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 Background: Osteoporosis is associated with 17b-estradiol deficiency. The G protein-coupled receptor 30 (GPR30) is known 
to be an estrogen-responsive receptor, but its role in the degradation of mitochondria in osteoblasts by au-
tophagy, or mitophagy, remains unclear. The aim of this in vitro study was to evaluate the effects of 17b-estra-
diol, GPR30, and its signaling pathway, on mitophagy in the murine MC3T3-E1 osteoblast cell line.

 Material/Methods: In the murine MC3T3-E1 osteoblast cell line, cells were treated with 17b-estradiol, or G15, a selective GPR30 
antagonist, or U0126, a mitogen-activated protein (MAP) kinase (ERK1/2) inhibitor, or with vehicle as control. 
The expression of GPR30 was determined by Western blot, reverse transcription-polymerase chain reaction (RT-
PCR), and confocal immunofluorescence imaging. Cell morphology and mitochondrial autophagosomes were 
identified using transmission electron microscopy (TEM). Phosphorylation of the mitophagy markers, heat shock 
protein 60 (Hsp60), translocase of outer membrane (Tom)20, and microtubule-associated protein 1A/1B-light 
chain 3 (LC3) were determined by Western blot, and cell proliferation was determined using the bromodeoxy-
uridine (BrdU) assay.

 Results: The optimum concentration of 17b-estradiol that resulted in GPR30 expression in MC3T3-E1 cells was 10–7 M, 
which led to the accumulation of mitochondrial autophagosomes and increased protein phosphorylation lev-
els of Hsp60, Tom20, and LC3. In cells pretreated with G15 or U0126, 17b-estradiol treatment did not increase 
mitophagy in MC3T3-E1 cells.

 Conclusions: In murine osteoblasts cultured in vitro, treatment with 17b-estradiol resulted in the expression of GPR30 and 
enhanced mitophagy through the GPR30 and ERK1/2 signaling pathway.
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Background

Osteoporosis is a metabolic bone disease that is associated 
with a reduction in bone volume, with the main clinical fea-
tures including fracture and bone pain. With the increasingly 
aging population worldwide, the incidence of morbidity and 
mortality from osteoporosis, and the associated economic bur-
den of this disease continue to increase annually. Therefore, 
there is increasing interest in research into osteoporosis and 
its prevention.

Pathways involved in mitochondrial autophagy, or mitophagy, 
have been studied in cell lines in vitro, and have been shown 
to have important regulatory effects in the development and 
progression of several major diseases, including neurodegen-
erative diseases, heart disease, and diabetes mellitus [1–5]. 
Therefore, the factors that affect mitochondrial autophagy, or 
mitophagy, may be an emerging research area of interest in 
osteoporosis.

Primary osteoporosis more prevalent in postmenopausal women 
than in men; as the level of estrogen, or 17b-estradiol, decreas-
es, bone loss increases and therefore osteoporosis increasingly 
occurs in perimenopausal women [1–5]. Estrogen replacement 
therapy is the main treatment for postmenopausal osteopo-
rosis. Estrogen levels may be the main cause of osteoporosis, 
but the molecular mechanisms underlying osteoporosis caused 
by estrogen reduction remain unknown. Therefore, continued 
studies on the effects of estrogen on bone metabolism, partic-
ularly on osteoblast function, may provide information to im-
prove the treatment of osteoporosis and other metabolic bone 
diseases. Therefore, the relationship between 17b-estradiol 
and mitophagy in osteoblasts is an important area of research 
that may lead to findings that affect clinical treatment [1–5].

Estradiol, or 17b-estradiol, may protect osteoblasts from apop-
tosis, autophagy, and mitophagy [6]. In 1977, a study identi-
fied an estrogen membrane receptor coupled to a G protein, 
G protein-coupled receptor 30 (GPR30), in human breast can-
cer cells [6]. GPR30 was first extracted from B-cells and con-
firmed as seven-span transmembrane protein, which is now 
known to exist in a variety of cells, including macrophages, 
and neuroglial cells [7]. In 2000, a study showed that mito-
gen-activated protein (MAP) kinase (ERK1/2) was activated 
by estrogen in breast cancer cell lines expressing GPR30, but 
not in cell lines lacking the receptor [8,9]. Studies on breast 
cancer have reported that estrogen activates ERK not by clas-
sic estrogen receptors, ER-a or ER-b, but by GPR30, similar to 
the rapid but transient activation of mitogen-activated protein 
kinase (MAPK) [9,10]. In 2005, Thomas et al. confirmed that 
GPR30 was an estrogen membrane receptor [10]. The action 
of GPR30 results in pleiotropic effects in metabolically active 
tissues, such as the pancreas, liver, and skeletal muscle [11]. 

Although GPR30 was initially considered to be a G protein-
coupled estrogen receptor, it was recently reported to be ex-
pressed in osteoblasts of human bone [12]. However, the func-
tion of GPR30 in bone remains unknown [13].

Mitochondria play an important role in the metabolism of liv-
ing organisms, and provide energy for metabolic activity, pro-
duce reactive oxygen species (ROS), and have roles in signal 
transduction and gene regulation [14]. Damaged mitochon-
dria can be degraded by mitophagy, and dysfunction of mi-
tophagy is closely related to the pathogenesis of some diseas-
es [15–17]. Impaired mitochondria release ROS and apoptosis 
factors, which lead to cell damage or apoptosis by autophagy, 
with the elimination of the damaged mitochondria. Estradiol, 
especially 17b-estradiol, has been proposed to protect osteo-
blasts against apoptosis [18]. However, whether mitophagy 
is involved in the protective effect of 17b-estradiol in osteo-
blasts, or whether 17b-estradiol induces mitophagy through 
its special membrane receptor, GPR30 and its signaling path-
way, remain unknown.

Therefore, the aim of this in vitro study was to evaluate the 
effects of 17b-estradiol, GPR30, and its signaling pathway, on 
mitophagy in the murine MC3T3-E1 osteoblast cell line.

Material and Methods

Chemicals and reagents

Cell culture media, minimum essential medium-alpha (a-
MEM) and fetal bovine serum (FBS) were purchased from 
Gibco (Grand Island, NY, USA). 17b-estradiol was obtained 
from Sigma-Aldrich (St. Louis, MO, USA). The G protein-cou-
pled receptor 30 (GPR30) antagonist, G15, was purchased 
from Tocris Bioscience (Minneapolis, MA, USA). The ERK in-
hibitor (U0126), phenylmethylsulfonyl fluoride, radioimmuno-
precipitation assay buffer, and 4’, 6-diamidino-2-phenylindole 
(DAPI), were purchased from Beyotime Biotechnology (Jiangsu, 
China). Phosphatase inhibitors were purchased from Nanjing 
KeyGen Biotech Co., Ltd. (Nanjing, China). The polyclonal, rab-
bit anti-mouse primary GPR30 antibody (sc-48524-R) (1: 200 
for Western blot; 1: 50 for immunofluorescence), the poly-
clonal rabbit anti-mouse primary translocase of outer mem-
brane (Tom)20 antibody (sc-11415) (1: 200 for Western blot), 
the monoclonal mouse anti-mouse microtubule-associated pro-
tein 1A/1B-light chain 3 (LC3) antibody (sc-376404) (1: 100 for 
Western blot), and the polyclonal, goat anti-mouse heat shock 
protein 60 (Hsp60) antibody (sc-1052) (1: 200 for Western blot) 
were all obtained from Santa Cruz Biotechnology (California, 
USA). Polyclonal anti-mouse anti-total and phospho-ERK anti-
body was obtained from Abcam (Cambridge, UK). Monoclonal, 
mouse anti-mouse antibody to b-actin (AF0003) (1: 1000) was 
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purchased from Beijing Biosynthesis Biotechnology Co., Ltd. 
(Beijing, China). Trizol reagent was purchased Life Technologies 
Co. (Carlsbad, CA, USA). TaqMan reagents were purchased from 
Takara (Otsu, Japan). The GPR30 and GAPDH primers for re-
verse transcription-polymerase chain reaction (RT-PCR) were 
provided by Shanghai Invitrogen Agent (Shanghai, China). The 
immunofluorescence staining kit was purchased from Beyotime 
Biotechnology (Jiangsu, China). The bromodeoxyuridine (BrdU) 
assay kit was purchased from Abcam (Cambridge, UK).

Cell culture of MC3T3-E1 murine osteoblasts

MC3T3-E1 cells were purchased from the XIEHE Cell Repository 
in Beijing, China. Cells were subcultured in a-MEM with 10% 
FBS and grown in a humidified atmosphere containing 5% CO2 
at 37°C. Cells were subjected to different concentrations of 
17b-estradiol (0 M, 10–9 M, 10–8 M and 10–7 M) for 48 h. G15, 
a selective GPR30 antagonist, or U0126, a mitogen-activated 
protein (MAP) kinase (ERK1/2) inhibitor, or vehicle as control, 
were also used to treat the cells.

Protein preparation and western blot analysis

MC3T3-E1 cells were washed with cold phosphate-buffered sa-
line (PBS), and harvested in radio-immunoprecipitation assay 
(RIPA) buffer containing protease inhibitors, including phenyl-
methylsulfonyl fluoride and phosphatase inhibitors. The cells 
were incubated with lysates on ice for 30 min, and centrifuged 
at 12,000×g for 10 min at 4°C. The supernatants were collect-
ed and mixed with 5× loading buffer, and were denatured by 
boiling for 10 min. For Western blot, 50 µg of total proteins 
underwent sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE). The protein was transferred to poly-
vinylidene fluoride (PVDF) membranes using a transfer buf-
fer (20 mM Tris, 150 mM glycine, and 20% methanol) at 70 V 
for 1.5 h, according to the molecular weight of the tested pro-
teins. The membranes were incubated with TBST (50 mM Tris, 
200 mM NaCl, 0.2% Tween 20) and 5% bovine serum albumin 
(BSA) for 2 h. After washing three times with TBST for 10 min 
each, the blot was incubated with the corresponding primary 
antibody overnight at 4°C, followed by horseradish peroxidase 
(HRP)-labeled secondary antibody for 1.5 h. The membranes 
were washed with TBST for 30 min and proteins were visualized 
using the BeyoECL plus kit (Beyotime Biotechnology, China).

Real-time polymerase chain reaction (RT-PCR)

The RT-PCR method was used to extract RNA with trizol, re-
verse-transcribed mRNA to cDNA, amplified cDNA with PCR 
amplifications. Total RNA was extracted from MC3T3-E1 cells 
using trizol reagent. The expression of GPR30 mRNA was de-
tected by real-time PCR using TaqMan reagents. The synthe-
sis of primers was provided by Shanghai Invitrogen Agent.

The GPR30 forward primer was: 5’-AACAGAGCAGCGATCTGGAC-3’.
The GPR30 reverse primer was: 5’-GCAGAGTCCTTGGATGGCTT-3’.
The forward GAPDH primer was: 5’-AACAGAGCAGCGATCTGGAC-3’.
The reverse GAPDH primer was: 5’-GCAGAGTCCTTGGATGGCTT-3’.

The PCR reactions were carried out using the following condi-
tions: 95°C for 30 s, then 40 cycles of 95°C for 5 s, and 60°C 
for 30 s. All primers and TaqMan probes specific for GPR30 
and GAPDH were designed using Primer Premier 5.0 soft-
ware (Premier Biosoft International, Palo Alto, CA, USA). The 
band to GAPDH ratio was deemed as the relative expression 
of GPR30 mRNA.

Confocal immunofluorescence microscopy

MC3T3-E1 cells were seeded into six-well plates and incubated 
for 24 h. Then, cells were washed once with ice-cold PBS and 
fixed with 4% paraformaldehyde for 30 min at 4°C. Following 
washing with PBS three times, the cells were blocked at non-
specific antibody sites by 5% BSA in TBST for 30 min. The 
MC3T3-E1 murine osteoblast cells were incubated with specific 
primary rabbit anti-GPR30 antibodies (1: 50) overnight at 4°C. 
The next day, the MC3T3-E1 cells were washed with PBS, and 
then incubated with the secondary antibody for 30 min us-
ing a donkey anti-rabbit IgG (1: 1000). Then, these cells were 
stained with DAPI for 5 min. After washing with PBS for 15 
min, the immunofluorescence-stained cells were viewed using 
an Olympus FV1000 confocal laser-scanning microscope with a 
peak emission wavelength of 518 nm (green) and 565 nm (red).

Transmission electron microscopy (TEM)

The MC3T3-E1 cells were harvested and fixed in 2.5% glutaral-
dehyde PBS for 2 h at room temperature. The cells were then 
post-fixed in 1% osmium tetroxide in water for 1 h, and stained 
in 2% uranyl acetate in water for 1 h in the dark. After dehy-
dration in an ascending series of ethanol, the samples were 
embedded, sectioned, double-stained with uranyl acetate and 
lead citrate, and analyzed using a JEM-1200EX transmission 
electron microscope (TEM) (JEOL, Tokyo, Japan).

Cell proliferation using the bromodeoxyuridine (BrdU) 
assay

The effect of 17b-estradiol on cell proliferation was analyzed 
by measuring the incorporation of bromodeoxyuridine (BrdU) 
into genomic DNA. MC3T3-E1 cells were seeded into 96-well 
microtiter plates. After culture with 10–7 M 17b-estradiol for 
48 h, with or without G15/U0126, 10 mM BrdU was added to 
the culture medium for incorporation into the DNA of repli-
cating cells. After 2 hours, cells were fixed in 4% paraformal-
dehyde. BrdU incorporation was determined by a cell prolif-
eration enzyme-linked immunosorbent assay (ELISA) BrdU kit.
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Statistical analysis

Data were expressed as the mean ± the standard errors of the 
mean (SEM), and the differences between the means were 
analyzed by one-way analysis of variance (ANOVA). A P-value 
<0.05 was considered to indicate a statistically significant dif-
ference. Statistical analysis was performed using the Statistical 
Package for the Social Sciences (SPSS) version 15.0 software 
package (SPSS, Inc., Chicago, IL, USA).

Results

Expression of G protein-coupled receptor 30 (GPR30) in 
MC3T3-E1 cells

The expression of G protein-coupled receptor 30 (GPR30) in 
MC3T3-E1 murine osteoblast cells by real-time polymerase 

chain reaction (RT-PCR) and Western blot to determine wheth-
er 17b-estradiol was expressed in osteoblasts through GPR30. 
MC3T3-E1 cells were subjected to different concentrations of 
17b-estradiol (0 M, 10–9 M, 10–8 M and 10–7 M) for 48 h in the 
presence or absence of G15 (a GPR30 inhibitor). Within 48 h, 
the protein expression of GPR30 increased with the addition 
of 17b-estradiol as shown by Western blot (Figure 1). The ex-
pression of GPR30 proteins in MC3T3-E1 cells increased in a 
dose-dependent manner with the increasing concentration of 
17b-estradiol. Similar results were obtained by detecting the 
expression of mRNA by RT-PCR (Figure 1). According to the 
above results, the optimal concentration of 17b-estradiol re-
quired for receptor expression was 10–7 M. Then, 17b-estradi-
ol expression in osteoblasts through GPR30 was identified by 
confocal immunofluorescence (Figure 1).
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Figure 1.  G protein-coupled receptor 30 (GPR30) was expressed in murine MC3T3-E1 osteoblast cells treated with 17b-estradiol in 
a dose-dependent manner. MC3T3-E1 cells were treated with different concentrations (0 M, 10–9 M, 10–8 M, and 10–7 M) 
of 17b-estradiol, with or without 15 µM of G15 for 48 h. (A) Protein expression of GPR30 was measured by Western blot. 
*P<0.05 compared with the control. (B) mRNA expression was measured by real-time polymerase chain reaction (RT-PCR) 
analysis. * P<0.05 compared with the control. (C) Confocal immunofluorescence staining of MC3T3-E1 cells, stained for GPR30 
(red). Nuclei are stained with 4’, 6-diamidino-2-phenylindole (DAPI) (blue). The white bar represents 50 µm. GPR30 is shown 
to be expressed in MC3T3-E1 cells and the optimal concentration of 17b-estradiol required for GPR30 expression is 10–7 M.

906
Indexed in: [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]  
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]  
[Chemical Abstracts/CAS]

Sun X. et al.: 
17b-estradiol, MC3T3-E1 cells and ERK1/2 signaling

© Med Sci Monit, 2018; 24: 903-911
LAB/IN VITRO RESEARCH

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)



17b-estradiol induced mitophagy in osteoblasts in vitro

Mitophagy was shown to occur in the murine MC3T3-E1 os-
teoblast cell line by treatment with 17b-estradiol. MC3T3-E1 
cells were treated with 10–7 M 17b-estradiol for 48 h, and with 

heat shock protein 60 (Hsp60), translocase of outer mem-
brane (Tom)20, and microtubule-associated protein 1A/1B-
light chain 3 (LC3), which were markers of mitophagy. Protein 
phosphorylation levels were measured by Western blot and 
compared with the control group (Figure 2). Treatment with 
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Figure 2.  (A–D) Treatment with 17b-estradiol induced mitophagy in murine MC3T3-E1 osteoblast cells via the G protein-coupled 
receptor 30 (GPR30)-ERK1/2 signaling pathway. Western blot for phosphorylation of microtubule-associated protein 1A/1B-
light chain 3 (LC3), heat shock protein 60 (Hsp60), translocase of outer membrane (Tom)20, p-ERK1/2, t-ERK1/2, and b-actin 
proteins. Murine MC3T3-E1 osteoblast cells were pretreated with 15 µM G15 or 20 µM U0126 for 1 hour, and then incubated 
with or without 10–8 M 17b-estradiol for 48 h. MC3T3-E1 cells cultured in vehicle were used as controls and b-actin was used 
as the protein loading control. The phosphorylated levels of mitophagy-associated proteins (LC3, Hsp60, and Tom20) were 
increased by the treatment of 17b-estradiol alone, but the increased levels were blocked by G15 and could not be reversed 
by 17b-estradiol. U0126 could partly inhibit mitophagy by suppressing phosphorylation of ERK (p-ERK) and 17b-estradiol 
did not override this effect. Phosphorylated levels of ERK (p-ERK) in MC3T3-E1 cells after 48 h exposure to 17b-estradiol 
alone were significantly increased. There were increased phosphorylated levels of ERK (p-ERK), which were inhibited when 
MC3T3-E1 cells were pre-treated with G15 (GPR30 antagonist). * P<0.05 compared with the control.
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17b-estradiol led to further accumulation of Hsp60, Tom20 
and LC3 in MC3T3-E1 cells, supporting an increase in mitoph-
agy. Also, transmission electronmicroscopy (TEM) showed in-
creased mitochondrial autophagosomes after 48 h of 17b-es-
tradiol treatment (Figure 3). Also, after treatment with 10–7 M 
17b-estradiol for 48 h, the mitochondrial autophagosomes in-
creased in number, and the number of viable cells increased 
with the addition of 17b-estradiol.

MC3T3-E1 cells were treated with 10–7 M 17b-estradiol for 
48 h. Cell proliferation was evaluated by using the bromode-
oxyuridine (BrdU) assay, which showed that the cell prolifer-
ation of the 17b-estradiol-treated cells was significantly in-
creased compared with that of the untreated control group 
(Figure 4). Transmission electron microscopy (TEM) showed 
that autophagic characteristics, including pyknotic chroma-
tin, disintegrated nuclear membrane, and cytosolic autophaso-
somes, were abundant in the cells without 17b-estradiol treat-
ment (Figure 3). The above data suggested that 17b-estradiol 
induced mitophagy in MC3T3-E1 cells in vitro.

17b-estradiol protected osteoblasts by inducing mitophagy 
through the GPR30/ERK signaling pathway

Western blot was used to investigate the signaling pathway 
and underlying molecular mechanism by which 17b-estradiol 
enhanced mitophagy. To determine whether 17b-estradiol re-
ceptor, GPR30, was required for estradiol-enhanced mitophagy, 
osteoblasts were pretreated with the GPR30 inhibitor, G15 for 
1 h and then stimulated with 17b-estradiol for 48 h or with ve-
hicle. Western blot analysis showed that 17b-estradiol signif-
icantly increased the phosphorylation of HSP60, Tom20, and 
LC3 proteins in MC3T3-E1 cells after 48 h, but did not enhance 
mitophagy in the osteoblasts pretreated with G15 (Figure 2). 
Because LC3-II is converted from LC3-I and serves as a typical 
marker of completed autophagy, these results demonstrated 
that 17b-estradiol induced mitophagy via GPR30.

Control 17β-E2 17β-E2 + G15

Figure 3.  17b-estradiol upregulated mitophagy to protect osteoblasts through G protein-coupled receptor 30 (GPR30) in MC3T3-E1 
cells. Transmission electronmicroscopy (TEM) images show the presence of more mitochondrial autophagosomes following 
treatment with 10–8 M of 17b-estradiol for 48 h. The increased mitophagy was inhibited by G15 (1 h prior to 17b-estradiol 
treatment) and the activity of MC3T3-E1 cells was reduced followed by detection of damaged osteoblast cell membrane, and 
nuclear membrane. The arrows indicate autophagosomes.
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Figure 4.  17b-estradiol protected MC3T3-E1 cells via the 
G protein-coupled receptor 30 (GPR30) -ERK1/2 
signaling pathway. Cell proliferation detected by the 
bromodeoxyuridine (BrdU) assay. MC3T3-E1 cells were 
pretreated with or without 15 µM of G15 or 20 µM 
of U0126 for 1 h, and then incubated with or without 
10–8 M 17b-estradiol for 48 h. The findings show that 
17b-estradiol treatment upregulated cell proliferation, 
which was inhibited by G15 or U0126.
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Extracellular signal-related kinase-1/2 (ERK1/2) activation 
promotes autophagy in different cell lines

To examine the relationships between 17b-estradiol and os-
teoblast mitophagy, the protein levels of phospo-ERK1/2 and 
total-ERK1/2 were assessed by Western blot (Figure 2). The 
effect of 17b-estradiol on the activation of the signaling path-
way, which regulated several normal cellular functions that 
were critical for cell proliferation, growth and survival, were 
further investigated. The results showed that the expression 
was similar to the expression of mitophagy marker proteins. 
17b-estradiol significantly upregulated p-ERK1/2 in MC3T3-E1 
cells, but not when the cells were pretreated with the selec-
tive GPR30 antagonist, G15. Therefore, 17b-estradiol expressed 
in vitro in osteoblasts regulated the expression of p-ERK1/2. 
The mitogen-activated protein (MAP) kinase (ERK1/2) inhibi-
tor, U0126, was used to block the ERK signaling pathway and 
to detect the variation of mitophagy in osteoblasts. As shown 
in Figure 2, the activation of phospho-Hsp60, phospho-Tom20 
and phospho-LC3, induced by 17b-estradiol, were significant-
ly reversed by treatment with U0126. These results suggest-
ed that treatment with 17b-estradiol induced osteoblast mi-
tophagy via the GPR30-ERK1/2 signaling pathway.

When MC3T3-E1 cells were pretreated with G15 or U0126, the 
cell proliferation rate was reduced and could not be reversed 
by 17b-estradiol (Figure 4). Therefore, 17b-estradiol-induced 
cell proliferation could be blocked by G15 or U0126, and 17b-
estradiol had a protective effect on murine osteoblasts in vi-
tro through the GPR30-ERK1/2 signaling pathway.

Discussion

Estrogen deficiency is the leading cause of postmenopausal 
osteoporosis, and estrogen replacement therapy is effective 
for improving the bone mineral density in osteoporotic post-
menopausal women. Although cellular and molecular mecha-
nisms underlying the anti-osteoporosis effect of estrogen have 
been extensively studied, the specific mechanisms in osteo-
blasts are not fully understood. Estrogen, and 17b-estradiol, 
has significant impact on bone mineral metabolism.

Several previously published studies have demonstrated the 
existence of membrane-associated estrogen receptor (ER), ei-
ther similar to or distinct from the classical nuclear ER [19–21]. 
Besides the classical estrogen receptors (ER-a and ER-b), a 
transmembrane G-protein-coupled receptor, the G protein-
coupled receptor 30 (GPR30) was shown to mediate estrogen-
ic effects [11,22]. It has also previously been demonstrated 
that GPR30 was expressed in osteoblast, vascular endothe-
lial cells, and pancreatic islet b-cells [23–26], but the func-
tion of GPR30, and the signaling pathways involved in bone 

in osteoblasts remains unknown. The findings of this study 
showed that GPR30 was expressed in the murine MC3T3-E1 
osteoblast cells in vitro, and its expression changed in a dose-
dependent and time-dependent manner with 17b-estradiol 
treatment (Figure 1). The optimum concentration of 17b-es-
tradiol, for the expression of GPR30, was 10–7 M. Therefore, 
to further examine the role of GPR30 in 17b-estradiol-induced 
mitophagy, 10–7 M 17b-estradiol was added to the MC3T3-E1 
cells, which were treated for 48 h.

Mitochondria play an important role in the metabolism of living 
organisms, provide energy for metabolic activity, produce re-
active oxygen species (ROS), and are required for signal trans-
duction and gene regulation. For this reason, dysfunction or 
damage of mitochondria has serious consequences, and can 
lead to cell death. Mitophagy is essential for cellular homeo-
stasis, and previously published studies have demonstrated 
the involvement of mitophagy in physiological and patholog-
ical processes, including differentiation, development, de-
fense against pathogens, in aging, apoptosis, and inflamma-
tion [27–30]. Previously published studies have shown that 
17b-estradiol protected cellular homeostasis by inducing mi-
tophagy in traumatic brain injury, alcoholic fatty liver, and os-
teosarcoma cells [31–33].

The findings of this study showed that in the murine MC3T3-E1 
osteoblast cell line, mitophagy, detected by Western blot 
(Figure 2) and transmission electronmicroscopy (TEM) (Figure 3), 
was induced and increased by treatment with 17b-estradiol 
compared with the control group, as demonstrated by the in-
crease in mitophagy markers heat shock protein 60 (Hsp60), 
translocase of outer membrane (Tom)20, and microtubule-as-
sociated protein 1A/1B-light chain 3 (LC3), and the accumu-
lation of mitophagolysosomes. Also with the increase of the 
17b-estradiol-induced mitophagy, the cell proliferation rate was 
also increased, which was detected by TEM and the bromode-
oxyuridine (BrdU) assay (Figure 4), respectively.

A previously published study has shown that neither bone loss 
nor high bone turnover is detectable in ER-a single knockout 
or ER-a and ER-b double knockout mice, suggesting that an-
other estrogen-binding receptor that may compensate for the 
lack of ER [34]. GPR30 mediates membrane-initiated estrogen 
signaling as a G-protein coupled ER [35]. Therefore, the main-
tenance of bone mass in the mice might be partly due to the 
complementary effect of GPR30 [34,35]. Also 17b-estradiol has 
been shown to protect rat mesothelium by inducing mitoph-
agy via GPR30 [22], and 17b-estradiol has been shown to in-
duce the proliferation of osteoblasts through GPR30 [23]. This 
study was undertaken to investigate the role of GPR30 in os-
teoblast mitophagy and used pretreatment with the GPR30 
inhibitor, G15, and when GPR30 was inhibited, 17b-estradiol 
partly lost its ability to induce mitophagy (Figure 2).
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To our knowledge, this was the first study to demonstrate that 
GPR30 is an effective receptor for 17b-estradiol-induced mi-
tophagy in osteoblasts. When GPR30 was inhibited, the prolif-
eration of osteoblasts was reduced (Figure 4). The activation of 
mitogen-activated protein kinases (MAPKs) extracellular signal-
regulated kinases (ERK) regulates osteoblast differentiation in 
vitro and in vivo [36,37]. 17b-estradiol could modulate osteo-
blasts to control cell stress, apoptosis and cell death through 
the MAPK signaling pathway [38–40]. 17b-estradiol has been 
previously reported to induce mitophagy in the MDA-MB-231 
human breast cancer cell line when transfected with GPR30, 
suggesting that estrogen can activate ERK through GPR30 [41]. 
It has also previously been shown that the binding of estro-
gen and GPR30 can trigger a cascade of MAPK signaling and 
activation of ERK, and thereby promote cell growth and cell 
proliferation [2]. Treatment of cells in vitro with U0126, a mi-
togen-activated protein (MAP) kinase (ERK1/2) inhibitor has 
been shown to attenuate phytoestrogenic effects [42], but 
this effect was not due to the effects of ER-a phosphoryla-
tion, but by blocking a GPR30-mediated increase in intracel-
lular cAMP, which further demonstrates that estrogen binds 
to GPR30 through the ERK pathway. In the present study, the 
expression of phosphorylated ERK could be induced by 17b-
estradiol and suppressed by G15 (Figure 2). Also, 17b-estradi-
ol-induced mitophagy could be blocked by U0126. Therefore, 
17b-estradiol appeared to protect murine osteoblasts by en-
hancing mitophagy through the GPR30/ERK pathway.

This study identified an important role of 17b-estradiol, an in-
ducer of osteoblast mitophagy in bone development, in murine 

MC3T3-E1 cells. The ablation of 17b-estradiol in osteoblasts 
inhibited proliferation by negatively affecting osteoblast mi-
tophagy. These results provide novel insights into the de-
tailed molecular mechanisms by which mitophagy regulates 
osteoblast functions. However, there are several remaining 
questions that require further study, including the regulatory 
mechanisms governing bone development and osteoblast dif-
ferentiation by mitophagy. The roles of mitophagy in vivo or in 
human bone development remain to be investigated. The ef-
fects of aging on osteoblast mitophagy also remain to be in-
vestigated, in view of the increasing prevalence of osteoporo-
sis in an increasingly aging population.

Conclusions

The findings of this in vitro study showed, that in a murine os-
teoblast cell line, the expression of G protein-coupled receptor 30 
(GPR30) was dependent on 17b-estradiol, in a dose-dependent 
way. 17b-estradiol treatment enhanced mitophagy through the 
GPR30-ERK1/2 signaling axis. In the murine MC3T3-E1 osteoblast 
cell line, 17b-estradiol appeared to protect osteoblasts and pro-
moted osteoblast proliferation via stimulation of the degrada-
tion of mitochondria mitophagy in murine osteoblasts in vitro.
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