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17 b-Estradiol alleviates oxidative damage in osteoblasts
by regulating miR-320/RUNX2 signaling pathway
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The aim of this study is to investigate the effect and mechanism of 17 b-estradiol (E2) on oxidative stress in the
osteoblasts. An oxidative stress-induced damage model was established using H2O2 in MC3T3-E1 cells, and
H2O2-induced cells were treated with E2. The results indicated that E2 attenuated oxidative stress in H2O2induced MC3T3-E1 cells. In addition, H2O2 upregulated the expression of miR-320-3p and downregulated that
of RUNX2, but these changes were counteracted by E2. Thereafter, we veriﬁed the interactive relationship
between miR-320-3p and RUNX2. Then, H2O2-induced MC3T3-E1 cells were transfected with miR-320-3p
mimics or inhibitors and treated with E2. The results indicated that miR-320-3p inhibition suppressed H2O2induced inﬂammation, apoptosis, and oxidative stress and promoted the osteogenic differentiation of MC3T3E1 cells by regulating RUNX2, ALP, and OCN, and this effect was further strengthened by E2. In conclusion,
the ﬁndings suggest that E2 alleviates oxidative damage in osteoblasts by regulating the miR-320/RUNX2
signaling.
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1. Introduction
Osteoporosis is a chronic metabolic bone disorder
characterized by loss of bone mass per unit volume that
often occurs in postmenopausal women and older men
(Black and Rosen 2016b; Eastell and Szulc 2017; Watts
and investigators 2014). It signiﬁcantly reduces the
amount of bone, alters bone microstructure, and
increases bone fragility, leading to an increased risk of
fracture (Cauley 2017; Farr and Khosla 2015).
Approximately 50% of postmenopausal women suffer
from osteoporosis due to decreased estrogen secretion,
which results in an imbalance between osteoclast
resorption and formation (Bolognese 2010; Sasser et al.
2005; Taguchi et al. 2007). Numerous therapeutic
methods of treating osteoporosis are presently available
including the use of parathyroid hormone, bisphosphonates, and calcitonin and hormone replacement
therapy. However, there are side effect that vary in
http://www.ias.ac.in/jbiosci

severity. Parathyroid hormone is associated with
osteosarcoma occurrence (Nikitovic et al. 2016), and
bisphosphonates treatment has been shown to be
associated with jaw osteonecrosis jaw, gastrointestinal
side effects, and subtrochonteric fractures (Black and
Rosen 2016a; Rosini et al. 2015). This prompts a high
demand of the development of novel ways of managing
osteoporosis.
Estrogen deﬁciency is a primary cause of postmenopausal osteoporosis and estrogen replacement
therapy has been effective in preventing bone loss
and decreasing the frequency of osteoporotic fractures (Passos-Soares et al. 2017; Yang et al. 2013;
Zhang et al. 2020). Thus, there is considerable
interest in uncovering the mechanisms by which
estrogen exerts its protective effects on bone. Estradiol, a type of estrogen, is an important substance in
the maintenance of bone health by directly targeting
osteoblasts, one of the most essential cell types for
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bone formation and sustaining normal bone density
(Harada and Rodan 2003; Khosla et al. 2012; Yang
et al. 2013). Yang et al. reported that estradiol
inhibited osteoblast apoptosis by promoting ERERK-mTOR-mediated autophagy (Yang et al. 2013)
and Liu et al. demonstrated that 17 b-estradiol (E2)
attenuated bone deterioration via the inhibition of the
ephA2/ephrinA2 pathway (Liu et al. 2018). In
addition, E2 was shown to suppress oxidative stress
and mitigate oxidative stress-mediated neuroinﬂammation, memory impairment, and neurodegeneration
in vivo (Khan et al. 2019). Accumulating evidence
suggests that oxidative stress is associated with the
pathophysiology of osteoporosis (Geng et al. 2019),
but the effect of E2 on oxidative stress in osteoporosis remains unclear.
MicroRNAs (miRNAs) are small endogenous
RNAs that regulate gene-expression post-transcriptionally (Lu and Rothenberg 2018). A number of
miRNAs have been demonstrated to play vital roles
in regulating bone formation, absorption, and
osteoporosis. MiR-133 was signiﬁcantly upregulated
in estrogen deﬁciency-induced osteoporosis, regulating osteogenic differentiation of bone marrow
mesenchymal stem cells and the occurrence of
osteoporosis (Lv et al. 2015). MiR-365a-3p suppressed osteogenic differentiation and enhanced
osteoporosis development by targeting runt-related
transcription factors (RUNX2) (Cheng et al. 2019).
Kong et al. revealed that miR-320a, a pro-osteoporotic miRNA induced oxidative stress response in
osteoblasts (De-Ugarte et al. 2018), was overexpressed in individuals experiencing postmenopausal
osteoporosis and promoted MC3T3-E1 cell apoptosis
(Kong et al. 2019). In addition, the mutual regulatory
relationship between estradiol and miR-320 has been
demonstrated (Ernst et al. 2016). However, whether
E2 is involved in mediating oxidative stress in
osteoporosis by modulating miR-320 is currently
unknown.
Evidence has shown that RUNX2, a factor that
activates osteoblast differentiation, is targeted by miR320 (Dong et al. 2020). We hypothesized that E2
alleviates oxidative damage in osteoblasts by regulating the miR-320/RUNX2 signaling pathway. Herein,
an oxidative stress-induced model of cell damage was
established by H2O2 in the osteoblastic cell line
MC3T3-E1. H2O2-induced MC3T3-E1 cells were
treated with E2 and/or transfected with miR-320-3p
mimics/inhibitors. Oxidative stress and miR-320-3p/
RUNX2 signaling activation were examined in
MC3T3-E1 cells.

2. Materials and methods
2.1 Cell culture and treatment
MC3T3-E1 cells were purchased from the Shanghai
Institutes for Biological Sciences (Chinese Academy of
Science) and maintained in Dulbecco’s modiﬁed Eagle
medium (Hyclone) supplemented with 10% fetal
bovine serum (Gibco) at 37°C with 5% CO2. When the
cell conﬂuence reached 80–90%, the cells were cultured with 0.3 mM H2O2 for 6 h to construct an
oxidative stress model. The levels of superoxide dismutase (SOD) and malondialdehyde (MDA) and the
proportion of cells with an increase in reactive oxygen
species (ROS) production were determined.
H2O2-induced MC3T3-E1 cells were subsequently
treated with E2 at different concentrations (10-9, 10-8,
10-7, and 10-6 M). The cell viability, levels of SOD
and MDA, proportion of cells with increased ROS
production, miR-320-3p (also known as miR-320a-3p)
expression, and RUNX2 expression were evaluated.
The interactive relationship between miR-320-3p and
RUNX2 was evaluated using a dual-luciferase activity
assay.
Furthermore, H2O2-induced MC3T3-E1 cells were
transfected with miR-320-3p mimics (miR-mimic),
miR-320-3p inhibitors (miR-inhibitor), or their corresponding negative controls (NC), with or without E2
treatment. Cell viability, apoptosis, inﬂammatory
response, oxidative stress, and the expression of
osteogenic
differentiation-related
factors
were
evaluated.

2.2 Biochemical assay
After treatment, the levels of SOD and MDA level in
MC3T3-E1 cells were detected using corresponding
commercial assay kits (SOD, A001-1; MDA, A003-1),
purchased from Nanjing Jiancheng Bioengineering
Institute, according to the manufacturer’s instruction.
2.3 Flow cytometry
Flow cytometry was performed to detect the proportion
of cells with increased ROS production and the proportion of apoptotic MC3T3-E1 cells. To measure the
proportion of cells with increased ROS production,
harvested cells were resuspended in diluted DCFH-DA
(Bioswamp, 10 lmol/l) at 1 9 107 cells/ml and maintained at 37°C for 10 min. After three washes with

E2alleviates oxidative damage in osteoblasts

Page 3 of 10

113

iodide (PI, BD) in the dark at 4°C for 30 min. Thereafter, 300 ll of binding buffer was added and the cells
were subjected to ﬂow cytometry (Novo).
2.4 Cell Counting Kit-8 (CCK-8) assay
MC3T3-E1 cells were seeded into a 96-well plate at
5 9 103 cells/well (180 ll per well) and incubated
overnight. After E2 treatment and/or transfection, the
cells were cultured with 10 ll of CCK-8 solution at
37°C with 5% CO2 for 4 h. The absorbance of the plate
was detected using an AMR-100 apparatus (Allsheng)
at 450 nm.
2.5 Quantitative reverse transcription polymerase
chain reaction (qRT-PCR)

Figure 1. H2O2 induces oxidative stress response in
MC3T3-E1 cells. (A) Biochemical assay was performed to
detect the SOD and MDA level in MC3T3-E1 cells.
(B) Flow cytometry was performed to detect the percentage
cells with increase in ROS in MC3T3-E1 cells. Data
represents mean ± SD (n = 3), *p \ 0.05.

serum-free medium, the cells were subjected to ﬂow
cytometry (Novo). To measure the proportion of
apoptotic cells, 1 107 harvested cells were resuspended in 1 ml of phosphate-buffered saline and centrifuged at 1000g at 4°C for 5 min (repeated twice).
The cells were then resuspended in 200 ll of binding
buffer and stained with 10 ll of annexin V-ﬂuorescein
isothiocyanate (FITC, BD) and 10 ll of propidium

Total RNA was extracted from MC3T3-E1 cells using
Trizol (Ambion), reverse-transcribed into cDNA using a
corresponding commercial kit (Takara), and ampliﬁed by
PCR using the SYBR Green PCR kit (KAPA Biosystems).
The sequences are as follows: miR-320-3p forward, 50 -GG
GTGCTGGATCAGTGG-30 , reverse, 50 -AACTGGTGTC
GTGGAGTCGGC-30 ; U6 (endogenous control of miRNAs) forward, 50 -CTCGCTTCGGCAGCACATATACT30 , reverse, 50 - ACGCTTCACGAATTTGCGTGTC-30 ;
alkaline phosphatase (ALP) forward, 50 -GGGGCAA
CTCCATCTTT-30 , reverse, 50 -TTTTCCCGTTCACCG
TC-30 ; RUNX2 forward, 50 -CAACTTCCTGTGCTC
CGT-30 , reverse, 50 -GAAACTCTTGCCTCGTCC-30 ;
osteocalcin (OCN) forward, 50 -TTTCTGCTCACTCTGC
TG-30 , reverse, 50 -ACTACCTTATTGCCCTCC-30 ;
GAPDH (endogenous control of mRNAs) forward, 50 -CC
TTCCGTGTTCCTAC-30 , reverse, 50 -GACAACCT
GGTCCTCA-30 . The data were analyzed using the 2-DDCt
method.
2.6 Western blot
Total proteins were extracted from MC3T3-E1 cells.
After protein content was quantiﬁed, 20 lg of proteins
from each sample were separated and transferred onto
polyvinylidene ﬂuoride membranes (Millipore, MA,
USA). After blocking with 5% skim milk, the membranes were incubated for 1 h with primary antibodies
against RUNX2, ALP, OCN, and GAPDH (all from
Bioswamp). Thereafter, the membranes were incubated
with goat anti-rabbit IgG secondary antibodies (Bioswamp) for 1 h. GAPDH acted as the internal reference.
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2. E2 suppresses H2O2-induced oxidative stress and
regulates miR-320-3p and RUNX2 expression in MC3T3-E1
cells. (A) CCK-8 was performed to detect viability of MC3T3E1 cells. (B) Biochemical assay was performed to detect the
SOD and MDA level in MC3T3-E1 cells. (C) Flow cytometry
was performed to detect the percentage cells with increase in
ROS in MC3T3-E1 cells. (D) Quantitative analysis of (C).
(E) qRT-PCR was performed to detect the miR-320-3p
expression in MC3T3-E1 cells. (F) Western blot was
performed to detect the RUNX2 protein expression.
(G) Dual-luciferase activity assay was performed to verify
the binding relationship between miR-320-3p and RUNX2.
Data represents mean ± SD (n = 3), *p \ 0.05.

b Figure

2.7 Enzyme-linked immunosorbent assay (ELISA)
The levels of the inﬂammation-related factors tumor
necrosis factor-a (TNF-a) and interleukin-6 (IL-6)
were detected by ELISA using commercial kits (TNFa, MU30030; IL-6, MU30044), purchased from Bioswamp, according to the manufacturer’s instruction.
2.8 Dual-luciferase activity assay
Wild type (WT) and mutant (MUT) RUNX2 cDNA
comprising the predictive binding sites of miR-320-3p
and point mutations of the miR-320-3p seed region
binding site, respectively, were inserted into
pmirGLOvectors. MC3T3-E1 cells were co-transfected
with miR-320-3p mimics/NC and RUNX2-WT,
RUNX2-MUT, or empty vectors for 4 h using LipofectamineÒ 2000 (Invitrogen). Luciferase activity was
detected by the dual luciferase reporter assay kit
(Genecopoeia) according to the experimental protocol.
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MC3T3-E1 cells. In addition, H2O2 increased the
proportion of MC3T3-E1 cells with enhanced ROS
production. The results conﬁrmed the successful
construction of the oxidation stress model in
MC3T3-E1 cells.
3.2 E2 suppresses H2O2-induced oxidative stress
and regulates miR-320-3p and RUNX2 expression
in MC3T3-E1 cells
H2O2-induced MC3T3-E1 cells were treated with E2
at various concentrations. CCK-8 assay indicated
that E2 promoted the proliferation of H2O2-induced
MC3T3-E1 cells in a concentration- and time-dependent manner (ﬁgure 2A). Since the cell viability
remained static beyond 48 h of treatment, 48 h was
selected as the time point for subsequent experiments. Further experiments revealed that E2 suppressed oxidative stress in H2O2-induced MC3T3-E1
cells in a concentration-dependent manner, as
demonstrated by the increase in SOD level, the
decrease in MDA level, and the decrease in the
proportion of cells enhanced ROS production
(ﬁgure 2B–D). We observed that E2 exerted the best
effect at 10-8 M and thus, this concentration was
chosen for subsequent experiments. Next, the effect
of E2 on the expression of miR-320-3p (ﬁgure 2E)
and RUNX2 (ﬁgure 2F) was evaluated in MC3T3-E1
cells. The resulted indicated that while H2O2
upregulated miR-320-3p and downregulated
RUNX2, these changes were reversed to a certain
extent by E2. Furthermore, the binding relationship
between miR-320-3p and RUNX2 was veriﬁed using
a dual-luciferase activity assay (ﬁgure 2G).

2.9 Statistical analysis
Data are presented as the mean ± standard deviation
(SD). Statistical differences among data were analyzed
using one-way analysis of variance followed by
Tukey’s tests. *p \ 0.05 was considered to be statistically signiﬁcant.
3. Results
3.1 H2O2 induces oxidative stress response
in MC3T3-E1 cells
Figure 1 shows that H2O2 decreased the level of
SOD while increasing that of MDA level in

3.3 E2 accentuates suppressive effect of miR-3203p inhibition on H2O2-induced inﬂammation,
apoptosis, and oxidative stress in MC3T3-E1 cells
We then assessed the effect of miR-320-3p and E2 on
H2O2-induced MC3T3-E1 cells. The results showed
that miR-320-3p mimics increased miR-320-3p
expression and the levels of IL-6 and TNF-a but
decreased the viability of H2O2-induced MC3T3-E1
cells, and these changes were reversed by E2 (ﬁgure 3). Flow cytometry indicated that miR-320-3p
mimics promoted the apoptosis of H2O2-induced
MC3T3-E1 cells, which was reversed by E2 administration (ﬁgure 4A). In addition, miR-320-3p mimics enhanced oxidative stress in H2O2-induced
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MC3T3-E1 cells, as indicated by the proportion of
cells with increased ROS production, the increase in
MDA level, and the decrease in SOD level
(ﬁgure 4B–C). The positive effect of miR-320-3p
mimics on oxidative stress in H2O2-induced MC3T3E1 cells was suppressed by E2. MiR-320-3p inhibitors showed the opposite effect as that of miR-3203p mimics.

Figure 4. E2 accentuates suppressive effect of miR-320-3p c
inhibition on H2O2-induced apoptosis and oxidative stress
in MC3T3-E1 cells. (A) Flow cytometry was performed to
detect the percentage apoptotic cells in MC3T3-E1 cells.
(B) Flow cytometry was performed to detect the percentage
cells with increase in ROS in MC3T3-E1 cells. (C) Biochemical assay was performed to detect the SOD and MDA
level in MC3T3-E1 cells. Data represents mean ± SD
(n = 3), *p \ 0.05.

Figure 3. E2 accentuates suppressive effect of miR-320-3p inhibition on H2O2-induced inﬂammation in MC3T3-E1 cells.
(A) qRT-PCR was performed to detect the miR-320-3p expression in MC3T3-E1 cells. (B) CCK-8 was performed to detect
viability of MC3T3-E1 cells. (C) ELISA was performed to detect the IL-6 and TNF-a level in MC3T3-E1 cells. Data
represents mean ± SD (n = 3), *p \ 0.05.
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Figure 5. E2 accentuates the effect of miR-320-3p inhibition in promoting osteogenic differentiation of MC3T3-E1 cells.
(A) qRT-PCR was performed to detect the ALP, RUNX2, and OCN mRNA expression in MC3T3-E1 cells. (B) Western blot
was performed to detect the ALP, RUNX2, and OCN protein expression in MC3T3-E1 cells. Data represents mean ± SD
(n = 3), *p \ 0.05 vs. MOD group, #p \ 0.05 vs. miR-mimic group, %p \ 0.05 vs. miR-inhibitor group.

3.4 E2 accentuates the effect of miR-320-3p
inhibition in promoting osteogenic differentiation
of MC3T3-E1 cells
Western blot and qRT-PCR were performed to detect
the expression of osteogenic differentiation-related
factors. The results demonstrated that miR-320-3p
inhibition upregulated the mRNA (ﬁgure 5A) and
protein (ﬁgure 5B) expression of ALP, RUNX2, and
OCN, and this effect was accentuated by E2. MiR-3203p overexpression showed the opposite effect as that of
miR-320-3p inhibition.

4. Discussion
The current work demonstrates that E2 attenuates
oxidative stress in H2O2-induced MC3T3-E1 cells. In
addition, H2O2 increased the expression of miR-320-3p
and decreased that of RUNX2 in MC3T3-E1 cells, but
these changes were counteracted by E2. MiR-320-3p
inhibition suppressed H2O2-induced inﬂammation,
apoptosis, and oxidative stress in MC3T3-E1 cells and
promoted their osteogenic differentiation by upregulating RUNX2, and this effect was further strengthened
by E2.

E2alleviates oxidative damage in osteoblasts

Oxidative stress is characterized by excessive ROS
production or impaired ROS, leading to increased ROS
levels in tissues or cells. It is closely related to biological phenomena such as aging, tumor progression,
and diabetes (Luca et al. 2019; Poprac et al. 2017;
Zhang et al. 2015a) and could lead to cellular dysfunction by activating apoptotic pathways and inﬂammatory response (Sinha et al. 2013; Tian et al. 2017).
In bone tissues, ROS levels are increased during the
pathogenesis of postmenopausal, senile, and glucocorticoid osteoporosis, suggesting that oxidative stress
plays a crucial role in the pathological process of various types of osteoporosis (Cervellati et al. 2013;
Manolagas 2010). Oxidative stress-induced osteoblastic apoptosis and inﬂammatory response are main
contributing factors in the pathogenesis of osteoporosis
(Li et al. 2017; Zhang et al. 2015b). In turn, these two
processes are closely linked by triggering each other to
establish a vicious cycle wherein inﬂammation is
aggravated (Lugrin et al. 2014). A previous study has
shown that E2 suppressed oxidative stress and
inﬂammation in Raw 264.7 cells, consistent with our
ﬁndings demonstrating that E2 attenuated oxidative
stress and inﬂammation in MC3T3-E1 cells. In addition, we suggest that the effect of E2 on oxidative stress
and inﬂammation in MC3T3-E1 cells is mediated by
miR-320, a miRNA associated with oxidative stress
(Ke et al. 2019). We thus speculate that the effect of E2
on inﬂammatory response in MC3T3-E1 cells is
mediated by its regulatory effect on oxidative stress,
which needs to be further investigated.
The current study also showed that E2 enhanced the
expression of RUNX2, a target of miR-320, in H2O2induced MC3T3-E1 cells. RUNX2 activation promoted
osteoblastic differentiation, during which ALP and type
I collagen are produced in the extracellular matrix.
Phosphorus mineralization and calcium deposition thus
occur in the extracellular matrix to promote the formation of the new bone (Arora et al. 2020), thereby
alleviating osteoporosis.
5. Conclusion
Overall, our ﬁndings conﬁrmed that hypothesis that E2
alleviates oxidative damage in osteoblasts through
oxidative stress inhibition by regulating the miR-320/
RUNX2 axis. This study provides a theoretical basis
for the use of E2 and reveals a potential target (miR320) in osteoporosis therapy. In vivo experiments will
be designed in follow-up studies to supplement our
current conclusions.
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