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a b s t r a c t

Objective: To investigate the protective effect human umbilical cord mesenchymal stem cells (hUC-MSCs)
have on Dexamethasone (Dex)-induced apoptosis in osteogenesis via the Nrf2-ARE signaling pathway.
Methods: Glucocorticoid-induced osteonecrosis of the femoral head (GC-ONFH) was developed in rats
through the administration of lipopolysaccharide and methylprednisolone. The incidence of femoral
head necrosis, cavity notch, apoptosis of osteoblasts, and bone density were observed by HE staining,
TUNEL staining, and Micro-CT. HUC-MSCs were co-cultured with mouse pre-osteoblast MC3T3-E1. The
survival rate of osteoblasts was determined by CCK8, and apoptosis and ROS levels of osteoblasts were
determined by flow cytometer. The viability of antioxidant enzymes SOD, GSH-Px, and CAT was analyzed
by biochemistry. Nrf2 expression levels and those of its downstream proteins and apoptosis-related
proteins were analyzed by Western blotting.
Results: In rats, hUC-MSCs can reduce the rates of empty bone lacuna and osteoblast apoptosis that are
induced by glucocorticoids (GCs), while reducing the incidence of GC-ONFH. hUC-MSCs can significantly
improve the survival rate and antioxidant SOD, GSH-Px, and CAT activity of MC3T3-E1 cells caused by
Dex, and inhibit apoptosis and oxidative stress levels. In addition, hUC-MSCs can up-regulate the
expression of osteoblast antioxidant protein Nrf2 and its downstream protein HO-1, NQO-1, GCLC, GCLM,
and apoptosis-related protein bcl-2, while also down-regulating the expression of apoptosis-related
protein bax, cleaved caspase-3, cleaved caspase-9, and cytochrome C in MC3T3-E1 cells. hUC-MSCs
improve the ability of MC3T3-E1 cells to mineralize to osteogenesis. However, the promoting effects
of hUC-MSCs were abolished following the blocking of the Nrf2-ARE signaling pathway for osteoblasts.
Conclusion: The results reveal that hUC-MSCs can reduce Dex-induced apoptosis in osteoblasts via the
Nrf2-ARE signaling pathway.
© 2024, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Necrosis of the femoral head that is caused by long-term high-
dose glucocorticoid use is known as glucocorticoid-induced osteo-
necrosis of the femoral head (GC-ONFH). Clinical observation has
found that the majority of GC-ONFH patients have severe hip pain
and develop lameness within a few years. A large area of osteogenic
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necrosis can then appear, and cavity and joint collapse can occur in
the femoral head. Total hip replacement is eventually required
[17,20].

Mesenchymal stem cells (MSCs) are a class of multifunctional
cells that differentiate into a variety of cells. MSCs can produce
cytokines for the regulation of immunity and the promotion of
tissue repair and anti-apoptosis [15,22,27,29]. These properties
.
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make MSCs stand out in studies on femoral head necrosis treat-
ment. The aim of this study is to investigate the protective effect
and mechanism of human umbilical cord mesenchymal stem cells
(hUC-MSCs) on Dexamethasone (Dex)-induced osteoblasts
apoptosis via the Nrf2-ARE signaling pathway.

2. Materials and methods

2.1. GC-ONFH animal model and groupings

The animal study protocol was approved by the Wuhan Uni-
versity Ethics Committee (number: 20180920). 30 male Sprague-
Dawley rats with approximate weights of 360 ± 26 g, that were
28 weeks old were purchased from Beijing Vital River Laboratory
Animal Technology Co. Ltd. The rats were randomly divided into
three groups of control group, model group, and treatment group.
The rats in the control group received only 0.9% of the tail vein
saline injection within one week. The rats in the model group were
administered with 2 mg/kg of lipopolysaccharide (Sigma-Aldrich,
USA) intravenously once daily for two days and injected with
20mg/kg of methylprednisolone (Pfizer, USA) intramuscularly once
daily for five days. The procedure for the treatment group was
similar to that of the model group, apart from the fact that 1 � 106

hUC-MSCs (ShenzhenWingor Bio-technology Co., Ltd., China) were
injected into the tail vein 1 h following the intramuscular injection
of methylprednisolone. The femoral head samples and venous
blood of the rats were removed under anesthesia after 28 days of
rearing and then used for further analysis.

2.2. Hematoxylin and eosin (HE) staining

The femoral heads were fixed in 10% paraformaldehyde
(pH¼ 7.4) for 24 h and then in 10% ethylenediamine tetraacetic acid
(pH ¼ 7.4) for 2 months to ensure decalcification. The decalcified
samples were then dehydrated in gradient alcohol before being
embedded in paraffin. The paraffins were sliced into 4 mm sections,
dewaxed in xylene, and hydrated in gradient alcohol. Sections were
stained with hematoxylin for 6 min and eosin for 2 min. The ne-
crosis of the femoral head was diagnosed as bone trabecular frac-
ture or decrease, empty bone socket, and nuclear consolidation
increase.

2.3. TdT-mediated dUTP Nick-End Labeling (TUNEL) staining

The paraffins in the last step were sliced into 4 mm sections,
dewaxed in xylene, and hydrated in gradient alcohol. Section
staining was performed in accordance with the instructions of the
In Situ Cell Death Detection Kit (Roche, Basel, Switzerland). The
osteoblast nuclei with brown staining were considered apoptotic
cells under a microscope.

2.4. Detection of alkaline phosphatase (ALP) activity

In order to detect ALP activity in the serum, blood samples of
1e2 mL were drawn from the tail veins of rats and centrifuged for
10 min at 1500 r/min at 4 �C. The separated serums were used for
testing ALP activity. For ALP activity in osteoblasts, osteoblasts were
harvested and seeded into a 24-well plate and then treated with
100 mL of lysis buffer after washing. An ALP assay kit (Nanjing
Jiancheng, A059-2) was used for measuring ALP activity.

2.5. Detect the distribution of hUC-MSCs in rats

1� 105 hUC-MSCs were seeded on 24-well culture plates. When
the cells reached about 70%, CMV-Luc2-T2A-Puro Lentivirus
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(Oligobio, OGL-LVXH-001) were transfected for 48 h then selected
by puromycin (Solarbio, P8230). Stable transplantstation were ob-
tained after 2 weeks.

Transfected hUC-MSCs were injected into both groups of rats
from day three to day seven days through the tail vein. Therewere 6
rats divided into two groups. The control group will not have any
treatment. The modeling of the model group is the same as that
method in 2.1. The whole body luminescence signal was observed
on the first day, the third day and the seventh day aftermodeling by
using Luznoche® B animal live imaging system (SpectralMagic).

2.6. Cell culture

Bone tissues from healthy adult rats were collected after anes-
thesia. They were cut into fragments, digested with trypsin for
5 min, and neutralized with serum-containing medium. The cells
were centrifuged and then incubated with 0.1% collagenase for
30 min. Primary osteoblasts were collected and cultured at 37 �C
and 5% CO2 with Ham's F-12 medium containing 10% FBS. All of the
procedures were performed using second to fifth-generation os-
teoblasts. The osteoblasts were divided into control and Dex
groups.

The stem cells used in the experiment were P4 generation hUC-
MSCs that were provided by Shenzhen Yinguan Biotechnology Co.
China. Mouse pre-osteoblast cells MC3T3-E1 were purchased from
the Cell Bank of the Chinese Academy of Sciences, Shanghai.

In order to investigate the effect hUC-MSC has on MC3T3-E1
cells induced by Dex, MC3T3-E1 cells were divided into five groups:
control group (MC3T3-E1), model group (MC3T3-E1 þ Dex), in-
hibitor group (MC3T3-E1 þ Dex þ ML385), co-culture group (hUC-
MSCs þ MC3T3-E1 þ Dex), and co-culture þ inhibitor group (hUC-
MSCs þ MC3T3-E1 þ Dex þ ML385).

The MC3T3-E1 cells were maintained in DMEM medium
(HyClone, SH30022) supplemented with 10% fetal bovine serum
(FBS) and 1% antibiotics (streptomycin/penicillin). MC3T3-E1 cells
in the log growth phase that were digested with trypsin were
seeded in the lower chamber of a Transwell plate. Following 24 h of
incubation, the medium that contained 1 mMof Dex (sigma, D4902)
was replaced except for the control group. 5 mM concentration of
ML385 (Selleck, S8790) was added to the inhibitor group and co-
culture þ inhibitor group. The hUC-MSCs were inoculated in the
upper chamber of the Transwell plate with DMEM/F12 medium
(HyClone, SH30023) supplemented with 10% FBS and antibiotics in
the co-culture group and co-culture þ inhibitor group.

2.7. Cell viability assay

The viabilities of osteoblasts or MC3T3-E1 cells in each group
were detected using cell counting kit-8 (CCK-8) assay (Beyotime,
C0038). CCK8 solution was added to each well for 10 mL and then
incubated for 2 h. The absorption values at 450 nm in each well
were measured using a microplate reader (Diatek, DR-200Bs) and
survival rate was calculated.

2.8. Cell proliferation

Osteoblasts were harvested and seeded into a 24-well plate. 5-
bromo-20-deoxyuridine (BrdU) solution was added dropwise to
each well for 3 h before Dex application to determine cell
proliferation.

2.9. Western blotting

Osteoblasts or MC3T3-E1 cells were washed three times using
PBS before being lysed with the cellular total protein extraction



Fig. 1. HUC-MSCs reduced osteoblast apoptosis and promoted osteogenesis on GC-ONFH. (A) HE staining of rat femoral heads receiving different treatments e blue arrows indicate
empty lacunae (Scale bar ¼ 50 mm). (B) Quantitative analysis of empty lacuna rate in (A), n ¼ 3. (C) TUNEL staining of the rat femoral head tissue e blue arrows indicate apoptotic
cells (Scale bar ¼ 50 mm). (D) Quantitative analysis of the rate of TUNEL-positive cells in (C), n ¼ 3. (E) ALP activity in the three groups, n ¼ 3. (F) Distribution of hUC-MSCs in rats of
control and model group, n ¼ 3.
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reagent for 5 min and centrifuged at 4 �C, 12,000 g for 10 min.
The supernatant that was total protein solution was removed.
Sample protein concentrations were determined using the BCA
Protein Concentration Assay kit (ASPEN, AS1086), and separation
glue and concentrated gel were prepared for the sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE). An equal
amount of protein samples was loaded onto SDS-PAGE gel and
then subjected to electrophoresis. The proteins on gels were
transferred to polyvinylidene difluoride (PVDF) membranes that
were then blocked in nonfat milk for 1 h. The membranes were
incubated overnight with different monoclonal primary anti-
bodies: anti-Bax (rabbit, 1:2000, CST, #2772), anti-Bcl-2 (rabbit,
1:1000, abcam, ab196495), anti-Cleaved Caspase3 (rabbit, 1:500,
affbiotech, AF7022), anti-Cleaved Caspase9 (rabbit, 1:500, affbio-
tech, AF5240), anti-cytochtrome C (rabbit, 1:500, CST, #4280),
anti-GAPDH (rabbit, 1:10000, abcam, ab181602), anti-Nrf2 (rab-
bit, 1:500, abcam, ab76026), antieHOe1 (rabbit, 1:3000, pro-
teintech, 27282-1-AP), anti-NQO1 (rabbit, 1:1000, proteintech,
11451-1-AP), anti-GCLC (rabbit 1:1000, proteintech, 12601-1-AP),
3

and anti-GCLM (rabbit, 1:3000, proteintech, 14241-1-AP). They
were then incubated for 30 min with second antibodies (goat anti
rabbit, 1:10000, ASPEN, AS1107). The membranes were placed in
the dark for exposure and the bands on membranes were dis-
played with the imaging solution. The optical density value of
bands was analyzed using AlphaEaseFC software.

2.10. Measurement of cell apoptosis

The apoptotic rate of MC3T3-E1 cells was detected using flow
cytology. Following complete digestion by trypsin, the MC3T3-E1
cells were harvested and then centrifuged at 300 g for 5 min. The
supernatant was discarded and MC3T3-E1 cells were washed three
times with PBS. Following the Annexin V-FITC cell apoptosis assay
kit (Sungene, AO2001-02PeH) instructions, cells were resuspended
with 300 mL of Binding Buffer and incubated against light for 10min
with 5 mL Annexin V-FITC. After incubating against light for 5 min
with 5 mL PI, the cells were detected using a flow cytometer (BD,
FACSCalibur).



Fig. 2. Dex induced apoptosis of osteoblasts and inhibited osteogenesis. (A) Microscopic images of osteoblasts. (B) Viability of osteoblasts following Dex treatment (0, 1, 5, 25, 50,
100, 200, and 300 mM) for 24 h, n ¼ 3. (C) BrdU incorporation assay, n ¼ 3. (D) Expression levels of apoptosis-related proteins in osteoblasts. (E) TUNEL staining of osteoblasts
following Dex treatment, n ¼ 3. (F) Quantitative analysis of ALP activity, n ¼ 3.
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2.11. Detection of intracellular ROS level

In accordance with the instructions of the Reactive oxygen
species detection kit (Beyotime, S0033), reactive oxygen species
fluorescent probes (DCFH-DA) were prepared. The MC3T3-E1 cells
were washed three times in PBS and incubated for 20 min with
1 mL DCFH-DA. The fluorescence intensity that indicated the level
of the intracellular ROS was analyzed using a flow cytometer.

2.12. Viability of three enzymes: SOD, GSH-px, and CAT

The activity of antioxidase SOD, GSH-px, and CAT was evaluated
by biochemical assays. MC3T3-E1 cells were washed three times
with PBS and then lysed with 150 mL RIPA lysate on ice for 1 h,
before being centrifuged at 4 �C, 12,000 g for 10 min. In accordance
with the instructions of the three enzymes SOD, GSH-px, and CAT
assay kit (Nanjing Jiancheng, A001e3, A005, A007-1), the super-
natant was removed for detection.

2.13. Alizarin red staining

The MC3T3-E1 cells were divided into three groups: control
group (MC3T3-E1), Dex group (MC3T3-E1 þ Dex), and hUC-
MSCs þ Dex group (MC3T3-E1þ hUC-MSCs þ Dex). Following
4

complete digestion by trypsin, MC3T3-E1 cells were harvested and
centrifuged at 1300 rmp for 4 min. MC3T3-E1 Cells were fixed with
paraformaldehyde for 45 min and then stained with 1 mL alizarin
red for 3 min. The MC3T3-E1 Cells were observed under a micro-
scope following alizarin red staining and then washed clean.

2.14. Nrf2 siRNA interference

The Nrf2 siRNA was diluted to 1 mM with 125 mL Opti-MEM
(Gibco, 31985) and 5 mL Lipofectamine 2000 (ThermoFisher,
11668019) weremixed and dilutedwith 125 mL Opti-MEM for 5min
at room temperature. Diluted Nrf2 siRNA and diluted Lipofectamine
2000 were mixed and incubated for about 20 min at room tem-
perature, then added to MC3T3-E1 cells that were fused to 60e70%
for transfection.

2.15. Statistical analysis

All data was expressed as mean ± standard deviation
(Mean ± SD) and analyzed using GraghPad Prism 8.0 software. Total
differences were compared by ANOVA and between groups by
Tukey-Kramer test. P < 0.05 was considered to be a significant
difference, and *P < 0.05, **P < 0.01, ***P < 0.001, or
****P < 0.0001.



Fig. 3. HUC-MSCs reduced the apoptotic rate and improved the survival rate of MC3T3-E1 cells. (A) MC3T3-E1 cell apoptosis was detected by flow cytometry co-cultured with
different concentrations of hUC-MSCs. (B) Quantitative analysis of apoptotic rate in (A), n ¼ 3. (C) Survival rate of MC3T3-E1 cells co-cultured with different concentrations of hUC-
MSCs, n ¼ 3.
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3. Results

3.1. HUC-MSCs reduced the incidence of GC-ONFH and osteoblast
apoptosis induced by GCs

HE staining found the incidences of necrosis of the femoral
head in the control, model, and treatment groups to be 0% (0/10),
80% (8/10), and 30% (3/10), which suggests that hUC-MSCs can
reduce the occurrence of GC-ONFH in rats. HE staining also
demonstrated that there was no empty bone lacuna in the control
group and the trabeculae arrangement was regular and intact. In
comparison to the control group, the empty bone lacuna
appeared widely in the model group, and the trabecular bone
structure was disturbed with fracture and increased gap. In
comparison to the model group, the empty bone lacuna was
5

significantly reduced in the treatment group, with no significant
stenosis or fracture of trabecular bone (Fig. 1A). The rates of the
empty bone lacuna in the control, model, and treatment groups
were 5.2%, 35.6%, and 14.1% with significant difference (Fig. 1B).
The results suggest that hUC-MSCs can reduce the rates of empty
bone lacuna in rats.

Apoptosis of osteoblasts from the femoral heads of rats
following hUC-MSCs intervention was assessed by TUNEL staining.
The cells that stained brownwere apoptotic cells (Fig. 1C). The rates
of apoptosis in osteoblasts were 3.6%, 20.7%, and 5.1% in the control,
model, and treatment groups (Fig. 1D). The rate of osteocyte
apoptosis in the treatment group was found to be significantly
lower than in the model group, which suggests that hUC-MSCs can
reduce osteoblast apoptosis that is induced by glucocorticoids
(GCs). In addition, ALP activity in the treatment group was more



Fig. 4. HUC-MSCs reduced the apoptotic rate and improved the oxidative stress of MC3T3-E1 cells. (A) ROS level of MC3T3-E1 cells measured by flow cytometry. (B) Quantitative
analysis of ROS levels in (A), n ¼ 3. (C) MC3T3-E1 cell apoptosis was detected using flow cytometry. (D) Quantitative analysis of apoptotic rate in (C), n ¼ 3. (E) Viability of MC3T3-E1
cells receiving different treatments was detected using CCK-8 assay, n ¼ 3. (F) Activity of the oxidative stress kinases in each group, n ¼ 3.
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active than it was in the model group, but less than in the control
group (Fig. 1E), which suggests hUC-MSCs improve ALP activity in
serum.

Strong luminescence signals were detected in the thoracic and
abdominal cavity on the first day in two group, and weak lumi-
nescence signals in the bilateral hips in the model group. On the
third day, the intrathoracic and intraabdominal signals were
weakened in the control and model groups, and the bilateral hip
luminescence signal was slightly enhanced in the model group
compared with the first day. On day 7, weak luminescence signals
were detected in the intrathoracic and abdominal cavity in the
control and model groups, and the bilateral hip luminescence
signal was diminished in the model group compared with the third
day (Fig. 1F).

3.2. Dex reduced viability and increased the apoptotic rate of
osteoblasts

Rat primary osteoblasts were in a good growth state and were
fibroblast-like (Fig. 2A). Different concentrations of Dex (0, 1, 5, 25,
50, 100, 200, and 300 mM) were applied to osteoblasts for 24 h as a
means of investigating the effects GC has on the toxicity and
viability of rat osteoblasts. CCK8 assay found Dex to reduce osteo-
blast viability in a dose-dependent manner. Cell viability was
significantly suppressed at Dex concentrations of 100 and 200 mM.
As the osteoblasts exhibited a low survival rate with a concentra-
tion of 200 mM (Fig. 2B), the concentration of 100 mM was chosen
6

for subsequent experiments. With BrdU proliferation experiments,
TUNEL staining, and ALP assay, it was found that Dex significantly
inhibited the proliferation ability of osteoblasts (Fig. 2C), increased
the apoptotic rate of osteoblasts (Fig. 2E), and reduced ALP activity
(Fig. 2F). In addition, Western blotting showed that the expression
levels of apoptosis-related proteins Bax, cleaved-caspase-3,
cleaved-caspase-9, and cytochrome C in the Dex group were
significantly up-regulated, while the Bcl-2 expression levels were
down-regulated (Fig. 2D).
3.3. Determination of the optimal co-culture concentration of hUC-
MSCs

After the MC3T3-E1 cells had been treated with Dex for 24 h,
different concentrations of hUC-MSCs were co-cultured with
MC3T3-E1 cells (0.1:1, 0.5:1, 1:1, 10:1, 100:1) for Transwell. In order
to determine the optimal co-culture concentration of hUC-MSCs,
the survival rate of MC3T3-E1 cells was determined by CCK8 and
the apoptotic rate was detected using a flow cytometer. Dex was
found to be able to reduce osteoblast survival and induce apoptosis
of osteoblast, and HUC-MSCs prevented osteoblasts from survival
reduction and apoptosis caused by Dex (Fig. 3A). The most effective
concentration was found to be the hUC-MSCs and MC3T3-E1 cells
that were co-cultured at 10:1, with a survival rate of
66.047 ± 0.028% (Fig. 3C). With this concentration, the apoptotic
rate was 27.43 ± 1.98% (Fig. 3B).



Fig. 5. Effects of hUC-MSCs on Nrf2-ARE signaling pathway proteins and apoptosis-related proteins. (A) Quantitative analysis of the expression levels of the Nrf2-ARE signaling
pathway proteins of MC3T3-E1 cells, n ¼ 3. (B) Expression levels of the Nrf2-ARE signaling pathway proteins were determined by Western blotting. (C) Quantitative analysis of the
expression levels of apoptosis-related proteins of MC3T3-E1 cells, n ¼ 3. (D) Expression levels of apoptosis-related proteins were determined by Western blotting.
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3.4. HUC-MSCs inhibited Dex-induced apoptosis and oxidative
stress in MC3T3-E1 cells and improved the activity of antioxidant
enzymes

Aflowcytometerwasused fordetectingapoptosis andROS level in
theMC3T3-E1 cells (Fig. 4AeD).Dexwas found to significantly induce
apoptosis and oxidative stress inMC3T3-E1 cells, while whenML385
was added, the apoptotic rate and ROS level of MC3T3-E1 cells were
evenhigher. In comparison to themodel group, the apoptotic rate and
ROS level in the co-culture group were significantly reduced, which
was then significantly increased following the addition of ML385 to
7

the co-culture system (Fig. 4AeD). These results suggest that hUC-
MSCs inhibit apoptosis and oxidative stress in MC3T3-E1 cells
induced by Dex.

As the CCK8 tests showed (Fig. 4E), Dex significantly reduced the
survival of MC3T3-E1 cells, which were even lower following the
addition of the Nrf2 inhibitor ML385. Compared to the model
group, the survival rate in the co-culture group was significantly
increased, suggesting that hUC-MSCs improve the survival of
MC3T3-E1 cells induced by Dex. The survival rate was found to be
significantly reduced after the addition of ML385 to the co-culture
system.



Fig. 6. Effect of hUC-MSCs on bone mineralization and osteogenesis ability. (A) Alizarin red staining for detecting calcified nodules in osteoblasts treated with Dex alone or in
combination with hUC-MSCs, scale bar ¼ 50 mm. (B) Quantitative analysis of osteoblast mineralization in (A), n ¼ 3, ***P < 0.001.
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The activity of antioxidase SOD, GSH-px, and CAT in each group
was detected using biochemical assays (Fig. 4F). Dex significantly
reduced the activity of antioxidase SOD, GSH-px, and CAT in
MC3T3-E1 cells, which were even lower after the addition of
ML385. In comparison to the model group, the activity of anti-
oxidase SOD, GSH-px, and CAT in the co-culture group was signif-
icantly increased, which suggests that hUC-MSCs improve the
activity of antioxidase SOD, GSH-px, and CAT in MC3T3-E1 cells.
The activity of SOD, GSH-px, and CAT in MC3T3-E1 cells was found
to be significantly reduced following the addition of ML385 to the
co-culture system.

3.5. HUC-MSCs rescued the expression of apoptosis-related proteins
and deactivation of the Nrf2-ARE signaling pathway induced by GCs

The apoptosis-related protein expression levels in each group
were determined by Western blotting. Dex remarkably down-
regulated the protein expression of bcl-2 and up-regulated the
protein expressions of bax, cleaved caspase-3, cleaved caspase-9,
and cytochrome C in MC3T3-E1 cells (Fig. 5C and D). However, af-
ter the addition of ML385, the bcl-2 protein expression was even
lower and the expressions of bax, cleaved caspase-3, cleaved
caspase-9, and cytochrome C was higher. In comparison to the
model group, the bcl-2 protein expression in the co-culture group
was found to be remarkably higher and the expressions of bax,
cleaved caspase-3, cleaved caspase-9, and cytochrome C were
remarkably lower. However, the bcl-2 protein expressionwas lower
and the protein expressions of bax, cleaved caspase-3, cleaved
caspase-9, and cytochrome C were higher following ML385 addi-
tion to the co-culture system (Fig. 5C and D).

In order to further explore the role of hUC-MSCs in the Nrf2-ARE
signaling pathway and apoptosis caused by Dex, the expressions of
Nrf2-ARE signaling pathway proteins in each group were also
determined by Western blotting. Dex was found to have remark-
ably down-regulated the Nrf2 protein expression and those of its
downstream proteins HO-1, NQO-1, GCLC, and GCLM in MC3T3-E1
cells (Fig. 5A and B). However, after the addition of ML385, the Nrf2,
HO-1, NQO-1, GCLC, and GCLM protein expressions were all lower.
Compared to the model group, the Nrf2, HO-1, NQO-1, GCLC, and
GCLM protein expressions in the co-culture groupwere remarkably
higher, while they were lower following the addition of ML385 to
the co-culture system (Fig. 5A and B).
8

3.6. HUC-MSCs improves the ability of MC3T3-E1 cells to mineralize
to osteogenesis under Dex treatment

The formation of 21 d mineralized deposits of MC3T3-E1 cells in
the three groups was detected by alizarin red staining (Fig. 6A and
B). Themineralized nodules were found to be larger, stained darker,
and reddish-brown in the control group. Compared to the control
group, Dex significantly inhibited the mineralization level of
MC3T3-E1 cells, and no significant mineralized nodules were
observed in the Dex group. In comparison to the Dex group, hUC-
MSCs were found to significantly eliminate the mineralization of
MC3T3-E1 cells inhibited by Dex, with significantly increased
mineralization and deeper staining, which restored the osteoblast
mineralization capacity in the hUC-MSCs þ Dex group. These re-
sults demonstrate that hUC-MSCs can reverse the cytotoxicity of
Dex while promoting mineralization in vitro.

3.7. HUC-MSCs reduce osteoblast apoptosis caused by
dexamethasone via Nrf2-ARE activation

We used siRNA technology to knock down the Nrf 2 gene in
hUC-MSCs to see whether the inhibitory effect of hUC-MSCs on
dex-induced osteoblast apoptosis is related to the activation of Nrf
2. The results showed that after siRNA-NC transfection, hUC-MSCs
could still promote the expression of Nrf 2, HO-1 and NQO 1 pro-
tein, reduce the apoptosis rate in MC3T3-E1 cells, and reduce the
ROS level inMC3T3-E1 cells (Fig. 7AeC). However, after siRNA-Nrf 2
transfection, hUC-MSCs had no significant inhibition on the
apoptosis and stress response induced by Dex in MC3T3-E1 cells,
nor did the expression of Nrf 2, HO-1, and NQO 1 proteins
(Fig. 7AeC). Therefore, we found that hUC-MSCs inhibited osteo-
blast apoptosis caused by Dex through activation of the Nrf 2-ARE
pathway.

4. Discussion

The early treatment of GC-ONFH is of particular importance for
relieving hip pain and claudication symptoms and preventing the
further deterioration of femoral head necrosis, femoral head
collapse, and the occurrence of osteoarthritis. Therefore, it is
essential to prevent femoral head necrosis during the early stage of
GC administration. In this study of rats, hUC-MSCs were



Fig. 7. HUC-MSCs inhibited osteoblast apoptosis caused by Dex through activation of the Nrf 2-ARE pathway. (A) MC3T3-E1 cell apoptosis in the 6 group was detected using flow
cytometry. (B) Expression levels of the Nrf2-ARE signaling pathway proteins were determined by Western blotting. (C) ROS level of MC3T3-E1 cells measured by flow cytometry.
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administered intravenously at the time of intramuscular GCs. HUC-
MSCs were found to reduce the rates of empty bone lacuna and
osteoblast apoptosis induced by GCs, while also improving femoral
head bone density to effectively reduce the incidence of GC-ONFH.
ALP is a marker of reactive osteoblast activity that is secreted by
osteoblasts, and elevated ALP activity levels and mineralization are
essential for bone formation [26]. This study also found that GCs
can inhibit the osteogenic capacity of rat osteoblasts, thereby
reducing ALP generation and activity. HUC-MSCs can effectively
stimulate ALP activity in rats and calcium nodule formation in
MC3T3-E1 cells. It was demonstrated that hUC-MSCs are effective
against GC-ONFH at the animal level. The effectiveness of hUC-
MSCs against GC-ONFH at the cell level and the mechanism were
also further demonstrated.
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The pathogenesis of GC-ONFH is complicated and not entirely
clear. However, in the deep study of intracellular signaling path-
ways, initial progress has beenmade in the related pathways of GC-
ONFH. Many reports have proven GC-ONFH to be involved in
multiple pathways, and its ability to induce osteoblast apoptosis
[6,24,28]. Oxidative stress is one of the important GC-ONFH
mechanisms. When a cell is stimulated externally, a large amount
of reactive oxygen species is produced in it, which can destroy the
balance of oxidation and antioxidants in the cell and result in
oxidative stress [7,8,11]. ROS has a tendency to damage the mito-
chondrial membrane and mitochondrial DNA, but it also increases
the release of cytochrome C and alters the permeability of the
mitochondria. The structure and function of the mitochondria are
then disrupted, resulting in apoptosis [1].
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There is a complex transcriptional regulatory network within
cells that ensures oxidative stress remains at a normal level intra-
cellularly [13]. One of the most important transcription factor
regulatory pathways is the Nrf2 antioxidant response element
(Nrf2-ARE). As Nrf2 is involved in numerous exogenous responses,
it is considered to be a major cellular regulator against oxidative
stress [25]. It was first identified as an obligatory protein that is
required for a high level of globin gene expression in developing
erythrocytes [16]. As studies progressed, Nrf2 was found to play a
crucial role in carbohydrate metabolism and cell proliferation in
DNA repair, mitochondrial function, and maintaining cellular redox
homeostasis [5]. The Nrf2-ARE signaling pathway mainly consists
of Nrf2, Kelch-like ECH-associated protein-1 (KEAP1), and ARE.
KEAP1 acts as an inhibitory protein of Nrf2 and binds to it under
normal physiological conditions, which causes Nrf2 to anchor to
the cytosol, which is the predominant form of Nrf2 in the cytoplasm
[10]. When cells are under oxidative stress, there is an increase in
ROS levels and Nrf2 is phosphorylated into the nucleus. Nrf2 binds
to ARE as a means of initiating the expression of a series of phase II
detoxification enzymes and antioxidant genes, including HO-1,
NQO-1, GCLC, and GCLM, to antagonize the oxidation effect of
ROS and protect cells from oxidative damage [23]. In this study, Dex
that increased ROS levels decreased the activity of the antioxidant
enzymes SOD, GSH-Px, and CAT, while down-regulating the
expression of the antioxidant protein Nrf2 and its downstream
proteins HO-1, NQO-1, GCLC, and GCLM in MC3T3-E1 cells. Leading
to oxidative stress. At the same time, Dex induced apoptosis of
MC3T3-E1 cells by down-regulating bcl-2 protein expressions and
up-regulating the protein expressions of bax, cleaved caspase-3,
cleaved caspase-9, and cytochrome C. However, when ML385 was
added, the indicators of oxidative stress and apoptosis further
deteriorated. These results suggest that Nrf2-ARE signaling plays a
major role in Dex-induced oxidative stress on osteoblasts, which
leads to apoptotic apoptosis.

The role of MSCs in ameliorating oxidative stress damage has
received a great deal of attention in recent times. Several studies
have demonstrated that MSCs have a high antioxidant capacity
because of their direct scavenging of free radicals [3]. The antioxi-
dant effects of MSCs are potentially related to the paracrine func-
tion of MSCs. In a model of kidney injury due to ureteral
obstruction, the administration of MSCs medium reduces lipid
peroxidation [12]. Exosomes that are derived from the MSCs
effectively reduce the oxidation of proteins and the peroxidation of
lipids in animal models of sepsis, hyperglycemic brain injury, and
cognitive impairment [2,18]. MSCs have also been found to reduce
oxidative stress damage by scavenging free radicals, enhancing host
antioxidant defense, regulating inflammatory responses, and
enhancing mitochondrial function as a means of protecting
damaged cells [4,9,14,19,21]. In this study, hUC-MSCs were found to
reduce oxidative stress in MC3T3-E1 cells through the up-
regulation of Nrf2 protein expression and those of its down-
stream proteins HO-1, NQO-1, GCLC, and GCLM in MC3T3-E1 cells.
At the same time, hUC-MSCs inhibited the apoptosis of MC3T3-E1
cells by up-regulating bcl-2 protein expression and down-
regulating the protein expressions of bax, cleaved caspase-3,
cleaved caspase-9, and cytochrome C. These results suggest that
hUC-MSCs reduce the level of oxidative stress that is caused by Dex
and protect osteoblasts from apoptosis via the Nrf2-ARE signaling
pathway.
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