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Acerogenin A, a natural compound isolated from Acer nikoense Maxim,
stimulates osteoblast differentiation through bone morphogenetic protein action
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We investigated the effects of acerogenin A, a natural compound isolated from Acer nikoense Maxim, on
osteoblast differentiation by using osteoblastic cells. Acerogenin A stimulated the cell proliferation of
MC3T3-E1 osteoblastic cells and RD-C6 osteoblastic cells (Runx2-deficient cell line). It also increased
alkaline phosphatase activity in MC3T3-E1 and RD-C6 cells and calvarial osteoblastic cells isolated from
the calvariae of newborn mice. Acerogenin A also increased the expression of mRNAs related to osteoblast
differentiation, including Osteocalcin, Osterix and Runx2 in MC3T3-E1 cells and primary osteoblasts: it also
stimulated Osteocalcin and Osterix mRNA expression in RD-C6 cells. The acerogenin A treatment for
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gﬁ;ablast 3 days increased Bmp-2, Bmp-4, and Bmp-7 mRNA expression levels in MC3T3-E1 cells. Adding noggin,
Runx2 a BMP specific-antagonist, inhibited the acerogenin A-induced increase in the Osteocalcin, Osterix and
Noggin Runx2 mRNA expression levels. These results indicated that acerogenin A stimulates osteoblast differen-

tiation through BMP action, which is mediated by Runx2-dependent and Runx2-independent pathways.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Osteoblasts play a crucial role in bone formation. They derive
from the mesenchymal stem cells and differentiate into mature
and functional osteoblasts, which process is regulated by many
factors. Among these factors, bone morphogenetic proteins (BMPs)
are the strongest inducers of osteoblast differentiation and bone
formation [1,2]. In this process, BMPs activate runt-related gene
2 (Runx2) [3], which is an essential transcription factor for osteo-
blast differentiation and bone formation; Runx2-deficient mice
lacked bone formation because of the maturation arrest of osteo-
blasts [4-6]. Osterix, another transcription factor, is also essential
for osteoblast differentiation and bone formation since osterix-
deficient mice also lack bone formation because of the maturation
arrest of osteoblasts [7]. These two transcription factors govern the
critical regulation of osteoblast differentiation and bone formation.
Runx2 is more upstream factor than osterix during osteoblast dif-
ferentiation and bone formation because Runx2-deficient mice do
not exhibits osterix expression but osterix-deficient mice retain-
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Runx2 expression in their skeletal tissue [7]. Thus, osteoblast dif-
ferentiation and bone formation are critically regulated by BMPs
and the transcription factors, Runx2 and osterix, which regulate
the expression of the osteoblast-related genes encoding alkaline
phosphatase (ALP), type I collagen and osteocalcin {2].

BMPs were originally identified as proteins that induced ectopic
bone formation when implanted into muscular tissue, and these
play important roles in bone regeneration [1,8]. Several lines of
evidence have shown that the BMP expression levels are upregu-
lated during bone regeneration, and that BMPs stimulate osteo-
blast differentiation and bone regeneration [9-13]. Therefore,
BMPs are suitable for therapeutic use in bone repair and BMPs have
been used for human bone regeneration therapy [14-16]. In addi-
tion, chemicals or drugs that upregulate BMP expression will be
useful for developing therapeutic drugs for bone regeneration
[17-20].

Some natural compounds exert anabolic effects on bone metab-
olism [21]. We performed extensive screening for identifying new
natural compounds that stimulate osteoblast differentiation and
identified several such candidates. In the present study, we have
investigated the effects of one of these compounds, acerogenin A
(ACE), on osteoblast differentiation. ACE was isolated from Acer

. nikoense Maxim, which is indigenous to Japan and its stem bark

has been used in folk medicine as a remedy for hepatic disorders.
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and eyewash [22]. Many new diarylheptanoids and their glyco-
sides named acerogenin and aceroside were isolated from the stem
bark of A. nikoense. Nagai et al. first isolated ACE from the stem
bark of A. nikoense in 1976 [23], and many structurally related
products have been identified. These compounds exert several bio-
logical actions including the inhibitory effects of degranulation in
basophilic leukemia cells [24], the protective effects against hepa-
tic injury [25], the inhibitory effects on nitric oxide production in
lipopolysaccharide-activated macrophages [26] and the inhibitory
effect of Na*-glucose cotransporter [27], which is a specific activity
of ACE. However, its beneficial effects on osteoblast differentiation
have not been evaluated.

To investigate the effects of ACE, we used three kinds of osteo-
blastic cells, MC3T3-E1 cells, RD-C6 cells and calvarial osteoblastic
cells. The MC3T3-E1 cell line is a typical osteoblastic cell lines iso-
lated from mouse calvariae. RD-C6 cells are isolated from Runx2-
deficient mouse embryos [28]. We have previously reported that
RD-C6 cells are capable of differentiating into certain stages of oste-
oblasts by stimulation with BMP-2, indicating the usefulness of this
cell line for identifying the molecular events underlying osteéoblast
differentiation through the Runx2-independent pathway [28]. Cal-
varial osteoblastic cells retain osteoblastic characteristics well and
these cells are used as primary osteoblastic cells [29].

In this study, we found that ACE stimulates osteoblast differen-
tiation through BMP action, which is mediated by both Runx2-
dependent and Runx2-independent pathways. These results
indicate that ACE is a potent compound that stimulates osteoblast
differentiation and suggest that ACE is a potential candidate for
therapeutic use in bone regeneration as an agent for stimulating
bone formation.

2. Materials and methods
2.1. Reagents

Acerogein A (ACE) was provided from Dr. Toshihiro Akihisa. Re-
combinant mouse noggin was purchased from R&D Systems (Min-
neapolis, MN). Specific PCR primers for mouse Alp, Osteocalcin
(Ocn), Osterix, Runx2, Bmp-2, Bmp-4, Bmp-7 and 18s RNA were syn-
thesized by BEX Co., Ltd. (Tokyo, Japan). All other chemicals and re-
agents were of analytical grade.

2.2. Cell culture

MC3T3-E1 osteoblastic cells were purchased from Cell Bank, RI-
KEN BioResource Center (Tsukuba, Japan). The Runx2-deficient cell
line, RD-C6, was isolated from Runx2-deficient mouse embryos as
described previously [28]. Primary osteoblastic cells (calvarial
cells) were isolated from the calvariae of newborn C57B/6 ] mice.
The cells were inoculated into 24-well plates at a density of
2.5 x 10% cells/well, except for cell proliferation assay. These cells
were cultured using o-modified minimum essential medium con-
taining 10% fetal bovine serum (Sigma, St. Louis, MO), 50 units/
m] penicillin G and 50 mg/ml streptomycin.

Tabel
Primer sequences of RT-PCR.

2.3 Cell proliferation assay

MC3T3-E1 cells and RD-C6 cells were inoculated into 24-well
plates at a cell density of 250 cells/well and 500 cells/well, respec-
tively, and cultured with or without 30 pM of ACE up to day 6. The
cell number for each cell type was assessed on days 2, 4, and 6 after
cell inoculation. The cell number was counted on removing the
cells after incubation with calcium and magnesium free-phosphate
buffered saline containing 0.25% trypsin and 0.04%ethylenedi-
aminetetraacetic acid. The doubling time for each cell type was
estimated using cell counts obtained during the culture,

2.4. Measurement of alkaline phosphatase activity and histochemical
staining

Cultured cells were sonicated in radioimmunoprecipitation as-
say (RIPA) buffer to obtain cell lysate. ALP activity was determined
using p-nitrophenylphosphate solution (Wako. Pure Chemicals,
Osaka, Japan) as the substrate [9]. For histochemical detection of
ALP activity, the cultured cells were fixed in 10% phosphate-buf-
fered formalin for 5 min, washed twice with 10 mM Tris-HCl (pH -
7.5), and then stained with ALP [10].

2.5. Reverse transcriptase-polymerase chain reaction analysis

For the reverse transcriptase-polymerase chain reaction (RT-
PCR) analysis, total RNA was extracted from the cultured cells by
using NucleoSpin (Macherey-Nagel, Duren, Germany). RNA ali--
quots were reverse transcribed to complementary DNAs by using
an oligo (dT) primer (Roche), deoxynucleotide triphosphate (dNTP;
Promega), and Moloney murine leukemia virus (M-MuLV) reverse
transcriptase (Fermentas, Hanover, MD). The complementary DNA
products were subjected to PCR amplification with gene-specific
primers for mouse Osteocalcin, Runx2, Osterix, Alp, Bmp-2, Bmp-4,
and Bmp-7 (Table 1). Real-time RT-PCR amplification was per-
formed using a LightCycler System (Roche) with a Platinum SYBR
Green qPCR SuperMix UDG kit (Invitrogen, Carlsbad, CA). The rela-
tive amount of each mRNA in each sample was normalized to
the18S rRNA level.

2.6. Statistical analyses

‘We used analysis of variance with an F-test, followed by a t-test.
P values less than 0.05 were considered significant. The data are
presented as mean + standard deviation values of independent
replicates.

3. Results
3.1. Effective doses of ACE for osteoblast differentiation
Because ALP is an early-stage marker and osteocalcin is a late-

stage marker for osteoblast differentiation, we first tested the
dose-response effects of ACE on Alp and Osteocalcin mRNA expres-

Gene Forward

Reverse

Alkaline phosphatase

5'-TGAGCGACACGGACAAGA

3'-GGCCTGGTAGTTGTTGTGAG

Osteocalcin 5'-CCAAGCAGGAGGGCAATA 3'-AGGGCAGCACAGGTCCTAA
Osterix 5'-TATGCTCCGACCTCCTCAACT 3'-TCCTATTTGCCGTTTTCCCGA
Runx2 5'-ATCCATCCAACTCCACCACG . 3'-AGAGGAAGGCCAGAGGCA
BMP-2 5'-CCCCAAGACACAGTTCCCTA 3'-GAGACCGCAGTCCGTCTAAG
BMP-4 5'-TGAGCCTTTCCAGCAAGTIT 3'-CTTCCCGGTCTCAGGTATCA
BMP-7 5'-GAAAACAGCAGCAGTGACCA 3'-GGTGGCGTTCATGTAGGAGT

18S rRNA

5'-GTAACCCGTTGAACCCCATT

3'-CCATCCAATCGGTAGTAGCG
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Fig. 1. Dose-dependent effects of ACE on Alp and Osteocalcin (Ocn) mRNA expression in MC3T3-E1 (A, B) and RD-C6 cells (C, D). These cells were treated with various
concentrations of ACE for 3 days (A, B, C) or 9 days (D). Effects of ACE on the cell proliferation of MC3T3-E1 (E) and RD-C6 cells (F). Vehicle (triangle) and ACE treatment
(square).The cells were cultured for 2, 4, and 6 days in the presence or absence of ACE (30 uM), and the cells numbers were assessed as described in Materials and Methods.

*P<0.05, *P<0.01.

sion levels by using MC3T3-E1 and RD-C6 cells. In MC3T3-E1 cells,
3-day treatment with ACE significantly stimulated the Alp mRNA
expression levels at 5 pM and its stimulatory effects plateauedat
concentrations greater than 20 uM (Fig. 1A). Osteocalcin mRNA
expression was significantly increased when doses greater than
2.5 uM of ACE were used (Fig. 1B). In RD-C6 cells, the Alp mRNA
expression level significantly increased on day 3 by treatment with
ACE at concentrations greater than 5 pM (Fig. 1C). Treatment with
20 UM of ACE failed to stimulate Osteocalcin mRNA expression dur-
ing the 3-day treatment (data not shown), but when the cells were
treated with the same dose, i.e., 20 uM of ACE for 9 days, the Oste-
ocalcin mRNA expression level significantly increased (Fig. 1D). On
the basis of these results, we performed the following experiments
on the cell proliferation and differentiation of osteoblastic cells by
using 30 uM of ACE.

3.2. ACE stimulated the cell proliferation of osteoblastic cells

Treatment with ACE (30 uM) did not induce any significant
changes in the number of MC3T3-E1 and RD-C6 cells on days 2
and 4; however, on day 6, the number of both types of cells was
significantly greater than that were not treated with ACE (Fig. 1E
and F). After ACE treatment, the cell doubling times for both cell
lines were lower than those for the control cultures (MC3T3-E1:
control cells, 24.9 h versus ACE treated cells, 21.9 h; RD-C6: control
cells, 21.4 h versus ACE treated cells, 18.4 h). These results suggest
that ACE stimulates the cell proliferation of osteoblastic cells.

3.3. ACE stimulated ALP activity

Treatment with ACE for 6 days significantly increased the ALP
activity in MC3T3-E1 (Fig. 2A), RD-C6 (Fig. 2C), and calvarial cells
(Fig. 2E), and these stimulatory effects were also observed on
ACE treatment for 21 days (Fig. 2B, D and F). The histochemical
detection of ALP activity in MC3T3-E1 cells, RD-C6 cells, and cal-
varial cells after treatment with ACE for 6 days also indicated the
stimulatory effects of ACE-in these cells (data not shown).

3.4. ACE stimulated the expression of mRNAs related to osteoblast
differentiation

Next, we investigated the effects of ACE on the expression of
mRNAs related to osteoblast differentiation. ACE treatment for
6 days greatly increased Alp mRNA expression in MC3T3-E1 and
RD-C6 cells (Fig. 2G and H). The 6-day ACE treatment (30 uM) sig-
nificantly increased the mRNA expression level of Osteocalcin,
which is a marker for differentiated osteoblasts, in MC3T3-E1, cal-
varial cells and RD-C6 cells (Fig. 3A, D and G). It also significantly
enhanced the expression of Osterix mRNA, which encodes an
essential transcription factor for osteoblast differentiation, in
MC3T3-E1 cells, calvarial cells, and RD-C6 cells (Fig. 3B, E and H).
ACE treatment also significantly increased the mRNA expression
of Runx2, which encodes another essential transcription factor for
osteoblast differentiation, in MC3T3-E1 and calvarial cells (Fig. 3C
and F). RD-C6 cells did not express Runx2 mRNA because these
cells were isolated from Runx2-deficient mice.
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Fig. 2. Effects of ACE on ALP activity in MC3T3-E1 cells (A, B), RD-C6 cells (C, D) and
calvarial cells (E, F). The cells were treated with ACE (30 pM) for 6 days (A, C, E) or
21 days (B, D, F). Effects of ACE on Alp mRNA expression in MC3T3-E1 (G) and RD-C6
cells (H). The cells were treated with ACE (30 uM) for 6 days, and mRNA expression
was determined as described in Materials and Methods. *P < 0.05, **P < 0.01.

3.5. Noggin inhibited ACE-induced osteoblast differentiation

Because BMPs are the most potent inducers of osteoblast differ-
entiation [2,9-12], we investigated the effects of noggin, a BMP
specific antagonist {2,30], on ACE-induced expression of osteo-
blast-related mRNAs. We added noggin (500 ng/ml) to ACE-treated

cultures. Noggin significantly inhibited the ACE-induced expres- .

sion of Osteocalcin in MC3T3-E1 cells, calvarial cells, and RD-C6
cells (Fig. 3A, D and G). It also attenuated the Osterix mRNA expres-
sion levels in all of these cell types, but its inhibitory effects were
significant in MC3T3-E1 and RD-C6 cells (Fig. 3B, E and H). This
treatment also significantly inhibited the Runx2 mRNA expression
level to the control levels in MC3T3-E1 cells and calvarial cells
(Fig. 3C and F). Furthermore, histochemical analysis revealed that
noggin treatment inhibited ACE-induced ALP activity in MC3T3-
E1, RD-C6, and calvarial cells (Fig. 3I).

3.6. ACE stimulated the expression of BMPs in osteoblastic cells

To further confirm what kinds of BMPs are involved in ACE-in-
. duced osteoblast differentiation, we evaluated Bmp-2, Bmp-4 and

Bmp-7 mRNA expression after ACE treatment. After ACE (30 uM)
treatment for 3 days, Bmp-2, Bmp-4 and Bmp-7 mRNA expression
levels in MC3T-E1 cells were considerably higher than those in
the control culture (Fig. 4A-C). Although this treatment failed to
induce significant increases in the mRNA expression of these BMPs
in RD-C6 cells (data not shown), ACE treatment for 6 days stimu-
lated Bmp-2 and Bmp-7 mRNA expression in RD-C6 cells to levels
that were significantly higher than those in control cultures
(Fig. 4D and F). This treatment induced no significant increase in
the Bmp-4 mRNA level in RD-C6 cells (Fig. 4E). Treatment with
ACE for 9 days significantly upregulated Bmp4 mRNA expression
in RD-C6 cells (data not shown).

3.7. ACE stimulated osteoblast differentiation in MC3T3-E1 cells in the
postconfluent state

In the present study, ACE stimulated the cell proliferation of
MC3T3-E1 and RD-C6 cells (Fig. 1E and F). Because the increase
in cell number accelerates osteoblast differentiation in vitro, the ef-
fects of ACE on osteoblast differentiation may be related to the
stimulated cell proliferation. To explore this possibility, we treated
MC3T3-E1 cells in the postconfluent state with ACE (30 uM) for
3 days, and determined the Alp, Osteocalcin, Osterix and Runx2
mRNA expression. As a result, ACE significantly increased the
mRNA expression levels for Osteocalcin, Osterix and Runx2 but not
for Alp (Fig. 4G-]). Interestingly, the same treatment did not induce
significant increases in the Bmp2, Bmp4 and Bmp7 mRNA expres-
sion levels (data not shown). A

4, Discussion

In the present study, we have shown that ACE stimulated osteo-
blast differentiation by using MC3T3-E1 cells, RD-C6 cells, and cal-
varial osteoblastic cells isolated from the calvariae of newborn
mice (so-called primary osteoblastic cells). We first determined
the ACE doses that affected the expression of osteoblast-related
genes such as Alp and Osteocalcin by using MC3T3-E1 and RD-C6
cells (Fig. 1). The results of these experiments suggested that
MC3T3-E1 cells are more sensitive to ACE stimulation than are
RD-C6 cells. We have also shown that ACE induces ALP activity
(Fig. 2) and Osterix, Runx2, and Osteocalcin mRNA expression in
MC3T3-E1 and calvarial cells (Fig. 4). Because Runx2 is a critical
transcription factor that regulates Osteocalcin mRNA expression
[4,6], ACE-induced increase in the Runx2 mRNA expression level
may be involved in the ACE-induced stimulatory effects on osteo-
blast differentiation in MC3T3-E1 and calvarial osteoblastic cells.
ACE also stimulated osteoblast differentiation in RD-C6 cells,
which lack Runx2 [28], by increasing the Alp, Osteocalcin and Oster-
ix expression levels. These results indicate that ACE stimulates
osteoblast differentiation through Runx2-dependent and Runx2-
independent pathways. ' ‘

To determine the mechanism underlying the stimulatory effects
of ACE on osteoblast differentiation, we first investigated whether
BMPs are involved in ACE-induced osteoblast differentiation, be-
cause BMPs are the most potent inducers of osteoblast differentia-
tion; this was done using the BMP-specific antagonist, noggin.
Noggin treatment significantly inhibited the ACE-induced upregu-
lation of osteoblast-related mRNAs as well as ALP activity (Fig. 3).
These results indicated that ACE-induced osteoblast differentiation
is mediated by BMP action.

To explore what kinds of BMPs participated in ACE-induced
osteoblast differentiation, we assessed Bmp-2, Bmp-4 and Bmp-7
mRNA expression in MC3T3-E1 and RD-C6 cells with or without
ACE treatment. As expected, ACE stimulated the Bmp-2, Bmp-4
and Bmp-7 mRNA expression as early as day 3 after treatment. Be-
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Fig. 3. Effects of ACE and noggin on Osteocalcin (Ocn), Osterix and Runx2 mRNA expression in MC3T3-E1 cells (A, B, C), calvarial cells (D, E, F), and RD-C6 cells (G, H). The cells
were cultured for 6 days in the presence or absence of ACE (30 pM) with or without noggin (500 ng/ml) treatment. Histochemical detection of ALP activity in MC3T3-E1 cells,
RD-C6 cells and calvarial cells (I). All of the cells were treated with ACE (30 uM) for 6 days in the presence or absence of noggin (Nog), and ALP activity was detected as
described in Section 2. *P < 0.05, ** P< 0.01: significantly different from control culture [ACE (-), Noggin (—)], 3P < 0.05, P < 0.01: significantly different from ACE treated

cells [ACE (+), Noggin (-)].

cause ACE treatment also stimulated Alp and Osteocalcin mRNAs
expression at doses over 5 pM in MC3T3-E1 cells on day 3 after
the treatment, these effects may be closely related to increase in
BMP levels due to ACE treatment. In contrast, the 3-day ACE treat-
ment induced no apparent increases in the Bmp-2, Bmp-4 and Bmp-
7 mRNA expression levels in RD-C6 cells, but the 6-day treatment
significantly upregulated the Bmp-2 and Bmp-7 mRNA expression
levels in this cell line. Interestingly, ACE failed to increase Osteocal-
cin mRNA expression on day 3 after ACE treatment, but was in-
duced on day 9 after the treatment in RD-C6 cells (Fig. 1D).
These results indicate that delayed induction of Osteocalcin mRNA
expression in RD-C6 by ACE treatment may be related to the de-
layed increase in BMPs expression levels in response to ACE treat-
ment in this cell line. In contrast, ACE stimulated Alp mRNA
expression as early as on day 3 after the treatment in RD-C6 cells
(Fig. 1C). This suggests that RD-C6 cells produced BMPs other than
BMP-2, BMP-4, and BMP-7 in response to ACE or that a signaling
pathway other than the BMP signaling is involved in this anabolic
action. The Wnt/B-catenin signaling pathway is one such candidate
because this signaling pathway plays a crucial role in osteoblast
differentiation [31]. Whether Wnt/B-catenin signaling is involved
in ACE-induced osteoblast differentiation is of considerable inter-
est and is under investigation in our group. These studies will pro-

vide important information for identifying the target molecules of
ACE in osteoblast differentiation.

The occurrence of osteoblast differentiation depends on the cell
number in in vitro cell culture systems. Since ACE stimulated the
proliferation of osteoblastic cells, we investigated whether the
stimulatory effects of ACE on osteoblast differentiation occurred
in MC3T3-E1 cells in the postconfluent state. The results of this
experiment revealed that ACE stimulated osteoblast differentiation
even after the postconfluent stage by increasing Osteocalcin, Oster-
ix, and Runx2 mRNA expression, although an early differentiation
marker, Alp mRNA expression, was not stimulated. Interestingly,
the induction of BMPs by ACE treatment was not apparent com-
pared to that observed in proliferating-stage cultures of MC3T3-
E1 cells (Fig. 4A-C). These results suggested that the stimulatory
effects of ACE on osteoblast differentiation partly depend on the
cell proliferation effect of ACE, and that ACE-induced BMP induc-
tion preferentially occurred at a cell proliferation stage.

In summary, this is the first study to show that a natural com-
pound, ACE, isolated from A. nikoense Maxim exerts stimulatory ef-
fects on osteoblast differentiation through BMP action mediated by
Runx2-dependent and Runx2-independent pathways. These re-
sults suggest that ACE is a candidate anabolic agent for stimulating
bone formation. This effect of ACE treatment will be useful with re-
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*P<0.05, “*P<001.

gard to developing therapeutic agents for bone diseases such as
bone repair and osteoporosis.
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ARTICLE INFO ABSTRACT

We investigated the effects of acerogenin A, a natural compound isolated from Acer nikoenise Maxim, on
osteoblast differentiation by using osteoblastic cells. Acerogenin A stimulated the cell proliferation of
MC3T3-E1 osteoblastic cells and RD-C6 osteoblastic cells (Runx2-deficient cell line). It also increased
alkaline phosphatase activity in MC3T3-E1 and RD-C6 cells and calvarial ostecblastic cells isolated from
the calvariae of newborn mice. Acerogenin A also increased the expression of mRNAs related to osteoblast
differentiation, including Osteocalcin, Osterix and Runx2 in MC3T3-E1 cells and primary osteoblasts: it also
stimulated Osteocalcin and Osterix mRNA expression in RD-C6 cells. The acerogenin A treatment for
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B;A;O ast 3 days increased Bmp-2, Bmp-4, and Bmp-7 mRNA expression levels in MC3T3-E1 cells. Adding noggin,
Runx2 a BMP specific-antagonist, inhibited the acerogenin A-induced increase in the Osteocalcin, Osterix and
Noggin Runx2 mRNA expression levels. These results indicated that acerogenin A stimulates osteoblast differen-

tiation through BMP action, which is mediated by Runx2-dependent and Runx2-independent pathways.

© 2011 Elsevier Inc. All rlghts reserved.

1. Introduction

Osteoblasts play a crucial role in bone formation. They derive
from the mesenchymal stem cells and differentiate into mature
and functional osteoblasts, which process is regulated by many
factors. Among these factors, bone morphogenetic proteins (BMPs)
are the strongest inducers of osteoblast differentiation and bone
formation [1,2]. In this process, BMPs activate runt-related gene
2 (Runx2) [3], which is an essential transcription factor for osteo-
blast differentiation and bone formation; Runx2-deficient mice
lacked bone formation because of the maturation arrest of osteo-
blasts [4-6]. Osterix, another transcription factor, is also essential
for osteoblast differentiation and bone formation since osterix-
deficient mice also lack bone formation because of the maturation
arrest of osteoblasts [7]. These two transcription factors govern the
critical regulation of osteoblast differentiation and bone formation.
Runx2 is more upstream factor than osterix during osteoblast dif-
ferentiation and bone formation because Runx2-deficient mice do
not exhibits osterix expression but osterix-deficient mice retain-
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Runx2 expression in their skeletal tissue {7]. Thus, osteoblast dif-
ferentiation and bone formation are critically regulated by BMPs
and the transcription factors, Runx2 and osterix, which regulate
the expression of the osteoblast-related genes encoding alkaline
phosphatase (ALP), type I collagen and osteocalcin [2].

BMPs were originally identified as proteins that induced ectopic
bone formation when implanted into muscular tissue, and these
play important roles in bone regeneration [1,8]. Several lines of
evidence have shown that the BMP expression levels are upregu-
lated during bone regeneration, and that BMPs stimulate osteo-
blast differentiation and bone regeneration [9-13]. Therefore,
BMPs are suitable for therapeutic use in bone repair and BMPs have
been used for human bone regeneration therapy {14-16]. In addi-
tion, chemicals or drugs that upregulate BMP expression will be
useful for developing therapeutic drugs for bone regeneration
[17-20].

Some natural compounds exert anabolic effects on bone metab-
olism [21]. We performed extensive screening for identifying new
natural compounds that stimulate osteoblast differentiation and
identified several such candidates. In the present study, we have
investigated the effects of one of these compounds, acerogenin A
(ACE), on osteoblast differentiation. ACE was isolated from Acer
nikoense Maxim, which is indigenous to Japan and its stem bark
has been used in folk medicine as a remedy for hepatic disorders
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and eyewash [22]. Many new diarylheptanoids and their glyco-
sides named acerogenin and aceroside were isolated from the stem
bark of A. nikoense. Nagai et al. first isolated ACE from the stem
bark of A. nikoense in 1976 [23], and many structurally related
products have been identified. These compounds exert several bio-
logical actions including the inhibitory effects of degranulation in
basophilic leukemia cells [24], the protective effects against hepa-
tic injury [25], the inhibitory effects on nitric oxide production in
lipopolysaccharide-activated macrophages [26] and the inhibitory
effect of Na*-glucose cotransporter [27], which is a specific activity
of ACE. However, its beneficial effects on osteoblast differentiation
have not been evaluated. ) ‘

To investigate the effects of ACE, we used three kinds of osteo-
blastic cells, MC3T3-E1 cells, RD-C6 cells and calvarial osteoblastic
cells. The MC3T3-E1 cell line is a typical osteoblastic cell lines iso-
lated from mouse calvariae. RD-C6 cells are isolated from Runx2-
deficient mouse embryos [28]. We have previously reported that
RD-C6 cells are capable of differentiating into certain stages of oste-
oblasts by stimulation with BMP-2, indicating the usefulness of this
cell line for identifying the molecular events underlying osteoblast
differentiation through the Runx2-independent pathway [28]. Cal-
varial osteoblastic cells retain osteoblastic characteristics well and
these cells are used as primary osteoblastic cells [29].

In this study, we found that ACE stimulates osteoblast differen-
tiation through BMP action, which is mediated by both Runx2-
dependent and Runx2-independent pathways. These results
indicate that ACE is a potent compound that stimulates osteoblast
differentiation and suggest that ACE is a potential candidate for
therapeutic use in bone regeneration as an agent for stimulating
bone formation. )

2. Materials and methods
2.1. Reagents

Acerogein A (ACE) was provided from Dr. Toshihiro Akihisa. Re-
combinant mouse noggin was purchased from R&D Systems (Min-
neapolis, MN). Specific PCR primers for mouse Alp, Osteocalcin
(Ocn), Osterix, Runx2, Bmp-2, Bmp-4, Bmp-7 and 18s RNA were syn-
thesized by BEX Co., Ltd. (Tokyo, Japan). All other chemicals and re-
agents were of analytical grade.

2.2, Cell culture

MC3T3-E1 osteoblastic cells were purchased from Cell Bank, RI-
KEN BioResource Center (Tsukuba, Japan). The Runx2-deficient cell
line, RD-C6, was isolated from Runx2-deficient mouse embryos as
described previously [28]. Primary osteoblastic cells (calvarial
cells) were isolated from the calvariae of newborn C57B/6 ] mice.
The cells were inoculated into 24-well plates at a density of
2.5 x 10% cells/well, except for cell proliferation assay. These cells
were cultured using o-modified minimum essential medium con-
taining 10% fetal bovine serum (Sigma, St. Louis, MO), 50 units/
ml penicillin G and 50 mg/ml streptomycin.

Tabel
Primer sequences of RT-PCR.

2.3. Cell proliferation assay

MC3T3-E1 cells and RD-C6 cells were inoculated into 24-well
plates at a cell density of 250 cells/well and 500 cells/well, respec-
tively, and cultured with or without 30 uM of ACE up to day 6. The
cell number for each cell type was assessed on days 2, 4, and 6 after
cell inoculation. The cell number was counted on removing the
cells after incubation with calcium and magnesium free-phosphate
buffered saline containing 0.25% trypsin and 0.04%ethylenedi-
aminetetraacetic acid. The doubling time for each cell type was
estimated using cell counts obtained during the culture.

2.4, Measurement of alkaline phosphatase activity and histochemical
staining

Cultured cells were sonicated in radioimmunoprecipitation as-
say (RIPA) buffer to obtain cell lysate. ALP activity was determined
using p-nitrophenylphosphate solution (Wako Pure Chemicals,
Osaka, Japan) as the substrate [9]. For histochemical detection of
ALP activity, the cultured cells were fixed in 10% phosphate-buf-
fered formalin for 5 min, washed twice with 10 mM Tris-HCl'(pH
7.5), and then stained with ALP [10].

2.5. Reverse transcriptase-polymerase chain reaction analysis

For the reverse transcriptase-polymerase chain reaction (RT-
PCR) analysis, total RNA was extracted from the cultured cells by
using NucleoSpin (Macherey-Nagel, Duren, Germany). RNA ali-
quots were reverse transcribed to complementary DNAs by using
an oligo (dT) primer (Roche), deoxynucleotide triphosphate (ANTP;
Promega), and Moloney murine leukemia virus (M-MulV) reverse
transcriptase (Fermentas, Hanover, MD). The complementary DNA
products were subjected to PCR amplification with gene-specific
primers for -mouse Osteocalcin, Runx2, Osterix, Alp, Bmp-2, Bmp-4,
and Bmp-7 (Table 1). Real-time RT-PCR amplification was per-
formed using a LightCycler System (Roche) with a Platinum SYBR
Green gPCR SuperMix UDG kit (Invitrogen, Carlsbad, CA). The rela-
tive amount of each mRNA in each sample was normalized to
the18S rRNA level.

2.6. Statistical analyses

We used analysis of variance with an F-test, followed by a t-test.
P values less than 0.05 were considered significant. The data are
presented as mean +standard deviation values of independent
replicates.

3. Results
3.1. Effective doses of ACE for osteoblast differentiation
Because ALP is an early-stage marker and osteocalcin is a late-

stage marker for osteoblast differentiation, we first tested the
dose-response effects of ACE on Alp and Osteocalcin mRNA expres-

Gene Forward

Reverse

Alkaline phosphatase
Osteocalcin

Osterix

Runx2

BMP-2

BMP-4

BMP-7

18S rRNA

5'-TGAGCGACACGGACAAGA
5'-CCAAGCAGGAGGGCAATA
5'-TATGCTCCGACCTCCTCAACT
5/-ATCCATCCAACTCCACCACG
5'-CCCCAAGACACAGTTCCCTA
5'-TGAGCCTTTCCAGCAAGTTT
5'-GAAAACAGCAGCAGTGACCA
5'-GTAACCCGTTGAACCCCATT

3'-GGCCTGGTAGTTGTTGTGAG
3'-AGGGCAGCACAGGTCCTAA
3'-TCCTATTTGCCGTTTTCCCGA
3'-AGAGGAAGGCCAGAGGCA
3'-GAGACCGCAGTCCGTCTAAG
3'-CTTCCCGGTCTCAGGTATCA
3'-GGTGGCGTTCATGTAGGAGT
3'-CCATCCAATCGGTAGTAGCG
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Fig. 1. Dose-dependent effects of ACE on Alp and Osteocalcin (Ocn) mRNA expression in MC3T3-E1 (A, B) and RD-C6 cells (C, D). These cells were treated with various
concentrations of ACE for 3 days (A, B, C) or 9 days (D). Effects of ACE on the cell proliferation of MC3T3-E1 (E) and RD-C6 cells (F). Vehicle (triangle) and ACE treatment
(square).The cells were cultured for 2, 4, and 6 days in the presence or absence of ACE (30 uM), and the cells numbers were assessed as described in Materials and Methods.

*P<0.05, *P<0.01.

sion levels by using MC3T3-E1 and RD-C6 cells. In MC3T3-E1 cells,
3-day treatment with ACE significantly stimulated the Alp mRNA
expression levels at 5 uM and its stimulatory effects plateauedat
concentrations greater than 20 uM (Fig. 1A). Osteocalcin mRNA
expression was significantly increased when doses greater than
2.5 UM of ACE were used (Fig. 1B). In RD-C6 cells, the Alp mRNA
expression level significantly increased on day 3 by treatment with
ACE at concentrations greater than 5 uM (Fig. 1C). Treatment with
20 uM of ACE failed to stimulate Osteocalcin mRNA expression dur-
ing the 3-day treatment (data not shown), but when the cells were .
treated with the same dose, i.e., 20 pM of ACE for 9 days, the Oste-
ocalcin mRNA expression level significantly increased (Fig. 1D). On
the basis of these results, we performed the following experiments
on the cell proliferation and differentiation of osteoblastic cells by
using 30 uM of ACE.

3.2, ACE stimulated the cell proliferation of osteoblastic cells

Treatment with ACE (30 pM) did not induce any significant
changes in the number of MC3T3-E1 and RD-C6 cells on days 2
and 4; however, on day 6, the number of both types of cells was
significantly greater than that were not treated with ACE (Fig. 1E
and F). After ACE treatment, the cell doubling times for both cell:
lines were lower than those for the control cultures (MC3T3-E1:
control cells, 24.9 h versus ACE treated cells, 21.9 h; RD-C6: control
cells, 21.4 h versus ACE treated cells, 18.4 h). These results suggest
that ACE stimulates the cell proliferation of osteoblastic cells.

3.3. ACE stimulated ALP activity

Treatment with ACE for 6 days significantly increased the ALP
activity in MC3T3-E1 (Fig. 2A), RD-C6 (Fig. 2C), and calvarial cells
(Fig. 2E), and these stimulatory effects were also observed on
ACE treatment for 21 days (Fig. 2B, D and F). The histochemical
detection of ALP activity in MC3T3-E1 cells, RD-C6 cells, and cal-
varial cells after treatment with ACE for 6 days also indicated the
stimulatory effects of ACE in these cells (data not shown).

3.4. ACE stimulated the expression of mRNAs related to osteoblast
differentiation

Next, we investigated the effects of ACE on the expression of
mRNAs related to osteoblast differentiation. ACE treatment for
6 days greatly increased Alp mRNA expression in MC3T3-E1 and
RD-C6 cells (Fig. 2G and H). The 6-day ACE treatment (30 pM) sig-
nificantly increased the mRNA expression level of Osteocalcin,
which is a marker for differentiated osteoblasts, in MC3T3-E1, cal-
varial cells and RD-C6 cells (Fig. 3A, D and G). It also significantly
enhanced the expression of Osterix mRNA, which encodes an
essential transcription factor for osteoblast differentiation, in
MC3T3-E1 cells, calvarial cells, and RD-C6 cells (Fig. 3B, E and H).
ACE treatment also significantly increased. the mRNA expression
of Runx2, which encodes another essential transcription factor for
osteoblast differentiation, in MC3T3-E1 and calvarial cells (Fig. 3C
and F). RD-C6 cells did not express Runx2 mRNA because these
cells were isolated from Runx2-deficient mice.
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Fig. 2. Effects of ACE on ALP activity in MC3T3-E1 cells (A, B), RD-C6 cells (C, D) and
calvarial cells (E, F). The cells were treated with ACE (30 uM) for 6 days (A, C, E) or
21 days (B, D, F). Effects of ACE on Alp mRNA expression in MC3T3-E1 (G) and RD-C6
cells (H). The cells were treated with ACE (30 uM) for 6 days, and mRNA expression
was determined as described in Materials and Methods. *P< 0.05, *P< 0.01. -

3.5. Noggin inhibited ACE-induced osteoblast differentiation

Because BMPs are the most potent inducers of osteoblast differ-
entiation [2,9-12], we investigated the effects of noggin, a BMP
specific antagonist [2,30], on ACE-induced expression of osteo-
blast-related mRNAs. We added noggin (500 ng/ml) to ACE-treated
cultures. Noggin significantly inhibited the ACE-induced expres-
sion of Osteocalcin in MC3T3-E1 cells, calvarial cells, and RD-C6
cells (Fig. 3A, D and G). It also attenuated the Osterix mRNA expres-
sion levels in all of these cell types, but its inhibitory effects were
significant in MC3T3-E1 and RD-C6 cells (Fig. 3B, E and H). This
treatment also significantly inhibited the Runx2 mRNA expression
level to the control levels in MC3T3-E1 cells and calvarial cells
(Fig. 3C and F). Furthermore, histochemical analysis revealed that
noggin treatment inhibited ACE-induced ALP activity in MC3T3-
E1, RD-C6, and calvarial cells (Fig. 31).

3.6. ACE stimulated the expression of BMPs in osteoblastic cells

To further confirm what kinds of BMPs are involved in ACE-in-
duced osteoblast differentiation, we evaluated Bmp-2, Bmp-4 and

Bmp-7 mRNA expression after ACE treatment. After ACE (30 pM)
treatment for 3 days, Bmp-2, Bmp-4 and Bmp-7 mRNA expression
levels in MC3T-E1 cells were considerably higher than those in
the control culture (Fig. 4A-C). Although this treatment failed to
induce significant increases in the mRNA expression of these BMPs
in RD-C6 cells (data not shown), ACE treatment for 6 days stimu-
lated Bmp-2 and Bmp-7 mRNA expression in RD-C6 cells to levels
that were significantly higher than those in control cultures
(Fig. 4D and F). This treatment induced no significant increase in
the Bmp-4 mRNA level in RD-C6 cells (Fig. 4E). Treatment with
ACE for 9 days significantly upregulated Bmp4 mRNA expression
in RD-C6 cells (data not shown).

3.7. ACE stimulated osteoblast differentiation in MC3T3-E1 cells in the
postconfluent state : :

In the present study, ACE stimulated the cell proliferation of
MC3T3-E1 and RD-C6 cells (Fig. 1E and F). Because the increase
in cell number accelerates osteoblast differentiation in vitro, the ef-
fects of ACE on osteoblast differentiation may be related to the
stimulated cell proliferation. To explore this possibility, we treated
MC3T3-E1 cells in the postconfluent state with ACE (30 pM) for
3 days, and determined the Alp, Osteocalcin, Osterix and Runx2
mRNA expression. As a result, ACE significantly increased the
mRNA expression levels for Osteocalcin, Osterix and Runx2 but not
for Alp (Fig. 4G-]). Interestingly, the same treatment did not induce
significant increases in the Bmp2, Bmp4 and Bmp7 mRNA expres-
sion levels {data not shown).

4. Discussion

In the present study, we have shown that ACE stimulated osteo-
blast differentiation by using MC3T3-E1 cells, RD-C6 cells, and cal-
varial osteoblastic cells isolated from the calvariae of newborn
mice (so-called primary osteoblastic cells). We first determined
the ACE doses that affected the expression of osteoblast-related
genes such as Alp and Osteocalcin by using MC3T3-E1 and RD-C6
cells (Fig. 1). The results of these experiments suggested that
MC3T3-E1 cells are more sensitive to ACE stimulation than are
RD-C6 cells. We have also shown that ACE induces ALP activity
(Fig. 2) and Osterix, Runx2, and Osteocalcin mRNA expression in
MC3T3-E1 and calvarial cells (Fig. 4). Because Runx2 is a critical
transcription factor that regulates Osteocalcin mRNA expression
[4,6], ACE-induced increase in the Runx2 mRNA expression level
may be involved in the ACE-induced stimulatory effects on osteo-
blast differentiation in MC3T3-E1 and calvarial osteoblastic cells.
ACE also stimulated osteoblast differentiation in RD-C6 cells,
which lack Runx2 [28], by increasing the Alp, Osteocalcin and Oster-
ix expression levels. These results indicate that ACE- stimulates
osteoblast differentiation through Runx2-dependent and Runx2-
independent pathways. :

To determine the mechanism underlying the stimulatory effects
of ACE on osteoblast differentiation, we first investigated whether
BMPs are involved in ACE-induced osteoblast differentiation, be-
cause BMPs are the most potent inducers of osteoblast differentia-
tion; this was done using the BMP-specific antagonist, noggin.
Noggin treatment significantly inhibited the ACE-induced upregu-
lation of osteoblast-related mRNAs as well as ALP activity (Fig. 3).
These results indicated that ACE-induced osteoblast differentiation
is mediated by BMP action.

To explore what kinds of BMPs participated in ACE-induced
osteoblast differentiation, we assessed Bmp-2, Bmp-4 and Bmp-7
mRNA expression in MC3T3-E1 and RD-C6 cells with or without
ACE treatment. As expected, ACE stimulated the Bmp-2, Bmp-4
and Bmp-7 mRNA expression as early as day 3 after treatment. Be-
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Fig. 3. Effects of ACE and noggin on Osteocalcin (Ocn), Osterix and Runx2 mRNA expression in MC3T3-E1 cells (A, B, C), calvarial cells (D, E, F), and RD-C6 cells (G, H). The cells
were cultured for 6 days in the presence or absence of ACE (30 uM) with or without noggin (500 ng/ml) treatment. Histochemical detection of ALP activity in MC3T3-E1 cells,
RD-C6 cells and calvarial cells (I). All of the cells were treated with ACE (30 uM) for 6 days in the presence or absence of noggin (Nog), and ALP activity was detected as
described in Section 2. *P < 0.05, ** P< 0.01: significantly different from control culture [ACE (-), Noggin (—)], P < 0.05, P < 0.01: significantly different from ACE treated

cells [ACE (+), Noggin (-)].

cause ACE treatment also stimulated Alp and Osteocalcin mRNAs
expression at doses over 5 uM in MC3T3-E1 cells on day 3 after
the treatment, these effects may be closely related to increase in
BMP levels due to ACE treatment. In contrast, the 3-day ACE treat-
ment induced no apparent increases in the Bmp-2, Bmp-4 and Bmp-
7 mRNA expression levels in RD-C6 cells, but the 6-day treatment
significantly upregulated the Bmp-2 and Bmp-7 mRNA expression
levels in this cell line. Interestingly, ACE failed to increase Osteocal-
cin mRNA expression on day 3 after ACE treatment, but was in-
duced on day 9 after the treatment in RD-C6 cells (Fig. 1D).
These results indicate that delayed induction of Osteocalcin mRNA
expression in RD-C6 by ACE treatment may be related to the de-
layed increase in BMPs expression levels in response to ACE treat-
ment in this cell line. In contrast, ACE stimulated Alp mRNA
expression as early as on day 3 after the treatment in RD-C6 cells
(Fig. 1C). This suggests that RD-C6 cells produced BMPs other than
BMP-2, BMP-4, and BMP-7 in response to ACE or that a signaling
pathway other than the BMP signaling is involved in this anabolic
action. The Wnt/B-catenin signaling pathway is one such candidate
because this signaling pathway plays a crucial role in osteoblast
differentiation [31]. Whether Wnt/B-catenin signaling is involved
in ACE-induced osteoblast differentiation is of considerable inter-
est and is under investigation in our group. These studies will pro-

vide important information for identifying the target molecules of
ACE in osteoblast differentiation.

The occurrence of osteoblast differentiation depends on the cell
number in in vitro cell culture systems. Since ACE stimulated the
proliferation of osteoblastic cells, we investigated whether the
stimulatory effects of ACE on osteoblast differentiation occurred
in MC3T3-E1 cells in the postconfluent state. The results of this
experiment revealed that ACE stimulated osteoblast differentiation
even after the postconfluent stage by increasing Osteocalcin, Oster-
ix, and Runx2 mRNA expression, although an early differentiation
marker, Alp mRNA expression, was not stimulated. Interestingly,
the induction of BMPs by ACE treatment was not apparent com-
pared to that observed in proliferating-stage cultures of MC3T3-
E1 cells (Fig. 4A-C). These results suggested that the stimulatory
effects of ACE on osteoblast differentiation partly depend on the
cell proliferation effect of ACE, and that ACE-induced BMP induc-
tion preferentially occurred at a cell proliferation stage.

In summary, this is the first study to show that a natural com-
pound, ACE, isolated from A. nikoense Maxim exerts stimulatory ef-
fects on osteoblast differentiation through BMP action mediated by
Runx2-dependent and Runx2-independent pathways. These re-
sults suggest that ACE is a candidate anabolic agent for stimulating
bone formation. This effect of ACE treatment will be useful with re-

Please cite this articlé in press as: T. Kihara et al., Acerogenin A, a nathl;l compound isolated from Acer nikoense Maxim, stimulates osteoblast differen-
tiation through bone morphogenetic protein action, Biochem. Biophys. Res. Commun. (2011), doi:10.1016/.bbrc.2011.02.017
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gard to developing therapeutic agents for bone diseases such as -

bone repair and osteoporosis.
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Abstract Osteocytes are embedded in the bone matrix,
and they communicate with adjacent osteocytes, osteo-
blasts, and osteoclasts through the osteocyte lacunocana-
licular system. Osteocytes are believed to be essential for
the maintenance of bone homeostasis because they regulate
mechanical sensing and mineral metabolism in mammalian
bones; however, osteocyte morphology in other vertebrates
has not been well documented. We conducted a compara-
tive study on the morphology of osteocytes and the
lacunocanalicular system of the following vertebrates: two
teleost fishes [medaka (Oryzias latipes), and zebrafish
(Danio rerio)], three amphibians [African clawed frog
(Xenopus laevis), black-spotted pond frog (Rana nigro-
maculata), and Japanese fire-bellied newt (Cynops pyrr-
hogaster)], two reptiles [four-toed tortoise (Testudo
horsfieldii) and green iguana (Jguana iguana)], and two
mammals (laboratory mouse C57BL6 and human). The
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distribution of the osteocyte lacunocanalicular system in all
these  animals was investigated using the modified silver
staining and the fluorescein-conjugated phalloidin staining
methods. Bones of medaka had few osteocytes (acellular
bone). Bones of zebrafish contained osteocytes (cellular
bone) but had a poorly developed osteocyte lacunocana-
licular system. Bones of Xenopus laevis, a freshwater
species, and of other amphibians, reptiles, and mammals
contained numerous osteocytes and a well-developed
lacunocanalicular system. The present study indicates that
development of the osteocyte lacunocanalicular system
differs between teleost fishes and land vertebrates, but this
pattern is not directly related to aquatic habitat.

Keywords Osteocytes - Medaka‘~ Zebrafish - Reptile -
Xenopus laevis

Introduction

Mammalian bones comprise three major cell types: osteo-
blasts, osteoclasts, and osteocytes. Osteoblasts are respon-
sible for bone formation, and osteoclasts for bone resorption.
Bone formation and resorption are critically regulated by the
close interaction between osteoblasts and osteoclasts.
Osteocytes are embedded in the mineralized bone
matrix, and they organize the osteocyte lacunocanalicular
system by extending numerous cytoplasmic processes into
the surrounding bone matrix. Osteocytes are believed to
sense mechanical strain and transmit the signals to the
surrounding osteocytes, osteoblasts and osteoclasts through
the osteocyte lacunocanalicular system, and induce bio-
logical response in the affected cells [1-3]. Since these
signals are essential to maintaining bone homeostasis,
osteocytes are now considered to play the central role in
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mechanical sensing.in bone. Recent studies have shown
that osteocytes produce a hormone, fibroblast growth factor
23 (FGF23) [4, 5], which acts on the kidney to stimulate
phosphorus excretion and inhibit 1o-hydroxylation of

vitamin D [6, 7]. Dentin matrix protein 1 (DMP1), a reg--

ulator of mineralization, is specifically synthesized by
osteocytes [8]. These findings indicate that the osteocyte is
a key cell type in bone metabolism. '

Vertebrates live in various environments. The mor-
phology and function of osteocytes might be influenced by
the respective habitats because mechanical strain and
mineral intake differ between aquatic and land vertebrates.
Many studies have been conducted on the morphology and
function of osteocytes in mammals, but very few studies
have been conducted on osteocytes in fishes [9-13],
amphibians [14, 15], and reptiles [16, 17]. Furthermore, the
osteocyte lacunocanalicular system in the bones of fishes,
amphibians, and reptiles has not been studied in detail
using standardized techniques. This lack of extensive
comparative research has hampered the understanding of
not only the phylogeny of osteocytes but also the evolu-
~ tionary changes in bone metabolism. Recently, gene-
mutated medaka and zebrafish, which are mainly
transgenic fishes [18-21], are available for skeletal
research. Extensive studies of osteocytes in the wild-type
of these fishes are important and necessary to understand
the phenotypic changes observed in gene-mutated fishes.

In the present study, therefore, we attempted to compare
osteocyte morphology by focusing on the osteocyte
lacunocanalicular system using Schoen’s silver staining
and fluorescence-conjugated phalloidin staining in the
bones of various mature vertebrates including teleost fishes
(medaka and zebrafish), amphibians (frog and newt), rep-
tiles (tortoise and green iguana), and mammals (mouse and
“human). ‘

Materials and methods
Animals

Mature medaka (Oryzias latipes), zebrafish (Danio rerio),
African clawed frog (Xenopus laevis), black-spotted pond
frog (Rana nigromaculata), Japanese fire-bellied newt
(Cynops pyrrhogaster), four-toed tortoise (Testudo horsf-
ieldii), green iguana (Iguana iguana), and mouse (labora-
tory strain C57BL6) - were purchased from local
distributors.

Preparation of skeletal tissues

Vertebrae of medaka and zebrafish were dissected after
anesthetizing the animals with 0.1% ethyl anthranilate.

Femurs and thoracic vertebrae of mature frogs, newts,
tortoises, iguanas, and mice were dissected after anesthe-
tizing the animals with ethyl ether. The samples for
Schoen’s silver staining were fixed in 10% buffered for-
malin, and those for fluorescein-conjugated phalloidin
staining were fixed in 4% paraformaldehyde. After wash-
ing the fixed specimens with a phosphate-buffered saline
solution, they were decalcified in 20% ethylenediaminete-
traacetic acid (EDTA) for 10-14 days. The decalcified
specimens were embedded in paraffin to obtain paraffin
sections and in optimal cutting temperature (OCT) com-
pound (Sakura Finetek Japan, Tokyo, Japan) to obtain
cryosections. Histological sections of human femurs were
obtained from paraffin blocks prepared 10 years ago from
autopsies conducted at Tokyo Medical and Dental Uni- -
versity Hospital. These femur samples were fixed in 10%
buffered formalin for 2 days, and embedded in paraffin
after decalcification with 5% formic acid.

Histological analysis

Longitudinal sections were prepared from the vertebrae of
teleost fishes. Longitudinal sections of the diaphysis of
femurs and vertebrae were prepared from amphibians,
reptiles, and mice. To identify the osteocyte lacunocana-
licular system, the sections were stained using a modified
Bodian’s Protargol-S™ technique (Schoen’s silver stain-
ing) in accordance with thé protocol described by Hirose
et al. [22]. In brief, deparaffinized sections were soaked in
al% Protargol-STM solution, and diluted in borax boric
acid (pH 7.4) for 12-48 h at 37°C. After rinsing with dis-
tilled water, the reaction was enhanced by adding an
aqueous solution containing 0.2% hydroquinone, 0.2%
citric acid, and 0.7% nitric silver. After additional rinsing,
the sections were dipped for 5 min in aqueous solution
containing 2.5% anhydrous sodium sulfite, 0.5% potassium
bromide, and 0.5% amidol. The sections were then treated
with 1% gold chloride, and subsequently reduced by 2%
oxalic acid. After rinsing with distilled water, the sections
were fixed in 5% sodium thiosulfate for 5 min before
hematoxylin and eosin staining. Protargol-STM was pur-
chased from Sigma-Aldrich Corporation (St. Louis, MO,
USA), and all the other chemicals used for staining were
purchased from Wako Pure Chemical Industries, Ltd.
(Osaka, Japan).

Staining for actin filaments with fluorescein-conjugated
phalloidin

To visualize the osteocyte lacunocanalicular system, we
stained the specimens for cytoskeletal actin by using
fluorescein-conjugated phalloidin. Decalcified samples of
vertebrae of medaka and zebrafish and femurs of each

@ Springer



664

J Bone Miner Metab (2011) 29:662-670

animal were embedded in OCT compound to obtain
cryosections. The femur sections (10-20 pm thick) were
incubated with Alexa Fluor® 488 phalloidin (Invitrogen,
Carlsbad, CA, USA) and BOBO-3 (Invitrogen) at room
temperature for 2 h to stain cytoskeletal actin and nuclear
DNA, respectively. Fluorescent images were observed
using a laser microscope (Axioskop 2 Plus, Carl Zeiss
GmbH, Jena, Germany).

Transmission electron microscopic observation

The vertebrae of mature zebrafish and the femurs of mature
Xenopus laevis were fixed ovemight in a 2.5% glutaral-
dehyde-2% paraformaldehyde mixture in 0.05 M caco-
dylate buffer (pH 7.4) at 4°C, and then decalcified in 5%
EDTA. After rinsing in 0.05 M cacodylate buffer, the
specimens were post-fixed with 1% osmium acid in 0.05 M
cacodylate buffer (pH 7.4) for 2 h at 4°C. The specimens
were then dehydrated in an ascending acetone series and
embedded in Epon-Araldite resin. Ultrathin sections
(80-100 nm) were cut using a Reichert Ultracut E micro-
tome. After collagen fiber staining with OTE solution
(Nisshin EM Co., Tokyo, Japan), the sections were stained
with uranyl acetate and lead citrate, and examined under a
Hitachi transmission electron microscope (H-7100).

Results

Distribution of osteocytes and lacunocanalicular system
in teleost fishes '

The vertebral columns of mature medaka and zebrafish
comprise three elements: the centrum (vertebral body), the
neural arch, and the hemal arch [19]. In medaka, a thin
layer of osteoblastic cells was found to cover the surface of
the centrum (Fig. 1a, b, d, e). Few osteocytes were
observed in the centrum, neural arch, and hemal arch in
medaka (Fig. 1a, b). In contrast, however, osteocytes were
scattered in the centrum (Fig. 1d, e) as well as other bones
of zebrafish. These osteocytes were round, oval or elon-
gated shape, and were arranged randomly without peculiar
direction in the centrum (Fig. 1d, e).

To investigate the osteocyte lacunocanalicular system in

detail, we examined the vertebral sections stained with

Schoen’s silver staining and fluorescein-conjugated phal-

loidin. Medaka vertebrae showed no apparent osteocyte
lacunocanalicular system by both methods (Fig. la—c).
Zebrafish vertebrae exhibited a scarcely stained osteocyte
lacunocanalicular system around the osteocytes in the
Schoen’s silver-stained specimens (Fig. 1d, e); however,
cytoplasmic processes around the osteocytes were infre-
quently observed (arrow in Fig. 1f) with the number of
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these processes being limited to one or two per cell. Some
osteocytes showed an eosinophilic area around them, and a
few osteocytes were associated with one or two cytoplas-
mic processes extending around them (Fig. If). In the
sections stained with fluorescein-conjugated phalloidin,
some osteocytes showed very fine and short cytoplasmic
processes around them, and these processes seemed to
connect with the adjacent osteocyte (Fig. 1g). Interestingly,
longer cytoplasmic processes were infrequently observed

" in some osteocytes, which seemed to correspond to the

cytoplasmic processes observed in the sections stained with
Schoen’s silver-stained specimens (Fig. 1f). To investigate
the details of the osteocyte lacunocanalicular system in
zebrafish, we also observed the specimens using a trans-
mission electron microscopy. We found that osteocytes
contained poorly developed cellular organelles (Fig. 2).
Some osteocytes extend,ed' a cytoplasmic process into the
surrounding bone matrix (arrows in Fig. 2b—d); however,
the number of these cytoplasmic processes was limited to
one or two per cell. A small number of transverse cyto-
plasmic processes extending from the osteocytes were seen
in the bone matrix (arrows in Fig. 2¢), but the number of
these processes was very small. Amorphous substances
varying in their electron densities filled the space of many
osteocyte lacunae (Fig. 2c, d).

Distribution of osteocytes and lacunocanalicular system
in amphibians

The cortical bone of the femurs of mature Xenopus laevis
contained numerous elongated osteocytes, aligned parallel
to the long axis of the femur (Fig. 3a, b). The Schoen’s
silver staining method revealed a well-developed osteocyte
lacunocanalicular system that aligned perpendicular to the
long axis of the femur (Fig. 3a). Fluorescein-conjugated
phalloidin staining also revealed a well-developed osteo-
cyte lacunocanalicular system (Fig. 3b), which resembled
the findings observed by Schoen’s silver staining method.
Vertebral osteocytes also extended many cytoplasmic
processes into the surrounding bone matrix (Fig. 3c).
Transmission electron microscopy showed that the osteo-
cytes located at the outer layer of the cortical bones con-
tained poorly developed cellular organelles (Fig. 4a, b).
These cells extended many cytoplasmic processes into the
surrounding bone matrix (Fig. 4a, b). In the mid-region of
the cortical bones, the osteocytes also exhibited numerous
cytoplasmic processes extending into the surrounding bone
matrix (Fig. 4c).  Some osteocyte lacunae contained
shrunken osteocytes with condensed heterochromatin in the
nuclei, although osteocyte canaliculi were evident in the
surrounding bone matrix (Fig. 4c, d). Since we could not
find apparent apoptotic bodies in the osteocyte lacunae
containing the shrunken osteocytes, we believe that the



] Bone Miner Metab (2011) 29:662-670

665

= .
SITSTIOSITTANN

it
ES

Fig. 1 Distribution of osteocytes and lacunocanalicular systems in
medaka (a—c) and zebrafish (d—g). Low magnification of the centrum
(vertebral body) in medaka (a) and zebrafish (d), and higher
magnification pictures in medaka (b) and zebrafish (e, f). A thin
layer of osteoblastic cells covered the surface of these bony elements
(arrows in a, d). Note that no osteocytes are observed in medaka bone
and osteocytes are observed in zebrafish bone. a, b, d, e, and
f Schoen’s silver staining. Scarcely stained osteocyte cell processes
are observed in zebrafish bone (d, e), but cytoplasmic processes are

Fig. 2 Transmission electron
micrographs of the centrum
(vertebral body) in zebrafish.
Low magnification of
osteocytes and surrounding
matrix (a). b Higher
magnification of the rectangular
region shown in a. Note that an
osteocyte elongated a few
cytoplasmic processes (arrows)
into the surrounding matrix.
Osteocytes extend a few cell
processes into the matrix
(arrows in ¢, d). The bone
lacunae contain osteocytes and
electron-dense substances
showing different electron
density (¢, d). Bars 2 pm in a;
I pmin b and ¢

shrunken osteocytes might be due to the fixation process.
Taken together, the osteocyte lacunocanalicular system is
more developed in Xenopus laevis than in the zebrafish.
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rarely observed in some osteocytes (f). ¢, g Fluorescein-conjugated
phalloidin-stained section. No osteocytes are seen in bone (Bo) of
medaka in the section stained with fluorescein-conjugated phalloidin
(c). Osteocytes observed in zebrafish show fine and short cytoplasmic
processes around osteocytes, and a long cytoplasmic process (white
arrow) is also observed in left osteocyte (g). Orange indicates the
nuclei of osteocytes and green indicates the actin filaments stained
with fluorescein-conjugated phalloidin in g. Bars 50 pm in a and d;
20 um in b and e; 10 pm in ¢, g; 5 pm in f

Since Xenopus laevis is a water-living frog, we addi-
tionally investigated the distribution of osteocytes and the
lacunocanalicular system in the cortical bones of the
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Fig. 3 Osteocyte
lacunocanalicular system in
mature Xenopus laevis (a—c).
Cortical bone of femur in
Xenopus laevis shows elongated
osteocytes and a well-organized
lacunocanalicular system in the
sections stained with Schoen’s
silver staining (a) and
fluorescein-conjugated
phalloidin staining (b). Well-
developed osteocyte
lacunocanalicular system is seen
in vertebrae of mature Xenopus
laevis in the section stained by
Schoen’s silver method (¢).
Osteocyte lacunocanalicular
systems in Rana nigromaculata
(d—f). Sections from femurs of
Rana nigromaculata stained
with Schoen’s silver method
(d) and fluorescein-conjugated
phalloidin (e). f Vertebral
section of Rana nigromaculata
stained by Schoen’s silver
method. Osteocyte
lacunocanalicular system in
Cynops pyrrhogaster (g-i). g,
h Sections from femurs stained
by Schoen’s silver method and
fluorescein-conjugated
phalloidin, respectively.

i Vertebral section stained by
Schoen’s silver method. Bars
20 um in f, g and i; 50 pm

in a—e; 100 um in h

femur of mature Rana nigromaculata, which lives in
water and on land. We found that these cortical bones
also exhibited numerous elongated osteocytes aligned
parallel to the long axis of the femur (Fig. 3d). The
osteocyte lacunocanalicular system in this frog was per-
pendicular to the long axis of the femur (Fig. 3d). These
findings were also confirmed by fluorescein-conjugated
phalloidin staining (Fig. 3e). The vertebral osteocytes of
Rana nigromaculata showed extension of many cyto-
plasmic processes into the surrounding bone matrix
(Fig. 3f). To compare this distribution of osteocytes and
lacunocanalicular systems with those in other amphibians,
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we examined the cortical bone of the femurs of Cynops
pyrrhogaster (Japanese fire-bellied newt). Osteocytes in
the femurs had numerous cytoplasmic processes extending
into the bone matrix by Schoen’s silver staining method
(Fig. 3g), but they showed no peculiar direction as
observed in cortical bones of frogs (Fig. 3a, d). Fluores-
cein-conjugated phalloidin-stained specimens revealed a
similar distribution pattern of the osteocyte lacunocana-
licular system in the femur (Fig. 3h). Osteocytes in ver-
tebrae also showed a well-developed osteocyte
lacunocanalicular system in the sections stained by
Schoen’s silver method (Fig. 3i).
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Fig. 4 Transmission electron micrographs of cortical bone of Xeno-
pus laevis. Osteocytes and surrounding matrix at outer layer of
cortical bone of femur (a, b). Note that an osteocyte elongated many
cytoplasmic processes (arrows) into the surrounding matrix. Higher
magnification of osteocyte shows well-developed cytoplasmic pro-
cesses extending into bone matrix (b). Some osteocytes located at

Distribution of osteocytes and lacunocanalicular
systems in reptiles

We then investigated the distribution of osteocytes and
lacunocanalicular systems in the cortical bone of the
femurs and vertebrae of two species of reptiles, the four-
toed tortoise (Testudo horsfieldii) and the green iguana
(Iguana iguana). The cortical bones of the femurs of these
animals also showed numerous osteocytes (Fig. 5). They
exhibited well-developed lacunocanalicular systems in the
sections stained by Schoen’s silver method (Fig. Sa, d).
These well-developed lacunocanalicular systems were also
observed in the section stained with fluorescein-conjugated
phalloidin-stained specimens (Fig. 5b, e). Vertebrae in
these animals also showed well-developed osteocyte
lacunocanalicular systems (Fig. Sc, f). The sections stained
by Schoen’s silver method in these animals often showed
osteocyte lacunae without any cell (empty lacunae)
(Fig. 5c, d, f). These findings are due to artifacts during
staining, because frozen sections used for fluorescein-
conjugated phalloidin staining showed a few empty lacu-
nae (Fig. 5b, e).

Distribution of osteocytes and lacunocanalicular
systems in mammals

Finally, we investigated the distribution of osteocytes and
lacunocanalicular systems in mammals. As shown in

mid-region of cortical bones shows scanty cytoplasm and extended
thick cytoplasmic processes into the bone matrix (arrows in ¢). The
osteocyte lacuna containing shrunken osteocytes (d). This osteocyte
extends cytoplasmic processes into the surrounding bone matrix (d).
Bars Spymina and ¢; 1 pmin b; 2 pm in d

Fig. 6a, b, the cortical bone of the mouse had numerous
elongated osteocytes associated with a well-developed
lacunocanalicular system; this was seen in both sections
stained by Schoen’s silver method and fluorescein-conju-
gated phalloidin. Human cortical bones obtained from the
femurs also showed numerous elongated osteocytes with a
well-developed lacunocanalicular system (Fig. 6¢).

Discussion’

Several previous studies demonstrated that bone tissue in
basal teleosts contains osteocytes, whereas that in advanced
teleosts lacks osteocytes [11-13, 23]. In the present study,
we confirmed these findings in the zebrafish (basal teleost)
and medaka (advanced teleost). Previous morphological
studies on osteocytes in basal teleosts, however, provide
little information about the osteocyte lacunocanalicular
system. To investigate the details of the osteocyte
lacunocanalicular system in the zebrafish, we used
Schoen’s silver staining [22], actin filament staining with
fluorescein-conjugated phalloidin, and transmission elec-
tron microscopy. In the bones of zebrafish, we could not
find a well-developed osteocyte lacunocanalicular system
as observed in amphibians, reptiles and mammals by
Schoen’s silver staining method, while fluorescein-conju-
gated phalloidin staining revealed that zebrafish osteocytes
contained fine cytoplasmic processes, which seemed to
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