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Abstract

Epinephrine increased gene- and protein-expression of interleukin-6 (IL-6) and interleukin-11 (IL-11), which are capable of stimulating
the development of osteoclasts from their hematopoietic precursors, in human osteoblast (SaM-1) and human osteosarcoma (SaOS-2, F
and MG-63) cell lines. An increase in IL-6 and IL-11 synthesis in response to epinephrine appeared to be a common feature in osteoblas
cells, but the magnitude of expression was different in these cell lines. In HOS cells treated with epinephrine, increases of IL-6 and IL-1
synthesis were inhibited by timolol (@blocker), H-89 N-[2-((p-bromocinnamyl)amino)ethyl]-5-isoquinolinesulfonamide; an inhibitor of
protein kinase A (PKA)) and SB203580 [4-(4-fluorophenyl)-2-(4-methylsulfinylphenyl)-5-(4-pyridyi}idazole; an inhibitor of p38
mitogen-activated protein kinase (MAPK)], but not by phentolaminen(d@ocker), calphostin C [an inhibitor of protein kinase C (PKC)],
or PD98059 (2amino-3-methoxyflavone; an inhibitor of classic MAPK), suggesting a common pathway mediatgdadyenergic
receptors in the PKA and p38 systems involved in the signal transduction of IL-6 and IL-11. Furthermore, expression of both genes we
inhibited by curcumin [an inhibitor of activating protein-1 (AP-1) activation], but not by pyrrolidine dithiocarbamate (PDTC) [an inhibitor
of nuclear factor (NF)B]. The pharmacological study suggested that coinduction of the two genes in response to epinephrine occurred vi
activation of AP-1. The findings of the present study suggest that coinduction of IL-6 and IL-11 in response to epinephrine probably occul
via the PKA and p38 MAPK systems, leading to the transcriptional activation of AP-1 in human osteoblastic cells. © 2001 Elsevier Scienc
Inc. All rights reserved.
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1. Introduction rather than the function of mature cells [1]. The synthesis of
IL-6 and IL-11, which are capable of stimulating the dif-
It is well known that osteoblasts and marrow stromal ferentiation of osteoclasts from their hematopoietic precur-
cells are capable of producing a wide array of factors that sors [2,3], is stimulated by various systemic and local fac-
can potentially act as autocrine and paracrine regulators oftors, such as parathyroid hormone (PTH), parathyroid
bone cell function. Several cytokines that can be produced hormone-related peptide (PTHrP), 1,25-dihydroxyvitamin
by stromal cells and osteoblasts, such as colony-stimulatingD (1,25(OH)}D;), tumor necrosis factor (TNF), transform-
factors, IL-6, and IL-11, may affect osteoclast recruitment ing growth factor (TGF), and IL-1 [4-6].
The signal transduction systems involved in these hor-
* Corresponding author. Tel.+81-52-751-2561; fax-+81-52-752-  monal actions on IL-6 and IL-11 synthesis have been draw-
5988. ing increasing attention to aid in understanding the intracel-
E-mail addresstogariaf@dpc.aichi-gakuin.ac.jp (A. Togari). lular network of proteins that transduce extracellular signals
Abbreviations:IL, interleukin; PKA, protein kinase A; PKC, protein  tg intracellular responses in osteoblasts. Recent studies re-
kinase C; MAPK, mitogen-activated protein kinase; cAMP, cyclic AMP; ported that the PKA pathway is involved in prostaglandin

FBS, fetal bovine serunz-MEM, a-modified minimum essential medium; . K . .
RT-PCR, reverse transcription—polymerase chain reactiorgB{fwuclear E; (PGEZ)'mduced IL-6 SymheSIS [7]’ and in PTH-induced

factor«B; AP-1, activating protein-1; PDTC, pyrrolidine dithiocarbamate; IL-6 and IL-11 synthesis [6]; the PKC pathway is involved
and G3PDH, glyceraldehyde 3-phosphate dehydrogenase. in basic fibroblast growth factor- and PgFinduced IL-6
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synthesis [8,9] and IL-1-induced IL-6 and IL-11 synthesis 2.2. Cell cultures of SaM-1, Sa0OS-2, HOS, and MG-63
[6]. In addition, MAPKSs are important mediators of intra- cells

cellular signaling; an inhibitor for MAPKs has been re-

ported to inhibit sphingosine 1-phosphate- and R-if-
duced IL-6 synthesis [10,11].
Osteoblasts have been demonstrated to exgestren-

SaM-1 cells were maintained ixMEM containing 10%
FBS and 60ug/mL of kanamycin at 37° in a humidified
atmosphere containing 5% G air. Osteosarcoma cells

ergic and cytokine receptors [12]. Stimulation of bone re- were cultured ine-MEM containing 10% FBS, 100 U/mL
sorption by adrenergic agonists an_d an anabolic action onof penicillin, and 100ug/mL of streptomycin. For the ex-
bone by thep-adrenergic antagonist have been demon- pariments examining gene-expression, cells were grown to
strated. In neonatal mouse calvaria, an adrenergic receptognfjyence for extraction of total RNA. For ELISA analysis,

agonist increased cAMP production and stimulated bone
resorption [13]. Propranolol inhibited cAMP formation in-
duced byg-adrenergic receptor agonists in bone organ cul-
ture [14] and increased bone strength and the rates of en
dochondral bone formation in rats [15]. Stimulation of

B-adrenergic receptors in rat osteoblast-like osteosarcoma
cells (UMR106—-01) has been demonstrated to enhance the

cAMP signaling pathway, which regulates IL-6 synthesis

[16], leading to increased osteoclastic bone resorption.
To date, the signal transduction systems involved in

stimulating I1L-6 and IL-11 synthesis by epinephrine have

each cell line was cultured in 6-well plates until the cells
were almost confluent.

2.3. Analysis of mRNA levels by RT-PCR

RNA was extracted from SaM-1 and osteosarcoma cells
in 10-cm dishes (Falcon Plastics) by the guanidinium-thio-
cyanate method [18]. Total RNA was solubilized in 500

of guanidinium-thiocyanate buffer/2 dishes, and then phe-
nol extracted and treated with DNase | (Boehringer Mann-

not been studied in human osteoblasts. In the present study€im). CONA was synthes.|zed. using random primers and
we characterized the signal transduction systems involvedMoloney murine leukemia virus reverse transcriptase
in the stimulation of IL-6 and IL-11 production in human (Gibco-BRL). This was followed by PCR amplification
osteoblasts and in human osteosarcoma cell lines, usingUsing synthetic gene primers specific for human IL-6, IL-11,
RT-PCR and the ELISA method. In addition, we investi- and G3PDH produced from the reported cDNA sequences,
gated the transcriptional mechanisms regulating the expres+espectively [19-21]. The oligonucleotide primers were

sion of IL-6 and IL-11, using an inhibitor of NkB and
AP-1 activation.

2. Materials and methods

2.1. Materials

SaM-1 cells were prepared from an explant of ulnar
periosteum from a 20-year-old male patient undergoing
curative surgery, with informed consent. These cells have a
mitotic life span of 34 population doubling levels (PDLSs)
[17]. SaM-1 cells were used at 23—24 PDLs in our experi-
ments. Sa0S-2 cells were obtained from the RIKEN Cell

prepared, using a DNA synthesizer (Expedite model 8909;
PerSeptiv Biosystem), and were purified on a polypropylene
filter (Oligo Prep kit; Pharmacia Biotech). G3PDH primers
(forward primer 3-ACCACAGTCCATGCCATCAC-3,
reverse primer S5TCCACCACCCTGTTGCTGTA-3
were used to amplify a 452 bp DNA fragment. IL-6 primers
(forward primer 5-CATCCTCGACGGCATCTCAGC-3
reverse primer 5TTGGGTCAGGGGTGGTTATTG-3
were used to amplify a 332 bp DNA fragment. IL-11 prim-
ers (forward primer 5AGCCACCACCGTCCTTCCAAA-

3’, reverse primer BCCTCCGTCCCCACCCCAACAT-

3') were used to amplify a 351 bp DNA fragment. PCR
amplification was performed, using the GeneAmp PCR Sys-
tem (Perkin Elmer/Cetus), as follows: denaturation at 95°

for 15 sec, annealing at 55° for 30 sec, and elongation at 72°

American Type Culture Collectiom-MEM was purchased for 30 sec for the appropriate_cycles. PCR products were
from Gibco BRL, and FBS from Cell Culture Laboratories €l€Ctrophoresed on a 2% NuSieve GTG agarose gel (FMC

and Irvine Scientific. Epinephrine, calphostin C, PDTC, and BioProducts), stained with ethidium bromide, and detected
curcumin were obtained from the Sigma Chemical Co. The On @ fluoroimage analyzer (Fluorimager 575; Molecular
human IL-6 ELISA kit was purchased from Endogen, and Dynamics).

the human IL-11 ELISA kit from R&D Systems. PD98059
(2'-amino-3-methoxyflavone) was obtained from Biomol.
SB203580 [4-(4-fluorophenyl)-2-(4-methylsulfinylphenyl)-
5-(4-pyridyl)IH-imidazole] and H-89 N-[2-((p-bromocin- IL-6 and IL-11 in conditioned medium were quantified
namyl)amino)ethyl]-5-isoquinolinesulfonamide) were from using an ELISA kit. Data were presented as the means
the Calbiochem-Novabiochem Corp. PD98059, SB203580, SEM of three cultures. Differences between the control and
and calphostin C were dissolved in DMSO (Sigma). All the experimental values were determined using Student’s
other chemicals used were of reagent grade. t-test.

Bank, and HOS and MG-63 cells were obtained from the

2.4. Measurement of IL-6 and IL-11 proteins
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Fig. 1. Effect of epinephrine on IL-6 production in SaM-1 cells. (A) Time course of the effect of epinephrine on IL-6 production in SaM-1 cells.r€ells we
incubated for 1, 3, 6, 12, and 24 hr withuidM epinephrine in the presence of 1% FBS. Conditioned medium was used for IL-6 production analysis, using
an ELISA system. Values are meatisSEM (N = 3). Key: (*) P < 0.05, (**) P < 0.01, and (***) P < 0.005 vs control. (B) Concentration-dependency

for the effect of epinephrine on IL-6 production. SaM-1 cells were incubated for 6 hr with the indicated concentration of epinephrine in the prE4ence o
FBS. Conditioned medium was used for analysis of IL-6 production, using an ELISA system. Values aretn@BNs (N = 3). Key: (***) P < 0.005

vs control (C).

3. Results level of IL-6 mRNA in a time-dependent manner, and the
maximum effect of epinephrine on IL-6 mRNA in SaM-1
3.1. Stimulation by epinephrine of the production of IL-6 cells was observed 0.5 to 1 hr after stimulation. Epinephrine
in osteoblasts increased the expression of IL-6 mMRNA in SaM-1, Sa0S-2,
and HOS cells. MG-63 cells expressed very weak levels of
Figure 1 shows the effect of epinephrine on IL-6 pro- |L-6 MRNA at 50 cycles (Fig. 2B). However, epinephrine
duction in SaM-1 cells. Cells were treated with the indicated €levated the expression of IL-11 mRNA in all cell lines
concentration of epinephrine for the indicated periods, and (Fig. 2B). Although epinephrine elevated the expression of
the conditioned medium was analyzed for IL-6 production IL-6 and IL-11 mRNA, the magnitude of expression was
using an ELISA system. IL-6 production was increased by different in these cell lines. Treatment with epinephrine for
epinephrine in a time- and concentration-dependent mannerl hr induced a 3.5-, 6.9-, and 3.3-fold increase in IL-6
in the conditioned medium of SaM-1 cells (Fig. 1). The MRNAin SaM-1, Sa0S-2, and HOS cells, respectively, but
induction of IL-6 production was rapid (as early as 1 hr after In MG-63 cells epinephrine did not increase the expression
treatment), and the effect of epinephrine was concentration-0f IL-6 MRNA significantly. In HOS cells, epinephrine
dependent in the range between 1 nM and m The induced a 3.2-fold increase in the exprESSion of IL-11
maximum level of IL-6 production was over 40 pg/mL after MRNA. As shown in Table 1, epinephrine increased IL-6

6 hr (Fig. 1A). The maximum level of IL-6 production was and IL-11 production in all cell lines. Since epinephrine
obtained at 10—10@M epinephrine (Fig. 1B). stimulated IL-6 and IL-11 synthesis by about the same

extent (4.0- and 4.8-fold, respectively) in HOS cells, we
used HOS cells to investigate signaling transduction of

3.2. Effects of epinephrine on the induction of IL-6 and ; =
epinephrine-induced IL-6 and IL-11.

IL-11 mRNA and the synthesis of IL-6 and IL-11 in
osteoblasts
3.3. Effect ofa- or B-blockers on epinephrine-induced

Figure 2 shows the effects of epinephrine on the expres-IL-6 and IL-11 production
sion of IL-6 and IL-11 mRNA and the synthesis of IL-6 and
IL-11 in osteoblasts or osteosarcoma cells. Cells were HOS cells were treated with &M timolol, used as a
treated with 1uM epinephrine for the indicated periods and B-blocker [22], or with 1 uM phentolamine, used as an
subjected to RT-PCR analysis. Under normal conditions, a-blocker [23], for 30 min before stimulation with epineph-
SaM-1 cells expressed an undetectable level of IL-6 MRNA. rine. Timolol inhibited epinephrine-induced IL-6 and IL-11
As shown in Fig. 2A, epinephrine enhanced the steady-stateproduction but phentolamine did not (Fig. 3). Therefore, we
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Fig. 2. Effects of epinephrine on the expression of IL-6 and IL-11 mRNA in osteoblastic cells. (A) Effect of epinephrine on the expression of IL-6 MRNA
in SaM-1 cells. Cells were incubated for 0.5, 1, 3, and 6 hr wittM.epinephrine. Total RNA was extracted and subjected to RT-PCR analysis. (B) Effects

of epinephrine on the expression of IL-6 and IL-11 mRNA in SaM-1 (SaM), Sa0S-2 (Sa0S), HOS, and MG-63 (MG) cells. Cells were incubated for 1 hr
with (+) or without (—) 1 uM epinephrine. Then total RNA was extracted and subjected to RT-PCR analysis. DNA size mérkéaigiHadll digest)

are shown in the left lanes (St.). Arrowheads indicate the predicted size of PCR production. Data shown are representative of three similasexperimen

investigated whether cAMP was involved in epinephrine- (1 to 100 nM) [8, 9] had no effect on epinephrine-induced

induced IL-6 production. In this respect, SaM-1 cells were IL-6 and IL-11 production in these cells (data not shown).

grown to confluence and treated for 6 hr with the adenylate ~ We also examined the effects of the MEK-1 inhibitor

cyclase agonist forskolin (LM). Forskolin (1 uM), like PD98059 [30,31] and the p38 MAP kinase inhibitor

epinephrine, induced IL-6 production, and epinephrine SB203580 [29,31,32] on the production of IL-6 and IL-11

stimulated intracellular cAMP production (data not shown). in HOS cells. The epinephrine-induced increase in IL-6 and

Further, forskolin (1uM) increased the expression of IL-6 IL-11 synthesis was prevented by the p38 MAP kinase

and IL-11 mRNA after treatment for 1 hr, and thereafter inhibitor SB203580 in a concentration-dependent manner in

increased IL-6 production in HOS cells after treatment for 6 the range between 0.1 anduM in HOS cells (Fig. 4B). In

hr (0.05= 0.05 ng/mL for control vs 39.1& 1.68 ng/mL contrast, the MEK-1 inhibitor PD98059 (0.01 to 1pM/)

for forskolin-treated cells). did not inhibit the epinephrine-induced increase in IL-6 and
IL-11 synthesis in these cells (data not shown).

3.4. Effects of PKA, PKC, and MAPK inhibitors on

epinephrine-induced IL-6 and IL-11 synthesis 3.5. Effect of curcumin or PDTC on gene- and protein-
expression of epinephrine-induced IL-6 and IL-11

As shown in Fig. 4A, in HOS cells epinephrine-induced

IL-6 and IL-11 production was prevented by the PKA in- Figure 5 shows the effects of curcumin (an inhibitor of

hibitor H-89 [24], in a concentration-dependent manner in AP-1 activation) [33] and PDTC (an inhibitor of NkB

the range between 1 and 1pM/1 [25,26]. The PKC inhib- activation) [34] on the transcription and synthesis of IL-6 or

itors calphostin C (0.01 to LM) [27—29] and staurosporine  IL-11 in HOS cells. Curcumin and PDTC were used at

Table 1
Effect of epinephrine on IL-6 and IL-11 production in osteoblastic cells
Epinephrine IL-6 IL-11
(1 uM) (pg/mL) (pg/mL)
- 9.27+0.11 0.29+ 0.19
SaM-1 + 31.36+ 0.35* 9.64+ 1.58*
- 9.22+1.18 506.98+ 7.33
Sa0s-2 + 27.67+ 0.91* 869.79+ 12.23*
HOS - 6.57+ 0.86 16.33+ 3.24
+ 26.60+ 0.62* 76.08x 1.33*
- 7.04+0.16 1.04+ 0.56
MG-63 + 9.16+ 0.39* 25.208+ 0.61*

At confluence, cells were incubated withuM epinephrine in the presence of 0.1 or 1% FBS for 6 h. Conditioned medium was used for analysis of IL-6
and IL-11 production, using an ELISA system. Values are mear&%M (N = 3).
**x Significantly different from without epinephrine<): * P < 0.005, and **P < 0.05.
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Fig. 3. Effects of timolol and phentolamine on epinephrine-induced IL-6 or
IL-11 production in HOS cells. Cells were incubated witpl timolol (T)

or 1 uM phentolamine (Ph) in the presence of 0.1% FBS for 30 min before
the addition of 1uM epinephrine (E). After treatment with epinephrine for

6 hr, conditioned medium was collected and used for analysis of IL-6 and
IL-11 production. Values are meansSEM (N = 3). Key: (**) P < 0.01,

and (***) P < 0.005 vs control (C); (#P < 0.05, and (##P < 0.01 vs
treatment with epinephrine (E).
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concentrations that we have described previously [35]. Cur-
cumin (30xM) inhibited epinephrine-induced transcription
of IL-6 and IL-11 mRNA, but PDTC (5.M) did not (Fig.
5A). In addition, curcumin inhibited epinephrine-induced
IL-6 and IL-11 production but PDTC did not (Fig. 5B).

4. Discussion

In the present study, we demonstrated the coinduction of
IL-6 and IL-11 in human osteoblasts (SaM-1) and human
osteosarcoma cells (Sa0S-2, HOS, and MG-63). The in-
crease in IL-6 and IL-11 synthesis in response to epineph-
rine appears to be a common feature in osteoblastic cells,
but the magnitude of expression was different in these cell
lines. IL-6 is a potent regulator for osteoclast differentiation
and elicits bone resorption in vivoandin vitro models that
contain early osteoclast precursors [36]. IL-11 is an IL-6-
type cytokine, which inhibits adipogenesis and activates
osteoclasts. Thus, both IL-6 and IL-11, synthesized in os-
teoblasts, are important stimulators of osteoclast develop-
ment [2,3] and physiologically regulate bone metabolism
[37,38]. These findings suggest that bone resorption elicited
by epinephrine involves increased synthesis of IL-6 and
IL-11. Even though there are some differences between the
roles of IL-6 and IL-11 in bone resorption [39,40], IL-11
shares several properties with IL-6. Using pharmacological
inhibitors, we examined the signal transduction systems for
IL-6 and IL-11 synthesis mediated by epinephrine. In HOS
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Fig. 4. Effects of H-89 and SB203580 on epinephrine-induced IL-6 and IL-11 synthesis in HOS cells. (A) Effect of H-89 on epinephrine-induced IL-6 and
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IL-11 production in HOS cells. Cells were incubated with H-89 in the presence of 0.1% FBS for 30 min before the additidv epthephrine (E). Control

(C) cells were incubated with vehicle. After treatment with epinephrine, conditioned medium was collected and assayed, by ELISA, for IL-6 and IL-11.

Values are means SEM (N = 3). Key: (**) P < 0.01, and (***) P < 0.005 vs control (C); (#P < 0.05, (##)P < 0.01, and (###p < 0.005 vs treated
with epinephrine (E). (B) Effects of SB203580 on epinephrine-induced IL-6 and IL-11 production in HOS cells. Cells were incubated with SB203580 (SB)
in the presence of 0.1% FBS for 30 min before the addition pM epinephrine (E). Control (C) cells were incubated with vehicle. After treatment with
epinephrine for 6 hr, conditioned medium was collected and assayed, by ELISA, for IL-6 and IL-11. Values arem&faks(N = 3). Key: (***) P <
0.005 vs control (C); (#P < 0.05, and (##P < 0.01 vs treatment with epinephrine (E).
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Fig. 5. Effects of PDTC and curcumin on epinephrine-induced IL-6 and IL-11 gene- and protein-expression in HOS cells. (A) Effects of PDTC (P) anc

curcumin (Cu) on the expression of epinephrine-induced IL-6 or IL-11 mRNA in HOS cells. Cells were incubated wihPIDTC and/or 3Q.M curcumin

in the presence of 0.1% FBS for 1 hr before the addition pM epinephrine (E). Then total RNA was extracted and subjected to RT-PCR analysis. DNA
size markers ¢X 174MHadll digest) are shown in the left lanes (St.). Arrowheads indicate the predicted size of PCR production. Data shown are
representative of three identical experiments. (B) Effects of PDTC and curcumin on epinephrine-induced IL-6 and/or IL-11 production in H@8scells. C
were incubated with 50M PDTC and/or 3QuM curcumin in the presence of 0.1% FBS for 1 hr before treatment witMZEpinephrine (E). After treatment

with epinephrine for 6 hr, conditioned medium was collected and assayed, by ELISA, for IL-6 and IL-11. Values arecn®&vigN = 3). Key: (**) P <

0.01, and (***) P < 0.005 vs control (C); (##pP < 0.01, and (###P < 0.005 vs treatment with epinephrine (E).

cells treated with epinephrine, increases in IL-6 and IL-11 rine. However, at this time, the relationship between the
synthesis were inhibited by timolol or H-89, but not by PKA and the p38 MAPK systems in epinephrine-induced
phentolamine or calphostin C. This indicates that the samelL-6 and IL-11 synthesis remains to be established.
signal transduction system is involved in the synthesis of  Stimulation of3-AR is well known to induce immediate
both IL-6 and IL-11. This signaling pathway is activated early gene, dos gene-expression via increases in cAMP,
through the stimulation of thg-adrenergic receptopfAR) which, in turn, activate the cAMP/PKA pathway in osteo-
in human osteoblastic cells. Both syntheses were stimulatedblastic cells [25]. Then, c-Fos forms heterodimers with Jun
via the PKA, but not the PKC pathway. proteins, which regulate transcription of AP-1 responsive
Recently, signaling through G protein-coupled receptors genes [42]. Recently, platelet-derived growth factor has
has been demonstrated and implicates several MAPKS, in-been demonstrated to induce IL-6 transcription in murine
cluding the extracellular signal-regulated kinase (ERK), c- osteoblasts by regulating nuclear proteins of the AP-1 com-
Jun amino-terminal protein kinase, and p38 MAPK [41], plex and activating transcription factor-2 [43]. These find-
which could be involved in the regulation of the differen- ings suggest that AP-1 is involved in coinduction of IL-6
tiation of some cell types. The role of these different and IL-11 byB-AR stimulation. However TNk has been
MAPKSs in IL-6 and IL-11 synthesis in human osteoblastic reported to induce IL-6 and intracellular adhesion mole-
cells is poorly understood. In the present study, a specific cule-1 in osteoblast-like Ros17/2.8 cells through activation
inhibitor of p38 MAPK (SB203580) partly inhibited the of NF-«B, leading to the promotion of bone resorption and
coinduction of IL-6 and IL-11 by epinephrine in HOS cells, inflammation [44]. In the present study, using pharmaco-
suggesting the involvement of not only the p38 MAPK logical inhibitors, we examined the involvement of AP-1
signaling pathway but also other signaling pathways. How- and/or NF«B in the induction of IL-6 and IL-11. Although
ever, the MEK inhibitor PD98059 had no effect on the there are several reported targets for curcumin, e.gkBIF-
coinduction of IL-6 and IL-11. This may indicate that epi- cyclooxygenase, and PKC isozymes [45-47], it also has
nephrine-induced IL-6 and IL-11 synthesis could be regu- been reported that curcumin is a relatively specific inhibitor
lated in part by the p38 MAPK system, without involving for transcriptional regulation factor, AP-1, in mouse osteo-
the MEK system. This observation, taken together with the blastic cells [35]. Since PDTC (NkB inhibitor, Fig. 5B),
finding of the inhibitory effect of SB203580 on epinephrine- calphostin C (PKC inhibitor), staurosporine (PKC inhibi-
induced alkaline phosphatase activity in MC3T3-E1 cells tor), and NS398 (cyclooxygenase inhibitor) had no effect on
[31], suggests a potential role of p38 MAPK in controlling epinephrine-induced IL-6 mMRNA levels in osteoblastic cells
osteoblastic function in resorption in response to epineph- (data not shown), we utilized curcumin as an inhibitor for
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AP-1 in the cells. Figure 5 shows that both gene- and [9] Kozawa O, Suzuki A, Tokuda H, Uematsu T. Prostaglandin F
protein-expression of IL-6 and IL-11 were inhibited by stimulates interleukin-6 synthesis via activation of PKC in osteoblast-
treatment with an inhibitor of c-Jun/AP-1, curcumin, but not like cells. Am J Physiol 1997;272:E208 11,

. L L [10] Kozawa O, Tokuda H, Matsuno H, Uematsu T. Activation of mito-
with an inhibitor of NF«xB, PDTC. These findings reveal gen-activated protein kinase is involved in sphingosine 1-phosphate-

that the induction of c-Jun/AP-1 is essential for the expres- stimulated interleukin-6 synthesis in osteoblasts. FEBS Lett 1997;
sion of IL-6 and IL-11 by epinephrine. In human fibroblast- 418:149-51.
like synoviocytes, Miyazawaet al. [11] observed that  [11] Miyazawa K, Mori A, Miyata H, Akahane M, Ajisawa Y, Okudaira
SB203580 significantly reduces the stability of IL-6 mMRNA H. Regulation of interleukin&-induced interleukin-6 gene expres-

. . o sion in human fibroblast-like synoviocytes by p38 mitogen-activated
without affecting the rate of IL-6 gene transcription, and protein kinase. J Biol Chem 1998;273:24832—8.
they concluded that p38 MAPK, which is activated in re- [12] Togari A, Arai M, Mizutani S, Mizutani S, Koshihara Y, Nagatsu T.
sponse to IL-B, is involved in IL-6 synthesis by stabilizing Expression of mRNAs for neuropeptide receptors graldrenergic
IL-6 mRNA. Inhibition of IL-6 and IL-11 synthesis by receptors in human osteoblasts and human osteogenic sarcoma cells.

Neurosci Lett 1997;233:125-8.
Moore RE, Smith CK Il, Bailey CS, Voelkel EF, Tashjian AH Jr.
Characterization of beta-adrenergic receptors on rat and human os-

SB203580 may be based on reducing gene stability, becaus?m]
complete inhibition of epinephrine-induced coinduction of

IL-6 and IL-11 at relatively high concentrations of teoblast-like cells and demonstration that beta-receptor agonists can
SB203580 was not observed. stimulate bone resorption in organ culture. Bone Miner 1993;23:301—
In conclusion, the present findings indicate that coinduc- 15. _ - o
tion of IL-6 and IL-11 by activatings-AR, which appears to 14] I_Dletrlch JW, Mundy GR, Raisz LQ: I_nh|b|t|0n of bone r_esorptlon in .

g . . tissue culture by membrane-stabilizing drugs. Endocrinology 1979;
be a common feature in osteoblastic cells, is probably me-  1g4.1644_35
diated via a common signaling pathway involving the PKA [15] Minkowitz B, Boskey AL, Lane JM, Pearlman HS, Vigorita VJ.
and p38 MAPK systems, leading to the transcriptional ac- Effects of propranolol on bone metabolism in the rat. J Orthop Res
tivation of AP-1 in human osteoblastic cells. 1991;9:869-75.

[16] Greenfield EM, Horowitz MC, Lavish SA. Stimulation by parathyroid
hormone of interleukin-6 and leukemia inhibitory factor expression in
osteoblasts is an immediate-early gene response induced by cAMP
signal transduction. J Biol Chem 1996;271:10984-9.

[17] Koshihara Y, Kawamura M, Oda H, Higaki B vitro calcification in

This study was supported, in part, by a grant-in-aid for human osteoblastic cell line derived from periosteum. Biochem Bio-

Scientific Frontier Promoted Research and by a grant-in-aid phys Res Commun 1987;145:651-7.

from the Ministry of Education, Science, Sport and Culture [18] Chomczynski P, Sacchi N. Single-step method of RNA isolation by
acid guanidinium thiocyanate-phenol-chloroform extraction. Anal

of Japan (No. 11671861 to A.T.). Biochem 1987:162:156_9.
[19] Chen QY. Stable and efficient expression of human interleukin-6
cDNA in mammalian cells after gene transfer. Chung Hua Chung Liu

Acknowledgments

References Tsa Chih 1992;14:340-4.
[20] Paul SR, Bennett F, Calvetti JA, Kelleher K, Wood CR, O’'Hara RM

[1] Kurihara N, Roodman GD. Interferonsand -y inhibit interleukin-1 Jr, Leary AC, Sibley BS, Clark SC, Williams DA, Yang Y-C. Mo-
B-stimulated osteoclast-like cell formation in long-term human mar- lecular cloning of a cDNA encoding interleukin 11, a stromal cell-
row cultures. J Interferon Res 1990;10:541-7. derived lymphopoietic and hematopoietic cytokine. Proc Natl Acad

[2] Girasole G, Passeri G, Jilkka RL, Manolagas SC. Interleukin-11: A Sci USA 1990;87:7512-16.
new cytokine critical for osteoclast development. J Clin Invest 1994; [21] Arcari P, Martinelli R, Salvatore F. The complete sequence of a full
93:1516-24. length cDNA for human liver glyceraldehyde-3-phosphate dehydro-

[3] Gao Y, Morita I, Maruo N, Kubota T, Murota S, Aso T. Expression genase: evidence for multiple mRNA species. Nucleic Acids Res
of IL-6 receptor and GP130 in mouse bone marrow cells during 1984;12:9179-89.
osteoclast differentiation. Bone 1998;22:487-93. [22] Basile AS, Dunwiddie TV. Norepinephrine elicits both excitatory and

[4] Romas E, Udagawa N, Zhou H, Tamura T, Saito M, Taga T, Hilton inhibitory responses from Purkinje cells in tirevitro rat cerebellar
DJ, Suda T, Ng KW, Martin TJ. The role of gp130-mediated signals slice. Brain Res 1984;296:15-25.
in osteoclast development: regulation of interleukin 11 production by [23] Norris JG, Benveniste EN. Interleukin-6 production by astrocytes:
osteoblasts and distribution of its receptor in bone marrow cultures. J induction by the neurotransmitter norepinephrine. J Neuroimmunol
Exp Med 1996;183:2581-91. 1993;45:137—-46.

[5] Elias JA, Tang W, Horowitz MC. Cytokine and hormonal stimulation  [24] Chijiwa T, Mishima A, Hagiwara M, Sano M, Hayashi K, Inoue T, Naito
of human osteosarcoma interleukin-11 production. Endocrinology K, Toshioka T, Hidaka H. Inhibition of forskolin-induced neurite out-
1995;136:489-98. growth and protein phosphorylation by a newly synthesized selective

[6] Kim GS, Kim CH, Choi CS, Park JY, Lee K-U. Involvement of inhibitor of cyclic AMP-dependent protein kinasi-2-(p-bromocin-
different second messengers in parathyroid hormone- and interleukin- namylamino)ethyl]-5-isoquinolinesulfonamide (H-89), of PC12D pheo-
1-induced interleukin-6 and interleukin-11 production in human bone chromocytoma cells. J Biol Chem 1990;265:5267—72.
marrow stromal cells. J Bone Miner Res 1997;12:896—-902. [25] Kellenberger S, Muller K, Richener H, Bilbe G. Formoterol and

[7] Millet I, McCarthy TL, Vignery A. Regulation of interleukin-6 pro- isoproterenol induce tes gene expression in osteoblast-like cells by
duction by prostaglandin En fetal rat osteoblasts: role of protein activating B,-adrenergic reports. Bone 1998;22:471-8.
kinase A signaling pathway. J Bone Miner Res 1998;13:1092-100. [26] Boguslawski G, Hale LV, Yu X-P, Miles RR, Onyia JE, Santerre RF,

[8] Kozawa O, Suzuki A, Uematsu T. Basic fibroblast growth factor Chandrasekhar S. Activation of osteocalcin transcription involves
induces interleukin-6 synthesis in osteoblasts: autoregulation by pro- interaction of protein kinase A- and protein kinase C-dependent

tein kinase C. Cell Signal 1997;9:463-8. pathways. J Biol Chem 2000;275:999-1006.



326

[27]

(28]

[29]

[30]

[31]

(32]

(33]

(34]

(35]

(36]

[37]

A. Kondo et al. / Biochemical Pharmacology 61 (2001) 319-326

Kobayashi E, Nakano H, Morimoto M, Tamaoki T. Calphostin C
(UCN-1028C), a novel microbial compound, is a highly potent and
specific inhibitor of protein kinase C. Biochem Biophys Res Commun
1989;159:548-53.

Matsuno M, Kozawa O, Suzuki A, Tokuda H, Kaida T, Matsuno H,
Niwa M, Uematsu T. Involvement of protein kinase C activation in
endothelin-1-induced secretion of interleukin-6 in osteoblast-like
cells. Cell Signal 1998;10:107-11.

Suzuki A, Palmer G, Bonjour JP, Caverzasio J. Stimulation of sodi- [40]

um-dependent phosphate transport and signaling mechanisms in-
duced by basic fibroblast growth factor in MC3T3-EL1 osteoblast-like
cells. J Bone Miner Res 2000;15:95-102.

Alessi DR, Cuenda A, Cohen P, Dudley DT, Saltiel AR. PD 098059
is a specific inhibitor of the activation of mitogen-activated protein
kinase kinasén vitro andin vivo. J Biol Chem 1995;270:27489-94.
Suzuki A, Palmer G, Bonjour J-P, Caverzasio J. Regulation of alka- [
line phosphatase activity by p38 MAP kinase in response to activation
of Gi protein-coupled receptors by epinephrine in osteoblast-like
cells. Endocrinology 1999;140:3177—-82.

Cuenda A, Rouse J, Doza YN, Meier R, Cohen P, Gallagher TF,
Young PR, Lee JC. SB 203580 is a specific inhibitor of a MAP kinase
homologue which is stimulated by cellular stresses and interleukin-1.
FEBS Lett 1995;364:229-33.

Huang TS, Lee SC, Lin JK. Suppression of c-Jun/AP-1 activation by
an inhibitor of tumor promotion in mouse fibroblast cells. Proc Natl
Acad Sci USA 1991;88:5292-6.

Schreck R, Meier B, Manel DN, Dragge W, Baeuerle PA. Dithiocar-
bamates as potent inhibitors of nuclear factBractivation in intact
cells. J Exp Med 1992;175:1181-94.

Togari A, Arai M, Mogi M, Kondo A, Nagatsu T. Coexpression of
GTP cyclohydrolase | and inducible nitric oxide synthase mRNAs in
mouse osteoblastic cells activated by proinflammatory cytokines.
FEBS Lett 1998;428:212—6.

de la Mata J, Uy HL, Guise TA, Story B, Boyce BF, Mundy GR,
Roodman GD. Interleukin-6 enhances hypercalcemia and bone re-
sorption mediated by parathyroid hormone-related proieinivo.

J Clin Invest 1995;95:2846-52.

Ishimi Y, Miyaura C, Jin CH, Akatsu T, Abe E, Nakamura Y,
Yamaguchi A, Yoshiki S, Matsuda T, Hirano T, Kishimoto T, Suda

[41

—_—

—

[43]

[44]

(45]

[46]

[47]

T. IL-6 is produced by osteoblasts and induces bone resorption.
J Immunol 1990;145:3297-303.

[38] Leng SX, Elias JA. Interleukin-11. Int J Biochem Cell Biol 1997;29:

1059-62.

[39] Verhaeghe J, Herck EV, Van Bree R, Bouillon R, Dequeker J, Keith

JC Jr. Recombinant human interleukin-11 does not modify biochem-
ical parameters of bone remodeling and bone mineral density in adult
ovariectomized rats. J Interferon Cytokine Res 1998;18:49-53.
Jilka RL, Hangoc G, Girasole G, Passeri G, Williams DC, Abrams JS,
Boyce B, Broxmeyer H, Manolagas SC. Increased osteoclast devel-
opment after estrogen loss: mediation by interleukin-6. Science 1992;
257:88-91.

Roberson MS, Zhang T, Li HL, Mulvaney JM. Activation of p38
mitogen-activated protein kinase pathway by gonadotropin-releasing
hormone. Endocrinology 1999;140:1310-18.

2] Owen TA, Bortell R, Yocum SA, Smock SL, Zhang M, Abate C,

Shalhoub Y, Aronin N, Wright KL, van Wijnen AJ, Stein JL, Curran
T, Lian JB, Stein GS. Coordinate occupancy of AP-1 sites in the
vitamin D-responsive and CCAAT box elements by Fos-Jun in the
osteocalcin gene: model for phenotype suppression of transcription.
Proc Natl Acad Sci USA 1990;87:9990—4.

Franchimont N, Durant D, Rydziel S, Canalis E. Platelet-derived
growth factor induces interleukin-6 transcription in osteoblasts
through the activator protein-1 complex and activating transcription
factor-2. J Biol Chem 1990;274:6783-9.

Kurokouchi K, Kambe F, Yasukawa K, Izumi R, Ishiguro N, lwata H,
Seo H. TNFe increases expression of IL-6 and ICAM-1 genes
through activation of NFR<B in osteobast-like ROS17/2.8 cells.

J Bone Miner Res 1998;13:1290-9.

Mehta K, Pantazis P, McQueen T, Aggarwal BB. Antiproliferative
effect of curcumin (diferuloylmethane) against human breast tumor
cell lines. Anticancer Drugs 1997;8:470—81.

Huang MT, Lysz T, Ferraro T, Abidi TF, Laskin JD, Conney AH.
Inhibitory effects of curcumin om vitro lipoxygenase and cycloox-
ygenase activities in mouse epidermis. Cancer Res 1991;51:813-19.
Liu J-Y, Lin S-J, Lin J-K. Inhibitory effects of curcumin on protein
kinase C activity induced by 1@-tetradecanoyl-phorbol-13-acetate
in NIH 3T3 cells. Carcinogenesis 1993;14:857—-61.



