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Abstract

Incubation of rat peritoneal macrophages in the presence of thapsigargin increased production of prostaglandin E,, intracellular platelet-
activating factor (PAF) and interleukin-6. However, no PAF was detected in the conditioned medium. In the presence of SK&F 98625
(diethyl 7-(3.,4,5-triphenyl-2-o0x0-2,3-dihydroimidazol-1-yl)heptane phosphonate), a CoA-independent transacylase inhibitor, the thapsigar-
gin-induced increases in the interleukin-6 mRNA level and interleukin-6 production were suppressed in a concentration-dependent manner.
This inhibitor also suppressed the production of prostaglandin E, and intracellular PAF. The PAF receptor antagonists such as E6123 ((S)-(+)-
6-(2-chlorophenyl)-3-cyclopropanecarbonyl-8,11-dimethyl-2,3,4,5-tetrahydro-8 H-pyrido[4’ ,3" :4,5]thieno[3,2-/][1,2,4]triazolo[4,3-a][1,4]di-
azepine) and L-652,731 (2,5-bis(3,4,5-trimethylphenyl)tetrahydrofuran) partially inhibited the thapsigargin-induced increase in the levels of
interleukin-6 mRNA and interleukin-6 protein. The SK&F 98625-induced suppression of interleukin-6 mRNA accumulation and interleukin-
6 production was partially restored by addition of exogenous prostaglandin E,. However, exogenous PAF failed to reverse the suppression
suggesting that the intracellular PAF does not act in an autocrine mechanism. These findings suggested that the concurrently produced
prostaglandin E, and intracellular PAF participate in the thapsigargin-induced increase in the interleukin-6 mRNA level and interleukin-6

production by rat peritoneal macrophages. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

CoA-independent transacylase activity has been charac-
terized in various inflammatory cells (Venable et al., 1991;
Winkler et al., 1991). The most commonly described aspect
of this enzyme is its marked preference for removing
arachidonic acid from 1-O-alkyl-2-arachidonyl-sn-glycero-
3-phosphocholine and transferring it into 1-alkyl- and 1-alk-
1’ -enyl-linked phospholipids in the absence of acyl-CoA
(Sugiura et al., 1990; Tessner et al., 1990; Nieto et al.,
1991).

Platelet-activating factor (PAF, 1-O-alkyl-2-acetyl-sn-
glycero-3-phosphocholine) is a biologically active lipid me-
diator in inflammatory and allergic reactions (Demopoulos et
al., 1979). PAF production by inflammatory cells is thought
to proceed via the remodeling pathway (Uemura et al.,
1991), which involves the hydrolysis of 1-alkyl- and 1-alk-
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1’ -enyl-linked phospholipids by CoA-independent transa-
cylase and phospholipase A, releasing acyl fatty acids,
predominantly arachidonic acid, and the subsequent acety-
lation of the resultant lyso-PAF to PAF by acetyl CoA: lyso-
PAF acetyltransferase (Uemura et al., 1991; Venable et al.,
1991; Winkler et al., 1992). The released arachidonic acid is
then metabolized to prostaglandins and leukotrienes by
cyclooxygenase and lipoxygenase, respectively. Therefore,
it has been suggested that CoA-independent transacylase
is a key enzyme involved in the transacylation of arachido-
nic acid from phospholipids and in the production of
proinflammatory lipid mediators such as PAF, prostaglan-
dins and leukotrienes. We previously reported that, in rat
peritoneal macrophages, stimulation by the endomembrane
Ca®>" -ATPase inhibitor thapsigargin (Thastrup et al., 1987)
increased the release of arachidonic acid from membrane
phospholipids and the production of both prostaglandin E,
(Ohuchi et al., 1987, 1988) and intracellular PAF (Watanabe
et al.,, 1992, 1995) within a short incubation period. The
levels of PAF in the conditioned medium were less than the
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limits of detection (<1.0 pmol/ml) (Watanabe et al., 1995).
Furthermore, in the presence of the cyclooxygenase inhi-
bitors such as indomethacin, naproxen and ibuprofen, the
thapsigargin-induced production of intracellular PAF was
further increased to compensate for the decrease in prosta-
glandin E, production (Watanabe et al., 1995; Yamada et al.,
1996). Therefore, we suggested that there is a close relation-
ship between the production of both prostaglandin E, and
intracellular PAF in thapsigargin-stimulated macrophages.

Interleukin-6 is an inflammatory cytokine that is pro-
duced by B cells, T cells and macrophages, which contrib-
utes to several inflammatory and immune responses (Van
Snick, 1990; Bonta and Ben-Efraim, 1993; Bost and Mason,
1995). In inflammatory diseases such as rheumatoid arthritis
and multiple myeloma, interleukin-6 is overexpresssed in
their tissues (Manicourt et al., 1993; Van Zaanen et al.,
1996). The interleukin-6 gene includes sequences similar to
the nuclear factor (NF)-«kB enhancer (Yoshida et al., 1999),
and induction of interleukin-6 production is mediated by the
activation of the NF-kB pathway (You et al., 2001). NF-xB
plays an important role in the production of interleukin-6
(Shimizu et al., 1990) and tumor necrosis factor-a (Shakhov
et al., 1990). We previously reported that thapsigargin-in-
duced production of tumor necrosis factor-a is mediated by
concurrently produced intracellular PAF in rat peritoneal
macrophages (Yamada et al., 1998). From these reports and
our previous findings, we hypothesized that the production
of interleukin-6 in stimulated macrophages is up-regulated
by the concurrent production of intracellular PAF and pros-
taglandin E,. The present study is intended to clarify the
roles of intracellular PAF and prostaglandin E, in the re-
gulation of interleukin-6 production, using the CoA-inde-
pendent transacylase inhibitor SK&F 98625, and the PAF
receptor antagonists E6123 and L-652,731.

2. Materials and methods
2.1. Preparation of rat peritoneal macrophages

Male Sprague—Dawley rats, specific pathogen-free, and
weighing 300-350 g (Charles River Japan, Kanagawa,
Japan) were used. The rats were treated in accordance with
procedures approved by the Animal Ethics Committee in the
Graduate School of Pharmaceutical Sciences, Tohoku Uni-
versity, Japan. Rat peritoneal macrophages were harvested 4
days after an intraperitoneal injection with a solution con-
taining 5% (w/v) of both soluble starch (Wako, Osaka,
Japan) and Bacto peptone (Difco Laboratories, Detroit,
MI, USA) at a dose of 5 ml per 100 g body weight (Ohuchi
et al., 1985).

2.2. Macrophage culture

The peritoneal cells were suspended in Eagle’s minimal
essential medium (Nissui, Tokyo, Japan) containing 10%

(v/v) calf serum (Flow Laboratories, North Ryde, NSW,
Australia), penicillin G potassium (18 pg/ml) and strepto-
mycin sulfate (50 pg/ml) (Meiji Seika, Tokyo, Japan) at a
density of 1.5 x 10° cells per ml of the medium. The cell
suspension was poured into plastic tissue culture dishes or
plates (Corning Costar, Cambridge, MA, USA) before
being incubated for 2 h at 37 °C. The cells were then
washed three times with medium to remove non-adherent
cells (Ohuchi et al., 1985). The adherent cells were incu-
bated for 20 h at 37 °C in 1 ml per 1.5 x 10° cells of
medium containing 10% (v/v) calf serum, and after three
further washes with medium containing no calf serum, they
were ready for use.

2.3. Preparation of diisopropylfluorophosphate-treated calf
serum

Calf serum was treated with 10 mM diisopropylfluoro-
phosphate (DFP, Wako) for 1 h at 37 °C to inactivate the
PAF acetylhydrolase (Satoh et al., 1993). The remaining
DFP was removed by dialysis against 20 volumes of phos-
phate-buffered saline (PBS). The dialysis buffer was changed
three times at 12-h intervals. To confirm that the DFP-treated
calf serum showed no PAF acetylhydrolase activity, the
following experiment was performed; 100 pl of the DFP-
treated calf serum was incubated for 15 min at 37 °C with
150 pl of 50 mM Tris—HCI buffer (pH 7.4) containing 0.1
kBq of [°’H]PAF (1-O-alkyl-2-[*H]acetyl-sn-glycero-3-phos-
phocholine, specific radioactivity 370 MBgq/mol, DuPont
NEN Research Products) and 5 mM EDTA. After the
incubation, 2.5 ml of methanol/chloroform (1:4, v/v) and
0.25 ml of water were added, and the radioactivity in the
upper phase was measured to determine the amount of
[H]acetate liberated (Hattori et al., 1995). The DFP-treated
calf serum showed no PAF acetylhydrolase activity with
activity the same as that of heat-treated (98 °C, 5 min) calf
serum.

2.4. Incubation of macrophages with drugs

After three washes with medium containing no calf
serum, the cells were incubated for the periods indicated
at 37 °C in 1 ml per 1.5 x 10° cells of medium containing
10% (v/v) DFP-treated calf serum in the presence or absence
of various drugs. The drugs used were the endomembrane
Ca® " -ATPase inhibitor thapsigargin (LC Services, Woburn,
MA, USA), the cyclooxygenase inhibitor indomethacin,
prostaglandin E,, PAF (a mixture of C;s and C;g forms,
1:1, w/w) (Sigma, St Louis, MO, USA), the CoA-independ-
ent transacylase inhibitor SK&F 98625 (diethyl 7-(3.4,5-
triphenyl-2-o0x0-2,3-dihydroimidazol-1-yl)heptane phospho-
nate) (Chilton et al., 1995), the PAF receptor antagonists
E6123 ((S)-(+)-6-(2-chlorophenyl)-3-cyclopropanecarbo-
nyl-8,11-dimethyl-2,3,4,5-tetrahydro-8 H-pyrido[4’ ,3' : 4,5]
thieno[3,2-f][1,2,4]triazolo[4,3-a][1,4]diazepine) (Tsunoda
et al., 1990) and L-652,731 (2,5-bis(3,4,5-trimethoxyphe-
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nyltetrahydrofuran)) (Hwang et al., 1985). All drugs were
dissolved in dimethylsulfoxide. An aliquot of each solution
was added to medium, and the final concentration of the ve-
hicle in medium was adjusted to 0.1% (v/v). The control
medium contained the same amount of the vehicle.

2.5. Viability assay

The viability of the cells was examined in each set of
experiments by a procedure using 3-[4,5-dimethylthiazol-2-
yl]-2,5-diphenyltetrazolium bromide (MTT) (Sigma) (Mos-
mann, 1983; Tada et al., 1986), which is based on the ability
of mitochondrial succinate dehydrogenase to cleave MTT to
the blue compound formazan. After the cells were incubated
for the periods indicated in 10 ml of medium containing the
various drugs, 1 ml of MTT solution in phosphate-buffered
saline (5 mg/ml, pH 7.4) was added to each dish, and the
cells were further incubated for 4 h at 37 °C. Next, 2.5 ml of
0.04 N HCI solution in isopropanol was added, and the cells
were sonicated using a Handy Sonic Disrupter (UR-20P,
Tomy, Tokyo, Japan) at 10% maximum power for 3 s. The
resultant colored product was read on a Microplate Reader
(Bio-Rad, Richmond, CA, USA) at 570 nm. None of the
drugs given at concentrations described in this paper had
any significant effect on cell viability.

2.6. Measurement of interleukin-6

The conditioned medium was centrifuged at 1500 x g
and 4 °C for 5 min. Interleukin-6 concentrations in the
supernatant fraction were immunoassayed using a commer-
cially available kit (Cytoscreen™ Rat Interleukin-6 ELISA
Kit, Biosource, Camarillo, CA, USA). The procedure for the
immunoassay is described in the instruction manual accom-
panying the kit.

2.7. Semi-quantitation of interleukin-6 mRNA by reverse
transcription-polymerase chain reaction (RT-PCR)

Peritoneal macrophages were incubated for the periods
indicated at 37 °C in 10 ml of medium containing 10% (v/v)
DFP-treated calf serum in the presence or absence of various
drugs. After the incubation, total RNA was prepared from
each sample by acid guanidium-phenol-chloroform extrac-
tion (Chomczynski and Sacchi, 1987), and the yield of RNA
was determined by spectrophotometry. A total of 1 pug of
RNA from each sample was reverse transcribed at 37 °C for
1 h in 20 pl of buffer (50 mM Tris—HCI, pH 8.3, 75 mM
KCl and 3 mM MgCl,) containing 5 uM of random hexamer
oligonucleotides (Gibco, Gaithersburg, MD, USA), 200 U
of the reverse transcriptase from moloney murine leukemia
virus (Gibco), 0.5 mM deoxyribonucleotide triphosphates
(ANTP, Pharmacia Biotech, Uppsala, Sweden) and 10 mM
dithiothreitol. The PCR primers for interleukin-6 were de-
signed according to Nadeau et al. (1995); (forward) 5’ -CA
AGAGACTTCCAGCCAGTTGC-3" and (reverse) 5’ -TTG

CCGAGTAGACCTCATAGTGACC-3’, which amplify a
614 base pair interleukin-6 fragment. PCR was performed
for 27 cycles in 50 pl of PCR buffer (2.5 mM Tris—HCL, pH
8.3, 50 mM KCl and 1.5 mM MgCl,) containing 5 uM of the
reverse transcribed RNA solution, 0.25 pM of each primer,
170 pM dNTP and 1.25 U Taq polymerase (Takara Shuzo,
Shiga, Japan) using a thermal cycler (GeneAmp™ PCR
System 2400, Perkin Elmer Cetus, Norwalk, CT, USA).
Each cycle consisted of 30 s denaturation at 94 °C, 1 min
annealing at 57 °C, and 2 min extension at 72 °C.

The rat glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) gene (a housekeeping gene) was used as the in-
ternal standard gene. Thus as the internal standard gene was
also amplified, relative levels of interleukin-6 mRNA could
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Fig. 1. Time course of thapsigargin-induced accumulation of interleukin-6
mRNA and interleukin-6 production by rat peritoneal macrophages. (A) Rat
peritoneal macrophages (1.5 x 107 cells) were incubated at 37 °C for 20 h in
10 ml of medium containing 10% (v/v) calf serum. After three washes with
medium, the cells were incubated at 37 °C for the periods indicated in 10 ml
of medium containing 10% (v/v) DFP-treated calf serum with or without
thapsigargin (30 ng/ml; 46.1 nM). Total RNA was extracted and RT-PCR for
interleukin-6 (IL-6) mRNA and GAPDH mRNA was performed. The results
shown are representative of three separate experiments. (B) Rat peritoneal
macrophages (1.5 x 10°® cells) were incubated at 37 °C for 20 h in 1 ml of
medium containing 10% (v/v) calf serum. After three washes with medium,
the cells were incubated at 37 °C for the periods indicated in 1 ml of medium
containing 10% (v/v) DFP-treated calf serum with (®) or without (O)
thapsigargin (30 ng/ml; 46.1 nM). IL-6 concentrations in the conditioned
medium were determined by ELISA. Values are the means from four samples
with S.E.M. shown by vertical bars. Statistical significance: *** P<0.001 vs.
corresponding control.
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Table 1
Effects of various concentrations of thapsigargin on interleukin-6 production
by rat peritoneal macrophages

Treatment Concentration (nM) IL-6 (ng/dish)
Thapsigargin 0 0.05+0.01
4.61 0.11 £0.01*
46.1 0.34 +0.02°
461.1 0.41 +0.03°

Rat peritoneal macrophages (1.5 x 10° cells) were incubated at 37 °C for 8 h
in 1 ml of medium containing 10% (v/v) DFP-treated calf serum and the
indicated concentrations of thapsigargin. IL-6 concentrations in the con-
ditioned medium were determined by ELISA. Values are the means with
S.E.M. from four samples.

# P<0.05 vs. control.

® P<0.001 vs. control.

be quantified. PCR primers for rat GAPDH were described
by Robbins and McKinney (1992). The primers used were
(forward) 5 -TGATGACAAGAAGGTGGTGAAG-3', and
(reverse) 5’ -TCCTTGGAGGCCATGTAGGCCAT-3',
which amplify a 240 base pair GAPDH fragment. PCR was
performed for 27 cycles, each cycle consisted of 30 s de-
naturation at 94 °C, 1 min annealing at 57 °C, and 2 min ex-
tension at 72 °C. Other conditions were the same as for
interleukin-6 mRNA. After PCR, 10 pl of the reaction mix-
ture was loaded onto a 1.5% agarose mini-gel, and the PCR
products were visualized by ethidium bromide staining after
electrophoresis. The levels of mRNA for interleukin-6 and
GAPDH were quantified by scanning densitometry, and the
ratio of the interleukin-6 mRNA density vs. the GAPDH
mRNA density at each point was calculated.

2.8. Measurement of prostaglandin E,

The conditioned medium was centrifuged at 1500 x g
and 4 °C for 5 min. Prostaglandion E, concentrations in
the supernatant fraction were measured by a radioimmuno-
assay (Ohuchi et al., 1985). Prostaglandin E, antiserum was
purchased from PerSeptive Diagnostics, Cambridge, MA,
USA.

2.9. Measurement of cell-associated PAF

After partial purification of PAF from the total lipid frac-
tion of the cells or from the conditioned medium using an
immunoaffinity mini-column (Watanabe et al., 1992), PAF
contents were measured using a commercially available kit
(Platelet Activating Factor ['?’TJRIA Kit, DuPont NEN
Reserch Products) as described previously (Watanabe et al.,
1992).

2.10. Statistical significance
Results were analyzed for statistical significance by

Dunnett’s test for multiple comparison and Student’s -test
for unpaired observations.

3. Results

3.1. Effects of thapsigargin on the interleukin-6 mRNA level
and interleukin-6 production

Time-course changes in the accumulation of interleukin-
6 mRNA and production of interleukin-6 by rat peritoneal
macrophages in the presence or absence of thapsigargin (30
ng/ml, 46.1 nM) were examined. In the presence of thapsi-
gargin, the interleukin-6 mRNA level was increased in a
time dependent manner, reaching a maximum at 4 h, and
declined thereafter until 24 h. Levels of GAPDH mRNA did
not change during the incubation period (Fig. 1A). In the
absence of thapsigargin, no prominent change in the inter-
leukin-6 mRNA level was observed before 24 h (Fig. 1A).
When the cells were examined after a 4-h incubation with
thapsigargin, the interleukin-6 mRNA level was found to
increase in a concentration-dependent manner at 4.61—
461.1 nM (data not shown). Interleukin-6 concentrations
in the conditioned medium of thapsigargin-stimulated mac-
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Fig. 2. Effects of various concentrations of SK&F 98625 on thapsigargin-
induced increases in the interleukin-6 mRNA level and interleukin-6 pro-
duction by rat peritoneal macrophages. (A) Rat peritoneal macrophages
(1.5 x 107 cells) were incubated at 37 °C for 4 h in 10 ml of medium con-
taining 10% (v/v) DFP-treated calf serum in the presence or absence of
thapsigargin (30 ng/ml, 46.1 nM) and the indicated concentrations of SK&F
98625. Total RNA was extracted and RT-PCR for interleukin-6 (IL-6)
mRNA and GAPDH mRNA was performed. The results shown are re-
presentative of three separate experiments. (B) Rat peritoneal macrophages
(1.5 x 10° cells) were incubated at 37 °C for 8 h in 1 ml of medium
containing 10% (v/v) DFP-treated calf serum in the presence or absence of
thapsigargin (30 ng/ml, 46.1 nM) and the indicated concentrations of SK&F
98625. IL-6 concentrations in the conditioned medium were determined by
ELISA. Values are the means from four samples with S.E.M. shown by
vertical bars. Statistical significance: * P<0.05, *** P<0.001 vs. thapsi-
gargin control.
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Fig. 3. Effects of SK&F 98625 on thapsigargin-induced production of
prostaglandin E, and cell-associated PAF by rat peritoneal macrophages.
Rat peritoneal macrophages (6.0 x 10° cells) were incubated at 37 °C for 10
min in 4 ml of medium containing 10% (v/v) DFP-treated calf serum in the
presence or absence of thapsigargin (30 ng/ml, 46.1 nM) and the indicated
concentrations of SK&F 98625. The levels of prostaglandin E, (PGE,) in
the conditioned medium (A) and cell-associated PAF (B) were determined
as described in Sections 2.8 and 2.9, respectively. Values are the means
from four samples with S.E.M. shown by vertical bars. Statistical sig-
nificance: *** P<0.001 vs. thapsigargin control.

rophages were increased time-dependently with significant
increases detected at 4, 8 and 24 h (Fig. 1B). The amount of
interleukin-6 in the conditioned medium at 8 h were in-
creased by thapsigargin in a concentration-dependent man-
ner at 4.61-461.1 nM (Table 1).

3.2. Effects of SK&F 98625, a CoA-independent trans-
acylase inhibitor, on the thapsigargin-induced increase in
the interleukin-6 mRNA level and interleukin-6 production

Treatment with SK&F 98625 (0.3—10 pM) inhibited
both the thapsigargin (46.1 nM)-induced increase in the
interleukin-6 mRNA level at 4 h (Fig. 2A) and the inter-
leukin-6 production at 8§ h in a concentration-dependent
manner (Fig. 2B). These findings suggested that CoA-
independent transacylase is an enzyme involved in the
increased interleukin-6 mRNA level and interleukin-6 pro-
duction in thapsigargin-stimulated rat peritoneal macro-
phages.

3.3. Effects of SK&F 98625 on thapsigargin-induced
production of prostaglandin E, and cell-associated PAF

After a 10-min incubation with SK&F 98625 (0.3—-10
uM), the thapsigargin (46.1 nM)-induced production of
prostaglandin E, and cell-associated PAF was suppressed
in a concentration-dependent manner (Fig. 3). The amounts
of PAF in the conditioned medium were less than the detect-
able limit (<1.0 pmol/ml). These findings suggested that
the concurrently produced prostaglandin E, and cell-asso-
ciated PAF participate in the thapsigargin-induced up-regu-
lation of the interleukin-6 mRNA level and interleukin-6
production.

3.4. Effects of E6123 and L-652,731, PAF receptor anta-
gonists, on the thapsigargin-induced increase in the inter-
leukin-6 mRNA level and interleukin-6 production

To clarify the role of the concurrently produced cell-
associated PAF in the thapsigargin-induced increase in the

A

IL-6 mANA > [ ————
GAPDH mANA >

E6123 (UM) o 0 0.1 1 10
Thapsigargin (46.1 nM)
B

0.4 -
= 2 ..
[72]
2
‘a‘ AN
£ 0.2+
w
=

1

0
E6123 (uM) 0 0 0.1 1 10
Thapsigargin (46.1 nM)

Fig. 4. Effects of various concentrations of E6123 on thapsigargin-induced
increases in the interleukin-6 mRNA level and interleukin-6 production by rat
peritoneal macrophages. (A) Rat peritoneal macrophages (1.5 x 107 cells)
were incubated at 37 °C for 4 h in 10 ml of medium containing 10% (v/v)
DFP-treated calf serum in the presence or absence of thapsigargin (30 ng/ml,
46.1 nM) and the indicated concentrations of E6123. Total RNA was
extracted and RT-PCR for interleukin-6 (IL-6) mRNA and GAPDH mRNA
was performed. The results shown are representative of three separate ex-
periments. (B) Rat peritoneal macrophages (1.5 x 10° cells) were incubated
at 37 °C for 8 h in 1 ml of medium containing 10% (v/v) DFP-treated calf
serum in the presence or absence of thapsigargin (30 ng/ml, 46.1 nM) and the
indicated concentrations of E6123. IL-6 concentrations in the conditioned
medium were determined by ELISA. Values are the means from four samples
with S.E.M. shown by vertical bars. Statistical significance: *** P<0.001 vs.
thapsigargin control.
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Fig. 5. Effects of various concentrations of L-652,731 on thapsigargin-
induced increases in the interleukin-6 mRNA level and interleukin-6 pro-
duction by rat peritoneal macrophages. (A) Rat peritoneal macrophages
(1.5 x 107 cells) were incubated at 37 °C for 4 h in 10 ml of medium
containing 10% (v/v) DFP-treated calf serum in the presence or absence of
thapsigargin (30 ng/ml, 46.1 nM) and the indicated concentrations of L-
652,731. Total RNA was extracted and RT-PCR for interleukin-6 (IL-6)
mRNA and GAPDH mRNA was performed. The results shown are re-
presentative of three separate experiments. (B) Rat peritoneal macrophages
(1.5 x 10° cells) were incubated at 37 °C for 8 h in 1 ml of medium
containing 10% (v/v) DFP-treated calf serum in the presence or absence of
thapsigargin (30 ng/ml, 46.1 nM) and the indicated concentrations of L-
652,731. IL-6 concentrations in the conditioned medium were determined
by ELISA. Values are the means from four samples with S.E.M. shown by
vertical bars. Statistical significance: ** P<0.01, *** P<0.001 vs. thap-
sigargin control.

interleukin-6 mRNA level and interleukin-6 production, the
effects of the PAF receptor antagonists E6123 and L-
652,731 were examined. E6123 at 1 and 10 uM partially
inhibited the thapsigargin (46.1 nM)-induced increase in the
interleukin-6 mRNA level at 4 h (Fig. 4A) and interleukin-6
production at 8 h (Fig. 4B). L-652,731 at 1 and 10 pM also
partially inhibited the increase in the interleukin-6 mRNA
level at 4 h and interleukin-6 production at 8 h (Fig. 5).
These findings suggested that the concurrently produced
cell-associated PAF is partially involved in thapsigargin-
induced increases in the interleukin-6 mRNA level and
interleukin-6 production.

3.5. Effects of exogenously added prostaglandin E, on
SK&F 98625-induced suppression of the interleukin-6
mRNA level and interleukin-6 production in thapsigargin-
stimulated macrophages

To clarify the role of the concurrently produced pros-
taglandin E, in thapsigargin-induced increases in interleu-

kin-6 mRNA level and interleukin-6 production, the effects
of exogenously added prostaglandin E, on SK&F 98625-
induced suppression of the interleukin-6 mRNA level and
interleukin-6 production in thapsigargin-stimulated macro-
phages were examined. Treatment with 10 uM of SK&F
98625 reduced the thapsigargin (46.1 nM)-induced increase
in prostaglandin E, production to the control level (Fig. 3B).
Exogenously added prostaglandin E, (1-100 nM) reversed
the SK&F 98625-induced suppression of the interleukin-6
mRNA level at 4 h (Fig. 6A), and interleukin-6 production
at 8 h in a concentration-dependent manner (Fig. 6B). These
findings suggested that the concurrently produced prosta-
glandin E, up-regulates the interleukin-6 mRNA level and
interleukin-6 production in hapsigargin-stimulated rat peri-
toneal macrophages.
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Fig. 6. Effects of exogenously added prostaglandin E, on SK&F 98625-
induced suppression of thapsigargin-induced increases in the interleukin-6
mRNA level and interleukin-6 production by rat peritoneal macrophages. (A)
Rat peritoneal macrophages (1.5 x 107 cells) were incubated at 37 °C for 4 h
in 10 ml of medium containing 10% (v/v) DFP-treated calf serum in the
presence or absence of thapsigargin (30 ng/ml, 46.1 nM), SK&F 98625 (10
uM) and the indicated concentrations of prostaglandin E, (PGE,). Total RNA
was extracted and RT-PCR for interleukin-6 (IL-6) mRNA and GAPDH
mRNA was performed. The results shown are representative of three separate
experiments. (B) Rat peritoneal macrophages (1.5 x 10° cells) were
incubated at 37 °C for 8 h in 1 ml of medium containing 10% (v/v) DFP-
treated calf serum in the presence or absence of thapsigargin (30 ng/ml, 46.1
nM), SK&F 98625 (10 uM) and the indicated concentrations of PGE,. IL-6
concentrations in the conditioned medium were determined by ELISA.
Values are the means from four samples with S.E.M. shown by vertical bars.
Statistical significance: *** P<0.001 vs. thapsigargin control and *P<0.05,
##p.<0.001 vs. thapsigargin plus SK&F 98625.
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3.6. Effects of exogenously added PAF on SK&F 98625-
induced suppression of the interleukin-6 mRNA level and
interleukin-6 production in thapsigargin-stimulated macro-
phages

Effects of exogenously added PAF on the SK&F
98625-induced suppression of the interleukin-6 mRNA
level and interleukin-6 production in thapsigargin-stimu-
lated macrophages were examined. Exogenously added
PAF (1-100 nM) did not reverse the SK&F 98625-in-
duced suppression of the interleukin-6 mRNA level at 4 h
(Fig. 6A), and interleukin-6 production at 8 h (Fig. 6B).
Furthermore, exogenously added PAF (1-100 nM) by
itself did not induce interleukin-6 production (data not
shown). These findings suggested that cell-associated PAF
produced by thapsigargin treatment does not act to pro-
duce interleukin-6 by an autocrine mechanism. Therefore,
the cell-associated PAF might play a significant role as an
intracellular signaling molecule in interleukin-6 produc-
tion.

3.7. Effects of indomethacin on the thapsigargin-induced
production of prostaglandin E,, cell-associated PAF and
interleukin-6, and increase in the interleukin-6 mRNA level

After a 10-min incubation with indomethacin (0.01—1
uM), the thapsigargin (46.1 nM)-induced production of
prostaglandin E, was inhibited, while the thapsigargin-in-
duced production of cell-associated PAF was further poten-
tiated in a concentration-dependent manner (Table 2). The
amounts of PAF in the conditioned medium were less than
the detectable limit (< 1.0 pmol/ml). Indomethacin (0.01—1
pM) did not affect the thapsigargin-induced production of
interleukin-6 or increase in the interleukin-6 mRNA level

(Fig. 8).

Table 2
Effects of indomethacin on thapsigargin-induced production of prostaglan-
din E, and cell-associated PAF by rat peritoneal macrophages

Treatment PGE, (ng/dish)  PAF (pmol/6 x 10° cells)
None 2.78 £ 0.05* 2.22 +0.89°
Thapsigargin (46.1 nM) 71.11 £ 4.44 30.00 +£2.22
+Indomethacin (0.01 pM)  61.67 + 6.67% 35.56 +2.78°
+Indomethacin (0.1 uM) 40.78 £ 3.337 45.56 + 3.00°
+Indomethacin (1 pM) 8.89+1.44°  61.11 £233°

Rat peritoneal macrophages (6.0 x 10° cells) were incubated at 37 °C for 10
min in 4 ml of medium containing 10% (v/v) DFP-treated calf serum in the
presence or absence of thapsigargin (30 ng/ml, 46.1 nM) and the indicated
concentrations of indomethacin. The levels of prostaglandin E, (PGE,) in
the conditioned medium and cell-associated PAF were determined as des-
cribed in Sections 2.8 and 2.9, respectively. Values are the means from four
samples with S.E.M. shown by vertical bars.

? P<0.001 vs. thapsigargin.

® P<0.05 vs. thapsigargin.

¢ P<0.01 vs. thapsigargin.

4. Discussion

In rat peritoneal macrophages, we reported that treatment
with thapsigargin increases the release of arachidonic acid
(Ohuchi et al., 1988), production of prostaglandin E,
(Ohuchi et al., 1987), cell-associated PAF (Watanabe et
al., 1995) and secretion of tumor necrosis factor-o. (Yamada
et al., 1998). It has also been reported that thapsigargin
treatment increases the production of interleukin-6 in mouse
peritonreal macrophages (Bost and Mason, 1995). There-
fore, in this study, we pharmacologically analyzed the role
of the concurrently produced prostaglandin E, and cell-as-
sociated PAF in thapsigargin-stimulated production of inter-
leukin-6. It was demonstrated that treatment with SK&F
98625, a CoA-independent transacylase inhibitor, inhibited
thapsigargin-induced production of interleukin-6 (Fig. 2),
prostaglandin E, and cell-associated PAF in a concentration-
dependent manner (Fig. 3). Winkler et al. (1995) also re-
ported that SK&F 98625 inhibits production of prostaglan-
din E, and PAF in A23187-stimulated human neutrophils.
In addition, PAF receptor antagonists such as E6123 (an
analog of triazolobenzodiazepine) and L-652,731 (an analog
of tetrahydrofuran) partially inhibited the thapsigargin-in-
duced interleukin-6 production (Figs. 4 and 5). However,
under the suppression of intracellular PAF production by
SK&F 98625, exogenously added PAF could not reverse the
SK&F 98625-induced suppression of interleukin-6 produc-
tion (Fig. 7). In contrast, exogenously added prostaglandin
E, (1-100 nM) partially reversed the SK&F 98625-induced
suppression of interleukin-6 production in thapsigargin-sti-
mulated macrophages (Fig. 6). Enhancement of interleukin-
6 production by prostaglandin E, has also been reported in
macrophages and fibroblasts (Agro et al., 1996; Hinson et
al., 1996). In this study, we showed that the CoA-independ-
ent transacylase inhibitor SK&F 98625 inhibited the thap-
sigargin-induced increase in the production of interleukin-6
by lowering the level of interleukin-6 mRNA (Fig. 2). These
findings suggested that thapsigargin-induced production of
interleukin-6 is up-regulated by concurrently produced cell-
associated PAF and prostaglandin E,. However, we previ-
ously reported that thapsigargin-induced production of tumor
necrosis factor-a is up-regulated by concurrently produced
cell-associated PAF and down-regulated by prostaglandin E,
(Yamada et al., 1999). Therefore, the mechanism of regu-
lation for the thapsigargin-induced interleukin-6 production
is different from that of the thapsigargin-induced tumor nec-
rosis factor-a production.

As shown in Figs. 4 and 5, the PAF receptor antagonists
partially inhibited the thapsigargin-induced interleukin-6
production. However, the concentrations of these antago-
nists required for the inhibition of interleukin-6 production
(1-10 pM) were higher than those required for the inhib-
ition against exogenous PAF (Watanabe et al., 1994). These
findings suggested the possibility that the target of these
PAF receptor antagonists for the inhibition of interleukin-6
production is not the PAF receptor on the cell surface.
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Fig. 7. Effects of exogenously added PAF on SK&F 98625-induced sup-
pression of thapsigargin-induced increases in the interleukin-6 mRNA level
and interleukin-6 production by rat peritoneal macrophages. (A) Rat pe-
ritoneal macrophages (1.5 x 107 cells) were incubated at 37 °C for 4 h in 10
ml of medium containing 10% (v/v) DFP-treated calf serum in the presence
or absence of thapsigargin (30 ng/ml, 46.1 nM), SK&F 98625 (10 pM) and
the indicated concentrations of PAF. Total RNA was extracted and RT-PCR
for interleukin-6 (IL-6) mRNA and GAPDH mRNA was performed. The
results shown are representative of three separate experiments. (B) Rat
peritoneal macrophages (1.5 x 10 cells) were incubated at 37 °C for 8 hin 1
ml of medium containing 10% (v/v) DFP-treated calf serum in the presence
or absence of thapsigargin (30 ng/ml, 46.1 nM), SK&F 98625 (10 uM) and
the indicated concentrations of PAF. IL-6 concentrations in the conditioned
medium were determined by ELISA. Values are the means from four sam-
ples with S.E.M. shown by vertical bars. Statistical significance: *** P <
0.001 vs. thapsigargin control.

As to the role of cell-associated PAF, Stewart and Phillips
(1989) speculated that PAF acts as an intracellular messen-
ger for eicosanoid production in guinea-pig peritoneal mac-
rophages. Miiller and Nigam (1992) also suggested that PAF
produced in human neutrophils reacts with intracellular PAF
binding sites to activate phospholipase A,. In addition, dis-
tinct PAF binding sites in plasma membranes and in mi-
crosomal membranes were identified in rat cerebral cortex
(Marcheselli et al., 1990). Therefore, in thapsigargin-stimu-
lated macrophages, the cell-associated PAF might bind to
intracellular binding sites and induce signal transduction
which stimulates production of interleukin-6. In this respect,
we are currently attempting to clarify the action mechanism
of the cell-associated PAF.

As to the action of exogenously added PAF, it has been
reported that the binding of exogenous PAF to its cell sur-
face receptor stimulates gene expression of c-fos and c-Jun
in rabbit corneal epithelial cells (Bazan et al., 1993), and in-
duces activation of nuclear factor kB (NF-xkB) in stably trans-

fected Chinese hamster ovary cells expressing the PAF
receptor (Kravchenko et al., 1995). The interleukin-6 gene
includes sequences similar to the NF-xB enhancer (Yoshida
et al.,, 1999). Therefore, it is likely that exogenous PAF
induces gene expression of interleukin-6. However, in our
present study, exogenously added PAF to the rat peritoneal
macrophage cultures in the absence of thapsigargin (46.1 nM)
did not induce interleukin-6 production even at concentra-
tions up to 100 nM (data not shown). Furthermore, the
addition of PAF did not reverse the SK&F 98625-induced
suppression of interleukin-6 production (Fig. 7). In this study,
the macrophages were incubated in medium containing DFP-
treated serum lacking PAF acetylhydrolase activity, thus it is
unlikely that exogenously added PAF was metabolized to
lyso-PAF, a biologically inactive form. Therefore, our find-
ings strongly suggested that concurrently produced cell-
associated PAF acts as an intracellular signaling molecule
for the induction of interleukin-6 production probably
through the activation of NF-«B. It is possible that not only
the NF-xB activation by cell-associated PAF, but also the NF-
IL6 (CCAAT/enhancer-binding protein; C/EBPJ) activation

GAPDH mRNA —
Indomethacin (puM)

L6 meNA >
[(S———— —

0 0 0.01 0.1 1
Thapsigargin (46.1 nM)

IL-6 (ng/dish)
o
N
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Fig. 8. Effects of various concentrations of indomethacin on thapsigargin-
induced increases in the interleukin-6 mRNA level and interleukin-6 pro-
duction by rat peritoneal macrophages. (A) Rat peritoneal macrophages
(1.5 % 107 cells) were incubated at 37 °C for 4 h in 10 ml of medium
containing 10% (v/v) DFP-treated calf serum in the presence or absence of
thapsigargin (30 ng/ml, 46.1 nM) and the indicated concentrations of
indomethacin. Total RNA was extracted and RT-PCR for interleukin-6 (IL-
6) mRNA and GAPDH mRNA was performed. The results shown are
representative of three separate experiments. (B) Rat peritoneal macro-
phages (1.5 x 10° cells) were incubated at 37 °C for 8 h in 1 ml of medium
containing 10% (v/v) DFP-treated calf serum in the presence or absence of
thapsigargin (30 ng/ml, 46.1 nM) and the indicated concentrations of in-
domethacin. IL-6 concentrations in the conditioned medium were de-
termined by ELISA. Values are the means from four samples with S.E.M.
shown by vertical bars. Statistical significance: *** P<0.001 vs. thap-
sigargin control.
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by prostaglandin E, participates in the thapsigargin-induced
interleukin-6 production, because the interleukin-6 promoter
gene possesses the NF-IL6 binding site (Shimizu et al., 1990;
Galien et al., 1996; Akira, 1997). It is also possible that the
concurrently produced tumor necrosis factor-o. up-regulates
interleukin-6 production. However, Kiehntopf et al. (1995)
reported that NF-IL6 activation is required for tumor nec-
rosis factor-a-inducible expression of the granulocyte co-
lony-stimulating factor (G-CSF), but not the granulocyte/
marophage CSF (GM-CSF) or interleukin-6 gene in human
fibroblasts.

As shown in Fig. 8, the cyclooxygenase inhibitor indo-
methacin had no significant effect on thapsigargin-induced
interleukin-6 production. We previously reported that the
cyclooxygenase inhibitors suppress prostaglandin E, pro-
duction but enhance cell-associated PAF production (Wata-
nabe et al., 1995) as shown in Table 2. Therefore, the lack of
effect on thapsigargin-induced interleukin-6 production by
indomethacin might be due to the fact that although indo-
methacin potentiates the production of cell-associated PAF
which leads to an up-regulation of interleukin-6 production,
this effect is offset by the decreased up-regulation resulting
from the reduced prostaglandin E, production.

In conclusion, our findings suggest that concurrently
produced cell-associated PAF and prostaglandin E, up-regu-
late thapsigargin-induced interleukin-6 production. Cell-
associated PAF does not act by an autocrine mechanism,
but may act as an intracellular signaling molecule for inter-
leukin-6 production. The PAF receptor antagonists might pe-
netrate into the cells, thus compete with concurrently pro-
duced cell-associated PAF to inhibit thapsigargin-induced
interleukin-6 production. Further study is necessary to clarify
the action mechanism of cell-associated PAF.
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