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Abstract

quantitative RT-PCR, and western blotting.

lated osteogenesis-associated molecules on Ti.

Purpose The acquisition of osseointegration during implant therapy is slower and poorer in patients with diabetes
compared with healthy persons. The serum concentration of adiponectin in patients with type Il diabetes is lower
than that of healthy persons via the suppression of AMP-activated protein kinase (AMPK). Therefore, we hypothesized
that the AMPK activation enhances bone formation around implants, resulting in the improved acquisition of osse-
ointegration. The purpose of this study was to evaluate the impact of AMPK activation on osteoblast differentiation
and its mechanism of downstream signaling on titanium disc (Ti).

Methods Confluent mouse pre-osteoblasts (MC3T3-E1) cells (1 X1 0° cells/well) were cultured with BMP-2 for osteo-
blast differentiation, in the presence or absence AICAR, an AMPK activator. We examined the effects of AMPK acti-
vation on osteoblast differentiation and the underlying mechanism on a Ti using a CCK8 assay, a luciferase assay,

Results Although the proliferation rate of osteoblasts was not different between a Ti and a tissue culture polystyrene
dish, the addition of AICAR, AMPK activator slightly enhanced osteoblast proliferation on the Ti. AICAR enhanced

the BMP-2-dependent transcriptional activity on the Ti, leading to upregulation in the expression of osteogenesis-
associated molecules. AICAR simultaneously upregulated the expression of autophagy-associated molecules

on the Ti, especially LC3-Il. AdipoRon, an adiponectin receptor typel/type2 activator activated AMPK, and upregu-

Conclusions AMPK activation enhances osteoblast differentiation on a Ti via autophagy, suggesting that it promotes
the acquisition of osseointegration during implant therapy.
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Background

AMPK has been reported to be a conserved sensor of
cell energy conditions [1]. AMPK has previously been
reported to be activated by metabolic stresses and to
switch on catabolic pathways while switching off bio-
synthetic pathways to maintain the intracellular energy
equilibrium [2]. AMPK activation promotes cell viabil-
ity and mitochondrial biogenesis and fission, as well
as the expression of antioxidant enzymes [3]. There are
some reports that AMPK has been reported to stimu-
late osteoblast differentiation and mineralization in pre-
osteoblast cell lines on tissue culture polystyrene dishes
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(TCPD) using osteogenesis induced medium (OIM) [4,
5]. Furthermore, AICAR, an AMPK activator stimulated
the autophagy signaling pathway in osteoblast lineages
including mesenchymal stem/stromal cells on TCPD [6,
7]. We recently reported that AICAR upregulated osteo-
blastic mineralization on titanium disc (Ti) [8], but not
TCPD.

However, most of these reports were obtained from
osteoblasts cultured on TCPD using osteogenesis
induced medium (OIM), and few have been investigated
those of titanium. Furthermore, no reports have verified
autophagy-regulated osteoblast differentiation on tita-
nium, but not on TCPD.

Adiponectin is a fat-derived adipokine that plays an
important role in controlling the balance of energy
metabolism at a systematic level via AMPK activation [9,
10]. The concentration of adiponectin in the serum is sig-
nificantly reduced in patients with type 2 diabetes, result-
ing in diabetes-induced bone loss [11]. Therefore, AMPK,
adiponectin downstream signaling has been proposed to
be a potential therapeutic target to promote osseointe-
gration in bone-to-implant contact and osseointegration,
especially in patients with type 2 diabetes [12].

In the present experiments, we hypothesize that the
addition of AMPK activator enhances osteoblast dif-
ferentiation in the around peri-implant bone, leading to
the promotion of earlier and stronger bone-to-implant
contact and osseointegration, even though diabetes. We
examined the effects of AMPK activation on the expres-
sion of osteoblast differentiation-associated molecules on
a Ti in mouse pre-osteoblasts, as well as its underlying
mechanism.

The purpose of this study was to evaluate the impact
of AMPK activation on osteoblast differentiation and its
mechanism of downstream signaling on titanium discs.

Materials and methods

Ti preparation

The titanium discs (10.0x10.0x1.0 mm; NANTOH
Co., Ltd.,, Shizuoka, Japan) and ¢55 mmXx1 mm disc
(TIG Co., Ltd, Osaka, Japan) consisted of JIS Class 4
machine polished discs with a surface roughness (Sa:
0.176.6 +0.054 mm).

Surface topography of Ti

Titanium surface roughness was evaluated parameter the
arithmetic mean height of the surface (Sa) using a fiber
laser (MD-F3000, Keyence, Osaka, Japan: Fig. 1A), with
a 50 x50 mm filter in three different areas on each sam-
ple. Characterization of material surface and condition of
cells on titanium. MC3T3E1 cells cultured on titanium
disc at 24 h. Cells were fixed with 10% formalin, dehy-
drated in grated concentrations of ethanol, and dried by
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liquefied CO, using a critical point dryer. Samples were
sputtered with gold for 2 min and observed by scanning
electron microscope (JSM-6330F, JEOL, Tokyo, Japan).

Cell culture

Mouse pre-osteoblast cells (MC3T3-El; subclone 14)
were obtained from the American Type Culture Collec-
tion (Manassas, Virginia, USA). The cells were cultured
in minimum essential medium-a (MEM-qa; Fujifilm
Wako, Tokyo, Japan) supplemented with 10% fetal bovine
serum (Sigma—Aldrich, St. Louis, MO, USA) and penicil-
lin—streptomycin (Fujifilm Wako, Tokyo, Japan) until the
cells reached a confluence of 70%. After reaching sub-
confluence, the cells (1.0x 10° cell/mL) were culture on
titanium discs with BMP —2 (25-50 ng/mL, Pepro Tech.
Inc., NJ, USA) or an osteoblast-inducing medium (OIM;
including glycerophosphate and ascorbic acid), for osteo-
blast differentiation. In parallel experiments, cells were
incubated with BMP-2 plus AICAR (500 pM). In some
experiments, to clarify effect of AICIR on osteoblast
differentiation via autophagy 3-MA (3-methhyladnine;
Fyjifilm Wako, Tokyo, Japan), a PI3Kinase inhibitor were
applied to the cells for 72 h. Furthermore, to investigate
whether adiponectin stimulates on osteoblast differentia-
tion via AMPK activation AdipoRon (Enzo Life Sciences,
NY, USA) were applied to the cells for 72 h.

CCK-8 proliferation assay

Cellular proliferation was measured using a counting
Kit-8 assay (CCK-8; Dojindo Laboratories, Kumamoto,
Japan). Briefly, the cells were seeded in 24-well plates at
a density of 1.0x 10* cells/mL in 500 pL of MEM-a. After
each cultivation, the CCK-8 reagent (10 pL) was added
to each well and the plates were incubated at 37 °C for
1 h. After the collection of conditional culture medium
(100 pL) from each well, absorbance was read at 450 nm
using a microplate reader (Mode 680; Bio-Rad). Culture
solution containing the CCK-8 reagent but without cells
was used as a blank control.

Calcein staining

Cells (10x10* cells/mL) were plated on a titanium disc
inserted in a 24-well plate (500 pL/well). After cultivation
for 7 days, cells on the titanium disc were stained with
calcein—AM solution (1 pL/mL, DOJINDO). The number
of cells on the titanium disc was observed under a fluo-
rescence microscope.

Transcriptional activity assay

For promoter assays, the Id promoter was cloned into
the pGL4 basic luciferase plasmid (Promega; Madi-
son, WI, USA), and the resulting construct was trans-
fected into MC3T3-E1 cells using Lipofectamine 3000
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Fig. 1 AICAR slightly upregulated the BMP-2-induced proliferation rate in osteoblasts on a titanium disc. A Characterization of material surface

of titanium. Surface topology of Ti using laser fiber scanning and those in without or with MC3T3-E1 cells cultured after 24 h using scanning
electron microscope. B MC3T3-E1 cells were treated with BMP-2 (50 ng/mL) in the presence or absence of AICAR (500 uM) and stained

on a titanium disc using calcein—AM. The number inserted at the bottom left of each photo indicates the mean from the positive cells on three

Ti discs (mean £ SEM). C Cells treated with BMP-2 (50 ng/mL) were cultured with or without AICAR (500 uM) on the titanium disc, and the rate

of cell proliferation as determined using a CCK-8 assay. The bar graphs show the mean from five culture wells (mean + SEM). **Indicates P<0.01 vs.

treatment with BMP-2 alone

(Thermo Fisher, CA, USA). Luciferase activity was
measured using a luciferase reporter assay system (Pro-
mega). These cells were cotransfected with the pCMV-
galactosidase reporter plasmid (Promega) and the
transfection activity was normalized by measuring the
galactosidase activity.

RNA isolation and quantitative reverse transcription
polymerase chain reaction

Total RNA was extracted from the cells using the TRIzol
reagent. First-strand complementary deoxyribonucleic
acid (cDNA) was synthesized from 3 ug of total RNA
using ReverTra Ace reverse transcriptase according to
the manufacturer’s instructions (TOYOBO CO., LTD,
Osaka, Japan). To detect mRNA expression, we selected
specific primers based on the nucleotide sequence of the
resultant cDNA (Additional File 1: Table S1). The relative
messenger RNA (mRNA) expression was normalized as
the ratio of the expression level of the targeted mRNAs to
that of p-actin.

Western blot analysis

Cells were lysed in TNT buffer [0.1 M Tris—HCI (pH, 7.5),
0.15 M NaCl, 0.05% Tween-20; Roche, Basel, Switzer-
land]. The protein content was measured using a protein
assay kit (Thermo Fisher, CA, USA). Subsequently, 20 pug
of each protein were subjected to 12.5% sodium dodecyl
sulfate polyacrylamide gel electrophoresis, and the sepa-
rated proteins were transferred electrophoretically onto
a polyvinylidene fluoride membrane at 80 V and 4 °C
for 1.5 h. The membrane was incubated with antibodies
against Runx2, Osterix/Sp7 (OSX; Abcam, Cambridge,
UK), p-Smadl/5/9, Smadl, P-AMPK, AMPK, Beclin-1,
LC3B, p-ULK1, ULK-1, BNIP-3 (Cell Signaling Tech-
nology, Tokyo, Japan), and B-actin (Sigma—Aldrich Co.)
diluted (1:1000) in 5% BSA and Tris-buffered saline with
Tween-20 (TBST; 10 mM Tris—HCI, 50 mM NaCl, 0.25%
Tween-20) plus 0.01% azide overnight at 4 °C. The blots
were washed in TBST and incubated for 1 h with horse-
radish peroxidase-conjugated anti-rabbit or anti-mouse
immunoglobulin-G secondary antibodies. The antibodies
were diluted (1:2000) in 5% skimmed milk in TBST and
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were developed using an enhanced chemiluminescent
system (GE Healthcare, Tokyo, Japan).

Statistical analyses

Data are expressed as the mean +standard error of the
mean. Differences were analyzed by one-way analysis of
variance and Scheffe’s multiple comparison test. P values
of <0.05 were considered significant.

Results

AICAR slightly upregulated the proliferation rate

of osteoblasts on a titanium disc (Ti)

To clarify the attachment and viability of MC3T3-E1 cells
on a titanium disc (Ti), we first examined the cellular
morphology and proliferation on Ti using calcein stain-
ing and a CCK-8 proliferation assay (Fig. 1B). MC3T3-E1
cells were less attached on Ti compared with TCPD at
day 0. However, BMP-2 (50 ng/mL) enhanced the pro-
liferation of the cells on Ti in a time-dependent manner
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(Fig. 1C). In turn, BMP-2 (50 ng/mL) in the presence of
AICAR (500 pM), which is an AMPK activator, slightly
upregulated cell proliferation on Ti in a time-dependent
manner compared with BMP-2-induced proliferation
(Fig. 1C). The number of proliferating cells in the pres-
ence of AICAR remained constant over 5 days or was
slightly decreased from day 5 after BMP-2 treatment,
resulting in a small effect on proliferation in the presence
or absence of AICAR.

AICAR enhanced BMP-2-dependent transcriptional activity
on Ti with expression of osteoblast differentiation-related
molecules

To clarify whether AICAR regulated osteoblast differen-
tiation in MC3T3-E1 cells on Ti, we examined the impact
of AICAR on transcriptional activity using a luciferase
reporter assay. BMP-2 transiently and greatly increased
the transcriptional activity of Id, a BMP-2 downstream
signaling gene, in MC3T3-E1 cells on Ti (Fig. 2A). The
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Fig. 2 AICAR enhanced the BMP-2-dependent transcriptional activity on Ti via the expression of osteoblast differentiation-related molecules. A

Id promoter site was fused to luciferase and transfected into MC3T3-E1 cells using Lipofectamine 3000. The cells were treated with BMP-2 (50 ng/
mL) with or without AICAR (500 uM) for the indicated times during culture, and luciferase activity was assessed as a measure of /d transcriptional
activity. The data are the mean from four culture wells (mean + SEM). **Indicates P<0.01 vs. treatment with BMP-2 alone. B-D MC3T3-E1 cells were
incubated with BMP-2 in the presence or absence of AICAR (500 uM). Expression of the osteoblast differentiation-related genes Runx2 (Runx2),
Osx/Sp7 (OSX/Sp7), and Ocn (Osteocalcin) in MC3T3-E1 cells after incubation with BMP-2 (50 ng/mL). Samples were analyzed by quantitative reverse
transcription polymerase chain reaction and were normalized to the 3-actin mRNA. The data are the mean from six culture wells (mean + SEM).
**Indicates P<0.01 vs. treatment with BMP-2 alone. E Cells were treated with BMP-2 (50 ng/mL) in the presence or absence of AICAR (500 uM).
Western blotting was conducted using targeted and B-actin antibodies. Similar results were obtained in four independent experiments
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increased transcriptional activity of Id reached a peak at
6 h and declined at 24 h after BMP-2 treatment. Further-
more, the addition of AICAR continuously increased the
transcriptional activity, with a peak observed at 12 h in
cells on Ti. Furthermore, BMP-2 also induced the expres-
sion of the Runx2, OSX/Sp7, and Ocn genes, which are
osteoblast differentiation markers, in a time-dependent
manner (Fig. 2B-D). Moreover, AICAR addition upregu-
lated the expression of these genes in a time-dependent
manner. The increase in the expression of targeted pro-
teins in the presence or absence of AICAR was further
confirmed using a western blot analysis (Fig. 2E; Addi-
tional File 1: Fig. S1), which yielded similar results,
showing that AICAR administration for more than
24 h upregulated the expression of Runx2, OSX/Sp7,
and p-AMPK in MC3T3-E1 cells compared with treat-
ment with BMP-2 alone. Similar results were obtained
regarding the expression of OIM-induced proteins in
MC3T3-EL1 cells on Ti using western blot analyses (Addi-
tional file 1: Fig. S2). On contrast, AICAR monotreat-
ment slightly upregulated the expression of osteoblast
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differentiation-related molecules compared with AICAR
in presence of OIM (Additional File 1: Fig. S2).

AICAR simultaneously enhanced the expression

of BMP-2-induced autophagy-associated molecules

in MC3T3-E1 cells on Ti

Osteoblast differentiation has been reported (including
our studies) to be regulated by autophagy [13, 14]. To
clarify whether AMPK activation enhances osteoblast
differentiation in MC3T3-E1 cells on Ti, we examined
the effects of AICAR on the osteogenesis of MC3T3-
E1 cells on Ti treated with BMP-2. BMP-2 induced the
expression of autophagy-associated genes, such as Ulkl,
Becnl, MaplLc-3, and Parkin, in MC3T3-E1 cells on
Ti in a time-dependent manner, with AICAR addition
upregulating their expression (Fig. 3A-D). Similar results
were obtained regarding the expression of their target
proteins, with BMP-2 gradually increasing the conver-
sion of LC3-I to autophagosome-associated LC3-II in
MC3T3-E1 cells on Ti (Fig. 3E; Additional File 1: Fig.
S3). Furthermore, AICAR addition for more than 12 h
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Fig. 3 AICAR simultaneously enhanced the expression of BMP-2-induced autophagy-associated molecules, especially LC3B-I, in MC3T3-E1

cells on Ti. A-D MC3T3-E1 cells were incubated with BMP-2 in the presence or absence of AICAR (500 puM). Expression of the autophagy-related
genes UlkT (ULK1), BecnT (Beclin-1), MapLc3a (LC3-1), and Pakn (Parkin) in MC3T3-E1 cells after incubation with BMP-2 (25 ng/mL). The samples

were analyzed by quantitative reverse transcription polymerase chain reaction and were normalized to the B-actin mRNA. The data are the mean
from six culture wells (mean + SEM). **Indicates P<0.01 vs. treatment with BMP-2 alone. E Cells were treated with BMP-2 (25 ng/mL) in the presence
or absence of AICAR (500 uM). Western blotting was conducted using targeted and 3-actin antibodies. Similar results were obtained in three

independent experiments
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upregulated the expression of their autophagy-associated
molecules, together with an increase in the expression of
phosphorylated AMPK, especially LC3-II, in MC3T3-E1
cells on Ti. The conversion changes in LC3-1I were corre-
lated with the increase in Beclin-1, which is an autophagy
marker, in MC3T3-E1 cells. Similar results were obtained
regarding the expression of OIM-induced proteins in
MC3T3-E1 cells on Ti (Additional file 1: Fig. S2E). On
contrast, AICAR monotreatment slightly upregulated
the expression of autophagy-related molecules compared
with AICAR in presence of OIM (Additional File 1: Fig.
S4).

To confirm whether the autophagy-associated mol-
ecules regulated osteogenesis, we investigated the inhibi-
tory effect of 3-methhyladnine (3-MA), which is an
autophagy inhibitor, on the upregulation of osteoblast
differentiation (Fig. 4A; Additional File 1: Fig. S5).

Although autophagy was assessed in the early and late
stages of the process, we examined whether autophagy
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participated in osteoblast differentiation in the early
stage using 3-MA, which is an inhibitor of the early
stage. Treatment with 3-MA suppressed the expression
of Beclin-1 and p-ULK1 in MC3T3-E1 cells on Ti. This
treatment simultaneously suppressed osteoblast differen-
tiation markers, such as Runx2 and OSX (Fig. 4B and C).
Furthermore, AICAR addition attenuated the suppres-
sion of the expression of Runx2 and OSX in MC3T3-E1
cells on Ti, indicating that osteoblast differentiation was
regulated by the activation of autophagy, especially in the
early stage (Fig. 4D; Additional File 1: Fig. S6).

AdipoRon, an adiponectin receptor activator,

also upregulated osteogenesis-associated molecules
Adiponectin activates AMPK via adiponectin recep-
tors in various types of cells, such as microglia, pri-
mary rat osteoblasts, and breast cancer cells [15-17].
In contrast, the decrease in the serum concentration
of adiponectin led to the suppression of glucose uptake
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Fig. 4 3-MA suppressed BMP-2-induced osteoblast differentiation molecules and autophagy-related molecules. A BMP-2 (25 ng/mL)-induced
osteoblast differentiation molecules were mediated by autophagy signaling. The cells were incubated with BMP-2 in the presence or absence

of 3-MA (5 mM), which is a PI3K inhibitor. B, C The bar graphs show the mean from five samples (mean + SEM). *

and **Indicate P<0.05 and P<0.01,

respectively, vs. treatment with BMP-2 alone. D Cells were treated with BMP-2 (25 ng/mL) plus AICAR (500 uM) in the presence or absence of 3-MA
(5 mM). Western blotting was conducted using targeted and 3-actin antibodies. Similar results were obtained in three independent experiments
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in the liver and muscles via the inhibition of AMPK
in patients with diabetes [18, 19]. Therefore, to clarify
whether adiponectin activates osteoblast differentiation
in Ti, we examined the impact of AdipoRon, which is
an adiponectin receptor typel/type2 activator, on tran-
scriptional activity and the expression of osteoblast
differentiation-associated molecules in MC3T3-E1 cells
on Ti in the presence or absence of AICAR. AdipoRon
(50 uM) gradually increased the transcriptional activity
of Id (Fig. 5A). The addition of AICAR greatly increased
the transcriptional activity. AdipoRon induced the
expression of the Runx2, OSX/Sp7, and Ocn genes
in MC3T3-E1 cells on Ti in a time-dependent man-
ner (Fig. 5B). Furthermore, AdipoRon induced the
expression of autophagy-associated molecules. AICAR
addition provided upregulation for more than 24 h
compared with treatment with BMP-2 alone (Fig. 5C;
Additional File 1: Fig. S7).

AdipoRon(50uM)
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Discussion

AMPK activation elicited by AICAR promotes the phos-
phorylation of Smad 1/5/8 in MC3T3-E1 cells, leading to
osteoblast differentiation on tissue culture polystyrene
dishes (TCPD) [20]. In contrast, BMP-2 phosphorylates
Smad1/5, resulting in osteoblast differentiation [21]. In
the present experiments, BMP-2 induced the prolif-
eration ratio of MC3T3-E1 cells on a titanium disc in a
time-dependent manner, the addition of AICAR, which is
an AMPK activator, slightly upregulating them on a tita-
nium disc. Moreover, AICAR also upregulated the BMP-
induced Id transcriptional activity and the expression of
osteogenesis-associated molecules in MC3T3-E1 cells via
Smad1/5 phosphorylation on the titanium disc as well as
TCPD. Furthermore, BMP-2 in the presence of AICAR
induced the expression of their osteoblast differentiation-
associated molecules in MC3T3-E1 cells cultured on the
titanium disc, to a higher degree than that observed on
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Fig. 5 Adiponectin enhanced osteoblast differentiation via the AMPK pathway. A Id promoter site was fused to luciferase and transfected

into MC3T3-E1 cells using Lipofectamine 3000. The cells were treated with AdipoRon (50 uM) with or without AICAR (500 puM) for the indicated
times during culture, and luciferase activity was assessed as a measure of /d transcriptional activity. The data are the mean from four culture wells
(mean + SEM). **Indicates P<0.01 vs. treatment with AdipoRon alone. B MC3T3-E1 cells were incubated with AdipoRon. Expression of the osteoblast
differentiation-related genes Runx2, Osx, and Ocn in MC3T3-E1 cells after incubation with AdipoRon. The samples were analyzed by quantitative
reverse transcription polymerase chain reaction and were normalized to the 3-actin mMRNA. The data are the mean from six culture wells

(mean + SEM). **Indicates P<0.01 vs. treatment with AdipoRon alone. C Cells were treated with AdipoRon in the presence or absence of AICAR

(500 uM). Western blotting was conducted using targeted and 3-actin antibodies. Similar results were obtained in four independent experiments
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TCPD (unpublished personal data). We recently reported
that AICAR promoted mineralization in MC3T3-E cells
on a titanium disc [8]. In line with the results of the pre-
sent study, those results indicated that AMPK activa-
tion dominantly enhanced osteoblast differentiation in
MC3T3-E1 cells on a titanium disc as well as previous
reported on TCPD, suggesting that AICAR synergisti-
cally enhances BMP-induced osteoblast differentiation
via the Smad1/5 signaling pathway, at least in part.

Autophagy has been reported to play necessary roles in
the homeostasis of bone tissue [22]. Interestingly, numer-
ous undegraded autophagic vacuoles accumulated in
the presence of a halted autophagic flux in undifferenti-
ated mesenchymal stem cells [23], suggesting that these
accumulated autophagic vacuoles may serve as a source
of rapidly produced energy substrates to support MSC
differentiation [14, 24]. Osteoblasts are specialized mes-
enchymal-derived cells that are involved in bone forma-
tion; in turn, impaired autophagy in osteoblasts leads to a
decreased bone mass [14, 25, 26].

The activation of AMPK, including that observed here,
induced autophagy and osteoblast differentiation form
stromal/stem cells in bone marrows and periodontal
ligaments [6, 13, 27]. In the present experiments, BMP-2
induced the expression of autophagy-associated mole-
cules, such as Beclin-1, BNIP3, and LC3-II, in MC3T3-E1
cells on a titanium disc as well as on TCPD. Furthermore,
we found that AICAR, which is an AMPK activator, in
the presence of BMP-2 also upregulated the expression
of autophagy-associated molecules, especially LC3-II,
on the titanium disc. In contrast, 3-MA, which is a PI3K
inhibitor, suppressed the expression of autophagy-asso-
ciated molecules, as well as osteoblast differentiation-
associated molecules. Although OIM has been reported
to stimulate osteoblast differentiation from mesenchy-
mal stromal cells on TCPD via partially AMPK activa-
tion BMP-2 had little effect on AMPK phosphorylation
on titanium disc. In present experiments, AMPK activa-
tion enhanced osteoblast differentiation from MC3T3-E1
cells on a titanium disc via the activation of autophagy.
These results indicated that AMPK activated autophagy,
resulting in enhancement of osteoblast differentiation in
MC3TS3-EL1 cells pre-osteoblast on a titanium disc.

Adiponectin is an adipose-derived peptide hormone,
exerts anabolic effects to decrease insulin resistance
and metabolic disorders by promoting glucose utiliza-
tion and fatty acid oxidation via AMP-activated protein
kinase (AMPK) signaling pathways [28-30]. AMPK acti-
vation has been reported to stimulate some downstream
signaling pathway, such as Wnt/b-catenin [31], eNOS
[32], ERK [33], and autophagy [6] in osteoblast lineages
including mesenchymal stem/stromal cells on TCPD, but
not titanium disc. In addition, the adiponectin receptor
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type 1 is expressed in osteoblasts, osteoclasts, and chon-
drocytes [34].

AdipoRon (APN) has been reported to bind to endog-
enous adiponectin type 1/type 2 receptors to improve
insulin resistance and glucose intolerance [35]. APN
promoted new bone formation in patients with diabetes
mediated by impaired endochondral ossification-induced
delayed bone repair in rodent models of diabetes [16, 36].
The property of APN also induced the mobilization and
recruitment of bone-marrow-derived mesenchymal stem
cells, to participate in tissue repair [37, 38]. However, lit-
tle is known about the mechanism of APN in osseointe-
gration in rodents treated with dental implants in vitro.
In the present study, we found that APN activated AMPK
on titanium disc as well as TCPD and then increased
the expression of both osteoblast differentiation and
autophagy-associated molecules in osteoblasts, suggest-
ing the enhancing effect of AMPK activators on osteo-
blast differentiation during osseointegration on titanium
discs in vitro.

The percentage of failure in the early phase after den-
tal implantation has recently been reported to be higher
than that of the late phase in patients with type II dia-
betes [39, 40]. Patients with type II diabetes have been
reported to exhibit a decrease in the concentration of adi-
ponectin in the serum [41, 42]. In a histological study, the
tissues surrounding the dental implant were observed to
be immature and less-organized bone in model animals
of uncontrolled diabetes [43]. Furthermore, the qual-
ity of new bone and osseointegration were significantly
reduced, even though insulin-controlled model rats for
diabetes [44—46]. Therefore, the lower level of osseointe-
gration in patients with diabetes is a clinically important
event that warrants improvement during dental implant
therapy. However, little is known whether AMPK acti-
vation using its activator enhance earlier and stronger
bone-to-implant contact and osseointegration in vivo,
even though diabetes model rodents. Further studies are
required to clarify these issues.

Conclusion

In the present study, we found that APN and down-
stream AMPK signaling enhanced osteoblast differen-
tiation. Furthermore, the upregulation was regulated by
autophagy signaling. These results suggest the enhance-
ment of osteoblast differentiation and mineralization
in peripheral alveolar bone after implantation, even in
patients with diabetes, leading to an early gain of fine
osseointegration and implant stability.
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