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Abstract. Steroid‑induced osteonecrosis of the femoral head 
(ONFH) is a serious complication caused by long‑term or 
excessive use of glucocorticoids. The present study aimed to 
ascertain the effects of tripartite motif‑containing protein 21 
(TRIM21) on the process of steroid‑induced ONFH and 
its hidden action mechanism. TRIM21 expression in dexa‑
methasone (Dex)‑treated mouse MC3T3‑E1 preosteoblast 
cells was examined using reverse transcription‑quantitative 
PCR and western blotting. The Cell Counting Kit‑8 (CCK‑8) 
method and lactate dehydrogenase release assay were used to 
respectively measure cell viability and injury. Flow cytometry 
analysis was used to assay cell apoptosis. Caspase 3 activity 
was evaluated using a specific assay, while alkaline phos‑
phatase and Alizarin red S staining were used to evaluate 
osteogenesis. 2,7‑dichloro‑dihydrofluorescein diacetate fluo‑
rescence probe was used to estimate reactive oxygen species 
generation. Specific assay kits were used to appraise oxidative 
stress levels. In addition, the expression of apoptosis‑, osteo‑
genic differentiation‑ and Kelch‑like ECH‑associated protein 
1 (Keap1)/nuclear factor erythroid 2‑related factor 2 (Nrf2) 
signaling‑associated proteins was assessed using western blot‑
ting. In Nrf2 inhibitor (ML385)‑pretreated MC3T3‑E1 cells 
exposed to Dex, cell apoptosis, osteogenesis and oxidative 
stress were detected again as aforementioned. Results revealed 
that TRIM21 expression was raised in Dex‑induced MC3T3‑E1 
cells and TRIM21 deletion improved the viability and osteo‑
genic differentiation, whereas it hampered the oxidative stress 
and apoptosis in MC3T3‑E1 cells with Dex induction. In addi‑
tion, silencing of TRIM21 activated Keap1/Nrf2 signaling. 
Moreover, ML385 partially abrogated the effects of TRIM21 

depletion on the oxidative stress, apoptosis and osteogenic 
differentiation in MC3T3‑E1 cells exposed to Dex. In conclu‑
sion, TRIM21 silencing might activate Keap1/Nrf2 signaling 
to protect against steroid‑induced ONFH.

Introduction

Steroid‑induced osteonecrosis of the femoral head (ONFH), a 
serious orthopedic disease caused by long‑term or excessive 
use of glucocorticoids, is a bone disorder primarily presenting 
femoral head collapse, resulting in hip joint dysfunction and 
eventually total hip arthroplasty (1,2). The prevalence rate 
of ONFH in Japan is ~0.0182%, while in South Korea it is 
~0.0289% (3). Considering that, there is a pressing need to 
understand the specific molecular mechanism behind ONFH 
and ascertain potential therapeutic biomarkers.

The tripartite motif (TRIM) family of proteins belonging 
to the subfamily of E3 ubiquitin ligases has been shown to 
be implicated in diversified human diseases, such as tumors, 
inflammatory, infectious, neuropsychiatric disorders, chro‑
mosomal abnormalities as well as developmental diseases (4). 
As a member of the TRIM family, tripartite motif‑containing 
protein 21 (TRIM21) can function as an E3 ligase dependent 
on its RING domain (5). Initially, TRIM21 was identified 
to act as a regulator of immune responses and participate 
in autoimmune diseases (5‑7). A recent study revealed that 
TRIM21 has low expression during the osteogenic process of 
mesenchymal stem cells and TRIM21 negatively regulates the 
osteogenic capacity of mesenchymal stem cells both in vitro 
and in vivo (8). Nevertheless, the effects of TRIM21 on the 
process of ONFH remain to be elucidated.

Nuclear factor erythroid 2‑related factor 2 (Nrf2) which 
is modulated by Kelch‑like Ech‑associated protein‑1 (Keap1) 
is regarded as a principal component of the cellular defense 
system responding to various types of endogenous and 
exogenous insults  (9). Numerous studies showed that the 
Keap1/Nrf2 pathway participates in a multitude of biological 
events including metabolism, cell proliferation and cell 
death  (10,11). Notably, dysregulation of the Nrf2/Keap1 
pathway has been shown to be involved in the process of 
ONFH (12). Concurrently, TRIM21 was reported to block the 
Keap1/Nrf2 pathway in hepatocarcinogenesis (13).

The present study sought to unravel the regulatory role of 
TRIM21 in the development of steroid‑induced ONFH and to 
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identify whether its action mechanism was associated with the 
Keap1/Nrf2 pathway.

Materials and methods

Cell culture and treatment. Minimal essential medium α 
(MEMα; Corning, Inc.) supplemented with 10% fetal bovine 
serum (FBS; Wuhan Saios Biotechnology Co., Ltd.) was 
adopted for the incubation of murine preosteoblast MC3T3‑E1 
(Wuhan Saios Biotechnology Co., Ltd.) cells at 37˚C with 5% 
CO2. Dexamethasone (Dex; Shanghai Macklin Biochemical 
Co., Ltd.) at the concentration of 1 µM was used to treat 
MC3T3‑E1 cells for 24 h at 37˚C (14). Additionally, cells were 
treated with 10 µM Nrf2 inhibitor ML385 (Shanghai Macklin 
Biochemical Co., Ltd.) for 24 h at 37˚C  (15) before treat‑
ment with Dex. To stimulate osteogenic differentiation, the 
osteogenesis‑inducing medium containing 10% FBS, 5 mM 
L‑glycerophosphate, 100 nM Dex and 50 mg/ml ascorbic acid 
was applied to the culture of MC3T3‑E1 cells at 80% conflu‑
ence and incubated for 7 days at 37˚C.

Transfection protocol. MC3T3‑E1 cells at the logarithmic 
phase were seeded in a 6‑well plate (1x105 cells/well) and were 
incubated at 37˚C until they reached 80% confluence. Using 
Lipofectamine® 3000 (Invitrogen; Thermo Fisher Scientific, 
Inc.), MC3T3‑E1 cells were established with a stable knockdown 
of TRIM21 using 50 nmol/l short hairpin RNAs (shRNAs) for 
TRIM21 (sh‑TRIM21#1, sense 5'‑GAA​CCT​GGA​CAC​GTT​
AGA​TAT‑3', antisense 5'‑ATA​TCT​AAC​GTG​TCC​AGG​TTC‑3'; 
sh‑TRIM21#2, sense 5'‑TTG​TCT​CCT​TCT​ACA​ACA​TAA‑3', 
antisense 5'‑TTA​TGT​TGT​AGA​AGG​AGA​CAA‑3') or 50 nmol/l 
control shRNA (sh‑NC, sense 5'‑TAC​GGA​GGA​CTC​GAT​CTA​
G‑3', antisense 5'‑CTA​GAT​CGA​GTC​CTC​CGT​A‑3') ordered 
from Shanghai GenePharma Co., Ltd., according to the manu‑
facturer's protocol at 37˚C for 48 h. Following 48 h of culture at 
37˚C, cells were harvested for the subsequent experiments.

Cell Counting Kit‑8 (CCK‑8) assay. MC3T3‑E1 cells subjected 
to transfection and indicated treatment were plated into 
96‑well plates (3,000 cells/well). After being incubated for 2 h 
with 10 µl CCK‑8 solution (Beyotime Institute of Technology), 
the absorbance was recorded at 450 nm by using a microplate 
reader (BMG‑Labtech, Ltd.).

Lactate dehydrogenase (LDH) release assay. The cytotoxicity 
in the supernatants of MC3T3‑E1 cells subjected to centrifu‑
gation at 8,000 x g for 10 min at 4˚C was examined with an 
LDH assay kit (Nanjing Jiancheng Bioengineering Institute). 
Absorbance was reco.

Evaluation of reactive oxygen species (ROS) production. A 
2 µM 2,7‑dichloro‑dihydrofluorescein diacetate (DCFH‑DA; 
Shanghai Aladdin Biochemical Technology Co., Ltd.) solution 
was added to the MC3T3‑E1 cells, previously subject to transfec‑
tion and indicated treatment, for 30 min of incubation at 37˚C in 
the dark. Following washing with PBS, the fluorescence intensity 
was observed under a fluorescence microscope (Zeiss GmbH).

Detect ion of oxidat ive s t ress indexes.  Fol lowing 
centrifugation at 8,000 x g for 10 min at 4˚C, superoxide 

dismutase (SOD; cat. no. S930985), glutathione peroxidase 
(GSH‑Px; cat. no. G930918) and malonaldehyde (MDA; 
cat. no. M930417) contents were evaluated using specific 
assay kits from Shanghai Macklin Biochemical Co., Ltd. 
The absorbance values were recorded using a microplate 
reader.

Flow cytometry analysis. An Annexin V‑f luorescein 
isothiocyanate (FITC) apoptosis detection kit (Nanjing 
KeyGen Biotech Co., Ltd.) was used to assess the apoptosis 
of MC3T3‑E1 cells subjected to transfection and indicated 
treatment. Cells were plated into 6‑well plates and incubated 
at 37˚C. MC3T3‑E1 cells were suspended in the binding 
buffer containing Annexin‑V‑FITC and PI. The apoptosis 
rate was detected using flow cytometry (BD FACSCalibur; 
BD Biosciences). Data were analyzed using FlowJo software 
v7.6.1 (Tree Star, Inc.). The apoptotic rate was calculated as 
the percentage of early + late apoptotic cells.

Measurement of caspase 3 activity. Caspase 3 activity was 
examined with a caspase‑3 activity assay kit (cat. no. ab252897; 
Abcam) according to the manufacturer's instructions. Cell 
lysates were incubated with caspase‑3 substrate DEVD‑AFC 
for 2 h at 37˚C in the dark. The fluorescence was observed 
using a fluorescence plate reader (excitation at 400 nm and 
emission at 505 nm).

Alkaline phosphatase (ALP) staining and Alizarin red S (ARS) 
staining. Following osteogenic differentiation, MC3T3‑E1 
cells previously subjected to transfection and indicated 
treatment were fixed in 4% paraformaldehyde for 15 min 
at 37˚C, before being incubated with ALP staining solution 
(MK BioScience Co., Inc.) for 4 h or ARS solution (Shanghai 
Macklin Biochemical Co., Ltd.) for 30  min at 37˚C. The 
images were captured under an inverted light microscope 
(Zeiss GmbH).

Reverse transcription‑quantitative (RT‑q) PCR. Extraction 
of total RNA from 1x104 MC3T3‑E1 cells was conducted 
using TRIzol® reagent (Thermo Fisher Scientific, Inc.). The 
cDNA was synthesized using the PrimeScript RT reagent 
kit (Takara Bio, Inc.) according to the instructions provided 
by the manufacturer. qPCR was performed on the ABI 7500 
Real‑Time PCR system (Applied Biosystems; Thermo Fisher 
Scientific, Inc.) with cDNA as templates using SYBR Green 
PCR Master Mix Reagents (Takara Bio, Inc.) according to 
the manufacturer's instructions. The following thermocycling 
conditions were used for qPCR: Initial denaturation for 2 min 
at 94˚C; followed by 35 cycles for 30 sec at 94˚C and 45 sec at 
55˚C. The calculation of relative mRNA levels was performed 
based on the 2‑∆∆Cq method (16). GAPDH was employed as the 
internal reference. Specific primer sequences were: TRIM21 
forward, 5'‑CCT​GGT​TAG​ATT​CCA​CGG​CA‑3' and reverse, 
5'‑TGA​ACT​GCC​CCC​ATT​CTT​CC‑3'; and GAPDH forward, 
5'‑GCC​TCC​TCC​AAT​TCA​ACC​CT‑3' and reverse, 5'‑CTC​
GTG​GTT​CAC​ACC​CAT​CA‑3'. All experiments were repli‑
cated three times.

Western blotting. After the preparation of cellular lysates 
using RIPA buffer (Beyotime Institute of Biotechnology), the 
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quantification of protein concentration was performed using 
the BCA method (Beyotime Institute of Biotechnology). 
Total protein (40  µg protein per lane) was separated on 
10% gels using SDS‑PAGE and then transferred onto the 
polyvinylidene difluoride membranes. After blocking with 
5% BSA (Beyotime Institute of Biotechnology) for 1.5 h 
at room temperature, the membranes were then immunob‑
lotted with primary antibodies including TRIM21 (cat. 
no. ab207728; 1:1,000; Abcam), B‑cell lymphoma 2 (Bcl‑2; 
cat. no.  ab196495; 1:2,000; Abcam), Bcl‑2 associated X 
(Bax; cat. no. ab3191; 1:1,000; Abcam), osterix (Osx; cat. 
no. ab209484; 1:1,000; Abcam), runt‑related transcription 
factor 2 (RUNX2; cat. no. ab236639; 1:1,000; Abcam), bone 
morphogenetic protein 2 (BMP2; cat. no. ab284387; 1:1,000; 
Abcam), Nrf2 (cat. no.  12721; 1:1,000; Cell Signaling 
Technology, Inc.), Keap1 (cat. no.  ab119403; 1:1,000; 
Abcam), heme oxygenase‑1 (HO‑1; cat. no.  ab189491; 
1:2,000; Abcam), NAD(P)H:quinone oxidoreductase 1 
(NQO1; cat. no. ab80588; 1:10,000; Abcam) and GAPDH 
(cat. no. ab181603; 1:10,000; Abcam) at 4˚C overnight, before 
being probed with HRP‑conjugated secondary antibody (cat. 
no. ab6721; 1:2,000; Abcam) for 1 h at room temperature. 
Protein signals were visualized using chemiluminescence 
reagents (MilliporeSigma). The western blotting images 
of proteins were processed using ImageJ software (version 
1.8.0; National Institutes of Health) with GAPDH as the 
loading control.

Statistical analysis. Data are presented as mean  ±  stan‑
dard deviation of three independent experiments and analyzed 
using GraphPad Prism 8 software (GraphPad Software, Inc.; 
Dotmatics). Statistical comparison between two groups was 
made using an unpaired student's t‑test. One‑way analysis of 
variance followed by Tukey's post hoc test was used to compare 
the effects of more than two groups. P<0.05 was considered to 
indicate a statistically significant difference.

Results

TRIM21 knockdown increases viability and reduces cyto‑
toxicity in Dex‑treated MC3T3‑E1 cells. To investigate the 
role of TRIM21 in ONFH, Dex was initially used for the 
establishment of a cell model of ONFH in MC3T3‑E1 cells. 
Subsequently, TRIM21 mRNA levels and protein expression 
were evaluated using RT‑qPCR and western blotting, respec‑
tively, and TRIM21 expression was noticeably increased in 
MC3T3‑E1 cells administered with Dex (Fig.  1A and B). 
Moreover, TRIM21 expression was distinctly decreased after 
transfection of sh‑TRIM21#1/2 (Fig. 1C and D). Therefore, 
sh‑TRIM21#2 was chosen for the follow‑up assays as TRIM21 
exhibited lower expression in the sh‑TRIM21#2 group. Based 
on the data from the CCK‑8 assay, the viability was dimin‑
ished in MC3T3‑E1 cells exposed to Dex and the viability 
of Dex‑treated MC3T3‑E1 cells was improved through the 
knockdown of TRIM21 (Fig.  1E). In addition, the results 

Figure 1. Interference with TRIM21 raises the viability and reduces the cytotoxicity in Dex‑treated MC3T3‑E1 cells. (A) RT‑qPCR and (B) western blotting of 
TRIM21 expression. ***P<0.001 vs. control group. (C) RT‑qPCR and (D) western blotting tested the transfection efficacy of sh‑TRIM21#1 and sh‑TRIM21#2. 
***P<0.001 vs. sh‑NC group. (E) Cell viability was assayed by the CCK‑8 method. (F) An LDH assay kit examined LDH release. ***P<0.001 vs. control group; 
##P<0.01 vs. Dex + sh‑NC group. TRIM21, tripartite motif‑containing protein 21; Dex, dexamethasone; RT‑qPCR, reverse transcription‑quantitative PCR; sh, 
short hairpin RNA; sh‑TRIM21; sh‑RNA targeting TRIM21; sh‑NC, sh‑RNA negative control; LHD, lactate dehydrogenase.
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from the LDH assay showed that the stimulated LDH release 
in Dex‑challenged MC3T3‑E1 cells was decreased when 
TRIM21 was silenced (Fig.  1F). In conclusion, TRIM21 
knockdown suppressed Dex‑stimulated viability loss and LDH 
release in MC3T3‑E1 cells.

TRIM21 knockdown mitigates oxidative stress and apoptosis 
of Dex‑challenged MC3T3‑E1 cells. At the same time, as 

elucidated using DCFH‑DA staining, TRIM21 silencing 
decreased Dex‑induced ROS production in MC3T3‑E1 cells 
(Fig. 2A). Dex exposure diminished SOD and GSH‑Px activi‑
ties whilst upregulating MDA content in MC3T3‑E1 cells, 
which were all partially reversed by silencing of TRIM21 
(Fig. 2B‑D). The apoptosis of MC3T3‑E1 cells was evaluated 
upon exposure to Dex. As shown in Fig. 2E and F, Dex treat‑
ment markedly increased the apoptotic rate of MC3T3‑E1 cells, 

Figure 2. Interference with TRIM21 mitigates oxidative stress and apoptosis of Dex‑challenged MC3T3‑E1 cells. (A) DCFH‑DA staining evaluated ROS 
generation. The levels of (B) SOD, (C) GSH‑Px and (D) MDA were detected using the corresponding kits. (E and F) Flow cytometry analysis of cell apoptosis. 
(G) Caspase 3 activity as measured by a kit. (H) Western blotting tested the expression of apoptosis‑associated proteins. ***P<0.001 vs. control group; ##P<0.01, 
###P<0.001 vs. Dex + sh‑NC group. TRIM21, tripartite motif‑containing protein 21; Dex, dexamethasone; DCFH‑DA, 2,7‑dichloro‑dihydrofluorescein diace‑
tate; ROS, reactive oxygen species; SOD, superoxide dismutase; GSH‑Px, glutathione peroxidase; MDA, malonaldehyde; sh‑, short hairpin RNA; sh‑NC, 
sh‑RNA negative control.
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which was then decreased following TRIM21 knockdown. 
The increased caspase 3 activity that was found in MC3T3‑E1 
cells challenged with Dex was decreased when TRIM21 was 
knocked down (Fig. 2G). Western blotting also implied that 
Dex treatment resulted in the upregulation of Bax expression 
and the downregulation of Bcl‑2 expression in MC3T3‑E1 
cells (Fig. 2H). However, in MC3T3‑E1 cells treated with Dex, 
transfection of sh‑TRIM21#2 clearly reduced Bax expression 
although is strengthened Bcl‑2 expression. Overall, TRIM21 
knockdown impeded Dex‑stimulated oxidative stress and 
apoptosis in MC3T3‑E1 cells.

Interference with TRIM21 contributes to the osteogenic 
differentiation of MC3T3‑E1 cells exposed to Dex. Using ALP 
staining, it was observed that the decreased ALP activity in 
MC3T3‑E1 cells treated with Dex increased again following 
TRIM21 knockdown (Fig. 3A). Furthermore, the data from 
the ARS staining showed that the attenuated calcium accu‑
mulation in MC3T3‑E1 cells caused by Dex treatment was 
aggravated by the TRIM21 knockdown (Fig. 3B). Western 
blotting analysis of osteogenic differentiation‑related markers 
also indicated that Dex exposure decreased Osx, RUNX2 and 

BMP2 protein expressions in MC3T3‑E1 cells, which were 
partly restored following knockdown of TRIM21 (Fig. 3C). In 
summary, TRIM21 knockdown exacerbated the differentia‑
tion of Dex‑treated MC3T3‑E1 cells into osteoblasts.

TRIM21 knockdown activates the anti‑oxidant Keap1/Nrf2 
pathway. The expression of Keap1/Nrf2 pathway‑related 
proteins was investigated by the present study because 
the Keap1/Nrf2 pathway was shown to play an inhibitory 
role in oxidative stress (17). The decreased Nrf2, HO‑1 and 
NQO1 expression and the increased Keap1 expression in 
Dex‑challenged MC3T3‑E1 cells were all restored after 
TRIM21 was knocked down (Fig. 4), suggesting that TRIM21 
inhibition might activate Keap1/Nrf2 signaling in Dex‑induced 
MC3T3‑E1 cells.

TRIM21 knockdown activates Keap1/Nrf2 signaling to 
hamper the oxidative stress and apoptosis and drives the 
osteogenic differentiation in Dex‑treated MC3T3‑E1 cells. 
The present study employed the Nrf2 inhibitor ML385 to 
test the hypothesis that TRIM21 might participate in the 
biological events in the Dex‑induced cellular model of ONFH 

Figure 3. Interference with TRIM21 contributes to the osteogenic differentiation of MC3T3‑E1 cells exposed to Dex. (A) ALP staining measured ALP activity. 
(B) Alizarin red S staining estimated calcium salt deposition. (C) Western blotting tested the expression of osteogenic differentiation‑associated proteins. 
***P<0.001 vs. control group; ##P<0.01 vs. Dex + sh‑NC group. TRIM21, tripartite motif‑containing protein 21; Dex, dexamethasone; ALP, alkaline phospha‑
tase; RUNX2, runt‑related transcription factor 2; BMP2, bone morphogenetic protein 2; Osx, osterix; sh‑, short hairpin RNA; sh‑NC, sh‑RNA negative control.
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by mediating Keap1/Nrf2 signaling. Compared with the Dex 
group, ROS and MDA levels were decreased whilst SOD and 
GSH‑Px activities were increased in Dex + sh‑TRIM21 group 
(Fig. 5A‑D). However, ROS (detected by DCFH‑DA staining) 
and MDA levels were upregulated while SOD and GSH‑Px 
activities were downregulated in the Dex + sh‑TRIM21 + 
ML385 group compared with the Dex + sh‑TRIM21 group. 
In addition, the weakened apoptotic rate, accompanied by 
the declined caspase 3 activity, Bax expression and elevated 
Bcl‑2 expression in Dex‑exposed MC3T3‑E1 cells transfected 
with TRIM21 shRNA were all partially counteracted by 
pretreatment with ML385 (Fig. 5E‑H). Additionally, TRIM21 
deletion improved ALP activity and calcium accumulation 
in MC3T3‑E1 cells challenged with Dex, which were then 
partially abrogated by ML385, implying that the stimulatory 
role of TRIM21 knockdown in the osteogenic differentiation 
of Dex‑exposed MC3T3‑E1 cells was abolished by inactiva‑
tion of Nrf2 (Fig. 6A and B). This finding was also evidenced 
by the decreased Osx, RUNX2 and BMP2 expressions in 
Dex + sh‑TRIM21 + ML385 group compared with the Dex + 
sh‑TRIM21 group (Fig. 6C). In conclusion, inhibition of Nrf2 
partly counteracted the effects of TRIM21 knockdown on the 
oxidative stress, apoptosis and osteogenic differentiation in 
Dex‑treated MC3T3‑E1 cells.

Discussion

Osteoblasts, which are the sole bone‑forming cells, are 
responsible for bone formation and maintenance of bone mass. 
Osteoblast dysfunction is one of the pivotal mechanisms leading 
to steroid‑induced ONFH (18) and autologous osteoblast cell 
implantation may be regarded as an effective therapy for 
ONFH (19). Administration with glucocorticoids, extensively 
applied for the treatment of autoimmune and inflammatory 
diseases as immunosuppressive and anti‑inflammatory drugs, 
is the most common non‑traumatic cause of ONFH (20). As 
an artificially synthetic glucocorticoid, Dex has also been 
implicated in the process of ONFH. In particular, Dex has 
been proposed to suppress the differentiation and stimulate 
apoptosis, autophagy, ferroptosis and oxidative stress in osteo‑
blasts (21‑23). Osteoblast cells caused by stimulation with 1 µM 
Dex for 24 h have been widely used as a cell model to explore 
the mechanisms involving in steroid‑related ONFH (14,24,25). 
Thus, the mechanism underlying Dex‑induced ONFH was 
investigated in the present study after murine MC3T3‑E1 
preosteoblast cells were exposed to Dex.

A growing number of studies have underlined the pivotal 
roles of TRIM21 in tumorigenesis (26), immune response (5) and 
autophagy (27). TRIM21 is downregulated during the osteogenic 

Figure 4. TRIM21 deficiency activates the anti‑oxidant Keap1/Nrf2 pathway. Western blotting was used to examine the expression of proteins involved in 
the Keap1/Nrf2 pathway. ***P<0.001 vs. control group; #P<0.05, ##P<0.01, ###P<0.001 vs. Dex + sh‑NC group. TRIM21, tripartite motif‑containing protein 21; 
Keap1, Kelch‑like ECH‑associated protein 1; Nrf2, nuclear factor erythroid 2‑related factor 2; HO‑1, heme oxygenase‑1; NQO1, NAD(P)H:quinone oxidore‑
ductase 1; sh‑, short hairpin RNA; sh‑NC, sh‑RNA negative control; Dex, dexamethasone.



EXPERIMENTAL AND THERAPEUTIC MEDICINE  27:  213,  2024 7

process of mesenchymal stem cells (8). In addition, Liu et al (28) 
demonstrated that TRIM21 expression is elevated in bone 
specimens from osteoporosis patients and ovariectomy‑induced 
osteoporotic mice. Their findings also supported the hypothesis 
that TRIM21 depletion promotes bone formation by enhancing 
the osteogenic differentiation of bone marrow mesenchymal stem 
cells and elevating the activity of osteoblast. In the present study, 
TRIM21 expression was raised in MC3T3‑E1 cells challenged 
with Dex and the viability loss and LDH release in Dex‑treated 
MC3T3‑E1 cells were both reversed by silencing of TRIM21. 

Additionally, enhanced osteoblast apoptosis has been documented 
to play a crucial role in the development and maintenance of 
bones and to further the progression of glucocorticoids‑induced 
ONFH (29,30). By contrast, in Dex‑exposed MC3T3‑E1 cells, 
knockdown of TRIM21 attenuated the apoptotic ability of 
MC3T3‑E1 cells, reduced caspase 3 activity and pro‑apoptotic 
Bax expression and enhanced anti‑apoptotic Bcl‑2 expression. 
Comparing the results of cell activity and apoptosis of Dex‑treated 
MC3T3‑E1, it was found that the cell viability of Dex and Dex + 
shNC groups was ~50%, but the cell apoptosis rate in that two 

Figure 5. TRIM21 deletion activates Kelch‑like ECH‑associated protein 1/nuclear factor erythroid 2‑related factor 2 signaling to hamper oxidative stress and 
apoptosis in Dex‑treated MC3T3‑E1 cells. (A) DCFH‑DA staining evaluated reactive oxygen species generation. The levels of (B) SOD, (C) GSH‑Px and (D) 
MDA were detected by the corresponding kits. (E and F) Flow cytometry analysis of cell apoptosis. (G) Caspase 3 activity as measured by a kit. (H) Western 
blotting of apoptosis‑associated proteins. ***P<0.001 vs. control group; ###P<0.001 vs. Dex group; &P<0.05, &&P<0.01, &&&P<0.001 vs. Dex + sh‑TRIM21 group. 
TRIM21, tripartite motif‑containing protein 21; Dex, dexamethasone; DCFH‑DA, 2,7‑dichloro‑dihydrofluorescein diacetate; SOD, superoxide dismutase; 
GSH‑Px, glutathione peroxidase; MDA, malonaldehyde; sh‑, short hairpin RNA; sh‑TRIM21, sh‑RNA targeting TRIM21.
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groups was only ~20%. The reason for this result may be that 
there are other forms of cell death involved in this process, such 
as necrosis and ferroptosis (31,32). Oxidative stress, resulting in 
ROS accumulation, is the leading cause of osteoblast injury and 
death (33). Altered ROS generation can facilitate osteoblast apop‑
tosis and deplete the expression of antioxidant enzymes leading to 
ONFH (34). Meanwhile, TRIM21 reduction has been reported to 
inactivate oxidative stress in intervertebral disc degeneration (35) 
and atrial remodeling (36). Consistent with this, the present study 
showed that TRIM21 knockdown decreased Dex‑induced ROS 
production, decreased SOD and GSH‑Px activities and increased 
MDA activity in MC3T3‑E1 cells.

Osteogenic differentiation is deemed a pivotal determi‑
nant in bone regeneration (37). Abnormal bone remodeling 
and osteoblastic bone formation have been shown to 
participate in the occurrence and progression of ONFH (38). 
Belonging to the BMP family, BMP2, which plays a major 
role in bone development and remodeling, is a well‑estab‑
lished promoter of osteoblastic differentiation and bone 
formation (39). Runx2 is the main downstream regulator of 
the BMP signaling pathway that regulates the expression of 

several osteogenic genes (40). Osx is indispensable for osteo‑
genic differentiation and its overexpression is related to the 
enhancement of osteogenic differentiation (41). Notably, the 
absence of TRIM21 may potentiate osteogenic differentia‑
tion and decrease RUNX2 expression in mesenchymal stem 
cells (8). In the current study, after TRIM21 was knocked 
down in MC3T3‑E1 cells challenged with Dex, the ALP 
activity was increased, calcium salt deposition was strength‑
ened and Osx, RUNX2 and BMP2 protein expressions were 
all increased.

Furthermore, an emerging study has underlined that 
TRIM21 may serve an inhibitor role in Keap1/Nrf2 
signaling in hepatocarcinogenesis (13). Nrf2, a member of 
the Cap‑n‑Collar family of basic leucine zipper proteins, is 
regarded as a major anti‑oxidative modulator by contrib‑
uting to the transcription of antioxidant genes  (42). As 
a main repressor protein of Nrf2, Keap1 facilitates the 
polyubiquitination of the Nrf2 protein and drives protea‑
some‑dependent Nrf2 degradation (42). Under unstressed 
conditions, Keap1 binds to Nrf2 and promotes its degra‑
dation. Once the cells are damaged, Nrf2 will dissociate 

Figure 6. TRIM21 depletion activates Keap1/Nrf2 signaling to drive the osteogenic differentiation in Dex‑treated MC3T3‑E1 cells. (A) ALP staining measured 
ALP activity. (B) Alizarin red S staining estimated calcium salt deposition. (C) Western blotting tested the expression of osteogenic differentiation‑associated 
proteins. ***P<0.001 vs. control group; ###P<0.001 vs. Dex group; &P<0.05, &&P<0.01 vs. Dex + sh‑TRIM21 group. TRIM21, tripartite motif‑containing protein 
21; Keap1, Kelch‑like ECH‑associated protein 1; Nrf2, nuclear factor erythroid 2‑related factor 2; Dex, dexamethasone; ALP, alkaline phosphatase; sh‑, short 
hairpin RNA; sh‑TRIM21, sh‑RNA targeting TRIM21; RUNX2, runt‑related transcription factor 2; BMP2, bone morphogenetic protein 2; Osx, osterix.
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from Keap1, translocate into the nucleus and subsequently 
activate various genes, including HO‑1  (42). Abundant 
evidence has demonstrated that activation of Keap1/Nrf2 
signaling can mitigate oxidative stress in the process of 
steroid‑induced ONFH (18). Li et al (43) showed that the 
Nrf2 knockdown exacerbates apoptosis, oxidative stress 
and inflammation while inhibiting the osteogenic differ‑
entiation of high glucose‑stimulated MC3T3‑E1 cells. The 
present data also demonstrated that Nrf2 inhibitor ML385 
partially counteracted the effects of TRIM21 deletion on 
apoptosis, oxidative stress as well as osteogenic differentia‑
tion in Dex‑treated MC3T3‑E1 cells.

Collectively, the present study showed that TRIM21 
interference activated the Keap1/Nrf2 pathway to antagonize 
Dex‑triggered apoptosis, oxidative stress and osteogenic 
differentiation decrease in MC3T3‑E1 cells, thereby 
relieving the progression of steroid‑induced ONFH. All 
these outcomes emphasize that TRIM21 may be valued as 
a potential target for steroid‑induced ONFH. Nevertheless, 
this study only explored the effect of TRIM21 on mouse 
preosteoblast cells. Further experiments associated with 
osteoclast will be analyzed in the future. In addition, the 
other signaling pathways downstream of TRIM21, such as 
the YAP1/β‑catenin signaling pathway (28), the intervention 
timing and possible screening models for high‑risk patients 
will also be investigated in the next studies.
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