extent, by affecting the proliferation and func-
tion of bone cells, including osteoblasts, osteo-
clasts and osteocytes. All these effects result
in the disequilibrium between bone formation
and absorption. It has been shown that GCs
can induce apoptosis in osteoblasts and osteo-
cytes, which could be an important factor in the
complications of prolonged GC treatment, as
mentioned above. Prednisone treatment signifi-
cantly increases the rate of apoptosis in both
osteoblasts and osteocytes in adult mice [2].
Additionally, corticosterone may induce apopto-
sis in rat and mouse osteoblasts by decreasing
the Bcl2/Bax ratio [3].

Although several studies have focused on the
apoptosis of osteoblasts and osteocytes cau-

sed by GCs, neither the changes in bone metab-
olism and bone architecture nor the modest
amount of apoptosis in osteoblasts and osteo-
cytes can explain the elevated bone fragility
that has been observed in GC-treated patients
[4]. Additionally, a previous study showed that
less than 4% of the total osteocytes were apop-
totic in a prednisolone-treated mouse model
[5], and treatment with different concentra-
tions of dexamethasone has been shown to
suppress apoptosis in osteoblasts [6]. These
results suggest that GCs must have another
effect, in addition to apoptosis, on bone cells.

Degterev et al. reported a new basic cell death
pathway termed ‘necroptosis’, this pathway
shares many characteristics with both necrosis
and apoptosis [7]. Necroptotic cells are mor-
phologically similar to necrotic cells and exhibit
characteristics such as nuclear condensation,
organelle swelling and loss of plasma mem-
brane integrity; additionally, necroptosis is cas-
pase-independent and can be triggered by
death receptors. Receptor Interacting Protein 1
(RIP-1) and Receptor- Interacting Protein 3 (RIP-
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3) are activated to form the necrosome com-
plex, and necroptosis results in elevated reac-
tive oxygen species (ROS) production and a
decrease in the mitochondria membrane po-
tential (MMP). Most importantly, necroptosis
can be specifically inhibited by a small mole-
cule, necrostatin-1 (Nec-1), which targets the
death domain of RIP-1 [8]. Necroptosis has
been shown to occur in many different cell lines
and tissues [9-13]. We have found the number
of osteoblasts was significantly increased after
treated with Nec-1 in glucocorticoid-induced
osteoporosis (GIOP) [14]; however, whether
necroptosis is involved in the effect of GCs on
osteoblasts in vitro is currently unknown.

In this study, we observed that dexamethasone
treatment induced as different type of cell
death in osteoblasts in a dose-dependent man-
ner, and treatment with necrostatin-1, the spe-
cific inhibiter of necroptosis, could significantly
inhibit the necrotic-like cell death induced by
dexamethasone. We also showed that the
mechanism of Nec-1 protection against GC-
induced cell death may be mediated by cas-
pase-independent pathways involving RIP-1
and RIP-3, ultimately resulting in a reduction of
the MMP.

Materials and methods
Reagents

The mouse osteoblastic cell line MC3T3-E1
was obtained from the American Type Culture
Collection (ATCC, USA). Dulbecco’s Modified
Eagle’'s Medium (DMEM), ascorbic acids, non-
essential amino acid, penicillin/streptomycin,
fetal bovine serum (FBS), and trypsin/EDTA
were purchased from Gibco (USA). Carboben-
zoxy-valyl-analyl-aspartyl [O-methyl]-fluorome-
thylk-etone (zZVAD-fmk) and necrostatin-1 (Nec-
1) were obtained from Enzo (USA). Dexame-
thasone (Dex) and DMSO were purchased from
Sigma (USA). The RIP-1 and RIP-3 antibodies
were obtained from Abcam (USA), The cas-
pase-8 activity assay kit, DCFH-DA, WST-1
assay kit, Annexin V/PI double staining kit and
MMP kit were purchased from Beyotime (China).
All reagents used in this study were of trace ele-
ment analysis grade.

Cell lines and cell culture

MC3T3-E1 cells, which were derived from mou-
se calvarias were cultured in a-modified Eagle’s
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minimum essential medium (a-MEM) supple-
mented with 10% FBS and 1% penicillin/strep-
tomycin, as previously described [15]. The cells
were incubated in a humidified incubator at
37°C with 95% O, and 5% CO, and were main-
tained in a sub-confluent state unless other-
wise indicated. The medium was changed twice
a week, and the cells were subcultured using
0.05% trypsin with 0.01% EDTA.

Induction of cell death

Different concentrations (10°, 10¢and 107 M)
of Dex were added to the cells, and the cells
were incubated for the indicated time periods.

Cell viability assay

Cell viability was determined for each concen-
tration of Dex using the WST-1 assay, as previ-
ously described [16]. Briefly, the MC3T3-E1
cells were planted at a density of 2x10* cells
per well in 96-well plates. To assess the effects
of Dex on cell proliferation, the cells were incu-
bated in growth medium or in conditioned
medium for O, 12, 24, 48 or 72 h at concentra-
tions of 10, 10® and 107 M. After exposure to
the various concentrations of Dex for the indi-
cated times, the cells were exposed to 10 mL of
WST-1 reagent for 1 to 2 h at 37°C. The absor-
bance was measured at 450 nm using a micro-
plate reader. Alternatively, the MC3T3-E1 cells
were plated in a 6-well plate and incubated
overnight at 37°C. After Dex treatment, the
number of viable cells was counted. The cells in
each sample were quantified according to the
instructions.

Measurement of caspase-8 activity

Caspase-8 activity was measured using a Cas-
pase-8/PP32 Colorimetric Assay kit according
to the manufacturer’s instructions. Briefly, 1.0x
10° cells were lysed, and the lysate was incu-
bated at 37°C with 200 pmol/L DEVD-UNA sub-
strate. The samples were read at 400 nm using
a model ELX800 Micro Plate Reader and the
data were expressed as the fold increase over
the control DMSO-treated cells.

Annexin V/Pl double staining

The cells were incubated with 10-° M Dex for O,
6, 12, 24, 48 or 72 h. The cells were then tryp-
sinised and harvested by centrifugation before
being incubated with Annexin V and PI for 15

Int J Clin Exp Pathol 2018;11(2):675-684



Glucocorticoid induced necroptosis in osteoblast

min at room temperature. Necrosis was exam-
ined, and the rate of cell death was analyzed by
flow cytometry using the Annexin V-FITC/PI kit.
Annexin V-FITC binds to necrotic and apoptotic
cells that have exposed phosphatidylserine on
the cell surface, thus allowing the quantifica-
tion of the percentage of necrotic cells was
determined [17].

Electron microscopy

Cultured cells were washed once in PBS and
fixed for 30 min in 2.5% glutaraldehyde in 0.1 M
sodium-phosphate buffer (pH 7.4). The sam-
ples were treated with 1.5% osmium tetroxide,
dehydrated with acetone and embedded in
Durcupan resin. Thin sections were poststained
with lead citrate and examined using a 7650
electron microscope (HITACHI, Japan) at 80 kV.

Experimental exposures

Once the Dex concentration that led to interme-
diate levels of cell death was determined, the
cells were treated with either 40 yM z-VAD-fmk,
a specific inhibitor of the caspases involved in
classical apoptosis, or 10 yM necrostatin-1, a
specific inhibitor of necroptosis, or they were
pretreated with the inhibitors for 2 h prior to
treatment with 10-° M Dex. The impact of these
inhibitors on cell viability and cell death-related
parameters in dexamethasone exposed cells
was evaluated after 72 h.

All of the drugs were diluted in medium contain-
ing 2% FBS immediately before the drug treat-
ments, and the final concentration of DMSO
was diluted to 0.1% or less to eliminate the
influence of the DMSO [18]. No significant
effects on thymidine incorporation or LDH leak-
age were observed in the medium containing
0.1% DMSO. Therefore, the control cultures
were cultivated in medium without drugs or
DMSO.

Production of reactive oxygen species (ROS)

Reactive oxygen species production was detec-
ted using H2DCFDA, as previously described
[19]. MC3T3-E1 cells were treated with 10
pmol/L Nec-1 or 10 ymol/L z-VAD-fmk for 72 h.
Subsequently, 2 ymol/L H2DCF-DA was added
to the cells during dissociation with trypsin.
After incubation for 10 min at 37°C, the cells
were washed and resuspended in 1 mL of phe-
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nol red-free DMEM supplemented with 2% dia-
lyzed fetal bovine serum and 8 pg/mL propidi-
um iodide. The data were collected using a FAC-
SCalibur fluorescence cell scanner (BD Bio-
sciences, San Jose, CA, USA) and the CEllQuest
data acquisition program. Fluorescence data
were collected at an excitation wave length of
475 nm and an emission wave length of 525
nm. Ten thousand cells were analyzed per sam-
ple, and the propidium iodide fluorescence was
used to exclude dead cells. The dichlorofluores-
cein (DCF) data were plotted as histograms and
was analyzed using the CellQuestTM software
to determine the differences between the
groups using a non-parametric statistical meth-
od (Kolmogorov-Smirnov test). Five samples in
each group were analyzed.

Determination of mitochondrial membrane
potential

The JC-1 mitochondrial membrane potential
assay kit was used to evaluate the changes in
the mitochondrial membrane potential (MMP)
in the cells. JC-1 is a lipophilic and cationic dye
that permeates the plasma and mitochondrial
membranes. The dye fluoresces red when it
aggregates in healthy mitochondria with high
membrane potential; on the other hand, it ap-
pears in monomeric form and fluoresces green
in mitochondria with diminished membrane
potential. The cells were incubated with the
MMP sensitive fluorescent dye JC-1 for 20 min
at 37°C, washed twice with PBS, and the “red”
(excitation 550 nm, emission 600 nm) and
“green” (excitation 485 nm, emission 535 nm)
fluorescence intensities were measured using
a fluorescence microplate reader (Molecular
Devices). Mitochondrial depolarisation (i.e., the
loss of MMP) manifests itself as a decrease in
the red/green fluorescence ratio.

Western blot analysis

The cells were lysed in a lysis buffer containing
625 mmol/L Tris-HCI (pH 6.8), 10% SDS, 25%
glycerol, 5% B-mercaptoethanol, and 0.015%
bromophenol blue, followed by sonication and
heat denaturation. The protein were applied to
a 10%-15% SDS-polyacrylamide gel, trans-
ferred to a nitrocellulose membrane, and then
detected using the proper primary and second-
ary antibodies before visualization with a che-
miluminescence kit (Pierce). B-actin served as
a loading control.
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Figure 1. High concentrations of dexamethasone induced cell death through a necrotic and caspase-independent pathway. A. Cell viability in response to different
concentration of Dex. B. AV/PI double stainning. C. The ultrastructural changes of MC3T3-E1 cells induced by 10° M Dex for 72 hours. D. The caspase-3 activity of
dexamethasone induced MC3T3-E1 cell death. Each point is mean + S.D. of three experiments. *P<0.05; **P<0.01.
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Figure 2. Nec-1 protected MC3T3-E1 cells against necrotic cell death induced by 10° M Dex. A. Nec-1 decreased cell
viability compared with z-VAD-fmk. B, C. Nec-1 decreased the Pl-positive cells while z-VAD-fmk increased it. D. TEM
showed cell protection of Nec-1 from 10° M Dex. *P<0.05; **P<0.01.

Statistics

All data shown are the mean + SE of at least
three independent experiments, except when
otherwise indicated. Significant differences
were evaluated using an ANOVA, followed by
the appropriate post hoc tests, or by the Mann-
Whitney U-test. A P value <0.05 was consid-
ered significant.

Results

High concentrations of dexamethasone in-
duced cell death through a necrotic and cas-
pase-independent pathway

Dex reduced cell viability is shown in Figure 1A.
At a concentration of 10-° M, the percentage of
viable cells was obviously decreased but was
not significantly different from that of the other
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concentrations. The Annexin-V/Pl assay indi-
cated that cell death was due to necrosis
(Figure 1B), as the apoptotic population was
very small. TEM showed some necrotic chang-
es in MC3T3-E1 cells treated with 10°° M Dex:
cell swelling and cytoplasmic vacuolation (a),
numerous swollen mitochondria and dilation of
endoplasmic reticulum (b), plasma membrane
rupture (c), severe damage of mitochondria
with disrupted internal structures (d) (Figure
1C). Dex-induced cell death was caspase-inde-
pendent (Figure 1D).

Nec-1 protected MC3T3-E1 cells against ne-
crotic cell death induced by 10° M dexametha-
sone

To quantify the protection provided by Nec-1,

MC3T3-E1 cells were exposed to 10° M Dex in
the presence of Nec-1 for 72 h. The caspase

Int J Clin Exp Pathol 2018;11(2):675-684
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Figure 3. Nec-1 increased the MMP (A) but had no effect on the production of ROS (B). Data represent mean + S.D.
of three experiments. N.S. = Not significant. *P<0.05; **P<0.01.
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Figure 4. Nec-1 decreases the level of activated RIP-1 but had no effect on RIP-3 after dexamethasone treatment. A.
Representative western blots of RIP-1, RIP-3 and B-action were shown. B. Quantitative analysis of RIP-1. C. Quantita-
tive analysis of RIP-3. n=6 for each group. N.S. = Not significant. *P<0.05; **P<0.01.

inhibitor, z-VAD-fmk, was used for comparison.
In our experiments, Nec-1 significantly reduced
the Dex induced cell death (P<0.01), whereas
z-VAD-fmk had a smaller but still significantly
affect (P<0.05) (Figure 2A). The AV/PI staining
showed that more cells showed Pl-positive
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when exposed to 10° M Dex compared to the
control (P<0.05) (Figure 2B). Nec-1 significantly
decreased the Pl-positive cells (P<0.01) while
z-VAD-fmk increased (P<0.001) (Figure 2C).
Nec-1 also attenuated the lesion of mitochon-
dria induced by Dex from the TEM (Figure 2D).
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Nec-1 increased the MMP but had no effect
on the production of reactive oxygen species
(ROS)

To further investigate the effect of Nec-1 on
mitochondrial membrane function, we exam-
ined the production of ROS and the MMP level
in the different groups. Our data demonstrated
that, dex was found to reduce the MMP; how-
ever, treatment with Nec-1 significantly prevent-
ed the Dex-induced loss of MMP, while z-VAD-
fmk had no effect (Figure 3A). In the ROS assay,
105 M Dex significantly increased the intracel-
lular ROS levels (P<0.01) (Figure 3B). Interest-
ingly, Nec-1 had no effect on the ROS produc-
tion of cells treated with Dex alone (P>0.05).

Nec-1 decreased the levels of activated RIP-1
dexamethasone treatment

To further explore the mechanism of Nec-1
protection, we examined the activity of RIP-1
and RIP-3. Western blot analysis showed that
treatment with 10°° M Dex for 72 h markedly
increased the levels of RIP-1 and RIP-3 (P<0.01)
(Figure 4). Importantly, as shown in Figure 4,
Nec-1 inhibited the activation of RIP-1 but had
no effect on RIP-3 (P<0.01).

Discussion

Previous investigations have focused on the
apoptotic effects of GCs on osteoblasts, while
less attention has been paid to the necrotic
death induced by GCs. Our research confirmed
that the necrotic-like cell death induced by 10°
M dexamethasone in MC3T3-E1 cells was cas-
pase-independent. We also found that necro-
statin-1 could immediately interrupt this mech-
anism of cell death through the down regulation
of RIP-1 and the restoration of MMP.

Previous studies have reported that GCs can
promote [20] or protect osteoblast from apop-
tosis [21] in vitro. Interestingly, in MC3T3-E1
osteoblasts, Dex inhibited the TNF-a-induced
apoptosis by up to 50% and led to a decrease
in the activities of caspase-3, cyt-c, and NF-kB
[22]. GCs promote apoptosis in vitro when cul-
ture conditions (cell density, differentiation pro-
moting agents, serum concentration) do not
fully support differentiation [23]. However,
Weinstein demonstrated that GC-induced bone
cell apoptosis in humans is rare [24]. A study of
ischemic osteonecrosis demonstrated osteo-
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cyte and osteoblast apoptosis 12 h after the
insult, whereas no evidence for apoptosis
remained after 96 h, at that time, only empty
lacunae were detected [25]. Our previous stud-
ies also confirmed that both apoptosis and
necroptosis were participating in the pathologi-
cal mechanism of GIOP rats [14]. These con-
flicts suggested that there may be another
mechanism, such as necroptosis, occurring in
osteoblasts and osteocytes that may account
for the necrotic changes observed during GCs
treatment. Using the WST-1 assay, we found
that GCs induced MC3T3-E1 cell death in a
time- and dose-dependent manner, and the
Annexin-V/PI double staining showed that the
number of necrotic-like cells synchronously
increased with the concentration of dexameth-
asone. In partial agreement with our findings,
others have reported that glucocorticoid-
induced apoptosis was dependent on the con-
centration of glucocorticoids, with a maximum
effect observed at a concentration of 107 M
after 72 h in osteoblast culture [3]. However,
the author did not discuss why higher concen-
trations of GCs led to a decrease in the number
of apoptotic osteoblast cells. All these findings
suggested that there may be another cell death
mechanism active in osteoblasts after GC
treatment, and this new cell death mechanism
was caspase-independent.

Necroptosis can be triggered when caspase
activity of caspase is inhibited. In our study, we
also found that the activity of the caspases
was significantly decreased after treatment
with 10°°® M Dex for extended periods of time.
Although the mechanism of caspase- depres-
sion is still undefined, the cell culture condi-
tions, stage of differentiation and concentra-
tions of stimulant may be involved [26]. The
critical upstream components of the pathway
include RIP-1 and RIP-3, while ROS production
and mitochondrion function are the down-
stream effectors [27]. The kinase function of
RIP-1 was essential for programmed necrosis
but was dispensable for NF-kB activation [28,
29], suggesting that programmed necrosis
might be regulated at the level of RIP-1 activa-
tion. RIP-3 had been identified as a crucial
upstream activating kinase that regulates RIP1-
dependent programmed necrosis. Both RIP-3
and the kinase activity of RIP-1 are essential
for the stable formation of the RIP-1-RIP-3
pro-necrotic complex, which critically controls

Int J Clin Exp Pathol 2018;11(2):675-684
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downstream reactive oxygen species (ROS)
production [30]. Our western blot analysis
showed that the osteoblasts displayed high lev-
els of RIP-1 and RIP-3 after treatment with 10-°
M Dex for 3 days.

The function of the mitochondria is essential
for necroptosis. Using transmission electron
microscopy, we found that the mitochondria of
MC3T3-E1 cells treated with dexamethasone
were obviously swollen and vacuolisation had
occurred, indicating the disruption of mitochon-
drial function. There was also a remarkably
elevated level of MMP in MC3T3-E1 cells under
our treatment regime, which indicated a nega-
tive effect on mitochondrial function. Addi-
tionally, the mitochondria are also the princi-
pal producers of ROS in cells [31]. It has been
previously demonstrated that TNF-a-induced
necroptosis requires the participation of ROS
[32]. We also observed an exaggerated produc-
tion of ROS following Dex treatment. Although
the exact mechanism that triggers ROS produc-
tion remains poorly understood, RIP-3 acceler-
ates mitochondrial ROS production and mito-
chondrial metabolism through the activation of
a series of metabolism-related enzymes in
293T cells [33].

Nec-1 was first identified as an antagonist of
RIP-1, which, in combination with RIP-3, acti-
vates necroptosis [7]. In our study, the cell via-
bility assay showed that the number of osteo-
blasts was reduced after treatment with 10° M
Dex for 72 h, and this reduction was almost
completely reversed by pre-treatment with
Nec-1, pre-treatment with the caspase-inhibi-
tor zzZVAD-fmk had very little effect. The effect
of zZVAD-fmk could be attributed to the slight
apoptotic effect induced by 10° M Dex, which
was also observed by Annexin-V/PI staining. We
also confirmed that Nec-1 restored the MMP
level, but it had no effects on the Dex-induced
ROS production. Therefore, it is tempting to
speculate that the production of ROS was regu-
lated by RIP-3 or other downstream kinases,
which were mentioned above. It was confirmed
that Nec-1 protected the cells from necroptosis
by blocking RIP-1. In our study, we demonstrat-
ed that the expression of RIP-1 significantly
decreased when the cells were pre-treated with
Nec-1.

In summary, necrostatin-1 could significantly
inhibit the cell death induced by high doses and
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long-term treatment with dexamethasone. In-
terestingly, necroptosis has also been reported
to be involved in cell protection [34]. In certain
circumstances, necroptosis and apoptosis can
occur simultaneously in cells [35]. Future stud-
ies are required to fully unravel the detailed
mechanisms regulating the development and
progression of cell death in response to GC
treatment.
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