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Abstract

To know which receptors of prostaglandins are involved in the regulation of TNFa and interleukin 10 (IL-10) production, we examined
the production of these cytokines in murine peritoneal macrophages stimulated with zymosan. The presence of PGE2 or the PGI2 analog
carbacyclin in the medium reduced the TNFa production to one-half, whereas IL-10 production increased several fold; and indomethacin
caused the reverse effects, suggesting that endogenous prostaglandins may have a regulatory effect on the cytokine production. Among
prostaglandin E (EP) receptor-selective synthetic agonists, EP2 and EP4 agonists caused down-regulation of the zymosan-induced TNFa
production, but up-regulation on the IL-10 production; while EP1 and EP3 agonists showed no effect. Macrophages harvested from
prostaglandin I (IP) receptor-deficient mice showed the up- and down-regulatory effects on the cytokine production by the EP2 and EP4
agonists or PGE2, but no effect was obtained by carbacyclin. On the contrary, macrophages from EP2-deficient mice showed the effect by
PGE2, carbacyclin, and the EP4 agonist, but not by the EP2 agonist; and the cells from EP4-deficient mice showed the effect by PGE2,
carbacyclin, and EP2 agonist, but not by the EP4 agonist. These functional effects of prostaglandins well accorded with the mRNA
expression of TNFa and IL-10 when such expression was examined by the RT-PCR method. The peritoneal macrophages from normal mice
expressed IP, EP2, and EP4 receptors, but not EP1 and EP3, when examined by RT-PCR. Thus the results suggest that PGI2 and PGE2
generated simultaneously with cytokines by macrophages treated with zymosan may influence the cytokine production through IP, EP2, and
EP4 receptors. © 2001 Elsevier Science Inc. All rights reserved.
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1. Introduction

Prostaglandins are well-known modulators of biological
functions, such as body-defense mechanisms against infec-

tions or trauma [1,2]. It has been reported that cytokine
production at an inflammatory site may lead to the induction
of particular enzymes and receptors for inflammatory me-
diators including those for eicosanoids [3] and that eico-
sanoids in turn act to co-operate with other mediators to
cause an enhanced inflammatory reaction [4]. Prostaglan-
dins modulate further cytokine production by increasing the
intracellular cAMP level [5]. We reported earlier that
TNFa, IL-1, IL-6, and CINC (cytokine-induced neutrophil
chemoattractant) were sequentially produced in the exu-
dates of rats with carrageenin-induced and zymosan-in-
duced pleurisy during the early stage of pleurisy [6–7].
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These chemokines in the inflammatory site cause further
chemotaxis to attract granulocytes and monocytes, and then
migrating leukocytes in turn produce further cytokines and
other mediators [7–8]. As therapeutic agents, non-steroidal
anti-inflammatory drugs have been used as remedies for
these inflammatory diseases, but several reports including
ours have warned that indomethacin increased the produc-
tion of pro-inflammatory cytokines, such as TNFa and IL-1,
but suppressed that of IL-6 and IL-8 in the inflammatory
exudates, and that the addition of PGE2 or PGI2 reversed
these effects [9].

Furthermore, the production of TNFa and IL-1 by rat
leukocytes was found to be related inversely to the content
of cAMP in the cells; and treatment with phosphodiesterase
inhibitors significantly suppressed the production of these
cytokines [10]. However, the receptors on the cells that may
have caused these effects have not yet been precisely iden-
tified. In a previous paper we demonstrated that PGE1,
PGE2, and PGI2 almost equally regulated the cytokine pro-
duction in rat resident pleural cells [10].

Because IP, EP2 and EP4 receptor stimulation is known
to increase cAMP level, while EP1 receptor relates to phos-
phoinisitide turnover, and EP3 stimulation may decrease
cAMP level [11], in this present study, therefore, we intend
to clarify which prostaglandin receptors would contribute to
the essential regulating action on cytokine production by
using some selective synthetic agonists for EP receptors
[12] and prostaglandin receptor-deficient mice, i.e. IP, EP2,
and EP4 receptor-deficient mice [13–14].

2. Materials and methods

2.1. Agents

Carbacyclin (Biomol Res.), prostaglandin E2 (Cayman
Chem. Co.,) dibutyryl cyclic AMP (Sigma), pentoxyfilline
(Sigma), indomethacin (Sigma), H89 dihydrochloride (Cal-
biochem.), recombinant murine IL-10 (Biosource Interna-
tional), RPMI medium (Life Technologies), and thioglycol-
late (Difco Labs.) were purchased. Anti mouse IL-10 (rat
IgG1, Endogen) was also purchased, and anti mouse TNFa
was a kind gift from Professor Screiber [15]. EP subtype
agonists, Ono-DI-004 (EP1 agonist), OnoAE1-257 (EP2
agonist), Ono-AE1-248 (EP3 agonist), and Ono-AE1-329
(EP4 agonist), were prepared by Ono Pharmaceutical Co.
[12].

2.2. Animals and peritoneal cell collection

Male and female C57BL/6 mice were purchased from
Japan SLC, IP receptor-deficient mice [14] and EP2 recep-
tor-deficient ones [16] were prepared as described previ-
ously, and back crossed over at least six generations to
C57BL/6. The EP4 receptor knock out mice used in this
experiment had a mixed genetic background of 129sv/ola

and C57BL/6 mice, because all the EP4 knock-out mice
born from the back-crossed parents died within 2 days after
birth from patent ductus arteriosus [17].

2.3. Macrophage collection

Adherent macrophages were prepared from the perito-
neal exudate cells of mice that had received thioglycollate
medium (1 mL for 20 g body weight) 4 days before, as
follows: the peritoneal cells obtained from 3–4 mice were
mixed and seeded into 24-well plates (Falcon, Becton Dick-
inson and Co.) at the density of 106 cells in 1 mL RPMI
medium per well. After a 2-hr incubation in a CO2-incuba-
tor, the supernatants and non-adherent cells were discarded;
and the adherent cells, over 90% macrophages, were used
for the experiments. The cells were preincubated in RPMI
for 20 min and then opsonized zymosan (prepared as de-
scribed previously [18] was added, after which the cells
were incubated for 2, 5, 16, and 24 hr. In some wells
prostaglandins and agents were added during the preincu-
bation. After the desired incubation time had passed, the
medium of each well was collected for measurement of
cytokines and prostaglandins, and stored at270° until an-
alyzed.

2.4. Detection of prostaglandin receptors

The adherent cells were used for extraction of RNA to
detect mRNA of prostaglandin receptors by the reverse
transcriptase-polymerase chain reaction (RT-PCR) using
the following probes [14,16,17]: IP receptor primers used
were 59-CCTGCAGTGTTTGTGGCCTATGCTCGAAAC-39
and 59-CTGCTGTCTGGGGCGATGGCCTGAGTGAAG39;
EP1 primers were 59-ACCCTGCATCCTGAGCAGCACT-
GGCCCTCT-39 and 59-CGATGGCCAACACCACCAA-
CACCAGCAGGG-39; EP2 primers were 59-TTCATATT-
CAAGAAACCAGACCCTGGC39 and 59-AGGGAAGAG-
GTTTCATCCATGTAGGCAAAG-39; EP3 primers were
59-ATCCTCGTGTACCTGTCACAGCGACGCTGG-39
and 59-TGCTCAACCGACATCTGATTGAAGATCATT-
39, and EP4 primers were 59-CGTAGTATTGTGCAAGTC-
GC-39 and 59-GGCGATGAGTAAGATGACCA-39. The
RT-PCR was performed using a SuperScript preamplifica-
tion system (Life Technologies), according to the manufac-
turer’s instructions, with 1mg of total RNA from macro-
phages used as a template. Equal amounts of each RT
product were amplified by PCR with Taq polymerase (Life
Technologies) for 30 cycles consisting of 30 sec each at 94°,
56°, and 72°. The amplified cDNA fragments were resolved
electrophoretically on 2% (w/v) agarose gels and visualized
by staining with ethidium bromide.

2.5. Assay for TNFa and IL-10

Assays were performed with commercial ELISA kits for
TNFa and IL-10 (Biosource).
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2.6. Detection of mRNA for TNFa and IL-10

RNA was extracted as the same way as that for the
receptor detection (section 1–4) from the macrophage cul-
tures after a 5-hr incubation. The RT-PCR was carried out
in the same way as described in the above section, and the
primers used were 59-TCCGCTTCTCCGCTGCCA-39 and
59-CACCTTTGTGTCTGGGACCT-39 for TNFa and 59-
CTTCAGCCAGGTGAAGAC-39 and 59-TGGAGTCCAG-
CAGACTCAAT-39 for IL-10; and they were purchased
from Amersham Pharmacia Biotech. The annealing temper-
ature for TNFa was 56°; and that for IL-10, 59°.

2.7. Assay for prostaglandins

PGE2 and 6-keto-PGF1a in the incubation mixture were
assayed by the use of ELISA kits (Cayman), after purifica-
tion by SEP-pak isolation, as described previously [20].

3. Results

3.1. Production of TNFa and IL-10 in murine peritoneal
macrophages in response to zymosan, and effects of
prostaglandins and cAMP

Thioglycollate-elicited peritoneal macrophages obtained
from C57BL/6 mice produced significant amounts of TNFa
and IL-10 in response to zymosan dose- and incubation

time-dependently. The amounts of both cytokines produced
by macrophages (106/mL) linearly increased with the dose
of zymosan (Fig. 1A). The time course of TNFa production
showed a plateau after 5 hr, whereas IL-10 increased grad-
ually up to 16 hr and then decreased slightly by 24 hr (Fig.
1B).

The prostacyclin analog carbacyclin and PGE2 signifi-
cantly decreased TNFa and increased IL-10; and pentoxy-
filline, which is an inhibitor of phosphodiesterases, and
dibutyryl cAMP dose-dependently decreased TNFa and in-
creased IL-10 (Fig. 2). On the contrary, indomethacin in-
creased TNFa and decreased IL-10 significantly. The pres-
ence of exogenous PGE2 or carbacyclin with zymosan
stimulation reduced the amount of TNFa approximately to
one-half, while either of them increased the amount of
interleukin-10 several fold. These features are similar to
those reported by us for rat macrophages [9], and by others
for murine or human leukocytes [5,15]. The involvement of
A-kinase in cytokine regulation was proved by an experi-
ment with the A-kinase inhibitor H89. As shown in Table 1,
H89 (30mM) mostly reversed the effects of carbacyclin and
PGE2 on the down-regulation of TNFa production and
up-regulation of IL-10 production.

3.2. Prostaglandins produced by macrophages in
response to zymosan

According to the results of a previous study [21], 6-keto-
PGF1a and PGE2 were the major prostaglandins produced

Fig. 1. Concentration-response relationships of zymosan in the production of TNFa (closed squares) and interleukin-10 (open squares) over a 5-hr incubation
(A), and time course of the cytokine production (B) of murine peritoneal macrophages treated with zymosan. (A) Thioglycollate medium-elicited peritoneal
murine macrophages pooled from 3–4 C57 BL/6 mice were stimulated with a zymosan suspension of 0, 125, 250, or 500mg/mL/106 cells for 5 hr. TNFa
and IL-10 in the medium were then assayed. Data are the means with SEM of 3 independent experiments. In B, macrophages were incubated with zymosan
at the concentration of 500mg/mL/106 cells, and the supernatants of the incubation medium were collected at the indicated times to measure TNFa (closed
symbols) and IL-10 (open symbols). Data are the means with SEM of 3 to 5 independent experiments.
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by macrophages; therefore we measured their levels and
time course in zymosan-stimulated macrophages, as shown
in Fig. 3. We also measured prostaglandins in the samples
from IP receptor-deficient mice (Fig. 3) and found no dif-
ference with those from the wild-type mice, confirming our
previous study, in which we had found no difference in the
prostaglandin production by resident peritoneal macro-
phages from IP receptor-deficient and its wild-type mice
during the acetic acid-induced writhing reaction [14]. As
seen in Fig. 3, 6-keto-PGF1a almost reached its plateau at 5
hr, and PGE2 was still increasing at 16 hr; and both levels
reached the level (approximately 0.1mM) that could affect
cytokine production by 16 hr.

3.3. Effect of synthetic agonists for EP receptor on the
zymosan-induced cytokine production

As shown in Fig. 4, EP2 agonist and EP4 agonist as well
as PGE2 and carbacyclin showed dose-related and signifi-
cant up-regulation of IL-10, and down-regulation of TNFa
production. However, EP1 and EP3 agonists had no signif-
icant effect, suggesting that PGE2 may exert its regulatory
effect on cytokine production through its EP-receptor sub-
types EP2 and EP4.

3.4. Expression of PG receptors on the macrophages

The RT-PCR method clearly demonstrated the presence
of mRNA for IP, EP2, and EP4 receptors on the murine
peritoneal macrophages, but no significant band was found
for EP1 or EP3 receptors (Fig. 5).

3.5. Cytokine production and effect of IP and EP agonists
on macrophages obtained from PG receptor-deficient
mice

The results for the cytokine production in IP receptor-,
EP2 receptor-, and EP4 receptor-deficient mice are shown in

Fig. 2. Effect of prostaglandins and agents that increase intracellular
cAMP. Macrophages were stimulated with zymosan (500mg/mL) in the
presence of the indicated concentrations of carbacyclin, PGE2, pento-
xiphylline (Ptx), dibutyryl cyclic AMP (dB), or indomethacin (IM) for 5 hr.
Data are shown as the means with SEM of 3–7 independent experiments,
expressed as a percent of those obtained with zymosan stimulation alone.
* and ** indicate that the measured values are statistically significantly
different atP , 0.05 andP , 0.01,respectively, from the value obtained
for zymosan alone, when calculated by 2-way analysis of variance and
evaluated with Dunett’s t-test.

Table 1
Effect of H89 on the regulation of zymosan-induced cytokine production
by prostaglandins

carbacyclin (1mM) PGE2 (1 mM)

H89 (30mM) 2 1 2 1

TNFa (%) 64.4 96.7 26.0 85.5
IL-10 (%) 122.9 84.5 230.6 110.9

The macrophages were stimulated for 5 hr with 500mg/mL zymosan in
the presence of carbacyclin or PGE2 with or without H89. Cytokines in the
medium were measured and expressed as a percent of each cytokine value
obtained with zymosan alone. Data represent those of a typical experiment.

Fig. 3. Prostaglandin production of macrophages during stimulation with
zymosan. Macrophages from IP receptor-deficient (KO) or wild-type mice
(WT) were incubated with zymosan in the absence or presence of 10mM
indomethaci (IM), in the same way as described in previous figures for 5
and 16 hr. PGE2 and 6-keto-PGF1a in the incubation medium were
measured with ELISA kits as described in the Methods section. Data are
the means with SEM of 4 independent experiments.
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Fig. 6. Macrophages collected from IP receptor-deficient
mice expressed the up- or down-regulatory effect by PGE2

and EP2 and EP4 agonists on their cytokine production, but
the production was not affected by carbacyclin. Macro-
phages harvested from EP2 receptor-deficient mice showed
the regulatory effect on the cytokines in the presence of EP4
agonist, PGE2, and carbacyclin, but no effect with the EP2
agonist. On the contrary, those cells from EP4 receptor-
deficient mice showed the effect with the EP2 agonist but
not with the EP4 agonist. However, they showed the effects
by PGE2 and carbacyclin. Thus, the above results all to-
gether indicate that PGI2 and PGE2 may cause down-regu-
lation of the TNFa production and up-regulation of IL-10

production via their receptors IP, EP2, and EP4, when
murine macrophages are stimulated with zymosan. The ef-
fects of indomethacin were not significant in these receptor-
deficient mice except for a slight effect in the EP4 deficient
ones, suggesting that the presence of any one of these
receptors may enough to cause the intrinsic regulation of the
cytokine production.

3.6. Effects of prostaglandin agonists on the expression of
TNFa and IL-10 mRNA

Fig. 7 shows RT-PCR results for TNFa and IL-10 ex-
pression in the macrophages incubated for 5 hr with zymo-
san in the presence of prostaglandin agonists. Zymosan
stimulation of macrophages caused clear expression of
RNA for TNFa (Fig. 7A), and slight expression for that of
IL-10 (Fig. 7B). Effects of indomethacin and the reverse
effect of dibutyryl cAMP were observed with all macro-
phage samples (i.e. WT, IP receptor-deficient, EP2 and EP4
receptor-deficient mice). The macrophages from IP recep-
tor-deficient mice lacked an effect of carbacyclin on TNFa
and IL-10 messages. In the case of EP2 receptor-deficient
macrophages, the effects of PGE2 and EP4 agonist (down-
regulation for TNFa and up-regulation of IL-10) were ob-
served, but no effect of EP2 agonist was found. The mac-
rophages obtained from EP4 receptor-deficient mice
manifested effects of PGE2 and EP2 agonist, but no effect of
the EP4 agonist. EP1 and EP3 agonists showed no effect on
any macrophages. These results well agree with the data for
the cytokine protein production assessed by the immunoas-
say (Fig. 6).

3.7. Interaction of TNFa and IL-10

As shown in Table 2, simultaneous addition of IL-10 (1
ng) with zymosan significantly suppressed the production of
TNFa. Furthermore, the presence of antibody to IL-10 in-
creased TNFa production dose-dependently, but antibody

Fig. 4. Effects of PGE2, carbacyclin, and EP receptor agonists on the
zymosan-stimulated production of TNFa and IL-10 by macrophages.
Mouse peritoneal macrophages were stimulated with zymosan for 5 hr
in the presence of the indicated concentrations of carbacyclin (Car),
PGE2 (E2), or EP1, EP2, EP3, or EP4 receptor agonist. Data are the
means with SEM of 4 independent experiments, and are expressed as a
percent of those obtained with zymosan stimulation alone. * and **
indicate that the measured values are statistically significantly different
at P , 0.05 andP , 0.01, respectively, from the value obtained for
zymosan alone, when calculated by 2-way analysis of variance and
evaluated with Dunett’s t-test.

Fig. 5. Expression of prostaglandin receptors on the murine peritoneal
macrophages. Total RNA was extracted from murine peritoneal macro-
phages as described in the section 2 and 1mg was subjected to RT-PCR
and electrophoresis.
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to TNFa did not show significant effect on IL-10 production
(data not shown). These results suggest that endogenously
produced IL-10 may probably partly down-regulate TNFa
production during the incubation with zymosan.

4. Discussion

In this experiment we found that opsonized zymosan
could stimulate the mouse peritoneal macrophages to pro-
duce TNFa and IL-10, and this result is consistent with
previous work showing that cytokines were produced in the
pleural cavity of rats during zymosan-induced pleurisy [7].
As for the time courses of production of TNFa and IL-10,
the onset of IL-10 production was slower than that of TNFa.
In considering the data of Table 2, 0.5 ng/mL of endogenous
IL-10 could inhibit TNFa production; however, at the early
phase, i.e. before 5 hr, the concentration of IL-10 was not

high enough to suppress TNFa production. At the later
phase, however, its concentration became high enough to
suppress TNFa. After 5 hr the level of TNFa was almost
constant; therefore a partial inhibitory effect of endogenous
IL-10 could explain this plateau.

The effects of PGE2, carbacyclin, pentoxyfilline, and
dibutyryl cAMP on the cytokine production (Fig. 2) are
consistent with previous findings [10], i.e., down-regulation
of TNFa and up-regulation of IL-10. The reverse effect of
indomethacin was also expected [9]. All of these effects on
the cytokine production could be explained as the regulatory
effects on the cytokine mRNA expression shown in Fig. 7.

The experiment with EP receptor agonists demonstrated
that these synthetic agonists showed fairly excellent selec-
tivity over the range of concentrations used [12]. Because
mRNA for EP1 and EP3 receptors were not detected in the
macrophages, the findings of no effect of either EP1 and
EP3 agonists is reasonable. Important well-known signal

Fig. 6. Effect of prostaglandin agonists on the TNFa and IL-10 production in prostaglandin receptor-deficient mice. Macrophages obtained from IP receptor-
(IPKO: A, D), EP2 receptor- (EP2KO: B, E), and EP4 receptor- (EP4KO: C, F) deficient mice were subjected to zymosan stimulation in the presence of
indomethacin (IM, 10mM), carbacyclin (Car, 1mM), PGE2 (E2, 1mM), EP1, EP2, EP3, EP4 agonists (each 1mM), or dibutyryl cAMP (dB, 100mM) for
5 hr. TNFa and IL-10 were measured and expressed as a percent of the level obtained with zymosan alone. * and ** show that measurements are statistically
significantly different atP , 0.05 andP , 0.01, respectively, from each value for zymosan alone, when calculated by 2-way analysis of variance and
evaluated with Dunett’st-test. Data express the means with SEM of 3–4 independent experiments.
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transduction pathways mediated via IP, EP2, and EP4 and
triggered by an increase in intracellular cAMP were also
demonstrated in this experiment by use of these agonists;
and at the same time, their receptors were found to be
expressed on the macrophages.

Salient facts demonstrated by the results of this study on
prostaglandin receptor-deficient mice (Fig. 6) are the fol-
lowing: 1) Support for selectivity of each agonist was ob-
tained, because macrophages from each receptor-deficient
mouse showed only the lack of effect of each corresponding
agonist. 2) Both EP2 and EP4 receptors mediate the action
of PGE2, because both of each type of receptor-deficient
mice expressed the appropriate effect of PGE2, mediated by
each counterpart, and the effect of PGE2 in IP receptor-
deficient mice, mediated by both subtypes, was twice as
high as that in EP2 or EP4 receptor-deficient mice. How-
ever, the EP2 receptor-mediated effect of PGE2 may be
more pronounced than the EP4 receptor-mediated one, since
the effect of indomethacin was more apparent in the EP4
receptor-deficient mice. 3) This experiment also suggests
some redundant effects of these prostaglandin receptors, IP,
EP2, and EP4. These functional effects well accord with the

expression of mRNAs for TNFa and IL-10 in the above
samples (Fig. 7), and the data suggests that prostaglandins
may regulate the cytokine production via the mRNA ex-
pression.

Regulation of cytokine production by an increase in
intracellular cAMP or by PGE2 has been reported in LPS-
stimulated macrophages and many other cells [21–23]. The
mechanism of regulation of cytokine production by in-
creased intracellular cAMP could be hypothesized as its
action on nuclear factor cAMP-responsive element modu-
lators that participate in transcription factor assembly, such
as CREB, CREM (cAMP responsive element modulator) or
C/EBP (ACAAT enhancer-binding protein) [24–26]. Re-
cently CREM was found to be a cAMP-inducible compo-
nent in the neuroendocrine system as one of the early
response gene [27]. Therefore, these transcription factors
could be new targets for development for modulating agents
on prostaglandin receptors. Some studies suggest that PGE2
regulates the cytokine production via increasing the cAMP
level leading to production of IL-10, which cytokine then
suppresses TNFa production [28], while another study ar-
gues there is no involvement of IL-10 in the cAMP-induced
inhibition of TNFa production [29]. However, our data
suggest that the inhibitory effect of IL-10 on TNFa produc-
tion may be partial, and can not explain the whole potent
suppressive effect of prostaglandins or cAMP.

Taken together the present results demonstrate that PGI2

and PGE2 regulate production of proinflammatory and anti-
inflammatory cytokines through their receptors, IP, EP2 and
EP4, in inflammatory macrophages. Therefore, prostaglan-
dins, which are produced at a local inflammatory site, could
have an anti-inflammatory effect on the cytokine production
by causing an increase in cAMP, in addition to the classical
pro-inflammatory effect, such as an increase in vascular
permeability or sensitization of pain receptors.
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