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Prostaglandin E 2 (PGEz) ,  a bone-resorption factor, was essentially the sole arachidonate metabolite in an 
osteoblastie cell line cloned from mouse calvaria (MC3T3-E1). When the cells were cultured in the presence 
of 2% newborn bovine serum, 1 /~M epinephrine markedly stimulated P G E  z synthesis from endogenous 
arachidonic acid. The  P G E  2 synthesis commenced after a lag phase of 1 -2  h, and reached a maximum at 
about 3 h after the addition of epinephrine. The effect of epinephrine was inhibited by propranoiol, and 
epinephrine could be replaced by isoproterenol, suggesting fl-adrenergic stimulation of P G E  z production. A 
rapid increase in intracellular cAMP was observed upon the addition of epinephrine. When the intraceilular 
cAMP level was raised using cholera toxin or forskolin, the P G E  2 synthesis was also stimulated. The 
enhanced P G E  z synthesis was attributed to an increased level of cyclooxygenase, which was sho~la by 
immunoprecipitation of the enzyme using anti-cyclooxygenase antibody. Inhibitors of transcription and 
translation suppressed the epinephrine-dependent increase in cyciooxygenase activity. These findings 
suggest induction of cyclooxygenase involving cAMP via an as yet unclarified mechanism. 

Introduction 

A clonal osteogenic cell line, MC3T3-E1, was 
established from newborn mouse calvaria by 
Kodama  et al. [1]. This cell line differentiates into 
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an osteoblast, and mineralizes in vitro [1,2]. The 
parameters of bone formation (alkaline phos- 
phatase activity, collagen and D N A  synthesis) 
changed in response to a variety of  hormones and 
growth factors [3-5]. We have utilized this unique 
and useful cell line to study the regulatory mecha- 
nism of the biosynthesis of prostaglandin E 2, a 
bone-resorption factor. As previously reported [6], 
our studies at the enzyme level demonstrated a 
stimulatory effect of  epidermal growth factor 
(EGF) on the P G E  2 synthesis presumably by the 
induction of fatty acid cyclooxygenase, a key en- 
zyme for PGE 2 biosynthesis. 

Experimental procedures 
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Mater ia l s .  Authentic prostaglandins and throm- 
boxane B 2 were kindly provided by the Ono Re- 
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search Institute, and the radioimmunoassay kits 
for cAMP were provided by Yamasa Shoyu Co. 
(Chiba). Epinephrine bitartrate, isoproterenol bi- 
tartrate, propranolol hydrochloride, forskolin, di- 
butyryl cAMP, dibutyryl cGMP, dibutyryl cCMP, 
8-bromo-cAMP, cAMP, 3-isobutyl-l-methylxan- 
thine (IBMX), actinomycin D, a-amanitin, puro- 
mycin and penicillin G were obtained from Sigma 
(St. Louis). Phenylephrine hydrochloride, cyclo- 
heximide, tryptophan and GSH were from Wako 
(Osaka), while norepinephrine bitartrate and 
phenoxybenzamine hydrochloride were from 
Tokyo Chemical Industry (Tokyo). Tween 20 was 
from Nakarai Chemical (Kyoto). Cholera toxin 
was supplied by List Biological Laboratories 
(Campbell). [5,6,8,11,12,14,15(n)-3H]PGE2 (160 
Ci /mmol)  and [1-14C]arachidonic acid (59.6 
mCi/mmol) were purchased from Amersham In- 
ternational (Amersham). Arachidonic acid was 
from Nu-Chek-Prep (Elysian), 9-anthryldiazo- 
methane was from Funakoshi (Tokyo), a-modified 
Eagle's minimum essential medium (,-MEM) was 
from Flow Laboratories (Irvine), fetal bovine 
serum was from M.A. Bioproducts (Walkersville, 
Maryland), newborn bovine serum was from Flow 
Laboratories (North Ryde), actinase E was from 
Kaken Chemical (Tokyo), plastic dishes (100 mm 
and 35 nun) for tissue culture from Coming Glass 
Works (Coming), silica gel 60, F254 thin-layer plates 
were from Merck (Darmstadt), silicie acid for 
column chromatography was from Mallinckrodt 
(Paris, KY), and Sep-Pak Cls and Sep-Pak silica 
cartridges were from Waters (Milford). All other 
reagents were of analytical grade. 

[1-14C]PGHz was prepared by the method de- 
scribed previously [7] using sheep seminal vesicles 
instead of bovine seminal vesicles. PES-5 (mono- 
clonal anti-bovine cyclooxygenase antibody) [8], 
was prepared in the peritoneal cavity of mouse 
and purified by ammonium sulfate precipitation 
and chromatography using protein A-Sepharose 
(Pharmacia). Protein A-beating Cowan I strain of 
Staphylococcus aureus (NCTC 8530) was a gift 
from Dr. W.L. Smith of Michigan State Univer- 
sity. The bacterial cells were fixed in 1.5% for- 
maldehyde and heat-inactivated at 80~ for 5 
min [9]. 

Cell culture. The MC3T3-E1 cell line was gener- 
ously provided by Dr. H. Kodama of Nippon 

Zen-yaku Kogyo Co. The cell culture was per- 
formed according to the procedures described pre- 
viously [6]. Briefly, 5-104 cells were plated in 
35-mm dishes containing 2 ml of a-MEM supple- 
mented with 10% fetal bovine serum and 100 
U/ml  of penicillin G (medium A). After 4 days, 
the cells were transferred to medium A containing 
2% newborn bovine serum instead of 10% fetal 
bovine serum (medium B). 

Radioimmunoassay of PGE 2. PGE 2 was de- 
termined by radioimmunoassay using monoclonal 
anti-PGE 2 antibody [10] according to the proce- 
dures described previously [6]. 

High-performance liquid chromatography of 
PGE 2. Culture medium (2 ml) was acidified to pH 
3-4 with 1 M HCI, and applied onto a Sep-Pak 
Cls cartridge. Prostaglandins were eluted by the 
method of Powell [11], but with the substitution of 
methanol for methyl formate. The methanol of the 
prostaglandin fraction was evaporated, and the 
residue was dissolved in 600 ~1 of methanol/ 
water/acetic acid (65 : 35 : 0.01, solvent A). A 200- 
/~1 aliquot was applied to reverse-phase high-per- 
formance liquid chromatography (HPLC) with 
Nova-Pak C18 Radial-Pak cartridge (8 • 100 mm, 
Waters) connected to a Waters dual pump model 
510 and a Waters injector model U6K. Elution 
was carried out with solvent A for 30 min and 
with methanol for the following 20 min. Eluate 
was collected every 1 min. The solvent of a 20-/.tl 
aliquot was evaporated, and the residue was sub- 
jected to radioimmunoassay for PGE 2. For con- 
version of PGE z to PGB/, the dried residue of the 
fraction containing PGE z was subjected to alkali 
treatment [12]. For fluorometric detection of pros- 
taglandins, the Sep-Pak Cls extract from the cul- 
ture medium was treated with 9-anthryldiazo- 
methane by the previously described method [6] 
and analyzed by HPLC using a solvent mixture of 
acetonitrile/water/acetic acid (9 : 5 : 0.01). 

Radioimmunoassay of cAMP. Cells were in- 
cubated with various drugs in the presence of 0.1 
mM IBMX at 37 ~ for 5 min. Then, the medium 
was removed and cold 6% trichloroacetic acid (0.5 
ml) was added. Cells were scraped off, and disper- 
sed by sonication, followed by centrifugation at 
1700 • g for 15 min at 4~ Trichloroacetic acid 
in the supernatant was extracted three times with 
3 ml of diethyl ether saturated with distilled water 
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and the water phase was subjected to radioim- 
munoassay for cAMP according to the method of 
Honma et al. [13]. 

Assays of cyclooxygenase and PGE synthase. The 
cyclooxygenase assay mixture (100 #I) contained 
0.1 M Tris-HC1 (pH 8.0), 2 #M hematin, 5 mM 
tryptophan and 20 #M [1-14C]arachidonic acid. 
The PGE synthase assay mixture contained 0.1 M 
Tris-HCl (pH 8.0), 2 mM GSH and 20 #M [1- 
14C]PGH2. The reactions were carried out at 
24 o C. Extraction, thin-layer chromatography and 
radioactivity determination were performed as de- 
scribed previously [14]. Whole cells cultured for 4 
days were incubated for 3 h in a -MEM containing 
2% newborn bovine serum with or without 1 #M 
epinephrine, and then suspended in phosphate- 
buffered saline containing 0.001% actinase E and 
0.2% EDTA. An appropriate number of cells were 
subjected to the cyclooxygenase assay for 1 min 
and to the PGE synthase assay for 20 s. Micro- 
somes were prepared as described previously [6] 
and incubated for 1 min for the assay of both 
enzyme activities. 

Immunoprecipitation of cyclooxygenase. The cells 
were incubated for 3 h in the absence or presence 
of epinephrine (1 /tM), and then harvested with 
phosphate-buffered saline containing 1 mM EDTA 
with the aid of a rubber policeman. The cells were 
precipitated by centrifugation and suspended in 
1.2 ml of 0.2 M Tris-HC1 (pH 8.0). The cell 
suspension was sonicated in four bursts each of 20 
kHz for 15 s, and mixed with Tween 20 at 0.5% 
final concentration. After 30 min on ice with 
occasional shaking, the mixture was centrifuged at 
200000 • g for 40 min. The supernatant was used 
as the solubilized enzyme. A 10% suspension of S. 
aureus (25 ttl) and a solution of PES-5 (10/ tg  IgG 
in 200/tl)  were incubated at room temperature for 
5 min, followed by the addition of 2 ml of phos- 
phate-buffered saline. After centrifugation at 1500 
• g for 10 rain, the precipitate was suspended in 
50 ~1 of phosphate-buffered saline, and the sus- 
pension was mixed with 100 #1 of the solubilized 
enzyme (336 ftg protein of the epinephrine-treated 
preparation and 233 #g protein of the control 
preparation). After incubation at room tempera- 
ture for 30 rain, the mixture was centrifuged at 
1500 • g for 5 min. The precipitate was washed 
twice with 2 ml of phosphate-buffered saline con- 

taining 0.05% Tween 20 and the cyclooxygenase 
activity of the immunoprecipitate was determined. 

Gas chromatography-mass spectrometry. PGE z 
was extracted from 6 ml of the culture medium 
using a Sep-Pak C18 cartridge. The extract was 
purified by silicic acid column chromatography 
and HPLC using a / tBondapak  Cl8 column. PGE z 
was derivatized with diazomethane, methoxya- 
mine and dimethylisopropylsilyl imidazole as de- 
scribed for 6-keto-PGFl~ [15]. Gas chromatogra- 
phy-selected ion monitoring (GC-SIM) was per- 
formed using a Hitachi M-80B gas chromato- 
graph-mass spectrometer essentially as described 
previously [6]. 

Results 

Stimulation of endogenous PGE 2 synthesis by epi- 
nephrine 

MC3T3-E1 cells were incubated with 1 # M 
epinephrine in medium B for 3 h. Then, 
arachidonate metabolites released into the culture 
medium were subjected to fluorometric analysis 
by reverse-phase HPLC. In the extract from the 
medium of epinephrine-treated cells, a prominent 
f luorescent  peak co -ch romatographed  with 
authentic PGE: .  Furthermore, the extract from 
the culture medium was applied to reverse-phase 
HPLC, and the fractions were monitored by radio- 
immunoassay for PGE z. The only immunoreactive 
peak was found at the retention time of authentic 
PGE 2. The conversion of the immunoreactive 
compound to PGB z by alkali treatment, suggested 
its identity with PGE~. Identity of the im- 
munoreactive material with PGE 2 was also con- 
firmed by GC-SIM. 

Arachidonate metabolites other than P G E z were 
not detected in significant amounts by fluoromet- 
ric analysis. Epinephrine-stimulated cells or the 
microsomes prepapred from the cells transformed 
neither [1-14C]arachidonic acid nor [1-14C]PGH2 
to metabolites other than PGE 2. 

As shown in Fig. 1, in the presence of 1 ttM 
epinephrine an increase in the PGE 2 level in the 
medium started at 1 -2  h and reached a maximum 
by 3 h. The basal level of PGE 2 (in the absence of 
epinephrine) remained unchanged even after 24 
and 48 h. Fig. 2 shows the effects of various 
concentrations of epinephrine on the release of 
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Fig. 1. Time course of  epinephrine-dependent PGE 2 synthesis 
by MC3T3-E1 cells. Cells were precultured to confluency and  
then the culture medium was replaced by medium B in the 
presence (a)  or  absence (o )  of  1 jaM epinephrine. Aliquots of  
the culture medium were removed at intervals for radioim- 
munoassay  of PGE 2. Data  are m e a n s + S . D ,  of quadruplicate 

determinations. 
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Fig. 3. Effects of ao and fl-adrenergic agonists on PGE 2 
synthesis by MC3T3-E1 cells. Cells were precultured to con- 
fluency and then the culture medium was replaced by medium 
B containing phenylephrine (o) or isoproterenol (o) at the 
indicated concentrations. After incubation for 3 h. aliquots of 
the culture medium were subjected to radioimmunoassay for 
PGE 2. Data are means + S.D. of quadruplicate determinations. 

PGE 2 for 3 h. The optimal concentration of epi- 
nephrine was 0.1-1 ttM. 

Effect of adrenergic agonists and antagonists on 
PGE z synthesis 

When 1 #M epinephrine was replaced by 
norepinephrine, much higher concentrations 
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Fig. 2. Effect of epinephrine concentrations on PGE 2 synthesis 
by MC3T3-E1 cells. Cells were precultured to confluency and 
then the culture medium was replaced by medium B containing 
various amounts of epinephrine as indicated. After a 3-h 
incubation, aliquots of the culture medium were subjected to 
radioimmunoassay for PGE 2. Data shown are means+ S.D. of 

quadruplicate determinations. 

(10-100 #M) of the latter compound were neces- 
sary for stimulation of PGE 2 synthesis. As il- 
lustrated in Fig. 3, isoproterenol, a fl-agonist, was 
as active as epinephrine in stimulating PGE 2 
synthesis. Its optimal concentration was about 1 
#M. On the other hand, phenylephrine, an a- 
agonist, was almost inactive at 1 #M. Further- 
more, 1 / tM propranolol, a fl-antagonist, abolished 
the stimulatory effect of I ittM epinephrine, but 10 
/tM phenoxybenzamine, an a-antagonist, had no 
effect. 

Relationship between PGE 2 synthesis and cAMP 
production 

Epinephrine markedly stimulated cAMP pro- 
duction by MC3T3-E1 cells. As shown in Fig. 4, 
cAMP levels within the cells reached a maximum 
5 rain after the addition of epinephrine. Then, 
cAMP within the cells decreased and was released 
gradually into the medium. Fig. 5 shows the effect 
of the epinephrine concentration on cAMP pro- 
duction, which almost reached a maximum with 1 
/zM epinephrine. 

Compounds known to increase intracellular 
cAMP, were tested with MC3T3-E1 cells. For- 
skolin and cholera toxin, which actually increased 
the cAMP level within the MC3T3-E1 cells, 
stimulated PGE 2 synthesis in a dose-dependent 
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Fig. 4. Time course of epinephrine-dependent cAMP synthesis 
by MC3T3-E1 cells. Cells were precultured to confluency and 
then the culture medium was replaced by medium B containing 
0.1 m M  IBMX with (o) or without ( •  1 /xM epinephrine. 
After incubation for the indicated period of time, the mediuum 
( ) and the cell extracts with trichloroacetic acid 
( . . . . . .  ) were subjected to radioimmunoassay for cAMP. Data  

are means  + S.D. of  quadruplicate determinations. 
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Fig. 6. Effect of  increased endogenous cAMP on POE 2 synthe- 
sis by MC3T3-E1 cells. Cells were precultured to confluency 
and then the medium was replaced by medium B containing 
various compounds  as indicated. After  a 3-h incubation, 
aliquots of  the medium were subjected to radio immunoassay  
for PGE z. Data  are mean values of quadruplicate determina- 
tions. Cholera toxin (0) ;  forskolin (o); dibutyryl cAMP (zx); 

8-bromo-cAMP (r-I). 

manner (Fig. 6). Dibutyryl cAMP and 8-bromo- 
cAMP were also stimulatory while dibutyryl cGMP 
and dibutyryl cCMP (0.01-2 mM) had no effect. 
cAMP added as such to the culture medium did 
not stimulate PGE 2 production. 

Possible hlduction of cyclooxygenase by intracellular 
cAMP 

MC3T3-E1 cells were incubated with 0.2 mM 
aspirin (an irreversible cyclooxygenase inhibitor) 
for 18 h and then aspirin was washed out. The 
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Fig. 5. Effect of  epinephrine concentrat ion on cAMP produc- 
tion by MC3T3-E1 cells. Cells were precultured to confluency 
and  then the culture medium was replaced by medium B 
containing 0.1 m M  IBMX and epinephrine at the indicated 
concentrations. After incubation for 5 n'fin, the medium ( I )  
and the cell extracts with trichloroacetic acid ( o )  were sub-  
jected to radioimmunoassay for cAMP. Results are m e a n s +  

S.D. of quadruplicate determinations. 
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Fig. 7. Effect of  transcription and translation inhibitors on 
epinephrine-dependent PGE 2 synthesis by MC3T3-E1 cells. 
Cells were precultured to confluency and then the culture 
medium was replaced by medium B containing 1 tiM epineph- 
rine in the presence of  various amounts  of  act inomycin D ( I )  
or cycloheximide (o) .  After a 3-h incubation,  PGE 2 in the 
culture medium was determined by radioimmunoassay.  Results 
are expressed as mean + S.D. of  quadruplicate determinations.  
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asp i r in - t rea ted  cells s ta r ted  to synthesize P G E  2 b y  
the add i t i on  of  ep inephr ine  (1 / tM)  with  a t ime 
course  s imilar  to that  of  the non- t r ea t ed  cells. As  
shown in Fig.  7, bo th  cyc loheximide  (a t rans la t ion  
inh ib i tor )  and  ac t inomyc in  D (a t ranscr ip t ion  in-  
h ib i to r )  a t  a concen t ra t ion  of  abou t  1 / tM in-  
h ib i ted  the P G E  2 synthesis  s t imula ted  b y  epi-  
nephr ine .  Pu romyc in  (a t rans la t ion  inh ib i tor )  and  
a - a m a n i t i n  (a t ranscr ip t ion  inh ib i tor )  also had  in-  
h ib i to ry  effects on  the P G E  2 synthesis .  Fu r the r -  
more ,  P G E  2 synthesis  s t imula ted  by  2 m M  di-  
bu ty ry l  c A M P  was abo l i shed  by  cyc lohex imide  (1 
t tM)  and  ac t inomyc in  D (0.3 t tM).  On  the o the r  
hand,  cyc lohex imide  and  ac t inomyc in  D d id  no t  

TABLE I 

ACTIVITIES OF C Y C L O O X Y G E N A S E  AND PGE SYN- 
THASE IN MC3T3-E1 CELLS 

Cells were precultured to conflueney and then the culture was 
continued with medium B in the presence or absence of 1/zM 
epinephrine. Aetinomycin D, cycloheximide or propranolol 
was added, each at a concentration of 1 /.tM. After a 3-h 
incubation, the whole cells or the microsomes were incubated 
with 20 /.tM [1-14C]~achidonic acid or [1-14C]PGH2 for 
cyclooxygenase or PGE synthase assay, respectively. Data 
shown are means 5: S.D. of quadruplicate determinations (whole 
cells) or duplicate determinations (microsomes). 

Enzyme preparation Cyclooxygenase PGE synthase 
activity activity 
(nmol PGH2/ (nmol PGE2/ 
min per 20 s per 
106 cells) l0 s cells) 

Whole cells 
Control 0.22 5:0.03 
Epinephrine 1.70 5:0.24 
Epinephrine + 
actinomycin D 0.24 5:0.06 
Epinephrine + 
cycloheximide 0.30 5:0.05 
Epinephrine + 
propranolol 0.22 5:0.07 

Microsomes from control cells 
(nmol PGH2/min ) 

40 ~g protein 0.03 
80/xg protein 0.06 
4/~g protein 0.18 
8/.tg protein 0.33 

Microsomes from epinephrine-treated cells 
40 lag protein 0.13 
80 ~g protein 0.28 
4/.tg protein 0.20 
8/~g protein 0.37 

0.69 5:0.06 
0.62 5:0.04 

0.66 5:0.06 

0.63 5:0.08 

0.645:0.16 

(nmol PGE2/min ) 

inhib i t  c A M P  p r o d u c t i o n  s t imula ted  b y  1 t tM 
epinephr ine .  

MC3T3-E1 cells were  i ncuba t ed  with  o r  wi thout  
1 / t M  ep inephr ine  for  3 h. The  cells were  harves ted  
with  the a id  of  ac t inase  E, and  incuba ted  with 
a rach idon ie  acid  o r  P G H  2 for  the assay  of 
cyc looxygenase  ( a rach idon ic  a c i d ~  P G H 2 )  or  
P G E  syn thase  ( P G H  2 ~ PGE2) ,  respect ively.  As 
shown in T a b l e  I, ep inephr ine  s t imu la t ed  the ac- 
t ivi ty  of  cyclooxygenase ,  bu t  not  of  P G E  synthase.  
The  effect of  ep inephr ine  on  cyc looxygenase  activ- 
i ty  was comple t e ly  abo l i shed  b y  the s imul taneous  
presence  of  ac t inomyc in  D, cyc lohex imide  or  p ro-  
pranolo l .  The  mic rosomes  p r e p a r e d  f rom the epi-  
nephr ine - t r ea t ed  cells showed a much  h igher  act iv-  
i ty  of  cyc looxygenase  than  the p r e p a r a t i o n  f rom 
the cont ro l  cells. T h e  mic rosoma l  P G E  synthase  
ac t iv i ty  was not  af fec ted  b y  ep inephr ine  t rea t -  
ment .  

Fu r the rmore ,  we measured  the ac t iv i ty  of  pre-  
c ip i t ab le  cyc looxygenase  using an ant i -cyclo-  
oxygenase  an t i body ,  results  are  shown in T a b l e  II. 
Ep inephr ine  increased  the ac t iv i ty  of  cyclo-  
oxygenase ,  which  was solubi l ized by  the use of  a 
non- ion ic  de tergent .  A lmos t  all  the solubi l ized  
cyc looxygenase  was p rec ip i t a t ed  wi th  the a id  of 
an t ibody .  

TABLE II 

IMMUNOPRECIPITATION OF CYCLOOXYGENASE IN 
MC3T3-E1 CELLS 

Cells were precultured to conflucency and then the medium 
was replaced by medium B. After a 3-h incubation in the 
presence or absence of 1 btM epinephrine, the cells were 
harvested and washed with phosphate-buffered saline contain- 
ing 1 mM EDTA. A suspension of 1.4• cells in 1.2 ml of 
0.2 M Tris-HCi buffer at pH 8.0 was treated with 0.5% Tweeu 
20 followed by centrifugation at 200000X g for 40 min. The 
solubilized enzyme (100 ttl) was mixed with a monoclonal 
anti-cyclooxygenase antibody (PES-5) bound to S. aureus  as 

described in Experimental procedures. After centrifugation, the 
precipitate was assayed for cyclooxygenase activity. 

Treatment Cyclooxygenase activity 
(nmol/2 min) 

control epinephrine 

Solubilized 0.06 1.00 
Precipitate 0.00 0.86 
Supernatant 0.04 0.13 



Discussion 

The function of epinephrine in the cellular sig- 
nal transduction is generally understood in terms 
of a specific receptor in the cell membrane and 
intracellular cAMP as a second messenger. We 
carried out several experiments to find out which 
type of adrenergic receptor is involved in the 
stimulation of PGE 2 production in MC3T3-E1 
cells and the results suggest that the epinephrine- 
dependent PGE 2 production is mediated by a 
r-receptor.  (i) As a stimulant of PGE 2 synthesis, 
norepinephrine with higher a-activity and lower 
r-activity was inferior to epinephrine with higher 
r-activity and lower a-activity; (ii) isoproterenol 
(a fl-agonist) was almost as active as epinephrine, 
while phenylephrine (an a-agonist) was much less 
active; (iii) phenoxybenzamine (an a-antagonist) 
was inactive as an inhibitor of the epinephrine- 
stimulated PGE 2 synthesis, whereas propranolol 
(a r-antagonist) was a potent inhibitor. 

As usually occurs with other cells, the intracel- 
lular cAMP increased to a maximum level within 
5 min of the addition of epinephrine to MC3T3-E1 
cells. Thus, cAMP production preceded PGE 2 
synthesis, which started after 1-2  h. This raised 
the question of whether the increased PGE 2 
synthesis was a consequence of the enhanced 
cAMP production. To answer this question we 
utilized 8-bromo-cAMP and dibutyryl cAMP 
(membrane-permeable analogs of cAMP) and 
cholera toxin and forskolin (cAMP-increasing 
agents). These compounds did stimulate PGE 2 
synthesis as well as epinephrine. These findings 
suggest that the binding of epinephrine to a r - re -  
ceptor activates adenylate cyclase and the cAMP 
produced stimulates the PGE 2 synthesis. 

As is well known for platelets [16] and leuko- 
cytes [17], the release of arachidonic acid followed 
by its further conversion to bioactive oxyei- 
cosanoids is a rapid event occurring within several 
minutes after a certain physiological stimulus is 
given to the cell. In this case, the activation of 
phospholipase triggers the release of arachidonic 
acid, which is immediately metabolized to pros- 
taglandins and other bioactive oxyeicosanoids. 
However, the PGE 2 synthesis by MC3T3-E1 cells 
commenced 1-2 h after the addition of epineph- 
rine to the culture medium. Therefore, we 
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examined the possibility of induction of an en- 
zyme at a step in the PGE 2 synthesis. The experi- 
ment with aspirin, which inhibited cyclooxygenase 
irreversibly, ruled out the possibility that the con- 
stitutive latent cyclooxygenase was activated by 
epinephrine or cAMP. Additionally, inhibitors of 
both transcription and translation decreased the 
epinephrine- or cAMP-dependent synthesis of 
PGE 2. Furthermore, in the series of experiments 
in which cyclooxygenase was solubilized from 
MC3T3-E1 cells and incubated with anti-cyclo- 
oxygenase antibody,  the immunoprec ip i ta te  
showed almost all the activity of cyclooxygenase 
which was increased by the epinephrine treatment 
of the cells. By western blot analysis, the epineph- 
rine-stimulated cells showed a larger amount  of 
cyclooxygenase protein than the control cells 
(Oshima, T., et al., unpublished results). Thus 
several lines of evidence suggest the induction of 
cyclooxygenase by a mechanism involving cAMP, 
with a role for cAMP in the activation and expres- 
sion of the cyclooxygenase gene. A similar stimu- 
latory effect of cAMP on PGE 2 synthesis has 
been reported for human amnion cells, but 
increased cyclooxygenase activity was not men- 
tioned [18,19]. 

A well-known function of cAMP as the second 
messenger is the activation of protein kinase lead- 
ing to phosphorylation of various proteins and 
enzymes. Another function of cAMP was found 
earlier in bacterial cells, in which cAMP plays a 
role in positive transcriptional control with the aid 
of a specific receptor protein [20]. The cAMP- 
mediated induction has recently been reported for 
mammalian enzymes and bioactive proteins: phos- 
phoenolpyruvate carboxykinase of rat liver cyto- 
sol [21-23], bovine and human vasoactive intesti- 
nal polypeptide [24,25], rat somatostatin [26], hu- 
man chorionic gonadotropin-a [27,28] and proen- 
kephalin [29]. Using deletion mutants, the region 
of the gene regulated by cAMP has been clarified 
and the homology among these polypeptides has 
been described [26,30-34]. These are attractive 
examples for us to elucidate the mechanism 
involved in the cAMP-mediated induction of 
cyclooxygenase in MC3T3-E1 cells. Our previous 
study on the same cell line demonstrated a possi- 
ble induction of cyclooxygenase by E G F  [6]. Since 
EGF did not increase the intracellular cAMP 
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(Kusaka,  M., et al., unpubl i shed  data), separate 
mechanisms  may  be working in the cyclo- 
oxygenase induc t ion  by  E G F  and  epinephrine.  

A s t imulatory  effect of  epinephr ine  on the pro- 
duc t ion  of P G E  2, wel l -known as a bone-resorp-  
t ion factor [35,36], was demonst ra ted  by our in  
vitro experiments  using MC3T3-E1 cells. How- 
ever, its physiological significance awaits further 
invest igat ions because, to the best  of our  knowl- 
edge, little is k n o w n  concerning the direct involve- 

men t  of ep inephr ine  in the physiological control  
of bone  format ion  and  resorption.  
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