Research Reports: Biological

Journal of Dental Research

2019, Vol. 98(3) 313-321

© International & American Associations
for Dental Research 2019

Article reuse guidelines:
sagepub.com/journals-permissions

DOI: 10.1177/0022034518818449
journals.sagepub.com/home/jdr

An Adiponectin Receptor Agonist Reduces
Type 2 Diabetic Periodontitis

X. Wu'?, W. Qiu?, Z. Hu%, J. Lian? Y. Liu%, X. Zhu?, M. Tu} F. Fang?, Y. Yu?,
P. Valverde?, Q. Tu?, Y. Yu', and J. Chen?*

Abstract

Periodontitis is twice as prevalent in diabetics as in nondiabetics, and type 2 diabetes (T2D)-associated periodontitis is severe in
many cases due to the altered and aberrant functions of bone cells in hyperglycemic conditions. Therefore, developing an effective
method to halt the disease process, as well as restore and regenerate lost alveolar bone to reserve the natural teeth in diabetics, is
critically important. In the current study, we applied a newly discovered adiponectin receptor agonist AdipoRon (APR) in experimental
periodontitis in diabetic animal models and demonstrated the underlying molecular mechanisms. We found that when APR systemically
quenched the blood sugar level in diet-induced obesity (DIO) diabetic mice, it reduced osteoclast numbers and alveolar bone loss
significantly due to APR’s inhibition on osteoclast differentiation shown in our in vitro studies. APR also decreased the production of
proinflammatory molecules CC chemokine ligand 2 and interleukin 6 in diseased gingival tissues. On the other hand, APR promoted
alveolar bone regeneration through enhancing osteogenic differentiation and decreasing stromal cell-derived factor | in the bone
marrow that facilitates stem cell migration. Same results were achieved by APR treatment of periodontitis induced in adiponectin (APN)
knockout mice, indicating the ability of APR to activate the endogenous APN receptors to exert osteoanabolic effects. In summary, our

study supports the notion that APR could be used as an effective multipronged approach to target T2D-associated periodontitis.
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Introduction

Patients with type 1 and type 2 diabetes mellitus (T1DM,
T2DM) have been reported to suffer a range of bone-related
complications. Twice as prevalent in diabetics as nondiabetics,
periodontitis is the sixth most common complication of diabe-
tes (Preshaw et al. 2012; Sanz et al. 2018). T2DM-associated
periodontitis is particularly severe in many cases (Sima and Van
Dyke 2016). The consequence of periodontitis is excessive
alveolar bone resorption leading to tooth loss, with severe nega-
tive impacts on chewing, swallowing, nutrient intake, speaking,
facial expression, and aesthetics (Eke et al. 2012). Furthermore,
it can trigger general inflammation, impairing cardiovascular,
endocrine, and reproductive systems. The local periodontal
inflammation also leads to inadequate glycemic control and
worsens diabetic conditions (Preshaw et al. 2012; Polak and
Shapira 2018). The diabetes-associated process of periodontitis
and delayed bone wound healing both are associated with
supernormal osteoclastogenesis (Liu et al. 2006; Kayal et al.
2007). Diabetes-associated periodontitis shows more proin-
flammatory mediators including tumor necrosis factor oo (TNF-
a), interleukin (IL)-6, and CC chemokine ligand 2 (CCL2) in
periodontal tissues (Wu et al. 2017), promoting osteoclast for-
mation through receptor activator of nuclear factor kB ligand
(RANKL), which leads to increased osteoclast numbers and its
activity. Diabetes also affects bone-healing phases via increased
osteoclastogenesis, leading to a prolonged bone turnover and
reformation (Kasahara et al. 2010).

Most T2DM patients also exhibit dysfunction of osteoblas-
tic differentiation and a failure to mobilize stromal cells from
the bone marrow space to the circulation, referred to as dia-
betic stem cell mobilopathy (DiPersio 2011; Fadini et al. 2013).
Stromal cell-derived factor 1 (SDF-1) is one of the mobilizing
factors (Otsuru et al. 2008), normally produced by bone mar-
row mesenchymal cells (BMSCs), cells of the osteoblastic lin-
eage, and endothelial cells (Lapid et al. 2012). Binding of
SDF-1 to its receptor CXCR4 results in the mobilization of
stem cells from the bone marrow to the circulation (DiPersio
2011) and recruitment of BMSCs from bone marrow to bone
wound area (Otsuru et al. 2008).
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Adiponectin (APN) signaling is emerging as a promising
target to treat diabetes and its bone complications resulting
from excessive osteoclastic activity or deficient bone wound
healing. Several studies have reported a direct correlation
between low APN levels and severe periodontal disease in
humans (Teles et al. 2012; Bharti et al. 2013; Zimmermann
et al. 2013), and APN was shown to ameliorate inflammation
and experimental periodontitis in diet-induced obesity (DIO)
mice (Zhang et al. 2014). Our laboratory also reported APN
inhibited osteoclastogenesis (Tu et al. 2011; Wu et al. 2014),
enhanced BMSCs’ migration from bone marrow to peripheral
blood, and promoted calvarial bone regeneration in DIO mice
(Yu et al. 2015). However, clinical use of APN as a treatment
has significant disadvantages, including the high potential for
adverse immunoreactions, the need for constant intravenous
(IV) injection of high doses to elicit effects, and the challenge
of producing APN protein on a large scale.

AdipoRon (APR) is an orally active small molecule that
binds and activates the APN receptors AdipoR1 and AdipoR2,
leading to similar antidiabetic effects through APN signaling
(Okada-Iwabu et al. 2013). APR ameliorated insulin resistance
and glucose intolerance and prolonged the shortened life span
of diabetic mice. In this study, we investigated whether APR
could attenuate diabetic periodontitis by establishing experi-
mental periodontitis mouse models in APN knockout (KO) and
DIO mice. We also characterized APR direct effects in osteo-
clasts and osteoblasts in vitro.

Materials and Methods

Mice, Experimental Periodontitis Model,
and APR Treatment

Wild-type (WT; C57BL/6J, Jax#000664), DIO (Jax#380050),
and APN KO (Jax#008195) mice were purchased from the
Jackson Laboratory. The DIO mice were fed with a high-fat
diet (containing 60% kcal from fat; Jackson Laboratory) at 6 wk
of age and later. The WT mice were fed with an ordinary diet
as normal chow (NC)—fed mice, and APN KO mice were main-
tained and fed with a NC diet as previously described (Tu et al.
2011). Experimental periodontitis was established on 20-wk-
old mice and induced by the 5-0 silk suture (Zhang et al. 2014).
Briefly, animal surgeries were performed under ketamine/xyla-
zine and buprenorphine, and the suture was placed around the
maxillary second molar and tied on the palatal side and changed
every 2 wk if the suture was loose.

APR was orally gavaged (50 mg/kg body weight) (Okada-
Iwabu et al. 2013) concurrently to the establishment of experi-
mental periodontitis for 2 wk. In alveolar bone regeneration
studies, APR postperiodontitis treatment was given in mice
that were previously subjected to experimental periodontitis
for 4 wk, after removing the suture for the 3 following weeks.

Tissue Sampling, Micro—Computed Tomography,
and Histology Staining Protocols

Bone marrow macrophages (BMMs) were isolated from the
DIO and NC mice to evaluate their differentiation toward the

osteoclastic lineage. Gingival tissues on the palatal side and
bone marrow flushed from tibia and femur were sampled for
expression analysis. All tissue samples were immediately
stored at —80°C until further use.

The skulls were scanned by Bruker Skyscan micro—com-
puted tomography (CT) system. The alveolar bone loss was
defined as the distance from the cement-enamel junction (CEJ)
to the alveolar bone crest (ABC) measured at 6 sites (mesio-
buccal, midbuccal, distobuccal, mesiopalatal, midpalatal, and
distopalatal) using Ctan software (Bruker microCT). For some
experiments, mice were subjected to micro-CT detection in
vivo under isoflurane anesthesia to establish the baseline of
alveolar bone loss after 4-wk suture placement. After micro-
CT analysis, the bone samples were processed for histology as
previously reported (Zhang, Tang, et al. 2017). Tissue sections
were stained with tartrate-resistant acid phosphatase (TRAP).

Cell Culture, Osteoclastogenesis, and
Osteogenesis Induction

For osteoclastogenesis induction, RAW 264.7 (ATCC) cells
and BMMs were routinely cultured as we described previously
(Zhang et al. 2014). TRAP staining was performed with the
Acid Phosphatase, Leukocyte (TRAP) Kit (Sigma) according
to the manufacturer’s instructions. For mineralization induc-
tion, primary calvarial bone osteoblasts were isolated and cul-
tured as we previously described (Tu et al. 2008). The cells
were induced in osteogenic medium for 6 d and serum starved
overnight, then they were treated with or without APR for 3 d to
conduct alkaline phosphatase (ALP) staining and expression
studies or for 6 days to perform Alizarin red (AR) staining.

RNA Extraction and Quantitative Reverse
Transcription Polymerase Chain Reaction Analysis

Total RNA from gingival soft tissues and bone marrow were
prepared with TRIzol reagent (Life Technologies) according to
the manufacturer’s instructions. Reverse transcription and
quantitative reverse transcription polymerase chain reaction
(qRT-PCR) assays were performed as described previously
(Zhang et al. 2014). Primers used for PCR amplification are
listed in Appendix Table 1.

Western Blot Analysis

Western blot analyses were performed as previously described
(Zhang, Valverde, et al. 2017). Antibodies for glyceraldehyde
3-phosphate dehydrogenase (GAPDH) (1:5,000) were pur-
chased from Cell Signaling Technology, and antibodies for
AdipoR1 (1:1,000), osteocalcin (1:1,000), NFATc1 (1:1,000),
B-actin (1:5,000), and Lamin B1 (1:5,000) were purchased
from Abcam and Santa Cruz companies. Blots were visualized
using ECL chemiluminescence reagents from Thermo Fisher.

Statistical analysis. Data are presented as mean + SD. Statisti-
cal significance was evaluated using the ¢ test between 2 groups
and 1-way analysis of variance (ANOVA) among 3 or more
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groups following Dunnett’s test if other groups comparing the
mean of each column with the mean of a control column. All
statistical analysis was performed using SPSS software 14.0
(SPSS, Inc.) and Prism GraphPad 6.0 (GraphPad Software).
Values of P < 0.05 were considered statistically different.

Results

APR Inhibited Osteoclastogenesis In Vitro

We first evaluated the ability of APR to inhibit osteoclast dif-
ferentiation in RAW 264.7 and BMM cultures induced to dif-
ferentiate toward the osteoclastic lineage. QRT-PCR analysis
revealed that osteoclastogenesis markers, including cathepsin
K, TRAP, and matrix metalloproteinase 9 (MMP-9), were sig-
nificantly upregulated in RAW 264.7 cells treated with RANKL
for 3 and 5 d, but cotreatment with APR significantly inhibited
expression of the 3 osteoclastogenesis markers in a dose-
dependent manner (Fig. 1A, B). When similar APR treatments
were conducted on primary BMM cultures induced to differen-
tiate with macrophage colony-stimulating factor (M-CSF) and
RANKL for 7 d, we also found a significant dose-dependent
inhibition of osteoclastogenesis marker expression (Fig. 1C).
TRAP stainings of differentiated BMM cultures also revealed
a dose-dependent decrease in the number of osteoclasts by
APR treatment (Fig. 1D).

To determine whether APR could partly inhibit osteoclast
differentiation by decreasing proliferation, we conducted a
CCK-8 cell proliferation assay on RAW 264.7 osteoclast-
precursor cell cultures treated with APR for 2 d. In these stud-
ies, we found the CCK-8 readings were higher for APR-treated
cells than for untreated cells (Fig. 1E). We then analyzed the
expression levels of NFATc1 in nuclear and cytosolic extracts
and found APR treatment decreased RANKL upregulation of
NFATc1 in cytoplasm and nuclei (Fig. 1F).

APR Promoted Calvarial Bone Osteoblast
Osteogenesis and Mineralization

We next evaluated the ability of APR to directly induce osteo-
genesis and mineralization in calvarial bone osteoblasts in
vitro. Higher ALP precipitation was found in APR-treated
osteoblast cultures than in control cultures (Fig. 2A). Similarly,
AR staining demonstrated increased production of mineralized
nodules in APR-treated osteoblast cultures than in controls
(Fig. 2B). In agreement with APR osteogenic induction capa-
bilities, the messenger RNA (mRNA) expression of osteogenic
markers ALP, OCN, and RUNX2 was significantly higher in
the APR-treated group than in control cells (Fig. 2C), and OCN
protein expression was also increased by APR (Fig. 2D). We
conducted a parallel immunohistochemistry (IHC) experiment
that confirmed the specificity of the OCN antibody (data not
shown).

APR Reduced Alveolar Bone Loss in
Experimental Periodontitis

To investigate whether APR could ameliorate alveolar bone loss,
experimental periodontitis was induced, and simultaneously,

APR was orally gavaged in NC mice for 2 wk (Fig. 3A). Control
NC mice were orally gavaged with vehicle for comparison pur-
poses. We then evaluated alveolar bone loss at 6 sites in the
APR group and vehicle group and found 12% less bone loss in
NC-APR mice than in NC-vehicle mice (Fig. 3B, D), with aver-
age values of 388.4 £ 34.4 pum for the vehicle group and 348.2
+ 41.2 um for the APR group. TRAP-stained alveolar bone
samples from NC-APR mice also showed a significantly lower
number of osteoclasts than in NC-vehicle mice alveolar bone
samples (Fig. 3F, G). Expression of inflammatory factors,
including CCL2 and IL-6, was also lower in palatal gingival
tissue of APR-treated mice than in the vehicle group, whereas
AdipoR1 expression was upregulated by APR (Fig. 3J).

To emulate T2DM-associated periodontitis and alveolar
bone destruction, we induced experimental periodontitis in
DIO mice for 2 wk and compared DIO-vehicle and DIO-APR
groups orally gavaged with vehicle or APR, respectively.
Routine characterization of weight and pretreatment blood glu-
cose level for DIO mice is shown in Appendix Figure 1 and
Figure 3L. The average alveolar bone loss measurement at 6
sites was 380.5 £ 29.8 um for DIO-vehicle and 333.6 = 18.9
um for DIO-APR mice. Whereas there was 13% lower bone
loss in the APR-treated group (Fig. 3C, E), differences between
DIO-vehicle and NC-vehicle groups were not significantly dif-
ferent (data not shown). TRAP-stained alveolar bone samples
from DIO-vehicle mice exhibited a higher number of osteo-
clasts than NC-vehicle mice, but APR reduced the osteoclast
number in the DIO-APR group (Fig. 3H, I). Whereas inflam-
matory factors, including CCL2 and IL-6, were enhanced in
DIO-vehicle gingival tissue compared with the NC-vehicle
group, APR significantly mitigated their upregulation (Fig.
3K). In addition, after systemic APR treatment, fasting blood
glucose concentration in the DIO-APR group showed a signifi-
cant improvement compared to the DIO-vehicle group while
the pre- and posttreatment glucose levels from the NC mice
were no different (Fig. 3L).

APR Promoted Postperiodontitis Bone
Regeneration in DIO and APN KO Mice

We then investigated the putative effects of APR in promoting
regeneration of alveolar bone loss postperiodontitis. To that
end, APR was administered after removing the suture for 3 wk
in mice previously subjected to experimental periodontitis for
4 wk (Fig. 4A). We first found that differences in bone loss
baseline among the NC, DIO, and APN KO groups after 4-wk
suture placement were not significant (Appendix Fig. 2). We
then defined alveolar bone regeneration as the difference
between CEJ-ABC distance in both post- and pretreatment
time points. Using this methodology, we did not identify sig-
nificant differences in alveolar bone regeneration between the
APR-treated and vehicle-treated NC mouse groups (Fig. 4B, C).

The same postperiodontitis alveolar bone regeneration
experiment was conducted in DIO mice to mimic the T2DM
pathological environment. As expected, the alveolar bone
regeneration in the DIO-vehicle group was significantly lower
than in the NC-vehicle group. Most importantly, APR treatment
of DIO mice significantly enhanced the alveolar bone
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Figure 1. AdipoRon (APR) inhibits osteoclastogenesis in bone marrow macrophages (BMMs) and RAW 264.7 cells in a dose-dependent manner.
RAW 264.7 cells were treated with 50 ng/mL receptor activator of nuclear factor kB ligand (RANKL) with or without APR ranging from 2.5 to

40 pMin 3 d (A) and in 5 d (B). Quantitative reverse transcription polymerase chain reaction (QRT-PCR) analysis of cathepsin K, tartrate-resistant
acid phosphatase (TRAP), and matrix metalloproteinase 9 (MMP-9) messenger RNA (mRNA) expression were calculated (n = 5 to 7). Isolated from
6-wk mice femur and tibia, BMMs were treated with |0 ng/mL macrophage colony-stimulating factor (M-CSF) and 50 ng/mL RANKL with or without
APR ranging from 2.5 to 40 uM in 7 d (C). qRT-PCR analysis of cathepsin K, TRAP, and MMP-9 mRNA expression were calculated (n = 5) as well as
TRAP-stained osteoclast-like cells, as highlighted with arrows in (D) (scale bar = 100 pm). (E) The CCK-8 analysis of RAW 264.7 cells’ proliferation
at different doses of APR (0, 5, 10, or 20 pM) in 48 h. (F) Nuclear and cytosolic extracts were prepared from BMMs treated with RANKL and M-CSF
with or without APR for 5 d (n = 3). NFATCI expression was evaluated in cytoplasmic and nuclear fractions and then relative expression calculated
using B-actin or Lamin Bl as loading controls for cytoplasmic and nuclear expression, respectively (n = 3). Data are shown as mean + SD. *P < 0.05.

P < 0.01. ¥*P < 0.001.
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Figure 2. AdipoRon (APR) promotes osteogenesis and mineralization in vitro. Calvarial bone osteoblasts were isolated and induced to undergo
osteogenesis. Alkaline phosphatase (ALP) staining (A) and Alizarin red (AR) staining (B) of osteogenesis induced calvarial bone osteoblasts treated
with or without APR at 80 pM (scale bar = 100 pm). (C) Quantitative reverse transcription polymerase chain reaction (QRT-PCR) of ALP, OCN,
and RUNX2 messenger RNA expression was examined in osteogenesis-induced calvarial bone osteoblasts treated with or without APR at 80 yM
(n = 3). (D) Western blot analysis of OCN protein levels normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The numbers below
represented the mean of protein/GAPDH ratios normalized to 1.0 (OM-APR-group) quantified by densitometry. Data are shown as mean + SD.

*P < 0.05. ¥P < 0.01. **P < 0.001.

regeneration measurements (Fig. 4B, D). Similarly, APR treat-
ment of APN KO mice led to higher bone regeneration param-
eters than in the APN KO-vehicle group (Fig. 4B, E).

Declined Osteoclastogenesis of BMMs and
Decreased Expression of SDF-1 in Bone Marrow
in APR-Treated DIO and APN KO Mice

We then conducted a series of ex vivo experiments to corrobo-
rate the antiosteoclastogenic effects of APR treatment. To that
end, NC and DIO mice were treated with APR or vehicle for
2 wk, and BMMs were isolated from tibia and femur and osteo-
clastogenesis induced with M-CSF and RANKL for 5 d. The
mRNA expression levels of cathepsin K and TRAP were sig-
nificantly lower in the APR-treated NC group than in vehicle
control (Fig. 5A). While both osteoclastogenesis markers were
significantly higher in the DIO-vehicle group than in the
NC-vehicle group, APR decreased cathepsin K and TRAP
expression in the DIO-APR group (Fig. 5B, C).

We then evaluated the impact of APR on SDF-1 expression
in bone marrow subjected to the postperiodontitis alveolar
bone regeneration experimental model. We found that differ-
ences in SDF-1 expression between the APR-treated and vehicle-
treated NC mouse groups were not significant (Fig. 5D), while
the SDF-1 expression level was significantly higher in the
vehicle-treated DIO and APN KO group compared to the NC
group (Fig. 5E, F), and APR lowered the SDF-1 expression
level in the DIO-APR group (Fig. SE) and APN KO-APR
group (Fig. SF). On the other hand, the mRNA expression of
the receptor of SDF-1, CXCR4, was not significantly different
between vehicle and APR treatment groups in NC, DIO, and
APN KO mice (Appendix Fig. 3).

Discussion

In addition to mediating antidiabetic properties, APR (Okada-
Iwabu et al. 2013) has been described to exhibit efficacy to treat
diabetic complications in the cardiovascular and other organs
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such as the kidney in animal models (Zhang et
al. 2015; Kim et al. 2018). We therefore inves-
tigated whether APR could ameliorate type 2
diabetic bone complications like periodontitis
in mouse models of experimental periodontitis
established in DIO, APN KO, and NC mice.
We first demonstrated APR inhibited osteo-
clastogenesis in vitro, and inhibition of osteo-
clastogenesis by APR did not seem to result
from an inhibition of osteoclast-precursor cell
proliferation. These results were in agreement
with the ability of APR to emulate APN signal-
ing in osteoclast-precursor cells to inhibit
osteoclastogenesis and NFATcl expression
(Oshima et al. 2005; Tu et al. 2011; Zhang et al.
2014).

We then established experimental peri-
odontitis in NC and DIO mice and evaluated
APR impact in ameliorating alveolar bone
loss. We found lower alveolar bone loss in
APR-treated mice than in vehicle-treated
mice. These results were consistent with
lower osteoclast numbers in alveolar bone
samples isolated from APR-treated mice and
decreased mRNA expression of inflammatory
cytokines in palatal gingival tissue of APR-
treated groups. Indeed, recent studies using
lineage-specific approaches indicate that
RANKL provided by periodontal ligament
and bone-lining cells participates in periodon-
tal bone resorption (Yang et al. 2018). Our
previous study also found that APN inhibits
RANKUL-induced osteoclastogenesis and bone
resorption via suppression of Aktl (Tu et al.
2011). In the experimental model of periodon-
titis that we used in this study, the differences
in alveolar bone loss between DIO-vehicle
and NC-vehicle groups were not significantly
different, but the diabetic condition in the
DIO-vehicle group was associated with
increased osteoclast numbers in alveolar bone
and higher mRNA expression of inflamma-
tion cytokines in palatal gingival tissue. Using

Figure 3. AdipoRon (APR) reduced alveolar bone loss in experimental periodontitis. (A)
Timeline experimental design to evaluate APR effects in alveolar bone loss. Representative
3-dimensional model reconstruction of the experimental periodontitis of normal chow (NC)
mice (B) and diet-induced obesity (DIO) mice (C). Periodontal tissue in buccal and palatal
sides and alveolar bone crests are shown in red dotted lines; the CE] was shown in yellow
dotted lines; the distance between the cementoenamel junction (CEJ) and alveolar bone
crest (ABC) in 6 sites is shown in (D) (n = 7) and (E) (n = 9). (F) Representative tartrate-
resistant acid phosphatase (TRAP) staining of the periodontal tissue in NC mice. Black arrow,
osteoclast (scale bar = 200 pm). (G) Osteoclast number in periodontal tissue slice was 10.3
+ 1.5 (vehicle) and 5.0 £ 1.4 (APR) (n = 4). (H) Representative TRAP staining of periodontal

<<
<

tissue from DIO mice. Black arrow, osteoclast (scale
bar = 200 um). (I) Osteoclast number in periodontal
tissue slice was 14.8 + 3.0 (vehicle) and 5.8 £ 2.1
(APR) (n = 4). Quantitative reverse transcription
polymerase chain reaction (QRT-PCR) of CC
chemokine ligand 2 (CCL2), interleukin 6 (IL-6), and
AdipoR | messenger RNA expression was examined
in gingival tissue from NC mice (J) (n = 4) and DIO
mice (K) (n = 4), normalized to glyceraldehyde
3-phosphate dehydrogenase (GAPDH). Data are
shown as mean * SD. *P < 0.05. **P < 0.01. ***P

< 0.001. (L) Pre- and posttreatment fasting blood
glucose concentration of DIO and NC mice with or
without APR treatment. *P < 0.01.



New Treatment for Diabetic Periodontitis

319

type 2 Zucker diabetic fatty (ZDF)
rats, Liu et al. (2006) demonstrated
that diabetes further enhances alveo-
lar bone loss through increased
resorption and diminished bone
formation.

It is well known that periodontal
inflammation not only stimulates
osteoclastogenesis and  alveolar
bone loss but also interferes with the
uncoupling of bone formation and
bone resorption (Graves et al. 2011).
Patients with diabetes mellitus have
a higher risk of delayed bone frac-
ture healing (Hamann et al. 2012).
We conducted a postperiodontitis
alveolar bone regeneration series of
experiments and found that the alve-
olar bone recovery was shorter in the
DIO group than in the NC group.
Increased osteoclast numbers and
inflammatory cytokine expression in
the bone tissue and delayed bone
wound recovery in the DIO group
corroborated that diabetes progres-
sion negatively affected bone metab-
olism by promoting bone loss and
inhibiting bone regeneration.

APN has been reported to pro-
mote osteogenesis on BMSCs and
preosteoblast cultures (Chen et al.
2015; Neumann et al. 2016; Pu et al.
2016). Furthermore, BMSCs over-
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Figure 4. AdipoRon (APR) promotes postperiodontitis bone regeneration in diet-induced obesity
(DIO) and adiponectin (APN) knockout (KO) mice. (A) Timeline experimental design to evaluate
APR effects in promoting postperiodontitis alveolar bone regeneration. (B) Representative buccal
side of the 3-dimensional model reconstruction of the alveolar bone in normal chow (NC), DIO, and
APN KO mice. The distance between CEJ and ABC in 6 sites was measured. The bone regeneration
was defined as the difference of the distance between the pretreatment time point and the post-3-wk
time point shown in (C), (D), and (E) for NC, DIO, and APN KO mice, respectively (n = 5). Data are
shown as mean + SD.

*P < 0.05.

expressing APN were previously
shown to promote calvarial bone
defect healing (Wang et al. 2017). In this work, we conducted
in vitro studies that revealed APR could mimic APN actions in
inducing osteogenesis of primary osteoblasts. We found that
the maximal concentrations of APR affecting osteogenesis or
osteoclast differentiation were different (80 vs. 40 uM), which
can be useful for in vivo applications. We further evaluated
whether APR could regenerate alveolar bone loss associated
with experimental periodontitis in DIO mice. We also con-
ducted these experiments in APN KO to exclude the potential
interference of endogenous APN in APR osteogenic effects in
vivo. The results demonstrated that APR could promote bone
formation, even in the absence of APN. Therefore, APR can be
used to emulate previously reported effects of APN administra-
tion in promoting bone formation and calvarial bone regenera-
tion (Yu et al. 2015; Wang et al. 2017).

SDF-1 and its receptor form a signaling axis with pivotal
roles in mediating the mobilization of stem cells from the bone
marrow to the peripheral circulation (DiPersio 2011) and the
recruitment of BMSCs to fracture sites to promote bone repair
(Otsuru et al. 2008; Kitaori et al. 2009). Our lab previously

reported that systemic APN infusion ameliorated hyperglyce-
mia and the failure to mobilize hematopoietic stem cells
(HSCs) from the bone marrow to circulation while promoting
calvarial bone regeneration in DIO mice (Yu et al. 2015) by
creating a chemotactic gradient of SDF-1 between bone mar-
row and peripheral blood. In the current study, our results
revealed that APR treatment led to lower SDF-1 expression in
bone marrow in both APN KO-APR and DIO-APR groups
compared with vehicle-treated mice. Our results supported the
potential ability of APR to amplify the SDF-1 chemotactic gra-
dient between bone marrow and circulation by downregulating
SDF-1 in bone marrow to facilitate stem cell migration to the
circulation for alveolar bone repair.

Our study, however, has some limitations. First, the micro-
CT analysis and bone measurements were conducted by only 1
well-trained pathologist, who was blind to group classification.
Second, mice were fed with the NC diet, which contains 6%
fat, while low-fat diets are considered a better choice for diet
studies (Dalby et al. 2017) . Third, although DIO mice used in
this study are an appropriate model for studying prediabetes
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properties in T2DM patients. Our
study supports the notion that APR
could be a promising approach to tar-
get diabetes and associated periodon-
titis by controlling hyperglycemia,
suppressing inflammation, inhibiting
excessive osteoclastogenesis-induced
bone loss, and improving bone-regen-
erating capabilities (Fig. 5G).
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Figure 5. Decreased osteoclastogenesis and expression of stromal cell-derived factor

| (SDF-1) in bone marrow in AdipoRon (APR)—treated diet-induced obesity (DIO) and
adiponectin (APN) knockout (KO) mice. After 2 wk of treatment with vehicle or APR, bone
marrow macrophages (BMMs) were isolated from the normal chow (NC) and DIO mice and
induced to differentiate through the osteoclastogenic lineage by ex vivo treatment with 10
ng/mL macrophage colony-stimulating factor (M-CSF) and 50 ng/mL receptor activator of
nuclear factor kB ligand (RANKL) for 5 d. Quantitative reverse transcription polymerase chain
reaction (QRT-PCR) of cathepsin K and tartrate-resistant acid phosphatase (TRAP) messenger
RNA (mRNA) expression in NC mice treated with vehicle or APR (A) (n = 4-6), as well as
cathepsin K (B) (n = 4-6) and TRAP (C) (n = 4-6) in DIO mice treated with vehicle or APR.
SDF-1 mRNA expression was examined in a postperiodontitis regeneration mice model in
bone marrow (n > 4) sampled from NC mice (D), DIO mice (E), and APN KO mice (F)
treated with APR or vehicle. Data are shown as mean £ SD. *P < 0.05. **P < 0.01. ***P < 0.001.
(G) Proposed model of APR mechanisms to ameliorate diabetic bone disorders. APR, an orally
active synthetic APN receptor agonist, inhibited osteoclastogenesis and nuclear expression of
NFATCcI. In addition to alleviating diabetic alveolar bone loss in our periodontitis model, APR
increased osteogenesis and mineralization, as well as promoted alveolar bone regeneration
postperiodontitis in DIO mice. APR also decreased expression of SDF-I in bone marrow,
which might create a favorable SDF-|-mediated chemotactic gradient to facilitate stem cell
migration from the bone marrow to the circulation for further use in alveolar bone repair and
homeostasis in DIO mice.
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and diabetes-related metabolic syndrome, APR treatment of
other periodontitis models of diabetes such as a polygenic dia-
betic model should be investigated in future studies to support
the potential of APR to treat T2DM-associated periodontitis.
Current pharmacotherapies for bone metabolic diseases
include antiresorptive drugs and anabolic bone-forming drugs
(Valverde 2008; Weinstein et al. 2010; Henriksen et al. 2013;
Tsuchie et al. 2013), without mediating known antidiabetic
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