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INTRODUCTION
Changes in the myocardial fatty acid composition of lipids 

were correlated with cardiovascular disease [1] and elevated 
phospholipase A2 (PLA2) activity caused accumulation of 
unesterified arachidonic acid (AA) in the heart [2,3]. Cardiac 
production of prostaglandin D2 (PGD2), derived from AA by 
the action of cyclooxygenase (COX), was demonstrated in the 
ischemic myocardium [4]. PGD2 may play both pro- and anti-

inflammatory roles in different biological systems [5] through 
two distinct G-protein coupled receptors, the D-type prostanoid 
receptor (DP1) and the chemoattractant receptor-homologous 
molecule expressed on Th2 cells (CRTH2, also named DP2). 
Pronounced staining for both DP1 and DP2 proteins was 
observed in murine cardiomyocytes [4]. 

PGD2-derived metabolites were shown to significantly affect 
the cardiovascular system [6]. It was reported that 15-deoxy-
D12,14-PGJ2 (15d-PGJ2), the final dehydration product of PGD2, 
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ABSTRACT Prostaglandin D2 (PGD2) may act against myocardial ischemia–
reperfusion (I/R) injury and play an anti-inflammatory role in the heart. Although 
the effect of PGD2 in regulation of ANP secretion of the atrium was reported, the 
mechanisms involved are not clearly identified. The aim of the present study was 
to investigate whether PGD2 can regulate ANP secretion in the isolated perfused 
beating rat atrium, and its underlying mechanisms. PGD2 (0.1 to 10 mM) significantly 
increased atrial ANP secretion concomitantly with positive inotropy in a dose-
dependent manner. Effects of PGD2 on atrial ANP secretion and mechanical dynamics 
were abolished by AH-6809 (1.0 mM) and AL-8810 (1.0 mM), PGD2 and prostaglandin 
F2a (PGF2a) receptor antagonists, respectively. Moreover, PGD2 clearly upregulated 
atrial peroxisome proliferator-activated receptor gamma (PPARg) and the PGD2 
metabolite 15-deoxy-D12,14-PGJ2 (15d-PGJ2, 0.1 mM) dramatically increased atrial 
ANP secretion. Increased ANP secretions induced by PGD2 and 15d-PGJ2 were 
completely blocked by the PPARg antagonist GW9662 (0.1 mM). PD98059 (10.0 mM) 
and LY294002 (1.0 mM), antagonists of mitogen-activated protein kinase (MAPK)/
extracellular signal-regulated kinase (ERK) and phosphatidylinositol-3-kinase (PI3K)/
protein kinase B (Akt) signaling, respectively, significantly attenuated the increase 
of atrial ANP secretion by PGD2. These results indicated that PGD2 stimulated atrial 
ANP secretion and promoted positive inotropy by activating PPARg in beating rat 
atria. MAPK/ERK and PI3K/Akt signaling pathways were each partially involved in 
regulating PGD2-induced atrial ANP secretion.
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acted as a potent endogenous ligand for the nuclear peroxisome 
proliferator-activated receptor gamma (PPARg) [7]. Nevertheless, 
recent findings suggested that 15d-PGJ2 also exerted a variety 
of cellular responses via PPARg-independent mechanisms, 
for example, activation of mitogen-activated protein kinases 
(MAPKs) [8,9] and modulation of phosphatidylinositol-3-kinase 
(PI3K)/protein kinase B (Akt) signaling [10,11].

In addition, it was reported that PGD2 significantly stimulated 
atrial natriuretic peptide (ANP) secretion and caused a positive 
inotropic effect, primarily through the prostaglandin F2a 
receptor (FP) [12]. However, the mechanism by which PGD2 can 
stimulate atrial ANP secretion is not well known. Our study, 
therefore, aimed to investigate the mechanism of PGD2 induced 
regulation of atrial ANP secretion, using isolated perfused 
beating rat atria.

methods

Preparation of perfused beating rat atria

Sprague–Dawley rats of both sexes, weighing 250~300 g each, 
were used. The rats were decapitated and the isolated perfused 
beating left atria were prepared as previously described [12]. Once 
each perfused atrium was prepared, transmural electrical field 
stimulation with a luminal electrode was started at 1.5 Hz (0.3 
ms, 30~40 V) and the atrium was perfused with HEPES buffer 
solution using a peristaltic pump (1.0 mL/min) to allow atrial 
pacing. The HEPES buffer contained (in mM) 118 NaCl, 4.7 KCl, 
2.5 CaCl2, 1.2 MgCl2, 25 NaHCO3, 10.0 glucose and 10.0 HEPES 
(pH 7.4 with NaOH), as well as 0.1% bovine serum albumin.

Experimental protocols

Each atrium was perfused for 60 min to stabilize the parameters 
of ANP secretion and mechanical dynamics. The perfusates were 
collected at 2-min intervals at 4oC to assay for ANP levels.

The control period (12 min, as an experimental cycle) was 
followed by infusion of PGD2 (1.0 mM) or 15d-PGJ2 (0.1 mM) 
for 36 min, to determine changes in atrial ANP secretion in 
the perfusates and mechanical dynamics. Immediately after 
perfusion the atrial tissue was frozen and stored at –80oC for 
subsequent western blotting.

To investigate the action mechanisms of PGD2-induced ANP 
secretion, a series of experiments was performed. After the 
control period, one pre-treatment cycle (12 min) was followed 
by 36-min of infusion of pre-treatment agent plus PGD2. The 
pre-treatment agents used in our study were: (1) AH-6809 (1.0 
mM) and AL-8810 (1.0 mM), antagonists of PGD2 and PGF2a 
receptors, respectively; (2) GW 9662 (0.1 mM), an antagonist 
of PPARg, and (3) PD98059 (10.0 mM) and LY294002 (1.0 mM), 
antagonists of MAPK/ERK and PI3K/Akt, respectively.

Measurement of ANP and atrial pulse pressure

The levels of ANP in the perfusates were measured by specific 
radioimmunoassay using an ANP assay kit (North Institute of 
Biological Technology, Beijing, China). Intra-assay and inter-assay 
coefficients of variation were less than 10 and 15%, respectively. 
The sensitivity of the assay is <0.05 ng/ml. All samples were 
assayed in the same run and at least in duplicate. The amounts of 
secreted ANP were expressed as ng/min/g of wet atrial tissue.

Intra-atrial pressure was recorded using a Physiograph 
(RM6240BD, Chengdu, China) via a pressure transducer (Statham 
P23Db, Oxnard, CA, USA) and pulse pressure was obtained from 
difference between systolic and diastolic pressure. The values of 
pulse pressure were expressed as cm-H2O.

Western blot analysis

Proteins from left atrial tissues were analyzed by western 
blotting. The atrial tissues were homogenized in radioimmuno
precipitation assay lysis buffer (Solarbio Institute of Biotechnology, 
Shanghai, China) and protein concentrations were determined 
using the Bradford Protein Assay Kit (BMG LABTECH, Offen
burg, Germany). Solubilized protein was denatured in Lane 
Maker Loading Buffer (Cwbio, Beijing, China), separated by SDS-
PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis 
on 10% or 8% gels and transferred to polyvinylidene difluoride 
filter membranes (Beyotime Institute of Biotechnology, Shanghai, 
China). Membranes were blocked with 5% nonfat dry milk in 
phosphate buffered saline (PBS) at room temperature. After 2 h, 
the membranes were incubated with rabbit phospho-PPARg (S112) 
polyclonal antibody (1:1000; Elabscience, Wuhan, China) or with 
a rabbit polyclonal antibody to b-actin (1:1000; ComWin Biotech, 
Beijing, China) at 4oC overnight. Membranes were incubated 
with secondary antibodies (1:1000; ZSGB-BIO, Beijing, China) for 
2 h at room temperature. After extensive washing with phosphate 
buffered solution (PBST), bands were visualized with the ECL 
Plus western blotting detection system (ECL Western Blot Kit; 
CWBIO, Taizhou, China) and then quantified using Image J 
software (USA National Institute of Health, Bethesda, USA).

Statistical analysis

Significant differences between values were assessed by one-
way ANOVA followed by Dunnett’s multiple comparison test. 
An unpaired t-test was also applied. Statistical significance was 
defined as p<0.05. All data are presented as means±SEM.
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Results

Effects of PGD2 on atrial ANP secretion and pulse 
pressure

PGD2 significantly increased atrial ANP secretion, concomi
tantly with increased pulse pressure (both p<0.05 vs. control 
period; Fig. 1A and B). Different doses of PGD2 (0.1, 1.0 and 10.0 
mM) clearly increased ANP secretion and atrial pulse pressure (all 
p<0.05 vs. control group; Fig. 2A and B). These results indicated 
that PGD2, in a dose-dependent manner, promoted atrial ANP 
secretion and a positive inotropic effect in isolated perfused 
beating rat atria.

Effects of PGD2 and PGF2a receptor antagonists 
on PGD2-induced ANP secretion and mechanical 
dynamics

To investigate the role of receptors involved in PGD2-induced 
atrial ANP secretion and positive inotropy, antagonists of 
PGD2 and PGF2a receptors were utilized. As shown in Fig. 3, 
pretreatment with AH-6809 (1.0 mM), an antagonist of PGD2 

receptor, completely blocked PGD2-induced atrial secretion of 
ANP (p>0.05 vs. control period, Fig. 3Aa) and positive inotropy 
(p>0.05 vs. control period, Fig. 3Ab). Similarly, an antagonist of 
PGF2a receptor, AL-8810 (1.0 mM), also completely abolished 
effects of PGD2 on atrial ANP secretion and mechanical 
dynamics (p>0.05 vs. control period, Fig. 3, Ba and Bb). The data 
demonstrated that PGD2 DP as well as PGF2a FP receptor was 
involved in PGD2-induced changes in atrial dynamics and ANP 
secretion.

Effect of 15d-PGJ2 on atrial ANP secretion and 
dynamics

To define the role of 15d-PGJ2, a PGD2 metabolite, on atrial 
ANP secretion and mechanical dynamics, another series of 
experiments was performed on isolated beating rat atria. As 
shown in Fig. 4, 15d-PGJ2 (0.1 mM) dramatically increased 
atrial secretion of ANP (p<0.05 vs. control period, Fig. 4Aa), 
mimicking the effects of PGD2 on ANP secretion. However, 
15d-PGJ2 slightly but significantly decreased atrial pulse pressure 
(p<0.05 vs. control period, Fig. 4Ab), thus having a different effect 
on mechanical dynamics than PGD2 in beating rat atria. The 
changes induced by 15d-PGJ2 on ANP secretion and mechanical 
dynamics were blocked by AH6809 (Fig. 4Ba and Bb).  The results 
suggested that 15d-PGJ2 was involved in PGD2-induced atrial 

Fig. 1. Prostaglandin D2 (PGD2, 1.0 mM) significantly increased ANP 
secretion (A) and mechanical dynamics (B) in isolated perfused 
beating rat atria. Data were expressed as mean±SEM, n=6. *p<0.05 vs. 
control period.

Fig. 2. PGD2 promotes secretion of ANP (A) and mechanical 
dynamics (B) by dose-dependent manner in isolated beating rat 
atria. Data were expressed as mean±SEM, n=6 for each group. *p<0.05 
vs. control (vehicle) group.
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Fig. 3. Effects of PGD2 and PGF2a receptor antagonists on PGD2-increased atrial ANP secretion and mechanical dynamics in isolated beating 
rat atria. AH6809 (AH, 1.0 mM), an antagonist of PGD2 receptor; AL8810 (AL, 1.0 mM), an antagonist of PGF2a receptor. Data were expressed as 
mean±SEM, n=6 for each group.

Fig. 4. Effect of AH6809 (AH, 1.0 mM) on 15d-PGJ2 (0.1 mM)-induced atrial ANP and dynamics in isolated beating rat atria. Data were expressed 
as mean±SEM, n=6 for each group. *p<0.05 vs. control period.
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ANP secretion with difference in its effects on atrial dynamics.

Effect of PPARg signaling on PGD2- and 15d-PGJ2-
induced ANP secretion and dynamics

Because 15d-PGJ2 is a potent ligand for PPARg, we used a 
PPARg antagonist to investigate the action mechanism of ANP 
secretion stimulated by both 15d-PGJ2 and PGD2. GW 9662 
(0.1 mM), a PPARg antagonist, completely blocked the effects of 
15d-PGJ2 on ANP secretion and its decreased atrial dynamics 
(p>0.05 vs. control period, Fig. 5Aa and Ab). GW 9662 also 
abolished effects of PGD2 on atrial ANP secretion and dynamics 
(p>0.05 vs. control period, Fig. 5Ba and Bb). There were no 
significant changes in ANP secretion and atrial dynamics 
induced by GW 9662 alone. Furthermore, PGD2 significantly 
upregulated PPARg expression (p<0.05 vs. control group, Fig. 6) 
and this was abolished by GW9662 (p<0.05 vs. PGD2 group, Fig. 
6). The data indicated that PGD2 induced atrial ANP secretion via 
its metabolite 15d-PGJ2 and activated PPARg signaling in isolated 
perfused beating rat atria.

Effect of MAPK/ERK and PI3K/Akt on PGD2-induced 
atrial ANP secretion and dynamics

Because the PGD2 metabolite 15d-PGJ2 may activate signaling 
by MAPK as well as PI3K/Akt, antagonists of both pathways 

were used in another series of experiments. Pretreatment with 
PD98059 (10.0 mM), an antagonist of MAPK/extracellular signal-
regulated kinase (ERK), clearly attenuated PGD2-induced atrial 
ANP secretion though ANP levels were still higher than those 
during the control period (p<0.05 vs. control period, Fig. 7Aa). 
PGD2-induced positive inotropy was also blocked by PD98059 
(p>0.05 vs. control period, Fig. 7Ab). In addition, the PI3K/Akt 
antagonist LY294002 (1.0 mM) mimicked the effects of PD98059 

Fig. 5. GW 9662 (GW, 0.1 mM), an antagonist of PPARg, inhibited the atrial secretion of ANP (Aa, Ba) and dynamics (Ab, Bb) induced by 
15d-PGJ2 and PGD2 in isolated beating rat atria. Data were expressed as mean±SEM, n=6 for each group.

Fig. 6. Effect of PGD2 on PPARg expression in isolated beating rat 
atria. Data are means±SEM, n=5 for each group. GW, GW9662 (0.1 mM). 
*p<0.05 vs. control group; #p<0.05 vs. PGD2 group.
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on PGD2-induced atrial ANP secretion (p<0.05 vs. control period, 
Fig. 7Ba) but did not affect PGD2-induced positive inotropy 
(p<0.05 vs. control period, Fig. 7Bb). These results suggested that 
MAPK/ERK and PI3K/Akt signaling pathways were partially 
involved in PGD2-induced atrial ANP secretion.

Discussion
Our study showed that PGD2 significantly increased ANP 

secretion concomitantly with an increase of mechanical dynamics 
in isolated perfused beating left rat atria, which was completely 
abolished by a PPARg antagonist. These results indicated that 
PPARg signaling was essential for the changes in atrial ANP 
secretion and dynamics induced by PGD2. Our findings further 
suggested that both MAPK/ERK and PI3K/Akt signaling 
pathways were partially involved in the effects of PGD2.

A previous study showed that PGD2 significantly increased 
ANP release and atrial pulse pressure in isolated beating rat 
atria, which was blocked by an inhibition of PGF2a receptor [12]. 
Our findings agreed with this finding. The increased atrial ANP 
secretion and dynamics were completely blocked by an antagonist 
of the PGF2a receptor. These findings were consistent with a 
previous report that PGD2-induced ANP release was significantly 
attenuated by an inhibitor of the PGF2a receptor [12]. Further, we 

found that PGD2- and 15d-PGJ2-induced atrial ANP secretion and 
positive or negative inotropy were also blocked by an antagonist 
of the PGD2 receptor, in contrast to the previous report [12]. In 
cardiac myocytes, both DP1 and DP2 subtypes of PGD2 receptors 
are expressed [4,13]. Therefore, the present finding showing 
an accentuation of ANP secretion by PGD2 or 15d-PGJ2 and its 
blockade by an antagonist of PGD2 receptor is understandable. 
It is of interest that 15d-PGJ2 decreased mechanical dynamics. 
Previously, it was shown that DP2 subtype of the PGD2 receptors 
binds 15d-PGJ2 and results in a decrease in cAMP levels [14]. 
Although the exact reason of the difference between previous 
report [12] and present data is not clear at present, the wall stretch 
of the atrium during in vitro perfusion may, at least in part, be 
related. As shown in Fig. 1 of the present experiment and Fig. 1 
of the previous report [12], the levels of atrial pulse pressure and 
atrial beating rate are different. As shown in the present study, 
higher pulse pressure and beating rate may result in a more 
distended atrial stretch and atrial workload, which is one of major 
factors in the regulation of ANP release from the atrium [15], 
and thus may elicit different responses to PGD2 and its receptor 
signaling. Further experiments are needed to more clearly define 
the question.  

Several studies reported that PGD2 was converted to 15d-PGJ2, 
protecting the heart against ischemia–reperfusion (I/R) injury 
and suppressing inf lammation by activating PPARg [16,17]. 

Fig. 7. Effects of PD98059 (PD, 10.0 mM, A) and LY294002 (LY, 1.0 mM, B) on PGD2-induced atrial secretion of ANP and dynamics in isolated 
beating rat atria. Data were expressed as mean±SEM, n=6 for each group. *p<0.05 vs. control period.
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In our study, we observed that PGD2 significantly increased 
atrial PPARg expression and that this effect was abolished by 
pretreatment with the PPARg antagonist GW9662. Moreover, 
GW9662 completely blocked the effects of both PGD2 and its 
metabolite 15d-PGJ2 on ANP secretion and atrial dynamics in 
beating rat atria. These results demonstrated that both the PGD2 
and its metabolite 15d-PGJ2 promoted atrial ANP secretion by 
activating PPARg signaling. In addition, our findings showed that 
an inhibitor of MAPK/ERK PD98059 attenuated PGD2-induced 
increase of ANP secretion with blockade of the positive inotropy. 
An inhibitor of PI3K/Akt LY294002 also clearly attenuated the 
PGD2-induced ANP secretion, but without significant effect on 
positive inotropy. These results suggested that the MAPK/ERK 
and PI3K/Akt signaling pathways were partially involved in 
PGD2-stimulated ANP secretion and that MAPK/ERK was also 
involved in PGD2-induced positive inotropy. The present data 
agree with our previous findings that MAPK/ERK and PI3K/
Akt signaling pathways were important regulators for ANP 
secretion under hypoxic or normoxic conditions [18,19]. ANP was 
reported to be effective against myocardial ischemia-reperfusion 
injury and to have anti-inflammatory effects [20-24]. Therefore, 
the stimulation by PGD2 of atrial ANP secretion suggests its 
potential effectiveness against ischemia-reperfusion injury and 
inflammation in beating rat atria.
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