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Abstract Dexamethasone (Dex), a glucocorticoid with
strong anti-inflammatory and immunosuppressive activities,
has been shown to exhibit marked cytotoxicity and apoptosis
in osteoblasts, but the underlying mechanisms have not yet
been comprehensively investigated. P21 Va/CiPl (521) plays
a critical role in the regulation of cell cycle progression and
apoptosis. The present study aims to investigate the role of
p21 in Dex-induced apoptosis in osteoblastic MC3T3-El
cells, and to explore its mechanisms. Results demonstrated
that Dex-induced apoptosis decreased the phosphorylation
of Akt in a concentration-dependent manner. Moreover,
LY294002, an inhibitor of the PI3K/Akt pathway enhanced
the Dex-induced apoptosis of osteoblasts. On the contrary,
insulin-like growth factor-1 (IGF-1), an activator of PI3K/
Akt, attenuated the apoptosis of Dex in MC3T3-E1 cells.
The protein level of p21 was downregulated by shorten-
ing its half-life, which was associated with inhibition of
the PI3K/Akt pathway by Dex. Furthermore, depletion of
p21 by siRNA enhanced Dex-induced caspase-3 activation
and ROS generation, and promoted apoptosis of MC3T3-
El cells. In addition, suppression of p21 led to a reduction
of Dex-induced upregulation of nuclear Nrf2 and heme
oxygenase-1 (HO-1) protein levels. These findings demon-
strate that p21 depletion promotes Dex-induced apoptosis
of MC3T3-El cells by inhibiting the antioxidant Nrf2/HO-1
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pathway, which highlights the anti-apoptotic effect of p21
in MC3T3-El cells.
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Introduction

Dexamethasone (Dex) represents a widely used glucocor-
ticoid for the treatment of inflammatory diseases, cancers,
pulmonary, gastrointestinal and autoimmune disorders
(Schicke et al. 2002; Spoorenberg et al. 2014). However,
long term and/or excessive dexamethasone application has
substantial adverse effects and may lead to different degrees
of bone damage, including secondary osteoporosis and oste-
onecrosis (den Uyl et al. 2011; Kerachian et al. 2009; Wein-
stein 2011). It has been documented that about one-third of
patients with long term intake of Dex suffered from bone
fractures. Apoptosis of osteoblasts and osteocytes have been
discussed as it is a major mechanism contributing to Dex-
induced osteoporosis (den Uyl et al. 2011). Evidence sug-
gests that Dex exerts direct cytotoxic effects to cultivated
osteoblasts, triggers G1-phase cell cycle arrest, and induces
apoptosis in osteoblasts via generation of reactive oxygen
species (ROS) and induction of oxidative DNA damage
(Li et al. 2012; Sato et al. 2015). Moreover, several stud-
ies demonstrated that Dex causes apoptosis of MC3T3-El
cells, which is associated with an imbalance in the anti- and
pro-apoptotic proteins, i.e., Bcl-2 and Bax, respectively (Li
et al. 2012; Zhu et al. 2011). Although apoptosis of osteo-
blasts caused by Dex has been identified as an important
contributor to the development of osteoporosis, the respon-
sible molecular mechanisms still remain elusive. Therefore,
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further studies focusing on the underlying molecular mecha-
nisms of Dex-induced osteoblasts apoptosis are required.

P21 (also known as p21Val/CiPly "3 prototypical member
of the cyclin-dependent kinase (CDK) inhibitor family, has
been shown to negatively modulate cell cycle progression
and induce cell cycle arrest in response to DNA damage by
inhibiting the activity of cyclin/Cdk2 complexes (Bertoli
et al. 2013; Wang et al. 2011). In addition, it also blocks
DNA replication by binding to proliferating cell nuclear
antigen (PCNA) (Prives and Gottifredi 2008). It also plays
a central role in the regulation of apoptosis (Karimian et al.
2016). Accumulating data demonstrate that the anti-apop-
totic function of p21 is associated with multiple pro-apop-
totic molecules or the apoptosis signal-regulating kinase 1
(Ask1), which blocks activation of caspase-3 and inhibits the
pro-apoptotic protein Askl (Zhan et al. 2007; Zhang et al.
1999). P21 null osteoblasts differentiate faster than wild-type
cells and undergo increased differentiation-related apoptosis,
suggesting that p21 acts a pro-apoptotic factor in osteoblastic
cells (Bellosta et al. 2003).

Nuclear factor-erythroid 2-related factor 2 (Nrf2) plays
an essential role in the cellular defense against osteoporosis.
It represents a transcription factor that binds to antioxidant
response elements and activates the expression of antiox-
idant-responsive genes and induces phase II detoxifying
enzymes, such as heme oxygenase-1 (HO-1) (Ibafiez et al.
2014; Loboda et al. 2016). In response to oxidative stress,
induction of Nrf2 and p21 supports cell survival and protects
cells from oxidative damage (Chen et al. 2009). However,
the underlying mechanisms remain unclear.

Although p21 has been shown to play an important role
in regulating cell proliferation and apoptosis, the mecha-
nisms how p21 modulates osteoblast responses to Dex has
not been fully clarified. Therefore, the aim of present study
was to investigate the role of p21 in Dex-induced apoptosis
in MC3T3-E1 cells, and to explore the mechanisms underly-
ing p21-mediated protection against Dex with special focus
on the antioxidant Nrf2/HO-1 pathway.

Materials and methods
Reagents and antibodies

Minimum essential medium («-MEM), Opti-MEM and
fetal bovine serum (FBS) were purchased from Gibco
(Grand island, NY, USA). Dexamethasone (Dex), 3- (4,
5-dimethyl-thiazol-2-yl)-2,5-diphenyl tetrazolium bromide
(MTT), dimethyl sulfoxide (DMSO), cycloheximide (CHX)
and insulin-like growth factor-1 (IGF-1) were purchased
from Sigma-Aldrich Chemical (Sigma, USA). Oltipraz was
purchased from Selleck (Shanghai, China). Primary antibod-
ies to HO-1 (cat #ab13243) and Nrf2 (cat #ab62352) were
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obtained from Abcam (Abcam, USA). Antibody for p-actin
(cat #AC004) was purchased from ABclonal Technology
(Wuhan, China). LY294002 (cat #9901) and antibodies
against p21 (cat #2947), p-Akt (#4060), cleaved caspase-3
(cat #9664) and histone H3 (cat #4499) were obtained from
Cell Signaling Technology (Danvers, MA, USA).

Cell culture

The mouse osteoblastic cell line MC3T3-E1 were purchased
from American Type Culture Collection (ATCC, Rockville,
MD, USA), and maintained in a-MEM medium in the pres-
ence of 10% (v/v) FBS and 1% antibiotics (100 U/mL peni-
cillin and 100 ug/mL streptomycin) at 37 °C in a humidified
atmosphere of 5% CO,.

RNA interference and transfection of cells

Specific small interfering RNA (siRNA) of p21 was pur-
chased from Ribobio, Co., Ltd (Guangdong, China).
MC3T3-El cells grown on 6-well plates were transfected
with 50 nM p21 siRNA and negative control (control
siRNA) using Lipofectamine 2000 reagent (Invitrogen,
Carlsbad, CA, USA) in Opti-MEM without serum according
to the manufacturer’s instructions. The cells were harvested
48 h after transection.

MTT assay

MC3T3-E1 cells were cultured with a-MEM containing
10% FBS in 96-well plates at a density of 2 X 10* cells per
well. After reaching 90% confluency, the cells were treated
according to the experimental design given in the results
section. Subsequently, the medium was removed, and cells
were cultured in 100 pL fresh medium containing 10%
MTT for 4 h at 37 °C. The supernatant was removed, and
the formazan crystals were dissolved in 150 pL. of DMSO.
Absorbance was recorded at 570 nm using a microplate
reader (Bio-Rad, California, USA).

Flow cytometric analysis for apoptosis

Apoptotic cell counting was detected using the Annexin
V-FITC apoptosis detection kit (KeyGEN, Nanjing, China).
After various treatments, cells were harvested with 0.25%
trypsin without EDTA and washed twice with ice-cold PBS.
Then, cells were re-suspended in 500 pL of 1 X binding
buffer and transferred to a sterile flow cytometry glass tube.
Five pL of Annexin V-FITC and 5 pL of propidium iodide
(PI) were added and incubated at room temperature in dark
conditions for 15 min. Finally, apoptosis was detected using
flow cytometric analysis according to the manufacturer’s
instructions (Beckman, Fullerton, California, USA).



Arch Toxicol

Reactive oxygen species (ROS) measurement

The ROS detection kit (Beyotime, Haimen, China) was used
to measure intracellular ROS formation. MC3T3-E1 cells
were washed twice with PBS and then incubated with 5 pM
2', 7'-dichlorofluorescein diacetate (DCFH-DA) for 30 min
at 37 °C. Fluorescence assays were measured using a flow
cytometer (Beckman, Fullerton, California, USA) at excita-
tion/emission of 488/525 nm.

MitoSOX™ Red mitochondrial superoxide indicator
(MitoSOX™ Red) assay

MitoSOX™ Red mitochondrial superoxide indicator (Invit-
rogen Detection Technologies, USA) is a novel fluorogenic
probe for highly selective detection of superoxide in the
mitochondria of live cells. In brief, MC3T3-E1 cells were
plated on coverslips in 12-well plates. After incubation and
treatment, cells were washed twice with warm HBSS/Ca/
Mg buffer and then stained with 1 mL of 5 pM MitoSOX™
reagent working solution for 10 min at 37 °C in the dark.
After washed gently three times with warm HBSS/Ca/Mg

buffer, MC3T3-E1 cells were counterstained and mounted
for imaging with a fluorescence microscope at excitation/
emission of 510/580 nm.

Confocal laser scanning microscopy (confocal LSM)

MC3T3-E1 cells were grown on coverslips. After treatments,
cells were washed with ice-cold PBS, fixed with 4% para-
formaldehyde for 30 min at room temperature, dried at room
temperature for 10 min, permeabilized with 1% Triton X-100
in PBS for 10 min, and then blocked with 3% bovine serum
albumin (BSA) in PBS with Tween 20 (PBST) for 1 h. After
washing, the cells were incubated with anti-p21 antibody
overnight at 4 °C, followed by mouse anti-rabbit IgG Cy3
(Beyotime, Haimen, China) in the dark at room temperature
for 2 h. The nuclei were stained with diamidino-2-phenylin-
dole (DAPI) dye (Beyotime, Haimen, China) for 5 min in the
dark. Finally, the coverslips were washed and mounted on
slides with anti-fade mounting medium (Beyotime, Haimen,
China). The images were captured using a laser scanning
confocal microscope (Olympus, Tokyo, Japan).
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Fig. 2 Effects of dexamethasone on the phosphorylation of Akt in
MC3T3-E1 cells. MC3T3-E1 cells were incubated with 0, 0.25, 0.5,
and 1 pM of dexamethasone for 24 h, and cell lysates were subjected
to western blot analysis using an anti-p-Akt antibody. Beta-actin was
used as loading control. Data represent mean + SD of three inde-
pendent experiments. *p < 0.05 indicates a significant difference
compared to the control group and **p < 0.01 indicates an extremely
significant difference compared to the control group

Western blot analysis

MC3T3-E1 cells were incubated with the indicated agents
according to the experimental design. Total cytoplasmic and
nuclear protein of MC3T3-E1 cells were prepared using the
total protein extraction kit (KeyGEN, Nanjing, China), and
cytoplasmic and nuclear extraction kit (KeyGEN, Nanjing,
China), respectively. The protein contents were quantified
using a bicinchoninic acid (BCA) protein assay kit (Bey-
otime, Haimen, China) according to the manufacturer’s
instructions. Proteins were separated by sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
and transferred to a poly-vinylidene difluoride membrane
(PVDF, Millipore, MA, USA). After being blocked, the
membranes were incubated over night at 4 °C with spe-
cific primary antibodies. Then membranes were probed
with HRP-conjugated secondary antibody for 1 h at room
temperature and detection was performed by an enhanced
chemiluminescence system (ECL, Beyotime, Haimen,
China). The results were normalized to f-actin and histone
H3 analyzed using Image J (National Institutes of Mental
Health, Bethesda, MD, USA).
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Protein stability assay

Stability of p21 was determined by treating MC3T3-E1 cells
with Dex followed by 40 pg/mL of cycloheximide (CHX).
Cells were harvested at the indicated time points (0, 0.5, 1, 3,
6 h), and protein lysates were analyzed by western blotting.

Statistical analysis

All results were obtained from at least three independent
experiments performed with technical triplicates. Data were
expressed as mean =+ standard deviation (SD), and assessed
by two-tailed Student’s ¢ test for two groups and one-way
analysis of variance (ANOVA) followed by post hoc Tukey’s
test for more than two groups using SPSS 19.0 (SPSS Inc.,
Chicago, IL, USA). A p value less than 0.05 was considered
statistically significant.

Results
Dex induces apoptosis in MC3T3-E1 cells

The apoptosis rate was tested by Annexin V-FITC/PI double
staining following treatment with 1 pM Dex for 24 h. Flow
cytometric analysis demonstrated that the apoptotic osteo-
blastic cells to the total cells ratio was significantly increased
in the presence of Dex (17.83 + 2.78%) as compared to 3.89
+ 1.13% in the control group (Fig. 1).

Dex decreases Akt phosphorylation in MC3T3-E1 cells

Akt is a critical kinase that regulates a variety of biologi-
cal processed, such as cell survival, proliferation and apop-
tosis (Cunha et al. 2016). To investigate the role of PI3K/
Akt pathway in Dex-induced apoptosis, MC3T3-E1 cells
were incubated with Dex for 24 h in a concentration range
between 0.25 and 1 uM and the phosphorylated level of Akt
was measured. Western blot analysis showed a concentra-
tion-dependent decrease of phosphorylated Akt (Fig. 2).
Already 0.25 uM Dex caused a small but statistically sig-
nificant decrease. The highest tested concentration of 1 uM
amounted to an approximately 50% decrease of p-Akt com-
pared to controls.

PI3K/Akt pathway is involved in Dex-induced apoptosis

To further determine if Dex-induced apoptosis in MC3T3-
El cells was mediated through suppressing PI3K/Akt
signaling pathway, MC3T3-E1 cells were incubated with
Dex in combination with LY294002 or IGF-1, respec-
tively. The MTT assay and flow cytometry analyses showed
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Fig. 3 LY294002 increases dexamethasone-induced apoptosis in
MC3T3-El cells through inhibiting the PI3K/Akt signaling pathway.
Cells were pre-incubated with LY294002 (20 pM) for 1 h, and then
co-incubated with 1 pM dexamethasone for 24 h. a Cell viability was
determined by the MTT assay. b Apoptosis was measured by flow
cytometry, followed by Annexin V-FITC (FL 1 channels) and PI (FL
2 channels) double staining. ¢ Expression of p-Akt was detected by

that co-incubation of MC3T3-E1 cells with LY294002
slightly but significantly enhanced Dex-induced cytotoxic-
ity (Fig. 3a) and apoptosis (Fig. 3b). Moreover, LY294002
slightly but significantly enhanced the inhibitory effect of
Dex on p-Akt (Fig. 3c¢). In contrast, co-treatment with IGF-1
attenuated Dex-induced reduction of cell viability (Fig. 4a)
and apoptosis (Fig. 4b), and antagonized suppressive effect
of Dex on p-Akt levels (Fig. 4c).

Dex downregulates p21 protein expression
in MC3T3-E1 cells

P21 plays multiple roles not only as a cell cycle regulator,
but also as a regulator of apoptosis (Li et al. 2012). In a next
step, we studied the influence of Dex on p21 expression and
its subcellular localization. Western blot analysis demon-
strated that incubation with 1 pM Dex for 24 h significantly

western blot analysis. Data represent mean + SD of three separate
experiments. **p < 0.01 indicates an extremely significant differ-
ence compared to controls; *p < 0.05 indicates a significant difference
compared to the dexamethasone-incubated samples and #p < 0.01
indicates an extremely significant difference compared to the dexa-
methasone-incubated samples

decreased the protein level of p21 in MC3T3-El cells by
approximately 50% compared to controls (Fig. 5a). Confocal
laser scanning fluorescence microscopy revealed that p21
visualized by red fluorescence decreased after Dex incuba-
tion compared to controls, which is consistent with the west-
ern blot analysis. In addition, incubation with Dex altered
the subcellular localization of p21 in MC3T3-E1 cells,
whereby the cytoplasmic fluorescence of p21 was reduced,
but the nuclear p21 was significantly increased (Fig. 5b).
After incubation with 40 pg/mL CHX and block protein
synthesis, the half-life of p21 was analyzed at the indicated
time points by western blotting. The results showed that the
protein level of p21 was downregulated in Dex-exposed cells
as compared to the control group (Fig. 5c), which suggests
that Dex decreased the p21 protein level by shortening its
half-life.
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Fig. 4 IGF-1 attenuates dexamethasone-induced apoptosis in by western blot analysis. Data represent mean + SD of three sepa-

MC3T3-El cells through activating the PI3K/Akt signaling pathway.
Cells were pre-incubated with IGF-1 (50 ng/mL) for 1 h, and then co-
incubated with 1 pM dexamethasone for 24 h. a Cell viability was
determined by the MTT assay. b Apoptosis was measured by flow
cytometry, followed by Annexin V-FITC (FL 1 channels) and PI (FL
2 channels) double staining. ¢ The expression of p-Akt was detected

PI3K/AKkt is involved in Dex-induced downregulation
of p21

Previous studies demonstrated that p21 could be phosphoryl-
ated by Akt to modulate its stability and subcellular loca-
tion (Li et al. 2002). To further investigate whether PI3K/
Akt pathway is involved in Dex-induced downregulation of
p21 in MC3T3-ElI cells, LY294002 and IGF-1 were used to
inhibit or promote Akt activation, respectively. Western blot
analysis demonstrated that combined incubation of either
LY294002 or IGF-1 with Dex enhanced or suppressed the
Dex-induced downregulation of p21, respectively (Fig. 6a,
b). LY294002 or IGF-1 incubation alone did not affect the
levels of p21 in MC3T3-El cells (Fig. 6a, b). Moreover,
the protein expression of nuclear p21 was decreased and
cytoplasmic p21 was increased after incubation with Dex
and IGF-1 compared to Dex-treated group. In the contrary,
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rate experiments. **p < 0.01 indicates an extremely significant differ-
ence compared to controls; *p < 0.05 indicates a significant difference
compared to the dexamethasone-incubated samples and #p < 0.01
indicates an extremely significant difference compared to dexameth-
asone-exposed samples

incubation of Dex and LY294002 could effectively increase
the nuclear content of p21 and decrease the cytoplasmic
content of p21 (Fig. 6¢). Incubation of MC3T3-El1 cells
with Dex led to a significantly decreased half-life of p21,
IGF-1 antagonized this decrease, while LY294002 further
shortened the half-life of p21 (Fig. 6d). This demonstrates
that Dex decreases p21 protein level in MC3T3-E1 cells by
destabilizing the p21 protein through inhibition of the PI3K/
Akt pathway.

P21 depletion increases Dex-induced cell death
and ROS generation

Previous reports found that Dex caused cell growth inhibi-
tion and apoptosis in MC3T3-E1 cells (Fan et al. 2017; Li
et al. 2012). To study the influence of p21 on Dex-induced
cell death, knockdown experiments were performed by
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Fig. 5 Effects of dexamethasone on protein level of p21 in MC3T3-
El cells. a MC3T3-El cells were exposed to 1 pM dexamethasone
for 24 h, and then proteins were extracted for western blot analysis
using anti-p21 antibody. b The effect of dexamethasone on the sub-
cellular distribution of p21 was analyzed by immunofluorescent stain-
ing. ¢ After dexamethasone incubation for 24 h, MC3T3-El cells
were exposed to 40 pg/mL CHX for indicated time periods (0, 30,

siRNA. Western blot analysis showed that protein expres-
sion of p21 was decreased to less than 30% in p21 siRNA-
transfected cells as compared to control siRNA-transfected
cells (Fig. 7). Next, viability and apoptosis of transfected
cells exposed to Dex were determined by MTT and flow
cytometry, respectively. The results demonstrated that p21
knockdown by siRNA in Dex-treated cells significantly
reduced cell viability, although the difference was small
(Fig. 8a). In addition, apoptosis (Fig. 8b) and activation of
caspase-3 (Fig. 8c) were enhanced by p21 knockdown com-
pared to that of control siRNA-transfected cells incubated
with Dex. Furthermore, levels of intracellular ROS (Fig. 8d)

Time after CHX (min)

DAPI Merge

60, 120 min) and p21 protein level was examined by western blotting.
Data represent mean + SD of three separate experiments. *p < 0.05
indicates a significant difference compared to the controls and
**p < 0.01 indicates an extremely significant difference compared
to controls; *p < 0.01 indicates an extremely significant difference
compared to dexamethasone-exposed samples

and superoxide in the mitochondria of live cells (Fig. 8e)
were increased by p21 knockdown after incubation with Dex
for 3 h.

Dex increases nuclear Nrf2 and HO-1

Nrf2 is well known to play a critical role in resisting oxi-
dative stress by transcriptional activation of anti-oxidative
enzymes such as HO-1, which could decrease ROS, and alle-
viate cell damage (Huang et al. 2013). To study the influence
of Dex on nuclear protein levels of Nrf2 and HO-1, MC3T3-
E1 cells were time-dependently incubated with 1 uM Dex
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Fig. 6 Dexamethasone-induced downregulation of p21 protein lev-
els is mediated by the PI3K/Akt pathway. MC3T3-El cells were
pre-incubated with IGF-1 (50 ng/mL) or LY294002 (20 pM) for
1 h, and then co-incubated with 1 pM dexamethasone for 24 h. a—c
Expression of p21 was detected by western blot analysis. d Cells were
incubated with dexamethasone alone or in combination with IGF-1
or LY294002, respectively, for 24 h, 40 pg/mL CHX was added to

and nuclear as well as total protein were analyzed by western
blot. Dex significantly increased nuclear protein levels of
Nrf2 (Fig. 9a) and HO-1 (Fig. 9b) after 1 h of incubation
of MC3T3-El cells and later, indicating that Nrf2/HO-1
pathway was activated which protected cells from oxidative
damage by Dex. In contrast, no significant changes were
obtained for total Nrf2 levels (Fig. 9a).

P21 depletion inhibits Dex-induced activation
of the Nrf2/HO-1 pathway

To study if the increase in nuclear Nrf2 and HO-1 depends
on p21, a siRNA knockdown technique was applied as
shown in Fig. 7. Western blot analysis results demonstrated
that knockdown of p21 efficiently suppresses Dex-induced
upregulation of nuclear Nrf2 (Fig. 10a) and HO-1 (Fig. 10b).
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60 120
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culture medium and p21 protein levels were detected at the indi-
cated times (0, 30, 60, 120 min) by western blotting. Data represent
mean + SD of three separate experiments. **p < 0.01 indicates an
extremely significant difference compared to controls; *p < 0.05 indi-
cates a significant difference compared to the dexamethasone-incu-
bated samples and #p < 0.01 indicates an extremely significant dif-
ference compared to dexamethasone-exposed samples

This indicates that p21 is involved in Dex-mediated upregu-
lation of the nuclear protein levels of Nrf2 and its down-
stream gene HO-1 to activate an antioxidant response to
Dex.

Activation of Nrf2 and depletion of p21 cause
no obvious change on Dex-induced apoptosis
in MC3T3-E1 cells

To further investigate whether depletion of p21 downregu-
lates the protein levels of Nrf2 and HO-1 to promote Dex-
induced apoptosis, MC3T3-E1 cells were first transfected
with p21 depletion, and then treated with oltipraz (an Nrf2
activator) in combination with Dex. Flow cytometric analy-
sis showed that knockdown of p21 significantly increased
the apoptosis induced by Dex. Furthermore, depletion of
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Fig. 7 Protein levels of p21 in siRNA-transfected MC3T3-E1 cells.
MC3T3-E1 cells were transfected with control siRNA or p21 siRNA
for the indicated time; western blotting was used to analyze the pro-
tein levels of p21. Data represent mean + SD of three separate experi-
ments. **p < 0.01 indicates an extremely significant difference com-
pared to control siRNA-transfected cells

p21 in both oltipraz and Dex-treated MC3T3-E1 cells obvi-
ously decreased apoptotic rate compared to that of control
siRNA-transfected cells induced by Dex. However, when
the cells were transfected with p21 and co-incubated with
oltipraz and Dex, the apoptotic rate did not evidently change
relative to that of control siRNA-transfected cells incubated
with Dex (Fig. 11). These findings indicated that Nrf2/HO-1
pathway indeed plays a significant role in the p21 mediation
of Dex-induced apoptosis in MC3T3-E1 cells.

Discussion

Phosphatidylinositol 3-kinase (PI3K)/Akt is a key pro-sur-
vival signaling pathway in governing the cellular defense
system against oxidative stress, and regulating cell prolifera-
tion, survival and apoptosis (Cunha et al. 2016; Fresno Vara
et al. 2004). As the crucial kinase of the PI3K/Akt pathway,
activation of Akt may effectively protect osteoblasts from
oxidative stress and apoptosis caused by Dex (Li et al. 2016).
In our study, Dex decreased the phosphorylation of Akt of
MC3T3-El cells in a concentration-dependent manner. It
should be considered that concentrations of Dex were used
that range in the order of magnitude of human blood con-
centrations typically reached in clinical routine (Spooren-
berg et al. 2014). Moreover, co-incubation with LY294002

significantly enhanced cytotoxicity and apoptosis caused
by Dex through further suppressing the phosphorylation of
Akt. Conversely, activation of Akt by IGF-1 alleviated the
toxicity and apoptotic effects of Dex, which suggests that
PI3K/Akt is involved in Dex-induced apoptosis in MC3T3-
El cells.

It has been reported that Dex can upregulate p53 in the
MC3T3-E1 osteoblast cell line, thereby resulting in p21
upregulation, which was paralleled by MC3T3-E1 cell apop-
tosis and cell cycle arrest (Li et al. 2012). Gene expression
profiling displayed that Dex caused a significant upregula-
tion of p21 mRNA in MC3T3-E1 cells (Leclerc et al. 2004).
In the present study, Dex reduced protein levels of p21 by
shortening its protein half-life. This suggests that a post-
translational mechanism is involved in Dex-mediated down-
regulation of p21 in MC3T3-E1 cells.

The cytoprotective function of Akt has been attributed to
its ability to involve in the phosphorylation of different cell
proliferation factors such as p21, p27 and glycogen synthase
kinase-3 (GSK3) (Dai et al. 2017; Jain et al. 2015; Zhang
et al. 2015). It is well established that phosphorylation of
p21 by Akt affects cellular distribution of p21, leads to its
shift from the nucleus to the cytoplasm; thus promoting the
transition from GO to S phase (Pérez-Tenorio et al. 2006;
Zhou et al. 2001). In contrast, Akt inhibition decreases cyto-
plasmic p21 expression (Li et al. 2002; Zhou et al. 2001).
Moreover, Akt-mediated phosphorylation of p21 increases
p21 protein stability (Li et al. 2002). In the present study,
LY294002 enhanced the Dex-induced decrease of p21 pro-
tein levels and reduced its stability in MC3T3-E1 cells. In
contrast, the PI3K/Akt activator IGF-1 further increased pro-
tein levels of p21 and prolonged its protein half-life.

Inhibition of the PI3K/Akt signaling may reduce phos-
phorylation of both Akt and p21, and induce nuclear trans-
location of p21 (Chen et al. 2017; Zhou et al. 2001). Recent
studies have confirmed that Dex can induce apoptosis and
inhibit proliferation of MC3T3-E3 cells through suppression
of PI3K/AKkt signaling (Li et al. 2015, 2016; Yao et al. 2016).
Therefore, modulation of p21 by the PI3K/Akt pathway may
play a role in Dex-induced apoptosis in MC3T3-El1 cells.
P21 is a potent inhibitor of proliferation and apoptosis that
is regulated through p53-dependent and p53-independent
mechanisms (Abbas and Dutta 2009; Bellosta et al. 2003;
Soria and Gottifredi 2010). The function of p21 in apoptosis
is still under debate (Cmielova and Rezacova 2011; Karim-
ian et al. 2016; Nakamura et al. 2004). Knockdown of p21
by siRNA increased Dex-induced reduction of cell viability
and apoptosis in MC3T3-E1 cells, which indicates that p21
may act as an anti-apoptotic factor in osteoblastic MC3T3-
E1 cells in the presence of Dex. Furthermore, activation of
caspase-3 by Dex could be promoted by p21 suppression,
which demonstrated that the anti-apoptotic function of p21 is
associated with inhibition of caspase-3. Our findings suggest
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Fig. 8 Knockdown of p21 affects dexamethasone-induced cytotoxic-
ity, apoptosis and ROS generation. MC3T3-E1 cells were transfected
with control siRNA or p21 siRNA prior to dexamethasone exposure.
a Effect of p21 depletion on cytotoxicity induced by dexamethasone
analyzed by the MTT assays. b, ¢ Effect of p21 knockdown on dexa-
methasone-induced apoptosis and activation of caspase-3 analyzed by
flow cytometry with Annexin V-FITC/PI double staining and west-
ern blot, respectively. d Effect of p21 depletion on dexamethasone-
induced intracellular ROS generation detected by flow cytometry

that p21 shows an anti-apoptotic effect, and knockdown of
p21 enhances the induction of caspase 3-mediated apoptosis
in MC3T3-E1 cells by Dex.

Dex induced significant ROS production and oxidative
stress in osteoblastic cells, which may contribute to subse-
quent cell death (Fan et al. 2017; Li et al. 2016; Lin et al.
2015; Suwanjang et al. 2016). Previous reports revealed
that p21 effectively inhibits the generation of ROS in
HepG2 cells (Deng et al. 2016). Suppression of p21

@ Springer

si-control + Dex

si-p21 + Dex

with DCFH-DA probe. e Effect of p21 depletion on dexamethasone-
induced superoxide in the mitochondria of live cells detected using
MitoSOX™ Red assay and imaging with a fluorescence microscope.
Data represent mean + SD of three separate experiments. *p < 0.05
indicates a significant difference compared to control siRNA-trans-
fected cells and **p < 0.01 indicates an extremely significant differ-
ence compared to control siRNA-transfected cells; #p < 0.05 indicates
a significant difference compared to the dexamethasone-incubated

control siRNA-transfected cells (color figure online)

enhanced Dex-induced ROS generation compared to con-
trols. Scavenging of ROS has been shown to block apopto-
sis and to efficiently rescue osteoblasts from Dex (Li et al.
2016; Lin et al. 2015). This shows that generation of ROS
by p21 depletion may also contribute to the activation of
caspase-3 and apoptosis to some extent. Upon generation
of intracellular ROS, the antioxidant response pathway is
activated by nuclear translocation of Nrf2 (Loboda et al.
2016; Min et al. 2011). It has been demonstrated that the
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Fig. 9 Effects of dexametha-
sone on the protein levels of
Nrf2 and HO-1 in MC3T3-El
cells. a, b MC3T3-E1 cells were
incubated with 1 pM dexa-
methasone for 0, 0.5, 1,3, 6 h,
and cell lysates were subjected
to western blot analysis with
anti-Nrf2 and anti-HO-1 anti-
bodies. Histone H3 and p-actin
were used as loading controls.
Data represent mean + SD of
three independent experiments.
*p < 0.05 indicates a significant
difference compared to controls
and **p < 0.01 indicates an
extremely significant difference
compared to controls

Fig. 10 Knockdown of p21
affects dexamethasone-induced
Nrf2/HO-1 activation in
MC3T3-El cells. Cells were
transfected with control siRNA
or p21 siRNA. Subsequently,
transfected cells were incubated
with 1 pM dexamethasone for

3 h. a, b Expression of Nrf2 and
HO-1 was detected by western
blotting. Histone H3 and p-actin
were used as loading controls.
Data represent mean + SD of
three separate experiments.

*p < 0.05 indicates a sig-
nificant difference compared to
control siRNA-transfected cells
and **p < 0.01 indicates an
extremely significant difference
compared to control siRNA-
transfected cells; *p < 0.05
indicates a significant difference
compared to the dexametha-
sone-incubated control siRNA-
transfected cells and *p < 0.01
indicates an extremely sig-
nificant difference compared to
dexamethasone-exposed control
siRNA-transfected cells

antioxidant function of p21 is mediated through activation
of Nrf2 by stabilizing the Nrf2 protein (Toledano 2009).
Stabilization of Nrf2 is a consequence of direct interaction
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between p21 and Nrf2 (Chen et al. 2009; Toledano 2009).
Nrf2 has emerged as a master regulator of an intracellular
antioxidant response through transcriptional activation of
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Fig. 11 Effects of p21 depletion and Nrf2 activation on dexameth-
asone-induced apoptosis in MC3T3-E1 cells. Cells were transfected
with control siRNA or p21 siRNA. Subsequently, transfected cells
were pre-incubated with oltipraz (20 uM) for 1 h, and then co-incu-
bated with 1 pM dexamethasone for 24 h. Apoptosis was measured
by flow cytometry, followed by Annexin V-FITC/PI double staining.

Dexamethasone

stability
translocation

1

Caspase-3 activation

Apoptosis

Fig. 12 Proposed signaling pathway of p21 in dexamethasone-
induced apoptosis in MC3T3-El cells. Suppression of p21 enhances
dexamethasone-induced apoptosis via inhibiting the Nrf2/HO-1 anti-
oxidative stress pathway. Red arrows indicate activation and green
symbols indicate inhibition (color figure online)

antioxidants and phase II detoxifying enzymes, e.g., HO-1
(Loboda et al. 2016; Min et al. 2011). Upregulation of
HO-1 may lead to reduced ROS and may contribute to
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Data represent mean + SD of three separate experiments. **p < 0.01
indicates an extremely significant difference compared to control
siRNA-transfected cells; #p < 0.01 indicates an extremely significant
difference compared to dexamethasone-exposed control siRNA-trans-
fected cells; “*p < 0.01 indicates an extremely significant difference
compared to dexamethasone-exposed p21 siRNA-transfected cells

the cellular defense in response to oxidative insults both
in vitro and in vivo (Sun et al. 2017; Yu et al. 2016). The
present study showed that Dex treatment significantly
increased protein levels of Nrf2 and HO-1, suggesting that
the Nrf2/HO-1 pathway was activated to protect MC3T3-
E1 cells from Dex-induced oxidative stress. Moreover,
knockdown of p21 partially reversed the increase in Nrf2
and HO-1 in the presence of Dex. These data clearly dem-
onstrate that knockdown of p21 enhances ROS generation
and reduces antioxidant capability of MC3T3-E1 cells
through inhibiting the Nrf2/HO-1 pathway.

The current findings suggest a scenario where Dex
induces the generation of ROS and inhibits the PI3K/Akt
pathway (Fig. 12). Suppression of Akt phosphorylation by
Dex led to decreased protein level of p21 by reducing its
stability. However, further investigations are needed to study,
whether the same mechanisms are responsible in vivo.

Conclusion

The present study concluded that Dex dramatically
decreased the half-life of p21 by reducing the phosphoryla-
tion of Akt. Furthermore, depletion of p21 increased Dex-
induced cell death and ROS generation through inhibition
of the Nrf2/HO-1 signaling pathway.
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