Available online at www.sciencedirect.com

Prostagiandins, Leukotrienes and Essential Fatty Acids 75 (2006) 61-67

Prosioglandins

':;;’ s = Leukotrienes
s~ ScienceDirect Re—

Fatty Adds

www.elsevier.com/locate/plefa

Prostaglandin D, induces the phosphorylation of HSP27 in
osteoblasts: Function of the MAP kinase superfamily

Shinji Takai®, Haruhiko Tokuda®®, Minoru Yoshida®, Eisuke Yasuda®, Rie Matsushima-
Nishiwaki®, Atsushi Harada®, Kanefusa Kato®, Osamu Kozawa®**

“Department of Pharmacology, Gifu University Graduate School of Medicine, Gifu 501-1194, Japan
"Department of Clinical Laboratory, National Hospital for Geriatric Medicine, National Center for Geriatrics and Gerontology,
Obu, Aichi 474-8511, Japan
“Department of Functional Restoration. National Hospital for Geriatric Medicine, National Center for Geriatrics and Gerontology,
Obu, Aichi 474-8511, Japan
Institute for Developmental Research, Aichi Human Service Center, Kasugai, Aichi 486-0392, Japan

Received 30 March 2006; received in revised form 5 June 2006; accepted B June 2006

Abstract

We previously reported that prostaglandin D, (PGD;) stimulates the induction of heat shock protein 27 (HSP27) in osteoblast-
like MC3T3-El cells. In the present study, we investigated whether PGD; stimulates the phosphorylation of HSP27 in MC3T3-El
cells exposed to heat shock. In the cultured MC3T3-El cells, PGD markedly stimulated the phosphorylation of HSP27 at Ser-15
and Ser-85 in a time-dependent manner. Among the mitogen-activated protein (MAP) kinase superfamily, p44/p42 MAP kinase and
p38 MAP kinase were phosphorylated by PGD; which had little effect on the phosphorylation of stress-activated protein kinase
(SAPK)/c-Jun N-terminal kinase (JNK). The PGD;-induced phosphorylation of HSP27 was attenuated by PD169316, an inhibitor
of p38 MAP kinase or PD98059, a MEK inhibitor. SP600125, a SAPK/JNK inhibitor did not affect the HSP27 phosphorylation. In
addition, PD169316 suppressed the PGD,-induced phosphorylation of MAPKAP kinase 2. These results strongly suggest that
PGD; stimulates HSP27 phosphorylation via pd4/p42 MAP kinase and p38 MAP kinase but not SAPK/INK in osteoblasts.

@ 2006 Elsevier Ltd. All rights reserved.

1. Introduction

Prostaglandins (PGs) act as local modulators in bone
metabolism and play important roles in the regulation
[1,2]. It is well recognized that bone metabolism is strictly
regulated by osteoblasts and osteoclasts, responsible for
bone formation and bone resorption, respectively [l].
Among PGs, prostaglandin D, (PGD,) is generally
known as a potent regulator of osteoblastic functions
[3.4]. As an element of the intracellular signaling system
of PGD; in osteoblasts, we have previously reported that
PGD:; activates protein kinase C via phosphoinositide-
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hydrolyzing phospholipase C in osteoblast-like MC3T3-
El cells, resulting in the stimulation of proliferation [5].
In addition, we showed that PGD, stimulates the
synthesis of interleukin-6 through a calcium-dependent
manner in these cells [6]. Tt has recently been reported
that PGD, produced in human osteoblasts acts as an
autacoid to suppress both osteoprotegerin synthesis and
RANKL expression in these cells, leading to an anabolic
response in bone [7]. These findings made us to speculate
that PGD, plays a crucial role in bone metabolism.
However, the mechanism by which PGD,; modulates
osteoblast functions is not fully clarified.

Tt is well known that cells produce heat shock proteins
(HSPs), when exposed to biological stresses such as heat
stress and chemical stress [8]. HSPs are classified into
high-molecular-weight HSPs and low-molecular-weight
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HSPs based on apparent molecular sizes. It is recognized
that the high-molecular-weight HSPs such as HSP90
and HSP70 act as molecular chaperones in protein
folding, oligomerization and translocation [8]. Low-
molecular-weight HSPs with molecular masses from 10
to 30kDa, such as HSP27 and «B-crystallin have high
homology in amino acid sequences [8]. Though the
functions of the low-molecular-weight HSPs are known
less than those of the high-molecular-weight HSPs, it is
recognized that they may have chaperoning functions
like the high-molecular-weight HSPs [8]. In a previous
study (9], we have shown that low-molecular-weight
HSPs are present in various tissues and cells, especially
in skeletal muscle and smooth muscle cells. The HSPs
are present in significant amounts even in several
unstressed cells including myocytes where they may
have essential functions [8]. It is recognized that HSP27
activity is regulated by post-translational modifications
such as phosphorylation [8,10]. It has been shown that
HSP27 is phosphorylated at two sites (Ser-15 and Ser-
85) of serine in mouse and rats [8]. In previous studies
[11,12], we have shown that PGD. stimulates the
induction of HSP27 via three mitogen-activated protein
(MAP) kinases, p44/p42 MAP kinase, p38 MAP kinase
and stress-activated protein kinase (SAPK)/c-Jun
N-terminal kinase (JNK) in osteoblast-like MC3T3-El
cells. However, the details of HSP27 phosphorylation in
osteoblasts are not known.

In the present study, we investigated whether PGD,
stimulates the phosphorylation of HSP27 in ostcoblast-
like MC3T3-El cells exposed to heat shock, and the
mechanism behind the phosphorylation. We here report
that PGD; stimulates the phosphorylation of HSP27 via
p38 MAP kinase and p44/p42 MAP kinase in these cells.

2. Materials and methods
2.1. Materials

PGD; was purchased from Sigma (St. Louis, MO).
PD98059, PD169316 and SP600125 were obtained from
Calbiochem-Novabiochem (La Jolla, CA). Phospho-
specific SAPK/JNK antibodies, SAPK/JNK antibodies,
phospho-specific p44/p42 MAP kinase antibodies, p44/
p42 MAP kinase antibodies, phospho-specific p38 MAP
kinase antibodies, p38 MAP kinase antibodies, phos-
pho-specific MAPKAP kinase 2 antibodies and MAP-
KAP kinase 2 antibodies were obtained from New
England BioLabs (Beverly, MA). An ECL Western
blotting detection system was obtained from Amersham
Japan (Tokyo, Japan). Other materials and chemicals
were obtained from commercial sources. PD98059,
PD169316 or SP600125 were dissolved in dimethyl
sulfoxide. The maximum concentration of dimethyl

sulfoxide was 0.1%, which did not affect Western blot
analysis.

2.2, Cell culture

Cloned osteoblast-like MC3T3-E1 cells, which have
been derived from newborn mouse calvaria [13], were
maintained as previously described [14]. Briefly, the cells
were cultured in 2-minimum essential medium (z-MEM)
containing 10% fetal calf serum (FCS) at 37°C in a
humidified atmosphere of 5% CO,/95% air. The cells
were seeded into 90-mm diameter dishes (5 x 10°cells/
dish) in =-MEM containing 10% FCS. After 5 days, the
medium was exchanged for x-MEM containing 0.3%
FCS, and the dishes were exposed to heat shock for
30min at 43°C. The cells were used for experiments
after cultured at 37°C over night in a humidified
atmosphere of 3% C0,/95% air. When indicated, the
cells were pretreated with PD98059, PDI169316 or
SP600125 for 60 min.

2.3. Western blot analysis

Cultured cells were stimulated by PGD5; in serum-free
«-MEM for the indicated periods. Cells were washed
twice with phosphate-buffered saline and then lysed,
homogenized, and sonicated in a lysis buffer containing
62.5mM Tris/Cl, pH 6.8, 2% sodium dodecyl sulfate
(SDS), S0mM dithiothreitol, and 10% glycerol. The
cytosolic fraction was collected as a supernatant after
centrifugation at 1250009 for 10min at 4°C. The
supernatant was used for the analysis of HSP27, each
MAP kinase or MAKAP kinase 2 by Western blotting.
SDS-polyacrylamide gel electrophoresis (PAGE) was
performed by the method of Laemmli in 10% poly-
acrylamide gel [15]. Western blot analysis was per-
formed as described previously [16,17], using HSP27
antibodies, phospho-specific HSP27 antibodies, each of
the MAP kinase antibodies or MAPKAFP kinase 2
antibodies, with peroxidase-labeled antibodies raised in
goat against rabbit IgG being used as second antibodies.
Peroxidase activity on PVDF membrane was visualized
on X-ray film by means of the ECL Western blotting
detection system. Densitometric analysis was performed
using Molecular Analyst/Macintosh (Bio-Rad, Her-
cules, CA).

2.4. Immunochemical reagents

Antibodies specifically recognizing phosphorylated
serine residues at Ser-15 and Ser-85 in HSP27 were
prepared as previously described [18]. HSP27 was
purified from skeletal muscle as previously described [9].
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2.5. Statistical analysis

The data were analyzed by ANOVA followed by the
Bonferroni method for multiple comparisons between
pairs. P<0.05 was considered significant. The data are
presented as the means +SD of triplicate determina-
tions from three independent experiments.

3. Results

3.1. Effect of PGD; on the phosphorylation of HSP27 in
heat shock-exposed MC3T3-El cells

PGD, markedly stimulated the phosphorylation of
HSP27 at Ser-15 (15S) and Ser-85 (85S) in HSP27 in a
time dependent manner in the cultured osteoblast-like
MC3T3-E| cells exposed to heat shock (Fig. 1). PGD,
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Fig. 1. Effect of PGD; on the phosphorylation of HSP27 in MC3T3-
E1 cells exposed to heat shock. The cultured cells were stimulated by
10pM PGD; for the indicated periods. The extracts of cells were
subjecied to SDS-PAGE using antibodies against phosphorylated Ser-
15 (158). Ser-85 (855) in HSP27 and HSP27. The histogram shows
guantitative representations of the phosphorylation of HSP27 ((A)
Ser-15; (B) Ser-85) obtained from laser densitometric analysis. Similar
results were obtained in two other cell preparations.

did not aiTect the levels of HSP27 up to 120 min in these
cells.

3.2. Effect of PGD; on the phosphorylation of p44/p42
MAP kinase, p38 MAP kinase and SAPK/JNK in heat
shock-exposed MC3T3-EI cells

It is recognized that the MAP kinase superfamily is
involve in the phosphorylation of HSP27 [8]. We next
examined the effect of PGD; on the phosphorylation of
p44/p42 MAP kinase, p38 MAP kinase and SAPK/JNK
in the MC3T3-EI cells exposed to heat shock in order to
investigate whether PGD, activates the MAP kinases.
PGD; time dependently induced the phosphorylation of
p44/p42 MAP kinase and p38 MAP kinase (Fig. 2). On
the other hand, PGD, did not elicit the phosphorylation
of SAPK /INK (Fig. 2). We showed the phosphorylation
of SAPK/INK by TGFf as a positive control as
previously reported [19].

3.3. Effects of PD98059, PD169316 or SP600125 on the
PGDj-induced phosphorylation of HSP27 in hear shock-
exposed MC3T3-El cells’

In order to clarify whether the MAP kinase super-
family is involved in the PGD»-induced phosphorylation
of HSP27 in the MC3T3-E]1 cells, we next examined the
effect of PD98059, a specific inhibitor of upstream
kinase that activates p44/p42 MAP kinase [20], on the
HSP27 phosphorylation. PD98059 markedly suppressed
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Fig. 2. Effects of PGD; on the phosphorylation of p44/p42 MAP
kinase, p38 MAP kinase, MAPKAP kinase 2, SAPK/JNK in MC3T3-
E1 cells exposed to heat shock. The cultured cells were stimulated by
10pgM PGD; for the indicated periods. The extracts of cells were
subjected to SDS-PAGE using antibodies against phospho-specific
p44/pd2 MAP kinase antibodies, p44/p42 MAP kinase antibodies,
phospho-specific p38 MAP kinase antibodies, p38 MAP kinase
antibodies, phospho-specific SAPK/JNK antibodies, SAPK/INK
antibodies or phospho-specific MAPKAP kinase 2 antibodies. Right
blot shows the positive control for the TGFf-induced phosphorylation
of SAPK/INK. Similar results were obtained in two other cell
preparations
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the PGD--induced phosphorylation of HSP27 at Ser-15
and Ser-85 (Fig. 3).

We examined the effect of PDI169316, a specific
inhibitor of p38 MAP kinase [21], on the PGD--induced
phosphorylation of HSP27. PDI169316 significantly
suppressed the phosphorylation of HSP27 stimulated
by PGD, at Ser-15 and Ser-85 (Fig. 4). The inhibitory
effect of PD169316 on the HSP27 phosphorylation at
two sites was dose dependent in the range between 10
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Fig. 3. Effect of PD98059 on the PGDy-induced phosphorylation of
HSP27 in MC3T3-El cells exposed to heat shock. The cultured cells
were pretreated with 50 uM PD980359 or vehicle for 60min, and then
stimulated by 10 uM PGD; or vehicle for 20 min. The extracts of cells
were subjected to SDS-PAGE using antibodies against phosphorylated
Ser-15 (1585), Ser-85 (855) in HSP27 and HSP27. The histogrum shows
quantitative representations of the phosphorylation of HSP27 ((A)
Ser-15; (B) Ser-85) obtained from laser densitometric analysis. Each
value represents the mean +SD of triplicate determinations. Similar
results were obtained in two other cell preparations. *P<0.05
compared with the value of PGD; alone.
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Fig. 4. Effect of PD169316 on the PGDy-induced phosphorylation of
HSP27 in MC3T3-El cells exposed Lo heat shock. The cultured cells
were pretreated with various doses of PD169316 or vehicle for 60 min,
and then stimulated by 10 M PGD; or vehicle for 20 min. The extracts
of cells were subjected to SDS-PAGE using anltibodies against
phosphorylated Ser-15 (15S), Ser-85 (855) in HSP27 and HSP27.
The histogram shows quantitative representations of the phosphoryla-
tion of HSP27 ((A) Ser-15; (B) Ser-85) obtained from luser densito-
metric analysis. Each value represents the mean +5D of triplicate
determinations. Similar results were obtsined in two other cell
preparations. *P<0.05 compared with the value of PGD; alone.

and 30puM. In addition, SB203580, another specific
inhibitor of p38 MAP kinase [22], had an inhibitory
effect on the HSP27 phosphorylation as well as
PD169316 (data not shown). Furthermore, we found
that SP600125, a highly specific inhibitor of SAPK/JNK
[23], did not affect the PGDs-induced phosphorylation
of HSP27 at Ser-15 and Ser-85 (data not shown).

3.4. Effect of PGD; on the phosphorylation of MAPKAP
kinase 2 and effect of PD169316 on the phosphorylation
of MAPKAP kinase 2 in heat shock-exposed MC3T3-El

cells

It has been shown that MAPKAP kinase 2 acts at a
point downstream of p38 MAP kinase in the HSP27
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Fig. 5. Effect of PD169316 on the PGDy-induced phosphorylation of
MAPKAP kinase 2 in MC3T3-E] cells exposed to heat shock. The
cultured cells were pretreated with 10pM PD169316 or vehicle for
60 min, and then stimulated by 10uM PGD; or vehicle for 20min. The
extracts of cells were subjected to SDS-PAGE using antibodies against
phosphorylated MAPKAP kinase 2 or MAPKAP kinase 2. The
histogram shows guantitative representations of the phosphorylation
of MAPKAP kinase 2 obtained from laser densitometric analysis.
Each value represents the mean +5SD of tnplicate determinations.
Similar results were obtained in two other cell preparations. *P<0.05
compared with the value of PGD; alone.

phosphorylation [8]. Thus, we next examined the effect of
PGD; on the phosphorylation of MAPKAP kinase 2 in
the MC3T3-El cells exposed to heat shock in order to
investigate whether PGD; activates MAPKAP kinase 2.
PGD; induced the phosphorylation of MAPKAP kinase 2
(Fig. 2). In addition, the PGD>-induced phosphorylation
of MAPKAP kinase 2 was markedly suppressed by
PD169316 (Fig. 5).

4. Discussion

In the present study, we first investigated whether
PGD, phosphorylates HSP27 in osteoblast-like
MC3T3-El cells exposed to heat shock. In the cultured
MC3T3-El cells, PGD; truly stimulated the phosphor-
ylation of HSP27 at two sites. We next examined the
mechanism behind the PGD»-induced phosphorylation
in these MC3T3-El cells. It has been shown that the
activation of the MAP kinase superfamily is involved in
HSP27 phosphorylation [8]. Herein, we showed that
PGD; induced the phosphorylation of p44/pd2 MAP
kinase and p38 MAP kinase while having little effect on

the SAPK/INK phosphorylation in the osteoblast-like
MC3T3-El cells exposed to heat shock. It is well
recognized that MAP Kkinases are activated by phos-
phorylation of threonine and tyrosine residues by dual
specificity MAP kinase [24,25]. Thus, it is most likely
that PGD- activates p44/p42 MAP kinase and p38 MAP
kinase without affecting SAPK/JNK in the MC3T3-El
cells exposed to heat shock.

Therefore, we next investigated whether two MAP
kinases are involved in the PGDs-induced HSP27
phosphorylation. PD98059, a specific MEK. inhibitor
[20], markedly suppressed the PGD--induced phosphor-
ylation of HSP27 (Ser-15 and Ser-85). We found that the
PGDs-induced pd44/p42 MAP kinase was significantly
reduced by PD98059. Therefore, these results suggest
that p44/p42 MAP kinase is involved in the PGD»-
induced HSP27 phosphorylation in the MC3T3-E| cells
exposed to heat shock. In addition, we showed that
PD169316, a specific inhibitor of p38 MAP kinase [21],
suppressed the PGD,-induced HSP27 phosphorylations
at two sites. Furthermore, we found that SB203580,
another inhibitor of p38 MAP kinase [22], reduced the
HSP27 phosphorylation by PGD; and that MAPKAP
kinase 2 functions at a site downstream from p38 MAP
kinase in the HSP27 phosphorylation. Based on these
findings, it is most likely that PGDs stimulates HSP27
phosphorylation at two sites (Ser-15 and Ser-85) via p38
MAP kinase as well as p44/p42 MAP kinase in
osteoblasts. On the other hand, we found that the
PGD,-induced phosphorylation of HSP27 at Ser-15 and
Ser-85 was not affected by SP600125, a highly specific
inhibitor of SAPK/INK [23], which was consistent with
our findings that PGD; had little effect on the SAPK/
JNK phosphorylation. Therefore, it seems unlikely that
SAPK/INK mediates the PGD,-induced HSP27 phos-
phorylation in osteoblasts.

It is well recognized that HSP27 is present at two
forms, an aggregated form and a dissociated small form
in unstressed cells [8]. It has been shown that HSP27 is
constitutively expressed at high levels in various tissues
and cells, especially in skeletal muscle cells and smooth
muscle cells [8]. Post-translational modifications such as
phosphorylation and oligomelization are crucial regula-
tors of its functions [8]. In a previous study [26], we have
reported that HSP27 is dissociated concomitantly with
the phosphorylation of the aggregated form of HSP27
and that dephosphorylation of the dissociated HSP27
causes aggregation. In addition, we have shown that
conversion of the non-phosphorylated, aggregated form
of HSP27 to the phosphorylated, dissociated form
results in decreased tolerance to heat stress [26]. It has
been reported that HSP27 is related with cellular
dynamics, such as modulation of actin filament and
stability, growth, and secretion in several types of cells
[27-29]. Taking our findings into account, it is probable
that PGD, directly modulates osteoblast functions

- 142 -



66 S. Takai et al. | Pr glanding, Leuk

tenes and E.

jal Fatty Acids 75 (2006) 61-67

through the induction of HSP27 phosphorylation.
However, the physiological significance of HSP27 in
bone metabolism has not yet been precisely clarified.
Further investigations are necessary to clarify the exact
roles of non-phosphorylated- and phosphorylated-
HSP27 in osteoblasts.

In conclusion, these results strongly suggest that
PGD; induces the phosphorylation of HSP27 via pd44/
p42 MAP kinase and p38 MAP kinase in osteoblasts.
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Phosphatidylinositol 3-Kinase|Akt Plays a Part in
Tumor Necrosis Factor-z-induced Interleukin-6

Synthesis in Osteoblasts

Abstract

We previously showed that tumor necrosis factor-a (TNF-x)
stimulates synthesis of interleukin-6 (IL-6), a potent bone re-
sorptive agent, via p44/p42 mitogen-activated protein (MAP)
kinase in osteoblast-like MC3T3-E1 cells. In the present study,
we investigated whether phosphatidylinositol 3-kinase (PI3-ki-
nase)/protein kinase B (Akt) is involved in TNF-a-stimulated [L-6
synthesis in MC3T3-E1 cells. TNF-x induced the phosphorylation
of Akt depending upon time. Akt inhibitor, 1L-6-hydroxymethyl-
chiro-inositol 2-(R)-2-0-methyl-3-0-octadecylcarbonate, signif-
icantly suppressed the TNF-a-stimulated IL-6 synthesis, but the
inhibitory effect was partial. The phosphorylation of Akt induced
by TNF-a was markedly attenuated by LY294002 and wortman-

nin, inhibitors of PI3-kinase. Wortmannin and LY294002 signifi-
cantly reduce the TNF-a-induced IL-6 synthesis. On the contrary,
the suppressive effects of Akt inhibitor, wortmannin or
LY294002 on TNF-z-induced phosphorylation of p44/p42 MAP
kinase were minor. PD98059, a specific inhibitor of MEK, had
little effect on the TNF-a-induced phosphorylation of Akt. A
combination of Akt inhibitor and PD98059 suppressed the TNF-
a-induced IL-6 synthesis in an additive manner. These results
strongly suggest that PI3-kinase/Akt plays a role in the TNF-a-
stimulated IL-6 synthesis mainly independent of pd44/p42 MAP
kinase in osteoblasts.

Key words
TNF-x - IL-6 - Akt - phosphatidylinositol 3-kinase . osteoblast

Introduction

Tumor necrosis factor-a (TNF-a) is a multifunctional cytokine
responsible for inflammation, infection and cancer [1,2]. TNF-x
induces numerous physiological effects on a variety of cells [1,2].
Bone metabolism is regulated by two functional cells, osteo-
blasts and osteoclasts, responsible for bone formation and bone
resorption, respectively [3]. It is well-recognized that TNF-« is
one of the most potent osteoclastogenic factors [2]. Bone resorp-
tion is mediated by the increased local production of inflamma-
tory cytokines such as TNF-a and interleukin (IL)-1. In
osteoblasts [4-6], it has been reported that bone resorptive
agents such as TNF-z and IL-1 stimulate the synthesis of IL-6,
which is a pleiotropic cytokine that has important physiological

effects on a wide range of functions such as promoting B cell
differentiation, T cell activation and inducing acute phase pro-
teins [1.7.8]. As for bone metabolism, IL-6 has been shown to
stimulate bone resorption and induce osteoclast formation
[1,4.8,9]. Thus, accumulating evidences indicate that IL-6 se-
creted from osteoblasts plays a key role as a downstream effector
of bone resorptive agents. In previous studies [10,11], we have
shown that TNF-a induces the activation of p44/p42 mitogen-
activated protein (MAP) kinase, a member of the MAP kinase
superfamily, through sphingomyelin turnover, resulting in the
IL-6 synthesis in osteoblast-like MC3T3-E1 cells. However, the
exact mechanism of TNF-a behind the IL-6 synthesis in osteo-
blasts remains to be elucidated.
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Akt, 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-1,
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 (P13-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-1 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-l-stimulated alkaline phosphatase activity in MC3T3-
E1 cells [18]. However, the correlation between TNF-x and PI3-
kinase/Akt 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-z-stimulated IL-6 synthesis through the PI3-kinase/Akt
pathway in addition to p44/p42 MAP kinase in these cells.

Materials and Methods

Materials

TNF-z 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,
LY294002, PDIB059 and rapamycin were obtained from Calbio-
chem. 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 (x-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 2-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 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 90 mm 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
Sthe 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-a in 1 ml of 2-MEM
containing 0.3%. FCS, and then incubated for the indicated
periods. The conditioned medium was collected, and [L-6 in the
medium was then measured by an IL-6 ELISA ki. 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-x in a-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-HC|
(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 125,000=g 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 system. Unless otherwise indicated, the cells were
pretreated with Akt inhibitor, wortmannin, LY294002 or
PD98059 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 (GeneChipa 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 GeneChipw 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-a on the phosphorylation of Akt in MC3T3-E1 cells
To investigate whether TNF-z activates Akt in osteoblast-like
MC3T3-E1 cells, we examined the effects of TNF-z on the phos-
phorylation of Akt. TNF-x significantly induced the phosphoryla-
tion of Akt in a ime dependent manner (Fig. 1). The phospho-
rylation of Akt reached its peak at 15 min, and decreased thereafter.
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Fig. 1 Effect of TNF-x on the phosphorylation of Akt in MC3T3-E1
cells. The cultured cells were stimulated with 30 ngfml TNF-x for the
indicated periods. The extracts of cells were subjected to SDS-PAGE
with subsequent Westemn 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.

6 7 8

Effect of Akt inhibitor, LY294002, or wortmannin on the TNF-
z-induced IL-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-az-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-z-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-z-stimulated [L-6 synthesis in MC3T3-E1 cells.
LY294002 significantly reduced the synthesis of IL-6 stimulated
by TNF-x in a dose-dependent manner between 1 and
3uM (Fig. 2). Furthermore, the effect of wortmannin, another
inhibitor of PI3-kinase [26], on the [L-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 10uM (Fig. 2).

‘s
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¥ \
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Fig.2 Effect of LY294002, wortmannin, or Akt inhibitor on the TNF-a-
induced IL-6 synthesis in MC3T3-E1 cells. The cultured cells were
pretreated with various doses of Akt inhibitor (e), LY294002 (M), or
wortmannin (4) for 60 min, and then stimulated by 30 ng/ml TNF-x for
48 h. In the absence of TNF-x 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-x 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-x-stimulated
IL-6 synthesis in primary culture of osteoblasts. Akt-inhibitor
also significantly suppressed the TNF-z-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 uM (Fig. 3). The maximum inhibitory effect of Akt inhibitor at
30 uM caused about 25% reduction in the TNF-a-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-x was
markedly attenuated by LY294002 (Fig. 4A). According to the
densitometric analysis, LY294002 (10uM) caused almost com-
plete reduction of the TNF-x-effect on the Akt phosphorylation.
In addition, wortmannin significantly reduced the Akt phosphor-
ylation induced by TNF-x (Fig. 4B).

Effects of Akt inhibitor, wortmannin or LY294002 on the
phosphorylation of p44/p42 MAP kinase induced by TNF-«,
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-a-stimulated 1L-6 synthesis in osteoblast-like MC3T3-
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Fig. 3 Effect of Akt-inhibitor on TNF-a-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
(®) or vehicle () for 48 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 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-z-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, PD98059, 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-x-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 30ng/ml TNF- alone; and 1.062 96 pg/ml
for 30 ngfml TNF-« with 10 uM rapamycin, as measured during
the stimulation for 48 h).

Effect of TNF-2 on mRNA expression of IL-6 receptor and
gp130

We next investigated the effect of TNF-x on mRNA expression of
IL-6 receptor and gp130 by cDNA microarray. Approximately
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Fig. 4 Effect of LY294002 or wortmannin on the TNF-a-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-z or vehicle for 10 min.
The extracts of cells were subjected to SDS-PAGE with subsequent
Westem 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
grearter than 2-fold change in expression level after TNF-x sti-
mulation. The genes of neither [L-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-a 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-a-
stimulated IL-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 ostecblast-like MC3T3-E1
cells was partial [10]. We further examined the effect of a
combination of Akt inhibitor and PD98059 on the TNF-«-stimu-
lated IL-6 synthesis in MC3T3-E1 cells. Combining Akt inhibitor
and PD98059 significantly suppressed the TNF-z-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-z 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-x activates Akt in osteoblast-like MC3T3-E1
cells.

We investigated whether Akt is involved in the TNF-z-stimulated
IL-6 synthesis in osteoblast-like MC3T3-E1 cells. Herein, we
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Fig. 5 Effect of Akt inhibitor or wortmannin on the TNF-a-induced
phosphorylation of pd4/p42 MAP kinase in MC3T3-E1 cells. Effect of
PD98059 on the TNF-x-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/ml TNF-z or
vehicle for 10 min. The extracts of cells were subjected to SDS-PAGE
with subsequent Westem 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,

Table 1 Effect of a combination of Akt inhibitor and PDS8058 on
the TNF-x-stimulated IL-6 synthesis in MC3T3-E1 cells
IL-6 (pg/ml)
Akt inhibitor PD98059 TNF-a
- - = 23:4
- ' 506 ¢ 30"
- * - 2543
- * + 3884 18"
+ = = 2315
J ” * 35912
+ + - 25:4
¥ + . 257 £ 20***

The cultured cells were pretreated with 30uM Akt inhibitor, 50uM
PD98059 or vehicle for 60min, and then stimulated by 30 ng/ml TNF-a
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-z alone. ***p<0.05, compared to the value of TNF-x with
Akt inhibitor or PDI80S9.

show that a specific inhibitor of Akt [24), significantly sup-
pressed the TNF-a-induced IL-6 synthesis in MC3T3-E1 cells.
We also confirmed that Akt-inhibitor significantly suppressed
the TNF-xz-induced IL-6 synthesis also in primary culture of
osteoblasts. Thus, it is probable that the activation of Akt is
involved in TNF-a-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-2 and markedly attenuated the TNF-a-induced Akt
phosphorylation. These findings suggest that PI3-kinase is im-
plicated in TNF-z-stimulated [L-6 synthesis through Akt in

Lane 1 2 3 4

2 3 4

and then stimulated by 30ng/ml TNF-x or vehicle for 10min, The
extracts of cells were subjected to SDS-PAGE with subsequent Westem
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 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.

MC3T3-E1 cells. We have shown earlier that the IL-6 synthesis
induced by TNF-x was significantly suppressed by LY294002
[25]. LY294002 dose dépendently reduced the TNF-a-stimulated
phosphorylation of Akt. Our results suggest that Akt plays a
crucial role as a positive regulator in TNF-x-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-a-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-x-induced IL-6 synthesis in MC3T3-E1 cells. It
is unlikely that TNF-x 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 NFxB inhibition.
In addition, from cDNA 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-z affects the IL-6 effect via up-
regulation of the receptor or the signal transducer in osteoblasts.

Takai § et al. Role of Akt in IL-6 Synthesis ... Horm Metab Res 2006; 38: 563-569
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Additionally, we have shown that the inhibitory effect of
PD98059 on the TNF-z-stimulated IL-6 synthesis was partial
[10]. In this study, the TNF-z-stimulated IL-6 synthesis was
partially reduced by Akt inhibitor (30uM). We found that a
combination of Akt inhibitor and PD98059 additively suppressed
TNF-a-stimulated IL-6 synthesis. Based on our findings as a
whole, it is most likely that TNF-x« stimulates the synthesis of
IL-6 via Akt and p44/p42 MAP kinase, and maybe mainly inde-
pendent of each other in osteablast-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-xz-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-«-activated PI3-kinase/Akt signaling acts
as a positive regulator directing toward bone resorption. It is
possible that the P13-kinase/Akt pathway in osteoblasts might be
considered as a molecular target of bone resorption concurrent
with various bone diseases. Both TNF-a and [L-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-a by activated T cells [31]. The signaling molecules contributed
to the TNF-a-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-z 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 resulting in the stimulation of vascular endothelial growth factor (VEGF) release in osteoblast-
like MC3T3-E| cells. In the present study, we investigated whether zinc affects the VEGF release by FGF-2 in MC3T3-El cells. The FGF-2-induced
VEGF release was significantly enhanced by ZnSO4 but not Na;SO4. The enhancing effect of ZnSO, was dose-dependent between | and 100 pM.
ZnSO4 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 Ds-dependent promoters and the anabolic effect

* Corresponding suthor. Tel.: +81 58 230 6214; fax: +8] 58 230 6215.
E-mail address: okozawa@cc.gifu-u.ac.jp (O. Kozawa),

0024-3205/8 - see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.10164.1fs.2006.09.003

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 Foa-stimulated interleukin-6
(IL-6) synthesis via suppression of phosphoinositide-hydrolyzing
phospholipase C and phosphatidylcholine-hydrolyzing phospholi-
pase D in osteoblast-like MC3T3-El 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 etal., 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 osteoblasts 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-El
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 ZnSO,4 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 (ZnSO,) 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 dimethyl 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
newbom mouse calvaria (Sudo et al., 1983) were maintained as
previously described (Kozawa et al., 1992). Briefly, the cells were
cultured in a-minimum essential medium (x-MEM) containing
10% fetal calf serum (FCS) at 37 °C in a humidified atmosphere of
5% CO4/95% 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 | ml of
a-MEM containing 0.3% FCS for the indicated periods. When
indicated, the cells were pretreated with ZnSOy4 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/HCI, 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 %g 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, pd44/
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

12
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Fig. |. Effects of ZnSO, or Ne;S0: on FGF-2-stimulated VEGF release in
MC3T3-El cells. The cultured cells were pretreated with various doses of
ZnSO, (closed bar) or Na,SO, (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 rwo additional and
different cell preg *p<0.05, d to the value of FGF-2 alone.
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Fig. 2. Effect of ZnS0, on the phosphorylation of SAPK/INK induced by FGF-
2in MC3T3-E| cells. The cultured cells were p d with the indicated doses
of ZnS0, or vehicle for 20 min, and then stimulated by 70 ng/ml FGF-2 or
vehicle for 20 min. The extracts of cells were subjected o SDS-PAGE with
subsequent Western blotting analysis with antibodies mmst phospho-specific
SAPK/INK or SAPK/JNK. The histogram shows q ions of
the levels of FGF-2-induced phosphorylation obtained from I.lurdnmmmc
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
ZnS0; 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 ZnSO, 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
VEGF release in MC3T3-El cells, we first examined the effect of
ZnS0, on the VEGF release. ZnSO,, which by itself had little

Life Sciences 80 (2006) 230-234

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). ZnSO,
at 100 uM caused about 110% enhancement in the FGF-2 alone.
Na,80, 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-E1l 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-El cells (Tokuda et al., 2000, 2003). In
order to elucidate if ZnSO-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
ZnS0, 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 p44/p42 MAP kinase was
significantly enhanced by ZnSO, (Fig. 3). According to the
densitometric analysis, ZnSO, (200 pM) caused about 50%
amplification of the FGF-2-effect on the p44/p42 MAP kinase
phosphorylation. In addition, ZnSO, 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-E] cells

To furthermore investigate whether the up-regulating
effect of ZnSO4 on FGF-2-induced VEGF release is due to

Lane 1 2 3 4 5 &6
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Fig. 3. Effict of ZnSO; on the phosphorylation of p44/p42 MAP kinase induced by
FGF-2in MC3T3-E| cells. The cultured cells wene 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 subjectad o 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 obtined from laser densitometric analysis of
three independent experiments. Each value represents the mean £+ SEM of triplicats
determinations. Similar results were obtained with two additional and different cell
preparations. *p<0.05, compered to the value of FGF-2 alone.
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Table |
Effect of PD98059 on the enhancement by ZnSO, of the FGF-2-stimulated
VEGF synthesis in MCT3T3-El cells

PD98059 ZnS0,

FGF-2 VEGF (pg/ml)

2310
5024 45%
21210
955£65%*
2510
263£25%
20£10
2724+25%**

The cultured cells were pretreated with 10 uM 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.

[ o S T |

+ + + 4+ 1 1 1 i
+ 1+ 01+ 0 +1

enhancement of p44/p42 MAP kinase activation in MC3T3-El
cells, we examined the effect of 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 ZnSQ,. PD98059, which by itself had no effect on the
basal levels of VEGF, significantly reduced the enhancement by
ZnSO, 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 ZnSOj, 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
VEGF release is enhanced by zinc in MC3T3-El cells.

We next investigated the mechanism of zinc behind the
amplification. It 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 etal., 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/JNK 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 ZnSO,4 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/INK in
osteoblast-like MC3T3-E1 cells. On the contrary, we showed
that the FGF-2-induced phosphorylation of pd4/pd2 MAP
kinase was markedly amplified by ZnSOj, 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 etal., 1995)
markedly suppressed the enhancement of VEGF release by
ZnS0, 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-E| 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). Tt 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 F,o-stimulated synthesis
of IL-6 in osteoblast-like MC3T3-El 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 to 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

Qur 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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