Bone 122 (2019) 22-30

ne

Contents lists available at ScienceDirect

Bone

I

journal homepage: www.elsevier.com/locate/bone —

Full Length Article

Advanced glycation end-product 2 and Porphyromonas gingivalis R

lipopolysaccharide increase sclerostin expression in mouse osteocyte-like it
cells

Eijiro Sakamoto, Jun-ichi Kido®, Ryosuke Takagi, Yuji Inagaki, Koji Naruishi, Toshihiko Nagata,
Hiromichi Yumoto

Department of Periodontology and Endodontology, Institute of Biomedical Sciences, Tokushima University Graduate School, Tokushima, Japan

ARTICLE INFO ABSTRACT

Keywords: Sclerostin is a secreted glycoprotein that is mainly expressed in osteocytes, exerts negative effects on bone
Sclerostin formation, and is present at elevated levels in diabetes mellitus (DM). Periodontitis is an infectious disease
Osteocyte caused by periodontopathic bacteria, a complication of DM, and sometimes associated with severe inflammation
Diabetes mellitus and alveolar bone resorption. Advanced glycation end-products (AGEs) are a major pathogen in DM compli-
ie(;—;;donnns cations and adversely influence periodontitis in DM patients. In the present study, the effects of AGE2 and
P-LPS Porphyromonas gingivalis lipopolysaccharide (P-LPS) on the expression of sclerostin in mouse osteocyte-like cells

(MLO-Y4-A2 cells) and its function in osteoblast differentiation were investigated. AGE2 and P-LPS up-regulated
the expressions of receptor of AGE (RAGE) and Toll-like receptor 2 (TLR2), respectively, and significantly up-
regulated that of sclerostin and interleukin 6 (IL-6) in osteocytes. Sclerostin, RAGE and TLR2 levels were sy-
nergistically increased by AGE2 and P-LPS. The siRNAs of RAGE and TLR2 significantly inhibited AGE2- and P-
LPS-induced sclerostin expression. AGE2 up-regulated sclerostin expression in osteocyte-like cells via the RAGE,
ERK and JNK, and NF-kB signal pathways. On the other hand, P-LPS elevated sclerostin levels via the TLR2, JNK
and p38, and NF-kB signal pathways. When osteocytes pre-treated with AGE2 and P-LPS and osteoblastic cells
(MC3T3-E1) were co-cultured in the medium with a sclerostin-neutralizing antibody, AGE2- and P-LPS-induced
decreases in alkaline phosphatase activity and Runx2 expression in osteoblastic cells were significantly inhibited
by the sclerostin-neutralizing antibody. These results suggest that AGE2 and P-LPS influence bone metabolism
and inflammation through the regulation of sclerostin expression, and may aggravate periodontitis with DM.

1. Introduction

Osteocytes are the main cellular component of bone tissue [1] and
play an important role in bone metabolism through the expression of
several bone-related factors including receptor-activator of nuclear
factor kB ligand (RANKL), dickkopf-related protein 1 (DKK1) and
sclerostin [2]. Sclerostin is encoded by the SOST gene, mainly expressed
in osteocytes, and detected in marrow stromal cells, osteoclast pre-
cursors and osteoblasts [3]. Sclerostin reduces osteoblastic bone for-
mation by inhibiting the Wnt/pB-catenin signaling pathway [4], and has
been shown to stimulate RANKL secretion from osteocytes and induce
osteoclastogenesis [5]. Bone mineral density, bone volume, osteoblast
activity, and bone strength were previously reported to be reduced in
transgenic mice overexpressing sclerostin [6]. Furthermore, a clinical
study showed that monoclonal humanized antibodies to sclerostin
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significantly reduced the risk of new bone fracture and increased bone
mineral density in postmenopausal women with osteoporosis [7]. Thus,
sclerostin modulates bone metabolism for bone formation and resorp-
tion by inhibiting osteoblastic functions and regulating osteoclast dif-
ferentiation through the modulation of RANKL levels. Circulating levels
of sclerostin are elevated in diabetes mellitus (DM), menopause, os-
teolytic cancers, and immobilization [8]. Serum sclerostin levels were
previously reported to be higher in type 1 and 2 DM patients than in
non-DM individuals [9,10], and sclerostin levels have been shown to
reflect bone fragility, with elevations being associated with more bone
fractures in DM patients [11]. These findings suggest that sclerostin
induces catabolic effects on bone metabolism in DM and its associated
complications.

Periodontal diseases are chronic inflammatory diseases that are
caused by multifactorial factors and mainly by Gram-negative bacteria
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[12]. Periodontopathic bacteria, including Porphyromonas gingivalis (P.
gingivalis), Tannellera forsythia and Treponema denticola, induce in-
flammation in periodontal tissues and degrade periodontal ligaments
and alveolar bone, which ultimately results in tooth loss [13,14]. The
lipopolysaccharide of P. gingivalis (P-LPS) is a potential pathogenic
factor in periodontitis and leads to destructive inflammation in peri-
odontal tissues [15]. P-LPS inhibits osteoblastic differentiation and
functions [16,17], and stimulates the production of pro-inflammatory
cytokines including interleukin (IL)-la, IL-1f, IL-6, IL-8, IL-18 and
tumor necrosis factor (TNF)-a in monocytes [18]. Periodontitis is in-
fluenced by systemic diseases such as DM, HIV/AIDS, and osteoporosis
[19]. DM is a risk factor for periodontitis and DM-associated period-
ontitis exhibits more extensive and severe bone destruction and gin-
gival inflammation than non-DM periodontitis [20,21]. Advanced gly-
cation end-products (AGEs) are formed in the chronic hyperglycemia of
DM and are associated with incidence of some DM complications,
Alzheimer's disease, sarcopenia, and arthritis [22,23]. AGEs bind to the
receptor of AGEs (RAGE) and increase reactive oxygen species (ROS)
activity, vascular inflammation, macrophage and platelet activation,
and the migration of inflammatory cells [24]. Furthermore, pentosi-
dine, which is an AGE, has been shown to accumulate in cortical and
trabecular bones and weaken bone strength [25].

AGEs accumulate in the gingival tissues of patients with DM and
periodontitis [26], up-regulate the expression of inflammatory media-
tors, such as IL-1f, IL-6, and TNF-q, in periodontal tissues, and inhibit
bone nodule formation by osteoblasts [27,28]. A previous study re-
ported that AGEs decreased alkaline phosphatase (ALPase) activity and
bone nodule formation by bone marrow cells and also inhibited os-
teoblastic cells differentiation [29]. These findings show that AGEs
aggravate bone formation as well as inflammation in periodontal tissues
in DM-associated periodontitis. On the other hands, sclerostin levels
were found to be increased in the serum and periodontal tissues of
patients with periodontitis [30], and its levels in the gingival crevicular
fluid from inflamed periodontal sites was higher than that from healthy
sites [31], suggesting that sclerostin influences periodontal conditions
with gingival inflammation and alveolar bone resorption.

Although AGEs and P-LPS are important factors in periodontitis and
DM, their effects on osteocytes in periodontitis with DM remain un-
clear. To clarify alveolar bone metabolism in DM-associated period-
ontitis, the effects of AGEs and P-LPS on sclerostin expression in os-
teocytes and sclerostin function for osteoblastic cells were investigated.

2. Materials and methods
2.1. Preparation of AGEs (AGE2)

AGEs (AGE2) were prepared as previously described by Okazaki
et al. [32]. In brief, 50 mg/ml bovine serum albumin (BSA; Sigma-Al-
drich, St. Louis, MO, USA) was incubated with 0.1 M pt-glyceraldehyde
(Sigma-Aldrich) under sterile conditions in 0.2M phosphate buffer
(pH7.4) at 37 °C for 7 days, and then dialyzed against phosphate-buf-
fered saline (pH7.4) for three days. Non-glycated BSA was prepared
under similar conditions without pr-glyceraldehyde. The fluorescence
strength of AGEs solution was 40-fold greater than that of BSA at an
excitation/emission wavelength of 370/440 nm.

2.2. Cell cultures

Mouse osteocyte-like MLO-Y4-A2 cells were kindly provided by
Prof. T Sugimoto (Shimane University) with the consent of Prof. Lynda
F Bonewald (Indiana University). MLO-Y4-A2 cells were seeded at
5000 cells/cm? on type I collagen-coated dishes IWAKI, Tokyo, Japan),
and cultured in a-Eagle's minimum essential medium (a-MEM) con-
taining 10% fetal bovine serum (FBS) and antibiotics (100 U/ml peni-
cillin G, 50 pg/ml streptomycin, Meiji, Tokyo, Japan) at 37 °C in a hu-
midified atmosphere containing of 95% air and 5% CO,. Medium was
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changed every two days. On day 5, cells were reached subconfluency
and were cultured with 100 ug/ml AGEs and 250 ng/ml P-LPS (WAKO,
Osaka, Japan) for 24-48 h.

2.3. Assessment of cell viability

MLO-Y4-A2 cells were cultured in growth medium (a-MEM-10%
FBS) for 5 days, cultured with AGE2, BSA and P-LPS for 48 h, and then
incubated further in culture medium containing Cell Counting Kit-8
solution (Dojindo Laboratories, Kumamoto, Japan) for 4 h. The absor-
bance of the culture medium was measured at a wavelength of 450 nm
to evaluate cell viability.

2.4. RNA isolation and real-time PCR

Total RNA was prepared from cultured cells using the RNeasy Mini
kit (QIAGEN, Hilden, Germany) and cDNA was synthesized using the
Prime Script II 1st strand cDNA Synthesis Kit (TAKARA Bio, Shiga,
Japan). The sequences of the primers (forward/reverse) used were as
follows: SOST: 5-TACCCTCGCCGGACCTATAC-3’ and 5-CAGGTCAGG
GTC AGAAACCC-3’, RAGE: 5-AGGAACGTGCAGAGCTGAAT-3’ and
5-CTGGTTGGA GAAGGAAGTGC-3’, TLR2: 5"-TGCTTTCCTGCTGAAGA
TTT-3’ and 5-TGTACCGCA ACAGCTTCAGG-3’, IL-6: 5-GAGGATACC
ACTCCCAACAGACC-3’ and 5-AAGTGCATCATCGTTGTTCATACA-3’,
Runx2: 5-ACTATGGCGTCAAACAGCCT-3’ and 5-GGTGCTCGGATCCC
AAAAGA-3’, GAPDH: 5’-GTGTTCCTACCCCCAATGTG-3’ and 5-
AGGAGA CAACCTGGTCCTCA-3’. All PCR amplifications were per-
formed using the CFX96 Touch Real-Time PCR Detection System (Bio-
Rad, Hercules, CA, USA) with SsoAdvanced Universal SYBER Green
Supermix (Bio-Rad) according to the manufacturer's instructions.
mRNA expression levels were normalized against the GAPDH gene.

2.5. Enzyme-linked immunosorbent assay (ELISA)

Sub-confluent MLO-Y4-A2 cells were incubated with AGE2 (100 pug/
ml), BSA (100 pg/ml) and P-LPS (250 ng/ml) for 48 h. Sclerostin and IL-
6 protein levels in cultured medium were measured using ELISA kit (R&
D systems, Minneapolis, MN, USA) according to the manufacturer's
instructions.

2.6. Western blotting

Sub-confluent osteocytes were cultured with AGE2 (100 pg/ml) and
P-LPS (250 ng/ml) for 48h for a Western blot analysis of RAGE and
TLR2. In another experiment to examine signaling pathways, osteocytes
were treated with AGE2 and P-LPS for 1 h. Treated cells were prepared
using the RIPA Lysis Buffer system containing protease inhibitor cock-
tail and sodium orthovanadate (Santa Cruz Biotechnology, Santa Cruz,
CA, USA), and were centrifuged at 14,000g for 15min at 4 °C. Total
protein in the supernatants was measured using BCA Protein Assay kit
(TAKARA Bio, Japan). Extracted protein (30 pg of total protein) was
electrophoretically separated on SDS-polyacrylamide gels (10%) and
transferred to polyvinylidene difluoride (PVDF) membranes
(Amersham Hybond P PVDF membrane, GE Healthcare Japan, Tokyo,
Japan). After blocking with PVDF Blocking Reagent for Can Get Signal
(TOYOBO, Osaka, Japan) for 1 h at room temperature, membranes were
reacted with an anti-RAGE antibody (Ab) (1/1000 dilution, Abcam plc,
Cambridge, UK), mouse monoclonal anti-TLR2 Ab (1/250 dilution,
Abcam), and anti-p38 MAPK Ab, anti-phospho-p38 MAPK Ab, anti-JNK
Ab, anti-phospho-JNK Ab, anti-ERK 1/2 Ab, anti-phospho-ERK 1/2 Ab,
anti-p65-NF-kB Ab, anti-phospho-p65-NF-kB Ab, and anti-B-actin Ab
(1/1000-1/20,000 dilution, Cell Signaling Technology, Danvers, MA,
USA) at 4 °C overnight. In Western blotting of 3-catenin, the membrane
was reacted with an anti-f3-catenin and anti-phospho-f-catenin Abs (1/
1000 dilution, Cell Signaling Technology) at 4°C overnight. After
membranes had been washed with 0.1% Tween 20 in Tris-buffered
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Fig. 1. Effects of AGE2 and P-LPS on the cell viability of os-
teocytes. (A) MLO-Y4-A2 cells were seeded at 5000 cells/cm?,
cultured for 5 days, and then cultured with BSA (100 pg/ml;
Control), AGE2 (100 pg/ml), and P-LPS (250 ng/ml) for 48 h.
Cell viability was assessed using Cell Counting Kit-8®. Data
are expressed as mean = SD of quadruplicate cultures
(n = 4). N.S shows no significant differences from the control
group with BSA. (B) Cell morphology was observed with
phase-contrast microscopy after cultures with BSA (100 pg/
ml; control), AGE2 (100 pg/ml), and P-LPS (250 ng/ml) for
48 h. (Magnification x 100).

saline (TBS), they were reacted with horseradish peroxidase (HRP)
conjugate mouse anti-rabbit IgG or HRP conjugate rabbit anti-mouse
IgG (1/2000 dilution, Cell Signaling Technology) for 1 h at room tem-
perature, and then developed by Amercham ECL Western Blotting
Detection Reagents (GE Healthcare Japan) and visualized using Image
Quant LAS 500 (GE Healthcare Japan).

2.7. siRNA transfection

Osteocytes were seeded at 5000 cells/cm? on collagen-coated dish
and cultured for 4 days in culture medium. When cells were 60-80%
confluent, the mouse siRNAs (50nM) of RAGE (QIAGEN), TLR2
(QIAGEN), and control siRNA (Santa Cruz Biotechnology) were trans-
fected into osteocytes using Lipofectamin RNAiMax (Thermo Fisher,
Waltham, MA, USA) according to the manufacturer's instructions. After
transfection for 24 h, osteocytes were treated with AGE2 (100 pg/ml)
and P-LPS (250 ng/ml) for 24-48 h, and used for quantitative real-time
PCR and ELISA to measure sclerostin levels.

2.8. Inhibition of MAPK and NF-kB signaling pathways

Sub-confluent osteocytes were pre-treated with specific inhibitors of
p38 (SB203580, 20 uM), JNK (SP600125, 20 uM), and ERK1/2 (U0126,
10 uM) for 1 h, and with Ik-Ba inhibitors (Bay11-7082, 5 uM) for 24 h.
After the pretreatment with the inhibitors, osteocytes were cultured
with AGE2 (100 pg/ml) and P-LPS (250 ng/ml) for 24-48 h and used to
measure sclerostin levels.

2.9. Co-culture system and ALPase activity measurements

The function of sclerostin secreted from osteocyte-like cells during
osteoblast differentiation was investigated using a sclerostin-neu-
tralizing antibody and co-culture system of osteocytes (MLO-Y4-A2
cells) and osteoblastic cells (MC3T3-E1 cells). For preliminary experi-
ment, the effective concentration of sclerostin-neutralizing antibody on
SOST expression in culture of osteocyte-like cells. In brief, MLO-Y4-A2
cells were seeded at a density of 5000 cells/cm? on type I collagen-
coated culture inserts (Corning, NY, USA) and cultured for 5 days until
sub-confluent. Osteocytes were cultured with AGE2 (100 pg/ml) and P-
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LPS (250 ng/ml) for 48h and further cultured with a sclerostin-neu-
tralizing antibody (1-10pg/ml, AbD09097-h/m IgG2a, Bio-Rad) for
24h. Cultured medium was used to assess sclerostin concentrations
with the ELISA kit for sclerostin. In the co-culture experiment, MLO-Y4-
A2 cells were seeded at a density of 5000 cells/cm? on type I collagen-
coated culture inserts (Corning, NY, USA), cultured for 5 days until sub-
confluent, and further pre-treated with AGE2 (100 pg/ml) and P-LPS
(250 ng/ml) for 48h. MC3T3-E1 cells were seeded at a density of
30,000 cells/ml, cultured in a-MEM-10% FBS for 3days, and then
cultured in differentiation medium (a-MEM-10%FBS containing 50 ug/
ml ascorbic acid and 2 mM p-glycerol phosphate) for 4 days. Pre-treated
osteocytes in the culture insert and osteoblastic cells in the outer well
were co-cultured in medium containing the sclerostin-neutralizing an-
tibody, but not AGE2 or P-LPS for 24 h. After the co-culture, osteo-
blastic cells were scraped into 50 mM Tris-HCl buffer (pH = 7.4), so-
nicated and centrifuged at 2000 x g for 10 min. ALPase activity in the
supernatant was determined using p-nitrophenyl phosphate as the
substrate according to Lowry's methods [33]. The total protein content
in the cellular fraction was measured using Bio-Rad protein assay re-
agent (Bio-Rad) and ALPase activity was normalized by the total
amount of protein. Data were shown as a ratio to control BSA (%).

2.10. Statistical analysis

All experiments were performed more than three times to verify
results and the data obtained from a typical experiment were expressed
as the mean = SD (n = 3 or 4). Data in real-time PCR was analyzed
using total nine RNA samples in three separated experiments. Statistical
comparisons among control and experimental groups were performed
by ANOVA and the significance of differences was estimated by post-hoc
testing using the Turkey-Kramer method. A Student t-test was used for
pairwise comparisons. All analyses were performed with Stat view v.5.0
(SAS Institute Inc. Cary, NC, USA). P < 0.05 was considered to be
significant.



E. Sakamoto, et al.

A

Bone 122 (2019) 22-30

Fig. 2. Effects of AGE2 and P-LPS on the expression of RAGE

% r*—*l and TLR2 in osteocytes. (A and C) Total RNA was isolated
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3. Results
3.1. Effects of AGE2 and P-LPS on the viability of MLO-Y4-A2 cells

After MLO-Y4-A2 cells were cultured with AGE2 (100 pug/ml) and P-
LPS (250ng/ml) for 48h, the viability of osteocytes was not sig-
nificantly changed (Fig. 1A), and cellular morphology was not altered
(Fig. 1B).

3.2. Effects of AGE2 and P-LPS on the expression of RAGE and TLR2

The expression of RAGE and TLR2 in osteocytes cultured with AGE2
(100 pg/ml) and P-LPS (250 ng/ml) for 24-48h were investigated.
AGE:s significantly increased the expression of RAGE mRNA (Fig. 2A).
Although P-LPS did not significantly increase RAGE levels, the co-sti-
mulation with AGE2 and P-LPS elevated RAGE levels more than AGE2
alone. RAGE protein levels in osteocytes were increased by AGE2 as
well as AGE2 and P-LPS (Fig. 2B).

P-LPS significantly elevated TLR2 mRNA levels in osteocytes, and
these levels increased further when osteocytes were cultured with P-LPS
and AGE2; however, AGE2 alone did not significantly increase TLR2
levels (Fig. 2C). TLR2 protein levels in osteocytes appeared to be in-
creased by P-LPS as well as by the combination of AGE2 and P-LPS
(Fig. 2D).

3.3. Effects of AGE2 and P-LPS on the expression of sclerostin and IL-6

AGE2 (100 pg/ml) significantly increased sclerostin mRNA and
protein levels in osteocytes (Fig. 3A and B). P-LPS (250 ng/ml) also
significantly increased sclerostin mRNA and protein levels, and P-LPS
and AGE2 further elevated sclerostin levels over those with AGE2 or P-
LPS alone. AGE2 and P-LPS increased IL-6 mRNA and protein expres-
sion levels, similar to sclerostin expression levels, and the combination
of AGE2 and P-LPS significantly increased IL-6 levels over those with
AGE2 or P-LPS alone (Fig. 3C and D).

When the effects of AGE2 and P-LPS on sclerostin expression were
investigated in another osteocytic cell line, IDG-SW3 cells, the expres-
sions of sclerostin mRNA and protein were increased by AGE2 and P-
LPS, and the further elevation was observed in the culture with com-
bination of AGE2 and P-LPS (Supplementary Fig. 1).
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3.4. Effect of RAGE and TLR2 siRNAs on sclerostin expression

To investigate the signal pathways of AGE2- and P-LPS-induced
sclerostin expression, the effects of siRNAs of RAGE and TLR2 were
investigated. The siRNAs of RAGE and TLR2 significantly inhibited
RAGE and TLR2 mRNA expression, respectively (Fig. 4A and D), but did
not influence TLR2 and RAGE mRNA expression, respectively (Sup-
plementary Fig. 2). The siRNA of RAGE significantly decreased AGEs-
induced sclerostin and RAGE expressions as well as AGE2 and P-LPS-
induced sclerostin and RAGE expressions in osteocytes (Fig. 4B: SOST
mRNA, Fig. 4C: sclerostin protein, Supplementary Fig. 2C: RAGE
mRNA, Supplementary Fig. 2G: RAGE protein), however, did not show
significant decrease of TLR2 mRNA expression (Supplementary
Fig. 2D). When the TLR2 gene was knocked down by its siRNA, P-LPS-
and AGE2 and P-LPS-induced sclerostin and TLR2 expressions was
significantly inhibited by TLR2 siRNA (Fig. 4E: SOST mRNA, Fig. 4F:
sclerostin protein, Supplementary Fig. 2F: TLR2 mRNA, Supplementary
Fig. 2G: TLR2 protein). In contrast, P-LPS did not significantly increase
RAGE mRNA expression in osteocyte-like cells transfected with siCon-
trol and siTLR2 (Supplementary Fig. 2E).

3.5. Relationship with MAPKs and NF-xB in AGE2- and P-LPS-induced
sclerostin expression

Analysis of MAPK phosphorylation in osteocytes showed that AGE2
stimulated the phosphorylation of the MAPKs of JNK and ERK, and
further enhanced p65 NF-kB phosphorylation (Fig. 5A). P-LPS increased
the phosphorylation of p38, JNK, and p65. The co-stimulation with
AGE2 and P-LPS increased the phosphorylation of p38, JNK, and p65
more than with AGE2 or P-LPS alone. The JNK inhibitor (SP600125)
and ERK inhibitor (U0126) significantly decreased AGEs-induced
sclerostin expression levels (Fig. 5B: SOST mRNA, Fig. 5C: sclerostin
protein). On the other hand, P-LPS-stimulated sclerostin expression was
inhibited by the p38 inhibitor (SB203580) and JNK inhibitor. Inhibitors
of MAPKs, including p38, JNK and ERK, significantly reduced AGEs and
P-LPS-induced increases in sclerostin expression.

AGE2 and P-LPS stimulated the phosphorylation of p65 NF-kB, and
the co-stimulation with AGE2 and P-LPS further enhanced p65 phos-
phorylation (Fig. 5A). The NF-xB inhibitor (BAY11-7082) significantly
decreased AGE2-, P-LPS- and their combination-induced sclerostin ex-
pression (Fig. 5D: SOST mRNA, Fig. 5E: sclerostin protein).
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Fig. 3. Effects of AGE2 and P-LPS on the expression of scler-
ostin and IL-6 in osteocytes. MLO-Y4-A2 cells were cultured

T * ** R with BSA (100 pg/ml; Control), AGE2 (100 pg/ml), and P-LPS
— ok (250 ng/ml) for 24-48 h after becoming sub-confluent. (A and
<Zﬁ 10 1~ |ﬁ' < 59 Oy 1 C) Total RNA was isolated from osteocytes treated with BSA,
~ K3k E % 1 AGE2, and P-LPS for 24 h, and SOST and IL-6 mRNA expres-
:E g 4 A * | — sion was assessed by quantitative RT-PCR. SOST and IL-6
a I*_*I E — L mRNA expression was normalized by GAPDH mRNA expres-
% % 3 9 " sion. (B and D) Osteocytes were cultured with BSA (Control),
= 5 1 g — AGE2, and P-LPS for 48 h, and sclerostin and IL-6 levels in the
8 A 2 1 supernatant were measured using each ELISA kit. Data are
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° .§ separated experiments (total 9 samples). Asterisks show a
§ 0 ~ 0 - significant difference (*P < 0.05, **P < 0.01).
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3.6. Effects of AGE2 and P-LPS on the ALPase activity of osteoblastic cells
in the co-culture system

When phosphorylated (3-catenin was analyzed in osteoblastic cells
that were co-cultured with osteocyte-like cells pre-treated with AGE2,
P-LPS and AGE2 and P-LPS in order to examine the association between
sclerostin derived from osteocyte-like cells and Wnt signal in osteo-
blastic cells, the expression of phosphorylated [3-catenin was increased
by AGE2 and P-LPS (Fig. 6A). Furthermore, AGE2 and P-LPS caused
more expression of (3-catenin in osteoblastic cells.

The function of sclerostin induced by AGE2 and P-LPS was in-
vestigated using the co-culture system with osteocytes (MLO-Y4-A2
cells) and osteoblastic cells (MC3T3-E1 cells). When the effective con-
centration of sclerostin-neutralizing antibody was investigated,
1-10 pg/ml of sclerostin-neutralizing antibody significantly inhibited
AGEs-induced sclerostin expression in osteocytes (Fig. 6B). When os-
teoblastic cells were co-cultured with osteocytes pre-cultured with
AGE2 and P-LPS for 24h, ALPase activity in osteoblastic cells was
significantly inhibited (Fig. 6C). ALPase activity further decreased in
osteoblastic cells co-cultured with osteocytes that were co-stimulated
with AGE2 and P-LPS. The sclerostin-neutralizing antibody (2 pg/ml)
slightly decreased the inhibition of ALPase activity in osteoblastic cells
that were co-cultured with osteocytes treated with AGE2 or P-LPS only,
and significantly recovered ALPase activity inhibited by AGE2 and P-
LPS (Fig. 6C). When the expression of Runx2 mRNA in osteoblastic cells
co-cultured with osteocyte-like cells that were pre-treated with AGE2,
P-LPS and AGE2 and P-LPS was investigated using a sclerostin-neu-
tralizing antibody, its antibody significantly decreased P-LPS- and AGE2
and P-LPS-induced the inhibition of Runx2 expression in osteoblastic
cells (Fig. 6D).
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4. Discussion

Periodontal diseases in DM patients are aggravated by high glucose
conditions and AGEs, which affect bone metabolism as well as in-
flammation in periodontal tissues [34-36]. The present study showed
that AGE2 up-regulated the expression of sclerostin, which is known to
reduce bone formation and shows elevated serum levels in DM patients
[4,9,10]. AGEs inhibited type I and type III collagen synthesis and in-
creased matrix metalloproteinase-1 expression in human gingival fi-
broblasts [37,38], and increased IL-1f3 expression and decreased ALPase
activity and bone nodule formation in osteoblastic cells derived from
bone marrow [29], suggesting the pathological effects of AGEs on in-
flammation and the destruction of periodontal tissues in DM. Few stu-
dies have examined the regulation and mechanism underlying AGEs-
and LPS-induced sclerostin expression. Tanaka et al. [39] reported that
AGE2/AGE3 increased sclerostin protein expression levels in osteocytes
by approximately two-fold. AGE3 increased sclerostin expression and
apoptosis by up-regulating TGF-[3 expression in osteocytes [40]. In the
present study, AGEs (AGE2) and P-LPS up-regulated sclerostin protein
levels in osteocyte-like cells (MLO-Y4-A2 cells) by approximately 19-
and 12-fold, respectively, and the combination of AGEs and P-LPS sy-
nergistically increased sclerostin expression levels to approximately 30-
fold those of control. Furthermore, AGE2 and P-LPS significantly in-
creased sclerostin expression in another osteocyte-like cell line (IDG-
SW3 cells, Supplementary Fig. 1). Sclerostin levels in GCF from peri-
odontal diseases sites were significantly higher than those from healthy
sites [31], and the resorption of alveolar bone and number of sclerostin-
positive osteocytes were higher in rats with streptozotocin-induced DM
and ligature-induced periodontitis than in non-DM, periodontitis rats
[41]. These result and reports suggest that AGEs (AGE2) and P-LPS may
cause a catabolic action on alveolar bone metabolism through sclerostin
pathway in periodontitis of DM patients.

AGEs and P-LPS increased the expression of IL-6 as well as sclerostin
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Fig. 4. Effects of RAGE and TLR2 knockdown on AGE2- and
P-LPS-induced sclerostin expression in osteocytes. When
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g 100 g 100 1 50 umol/1), RAGE siRNA (siRAGE, 50 pmol/l), and TLR2
5 80 - @ 80 siRNA (siTLR2, 10 pmol/1) for 24h. Osteocytes transfected
& & with siRNAs were cultured with BSA (100 pug/ml; Control),
g 60 4 S 60 1 AGE2 (100 ug/ml), and P-LPS (250ng/ml) for 24-48h. (A
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in osteocyte-like cells, and the combination of these two factors resulted
in further increase in IL-6 levels than those with AGEs or P-LPS alone.
AGEs up-regulated IL-6 and VEGF expression and induced apoptosis by
activating the ERK, p38, and STAT3 pathways in MLO-Y4 cells [42],
and increased IL-6 and ICAM-1 expression in human gingival fibroblasts
[43]. On the other hand, P-LPS increased IL-6 expression in periodontal
ligament stem cells and inhibited osteoblastic differentiation [44]. IL-6
expression levels in periodontal tissues were higher in patients with
DM-associated periodontitis than in those with periodontitis [45]. AGEs
and P-LPS appear to induce inflammation and bone metabolism by IL-6
and sclerostin in periodontal tissues, and aggravate periodontitis in DM
patients.

Osteocyte-like cells of the MLO-Y4 cell line express RAGE, and the
expression of which was increased by AGEs [42], while RAGE expres-
sion in MLO-Y4-A2 cells was up-regulated by AGE2 and further en-
hanced by AGE2 and P-LPS, but not significantly by P-LPS alone in the
present study (Fig. 2). On the other hand, the knockdown of TLR2
mRNA decreased AGE2 and P-LPS-induced RAGE expression (Supple-
mentary Fig. 2). LPS from Escherichia coli binds to RAGE in neutrophils
and monocytes [46], and RAGE levels increased when murine aortic
endothelial cells were infected with P. gingivalis [47]. However, an

27

interaction between RAGE and TLR2 was not well known. Although the
effect of P-LPS on RAGE expression in osteocyte-like cells was very
weak, TLR2 may regulates RAGE expression and its signaling pathway.
Regarding TLR2, mouse parietal osteoblasts expressed Tlr2, and P-LPS
stimulated RANKL by increasing TLR2 expression in osteoblasts [48]. P.
gingivalis up-regulated TLR2 expression in bone marrow cells and in-
hibited the RANKL-induced differentiation of osteoclasts derived from
bone marrow cells [49]. Although TLR2 has been detected in osteo-
blasts, osteoclasts, and mesenchymal stem cells [50], it was not found
in osteocytes. The present study is the first to show TLR2 in osteocytes,
and that its expression was increased by P-LPS and enhanced further by
the combination of P-LPS and AGE2. In contrast, significant change in
TLR2 expression by AGE2 treatment and knockdown of RAGE was not
observed (Fig. 2 and Supplementary Fig. 2). However, AGE2 and P-LPS
synergistically increased sclerostin and IL-6 expressions by up-reg-
ulating RAGE and TLR2 expressions. The reasons for these synergistic
increases in sclerostin and IL-6 have not yet been elucidated in detail.
When normal human bone-derived cells were cultured with TNF-a,
SOST mRNA expression levels increased [51]. AGE2 and P-LPS also
increased the mRNA expression of TNF-a as well as IL-6 in the osteo-
cytes used in the present study (Supplementary Fig. 3). AGEs (AGE2)



E. Sakamoto, et al.

A

Bone 122 (2019) 22-30

Fig. 5. Effects of AGE2 and P-LPS on the phosphor-
ylation of MAPKs and NF-kB, and inhibitors on
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directly increase sclerostin expression via the RAGE pathway, and P-
LPS may indirectly up-regulate sclerostin expression by inducing the
expression of IL-6 and other cytokines in osteocytes. Therefore, AGEs
and P-LPS may induce greater increases in sclerostin expression levels
in combination than alone via direct and indirect pathways. However,
an exact interaction between RAGE and TLR2 was not elucidated in the
present study.

The signaling pathways of AGEs-induced sclerostin expression in
osteocytes currently remain unclear. AGEs increased IL-6 and VEGF
expressions levels via the ERK, p38, and STAT3 signal pathways in
osteocytes of MLO-Y4 cells line [42], and activated the phosphorylation
of ERK, JNK, and NF-kB, while their inhibitors significantly decreased
AGE2-induced sclerostin expression in MLO-Y4-A2, a sub-cloned of
MLO-Y4 cells, in the present study. AGEs mediated the proliferation of
human fetal osteoblastic cells by stimulating the RAGE, Raf/MEK/ERK
signal pathway [52], increased RAGE expression, activated NF-xB, and
regulated the proliferation and function of human osteoblasts [53].
AGEs influence the growth and function of osteocytes and osteoblasts
via the signal pathways of RAGE, MAPK, and their transcription factors,
and affect alveolar bone metabolism in periodontitis with DM. On the
other hand, P-LPS up-regulated sclerostin expression via the TLR2, JNK,

p38, and NF-kB signal pathways in osteocytes. The signal pathway of P-
LPS-stimulated sclerostin expression remains nuclear because the re-
lationship between sclerostin and P-LPS has not yet been examined.
Although AGEs (AGE2) and P-LPS activated NF-kB, the MAPK signaling
pathway differed between ERK and p38. The stimulation of each kinase
may induce further increases sclerostin expression by AGEs and P-LPS
administered in combination than alone.

Sclerostin inhibits canonical Wnt signaling, which regulates osteo-
blastic cells differentiation and bone formation [54], and suppresses the
proliferation and function of osteoblast [55]. Wnt antagonists such as
DKkk1 and sclerostin phosphorylate B-catenin and it is ubiquitinated and
degraded by proteasome [56]. B-Catenin in MC3T3-E1 cells was phos-
phorylated in our co-culture system, and this result suggests that AGE2-
and P-LPS-induced sclerostin inhibits Wnt signaling in osteoblasts.

Rats with DM showed lower bone mass density (BMD) of femoral
and spinal, and the sclerostin-neutralizing antibody further inhibited
their BMD [57]. Sclerostin inhibited bone morphogenetic protein
(BMP) signaling by competing with binding between BMP and its re-
ceptor, and suppressed the mineralization of osteoblastic cells [58], and
a sclerostin antibody inhibited LPS-induced reductions of peri-implant
bone volume via the Wnt signaling pathway [59]. Furthermore, when
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Fig. 6. Effects of AGE2 and P-LPS on the ALPase activity of
osteoblastic cells in a co-culture system with osteocytes and
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