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ARTICLE INFO ABSTRACT

Keywords: Diabetes patients are at high risk of bone fracture due to accumulation of advanced glycation end products
Advanced glycation end products (AGEs) and low bone turnover. Although AGEs inhibit osteoblast functions, little is known about their roles in
Diabetes - regulation of human osteoclast differentiation. The aim of this study was to determine the roles of AGEs in
Osteoclastogenesis regulation of human osteoclast differentiation. Human CD14* monocytes collected from healthy individuals
IL-10 : P . : : . : ot :

NFATC1 were stimulated in vitro with conventional cytokines to induce osteoclast differentiation. Simultaneously, glu-

cose-modified AGEs-BSA (Glu-AGEs-BSA) and glycolaldehyde-modified AGEs-BSA (Glyco-AGEs-BSA) were
added to analyze their role in regulation of osteoclast differentiation. Human CD14 ™ cells expressed endogenous
receptor for AGE (RAGE). Stimulation with Glyco-AGEs-BSA, but not Glu-AGEs-BSA, reduced the number of
tartrate-resistant acid phosphatase-positive cells in a dose-dependent manner and suppressed mRNA expression
of nuclear factor of activated T-cells 1 and cathepsin K. Glyco-AGEs-BSA up-regulated pro-inflammatory cytokines
and anti-inflammatory cytokine IL-10. The addition of IL-10-neutralizing antibodies abrogated the suppressive
effect of Glyco-AGEs-BSA on osteoclast differentiation. Stimulation of Glyco-AGE-BSA resulted in nuclear factor
(NF)-kB phosphorylation, and addition of an inhibitor of kB kinase suppressed IL-10 production. We conclude
that Glyco-AGEs-BSA inhibited human osteoclast differentiation through induction of IL-10 expression via NF-
kB. It can be assumed that AGE bioaccumulation in diabetic patients increases the risk of bone fracture, through
inhibition of osteoclast differentiation, reduction of bone turnover, and disruption of bone remodeling.

1. Introduction

Patients with diabetes are at higher risk of vasculopathies, including
micro- and macro-vascular diseases, which are associated with the
progression of arteriosclerosis [1]. In addition, diabetics are at higher
risk of reduced bone turnover and associated with a complication of
osteoporosis and bone fracture [2-5].

One of the possible reasons for the increased risk of bone fracture is
accumulation of advanced glycation end-products (AGEs), which are
produced non-enzymatically by the reaction of reducing sugars (e.g.,
glucose) with proteins, which is related to the persistent hyperglycemic
state [6]. After the binding of AGEs to their receptor (RAGE), AGEs can
potentially produce cellular dysfunction by intracellular signals,

including intracellular reactive oxygen species, mitogen-activated pro-
tein kinase, and the transcription factor nuclear factor (NF)-xB [7,8].
Accumulation of AGEs in bone tissue increases non-physiological AGE
cross-linking in the bone, which in turn reduces bone strength, without
affecting bone mineral density [9]. Some studies have indicated that
pentosidine, a type of AGEs, is associated with the risk of bone fracture
in patients with type 2 diabetes [10]. Regarding their role in bone
metabolism, AGEs are known to disrupt osteoblast function and inhibit
osteoblast differentiation by inducing apoptosis [11]. Glycolaldehyde-
modified AGEs (Glyco-AGEs) reportedly increase expression of trans-
forming growth factor (TGF)-B in human mesenchymal stem cells and
inhibit calcification [12]. Although the mechanism by which AGEs in-
hibit bone formation has been partially elucidated, no consensus has

* Corresponding author at: First Department of Internal Medicine, School of Medicine, University of Occupational and Environmental Health, Japan, 1-1 Iseigaoka,

Yahatanishi-ku, Kitakyushu 807-8555, Japan.
E-mail address: tanaka@med.uoeh-u.ac.jp (Y. Tanaka).

https://doi.org/10.1016/j.bone.2019.115034

Received 17 February 2019; Received in revised form 17 July 2019; Accepted 6 August 2019

Available online 14 August 2019
8756-3282/ © 2019 Elsevier Inc. All rights reserved.


http://www.sciencedirect.com/science/journal/87563282
https://www.elsevier.com/locate/bone
https://doi.org/10.1016/j.bone.2019.115034
https://doi.org/10.1016/j.bone.2019.115034
mailto:tanaka@med.uoeh-u.ac.jp
https://doi.org/10.1016/j.bone.2019.115034
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bone.2019.115034&domain=pdf

K. Tanaka, et al.

been reached on the significance of AGEs in osteoclast differentiation or
bone resorption [13-16]. To our knowledge, there is only a single study
that has described the effects of AGEs on human osteoclasts. The elu-
cidation of role of AGEs in human bone metabolism should contribute
not only to basic research but also to finding new therapeutic targets for
correcting abnormal bone metabolism in patients with diabetes.
Therefore, we investigated the action mechanism of AGEs in human
osteoclast differentiation in vitro.

2. Materials and methods
2.1. Cell cultures and stimulatory experiments

Human CD14" cells were isolated from peripheral blood mono-
nuclear cells (PBMCs) obtained from healthy donors who were ran-
domly selected by exhaustive immunomagnetic positive selection. In all
experiments, we used AutoMACS separation columns (Miltenyi Biotec,
Bergisch Gladbach, Germany) and CD14" MicroBeads (Miltenyi
Biotec). CD14 ™ cells were seeded into a 96-well plate (Corning, Tokyo,
Japan) at a density of 1 x 10° cells/well, and cultured in a-MEM
medium (Gibco Life Technologies, Grand Island, NY) supplemented
with 10% fetal calf serum (FCS, Nichirei Biosciences, Tokyo) and 1%
penicillin/streptomycin (Life Technologies, Carlsbad, CA) at 37°C in a
5% CO, atmosphere. Osteoclast differentiation was stimulated as de-
scribed previously [17]. Briefly, human CD14 ™" cells were differentiated
into osteoclast precursor cells in the presence of 25ng/ml human
macrophage colony-stimulating factor (25ng/ml, M-CSF; PeproTech,
Rocky Hill, NJ) from culture days O to 3. Osteoclast precursor cells
differentiated into mature osteoclasts in the presence of M-CSF and
human soluble receptor activator of nuclear factor-xB ligand (100 ng/
ml, SRANKL; PeproTech) from culture days 3 to 12. Culture media were
replaced every three days. To determine the effects of AGEs, CD14™
cells were treated with glucose-modified AGEs-BSA (100 pg/ml, Glu-
AGEs-BSA; BioVision, Mountain View, CA), glycolaldehyde-modified
AGEs-BSA (100 pg/ml, Glyco-AGEs-BSA; BioVision), or Control-BSA
(100 pg/ml, BioVision) from culture days O to 12. Recombinant human
IL-10, neutralizing antibody against human IL-10, and isotype control
were purchased from R&D Systems (Minneapolis, MN). IKK inhibitor
(Bayl11-7082), JNK inhibitor (SP100625), and ERK inhibitor
(SCH772984) were purchased from Abcam (Cambridge, MA), Calbio-
chem (San Diego, CA), and Selleckchem (Houston, TX), respectively.

2.2. Tartrate-resistant acid phosphatase (TRAP) staining

Osteoclast differentiation was confirmed using an Acid Phosphatase
Leukocyte Kit (Sigma, San Diego, CA) according to the instructions
provided by the manufacturer. TRAP-positive, multi-nucleated cells
that contained three or more nuclei were counted as osteoclasts.

2.2.1. Quantitative reverse transcription (RT-q) PCR

RT-qPCR was conducted as described previously [18]. Briefly, total
RNA was isolated using the RNeasy Mini Kit (Qiagen, Hilden, Germany)
and reverse-transcribed using SuperScript®VILO™ master mix (Life
Technologies). qPCRs were run on a Step One Plus system (Applied
Biosystems) using TaqMan®Fast Universal PCR master mix (Applied
Biosystems). The following TagMan® Gene Expression Assay (Applied
Biosystems) primer/probe pairs were used: nuclear factor of activated T-
cells 1 (NFATcl, Hs00542678_m1l), cathepsin K (CTSK,
Hs01080388_m1), interleukin-10 (IL-10, Hs00961622_m1), and glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH, Hs99999905_m1).

2.3. Measurement of cytokine levels in culture supernatants
CD14% cell culture supernatants were collected. The levels of os-

teoclastogenic cytokines, including tumor necrosis factor-a (TNF-a), IL-
1B, and IL-6, and anti-osteoclastogenic cytokines, including IL-4, IL-10,
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IL-12/p70, interferon-a (IFN-a), and IFN-y, in the supernatants were
measured using a BD Cytometric Bead Array Human Flex Set (BD
Pharmingen, San Diego, CA) according to the instructions supplied by
the manufacturer [19]. Fluorescence data were analyzed using the BD
Cytometric Bead Array Analysis software.

2.4. Immunoblotting

Immunoblotting was carried out as described previously [20], with
slight modification. Briefly, whole cell extracts were lysed in TNE buffer
[50mM Tris-HCl (pH7.4), 0.5% (v/v) nonidet P-40,150 mM NacCl,
5mM EDTA, 50 mM NaF, 1 mM NazVO,, 1 mM phenylmethylsulfonyl
fluoride, 10 mg/ml leupeptin, and 10 mg/ml aprotinin]. Equal amounts
of protein (7 ug) were separated by SDS-PAGE, subjected to blocking,
and then transferred onto nitrocellulose (Protran BA83; GE Healthcare,
Chalfont St. Giles, UK). The membranes were immunoblotted with anti-
phospho-NF-xB p65 [Ser 536, #3033; Cell Signaling Technology (CST),
Danvers, MA], anti-NF-xB p65 (#8242; CST), anti-RAGE (sc-365,154;
Santa Cruz Biotechnology, Santa Cruz, CA), and anti-f-actin (A1978;
Sigma-Aldrich, St. Louis, MO) antibodies. Bound antibodies were vi-
sualized with horseradish peroxidase-labeled anti-secondary antibodies
against mouse or rabbit IgG (GE Healthcare) using chemiluminescence
reagents (ECL™ Prime Western Blotting Detection Reagent; GE
Healthcare).

2.5. Statistical analysis

For in-vitro experiments, data were expressed as mean * standard
error of the mean (SEM) of at least three independent experiments using
different donors. Differences between groups were examined by the
Student's t-test. In all analyses, a P-value < 0.05 was considered sig-
nificant. All statistical analyses were conducted using Statistical
Package for Social Sciences software, version 25.0 (SPSS, Chicago, IL).

2.6. Ethics approval

The institutional review board of the University of Occupational and
Environmental Health Japan approved the study and volunteers signed
a consent form in accordance with the Declaration of Helsinki.

3. Results
3.1. Human CD14% cells express endogenous RAGE

To investigate whether human CD14% cells (monocytes) express
endogenous RAGE, monocytes were isolated from PBMCs, treated with
or without 25ng/ml M-CSF on day 0, and then stimulated with Glu-
AGEs-BSA (100 pg/ml), Glyco-AGEs-BSA (100 pg/ml) or control-BSA
(100 pg/ml) for 24 h. Whole-cell lysates of monocytes or A549 cells
were prepared and analyzed by immunoblotting with anti-RAGE and
anti-B-actin antibodies. These studies showed clear expression of RAGE
on monocytes, but the expression level was neither altered by Glu-
AGEs-BSA nor Glyco-AGEs-BSA. Upregulation of RAGE was also ob-
served on A549 cells, a human pulmonary epithelial cell line [21]
(Fig. 1).

3.2. Glyco-AGEs-BSA inhibits differentiation of human monocytes into
osteoclasts

Human CD14% cells were stimulated with M-CSF and sRANKL for
differentiation into TRAP-positive multi-nucleated osteoclasts. Whereas
neither Glu-AGEs-BSA nor Control-BSA affected osteoclast differentia-
tion, Glyco-AGEs-BSA inhibited osteoclast differentiation in a dose-de-
pendent manner (Fig. 2A). Furthermore, mRNA expression of NFATc1,
which encodes a master regulator of osteoclastogenesis, was enhanced
upon stimulation with M-CSF and sRANKL on day 6. The addition of
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Fig. 1. Human CD14" cells express endogenous RAGE.

Human CD14% cells (monocytes) were isolated from PBMCs, treated with or
without 25ng/ml M-CSF on day 0, and then stimulated with Glu-AGEs-BSA
(100 pg/ml), Glyco-AGEs-BSA (100 pg/ml) or control-BSA (100 pg/ml) for 24 h.
Whole-cell lysates of monocytes or A549 cells were prepared and analyzed by
immunoblotting with anti-RAGE and anti-f-actin antibodies. Representative
data of three independent experiments were shown. RAGE, receptor for ad-
vanced glycation end products; PBMCs, peripheral blood mononuclear cells; M-
CSF, macrophage-colony stimulating factor; Glu-AGEs, glucose-modified-AGEs;
Glyco-AGEs, glycolaldehyde-modified AGEs.

Glyco-AGEs-BSA, but not Glu-AGEs-BSA, significantly inhibited NFATc1
mRNA expression (Fig. 2B). Likewise, CTSK mRNA expression was
upregulated by stimulation with M-CSF and sRANKL on day 6, but
significantly inhibited by stimulation with Glyco-AGEs-BSA (Fig. 2B).
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3.3. Glyco-AGEs-BSA induces IL-10 production during osteoclast
differentiation

To investigate the mechanism by which AGEs inhibit osteoclast
differentiation, the levels of those cytokines associated with osteoclast
differentiation were quantified in cell culture supernatants. In the early
stage of osteoclast differentiation (day 1), Glyco-AGEs-BSA increased
the levels of all osteoclastogenic cytokines evaluated (TNF-a, IL-1f3, and
IL-6) (Fig. 3A). Furthermore, Glyco-AGEs-BSA significantly increased
the levels of IL-10 (Fig. 3A), but not other anti-osteoclastogenic cyto-
kines, such as IL-4, IL-12/p70, IFN-a, and IFN-y (data not shown). In
the middle stage of osteoclast differentiation (day 6), Glyco-AGEs-BSA
had no effect on TNF-a and IL-1p levels, but it significantly increased
IL-6 and IL-10 levels in the supernatant (Fig. 3B). In the late stage of
osteoclast differentiation (day 9), Glyco-AGEs-BSA had little effect on
IL-6 level, but still significantly increased IL-10 level (Fig. 3C).

To investigate the potential association between IL-10 and TNF-a,
IL-1B, and IL-6 levels, CD14* monocytes were stimulated with re-
combinant IL-10, and the levels of TNF-a, IL-1f3, and IL-6 were mea-
sured separately. IL-10 suppressed the levels of TNF-a, IL-1f3, and IL-6
in a dose-dependent manner (Fig. 3D). These results suggest that IL-10,
persistently induced by Glyco-AGEs-BSA, can inhibit the production of
TNF-a, IL-1f3, and IL-6.
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Fig. 2. Glyco-AGEs-BSA inhibits the differentiation of human monocytes into osteoclasts via suppression of mRNA expression of NFATc1 and CTSK.

Human CD14™ cells (monocytes) were isolated from PBMCs and treated with M-CSF 25 ng/ml on days 0, 3, 6 and 9, and sSRANKL 100 ng/ml on days 3, 6 and 9. (A)
Glu-AGEs-BSA (100 pg/ml), Glyco-AGEs-BSA (25 to 100 pg/ml) or control-BSA (100 pg/ml) was added to monocytes on day 0. TRAP staining was performed on day
12. Representative data of three independent experiments were shown. TRAP-positive and multi-nucleated cells that contained three or more nuclei were counted as

+

osteoclasts and counted on day 12. Data are mean

SEM (n = 3). *P < 0.05, **P < 0.01 by the Student's t-test. (B) Cells were lysed and total RNA was isolated on

days 3, 6, and 9. The mRNA expression of NFATc1 and CTSK was quantified by RT-qPCR and normalized to GAPDH. Data are mean = SEM (n = 5). *P < 0.05 by
the Student's t-test. PBMCs, peripheral blood mononuclear cells; M-CSF, macrophage-colony stimulating factor; SRANKL, soluble receptor activator of nuclear factor-
kB ligand; Glu-AGEs, glucose-modified-AGEs; Glyco-AGEs, glycolaldehyde-modified AGEs; TRAP, tartrate-resistant acid phosphatase; NFATc1, nuclear factor of
activated T-cells 1; CTSK, cathepsin K; GAPDH; glyceraldehyde-3-phosphate dehydrogenase.



K. Tanaka, et al.

Bone 128 (2019) 115034

* * % * * %
A * - * % — * " * %k =
800 — 300 — 40000 — 2000 —
dayl FZ 600 T =32 600  Z 30000 T =% 1500
Z @ 400 L5 400 o & 20000 55 1000
=2 200 =2 500 £10000 B £ 500
0 0 0 0
M-CSF (25ngml) + + + + + o+ o+ 4+ + o+ o+ o+ + 4+ 4 4
Control-BSA (100 pg/ml) - + # = - + - - - - - - + - -
Glu-AGEs (100 pg/ml) - - + - - - + - - - + - - - + -
Glyco-AGEs (100 pg/ml) - - - + - - - + - - - + - - - +
* *
B 10 ~ 10 = 800 g 100
dave &£ 3Z =3 ©E 600 SE 75
WO L s S s =8 400 52 50
ah = ND. ND = N.D = 200 = 25
0 0 0 0
M-CSF/RANKL + + + + + + i
Control-BSA (100 pig/ml) + - + + - + -
Glyco-AGEs (100 pg/ml) “ * - - + - s
C —E —
s = 10 =) g 800 = 100
dav9 £ E =g LY E 600 = 75
Y2 Za s o) 22 400 S@ 50
hc = =200 _ =25 _
0 0 0
M-CSF/RANKL + + + o & 5
Control-BSA (100 pig/ml) + - 4 - + -
Glyco-AGEs (100 pg/ml) - + - # - +
D 10 30 3000 r%
1
day 1 i) 5 =7 20 3 2000
& ) a8 10 =22 1000
5=t N.D = N.D. =
0 0 0
M-CSF (25 ng/ml) + + + + + + + +
IL-10 (ng/ml) - 0.1 1 N 0.1 1 - 0.1 1

Fig. 3. Glyco-AGEs-BSA induces IL-10 production and then suppresses TNF-a, IL-1f3, and IL-6 production during osteoclast differentiation.

Culture supernatants were collected from CD14* cells. Osteoclastogenic cytokines, such as TNF-a, IL-1p and IL-6, and anti-osteoclastogenic cytokines, such as IL-4,
IL-10, IL-12/p70, IFN-a, and IFN-y were measured in supernatants collected on day 1 using a BD Cytometric Bead Array Human Flex Set. (A-C) TNF-a, IL-1p, IL-6,
and IL-10 levels were measured on day 1 (A), day 6 (B), and day 9 (C) in the absence or presence of Glu-AGEs-BSA (100 pg/ml), Glyco-AGEs-BSA (100 pug/ml), or
control-BSA (100 pg/ml), with M-CSF (25ng/ml) and sRANKL (100 ng/ml). (D) TNF-a, IL-1B, and IL-6 levels measured on day 1 in the presence or absence of

recombinant IL-10 (0.1 or 1 ng/ml), with M-CSF (25 ng/ml). Data are mean =

SEM (n = 4). *P < 0.05, **P < 0.01 by the Student's t-test. Glu-AGEs, glucose-

modified-AGEs; Glyco-AGEs, glycolaldehyde-modified AGEs; IL, interleukin; TNF, tumor necrosis factor; IFN, interferon; CBA, Cytometric Bead Array; M-CSF,

macrophage-colony stimulating factor.

3.4. Neutralizing antibody against IL-10 antagonizes the inhibitory effect of
Glyco-AGEs-BSA on osteoclastogenesis

Next, we examined the effects of IL-10 on osteoclast differentiation.
The addition of IL-10 suppressed human osteoclast differentiation or
reduced the number of osteoclasts in a dose-dependent manner
(Fig. 4A). IL-10 significantly inhibited NFATc1 mRNA expression on day
6 (Fig. 4B). Whereas osteoclast differentiation was inhibited by Glyco-
AGEs-BSA, such inhibition was partially abrogated in the presence of IL-
10-neutralizing antibody, but not isotype control antibody (Fig. 5).

3.5. IKK-inhibitor bay11-7082 suppresses Glyco-AGEs-BSA-induced IL-10
mRNA expression

To further investigate the mechanism by which Glyco-AGEs-BSA
induces IL-10, human CD14™* cells were stimulated for 30 min with M-
CSF in combination with Glu-AGEs-BSA, Glyco-AGEs-BSA, or Control-
BSA. The expression level of NF-xB and its phosphorylation status
downstream of AGE signaling were analyzed by immunoblotting.
Glyco-AGEs-BSA did not alter the expression level of total NF-xB p65,
but significantly upregulated its phosphorylation, compared with
Control-BSA (Fig. 6A). These results suggest that Glyco-AGEs-BSA
seems to modulate IL-10 level by transmitting signals via NF-kB p65
phosphorylation in human CD14" cells. When the same cells were
exposed for 5h to both Glyco-AGEs-BSA and bay11-7082, a IKK in-
hibitor, IL-10 mRNA expression was significantly reduced in a IKK in-
hibitor dose-dependent manner (Fig. 6B). In contrast, the addition of
JNK 1/2/3 inhibitor or ERK 1/2 inhibitor together with Glyco-AGEs-

BSA had little effect on mRNA expression of IL-10 compared with
Glyco-AGEs-BSA alone. These findings suggest that Glyco-AGEs-BSA
seems to induce IL-10 expression via phosphorylation of NF-kB.

4. Discussion

The complications of diabetes include micro- and macro-vasculo-
pathies, as well as low bone turnover with associated osteoporosis and
bone fragility [2,4,5]. The present study demonstrated that Glyco-
AGEs, a type of AGEs produced under chronic hyperglycemia, inhibit
human osteoclast differentiation through IL-10 signaling pathway in
vitro.

RAGE, a receptor for AGEs, is expressed in a wide range of tissues
containing pulmonary epithelial cells, vascular endothelial cells, vas-
cular smooth muscle cells, vascular pericytes, renal mesangial cells,
macrophages, T-lymphocytes, monocytes, and osteoblasts [21-27]. A
recent study indicated that Glycer-AGEs and Glyco-AGEs of various
AGE compounds induced angiogenesis via RAGE [28]. In mice, AGEs
up-regulate both inflammatory cytokines (e.g., TNF-a, IL-1p, and IL-6)
and the anti-inflammatory cytokine IL-10 in monocytes [29,30]. In
human, stimulation of monocytes with AGEs enhances the production
of TNF-a, IL-1f3, and IL-6 [24,31]. The present study demonstrated for
the first time that Glyco-AGEs also enhance the production of IL-10 in
human monocytes. In other words, Glyco-AGEs amplify signals from
TNF-a, IL-1f, and IL-6, which promote osteoclast differentiation, as
well as signals from IL-10, which inhibits osteoclast differentiation from
human monocytes. Of note, IL-10 production was persistently enhanced
by Glyco-AGEs, whereas that of TNF-a, IL-1f, and IL-6 was enhanced
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Fig. 4. Recombinant human IL-10 inhibits human osteoclast differentiation and mRNA expression of NFATcI and CTSK.

Human CD14 ™ cells isolated from PBMCs were treated with M-CSF 25 ng/ml on days 0, 3, 6, and 9, and with SRANKL 100 ng/ml on days 3, 6, and 9. (A) Monocytes
were treated on day 0 with recombinant IL-10 (1 to 100 ng/ml). TRAP staining was performed and osteoclasts were counted on day 12 as described in Fig. 2.
Representative data of three independent experiments are shown. Data are mean *+ SEM (n = 3). *P < 0.05, **P < 0.01 by the Student's t-test. (B) Cells were lysed
and total RNA was isolated on days 3, 6, and 9, as described in Materials and Methods. The mRNA expression of NFATc1 and CTSK was measured by RT-qPCR and
normalized to GAPDH. Data are mean = SEM (n = 4). *P < 0.05 by the Student's t-test. IL, interleukin; PBMCs, peripheral blood mononuclear cells; M-CSF,
macrophage-colony stimulating factor; SRANKL, soluble receptor activator of nuclear factor-«B ligand; TRAP, tartrate-resistant acid phosphatase; NFATc1, nuclear
factor of activated T-cells 1; CTSK, cathepsin K; GAPDH; glyceraldehyde-3-phosphate dehydrogenase.

over a limited period of time and diminished over time. As one of the
underlying mechanisms, the present study showed that IL-10 was
strongly induced by Glyco-AGEs, and inhibited autocrine production of
TNF-a, IL-1f, and IL-6. With regard to the mechanism by which Glyco-
AGE:s induced the expression of IL-10, pharmacological inhibition ex-
periments identified NF-xB as one of the factors involved in IL-10 ex-
pression by Glyco-AGEs. We conclude that persistent production of IL-
10 via NF-kB signals from Glyco-AGEs negatively regulates osteoclast
differentiation.

Glyco-AGEs-BSA, but not Glu-AGEs-BSA,

inhibited osteoclast

M-CSF (25 ng/ml)
SRANKL (100 ng/ml) * +
Glyco-AGEs (100 pg/ml) - +
Isotype control (pg/ml) - 10

Anti IL-10 antibody (pg/ml) . &

differentiation. Previous studies reported that Glyco-AGEs-BSA, but not
Glu-AGEs-BSA, increased the expression of RAGE [27]. However, our
study showed no difference between the two types of AGEs on RAGE
expression level. However, our results showed that stimulation of
CD14% cells with high concentration of Glu-AGEs-BSA (1000 pg/ml)
enhanced the production of cytokines, including TNF-a, IL-1(3, IL-6, and
IL-10 (data not shown). These results suggest that Glu-AGEs-BSA seem
to have a lower affinity for RAGE compared with Glyco-AGEs-BSA.
Considered together, we conclude that at 100 ug/ml, Glu-AGEs-BSA
cannot induce NF-xB activation.
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Fig. 5. Neutralizing antibody against IL-10 antagonizes the inhibitory effect of Glyco-AGEs-BSA on osteoclastogenesis.

Monocytes were treated with neutralizing antibody against IL-10 (1 or 10 ng/ml) or isotype control (10 ng/ml) in the presence of Glyco-AGEs-BSA (100 pug/ml). TRAP
staining was performed and osteoclasts were counted on day 12 as described in Fig. 2. Representative data of three independent experiments are shown. Data are
mean *+ SEM (n = 3). *P < 0.05, **P < 0.01 by the Student's t-test. IL, interleukin; Glyco-AGEs, glycolaldehyde-modified AGEs; TRAP, tartrate-resistant acid
phosphatase.



K. Tanaka, et al. Bone 128 (2019) 115034

A MCSF 30 min
~ Glu Glyco  Control
N8 O _AGEs -AGEs _-BSA S T
o 1
p-NF-xB -— pp— - Qo
e i3 3 16
Z82 1,
t-NF-kB — — — — BEE .
. £ 08 1
== 3
2 L0 04 -
. o
Praciin | — D G S S— 0
— Glu Glyco Control
-AGEs -AGEs -BSA
B , . |
40 | !
S
E <z: 30 T
Sh g% 20
o E
= 10 i i
0 L =
M-CSF (25 ng/ml) + + + + + + + + +
Glyco-AGEs (100 pg/ml) - + + + + + o g +
BAY11-7082 (uM) = - 0.1 0.3 1 3 10 = -
SP600125 (M) - - - - : = . 10 ]
SCH772984 (uM) - - . - - - - . 76

Fig. 6. Glyco-AGEs-BSA up-regulates IL-10 mRNA via phosphorylated NF-kB p65 in human monocytes.

(A) Human monocytes were pre-incubated for 60 min at 37 °C under 5% CO, atmosphere and then treated with M-CSF (25 ng/ml) for 30 min in the presence or
absence of Glu-AGEs-BSA (100 pg/ml), Glyco-AGEs-BSA (100 pg/ml), or control-BSA (100 pg/ml). Whole-cell lysates were prepared and analyzed by immunoblotting
with anti-phospho-NF-kB p65, anti-NF-kB p65, anti-fB-actin antibodies. The right panel represents phospho/total NF-kB ratio of intensities (Control-BSA = 1)
Representative data of three independent experiments are shown. Data are mean + SEM (n = 3). *P < 0.05 by the Student's t-test. (B) Human monocytes were
treated with Glyco-AGEs-BSA (100 pg/ml) in the presence or absence of Bay11-7082 (IKK inhibitor, 0.1-10 pM), SP600125 (JNK inhibitor, 10 uM), or SCH772984
(ERK inhibitor, 10 pM) for 5h. IL-10 mRNA expression was quantified by RT-qPCR and normalized to GAPDH. Data are mean * SEM (n = 3). **P < 0.05 by the
Student's t-test. M-CSF, macrophage-colony stimulating factor; Glu-AGEs, glucose-modified AGEs; Glyco-AGEs, glycolaldehyde-modified AGEs; NF-kB, nuclear factor-
kappa B; IKK, inhibitor of kB kinase; JNK, c-Jun N-terminal kinase; EKK, extracellular signal-regulated kinase; GAPDH; glyceraldehyde-3-phosphate dehydrogenase,

IL, interleukin.

In the human body, serum AGE levels correlate with vascular in-
flammation and can be used as a biomarker for the severity of arter-
iosclerosis, whereas their effects on bone metabolism remain unknown
[32]. Specifically, AGEs inhibited osteoclast differentiation in vitro,
indicating they are, at least in part, responsible for low bone turnover.
Thus, AGEs seem to have important effects on bone metabolism, in
addition to their well-known effects on arteriosclerotic lesions. This
suggests that AGEs can play a role in the bone-vascular axis, in which
some authors hypothesized the existence of a close link between os-
teoporosis and cardiovascular disease [33,34].

There is no established treatment for abnormally low bone turnover
in patients with diabetes. Therapeutics targeting IL-10, which inhibits
osteoclastogenesis, can simultaneously increase the production of pro-
inflammatory cytokines, and thus potentially worsen diabetic vasculo-
pathies. For this reason, inhibition of AGE-RAGE signaling, which is
upstream of IL-10, seems to be more appropriate for treatment of ab-
normal bone metabolism in diabetes. Lifestyle interventions, such as a
low-AGE diet and physical exercise, are easy to implement and have
beneficial effects on plasma AGEs, leading to reduction of inflammation
and oxidative stress. One study showed that replacement of short-acting
insulin with glulisine significantly decreased both glycosylated he-
moglobin (HbAlc) and serum levels of AGEs in patients with diabetes
[35]. Although AGE production inhibitors, RAGE inhibitors, and other
drugs have been developed, there is no clear evidence for their efficacy
or safety [36,37]. The development of more specific inhibitors is

needed in the future.

In conclusion, Glyco-AGEs-BSA inhibited human osteoclast differ-
entiation through induction of IL-10 expression via NF-kB. It can be
assumed that bioaccumulation of AGEs disrupts transcription of genes
involved in osteoclastogenesis; consequently, bone remodeling becomes
unbalanced due to low bone turnover. This can ultimately lead to re-
duced bone strength, which could result in increased risk of bone
fracture in patients with diabetes.
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