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Abstract
Background. Glucocorticoids (GCs) are widely used to  treat inflammatory or autoimmune diseases. 
However, several studies have reported that the use of GCs can lead to numerous complications, the most 
serious of which are osteoporosis and osteonecrosis of the femoral head (ONFH). Osteoblast apoptosis has 
been identified as an important event in the development of GC-induced osteoporosis and ONFH. However, 
the mechanisms underlying the regulation of these processes have not yet been explored.

Objectives. To observe the effect of dexamethasone (Dex) on the apoptosis of osteoblasts and explore its 
mechanism, as well as provide a new therapeutic idea for GC‑induced osteoporosis and ONFH.

Materials and methods. Cell proliferation and apoptosis of MC3T3-E1 cells after Dex treatment were 
determined using the CellTiter-Glo® Luminescent Cell Viability Assay kit and Annexin V-FITC/PI Double 
Staining Apoptosis Detection Kit, respectively. The expression of caspase-3/cleaved caspase-3 and poly(ADP-
ribose) polymerase (PARP)/cleaved PARP in MC3T3-E1 cells after Dex treatment was determined with western 
blotting. The expression of p53 and checkpoint kinase 2 (Chk2) in MC3T3-E1 cells after Dex treatment was 
analyzed using western blotting and polymerase chain reaction (PCR). The effects of p53 knockdown and 
Chk2 knockdown on Dex-induced apoptosis of MC3T3-E1 cells were also characterized.

Results. Dexamethasone remarkably inhibited cell growth and induced the apoptosis of MC3T3-E1 cells. 
We also observed that Dex induced osteoblast apoptosis by promoting p53 expression. The regulatory effect 
of Dex on p53 expression is mediated by the upregulation of Chk2, which interacted with p53 and inhibited 
p53 degradation. The knockdown of p53 alleviated Dex-induced MC3T3-E1 cell apoptosis by decreasing 
the expression of cleaved caspase-3 and cleaved PARP.

Conclusions. We demonstrated that Dex increased Chk2 protein expression, which stabilized the protein 
expression of p53, and in turn promoted osteoblast apoptosis.
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Background

Glucocorticoids (GCs) are among the most commonly 
prescribed drugs. As they have anti-inflammatory and 
immunosuppressive properties, GCs are primarily used 
to  treat inflammatory or  autoimmune diseases, such 
as  systemic lupus erythematosus and nephrotic syn-
drome.1,2 However, recent studies have revealed that 
the use of GCs can cause many undesirable complications. 
Among these, osteoporosis and osteonecrosis of the femo-
ral head (ONFH) are the most serious.3–5 There is evidence 
that osteoblast apoptosis is an important event in the de-
velopment of osteoporosis and ONFH induced by GCs.6

Dexamethasone (Dex) is a synthetic GC and its func-
tions include inhibiting collagen and fibronectin synthe-
sis7 and activating collagenase synthesis.8 Although Dex 
has been reported to induce apoptosis of osteoblasts and 
exert a modulatory effect on osteoblast proliferation,9,10 
the regulation of these mechanisms by Dex is yet to be 
characterized.

Checkpoint kinase 2 (Chk2) is an important regulator 
that can rapidly phosphorylate downstream effectors and 
lead to DNA damage.11 When Chk2 is activated, it leads 
to alternative cell responses, such as programmed cell 
death.12 The Chk2/p53 pathway can induce cell cycle ar-
rest in DNA damage responses (DDRs) and activate p53-
related apoptosis pathways.13 It has been reported that Dex 
can cause cell apoptosis by upregulating the expression 
of p53 in MC3T3-E1 cells.14 However, the role and mecha-
nisms of the Chk2/p53 pathway in osteoblasts have not 
been determined. Accordingly, we aimed to characterize 
the molecular mechanisms underlying Dex promotion 
of osteoblast cell apoptosis.

Objectives

The objective of this study was to observe the effect 
of Dex on the apoptosis of osteoblasts and explore the un-
derlying mechanisms. This could reveal a new therapeutic 
potential for GC-induced osteoporosis and ONFH.

Materials and methods

Reagents, plasmids and antibodies

The SuperScript™ First-Strand Synthesis System and 
TRIzol Reagent were acquired from Invitrogen (Grand 
Island, USA). The plasmids of shp53 and shChk2 were 
obtained from Open Biosystems (Thermo Fisher Scientific, 
Pittsburgh, USA). Antibodies against caspase-3, cleaved 
caspase-3, poly(ADP-ribose) polymerase (PARP), cleaved 
PARP, p53, p-p53 Ser15, p-p53 Ser20, ataxia telangiec-
tasia mutated kinase and Rad3-related kinase (ATR), p-
ATR Ser428, murine double minute 2 (MDM2), p-MDM2 

Ser166, p-Chk2 Thr68, p-Chk1 Ser345, glyceraldehyde-
3-phosphate dehydrogenase (GAPDH), and β-actin were 
purchased from Cell Signaling Technology (Danvers, 
USA). Dexamethasone was obtained from Sigma-Aldrich 
(St. Louis, USA). Cycloheximide (CHX) and MG132 were 
acquired from Calbiochem (San Diego, USA).

Cell culture

Osteoblast cells (MC3T3-E1) were obtained from the In-
stitute of Biochemistry and Cell Biology (IBCB; Shanghai 
Institutes for Biological Sciences, Chinese Academy of Sci-
ences, Shanghai, China). Dulbecco’s modified Eagle’s me-
dium (DMEM) high glucose (Gibco, Waltham, USA) was 
used to maintain cells. It was synchronized by incubation 
in medium with extra 0.1% fetal bovine serum (FBS; Nova-
Tech, Grand Island, USA) overnight, and cultured in me-
dium with extra 10% FBS and penicillin-streptomycin solu-
tion (100 U/mL penicillin and 100 μg/mL streptomycin). 
The culture was maintained in a humidified incubator 
atmosphere with 5% CO2 at 37°C.

Transfection

In this study, we used the PolyJet™ In Vitro DNA Trans-
fection Reagent (SignaGen Laboratories, Rockville, USA) 
to transfect cells. In order to obtain stable transfected 
cells, the cells were cultured with hygromycin B, G418 
or puromycin according to the transfected granules with 
different antibiotic resistance properties. Transfected cells 
were selected with hygromycin B, G418 or puromycin for 
3–4 weeks. Before being used for further experiments, cells 
were cultured for at least 2 passages.

Cell proliferation assay

Adenosine triphosphate (ATP)ase analysis was used 
to evaluate the effect of Dex on viability of MC3T3-E1 
cells. Cells were cultured in 96-well plates with a density 
of 3 × 103 cells per well and subsequently treated with 
1 μM Dex for different durations (1–4 days). Treated cells 
were collected and analyzed with ATP Colorimetric/Fluo-
rometric Assay Kit (Sigma-Aldrich), following the manu-
facturer’s instructions.

Determination of cell apoptosis

The MC3T3-E1 cells were incubated to 70–80% conflu-
ence in 6-well plates. Before the Dex treatment, the cul-
ture medium was shifted to 0.1% FBS medium for 24 h. 
The cells were then treated with the designated concen-
tration of Dex. After the treatment that lasted for 24 h, 
the cells were washed with phosphate-buffered saline (PBS) 
3 times. Then, 100 μL of cells were incubated with equal 
volume of FITC-Annexin V/PI Assay Kit solution (Bio-
sea Biotechnology, Beijing, China) in the dark for 30 min 
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at room temperature. The apoptosis rate was recorded 
using a flow cytometer (Bender MedSystems, Burlingame, 
USA).

Protein degradation experiments

The MC3T3-E1 cells were pretreated with the protea-
some inhibitor MG132 at a concentration of 20 μM for 
24 h. The MG132 was then removed and 100 μg/mL of syn-
thetic inhibitor CHX were added to the culture medium 
– alone or in combination with 1 μM Dex in different time 
intervals (2 h, 4 h or 6 h). The levels of remaining p53 and 
GAPDH proteins were detected by means of western blot 
analysis.

Western blot analysis

Cells (1 × 106) were inoculated on 6-well plates and 
treated by the method described previously. Then, they 
were extracted with cell lysis buffer. For each sample, 
60–80 μg of protein was subjected to sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). 
The membrane was then incubated with primary anti-
bodies overnight, followed by incubation with the alka-
line phosphatase (AP)-conjugated secondary antibody. 
The ImageQuant™ TL software v. 8.1 (Cytiva, Marlbor-
ough, USA) was used to detect the density of the bands. 
The results shown in this study represent 3 independent 
experiments.

Quantitative reverse transcription-
polymerase chain reaction (RT-PCR) for 
miRNA assay

The RNeasy Mini Kit (Qiagen, Valencia, USA) was used 
to extract total miRNAs. The MC3T3-E1 cells (1 × 106) were 
inoculated on 6-well plates and treated with 1 μM Dex for 
different time periods (1–3 h). For the reverse transcription, 
the amount of total RNA used was 1 μg. The expression 
of p53 was amplified using the miScript PCR Kit (Qiagen) 
and analyzed using the 7900HT Fast Real-time PCR system 
(Applied Biosystems, Carlsbad, USA). The primers were: 

human p53 (forward: 5’-ACCTATGGAAACTACTTCCT-
GAAA-3’, reverse: 5’-CTGGCATTCTGGGAGCTTCA-3’).

Statistical analyses

The experimental data were presented as mean ± stan-
dard deviation (M ±SD) and analyzed with IBM SPSS v. 19.0 
statistical software (IBM Corp., Armonk, USA). The nor-
mality of the data was analyzed using the Shapiro–Wilk 
test, and the value of p > 0.05 indicated that the data were 
normally distributed. The Levene’s test was used to analyze 
the homogeneity of variance, and the value of p > 0.05 indi-
cated that the data conformed to homogeneity of variance. 
The one-way analysis of variance (ANOVA) test for re-
peated measures, followed by the post hoc least significant 
difference (LSD) test were used for overall comparisons 
between groups across multiple time points. The value 
of p < 0.05 was considered statistically significant.

Results

Dex significantly inhibited 
the proliferation of MC3T3-E1 cells  
and induced cell apoptosis

We  used the  ATPase analysis to  evaluate the  effect 
of Dex on the viability of MC3T3-E1 cells. Cells were cul-
tured in the Dex dose range (1 μM). The Shapiro–Wilk test 
was used to analyze the normality of the data. As shown 
in Table 1, the data were normally distributed (p > 0.05). 
The homogeneity of variance test indicated that the data 
conform to homogeneity of variance (Table 2, p > 0.05). 
As shown in Fig. 1A, cell apoptosis had not yet started over 
the first 2 days and there was no statistically significant 
difference between the treatment groups (day 1: F = 3.654, 
p = 0.196; day 2: F = 2.476; p =0.256). In contrast, cell vi-
ability was significantly reduced in Dex-treated cells on days 
3 and 4 (day 3: F = 73.491, p = 0.013; day 4: F = 123.085; 
p = 0.008). Specific data points are shown in Table 3. We then 
used FITC-Annexin V/PI staining to detect the effect of Dex 
on  apoptosis in  MC3T3-E1 cells. As  shown in  Fig. 1B, 

Table 1. Shapiro–Wilk test results of the effect of dexamethasone (Dex) on the viability of MC3T3-E1 cells (M ±SD)

Test n Data Statistics p-value

Medium control day 1 3 3.768 ±1.207 0.966 0.648

Medium control day 2 3 6.228 ±1.609 0.868 0.289

Medium control day 3 3 14.417 ±0.560 0.962 0.625

Medium control day 4 3 21.739 ±2.030 0.948 0.560

Dex 1 μM day 1 3 2.472 ±0.640 0.858 0.261

Dex 1 μM day 2 3 3.938 ±1.518 0.977 0.708

Dex 1 μM day 3 3 7.237 ±1.002 0.997 0.891

Dex 1 μM day 4 3 9.329 ±0.983 0.998 0.909

M ±SD – mean ± standard deviation.
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we found that the apoptosis rate of MC3T3-E1 cells signifi-
cantly increased after 24 h of Dex treatment. Considering 
that PARP cleavage and caspase activation are typically as-
sociated with apoptosis, we used western blotting in order 
to detect the expression of these proteins in Dex-treated 

MC3T3-E1 cells. The results suggested that the cleavage 
of cleaved PARP and cleaved caspase-3 was increased by Dex 
treatment in MC3T3-E1 cells (Fig. 1C). Collectively, our re-
sults demonstrate that Dex can significantly inhibit the pro-
liferation of MC3T3-E1 cells and induce the cell apoptosis.

Fig. 1. Dexamethasone (Dex) significantly inhibited the proliferation of MC3T3-E1 cells and induced cell apoptosis. A. Cell viability was significantly 
reduced after Dex treatment (** p < 0.01 on day 3 and day 4); B. The cell apoptosis analysis on MC3T3-E1 cells after Dex treatment; C. Western blot analysis 
on the expression of caspase-3/cleaved caspase-3 and poly (ADP-ribose) polymerase (PARP)/cleaved PARP in MC3T3-E1 cells after Dex treatment

Table 2. Levene’s test of the homogeneity of dexamethasone (Dex) with the viability of MC3T3-E1 cells

Test Day 1 Day 2 Day 3 Day 4

F 1.268 0.064 0.662 1.934

p-value 0.323 0.813 0.461 0.237

Table 3. Comparison of cell viability at each time point of dexamethasone (Dex) administration with the viability of MC3T3-E1 cells

Test Day 1 Day 2 Day 3 Day 4

F 3.654 2.476 73.491 123.085

p-value 0.196 0.256 0.013 0.008

Treatment factor main effect: F = 112.41, p < 0.01; time factor main effect: F = 115.99, p < 0.01; interaction between the 2 factors: F = 23.76, p < 0.01.

medium control Dex 1 µM

medium control Dex 1 µM

Dex 1 µM

time [days]
1

30

20

10

0
2 3 4

medium control
Dex 1 µM

medium control

1.5

1.0

0.5

0.0

re
la

tiv
e 

pr
ot

ei
n 

ex
pr

es
si

on

M
C3

T3
-E

1

M
C3

T3
-E

1 
ce

lls

pr
ol

ife
ra

tio
n 

in
de

x

caspase-3

cleaved 
caspase-3

cleaved 
PARP

PARP

β-actin

ca
sp

ase
-3

cle
aved ca

sp
ase

-3

cle
aved PA

RP

β-actin

BA

C



Adv Clin Exp Med. 2022;31(12):1365–1374 1369

Phosphorylation of p53 was crucial 
for apoptosis induction after Dex treatment

It has been reported that p53 protein is associated with 
caspase-dependent apoptosis.15 In  order to  elucidate 
the molecular mechanisms underlying the apoptotic ef-
fect of Dex, western blotting was performed to determine 
whether p53 was involved in the cell apoptosis induced 
by Dex. As presented in Fig. 2A, the expression of total 
p53 protein and phosphorylated status of  p53 protein 
at Ser15 and Ser20 were determined in MC3T3-E1 cells 
after Dex treatment. The phosphorylation level of p53 
protein at Ser20 was significantly upregulated 1 h after 
the exposure. Similarly, the phosphorylation level of p53 
protein at Ser15 slightly increased in the early treatment 

period (≤3 h) and significantly increased 6 h after treat-
ment. The expression of total p53 protein showed a stable 
increase after Dex treatment and reached a peak within 
2–6 h following the treatment. As phosphorylation at Ser20 
usually contributes to the stabilization of p53 protein and 
results in the phosphorylation at Ser15,10 we presumed that 
the Dex-induced p53 activation in MC3T3-E1 cells was 
also dependent on phosphorylation of Ser20.

To  further confirm whether Dex-induced apopto-
sis requires p53 activation, we used shp53 MC3T3-E1 
cells. The  flow cytometry analysis demonstrated that 
the apoptosis induction rate of shp53 MC3T3-E1 cells 
induced by Dex was much lower than that of wild-type 
MC3T3-E1 cells (Fig. 2B). Western blot results indicated 
that the  knockdown of  p53 could block the  cleavage 

Fig. 2. The phosphorylation of p53 protein was important for the induction of apoptosis following dexamethasone (Dex) treatment. A. The expression 
of p53 protein phosphorylated at Ser15, Ser20 and total p53 protein in Dex-treated MC3T3-E1 cells; B. Cell apoptosis induced by Dex observed using flow 
cytometric analysis; C. Western blot analysis indicated that Dex-induced cleavage of poly (ADP-ribose) polymerase (PARP) and caspase-3 were blocked 
by p53 protein knockdown
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of PARP and caspase-3 induced by Dex (Fig. 2C). Taken 
together, these results suggest that the activation of p53 
protein is essential for cell apoptosis in MC3T3-E1 cells 
induced by Dex treatment.

Dex induced caspase-dependent 
apoptosis through promoting p53  
protein degradation

In order to investigate the mechanism of Dex upregu-
lation of p53 protein, we characterized the effect of Dex 
on the expression of p53 mRNA level in MC3T3-E1 cells. 
The results of quantitative PCR have shown that Dex had 
no effect on the expression of p53 mRNA level after 3 h 
of treatment (Fig. 3A). Therefore, we inferred that Dex 
might regulate the induction of p53 protein at the protein 
level instead.

In order to elucidate whether Dex was able to prevent 
p53 protein degradation, we pretreated MC3T3-E1 cells 
with the proteasome inhibitor MG132. The MG132 was 

subsequently removed and the synthetic inhibitor CHX 
was added into the  medium, alone or  in  combination 
with Dex, for different time periods.17 This experiment 
could provide a basis for further research on the effects 
of Dex on the degradation dynamics of p53 protein. After 
the cells were treated with both Dex and CHX for 4 h and 
6 h, the expression level of p53 protein in the cells was 
much higher than in the cells treated with CHX alone 
(Fig. 3B). These results suggest that Dex was contributing 
to the accumulation of p53 by inhibiting its proteasome-
mediated degradation.

Chk2 protein regulates p53 protein 
degradation during Dex treatment

The  degradation of  p53 protein can be regulated 
by many factors, such as MDM2, Chk1/2 and ATR.18 For 
instance, studies have shown that the post-translational 
phosphorylation of  MDM2 protein at  Ser166 contrib-
utes to the degradation of p53 protein.19,20 Accordingly, 

Fig. 3. Dexamethasone (Dex) induced caspase-dependent apoptosis by promoting p53 protein degradation. A. Quantitative polymerase chain reaction 
(qPCR) analysis of Dex-treated MC3T3-E1 cells; B. MC3T3-E1 cells were pretreated with MG132. Western blot analysis on the dynamics of p53 protein 
degradation induced by Dex; C. Western blot analysis on phosphorylation of ataxia telangiectasia mutated kinase and Rad3-related kinase (ATR) protein 
at Ser428, murine double minute 2 (MDM2) protein at Ser166, checkpoint kinase 2 (Chk2) protein at Ser345, and Chk2 protein at Thr68 in Dex-treated 
MC3T3-E1 cells

CHX – cycloheximide; GAPDH – glyceraldehyde-3-phosphate dehydrogenase.
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we examined the phosphorylation of MDM2 at Ser166 
in Dex-treated MC3T3-E1 cells. The expression of total 
MDM2 protein was not affected by Dex, while the phos-
phorylation level at Ser166 was slightly upregulated after 
Dex treatment at 6 h (Fig. 3C). These results suggested 
that Dex did not inhibit the phosphorylation of the MDM2 
protein at Ser166. Therefore, it could not be explained 
why p53 protein accumulated in MC3T3-E1 cells after 
Dex treatment.

Several studies have shown that Chk1/2 can also affect 
the stabilization and activation of p53 protein by induc-
ing its phosphorylation.21 As phosphorylation of Chk1 
protein at Ser345 or Chk2 protein at Thr68 is necessary 
for p53 protein activation,22,23 we evaluated the phos-
phorylation state of both sites in Chk1 and Chk2 after 
Dex treatment. Western blot results show that Chk2 
protein was phosphorylated at Thr68 after 2 h of Dex 
treatment and reached a peak after 6 h of  treatment, 
while the phosphorylation level of Chk1 protein at Ser345 
increased slightly after 6 h of Dex treatment (Fig. 3C). 
As p53 is phosphorylated at an early stage, we elimi-
nated the possibility that Chk1 protein is directly in-
volved in  inducing p53 protein and hypothesized that 
Chk2 protein may have some functions in p53 protein 
stabilization and reactivation instead.

Chk2 protein led to p53-mediated  
cell apoptosis during Dex treatment

To illuminate the mechanisms underlying Chk2 promo-
tion of p53 protein expression, MC3T3-E1 ShChk2 cells 
were used to analyze phosphorylation and expression levels 
of p53 protein after Dex treatment. Western blot analysis 
indicated that phosphorylated Chk2 protein was depleted 
in MC3T3-E1 ShChk2 cells compared to MC3T3-E1 cells 
(Fig. 4A). Importantly, the expression of p53 protein was 
inhibited in  MC3T3-E1 ShChk2 cells induced by  Dex 
and when Chk2 was knocked down, the phosphorylation 
of p53 protein at Ser15 and Ser20 was nearly eliminated. 
As the phosphorylation of p53 protein at Ser20 typically 
contributes to the stability of p53 protein, which leads 
to the phosphorylation of p53 protein at Ser15,10 we pre-
dicted that Chk2 could regulate the phosphorylation of p53 
protein at Ser15 and Ser20 and mediate Dex-induced p53 
protein stabilization and accumulation. In order to inves-
tigate whether the accumulation of p53 mediated by Chk2 
was the result of preventing the degradation of p53 protein, 
MC3T3-E1 ShChk2 cells were treated with MG132 and 
CHX. The results revealed that there was no effect of Dex 
on the inhibition of p53 protein degradation in MC3T3-E1 
ShChk2 cells under the same conditions (Fig. 4B). Further 
studies revealed that Chk2 protein enhanced the stability 
of Dex-induced p53 protein expression. Similarly, the loss 
of Chk2 led to apoptosis (Fig. 4C) and caspase-3 cleav-
age (Fig. 4D). These results indicate that the expression 
of Chk2 protein was essential for the phosphorylation 

of p53 protein, which in turn increased p53 protein stabi-
lization and accumulation, and thus resulted in cell apop-
tosis after Dex treatment.

Discussion

Dexamethasone has been reported to induce apopto-
sis of osteoblasts and exert a modulatory effect on their 
proliferation.24 However, the regulation of these mecha-
nisms by Dex has not been explored yet. Therefore, this 
study revealed a novel biological role of Dex in the induc-
tion of cell apoptosis and inhibition of colony formation 
in MC3T3-E1 cells. The mechanism studies demonstrated 
that Dex-mediated apoptosis was via the Chk2/p53 path-
way. This finding suggests that Chk2/p53 might also serve 
as a potential intervention in ONFH treatment.

Dexamethasone can upregulate the expression of p53 
protein in MC3T3-E1 cells and cause cell apoptosis.25 How-
ever, the role and mechanism of the Chk2/p53 pathway 
on osteoblasts is yet to be elucidated. Interestingly, our 
results show that Dex-induced cell apoptosis in MC3T3-
E1 cells was mediated by the accumulation of p53 protein. 
In particular, Dex could promote p53 protein stabilization 
by inducing Chk2 phosphorylation. Furthermore, our re-
sults strongly indicated that Dex can regulate p53 protein 
by preventing its degradation.

The degradation of p53 protein can be caused by a variety 
of factors, such as the activation of MDM2, Chk1, Chk2, 
and ATR.26–28 Our study demonstrated that MDM2 and 
Chk1 were not direct regulators of Dex upregulation of p53 
protein in MC3T3-E1 cells, but that the activation of Chk2 
occurred relatively early. This suggested that Chk2 may 
involved in the induction of p53 protein by Dex treatment.

Limitations

Our research indicated the  molecular mechanisms 
underlying Dex promotion of  osteoblast cell apopto-
sis. However, there are 2 limitations of this study. First, 
we did not evaluate other effects of GCs (including Dex) 
in the treatment of inflammatory or autoimmune diseases. 
As a side effect of  their clinical applications, GCs can 
cause osteonecrosis and ONFH.29–31 Previous research 
had shown that the damaging effects of Dex on osteoblasts 
and ONFH are due to its role in inhibiting cell prolifera-
tion and promoting cell apoptosis.32,33 Therefore, we only 
considered the effect of Dex on inhibiting cell prolifera-
tion and promoting cell apoptosis. Second, in this study, 
we demonstrated that Dex can inhibit MC3T3-E1 prolif-
eration and induce apoptosis, but we did not evaluate other 
pathways in apoptosis induced by Dex. In our previous 
study, we found that Dex can upregulate the expression 
of p53 protein in MC3T3-E1 cells, thus causing cell apop-
tosis.14 Various studies have shown that the Chk2/p53 
pathway can induce growth inhibition and apoptosis.34,35 
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In line with this, our results show that Dex can activate 
p53-mediated cell apoptosis in MC3T3-E1 cells through 
the Chk2/p53 signaling pathway. The practical implica-
tions of these results need to be further analyzed, particu-
larly in clinical applications.

Conclusions

In summary, our studies demonstrated that Dex could 
promote cell apoptosis in MC3T3-E1 cells. Our investiga-
tion of apoptosis induction showed that Dex mediated 
the phosphorylation and activation of Chk2. Activated 

Chk2 leads to the accumulation of p53 protein through 
the Chk2/p53 signaling pathway, which in turn results 
in cell apoptosis. Our research can provide a new thera-
peutic avenue for GC-induced osteoporosis and ONFH.

The flowchart of this study was shown in Fig. 5. 
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Fig. 4. Checkpoint kinase 2 (Chk2) led to p53-mediated apoptosis during dexamethasone (Dex) treatment. A. Phosphorylation and expression of p53 
protein after Dex treatment of MC3T3-E1 ShChk2 cells; B. The effect of Dex inhibition of p53 protein degradation in MC3T3-E1 cells and MC3T3-E1 ShChk2 
cells; C. Chk2 mediated Dex-induced p53 protein expression; D. Flow cytometry analysis on the apoptosis-inducing effects on MC3T3-E1 cells and 
MC3T3-E1 ShChk2 cells after Dex treatment

CHX – cycloheximide; GAPDH – glyceraldehyde-3-phosphate dehydrogenase.

MC3T3-E1 Dex 0 µM

MC3T3-E1 Dex 0.5 µM

MC3T3-E1 Dex 1 µM

MC3T3-E1-shp53 Dex 0 µM

MC3T3-E1-shp53 Dex 0.5 µM

MC3T3-E1-shp53 Dex 1 µM

MC3T3-E1 Dex 0 µM
MC3T3-E1 Dex 1 µM
MC3T3-E1-shp53 Dex 0 µM
MC3T3-E1-shp53 Dex 1 µM

ca
sp

ase
-3

cle
aved ca

sp
ase

-3

β-actin

medium Dex 1 µM

medium Dex 1 µM

MC3T3-E1MC3T3-E1

MC3T3-E1-shChk2

MC3T3-E1-shChk2

MC3T3-E1 MC3T3-E1-shChk2

MC3T3-E1 MC3T3-E1-shChk2

1.5

1.0

0.5

0.0

re
la

tiv
e 

pr
ot

ei
n 

ex
pr

es
si

on

3

2

1

0re
la

tiv
e 

pr
ot

ei
n 

ex
pr

es
si

on
Dex 1 µM
MG132
CHX
time [h]

p53

β-actin

caspase-3

cleaved 
caspase-3

β-actin

Dex [µM]

GAPDH

p53

p-Chk1
Ser345

p-Chk2
Thr68

p-p53
Ser20

p-p53
Ser15

Dex 1 [µM]

GAPDH
p53

p-p
53 Ser15

p-C
hk2 Thr68

p-C
hk1 Ser345

p-p
53 Ser20

A

C

B D



Adv Clin Exp Med. 2022;31(12):1365–1374 1373

References

1.	 Gessi S, Merighi S, Borea PA. Glucocorticoid’s pharmacology: Past, 
present and future. Curr Pharm Des. 2010;16(32):3540–3553. doi:10.2174 
/138161210793797915

2.	 Balsevich G, Abizaid A, Chen A, Karatsoreos IN, Schmidt MV. Stress 
and glucocorticoid modulation of feeding and metabolism. Neurobiol  
Stress. 2019;11:100171. doi:10.1016/j.ynstr.2019.100171

3.	 Adami G, Saag KG. Glucocorticoid-induced osteoporosis: 2019 con-
cise clinical review. Osteoporos Int. 2019;30(6):1145–1156. doi:10.1007/
s00198-019-04906-x

4.	 Lane NE. Glucocorticoid-induced osteoporosis: New insights into 
the pathophysiology and treatments. Curr Osteoporos Rep. 2019; 
17(1):1–7. doi:10.1007/s11914-019-00498-x

5.	 Buckley L, Humphrey MB. Glucocorticoid-induced osteoporosis. 
N Engl J Med. 2018;379(26):2547–2556. doi:10.1056/NEJMcp1800214

6.	 Xu J, Gong H, Lu S, Deasey MJ, Cui Q. Animal models of steroid-induced 
osteonecrosis of  the  femoral head: A  comprehensive research 
review up to 2018. Int Orthop. 2018;42(7):1729–1737. doi:10.1007/ 
s00264-018-3956-1

7.	 Filla MS, Dimeo KD, Tong T, Peters DM. Disruption of fibronectin 
matrix affects type IV collagen, fibrillin and laminin deposition into 
extracellular matrix of human trabecular meshwork (HTM) cells.  
Exp Eye Res. 2017;165:7–19. doi:10.1016/j.exer.2017.08.017

8.	 Huang Y, Cai GQ, Peng JP, Shen C. Glucocorticoids induce apop-
tosis and matrix metalloproteinase-13 expression in chondrocytes 
through the NOX4/ROS/p38 MAPK pathway. J Steroid Biochem Mol Biol.  
2018;181:52–62. doi:10.1016/j.jsbmb.2018.03.001

9.	 Deng S, Dai G, Chen S, et al. Dexamethasone induces osteoblast 
apoptosis through ROS-PI3K/AKT/GSK3β signaling pathway. Biomed 
Pharmacother. 2019;110:602–608. doi:10.1016/j.biopha.2018.11.103

10.	 Zhang B, Yi J, Zhang CL, et al. MiR-146a inhibits proliferation and induces  
apoptosis in murine osteoblastic MC3T3-E1 by regulating Bcl2.  
Eur Rev Med Pharmacol Sci. 2017;21(17):3754–3762. PMID:28975995.

11.	 Mullee LI, Morrison CG. Centrosomes in the DNA damage response: 
The  hub outside the  centre. Chromosome Res. 2016;24(1):35–51. 
doi:10.1007/s10577-015-9503-7

12.	 Matt S, Hofmann TG. The DNA damage-induced cell death response: 
A roadmap to kill cancer cells. Cell Mol Life Sci. 2016;73(15):2829–2850. 
doi:10.1007/s00018-016-2130-4

13.	 Shkreta L, Michelle L, Toutant J, Tremblay ML, Chabot B. The DNA dam-
age response pathway regulates the alternative splicing of the apop-
totic mediator Bcl-x. J Biol Chem. 2011;286(1):331–340. doi:10.1074 
/jbc.M110.162644

14.	 Zhen YF, Wang GD, Zhu LQ, et al. P53 dependent mitochondrial per-
meability transition pore opening is required for dexamethasone-
induced death of osteoblasts. J Cell Physiol. 2014;229(10):1475–1483. 
doi:10.1002/jcp.24589

15.	 Ranjan A, Iwakuma T. Non-canonical cell death induced by p53.  
Int J Mol Sci. 2016;17(12):2068. doi:10.3390/ijms17122068

16.	 Lee DH, Goldberg AL. Proteasome inhibitors: Valuable new tools for 
cell biologists. Trends Cell Biol. 1998;8(10):397–403. doi:10.1016/S0962-
8924(98)01346-4

17.	 Pommier Y, Marchand C. Interfacial inhibitors of protein–nucleic acid 
interactions. Curr Med Chem Anticancer Agents. 2005;5(4):421–429.  
doi:10.2174/1568011054222337

18.	 Appella E, Anderson CW. Post-translational modifications and activa-
tion of p53 by genotoxic stresses. Eur J Biochem. 2001;268(10):2764–2772.  
doi:10.1046/j.1432-1327.2001.02225.x

19.	 Pabla N, Huang S, Mi QS, Daniel R, Dong Z. ATR-Chk2 signaling in p53 
activation and DNA damage response during cisplatin-induced 
apoptosis. J Biol Chem. 2008;283(10):6572–6583. doi:10.1074/jbc.M707 
568200

20.	 Shieh SY, Ikeda M, Taya Y, Prives C. DNA damage-induced phosphory-
lation of p53 alleviates inhibition by MDM2. Cell. 1997;91(3):325–334. 
doi:10.1016/S0092-8674(00)80416-X

21.	 Zhou BP, Liao Y, Xia W, Zou Y, Spohn B, Hung MC. HER-2/neu induc-
es p53 ubiquitination via Akt-mediated MDM2 phosphorylation.  
Nat Cell Biol. 2001;3(11):973–982. doi:10.1038/ncb1101-973

22.	 Ou YH, Chung PH, Sun TP, Shieh SY. p53 C-terminal phosphorylation 
by CHK1 and CHK2 participates in the regulation of DNA-damage-
induced C-terminal acetylation. Mol Biol Cell. 2005;16(4):1684–1695. 
doi:10.1091/mbc.e04-08-0689

Fig. 5. Flowchart of the study

ATP – adenosine triphosphate; PARP – poly(ADP-ribose) polymerase; RT-PCR – reverse transcription-polymerase chain reaction; CHX – cycloheximide; 
ATR   ataxia telangiectasia mutated kinase and Rad3-related kinase; MDM2 – murine double minute 2.

Dexamethasone (Dex)  MC3T3-E1 cells

ATPase analysis

FITC-Annexin V/PI staining

 western blotting

(caspase-3/cleaved caspase-3

and PARP/cleaved PARP) 

western blotting 

(p53 protein, phosphorylated status

of p53 protein at Ser15 and Ser20)

flow cytometry analysis

demonstrated the apoptosis 

western blot analysis

on MC3T3-E1 cells and shp53

MC3T3-E1 cells (p53 protein,

phosphorylated status

of p53 protein at Ser15 and Ser20)

RT–PCR (p53 mRNA level) 

the effects of Dex on the degradation

dynamics of p53 protein

(Dex and CHX were co-treated

for 2 h, 4 h and 6 h)

Phosphorylation of p53 was
critical for apoptosis induction

after Dex treatment

Dex induced caspase-dependent
apoptosis through promoting

p53 protein degradation

Chk2 protein regulated
p53 protein degradation

during Dex treatment

Acting on

Dex significantly inhibited
the proliferation of MC3T3-E1
cells and induced cell apoptosis

phosphorylation and expression

of p53 protein after Dex treatment

of MC3T3-E1 ShChk2 cells

western blot analysis

on phosphorylation of ATR protein

at Ser428, MDM2 protein at Ser166,

Chk1 protein at Ser345,

and Chk2 protein at Thr68 

western blot analysis on p53 protein

in MC3T3-E1 cells and MC3T3-E1

ShChk2 cells (Dex and CHX were

co-treated for 3 h and 6 h)

Chk2 mediated Dex-induced

p53 protein expression

flow cytometry analysis

on the apoptosis-inducing effects

on MC3T3-E1 cells and MC3T3-E1

ShChk2 cells after Dex treatment



J. Zhu et al. Dexamethasone promotes osteoblast apoptosis1374

23.	 Abraham RT. Cell cycle checkpoint signaling through the ATM and 
ATR kinases. Genes Dev. 2001;15(17):2177–2196. doi:10.1101/gad.914401

24.	 Yanase T, Suzuki S, Goto K, et al. Aromatase in bone: Roles of vitamin D3  
and androgens. J Steroid Biochem Mol Biol. 2003;86(3–5):393–397. 
doi:10.1016/S0960-0760(03)00349-2

25.	 Walia MK, Ho PM, Taylor S, et al. Activation of PTHrP-cAMP-CREB1 
signaling following p53 loss is essential for osteosarcoma initiation 
and maintenance. eLife. 2016;5:e13446. doi:10.7554/eLife.13446

26.	 Chao CCK. Mechanisms of p53 degradation. Clin Chim Acta. 2015;438: 
139–147. doi:10.1016/j.cca.2014.08.015

27.	 Haupt Y, Maya R, Kazaz A, Oren M. Mdm2 promotes the rapid degra-
dation of p53. Nature. 1997;387(6630):296–299. doi:10.1038/387296a0

28.	 Rinaldi VD, Bloom JC, Schimenti JC. Oocyte elimination through 
DNA damage signaling from CHK1/CHK2 to p53 and p63. Genetics. 
2020;215(2):373–378. doi:10.1534/genetics.120.303182

29.	 Fowler TW, Acevedo C, Mazur CM, et al. Glucocorticoid suppression 
of osteocyte perilacunar remodeling is associated with subchon-
dral bone degeneration in osteonecrosis. Sci Rep. 2017;7(1):44618. 
doi:10.1038/srep44618

30.	 Woolf AD. An update on glucocorticoid-induced osteoporosis. 
Curr Opin Rheumatol. 2007;19(4):370–375. doi:10.1097/BOR.0b013e 
328133f5c7

31.	 Henneicke H, Gasparini SJ, Brennan-Speranza TC, Zhou H, Seibel MJ.  
Glucocorticoids and bone: Local effects and systemic implications.  
Trends Endocrinol Metabol. 2014;25(4):197–211. doi:10.1016/j.tem.2013. 
12.006

32.	 Ding H, Wang T, Xu D, Cha B, Liu J, Li Y. Dexamethasone-induced apop-
tosis of osteocytic and osteoblastic cells is mediated by TAK1 activa-
tion. Biochem Biophys Res Commun. 2015;460(2):157–163. doi:10.1016 
/j.bbrc.2015.02.161

33.	 Ma P, Gu B, Ma J, et al. Glimepiride induces proliferation and differen-
tiation of rat osteoblasts via the PI3-kinase/Akt pathway. Metabolism.  
2010;59(3):359–366. doi:10.1016/j.metabol.2009.08.003

34.	 Chen Z, Wang L, Yao D, et al. Wip1 inhibitor GSK2830371 inhibits 
neuroblastoma growth by inducing Chk2/p53-mediated apoptosis.  
Sci Rep. 2016;6:38011. doi:10.1038/srep38011

35.	 Zhou J, Zhang C, Sui X, et al. Histone deacetylase inhibitor chidam-
ide induces growth inhibition and apoptosis in NK/T lymphoma cells 
through ATM-Chk2-p53-p21 signalling pathway. Invest New Drugs. 
2018;36(4):571–580. doi:10.1007/s10637-017-0552-y


