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Abstract. We previously showed that tumor necrosis factor-a
(TNF-a) stimulates synthesis of interleukin-6 (IL-6), a potent
bone resorptive agent, via p44/p42 mitogen-activated protein
(MAP) kinase and phosphatidylinositol 3-kinase/Akt in
osteoblast-like MC3T3-E1 cells. In the present study, we
investigated the effect of vasoactive intestinal peptide (VIP)
on TNF-a-induced IL-6 synthesis in these cells. VIP, which
by itself slightly stimulated IL-6 synthesis, synergistically
enhanced the TNF-o-induced IL-6 synthesis in MC3T3-El
cells. The synergistic effect of VIP on the TNF-a-induced IL-6
synthesis was concentration-dependent in the range between
1 and 70 nM. We previously reported that VIP stimulated
cAMP production in MC3T3-E1 cells. Forskolin, a direct
activator of adenylyl cyclase, or 8-bromoadenosine-3',5'-cyclic
monophosphate (8bromo-cAMP), a plasma membrane-
permeable cAMP analogue, markedly enhanced the TNF-a-
induced IL-6 synthesis as well as VIP. VIP markedly up-
regulated the TNF-a-induced p44/p42 MAP kinase phos-
phorylation. The Akt phosphorylation stimulated by TNF-a
was only slightly affected by VIP. PD98059, a specific
inhibitor of MEK1/2, significantly suppressed the enhance-
ment of TNF-a-induced IL-6 synthesis by VIP. The
synergistic effect of a combination of VIP and TNF-a on the
phosphorylation of p44/p42 MAP kinase was diminished by
H-89, an inhibitor of cAMP-dependent protein kinase. These
results strongly suggest that VIP synergistically enhances
TNF-a-stimulated IL-6 synthesis via up-regulating p44/p42
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MAP kinase through the adenylyl cyclase-cAMP system in
osteoblasts.

Introduction

It is known that tumor necrosis factor-a (TNF-0) is a multi-
functional cytokine responsible for inflammation, infection and
cancer (1,2). TNF-a induces numerous physiological effects on
a variety of cells (1,2). Bone metabolism is regulated by two
functional cells, osteoblasts and osteoclasts, responsible for
bone formation and bone resorption, respectively (3). It is
well recognized that TNF-a is one of the most potent osteo-
clastogenic factors (1). Bone resorption is mediated by
increased local production of inflammatory cytokines such as
TNF-a and interleukin (IL)-1. In osteoblasts (4-6), it has been
reported that bone resorptive agents such as TNF-a 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 proteins (2,7,8). As for
bone metabolism, IL-6 has been shown to stimulate bone
resorption and to induce osteoclast formation (2,5,8,9). Thus,
accumulating evidence indicates that IL-6 secreted from
osteoblasts plays a key role as a downstream effector of bone
resorptive agents. In previous studies (10-12), we have shown
that TNF-a induces IL-6 synthesis through the activation
of p44/p42 mitogen-activated protein (MAP) kinase and
phosphatidylinositol 3-kinase (PI3-kinase)/Akt in osteoblast-
like MC3T3-E1 cells. However, the exact mechanism of
TNF-a behind the IL-6 synthesis in osteoblasts remains to be
elucidated.

Vasoactive intestinal peptide (VIP) is an ubiquitous
28 amino acid peptide, structurally related to a large number of
regulatory peptides belonging to the VIP/secretin/glucagon
family, which is composed of pituitary adenylate cyclase-
activating peptide (PACAP) 27 and 38, secretin, glucagon, etc.
VIP was originally discovered in the gut with vasodilator
activity. PACAPs and VIP are widely distributed in both


https://www.spandidos-publications.com/10.3892/ijmm_00000409
https://www.spandidos-publications.com/10.3892/ijmm_00000409

814

central and peripheral nervous systems and show a broad
spectrum of biological actions in neuro-endocrine functions
(13,14). VIP has also been shown to stimulate cyclic AMP
(cAMP) production in various cloned osteoblastic cells
including osteoblast-like MC3T3-E1 cells, which have been
derived from newborn mouse calvaria (15). We previously
showed that VIP stimulated cAMP production in MC3T3-E1
cells (16). As for bone metabolism, it has been reported that
VIP stimulates bone resorption via a cAMP-dependent
mechanism in organ cultures of mouse calvaria (17). But so
far, the precise mechanism underlying the effects of VIP on
bone metabolism has not been clarified.

In the present study, we investigated whether VIP plays a
role in the TNF-a-stimulated IL-6 synthesis in osteoblast-like
MC3T3-El cells. We show that VIP synergistically enhances
TNF-a-stimulated IL-6 synthesis via up-regulating p44/p42
MAP kinase through the adenylyl cyclase-cAMP system in
these cells.

Materials and methods

Materials. TNF-a was obtained from Funakoshi Pharmaceutical
Co. (Tokyo, Japan). Mouse IL-6 ELISA kit was purchased
from R&D Systems, Inc. (Minneapolis, MN). 2'-Amino-3'-
methoxyflavone (PD98059) was obtained from Calbiochem.
Co. (La Jolla, CA). VIP was purchased from the Peptide
Institute Inc. (Minoh, Japan). Forskolin and 8-bromoadenosine-
3'.5'-cyclic monophosphate (8-bromo-cAMP) was purchased
from Sigma Chemical Co. (St. Louis, MO). N-[2-((p-bromo-
cinnamyl)amino)ethyl]-5-isoquinolinesulfonamide, 2 HCI
(H-89) was obtained from Seikagaku Kogyo Inc. (Tokyo,
Japan). Phospho-specific Akt antibodies, Akt antibodies,
Phospho-specific p44/p42 MAP kinase antibodies and p44/p42
MAP kinase antibodies were purchased from Cell Signaling
Technology, Inc. (Beverly, MA). ECL Western blotting
detection system was purchased from GE Healthcare UK Ltd.
(Buckinghamshire, UK). Other materials and chemicals were
obtained from commercial sources. PD98059, H-89, forskolin
and 8-bromo-cAMP were dissolved in dimethyl sulfoxide. The
maximum concentration of dimethyl sulfoxide was 0.1%,
which did not affect assay for IL-6 or Western blot analysis.

Cell culture. Cloned osteoblast-like MC3T3-E1 cells derived
from newborn mouse calvaria (18) were maintained as
previously described (19). Briefly, 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% CO,/95% air. Cells were seeded into 35-mm diameter
dishes (5x10%dish) or 90-mm diameter dishes (2x10%/dish) in
a-MEM containing 10% FCS. After 5 days, the medium was
exchanged for a-MEM containing 0.3% FCS. Cells were
used for experiments after 48 h.

Assay for IL-6. The cultured cells were stimulated by TNF-a in
1 ml of a-MEM containing 0.3% FCS, and then incubated for
the indicated periods. When indicated, cells were pretreated
with VIP, forskolin or 8-bromo-cAMP for 1 h. Pretreatment of
PD98059 was performed for 60 min prior to the stimulation by
VIP. Conditioned medium was collected, and IL-6 in the
medium was then measured by an IL-6 ELISA kit.
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Figure 1. Effect of VIP on the TNF-a-induced IL-6 synthesis in MC3T3-E1
cells. Cultured cells were pretreated with 50 nM VIP (e.a) or vehicle (o, ) for
60 min, and then stimulated with 30 ng/ml TNF-a (circles) or vehicle
(triangles) for indicated periods. 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-o alone.

Western blot analysis. Western blot analysis was performed as
previously described (20). In brief, cultured cells were pre-
treated with various doses of VIP for 60 min, and then
stimulated by TNF-a in the presence of inhibitors in a-MEM
containing 0.3% FCS for the indicated periods. 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, 3% sodium dodecyl sulfate (SDS),
50 mM dithiothreitol and 10% glycerol. SDS-polyacrylamide
gel electrophoresis (PAGE) was performed according to
Laemmli in 10% polyacrylamide gel (21). Protein (20 pg)
was fractionated and transferred onto an Immun-Blot PVDF
Membrane (Bio-Rad, Hercules, CA). Membranes were blocked
with 5% fat-free dry milk in Tris-buffered saline-Tween-20
(TBS-T; 20 mM Tris/HCI, pH 7.6, 137 mM NacCl, 0.1%
Tween-20) for 2 h before incubation with the primary anti-
bodies. Western blot analysis was performed using phospho-
specific Akt antibodies, Akt antibodies, phospho-specific
p44/p42 MAP kinase antibodies or p44/p42 MAP kinase
antibodies with peroxidase-labeled antibodies raised in goat
anti-rabbit IgG which were used as second antibodies.
Peroxidase activity on PVDF membranes was visualized on
X-ray film by means of the ECL Western blotting detection
system. All Western blot analyses were repeated at least three
times in independent experiments. When indicated, cells
were pretreated with H-89 for 60 min prior to VIP treatment.

Determinations. The absorbance of ELISA samples was
measured at 450 nm with EL 340 Bio Kinetic Reader (Bio-
Tek Instruments, Inc., Winooski, VT).

Statistical analysis. Data were analyzed by ANOVA followed
by the Bonferroni method for multiple comparisons between
pairs, and 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.
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Figure 2. Effect of VIP on the TNF-a-induced IL-6 synthesis in MC3T3-E1
cells. Cultured cells were pretreated with various doses of VIP for 60 min,
and then stimulated with 30 ng/ml TNF-a (e) 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.

Table 1. Effects of forskolin or 8-bromo-cAMP on the TNF-a-
stimulated IL-6 synthesis in MC3T3-El cells.

Agent TNF-a IL-6 (pg/ml)
- - 42+6

- + 882+137"
Forskolin - T2+4
Forskolin + 4,786x173*
8-bromo-cAMP - 112+11
8-bromo-cAMP + 8,752+523*

Cultured cells were pretreated with 1 #M forskolin, 0.3 #M 8-bromo-
cAMP or vehicle for 60 min, and then stimulated with 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
control. “p<0.05, compared to the value of TNF-« alone.

Results

Effect of VIP on the TNF-a-stimulated IL-6 synthesis in
MC3T3-El cells. We previously reported that TNF-a
significantly stimulates IL-6 synthesis in osteoblast-like
MC3T3-El cells (10). In addition, it has been shown that VIP
induces IL-6 mRNA expression and protein release in calvarial
osteoblasts (22). We first examined the effect of VIP on the
TNF-a-stimulated IL-6 synthesis in MC3T3-E1 cells. VIP,
which alone slightly stimulated IL-6 synthesis in MC3T3-El
cells, significantly enhanced the TNF-a-induced IL-6 synthesis
in a time-dependent manner up to 48 h (Fig. 1). The synergistic
effect was significant 12 h later. The synergistic effect of VIP
on the TNF-a-induced IL-6 synthesis was concentration-
dependent in the range between 1 and 70 nM (Fig. 2).
Maximum synergistic effect of VIP on IL-6 synthesis caused
~80% enhancement in the TNF-a effect (Fig. 2).
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Figure 3. Effect of VIP on the TNF-a-induced phosphorylation of p44/p42
MAP kinase in MC3T3-El1 cells. Cultured cells were pretreated with various
doses of VIP for 60 min, and then stimulated by 30 ng/ml TNF-a or vehicle
for 10 min. Extracts of cells were subjected to SDS-PAGE with subsequent
Western blotting analysis with antibodies against phospho-specific p44/p42
MAP or p44/p42 MAP kinases. Similar results were obtained with two
additional and different cell preparations.
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Figure 4. Effect of VIP on the TNF-a-induced phosphorylation of Akt in
MC3T3-E1 cells. Cultured cells were pretreated with various doses of VIP
for 60 min, and then stimulated with 30 ng/ml TNF-a or vehicle for 10 min.
The extracts of cells were subjected to SDS-PAGE with subsequent Western
blot analysis with antibodies against phospho-specific Akt or Akt kinase.
Similar results were obtained with two additional and different cell
preparations.

Effects of forskolin or 8bromo-cAMP on the TNF-a-induced
IL-6 synthesis in MC3T3-El cells. We previously reported that
VIP stimulates cAMP production in MC3T3-El1 cells (16). To
clarify the role of the adenylyl cyclase-cAMP system in the
TNF-a-induced IL-6 synthesis in these cells, we investigated
the effects of forskolin or 8-bromo-cAMP on the TNF-a-
induced IL-6 synthesis. Forskolin, a direct activator of adenylyl
cyclase (23), which by itself slightly stimulated IL-6 synthesis
in MC3T3-E1 cells, synergistically enhanced the TNF-o-
induced IL-6 synthesis (Table I). In addition, 8-bromo-
cAMP, a plasma membrane-permeable cAMP analogue,
which alone slightly stimulates IL-6 synthesis, synergistically
amplified the TNF-a-induced IL-6 synthesis, and the effect
was greater than that of forskolin (Table I).

Effects of VIP on the phosphorylation of p44/p42 MAP kinase
and Akt induced by TNF-a in MC3T3-E1 cells. We have
previously shown that the p44/p42 MAP kinase and PI3-
kinase/Akt pathways play a role in the TNF-a-induced IL-6
synthesis in osteoblast-like MC3T3-E1 cells (10-12). In order
to elucidate whether the VIP effect on the TNF-a-induced IL-6
synthesis is mediated through p44/p42 MAP kinase activation
and/or PI3-kinase/Akt activation in MC3T3-E1 cells, we next
investigated the effects of VIP on the TNF-a-induced phos-
phorylation of p44/p42 MAP kinase or Akt in MC3T3-E1
cells. VIP markedly enhanced TNF-a-induced phosphorylation
of p44/p42 MAP kinase in a dose-dependent manner (Fig. 3).
On the contrary, VIP failed to affect the phosphorylation of
Akt induced by TNF-a (Fig. 4).
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Table II. Effect of PD98059 on the enhancement by VIP of
TNF-o-induced IL-6 synthesis in MC3T3-El cells

PD98059 VIP TNF-a IL-6 (pg/ml)
- - - 34+7

- - + 768+115°
- + + 1,260+58"
+ + + 5374267

Cultured cells were preincubated with 50 xM PD98059 or vehicle
for 60 min, and then pretreated with 50 nM VIP for 60 min. Cells
were stimulated with 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 control. p<0.05, compared to the value of
TNF-a alone. ""p<0.05, compared to the value of TNF-a with VIP.
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Figure 5. Effect of H-89 on the enhancement by VIP of TNF-u-induced
phosphorylation of p44/p42 MAP kinase in MC3T3-El cells. Cultured cells
were preincubated with 10 M H-89 or vehicle for 60 min, and then pre-
treated by 100 nM VIP for 60 min. Cells were stimulated by 30 ng/ml TNF-a
for 10 min. Extracts of cells were subjected to SDS-PAGE with subsequent
Western blotting analysis with antibodies against phospho-specific p44/p42
MAP or p44/p42 MAP kinases. Similar results were obtained with two
additional and different cell preparations.

Effect of PD98059 on the enhancement by VIP of the TNF-a-
induced IL-6 synthesis in MC3T3-EI cells. We examined the
effect of PD98059, a specific inhibitor of MEK1/2, an upstream
kinase that activates p44/p42 MAP kinase (24), on IL-6
synthesis induced by TNF-a in MC3T3-EI cells in the absence
or presence of VIP. We have previously shown that the
suppressive effect of PD98059 (50 M) on TNF-a-stimulated
IL-6 synthesis in osteoblast-like MC3T3-E1 cells was partial
(10). PD98059, which alone had little effect on the basal
level of IL-6 synthesis (data not shown), markedly reduced
the enhancement of IL-6 synthesis by VIP under the level of
TNF-a alone (Table II). We have previously confirmed that
PD98059 at the concentration used in this experiment is not
toxic but specific to MEK1/2 (25).

Effect of H-89 on the enhancement by VIP of the TNF-a-
induced phosphorylation of p44/p42 MAP kinase in MC3T3-E1
cells. We examined the effect of H-89, an inhibitor of cAMP-
dependent protein kinase (protein kinase A) (26), on the
enhancement by VIP of the TNF-a-induced phosphorylation of
p44/p42 MAP kinase in MC3T3-El1 cells. The enhancement by
VIP of the TNF-a-induced phosphorylation of p44/p42 MAP
kinase was markedly supressed by H-89 (Fig. 5).
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Discussion

In the present study, we demonstrated that VIP synergistically
enhanced IL-6 synthesis with TNF-a in osteoblast-like
MC3T3-El cells. In addition, we also found that forskolin (23)
or 8bromo-cAMP synergistically stimulated IL-6 synthesis
with TNF-a in these cells. We previously reported that VIP
stimulated cAMP production (16). Therefore, these findings
suggest that VIP synergistically stimulates TNF-a-induced
IL-6 synthesis through the adenylyl cyclase-cAMP system in
osteoblast-like MC3T3-E1 cells.

It is well recognized that the MAP kinase superfamily
plays an important role in cellular functions including pro-
liferation, differentiation, and cell death in a variety of cells
(27). Three major MAP kinases, p44/p42 MAP kinase, p38
MAP kinase and SAPK/JNK, are known as central elements
used by mammalian cells to transduce the diverse messages.
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). Additionally, we
have shown that TNF-a stimulates the IL-6 synthesis via PI3-
kinase/Akt pathway independently of p44/p42 MAP kinase
pathway in osteoblast-like MC3T3-E1 cells (12). In the
present study, we showed that the phosphorylation of Akt
stimulated by TNF-a was not affected by VIP (Fig. 3). It seems
unlikely that VIP regulates the activation of Akt stimulated by
TNF-a in MC3T3-E1 cells. On the other hand, we found that
VIP, which by itself induced the phosphorylation of p44/p42
MAP kinase, markedly amplified the TNF-a-induced phos-
phorylation. It is probable that VIP up-regulates the activation
of p44/p42 MAP kinase stimulated by TNF-a in osteoblast-
like MC3T3-E1 cells. Furthermore, we also demonstrated
that PD98059 (24) significantly suppressed the enhancement
of IL-6 synthesis by VIP under the level of TNF-a alone.
Therefore, taking these results into account, it is most likely
that VIP synergistically enhances TNF-a-induced IL-6
synthesis through p44/p42 MAP kinase by up-regulating
osteoblast-like MC3T3-El cells. To clarify whether protein
kinase A mediates the phosphorylation of p44/p42 MAP
kinase, we examined the effect of H-89 (26) on the enhancement
by VIP of the TNF-a-induced phosphorylation of p44/p42
MAP kinase in these cells. The enhancement by VIP of TNF-a-
induced phosphorylation of p44/p42 MAP kinase was markedly
inhibited by H-89 (Fig. 5). Based on our findings as a whole, it
is most probable that VIP stimulates cAMP production, and
then protein kinase A activated by cAMP enhances the TNF-a-
induced IL-6 synthesis through the activation of p44/p42 MAP
kinase but not PI3-kinase/Akt in osteoblast-like MC3T3-E1
cells.

It is recognized that VIP is present in the peripheral nervous
system including skeletal nerve fibers, which is involved in the
bone remodeling processes (28). In addition, VIP is known as
a regulator of inflammatory cytokine production in several cell
types including osteoblasts (29). Both TNF-a and IL-6 are
well recognized as inflammatory cytokines which play crucial
roles in the process of acute and chronic inflammatory diseases.
Our present findings suggest that VIP is implicated in the
process of pathological bone resorption especially in
inflammatory bone diseases in addition to bone remodeling.
Osteoporosis involves multiple pathogenetic mechanisms,
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SPANDIDOS clearly estrogen deficiency plays a crucial role in
1 and women (30). It is generally recognized that
estrogen deficiency simulates the production of cytokines
including TNF-a and IL-6 by hematopoietic cells such as
lymphocytes (30). In addition, TNF-a may inhibit bone
formation and stimulate bone resorption during bone
remodeling, which causes bone loss (30). It has recently been
reported that the blockade of TNF-a action prevents the
acceleration of bone resorption after estrogen withdrawal in
postmenopausal women (31). The signaling molecules
contributing to TNF-a-induced IL-6 synthesis in osteoblasts
might be therapeutic candidates for postmenopausal osteo-
porosis. Based on our present results, it is possible that the VIP
signaling in osteoblasts is a therapeutic candidate for
preventing pathological bone loss. Further investigation is
necessary to clarify the exact mechanism of VIP in osteoblasts.

In conclusion, these results strongly suggest that VIP
synergistically enhances TNF-a-stimulated IL-6 synthesis via
up-regulating p44/p42 MAP kinase through the adenylyl
cyclase-cAMP system in osteoblasts.

Acknowledgements

We are very grateful to Yoko Kawamura for her skillful
technical assistance. This investigation was supported in part
by Grant-in-Aid for Scientific Research (16590873 and
16591482) from the Ministry of Education, Science, Sports
and Culture of Japan, the Foundation for Growth Science, the
Research Grants for Longevity Sciences (15A-1 and 15C-2),
Research on Proteomics and Research on Fracture and Dimentia
from the Ministry of Health, Labour and Welfare of Japan.

References

1. Blair HC, Robinson LJ and Zaidi M: Osteoclast signalling
pathways. Biochem Biophys Res Commun 328: 728-738, 2005.

2. Kwan Tat S, Padrines M, Theoleyre S, Heymann D and Fortun Y:
IL-6, RANKL, TNF-o/IL-1: interrelations in bone resorption
pathophysiology. Cytokine Growth Factor Rev 15: 49-60,
2004.

3. Nijweide PJ, Burger EH and Feyen JH: Cells of bone:
proliferation, differentiation, and hormonal regulation. Physiol
Rev 66: 855-886, 1986.

4. Helle M, Brakenhoff JP, De Groot ER and Aarden LA:
Interleukin 6 is involved in interleukin 1-induced activities. Eur
J Immunol 18: 957-959, 1988.

5. Ishimi Y, Miyaura C, Jin CH, Akatsu T, Abe E, Nakamura Y,
Yamaguchi A, Yoshiki S, Matsuda T and Hirano T: IL-6 is
produced by osteoblasts and induces bone resorption. J Immunol
145: 3297-3303, 1990.

6. Littlewood AJ, Russell J, Harvey GR, Hughes DE, Russell RG
and Gowen M: The modulation of the expression of IL-6 and its
receptor in human osteoblasts in vitro. Endocrinology 129:
1513-1520, 1991.

7. Akira S, Taga T and Kishimoto T: Interleukin-6 in biology and
medicine. Adv Immunol 54: 1-78, 1993.

8. Heymann D and Rousselle AV: gp130 Cytokine family and bone
cells. Cytokine 12: 1455-1468, 2000.

9. Roodman GD: Interleukin-6: an osteotropic factor? J Bone
Miner Res 7: 475-478, 1992.

10. Kozawa O, Suzuki A, Kaida T, Tokuda H and Uematsu T:
Tumor necrosis factor-a autoregulates interleukin-6 synthesis
via activation of protein kinase C. Function of sphingosine
1-phosphate and phosphatidylcholine-specific phospholipase C.
J Biol Chem 272: 25099-25104, 1997.

11. Kozawa O, Tokuda H, Matsuno H and Uematsu T: Activation
of mitogen-activated protein kinase is involved in sphingosine 1-
phosphate-stimulated interleukin-6 synthesis in osteoblasts.
FEBS Lett 418: 149-151, 1997.

12.

13.

16.

17.

18.

19.

20.

21.
22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

817

Takai S, Tokuda H, Hanai Y and Kozawa O: Phosphatidylinositol
3-kinase/Akt plays a part in tumor necrosis factor-a-induced
interleukin-6 synthesis in osteoblasts. Horm Metab Res 38:
563-569, 2006.

Arimura A: Perspectives on pituitary adenylate cyclase activating
polypeptide (PACAP) in the neuroendocrine, endocrine, and
nervous systems. Jpn J Physiol 48: 301-331, 1998.

. Said SI: Vasoactive intestinal polypeptide biologic role in health

and disease. Trends Endocrinol Metab 2: 107-112, 1991.

. Bjurholm A, Kreicbergs A, Schultzberg M and Lerner UH:

Neuroendocrine regulation of cyclic AMP formation in osteo-
blastic cell lines (UMR-106-01, ROS 17/2.8, MC3T3-El, and
Saos-2) and primary bone cells. ] Bone Miner Res 7: 1011-1019,
1992.

Suzuki A, Kotoyori J, Oiso Y and Kozawa O: Pituitary adenylate
cyclase-activating polypeptide induces cAMP production
independently from vasoactive intestinal polypeptide in
osteoblast-like cells. Cell Signal 6: 11-16, 1994.

Hohmann EL, Levine L and Tashjian AH Jr: Vasoactive
intestinal peptide stimulates bone resorption via a cyclic
adenosine 3',5'-monophosphate-dependent mechanism.
Endocrinology 112: 1233-1239, 1983.

Sudo H, Kodama HA, Amagai Y, Yamamoto S and Kasai S:
In vitro differentiation and calcification in a new clonal osteogenic
cell line derived from newborn mouse calvaria. J Cell Biol 96:
191-198, 1983.

Kozawa O, Tokuda H, Miwa M, Kotoyori J and Oiso Y: Cross-
talk regulation between cyclic AMP production and
phosphoinositide hydrolysis induced by prostaglandin E, in
osteoblast-like cells. Exp Cell Res 198: 130-134, 1992.

Kato K, Ito H, Hasegawa K, Inaguma Y, Kozawa O and Asano T:
Modulation of the stress-induced synthesis of hsp27 and aB-
crystallin by cyclic AMP in C6 rat glioma cells. J] Neurochem
66: 946-950, 1996.

Laemmli UK: Cleavage of structural proteins during the assembly
of the head of bacteriophage T4. Nature 227: 680-685, 1970.
Persson E, Voznesensky OS, Huang YF and Lerner UH: Increased
expression of interleukin-6 by vasoactive intestinal peptide is
associated with regulation of CREB, AP-1 and C/EBP, but not
NF-kappaB, in mouse calvarial osteoblasts. Bone 37: 513-529,
2005.

Seamon K and Daly JW: Activation of adenylate cyclase by the
diterpene forskolin does not require the guanine nucleotide
regulatory protein. J Biol Chem 256: 9799-9801, 1981.

Alessi DR, Cuenda A, Cohen P, Dudley DT and Saltiel AR: PD
098059 is a specific inhibitor of the activation of mitogen-activated
protein kinase kinase in vitro and in vivo. J Biol Chem 270:
27489-27494, 1995.

Kanno Y, Ishisaki A, Yoshida M, Tokuda H, Numata O and
Kozawa O: SAPK/INK plays a role in transforming growth
factor-b-induced VEGF synthesis in osteoblasts. Horm Metab
Res 37: 140-145, 2005.

Chijiwa T, Mishima A, Hagiwara M, Sano M, Hayashi K, Inoue T,
Naito K, Toshioka T and Hidaka H: Inhibition of forskolin-
induced neurite outgrowth and protein phosphorylation by a
newly synthesized selective inhibitor of cyclic AMP-dependent
protein kinase, N-[2-(p-bromocinnamylamino)ethyl]-5-
isoquinolinesulfonamide (H-89), of PC12D pheochromocytoma
cells. J Biol Chem 265: 5267-5272, 1990.

Widmann C, Gibson S, Jarpe MB and Johnson GL: Mitogen-
activated protein kinase: conservation of a three-kinase module
from yeast to human. Physiol Rev 79: 143-180, 1999.

Lerner UH and Persson E: Osteotropic effects by the neuro-
peptides calcitonin gene-related peptide, substance P and
vasoactive intestinal peptide. ] Musculoskelet Neuronal Interact
8: 154-165, 2008.

Delgado M, Pozo D and Ganea D: The significance of vasoactive
intestinal peptide in immunomodulation. Pharmacol Rev 56:
249-290, 2004.

Raisz LG: Primer on the metabolic bone diseases and disorders
of mineral metabolism. In: Overview of Pathogenesis. Rosen CJ
(eds). 7th edition. The American Society for Bone and Mineral
Research, pp203-206, 2008.

Charatcharoenwitthaya N, Khosla S, Atkinson EJ, McCready LK
and Riggs BL: Effect of blockade of TNF-a and interleukin-1
action on bone resorption in early postmenopausal women. J
Bone Miner Res 22: 724-729, 2007.


https://www.spandidos-publications.com/10.3892/ijmm_00000409
https://www.spandidos-publications.com/10.3892/ijmm_00000409

