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Abstract

We previously reported that prostaglandin D, (PGD,) stimulates the induction of heat shock protein 27 (HSP27) in osteoblast-
like MC3T3-E1 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 (M AP) 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 pd44/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 [1].
Among PGs, prostaglandin D» (PGDa,) 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]. It 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.

It 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 oB-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 osteoblast-
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-E| cells, which have
been derived from newborn mouse calvaria [13], were
maintained as previously described [14]. Briefly, the cells
were cultured in z-minimum essential medium (x-MEM)
containing 10% fetal calf serum (FCS) at 37°C in a
humidified atmosphere of 5% CO0,/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 «-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 cuiltured at 37°C over night in a humidified
atmosphere of 5% 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 PGD, in serum-free
o-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). 50mM 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 MAPKAP 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 phosphorviation 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-
E1l cells exposed to heat shock. The cultured cells were stimulated by
10puM PGD- for the indicated periods. The extracts of cells were
subjected to SDS-PAGE using antibodies against phosphorylated Ser-
15 (158), Ser-85 (85S) in HSP27 and HSP27. The histogram shows
quantitative 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 affect 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-El 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-El 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/JNK by TGFp as a positive control as
previously reported [19].

3.3. Effects of PD98059, PD169316 or SP600125 on the
PGDs-induced phosphorylation of HSP27 in heat shock-
exposed MC3T3-EI cells

In order to clarify whether the MAP kinase super-
family is involved in the PGD»-induced phosphorylation
of HSP27 in the MC3T3-El 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-
El cells exposed to heat shock. The cultured cells were stimulated by
10pM PGD, for the indicated periods. The extracts of cells were
subjected to SDS-PAGE using antibodies against phospho-specific
p44/p42 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 TGF-induced phosphorylation
of SAPK/JNK. 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 PD169316, a specific
inhibitor of p38 MAP kinase [21], on the PGDs-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 PGDa»-induced phosphorylation of
HSP27 in MC3T3-El cells exposed to heat shock. The cultured cells
were pretreated with S0 pM PD98059 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 (158), Ser-85 (85S) in HSP27 and HSP27. The histogram 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
resulis 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 PGD»-induced phosphorylation of
HSP27 in MC3T3-El cells exposed to heat shock. The cultured cells
were pretreated with various doses of PD169316 or vehicle for 60 min.
and then stimulated by 10uM PGD, or vehicle for 20 min. The extracts
of cells were subjected to SDS-PAGE using antibodies against
phosphorylated Ser-15 (15S), Ser-85 (85S) in HSP27 and HSP27.
The histogram shows quantitative representations of the phosphoryla-
tion of HSP27 ({A) Ser-15: (B) Ser-85) obtained from laser densito-
metric 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.

and 30uM. 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/JINK
[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 PGD--induced phosphorylation of
MAPKAP kinase 2 in MC3T3-El cells exposed to heat shock. The
cultured cells were pretreated with 10uM PDI169316 or vehicle for
60 min. 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 MAPKAP kinase 2 or MAPKAP kinase 2. The
histogram shows quantitative representations of the phosphorylation
of MAPKAP kinase 2 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.

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 MAPK AP 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, PGDs 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/p42 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 kinases are activated by phos-
phorylation of threonine and tyrosine residues by dual
specificity MAP kinase [24,25]. Thus, it is most likely
that PGDs 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 PGD-»-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
PGD:»-induced p44/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-El cells
exposed to heat shock. In addition, we showed that
PD 169316, 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 PGD» stimulates HSP27
phosphorylation at two sites (Ser-15 and Ser-85) via p38
MAP kinase as well as p44/pd2 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/JNK [23], which was consistent with
our findings that PGD, had little effect on the SAPK/
JNK phosphorylation. Therefore, it seems unlikely that
SAPK/JNK 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
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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 p44/
p42 MAP kinase and p38 MAP kinase in osteoblasts.
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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-I,
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-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-I-stimulated alkaline phosphatase activity in MC3T3-
E1 cells [18]. However, the correlation between TNF-» 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-o-stimulated IL-6
synthesis in osteoblast-like MC3T3-E1 cells. We show here that
TNF-o-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-a 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, PD98059 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 o-minimum essential
medium (a-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 «-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 90 mm diameter dishes (25x104
cells) in «-MEM containing 10% FCS. The medium was changed
every 3 days until the ceils 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 a-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 IL-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-o in «-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 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).

¢DNA 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 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-« on the phosphorylation of Akt in MC3T3-E1 cells
To investigate whether TNF-a activates Akt in osteoblast-like
MC3T3-E1 cells, we examined the effects of TNF-« 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.
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Fig. 1 Effect of TNF-o on the phosphorylation of Akt in MC3T3-E1
cells. The cultured cells were stimulated with 30 ng/ml 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 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-a-stimulated IL-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
[L-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-g-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-g-stimulated IL-6 synthesis in MC3T3-E1 cells.
LY294002 significantly reduced the synthesis of IL-6 stimulated
by TNF-o in a dose-dependent manner between 1 and
3 uM (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?)

| N s
o i 1 10
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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 (W), or
wortmannin (A) for 60 min, and then stimulated by 30 ng/m! TNF-o for
48 h. In the absence of TNF-o 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-a-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 M (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-a in MC3T3-E1 cells

We found that the phosphorylation of Akt induced by TNF-a was
markedly attenuated by LY294002 (Fig. 4A). According to the
densitometric analysis, LY294002 (10 uM) caused almost com-
plete reduction of the TNF-a-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-g,
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 IL-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-
(@) or vehicle (O) 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-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, PDI8059, 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-a-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 pM rapamycin;
584 +£63 pg/ml for 30 ng/ml TNF-o alone; and 1.062 + 96 pg/ml
for 30 ng/ml TNF-o with 10 M rapamycin, as measured during
the stimulation for 48 h).

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

We next investigated the effect of TNF-a 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-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 screened. As a result, 1,372 genes showed a
greater than 2-fold change in expression level after TNF-o 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-4-
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 osteoblast-like MC3T3-E1
cells was partial [10]. We further examined the effect of a
combination of Akt inhibitor and PD98059 on the TNF-a-stimu-
lated IL-6 synthesis in MC3T3-E1 cells. Combining Akt inhibitor
and PD98059 significantly suppressed the TNF-a-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-« induces
the phosphorylation of Akt in osteoblast-like MC3T3-E1 cells
depending upon time. Akt mediates intracellular signaling of
extracellular agonists and plays a crucia! role in cellutar 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
cells.

We investigated whether Akt is involved in the TNF-a-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 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/ml 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,
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The cultured cells were pretreated with 30pM Akt inhibitor, 50 gM
PD98059 or vehicle for 60 min, 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-o alone. ***p <0.05, compared to the value of TNF-a with
Akt inhibitor or PD98059.

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-a-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-o-
stimulated synthesis of IL-6 in MC3T3-E1 cells. We found that
wortmannin [26], significantly reduced the IL-6 synthesis stimu-
lated by TNF-a and markedly attenuated the TNF-a-induced Akt
phosphorylation. These findings suggest that PI3-kinase is im-
plicated in TNF-a-stimulated [L-6 synthesis through Akt in

and then stimulated by 30ng/ml TNF-« 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.
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-o was significantly suppressed by LY294002
[25]. LY294002 dose dependently reduced the TNF-a-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-g-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-a-induced IL-6 synthesis in MC3T3-E1 cells. It
is unlikely that TNF-« 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-o-induced IL-6 synthesis through NF«xB 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-a affects the IL-6 effect via up-
regulation of the receptor or the signal transducer in osteoblasts.

Takai S et al. Role of Akt in IL-6 Synthesis ... Horm Metab Res 2006; 38: 563-569




Additionally, we have shown that the inhibitory effect of 3 Nijweide P}, Burger EH, Feyen JHM. Cells of bone: proliferation,
PD98059 on the TNF-a-stimulated IL-6 synthesis was partial differentiation, and humoral regulation. Physiol Rev 1986 66:

. R . 855-886
(10]. In this study, the TNF-a-stimulated IL-6 synthesis was 4 Ishimi Y, Miyaura C, Jin CH, Akatsu T, Abe E, Nakamura Y, Yamaguchi Y,

partially reduced by Akt inhibitor (30uM). We found that a Yoshiki S, Matsuda T, Hirano T, Kishimoto T, Suda T. IL-6 is produced
combination of Akt inhibitor and PD98059 additively suppressed by osteoblasts and induces bone resorption. J Immunol 1990; 145:
TNF-o-stimulated IL-6 synthesis. Based on our findings as a 3297-3303

. . . . 5 Helle M, Brakenhoff JP), DeGroot ER, Aarden LA. Interleukin-6 is
whole, it is most likely that TNF-« stimulates the synthesis of involved in interleukin-1-induced activities. Eur ] Immunol 1988;

IL-6 via Akt and p44/p42 MAP kinase, and maybe mainly inde- 18: 957-959
pendent of each other in osteoblast-like MC3T3-E1 cells. ® Littlewood AJ, Russil ], Harvey GR, Hughes DE, Russel RGG, Gowen M.
The modulation of the expression of IL-6 and its receptor in human

. . . osteoblasts in vitro. Endocrinology 1991; 129: 1513-1520
The PI3-kinase/Akt pathway plays a pivotal role in several cel- 7 Akira S, Taga T, Kishimoto T. Interleukin-6 in biology and medicine.

lular functions, such as proliferation and cell survival in a variety Adv Immunol 1993; 54: 1-78
of cells [12]. Our present findings suggest that the PI3-kinase/Akt ~ ° Heymann D, Rousselle AV. gp130 Cytokine family and bone cells.
pathway in osteoblasts has an important role in the regulatory Cytokine 2000; 12: 1455-1468

. . R . 9 Roodman GD. Interleukin-6: an osteotropic factor? ] Bone Miner Res
mechanism of the TNF-a-induced production of IL-6 in bone 1992: 7- 475-478 P ]

metabolism. IL-6 are potent bone resorptive agent and induces '° Kozawa O, Suzuki A, Kaida T, Tokuda H, Uematsu T. TUmOr necrosis
osteoclast formation {1,4]. Therefore, our present results lead us factor-o  autoregulates interleukin-6 synthesis via activation of

- i . : protein kinase C: Function of sphingosine 1-phosphate and phospha-
to specul.a.te that TNF-o a.ctlva.ted PI3-kinase/Akt sngna.lmg ach tidylcholine-specific phospholipase C. J Biol Chem 1997; 272:
as a positive regulator directing toward bone resorption. It is 25099-25104

possible that the PI3-kinase/Akt pathway in osteoblasts mightbe "' Kozawa O, Tokuda H, Matsuno H, Uematsu T. Activation of mitogen-
considered as a molecular target of bone resorption concurrent activated protein kinase is involved in sphingosine 1-phosphate-
with various bone diseases. Both TNF-o and IL-6 are well recog- stimulated interleukin-6 synthesis in osteoblasts. FEBS Lett 1997,

/ ( , ] : : 418: 149-151
nized as inflammatory cytokines which play crucial roles in the 12 coffer P, Jin J, Woodgett JR. Protein kinase B (c-Akt): a multifunctional

process of acute and chronic inflammatory diseases. Our present mediator of phosphatidylinositol 3-kinase activation. Biochem ] 1998;
findings might suggest that PI3-kinase/Akt pathway is involved ~, 333:1-13 o

in the process of pathological bone resorption especially in Chan TO, Rittenhouse SE, Tsichlis PN. AKT/PKB and other D3 phos-
. X T R R phoinositide-regulated kinases: kinase activation by phosphoinosi-
inflammatory bone diseases. In addition, in vivo and in vitro tide-dependent phosphorylation. Annu Rev Biochem 1999; 68:
models of postmenopausal osteoporosis reportedly demonstrate 965-1014

that estrogen deficiency leads to an increase in the adaptive 4 Cantley LC. The phosphoinositide 3-kinase pathway. Science 2002;

296: 1655-1657

=

N

S

immune fuqctlon that culminates 'm a’? increased product'lon of s Borgatti P, Martelli AM, Bellacosa A, Casto R, Massari L, Capitani S, Neri
TNF-a by activated T cells [31]. The signaling molecules contributed LM. Translocation of Akt/PKB to the nucleus of osteoblast-like MC3T3-
to the TNF-a-induced IL-6 synthesis in osteoblasts might be con- E1 cells exposed to proliferative growth factors. FEBS Lett 2000; 477:
siderable as therapeutic targets of postmenopausal osteoporosis. 4 27-32

. L. . . . Danciu TE, Adam RM, Naruse K, Freeman MR, Hauschka PV. Calcium
Further investigation is required to clarify the exact role of PI3- regulates the PI3K-Akt pathway in stretched osteoblasts. FEBS Lett

kinase/Akt in osteoblast cell function and bone metabolism. 2003; 536: 193-197
17 Kang HY, Cho CL, Huang KL, Wang JC, Hu YC, Lin HK, Chang C, Huang

: : KE. Nongenomic Androgen Activation of Phosphatidylinositol 3-Ki-
In conclusion, our results strongly suggest that TNF-a stimulated nase/Akt Signaling Pathway in MC3T3-E1 Osteoblasts. | Bone Miner

IL-6 synthesis via PI3-kinase/Akt in addition to p44/p42 MAP Res 2004: 19: 1181-1190

kinase in osteoblasts. '8 Noda T, Tokuda H, Yoshida M, Yasuda E, Hanai Y, Takai S, Kozawa O.
Possible involvement of phosphatidylinosito! 3-kinase/Akt pathway
in insulin-like growth factor-1-induced alkaline phosphatase activity
in osteoblasts. Horm Metab Res 2005; 37: 270-274

Acknowledgements 19 Sudo H, Kodama H, Amagai Y, Yamamoto S, Kasai S. In vivo differentia-
tion and calcification in a new clonal osteogenic cell line derived from
We are very grateful to Yoko Kawamura and Seiko Sakakibara for newborn mouse calvaria. ] Cell Biol 1983; 96: 191-198 )
their skillful technical ist This i tigati Kozawa O, Tokuda H, Miwa M, Kotoyori J, Oiso Y. Cross-talk regulation
Ir's _l ul technica .35515. ance. . 15 'mves 1gation was sup- between cyclic AMP production and phosphoinositide hydrolysis
ported in part by Grant-in-Aid for Scientific Research (16590873 induced by prostaglandin E, in osteoblast-like cells. Exp Cell Res
and 16591482) from the Ministry of Education, Science, Sports ” 1992; 198: 130-134 . o
and Culture of Japan, the Research Grants for Longevity Sciences Yoshida M, Niwa M, A, Hirade K, Ito H, Shimizu K, Kato K, Kozawa O.

. Methotrexate enhances prostaglandin D2-stimulated heat shock pro-
(15A-1 and 15C-2), Research on Proteomics and Research on tein 27 induction in osteoblast. Prostaglandins Leukot Essent Fatty

Fracture and Dementia from the Ministry of Health, Labour and Acids 2004; 71: 351-362

N

Welfare of Japan. 22 1aemmli UK. Cleavage of structural proteins during the assembly of
the head of bacteriophage T4. Nature 1970; 227: 680-685
23 KatoK, Ito H, Hasegawa K, Inaguma Y, Kozawa O, Asano T. Modulation
of the stress-induced synthesis of hsp27 and «B-crystallin by cyclic
References AMP in C6 glioma cells. ] Neurochem 1996; 66: 946-950
: 24 Hu Y, Qiao L, Wang S, Rong SB, Meuillet EJ, Berggren M, Gallegos A,
! Kwan Tat S, Padrines M, Theoleyre S, Heymann D, Fortun Y. IL-6, Powis G, Kozikowski AP. 3-(Hydroxymethyl)-bearing phosphatidyli-
RANKL, TNF-alpha/IL-1: interrelations in bone resorption pathophy- nositol ether lipid analogues and carbonate surrogates block PI3-K,
siology. Cytokine Growth Factor Rev 2004; 15: 49-60 Akt, and cancer cell growth. ] Med Chem 2000; 43: 3045-3451
2 Blair HC, Robinson LJ, Zaidi M. Osteoclast signalling pathways. Bico- 2% Vlahos CJ, Matter WF, Hui KY, Brown RF. A specific inhibitor of
hem Biophys Res Commun 2005; 328: 728-738 phosphatidylinositol 3-kinase, 2-(4-morpholinyl)-8-phenyl-4H-1-

benzopyran-4-one (LY294002). J Biol Chem 1994; 269: 5241-5248

Takai S et al. Role of Akt in IL-6 Synthesis ... Horm Metab Res 2006; 38: 563-569



26 Arcaro A, Wymann MP. Wortmannin is a potent phosphatidylinositol
3-kinase inhibitor: the rote of phosphatidylinositol 3,4,5-trispho-
sphate in neutrophil responses. Biochem ] 1993; 296: 297~301

27 pAlessi DR, Cuenda A, Cohen P, Dudley DT, Saltiel AR. PD98059 is a
specific inhibitor of the activation of mitogen-activated protein kinase
in vitro and in vivo. ] Biol Chem 1995; 270: 27489-27494

28 yanno Y, Ishisaki A, Yoshida M, Tokuda H, Numata O, Kozawa O. SAPK/
JNK plays a role in transforming growth factor-g-induced VEGF
synthesis in osteoblast. Horm Metab Res 2005; 37: 140-145

29 kurokouchi K, Kambe F, Yasukawa K, Izumi R, Ishiguro N, iwata H, Seo
H. TNF-alpha increase expression of IL-6 and ICAM-1 genes through

activation of NF-kappaB in osteoblasi-like ROS17/2.8 cells. ] Bone
Miner Res 1998; 13: 1290-1299

30 Marchetti L, Klein M, Schlett K, Pfizenmaier K, Eisel UM. Tumor
Necrosis Factor by N-Methyl-D-aspartate Receptor Activation. Essen-
tial role of a TNF receptor 2-mediated phosphatidylinositol 3-kinase-
dependent NF-kappa B pathway. | Biol Chem 2004; 279:
32869-32881

31 weitzmann MN, Pacifici R. The role of T lymphocytes in bone meta-
bolism. Immunol Rev 2005; 208: 154-168

Takai S et al. Role of Akt in IL-6 Synthesis ... Horm Metab Res 2006; 38: 563-569

g jeuibug

7]
2
A




Journal of Cellular Biochemistry 99:187-195 (2006)

Modulation by the Steroid/Thyroid Hormone
Superfamily of TGF-B-Stimulated VEGF Release
From Vascular Smooth Muscle Cells
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Abstract We previously reported that transforming growth factor-B (TGF-B) stimulates the release of vascular
endothelial growth factor (VEGF) from aortic smooth muscle A10 cells via activation of p38 mitogen-activated protein
(MAP) kinase. In the present study, we investigated whether nuclear hormone receptor superfamily members affect TGF-p-
stimulated VEGF release from A10 cells. Retinoic acid or 1,25-dihydroxyvitamin D3 enhanced TGF-B-induced VEGF
release in a concentration-dependent manner, whereas dexamethasone or corticosterone suppressed TGF-B-induced
VEGF release. 1,25-Dihydroxyvitamin D3 and TGF-B stimulated phosphorylation of p38 MAP kinase in an additive
manner. SB203580, an inhibitor of p38 MAP kinase, decreased the VEGF release induced by TGF-B or 1,25-
dihydroxyvitamin D;. However, retinoic acid, dexamethasone, or corticosterone did not affect phosphorylation of p38
MAP kinase. These results indicate that retinoic acid, 1,25-dihydroxyvitamin Ds, and glucocorticoids affect TGF-p-
stimulated VEGF release from aortic smooth muscle cells. The stimulatory effect of 1,25-dihydroxyvitamin D3 occurs, in

part, via modification of TGF-B-induced activation of p38 MAP kinase. J. Cell. Biochem. 99: 187-195, 2006.
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Regulation of vascular smooth muscle cell
proliferation and differentiation is critical for
vasculogenesis, angiogenesis, and the mainte-
nance of homeostasis in mature vessel walls
[Hungerford and Little, 1999; Ross, 1999].
Proliferation and differentiation of these cells
are central importance in the pathogenesis of
atherosclerosis, hypertension, and restenosis
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after procedural revascularization [Hungerford
and Little, 1999; Ross, 1999]. Vascular smooth
muscle cells and vascular endothelial cells
interact with each other; for example, vasoac-
tive agents produced by aortic smooth muscle
cells, such as vascular endothelial growth factor
(VEGF), basic fibroblast growth factor (bFGF),
transforming growth factor-p (TGF-B), and
interleukin (IL)-1B, affect endothelial cell func-
tion [Hungerford and Little, 1999; Ross, 1999].
VEGTF is a heparin-binding angiogenic growth
factor that is highly specific for endothelial cells;
VEGTF binds to tyrosine kinase receptors exp-
ressed almost exclusively in endothelial cells
and stimulates endothelial cell proliferation,
migration, and inhibition of apoptosis [Gospo-
darowicz et al., 1989; Neufeld et al., 1999].
VEGF also induces angiogenesis, increases
blood vessel permeability, and plays a central
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role in the regulation of vasculogenesis [Neufeld
et al., 1999]. Deregulated VEGF expression
contributes to the development of solid tumors
by promoting tumor angiogenesis and contri-
butes to the development of diseases character-
ized by abnormal angiogenesis [Neufeld et al.,
1999]. Vascular smooth muscle cells are the
predominant source of VEGF [Tischer et al.,
1991]. Platelet-derived growth factor (PDGF)
BB, TGF-B, hypoxia, endothelin, and bFGF
induce VEGF production in these cells [Brogi
et al., 1994; Stavri et al., 1995; Pedram et al.,
1997]. However, the mechanisms underlying
VEGF synthesis in vascular smooth muscle
cells have not been fully elucidated.

The TGF-B superfamily comprises a large
number of structurally related polypeptide
growth factors, each capable of regulating an
array of cellular processes including cell pro-
liferation, lineage determination, differentia-
tion, motility, adhesion, and death [Massagué,
1998; Miyazono et al., 2000]. In regard to the
vascular system, TGF-B plays a pivotal role in
promoting alterations in vessel structure [Mas-
sagué, 1998]. Recent evidence suggests that
alterations in the local abundance of TGF-f in
the arterial wall promote vascular cell transdif-
ferentiation, vascular wall remodeling, arterial
lesion growth, and lesion regression associated
with apoptosis [Schulick et al., 1998]. In these
processes, TGF-p stimulates VEGF synthesisin
vascular smooth muscle cells and exerts angio-
genic effects [Brogi et al., 1994; Stavri et al.,
1995]. We previously reported that TGF-B
stimulates the release of VEGF from aortic
smooth muscle A10 cells at least in part via
p38 mitogen-activated protein (MAP) kinase
[Yamamoto et al., 2001].

Recently, the nuclear hormone receptor
superfamily has been shown to modulate vas-
cular tone and vascular smooth muscle cell
proliferation and differentiation [Kornel, 1993;
Miano and Berk, 2000; Mizuma et al., 2001;
Dubey et al., 2002; Rebsamen et al., 2002]. This
superfamily includes receptors for retinoids,
vitamin D, steroid hormones, and thyroid
hormone [Evans, 1988; Carlberg, 1995; Miano
and Berk, 2000]. These receptors are ligand-
activated transcription factors that bind dis-
crete cis elements within the regulatory regions
of a growing list of target genes [Evans, 1988;
Carlberg, 1995; Miano and Berk, 2000]. We
previously reported that among nuclear hor-
mone receptor superfamily members, 1,25-

dihydroxyvitamin D3 or retinoic acid alone
stimulates the release of VEGF from A10 cells
[Yamamoto et al., 2002; Tanabe et al., 2004].
In the present study, we investigated the effect
of nuclear hormone receptor superfamily mem-
bers on TGF-B-induced VEGF release from A10
cells.

MATERIALS AND METHODS
Materials

A mouse VEGF enzyme-linked immunosor-
bent assay (ELISA) kit (recognizing both 120-
and 164-amino acid forms of murine VEGF) and
active TGF-p were purchased from R&D Sys-
tems (Minneapolis, MN). All-trans retinoic
acid (retinoic acid), 9a-fluoro-16a-methylpred-
nisolone (dexamethasone), 4-pregnene-118,
21-diol-3, 20-dione (corticosterone), 4-pregnene-
3,20-dione (progesterone), 4-androsten-17f3-ol-
3-one (testosterone), 1,3,5[10]-estratriene-3,17p-
diol (estradiol), and 3,3',5-triiodo-L-thyronine
(T5) were obtained from Sigma-Aldrich (St. Louis,
MO). 1«,25-Dihydroxyvitamin D3 (vitamin Dg)
and SB203580 were obtained from Calbiochem-
Novabiochem Corp. (La Jolla, CA). Antibodies
against phospho-p38 MAP kinase and p38 MAP
kinase were from New England BioLabs, Inc.
(Beverly, MA). The ECL Western blot detection
system was purchased from Amersham Japan
(Tokyo, Japan). Other materials and chemi-
cals were obtained from commercial sources.
Retinoic acid, vitamin D3, dexamethasone,
corticosterone, progesterone, testosterone, and
estradiol were dissolved in ethanol. T3 was
dissolved in 0.1 N NaOH. SB203580 was
dissolved in dimethyl sulfoxide. The maximum
concentration of ethanol or dimethyl sulfoxide
was 0.1%, which did not affect VEGF immu-
noassay or Western blot results.

Cell Culture

A10 cells derived from fetal rat aortic smooth
muscle [Kimes and Brandt, 1976] were obtained
from American Type Culture Collection (Man-
assas, VA). Cells were seeded into 35-mm
(1 x 105 cells) or 90-mm (5 x 10° cells) diameter
dishes and maintained at 37°C in a humidified
atmosphere of 5% carbon dioxide and 95% air in
Dulbecco’s Modified Eagle’s medium (DMEM)
containing 10% fetal calf serum. After 5 days,
the medium was replaced with serum-free
DMEM. Cells were used for experiments 48 h
thereafter.
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VEGF Assay

Cultured cells were pretreated with various
agents belonging to the nuclear hormone recep-
tor superfamily members in serum-free DMEM
for 9 h and were then stimulated with TGF-p for
the indicated periods. When indicated, the cells
were pretreated with SB203580 for 60 min prior
to stimulation with vitamin D3. The conditioned
medium was then collected, and the VEGF in
the medium was measured with a VEGF ELISA
kit that recognizes rat VEGF (according to the
manufacturer), as described previously [Seko
et al., 1999].

Western Blot Analysis of p38 MAP Kinase

Cultured cells were pretreated with retinoic
acid, vitamin Dj;, dexamethasone, or corticos-
terone in serum-free DMEM for 9 h and were
then stimulated with TGF-p for 45 min. When
indicated, the cells were pretreated with
SB203580 for 60 min prior to stimulation with
vitamin Dj. Stimulated cells were rinsed twice
with phosphate-buffered saline, then lysed,
homogenized, and sonicated in lysis buffer
containing 62.5 mM Tris/Cl, 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¢ for 10 min at 4°C. The supernatant
was used for analysis of p38 MAP kinase by
Western blotting. SDS—polyacrylamide gel
electrophoresis (PAGE) was performed by the
Laemmli method in 10% polyacrylamide gels
[Laemmli, 1970]. Western blot analysis was
performed as described previously [Yamamoto
et al., 2001, 2002] with phospho-specific p38
MAP kinase antibody or p38 MAP kinase anti-
body with peroxidase-labeled goat anti-rabbit
IgG as a secondary antibody. Peroxidase activ-
ity was visualized on X-ray film by ECL.

Other Methods

The absorbance of ELISA samples at 450 nm
was measured with a Multiskan JX ELISA
reader (Thermo Labsystems, Helsinki, Finland).
Absorbance was correlated with concentration
by means of a standard curve. Densitometric
analysis was performed with Molecular Analyst
Software for Macintosh (BioRad, Hercules, CA).

Statistical Analysis

Data were analyzed by ANOVA followed by
the Bonferroni method for multiple compari-

sons between pairs. P<0.05 was considered
significant. All data are presented as mean + SD
of triplicate determinations from three indepen-
dent experiments.

RESULTS

Effect of Retinoic Acid or Vitamin D3 on
TGF-B-Induced VEGF Release

We previously reported increased VEGF
release by A10 cells after 12 h or more of TGF-
B stimulation, and the effect of TGF-B was
significant at concentrations greater than 1 ng/
ml [Yamamoto et al., 2001]. In addition, retinoic
acid alone significantly stimulates VEGF
release in time-and concentration-dependent
manners [Tanabe et al., 2004]. In the present
study, retinoic acid and TGF-§ additively
induced VEGF release in a time-dependent
manner up to 60 h (Fig. 1A), the effect being
significant after 24 h or more of stimulation. The
additive effect of retinoic acid on TGF-B-stimu-
lated VEGF release was concentration-depen-
dent from 0.1 nM to 0.1 uM (Fig. 1B). The effect
was significant at concentrations greater than
10 nM.

We previously reported that vitamin D3 alone
at concentrations greater than 10 pM stimu-
lates VEGF release from A1l0 cells [Yamamoto
et al., 2002]. Vitamin D3 and TGF-p synergisti-
cally induced VEGF release in a time-depen-
dent manner up to 60 h (Fig. 1C), the effect being
significant after 12 h or more of stimulation. The
synergistic effect of vitamin D3 was concentra-
tion-dependent from 0.1 to 10 nM (Fig. 1D). The
effect was significant at concentrations greater
than 0.1 nM.

Effect of Dexamethasone or Corticosterone on
TGF-B-Induced VEGF Release

Dexamethasone alone had little effect on the
basal level of VEGF release but significantly
decreased TGF-B-induced VEGF release in a
time-dependent manner up to 60 h (Fig. 2A), the
effect being significant after 12 h or more of
stimulation. The inhibitory effect of dexametha-
sone was concentration-dependent from 0.1 to
10 nM (Fig. 2B). The effect was significant at
concentrations greater than 1 nM.

Corticosterone, another glucocorticoid, which
alone did not affect the basal level of VEGF
release, significantly decreased TGF-$-stimu-
lated VEGF release. The inhibitory effect of
corticosterone was concentration-dependent
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Fig. 1. Effects of retinoic acid or vitamin D3 on the TGF-§-

induced vascular endothelial growth factor (VEGF) release from
A10 cells. A: Time-course of VEGF release after TGF-B-
stimulation. Cultured cells were treated by 0.1 uM retinoic acid
(@, A)or vehicle (O, A) for 9 h, and then stimulated by 5 ng/ml
TGF-B (circles) or vehicle (triangles) for the indicated periods.
*P < 0.05 compared with TGF-B or retinoic acid alone. B: Dose-
dependent effect of retinoic acid on the TGF-B-induced VEGF
release. Cultured cells were treated by various doses of retinoic
acid for 9 h, and then stimulated by 5 ng/m| TGF-B (@) or vehicle
(O) for 48 h. *P < 0.05 compared with vehicle alone. **P < 0.05
compared with TGF-p or retinoic acid alone. C: Time-course of

from 0.1 to 10 nM (Fig. 2B). The effect was
significant at 10 nM.

Effect of Sex Hormones or T3 on
TGF-B-Induced VEGF Release

Other hormones of the steroid/thyroid hor-
mone superfamily, including the sex hormones
progesterone, testosterone, and estradiol and
T3, had no affect on TGF-B-induced VEGF
release from A10 cells (Fig. 2C,D).
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VEGF release after TGF-B-stimulation. Cultured cells were
treated by 10 nM vitamin D (@, &) or vehicle (O, A) for 9 h,
and then stimulated by 5 ng/ml TGF-8 (circles) or vehicle
{triangles) for the indicated periods. *P< 0.05 compared with
TGF-B or vitamin D3 alone. D: Dose-dependent effect of vitamin
D3 on the TGF-B-induced VEGF release. Cultured cells were
treated by various doses of vitamin D3 for 9 h, and then stimulated
by 5 ng/ml TGF-B (@) or vehicle (O) for 48 h. *P<0.05
compared with vehicle alone. **P < 0.05 compared with TGF-p
or vitamin D3 alone. Each value represents the mean £SD of
triplicate determinations. Similar results were obtained in two
other cell preparations.

Effect of Retinoic Acid, Vitamin D3,
Dexamethasone, or Corticosterone on
TGF-B-Induced Phosphorylation
of p38 MAP Kinase

We previously reported that TGF-f stimu-
lates the release of VEGF from A10 cells at least

- in part via activation of p38 MAP kinase, with a

maximum effect at 5 ng/ml TGF-B [Yamamoto
et al., 2001]. Therefore, we investigated whether
retinoic acid, vitamin Dg, dexamethasone, or
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Fig. 2. Effects of dexamethasone, corticosterone, progesterone,
testosterone, estradiol, or T5 on the TGF-B-induced VEGF release
from A10 cells. A: Time-course of VEGF release after TGF-pB-
stimulation. Cultured cells were treated by 10 nM dexametha-
sone (@, A) or vehicle (O, A) for 9 h, and then stimulated by
5 ng/ml TGF- (circles) or vehicle (triangles) for the indicated
periods. B: Dose-dependent effects of dexamethasone or
corticosterone on the TGF-B-induced VEGF release. Cultured
cells were treated by various doses of dexamethasone (circles) or
corticosterone (triangles) for 9 h, and then stimulated by 5 ng/ml

corticosterone affects TGF-B (5 ng/ml)-induced
p38 MAP kinase phosphorylation in these cells.
Retinoic acid (0.1 uM), which by itself had little
effect on p38 MAP kinase phosphorylation, had
no affect on TGF-B-induced phosphorylation of
p38 MAP kinase (Fig. 3A). We previously showed
that vitamin D3 markedly induces p38 MAP
kinase phosphorylation, with a maximum effect
at 10 nM vitamin D3 [Yamamoto et al., 2002].
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TGF-B (@, &) or vehicle (O, A) for 48 h. *P < 0.05 compared
with TGF-B alone. C: Cultured cells were treated by various doses
of progesterone (circles), testosterone (triangles), or estradiol
(squares) for 9 h, and then stimulated by 5 ng/ml TGF-B (closed
symbols) or vehicle {open symbols) for 48 h. D: Cultured cells
were treated by various doses of T3 for 9 h, and then stimulated by
5 ng/ml TGF-B (@) or vehicle (O) for 48 h. Each value represents
the mean £ 5D of triplicate determinations. Similar results were
obtained in two other cell preparations.

TGF-B and vitamin D3 (10 nM) induced phos-
phorylation of p38 MAP kinase in an additive
manner (Fig. 3B). Dexamethasone (10 nM),
which by itself had little effect on p38 MAP
kinase phosphorylation, had no affect on TGF-p-
induced phosphorylation (Fig. 3C). In addition,
corticosterone (10 nM) had no effect on TGF-B-
induced phosphorylation of p38 MAP kinase
(data not shown).
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Fig. 3. Effects of retinoic acid, vitamin D3, or dexamethasone
on TGF-B-induced phosphorylation of p38 mitogen-activated
protein (MAP) kinase in A10 cells. Cultured cells were treated
with 0.1 uM retinoic acid (A), 10 nM vitamin D; (B), 10 nM
dexamethasone (C), or vehicle for 9 h, and then stimulated by
5 ng/ml TGF-B or vehicle for 45 min. Cell lysates were subjected
to SDS-PAGE followed by Western blot analysis using anti-

Effect of SB203580 on TGF-B and Vitamin
D3-induced VEGF Release and Phosphorylation
of p38 MAP Kinase

We examined the effect of SB203580, an
inhibitor of p38 MAP kinase [Cuenda et al.,
1995], on VEGF release and p38 MAP kinase
phosphorylation induced by TGF-p in A10 cells
in the absence or presence of vitamin Dj.
SB203580 alone had little effect on the basal
level of VEGF release but inhibited VEGF
release induced by TGF-B or vitamin Dg. The
enhancement of VEGF release induced by TGF-
B plus vitamin D3 was also inhibited by
SB203580 (Table I). However, SB203580 alone
had no affect on the basal level of phosphoryla-
tion of p38 MAP kinase and also had little effect
on phosphorylation induced by TGF-B plus
vitamin D3 (Fig. 4).
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bodies against phospho-specific p38 MAP kinase or p38 MAP
kinase. The histogram shows quantitative representations of the
phosphorylation level of p38 MAP kinase obtained from laser
densitometric analysis. *P < 0.05 compared with the value in
TGF-B alone. Each value represents the mean + SD of triplicate
determinations. Similar results were obtained in two other cell
preparations.

TABLE 1. Effects of SB203580 on Vitamin Dy
or/and TGF-g-induced Vascular Endothelial
Growth Factor (VEGF) Release From

A10 Cells
SB203580 Vitamin TGF-p
(30 M)  D3(10nM) (5ng/ml) VEGF (pg/ml)
_ - _ 185+ 11
- - + 583+ 47*]]
_ + - 467 + 35*
- + + 1174 +88*
+ - - 180+ 10
M _ + 298 + 28°*
+ + - 302 + 25%*
+ + + 496 + 38°%*

Cultured cells were pretreated with 30 pM SB203580 or vehicle
for 60 min and then stimulated by 10 nM vitamin D3 for 9 h and/
or 5 ng/ml TGF-B for 48 h. Each value represents the mean + SD
of triplicate determinations. Similar results were obtained in
two other cell preparations.

*P < 0.05 compared with vehicle alone.

**P < 0.05 compared with vitamin D3 and/or TGF-f.
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Fig. 4. Effect of SB203580 on a combination with TGF-B and
vitamin Ds-induced phosphorylation of p38 MAP kinase in A10
cells. Cultured cells were treated with 30 pM SB203580 or
vehicle for 60 min and then stimulated by 10 nM vitamin D5 for
9 h and 5 ng/ml| TGF-B for 45 min. Cell lysates were subjected to
SDS—-PAGE followed by Western blot analysis using antibodies
against phospho-specific p38 MAP kinase or p38 MAP kinase.
The histogram shows quantitative representations of the phos-
phorylation level of p38 MAP kinase obtained from laser
densitometric analysis. Each value represents the mean £ SD of
triplicate determinations. Similar results were obtained in two
other cell preparations.

DISCUSSION

TGF-B family members are multifunctional
agonists whose effects depend on the state of
responsiveness of target cells [Massagué, 1998].
Alterations in the local abundance of TGF-p in
the arterial wall promote vascular cell transdif-
ferentiation, vascular wall remodeling, arterial
lesion growth, and lesion regression associated
with apoptosis [Schulick et al., 1998]. One
possible explanation for the angiogenic effect
of TGF-f is that TGF-B is an indirect mitogen
that acts via the production of other angiogenic
factors. TGF- promotes VEGF synthesis in
vascular smooth muscle cells and exerts angio-
genic effects [Brogi et al., 1994; Stavri et al.,
1995]. We previously reported that TGF-B
stimulates the release of VEGF from aortic
smooth muscle A10 cells via activation of the
p38 MAP kinase pathway [Yamamoto et al.,
2001].

In the present study, both retinoic acid and
vitamin Dj, which alone stimulate VEGF re-
lease from A10 cells [Yamamoto et al., 2002;
Tanabe et al., 2004], induced VEGF release with
TGF-B in an additive manner. Retinoic acid or

vitamin D3 modulate growth and differentiation
of vascular smooth muscle cells [Miano and
Berk, 2000; Neuville et al., 2000; Rebsamen
et al., 2002]. In vitro, it has been shown that in
the absence of growth factor, retinoic acid
stimulates vascular smooth muscle cell pro-
liferation but attenuates growth factor-
stimulated proliferation [Miano and Berk,
2000]. In addition, retinoic acid decreases the
size of neointimal masses, elicits favorable
remodeling, and increases lumen diameter
and area of injured arteries in vivo [Neuville
et al., 2000]. In vascular endothelial cells,
retinoic acid enhances the expression of the
TGF-B receptor, potentiates TGF-B-induced
inhibition of fibrinolytic activity and cell pro-
liferation, and modulates endothelial cell
growth and morphology {Kojima and Rifkin,
1993; Yoshizawa et al., 1998; Miano and Berk,
2000]. VEGF also induces endothelial cell
proliferation [Neufeld et al., 1999]. Thus, it is
likely that retinoic acid, along with TGF-j,
modulates endothelial cell growth. With respect
to vitamin Dj, it plays an important role in
regulatory calcium homeostasis, cell differen-
tiation, and proliferation [Kato, 2000]. In the
vascular system, vitamin D3 contributes to the
development of hypertension, induces vascular
calcification, and modulates vascular smooth
muscle cell growth [Rebsamen et al., 2002].
Vitamin Dj also inhibits VEGF-induced angio-
genesis by inhibiting vascular endothelial cell
proliferation [Mantell et al., 2000]. Our results
suggest that vitamin D3 modulates endothelial
cell function by working with TGF-B to stimu-
late VEGF release.

We also showed that dexamethasone and
corticosterone inhibited TGF-B-induced VEGF
release in Al0 cells. Glucocorticoids inhibit
angiogenesis [Auerbach and Auerbach, 1994],
and dexamethasone, hydrocortisone, or corti-
sone inhibit PDGF-induced VEGF gene expres-
sion and VEGF release in vascular smooth
muscle cells [Nauck et al., 1998]. OQur present
study is consistent with this report. Thus, it is
likely that dexamethasone and corticosterone
inhibit angiogenesis, at least in part, by inhibit-
ing TGF-B-induced VEGF release from vascular
smooth muscle cells.

We also investigated whether the stimulatory
and inhibitory effects of retinoic acid, vitamin
D3, dexamethasone, or corticosterone on VEGF
release are mediated via TGF-B-induced p38
MAP kinase activation in A10 cells. Retinoic



