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Vitamin D deficiency and advanced glycation end products (AGEs) are suggested to be involved in the
pathogenesis of osteoporosis and sarcopenia. However, the effects of vitamin D and AGEs on myogenesis
and the interaction between muscle and bone remains still unclear. We previously showed that osteogly-
cin (OGN) is secreted from myoblasts and stimulates osteoblastic differentiation, suggesting that it plays

Keywords: . important roles in the interaction between muscle and bone. The aim of this study is thus to examine the

gdvanclEd,glyca“O“ end products effects of vitamin D and AGEs on myoblastic differentiation of C2C12 cells and osteoblastic differentiation
steoglycin of osteoblastic MC3T3-E1 cells through OGN expression. 10,25-dihydroxyvitamin Ds; (1,25D) and

Vitamin D . . . . " . .

Muscle eldecalcitol, an active vitamin D analog, induced the expression of MyoD, myogenin and OGN, and these

Eldecalcitol effects were abolished by vitamin D receptor (VDR) suppression by siRNA in C2C12 cells. Moreover,

conditioned medium from 1,25D-pretreated C2C12 cells stimulated the expression of type 1 collagen
and alkaline phosphatase in MC3T3-E1 cells, compared to control medium from 1,25D-untreated
C2C12 cells. In contrast, conditioned medium from VDR-suppressed and 1,25D-pretreated C2C12 cells
showed no effects. AGE2 and AGE3 suppressed the expression of MyoD, myogenin and OGN in C2C12
cells. Moreover, 1,25D blunted the AGEs’ effects. In conclusion, these findings showed for the first time
that active vitamin D plays important roles in myogenesis and muscle-induced osteoblastogenesis
through OGN expression. Active vitamin D treatment may rescue the AGEs-induced sarcopenia as well
as - suppressed osteoblastic differentiation via OGN expression in myoblasts.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction growth factors and fast-myosin heavy chain expression in mouse
myoblastic C2C12 cells [6,7]. On the other hand, there are also

The number of patients with aging-related diseases, such as sar- numerous studies on the effects of vitamin D on bone cells such

copenia and osteoporosis, has been increasing rapidly worldwide
in recent years. Indeed, it is reported that more than 30% in elderly
people over the age of 80 years suffered from sarcopenia and/or
osteoporosis [1]. A number of studies on the causes and treatments
of sarcopenia have been performed. Several clinical studies have
shown that vitamin D deficiency is associated with an increased
risk of falls, and that vitamin D supplementation reduces the risk
in vitamin D-deficient patients [2-5]. 1a,25-dihydroxyvitamin D3
(1,25D) enhanced myoblastic differentiation through modulating
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as osteoblasts, osteoclasts, and osteocytes. Regarding the effects
of vitamin D on bone formation, several studies reported that
1,25D exerted direct effects on osteoblasts and induced their dif-
ferentiation and mineralization via the vitamin D receptor (VDR)
[8,9]. These findings indicate that vitamin D may be essentials to
muscle and bone strength.

Cumulative evidence has shown that there is a positive correla-
tion between lean body mass and bone mineral density (BMD),
suggesting that muscle and bone are related to each other [10].
Although the mechanism of the interaction between muscle and
bone is still unclear, we recently showed that osteoglycin (OGN),
which is the seventh member of the small leucine-rich proteogly-
cans and was initially isolated from bovine bone as an inducer of
matrix mineralization [11], was a crucial humoral factor linking
muscle to bone [12]. OGN overexpression in myoblastic cells
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induced osteoblast phenotype and mineralization in osteoblastic
cells, suggesting that OGN is an important molecule for the
interaction between muscle and bone tissues. However, regulatory
factors of OGN are not reported so far.

It has been shown that the risk of osteoporotic fracture is
increased in diabetic patients [13]. Advanced glycation end
products (AGEs) are produced by non-enzymatic reactions of car-
bohydrates with proteins especially in diabetic status and elderly
people [14,15]. AGEs adversely affect bone: we showed that the
combination of high glucose and AGE2 or AGE3 inhibited the min-
eralization of osteoblastic MC3T3-E1 cells, and that AGE2 or AGE3
inhibited the osteoblastic differentiation and mineralization of
mouse stromal ST2 cells [16-19]. On the other hand, several
studies have shown that sarcopenia is associated with diabetes
mellitus [20-23]. Previous studies showed that serum AGE levels
were significantly correlated with weak grip strength and walking
disability in elderly women [24,25]. These findings suggest that
AGEs adversely affect both bone and muscle tissues, causing
osteoporosis and sarcopenia, respectively, in type 2 diabetes.
However, there are no studies on the direct effects of AGEs on
myoblasts and osteoinductive factors derived from muscle.

In this study, we thus examined the roles of active vitamin D
in the interaction between muscle and bone. In addition to
1,25-dihydroxyvitamin D3 (1,25D), 25-hydroxyvitamin D3 (25D),
and 24,25-dihydroxyvitamin D3 (24,25D), we used eldecalcitol
(ELD), which is a novel analog of active vitamin D and recently
became available for clinical use, because there are no studies on
its direct effects on myoblasts. Moreover, we investigated whether
or not active vitamin D can rescue the AGEs’ adverse effects on
myoblastic differentiation.

2. Materials and methods
2.1. Materials

Recombinant 1,25D, 25-hydroxyvitamin D5 (25D), and 24,25-
dihydroxyvitamin D3 (24,25D), and ELD are kindly provided by
Chugai Pharma. Anti-B-actin antibody was obtained from Sigma-
Aldrich Corp (St. Louis, MO). Anti-Alkaline Phosphatase (ALP),
anti-OGN, anti-myogenin, anti-MyoD, anti-VDR antibodies, VDR
siRNA, and control siRNA were from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Anti-type 1 collagen (Col1) antibody was
from Calbiochem and Ingenex Corp. (San Diego, CA, USA). All other
chemicals used were of analytical grade.

2.2. Cell culture

Mouse myoblastic C2C12 cells (ATCC) were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) (Invitrogen) with
10% fetal bovine serum (FBS) and 1% penicillin-streptomycin
(Invitrogen). The cells were cultured in DMEM with 2% horse
serum for 6 days to differentiate into myotube. Mouse osteoblastic
MC3T3-E1 cells were provided by Dr. H. Komada (Ohu Dental
Collage, Koriyama, Japan). The cells were cultured in o-MEM with
10% FBS and 1% penicillin-streptomycin. The medium was changed
twice a week.

2.3. Conditioned medium collection

After reached cell confluent, C2C12 cells were incubated with or
without 1,25D for 2 days. After that, the cells were washed and
incubated in DMEM without FBS and 1,25D for 24 h. Then, the
medium was collected and stored at —80 °C. The medium from
vitamin D-untreated cells was used as controls. The conditioned
medium was added at 20% of final concentration in «-MEM when

effects of the conditioned medium on MC3T3-E1 cells were
examined.

2.4. Preparation of AGEs

AGE2, AGE3, and nonglycated BSA were prepared as previously
described [16-18]. AGE2 and AGE3 were prepared by incubating
50 mg/mL BSA (Sigma, St. Louis, MO) with 0.1 M pL-glyceraldehyde
(Nacalai Tesque, Kyoto, Japan) and 0.1 M glycolaldehyde (Sigma),
respectively, under sterile conditions in 0.2 M phosphate buffer
(pH 7.4) containing 5 mM diethylene-triamine-pentaacetic acid
(DTPA) at 37 °C for 7 days. Nonglycated BSA was incubated under
the same conditions except for the absence of pi-glyceraldehyde
or glycolaldehyde as a negative control. Then low molecular
weight reactants and aldehydes were removed using a PD-10
column chromatography and dialysis against phosphate-buffered
saline (PBS).

2.5. Protein extraction and Western blot analysis

Cells were lysed with radioimmunoprecipitation buffer contain-
ing 0.5mM phenylmethylsulfonylfluoride, complete protease
inhibitor mixture (Roche Applied Science, Tokyo, Japan), 1% Triton
X-100 and 1 mM sodium orthovanadate. Proteins were transferred
in 25 mM Tris, 192 mM glycine and 20% methanol to polyvinyli-
dene difluoride. Blots were blocked with 20 mM Tris-HCl (pH
7.5), 137 mM NacCl, 0.1% Tween 20 and 3% dried milk powder.
The membranes were immunoblotted with each primary antibody.
The antigen-antibody complexes were visualized using the
appropriate secondary antibodies (Sigma-Aldrich Corp.) and an
enhanced chemiluminescence detection system, LAS-4000 IR multi
color (FUJIFILM). The results depicted in each figure are represen-
tative of at least three independent cell preparations. Each
experiment was repeated three times.

2.6. RNA extraction and real-time PCR

Total RNA was prepared from cells using Trizol reagent (Invitro-
gen, San Diego, CA). cDNA was synthesized using a SuperScript-III
cDNA synthesis kit (Invitrogen). Specific mRNA was quantified by
using an ABI PRISM 7000 sequence detection system (Applied
Biosystems Inc.) with SYBR Premix Ex TaqTM IT (Perfect Real Time)
kits (TaKaRa) according to the manufacturer’s standard protocol.
The mRNA value for each gene was normalized relative to the
mouse GAPDH mRNA levels in RNA samples. Primer sequences
(forward and reverse) were as follows:

GAPDH, 5-GTGTACATGGTTCCAGTATGAGTCC-3' and 5'-AGT
GAGTTGTCATATTTCTCGTGGT-3’; OGN, 5'-TGCTTTGTGGTCACATG
GAT-3' and 5'-GAAGCTGCACACAGCACAAT-3’; Myogenin, 5'-GCTG
CCTAAAGTGGAGATCCT-3' and  5-GCGCTGTGGGAGTTGCAT-3/;
MyoD, 5'-GACGGCTCTCTCTGCTCCTT-3' and 5'-AGTAGAGAAGTGTG
CGTGCT-3'.

2.7. Transfection of small interfering RNA (siRNA)

Mouse VDR siRNA or control siRNA were transfected into C2C12
cells with LipofectAMINE (Invitrogen). Six hours later, the cells were
fed with fresh medium containing 10% FBS, and the transfected cells
were harvested for 48 h and were used for the experiments.

2.8. Statistics

All experiments were repeated at least three times. Data are
expressed as mean + S.E. Statistical analysis was performed using
analysis of variance. A P value <0.05 was taken to indicate a signif-
icant difference.
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3. Results

3.1. Effects of vitamin Ds on the expression of OGN and myoblastic
differentiation in myoblastic cells

We first examined the effects of 1,25D on the expression of OGN
and myoblastic differentiation in myoblastic C2C12 cells. As shown
in Fig. 1A, 1071 M 1,25D markedly increased the expressions of
OGN and myogenin proteins after 48-h incubation in these cells.
Moreover, 1,25D increased the expressions of OGN, myogenin,
and MyoD proteins (10~''"M-10"8M) (Fig. 1B). Next, we examined
the effects of vitamin D on the expressions of OGN, myogenin, and
MyoD. As shown in Fig. 1C, 10-10 M ELD as well as 1,25D increased
the expressions of OGN, myogenin, and MyoD proteins, although
107'°M 25D or 24,25D did not affect them. Moreover, 10-1°M
1,25D and ELD significantly increased the mRNA levels of OGN,
myogenin, and MyoD although 1071°M 25D or 24,25D did not
affect them (Fig. 1D-F).

3.2. Effects of a reduction in endogenous VDR by siRNA on 1,25D- and
eldecalcitol-induced OGN expression in myoblastic cells

We examined the effects of a reduction in endogenous VDR by
siRNA on 1,25D- and ELD-induced OGN expression in C2C12 cells.
We confirmed that the level of VDR protein was suppressed by
VDR siRNA transfection by Western blot analysis (Fig. 2A). As shown
in Fig. 2B, a reduction in endogenous VDR by siRNA suppressed
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1,25D- and ELD-induced expression of OGN protein. Moreover, a
reduction in endogenous VDR by siRNA significantly suppressed
1,25D- and ELD-induced the expression of OGN mRNA (Fig. 2C).

3.3. Effects of conditioned medium from 1,25D-pretreated and/or VDR
siRNA-transfected myoblastic cells on osteoblast phenotype

We examined the effects of conditioned medium from 1,25D-
pretreated and/or VDR siRNA-transfected C2C12 cells on osteoblast
phenotype of MC3T3-E1 cells. Before using the conditioned
medium, we confirmed that the level of OGN protein was increased
in conditioned medium from 1,25D-pretreated C2C12 cells com-
pared with control medium (Fig. 3A). The conditioned medium
from 1,25D-pretreated C2C12 cells increased the expressions of
Col1 and ALP proteins compared with controls in MC3T3-E1 cells
(Fig. 3B). Moreover, the expressions of Col1l and ALP proteins were
partially suppressed by conditioned medium from 1,25D-
pretreated C2C12 cells knocked down by VDR siRNA, compared
with the conditioned medium from 1,25D-pretreated C2C12 cells
without VDR silencing (Fig. 3C).

3.4. Effects of AGEs as well as co-incubation with 1,25D and AGEs on
myoblastic differentiation and the expression of OGN in myoblastic
cells

We investigated the effects of AGE2 or AGE3 on myoblastic
differentiation in C2C12 cells. As shown in Fig. 4A, 200 pg/mL

=)

Ratio of OGN
/GAPDH mRNA

0

=

Ratio of Myogenin
/GAPDH mRNA
[\

1

0 J R
vehicle 1,25D ELD 25D 24,25D
F *% -
as ¢
Z,
S
> E
ol
B 37
23

0 J Pata%s
vehicle 1,25D ELD 25D 24,25D

Fig. 1. 1,25D and ELD induced the expression of OGN and myoblastic differentiation in myoblastic cells. (A) Total proteins were extracted from 10~'°M 1,25D-pretreated C2C12
cells after 0-, 24-, or 48-h incubation. (B) Total proteins were extracted from 10~!! to 10~3M 1,25D-pretreated C2C12 cells after 48-h incubation. (C) Total proteins were extracted
from 10~'°M 1,25D- or ELD-pretreated C2C12 cells after 48-h incubation. (D-F) Total RNAs were extracted from 10~ '°M 1,25D-, ELD-, 25D-, or 24,25D-pretreated C2C12 cells
after 24-h incubation. Western blot analysis was performed with anti-OGN, myogenin, MyoD, or -actin antibodies. Real-time PCR was performed and data were expressed as

the GAPDH mRNA ratio. **P < 0.01 relative to control.
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from 107°M 1,25D- or EDL-pretreated C2C12 cells for 48 h with control siRNA- or
VDR siRNA-transfection. (C) Total RNAs were extracted from 10~'°M 1,25D- or ELD-
pretreated C2C12 cells for 24 h with control siRNA- or VDR siRNA-transfection.
Western blot analysis was performed with anti-VDR, anti-OGN or B-actin antibod-
ies. Real-time PCR was performed and data were expressed as the GAPDH mRNA
ratio. “*P<0.01 relative to vehicle with control siRNA-transfection or with VDR
siRNA-transfection.

AGE2 or AGE3 markedly suppressed the expressions of MyoD and
myogenin (Fig. 4A) as well as OGN protein (Fig. 4B) in C2C12 cells.
Moreover, AGE2 or AGE3 significantly inhibited the mRNA
expression of MyoD, myogenin, and OGN (Fig. 4C-E). Finally, we
examined the effects of 1,25D on AGEs-suppressed myoblastic
differentiation and the expression of OGN in C2C12 cells. As shown
in Fig. 4F, 10-10 M 1,25D recovered AGE2- or AGE3-suppressed
expressions of MyoD and myogenin proteins. Moreover, 1,25D
recovered AGE2- or AGE3-suppressed the levels of OGN protein
(Fig. 4G).

4. Discussion

The interaction between muscle and bone has recently
attracted widespread attention. We previously found that OGN is
a humoral molecule derived from myoblast and might induce the
osteogenic differentiation [12]. Since vitamin D is well-known to
be an important factor for myoblastic differentiation and muscle
strength [7,26], we hypothesized that vitamin D might affect
OGN expression in myoblasts. Along with the markers of myogen-
esis, the expression of OGN mRNA and protein was increased by
1,25D and ELD in C2C12 cells. And, 1,25D- and ELD-induced OGN
expression was partially but significantly canceled by VDR
silencing by siRNA. In addition, the conditioned medium from
1,25D-pretreated C2C12 cells increased Coll and ALP expression
in MC3T3-E1 cells. This is the first evidence that active vitamin D
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Fig. 3. Conditioned medium from 1,25D-pretreated myoblastic cells induced
osteoblast phenotype in MC3T3-E1 cells. After reached cell confluent, C2C12 cells
were incubated with or without 1,25D for 2 days. After that, the cells were washed
and incubated in DMEM without FBS and 1,25D for 24 h. Then, the medium was
collected. (A) Western blot analysis was performed with anti-OGN antibody using
10 pL medium and loading buffer. (B) MC3T3-E1 cells were cultured with 20% of
each conditioned medium for 48 h. Total protein from these cells was extracted, and
Western blot analysis was performed with anti-Col1, ALP, or p-actin antibodies. (C)
Conditioned medium was obtained from the cultures of control siRNA- or VDR
siRNA-transfected C2C12 cells with or without 1,25D.

is involved in the interaction between muscle and bone probably
via OGN expression.

Although receptor for AGEs (RAGE) is expressed in muscle [27],
the direct effects of AGEs on myoblastic differentiation were not
reported. We previously demonstrated that AGE2 and AGE3, which
are related to diabetic complications [14,15], inhibited the differ-
entiation of stromal cells into osteoblasts and the mineralization
of osteoblastic cells through RAGE expression [16,17], suggesting
that AGEs directly affect osteoblast function and bone formation.
In the present study, we showed that AGE2 and AGE3 suppressed
the myoblastic differentiation and the expression of OGN in
C2C12 cells, suggesting that AGEs have direct negative effects on
myogenesis and indirect negative effects on osteoblastic differenti-
ation probably through suppressing OGN expression in myoblasts.

Our previous and present studies suggest that AGEs are
important factors in the pathology of not only sarcopenia but also
osteoporosis. Regarding the prevention and treatment of these
diseases, the agents that abolish the effects of AGEs should be clin-
ically important. Thus, we tested the effects of co-incubation with
1,25D and AGEs on myoblastic differentiation and OGN expression.
While AGEs decreased the expressions of MyoD, myogenin and
OGN, 1,25D markedly increased them under the presence of AGEs.
These findings indicate that 1,25D treatment might be useful to
prevent sarcopenia and osteoporosis associated with diabetes mel-
litus and elderly people.

We previously reported that AGEs inhibited the osteoblastic dif-
ferentiation of stromal ST2 cells by suppressing endoplasmic retic-
ulum (ER) stress sensors such as inositol-requiring transmembrane
kinase and endonuclease 1a, activating transcription factor 6, and
old astrocyte specifically induced substance, which leads to the
accumulation of abnormal proteins [18]. Previous studies also
showed that the administration of AGE precursors or AGEs increased
ER stress and apoptosis in mice chondrocytes or human aortic
endothelial cells [28,29]. In humans, elevated RAGE, ER stress mar-
ker glucose-regulated protein 78, and cell-cycle regulator p21 were
all positively correlated with enhanced senescence-associated-f-
galactosidase activity in patients with diabetic nephropathy [30].
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Fig. 4. AGEs suppressed the myoblastic differentiation and the expression of OGN in myoblastic cells, while 1,25D recovered the AGEs’ effects. (A and B) Total proteins were
extracted from 200 pg/mL AGE2- or AGE3-treated C2C12 cells after 48-h incubation. Western blot analysis was performed with anti-MyoD, myogenin, anti-OGN, or p-actin
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In contrast, Riek et al. showed that vitamin D was a natural ER
stress reliever that induced an anti-inflammatory monocyte/
macrophage phenotype in type 2 diabetic patients [31,32].
Although further studies are needed to clarify the mechanism,
AGEs and vitamin D might modulate the myoblastic differentiation
and the expression of OGN through ER stress.

In this study, we found for the first time that vitamin D regu-
lates OGN expression, leading to stimulate osteoblastic differentia-
tion indirectly. However, to confirm our results, further
experiments are necessary. We used C2C12 cells as a model for
myoblastic cells because the cells are frequently used to examine
the function and differentiation of myoblast in vitro. Although
the cells were obtained by serial passage of myoblasts cultured
from muscle tissue of C3H mice after a crush injury [33], they
might not be identical to natural muscle cells in vivo. Therefore,
we need further in vivo experiments and clinical studies in future.
Furthermore, several molecules linking muscle to bone were previ-
ously reported. For example, we reported that Tmem119 is an
important local inducer of muscle ossification [34], and that
FAMS5C acts as another humoral factor to stimulate osteoblastic
differentiation [35]. Further studies focused on these would be
interested.

In conclusion, 1,25D and ELD increased the differentiation of
C2C12 cells and the expression of OGN, leading to the differentia-
tion of MC3T3-E1 cells, suggesting that these agents might be use-
ful to prevent and treat not only osteoporosis but also sarcopenia.
Moreover, we found that, in contrast to active vitamin D, AGEs
suppressed the myoblastic differentiation and the expression of

OGN, suggesting that AGEs accumulation may be involved in sarco-
penia and osteoporosis by suppressing myoblastic differentiation
and OGN expression. In addition, 1,25D might be useful to prevent
sarcopenia and osteoporosis by direct or indirect fashions through
muscle tissues.
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