AKkt, also called protein kinase B, is a serine/threonine protein
kinase that plays crucial roles in mediating intracellular signal-
ing of variety of agonists including insulin-like growth factor-],
platelet-derived growth factor and cytokines [12]. Akt regulates
biological functions such as gene expression, survival and onco-
genesis [12]. Akt is a downstream target of phosphatidylinositol
3-kinase (PI3-kinase)[13,14]. Akt containing a pleckstrin homol-
ogy domain is recruited to the plasma membrane by the lipid
product of phosphatidylinositol 3-kinase and activated. As for
osteoblasts, insulin-like growth factor-I and platelet-derived growth
factor induce translocation of Akt to the nucleus [15]. Recently, Akt
is reportedly activated by cyclic stretch or androgen [16,17]. We
have recently shown that Akt plays an important role in insulin-like
growth factor-I-stimulated alkaline phosphatase activity in MC3T3-
E1 cells [18]. However, the correlation between TNF-a and PI3-
kinase/AKkt in osteoblasts has not yet been clarified.

In the present study, we have investigated whether PI3-kinase/
Akt signaling pathway plays a role in the TNF-a-stimulated IL-6
synthesis in osteoblast-like MC3T3-E1 cells. We show here that
TNF-o-stimulated 1L-6 synthesis through the PI3-kinasefAkt
pathway in addition to p44/p42 MAP kinase in these cells.

Materials and Methods

Materials

TNF-« was obtained from Funakoshi Pharmaceutical Co. (Tokyo,
Japan). IL-6 ELISA kit was purchased from R&D Systems, Inc.
(Minneapolis, MN). Akt inhibitor [1L-6-hydroxymethyl-chiro-in-
ositol 2-(R)-2-0-methyl-3-0-octadecylcarbonate], wortmannin,
1Y294002, PD98059 and rapamycin were obtained from Calbio-
chemn. Co. (La Jolla, CA). Phospho-specific Akt antibodies, Akt
antibodies, phosphor-specific p44/p42 MAP kinase and p44/p42
MAP kinase were purchased from New England Biolabs, Inc.
(Beverly, MA). ECL Western blotting detection system was pur-
chased from Amersham Japan (Tokyo, Japan). Other materials
and chemicals were obtained from commercial sources. Akt
inhibitor, wortmannin, LY294002, PD98059 and rapamycin were
dissolved in dimethyl sulfoxide. The maximum concentration of
dimethyl sulfoxide was 0.1 %, which did not affect assay for IL-6
activity or Western blotting analysis.

Cell culture

Cloned osteoblast-like MC3T3-E1 cells derived from newborn
mouse calvaria [19] were maintained as previously described
[20]. Briefly, the cells were cultured in «-minimum essential
medium (o-MEM) containing 10% fetal calf serum (FCS) at
37°C in a humidified atmosphere of 5% C0,/95% air. The cells
were seeded into 35mm diameter dishes or 90 mm diameter
dishes in o-MEM containing 10 % FCS. After 5 days, the medium
was exchanged for -MEM containing 0.3 % FCS. The cells were
used for experiments after 48 hours.

Freshly isolated osteoblasts were obtained from the calvaria of
new-born (1 or 2-day-old) balb/c mice as previously described
[21]. They were seeded into 90mm diameter dishes (25x104
cells) in «-MEM containing 10% FCS. The medium was changed
every 3 days until the cells had reached confluence at about the
5the day. Then, the medium was exchanged for «-MEM contain-
ing 0.3 % FCS. The cells were used for experiments after 48 hours.
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Assay for IL-6

The cultured cells were stimulated by TNF-o in 1 ml of o«-MEM
containing 0.3%. FCS, and then incubated for the indicated
periods. The conditioned medium was collected, and IL-6 in the
medium was then measured by an [L-6 ELISA kit. Unless other-
wise indicated, the cells were pretreated with Akt inhibitor,
wortmannin, LY294002, PD98059 or rapamycin, for 60 minutes.

Analysis of Western blotting

The cultured cells were stimulated by TNF-« in o-MEM contain-
ing 0.3% FCS for the indicated periods. The cells were washed
twice with phosphate-buffered saline and then lysed, homoge-
nized and sonicated in a lysis buffer containing 62.5 mM Tris-HCl
(pH 6.8), 2% sodium dodecyl sulfate (SDS), 50 mM dithiothreitol
and 10% glycerol. The cytosolic fraction was collected as a super-
natant after centrifugation at 125,000xg for 10 min at 4 °C. SDS-
polyacrylamide gel electrophoresis (PAGE) was performed ac-
cording to Laemmli [22] in 10% polyacrylamide gel. Western
blotting analysis was performed as described previously [23] by
using phospho-specific Akt antibodies, Akt antibodies, phos-
phor-specific p44/p42 MAP kinase, or p44/p42 MAP kinase with
peroxidase-labeled antibodies raised in goat against rabbit IgG as
second antibodies. Peroxidase activity on PVDG membrane was
visualized on X-ray film by means of the ECL Western blotting
detection systemn. Unless otherwise indicated, the cells were
pretreated with Akt inhibitor, wortmannin, LY294002 or
PDY8059 for 60 minutes. *

Determinations

The absorbance of enzyme immunoassay samples was measured
at 450 nm with EL 340 Bio Kinetic Reader (Bio-Tek Instruments,
Inc., Winooski, VT). The densitometric analysis was performed
using Molecular Analyst/Macintosh (Bio-Rad Laboratories,
Hercules, CA).

cDNA Microarray .

The cultured cells were washed twice with PBS, and total RNA
was isolated using Isogen (Nippon Gene, Tokyo, Japan) according
to the manufacturer’s instructions. Using the obtained total
RNAs, cDNA microarray analysis (GeneChip@ Expression Analy-
sis; AFFYMETRIX) was performed once by KURABO Industries
(Osaka, Japan) with the authorization of AFFYMETRIX Japan K.K.
(Tokyo, Japan). The arrays were scanned and the array image was
analyzed with GeneChip® operating software (AFFYMETRIX).

Statistical Analysis

The data were analyzed by ANOVA followed by the Bonferroni
method for multiple comparisons between pairs, and a p <0.05.
was considered statistically significant. All data are presented as
the mean +SEM of triplicate determinations. Each experiment
was repeated three times with similar results.

Results

Effects of TNF-o on the phosphorylation of Akt in MC3T3-E1 cells
To investigate whether TNF-o. activates Akt in osteoblast-like
MC3T3-E1 cells, we examined the effects of TNF-o. on the phos-
phorylation of Akt. TNF-« significantly induced the phosphoryla-
tion of Akt in a time dependent manner (Fig. 1). The phospho-
rylation of Akt reached its peak at 15 min, and decreased thereafter.



Phospho-Akt

Akt

Lane 1 3 4 5 6 7 8

2
Time (min) 0 2 5 10 15 20 30 60
+

TNF-a — + + + o+ 4+ 4+

Fold increase
—

0 - S|
Lane 1 2

3 4 5 6 7 8

Fig. 1 Effect of TNF-o on the phosphorylation of Akt in MC3T3-E1
cells. The cultured cells were stimulated with 30 ng/m! TNF-o. for the
indicated periods. The extracts of cells were subjected to SDS-PAGE
with subsequent Western blotting analysis with antibodies against
phospho-specific Akt or Akt. The histogram shows quantitative repre-
sentations of the levels of TNF-a-induced phosphorylation obtained
from laser densitometric analysis of three independent experiments.
Similar results were obtained with two additional and different cell
preparations. “p <0.05, compared to the value of control.

Effect of Akt inhibitor, LY294002, or wortmannin on the TNF-
a-induced 1L-6 synthesis in MC3T3-E1 cells

We next examined the effect of Akt inhibitor, 1L-6-hydroxy-
methyl-chiro-inositol 2-(R)-2-0-methyl-3-0-octadecylcarbonate
[24], on the TNF-o-stimulated [L-6 synthesis in order to
investigate whether Akt is involved in the IL-6 synthesis in
MC3T3-E1 cells. Akt inhibitor, which alone did not affect the
basal levels of IL-6, significantly suppressed the TNF-a-induced
IL-6 synthesis. The inhibitory effect of Akt inhibitor on the
IL-6 synthesis was partial and dose dependent in the range
between 1 and 30uM (Fig. 2). The maximum inhibitory effect
of Akt inhibitor at 30uM caused about 40% reduction
in the TNF-a-effect. It is generally known that Akt acts as
a downstream effector of PI3-kinase [13,14]. We next examined
the effect of LY294002, a specific inhibitor of PI3-kinase [25],
on the TNF-o-stimulated IL-6 synthesis in MC3T3-E1 celis.
LY294002 significantly reduced the synthesis of IL-6 stimulated
by TNF-« in a dose-dependent manner between 1 and
3uM (Fig. 2). Furthermore, the effect of wortmannin, another
inhibitor of PI3-kinase [26], on the IL-6 synthesis was
examined. The TNF-a-stimulated synthesis of IL-6 was markedly
reduced by wortmannin in a dose-dependent manner between
1 and 10 uM (Fig. 2).

IL-6 (pg/mix10?)

i : N
o Hl 1 10 100

Dose of inhibitors (ui)

Fig.2 Effect of LY294002, wortmannin, or Akt inhibitor on the TNF-a-
induced 1L-6 synthesis in MC3T3-E1 cells. The cultured cells were
pretreated with various doses of Akt inhibitor (e), LY294002 (#), or
wortmannin (A) for 60 min, and then stimulated by 30 ng/m! TNF-a for
48 h. In the absence of TNF-a all IL-6 levels were approximately 25 pg/
ml and did not vary with any inhibitor. Each value represents the
mean = SEM of triplicate determinations. Similar results were obtained
with two additional and different cell preparations. *p <0.05, com-
pared to the value of TNF-a alone.

Effect of Akt-inhibitor on TNF-a-stimulated IL-6 synthesis in
primary culture of osteoblasts

We investigated the effect of Akt-inhibitor on TNF-o-stimulated
IL-6 synthesis in primary culture of osteoblasts. Akt-inhibitor
also significantly suppressed the TNF-a-induced IL-6 synthesis
(Fig. 3). The inhibitory effect of Akt inhibitor on the IL-6 synthesis
was partial and dose dependent in the range between 1 and
30 pM (Fig. 3). The maximum inhibitory effect of Akt inhibitor at
30 uM caused about 25 % reduction in the TNF-o-effect.

Effects of LY294002 or wortmannin on the phosphorylation
of Akt induced by TNF-« in MC3T3-E1 cells

We found that the phosphorylation of Akt induced by TNF-o was
markedly attenuated by LY294002 (Fig. 4A). According to the
densitometric analysis, LY294002 (10 uM) caused almost com-
plete reduction of the TNF-u-effect on the Akt phosphorylation.
In addition, wortmannin significantly reduced the Akt phosphor-
ylation induced by TNF-o (Fig. 4B).

Effects of Akt inhibitor, wortmannin or LY294002 on the
phosphorylation of p44/p42 MAP kinase induced by TNF-o,
and effect of PD98059 on the TNF-a-induced Akt
phosphorylation in MC3T3-E1 cells

We have previously shown that p44/p42 MAP kinase plays a part
in the TNF-o-stimulated IL-6 synthesis in osteoblast-like MC3T3-
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Fig. 3 Effect of Akt-inhibitor on TNF-o-stimulated IL-6 synthesis in
primary osteoblasts. The cultured cells were pretreated with various
doses Akt inhibitor for 60 min, and then stimulated by 30 ng/ml TNF-a
(e) or vehicle () for 48h. Each value represents the mean + SEM of
triplicate determinations. Similar results were obtained with two
additional and different cell preparations. *p <0.05, compared to the
value of TNF-a alone.

E1 cells [10,11], which led us to investigate the relationship
between p44/p42 MAP kinase and Akt in these cells. Akt inhi-
bitor had little effect on the TNF-a~-induced phosphorylation of
p44/p42 MAP kinase (Fig. 5A). In addition, the TNF-a-induced
phosphorylation of p44/p42 MAP kinase was slightly suppressed
by wortmannin (Fig. 5B) or LY294002 (data not shown). These
suppressive effects were not statistically significant. Further-
more, PD38059, a specific inhibitor of MEK, upstream kinase
that activates p44/p42 MAP kinase [27] failed to affect the TNF-
a-induced phosphorylation of Akt (Fig. 5C).

Effects of rapamycin on TNF-o-stimulated IL-6 synthesis in
MC3T3-E1 cells

It is well known that mammalian target of rapamycin (mTOR) is
a downstream target of Akt. We examined the effect of rapamy-
cin on TNF-a-stimulated IL-6 synthesis in these cells. We found
that rapamycin markedly increased the TNF-a-~induced IL-6 re-
lease (25 * 4 pg/ml for control; 45 £ 9 pg/ml for 10 uM rapamycin;
584 + 63 pg/ml for 30 ng/ml TNF-« alone; and 1.062 +96 pg/ml
for 30 ng/ml TNF-« with 10 uM rapamycin, as measured during
the stimulation for 48 h).

Effect of TNF-«. on mRNA expression of IL-6 receptor and

¢p130
We next investigated the effect of TNF-« on mRNA expression of

IL-6 receptor and gp130 by cDNA microarray. Approximately
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Fig. 4 Effect of 1Y294002 or wortmannin on the TNF-g-induced
phosphorylation of Akt in MC3T3-E1 cells. The cultured cells were
pretreated with various doses of LY294002 (A) or wortmannin (B) for
60 min, and then stimulated by 30 ng/ml TNF-o or vehicle for 10 min.
The extracts of cells were subjected to SDS-PAGE with subsequent
Western blotting analysis with antibodies against phospho-specific Akt
or Akt. Similar results were obtained with two additional and different
cell preparations.

45,000 genes were screeried. As a result, 1,372 genes showed a
greater than 2-fold change in expression level after TNF-« sti-
mulation. The genes of neither IL-6 receptor nor gp130 were
included in them. On the other hand, the gene of IL-6 was truly
included. It is unlikely that TNF-« affects the IL-6 effect via up-
regulation of the receptor or the signal transducer in osteoblasts.

Combined effect of Akt inhibitor and PD98059 on TNF-o-
stimulated I1-6 synthesis in MC3T3-E1 cells

We have shown that the suppressive effect of PD98059 (50 uM)
on TNF-a-stimulated IL-6 synthesis in osteoblast-like MC3T3-E1
cells was partial [10]. We further examined the effect of a
combination of Akt inhibitor and PD98059 on the TNF-o-stimu-
lated IL-6 synthesis in MC3T3-E1 cells. Combining Akt inhibitor
and PD98059 significantly suppressed the TNF-o-stimulated IL-6
synthesis in an additive manner (Table 1 ). We have previously
confirmed that PD98059 at the concentration used in this ex-
periment is not toxic but specific to MEK1/2 [28].

Discussion

In the present study, we have demonstrated that TNF-u induces
the phosphorylation of Akt in osteoblast-like MC3T3-E1 cells
depending upon time. Akt mediates intracellular signaling of
extracellular agonists and plays a crucial role in cellular func-
tions such as proliferation and cell survival in a variety of cells
[12]. Akt is also activated by phosphorylation of threonine and
serine residues [13,14]. Taking these results into account, it is
most likely that TNF-« activates Akt in osteoblast-like MC3T3-E1
celis.

We investigated whether Akt is involved in the TNF-o-stimulated
IL-6 synthesis in osteoblast-like MC3T3-E1 cells. Herein, we
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Fig. 5 Fffect of Akt inhibitor or wortmannin on the TNF-a-induced
phosphorylation of p44/p42 MAP kinase in MC3T3-E1 cells. Effect of
PD98059 on the TNF-a-induced phosphorylation of Akt in MC3T3-E1
cells. The cultured cells were pretreated with 50 nM Akt inhibitor (A) or
wortmannin (B) for 60 min, and then stimulated by 30 ng/m! TNF-a or
vehicle for 10 min. The extracts of cells were subjected to SDS-PAGE
with subsequent Western blotting analysis with antibodies against
phospho-specific p44/p42 MAP kinase or p44/p42 MAP kinase. (C)
The cultured cells were pretreated with 50 uM of PD98059 for 60 min,

Effect of a combination of Akt inhibitor and PD98059 on

Table 1
the TNF-e-stimulated IL-6 synthesis in MC3T3-E7 cells
IL-6 (pg/mi)
Akt inhibitor PD98059 TNF-o
- - - 234
- - + 506 + 30
- + - 25+3
- + + 388« 18**
+ - - 23:5
- + . 359 12%*
+ - 25+4
257220

+ + +

The cultured cells were pretreated with 30uM Akt inhibitor, 50 uM
PD98059 or vehicle for 60 min, and then stimulated by 30 ng/m! TNF-o
for 48 h. Each value represents the mean + SEM of triplicate determinations.
Similar results were obtained with two additional and different cell pre-
parations. *p < 0.05, compared to the control. **p < 0.05, compared to the
value of TNF-a alone. ***p <0.05, compared to the value of TNF-o with
Akt inhibitor or PD98059.

show that a specific inhibitor of Akt [24], significantly sup-
pressed the TNF-o-induced IL-6 synthesis in MC3T3-E1 cells.
We also confirmed that Akt-inhibitor significantly suppressed
the TNF-a-induced IL-6 synthesis also in primary culture of
osteoblasts. Thus, it is probable that the activation of Akt is
involved in TNF-o-stimulated IL-6 synthesis in osteoblasts.
While Akt is a downstream target of PI3-kinase [12-14], we next
examined the effects of PI3-kinase inhibitors on the TNF-a-
stimulated synthesis of IL-6 in MC3T3-E1 cells. We found that
wortmannin [26], significantly reduced the IL-6 synthesis stimu-
lated by TNF-o. and markedly attenuated the TNF-a-induced Akt
phosphorylation. These findings suggest that PI3-kinase is im-
plicated in TNF-o-stimulated IL-6 synthesis through Akt in
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and then stimulated by 30ng/ml TNF-a or vehicle for 10min. The
extracts of cells were subjected to SDS-PAGE with subsequent Western
blotting analysis with antibodies against phospho-specific Akt or Akt.
The histogram shows quantitative representations of the levels of TNF-
a-induced phosphorylation obtained from laser densitornetric analysis
of three independent experiments. Each value represents the mean-
SEM of triplicate determinations. Similar results were obtained with
two additional and different cell preparations.

MC3T3-E1 cells. We have shown earlier that the IL-6 synthesis
induced by TNF-o was significantly suppressed by LY294002
[25]. LY294002 dose dépendently reduced the TNF-o-stimulated
phosphorylation of Akt. Our results suggest that Akt plays a
crucial role as a positive regulator in TNF-a-stimulated IL-6
synthesis at a point downstream from PI3-kinase in osteoblast-
like MC3T3-E1 cells.

We have previously reported that the activation of p44/p42 MAP
kinase is involved in the TNF-a-stimulated IL-6 synthesis in
osteoblast-like MC3T3-E1 cells [10,11]. Hence, we investigated
to clarify the relationship between p44/p42 MAP kinase and Akt
in these cells. We found that Akt inhibitor- and wortmannin-
caused minor reductions in TNF-u-induced phosphorylation of
p44/p42 MAP kinase did occur in MC3T3-E1 cells, and a specific
MEK inhibitor, PD98059 [27] failed to affect the TNF-a~induced
phosphorylation of Akt. These results indicate that some cross
talk may exist between the PI3-kinase/Akt and the p44/p42 MAP
kinase systems, although mostly these are independent. It is not
at all unexpected in that Akt will affect many things downstream
which may indirectly affect the p44/p42 MAP kinase system. As
for the involvement of mTOR, we found that rapamycin markedly
increased the TNF-o-induced IL-6 synthesis in MC3T3-E1 cells. It
is unlikely that TNF-o induces IL-6 synthesis through the PI3-
kinase/Akt-dependent activation of mTOR. TNF-« is known to
increase the expression of IL-6 genes through activation of
nuclear factor-xB (NFxB) in osteoblast-like cells [29]. TNFR2
reportedly facilitates PI3-kinase-dependent NFxB activation
[30]. It is possible that the inhibition of PI3-kinase/Akt pathway
suppress TNF-a~induced IL-6 synthesis through NF«B inhibition.
In addition, from ¢DNA microarray results, TNF-« truly induced
the up-regulation of IL-6 mRNA expression, but influenced the
mRNA levels of neither IL-6 receptor nor gp130 in MC3T3-E1
cells. It is unlikely that TNF-o affects the IL-6 effect via up-
regulation of the receptor or the signal transducer in osteoblasts.
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Additionally, we have shown that the inhibitory effect of
PD98059 on the TNF-a-stimulated IL-6 synthesis was partial
[10]. In this study, the TNF-c-stimulated [L-6 synthesis was
partially reduced by Akt inhibitor (30pM). We found that a
combination of Akt inhibitor and PD98059 additively suppressed
TNF-a-stimulated [L-6 synthesis: Based on our findings as a
whole, it is most likely that TNF-a stimulates the synthesis of
IL-6 via Akt and p44/p42 MAP kinase, and maybe mainly inde-
pendent of each other in osteoblast-like MC3T3-E1 cells.

The PI3-kinase/Akt pathway plays a pivotal role in several cel-
lular functions, such as proliferation and cell survival in a variety
of cells [12]. Our present findings suggest that the PI3-kinase/Akt
pathway in osteoblasts has an important role in the regulatory
mechanism of the TNF-a~induced production of IL-6 in bone
metabolism. IL-6 are potent bone resorptive agent and induces
osteoclast formation [1,4]. Therefore, our present results lead us
to speculate that TNF-a-activated PI3-kinase/Akt signaling acts
as a positive regulator directing toward bone resorption. It is
possible that the PI3-kinase/Akt pathway in osteoblasts might be
considered as a molecular target of bone resorption concurrent
with various bone diseases. Both TNF-o and IL-6 are well recog-
nized as inflammatory cytokines which play crucial roles in the
process of acute and chronic inflammatory diseases. Our present
findings might suggest that PI3-kinase/Akt pathway is involved
in the process of pathological bone resorption especially in
inflammatory bone diseases. In addition, in vivo and in vitro
models of postmenopausal osteoporosis reportedly demonstrate
that estrogen deficiency leads to an increase in the adaptive
immune function that culminates in an increased production of
TNF-« by activated T cells [31]. The signaling molecules contributed
to the TNF-o-induced IL-6 synthesis in osteoblasts might be con-
siderable as therapeutic targets of postmenopausal osteoporosis.
Further investigation is required to clarify the exact role of PI3-
kinase/Akt in osteoblast cell function and bone metabolism.

In conclusion, our results strongly suggest that TNF-o stimulated
IL-6 synthesis via PI3-kinase/Akt in addition to p44/p42 MAP
kinase in osteoblasts.
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Abstract

We previously reported that basic fibroblast growth factor (FGF-2) activates stress-activated protein kinase/c-Jun N-terminal kinase (SAPK/INK)
and p44/p42 mitogen-activated protein (MAP) kinase resultinig in the stimulation of vascular endothelial growth factor (VEGF) release in osteoblast-
like MC3T3-E1 cells. In the present study, we investigated whether zinc affects the VEGF release by FGF-2 in MC3T3-E1 cells. The FGF-2-induced
VEGF release was significantly enhanced by ZnSOy4 but not Na,;SO,. The enhancing effect of ZnSO,, was dose-dependent between 1 and 100 pM.
7ZnSO, markedly enhanced the FGF-2-induced phosphorylation of p44/p42 MAP kinase while having little effect on the SAPK/INK
phosphorylation. PD98059 significantly reduced the amplification by ZnSO, of the FGF-2-stimulated VEGF release. Taken together, our findings
strongly suggest that zinc enhances FGF-2-stimulated VEGF release resulting from up-regulating activation of p44/p42 MAP kinase in osteoblasts.

© 2006 Elsevier Inc. All rights reserved.
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Introduction

Zinc is an important regulator of biological functions in humans
and many animals (Vallee and Falchuk, 1993). It is generally
recognized that growth failure and impaired wound healing occur
due to the absence of adequate dietary zinc (Vallee and Falchuk,
1993). In bone metabolism, zinc deficiency results in bone loss. It
has been shown that zinc has a stimulatory effect on bone formation
and mineralization in vivo and in vitro (Yamaguchi and Yamaguchi,
1986; Hall et al., 1999). Two functional cells, osteoblasts and
osteoclasts, the former responsible for bone formation and the latter
for bone resorption, regulate bone metabolism (Nijweide et al.,
1986). As for osteoblasts, it has been reported that zinc increases
alkaline phosphatase activity and protein concentration (Hashi-
zume and Yamaguchi, 1994). In addition, the activity of 1,25-
dihydroxyvitamin D;-dependent promoters and the anabolic effect

* Corresponding author. Tel.: +81 58 230 6214; fax: +81 58 230 6215.
E-mail address: okozawa@cc.gifu-u.ac.jp (O. Kozawa).

0024-3205/% - see front matter © 2006 Elsevier Inc. All rights reserved.
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of insulin-like growth factor-I are reportedly enhanced by zinc
(Matsui and Yamaguchi, 1995; Lutz et al., 2000). We have recently
shown that zinc reduces prostaglandin Foo-stimulated interleukin-6
(IL-6) synthesis via suppression of phosphoinositide-hydrolyzing
phospholipase C and phosphatidylcholine-hydrolyzing phospholi-
pase D in osteoblast-like MC3T3-E1 cells (Hatakeyama et al.,
2002). However, the exact role of zinc in osteoblasts has not yet
been clarified. '

Vascular endothelial growth factor (VEGF) is a heparin-
binding angiogenic growth factor displaying high specificity for
vascular endothelial cells (Ferrara and Davis-Smyth, 1997).
VEGF that is produced and secreted from a variety of cell types,
increases capillary permeability and stimulates proliferation of
endothelial cells (Ferrara and Davis-Smyth, 1997). As for bone
metabolism, it has been shown that inactivation of VEGF causes
complete suppression of blood vessel invasion concomitant with
impaired trabecular bone formation and expansion of hypertro-
phic chondrocyte zone in mouse tibial epiphyseal growth plate
(Gerber et al, 1999). Accumulating evidence indicates that
osteoblasts among bone cells produce and secrete VEGF in
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response to various humoral factors (Ferrara and Davis-Smyth,
1997; Goad etal., 1996; Wang etal., 1996; Schlaeppi et al., 1997).
During bone remodeling, capillary endothelial cells provide the
microvasculature, and osteoblasts and osteoprogenitor cells,
which locally proliferate and differentiate into osteoblasts, mi-
grate into the resorption lacuna. Currently, it is well recognized
that the activities of osteoblasts, osteoclasts and capillary endo-
thelial cells are closely coordinated via humoral factors as well as
by direct cell-to-cell contact, and these cells cooperatively
regulate bone metabolism (Erlebacher et al., 1995). Therefore, it
is thought that VEGF secreted from ostecoblasts may play a crucial
role in the regulation of bone metabolism. However, the mecha-
nism behind VEGF synthesis in osteoblasts is not fully known.

Basic fibroblast growth factor (FGF-2) is embedded in bone
matrix, and osteoblasts synthesize FGF-2 (Baylink et al., 1993;
Hurley et al.,, 1993). FGF-2 expression in osteoblasts is detected
during fracture repair (Bolander, 1992). Therefore, it is thought
that FGF-2 may play a pivotal role in fracture healing, bone
remodeling and osteogenesis (Marie, 2003). We have previously
reported that FGF-2 stimulates VEGF release in MC3T3-E1
cells, and that among the mitogen-activated protein (MAP)
kinase superfamily (Tokuda et al., 2003), p44/p42 MAP kinase
and stress-activated protein kinase/c-Jun N-terminal kinase
(SAPK/INK) play as positive regulators in the VEGF release
(Tokuda et al., 2000, 2003). In the present study, we investigated
the effect of zinc on the FGF-2-induced VEGF release in
osteoblast-like MC3T3-E1 cells. We here show that ZnSO4 up-
regulates FGF-2-stimulated VEGF release via enhancing
activation of p44/p42 MAP kinase in these cells.

Materials and methods
Materials

FGF-2 and mouse VEGF enzyme immunoassay kit were
purchased from R&D Systems, Inc. (Minneapolis, MN). Zinc
sulfate (ZnSQ,) and Sodium sulfate (Na,SO,) were purchased
from Nacalai Tesque, Inc. (Kyoto, Japan). PD98059 was obtained
from Calbiochem-Novabiochem Co. (La Jolla, CA). Phospho-
specific p44/p42 MAP kinase antibodies, p44/p42 MAP kinase
antibodies, phospho-specific SAPK/INK antibodies and SAPK/
JNK antibodies were purchased from New England BioLabs, Inc.
(Beverly, MA). ECL Western blotting detection system was
purchased from Amersham Japan (Tokyo, Japan). Other materials
and chemicals were obtained from commercial sources. PD98059
was dissolved in dimethy! sulfoxide (DMSO). The maximum
concentration of DMSO was 0.1%, which did not affect the assay
for VEGF or the analysis of MAP kinases.

Cell culture

Cloned osteoblast-like MC3T3-El cells derived from
newbomm mouse calvaria (Sudo et al., 1983) were maintained as
previously described (Kozawa et al., 1992). Briefly, the cells were
cultured in o-minimum essential medivm («-MEM) containing
10% fetal calf serum (FCS) at 37 °C in a humidified atmosphere of
5% C0,/95% air. The cells were seeded into 35-mm diameter

dishes or 90-mm diameter dishes in a-MEM containing 10%
FCS. After 5 days, the medium was exchanged for a-MEM
containing 0.3% FCS. The cells were used for experiments after
48 h.

VEGF assay

The cultured cells were stimulated by FGF-2 in 1 ml of
o-MEM containing 0.3% FCS for the indicated periods. When
indicated, the cells were pretreated with ZnSQO,4 or Na,SO, for
20 min. The pretreatment of PD98059 was performed for 60 min
before the addition of ZnSO,. The reaction was terminated by
collecting the medium, and VEGF in the medium was measured
by a VEGF enzyme immunoassay kit.

Analysis of p44/p42 MAP kinase and SAPK/JNK

The cultured cells were stimulated by FGF-2 in a«-MEM
containing 0.3% FCS for the indicated periods. The cells were
washed twice with phosphate-buffered saline and then lysed,
homogenized and sonicated in a lysis buffer containing
62.5 mM Tris/HCl, pH 6.8, 2% sodium dodecyl sulfate
(SDS), 50 mM dithiotHreitol and 10% glycerol. The cytosolic
fraction was collected as a supernatant after centrifugation at
125,000 xg for 10 min at 4 °C. SDS-polyacrylamide gel
electrophoresis (PAGE) was performed by Laemmli (1970) in
10% polyacrylamide gel. Western blotting analysis was
performed as described previously (Kato et al., 1996) by
using phospho-specific p44/p42 MAP kinase antibodies, p44/
p42 MAP kinase antibodies, phospho-specific SAPK/INK
antibodies or SAPK/INK antibodies, with peroxidase-labeled
antibodies raised in goat against rabbit IgG being used as
second antibodies. Peroxidase activity on the PVDF sheet was
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Fig. 1. Effects of ZnSO, or Na,SO4 on FGF-2-stimulated VEGF release in
MC3T3-El cells. The cultured cells were pretreated with various doses of
ZnSO, (closed bar) or Na;SOj4 (hatched bar) for 20 min, and then stimulated by
70 ng/ml FGF-2 or vehicle for 24 h. Each value represents the mean+SEM of
triplicate determinations. Similar results were obtained with two additional and
different cell preparations. *p<0.05, compared to the value of FGF-2 alone.
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Fig. 2. Effect of ZnSO, on the phosphorylation of SAPK/JNK induced by FGF-
2 in MC3T3-E1 cells. The cultured cells were pretreated with the indicated doses
of ZnSO, or vehicle for 20 min, and then stimulated by 70 ng/m! FGF-2 or
vehicle for 20 min. The extracts of cells were subjected to SDS-PAGE with
subsequent Western blotting analysis with antibodies against phospho-specific
SAPK/JINK or SAPK/INK. The histogram shows quantitative representations of
the levels of FGF-2-induced phosphorylation obtained from laser densitometric
analysis of three independent experiments. Each value represents the mean %
SEM of triplicate determinations. Similar results were obtained with two
additional and different cell preparations.

visualized on X-ray film by means of the ECL Western blotting
detection system. When indicated, the cells were pretreated with
ZnSO, for 20 min.

Determination

The absorbance of enzyme immunoassay samples was mea-
sured at 450 nm with EL 340 Bio Kinetic Reader (Bio-Tek
Instruments, Inc., Winooski, VT). The densitometric analysis
was performed using Molecular Analyst/Macintosh (Bio-Rad
Laboratories, Hercules, CA).

Statistical analysis

The data were analyzed by ANOVA followed by the Bon-
ferroni method for multiple comparisons between pairs, and a
p<0.05 was considered significant. All data are presented as
the mean+SEM of triplicate determinations. Each experiment
was repeated three times with similar results.

Results

Effects of ZnSO4 on the VEGF release by FGF-2 in MC3T3-El
cells

In our previous study (Tokuda et al., 2000), we have demon-
strated that FGF-2 stimulates VEGF release in osteoblast-like
MC3T3-El cells. To clarify whether zinc affects FGF-2-stimulated
VEGEF release in MC3T3-E1 cells, we first examined the effect of
ZnSO, on the VEGF release. ZnSO,, which by itself had little

effect on the VEGF levels, significantly amplified the FGF-2-
stimulated release of VEGF (Fig. 1). The amplifying effect of
ZnSO, was dose-dependent between 1 and 100 uM (Fig. 1). ZnSO4
at 100 pM caused about 110% enhancement in the FGF-2 alone.
Na, SO, failed to affect the FGF2-stimulated VEGF release (Fig. 1).

Effects of ZnSO, on the phosphorylation of p44/p42 MAP
kinase and SAPK/JNK induced by FGF-2 in MC3T3-El cells

We have previously reported that FGF-2 stimulates VEGF
release at least in part via p44/p42 MAP kinase and SAPK/INK in
osteoblast-like MC3T3-E1 cells (Tokuda et al., 2000, 2003). In
order to elucidate if ZnSOy4-effect on the FGF-2-stimulated VEGF
release is mediated via p44/p42 MAP kinase activation or SAPK/
JNK activation in these cells, we next examined the effect of
7ZnSQO, on the FGF-2-induced phosphorylation of SAPK/INK
kinase. However, ZnSO, failed to affect the phosphorylation of
SAPK/INK induced by FGF-2 (Fig. 2). On the other hand, the
FGF-2-induced phosphorylation of pd4/p42 MAP kinase was
significantly enhanced by ZnSO, (Fig. 3). According to the
densitometric analysis, ZnSO, (200 uM) caused about 50%
amplification of the FGF-2-effect on the p44/p42 MAP kinase
phosphorylation. In addition, 7nS0, enhanced the p44/p42 MAP
kinase phosphorylation in a dose-dependent manner (Fig. 3).

Effect of PD98059 on the enhancement by ZnSO, of FGF-2-
stimulated VEGF release in MC3T3-E1 cells

To furthermore investigate whether the up-regulating
effect of ZnSO, on FGF-2-induced VEGF release is due to
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Fig. 3. Effect of ZnSO, on the phosphorylation of p44/p42 MAP kinase induced by
FGF-2in MC3T3-El cells. The cultured cells were pretreated with the indicated doses
of ZnSO; or vehicle for 20 min, and then stimulated by 70 ng/ml FGF-2 or vehicle for
75 min. The extracts of cells were subjected to SDS-PAGE with subsequent Western
blotting analysis with antibodies against phospho-specific p44/p42 MAP kinase or
p44/p42 MAP kinase. The histogram shows quantitative representations of the levels
of FGF-2-induced phosphorylation obtained from laser densitometric analysis of
three independent experiments. Each value represents the mean + SEM of triplicate
determinations. Similar results were obtained with two additional and different cell
preparations. *p<0.03, compared to the value of FGF-2 alone.
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Table 1
Effect of PD98059 on the enhancement by ZnSQO, of the FGF-2-stimulated
VEGF synthesis in MCT3T3-EI cells

PD98059 ZnS0, FGF-2 VEGF (pg/ml)
- - - 23+10

- - + 502£45%

- + - 21410

~ + + 955465%*

+ - - 25£10

+ - + 263425%*

+ + - 20410

+ + + 272:425%*

The cultured cells were pretreated with 10 pM PD98059 or vehicle for 60 min,
and then incubated by 100 pM ZnSO, for 20 min. The cells were stimulated by
70 ng/ml FGF-2 or vehicle for 24 h. Each value represents the mean+SEM of
triplicate determinations. Similar results were obtained with two additional and
different cell preparations. *p<0.05, compared to the control. **p<0.05,
compared to the value of FGF-2 alone. ***p<0.05, compared to the value of
FGF-2 with ZnSO, pretreatment.

enhancement of p44/p42 MAP kinase activation in MC3T3-E1
cells, we examined the effect 6f PD98059, a specific inhibitor of
the upstream kinase that activates p44/p42 MAP kinase a highly
specific inhibitor of MEK (Alessi et al., 1995), on the enhance-
ment by ZnSO,4. PD98059, which by itself had no effect on the
basal levels of VEGF, significantly reduced the enhancement by
ZnSO4 of FGF-2-induced VEGF release to the levels of the
FGF-2 with PD98059 (Table 1).

Discussion

In the present study, we showed that ZnSQO,, which alone did
not affect the levels of VEGF, significantly amplified the FGF-2-
stimulated VEGF release in osteoblast-like MC3T3-E1 cells. On
the contrary, Na;,SO4 had little effect on the VEGF release in
these cells. Therefore, it is probable that the FGF-2-induced
VEGEF release is enhanced by zinc in MC3T3-E1 cells.

We next investigated the mechanism of zinc behind the
amplification. Tt is well recognized that the MAP kinase
superfamily mediates intracellular signaling of extracellular ag-
onists and plays an important role in cellular functions including
proliferation, differentiation, and apoptosis in a variety of cells
(Widmann et al.,, 1999). Three major MAP kinase, p44/p42
MAP kinase, p38 MAP kinase, and SAPK/JNK are known as
central elements used by mammalian cells to transduce the
diverse messages (Widmann et al., 1999). In our previous studies
(Tokuda et al., 2000; Tokuda et al., 2003), we have shown that
FGF-2 activates p44/p42 MAP kinase and SAPK/INK in
osteoblast-like MC3T3-E1 cells, and these MAP kinases act as
positive regulators in FGF-2-induced VEGF release. In the
present study, we demonstrated that ZnSQ, did not affect the
FGF-2-induced phosphorylation of SAPK/LNK. Therefore, it
seems unlikely that ZnSO, amplified the FGF-2-induced VEGF
release through up-regulating the activation of SAPK/JNK in
osteoblast-like MC3T3-E1 cells. On the contrary, we showed
that the FGF-2-induced phosphorylation of p44/p42 MAP
kinase was markedly amplified by ZnSO, in a dose-dependent
manner. It seems that zinc enhances the FGF-2-stimulated
VEGF release via up-regulating activation of p44/p42 MAP

kinase. We next demonstrated that PD98059 (Alessi et al., 1995)
markedly suppressed the enhancement of VEGF release by
ZnSQ, almost to the levels of FGF-2 alone. Therefore, it is
probable that the enhancement in the FGF-2-induced VEGF
release is mediated through the activation of p44/p42 MAP
kinase. Based on our findings as a whole, it is most likely that
zinc up-regulates FGF-2-stimulated VEGF release through
enhancing the activation of p44/p42 MAP kinase but not
SAPK/INK in osteoblast-like MC3T3-E1 cells. Further inves-
tigation is necessary to clarify the exact mechanism of zinc in the
amplification of VEGF release in osteoblasts.

It is well known that the expansion of capillary network pro-
viding microvasculature is an essential process of bone remodeling
(Goad et al., 1996). Since VEGF is a specific mitogen of vascular
endothelial cells (Ferrara and Davis-Smyth, 1997), it is generally
recognized that VEGF secreted by osteoblasts functions as an
important intercellular mediator between osteoblasts and vascular
endothelial cells in bone metabolism. Moreover, it has been
reported that VEGF is involved in trabecular bone formation and
expansion of the hypertrophic chondrocyte zone in epiphyseal
growth plate of mouse (Gerber et al.,, 1999), supporting the signi-
ficance of VEGF in bone metabolism. On the other hand, in bone
metabolism, zinc plays as an important regulator in stimulating
bone formation and mineralization (Yamaguchi and Yamaguchi,
1986; Hall et al., 1999). It has been reported that zinc enhances the
activity of 1,25-dihydroxyvitamin Ds-dependent promoters and the
anabolic effect of insulin-like growth factor-I (Matsui and
Yamaguchi, 1995; Lutz et al., 2000). In addition, zinc reportedly
induces expression of macrophage colony stimulating factor gene
in osteoblasts (Kanekiyo et al., 2002). Based on these findings, it is
probable that zinc-enhanced VEGF release from osteoblasts plays a
pivotal role in the process of bone remodeling via up-regulating the
proliferation of capillary endothelial cells. We have previously
reported that zinc reduces prostaglandin Foo-stimulated synthesis
of IL-6 in osteoblast-like MC3T3-E1l cells (Hatakeyama et al.,
2002). It is well recognized that IL-6 is a potent bone resorptive
agent which induces osteoclast formation and stimulates osteoclast
activity fo resorb bone (Rifas, 1999). Taking our results into
account as a whole, therefore, it is most likely that zinc stimulates
osteogenesis through increasing VEGF activity in addition to the
suppression of interleukin-6 activity in bone metabolism. Further
investigations are required to elucidate the precise role of zinc in
osteoblasts.

Conclusion

Our present results strongly suggest that zinc enhances FGF-
2-stimulated VEGF release resulting from up-regulating activa-
tion of p44/p42 MAP kinase in osteoblasts.
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Comparison of Rat Mandible Bone Characteristics in
F344 Substrains, F344/Du and F344/N
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Abstract: The characteristics of the mandible bone were compared through DXA methods
between two major substrains of F344 rats, F344/DuCriCrij and F344/NSlic at around 60
days of age. Since these two substrains are clearly different in survival and mandible
morphology, some genetic differences are supposed to exist. In contrast to a previous
microsatellite analysis, clear and significant differences were detected in the body and
mandible weights, the mandible bone mineral contents (BMC), bone area (AREA), bone
mineral density (BMD) and bone mineral ratio (BMR), between F344/DuCriCrlj and F344/
NSlc, with the mandible molar teeth intact in the bone. Thus, care is needed in the
experimental use of these substrains, as results may differ between them. The newly
proposed parameter, BMR, may especially contribute to the comparison of bone
characteristics among species.

Key words: Bone Mineral Density: BMD, Bone Mineral Ratio: BMR, mandible, substrain

difference
Introduction however, sometimes bring unexpected confusion to ex-
perimental results due to their species, strain and sex
The longevity sciences, especially the geriatric medi-  specific biological characteristics, especially their ag-
cine, need practical and contributive animal models.  ing properties. Survival, a reliable parameter for the
The most convenient animal models, laboratory rodents, establishment of the aged individuals and the monitor-

(Received 11 April 2006 / Accepted 19 June 2006)
Address corresponding: S. Tanaka, Animal Facility for Aging Research (AFAR), National Institute for Longevity Sciences (NILS), 36-3
Gengo, Morioka-cho, Obu, Aichi 474-8522, Japan



416 S. TANAKA, ET AL.

ing of the aging process, was found to be different
among F344 substrains and between the USA and Ja-
pan [3]. Namely, the survival of F344/N was different
from that of F344/Du in Japan and the survival of F344/
Du was different between Japan and USA[3, 4].
Microsatellite analysis, however, demonstrated that
these two substrains in the two countries were the same
(4, unpublished observation]. Morphometric analysis
of the mandible shape, known to be effective for the
detection of strain differences, demonstrates clear
substrain differences among F344 rats [submitted for
publication to this journal]. The current research was
conducted to compare the mandible bone with special
attention to its characteristics including the bone min-
eral contents (BMC), bone area (AREA) and bone
mineral density (BMD) between two F344 substrains
available in Japan, F344/DuCrICrlj and F344/NSlc.
These parameters are fundamental to the evaluation of
animal models and are related to bone metabolism.
Interestingly, these two substrains are identifiable by
the shape of their face among F344/NSlc, F344/NHsd
and F344/DuCrlCrlj [Tanaka and Miyaishi, unpub-
lished cbservation].

Materials and Methods

Experimental animals

All animals were male and used at 2 months of age.
Two substrains of F344 rats, F344/Du (n=11, Table 1)
and F344/N (n=10, Table 1), were purchased from
Charles River Laboratories J apan (CRLJ), Yokohama,
Japan and SLC Japan (SLC), Hamamatsu, Japan, re-
spectively. Thus, the substrains of “F344” used were
F344/DuCrlCrlj and F344/NSlc [1, 3, 4]. The former
was fed CRF1 (Crude protein contents: 22.4%, Orien-
tal Yeast, Tokyo) and the latter was fed MRA2 (Current
RA2) (Crude protein contents: 22.7%, Nosan,
Yokohama), at CRLJ and SLC until the supply, respec-
tively. The substrains are subsequently described only
as F344/Du and F344/N, respectively. Animals were
housed in groups after weaning at each breeder.

All animal experiments were performed with the per-
mission of the Committee for Animal Ethics NILS
according to the Guideline of NILS Animal Experi-
mentation with consideration to animal rights and
welfare.

Preparation of the mandible

Animals were sacrificed by an overdose of anesthe-
sia on either 58 or 59 days of age for F344/N, and 61
or 62 days of age for F344/Du on the delivery day after
weighing, and the whole tissue around the oral cavity
was dissected out. The dissected tissue was autoclaved
at 121°C for 5 min. The soft tissue around the man-
dible was removed carefully. The mandible was
incubated overnight in 0.5% papain (Merck, Germany)
solution at 37°C and the attaching soft tissue was di-
gested. The incisors were pulled out. After washing
and drying, a dried bone specimen of the mandible was
prepared.

Measurement of mandible

The mandibles without the incisors were weighed. The
whole mandible was measured and surveyed by the DXA
method, with DCS-600EX-ITIR, ALOKA, Tokyo.

The bone mineral contents (BMC) in mg, bone area
(AREA) in cm?, and bone mineral density (BMD) in
mg/cm?* were measured. The ratio of the BMC to man-
dible weight was also calculated. These parameters
were measured with the three mandible molar teeth in-
tact in the mandible. The incisors were pulled out in
the specimen preparation. The mandible weight and
BMC, thus, contained both bone and tooth weight and
calcium (hydroxy) apatite.

Statistical procedures
The data obtained were compared by Student’s z-test
after the F test,

Results

Body and mandible weights

As summarized in Table 1, the body weights of F344/
Du varied from 181:3 to 196.8 g and the average + SD
was 190.3 £4.9 ¢. In F344/N, the body weights ranged
from 167.7 to 181.7 g and the average was 175.7 +4.9
g. The body weight was significantly (P<0.001) larger
in F344/Du than in F344/N.

Similarly, the average mandible weight of F344/Du
varied from 173.3 to 184.6 mg and 179.8 + 2.9 mg, and
in F344/N it varied from 162.5 to 175.2 mg and its
average = SD was 170.3 £ 4.8 mg. The mandible
weight was significantly (P<0.001) larger in F344/Du
than in F344/N,
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Table 1. Weight, BMC, AREA, BMD and BMR of Mandible on two F344 Substrains, F344/Du and F344/N

Substrain Daysof age  Body weight Mandible weight Bone mineral Bone area Bone mineral ~ Bone mineral
contents density ratio
g mg BMC: mg AREA: cm? BMD: mg/cm? BMR: ratio

F344/DuCriCrlj

n=11 61/62

range 181.3-196.8 173.3-186 .4 95.3-103.0 1.509-1.611 62.0-64.3 0.546-0.558
average = SD 1903+ 4.9 179.8 £2.9 99.1+2.1 1.558 £0.034 63.6 £0.7 0.551 £ 0.004
F344/NSlc

n=10 58/59

range 167.7-181.7 162.5-175.2 89.4-96.9 1.470-1.550 60.6-63.3 0.542-0.553
average = SD 1757+ 4.9 170.3 £4.8 93.2+238 1.507 £0.030 61.9+1.1 0.547 £ 0.004
t-test P<0.001 P<0.001 P<0.001 P<0.01 P<0.001 P<0.05

Bone mineral contents (BMC)

The bone mineral contents (BMC) of the F344/Du
mandible varied from 95.3 to 103.0 mg and were 99.1
+ 2.1 mg on average. The BMC of the F344/N man-
dible varied from 89.4 to 96.9 mg and was 93.2 £ 2.8
mg on average. The BMC was significantly (P<0.001)
larger in F344/Du.

Bone area (AREA)

The area (AREA) of the mandible in F344/Du varied
from 1.509 to 1.611 cm? and was 1.558 + 0.034 cm? on
average. The AREA of the F344/N mandible ranged
from 1.470 to 1.550 and was 1.507 + 0.030 cm® on
average. The AREA was significantly (P<0.01) larger
in F344/Du.

Bone mineral density (BMD)

The bone mineral density (BMD), which was calcu-
lated by dividing the BMC with AREA of the F344/Du
mandible ranged from 62.0 to 64.3 and was 63.6 + 0.7
mg/cm? on average. The BMD of the F344/N man-
dible ranged from 60.6 to 63.3 and was 61.9 + 1.1 mg/
cm? on average. The BMD was significantly (P<0.001)
larger in F344/Du.

The ratio of BMC to the mandible weight (BMR)

The ratio of the BMC to the mandible weight, which
was calculated by dividing the BMC with the mandible
weight, was ranged from 0.546 to 0.558 and 0.551 +
0.004 on average for F344/Du; it ranged from 0.542 to
0.553 and 0.547 *+ 0.004 on average for F344/N. This

ratio was named BMR, bone mineral ratio, and it was
significantly (P<0.05) larger in F344/Du.

Discussion

For all of the parameters, body and mandible weights,
bone mineral contents (BMC), bone area (AREA), bone
mineral density (BMD), and the ratio of BMC to man-
dible weight (BMR), measured or calculated in the
present study, statistically significant differences were
detected between the two substrains, F344/Du (F344/
DuCrlCrlj) and F344/N (F344/NSlc) of the inbred strain
of rats, F344 (Table 1). These two substrains, F344/N
and F344/Du, were segregated from the original line at
Columbia University by transfer to the NIH (National
Institutes of Health) in 1949 and to CRL (Charles River
Laboratories) in 1976, respectively [1, 3]. In addition
to the present results, the survival and disorders with
aging are known to be clearly different [2, 3]. The
presence of some genetic differences is strongly sug-
gested to be present between these two substrains:
However, microsatellite analysis did not detect differ-
ences among the four substrains between Japan and
USA [4, unpublished observation]. Thus, care is needed
in the experimental use of these two substrains, as re-
sults may differ between them.

All parameters measured and calculated, especially
the body and mandible weights and BMC, were signifi-
cantly larger in F344/Du (Table 1). This may, in part,
be due to the acute growth in F344/Du. The back-
ground of this biological characteristic including the
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aging should be investigated with special attention paid
to the aging changes. It is generally accepted that the
later maturity brings longer survival. However, F344/
Du survive longer than F344/N [3]. F344/N is charac-
terized by a high incidence of mono nucleated
lymphocyte leukemia [2]. A disorder with aging, that
is also inherent, may seriously modify the survival or
the aging process. The strain or substrain characteris-
tics should be noted and recognized before the usage of
these substrains of rats.

The mandibular bone properties observed in the
present study seemed to be dependent on growth, ex-
cept for BMR (Table 1). Some significant substrain
differences seem to depend on growth, especially at the
age selected for this experiment. An unexpected find-
ing was that of the BMR. A significant substrain
difference was also detected in this index, even though
both the mandible weight and BMC were significantly
different. This index, BMR, was devised to eliminate
the substrain differences of these two parameters. How-
ever, the BMR showed a significant substrain difference.
This means the ratio or the proportion of calcium apa-
tite per unit of mandible bone weight is significantly
different between the two substrains. This significant
substrain difference in BMR may reflect a difference in
bone metabolism, namely a genetic difference.
Microsatellite analysis did not detect differences be-
tween the two substrains; however, various
physiological differences, including the mandibie bone
properties strongly suggest the presence of a genetic
difference. This also raises questions over the experi-
mental usage of these substrains. Since the BMR was
calculated for mandibles containing molar teeth, this
index should be reassessed using different bones like
the femur. '

In the present study, a new index, BMR was devised
(Table 1). The BMD was calculated by dividing the
BMC by the AREA. Usually, the density is calculated
by dividing the mass by the volume. The BMD thus
calculated, varies according to the size of the bone. To
eliminate this discrepancy, the BMC was divided by
the bone weight in the present study. This index is
expected to reflect the real and direct bone physiology.

The bone mineral ratio, BMR, will contribute to the
comparison of bone properties among various animal
species. The BMR will contribute to recalculate the
bone weight from the group of the BMC, AREA and
BMD. As a convenient index, BMR should make a
great contribution both aging and osteoporosis re-
searches.

Attention should be paid to the fact that the man-
dible BMC included the calcium apatite content of three
molar teeth. Research is underway now to identify the
BMC of the mandible bone proper.

In conclusion, major substrain differences were iden-
tified in the mandible bone characteristics of F344 rats.
The results strongly suggests:that the two substrains,
F344/DuCriCrlj and F344/NSle, are different to each
other not only physiologically but also genetically.
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