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Abstract

Background: Postmenopausal bone loss, mainly caused by excessive bone resorption mediated by osteoclasts, has
become a global public health burden. Metformin, a hypoglycemic drug, has been reported to have beneficial effects
on maintaining bone health. However, the role and underlying mechanism of metformin in ovariectomized (OVX)-
induced bone loss is still vague.

Results: In this study, we demonstrated for the first time that metformin administration alleviated bone loss in post-
menopausal women and ovariectomized mice, based on reduced bone resorption markers, increased bone mineral
density (BMD) and improvement of bone microstructure. Then, osteoclast precursors administered metformin in
vitro and in vivo were collected to examine the differentiation potential and autophagical level. The mechanism was
investigated by infection with lentivirus-mediated BNIP3 or E2F 1 overexpression. We observed a dramatical inhibition
of autophagosome synthesis and osteoclast formation and activity. Treatment with RAPA, an autophagy activator,
abrogated the metformin-mediated autophagy downregulation and inhibition of osteoclastogenesis. Additionally,
overexpression of E2F1 demonstrated that reduction of OVX-upregulated autophagy mediated by metformin was
E2F1 dependent. Mechanistically, metformin-mediated downregulation of E2F1 in ovariectomized mice could down-
regulate BECN1 and BNIP3 levels, which subsequently perturbed the binding of BECN1 to BCL2. Furthermore, the
disconnect between BECN1 and BCL2 was shown by BNIP3 overexpression.

Conclusion: In summary, we demonstrated the effect and underlying mechanism of metformin on OVX-induced
bone loss, which could be, at least in part, ascribed to its role in downregulating autophagy during osteoclastogen-
esis via E2F1-dependent BECN1 and BCL2 downregulation, suggesting that metformin or E2F1 inhibitor is a potential
agent against postmenopausal bone loss.
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to osteoporosis and other osteolytic conditions, such as
postmenopausal osteoporosis [1, 2]. Therefore, inhibi-
tion of osteoclast formation and activation is a crucial
therapeutic strategy for treating postmenopausal bone
loss, such as the use of bisphosphonates, denosumab, and
teriparatide. These drugs have been clinically ratified and
show a favorable treatment effect in osteoporosis [3], but
there are some adverse effects on other organs because
of failure specifically target bone [4, 5]. Thus, novel
drugs with low toxicity and/or more specific targets are
necessary.

Osteoclasts originate from monocytes/macrophages
of the hematopoietic lineage in bone marrow, which
become multinucleated bone-resorbing osteoclasts via
proliferation and differentiation [6]. Among them, mac-
rophage colony-stimulating factor (M-CSF) and the
receptor activator of nuclear factor-kB (RANK) ligand
(RANKL) are regarded as crucial cytokines for forma-
tion of functional osteoclasts [1, 7, 8]. In addition to
this canonical RANKL activation signaling pathway,
autophagy, the major catabolic process of eukaryotic
cells known to breakdown and recycle a wide array of
cytoplasmic components [9, 10], actively participates in
both the differentiation and bone-resorbing function of
osteoclasts [11], in which the elevated level of autophagic
activity is beneficial to osteoclasts formation and survival
[12, 13]. Additionally, autophagy has also been demon-
strated to be indispensable in the function of osteoclasts,
in which the bone-resorbing activity is sharply reduced
when osteoclast precursors were treated with bafilo-
mycin, a specific inhibitor of vacuolar H*-ATPases and
autophagy inhibitor. Inhibition of autophagy alleviates
bone loss induced by glucocorticoid and ovariectomy
[14]. Therefore, although different autophagy-inducing
or intervening agents have different effects on the nor-
mal function and differentiation of osteoclasts, the pre-
vious basic and clinical studies have basically confirmed
that autophagy affects the osteoclastsogenesis. Thus,
autophagy inhibition may be an effective strategy for res-
cuing bone loss through downregulation of autophagy
during osteoclastogenesis.

Metformin is the most commonly used hypoglycemic
drug for patients with Type 2 diabetes mellitus (T2DM)
because of its few side effects. Beyond that, it has also
been proved that prior treatment with metformin is
linked to reduced risk of osteoporosis in adult women
without T2DM and obesity and fractures, particularly
hip fractures [15, 16]. It has also been demonstrated that
metformin plays a protective role in bone mass preser-
vation under conditions of estrogen deficiency through
an increase of osteoprotegerin (OPG) and decrease of
RANKL expression [17]. In addition, studies indicated
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that metformin ameliorated arthritis through inhibi-
tion of osteoclastogenesis by suppressing the STAT3
and AMPK pathway and the expression of proinflam-
matory cytokines [18, 19]. However, current studies
showed that metformin, as an autophagy modulator, is
widely involved in various tissues protection, including
the heart [20], kidney [21], and brain [22], but no such
evidence has been proven yet for bone. Therefore, we
hypothesized that metformin could inhibit osteoclast
formation and activation by regulating autophagy during
osteoclastogenesis in ovariectomized mice. Furthermore,
deciphering the cellular and molecular mechanisms that
metformin suppresses osteoclast activation is of seminal
importance for understanding and treating bone loss and
the development of osteoporosis.

Current studies have shown that metformin could
reduce osteoclast number and inhibit osteoclast activation,
and prevent bone loss through suppression of RANKL
signaling and AMPK/ NF-kb/ERK signaling pathway [17,
26, 27]. Additionally, in bone mesenchymal cells (BMSCs),
strong experimental evidence indicates metformin is ben-
eficial in bone formation and these effects may be partly
attributed to activation of osteogenic differentiation
by metformin via regulation of AMPK expression [23—
25]. Thus, metformin is likely to be used for the prevention
and treatment of bone loss when more information involv-
ing the effect of metformin in osteoclastogenesis becomes
known. However, the premise is that the specific mecha-
nism needs to be prior surfaced and proven.

Materials and methods

Reagents

Metformin was purchased from Sigma-Aldrich. The pri-
mary antibodies of GAPDH, BECN1, LC3, BNIP3, BCL2
and E2F1 were acquired from Proteintech (Wuhan,
China). The 4, 6-diamidino-2-phenylindole (DAPI) was
purchased from Solarbio (Beijing, China). The recep-
tor activator of nuclear factor kappa-B ligand (RANKL)
and macrophage-colony stimulating factor (M-CSF) were
obtained from R&D Systems (Minnesota, USA). We pur-
chased Minimum Essential Medium Alpha (MEM-a),
fetal bovine serum (FBS), penicillin, streptomycin, and
trypsin from Gibco (Grand Island, NY, USA). The cell
counting kit-8 (CCK-8) was purchased from Dojindo
(Kumamoto, Japan). Enzyme-linked immunosorb-
ent assay (ELISA) kits were acquired from CUSABIO
(Wuhan, China). The TRAP staining kit was obtained
from Solarbio (Beijing, China).

Human peripheral blood samples and DXA examination
This study was carried out in full compliance with
the Declaration of Helsinki, and authorized by Ethics



Xie et al. Cell Communication and Signaling (2022) 20:165

Committee of Tongji Medical College, Huazhong Univer-
sity of Science and Technology, by approval number 2018
S431. All patients provided signed informed consent.
Detailed information of the patients are listed in Table 1,
and descriptive statistics for the obtained sample is listed
in Table 2.

Preparation of osteoclast precursors

Male C57BL/6 mice (5 weeks old) were purchased from
the Center of Experimental Animals, Tongji Medical
College, Huazhong University of Science and Technol-
ogy. Osteoclast precursors (Bone marrow derived-mac-
rophages, BMDMs) were obtained as previously
described [28]. Briefly, bone marrow cells were harvested
from mice femurs and tibias. After the red blood cells
were lysed with RBC lysis buffer (Servicebio, Wuhan,
China), the precipitated cells were cultured overnight
in «-MEM medium (Gibco, Grand Island, NY, USA)
with addition of 10% fetal bovine serum (Gibco) and 1%
Penicillin—Streptomycin Solution (Gibco). Nonadherent
cells were cultured in the presence of 30 ng/mL M-CSF
for 5 d and differentiated into osteoclast precursors.
Approximately 1 x 10* osteoclast precursors were then
added to a 96-well culture plate and differentiated into
mature osteoclasts with 30 ng/mL M-CSF and 50 ng/mL
RANKL.

Table 1 Sample information included in this study
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Table 2 Descriptive statistics for the obtained sample

Mean age (Year) Mean time after Mean time
menopause diagnosis of
(Year) T2DM (Year)
Control group 503+32 10.14£34 44406
Metformin group  60.6+3.8 114439 464+1.0
P 045 047 0.6491

Cell Counting Kit 8 (CCK8)

For the CCK-8 assay, approximately 1x 10* osteoclast
precursors were added into 96-well plates and cultured
overnight. The 30 ng/mL M-CSF and 50 ng/mL RANKL
were added to induce osteoclast differentiation with or
without various concentrations of metformin for 5 d. The
medium was replaced with serum-free medium contain-
ing CCK-8 reagent and incubated for 2 h, followed by
detection of absorbance at 450 nm.

Osteoclastogenesis assay in vitro

Approximately 1 x 10* osteoclast precursors were added
into each well of 96-well plate and cultured overnight.
The medium was replaced with differentiation medium
with or without metformin and incubated for 5 d. TRAP
staining was carried out in accordance with the manu-
facturer’s instructions. TRAP-positive cells with greater

Sample Gender Age Main condition Drug Dosage of Treatment Years Years since
metformin (g/d) period of since menopause
metformin(Year) diagnosis
of T2DM
1 F 57 2-DM None 0 0 4.2 9.5
2 F 65 2-DM Glime- 0 0 53 15.1
piride

3 F 59 2-DM None 0 0 3.8 56
4 F 57 2-DM None 0 0 45 8.2
5 F 59 2-DM None 0 0 5.1 105
6 F 60 2-DM Xiaoke 0 0 4.1 1.7
7 F 62 2-DM None 0 0 3.6 13.8
8 F 55 2-DM None 0 0 4.6 6.1
9 F 58 2-DM Metformin 2 23 4.8 89
10 F 64 2-DM Metformin 2 1.8 35 15.8
11 F 65 2-DM Metformin 2 2.5 38 14.6
12 F 55 2-DM Metformin 2 2 4.6 59
13 F 59 2-DM Metformin 2 1.9 5.1 9.8
14 F 57 2-DM Metformin 2 1.6 34 74
15 F 63 2-DM Metformin 2 24 6.2 13.5
16 F 64 2-DM Metformin 2 2.1 53 154

F, Female; 2-DM, Type 2 diabetes mellitus
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than three nuclei were considered as mature osteoclasts.
Osteoclastogenic ability was detected by quantification of
the TRAP-positive area compared with the total area.

Animal models and treatment

We used the ovariectomized (OVX) mice model in specific
pathogen-free (SPF) facilities as previously described [29].
All animal studies were performed following protocols
approved by the Laboratory Animal Center, Tongji Medi-
cal College, Huazhong University of Science and Tech-
nology and were carried out as regulated by the Tongji
Medical College Animal Care and Use Committee. Eight-
week-old female C57BL/6 mice were randomly distributed
into three groups: sham group (served as controls), model
group (mice subjected to bilateral OVX and treated with
vehicle), and treatment group (mice underwent bilateral
OVX and treated with metformin or E2F1-siRNA).

Briefly, mice were weighed and anesthetized with 1%
pentobarbital by intraperitoneal injection, and then
subjected to bilateral OVX or a sham operation. Four
weeks later, mice were treated with metformin intra-
peritoneally (100 mg/kg) in the treatment group three
times per week for 4 weeks. E2F1-RNAi (250 nmol/kg)
was administrated through tail vein to the mice in the
treatment group twice per week for 4 weeks. Then, the
blood samples were obtained and centrifuged for 5 min
at 1000 xg and the supernatant was stored at -80 °C. The
levels of B-CTX and TRACP-5b were examined using
the Enzyme-linked immunosorbent Assay (ELISA). The
mouse femurs were preserved for further analysis.

Western blotting

Osteoclast precursors (4 x 10° cells per well) were seeded
into six-well plates and cultured overnight. After met-
formin treatment, total protein was extracted using a
RIPA lysis buffer (50 mM Tris, 150 mM NaCl, 1% NP-40
and 0.5% sodium deoxycholate) with a proteinase inhibi-
tor cocktail. Next, 10 ug protein was analyzed on 10%
or 12.5% SDS-PAGE and electrophoretically transferred
onto polyvinylidene fluoride (PVDF) membranes. After
blocking with nonfat milk for 2 h, the PVDF membranes
were incubated with specific antibodies at 4 °C over-
night. Next, the membranes were washed three times
for 10 min with TBS-T and incubated with anti-rabbit
secondary antibodies for 1 h at room temperature. After
three washes with TBS-T, the membranes were incu-
bated in chemiluminescent substrate and visualized using
the GeneGnome HR Image Capture System. The original
bands are presented in Additional file 1.

Co-immunoprecipitation (Co-IP)
Osteoclast precursors were treated with or without met-
formin in the presence of M-CSF and RANKL. The IP
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lysis buffer added to PMSF protease inhibitor and phos-
phatase inhibitor Cocktail (Proteintech; Wuhan, China)
were used to lyse the cells for 30 min and precipitates
were collected by centrifugation (12,000 rpm). Then
100 pg of total protein was incubated with anti-BECN1
(5 pg) or anti-BCL2 (5 pg) or anti-BNIP3 (5 pg) or non-
specific IgG antibodies overnight at 4 ‘C on a rocker.
Among them, total protein treated with non-specific IgG
antibody served as a negative control. Then, the immu-
nocomplexes were collected with 20 pl of protein A/G-
sepharose beads (Proteintech) and the proteins were
denatured by boiling in SDS loading buffer for 10 min.
Finally, proteins were separated on a 10% SDS-PAGE
gel. The original bands are presented in Additional file 1.

Immunofluorescence staining

Approximately 1 x 10* osteoclast precursors were seeded
into each well of a 96-well plate and cultured overnight.
Cells were treated with metformin for 24 h in the pres-
ence of 30 ng/mL M-CSF and 50 ng/mL RANKL. After
treatment, cells were kept in 4% paraformaldehyde (PFA)
for 20 min, permeabilized with 0.5% Triton X-100 for
10 min and then blocked with 5% goat serum for 30 min.
After washing three times using PBS, the fixed cells were
incubated with the primary antibodies (LC3, diluted
1:100) at 4 °C overnight, followed by DAPI staining for
5 min. Finally, the cells were observed using a digital
microscope system (IX81; Olympus, Japan).

Pit formation assay

Approximately 1 x 10* osteoclast precursors were seeded
into each well of a 96-well plate and cultured overnight.
Then, cells were incubated with 30 ng/ml M-CSF and
50 ng/ml RANKL and the medium was changed every
2 days. After 5 days, osteoclasts were digested with col-
lagenase and seeded into a Corning® Osteo Assay Surface
96-well Plate, and cultured for 4 days with metformin in
the presence of 30 ng/ml M-CSF and 50 ng/ml RANKL.
The culture medium was replaced and the surface was
washed with 0.5% sodium hypochlorite. The plate was
washed twice with PBS and left to dry at room temper-
ature for 3 h. Finally, the resorbing area was visualized
using a digital microscope system and analyzed with the
Image] software.

Enzyme-linked immunosorbent assay (ELISA)

Blood supernatants were collected and then the levels of
B-CTX and TRACP-5b were measured using an ELISA
kit (CUSABIO, CSB-E08490h, CSB-E08492m, CSB-
E11224h, CSB-E12782m, Wuhan, China) according to
the instruction manual.
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Micro-CT analysis

Micro-computed tomography (micro-CT) (Bruker Sky-
Scan 1176 scanner mCT system) was used to analyze
the femur structure. Under the analysis conditions with
37 kV and 121 mA, 300 section planes were examined
from the growth plate. To perform the morphometric
analysis, we obtained the following trabecular param-
eters, BMD, BV/TV (%), BS/TV, and Tb.N, from the soft-
ware of CTan and CTvol.

Hematoxylin and Eosin (H&E) Staining and TRAP Staining
The femurs were collected from mice and fixed in 4%
paraformaldehyde for 4 d. The samples were subse-
quently decalcified for 2 weeks using 10% tetracycline-
EDTA (Servicebio) and 4-um-thick paraffin-embedded
sections were prepared with H&E and TRAP staining
for further analysis. H&E and TRAP staining were car-
ried out according to the manufacturers’ instructions
(Solarbio). The images were obtained by microscopy
and histological analyses were performed using Image]
software.

Overexpression lentivirus transfection

Osteoclast precursors were seeded into six well plates
at 4 x 10° cells/well. The cells were transfected with len-
tiviral particles for overexpression of BNIP3 or E2F1
(Genechem, Shanghai, China) using polybrene in the
presence of 30 ng/mL M-CSF. After 48 h and washing
three times to stop the infection, cells were incubated
with vehicle or metformin in the presence of 30 ng/mL
M-CSF and 50 ng/mL RANKL.

In vivo E2F1-siRNA

E2F1-siRNA was purchased from RIBOBIO (Guang-
zhou, China). The E2F1-siRNA targeting sequence was
5-GACGTGTCAGGACCTTCGTT-3! To enhance sta-
bility in serums and transfection efficiency, cholesterol
and methylation-modified siRNA were performed.

For siRNA-mediated gene knockdown in vivo, E2F1-
siRNA was administrated by tail vein to the ovariecto-
mized mice twice per week for 4 weeks, and then the
knockdown efficiency was evaluated.

Autophagy monitoring

Osteoclast precursors were infected with tandem
GFP-red fluorescent protein (RFP)-LC3 lentivirus
(Genechem) for 16-18 h according to the manufac-
turer’s instructions. After 3 d, cells were treated with
metformin or/and rapamycin (RAPA, 10 nM) for 24 h
to observe the autophagy flux. When autophagy was
induced, the overlap between GFP and RFP was shown
as yellow dots representing autophagosomes. When
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autophagosomes fuse with lysosomes and form autol-
ysosomes, the GFP degrades in the acidic environment,
but REP-LC3 remains evident as red dots.

Statistical analysis

All experiments were conducted at least three times
and are presented as the mean+standard deviation.
One-way analysis of variance for three groups and
Student’s t-test for two groups were performed using
GraphPad Prism 8.0 (GraphPad Software). A value of
p <0.05 was considered statistically significant.

Results

Change in bone resorption and BMD with metformin

in postmenopausal women with T2DM

In order to investigate whether metformin contributes
to bone health, we carried out a study using blood sam-
ples from 16 postmenopausal women taking or not tak-
ing metformin for T2DM, and then we determined the
levels of B-CTX and TRACP-5b in the serum, reflect-
ing osteoclast activity and bone resorption. The results
showed that the levels of B-CTX and TRACP-5b in the
serum were markedly decreased in patients with met-
formin treatment (Fig. 1A). In addition, these patients
agreed to undergo testing of dual-energy x-ray absorpti-
ometry (DXA), and we found that treatment with met-
formin led to comparable results in bone mineral density
(BMD) at lumbar spine 1 (LS1) (Fig. 1B), total hip (TH)
(Fig. 1C), and femoral neck (FN) (Fig. 1D). Accordingly,
the mean BMD T-score at LS1, TH and FN showed sig-
nificant increases in response to metformin treatment
(Fig. 1B-D).

Metformin attenuates OVX-induced bone loss in vivo

To prove the protective effect of metformin against
OVX-induced bone loss in vivo, blood samples were col-
lected from ovariectomized mice that had or had not
received metformin. Metformin treatment for 4 weeks
in ovariectomized mice resulted in lower concentration
of the circulating bone resorption markers, including
B-CTX and TRACP-5b, compared with vehicle-treated
ovariectomized mice (Fig. 2A). To further explore the
bone microstructural changes after metformin treat-
ment, microcomputed tomography (micro-CT) was used
to evaluate various indicators in the distal femur, includ-
ing BMD, bone volume/total volume (BV/TV), trabecu-
lar bone surface area/total value (BS/TV), and trabecular
number (Tb. N). The results highlighted reduced bone
mass (BMD and BV/TV) and deteriorated trabecular
architecture (Tb. N) in the ovariectomized mice, and
treatment with metformin attenuated this loss of bone
and bone quality (Fig. 2B, C). In addition, hematoxylin
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and eosin staining showed that the ovariectomized mice
had trabecular bone loss compared with the sham-oper-
ated mice, whereas bone loss was reduced in ovariecto-
mized mice administered with metformin (Fig. 2D, E). It
is well known that osteoporosis after menopause is often
attributed to increased osteoclastic bone resorption
caused by estrogen deficiency [30]. We therefore inves-
tigated the effects of metformin on osteoclast formation
and carried out TRAP staining to investigate the distri-
bution of osteoclasts in the femur. As shown in Fig. 2F,
G, the number of osteoclasts was significantly increased
in ovariectomized mice, while metformin administration
significantly reduced the number of osteoclasts.

Studies have indicated that metformin suppressed
osteoclast formation potentially through stimulating
OPG and reducing RANKL expression in vivo [17]. To
further test whether other mechanisms may be involved,
we examined the differentiation potential of osteoclast
precursors isolated from sham mice, ovariectomized
mice, and ovariectomized mice treated with metformin
with the addition of equal amounts of RANKL in vitro
(Fig. 3A). Osteoclast precursors were stimulated with
30 ng/mL M-CSF and 50 ng/mL RANKL for 5 d, and
their differentiation into mature osteoclasts was assessed

by TRAP staining. In a manner consistent with our
observation of a decrease in bone loss, we found fewer
TRAP-positive osteoclasts along with smaller osteoclasts
in ovariectomized mice administered with metformin, as
compared to those in ovariectomized mice (Fig. 3B, C).
Taken together, these data suggest that metformin has
protective effect against OVX-induced bone loss in vivo
at least partially through inhibition of osteoclast forma-
tion and activity via other mechanisms in addition to
OPG/RANKL.

Metformin suppresses RANKL-induced osteoclast
differentiation in vitro

We next investigated metformin in osteoclast differen-
tiation in vitro. To directly test this, osteoclast precur-
sors isolated from 5-week-old male C57BL/6 mice were
stimulated with or without metformin in the absence/
presence of RANKL, and then osteoclastogenesis was
assessed by TRAP staining (Fig. 4A). Before in vitro
studies, the cell counting kit 8 (CCK8) analysis was per-
formed to determine the appropriate concentration of
metformin (Fig. 4B). As shown in Fig. 3C, metformin
below 20 pM had nearly no cytotoxic effects on the
osteoclast precursors. Furthermore, RANKL treatment
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resulted in notably greater osteoclast number and size,
whereas an addition of metformin in the osteoclast pre-
cursors significantly reduced the number of TRAP-pos-
itive cells in a dose-dependent manner (Fig. 4D, E). To
confirm the effects of metformin on RANKL-induced
osteoclast precursors differentiation into mature oste-
oclasts, metformin was added to osteoclasts differen-
tiation cultures beginning on d 0 and d 3 for osteoclast

precursors. The results indicated that metformin inhib-
ited osteoclastogenesis on the first day but had little
effect on osteoclastogenesis at later stages (Fig. 4F,G).
However, a high concentration of metformin may have
an effect on osteoclast differentiation at later stages via
promoting osteoclast precursors or osteoclasts apopto-
sis [31], which needs further verification. Furthermore,
to verify the direct effect of metformin on the bone
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resorption activity of mature osteoclasts, pit formation  (Fig. 4H, I). In summary, metformin could directly
assay was performed. The results indicated that treat- inhibit RANKL-induced osteoclast differentiation and
ment with metformin could significantly decreased the activity in vitro.

bone resorption area compared with vehicle treatment
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Metformin inhibits osteoclast differentiation

via decreasing autophagy of osteoclast precursors

There are increasing findings demonstrating that, in
addition to the interrelation between autophagy and
bone physiology, autophagy plays a crucial role in the
onset and progression of pathological osteoporosis [32,
33]. Moreover, downregulation of autophagy inhib-
its ovariectomy-induced bone loss [14]. In the present
study, we found obvious accumulation of LC3 puncta in
osteoclast precursors isolated from ovariectomized mice
as compared with the corresponding control. However,
metformin-treated ovariectomized mice manifested sig-
nificantly fewer LC3 puncta compared with the vehicle-
treated group (Fig. 5A, B).

To further confirm these data, we used tandem GFP-
red fluorescent protein (RFP)-LC3 lentivirus to infect
osteoclast precursors for labeling and tracking LC3.
Red puncta indicate autophagolysosomes, and vyel-
low puncta overlapping red and green fluorescence are

autophagosomes. The count of red and yellow puncta
could be used to infer the intensity of autophagy flow [34].
The results shown in Fig. 5C demonstrate that metformin
could dramatically lessen the intensity of autophagy flux
during RANKL-induced osteoclast differentiation, in
which the white arrows represent autophagolysosomes
and the blue arrows represent autophagosomes, then
quantification of the number of autophagolysosomes
(red) and autophagosomes (yellow) in Fig. 5C was shown
in Fig. 5D, which remained consistent. Electron micros-
copy imaging results were in line with this, suggesting
metformin could inhibit the formation of autophago-
somes and/or autophagolysosomes during osteoclas-
togenesis (Fig. 5E, F). In order to expound the role of
metformin-downregulated autophagy during osteoclast
differentiation, rapamycin, a common autophagic acti-
vator, was used to activate metformin-downregulated
autophagy. After introduction of rapamycin, metformin-
reduced autophagy was reactivated, in which metformin
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could no longer fulfill its role in inhibiting autophago-
lysosomes or/and autophagolysosomes during osteo-
clastogenesis (Fig. 5C-F). Furthermore, rapamycin
cotreatment blocked the ability to suppress osteoclast
formation (Fig. 5G, H). Overall, metformin suppressed
osteoclast differentiation most likely via downregulation
of autophagy in osteoclast precursors, while rapamycin
cotreatment could counteract these beneficial effects.

Metformin regulates autophagy through a mechanism
involving BECN1 and BNIP3
After substantiating the cellular effects of metformin,
we aimed to further explore the intrinsic molecular
mechanism of metformin-downregulated autophagy.
There have been numerous studies indicating that
metformin regulates autophagy in an AMPK-depend-
ent manner [35, 36]. However, the AMPK mecha-
nism which was activated by metformin to enhance
autophagy seems inconsistent with its effects on osteo-
clast differentiation. Thus, inhibitory effects on osteo-
clast differentiation caused by metformin may involve
other mechanisms rather than those of the AMPK
pathway. BECN1, as a highly evolutionarily conserved
molecule of autophagy, is currently widely recognized
for its role in autophagosome formation and bone
homeostasis [37, 38] and can be regulated at several
levels, including transcription, translation and post-
translational modifications [39, 40]. Therefore, we
subsequently analyzed whether the change of BECN1
expression participated in metformin-downregulated
autophagy. As shown in Fig. 6A, B, treatment with
metformin could downregulate the expression level of
BECNI1 protein in a dose-dependent manner.
Although the BCL2 family was initially considered
to be important regulators of apoptosis [41], it is now
increasingly recognized that it plays a crucial role in
regulating not only apoptosis but also autophagy [42].
Thus, we next determined whether BCL2-family pro-
teins participate in the mechanism of metformin-
downregulated autophagy. As shown in Fig. 6A, B, we
found a marked diminution in the expression level of
the BH3-only protein, BNIP3, after metformin treat-
ment compared with RANKL treatment only in a
dose-dependent manner. Overexpression of BNIP3
by lentiviral transfection increased the LC3II protein
expression, but did not affect the expression levels of
BECN1 protein (Fig. 6A, B). These results indicated
that metformin decreased autophagy of osteoclast
precursors probably through a mechanism involv-
ing BECN1 and BNIP3. However, the downregulated
level of BECN1 protein is independent from the level
of BNIP3. Therefore, it is important to disentangle the
relationship between BECN1 and BNIP3.
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Recently, some studies revealed that BECN1 could
interact with BCL2 to suppress autophagy [43, 44].
Given that BNIP3 is established as a BH3-only pro-
tein, it is most likely that metformin-mediated BNIP3
downregulation might result in an alteration in the
connection between BECN1 and BCL2. In fact, co-
immunoprecipitation revealed that metformin treat-
ment lessened the binding between BNIP3 and BCL2
(Fig. 6C), followed by promoting the association
between BECN1 and BCL2 and reduction of the free
BECN1 level as compared with RANKL treatment
alone (Fig. 6D, E). However, overexpression of BNIP3
abolished the metformin-mediated BNIP3 diminish-
ment, and promoted the BNIP3 and BCL2 interaction,
leading to disassociation between BCL2 and BECNI1
(Fig. 6C—E).

Metformin-mediated autophagy downregulation

via BECN1 and BNIP3 is E2F1 dependent

Although E2F1 is widely accepted as playing a crucial role
in cell cycle and metabolism [37], a recent study revealed
that the E2F1 level in postmenopausal women with high
BMD is significantly decreased as compared with that in
postmenopausal women with low BMD based on exon
array analysis in peripheral blood monocytes (PBM) [45].
Therefore, it is very likely that E2F1 plays an important
role in osteoclast formation and activity. We next exam-
ined the role of E2F1 in the regulation of autophagy by
BECN1 and BNIP3. As shown in Fig. 7A, B, metformin
treatment obviously decreased the expression level of
E2F1 compared with RANKL treatment only, followed by
reduced expression levels of BECN1, BNIP3, and LC3IIL.
To further ascertain the role of E2F1 in metformin-
downregulated autophagy during osteoclast differen-
tiation, we tested whether overexpression of E2F1 could
abolish the reduction in metformin-mediated autophagy.
Interestingly, compared with control group, lentivirus-
mediated E2F1 overexpression in osteoclast precursors
in the presence of M-CSF and RANKL not only sharply
upregulated BECN1, BNIP3 and LC3II expression levels,
but also markedly enhanced the accumulation of LC3
puncta and BECNI1fluorescence intensity, and finally
reduced BECN1, BNIP3 and LC3-II expression levels
mediated by metformin were abolished (Fig. 7A-E).
Moreover, overexpression of E2F1 also resulted in sig-
nificantly elevated osteoclast formulation as compared
with the control group, while the effect could not be
alleviated by metformin (Fig. 7F, G), which was consist-
ent with LC3 puncta and BECN1fluorescence intensity
in osteoclast precursors. On the whole, these results sug-
gested that the downregulation of autophagy after met-
formin treatment in osteoclast precursors is mediated
by the reduction of E2F1 levels, and E2F1 is required for
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24 h, and immunofluorescence staining for LC3 was performed. D Quantification of the LC3 puncta per cell in (C). E After overexpression of E2F1
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the inhibition of the autophagy upon downregulation of
BECNT1 and BNIP3 levels.

E2F1-siRNA administration rescues OVX-related bone loss
in vivo

In order to test the effects of E2F1 in vivo inhibition
on OVX-induced bone loss, ovariectomized mice were
treated with E2F1-siRNA for 4 weeks. To examine the
effect of E2F1 administration, we performed immu-
nohistochemical analysis for E2F1 and BNIP3 levels,

and the results revealed that treatment with E2F1-
siRNA dramatically knocked down the expression of
E2F1, followed by decreasing BNIP3 level in femurs as
compared with vehicle-treated ovariectomized mice
(Fig. 8A, B), which demonstrated that E2F1-siRNA
administration via tail-vein was effective method.
Relative to the vehicle-treated group, E2F1 siRNA-
treated ovariectomized mice had better trabecular
bone microarchitecture in the femur (Fig. 8C). Mor-
phometric analyses of trabecular parameters con-
firmed the decreased bone mass in BMD, BS/TV, BV/
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Fig. 8 E2F1-siRNA administration rescues OVX-related bone loss in vivo. Mice were treated with Vehicle (Saline) or E2F1-RNAi (250 nmol/kg)
through tail vein twice per week for 4 weeks after four weeks following ovariectomy or sham surgery. A Representative immunohistochemical
staining for E2F1 in distal femur sections from sham (n=3), OVX + vehicle (n =3) and OVX+ E2F1 RANi (E2F1 siRNA; n=3). B Representative
immunohistochemical staining for BNIP3 in distal femur sections from sham (n=3), OVX+Vehicle (n=3) and OVX+ E2F1 RANi (n=3). C Micro
CT analysis of the distal femur from sham, OVX 4+ Vehicle and OVX+ E2F1 RNAi group. D Calculations of bone mineral density (BMD), bone value/
total value (BV/TV), bone surface area/total value (BS/TV) and trabecular number (Tb.N). E Histological H&E staining of distal femur sections. (F)
Quantitative histomorphometric assessment of trabecular number (Th. N) based on H&E-stained femur sections. G Histological TRAP staining of
femur sections. H Quantitative assessment of osteoclasts number based on TRAP-stained tibial sections. Values displayed are means 4 SD of 3
independent experiments (*p <0.05; **p <0.01; ***p <0.001)

TV, and Tb.N in ovariectomized mice, while the OVX- mass phenotype in ovariectomized mice was obvious
induced deterioration of the trabecular microarchitec- in H&E-stained tissue samples (Fig. 8E) and this was
ture could be reversed by E2F1 siRNA administration  verified by quantitative histomorphometric analysis of
(Fig. 8D). Furthermore, the bone tissue microarchitec- Tb.N (Fig. 7F). There is growing awareness that exces-
ture was evaluated by histological staining of tissue sec-  sive osteoclast formation and bone resorption are often
tions with H&E. The results showed that the low-bone the latent causes of bone loss after the menopause.
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Fig. 9 Schematic showing that the molecular mechanism underlying the inhibition of osteoclastogenesis by metformin in our study (Green
box), and the possible relationship between autophagy and other signaling pathways involving in osteoclast differentiation and function

upon metformin stimulation in previous studies (red box). A Metformin treatment inhibits OVX-induced E2F1 upregulation. Then, metformin
downregulates OVX-induced BECN1 and BNIP3 overexpression, followed by reduction of the connection between BNIP3 and BCL2, which
subsequently promotes the association of BECN1 and BCL2, resulting in reduction of the free BECN1 level. In this way, OVX-triggered autophagy

upregulation is suppressed by metformin, leading to the alleviation of OVX-induced bone loss. B Increased level of autophagy was observed during
the RANKL-induced osteoclastogenesis. (a, b, ) Metformin was demonstrated to downregulate the expression level of RANK (a), RANKL (b) and OPG
(0). (d) Inflammation factors, such as TNF-a and IL-16, could reduce RANKL expression. (e) Metformin was shown to downregulate the level of TNF-a
and IL-1B. (f, g) Metformin could promote the polarization of anti-inflammatory M2 macrophages and inhibit the polarization of proinflammatory
M1 macrophages (f), followed by reduction of TNF-a and IL-18 level (g). (h, i) Metformin could inhibit the PI3K/Akt (h) and MAPK/ERK (i) signaling

pathways during osteoclastogenesis

Therefore, we performed TRAP staining of femur bone
sections to assess osteoclast numbers and activity. As
shown in Fig. 8G and H, femur sections from ovariec-
tomized mice administered E2F1 siRNA had presented
decreased numbers of osteoclasts than other ovariec-
tomized mice. Together, these results showed that
silencing of E2F1 in ovariectomized mice resultes in
amelioration of OVX-induced bone loss.

Discussion

In this study, we showed for the first time that metformin
exerts a bone protective action against postmenopausal
bone loss through inhibition of OVX-induced autophago-
some synthesis during osteoclastogenesis. This process

is mediated by the E2F1-BNIP3 and BECNT1 signaling
pathways, instead of a conventional metformin-AMPK
pathway. Mechanistically, metformin treatment inhib-
ited estrogen deficiency-induced E2F1 upregulation, fol-
lowed by downregulated expression levels of BECN1 and
BNIP3 protein, which subsequently suppressed the bind-
ing between BNIP3 and BCL2, thus promoting the asso-
ciation of BECN1 and BCL2. In this way, OVX-activated
autophagy is downregulated by metformin, leading to the
alleviation of OVX-induced bone loss (Fig. 9A).

It is well established that metformin has a protective
effect on bone health [25]. With our initial findings, we
also confirmed that metformin use reduced bone resorp-
tion and improved bone quality in postmenopausal
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women and ovariectomized mice. Furthermore, we also
observed that the beneficial effect on bone is achieved
at least in part via decreased osteoclast formation and
activity. In addition, the protective effect of metformin
may be also attributed to activation of osteogenic differ-
entiation via RUNX2 and AMP-activated protein kinase
(AMPK)/upstream transcription factor 1(USF1)/small
heterodimer partner (SHIP) signaling [23—25], activation
of AMPK signaling pathway and subsequent enchance-
ment in eNOS and BMP-2 production33 in MC3T3-E1
cells [46], inbibition of GSK3p in human mesenchymal
stem cells (hBMSCs) [47] and decrease in reactive oxy-
gen species level and adipogenic differentiation in adi-
pose-drived multipotent mesenchymal stem cells in vitro
[48]. Moreover, metformin treatment activates peroxi-
some proliferator—activated receptor y coactivator 1-a
(PGC-1a) in osteoblasts, promoting osteoblast survival
and function in high-glucose condition and reversing
osteopenia in diabetic mice [49].

We found that other mechanisms than OPG/RANKL
may be involved in this process when we investigated
the change in differentiation capacity in osteoclast pre-
cursors after metformin treatment in the presence of
30 ng/ml M-CSF and 50 ng/ml RANKL in vitro. Then,
given that induction of autophagy is crucial for osteo-
clastic differentiation of monocytes [50], autophagic
flux in osteoclast precursors from femurs and tibias of
ovariectomized mice with or without metformin treat-
ment or osteoclast precursors after metformin treat-
ment were detected, and we found that the increased
autophagy level is associated with increased osteoclast
formation and bone resorption in postmenopausal bone
loss and metformin treatment sharply downregulated
the autophagic level. These findings were consistent with
previous reports that specific deletion of Atg7 in mono-
cytes and systemic delivery of chloroquine, an autophagy
inhibitor, could decrease osteoclast activity and finally
alleviate bone loss in ovariectomized mice [14]. However,
the role of autophagy in osteoclast and osteoblast activ-
ity after metformin stimulation is uncertain. Autophagy
upregulation is related to the osteogenic differentiation
of MSCs [45], and estrogen deficiency downregulates
autophagic activity in osteoblasts, promoting the devel-
opment of osteoporosis [51]. These studies showed that
activation of autophagy in osteoblast precursors is ben-
eficial in mitigating estrogen deficiency-induced osteo-
porosis. However, whether metformin promotes/inhibits
autophagy in osteoblasts was not explored further in this
study. Nevertheless, it is reasonable to believe that the
downregulated autophagy level in osteoclast precur-
sors mediated by metformin plays a dominant role in
reversing the postmenopausal bone loss in this study. In
addition, previous studies also showed that metformin
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treatment could inhibit osteoclast formation and activity
through PI3K/Akt and ERK signaling [31], decreasing the
inflammatory response and oxidative stress [52], reduc-
ing the RANK expression in osteoclast precursors [53],
promoting the polarization of macrophages to an anti-
inflammatory phenotype [54], reducing RANKL expres-
sion and stimulating OPG expression in osteoblasts [17,
26], and prevent bone loss. Furthermore, previous stud-
ies indicated that PI3K/Akt and ERK signaling [55-57],
inflammation factors signaling [58], OPG/RANKL sign-
alingand RANK signaling [56, 59] might be also involv-
ing in regulating autophagic level during osteoclast
differentiation and bone resorption (Fig. 9B). Therefore,
autophagy might play a crucial role in the inhibition of
bone loss by metformin.

We next investigated the involvement of metformin
in autophagy more specifically to identify the regu-
latory target in osteoclast precursors. E2F1 was first
identified as a protein that belongs to the E2F family,
which is known for binding to the retinoblastoma pro-
tein (pRB), a tumor inhibitor mutated in many types
of cancer [60, 61]. Recently, it was also reported that
E2F1 was involved in regulation of osteoclastogensis
and autophagy [62-65]. For example, E2F1 promoted
osteoclastogensis by regulating glycolytic metabolism
[62]. In searching for factors associated with low BMD
in postmenopausal women, Zhou et al. reported that
downregulated E2F1 was related to higher BMD in the
hip [45]. In addition, it is known that E2F1 is involved
in regulating the autophagy process in some tumors
[62, 63, 65], but whether it participates in regulation
of autophagy activity in osteoclast precursors remains
unclear. Indeed, it was found that the level of E2F1
was decreaced in response to metformin stimulation,
while overexpression of E2F1 abolished the suppres-
sive effect of metformin on RANKL-induced autophagy
level in osteoclast precursors, followed by restoring
metformin-associated inhibition of osteoclast differ-
entiation. Furthermore, E2F1 silencing effectively sup-
pressed osteoclastogensis in vivo.

BECN1, a novel Bcl-2-homology (BH)-3 domain-
only protein, is considered as one of the most impor-
tant regulators of autophagy in the autophagy process
[66, 67]. However, BECN1-induced autophagy would
be inhibited when BECNTI is bound to BCL2 [68]. In
this study, we have focused on BECNI1 to specifically
determine the regulation mechanism of metformin
in the autophagy process. Indeed, we observed that
metformin-mediated E2F1 downregulation not only
suppressed BECN1 expression but also reduced the
expression of the BNIP3 protein that competitively
binds to BECN1 with BCL2 through binding with
BECN1 and BNIP3 promotors [66, 69]. Furthermore,
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dissociation of BNCN1 from BECN1/BCL2 complex
was reduced, and autophagy was downregulated, lead-
ing to inhibition of osteoclastogenesis.

However, there are some limitations in our present
study. Among these, one of the most important is that
there might be some side effects associated with met-
formin or E2F1 siRNA therapy when the systemic use
of metformin or E2F1 siRNA. Based on this, the prob-
lem could be addressed through at least three methods
as follows: (1) Metformin or E2F1 siRNA was loaded in
biomaterials targeted bone or osteoclasts [70, 71], such as
CXCR4 + exosomes [72] and alendronate functionalized
nanoparticles [73]. (2) Local administration of metformin
or E2F1 siRNA in some osteoporotic disorders, such as
intertrochanteric fractures and vertebral fractures. (3)
Bone-target modification for metformin or E2F1 siRNA
[74, 75]. Together, the above methods may be better ther-
apeutic choices than modes of traditional administration,
which seem to reduce the off-target effects.

Conclusion

Collectively, our study confirmed that the beneficial
effects of metformin on postmenopausal bone loss could
be attributed, at least in part, to its role in downregulat-
ing the OVX-activated autophagy level during osteoclast
formation. Mechanistically, we also demonstrated that
the inhibition of OVX-activated autophagy level upon
metformin treatment was associated with E2F1-BECN1
and E2F1-BNIP3 signaling pathway. These insights about
metformin will provide clues for future treatment of
postmenopausal osteoporosis through modulating E2F1.
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