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Abstract

Metformin, an anti-hyperglycemic agent used for type 2 diabetes, has recently been found to have more effects apart from
glucose regulation. We found that, in ultra-high-molecular-weight polyethylene particle-induced osteolysis mouse models,
metformin had bone protect property and reduced the negative regulator of bone formation sclerostin (SOST) and Dickkopf-
related protein 1 (DKK1), and increased osteoprotegerin (OPG) secretion and the ratio of OPG/Receptor Activator for Nuclear
Factor-kB Ligand (RANKL). In vitro, we established a 3D co-culture system in which metformin affects osteoblasts and
osteoclasts through mature osteocytes secretion. Metformin (50 pM) significantly decreased SOST and DKK1 mRNA expres-
sion, stimulating alkaline phosphatase activity and proliferation of osteoblast, and increased OPG secretion and the ratio of
OPG/RANKL, inhibiting osteoclastogenesis. Moreover, the effect on OPG was reversed by adenosine 5'-monophosphate-
activated protein kinase inhibitor, Compound C. Our finding suggests that metformin induces differentiation and mineraliza-
tion of osteoblasts, while inhibits osteoclastogenesis via mature osteocytes secretion. Therefore, the drug might be beneficial
for not only diabetes but also in other bone disorders by acting on mature osteocytes.
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Introduction

Long-term outcomes of total joint arthroplasty (TJA) have
Zhao Yan, Shu Zhu, and Xiaoxi Tian have contributed equally to been confined by periprosthetic osteolysis caused mainly by
this work. ultra-high-molecular-weight polyethylene (UHMWPE) wear
debris. Aseptic loosening was a major cause of TJA fail-
ure in the late period and overall in both periods [1]. Bone
disorders such as osteoporosis are caused by dysfunction
of balanced osteocyte regulation, and treatments for these
diseases like anti-inflammation drugs and bisphosphonates
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and longevity of mature osteocyte, regulating its secretion
may bring unexpected results in treatment of bone disorders.

Metformin is an anti-hyperglycemia drug used for type
2 diabetes mellitus. Its role as an adenosine 50-monophos-
phate (AMP)-activated protein kinase (AMPK) activator is
the key of the metabolism regulating effects. Its possible role
in bone metabolism is still controversial. Evidence shows
that metformin administration does not help to alleviate
postmenopausal diabetic osteoporosis and facilitate frac-
ture healing [5, 6]. However, there is also evidence show-
ing that metformin may stimulate osteoblast differentiation
through the transactivation of Runx2 via AMPK/USF-1/SHP
regulatory cascade [7] and reduce bone loss in mouse [8].
Moreover, metformin induces osteoblastic differentiation of
human-induced pluripotent stem cell-derived mesenchymal
stem cells via activation of the LKB1/AMP-activated protein
kinase (AMPK) signaling pathway [9].

In this study, we explored metformin’s potential effect
on ultra-high-molecular-weight polyethylene (UHWMPE)
particle-induced osteolysis mouse model, and we also exam-
ined the possible mechanism of the effect in vitro in the
3D culture system. Administration of metformin could help
to reduce osteolysis, promote bone formation, and inhibit
osteoclastogenesis by regulating sclerostin (SOST), DKK1,
OPG, and RANKL by mature osteocyte. Blocking of AMPK
signal pathway reversed the elevation of OPG induced by
metformin. Thus, we hypothesize that metformin might
affect mature osteocytes in an endocrinic manner and protect
bone mass in bone metabolic abnormalities.

Materials and methods

Preparation of UHMWPE particles and biphasic
calcium phosphate (BCP) particles

The average diameter of the UHMWPE particles (provided
by Prof. Liu Hongtao of China University of Mining and
Technology) was <1 pm (ranging from 0.05 to 0.9 pm).
Notably, this particle diameter is within the range considered
biologically active and differs from the diameter of particles
isolated from the periprosthetic membranes. All particles
were rinsed to remove the endotoxins using ethanol before
desiccation in drying oven, and correspondingly, tests for
endotoxins using the Limulus assay (Sigma-Aldrich, St.
Louis, MO, USA) were negative. Before use in cell culture,
the particles were disinfected under y-irradiation in air (2.5
MR) and kept at 4 °C. The particles were exposed to UV
light for 1 h immediately before use as previously described
[10]. BCP microbeads were provided by Prof. Liu Hongtao
of China University of Mining and Technology, composed of
68% of hydroxyapatite and 32% of B-tricalcium phosphate as
described previously [11]. The microbeads size ranges from
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20 to 25 pm. All particles are sterilized by heating to 180 °C
for 2 h and are coated with collagen type-I (Sigma-Aldrich,
MO, USA) using a collagen/acetic acid solution (0.15 mg/
mL), stored in 4 °C for further use.

BCP-coated coverslips

Glass coverslips were coated with BCP microbeads accord-
ing to the procedure reported previously [11]. In brief, BCP
microbeads were placed in dimethyl sulfoxide (DMSO;
1 mg particles in 0.5 mL DMSO) in a sterile quartz pes-
tle and mortar. Subsequently, the materials were suspended
in 14.5 mL of collagen type-I monomer (0.01%) solution
(C-8919; Sigma-Aldrich) and stored at 4 °C. The final parti-
cle concentration was set at 10 particle/mL. The microscope
coverslips with dimensions of 22 X22 mm (Dingjie Biologi-
cal Technology Co., Ltd., Shanghai, China) were disinfected
for 2 h at 200 °C. Collagen-suspended particles (10° parti-
cles/10 pL) were distributed onto the coverslip uniformly. In
control samples, coverslips were only coated with collagen
and BCP particles without cells. The coverslips were placed
into 6-well tissue culture plates before irradiation with ultra-
violet light overnight in a sterile tissue culture hood. The
plates were placed in PE packages and covered with alu-
minum foil in 4 °C. Another 1 h exposure in ultraviolet light
was performed immediately before usage of the coverslips.

Cell culture and cell viability

Cells (primary mouse osteocytes, osteoblasts, and BMMs)
were cultured in Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% fetal bovine serum (FBS;
Gibco) and penicillin (100 U/mL). BMMs were obtained
from mouse femurs as described previously [12]. Primary
osteoblasts were obtained from the calvaria from neonatal
mouse pups (age 3—4 days) according to protocol by Taka-
hashi [13].

Mature osteocyte culture system was based on the previ-
ous work by Boukhechba [14]. Primary mouse osteoblasts
were obtained according to protocols and were seeded on
BCP microbead-coated 24-well culture plate in differentia-
tion medium (DMEM, 10% FCS, 50 pug/mL ascorbic acid,
and 10 mM f-glycerophosphate) for 14 days and medium
was changed every day. The differentiation process was
visualized by mRNA expression of osteocyte markers and
by Alizarin red S staining for calcium deposition. After dif-
ferentiated mature osteocytes were confirmed, 200 pL of
primary osteoblasts or BMMs suspension at a concentration
of 107 cells/mL was added to each insert to form the 3D
culture system (Fig. 3a). The cells were placed at 37.8 °C
and 5% CO,. Metformin solution was added to each well
but not insert at a concentration of 10, 25, and 50 pM with
or without 40 pM Compound C. Osteoclast differentiation
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medium containing M-CSF (10 ng/mL) and mouse RANKL
(10 ng/mL) was added into BMMs inserts to see the effects
on osteoclastogenesis for 1 week. Twenty-four hours after
metformin administration, cells and culture supernate in
each well were collected for further use.

Cell proliferation of osteoblast was assessed using the cell
counting kit (CCK-8) assay (Dojindo Molecular Technolo-
gies Inc., Rockville, MD, USA) according to the instruc-
tions. Osteoblast was seeded in 96-well plates with 100 pL/
well. Then, medium was replaced with mature osteocyte
supernatant treated with various concentrations of met-
formin for 24 h. After incubation, 10 pL of CCK-8 solution
was added to each well and incubated for 2 h at 37 °C. As
an indicator, optical density was examined at a wavelength
of 450 nm.

RNA extraction and real-time PCR

According to the manufacturer’s suggestions, RNAs from
calvaria specimens (soft tissue shaved from bone) or cells
were purified with Trizol reagent (Invitrogen, Carlsbad CA,
USA). The synthesis of cDNA was operated using murine
leukemia virus (M-MLV) reverse transcriptase and per-
formed using random primers (Invitrogen, Carlsbad, CA,
USA). An ABI7500 system (Applied Biosystems, Foster
City, CA, USA) was used to perform the real-time PCR
(RT-PCR). Each reaction volume contained the 5’ primer
(0.5 pM), 3" primer (0.5 pM), SYBR Green I (10 pL, Takara,
Dalian, China), sample (2 pL), and H,O to the final vol-
ume of 20 pL. For 45 cycles, samples were amplified with a
denaturation step at 95 °C for 5 s, before the annealing and
extension steps at 60 °C for 34 s. The amount of double-
stranded DNA was determined by measuring SYBR green
fluorescence. A melting curve was generated after each run,
to distinguish between the specific and nonspecific cDNA
products. The relative mRNA levels of target genes were
normalized to the B-actin levels and compared with those
in control samples. The primers used are listed in Table 1:

ELISA assay of cytokines

Calvaria were harvested and soft tissues were completely
removed before grinded in liquid nitrogen. PBS was added
to dissolve protein. Levels of SOST, DKK1, OPG, and
RANKL in calvaria and cell supernates were determined
using Mouse/Rat Quantikine ELISA Kit (R&D Systems,
Minneapolis, MN, USA). Supernate levels of inflammatory
cytokines TNF-a, IL-6, and IL-10 were measured using
Mouse/Rat Quantikine ELISA Kit (R&D Systems, Minne-
apolis, MN, USA) after centrifugalization. All assays were
performed according to the manufacturer’s instructions.

Table 1 Primers of genes used in Real-Time PCR

Primers
SOST F, 5'-AGGAATGATGCCACAGAGGT-3’
R, 5" TTTGGCGTCATAGGGATGGT-3'
DKKI1 F, 5'-CAAGCACAAACGGAAAGGCT-3’
R, 5" TGCTGGCTTGATGGTGATCT-3'
OPG F, 5'-CACACGAACTGCAGCACATT-3'
R, 5'-ATTCCACACTTTTGCGTGGC-3'
RANKL F, 5" TACTCGTAGCTAAGGGGGCA-3'
R, 5'-CACCTGGTGACCAACATCCT-3’
ALPL F, 5'-CAGGCCGCCTTCATAAGCA-3'
R, 5'-AATTGACGTTCCGATCCTGC-3'
DMPI F, 5'-CGCTGAGGTTTTGACCTTGT-3'
R, 5'"TGATGACTCACTGTTCGTGGG-3’
FGF23 F, 5'-GGCACTGCTAGAGCCTATCC-3'
R, 5'-CAGGGCACTGTAGATGGTCT-3’
TRAP F, 5'-CAGCAGCTCCCTAGAAGATGG-3'
R, 5-CACGGTTCTGGCGATCTCTT-3’
CTSK F, 5“TAGCACCCTTAGTCTTCCGC-3'
R, 5'-CTTGAACACCCACATCCTGC-3’
MMP-9 F, 5'-GCCGACTTTTGTGGTCTTCC-3'
R, 5'-GGTACAAGTATGCCTCTGCCA-3’
TNF-«a F, 5-TTCCCAAATGGCCTCCCT-3’

R, 5" "TGGGCTACAGGCTTGTCACTC-3'
IL-6 F, 5'-CTTGGGACTGATGCTGG-3'
R, 5'-GGTCTGTTGGGAGTGGTAT-3'
F, 5'-GGGTTGCCAAGCCTTATCG-3'
R, 5" TCACTCTTCACCTGCTCCACT-3'

IL-10

Animals and surgical procedure, dynamic
histomorphometry

Fifty 8-week-old C57BL/J6 male mice were utilized to
establish the model of particle-induced osteolysis in calva-
ria. All experiments involving animals were approved by
the Institutional Review Board of Xijing Hospital (Permit
No. 20161003). All methods were performed in accord-
ance with National Institute of Health Guide for the Care
and Use of Laboratory Animals. Mice were divided into 3
groups randomly (sham, control, metformin, n=15/group,
5 for Micro-CT and dynamic histomorphometry, 5 for HE
staining, TRAP staining, ALP staining, immunohistochemi-
cal staining, and immunofluorescence, 5 for RT-PCR, and
ELISA). Surgical implantation of UHMWPE particles was
performed as described in a previous report [10]. For sur-
gery, mice were placed under general anesthesia via inhala-
tion of isoflurane. An area (0.5 x 0.5 cm?) of the periosteum
was exposed via a midline sagittal incision of 10 mm on the
calvaria. In both groups, a sterile sharp surgical spoon was
used to uniformly distribute 20 pg of particles over the intact
periosteum. A simple, interrupted 4-0 Ethicon suture was
utilized to close the incision. The mice were subsequently
placed into cages and provided food and water ad libi-
tum. All animals were given metformin or normal saline
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as control via local injection every day after surgery. Mice
for dynamic histomorphometry were given two fluorescent
bone formation markers calcein on day 3 and tetracycline
10 days after surgery through intraperitoneal injection. The
animals were sacrificed 14 days after the operation via an
overdose of intraperitoneal sodium pentobarbital. Soft tissue
was dissected from the bones, and the elliptical plate of bone
was removed carefully, to obtain the calvaria. After fixation
with 90% ethanol, calvaria were cut at 1 mm thickness. All
sections were captured with Olympus Inverted Fluorescence
Microscope. Images were analyzed and mineral apposition
rate (MAR) was defined according to the ASBMR standard
guideline.

Micro-CT analysis

Dissected samples fixed in paraformaldehyde were utilized
for in vitro examination of the calvarial bone structure via
high-resolution micro-CT (eXplore Locus SP; GE Health-
care, Madison, WI, USA). The voltage, current, and integra-
tion time were 80 kV, 80 mA, and 3000 ms, with 14 mm res-
olution, respectively. A region of interest (ROI) was selected
as the largest osteolytic volume that fitin a 152X 152X 152
voxel template (85.2 mm?). The data analysis was performed
using commercial software (MicroView ABA ver. 2.1.2, GE
Healthcare). Three parameters, i.e., bone mineral content
(BMC), bone mineral density (BMD), and the ratio of bone
volume to tissue volume (BV/TV), were used to evaluate the
particle-induced osteolysis.

H&E, Masson staining, ALP staining, TRAP staining,
and Alizarin Red S staining

Harvested mouse calvaria samples were decalcified in 10%
EDTA solution for histologic evaluation. An acid phos-
phatase kit from Sigma-Aldrich and tartrate-resistant acid
phosphatase (TRAP) stain were used to quantify osteoclasts,
and the sagittal suture area was observed via hematoxylin
and eosin (H&E) staining. The degree of osteolysis was
evaluated in three neighboring sections under a microscope
(Olympus BX 51, Tokyo, Japan). A computer running the
OsteoMeasure Analysis system (OsteoMetrics, Decatur,
GA, USA) was attached. Each image was oriented with a
midline suture of 1.3 mm in diameter in the field center and
was captured at magnitude 40x. Soft tissues and the area of
osteolysis were traced manually under 40X magnification
in H&E stain slices, and quantified with the image analy-
sis system mentioned above. Alkaline phosphatase staining
was performed with BCIP/NBT Alkaline Phosphatase Col-
our Development Kit (Beyotime, Jiangsu, China) accord-
ing to the manufacturer’s instructions. Mature osteocyte
with BCP particles were cultured on coverslips, fixed with
paraformaldehyde, and confirmed using H&E, ALP, and
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Masson staining. ALP-quantified activity was measured
using Alkaline Phosphatase Assay Kit (Beyotime, Jiangsu,
China) according to the manufacturer’s instructions. Aliza-
rin Red S staining was performed using 10% alizarin red
(Sigma-Aldrich, USA) after fixation with paraformaldehyde.

Immunohistochemical staining
and Immunofluorescence

The calvaria samples of mice were collected and fixed in
paraformaldehyde. Samples were dehydrated, embed-
ded in paraffin before sectioned at a thickness of 5 pm,
and were used for each of the following staining. Sections
were deparaffinized, treated with citric acid solution for
the antigen retrieval, and then incubated with anti-SOST,
DKKI1, OPG, and RANKL antibody or p-AMPK antibody
(diluted in 1:250). IHC staining was performed using the
VECTASTAIN Elite ABC Kit (Vector Laboratories Inc.).
Sections were then counterstained with hematoxylin, dehy-
drated through alcohol gradient, and examined under the
light microscope. For fluorescence, detection of calvaria sec-
tions in three groups was prepared as previously described
in immunohistochemical staining. Briefly, sections were
incubated with antibody to CD11b (Cell Signaling, Dan-
vers, MA, USA) and Ly6G (Phoenix Pharmaceuticals,
Burlingame, CA, USA), and further incubated with fluo-
rescent-labeled secondary antibodies. Stained sections were
photographed digitally using an inverted fluorescence micro-
scope (Nikon TE2000, Japan). The image was observed and
collected (Ultraviolet excitation wavelength 330-380 nm,
transmitting wavelength of 420 nm; FITC green light exci-
tation wavelength 465-495 nm, transmitting wavelength
of 515-555 nm; CY3 red light excitation wavelength is
510-560, transmitting wave length of 590 nm).

Western blot

In osteocytes, the cytoplasmic and nuclear lysates were
obtained by lying directly with RIPA (Thermo Fisher Sci-
entific) according to the manufacturer’s instructions. Con-
centrations of proteins were determined using the BCA
Protein Assay Kit (Thermo Fisher Scientific, USA). Pro-
tein extraction and immunoblot analysis were performed as
previously described. Primary antibodies used in this study
were phosphor-AMPKa(Thr172) (Cell Signaling Technol-
ogy, USA). Secondary antibodies used in this study were
rabbit immunoglobulin G-horseradish peroxidase (Solarbio,
Beijing, China). Signals were detected using the Bio-Rad
system (Bio-Rad, Hercules, CA, USA), and the densitomet-
ric analysis was performed using the Quantity One software
(Bio-Rad, Hercules, CA, USA). Expression of GAPDH was
used as the internal standard.
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Statistical analysis

All data in vitro and in vivo were expressed as mean + SD
and analyzed for statistical significance using the one-way
ANOVA. Every single experiment was repeated at least
three times, and representative results are shown. For the
study, P <0.05 was considered significant.

Results

Metformin protects bone and reduces inflammation
in UHWMPE particle-induced osteolysis mouse
model

Mouse calvaria harvested 14 days after surgical implantation
of UHMWPE particles were qualitatively and quantitatively
analyzed by micro-CT (Fig. 1a). The low-signal area repre-
sents the sagittal suture area with neighboring bone resorp-
tion. The area of bone resorption observed following implan-
tation of the UHMWPE particles was reduced by metformin
treatment compared with that in mice received no further
treatment. From 3D reconstruction imaging, bone quantity
and quality were evaluated according to the BMD and BMC
of ROIs (Fig. 1b). Both parameters were the lowest in the
mice calvaria implanted with UHMWPE particles and given
no further treatment, and the bone resorption reaction was
evident. With daily metformin treatment, BMD and BMC of
the calvaria were higher than those without additional treat-
ment following particle implantation. HE staining shows less
bone erosion in metformin-treated groups compared with
control group. TRAP staining shows more positive cells in
control group, quantified results show marked difference
between control and metformin-treated group (Fig. Ic, d).
Immunofluorescence shows less CD11b- and Ly6G-positive
cells in metformin-treated group (Fig. 1f). Together with
changes in inflammation markers TNF-«, IL-6, and anti-
inflammation marker IL-10 (Fig. le), there is less inflam-
mation after metformin administration.

Metformin reduces SOST and DKK1, and increases
OPG in UHWMPE particle-induced osteolysis mouse
model

To study the mechanisms of the inhibitory effect of met-
formin on particle-induced osteolysis, dominant regulators
in bone metabolism were examined. RT-PCR results showed
that particle implantation stimulated SOST, DKK1, and
RANKL mRNA expression, and suppressed OPG mRNA
expression in calvaria. However, metformin treatment inhib-
ited these effects on cytokine production (Fig. 2a). Analysis
of the cytokine production in organ culture suggested that
SOST, DKKI1, and RANKL production greatly increased

upon exposure to particles and metformin treatment again
significantly suppressed the particle’s effect on negative
regulators of bone formation. In addition, metformin treat-
ment increased release of OPG. Consistent with the results
of qRT-PCR, the results of ELISA also suggested that met-
formin had a potent effect on mature osteocyte (Fig. 2b).
IHC staining shows similar results compared with the con-
trol group (Fig. 2¢). As can be seen in Fig. 2d, the number
of osteoblasts in metformin group increased compared with
control group (indicated by quantified results). Calcein and
tetracycline double fluorescent markers showed that the
mineral deposition rate (MAR, pm/day) was higher in the
metformin group than in the control group (Fig. 2e).

Metformin enhance osteoblasts proliferation
and differentiation while inhibits
osteoclastogenesis in 3D culture system

To investigate the effects of metformin on osteoblasts and
osteoclastogenesis through mature osteocyte system, we use
3D culture system as previously described by Boukhechba
[14]. Mature osteocytes were planked in each well and con-
firmed with staining (Fig. 3a, b) and RT-PCR (Fig. 3c) after
differentiation. Osteoblasts or primary bone marrow mac-
rophages (BMMs) were added to each insert for checking
influence on osteoblast maturation and osteoclastogenesis.
Treatment of osteocytes in wells but not inserts with met-
formin (1050 pM) for 24 h led to a dose-dependent increase
of osteoblast proliferation as determined by CCK-8 assay.
Metformin affected alkaline phosphatase activity in osteo-
blasts in a dose-dependent manner (Fig. 3d). Furthermore,
the effects of the anti-diabetic drug on osteoclastogenesis
were also detected. After treating mature osteocyte with
metformin for 3 days, TRAP staining showed less TRAP-
positive cells in transwell insert in metformin-treated group.
The effect is dose-dependent (Fig. 3e, f). Our results indicate
that metformin acts as an osteogenic role in mature osteocyte
system by enhancing osteoblast proliferation and inhibiting
osteoclastogenesis.

Metformin reduce SOST and DKK1 secretion
by osteocytes, and increase OPG/RANKL ratio

To further detect the mechanism of metformin affect-
ing osteoblast and osteoclastogenesis in mature osteo-
cyte system, we detected the level of main cytokines
secreted by osteocytes. RT-PCR showed decreased level
of SOST, DKK1, RANKL, and elevated level of OPG
mRNA expression in metformin group as compared with
control group with UHMWPE particles (Fig. 4a—d).
SOST, DKK1, RANKL, and OPG levels were meas-
ured in the conditioned medium by ELISA assay. Nega-
tive regulator, SOST, DKK1, and RANKL were lower in
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Fig.1 Metformin protects bone and reduces inflammation in
UHWMPE particle-induced osteolysis mouse model. Micro-CT
results of mouse osteolysis model (a) shows increased erosion area
in control group and reduced bone resorption in metformin group in
accordance with quantified results (b) of BMD and BMC. HE stain-
ing shows decreased inflammation after metformin treatment (c).
TRAP staining of bone tissue suggests more positive cells in control
group and less positive ones after metformin treatment (d). Treat-
ment with metformin significantly reduces the increase in expres-
sion of both TNF-a and IL-6, but enhances the release of IL-10

metformin-treated group (of control group). OPG, a decoy
receptor for RANKL, was higher in metformin-treated
group (Fig. 4e—h). Compared with control group, the bone-
protective OPG/RANKL ratio increased in metformin
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group. Black rectangle indicates region of interest. BMD bone min-
eral density, BMC bone mineral content, HE staining hematoxylin—
eosin staining, TRAP staining tartrate-resistant acid phosphatase
staining. Data were collected from two sections per mouse and three
mice per group. Data are presented as mean number +SD (¥p <0.05;
*#*p <0.01; ***¥p<0.001, n=3). Representative data of at least three
independent experiments are shown

group according to Fig. 41, j. Considering the functions of
these regulators on bone metabolism, these changes indi-
cated that metformin affects both osteoblast and osteoclast
in an endocrinic way.
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Fig.2 Metformin changes regulator expression in mouse calvaria
osteolysis model. Both RT-PCR (a) and ELISA (b) indicate SOST
and DKKI1 increase, while OPG/RANKL reduces in control group.
Metformin reverses the effects, as is shown in immunohistochemical
staining (c¢). d ALP staining shows that the number of osteoblasts in
metformin group increases compared with control group (indicated
by quantified results). Calcein and tetracycline double fluorescent
markers show that the mineral deposition rate (MAR, pm/day) is

higher in the metformin group than in the control group (e). RT-PCR
real-time PCR, ELISA enzyme-linked immuno sorbent assay, DKKI
Dickkopf-1, OPG osteoprotegerin, RANKL Receptor Activator of
Nf-kB Ligand. Data are presented as mean number+SD (¥p <0.05;
**p<0.01; ***p<0.001, n=3). Data were collected from at least
three mice per group. Representative data of at least three independ-
ent experiments are shown
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Fig.3 Metformin enhances osteoblasts proliferation and differen-
tiation while inhibits osteoclastogenesis in 3D culture system. Con-
struction of 3D mature osteocyte system with transwell (a). White
arrows indicate BCP particles and black arrows indicate osteocytes.
b Mature osteocytes are confirmed with Alizarin Red S staining. RT-
PCR (c) after 3 weeks of differentiation shows that osteocyte in 3D
system is more differentiated than those differentiated without BCP
particles. ALP staining and CCK-8 suggest increased ALP activity
and cell viability in metformin-treated group (d). TRAP staining (e)
and RT-PCR (f) results indicate a dose-dependent decrease in osteo-

Blocking AMPK phosphorylation reverses secretion
of OPG induced by metformin

To identify whether the changes in bone regulators were
connected with metformin’s action as an AMPK activa-
tor, we added AMPK signal pathway inhibitor, compound
C, together with metformin into mature osteocyte system.
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clastogenesis. Compound C blocked these effects on osteoclasts. Ob
osteoblast, BMMs bone marrow-derived macrophages, Ot osteocyte,
BCP biphasic calcium phosphate, SOST sclerostin, DMP] dentin
matrix protein 1, FGF23 fibroblast growth factors 23, ALPL alkaline
phosphatase, C.C Compound C, TRAP tartrate-resistant acid phos-
phatase, CTSK cathepsin K, MMP-9 metalloproteinase-9. Data are
presented as mean number +SD (¥p <0.05; **p <0.01; ***p <0.001,
n=>5 technical replicates). Representative data of at least three inde-
pendent experiments are shown

Western blot shows that AMPK phosphorylation is blocked
after Compound C treatment (Fig. 4k). Both RT-PCR and
ELISA show no difference in SOST, DKK1, and RANKL
secretion in both groups (data not shown). However, there
is a considerable difference in OPG secretion between both
groups (Fig. 4c, g), indicating that elevated OPG might be an
effect of AMPK signal pathway activation. The ELISA result
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Fig.4 Metformin reduces SOST and DKKI1 secretion by osteo-
cytes, and increases OPG/RANKL ratio. RT-PCR and ELISA results
show a dose-dependent decrease of SOST (a, d) and DKKI1 (b, e),
and increased OPG/RANKL ratio (c¢). Treatment with compound C
decreases OPG (f) and p-AMPK (g) levels at a large scale. Immu-
nohistochemical staining of OPG and p-AMPK at adjacent sections

coincides with TRAP staining and RT-PCR of osteoclast
markers (Fig. 3e, f), suggesting a close connection between
metformin’s AMPK activation role and the osteoclastogene-
sis inhibition effect. IHC staining of adjacent sections shows
more OPG and p-AMPK-positive cells in metformin-treated
group (Fig. 4h).

Discussion

Over 90% of the bone cells in the adult skeleton are osteo-
cytes, and the ratio is increasing with age and size of the
bone [15, 16]. It has been long acknowledged that bone is
anything but an endocrine gland. Recent discoveries have
shown that mature osteocytes in mineralized bone matrix,
indeed, play multifunctional role in bone homeostasis via
many key regulators [17]. Osteocytes change the state of
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shows increased positive cells in metformin-treated group (h). Met
metformin, C.C compound C. Data are presented as mean num-
ber+SD (*p<0.05; **p<0.01; ***p<0.001, n=5 technical repli-
cates). Representative data of at least three independent experiments
are shown

osteoblasts and osteoclasts in response to stimulations by
producing factors (SOST, DKK1, RANKL, and OPG) that
affect other bone cells in a paracrine or autocrine way, and
secrete hormones (FGF23) that influence other tissues in an
endocrine way [18-21].

Sclerostin and DKK1 are two inhibitors of canonical Wnt
signaling pathways most secreted by osteocytes, which regu-
late transcription of genes that promote osteoblastic bone
formation by binding to LRP5 and 6 to prevent formation
of the Frizzled/LRP receptor complex and thus Wnt-medi-
ated signaling [22, 23]. Osteocytes also produce cytokines
that regulate osteoclastogenesis involving activation of the
receptor activator of nuclear factor kB (RANK) by RANKL,
which is mainly produced by osteocytes [24]. OPG, com-
petitive inhibitor of RANKL, which strongly inhibit osteo-
clast differentiation, is also a product of osteocytes [25, 26].
Using genetically modified mice with deletion of RANKL
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Fig.5 Metformin reduces inflammation, inhibits SOST and DKK1, and increases OPG/RANKL ratio in UHMWPE particle-induced osteolysis

from osteocytes, researchers suggest that osteocytes are the
main source of RANKL [27].

Dysregulated bone formation and/or bone resorption may
lead to bone metabolic disorder, such as osteoporosis, mul-
tiple myeloma, and osteolysis, which is recently found to be
connected with abnormal bone regulators, as well [28-31].
UHMWPE particles induce aseptic inflammation and further
promote osteoclastogenesis and bone resorption. Meanwhile,
osteoblasts proliferation is inhibited by particle stimulation
[32]. As new therapeutics need to be found and stress regu-
lation remains far from application, endocrinic function of
osteocyte should be considered in new strategies to prevent
and treat bone disease. Metformin’s bone-protective prop-
erty in diabetic patients is generally accepted. However,
its effect on bone metabolism has not been fully explored,
especially in some bone disorders. Researchers found that
metformin had an effect on circulating bone markers like
SOST [33-35]. This may be translated into a bone forma-
tion-promoting effect. In other studies, metformin played an
anti-inflammation role in cardiovascular diseases [36, 37].

We used the recognized calvarial model with direct
exposure to UHMWPE particles to simulate aseptic oste-
olysis in vivo and detected the effect of metformin on this
process. The anti-inflammation effects were explored in
our previous work. Here, we mainly explored its bone-
protective effect. There was a marked increase in the num-
ber of osteoclasts and bone erosion in the calvaria of mice
exposed to wear particles. Metformin reduced bone loss,
abated inflammation, and lowered the number of osteo-
clasts present in a dose-dependent manner. In addition,
metformin treatment led to a decrease in SOST and DKK1
secretion as well as an increase the bone protecting OPG/
RANKL ratio. We then explored the effects in vitro. Since
current osteocyte models had some disadvantages, we used
the latest 3D mature osteocyte culture system performed

@ Springer

by Boukhechba [14]. Metformin inhibited the secretion
of SOST and DKK1 by osteocytes, and elevated OPG/
RANKL ratio in a dose-dependent manner. Moreover,
experiments with AMPK inhibitor Compound C show
that the effects of metformin on OPG are dependent on
AMPK activation, proving that the regulation of OPG may
be related to the activation of a serine/threonine protein
kinase of AMPK, which is critical in maintaining meta-
bolic homeostasis in eukaryotic cell types [38]. Therefore,
we hypothesized that metformin reduced inflammation,
which led to inhibited osteoclastogenesis and bone resorp-
tion. Moreover, SOST and DKK1, inhibitors of canoni-
cal Wnt signaling pathways most secreted by osteocytes
were reduced upon metformin administration and OPG/
RANKL ratio increased (Fig. 5). Taken together, the anti-
diabetic drug had a bone-protective property in UHMWPE
particle-induced osteolysis.

In summary, the present study provides evidence that
metformin influences bone metabolism in an endocrine
way, therefore, providing the possibility that it might be
used clinically to treat peri-implant aseptic loosening.
Given that osteocytes account for a great proportion in
bone tissue and recently have been found to play an endo-
crine role in bone metabolism, the regulation of osteocyte
secretion may be much more effective than the previ-
ous treatment. Moreover, since metformin functions by
decreasing glucose production in the liver and intensifying
the sensitivity of insulin, particularly in people who are
overweight and often found in patients with osteoporosis
and TJA patients, metformin may represent a promising
therapeutic agent for preventing or correcting peripros-
thetic osteolysis and other bone diseases [39-41].
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